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Abstract

Key message Heavy thinning from above promotes coarse root and stem diameter growth in both Scots pine and sessile oak.
Coarse root-stem allometry indicates a greater allocation of resources to coarse roots relative to the stem in both species.
Abstract The effects of heavy thinning from above on stem and coarse root growth, as well as on coarse root—stem allom-
etry, were investigated in mature Scots pine (Pinus sylvestris L.) and sessile oak (Quercus petraea (Matt.) Liebl.) growing
in monospecific and mixed stands in Bavaria, Germany. Thinning was conducted in autumn 2017, and growth was analyzed
over a five-year pre-thinning (2013-2017) and post-thinning (2018-2022) period using replicated thinned and unthinned
plots. Thinning substantially enhanced diameter growth in both species. On average, stem increments increased by 26-61%
and coarse root increments by 2—77% relative to unthinned controls, with the relative growth between stems and coarse roots
varying among variants. Coarse root—stem allometry showed species-specific responses: in Scots pine, thinning intensity had
the strongest effect, whereas in sessile oak, variation was more closely linked to precipitation and water availability. Across
all variants, allometric exponents ranged from 1.59 to 7.14, with sessile oak exhibiting higher values than Scots pine, reflect-
ing greater proportional investment in coarse roots among species and thinning regimes. Overall, heavy thinning from above
promoted growth and altered biomass partitioning between stems and coarse roots in both species. Stimulated coarse root
development likely improved anchorage, water and nutrient uptake, and resilience to climatic stress, thereby strengthening
stand stability. These findings highlight the importance of adapting thinning strategies to species-specific traits and site con-
ditions to enhance forest productivity and adaptability under changing climatic conditions.
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Ongoing climate change presents major challenges for Euro-
pean forests (Seidl et al. 2011, 2017; Stojanovi¢ et al. 2014;
Madritsch et al. 2019; Cerny et al. 2024). In Central Europe,
mean temperatures are projected to rise by 1.5-2 °C during
the 21 st century relative to pre-industrial levels (Winkler
et al. 2008; Kjellstrom et al. 2018). Together with elevated
atmospheric CO: and longer growing seasons, this warm-
ing may stimulate tree growth (Boisvenue and Running
2006; Pretzsch et al. 2014a). At the same time, increasingly
frequent and severe heatwaves and droughts are expected
to reduce forest stability and increase tree mortality risk
(Dobbertin et al. 2007; Allen et al. 2010; Choat et al. 2018;
Anderegg et al. 2020). Because of their long lifespans, trees
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have limited capacity to adapt rapidly to such changes (Lind-
ner et al. 2010; Schuldt et al. 2020). Although species have
evolved diverse strategies to cope with environmental shifts
(Kremer et al. 2012; Valladares et al. 2014), drought sensi-
tivity varies considerably among taxa (Héberle et al. 2012;
Pretzsch et al. 2013a, 2014b, 2020a). Phenotypic plasticity,
local adaptation, ecological versatility, and site conditions
play key roles in determining drought resistance and distri-
bution patterns (Pedlar and McKenney 2017; Fréjaville et
al. 2020). Ultimately, species’ capacity to adjust to chang-
ing conditions will be critical for persistence under future
climate scenarios (Bréda et al. 2006; Bisbing et al. 2021).

Scots pine (Pinus sylvestris L.) is among Europe’s most
widespread and economically important conifers. It is val-
ued for timber production, reforestation, and its ecological
resilience, thriving even in nutrient-poor soils and harsh
climates across boreal and temperate regions from Spain
to Siberia. Sessile oak (Quercus petraea (Matt.) Liebl.) is
a key broadleaved species, prized for its high-quality tim-
ber, its role in supporting biodiversity, and its contribution
to drought tolerance, stand stability, and productivity in
mixed forests. It occurs widely across Europe, from west-
ern France to eastern Ukraine, particularly on well-drained
hilly and mountainous soils (Ellenberg 1988; Ellenberg
and Leuschner 2010; Eaton et al. 2016; Houston Durrant et
al. 2016). Together, Scots pine and oaks (sessile and com-
mon oak, Quercus robur L.) currently occupy~ 1.3 million
ha in mixed stands in Europe, with a potential distribution
of 35 million ha (Pretzsch et al. 2020b; Brus et al. 2012).
This species combination is expected to gain importance
because they are economically valuable, well-suited to
adaptive management, and more resilient to climate change
than Norway spruce (Picea abies (L.) Karst.) and European
beech (Fagus sylvatica L.) (Obladen et al. 2021). Their
broad ecological range allows tolerance to fluctuating water
supply and drought (Fischer 1995; Annighdfer et al. 2015),
making them crucial for sustainable forest management and
biodiversity conservation. As climate change alters com-
petitive dynamics, Scots pine and oaks are projected to gain
advantage due to their higher drought resilience compared
to other widespread species (Spellmann et al. 2011; Bouw-
man et al. 2021; Hallingbéck et al. 2021).

Mixed-species forests often surpass monocultures in pro-
ductivity, biodiversity, stability, and resistance to pests and
pathogens, thereby providing broader ecological and socio-
economic benefits (Knoke et al. 2008; Pretzsch et al. 2013b,
2015; Jactel et al. 2017; Gamfeldt et al. 2013). Studies show
that mixing Scots pine with oaks reduces drought suscepti-
bility and enhances productivity compared to monocultures,
with effects depending on site water availability and fertility
(Steckel et al. 2019, 2020). Under climate change, mixed
stands are better able to buffer extreme events through
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complementary resource use and reduced host density
for specialized pests (Forrester 2014; Pardos et al. 2021).
Species diversity and functional complementarity further
strengthen resilience, as above- and belowground interac-
tions enhance biodiversity, productivity, and stability (For-
rester et al. 2016; Vitali et al. 2018; Grossiord 2020; Liu et
al. 2018; Jing et al. 2021). As aridity intensifies, promoting
mixed-species stands will be essential for maintaining forest
health and functioning (Puettmann et al. 2012; Brang et al.
2014; Pretzsch and Zenner 2017). For example, in Central
Europe, competition between European beech and sessile
oak is expected to shift toward sessile oak due to the higher
drought sensitivity of European beech (Mette et al. 2013),
while in the Netherlands, Scots pine—-common oak mixtures
are projected to outperform monocultures, with Scots pine
gaining an advantage on resource-poor soils (Bouwman et
al. 2021). At larger scales, Scots pine—oak mixtures show
complementary growth across Europe, with Scots pine per-
forming better on nutrient-rich sites and oaks on nutrient-
poor sites, fostering productive and climate-resilient forests
(Pretzsch et al. 2020b).

Stand density and species composition strongly affect
growth efficiency in mixed forests, with stocking degree
shaping tree interactions (Condés et al. 2013; Forrester
2017). Alongside species selection, thinning remains a
key silvicultural practice, reducing competition to enhance
growth, drought resilience, and carbon storage (Bréda et
al. 1995; Aldea et al. 2017; Montw¢ et al. 2022; Zhang et
al. 2024). Thinning also improves stability by modifying
stem architecture, stimulating root development, and fos-
tering structurally complex, species-rich stands (Cremer
et al. 1982; Nyland 2016; Li et al. 2021). In mixed stands,
effects depend on species traits and thinning regime, with
potential to increase resilience and productivity through
greater heterogeneity and moderated interactions (Chen et
al. 2014; Aldea et al. 2023). Effective management requires
calibrating thinning intensity, species selection, and timing
to sustain health and long-term resilience (Puettmann et al.
2012; Del Rio et al., 2017). In contrast, thinning responses
in monocultures often diverge from those in mixtures (Bar-
telink 2000; Zamora-Pereira et al. 2021). Generally, thin-
ning intensity strongly modulates tree growth and drought
responses, with most studies reporting increased DBH
and improved drought tolerance proportional to intensity
and frequency (Cescatti and Piutti 1998; Sohn et al. 2013,
2016a, b; Aldea et al. 2023). Moderate thinning (20-40%
basal area removal) typically enhances soil infiltration,
water retention, and climate resilience, though effects may
diminish after 3040 years (Chen et al. 2014; Ameztegui et
al. 2017). Conversely, overly intensive thinning can com-
promise wood quality, reduce yield, delay canopy closure,
and increase mortality risk (Makinen and Isoméki 2004; Del
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Rio et al., 2017; Bréda et al. 2006), while light thinning may
provide insufficient drought and pest protection (Hood et
al. 2016; Castagneri et al. 2022). Site conditions strongly
mediate outcomes: in moist, high-elevation forests, thinning
mitigates drought stress by improving resource availabil-
ity (Giuggiola et al. 2013), whereas in arid regions it may
reduce growth and exacerbate drought stress by accelerating
soil drying (Del Rio et al. 2008). These findings highlight the
need for adaptive, site-specific thinning strategies to sustain
productivity and resilience under climate change (Zamora-
Pereira et al. 2021; Zhang et al. 2022, 2024). While aboveg-
round responses such as stem growth and canopy expansion
are well documented (Han et al. 2014; Drew and Downes
2018; Li et al. 2023), belowground dynamics remain less
explored (Leuschner et al. 2001; Freschet et al. 2021). In
particular, the effects of thinning on root development are
poorly understood (Wang et al. 2019), despite the crucial
role of roots in stability, resource acquisition, and below-
ground carbon storage in forest ecosystems (Coutts 1983;
George and Marschner 1996; Brunner and Godbold 2007,
Kalliokoski et al. 2008).

This study extends previous research by examining how
thinning from above and water availability influence coarse
root—stem allometry in Scots pine and sessile oak across
monospecific and mixed stands. Tree biomass allocation is
shaped by intrinsic strategies and external drivers, balancing
resource distribution among organs in response to biotic and
abiotic factors (Niklas 1994, 2004; Weiner 2004; Weiner et
al. 2009; Nikolova et al. 2011). While allocation patterns are
generally consistent across species, research highlights their
plasticity, enabling acclimation to changing environments

Table 1 Climate data and location characteristics of the Baunach and
Triesdorf experimental sites (PRECIP: precipitation, precipveg: pre-
cipitation within vegetation period, T: temperature and tveg: tempera-
ture within vegetation period)

Metric Unit Baunach Triesdorf

PRECIP [mm] 574 573

PRECIPVeg [mm] 288 323

T [°C] 10.1 9.6

TVeg [°C] 15.6 15.0

Altitude [m] 370 480

Geology Keuper Shell Limestone
Soil type Loess-derived Terra Fusca, brown

Soil texture

Cambisols

Sandy loam topsoil

earths, calcareous
brown earths, and
colluvial soils

Sandy loam contain-

overlain by a silt ing varying propor-

layer tions of clay and silt
Humus form Moder and mull Moder and mull

under oak, under oak,

mor humus under mor humus under

pine pine

Forest type

Galio-Carpinetum

Galio-Carpinetum

(Comeau and Kimmins 1989; Hulshof et al. 2015; Qiu et
al. 2021). Two major frameworks underpin this field: (i) the
balanced growth hypothesis, which posits that resources
are allocated to the most limiting organ (Bloom et al. 1985;
Shipley and Meziane 2002), and (ii) allometric partitioning,
where allocation scales with plant size following predict-
able scaling laws (Niklas 1994; West et al. 1999; Poorter
et al. 2012). Allometric relationships are species-specific
and influenced by stand composition, climate, competi-
tion, and age (Pretzsch 2009a; Genet et al. 2011; Forrester
et al. 2017; Zhang et al. 2019, 2020). Incorporating intra-
and interspecific competition into allometric models has
accordingly been recommended to better capture variability
across tree organs (Del Rio et al. 2019). Although thinning
effects on growth (Peltola et al. 2007; Kerr and Haufe 2011;
Pretzsch 2020) and stand composition (Pretzsch and For-
rester 2017; Pretzsch 2018, 2019) have been widely studied,
their impact on allometry remains insufficiently explored
(Deng et al. 2019). Some studies have analyzed coarse
root—stem allometry (e.g., Drexhage et al. 1999; Nikolova
et al. 2011; Pretzsch et al. 2012a, b; Ulbricht et al. 2025),
yet the role of environmental conditions and species mix-
ing remains unclear (Nikolova et al. 2011). Understanding
how composition, thinning intensity, and water availability
govern biomass allocation is therefore essential for optimiz-
ing silviculture and enhancing carbon sequestration under
climate change (Dutca et al. 2018).

In summary, this study evaluates how intra- and interspe-
cific competition affect above- and belowground growth by
comparing monospecific and mixed stands of Scots pine and
sessile oak. It further investigates the effects of heavy thin-
ning from above on stem and coarse root growth, and specif-
ically assesses how thinning influences (Q1) stem growth,
(Q2) coarse root growth, and (Q3) coarse root—stem allom-
etry, with emphasis on thinning intensity and annual water
availability. By addressing these aspects, the study contrib-
utes to a deeper understanding of growth responses across
different stand compositions and management regimes.

Materials and methods

Experimental area

Two experimental sites were selected in the Franco-
nian region of Bavaria, Germany: one near Baunach
(49°56°48.1”N, 10°50°44.0”E) and the other near Triesdorf

(49°13°39.8”N, 10°33°28.0”E), both characterized by simi-
lar climatic conditions but differing in geology (Table 1).

@ Springer



6 Page4of27

Trees (2026) 40:6

Experimental design

At each site (Baunach and Triesdorf), six plots were
selected, consisting of one triplet of Scots pine (hereafter
also “pine”) stands and one triplet of sessile oak (hereaf-
ter also “oak™) stands. These plots were further catego-
rized by stand type (monospecific vs. mixed) and treatment
(unthinned vs. thinned). Across both sites (12 plots total), this
design yielded eight stand type variants: pine monospecific
unthinned (PPU), pine monospecific thinned (PPT), pine
mixed unthinned (PMU), pine mixed thinned (PMT), oak
monospecific unthinned (OPU), oak monospecific thinned
(OPT), oak mixed unthinned (OMU), and oak mixed thinned
(OMT). In autumn 2017, heavy thinning from above was
implemented to reduce competition by selectively removing
dominant and co-dominant trees (data are shown in Tables 3
and 4, Sect. "Local Stand Density Index (SDI), ASDI (delta
SDI), and Basal Area (BA) (Q3)"). The average stand ages
by variant were as follows: PPU=70 years, PPT=70 years,
PMU=75 years, PMT="75 years, OPU=90 years, OPT=90
years, OMU=75 years, and OMT=75 years — classify-
ing this as a mature stand thinning. In autumn and winter
2022, 10 dominant trees were selected from each of the four
unthinned stand type variants based on Kraft’s social classes
1 and 2 (Kraft 1884), representing trees that would have been
designated as crop trees under thinning practices. Similarly,
10 crop trees from Kraft’s social classes 1 and 2 were also
selected from each of the four thinned stand type variants.
This resulted in 80 sample trees per site, totaling 160 sam-
ple trees across the experiment. Diameter at breast height
(DBH, cm) and total tree height (m) were measured for each

sample tree. Increment cores were collected following stan-
dard techniques described by Nikolova et al. (2011). Two
stem cores were extracted at DBH (1.3 m), one from the
north and one from the east. Coarse root core sampling was
conducted on a reduced subset of 5-8 trees per stand type
variant due to difficult soil conditions and deep root growth
at both sites. Two coarse roots per tree were exposed at a
minimum distance of 0.5 m from the trunk edge, and their
diameters were measured. Two increment cores were taken
per coarse root, drilled obliquely from above and rotated by
90° to minimize bias from elliptical root cross-sections. To
enable reconstruction of stem and coarse root growth from
2022 back to 2013, increment cores were taken to reach the
pith whenever possible. A schematic of the core sampling
method is provided in Pretzsch et al. (2012b). Annual radial
increments were measured using a Digitalpositiometer Type
2, following the method described by Johann (2000) and
Biritz GmbH (2012). Tree-ring sequences for each stem
and the two coarse roots were synchronized and averaged
per tree, resulting in a single increment sequence for each
tree’s stem and one for its coarse roots. The increment data
were normalized to serve as the foundation for analyzing
the effects of thinning on coarse root and stem growth (see
Chap. 2.3). Additionally, diameter measurements were log-
transformed for use in coarse root—stem allometric analyses
(see Chap. 2.7). Table 2 summarizes the averaged dendro-
metric coarse root and stem increment data at the single-
tree level by stand type variant (PPU, PPT, PMU, PMT,
OPU, OPT, OMU, OMT) for 2013-2022, as well as aver-
aged tree height, DBH, and coarse root diameter measured
in autumn and winter 2022. For further information on the

Table 2 Averaged heights, coarse root and stem diameters, and radial increment data of cored sample trees from Baunach and Triesdorf, catego-
rized by stand type variants: pine monospecific unthinned (PPU), pine monospecific thinned (PPT), pine mixed unthinned (PMU), pine mixed
thinned (PMT), oak monospecific unthinned (OPU), oak monospecific thinned (OPT), oak mixed unthinned (OMU), and oak mixed thinned
(OMT) within the period 2013-2022. Abbreviations: N=Number of sample trees, H=Tree height, DBH=Diameter at breast height, D=Coarse
root diameter, i=radial increment, norm i=normalized radial increment

Stand N H DBH istem norm i stem N D iroot norm i root
type (stem) (min.-max.) (min.-max.) (min.-max.) (min.-max.) (root) (min.-max.) (min.-max.) (min.- max.)
[m] [cm] [mm] [mm] [cm] [mm] [mm]
PPU 20 21.20 32.56 1.84 1.84 12 11.12 1.08 1.08
(19.30-22.60)  (23.00-38.80) (0.26-5.28) (0.26-5.28) (8.15-15.55)  (0.17-3.15) (0.17-3.15)
PPT 20 21.24 32.65 2.10 2.36 11 9.19 1.08 1.33
(19.10-23.80) (23.10-48.50) (0.61-4.85) (0.67-5.22) (7.45-11.45)  (0.20-3.72) (0.20-5.13)
PMU 20 23.93 33.69 1.36 1.36 13 9.61 0.70 0.70
(22.00-25.90)  (26.70-40.10) (0.23-4.13) (0.23-4.13) (6.75-14.60)  (0.12-2.33) (0.12-2.33)
PMT 20 23.73 31.57 1.84 1.68 10 9.07 1.19 0.92
(21.80-25.80) (25.40-39.00) (0.16-5.60 (0.184.56) (5.40-11.35)  (0.154.19) (0.14-3.00)
OPU 20 20.70 30.73 1.93 1.93 11 10.96 2.42 2.42
(16.30-25.4)  (16.20-51.70)  (0.26-5.00) (0.26-5.00) (7.30-19.40)  (0.19-8.48) (0.19-8.48)
OPT 20 20.75 28.14 2.19 241 11 11.10 3.19 2.44
(18.40-22.30) (18.70-35.80) (0.56-6.62) (0.58-7.87) (9.15-13.80)  (0.27-9.59) (0.12-8.25)
OMU 20 22.52 33.13 2.01 2.01 11 11.02 3.18 3.18
(21.30-24.00)  (26.70-42.60) (0.74-4.32) (0.74-4.32) (7.70-16.90)  (0.56-8.09) (0.56-8.09)
OMT 20 21.67 31.58 2.25 2.28 10 10.41 3.16 432
(19.90-24.10)  (24.60-45.00) (0.58-6.19) (0.61-6.13) (9.30-11.60)  (0.74-8.85) (0.78-13.54)
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experimental sites in Baunach and Triesdorf, as well as the
experimental design, refer to Pretzsch et al. (2020b).

Normalized radial increments (Q1 and Q2)

To assess the impact of thinning on the radial increments
of stem and coarse root compartments while accounting
for pre-thinning growth rates, the growth trend method
described by Pretzsch and Utschig (1989) was applied. The
analysis covered the period from 2013 to 2022, constrained
by the challenging soil conditions and the limited accessi-
bility of oak roots for coring prior to 2013. Radial incre-
ments from unthinned plots, categorized by tree species
and stand type, during the pre-thinning period (2013-2017)
served as the reference, with 2017 marking the year of thin-
ning. For this reference period, average radial increments
for stem and coarse root compartments were calculated for
the respective stand type variant pairs: PPU vs. PPT, PMU
vs. PMT, OPU vs. OPT, and OMU vs. OMT, based on the
radial increments of individual trees. To quantify the thin-
ning effect, the average radial increments of the thinned
stand type variants (PPT, PMT, OPT, and OMT) were
compared with their corresponding unthinned counterparts
(PPU, PMU, OPU, and OMU) by calculating ratios. This
normalization process isolates the pure effect of thinning
on stem and coarse root growth during the post-thinning
period (2018-2022), as differences in mean stem and coarse
root growth between the stand type variant pairs in the pre-
thinning period (2013-2017) were mathematically equal-
ized. Consequently, the main focus is on the post-thinning
period. Statistical tests for significant effects of the factors
stand type and thinning, as well as for differences between
the respective stand type variant pairs in the pre-thinning
period, are therefore not appropriate, since the mean growth
values between these variant pairs have been standardized
by the normalization process. Equation 1 illustrates this cal-
culation, using the PPU and PPT stand type variants as an
example for determining the normalization factor for the
PPT stand type variant.

LppT ()

Q ippT T

Q@ ippr - Normalization factor for the annual radial incre-
ment of the PPT stand type variant.

ippr : Average annual radial increment (mm) of the
PPT stand type variant 2013-2017.

ippy - Average annual radial increment (mm) of the
PPU stand type variant 2013-2017.

For both compartments, the annual normalized radial
increments (%porm) for individual trees over the entire
observation period (2013-2022) were computed by dividing

the corresponding absolute radial increments ( ¢4p5) by their
respective normalization factors ( Q;). This calculation is
exemplified for the PPT stand type variant in Eq. 2. The
analysis of the ratio between 4.y, 0f the coarse root com-
partment and %,,,,y, Of the stem compartment is provided in
the supplementary section (see Results S1).

. U ab
1 normppr — 5 _SPPT (2)
TPPT

? normppr. Normalized annual radial increment (mm) of
the PPT stand type variant 2013-2022.

1 absppr - Absolute annual radial increment (mm) of the
PPT stand type variant 2013-2022.

Q i ppr: Normalization factor for the annual radial incre-
ment of the PPT stand type variant.

Standardized precipitation evapotranspiration
index (SPEI) (Q3)

Annual water availability at the experimental sites Baun-
ach and Triesdorf from 2013 to 2022 was assessed using
the Standardized Precipitation Evapotranspiration Index
(Vicente-Serrano et al. 2010), with average water avail-
ability calculated for each site based on this index. To cap-
ture microclimatic differences among stand type variants,
distinct GPS coordinates were used for each variant to
extract location-specific climate data from a high-resolution
climate product (1 km x 1 km grid). Monthly precipita-
tion and potential evapotranspiration were obtained for the
corresponding grid cells, with interpolation applied when
coordinates fell between grid points. SPEI was computed
separately for the Franconian sites of Baunach and Tries-
dorf, ensuring that each stand type variant was represented
by the climate conditions specific to its exact location. This
approach can result in minor differences in SPEI values
among stand type variants within the same site, reflecting
local variations in climate exposure and grid positioning.
The SPEI is a statistical measure that quantifies periods of
aridity (water deficit) and humidity (water surplus) by eval-
uating the local climatic water balance, defined as the differ-
ence between precipitation and potential evapotranspiration
(PET). To analyze water availability over extended periods,
moving averages of 3, 6, or 12 months are typically used
(SPEI3, SPEI6, and SPEI12, respectively). The 6-month
SPEI for September (SPEI6) was selected, representing the
water balance for the growing season from April to Septem-
ber across the observation period (2013-2022).

Based on Table S1, the mean, minimum, and maximum
SPEI6 values were calculated for each stand type variant
(PPU, PPT, PMU, PMT, OPU, OPT, OMU, and OMT). For
the graphical illustration of root-stem allometry in Scots
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Table 3 Averaged values of pre-thinning and post-thinning SDI, along
with the mean, minimum, and maximum of SDI, and the overall mean
of the pre- and post-thinning SDI values, categorized by stand type
variants (PPU, PPT, PMU, PMT, OPU, OPT, OMU, OMT)

Stand type SDI SDI Post-  ASDI Mean
variant Pre-thinning  thinning  (min., max.) SDI
(%) (%)
PPU 1000 1000 0 1000
(100) 0)
0)
PPT 1144 482 —662 813
(42.1) (=279, —1086)
(—57.9)
PMU 844 844 0 844
(100) 0)
0
PMT 726 412 -314 569
(56.7) (—221, —480)
(—43.3)
OPU 761 751 -10 756
(98.7) (0,—44)
(-1.3)
OPT 910 494 —416 702
(54.3) (—150, —868)
(—45.7)
OMU 863 863 0 863
(100) 0
©)
OMT 921 566 —355 743
(61.5) (—231, -760)
(—38.5)

pine and sessile oak, SPEI6 values from the Baunach and
Triesdorf sites were combined and averaged (Figs. 3, 4, 5
and 6).

Local stand density index (SDI), ASDI (delta SDI),
and basal area (BA) (Q3)

To evaluate the effects of thinning intensity on tree growth,
the stand density index (SDI) established by Reineke (1933)
served as the primary metric (see Equation S1 in the supple-
mentary section). Using individual stem coordinates and
corresponding tree heights from 2017, local pre-thinning
and post-thinning SDI values were calculated for each liv-
ing tree within the experimental plot variants (PPU, PPT,
PMU, PMT, OPU, OPT, OMU, and OMT). An algorithm
implemented in R Statistics was applied for this purpose.
Around each stem base, a virtual circular area with a radius
equal to half the tree height was projected, within which all
living trees were counted as competitors for both unthinned
and thinned stand type variants. In thinned plots, trees
removed during the 2017 thinning from above were also
included as competitors. The radius, standardized to half the
tree height, was used in the R algorithm to calculate local
SDI values per tree, consistently capturing the neighboring
trees that represent the primary competitors of each sample

@ Springer

Table 4 Averaged pre- and post-thinning basal area (BA) per hectare,
BA, and the percent of BA, categorized by thinned stand type variants
(PPT, PMT, OPT, OMT)

Stand type  BA Pre-thinning  BA Post-thinning ABA  ABA
variant [m?] [m?] m?] %]

PPT 423 22.5 -19.8  46.7
PMT 41.6 24.3 -17.3 420
OPT 36.0 21.3 -148 414
OMT 41.6 24.3 -17.3 420

tree. Assigning a local SDI to each tree allowed quantifi-
cation of within-stand variation and increased the sample
size, thereby enabling more robust statistical analyses of
the relationship between thinning intensity and root—stem
allocation. This approach follows common practice in com-
puting local SDI values and ensures that the most relevant
competitive interactions are represented, whereas larger
radii would include more distant trees with negligible influ-
ence on local competition. Local SDI values per tree were
then extrapolated to local SDI values per hectare. The mean,
minimum, and maximum ASDI values per hectare and per
tree were calculated by subtracting the local pre-thinning
SDI from the corresponding post-thinning SDI. For both
tabular and graphical illustration, SDI and ASDI values
from the experimental sites in Baunach and Triesdorf were
combined and averaged (Table 3). The slight SDI reduction
in the unthinned OPU variant was attributed to natural mor-
tality. Additionally, Table 4 presents the basal area (BA) per
hectare of the thinned stand type variants (PPT, OPT, PMT,
and OMT) before and after thinning to illustrate thinning
intensity, with data from both sites combined and averaged.

Statistical analyses of the normalized radial stem
and coarse root increments (Q1 and Q2)

For the statistical analysis of the dependent variables—nor-
malized coarse root and stem increments—as functions of
the predictor variables (stand type and treatment), two lin-
ear mixed-effects models with identical structure were fit-
ted (Models 1 and 2). This approach enabled the assessment
of the individual and interactive effects of stand type and
thinning treatment on the dependent variables for Scots pine
and sessile oak separately. The ratio of normalized coarse
root increment to normalized stem increment (hereafter also
referred to as the coarse root-stem quotient) is presented in
Model S1 in the supplementary section. A random effect
was specified at the site level (Baunach and Triesdorf) to
account for the grouped data structure and capture site-
specific variability when estimating overall effects, fol-
lowing standard practice in mixed-effects modeling (e.g.,
Mehtétalo and Lappi 2020). For both tree species, treat-
ment (unthinned=0, thinned=1) and stand type (monospe-
cific=0, mixed=1) were included as dummy variables, with
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interactions considered up to the second degree. The analy-
sis focused on the impact of the 2017 thinning intervention.
Based on the fitted linear mixed models (Model 1 and 2),
post hoc simultaneous tests for general linear hypotheses
were performed in R using the multcomp package, follow-
ing the methodology of Hothorn et al. (2008), which serves
as the package reference. These tests were conducted to
assess significant differences in normalized root and stem
increments, as well as in root-to-stem ratios (as detailed in
the supplementary section) across the following stand type
pairs: PPU vs. PPT, PMU vs. PMT, PPU vs. PMU, PPT vs.
PMT, OPU vs. OPT, OMU vs. OMT, OPU vs. OMU, and
OPT vs. OMT. Comparisons across years and species were
derived by subsetting the data accordingly, with contrasts
focused on stand type and treatment.
Model 1 (normalized stem increment) (Q1).

NOIMY; stem, j1 = Ao + a1 X stand typej + az X treatment; + as

X stand type; X treatment; + c; + €

Model 2 (normalized coarse root increment) (Q2)

NOrM; root, j1 = G + a1 X stand type; + az x treatment; + as

x stand type; X treatment; + c; + €

NOIMY;, stem, j1; NOTM; ro0t, 51 : Annual normalized stem
and coarse root increments (mm) of individual trees, ana-
lyzed separately by species (Scots pine and sessile oak) for
each year of the post-thinning period (2018-2022).

a,. Intercept

a; .. as Model parameters based on the predictor vari-
ables stand type, treatment and interaction between stand
type and treatment.

c: Random effects.

j: Experimental site.

I: Single observation.

&: 1.1.d. errors.

Statistical analyses of the coarse root-stem
allometry (Q3)

The statistical models applied for coarse root-stem allom-
etry are based on a double-logarithmic representation of an
allometric relationship (Eq. 3).

log (droot) =a+bx log (dstem) 3)

droot: Average root diameter (cm).
dstem: Average DBH (cm).
a : Allometric factor (i.e. allometric intercept).
bAllometric exponent (i.e. allometric slope).

Based on Eq. 3, linear mixed models were developed
for each tree species, Scots pine and sessile oak, with the
logarithm of coarse root diameter (log( d,o0t)) as a function
of the logarithm of stem diameter (log( dstem )), incorporat-
ing stand type (monospecific=0, mixed=1) and treatment
(unthinned=0, thinned=1) as dummy variables. ANOVA
pre-tests revealed significant effects of SPEI6 and ASDI on
both the allometric factors and exponents of the allometric
coarse root-stem diameter lines (referred to as allometric
lines) for both species. Consequently, these covariates were
included in the allometric coarse root-stem models. Interac-
tions among stand type, treatment, SPEI6, and ASDI were
examined for their statistical significance, including all
combinations up to the third-order interaction.

For the allometric factor, random effects were specified
at the experimental site (Baunach and Triesdorf) and indi-
vidual tree levels for both pine and oak. The random effect
for the allometric exponent was tested at the individual tree
level for both species. Comparing models with and with-
out this effect, the pine model (Model 3) showed a lower
AIC, indicating a better fit, whereas the oak model (Model
4) had a slightly higher AIC. Thus, the random effect was
included only in the pine model. Based on the fitted linear
mixed models (Models 3 and 4), post hoc simultaneous tests
for general linear hypotheses were performed according to
Hothorn et al. (2008), employing the multcomp package in
R Statistics.

Model 3 (coarse root-stem allometry for Scots pine) (Q3)

log (droot)jkl =(ap + a1 x type; + az X treat; + az X speib;
+asx ASDIj+as x type; X treat; +ag X type;
X speib; + a7 X type; x ASDI; +ag x treat;
X speib; +ag X speib; x ASDI;+ai X type;
X treat; x speib; +ai X type; x speib; x ASDI;)
+ 1og(d§,,m)ﬂl x (bo + b1 X type; + by X treat; + by
x speib; + by x ASDI; +bs x type; X treat; + bg
X type; x ASDI;) +cj+ cjr +dji X log (dsf,em,)j,d + €k

log( d,o0t): Logarithmic coarse root diameter.

log( dstem): Logarithmic stem diameter.

ayp,. . a;;: Components of the allometric factor a.

by, bs, Components of the allometric exponent b.

c: Random effects (Allometric factor).

d: Random effects (Allometric exponent).

j: Experimental site (Baunach, Triesdorf).

k: Tree.

1: Single observation.

Type: Stand type (pure (=0) and mixed (=1)).

Treat: Treatment (unthinned (=0) and thinned (=1)).

spei6: SPEI within vegetation period by stand type
variant.

ASDI: DeltaSDI, difference of SDI between pre-thinning
and post-thinning by stand type variant.
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&: 1.1.d. errors.
Model 4 (coarse root-stem allometry for sessile oak) (Q3)

log (dmot)jkz =(ap + a1 x type; + az X treat; +az x speib;
+ay x ASDI;+ a5 X type; X treat; + ag
X type; x speib; + a7 X type; x ASDI;
+ag x treat; x ASDI;)+ log (dstem)_,'kz
X (bo 4 b1 X type; + by x treat; + byx
speib; + by x ASDI; +bs x type;x
treatj + bg X treat; x ASDI;) + ¢j + cjr + € ju

log( d;o0t): Logarithmic coarse root diameter.

log( dstem): Logarithmic stem diameter.

ay, . ag: Components of the allometric factor a.

by, bs. Components of the allometric exponent b.

c: Random effects (Allometric factor).

j: Experimental site (Baunach, Triesdorf).

k: Tree.

I: Single observation.

Type: Stand type (pure (=0) and mixed (=1)).

Treat: Treatment (unthinned (=0) and thinned (=1)).

spei6: SPEI within vegetation period by stand type
variant.

ASDI: DeltaSDI, difference of SDI between pre-thinning
and post-thinning by stand type variant.

e:1.1.d. errors.

Linear mixed-effects model assumptions—linearity,
normality and homogeneity of residuals, independence
of observations (conditional on random effects), and nor-
mality of random effects—were assessed using diagnostic
plots such as residuals versus fitted values and Q—Q plots of
residuals and random effects. Random effects were assumed
to be independent across sites and trees, and residuals were
assumed independent and identically distributed (i.i.d.) with
mean zero, constant variance, and no correlation among
errors (¢; in Models 1 and 2, and €, in Models 3 and 4).

All calculations and graphical illustrations were per-
formed using R 4.1.0 (R Core Team 2021), specifically
employing the packages nlme (Pinheiro et al. 2023), ggplot2
(Wickham 2016), grid (R Core Team 2023), and plyr (Wick-
ham 2011).

Results

Classification of the normalization factor (Q1and

Q2)

For the stem and coarse root compartments, the normal-
ization factor for the unthinned stand type variants (PPU,
PMU, OPU, and OMU) was set to 1. For the stem compart-
ment, the normalization factors for the thinned stand type
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variants were 0.90 (0.93 in Baunach and 0.87 in Triesdorf)
for PPT, 1.06 (0.88 in Baunach and 1.23 in Triesdorf) for
PMT, 0.96 (1.08 in Baunach and 0.84 in Triesdorf) for OPT,
and 0.98 (0.95 in Baunach and 1.01 in Triesdorf) for OMT.
In the coarse root compartment, the normalization factors
were 0.86 (0.99 in Baunach and 0.73 in Triesdorf) for PPT,
1.28 (1.05 in Baunach and 1.51 in Triesdorf) for PMT, 1.69
(2.21 in Baunach and 1.16 in Triesdorf) for OPT, and 0.80
(0.94 in Baunach and 0.65 in Triesdorf) for OMT.

Normalized stem increment (Q1)

The statistical analysis showed that thinning, stand type,
and their interactions influenced normalized stem incre-
ments in both species, with varying significance, magni-
tude, and timing across the post-thinning period. Thinning
generally enhanced stem increments in both Scots pine and
sessile oak; however, significant effects of the 2017 thinning
emerged only in the later post-thinning years (2020-2022)
for Scots pine, while for sessile oak they were consistent
throughout 2018-2022. For Scots pine, the mixed stand fac-
tor had significant effects in 2018, 2021, and 2022, while
no significant effects were detected for sessile oak in indi-
vidual post-thinning years. The mixed stand factor and its
interaction with thinning influenced stem increments in
both enhancing and reducing ways, with significant effects
observed for Scots pine in 2021 and 2022 and for sessile
oak in 2019. Table S3 in the supplementary section sum-
marizes the results of the statistical analysis of normalized
stem increments for Scots pine and sessile oak across stand
type variants. Table S4 reports the standard deviations of
the random effects for intercepts and residuals, categorized
by species and individual post-thinning years (2018-2022).

Due to normalization, differences in normalized stem
increments between thinned (OPT, OMT, PPT, PMT) and
unthinned (OPU, OMU, PPU, PMU) stand type variants
remained minimal before thinning (2013-2017) (Fig. 1).
In Scots pine, monospecific variants (PPU, PPT) showed
higher increments than mixed variants (PMU, PMT), peak-
ing in 2014 and 2017. For sessile oak, increments remained
similar across variants except in 2016, when mixed stands
(OMU, OMT) exceeded monospecific ones (OPU, OPT);
the lowest increments occurred in 2015 and 2017. Through-
out the pre-thinning period, Scots pine mixed stands (PMU,
PMT) consistently showed the lowest increments. The
average normalized increments ranked as follows: OMT
(2.02 mm)=OMU (2.02 mm)>PPT (1.99 mm)=PPU
(1.99 mm)>OPT (1.86 mm)=OPU (1.86 mm)>PMT
(1.50 mm)=PMU (1.50 mm).

During the post-thinning period (2018-2022), normal-
ized stem increments were consistently higher in thinned
stand variants (OPT, OMT, PPT, PMT) than in their
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Fig. 1 Average normalized stem increment (norm_i) from 2013 to
2022 for pine stand type variants (PPU, PPT, PMU, PMT) and oak
stand type variants (OPU, OPT, OMU, OMT). The dotted vertical line
indicates thinning in autumn 2017. Significant differences between the

unthinned counterparts (OPU, OMU, PPU, PMU). While
sessile oak and Scots pine followed similar trends, their
increments occurred at different levels. Sessile oak showed
an increase in 2018, more pronounced in thinned vari-
ants (OPT, OMT), whereas Scots pine exhibited a decline.
Monospecific variants (OPU, OPT, PPU, PPT) generally had
higher increments than mixed stands (OMU, OMT, PMU,
PMT), with OPT, PPT, and OMT highest, PMU lowest, and
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unthinned variants (PPU, PMU, OPU, OMU) and their thinned coun-
terparts (PPT, PMT, OPT, OMT) during the post-thinning period are
indicated by coloured asterisks (* p<0.05; ** p<0.01; *** p<0.001)

others intermediate. Average normalized increments fol-
lowed this order: OPT (2.96 mm)>PPT (2.72 mm)>OMT
(2.54 mm)>OMU (2.01 mm)>OPU (1.99 mm)>PMT
(1.86 mm)>PPU (1.70 mm)>PMU (1.22 mm). Compared
to their unthinned counterparts, stem increments in the
thinned variants were higher by approximately 61% (PPT
vs. PPU), 52% (PMT vs. PMU), 48% (OPT vs. OPU), and
26% (OMT vs. OMU).
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Pairwise comparisons of normalized stem increments
between thinned and unthinned variants revealed significant
differences among stand types and years. For Scots pine, sig-
nificant differences occurred between monospecific variants
(PPU and PPT) in 2020-2022 and between mixed variants
(PMU and PMT) in 2021-2022. For sessile oak, differences
between mixed variants (OMU and OMT) were significant
in 2020-2022, while those between monospecific variants
(OPU and OPT) remained significant throughout the entire
post-thinning period (2018-2022). Significant differences
between monospecific and mixed variants appeared only
among the thinned Scots pine variants (PPT and PMT) dur-
ing the later post-thinning years (2020-2022). Table S5 in
the supplementary section presents the detailed statistical
results of these pairwise comparisons.

Normalized coarse root increment (Q2)

Compared to normalized stem increments, thinning, stand
type, and their interaction generally had weaker effects
on normalized coarse root increments. Thinning tended
to increase coarse root increments in both Scots pine and
sessile oak, except for sessile oak in 2020 and 2022, with
significant effects observed only for Scots pine in the later
post-thinning years (2021-2022). The mixed stand fac-
tor showed opposing trends: it reduced coarse root incre-
ments in Scots pine but increased them in sessile oak across
the entire period, though without statistical significance.
The interaction between stand type and thinning enhanced
coarse root increments in Scots pine (2018, 2022) and in
sessile oak throughout the study period, with significant
effects for sessile oak in 2020-2022. Table S6 in the sup-
plementary section summarizes the results of the statistical
analysis of normalized coarse root increments for Scots pine
and sessile oak across stand type variants. Table S7 presents
the standard deviations of random effects for intercepts and
residuals, grouped by tree species and individual post-thin-
ning years (2018-2022).

Similar to the stem compartment, normalized coarse
root increments for thinned (OPT, OMT, PPT, and PMT)
and unthinned (OPU, OMU, PPU, and PMU) stand type
variants remained nearly identical during the pre-thinning
period (2013-2017) due to normalization (Fig. 2). Through-
out this period, sessile oak variants (OPU, OPT, OMU, and
OMT) consistently showed higher normalized coarse root
increments than Scots pine variants (PPU, PPT, PMU, and
PMT). Among sessile oak stands, mixed variants (OMU
and OMT) exceeded monospecific ones (OPU and OPT),
whereas monospecific Scots pine variants (PPU and PPT)
surpassed mixed Scots pine variants (PMU and PMT). Lead-
ing up to the 2017 thinning, normalized coarse root incre-
ments increased in monospecific sessile oak and Scots pine
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variants (OPU, OPT, PPU, and PPT) but remained stable in
mixed Scots pine variants (PMU and PMT), while mixed
sessile oak variants (OMU and OMT) showed a decline.
The average normalized coarse root increments during
this period followed the order: OMT (3.81 mm)>OMU
(3.64 mm)>OPT (2.47 mm)=0OPU (2.47 mm)>PPU
(1.01 mm)>PPT (0.98 mm)>PMT (0.66 mm)>PMU
(0.65 mm).

During the post-thinning period (2018-2022), sessile oak
variants (OPU, OPT, OMU, and OMT) consistently showed
higher normalized coarse root increments than Scots pine
variants (PPU, PPT, PMU, and PMT), peaking in 2021.
Among thinned variants, OMT, PPT, and PMT had higher
increments than their unthinned counterparts (OMU, PPU,
and PMU), while monospecific sessile oak variants (OPT
and OPU) remained similar. OMT exhibited the highest
annual coarse root increment among sessile oak stands.
Scots pine variants (PPU, PPT, PMU, and PMT) and OMT
showed an upward trend, whereas OPU, OPT, and OMU
declined, with OMU experiencing the steepest drop. Aver-
age normalized coarse root increments followed the order:
OMT (4.82 mm)>OMU (2.72 mm)>OPT (2.41 mm)>OPU
(2.37 mm)>PPT (1.68 mm)>PMT (1.18 mm)>PPU
(1.16 mm)>PMU (0.74 mm). Compared to unthinned vari-
ants, thinned variants had higher coarse root increments
by approximately 77% (OMT vs. OMU), 58% (PMT vs.
PMU), 46% (PPT vs. PPU), and 2% (OPT vs. OPU).

Pairwise comparisons between the thinned and unthinned
variants revealed significant differences for monospecific
Scots pine variants (PPU and PPT) in 2021-2022, mixed
Scots pine variants (PMU and PMT) in 2022, and mixed
sessile oak variants (OMU and OMT) in 2020-2022. Sig-
nificant differences between monospecific and mixed vari-
ants were observed only for oak variants (OPT and OMT)
throughout the entire post-thinning period (2018-2022).
Table S8 in the supplementary section provides detailed
statistical results of these pairwise comparisons. Additional
information on the coarse root-stem quotient is presented in
Results S1, together with Tables S9—S11 and Figure S1, and
further discussed in Discussion S1.

Classification of SPEI6 (Q3)

SPEI6 values remained within the normal range in 2013,
2014, 2016, 2017, and 2021, while they indicated arid con-
ditions in 2015, 2018, 2019, 2020, and 2022, with the most
severe aridity observed in 2018. For tabular representation,
the SPEI6 values for Baunach and Triesdorf were combined
and averaged (Table S1 in the supplementary section). The
mean SPEI6 values by stand type variant were —0.8938 for
PPU, —0.8903 for PPT, —0.8826 for PMU, —0.8862 for PMT,
—0.8957 for OPU, —0.8957 for OPT, —0.8820 for OMU, and
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Fig. 2 Average normalized coarse root increment (norm i r) from
2013 to 2022 for pine stand type variants (PPU, PPT, PMU, PMT)
and oak stand type variants (OPU, OPT, OMU, OMT). The dotted ver-
tical line indicates thinning in autumn 2017. Significant differences

—0.8862 for OMT. The minimum and maximum SPEI6 val-
ues across all stand type variants were —2.3349 and 1.0355,
respectively. The corresponding Table S2 can be found in
the supplementary section.
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between the unthinned variants (PPU, PMU, OPU, OMU) and their
thinned counterparts (PPT, PMT, OPT, OMT) during the post-thinning
period are indicated by coloured asterisks (* p<0.05; ** p<0.01; ***
p<0.001)

Coarse root-stem allometry of Scots pine (Q3)

The statistical analysis of coarse root-stem allometry
showed that thinning in PPT and PMT, as well as the inter-
action between mixed stand and ASDI in PMT, significantly
reduced the allometric factors (Table 5). In contrast, ASDI in
PPT and PMT, and the interaction between mixed stand and
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Table 5 Components of the allometric factor and the allometric expo-
nent for Scots pine by stand type and treatment (Model 3). The “x”
represents an interaction between two or three predictors. Abbrevia-
tions: dstem=stem diameter at breast height, Para.comp. = Parameter
component, Para.est. = Parameter estimate, Std.error=Standard error,
Sig. = Level of significance. Significant estimates are marked with
asterisks (*: p<0.05, **: p<0.01, ***: p<0.001, n.s.: not significant)

Table 6 Differences between the allometric factors for pine stand
type pairs (PPU — PPT, PMU - PMT, PPU — PMU, PPT — PMT), and
between the allometric exponents for pine stand type pairs (PPU — PPT,
PMU - PMT, PPU — PMU, PPT — PMT) (Model 3). Abbreviations:
Para.est. = Parameter estimate, Std.error= Standard error, Sig. = Level
of significance). Significant differences are marked with asterisks (*:
p=<0.05, **: p<0.01, ***: p<0.001, n.s.: not significant)

Para.  Para.est. Std.error  p-value Sig. Stand type Para.est. Std.error  p-value Sig.

comp. pairs
Allometric factor  a, —3.5675 0.9422 0.0002  *** Allometric PPU—-PPT 2.8014 1.0833 0.0354 *
log(dstem) b, 1.5922 0.2592 0.0000  *** Jactor
mixed a, 0.1980 1.0929 0.8563 n.s. Allometric PMU 4.8238 1.2995 <0.001 ***
thinning a, -8.2891 34136  0.0156 * Jactor - PMT
ASDI a4 —0.0083 00036 00203 * Jactor — ~PMU
log(dstem) % bl 0.1350 03165 06699 n.s Allometric  PPT 1.8258 1.4887 0.5580 n.s.
mixed stand Jactor o PMT
log(dstem) x b2 24344 09613 00117 * Allometric PPU-PPT —0.7914 0.3056 0.0346 *
thinning exponent

i — sk
log(dstem) x spei6 b3 0.0056  0.0038  0.1402 ns. f;;”o’fé;’t’c i’l\}fﬂT 12485 03637 0.0025
%

log(dstem) x ASDI b4 00025 0.0010 00138 % Allometric  PPU 01351 03165 0.9678 n.s.
mz.xed X thln.nmg a5 18.5965 5.9572 0.0019 exponent  — PMU
mixed x spei6 a6 0.00120.0017- 04711 ns. yyiomepric - pPT 05922 04182 0.4348 ns.
mixed x ASDI a7 0.0565 0.0139 0.0001  *** exponent  —PMT
thinning % spei6 a8 —0.0005 0.0038 0.8912 ns.
spei6x ASDI a9 —0.000003  0.000005 0.5942  n.s. Pairwise comparisons of allometric factors in Scots pine
log(‘gter:‘zl.x . b3 33977 1.6781 0.0009  *** revealed that unthinned variants (PPU and PMU) signifi-
mixed X inning . .
log(dstem) % b6 00165  0.0039  0.0000 *** cantly exceeded their tl.nnned counterparts (PPT .and PMT)
mixed < ASDI (Table 6). Among unthinned stands, PMU had higher allo-
mixed x thinning ~ al0 0.0227 00070 00013 ** metric factors than PPU, while among thinned stands, PPT
x spei6 exceeded PMT. However, differences between monospecific
mixed x all 0.0001  0.000019 0.0000  *** and mixed stand pairs (PPU vs. PMU and PPT vs. PMT)
spei6 x ASDI

thinning in PMT, had a significant positive effect. A third-
order interaction between mixed stand, thinning, and SPEI6
indicated that drier conditions lowered allometric factors in
PMT, while wetter conditions increased them. Conversely,
the interaction between mixed stand, SPEI6, and ASDI had
a positive effect under drier conditions but a negative effect
under wetter conditions. Thinning significantly increased
allometric exponents in PPT and PMT, but this effect was
outweighed by the significantly negative impact of the
mixed stand-thinning interaction in PMT. In contrast, ASDI
had a significantly negative effect on the allometric expo-
nents in PPT and PMT, but the mixed stand-ASDI interac-
tion had a significantly positive effect, counteracting the
negative impact of ASDI in PMT. Overall, ASDI’s influence
on allometric factors and exponents intensified with greater
thinning intensity. For the allometric factor, the standard
deviation of random effects was 0.3224 at the experimental
site level and 3.9669 at the tree-in-experimental-site level.
For the allometric exponent, the standard deviation was
1.1143 at the tree-in-experimental-site level, with a residual
standard deviation of 0.0117.
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were not statistically significant. For allometric exponents,
thinned variants (PPT and PMT) consistently exceeded
unthinned variants (PPU and PMU), and mixed stand vari-
ants (PMU and PMT) surpassed monospecific variants
(PPU and PPT). Significant differences were observed only
between PPU vs. PPT and PMU vs. PMT.

The coarse root-stem diameter trajectories for all Scots
pine trees are shown on a double-logarithmic scale in Fig. 3
for monospecific stands and in Fig. 4 for mixed stands,
alongside the allometric lines predicted by the fitted Model
3. This model incorporated the factors stand type and treat-
ment, as well as the covariates SPEI6 and ASDI. The pre-
dictions were based solely on the model’s fixed effects. For
the graphical representation of the applied linear mixed
model, the mean values of SPEI6 and ASDI, as shown in
Sect."Classification of SPEI6", Table S2 in the supplement,
and Table 3 in Sect. "Local Stand Density Index (SDI),
ASDI (delta SDI), and Basal Area (BA) (Q3)", respectively,
were used.

After summing the components of the allometric fac-
tors and exponents, allometric factors followed the order:
PMU (-3.3535)>PPU (-3.5502)>PPT (-6.3517)>PMT
(—8.1774), while allometric exponents declined as follows:
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Fig. 3 Coarse root-stem diameter trajectories for Scots pine trees in monospecific stands, categorized by treatments (unthinned and thinned), as a
function of SPEI6 and ASDI. The straight lines represent predictions based on the fitted Model 3, including only the fixed effects

PMT (2.9707)>PPT (2.3785)>PMU (1.7223)>PPU
(1.5872). Unthinned variants (PPU and PMU) exhibited
higher allometric lines than their thinned counterparts
(PPT and PMT), with shifts occurring around 35 cm DBH
between PPU and PPT and around 50 cm DBH between
PMU and PMT, driven by higher allometric exponents in
PPT and PMT. Additionally, mixed stand variants (PMU
and PMT) showed higher allometric lines than their mono-
specific counterparts (PPU and PPT), with a shift between
PPT and PMT occurring at approximately 23 cm DBH due
to the higher allometric exponent of PMT. The differences
between PPU vs. PMU and PPT vs. PMT became more

pronounced with increasing DBH due to steeper trajectories
in PMU and PMT.

Coarse root-stem allometry of sessile oak (Q3)

The statistical analysis of coarse root-stem allometry showed
that thinning significantly reduced allometric factors in OPT
and OMT, while the mixed stand factor had a similar nega-
tive effect on OMU and OMT (Table 7). However, the inter-
action between mixed stand and thinning partially offset this
negative impact for OMT. SPEI6 significantly influenced
allometric factors across all variants (OPU, OPT, OMU,
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Fig.4 Coarse root-stem diameter trajectories for Scots pine trees in mixed stands, categorized by treatments (unthinned and thinned), as a function
of SPEI6 and ASDI. The straight lines represent predictions based on the fitted Model 3, including only the fixed effects

and OMT), with drier conditions associated with higher
factors and wetter conditions associated with lower factors.
For allometric exponents, the mixed stand factor had a sig-
nificantly positive effect on OMU and OMT. Thinning also
increased the allometric exponents of OPT and OMT, but
this effect was reversed by a significant negative interac-
tion between mixed stand and thinning in OMT. Unlike the
trend for allometric factors, SPEI6 had an opposite effect on
allometric exponents, with drier conditions leading to lower
values and wetter conditions to higher values. Although
ASDI and its interaction with thinning did not reach con-
ventional significance thresholds, they approached weak
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significance. ASDI negatively affected the allometric factor
but positively influenced the allometric exponent, while its
interaction with thinning had the opposite effects. For the
allometric factor, the standard deviation of random effects
was 0.6684 at the experimental site level and 0.6329 at the
tree-in-experimental-site level, with a residual standard
deviation of 0.2293.

Pairwise comparisons of allometric factors among ses-
sile oak stand type variants showed that the unthinned vari-
ant OPU had a significantly higher allometric factor than
the thinned variant OPT (Table 8). Additionally, monospe-
cific variants (OPU and OPT) exhibited significantly higher
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Table 7 Components of the allometric factors and the allometric expo-
nents for sessile oak by stand type and treatment (Model 4). The “x”
represents an interaction between two or three predictors. Abbrevia-
tions: dstem=stem diameter at breast height, mixed=mixed stand type
variants, thinning=thinned stand type variants, Para.comp. = Param-
eter component, Para.est. = Parameter estimate, Std.error=Standard
error, Sig. = Level of significance. Significant estimates are marked
with asterisks (*: p<0.05, **: p<0.01, ***: p<0.001, n.s.: not sig-
nificant)

Para.comp. Para.est. Std.error  p-value Sig.
Allometric  a, —7.1322 1.6514 0.0000 ***
factor
log(dstem) b, 2.8367 0.4563 0.0000 ***
mixed a; -16.2626 2.5101 0.0000 ***
thinning a, —5.5903 2.4999 0.0259 *
spei6 a3 —0.7126 0.2231 0.0015 **
ASDI a4 0.1183 0.0667 0.0768 n.s.
log(dstem) x bl 4.4926 0.7206 0.0000 ***
mixed stand
log(dstem) x b2 1.9539 0.7136 0.0065 **
thinning
log(dstem) x b3 0.2100 0.0672 0.0019 **
speib
log(dstem) x b4 —0.0380 0.0198 0.0552 n.s.
ASDI
mixed x a5 9.2505 3.1551 0.0036 **
thinning
mixed x a6 —0.0446 0.0271 0.1000 n.s.
speib
mixedxASDI a7 0.0017 0.0015 0.2526 n.s.
thin- a8 —0.1151 0.0668 0.0858 n.s.
ning x ASDI
log(dstem) b5 —2.7348 0.8957 0.0024 **
X mixed %
thinning
log(dstem) b6 0.0376 0.0198 0.0582 n.s.
X thin-
ning x ASDI

allometric factors than mixed variants (OMU and OMT).
In contrast, the pattern was reversed for allometric expo-
nents: OPU had a significantly lower exponent than OPT,
and monospecific variants (OPU and OPT) had significantly
lower exponents than mixed variants (OMU and OMT). No
significant differences were found between OMU and OMT
for either the allometric factor or exponent.

The coarse root-stem diameter trajectories for all ses-
sile oak trees are presented on a double-logarithmic scale
in Fig. 5 for monospecific stands and in Fig. 6 for mixed
stands, alongside the allometric lines predicted by the fitted
Model 4. This model incorporated the factors stand type and
treatment, as well as the covariates SPEI6 and ASDI. The
predictions were based solely on the model’s fixed effects.
For the graphical representation of the applied linear mixed
model, the mean values of SPEI6 and ASDI, as shown in
Sect. "Classification of SPEI6", Table S2 in the supplement,
and Table 3 in Sect. "Local Stand Density Index (SDI),

Table 8 Differences between the allometric factors for oak stand type
pairs (OPU — OPT, OMU — OMT, OPU — OMU, OPT — OMT), and
between the allometric exponents for oak stand type pairs (OPU —
OPT, OMU — OMT, OPU - OMU, OPT — OMT) (Model 4). Abbrevia-
tions: Para.est. = Parameter estimate, Std.error= Standard error, Sig. =
Level of significance. Significant differences are marked with asterisks
(*: p<0.05, **: p<0.01, ***: p<0.001, n.s.: not significant)

Stand type Para.est. Std.error  p-value Sig.
pairs
Allometric  OPU 5.6890 1.5850 0.0010 **
factor - OPT
Allometric  OMU -1.9270 2.4850 0.8325 ns.
factor - OMT
Allometric  OPU 15.0060 2.2690 <0.001 H**
factor - OMU
Allometric  OPT 7.3890 1.9810 <0.001 F**
factor - OMT
Allometric  OPU —-1.7299 0.4634 <0.001 F**
exponent  —OPT
Allometric  OMU 0.6361 0.7154 0.7696 n.s.
exponent  —OMT
Allometric  OPU —4.1009 0.6571 <0.001 F**
exponent —OMU
Allometric  OPT —1.7349 0.5786 0.0105 *
exponent — OMT

ASDI (delta SDI), and Basal Area (BA) (Q3)", respectively,
were used.

After summing the components of the allometric fac-
tors and exponents, allometric factors decreased in
the order: OPU (=7.7213)>O0PT (-13.4106)>OMT
(—20.8001)>0OMU (—22.7269), while allometric expo-
nents followed the opposite pattern: OMU (7.1440)>0OMT
(6.5078)>0OPT (4.7729)>0PU (3.0431). The allometric
line for the unthinned monospecific variant OPU remained
above that of the thinned monospecific variant OPT until
approximately 27 cm DBH, after which the higher exponent
of OPT caused its line to rise above OPU’s. In contrast, the
unthinned mixed stand variant OMU consistently remained
above the thinned mixed variant OMT, with both running
nearly parallel but OMU having a slightly higher allometric
exponent. Around 38 cm DBH, OMU’s higher allometric
exponent led it to cross above the unthinned monospecific
variant OPU. Despite its higher allometric exponent, the
thinned mixed variant OMT remained below the thinned
monospecific variant OPT. Compared to Scots pine stand
variants (PPU, PPT, PMU, and PMT), sessile oak variants
(OPU, OPT, OMU, and OMT) consistently exhibited lower
allometric factors and higher exponents.
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Fig. 5 Coarse root-stem diameter trajectories for sessile oak trees in monospecific stands, categorized by treatments (unthinned and thinned), as a
function of SPEI6 and ASDI. The straight lines represent predictions based on the fitted Model 4, including only the fixed effects

Discussion
Effects of thinning on stem growth (Q1)

Across all variants, DBH increments were consistently
higher in thinned stands (OPT, OMT, PPT, PMT) than in
unthinned controls (OPU, OMU, PPU, PMU) through-
out the entire post-thinning period, supporting previous
findings on the positive effects of thinning (e.g., Valinger
et al. 2019; Ara et al. 2023; Li et al. 2023). However, spe-
cies responses differed, reflecting contrasting ecological
and physiological traits (Ellenberg 1988; Lyr et al. 1992).
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Sessile oak exhibited an immediate and pronounced post-
thinning increase, particularly in the first year, consistent
with its capacity to rapidly allocate additional light, water,
and nutrients to stem and foliage growth (Adamec et al.
2014; Fedorova et al. 2016). In contrast, Scots pine showed
an initial decline in 2018 followed by gradual recovery. This
delayed response is linked to its foliage dynamics: Scots
pine typically retains four to six older needle cohorts that
demand substantial maintenance resources (Jalkanen 1998;
Valinger et al. 2000). Consequently, it cannot immediately
reinvest released resources after thinning, but instead ben-
efits progressively as competition declines. Despite this lag,
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Fig.6 Coarse root-stem diameter trajectories for sessile oak trees in mixed stands, categorized by treatments (unthinned and thinned), as a function
of SPEI6 and ASDI. The straight lines represent predictions based on the fitted Model 4, including only the fixed effects

Scots pine ultimately displayed a strong growth response—a
pattern also documented for lodgepole pine (Pinus contorta
Dougl. ex Loud.) and Douglas-fir (Pseudotsuga menziesii
(Mirb.) after partial cutting in dry conifer forests of central
British Columbia (Kneeshaw et al. 2002).

The exceptionally hot and dry conditions in 2018, com-
bining drought and heat stress, further contributed to the
initial decline in Scots pine growth, reflecting its well-
known drought sensitivity (Rebetez and Dobbertin 2004;
Poyatos et al. 2008; Zang et al. 2012; Senf and Seidl 2021;
Haberstroh et al. 2022). A thinning shock, as described in
Douglas-fir (Harrington and Reukema 1983), Corsican pine

(Pinus laricio) (Picchio et al. 2011, 2018), and ponderosa
pine (Pinus ponderosa) (Dore et al. 2012), appears unlikely,
since reductions were less pronounced in thinned than in
unthinned stands. Instead, heavy thinning from above likely
mitigated drought stress by reducing stand density and com-
petition, consistent with findings for Scots pine in Switzer-
land (Giuggiola et al. 2013) and Spain (Navarro-Cerrillo
et al. 2019). In contrast, sessile oak showed no decline in
2018, reaffirming its higher drought tolerance (Ellenberg
1988; Aas 1998). Thinned oak stands (OPT, OMT) exhib-
ited enhanced growth, further confirming the beneficial
effects of thinning for this species.
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Lagged responses in Scots pine also align with findings
for white spruce (Picea glauca (Moench) Voss) and black
spruce (Picea mariana (Mill.), where significant growth
gains emerged only several years after treatment (Urban
et al. 1994; Vincent et al. 2009). In the present study, sub-
stantial increments appeared three years post-thinning in
PPT, PMT, and OMT, whereas monospecific oak (OPT)
responded rapidly within the first year. This difference likely
reflects species- and stand-specific strategies for capitaliz-
ing on reduced competition. Favorable precipitation in 2021
further amplified thinning effects, as all oak variants and
thinned pine stands showed another peak in DBH growth.

The magnitude of growth response also differed between
species. Sessile oak showed moderate increases (+48% in
OPT, +26% in OMT), in agreement with Mayor and Roda
(1993), though lower than their reported gains in holm oak
(Quercus ilex L.), likely due to site and species differences.
Scots pine exhibited stronger gains (+61% in PPT, +52%
in PMT), consistent with Peltola et al. (2002), Aldea et al.
(2017), and Pape (1999), who found that heavy thinning
maximizes conifer growth even under drought conditions.
These results emphasize that while sessile oak benefits
immediately, Scots pine exhibits a delayed but substan-
tial response, reinforcing heavy thinning from above as an
effective strategy for promoting DBH growth and resilience
in both species.

Comparative studies further show that thinning inten-
sity largely determines the magnitude of growth response,
whereas tree size influences its timing—a relationship con-
sistent across species and regions (Mehtitalo et al. 2014).
Similarly, Franklin et al. (2009) reported overlapping near-
optimal density ranges among species, suggesting that thin-
ning principles can be broadly generalized. The present
results support this view: heavy thinning from above con-
sistently enhanced DBH growth in both species. Growth
surges are typically strongest shortly after thinning (Gon-
calves 2021), although crown thinning may induce delayed
but more sustained effects (Bella and Franceschi 1974).
While benefits diminish as stands reclose, positive effects
can persist for decades (Assmann 1970; Pretzsch 2009b;
Ameztegui et al. 2017). Overall, thinning remains a key sil-
vicultural tool for enhancing forest growth and resilience
across species.

Effect of thinning on stem growth: monospecific vs.
mixed stand types (Q1)

Monospecific stands (OPU, OPT, PPU, PPT) exhibited con-
sistently higher DBH increments than mixed counterparts
(OMU, OMT, PMU, PMT), with the strongest growth in
thinned monospecific stands (OPT, PPT) and the lowest in
unthinned mixed stands (OMU, PMU). Thinning effects
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were particularly pronounced in monospecific Scots pine,
where reduced intraspecific competition enhanced access to
light, water, and nutrients, in line with classical thinning the-
ory (Assmann 1970; Oliver et al. 1996; Pretzsch 2009b). In
mixed stands, growth responses were more complex due to
interspecific interactions, which can be either competitive or
facilitative depending on site conditions and species compo-
sition (Pretzsch 2005; Forrester and Bauhus 2016; Primicia
et al. 2016; Ammer 2019). In the unthinned mixture (PMU),
sessile oak suppressed Scots pine, resulting in the lowest
growth, whereas thinning mitigated this effect and promoted
recovery in PMT during 2021-2022. Nevertheless, thinned
monospecific stands (OPT, PPT) consistently outperformed
mixed variants (OMT, PMT). In unthinned stands, by con-
trast, species composition exerted limited influence, with
growth not differing significantly between monospecific and
mixed plots.

These patterns suggest that while thinning reduces intra-
specific competition in both species, the benefits of lowered
interspecific competition in mixtures are less pronounced
due to persistent resource partitioning. This interpretation
aligns with Condés et al. (2013), who noted that species
composition may outweigh stand density in determining
thinning outcomes. Although certain mixtures can enhance
productivity (Pretzsch et al. 2012c), interspecific competi-
tion in Scots pine—sessile oak stands appears to constrain
post-thinning gains. Comparable results were reported by
Houtmeyers and Brunner (2020) in Norway spruce—Scots
pine mixtures, where growth responses were driven mainly
by release from competition rather than species composi-
tion. Overall, these results highlight the need for stand type—
specific management: heavy thinning from above is highly
effective in monospecific Scots pine and sessile oak stands,
whereas its success in mixed stands depends largely on
interspecific dynamics and site conditions.

Effect of thinning on coarse root growth (Q2)

Coarse root increments were consistently higher in sessile
oak variants (OPU, OPT, OMU, OMT) than in Scots pine
(PPU, PPT, PMU, PMT) during 2018-2022. All oak variants
peaked in 2021, paralleling stem growth, likely in response
to favorable precipitation. Thinned stands (OMT, PPT,
PMT) generally exceeded unthinned counterparts (OMU,
PPU, PMU), reflecting reduced competition for water and
nutrients (Da-Lun et al. 2010). However, thinning had only
a minor effect in monospecific oak (OPT vs. OPU), suggest-
ing lower sensitivity to intraspecific belowground competi-
tion or a more conservative allocation strategy. Among oak
variants, OMT exhibited the highest coarse root increment,
indicating benefits from interspecific interactions with Scots
pine, potentially through niche complementarity in soil
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resource use (Hendriks and Bianchi 1995; Brassard et al.
2011; Pardos et al. 2021). In contrast, Scots pine responded
most strongly in the thinned monospecific variant (PPT),
consistent with a greater reliance on reduced intraspecific
competition.

Coarse root responses lagged behind stem growth, with
substantial increases emerging after four years in PPT and
five in PMT, while OMT showed a three-year delay and
OPT no clear response. This trend mirrors the findings of
Vincent et al. (2009), who observed delayed post-thinning
root growth in black spruce. The weaker and slower coarse
root responses relative to stems likely reflect carbon alloca-
tion priorities, with resources initially directed toward stem
expansion to maintain canopy dominance, followed by root
system adjustment to enhance resource uptake and stability.
Since crop trees were already dominant, light competition
was likely less relevant, pointing instead to species-specific
allocation strategies and belowground dynamics as drivers
of root responses.

Overall, mixed oak stands (OMU, OMT) outperformed
monospecific ones (OPU, OPT), suggesting that sessile oak
benefits from interspecific interactions, whereas mixed pine
stands (PMU, PMT) generally lagged behind monospecific
variants (PPU, PPT), indicating stimulated Scots pine root
development under reduced intraspecific competition. These
contrasting patterns underscore species-specific physiologi-
cal strategies and highlight the importance of considering
both above- and belowground processes when evaluating
thinning and mixture effects.

Coarse root-stem allometry of Scots pine and sessile
oak (Q3)

Both Scots pine and sessile oak allocated proportionally
more biomass to coarse roots than to stems, with Scots
pine characterized by higher allometric factors and sessile
oak by higher allometric exponents. This pattern mirrors
results from Ulbricht et al. (2025), who reported compara-
ble contrasts between Norway spruce and European beech.
Coarse root allocation was enhanced in PPT, PMT, and
OPT through the combined effects of thinning and crop-
tree dominance, whereas dominance alone increased coarse
root growth in PPU, PMU, OPU, OMU, and OMT, with no
detectable thinning effect in OMT. According to the bal-
anced growth hypothesis (Bloom et al. 1985; Tilman 1988;
Shipley and Meziane 2002; McCarthy and Enquist 2007),
light availability is rarely limiting for dominant crop trees.
Occupying favorable canopy positions, these trees expand
their root systems to maximize water and nutrient uptake
and to improve anchorage against windthrow (Ulbricht et
al. 2025), thereby enhancing long-term stability, resilience,

and ecosystem biodiversity (Kimmins 2004; Grebner et al.
2021).

Sessile oak consistently exhibited lower allometric fac-
tors but higher exponents than Scots pine, indicating propor-
tionally stronger coarse root allocation. These interspecific
differences were reflected both in coarse root—stem ratios
(see Results S1 in the Supplementary Section) and in coarse
root—stem allometry, consistent with broadleaf—conifer con-
trasts reported by Bolte et al. (2004), Wang et al. (2008), and
Qi et al. (2019). Such variation likely results from species-
specific genetic control, site conditions, and belowground
competition for resources (Enquist et al. 1999; Delucia et
al., 2000; Copenhaver and Tinker 2014; Dutca et al. 2018).
With increasing age, declining root efficiency necessitates
greater biomass investment (Shipley and Meziane 2002),
a trend particularly evident in dominant crop trees. Thin-
ning amplifies these dynamics by enhancing canopy light
availability and photosynthesis (Vincent et al. 2009), while
simultaneously increasing transpiration and wind exposure
(Pothier and Margolis 1990, 1991; Urban et al. 1994; Ruel
et al. 2003). To restore root—shoot balance, trees may there-
fore prioritize belowground growth to offset greater water
demand and nutrient uptake requirements (Kneeshaw et al.
2002).

Despite distinct physiological traits, both species share
structural similarities, including deep taproots and extensive
lateral roots that provide anchorage and access to deeper soil
layers (Leuschner and Meier 2018). Crown architecture,
however, diverges: sessile oak develops broad, spreading
crowns suited to open habitats, whereas Scots pine forms
narrow, conical crowns adapted to dense stands (Richardson
2000). Biomass partitioning also differs: sessile oak allo-
cates approximately 20-30% to roots and 50-60% to stems,
compared with 15-20% and 55-65% in Scots pine (Helmis-
aari et al. 2002; Mokany et al. 2006; Finér et al. 2007; Qi et
al. 2019). The broad oak crown likely increases transpira-
tion and wind exposure, promoting greater root allocation,
while Scots pine invests more in stem biomass to remain
competitive under light-limited conditions.

Coarse root-stem allometry in monospecific vs.
mixed stands (Q3)

Contrasting biomass partitioning between coarse roots and
stems was observed in Scots pine and sessile oak, with
all stand type variants allocating proportionally more bio-
mass to coarse roots than stems. Sessile oak exhibited a
stronger coarse root allocation response than Scots pine.
In Scots pine, unthinned stands showed higher allometric
factors (PMU>PPU) than thinned stands (PPT>PMT),
whereas thinned stands exhibited higher allometric expo-
nents (PMT>PPT) than unthinned ones (PMU>PPU). In
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sessile oak, monospecific stands displayed higher allome-
tric factors (OPU>OPT) than mixed stands (OMT>OMU),
while mixed stands showed higher allometric exponents
(OMU >OMT) than monospecific ones (OPT>OPU).

Thinning markedly altered both intra- and interspecific
competition in Scots pine but primarily affected intraspe-
cific competition in sessile oak. These findings indicate that
Scots pine coarse root—stem allometry is more responsive
to thinning in mixed stands, whereas sessile oak coarse
root-stem allometry is less sensitive to thinning under
interspecific competition. Competition type influenced allo-
cation patterns in sessile oak across stand types, whereas
species composition exerted only a minor effect on Scots
pine, highlighting species-specific responses to thinning
and competition dynamics. Similar patterns were reported
by Ulbricht et al. (2025), who found no significant differ-
ences in coarse root—stem allometry between monospecific
and mixed stands of Norway spruce and European beech.
This supports the results for Scots pine but contrasts with
those for sessile oak, suggesting that conifers tend to main-
tain stable coarse root—stem allocation regardless of species
composition, while broadleaved trees exhibit more plastic,
species-specific allocation strategies that vary with competi-
tion intensity and stand structure.

Coarse root-stem allometry modulated by ASDI and
SPEI6 (Q3)

Water availability (SPEI6) exerted stronger control over
coarse root—stem allometry in sessile oak, whereas thin-
ning intensity, expressed as changes in stand density index
(ASDI), had a greater influence in Scots pine. In Scots pine,
thinning generally reduced allometric factors (PPT, PMT)
and increased exponents, promoting coarse root growth, with
effects varying according to thinning intensity and moisture
conditions. Responses were most pronounced in mixed
stands under wetter conditions, while the direct impact of
water availability was minimal. This pattern suggests that
Scots pine prioritizes structural stability over plasticity
in biomass allocation, partly deviating from the balanced
growth theory (Bloom et al. 1985; Tilman 1988; Shipley
and Meziane 2002; McCarthy and Enquist 2007). Sessile
oak, by contrast, exhibited a more flexible allocation strat-
egy. In monospecific oak (OPT), thinning reduced the allo-
metric factor but increased the exponent, enhancing coarse
root allocation under higher thinning intensity. Conversely,
mixed oak (OMT) showed the opposite response: thinning
increased the factor but reduced the exponent, although both
effects weakened with intensity. Across all oak stands, allo-
metric factors increased in dry years and declined in wet
years, whereas exponents decreased under drought and rose
with higher moisture availability. This pattern indicates
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stronger coarse root investment under favorable growing
conditions and reduced allocation during water stress, again
diverging from balanced growth predictions.

Comparisons with other species support these con-
trasting strategies. Norway spruce, for instance, allocated
more biomass to coarse roots only under extreme drought
(Nikolova et al. 2011), consistent with the relatively low
sensitivity of Scots pine to moderate moisture variation.
In contrast, Pretzsch et al. (2012a) observed that drought
in Monterey pine (Pinus radiata) and maritime pine (Pinus
pinaster) reduced exponents but increased factors—a pat-
tern resembling sessile oak in this study, possibly reflect-
ing greater fine-root vulnerability to water deficits. Pretzsch
et al. (2012b) further documented stable coarse root—shoot
allometry in lodgepole pine, with shifts occurring only on
nutrient-poor, water-limited sites. Together, these studies
reinforce that root—stem allocation adjustments are highly
species-specific and shaped by prevalent growth conditions.

Broader syntheses highlight the combined influence
of climate and ontogeny. Stem and root biomass gener-
ally increase with stand age and precipitation (Zhang et al.
2015), while root-stem ratios tend to decline with rising
temperature and precipitation but increase with elevation
and latitude (Mokany et al. 2006; Wang et al. 2008; Lim
et al. 2013; Qi et al. 2019). However, other research found
no consistent correlations (Cairns et al. 1997; Wang et al.
2012) or reported near-isometric allocation across environ-
ments (Hui et al. 2014; Easdale et al. 2019). Reich et al.
(2014) identified temperature as a stronger driver of bio-
mass allocation than water availability. In line with previous
research, the present findings demonstrate that coarse root—
stem allocation patterns vary markedly among species and
are contingent on stand structure and site conditions, with
Scots pine responding primarily to thinning and competition
release, and sessile oak more sensitive to water availability
and species composition.

Critique and generalisability

Due to differences in data acquisition and experimental
plots, the Scots pine and sessile oak sample trees exhibited
variation in root and stem growth, despite efforts to ensure
comparable age, stand structure, and growth conditions.
These trees represent forests with typical light, water, and
nutrient availability found across much of Central Europe.
Growth patterns can vary with tree species, management
regime, and resource availability, as documented by Jactel
et al. (2009); Forrester et al. (2016); Grossiord et al. 2014a,
b; Nikolova et al. (2011). As the analysis focused on domi-
nant mature trees, species-specific growth responses may
partly reflect competitive status rather than intrinsic physi-
ological traits. Variability within the same species, driven
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by age, size, site conditions, and competition, has also been
reported by Drexhage et al. (1999), Peichl and Arain (2007),
Genet et al. (2011), Schall et al. (2012), and D’ Amato et al.
(2013).

While heavy thinning from above can initially promote
diameter growth, it may also influence long-term stand
structure, species composition, and forest dynamics, thereby
affecting growth rates beyond the immediate post-thinning
period. Consequently, the results presented here may not
be directly transferable to forests under different climatic,
geological, or management conditions, or to other tree size
classes. Moreover, the stems and coarse roots analyzed
represent only part of the total above- and belowground
biomass. Branch, twig, and fine-root growth may differ sub-
stantially from stem and coarse-root dynamics (Zerihun and
Montagu 2004; Coyle et al. 2008). Therefore, the root—stem
allometry examined in this study captures only a subset of
overall biomass allocation patterns (Santantonio et al. 1977),
even though coarse organs are functionally and structurally
linked to finer components (Pretzsch et al. 2012a).

Conclusions

This study highlights the complex, species-specific
responses of Scots pine and sessile oak to heavy thinning
from above and to environmental drivers such as water
availability. While heavy thinning from above gener-
ally promoted tree growth, its effects on coarse root—stem
allometry differed between species: in Scots pine, allometry
was primarily influenced by thinning intensity, particularly
in mixed stands, whereas in sessile oak it responded more
strongly to precipitation, with thinning intensity playing a
secondary role. Enhanced coarse root allocation in domi-
nant trees of both species—most pronounced in unthinned
mixed oak stands but generally elevated under thinning—
suggests potential benefits for belowground carbon seques-
tration, stand stability, and resilience, thereby contributing
to climate change mitigation.

These findings underscore the importance of integrat-
ing both environmental factors and stand structure when
predicting forest growth responses to thinning and climate
variability. Forest management should be tailored to spe-
cies-specific traits and dynamics, for example by applying
graduated thinning to maintain structural heterogeneity,
promoting mixed-species stands to enhance resource com-
plementarity, and adjusting thinning intensities according
to site conditions and future climate projections. Neverthe-
less, the mechanisms governing biomass allocation between
coarse roots and stems remain insufficiently understood,
highlighting the need for further research. Expanding under-
standing of coarse root—stem allometry across stand types
and environmental gradients will be crucial for improving

silvicultural strategies that support long-term forest stabil-
ity, productivity, and adaptive capacity under changing cli-
matic conditions.

Acknowledgements The authors gratefully acknowledge the Bavarian
State Ministry for Nutrition, Agriculture and Forestry for funding and
ongoing support of the project W007 “Long-term Experimental Plots
for Growth and Yield Research” (#7831-1/874). We also extend our
thanks to the anonymous reviewers for their valuable and constructive
feedback.

Author contributions Hans Pretzsch, Peter Biber, Enno Uhl, and Mat-
thias Ulbricht contributed to the conception and design of the study.
Material preparation, data collection and analysis were performed by
Matthias Ulbricht, Peter Biber and Torben Hilmers. The first draft of
the manuscript was written by Matthias Ulbricht and all authors com-
mented on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was supported by the Bavarian State Ministry for
Nutrition, Agriculture and Forestry through project W007, “Long-term
Experimental Plots for Growth and Yield Research” (#7831-1/874).

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Competing Interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Aas G (1998) Morphologische und o6kologische variation mittel-
europdischer Quercus-Arten: Ein beitrag zum Verstindnis der
Biodiversitit, vol 19. THW-

Adamec Z, Kadavy J, Kneifl M, Splichalova M, Klimanek M (2014)
The response of basal area increment in old sprout-origin sessile
oak (Quercus petraea (Matt.) Liebl.) trees during their conversion
to a coppice-with-standards. Acta Univ Agric Silvic Mendelianae
Brun 62:84

Aldea J, Bravo F, Bravo-Oviedo A, Ruiz-Peinado R, Rodriguez F,
Del Rio M (2017) Thinning enhances the species-specific radial
increment response to drought in mediterranean pine-oak stands.
Agric For Meteorol 237:371-383

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

6 Page 22 of 27

Trees (2026) 40:6

Aldea J, Del Rio M, Cattaneo N, Rioftrio J, Ordoéfiez C, Uzquiano S,
Bravo F (2023) Short-term effect of thinning on inter-and intra-
annual radial increment in Mediterranean Scots pine-oak mixed
forests. For Ecol Manage 549:121462

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N,
Vennetier M, Kitzberger T, Rigling A, Breshears DD, Hogg E
(2010) A global overview of drought and heat-induced tree mor-
tality reveals emerging climate change risks for forests. For Ecol
Manage 259(4):660—-684

Ameztegui A, Cabon A, De Céceres M, Coll L (2017) Managing stand
density to enhance the adaptability of Scots pine stands to climate
change: a modelling approach. Ecol Modell 356:141-150

Ammer C (2019) Diversity and forest productivity in a changing cli-
mate. New Phytol 221(1):50-66

Anderegg WR, Trugman AT, Badgley G, Anderson CM, Bartuska
A, Ciais P, Anderegg William R. L., Cullenward Danny, Field
Christopher B., Freeman Jeremy, Goetz Scott J., Hicke Jeffrey A.,
Huntzinger Deborah, Jackson Robert B., Nickerson John, Pacala
Stephen, Randerson JT (2020) Climate-driven risks to the climate
mitigation potential of forests. Science 368(6497):eaaz7005

Annighofer P, Beckschéfer P, Vor T, Ammer C (2015) Regeneration
patterns of European oak species (Quercus petraea (Matt.) Liebl.,
Quercus robur L.) in dependence of environment and neighbor-
hood. PLoS One 10(8):¢0134935

Ara M, Pinno BD, Scaria F, Froese RE, Bokalo M (2023) Thinning
increases individual tree growth while reducing the growth het-
erogeneity of lodgepole pine. Forests 14(6):1091

Assmann E (1970) The principles of forest yield study. Pergamon
Press, Oxford, New York (1970)

Bartelink HH (2000) Effects of stand composition and thinning in
mixed-species forests: a modeling approach applied to Douglas-
fir and beech. Tree Physiol 20(5-6):399—406

Bella IE, Franceschi JD (1974) Commercial thinning improves growth
of Jack Pine

Biritz GmbH (2012) Digitalpositiometer Type 2 Available at http://w
ww.biritz.at/messger%C3%A4te/digitalpositiometer/digitalpositi
ometer-typ-2/

Bisbing SM, Urza AK, Buma BJ, Cooper DJ, Matocq M, Angert AL
(2021) Can long-lived species keep pace with climate change?
Evidence of local persistence potential in a widespread conifer.
Divers Distrib 27(2):296-312

Bloom AJ, Chapin FS III, Mooney HA (1985) Resource limitation
in plants—an economic analogy. Annu Rev Ecol Evol Syst
16:363-392

Boisvenue C, Running SW (2006) Impacts of climate change on natu-
ral forest productivity — evidence since the middle of the 20th
century. Glob Change Biol 12(5):862-882

Bolte A, Rahmann T, Kuhr M, Pogoda P, Murach D, Gadow KV (2004)
Relationships between tree dimension and coarse root biomass in
mixed stands of European Beech (Fagus sylvatica L.) and Nor-
way Spruce (Picea abies [L.] karst. Plant Soil 264:1-11

Bouwman M, Forrester DI, Den Ouden J, Nabuurs GJ, Mohren GMJ
(2021) Species interactions under climate change in mixed
stands of Scots pine and pedunculate oak. Forest Ecol Manage
481:118615

Brang P, Spathelf P, Larsen JB, Bauhus J, Boncéina A, Chauvin C,
Svoboda M (2014) Suitability of close-to-nature silviculture for
adapting temperate European forests to climate change. Forestry:
Int J for Res 87(4):492-503

Brassard BW, Chen HY, Bergeron Y, Paré D (2011) Differences in fine
root productivity between mixed-and single-species stands. Funct
Ecol 25(1):238-246

Bréda N, Granier A, Aussenac G (1995) Effects of thinning on soil
and tree water relations, transpiration and growth in an oak for-
est (Quercus petraea (Matt.) Liebl). Tree Physiol 15(5):295-306

@ Springer

Bréda N, Huc R, Granier A, Dreyer E (2006) Temperate forest trees
and stands under severe drought: a review of ecophysiological
responses, adaptation processes and long-term consequences.
Ann for Sci 63(6):625-644

Brunner I, Godbold DL (2007) Tree roots in a changing world. J for
Res 12(2):78-82

Brus DJ, Hengeveld GM, Walvoort DJJ, Goedhart PW, Heidema AH,
Nabuurs GJ, Gunia K (2012) Statistical mapping of tree species
over Europe. Eur J for Res 131:145-157

Cairns MA, Brown S, Helmer EH, Baumgardner GA (1997) Root bio-
mass allocation in the world’s upland forests. Oecologia 111:1-11

Castagneri D, Vacchiano G, Hacket-Pain A, DeRose RJ, Klein T, Bot-
tero A (2022) Meta-analysis reveals different competition effects
on tree growth resistance and resilience to drought. Ecosystems
25(1):30-43

Cern}'/ J, gpulék O, Petr S, Novosadova K, Kadlec J, Komanek M
(2024) The significance of European Beech in central Europe in
the period of climate change: an overview of current knowledge.
Zpravy Lesn Vyzk 69:74-88

Cescatti A, Piutti E (1998) Silvicultural alternatives, competition
regime and sensitivity to climate in a European Beech forest. For
Ecol Manag 102(2-3):213-223

Chen L, Yuan Z, Shao H, Wang D, Mu X (2014) Effects of thinning
intensities on soil infiltration and water storage capacity in a Chi-
nese pine-oak mixed forest. The Scientific World Journal, 2014

Choat B, Brodribb TJ, Brodersen CR, Duursma RA, Lopez R, Med-
lyn BE (2018) Triggers of tree mortality under drought. Nature
558(7711):531-539

Comeau PG, Kimmins JP (1989) Above-and below-ground biomass
and production of lodgepole pine on sites with differing soil mois-
ture regimes. Can J For Res 19(4):447—454

Condés S, Del Rio M, Sterba H (2013) Mixing effect on volume
growth of Fagus sylvatica and Pinus sylvestris is modulated by
stand density. For Ecol Manag 292:86-95

Copenhaver PE, Tinker DB (2014) Stand density and age affect tree-
level structural and functional characteristics of young, postfire
lodgepole pine in Yellowstone National park. For Ecol Manag
320:138-148

R Core Team (2023) R: A Language and Environment for Statisti-
cal Computing. R Foundation for Statistical Computing, Vienna,
Austria. <https://www.R-project.org/

Coutts MP (1983) Root architecture and tree stability. Plant and soil,
71(1):171-188

Coyle DR, Coleman MD, Aubrey DP (2008) Above-and below-ground
biomass accumulation, production, and distribution of sweetgum
and loblolly pine grown with irrigation and fertilization. Can J
For Res 38(6):1335-1348

Cremer KW, Borough CJ, McKinnell FH, Carter PR (1982) Effects of
stocking and thinning on wind damage in plantations. N Z J For
Sci 12(2):244-268

D’Amato AW, Bradford JB, Fraver S, Palik BJ (2013) Effects of thin-
ning on drought vulnerability and climate response in North tem-
perate forest ecosystems. Ecol Appl 23(8):1735-1742

Da-Lun T, Yuan-Ying P, Wen-De Y, Xi F, Wen-Xing K, Guang-Jun W,
Xiao-Yong C (2010) Effects of thinning and litter fall removal on
fine root production and soil organic carbon content in Masson
pine plantations. Pedosphere 20(4):486—493

Del Rio M, Calama R, Caiiellas I, Roig S, Montero G (2008) Thinning
intensity and growth response in SW-European Scots pine stands.
Ann For Sci 65(3):1

Del Rio M, Bravo-Oviedo A, Ruiz-Peinado R, Condés S (2019) Tree
allometry variation in response to intra-and inter-specific compe-
titions. Trees 33:121-138

Del Rio Gaztelurrutia M, Oviedo JAB, Pretzsch H, L6f M, Ruiz-Pei-
nado R (2017) A review of thinning effects on Scots pine stands:


https://www.R-project.org/
http://www.biritz.at/messger%C3%A4te/digitalpositiometer/digitalpositiometer-typ-2/
http://www.biritz.at/messger%C3%A4te/digitalpositiometer/digitalpositiometer-typ-2/
http://www.biritz.at/messger%C3%A4te/digitalpositiometer/digitalpositiometer-typ-2/

Trees (2026) 40:6

Page 23 0f 27 6

from growth and yield to new challenges under global change.
For Syst 26(2):9

Delucia EH, Maherali H, Carey EV (2000) Climate-driven changes
in biomass allocation in Pines. Glob Change Biol 6(5):587-593

Deng C, Zhang S, Lu Y, Froese RE, Ming A, Li Q (2019) Thinning
effects on the tree height—diameter allometry of Masson pine
(Pinus massoniana Lamb). Forests 10(12):1129

Dobbertin M, Wermelinger B, Bigler C, Biirgi M, Carron M, Forster
B, Rigling A (2007) Linking increasing drought stress to Scots
pine mortality and bark beetle infestations. TheScientificWorld-
JOURNAL 7:231-239

Dore S, Montes-Helu M, Hart SC, Hungate BA, Koch GW, Moon JB,
Kolb TE (2012) Recovery of Ponderosa pine ecosystem carbon
and water fluxes from thinning and stand-replacing fire. Glob
Change Biol 18(10):3171-3185

Drew DM, Downes GM (2018) Growth at the microscale: long term
thinning effects on patterns and timing of intra-annual stem incre-
ment in radiata pine. For Ecosyst 5:1-13

Drexhage M, Chauviere M, Colin F, Nielsen CN (1999) Development
of structural root architecture and allometry of Quercus petraea.
Can J for Res 29(5):600-608

Dutca I, Mather R, loras F (2018) Tree biomass allometry during the
early growth of Norway spruce (Picea abies) varies between pure
stands and mixtures with European beech (Fagus sylvatica). Can
J For Res 48(1):77-84

Easdale TA, Richardson SJ, Marden M, England JR, Gayoso-Aguilar
J, Guerra-Carcamo JE, Brandon AM (2019) Root biomass alloca-
tion in southern temperate forests. For Ecol Manag 453:117542

Eaton EGSDJ, Caudullo G, Oliveira S, De Rigo D (2016) Quercus
Robur and Quercus Petraea in europe: distribution, habitat, usage
and threats. European atlas of forest tree species, pp 160-163

Ellenberg H (1988) Vegetation ecology of central Europe. Cambridge
University Press

Ellenberg H, Leuschner C (2010) Vegetation Mitteleuropas mit den
Alpen: in 6kologischer, dynamischer und historischer Sicht (Vol.
8104). Utb

Enquist BJ, West GB, Charnov EL, Brown JH (1999) Allometric scal-
ing of production and life-history variation in vascular plants.
Nature 401(6756):907-911

Fedorova B, Kadavy J, Adamec Z, Kneifl M, Knott R (2016) Response
of diameter and height increment to thinning in oak-hornbeam
coppice in the southeastern part of the Czech Republic. J For Sci
2016:229-235. https://doi.org/10.17221/13/2016-JFS

Finér L, Helmisaari HS, Lohmus K, Majdi H, Brunner I, Berja I,
Vanguelova E (2007) Variation in fine root biomass of three Euro-
pean tree species: beech (Fagus sylvatica L.), Norway spruce
(Picea abies L. Karst.), and Scots pine (Pinus sylvestris L). Plant
Biosystems 141(3):394-405

Fischer A (1995) Forstliche Vegetationskunde. Pareys Studientexte Nr.
82. Blackwell Wissenschafts-, Berlin, Wien, p 315

Forrester DI (2014) The spatial and temporal dynamics of species
interactions in mixed-species forests: from pattern to process. For
Ecol Manag 312:282-292

Forrester DI (2017) Ecological and physiological processes in mixed
versus monospecific stands. Ecology and management, Mixed-
species forests, pp 73-115

Forrester DI, Bauhus J (2016) A review of processes behind diver-
sity—productivity relationships in forests. Curr Forestry Rep
2:45-61

Forrester DI, Bonal D, Dawud S, Gessler A, Granier A, Pollastrini M,
Grossiord C (2016) Drought responses by individual tree species
are not often correlated with tree species diversity in European
forests. J Appl Ecol 53(6):1725-1734

Forrester DI, Benneter A, Bouriaud O, Bauhus J (2017) Diversity and
competition influence tree allometric relationships—developing
functions for mixed-species forests. J Ecol 105(3):761-774

Franklin O, Aoki K, Seidl R (2009) A generic model of thinning and
stand density effects on forest growth, mortality and net incre-
ment. Ann For Sci 66(8):815

Fréjaville T, Vizcaino-Palomar N, Fady B, Kremer A, Benito Garzon
M (2020) Range margin populations show high climate adapta-
tion lags in European trees. Glob Change Biol 26(2):484-495

Freschet GT, Roumet C, Comas LH, Weemstra M, Bengough AG,
Rewald B, Stokes A (2021) Root traits as drivers of plant and
ecosystem functioning: current understanding, pitfalls and future
research needs. New Phytol 232(3):1123-1158

Gamfeldt L, Snéll T, Bagchi R, Jonsson M, Gustafsson L, Kjellander
P, Bengtsson J (2013) Higher levels of multiple ecosystem ser-
vices are found in forests with more tree species. Nat Commun
4(1):1340

Genet A, Wernsdorfer H, Jonard M, Pretzsch H, Rauch M, Ponette
Q, Saint-André L (2011) Ontogeny partly explains the apparent
heterogeneity of published biomass equations for fagus sylvatica
in central Europe. For Ecol Manag 261(7):1188-1202

George E, Marschner H (1996) Nutrient and water uptake by roots
of forest trees. Z fiir Pflanzenerndhrung Und Bodenkunde
159(1):11-21

Giuggiola A, Bugmann H, Zingg A, Dobbertin M, Rigling A (2013)
Reduction of stand density increases drought resistance in xeric
Scots pine forests. For Ecol Manage 310:827—835

Gongalves AC (2021) Thinning: an overview. IntechOpen, London,
pp 41-58

Grebner DL, Bettinger P, Siry JP, Boston K (2021) Introduction to for-
estry and natural resources. Academic

Grossiord C (2020) Having the right neighbors: how tree species
diversity modulates drought impacts on forests. New Phytol
228(1):42-49

Grossiord C, Granier A, Ratcliffe S, Bouriaud O, Bruelheide H,
Checko E, Gessler A (2014a) Tree diversity does not always
improve resistance of forest ecosystems to drought. Proc Natl
Acad Sci U S A 111(41):14812—-14815

Grossiord C, Granier A, Gessler A, Jucker T, Bonal D (2014b) Does
drought influence the relationship between biodiversity and eco-
system functioning in boreal forests? Ecosystems 17(3):394—404

Hiaberle KH, Weigt R, Nikolova PS, Reiter IM, Cermak J, Wieser
G, Blaschke H, Roétzer T, Pretzsch H, Matyssek R (2012) Case
study Kranzberger Forst: Growth and defence in European beech
(Fagus sylvatica L.) and Norway spruce (Picea abies (L.) Karst).
In: Matyssek R, Schnyder H, Owald W, Ermnst D, Munch JC,
Pretzsch H (eds.), Growth and Defence in Plants. Springer, Ber-
lin, Heidelberg, pp 243-271

Haberstroh S, Werner C, Griin M, Kreuzwieser J, Seifert T, Schindler
D, Christen A (2022) Central European 2018 hot drought shifts
Scots pine forest to its tipping point. Plant Biol 24(7):1186—-1197

Hallingbéck HR, Burton V, Vizcaino-Palomar N, Trotter F, Lizinie-
wicz M, Marchi M, Berlin Mats, Ray Duncan, Benito Garzon M
(2021) Managing uncertainty in Scots pine range-wide adaptation
under climate change. Front Ecol Evol 9:724051

Han Q, Kabeya D, Saito S, Araki MG, Kawasaki T, Migita C, Chiba
Y (2014) Thinning alters crown dynamics and biomass increment
within aboveground tissues in young stands of Chamaecyparis
obtusa. J for Res 19:184-193

Harrington CA, Reukema DL (1983) Initial shock and long-term stand
development following thinning in a Douglas-fir plantation. For
Sci 29(1):33-46

Helmisaari HS, Makkonen K, Kellomaki S, Valtonen E, Milkonen E
(2002) Below-and above-ground biomass, production and nitro-
gen use in Scots pine stands in Eastern Finland. For Ecol Manag
165(1-3):317-326

Hendriks CMA, Bianchi FJJA (1995) Root density and root biomass
in pure and mixed forest stands of Douglas-fir and Beech. Neth J
Agric Sci 43(3):321-331

@ Springer


https://doi.org/10.17221/13/2016-JFS

6 Page 24 of 27

Trees (2026) 40:6

Hood SM, Baker S, Sala A (2016) Fortifying the forest: thinning and
burning increase resistance to a bark beetle outbreak and promote
forest resilience. Ecol Appl 26(7):1984-2000

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in gen-
eral parametric models. Biometrical Journal: J Math Methods
Biosci 50(3):346-363

Houston Durrant T, De Rigo D, Caudullo G (2016) Pinus sylvestris in
Europe: distribution, habitat, usage and threats. European atlas of
forest tree species, 14, 845-846

Houtmeyers S, Brunner A (2020) Thinning responses of individual
trees in mixed stands of Norway Spruce and Scots pine. Scand J
For Res 35(7):351-366

Hui D, Wang J, Shen W, Le X, Ganter P, Ren H (2014) Near isometric
biomass partitioning in forest ecosystems of China. PLoS One
9(1):86550

Hulshof CM, Swenson NG, Weiser MD (2015) Tree height—diameter
allometry across the united States. Ecol Evol 5(6):1193-1204

Jactel H, Nicoll BC, Branco M, Gonzalez-Olabarria JR, Grodzki W,
Léangstrom B, Vodde F (2009) The influences of forest stand
management on biotic and abiotic risks of damage. Ann For Sci
66(7):701-701

Jactel H, Bauhus J, Boberg J, Bonal D, Castagneyrol B, Gardiner B,
Brockerhoff EG (2017) Tree diversity drives forest stand resis-
tance to natural disturbances. Curr Forestry Rep 3(3):223-243

Jalkanen R (1998) Fluctuation in the number of needle sets and needle
shed in Pinus sylvestris. Scand J For Res 13(1-4):284-291

Jing X, Muys B, Bruelheide H, Desie E, Hattenschwiler S, Jactel H,
Jaroszewicz Bogdan, Kardol Paul, Ratcliffe Sophia, Scherer-
Lorenzen Michael, Selvi Federico, Vancampenhout Karen, van
der Plas Fons, Verheyen Kris, Vesterdal Lars, Zuo Juan, Van
Meerbeek K (2021) Above-and below-ground complementarity
rather than selection drive tree diversity—productivity relation-
ships in European forests. Funct Ecol 35(8):1756-1767

Johann K (2000) Ergebnisse von Diingungsversuchen Nach 30 Jahren
Ertragskundlicher Beobachtung. FBVA- berichte 114. Institut fiir
Waldwachstum und Betriebswirtschaft, Wien, p 39

Kalliokoski T, Nygren P, Sievdnen R (2008) Coarse root architecture
of three boreal tree species growing in mixed stands. Silva Fen-
nica 42(2): 189-210

Kerr G, Haufe J (2011) Thinning practice: a silvicultural guide. For-
estry Commission, p 1

Kimmins JP (2004) Fishes and forestry: Worldwide watershed interac-
tions and management. Forest ecology. pp 1743

Kjellstrom E, Nikulin G, Strandberg G, Christensen OB, Jacob D,
Keuler K, Vautard R (2018) European climate change at global
mean temperature increases of 1.5 and 2 C above pre-industrial
conditions as simulated by the EURO-CORDEX regional climate
models. Earth Syst Dyn 9(2):459-478

Kneeshaw DD, Williams H, Nikinmaa E, Messier C (2002) Patterns of
above-and below-ground response of understory conifer release 6
years after partial cutting. Can J For Res 32(2):255-265

Knoke T, Ammer C, Stimm B, Mosandl R (2008) Admixing broad-
leaved to coniferous tree species: a review on yield, ecological
stability and economics. Eur J For Res 127(2):89-101

Kraft G (1884) Beitrdge Zur lehre von Den Durchforstungen, schlag-
stellungen und lichtungshieben. Klindworth

Kremer A, Ronce O, Robledo-Arnuncio JJ, Guillaume F, Bohrer
G, Nathan R, Schueler S (2012) Long-distance gene flow and
adaptation of forest trees to rapid climate change. Ecol Lett
15(4):378-392

Leuschner C, Meier IC (2018) The ecology of Central European tree
species: trait spectra, functional trade-offs, and ecological clas-
sification of adult trees. Perspect Plant Ecol Evol Syst 33:89-103

Leuschner C, Hertel D, Coners H, Biittner V (2001) Root competition
between beech and oak: a hypothesis. Oecologia 126:276-284

@ Springer

LiY, He JA, Lu L, Xu J, Wang H, Ye S (2021) The long-term effects
of thinning and mixing on species and structural diversity of Chi-
nese Fir plantations. New Forest 52(2):285-302

LiY, Li H, Zhang W, Chen B, Yang L, Li M, Cai Q (2023) The effects
of thinning on tree growth and stand biomass in a chronosequence
of Pinus tabulaeformis plantations in the loess plateau of China.
Forests 14(8):1620

Lim H, Lee KH, Lee KH, Park IH (2013) Biomass expansion fac-
tors and allometric equations in an age sequence for Japanese
Cedar (Cryptomeria japonica) in Southern Korea. J Forest Res
18:316-322

Lindner M, Maroschek M, Netherer S, Kremer A, Barbati A, Garcia-
Gonzalo J, Marchetti M (2010) Climate change impacts, adaptive
capacity, and vulnerability of European forest ecosystems. Forest
Ecol Manag 259(4):698-709

Liu CLC, Kuchma O, Krutovsky KV (2018) Mixed-species versus
monocultures in plantation forestry: development, benefits, eco-
system services and perspectives for the future. Glob Ecol Con-
serv 15:e00419

Lyr H, Fiedler HJ, Tranquillini W (1992) Physiologie und dkologie der
Geholze. Fischer, Jena

Madritsch S, Wischnitzki E, Kotrade P, Ashoub A, Burg A, Fluch S,
Sehr EM (2019) Elucidating drought stress tolerance in European
Oaks through cross-species transcriptomics. G3 Genes Genomes
Genet 9(10):3181-3199

Mikinen H, Isoméki A (2004) Thinning intensity and growth of Scots
pine stands in Finland. For Ecol Manage 201(2-3):311-325

Mayor X, Roda F (1993) Growth response of Holm oak (Quercus
ilex L) to commercial thinning in the Montseny mountains (NE
Spain). Annales des sciences forestieres 50(3):247-256

McCarthy MC, Enquist BJ (2007) Consistency between an allome-
tric approach and optimal partitioning theory in global patterns of
plant biomass allocation. Funct Ecol. https://doi.org/10.1111/5.13
65-2435.2007.01276.x

Mehtitalo L, Lappi J (2020) Forest biometrics with examples in R.
Chapman&Hall/CRC, Boca Raton, FL, USA

Mehtitalo L, Peltola H, Kilpeldinen A, Ikonen VP (2014) The response
of basal area growth of Scots pine to thinning: a longitudinal anal-
ysis of tree-specific series using a nonlinear mixed-effects model.
For Sci 60(4):636—644

Mette T, Dolos K, Meinardus C, Briauning A, Reineking B, Blaschke
M, Wellstein C (2013) Climatic turning point for beech and oak
under climate change in central Europe. Ecosphere 4(12):1-19

Mokany K, Raison RJ, Prokushkin AS (2006) Critical analysis of root:
shoot ratios in terrestrial biomes. Glob Change Biol 12(1):84-96

Montwé D, Isaac-Renton M, Standish A, Axelson J (2022) Partial cut-
ting in a dry temperate forest ecosystem alleviates growth loss
under drought. Frontiers in Forests and Global Change 5:761458

Navarro-Cerrillo RM, Sanchez-Salguero R, Rodriguez C, Lazo JD,
Moreno-Rojas JM, Palacios-Rodriguez G, Camarero JJ (2019)
Is thinning an alternative when trees could die in response to
drought? The case of planted Pinus nigra and P. sylvestris stands
in Southern Spain. For Ecol Manage 433:313-324

Niklas KJ (1994) Plant allometry: the scaling of form and process.
University of Chicago Press, Chicago, IL, p 412

Niklas KJ (2004) Plant allometry: is there a grand unifying theory?
Biol Rev 79(4):871-889

Nikolova P, Zang C, Pretzsch H (2011) Combining tree-ring analyses
on stems and coarse roots to study the growth dynamics of forest
trees: a case study on Norway spruce (Picea abies [L.] H. Karst).
Trees - Struct Function 25:859-872

Nyland RD (2016) Silviculture: Concepts and Applications, 3rd ed.
Waveland Press, Long Grove, IL, p 680

Obladen N, Dechering P, Skiadaresis G, Tegel W, KeBler J, Hollerl
S, Seim A (2021) Tree mortality of European beech and Norway


https://doi.org/10.1111/j.1365-2435.2007.01276.x
https://doi.org/10.1111/j.1365-2435.2007.01276.x

Trees (2026) 40:6

Page 250f 27 6

spruce induced by 2018-2019 hot droughts in central Germany.
Agric For Meteorol 307:108482

Oliver CD, Larson BC, Oliver CD (1996) Forest stand dynamics, vol
520. Wiley, New York

Pape R (1999) Influence of thinning and tree diameter class on the
development of basic density and annual ring width in Picea
abies. Scand J for Res 14(1):27-37

Pardos M, Del Rio M, Pretzsch H, Jactel H, Bielak K, Bravo F, Cal-
ama R (2021) The greater resilience of mixed forests to drought
mainly depends on their composition: analysis along a climate
gradient across Europe. For Ecol Manage 481:118687

Pedlar JH, McKenney DW (2017) Assessing the anticipated growth
response of Northern conifer populations to a warming climate.
Sci Rep 7(1):1-10

Peichl M, Arain MA (2007) Allometry and partitioning of above-and
belowground tree biomass in an age-sequence of white pine for-
ests. For Ecol Manag 253(1-3):68-80

Peltola H, Miina J, Rouvinen I, Kelloméki S (2002) Effect of early
thinning on the diameter growth distribution along the stem of
Scots pine. Silva Fennica 36(4):813-825

Peltola H, Kilpeldinen A, Sauvala K, Réisénen T, Ikonen VP (2007)
Effects of early thinning regime and tree status on the radial growth
and wood density of Scots pine. Silva Fennica 41(3):489-505

Picchio R, Neri F, Maesano M, Savelli S, Sirna A, Blasi S, Marchi
E (2011) Growth effects of thinning damage in a Corsican pine
(Pinus laricio Poiret) stand in central Italy. For Ecol Manag
262(2):237-243

Picchio R, Venanzi R, Latterini F, Marchi E, Laschi A, Monaco L
(2018) Corsican pine (Pinus laricio Poiret) stand management:
medium and long lasting effects of thinning on biomass growth.
Forests 9(5):257

Pinheiro J, Bates D, Core Team R (2023) nlme: Linear and Nonlinear
Mixed Effects Models_. R package version 3.1-162. https://CRA
N.R-project.org/package=nlme

Poorter H, Niklas KJ, Reich PB, Oleksyn J, Poot P, Mommer L (2012)
Biomass allocation to leaves, stems and roots: meta-analyses of
interspecific variation and environmental control. New Phytol
193(1):30-50

Pothier D, Margolis HA (1990) Changes in the water relations of Bal-
sam Fir and white Birch saplings after thinning. Tree Physiol
6(4):371-380

Pothier D, Margolis A (1991) Analysis of growth and light interception
of Balsam Fir and white Birch saplings following precommercial
thinning. Annales des sciences forestiéres 48(2):123-132

Poyatos R, Llorens P, Pifiol J, Rubio C (2008) Response of Scots pine
(Pinus sylvestris L.) and pubescent oak (Quercus pubescens
Willd.) to soil and atmospheric water deficits under Mediterra-
nean mountain climate. Ann For Sci 65(3):1

Pretzsch H (2005) Diversity and productivity in forests: evidence from
long-term experimental plots. Ecol Stud 176:41-64

Pretzsch H (2009a) Re-evaluation of allometry: state-of-the-art and
perspective regarding individuals and stands of woody plants. In:
Liittge U, Beyschlag W, Biidel B, Francis D (eds.), Progress in
Botany 71. Springer, Berlin, Heidelberg, pp 339-369

Pretzsch H (2009b) Forest dynamics, growth, and yield: A review,
analysis of the present state, and perspective. Springer, Berlin,
Heidelberg, pp 1-39

Pretzsch H (2018) Growth and structure in mixed-species stands com-
pared with monocultures: review and perspectives. Dynamics,
Silviculture and Management of Mixed Forests, pp 131-183

Pretzsch H (2019) The effect of tree crown allometry on community
dynamics in mixed-species stands versus monocultures. A review
and perspectives for modeling and silvicultural regulation. For-
ests 10(9):810

Pretzsch H (2020) Density and growth of forest stands revisited. Effect
of the temporal scale of observation, site quality, and thinning.
For Ecol Manage 460:117879

Pretzsch H, Forrester DI (2017) Stand dynamics of mixed-species
stands compared with monocultures. In: Pretzsch H, Forrester
DI, Bauhus J (eds.), Mixed-species forests: Ecology and manage-
ment. Springer, Berlin, Heidelberg, pp 117-209

Pretzsch H, Utschig H (1989) H. Das ,,Zuwachstrend-Verfahren fiir
die Abschitzung krankheitsbedingter Zuwachsverluste auf den
Fichten- und Kiefern-Weiserfldchen in den bayerischen Schadge-
bieten. Sonderdruck aus ,,Forstarchiv, 60. Jahrgang, Heft Nr. 5:
188-193

Pretzsch H, Zenner EK (2017) Toward managing mixed-species
stands: from parametrization to prescription. For Ecosyst 4:1-17

Pretzsch H, Biber P, Uhl E, Hense P (2012a) Coarse root—shoot allom-
etry of Pinus radiata modified by site conditions in the Western
Cape province of South Africa. South Forests 74(4):237-246

Pretzsch H, Uhl E, Biber P, Schiitze G, Coates KD (2012b) Change
of allometry between coarse root and shoot of Lodgepole pine
(Pinus contorta DOUGL. ex. LOUD) along a stress gradient in
the sub-boreal forest zone of British Columbia. Scand J Forest
Res 27(6):532-544

Pretzsch H, Dieler J, Seifert T, Rotzer T (2012c¢) Climate effects on pro-
ductivity and resource-use efficiency of Norway Spruce (Picea
abies [L.] Karst.) and European Beech (Fagus sylvatica [L.]) in
stands with different spatial mixing patterns. Trees 26:1343-1360

Pretzsch H, Schiitze G, Uhl E (2013a) Resistance of European tree
species to drought stress in mixed versus pure forests: evi-
dence of stress release by inter-specific facilitation. Plant Biol
15(3):483-495

Pretzsch H, Bielak K, Block J, Bruchwald A, Dieler J, Ehrhart HP,
Kohnle Ulrich, Nagel Jirgen, Spellmann Hermann, Zasada
Michatl, Zingg A (2013b) Productivity of mixed versus pure
stands of oak (Quercus petraea (Matt.) Liebl. and Quercus robur
L.) and European beech (Fagus sylvatica L.) along an ecological
gradient. Eur J Forest Res 132(2):263-280

Pretzsch H, Biber P, Schiitze G, Uhl E, Rétzer T (2014a) Forest stand
growth dynamics in central Europe have accelerated since 1870.
Nat Commun 5(1):1-10

Pretzsch H, Rotzer T, Matyssek R, Grams TEE, Haberle KH, Pritsch K,
Munch JC (2014b) Mixed Norway Spruce (Picea abies [L.] Karst)
and European Beech (Fagus sylvatica [L.]) stands under drought:
from reaction pattern to mechanism. Trees 28(5):1305-1321

Pretzsch H, Forrester DI, Rotzer T (2015) Representation of species
mixing in forest growth models. A review and perspective. Ecol
Model 313:276-292

Pretzsch H, Grams T, Hiberle KH, Pritsch K, Bauerle T, Rotzer T
(2020a) Growth and mortality of Norway Spruce and European
Beech in monospecific and mixed-species stands under natural
episodic and experimentally extended drought. Results of the
KROOF throughfall exclusion experiment. Trees 34(4):957-970

Pretzsch H, Steckel M, Heym M, Biber P, Ammer C, Ehbrecht M,
Bielak K, Bravo F, Ordofiez C, Collet C, Vast F, Drossler L,
Brazaitis G, Godvod K, Jansons A, de-Dios-Garcia J, Lof M,
Aldea J, Korboulewsky N, Reventlow DOJ, Nothdurft A, Engel
M, Pach M, Skrzyszewski J, Pardos M, Ponette Q, Sitko R, Fab-
rika M, Svoboda M, Cerny J, Wolff B, Ruiz-Peinado R, del Rio M
(2020b) Stand growth and structure of mixed-species and mono-
specific stands of Scots pine (Pinus sylvestris L.) and oak (Q.
robur L., Quercus petraea (M att.) L iebl.) analysed along a pro-
ductivity gradient through Europe. Eur J Forest Res 139:349-367

Primicia I, Colomo RA, Rodriguez JBI, Puertas F, Traver C, Martinez
FIC (2016) Influence of thinning intensity and canopy type on
Scots pine stand and growth dynamics in a mixed managed forest.
Forest Syst 25(2):1

@ Springer


https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme

6 Page 26 of 27

Trees (2026) 40:6

Puettmann KJ, Coates KD, Messier CC (2012) A critique of silvicul-
ture: managing for complexity. Island

Qi Y, Wei W, Chen C, Chen L (2019) Plant root-shoot biomass alloca-
tion over diverse biomes: a global synthesis. Glob Ecol Conserv
18:e00606

Qiu H, Liu S, Zhang Y, Li J (2021) Variation in height-diameter allom-
etry of ponderosa pine along competition, climate, and species
diversity gradients in the western United States. For Ecol Manage
497:119477

R Core Team (2021) R: A Language and environment for statistical
computing. Published online 2020. Supplemental Inform Refer-
ences S, 1,371-78

Rebetez M, Dobbertin M (2004) Climate change may already threaten
Scots pine stands in the Swiss alps. Theoret Appl Climatol
79(1):1-9

Reich PB, Luo Y, Bradford JB, Poorter H, Perry CH, Oleksyn J
(2014) Temperature drives global patterns in forest biomass dis-
tribution in leaves, stems, and roots. Proc Natl Acad Sci USA
111(38):13721-13726

Reineke LH (1933) Perfecting a stand-density index for evenaged for-
ests. J Agric Res 46:627-638

Richardson DM (ed) (2000) Ecology and biogeography of Pinus.
Cambridge University Press

Ruel JC, Larouche C, Achim A (2003) Changes in root morphology
after precommercial thinning in Balsam Fir stands. Can J For Res
33(12):2452-2459

Santantonio D, Hermann R, Overton W (1977) Root biomass studies
in forest ecosystems. Pedobiologia Bd 17:S1-31 Paper 957. For-
est Research Laboratory, School of Forestry Oregon State Uni-
versity, Corvallis, Oregon

Schall P, Lodige C, Beck M, Ammer C (2012) Biomass allocation to
roots and shoots is more sensitive to shade and drought in Euro-
pean Beech than in Norway Spruce seedlings. For Ecol Manag
266:246-253

Schuldt B, Buras A, Arend M, Vitasse Y, Beierkuhnlein C, Damm A,
Kahmen A (2020) A first assessment of the impact of the extreme
2018 summer drought on central European forests. Basic Appl
Ecol 45:86-103

Seidl R, Schelhaas MJ, Lexer MJ (2011) Unraveling the drivers of
intensifying forest disturbance regimes in Europe. Glob Change
Biol 17(9):2842-2852

Seidl R, Thom D, Kautz M, Martin-Benito D, Peltoniemi M, Vac-
chiano G, Reyer CP (2017) Forest disturbances under climate
change. Nat Clim Change 7(6):395-402

Senf C, Seidl R (2021) Persistent impacts of the 2018 drought
on forest disturbance regimes in Europe. Biogeosciences
18(18):5223-5230

Shipley B, Meziane D (2002) The balanced-growth hypothesis and
the allometry of leaf and root biomass allocation. Funct Ecol
16(3):326-331

Sohn JA, Gebhardt T, Ammer C, Bauhus J, Héberle KH, Matyssek R,
Grams TE (2013) Mitigation of drought by thinning: short-term
and long-term effects on growth and physiological performance
of Norway spruce (Picea abies). For Ecol Manag 308:188—197

Sohn JA, Saha S, Bauhus J (2016a) Potential of forest thinning
to mitigate drought stress: a meta-analysis. For Ecol Manag
380:261-273

Sohn JA, Hartig F, Kohler M, Huss J, Bauhus J (2016b) Heavy and
frequent thinning promotes drought adaptation in Pinus sylvestris
forests. Ecol Appl 26(7):2190-2205

Spellmann H, Albert M, Schmidt M, Sutméller J, Overbeck M (2011)
Waldbauliche anpassungsstrategien fiir verédnderte Klimaverhalt-
nisse. AFZ-Der Wald 11(2011):19-23

Steckel M, Heym M, Wolff B, Reventlow DOJ, Pretzsch H (2019)
Transgressive overyielding in mixed compared with monospe-
cific Scots pine (Pinus sylvestris L.) and oak (Quercus Robur

@ Springer

L., Quercus Petraea (Matt.) Liebl.) stands—productivity gains
increase with annual water supply. For Ecol Manag 439:81-96

Steckel M, del Rio M, Heym M, Aldea J, Bielak K, Brazaitis G,
Pretzsch H (2020) Species mixing reduces drought susceptibil-
ity of Scots pine (Pinus sylvestris L.) and oak (Quercus Robur
L., Quercus Petraea (Matt.) Liebl.)-Site water supply and fertility
modify the mixing effect. For Ecol Manag 461:117908

Stojanovi¢ DB, Matovi¢ B, Orlovi¢ S, Krzi¢ A, Trudi¢ B, Gali¢ Z,
Pekec¢ S (2014) Future of the main important forest tree species in
Serbia from the climate change perspective. South-east Eur For-
estry: SEEFOR 5(2):117-124

Tilman D (1988) Plant Strategies and the Dynamics and Structure of
Plant Communities. Princeton University Press

Ulbricht M, Biber P, Rétzer T, Uhl E, Pretzsch H (2025) Root-shoot
allometry and drought response of dominant and co-dominant
European beech (Fagus sylvatica [L.]) and Norway spruce (Picea
abies [L.] Karst.) in monospecific versus mixed-species stands in
Bavaria, Germany. Eur J Forest Res. https://doi.org/10.1007/s10
342-025-01786-1

Urban ST, Lieffers VJ, MacDonald SE (1994) Release in radial growth
in the trunk and structural roots of white Spruce as measured by
dendrochronology. Can J Forest Res 24(8):1550-1556

Valinger E, Elfving B, Morling T (2000) Twelve-year growth response
of Scots pine to thinning and nitrogen fertilisation. For Ecol
Manag 134(1-3):45-53

Valinger E, Sjogren H, Nord G, Cedergren J (2019) Effects on stem
growth of Scots pine 33 years after thinning and/or fertilization in
Northern Sweden. Scand J Forest Res 34(1):33-38

Valladares F, Matesanz S, Guilhaumon F, Aratjo MB, Balaguer L,
Benito-Garzon M, Zavala MA (2014) The effects of phenotypic
plasticity and local adaptation on forecasts of species range shifts
under climate change. Ecol Lett 17(11):1351-1364

Vicente-Serrano SM, Begueria S, Lopez-Moreno JI (2010) A multis-
calar drought index sensitive to global warming: the standardized
precipitation evapotranspiration index. J Clim 23(7):1696-1718

Vincent M, Krause C, Zhang SY (2009) Radial growth response of
black Spruce roots and stems to commercial thinning in the boreal
forest. Forestry 82(5):557-571

Vitali V, Forrester DI, Bauhus J (2018) Know your neighbours:
drought response of Norway spruce, silver Fir and Douglas Fir
in mixed forests depends on species identity and diversity of tree
neighbourhoods. Ecosystems 21(6):1215-1229

Wang X, Fang J, Zhu B (2008) Forest biomass and root—shoot alloca-
tion in Northeast China. For Ecol Manag 255(12):4007—-4020

Wang J, Fan X, Fan J, Zhang C, Xia F (2012) Effects of tree competi-
tion on the biomass partitioning of abies nephrolepis. Sci Silvae
Sin 48(4):14-20

Wang D, Olatunji OA, Xiao J (2019) Thinning increased fine root pro-
duction, biomass, turnover rate and understory vegetation yield in
a Chinese Fir plantation. For Ecol Manag 440:92-100

Weiner J (2004) Allocation, plasticity and allometry in plants. Perspect
Plant Ecol Evol Syst 6(4):207-215

Weiner J, Campbell LG, Pino J, Echarte L (2009) The allometry of
reproduction within plant populations. J Ecol 97(6):1220-1233

West GB, Brown JH, Enquist BJ (1999) A general model for the
structure and allometry of plant vascular systems. Nature
400(6745):664—667

Wickham H (2011) The split-apply-combine strategy for data analysis.
J Stat Softw 40:1-29

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag, New York

Winkler P, Berz G, Schonwiese CD, Claulen M, Grassl H, Latif M,
Halbig G (2008) Stellungnahme der Deutschen meteorologischen
gesellschaft Zur Klimaproblematik vom 9.10. 2007. Mitteilungen
der Deutschen Meteorologischen Gesellschaft, p 12. 4


https://doi.org/10.1007/s10342-025-01786-1
https://doi.org/10.1007/s10342-025-01786-1

Trees (2026) 40:6

Page 27 of 27 6

Zamora-Pereira JC, Yousefpour R, Cailleret M, Bugmann H, Hane-
winkel M (2021) Magnitude and timing of density reduction
are key for the resilience to severe drought in conifer-broadleaf
mixed forests in central Europe. Ann For Sci 78:1-28

Zang C, Pretzsch H, Rothe A (2012) Size-dependent responses to sum-
mer drought in Scots pine, Norway spruce and common oak.
Trees 26:557-569

Zerihun A, Montagu KD (2004) Belowground to aboveground bio-
mass ratio and vertical root distribution responses of mature
Pinus radiata stands to phosphorus fertilization at planting. Can J
For Res 34(9):1883-1894

Zhang H, Wang K, Xu X, Song T, Xu Y, Zeng F (2015) Biogeographi-
cal patterns of biomass allocation in leaves, stems and roots in
China’s forests. Sci Rep 5(1):15997

Zhang X, Chhin S, Fu L, Lu L, Duan A, Zhang J (2019) Climate-sen-
sitive tree height—diameter allometry for Chinese Fir in Southern
China. Forestry Int J Res 92(2):167-176

Zhang WP, Zhao L, Larjavaara M, Morris EC, Sterck FJ, Wang GX
(2020) Height-diameter allometric relationships for seedlings and
trees across China. Acta Oecol 108:103621

Zhang M, Liu S, Jones J, Sun G, Wei X, Ellison D, Archer Emma,
McNulty Steve, Asbjornsen Heidi, Zhang Zhiqiang, Serengil
Yusuf, Yu Zhen, Li Qiang, Luan Junwei, Yurtseven Ibrahim,
Hou Yiping, Deng Shiyu, Liu Z (2022) Managing the forest-
water nexus for climate change adaptation. For Ecol Manage
525:120545

Zhang H, Liu S, Yu J, Li J, Shangguan Z, Deng L (2024) Thinning
increases forest ecosystem carbon stocks. For Ecol Manage
555:121702

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer



	﻿Heavy thinning from above affects growth and coarse root-stem allometry of mature Scots pine (﻿Pinus sylvestris﻿ L.) and sessile oak (﻿Quercus petraea﻿ (Matt.) Liebl.) in monospecific and mixed-species stands
	﻿Abstract﻿﻿﻿﻿
	﻿Introduction
	﻿Materials and methods﻿﻿﻿﻿
	﻿Experimental area
	﻿Experimental design
	﻿Normalized radial increments (Q1 and Q2)
	﻿Standardized precipitation evapotranspiration index (SPEI) (Q3)
	﻿﻿Local stand density index (SDI), ΔSDI (delta SDI), and basal area (BA) (Q3)
	﻿Statistical analyses of the normalized radial stem and coarse root increments (Q1 and Q2)
	﻿Statistical analyses of the coarse root-stem allometry (Q3)

	﻿Results
	﻿Classification of the normalization factor (Q1and Q2)
	﻿Normalized stem increment (Q1)
	﻿Normalized coarse root increment (Q2)
	﻿﻿Classification of SPEI6 (Q3)
	﻿Coarse root-stem allometry of Scots pine (Q3)
	﻿Coarse root-stem allometry of sessile oak (Q3)

	﻿Discussion
	﻿Effects of thinning on stem growth (Q1)
	﻿Effect of thinning on stem growth: monospecific vs. mixed stand types (Q1)
	﻿Effect of thinning on coarse root growth (Q2)
	﻿Coarse root-stem allometry of Scots pine and sessile oak (Q3)
	﻿Coarse root-stem allometry in monospecific vs. mixed stands (Q3)
	﻿Coarse root-stem allometry modulated by ΔSDI and SPEI6 (Q3)
	﻿Critique and generalisability
	﻿Conclusions

	﻿References


