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Crown plasticity enables trees to acclimate to competition and environmental stress, but how social strata and
species-specific behavior modulate crown structure-secondary growth relationships remains poorly understood.
We, therefore, tested three hypotheses in close-to-nature forests across wet (Germany) and dry (Spain) sites using
terrestrial laser scanning and tree-ring width data of Norway spruce (Picea abies (L.) H. Karst.) and Silver fir
(Abies alba Mill.) in Germany, and Stone pine (Pinus pinea L.) in Spain. We examined (HI) crown structure and
radial growth are positively correlated and modulated by social strata and species-specific behavior; (HII) local
competition and canopy space filling modulate the relationships across sites, (HIII) space-use efficiency varies
across social strata and species behavior across sites. We observed that crown shape metrics and ring width
variability were significantly correlated (p < 0.05), modulated by species and social identity. Dominant and
codominant trees showed stronger relationships, while suppressed trees exhibited greater crown plasticity,
allowing adaptive responses to canopy gaps. Spruce and fir adjusted crown structure under suppression, while
pines maintained static crowns, decoupling structure from growth. Crown-growth relationships were influenced
by neighborhood competition and canopy space filling (p < 0.05). Site-specific patterns emerged: wet sites had
greater light competition, increasing canopy space filling and growth irregularity; dry sites were dominated by
competition for water. Crown space- use efficiency also varied by species and social stratum. Dominant trees
occupied more canopy space, but suppressed trees showed higher space-use efficiency especially by spruce and
fir, by maintaining plastic crowns and waiting for more favorable light conditions. Despite similar biomass in-
vestment, dominant spruce and fir had higher space-use but lower biomass-use efficiency, while suppressed trees
invested biomass more efficiently, signaling growth potential. These results show that asymmetric crown plas-
ticity drives a grow or wait strategy across strata, informing precision forestry interventions for climate-adaptive
forest management.

1. Introduction affect survival and growth strategies (Seidel et al., 2011; Forrester et al.,

2018; Seidel et al., 2019; Hess et al., 2024; Owen and Lines, 2024). The

Forests are dynamic ecosystems characterized by intricate in-
teractions among trees and the surrounding environment. A critical
aspect of this interaction relates to crown plasticity, which can be
explained as the ability to adjust crown shape and structure to light
availability, impacted by competition. Crown plasticity enables trees to
balance structural costs with photosynthetic efficiency, which both
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crown shape impacts photosynthesis (Grams and Andersen, 2007;
Fischer and Jucker, 2023), with the assimilated carbon allocated into
woody stem tissue (Lehnebach et al., 2018; Lines et al., 2022), which
explains the strong link between crown structure and radial growth
patterns (Sharma et al., 2017; Kroner et al., 2024; Ahmed et al., 2025).
Therefore, understanding tree growth dynamics through 3D crown
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shape and its plasticity is critical in forest growth modeling (Jacobs
et al., 2021; Pretzsch, 2021a; Yrttimaa et al., 2022). Despite its strong
significance in forest growth modeling, the quantification of the link
between crown structure and secondary growth patterns has been
largely limited due to traditional measurement methods (Pretzsch et al.,
2022). However, terrestrial laser scanning (TLS) offers new opportu-
nities to accurately characterize crown shape and structure (Calders
et al., 2020; Lines et al., 2022). Building on this, recent studies have
shown that 3D crown shape quantified using TLS can reveal patterns in
tree secondary growth (Yrttimaa et al., 2022; Ahmed et al., 2024; Kroner
et al., 2024; Ahmed et al., 2025). However, no studies have yet quan-
tified this link in plenter or close-to-nature forests to understand tree
growth behavior across social strata.

In recent years, there has been growing pressure to develop more
species and structurally diverse forest ecosystems that are resilient to
climate change (Spiecker, 2003; Millar et al., 2007; Bauhus et al., 2013;
O’Hara, 2016; Kolisnyk et al., 2025). The role of tree crown structure
and plasticity has emerged as critical for acclimatization to these envi-
ronmental shifts (Millet et al., 1999; Jucker et al., 2015) in these eco-
systems. In close-to-nature or multi-layered forests, crown plasticity
facilitates complex interactions among trees, enhancing resource
acquisition under varying conditions and shaping forest structure,
function, and canopy stratification into distinct tree social strata
(Rouvinen and Kuuluvainen, 1997; Strigul et al., 2008; Norby et al.,
2022). Across social strata, dominant trees in the upper canopy develop
expansive crowns (to occupy space efficiently) to maximize light cap-
ture, with the suppression of neighboring individuals likely being an
indirect consequence of this strategy. In contrast, to maximize light
capture, trees persisting in the shaded understory adopt narrower,
top-heavy crowns, often waiting several decades for growth opportu-
nities (Antos et al., 2005; Seidel et al., 2011; Forrester et al., 2017;
Mohan et al., 2017). In these low-light environments, diffuse light be-
comes relatively more important, shaping crown development strategies
(Petritan et al., 2009; Orman et al., 2021). These divergent behav-
iors—to grow or to wait—reflect a tradeoff between radial growth,
height growth, and structural persistence, mediated by species-specific
growth strategies (shade-tolerant vs. light-demanding), local competi-
tion, and flexibility to adjust growth during repeated sup-
pression-release cycles before reaching the canopy (Pretzsch and
Schiitze, 2005; Gao et al., 2023; Pavlin et al., 2024). Such divergent
behavior of social strata creates a complex web of interaction within the
forest stands and drives tree potential and overall growth (Attis Beltran
et al., 2013; Ugarkovic et al., 2021; Jazbec et al., 2023). While it is
recognized that trees adjust their crown shape in response to neigh-
borhood competition (Ahmed et al., 2024), our understanding of how
these structural adjustments vary across social strata — from dominant
to suppressed individuals — remains limited. In particular, how crown
plasticity supports long-term persistence and light capture under vary-
ing competitive pressures is still not fully understood.

In close-to-nature forests, trees often grow in dense, multi-layered
canopies where intense competition occurs across social strata, espe-
cially those in understories. This competition is driven by differences in
light availability, and crown architecture, which collectively shape tree
growth and structure (Spitters, 1980; Oliver et al., 1996; Pretzsch and
Schiitze, 2005; Ahmed et al., 2024). Light competition, in particular,
plays a pivotal role in determining crown development and radial
growth patterns (Pretzsch, 2009; Metz et al., 2013; Ahmed et al., 2024).
Therefore, the tradeoff between adjusting crown shape and maintaining
secondary growth is influenced by interspecific and intraspecific
competition, species behavior, and social position, and thus, critical for
crown structure-radial growth relationships (Attis Beltran et al., 2013;
Hess et al., 2024; Ahmed et al., 2025). Despite advances in under-
standing crown plasticity, critical knowledge gaps persist; for example,
we have a limited understanding of how transitions in social class (e.g.,
suppressed trees becoming dominant) combined with neighborhood
competition modulate crown-growth relationships, particularly in
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mixed, unmanaged forests. Moreover, local growing conditions, such as
surrounding species, their intermixing, and competition for resources,
such as light and water availability, may complicate crown shape and
secondary growth relationships across social classes. For example, in
dense neighborhoods, trees often exhibit pronounced crown asymmetry
as a manifestation of crown plasticity, which enables adaptive responses
to light competition (Barbeito et al., 2014; Diaz-Varela et al., 2015;
Barbeito et al., 2017), which might induce higher variability in growth
patterns (Ahmed et al., 2024; Liu et al., 2025).

Competition-driven canopy space filling is another important factor
in mixed forests. To escape competition, trees develop highly plastic
crowns, adjusting their spatial arrangement to maximize canopy occu-
pation (Ishii and Asano, 2010; Pretzsch, 2014; Ray et al., 2024). Canopy
space filling refers to the proportion of space occupied by crown volume
relative to unoccupied gaps within the canopy (Pretzsch, 2014; Jucker
et al., 2015). Many studies have linked stand-level canopy filling or
packing with species richness due to species complementarity and niche
differentiation (Fichtner et al., 2013; Pretzsch, 2014; Kunz et al., 2019;
Perles-Garcia et al., 2021; Ray et al., 2024), a pattern often observed in
close-to-nature forests. However, while research has examined canopy
filling and structural complexity at the stand level (Pretzsch, 2014;
Jucker et al., 2015; Juchheim et al., 2017), little attention has been
given to how local canopy filling influences the link between crown
structure and secondary growth, which remains poorly understood.
When species with compact crowns (e.g., spruce, Picea abies (L.) H.
Karst.) mix with those having more transparent crowns (e.g., beech,
Fagus sylvatica L.), traditional competition indices may suggest strong
competition for light (Seidel et al., 2011; Forrester et al., 2018). How-
ever, light transmission through transparent crowns can modify growth
dynamics, reducing competitive pressures. To fully understand the ef-
fects of species mixing, it is crucial to consider how local canopy
structure influences light distribution at the tree level. Ehbrecht et al.
(2017) and Koller et al. (2025) explained that canopy filling and
complexity can be shaped by individual tree characteristics, including
their inner and outer crown structures. Therefore, we expect each tree to
fill canopy space at different levels, as neighboring species influence
how space is shared. These competition-driven local canopy space dy-
namics could be a key factor shaping crown structure and growth pat-
terns in mixed stands, where light availability is a major driving force.

This study examines how tree crown structure and shape, and sec-
ondary growth relate to competition and growing conditions in close-to-
nature forests (Fig. 1a), with the idea that suppressed trees maintain
static crown form while waiting for better direct light conditions. In
contrast, trees in the dominant class may capture more light and grow
faster, enabling rapid structural changes. As they age, energy shifts to-
ward reproduction, reducing their focus on structural development (see
Fig. 1b). Therefore, the link between crown structure and secondary
growth is expected to vary between their social strata, their behavior
(light-demanding or shade tolerant), and growing sites (wet or dry)
(Fig. 1c, d) with modulation within the neighborhood (Fig. 1e).

Therefore, we tested three specific hypotheses to understand these
dynamics. (HI) crown shape and radial growth patterns are positively
correlated and modulated by tree social strata (suppressed to dominant)
and species-specific behavior (light-demanding vs. shade-tolerant)
across sites (Fig. 1b); (HII) Local competition and canopy space filling
lead to irregular crown shapes and tree rings, which, in turn, modulate
the relationship between crown structure and ring growth across
different sites (Fig. 1c), (HIII) canopy space-use efficiency varies across
social strata and species behavior (dominant trees may occupy more
canopy space, suppressed and shade-tolerant trees often use the avail-
able space more efficiently) across sites (Fig. 1d).

To test the hypotheses, we selected three ecologically distinct
coniferous species— Norway spruce (Picea abies (L.) H. Karst.) (light-
demanding, moderately shade-tolerant), Silver fir (Abies alba Mill.)
(highly shade-tolerant), and Stone pine (Pinus pinea L.) (light-
demanding and adapted to dry conditions) across social
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(a) Data: Close-to-nature
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Fig. 1. Conceptualization of the hierarchical structure and development trajectories of trees in close-to-nature forests (panel a), focusing on phenotypic and inner-
tree morphological changes (panel b) over time. (b) At t1, suppressed trees grow slowly, resulting in narrow rings. However, as competition decreases (e.g., due to
nearby tree death), growth accelerates, rings become wider, moving them to intermediate— codominant —dominant status by t, and t3. Crown shape and tree ring
pattern relations: expected variations across social strata, with grey-shaded areas indicating potential variation. (c) Competition and canopy filling: effects of local
competition and canopy space filling on the link between crown shape and tree ring patterns based on site conditions. (d) Link varies across species; therefore, space
occupation, exploitation, and biomass investment efficiency depend on species’ behavior and social strata. Tree social strata (suppressed, intermediate, codominant,

and dominant) are grouped based on Wertz et al. (2020).

strata—representing a gradient of ecological niches (light demanding
and shade tolerant) and site adaptability (dry and wet conditions). These
species, widely distributed across European forestry systems, were
prioritized for their contrasting resource acquisition strategies and
silvicultural resilience, highlighting their potential for future forestry
practices.

2. Materials and methods
2.1. Study site descriptions, plot, and tree selection

This study focuses on close-to-nature forest ecosystems in two
distinct Furopean sites: Bodenmais, Germany (49° 5' 12.57" E, 13° 5’
27.14" N) and Llano de San Marugan, Portillo (Valladolid), Castilla y
Ledn, Spain (41° 25' 37.1" N, 4° 34’ 15.2" W). The Bodenmais site,
located in the Bavarian forest region of Germany, features mountainous
terrain ranging from 500 to 1450 m above sea level. The climate is cool
and humid, with a mean annual temperature of 6-8°C and annual pre-
cipitation of ~1200 mm, classifying it as a wet site (data collected from
two plots divided into four subplots but in the same site). The forests
consist of mixed stands dominated by Norway spruce (Picea abies (L.) H.
Karst.), along with co-occurring Silver fir (Abies alba Mill.) and European
beech (Fagus sylvatica L.). These stands have remained unmanaged since
2011 and minimally managed since at least 1980, allowing for natural
structural and compositional development, enabling natural structural
and compositional development (Pretzsch, 1985; Pretzsch, 1996). In
contrast, the Llano de San Marugan site in Spain represents a Mediter-
ranean woodland ecosystem at 750 to 900 m elevation, characterized by
a warmer and drier climate with a mean annual temperature of 12°C and
annual precipitation of approximately 500 mm. The region experiences

irregular rainfall, with summer precipitation dropping to as low as
64 mm, accompanied by hot, dry summers averaging 30°C. The vege-
tation is dominated by Stone pine (Pinus pinea L.), interspersed with
resprouting oaks (Quercus faginea Lam. and Quercus ilex L.) and naturally
regenerating junipers (Juniperus thurifera L.). Like the German site,
Marugén stands have been minimally managed over the last 30 years,
allowing natural structural dynamics (see plot details in Bravo et al.
2021).

A total of 109 trees were sampled across both sites, stratified into
four social strata (dominant, codominant, intermediate, suppressed)
following Wertz et al. (2020). Trees were classified into different social
strata based on their crown positions within the 3D canopy. Sampling
focused on individuals growing in different competitive regimes (open
canopy to highly dense canopy) to assess growth patterns and adaptive
strategies. Data were collected across three permanent monitoring plots
(two in the German site, each 0.5 ha, and one in the Spanish site, 1 ha),
with comprehensive monitoring records available (Table 1), enabling
precise contextualization of environmental and anthropogenic
influences.

2.2. Terrestrial (TLS) and mobile laser scanning (MLS) data acquisition
and crown structure characterization

Field data collection commenced during the leaf-off season in Spain
in March 2023 and in Germany in March 2024. Terrestrial laser scanning
(TLS) in Germany was performed using a RIEGL VZ-400i scanner (RIEGL
Laser Measurement Systems GmbH, Austria) across permanent experi-
mental plots. To mitigate occlusion effects and optimize crown structure
capture, each German plot was scanned from multiple positions spaced
approximately 5 m apart, with scan density adjusted according to plot
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Table 1
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Summary statistics of crown shape and tree ring metrics across sites and species (mean + SD) with the number of samples. See Sections 2.2 and 2.3 for abbreviated

forms. In total, we used data from two plots in Germany and one plot in Spain.

Sites Species Trees DBH (cm) h (m) meantrw cvtrw cbh (m) cl (m) cver cr (m) maxcr hmaxcr cpa m>)
(mm) (m) (m)
Germany spruce 31 39.50 24.95 1.28 0.55 7.78 17.17 0.27 3.49 4.02 11.65 25.91
(wet) +19.77 +8.04 +0.61 +0.15 +4.47 +7.05 +0.04 +1.07 +1.17 +5.83 +15.84
fir 24 37.71 21.60 1.30 0.52 4.48 17.12 0.27 3.71 4.18 10.49 29.73
+ 20.80 +8.72 +0.58 +0.13 + 2.04 +7.63 + 0.04 +0.98 +1.07 + 5.57 +14.35
Spain (dry) pine 54 28.61 8.13 1.42 0.61 2.63 5.50 0.36 4.03 4.90 2.65 27.21
+ 13.06 +1.97 +0.32 +0.12 +1.01 +1.21 +0.09 +1.84 + 2.10 + 0.82 +19.27

dimensions. Artificial reflectors were deployed as fiducial markers to
facilitate the precise alignment of individual scans.

Raw point cloud data were registered or aligned to a local coordinate
system and denoised using an octree-based outlier detection algorithm
implemented in RiSCAN PRO (v2.10.1, RIEGL GmbH, Austria). This
process reduced scatter and noise through octree-based filtering,
enhancing post-processing efficiency. The point clouds were voxelized
using a 5cm®grid to generate a standardized dataset invariant to
scanner type or scan density. A hybrid workflow was implemented to
mitigate errors in automated tree isolation: reflector-tagged trees were
manually segmented and algorithmically refined to resolve overlaps
with adjacent vegetation from TLS data. High-resolution single-tree
point clouds enabled crown stratification via polar coordinate classifi-
cation, which supported the extraction of layered crown structure
metrics (Fig. 2, Supplementary Fig.1). The RIEGL VZ-400i TLS, with its
higher angular resolution (0.002°), provided enhanced detail for
dominant canopy trees in German plots. This workflow ensured
compatibility with dendrochronological data derived from increment

cores, enabling integrated analysis of structural plasticity and radial
growth responses.

In Spain, point cloud data were acquired using a ZEB-Horizon
handheld mobile laser scanner (MLS) (GeoSLAM Ltd., Nottingham,
UK), following the protocol and the data processing workflow described
in Tupinamba-Simoes et al. (2024). MLS raw point cloud data were
registered and denoised using an octree-based outlier detection algo-
rithm implemented in LIDAR360 software (GreenValley International,
v6.0). In MLS data, tree positions were georeferenced with
sub-centimeter precision using a Topcon OS-200 total station and
SR-series geodetic receivers (Topcon Corporation, Japan) (see Ahmed
et al., 2025).

Initial post-processing of MLS data included automated tree isolation
in LIDAR360, followed by manual refinement of overlapping crowns in
CloudCompare (v2.13.1) (Girardeau-Montaut, 2016). To ensure
analytical rigor, trees with incomplete crown tops or excessive occlusion
due to adjacent vegetation—severally suppressed individuals in dense
understories—were systematically excluded. This curation minimized
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Fig. 2. Characteristics and variability of tree crown structure metrics. (a) Basic crown structure metrics, including total height (h), Diameter at breast height, DBH,
crown length, cl, crown base height, cbh, height of maximum crown radius, hmaxcr, crown projection area, cpa, (b) coefficient of variation of crown radius, cver, (c)
maximum crown radius, maxcr, (d) Crown ratio (cl/h), (e) top-heaviness, th, (h - hmaxcr), (f) slenderness ratio, csle, (cl/cr).
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artifacts in 3D crown reconstruction and growth pattern quantification.

Despite inherent challenges in capturing closed-canopy forests with
MLS (Liang et al., 2016), the ZEB-Horizon achieved sufficient point
density (>500 pts/m?) and geometric accuracy for crown metric
extraction (Ducey et al., 2013; Ahmed et al., 2025). This performance
was attributed to the relatively small stature of sampled trees (<15 m
mean height) and the open structure of studied stands (stand density
<400 trees/ha).

Post-processed single tree point clouds were analyzed in R (v4.3.0)
(R Core Team, 2023) using a multi-package analytical pipeline: the
“lidR” (Roussel et al., 2020) was used for voxel-based crown estimation
and convex hull delineation. The “dbscan” (Hahsler et al., 2019) was
used for density-based clustering and branch hierarchy identification,
and the “VoxR” (Lecigne et al., 2018) was used for voxel occupancy
profiles and 3D fractal dimension calculations.

2.2.1. Information on metrics for crown structure and shape

All metrics were conceptualized to ensure understanding and bio-
logical interpretability (Fig. 2). To characterize the crown shape and test
the hypotheses, we used 3D crowns and calculated the following tree
and crown metrics: total tree height (h), the height of the crown base
(cbh), and crown length (cl). The h was determined by subtracting the Z-
axis minimum from the Z-axis maximum of the isolated tree point cloud.
The crown length (cl) was calculated as cl = h—cbh, representing the
vertical distance from the crown base to the tree top. The cbh was
defined as the height of the lowest primary branch, manually identified
in the point clouds as the first branch with needles (Pretzsch et al.,
2022).

The crown structure was analyzed by dividing it into 5 cm vertical
height classes. Each height class was split into eight polar coordinate
categories to assess crown expansion metrics (Fig. 2 and SF1). This
process yielded detailed crown radii for all height classes and directions.
The maximum crown radius (maxcr) was the largest radius detected,
with larger values indicating trees with wider crowns (Fig. 2c¢). The
height of the maximum crown radius (hmaxcr) was the mean height of
the respective class containing maxcr. The crown projection area (cpa),
representing the horizontal area the crown covers when projected onto
the ground, was also calculated. Additionally, to characterize crown
shape better and link to growth patterns, several other shape metrics
were defined to quantify crown variability and shape (Fig. 2b-f):

2.2.1.1. Coefficient of variation of crown radius (cvcr). Measures the
variability in crown radii (calculated as the standard deviation of crown
radii measured in multiple directions around the tree, divided by their
mean). Higher cver values indicate more irregular and asymmetrical
crowns (Fig. 2b).

2.2.1.2. Crown ratio (cratio). The proportion of tree height occupied by
the crown, calculated as cl/h. A high cratio suggests a larger crown
relative to tree height (Fig. 2d).

2.2.1.3. Top-heaviness (th). The ratio of the maximum crown radius
(maxcr) to the distance between its position and the tree tip (th = h -
hmaxcr). A higher th value indicates the crown’s relative position and
width near the top (Fig. 2e).

2.2.1.4. Crown slenderness ratio (cslc). The ratio of crown length to
crown radius, cl/cr. Higher cslc values indicate trees with long, narrow
crowns (Fig. 2f).

2.3. Tree ring data processing and information on pattern
characterizations

A total of 208 tree-ring cores (from 109 trees) were collected from
the three studied species. Each tree, scanned and isolated from point

Forest Ecology and Management 592 (2025) 122814

clouds, was cored in two directions at 130 cm height: north and east.
The cores were dried, glued to wooden boards, and sanded with pro-
gressively finer abrasive paper (from 120 to 800 grit) to enhance the
visibility of tree-ring boundaries and ensure accurate identification of
annual rings.

Measurements were taken from bark to pith in all the cores, with a
precision of 0.01 mm, using the Lintab 5 digital positioning table and
TsapWin software (Rinntech, Heidelberg). The resulting growth curves
were visually cross-dated by comparing growth years across all cores by
sites (Ahmed et al., 2025) and statistically verified using the “dplR”
package in R (Bunn, 2008). To minimize biases from crown develop-
ment, we analyzed only the most recent 70 years of growth in trees older
than 70 years. Older growth patterns were excluded, as current crown
attributes are likely not representative of growth attributes beyond this
period. Instead, existing and accumulated crowns primarily manifest
growth trajectories from the past 5 to 70 years (Pretzsch, 2021b; Ahmed
et al., 2025).

The two ring-width measurements from the north and east cores
were averaged for each tree to create a single growth series. The average
chronologies were used to characterize the growth patterns. We used a
set of measures and metrics to analyze the relationship between the
present crown structure and the present and past stem growth regarding
the tree ring patterns. The following four variables characterized the
course of the stem secondary growth.

The coefficient of variation of the tree ring width (cvtrw) represents
the smoothness or variability of the tree ring growth; the higher value
indicates higher irregularity. Mean tree ring width (meantrw): repre-
sents the average tree ring width over a period, reflecting growth rate.
Higher values indicate faster growth; lower values suggest slower
growth. Mean basal area increment (meanbai): represents the annual
increase in the tree’s basal area, reflecting overall growth and health.
meanbai was calculated using the “bai.out” function from the “dpIR”
package in R, applying the analysis from the bark inward to the pith
(Bunn, 2008). Higher values signify robust growth. Basal area (ba):
describes the cross-sectional area of the tree trunk at breast height,
indicating tree size, and is often used for estimating forest timber
volume.

2.4. Local neighborhood competition index and canopy space-filling
calculation

We employed two complementary metrics to quantify these
competitive interactions at the individual tree level: the KKL (Kro-
nenkonkurrenz um Licht) competition index and competition-driven
local canopy space-filling (LCSF).

To assess light-driven competition among neighboring trees, we used
the distance-dependent KKL competition index (see Fig. 3a, b, and
Pretzsch 2009). This index accounts for competitors’ spatial proximity
and size asymmetry relative to a target tree, making it particularly
effective for modeling competition in dense stands. Calculations were
performed using the “TreeCompR” R package (Rieder et al., 2024),
which integrates tree coordinates, crown dimensions, and competitive
status (see Fig. 3a, b). Distance-dependent indices like KKL are widely
recognized for improving single-tree growth prediction accuracy by
capturing fine-scale neighborhood effects (Weiskittel et al., 2011).

To evaluate the competition-driven interspecific competition and
species mixing effects on crown plasticity and growth, specifically how
they occupy the canopy at the local level, we calculated local canopy
space-filling (LCSF). This metric quantifies the proportion of available
3D canopy space occupied by tree crowns within a defined area,
reflecting resource-use efficiency and canopy complementarity
(Pretzsch and Schiitze, 2005; Ray et al., 2024). LCSF is strongly corre-
lated with species diversity, as mixed stands often exhibit canopy
stratification, though the specific arrangement of shade-tolerant and
light-demanding species varies by forest type and region (Ehbrecht
et al., 2017; Juchheim et al., 2017; Ray et al., 2024). To calculate LCSF,
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highest tree height within the subplot.
we followed three crucial steps as follows:

2.4.1. Subplot delineation

We defined a circular subplot with a radius equal to 60 % of the
tree’s height for each target tree to standardize the analysis scale
(Fig. 3c). The center of the subplot is positioned at the stem of the target
tree.

2.4.2. Voxelization

The vertical canopy space (from the highest treetop to the lowest
crown base) within each subplot was divided into 0.4 m* voxels using
LAStools (Béland et al., 2011; Ray et al., 2024). This resolution balances
occlusion mitigation and computational efficiency (Fig. 3e).

2.4.3. Occupancy analysis

LCSF was derived as the percentage of voxels occupied by crowns
relative to the total voxelized space (Seidel et al., 2013) (see Fig. 3e-f).

In dense understory conditions, accurately identifying the lowest
crown base posed challenges due to overlapping vegetation (e.g., shrubs,
regeneration). To prevent overestimation of LCSF, crown bases were
manually verified and adjusted through 3D point clouds visualizations.
This step ensured a robust spatial representation of canopy occupancy.

2.5. Statistical analyses

All statistical analyses were conducted in R (version 4.3.3; R Core
Team 2023).

2.5.1. Hypothesis I (HI)
We initially combined the data to test the first hypothesis, H, i.e., the
relationships between crown shape and tree ring metrics across species

and social classes. We developed a correlation matrix and principal
components analysis (PCA). The correlation matrix and PCA further
helped to address the redundancy and collinearity among variables,
summarizing crown variables and facilitating growth pattern modeling.
It also allowed us to explore groupings across species and social classes
to find similar characteristics.

Before PCA, all numerical variables were normalized and scaled
using R’s “scale()” function. PCA was performed with the “prcomp()”
function, where tree ring metrics were treated as response variables,
crown shape variables as predictors, and species and social classes as
replicates. To standardize, the mean value of each variable across spe-
cies was subtracted and divided by its standard deviation.

To investigate how the relationship between crown shape metrics
and tree ring patterns varies across species and social classes, we also
analyzed the link between tree ring patterns and specific crown shape
metrics by treating species and social class as factors. The coefficient of
variation in tree ring width (cvtrw) was evaluated concerning crown
shape metrics, including crown ratio (cratio), top-heaviness (th), crown
slenderness (cslc), and coefficient of variation in crown radius (cver).
For biological interpretability, we fitted log-log bivariate relationships
between cvtrw and crown shape metrics, following the approach
explained by Tian et al. (2024). This approach allowed us to better
understand growth variability and the influence of crown shape across
species and social classes.

2.5.2. Hypothesis II (HI)

To test hypothesis HII, i.e., to understand the combined effect of
crown variables and how competition and canopy space filling modulate
the crown-tree ring patterns link, we applied a linear mixed model using
the “lmer()” function from the “lme4” package (Bates, 2010), by
combining all data. In the global models, local neighborhood
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competition (KKL) and local canopy space-filling (LCSF) were included
as interacting variables with crown metrics. The most parsimonious
model was selected and presented across sites (Eqn. 1). Social strata
within sites were included as a random effect. In the second stage, we
fitted two separate models for both sites (Germany and Spain), relating
the observed variations in PCA. In Germany, or wet site, spruce and fir
overlap in characteristics compared to pine from Spain (see the PCA);
therefore, we grouped them and fitted a linear mixed model by putting
social class and species as a random effect. Besides, Spanish data come
from a single site and are based on a single species; thus, we fitted
another mixed effect model with LCSF and KKL as an interaction and
social class as random effects and the best parsimonious model is
selected (Eqn. 3). However, we did not fit separate models to check
combined effects for each social class group due to limited data avail-
ability for particular social groups.

In(cvtrw;) = ag + a3 In(cver;) + ag In(cpa;j) + as In(LCSF;) + a4 In(cpay)-
In(LCSFy) + bj + &;(Eqn. 1)

In(cvtrw;) = ag + aj In(maxcr;) + ay In(cpa;j) + ag In(LCSF;) + a4 In
(maxcr;)-In(LCSF;) + as In(cpa;)-In(LCSFy) + sk + €j(Eqn. 2)

In(cvtrwy) = ag + a; In(cpa;) + az In(ever;) + ag In(KKL;i; 1) + a4 In
(cpap)-In(KKL;i. 1) + as In(cvery)- In(KKL;, 1) + I+ €(Eqn. 3)

ao,...,as are fixed regression coefficients. b;, sy, and I, are the random
effects for site, species k, and social strata 1, are assumed to be normally
distributed with mean zero and variance cgj. g; is the residual error,
assumed to follow b;~N(0, o8), sk~N(0, 62), and 1,~N(0, 62). The
random effects b;, sy, and 1, are independent across sites, species, and
social classes, respectively, and the residual errors ¢; are independent
across observations. In Eqn. 3, KKL; (e.g., some additional scaling or
correction factor), is transformed as In(KKL+1) to avoid issues with zero
values.

Model selection was guided by multimodel inference, identifying the
best model to explain tree ring growth variability (cvtrw) through crown
variables. Predictor variables with a variance inflation factor (VIF)
above 3 (VIF>3) were removed to reduce multicollinearity, calculated
using the “vif()” function from the “car” package (Fox et al., 2012). This
process was repeated until all variables had VIF < 3 (Akinwande et al.,
2015).

The final model selection procedure based on Akaike’s information
criterion (AIC) was used to select the best models. Those models with the
lowest AIC were considered final models (Burnham and Anderson,
2004). These final models’ marginal R? (RZ) was reported in subsequent
analyses. This procedure was performed by the dredge function in the
“MuMIn” package (Barton, 2010). Marginal R? values quantified the
variation in tree ring growth explained by each crown fixed effect. The
final model was validated using the “performance” function from the
performance package (Liidecke et al., 2021), comparing predicted and
observed values while assessing AIC, R% and RMSE (root mean squared
error). Residual diagnostics were conducted by checking residuals
against fitted values to determine fit and bias, and Q-Q plots were used
to evaluate residual normality (Pineiro et al., 2008; Ahmed et al., 2025).

2.5.3. Hypothesis III (HIID)

For hypothesis HIII, we investigated how species with differing
growth behavior and canopy positions efficiently occupied space,
exploited it, and invested biomass in stems. We calculated three growth
space occupancy metrics, followed by Pretzsch and Schiitze (2005):

Efficiency in Growth Space Occupation (ESOC): basal area (ba) /
crown projection area (cpa)

Efficiency in Growth Exploitation (EEX): basal area increment (bai)/
cpa

Efficiency in Biomass Investment (EBI): bai/ba (ESOC/EEX).

We fitted log-log models by using the reduced major axis (RMA)
regressions with the “Imodel2” package (Legendre and Oksanen, 2018)
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for species and social classes. RMA is often recommended for analyses
where measurement errors exist in both the x and y variables and pro-
duce better results than OLS regression (Niklas, 1994; Pretzsch, 2006).

3. Results
3.1. Descriptive statistics

Summary statistics are presented in Table 1. A total of 109 spruce, fir,
and pine trees across four social classes revealed substantial interspecific
and hierarchical variations in crown structure (e.g., crown radius), size
(DBH), and growth (ring width) across species and sites, highlighting
strong site-specific growth patterns and age variations among sample
trees (Table 1, Supplementary Fig. 2).

Overall, spruce and fir in the dominant and intermediate classes
produced more conical-shaped crowns. In contrast, codominant and
suppressed trees developed upper-reaching or top-heavy crowns. Pine
trees are significantly shorter and consistently maintain a broader and
shorter crown across all social classes (Supplementary Fig. 2).

3.2. Crown structure and growth patterns relationships across species,
growth behavior, and social classes (HI)

We found significant correlations between crown shape and tree ring
pattern metrics (Fig. 4a, b). The relationship between crown structure
and tree ring patterns varied significantly across species and social
classes (Fig. 4c, d). Principal Component Analysis (PCA) revealed that
38.2 % of the variance was explained by the first principal component
(PCA1), with crown projection area (cpa) and crown ratio (cratio)
contributing positively. In contrast, crown radius variability (cver) and
tree ring width variability (cvtrw) contributed negatively (Fig. 4b).

Besides, the bivariate analyses showed crown shape metrics such as
crown ratio (cratio), top-heaviness (th), crown slenderness (cslc), and
crown variability (cver), strongly correlated with tree ring variability
(cvtrw). Still, variations were observed across species and social groups
(Fig. 5), which supports our hypothesis HI. To illustrate, th was posi-
tively correlated with cvtrw in the fir and spruce across different social
classes like dominant, codominant, and suppressed trees (p < 0.05)
(Fig. 5).

3.3. Relationships between crown shape and tree ring patterns modulated
by neighborhood competition and local canopy filling (HII)

The analysis demonstrated significant site-specific differences in how
crown traits and competition modulated tree ring patterns. Across all
sites, crown projection area (cpa) positively correlated with growth
variability (f=1.65 *), while interactions with local canopy space-filling
(LCSF) increased growth irregularity (f=1.05 *), indicating resource
limitation in dense canopies. In the wet site, LCSF interactions with
crown projection area (cpa: LCSF, f=3.45 **) and maximum crown size
(maxcr: LCSF, p=—6.24 **) suppressed growth irregularity, with cpa
itself reflecting stress (p=5.58 **) in moisture-rich forests. Conversely,
in dry site, competition (KKL) interacted positively with crown traits:
cpa: KKL ($=0.11 **) and cver: KKL (=0.21**; ST1, Fig. 6) enhanced
growth irregularity.

3.4. Efficiency in space occupation (ESOC), exploitation (EEX), and
biomass investment (EBI) across social classes and species (HIII)

Spruce and fir exhibited higher space occupation efficiency (ESOC)
values as crown size increased (p ranging from 0.6 to 1.6), reflecting
their superior ability to occupy space efficiently despite having lower or
similar biomass investment efficiency (EBI) across social classes (f
ranging from —0.9 to —3.9) (Fig. 7). In contrast, space exploitation ef-
ficiency (EEX) declined with increasing crown size in spruce, indicating
that smaller crowns exploit space more effectively (Fig. 7b). However,
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classified by their crown social positions.

fir exhibited the opposite trend across most social classes (dominant,
intermediate, and suppressed), indicating that larger crowns in fir are
more efficient in space use, likely due to their denser branching and
shade-tolerant architecture. A similar pattern was observed in inter-
mediate and suppressed pine trees, possibly reflecting their adaptive
strategy to maximize light capture in lower canopy positions (Fig. 7b).

Pine showed higher variability across space efficiency metrics, sug-
gesting species-specific trade-offs or ecological behavior. Due to space
limitations, suppressed trees, particularly in pine, exhibited weaker
growth responses. EEX declined with crown size across all species and
social classes, with suppressed trees experiencing the steepest declines,
especially in spruce and fir (Fig. 7b). Similarly, EBI decreased with basal
area across all species, with suppressed trees showing the lowest or
similar biomass investment efficiency due to competition and resource
stress (Fig. 7c).

4. Discussions

4.1. Crown shape and tree ring patterns are correlated but varied across
growth behavior and social classes (HI)

Our findings revealed a strong linkage between crown shape metrics
(e.g., top-heaviness, slenderness, coefficient of variation of crown
radius, etc.) and tree ring variability (coefficient of variation of ring
width), underscoring how crown architecture governs secondary growth
dynamics in close-to-nature forests (Figs. 4, 5). These results align with
studies demonstrating that crown shape directly influences radial
growth variability by modulating resource acquisition and allocation
strategies (Lines et al., 2012; Pretzsch, 2014; Liu et al., 2025). PCA
demonstrated these relationships, with distinct clustering patterns
reflecting species-specific growth behavior and social stratification
within the canopy (Figs. 4, 5) and supporting our first hypothesis. For
example, the light-demanding pine, which acclimates or adjusts its
crown shape and growth patterns to drier environments, was clearly
separated along a different PCA axis from the shade-tolerant spruce and
fir, reflecting the divergence in their ecological niches (Grubb, 1977;
Messier et al., 1999). Besides, spruce and fir could also share similar
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structural properties due to their growing conditions (e.g., higher
moisture availability and lower light) and wood properties (e.g., lower
wood density), which influence their mechanical strategies and crown
development (Schattenberg et al., 2024). This dichotomy echoes niche
differentiation theory, where light and moisture gradients drive species
sorting in mixed forests (Canham et al., 1994). In this context, species
acclimate to specific microhabitats along these gradients, reducing
direct competition by occupying distinct ecological niches, ultimately
promoting coexistence within the forest ecosystem. Moreover, social
stratification was equally pronounced: dominant and suppressed trees
formed discrete clusters, while intermediate and codominant

individuals exhibited overlapping distributions, likely reflecting transi-
tional growth phases (Fig. 5d). Such hierarchical structuring aligns with
studies of canopy competition, where asymmetric light partitioning
creates distinct growth trajectories (Linares et al., 2010). These results
emphasize the necessity of integrating species-specific behavior and
social position when analyzing crown-growth interactions (Binkley
et al., 2013).

We found that in dominant and suppressed trees (primarily fir and
pine), top-heavy crown structures correlated positively with tree ring
width variability (Fig. 5). For light-demanding pines, this aligns with
their umbrella-shaped crowns—a morphological acclimation and



S. Ahmed et al.

Forest Ecology and Management 592 (2025) 122814

a Pine
e N\B=-39p=-1.6B=0.1

— LY 3
@) S
o) ° "
[7)] ol &,
y] b ° = )]
[o)]
e

/. Domant

/ Codomnginant

/ Intermadiate

/ Suppreseed

3.0 3.5 4.0 2.0 2.5 3.0 3.5 4.0

log(cpa)

log(EEX)

T
3.0

20 25 35 4.0 20 25 30 35 40
log(cpa)

C

0_

1.9 p=-1.1
@ 21
w
o )
o]
-3
B=-1.1 =-0.9
_6-
K 0 1 2 3 4

log(ba)

Fig. 7. Relationships between space occupancy (ESOC), exploitation (EEX), and biomass investment (EBI) across species and social strata. (a) relationships between
efficient space occupation with crown size (CPA); (b), relationships between efficiency in EEX; and (c) Efficiency in biomass investment for tree size (ba). Legends are

applicable for all subplots, and p values indicate slopes for the fitted lines.

adjustment to maximize light capture, consistent with their competitive
dominance in open-canopy environments (Niinemets, 2010). In these
environments, fluctuations in light and water availability can lead to
more pronounced year-to-year variation in resource acquisition, which
may explain the positive correlation between crown shape and tree-ring
variability. Conversely, shade-tolerant fir developed top-heavy crowns
under suppression to optimize light interception, prioritizing structural
acclimation over rapid growth, a strategy documented in understory
trees (Pretzsch, 1985; Valladares and Niinemets, 2008). However, such
individuals are often close to their physiological limits, making them
more sensitive to small changes in light or competition, which could
amplify variability in radial growth. Intermediate trees showed no sig-
nificant correlations, likely due to their opportunistic growth behavior;

10

their conical crowns and vertical elongation (see Fig. 4b) reflect tran-
sitional efforts to escape suppression, akin to the "sit-and-wait" growth
plasticity (Kitajima and Poorter, 2010). Notably, strong correlations in
dominant trees suggest that expansive crowns experience heightened
growth fluctuations, most likely driven by abiotic stressors (e.g.,
drought, wind exposure) rather than competition alone. This supports
the hypothesis that dominant trees capitalize on resource abundance for
growth efficiency (Ryan et al., 1997), while suppressed individuals
invest relatively more in survival mechanisms, as observed in
water-limited forests (McDowell et al., 2008).
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4.2. Relationships between crown shape and tree ring patterns modulated
by local neighborhood competition and competition-driven canopy space-
filling (HID

Crown structure -growth ring patterns relationships are significantly
influenced by local neighborhood competition (KKL) and canopy space-
filling (LCSF) that were calculated based on the current status of the
stands, with site-specific crown-growth link variations reflecting
changes in growth dynamics between sites. In moisture-rich forests,
LCSF dominated growth modulation, suppressed radial growth vari-
ability through interactions with crown projection area (cpa: LCSF,
p < 0.05, Fig. 6) and maximum crown size (maxcr: LCSF, p < 0.05). This
aligns with the "asymmetric competition" paradigm (Weiner, 1990),
where dense canopies amplify light competition, prioritizing vertical
over lateral growth (Pretzsch, 2014). However, variation in local
tree-level LCSF significantly influenced how trees shaped their crowns
and allocated growth, reflecting structural adaptations to local compe-
tition intensity.

Additionally, we found that KKL was the primary driver in dry sites,
which we hypothesize is related to the competition for water. Alterna-
tively, the lower density in a dry site may have reduced competition for
light and canopy filling. However, we noticed that suppressed trees in
dry site are still growing annually; it could be due to facilitative in-
teractions (one can pump water and another can live better) due to
complementarity under drought stress or dry conditions (Pretzsch,
2024). The role of competition (KKL) through interactions with crown
traits (cpa: KKL, p < 0.05 cver: KKL, p < 0.01) further supports the
stress gradient hypothesis (Maestre et al., 2009). The influence of
climate conditions on tree growth was more pronounced under high
competition, whereas trees experiencing lower competition showed
reduced climate sensitivity and generally better growth performance.
This pattern, observed across our study sites, supports findings from
temperate mixed forests that thinning, by reducing competition, can
buffer trees against climate stress, enhancing their resilience (D’ Amato
et al, 2013; Sohn et al., 2016). However, these site-specific con-
trasts—LCSF-driven suppression in comparatively wet forests versus
KKL-mediated in dry stands—support our second hypothesis (HII),
demonstrating how local competitive pressures and abiotic stressors
shape crown plasticity and growth behavior.

The interaction between KKL and crown metrics also revealed that
suppressed trees in dense neighborhoods exhibited steeper declines in
growth variability, highlighting the critical role of neighborhood
competition in determining growth outcomes. Conversely, dominant
trees benefited from reduced competition, leveraging abundant re-
sources for efficient growth. These observations underscore the impor-
tance of considering local competition and canopy structure when
assessing forest growth patterns. The absence of LCSF effects in dry sites
further underscores how open canopies in Mediterranean systems
reduce light competition, shifting growth constraints to abiotic stressors,
which in our case might be related to reduced water availability
(Gomez-Aparicio et al., 2011). LCSF and KKL’s consistent adverse effects
across regions emphasize competition for canopy space as a driver of
growth limitation. However, we hypothesize its dual role in sites—as
both a constraint (universal) and facilitator (site-specific)—mirrors
findings in water-limited ecosystems, where competition might shift
from resource-driven to stress-mediated depending on neighborhood
density (Grossiord et al., 2017).

The positive correlation between crown variability (cver) and
growth variability (cver) (B = 0.22) aligns with studies linking crown
plasticity to resilience in mixed forests (Bauhus et al., 2017). In Ger-
many, suppressed growth under high LCSF reflects a "to grow or wait"
strategy, where trees invest in structural persistence over radial growth
(Kunstler et al., 2016). In contrast, Spain’s crown-KKL synergy suggests
a "grow-with-the-flow" tactic, where trees exploit facilitative in-
teractions to offset arid conditions—a pattern observed in Mediterra-
nean woody species (Sanchez-Gomez et al., 2006). Therefore, thinning
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to reduce LCSF (canopy density) could alleviate light competition,
particularly for shade-intolerant species (Puettmann et al., 2015).

4.3. Efficiency in space occupation, exploitation, and biomass investment
across species behavior and social classes (HIII)

Our space uses and exploitations efficiency metrics (ESOC, EEX, EBI)
revealed stark contrasts in resource allocation strategies across species
and social classes (Fig. 7), supporting the third hypothesis (HIII). With
crown expansion, dominant spruce and fir exhibited high space occu-
pation efficiency (ESOC). Still, lower biomass investment efficiency
(EBI) reflects a growth-fast of height or crown that prioritizes light
capture over carbon accumulation in stems—a hallmark of canopy
dominance in stratified forests (Pretzsch and Schiitze, 2005). This aligns
with the vertical growth prioritization paradigm, where dominant trees
invest disproportionately in height to secure light (Ryan et al., 1997a;
Ryan, Yoder, 1997b). Conversely, suppressed trees displayed higher or
comparable EBI and structural plasticity, favoring a wait-and-persist
strategy that allocates resources to roots and defense compounds
under chronic stress (Kunstler et al., 2016). These growth or wait dy-
namics indicate that trees may persist with diverse ecological strategies
(e.g., secondary growth over height growth or maintaining a static
crown for better light or canopy space efficiency). However, in reality,
biomass investment proportionality is comparable based on tree size
across social strata.

Furthermore, dominant trees in spruce and fir exhibited tight crown-
growth coupling, optimizing light exploitation through expansive
crowns. However, their low EBI underscores the vulnerability of this
strategy to sudden canopy disturbances (e.g., windthrow), as excessive
height growth compromises mechanical stability (Larjavaara and
Muller-Landau, 2012). In contrast, suppressed trees retained smaller,
plastic crowns that efficiently captured transient light gaps, mirroring
the shade tolerance syndrome, where slow growth enhances survival
under low light (Pretzsch, 1985; Messier et al., 2022). Intermediate fir’s
conical crowns and efficiency patterns represent a transitional strategy,
balancing vertical growth with lateral light interception to maximize
light capture and escape suppression—a behavior observed in gap-phase
regenerators (Nagel and Diaci, 2006; Nagel et al., 2010), or in gap-cut
systems.

Light-demanding pine diverged sharply from shade-tolerant spruce
and fir, with static crown architectures and declining EEX in suppressed
individuals. This reflects a wait-for-gap strategy, which is common to
drought-adapted species, where static crowns await disturbance-
triggered release (creates gap or open canopy) (Oliver et al., 1996).
However, pine’s inability to adjust crown structure under suppression
highlights a critical vulnerability in dense stands, aligning with studies
showing reduced drought resilience in rigid-crowned species (Bose
et al., 2020; DeSoto et al., 2020).

Despite the limitations of our dataset, arising from the high cost and
time required for data collection (TLidar) and the availability of ex-
pected close-to-nature forests data, our findings reveal clear crown
structure-growth variability in tree ring relationships. These relation-
ships provide valuable insights into underlying ecological patterns,
particularly how tree crown plasticity indicates growth behavior
(whether to grow or wait for better light). Future studies incorporating
more extensive datasets, including the same species across varying
environmental conditions with a temporal scale, will likely improve our
understanding of growth dynamics, allowing for a more comprehensive
exploration of the mechanisms driving these processes.

5. Conclusions

We found that crown shape positively correlated with tree ring
patterns across different species and social strata despite significant
variations in tree growth behavior and growing conditions. Further-
more, our findings showed that local canopy packing and neighborhood
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competition are crucial in shaping the relationship between crown
structure and growth patterns. Under wet and light-limited conditions,
we found that canopy space filling is critical as trees acclimate and
adjust crowns based on light availability. In dry sites, water availability
and below-ground competition are likely to be the key factors influ-
encing the crown shape and space use efficiency. We also found that
trees display different behaviors in space use efficiency to persist and
coexist. However, despite these differences, they show similar patterns
in biomass accumulation and investment, suggesting a convergence in
long-term growth potential. Understanding these dynamics can help
predict future tree growth and guide forest management strategies. By
integrating TLS-derived crown metrics with dendrochronological data,
we provide a comprehensive understanding of tree growth dynamics,
especially trees from suppressed to dominant, offering valuable insights
for precision forestry. Linking crown traits to growth potential allows
forest managers to design targeted thinning and restoration practices,
promoting resilience in forests facing climate change. Although our
sampling design aimed to capture a range of social classes, some groups
were underrepresented due to natural stand structure and tree avail-
ability, Nonetheless, this study provides an important baseline for un-
derstanding species-social class interactions in mixed, unmanaged
ecosystems. To build on these findings, we recommend that future
studies incorporate a broader dataset, including more species (such as
broadleaves), a wider range of sites, and temporal laser scanning data to
better explain the changes in crown and growth patterns.

CRediT authorship contribution statement

Richard L. Peters: Writing — review & editing, Resources. Hans
Pretzsch: Writing - review & editing, Supervision, Methodology,
Funding acquisition, Conceptualization. Cristobal Ordonez: Resources,
Data curation. Miren del Rio: Writing — review & editing, Supervision.
Felipe Bravo: Writing — review & editing, Resources, Project adminis-
tration. Enno Uhl: Project administration, Conceptualization. Freder-
ico Tupinamba-Simoes: Writing — review & editing, Data curation.
Shamim Ahmed: Writing — review & editing, Writing — original draft,
Visualization, Validation, Software, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization. Torben Hilmers: Writing —
review & editing, Conceptualization.

Funding

This work is funded by the European Union’s Horizon 2020 research
and innovation program under Marie Skiodowska-Curie Grant Agree-
ment No. H2020-MSCA-ITN-2020-956355 as part of the Skill for Action
project.

Declaration of Competing Interest

The authors declare no competing interests.

Acknowledgments

The authors thank their colleagues at the Technical University of
Munich (TUM), Universidad de Valladolid (UVa), and INIA, Spain, for
their invaluable assistance in collecting TLS and dendrochronological
data. Special thanks to Mrs. Monika Bradatsch from TUM and colleagues
from INIA for their efforts in tree ring data collection, processing, and
measurement.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.foreco.2025.122814.

12

Forest Ecology and Management 592 (2025) 122814
Data availability
Link is shared

References

Ahmed, S., Hilmers, T., Uhl, E., Jacobs, M., Bohnhorst, L., Kolisnyk, B., del Rio, M.,
Pretzsch, H., 2024. Neighborhood competition modulates the link between crown
structure and tree ring variability in monospecific and mixed forest stands. For. Ecol.
Manag. 560, 121839.

Ahmed, S., Hilmers, T., Uhl, E., Tupinamba-Simoes, F., Bravo, F., del Rio, M.,
Pretzsch, H., 2025. Crown structure indicates tree secondary growth, competition
legacy, and growth potential of dominant species in Europe. Ecol. Indic. 170,
113074.

Akinwande, M.O., Dikko, H.G., Samson, A., 2015. Variance inflation factor: as a
condition for the inclusion of suppressor variable (s) in regression analysis. Open J.
Stat. 5 754.

Antos, J.A., Guest, H.J., Parish, R., 2005. The tree seedling bank in an ancient montane
forest: stress tolerators in a productive habitat. J. Ecol. 536-543.

Attis Beltran, H., Martinez Pastur, G.J., Ivancich, H.S., Lencinas, M.V., Chauchards, L.M.,
2013. Tree health influences diameter growth along site quality. crown Cl. age
gradients Nothofagus For. South. Patagon.

Barbeito, 1., Collet, C., Ningre, F., 2014. Crown responses to neighbor density and species
identity in a young mixed deciduous stand. Trees 28, 1751-1765.

Barbeito, L., Dassot, M., Bayer, D., Collet, C., Drossler, L., Lof, M., del Rio, M., Ruiz-
Peinado, R., Forrester, D.I., Bravo-Oviedo, A., 2017. Terrestrial laser scanning
reveals differences in crown structure of Fagus sylvatica in mixed vs. pure European
forests. For. Ecol. Manag. 405, 381-390.

Barton, K., 2010. MuMIn: multi-model inference. R package version 0.13. 17. http://
CRAN.R-project. org/package= MuMIn.

Bates, D.M., 2010. Ime4: Mixed-effects modeling with R. Springer, New York.

Bauhus, J., Forrester, D.I., Gardiner, B., Jactel, H., Vallejo, R., Pretzsch, H., 2017.
Ecological stability of mixed-species forests. Mixed-Species For.: Ecol. Manag.
337-382.

Bauhus, J., Puettmann, K.J., Kiihne, C., 2013. Close-to-nature forest management in
Europe: does it support complexity and adaptability of forest ecosystems? Managing
forests as complex adaptive systems. Routledge, pp. 187-213.

Béland, M., Widlowski, J.-L., Fournier, R.A., Coté, J.-F., Verstraete, M.M., 2011.
Estimating leaf area distribution in savanna trees from terrestrial LIDAR
measurements. Agric. For. Meteorol. 151, 1252-1266.

Binkley, D., Campoe, O.C., Gspaltl, M., Forrester, D.I., 2013. Light absorption and use
efficiency in forests: Why patterns differ for trees and stands. For. Ecol. Manag. 288,
5-13.

Bose, A.K., Gessler, A., Bolte, A., Bottero, A., Buras, A., Cailleret, M., Camarero, J.J.,
Haeni, M., Heres, A.M., Hevia, A., 2020. Growth and resilience responses of Scots
pine to extreme droughts across Europe depend on predrought growth conditions.
Glob. Change Biol. 26, 4521-4537.

Bravo, F., Martin Ariza, A., Dugarsuren, N., Ordénez, C., 2021. Disentangling the
relationship between tree biomass yield and tree diversity in Mediterranean mixed
forests. Forests 12, 848.

Bunn, A.G., 2008. A dendrochronology program library in R (dplR). Dendrochronologia
26, 115-124.

Burnham, K.P., Anderson, D.R., 2004. Model selection and multimodel inference.

A Pract. Inf. -Theor. Approach 2.

Calders, K., Adams, J., Armston, J., Bartholomeus, H., Bauwens, S., Bentley, L.P.,
Chave, J., Danson, F.M., Demol, M., Disney, M., 2020. Terrestrial laser scanning in
forest ecology: Expanding the horizon. Remote Sens. Environ. 251, 112102.

Canham, C.D., Finzi, A.C., Pacala, S.W., Burbank, D.H., 1994. Causes and consequences
of resource heterogeneity in forests: interspecific variation in light transmission by
canopy trees. Can. J. For. Res. 24, 337-349.

D’Amato, A.W., Bradford, J.B., Fraver, S., Palik, B.J., 2013. Effects of thinning on
drought vulnerability and climate response in north temperate forest ecosystems.
Ecol. Appl. 23, 1735-1742.

DeSoto, L., Cailleret, M., Sterck, F., Jansen, S., Kramer, K., Robert, E.M.R., Aakala, T.,
Amoroso, M.M., Bigler, C., Camarero, J.J., 2020. Low growth resilience to drought is
related to future mortality risk in trees. Nat. Commun. 11, 545.

Diaz-Varela, R.A., De la Rosa, R., Ledn, L., Zarco-Tejada, P.J., 2015. High-resolution
airborne UAV imagery to assess olive tree crown parameters using 3D photo
reconstruction: application in breeding trials. Remote Sens. 7, 4213-4232.

Ducey, M.J., Astrup, R., Seifert, S., Pretzsch, H., Larson, B.C., Coates, K.D., 2013.
Comparison of forest attributes derived from two terrestrial lidar systems.
Photogramm. Eng. Remote Sens. 79, 245-257.

Ehbrecht, M., Schall, P., Ammer, C., Seidel, D., 2017. Quantifying stand structural
complexity and its relationship with forest management, tree species diversity and
microclimate. Agric. For. Meteorol. 242, 1-9.

Fichtner, A., Sturm, K., Rickert, C., Von Oheimb, G., Hardtle, W., 2013. Crown size-
growth relationships of European beech (Fagus sylvatica L.) are driven by the
interplay of disturbance intensity and inter-specific competition. For. Ecol. Manag.
302, 178-184.

Fischer, F.J., Jucker, T., 2023. No evidence for fractal scaling in canopy surfaces across a
diverse range of forest types. J. Ecol. N./a.

Forrester, D.I., Ammer, C., Annighofer, P.J., Barbeito, I., Bielak, K., Bravo-Oviedo, A.,
Coll, L., del Rio, M., Drossler, L., Heym, M., 2018. Effects of crown architecture and
stand structure on light absorption in mixed and monospecific Fagus sylvatica and


https://doi.org/10.1016/j.foreco.2025.122814
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref1
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref1
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref1
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref1
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref2
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref2
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref2
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref2
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref3
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref3
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref3
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref4
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref4
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref5
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref5
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref5
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref6
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref6
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref7
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref7
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref7
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref7
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref8
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref9
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref9
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref9
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref10
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref10
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref10
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref11
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref11
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref11
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref12
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref12
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref12
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref13
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref13
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref13
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref13
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref14
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref14
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref14
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref15
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref15
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref16
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref16
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref17
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref17
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref17
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref18
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref18
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref18
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref19
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref19
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref19
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref20
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref20
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref20
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref21
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref21
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref21
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref22
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref22
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref22
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref23
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref23
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref23
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref24
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref24
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref24
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref24
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref25
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref25
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref26
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref26
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref26

S. Ahmed et al.

Pinus sylvestris forests along a productivity and climate gradient through Europe.
J. Ecol. 106, 746-760.

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

Fox, J., Weisberg, S., Adler, D., Bates, D., Baud-Bovy, G., Ellison, S., Firth, D.,
Friendly, M., Gorjanc, G., Graves, S., 2012. Package ‘car’. Vienna.: R. Found. Stat.
Comput. 16.

Gao, H., Lyu, H., Chen, D., Sun, Y., Wang, H., 2023. Crown displacement of planted
Korean pine as a strategy for adapting to biotic and abiotic factors in northeast
China. Trees 37, 1817-1829.

Girardeau-Montaut, D., 2016. CloudCompare. Fr.: EDF RD Telecom Paris. 11, 2016.

Gomez-Aparicio, L., GarciA-ValdES, R., RulZ-Benito, P., Zavala, M.A., 2011.
Disentangling the relative importance of climate, size and competition on tree
growth in Iberian forests: implications for forest management under global change.
Glob. Change Biol. 17, 2400-2414.

Grams, T.E.E., Andersen, C.P., 2007. Competition for resources in trees: physiological
versus morphological plasticity. Prog. Bot. 356-381.

Grossiord, C., Sevanto, S., Borrego, 1., Chan, A.M., Collins, A.D., Dickman, L.T.,
Hudson, P.J., McBranch, N., Michaletz, S.T., Pockman, W.T., 2017. Tree water
dynamics in a drying and warming world. Plant, Cell Environ. 40, 1861-1873.

Grubb, P.J., 1977. The maintenance of species-richness in plant communities: the
importance of the regeneration niche. Biol. Rev. 52, 107-145.

Habhsler, M., Piekenbrock, M., Doran, D., 2019. dbscan: fast density-based clustering with
R. J. Stat. Softw. 91 (1), 30.

Hess, A.F., Demétrio, L., de Sousa, A.N., Costa, E.A., Liesenberg, V., Biffi, L.J., Finger, C.
A.G., Borsoi, G.A., Stepka, T.F., Ransoni, J.G.Rd.L., 2024. Sustainability Assessment
of Araucaria Forest Remnants in Southern Brazil: Insights from Traditional Forest
Inventory Surveys. Sustainability 16, 3361.

Ishii, H., Asano, S., 2010. The role of crown architecture, leaf phenology and
photosynthetic activity in promoting complementary use of light among coexisting
species in temperate forests. Ecol. Res. 25, 715-722.

Jacobs, M., Rais, A., Pretzsch, H., 2021. How drought stress becomes visible upon
detecting tree shape using terrestrial laser scanning (TLS). For. Ecol. Manag. 489,
118975.

Jazbec, A., Ugarkovi¢, D., Ognjenovi¢, M., Vedris, M., 2023. Influence of Tree Attributes
on Silver Fir (Abies alba Mill.) Transitioning to Higher Defoliation Classes
Determined by Logistic Regression. Forests 14, 1322.

Juchheim, J., Ammer, C., Schall, P., Seidel, D., 2017. Canopy space filling rather than
conventional measures of structural diversity explains productivity of beech stands.
For. Ecol. Manag. 395, 19-26.

Jucker, T., Bouriaud, O., Coomes, D.A., 2015. Crown plasticity enables trees to optimize
canopy packing in mixed-species forests. Funct. Ecol. 29, 1078-1086.

Kitajima, K., Poorter, L., 2010. Tissue-level leaf toughness, but not lamina thickness,
predicts sapling leaf lifespan and shade tolerance of tropical tree species. N. Phytol.
186, 708-721.

Kolisnyk, B., Czacharowski, M., Bingham, L., Wellstein, C., Uhl, E., Drozdowski, S.,
Bielak, K., 2025. Tree size diversity can enhance the drought resilience of Abies alba
Mill. in the European mountain forests. For. Ecol. Manag. 589, 122765.

Koller, A., Kunz, M., Perles-Garcia, M.D., von Oheimb, G., 2025. 3D structural
complexity of forest stands is determined by the magnitude of inner and outer crown
structural attributes of individual trees. Agric. For. Meteorol. 363, 110424.

Kroner, K., Larysch, E., Schindler, Z., Obladen, N., Frey, J., Stangler, D.F., Seifert, T.,
2024. Influence of crown morphology and branch architecture on tree radial growth
of drought-affected Fagus sylvatica L. For. Ecosyst. 11, 100237.

Kunstler, G., Falster, D., Coomes, D.A., Hui, F., Kooyman, R.M., Laughlin, D.C.,
Poorter, L., Vanderwel, M., Vieilledent, G., Wright, S.J., 2016. Plant functional traits
have globally consistent effects on competition. Nature 529, 204-207.

Kunz, M., Fichtner, A., Hardtle, W., Raumonen, P., Bruelheide, H., von Oheimb, G., 2019.
Neighbour species richness and local structural variability modulate aboveground
allocation patterns and crown morphology of individual trees. Ecol. Lett. 22,
2130-2140.

Larjavaara, M., Muller-Landau, H.C., 2012. Still rethinking the value of high wood
density. Am. J. Bot. 99, 165-168.

Lecigne, B., Delagrange, S., Messier, C., 2018. Exploring trees in three dimensions: VoxR,
a novel voxel-based R package dedicated to analysing the complex arrangement of
tree crowns. Ann. Bot. 121, 589-601.

Legendre, P., Oksanen, M.J., 2018. Package ‘lmodel2’. See https://CRAN.R-project.org/
package= Imodel2.

Lehnebach, R., Beyer, R., Letort, V., Heuret, P., 2018. The pipe model theory half a
century on: a review. Ann. Bot. 121, 773-795.

Liang, X., Kankare, V., Hyypp4, J., Wang, Y., Kukko, A., Haggrén, H., Yu, X.,
Kaartinen, H., Jaakkola, A., Guan, F., 2016. Terrestrial laser scanning in forest
inventories. ISPRS J. Photogramm. Remote Sens. 115, 63-77.

Linares, J.C., Camarero, J.J., Carreira, J.A., 2010. Competition modulates the adaptation
capacity of forests to climatic stress: insights from recent growth decline and death in
relict stands of the Mediterranean fir Abies pinsapo. J. Ecol. 98, 592-603.

Lines, E.R., Fischer, F.J., Owen, H.J.F., Jucker, T., 2022. The shape of trees: Reimagining
forest ecology in three dimensions with remote sensing. J. Ecol. 110, 1730-1745.

Lines, E.R., Zavala, M.A., Purves, D.W., Coomes, D.A., 2012. Predictable changes in
aboveground allometry of trees along gradients of temperature, aridity and
competition. Glob. Ecol. Biogeogr. 21, 1017-1028.

Liu, X., Li, F., Hao, Y., Zou, X., Cheng, S., Dong, L., 2025. Modeling tree radial growth
with competition and crown characteristics from an aerial perspective. For. Ecol.
Manag. 576, 122387.

13

Forest Ecology and Management 592 (2025) 122814

Liidecke, D., Ben-Shachar, M.S., Patil, 1., Waggoner, P., Makowski, D., 2021.
performance: An R package for assessment, comparison and testing of statistical
models. J. Open Source Softw. 6.

Maestre, F.T., Callaway, R.M., Valladares, F., Lortie, C.J., 2009. Refining the stress-
gradient hypothesis for competition and facilitation in plant communities. J. Ecol.
97, 199-205.

McDowell, N., Pockman, W.T., Allen, C.D., Breshears, D.D., Cobb, N., Kolb, T., Plaut, J.,
Sperry, J., West, A., Williams, D.G., 2008. Mechanisms of plant survival and
mortality during drought: why do some plants survive while others succumb to
drought? N. Phytol. 178, 719-739.

Messier, C., Bauhus, J., Sousa-Silva, R., Auge, H., Baeten, L., Barsoum, N., Bruelheide, H.,
Caldwell, B., Cavender-Bares, J., Dhiedt, E., 2022. For the sake of resilience and
multifunctionality, let’s diversify planted forests! Conserv. Lett. 15, e12829.

Messier, C., Doucet, R., Ruel, J.-C., Claveau, Y., Kelly, C., Lechowicz, M.J., 1999.
Functional ecology of advance regeneration in relation to light in boreal forests. Can.
J. For. Res. 29, 812-823.

Metz, J., Seidel, D., Schall, P., Scheffer, D., Schulze, E.-D., Ammer, C., 2013. Crown
modeling by terrestrial laser scanning as an approach to assess the effect of
aboveground intra-and interspecific competition on tree growth. For. Ecol. Manag.
310, 275-288.

Millar, C.I., Stephenson, N.L., Stephens, S.L., 2007. Climate change and forests of the
future: managing in the face of uncertainty. Ecol. Appl. 17, 2145-2151.

Millet, J., Bouchard, A., Edelin, C., 1999. Relationship between architecture and
successional status of trees in the temperate deciduous forest. Ecoscience 187-203.

Mohan, M., Silva, C.A., Klauberg, C., Jat, P., Catts, G., Cardil, A., Hudak, A.T., Dia, M.,
2017. Individual tree detection from unmanned aerial vehicle (UAV) derived canopy
height model in an open canopy mixed conifer forest. Forests 8, 340.

Nagel, T.A., Diaci, J., 2006. Intermediate wind disturbance in an old-growth beech-fir
forest in southeastern Slovenia. Can. J. For. Res. 36, 629-638.

Nagel, T.A., Svoboda, M., Rugani, T., Diaci, J., 2010. Gap regeneration and replacement
patterns in an old-growth Fagus—Abies forest of Bosnia-Herzegovina. Plant Ecol.
208, 307-318.

Niinemets, U., 2010. Responses of forest trees to single and multiple environmental
stresses from seedlings to mature plants: past stress history, stress interactions,
tolerance and acclimation. For. Ecol. Manag. 260, 1623-1639.

Niklas, K.J., 1994. Plant allometry: the scaling of form and process. University of Chicago
Press.

Norby, R.J., Warren, J.M., Iversen, C.M., Childs, J., Jawdy, S.S., Walker, A.P., 2022.
Forest stand and canopy development unaltered by 12 years of CO2 enrichment.
Tree Physiol. 42, 428-440.

O’Hara, K.L., 2016. What is close-to-nature silviculture in a changing world? For.: Int. J.
For. Res. 89, 1-6.

Oliver, C.D., Larson, B.C., Oliver, C.D., 1996. For. Stand Dyn.

Orman, O., Wrzesinski, P., Dobrowolska, D., Szewczyk, J., 2021. Regeneration growth
and crown architecture of European beech and silver fir depend on gap
characteristics and light gradient in the mixed montane old-growth stands. For. Ecol.
Manag. 482, 118866.

Owen, H.J.F,, Lines, E.R., 2024. Common field measures and geometric assumptions of
tree shape produce consistently biased estimates of tree and canopy structure in
mixed Mediterranean forests. Ecol. Indic. 165, 112219.

Pavlin, J., Nagel, T.A., Svitok, M., Di Filippo, A., Mikac, S., Keren, S., Dikku, A.,
Toromani, E., Panayotov, M., Zlatanov, T., 2024. Pathways and drivers of canopy
accession across primary temperate forests of Europe. Sci. Total Environ. 906,
167593.

Perles-Garcia, M.D., Kunz, M., Fichtner, A., Hardtle, W., von Oheimb, G., 2021. Tree
species richness promotes an early increase of stand structural complexity in young
subtropical plantations. J. Appl. Ecol. 58, 2305-2314.

Petritan, A.M., von Liipke, B., Petritan, I.C., 2009. Influence of light availability on
growth, leaf morphology and plant architecture of beech (Fagus sylvatica L.), maple
(Acer pseudoplatanus L.) and ash (Fraxinus excelsior L.) saplings. Eur. J. For. Res.
128, 61-74.

Pineiro, G., Perelman, S., Guerschman, J.P., Paruelo, J.M., 2008. How to evaluate
models: Observed vs. predicted or predicted vs. observed? Ecol. Model. 216,
316-322.

Pretzsch, H., 1985. Die Fichten-Tannen-Buchen-Plenterwaldversuche in den
ostbayerischen Forstamtern Freyung und Bodenmais. Forstarchiv 56, 3-9.

Pretzsch, H., 1996. Growth trends of forests in Southern Germany. Growth Trends Eur.
For.: Stud. 12 Ctries. 107-131.

Pretzsch, H., 2006. Species-specific allometric scaling under self-thinning: evidence from
long-term plots in forest stands. Oecologia 146, 572-583.

Pretzsch, H., 2009. Forest dynamics, growth, and yield. In, Forest dynamics, growth and
yield. Springer, pp. 1-39.

Pretzsch, H., 2014. Canopy space filling and tree crown morphology in mixed-species
stands compared with monocultures. For. Ecol. Manag. 327, 251-264.

Pretzsch, H., 2021a. Tree growth as affected by stem and crown structure. Trees 35,
947-960.

Pretzsch, H., 2021b. Trees grow modulated by the ecological memory of their past
growth. Consequences for monitoring, modelling, and silvicultural treatment. For.
Ecol. Manag. 487, 118982.

Pretzsch, H., 2024. In. Integrative Ecosystem Management Through the Diversification of
Structure and Tree Species. Springer.

Pretzsch, H., Ahmed, S., Jacobs, M., Schmied, G., Hilmers, T., 2022. Linking crown
structure with tree ring pattern: methodological considerations and proof of concept.
Trees 1-19.


http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref26
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref26
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref27
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref27
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref27
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref28
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref28
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref28
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref29
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref29
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref29
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref30
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref31
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref31
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref31
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref31
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref32
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref32
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref33
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref33
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref33
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref34
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref34
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref35
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref35
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref36
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref36
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref36
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref36
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref37
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref37
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref37
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref38
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref38
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref38
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref39
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref39
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref39
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref40
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref40
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref40
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref41
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref41
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref42
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref42
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref42
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref43
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref43
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref43
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref44
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref44
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref44
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref45
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref45
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref45
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref46
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref46
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref46
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref47
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref47
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref47
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref47
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref48
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref48
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref49
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref49
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref49
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref50
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref50
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref51
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref51
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref51
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref52
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref52
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref52
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref53
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref53
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref54
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref54
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref54
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref55
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref55
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref55
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref56
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref56
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref56
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref57
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref57
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref57
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref58
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref58
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref58
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref58
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref59
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref59
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref59
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref60
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref60
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref60
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref61
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref61
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref61
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref61
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref62
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref62
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref63
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref63
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref64
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref64
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref64
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref65
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref65
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref66
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref66
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref66
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref67
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref67
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref67
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref68
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref68
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref69
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref69
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref69
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref70
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref70
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref71
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref72
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref72
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref72
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref72
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref73
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref73
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref73
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref74
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref74
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref74
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref74
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref75
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref75
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref75
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref76
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref76
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref76
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref76
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref77
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref77
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref77
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref78
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref78
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref79
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref79
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref80
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref80
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref81
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref81
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref82
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref82
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref83
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref83
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref84
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref84
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref84
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref85
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref85
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref86
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref86
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref86

S. Ahmed et al.

Pretzsch, H., Schiitze, G., 2005. Crown allometry and growing space efficiency of Norway
spruce (Picea abies [L.] Karst.) and European beech (Fagus sylvatica L.) in pure and
mixed stands. Plant Biol. 7, 628-639.

Puettmann, K.J., Wilson, S.M., Baker, S.C., Donoso, P.J., Drossler, L., Amente, G.,
Harvey, B.D., Knoke, T., Lu, Y., Nocentini, S., 2015. Silvicultural alternatives to
conventional even-aged forest management-what limits global adoption? For.
Ecosyst. 2, 1-16.

R Core Team, 2023. R: A language and environment for statistical computing.

Ray, T., Fichtner, A., Kunz, M., ProB, T., Bradler, P.M., Bruelheide, H., Georgi, L.,
Haider, S., Hildebrand, M., Potvin, C., 2024. Diversity-enhanced canopy space
occupation and leaf functional diversity jointly promote overyielding in tropical tree
communities. Sci. Total Environ. 951, 175438.

Rieder, J.S., Link, R.M., Kéthe, K., Seidel, D., Ullmann, T., Zmegaé¢, A., Zang, C., Schuldt,
B., 2024. TreeCompR: Tree competition indices for inventory data and 3D point
clouds. Methods in Ecology and Evolution n/a.

Roussel, J.R., Auty, D., Coops, N.C., Tompalski, P., Goodbody, T.R., Meador, A.S.,
Bourdon, J.F., De Boissieu, F. Achim, A., 2020. lidR: An R package for analysis of
Airborne Laser Scanning (ALS) data. Remote Sensing of Environment, 251,
p.112061.

Rouvinen, S., Kuuluvainen, T., 1997. Structure and asymmetry of tree crowns in relation
to local competition in a natural mature Scots pine forest. Can. J. For. Res. 27,
890-902.

Ryan, M.G., Binkley, D., Fownes, J.H., 1997a. Age-related decline in forest productivity:
pattern and process. Adv. Ecol. Res. 27, 213-262.

Ryan, M.G., Yoder, B.J., 1997b. Hydraulic limits to tree height and tree growth.
Bioscience 47, 235-242.

Sanchez-Gémez, D., Valladares, F., Zavala, M.A., 2006. Performance of seedlings of
Mediterranean woody species under experimental gradients of irradiance and water
availability: trade-offs and evidence for niche differentiation. N. Phytol. 170.

Schattenberg, C., Stritih, A., Thom, D., 2024. More water, less light: how to improve
silver fir seeding to convert Norway spruce monocultures into mixed stands in a drier
region of Germany. For.: Int. J. For. Res., cpad069

Seidel, D., Annighofer, P., Stiers, M., Zemp, C.D., Burkardt, K., Ehbrecht, M., Willim, K.,
Kreft, H., Holscher, D., Ammer, C., 2019. How a measure of tree structural
complexity relates to architectural benefit-to-cost ratio, light availability, and
growth of trees. Ecol. Evol. 9, 7134-7142.

Seidel, D., Leuschner, C., Miiller, A., Krause, B., 2011. Crown plasticity in mixed
forests—quantifying asymmetry as a measure of competition using terrestrial laser
scanning. For. Ecol. Manag. 261, 2123-2132.

14

Forest Ecology and Management 592 (2025) 122814

Seidel, D., Leuschner, C., Scherber, C., Beyer, F., Wommelsdorf, T., Cashman, M.J.,
Fehrmann, L., 2013. The relationship between tree species richness, canopy space
exploration and productivity in a temperate broad-leaf mixed forest. For. Ecol.
Manag. 310, 366-374.

Sharma, R.P., Bilek, L., Vacek, Z., Vacek, S., 2017. Modelling crown width-diameter
relationship for Scots pine in the central Europe. Trees 31, 1875-1889.

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

Spiecker, H., 2003. Silvicultural management in maintaining biodiversity and resistance
of forests in Europe—temperate zone. J. Environ. Manag. 67, 55-65.

Spitters, C., 1980. Competition effects within mixed stands. , Opportunuties increasing
Crop yields 219-231.

Strigul, N., Pristinski, D., Purves, D., Dushoff, J., Pacala, S., 2008. Scaling from trees to
forests: tractable macroscopic equations for forest dynamics. Ecol. Monogr. 78,
523-545.

Tian, D., He, P., Jiang, L., Gaire, D., 2024. Developing crown width model for mixed
forests using soil, climate and stand factors. J. Ecol. 112, 427-442.

Tupinamba-Simoes, F., Pascual, A., Guerra-Hernandez, J., Ordénez, C., de Conto, T.,
Bravo, F., 2024. Accuracy of tree mapping based on hand-held laser scanning
comparing leaf-on and leaf-off conditions in mixed forests. J. For. Res. 35, 93.

Ugarkovi¢, D., Jazbec, A., Seletkovi¢, 1., Tikvi¢, 1., Pauli¢, V., Ognjenovié¢, M.,

Marusi¢, M., Potocié, N., 2021. Silver fir decline in pure and mixed stands at western
edge of spread in Croatian Dinarides depends on some stand structure and climate
factors. Sustainability 13, 6060.

Valladares, F., Niinemets, U., 2008. Shade tolerance, a key plant feature of complex
nature and consequences. Annu. Rev. Ecol., Evol., Syst. 39, 237-257.

Weiner, J., 1990. Asymmetric competition in plant populations. Trends Ecol. Evol. 5,
360-364.

Weiskittel, A.R., Hann, D.W., Kershaw Jr, J.A., Vanclay, J.K., 2011. Forest growth and
yield modeling. John Wiley & Sons.

Wertz, B., Bembenek, M., Karaszewski, Z., Ochat, W., Skorupski, M., Strzelinski, P.,
Wegiel, A., Mederski, P.S., 2020. Impact of stand density and tree social status on
aboveground biomass allocation of Scots pine Pinus sylvestris L. Forests 11, 765.

Yrttimaa, T., Luoma, V., Saarinen, N., Kankare, V., Junttila, S., Holopainen, M.,
Hyyppa, J., Vastaranta, M., 2022. Exploring tree growth allometry using two-date
terrestrial laser scanning. For. Ecol. Manag. 518, 120303.


http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref87
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref87
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref87
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref88
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref88
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref88
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref88
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref89
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref90
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref90
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref90
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref90
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref91
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref91
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref91
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref92
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref92
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref93
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref93
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref94
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref94
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref94
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref95
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref95
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref95
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref96
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref96
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref96
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref96
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref97
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref97
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref97
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref98
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref98
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref98
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref98
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref99
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref99
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref100
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref100
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref101
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref101
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref102
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref102
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref103
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref103
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref103
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref104
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref104
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref105
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref105
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref105
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref106
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref106
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref106
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref106
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref107
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref107
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref108
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref108
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref109
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref109
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref110
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref110
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref110
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref111
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref111
http://refhub.elsevier.com/S0378-1127(25)00322-6/sbref111

	From suppressed to dominant: 3D crown shapes explain the “to grow or wait” growth behavior in close-to-nature forests
	1 Introduction
	2 Materials and methods
	2.1 Study site descriptions, plot, and tree selection
	2.2 Terrestrial (TLS) and mobile laser scanning (MLS) data acquisition and crown structure characterization
	2.2.1 Information on metrics for crown structure and shape
	2.2.1.1 Coefficient of variation of crown radius (cvcr)
	2.2.1.2 Crown ratio (cratio)
	2.2.1.3 Top-heaviness (th)
	2.2.1.4 Crown slenderness ratio (cslc)


	2.3 Tree ring data processing and information on pattern characterizations
	2.4 Local neighborhood competition index and canopy space-filling calculation
	2.4.1 Subplot delineation
	2.4.2 Voxelization
	2.4.3 Occupancy analysis

	2.5 Statistical analyses
	2.5.1 Hypothesis Ⅰ (HⅠ)
	2.5.2 Hypothesis Ⅱ (HⅡ)
	2.5.3 Hypothesis Ⅲ (HⅢ)


	3 Results
	3.1 Descriptive statistics
	3.2 Crown structure and growth patterns relationships across species, growth behavior, and social classes (HⅠ)
	3.3 Relationships between crown shape and tree ring patterns modulated by neighborhood competition and local canopy filling ...
	3.4 Efficiency in space occupation (ESOC), exploitation (EEX), and biomass investment (EBI) across social classes and speci ...

	4 Discussions
	4.1 Crown shape and tree ring patterns are correlated but varied across growth behavior and social classes (HⅠ)
	4.2 Relationships between crown shape and tree ring patterns modulated by local neighborhood competition and competition-dr ...
	4.3 Efficiency in space occupation, exploitation, and biomass investment across species behavior and social classes (HⅢ)

	5 Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	Data availability
	References


