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A B S T R A C T   

Tree crowns and growth rings are physiologically and functionally connected through supporting and resource 
sharing. Management interventions may strongly influence tree growth by altering this linkage. However, 
conventional approaches have limited ability to characterize crown shape precisely, thus hindering our under-
standing of the relationship between crown shape and tree ring patterns. We, thus, aimed to test three hy-
potheses: (HI) Crown shape (regularity vs. irregularity) and ring patterns (regularity or irregularity) are 
significantly correlated and (HII) vary across density gradients; if so, (HIII) internal ring patterns could be 
predicted from external crown shape metrics. We, therefore, employed terrestrial laser scan-based crown shape 
and coring-based TRP metrics for Norway spruce (Picea abies (L.) H. Karst.) trees covering a range of density 
gradients to assess temporal changes of crown shape and tree ring patterns. We found a significant and positive 
influence of crown shape quantifying metrics on ring patterns, indicating crown regularity or irregularity 
strongly reflects tree ring regularity or irregularity (p < 0.05). Crown shape and ring patterns always showed 
comparable patterns across density gradients (e.g., trees from lower-density stands produced transgressive crown 
and ring growth) and significantly varied across competition level. Trees grown in lower-density stands are more 
likely to produce upper-reaching crowns (maximum crown radius expansion shifted to the mid- to upper-crown) 
than trees grown in competitive conditions, which result in lower-reaching crowns (maximum crown radius 
shifted to the crown base) with reduced crown shape and ring pattern parameters. Crown irregularities increased 
as density decreased through competition reduction, resulting in more regular ring patterns (stable growth). 
Since both crown shape and ring patterns are simultaneously impacted by stand density or competition, the 
relationship between crown shape and ring patterns is competition-neutral. When viewed separately, both 
patterns had a strong relationship with the competition index. Finally, our comparative model predictions 
showed that approaches ranging from simple linear models to complex machine learning techniques (e.g., 
random forest, neural network, support vector machine, etc.) were effective in predicting ring patterns using 
external TLidar-crown shape, indicating a potential method to evaluate the crown shape and ring pattern link. 
The relationship between the crown and growth ring and their synchronous patterns across competition gradi-
ents suggests that internal growth can be assessed from the external appearances of trees and recommends 
further consideration in forest modeling.   

1. Introduction 

A tree’s crown and annual ring are functionally linked through 
resource sharing. For example, a tree leaf is responsible for photosyn-
thesis, which critically determines the stem increment, while the stem 
provides hydraulics and mechanical supplies to the leaves (Esser, 1946; 

Lehnebach et al., 2018). More specifically, stem vessel elements conduct 
water and nutrients through the branches to the leaves (Grote and 
Pretzsch, 2002; West et al., 2009) to continue photosynthetic work while 
the crown translocates carbon to the stem (Hemery et al., 2005; Kal-
liovirta and Tokola, 2005; Kramer, 2012). Besides, to support bigger 
leaves, a bigger stem is required (Corner, 1949), which creates a 
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functional linear bridge between the crown and the tree ring. Similarly, 
pipe model theory explains that crown foliage leaves and stem tissue or 
sapwood dimensions are linearly correlated (Lehnebach et al., 2018; 
Shinozaki et al., 1964). This relationship can also be traced back to 
Pressler’s Law (Pressler, 1865). In addition, the main predictions of 
metabolic scaling theory (MST) are the photosynthesis rate and meta-
bolic rate, which are scaled up with biomass growth and can be scaled 
up with stem diameter growth (Enquist et al., 2007; Enquist et al., 1999; 
Shenkin et al., 2020). Therefore, it is important to uncover possible 
quantitative relationships along with functional relationships between 
the crown architecture and tree rings. (Julio Camarero et al., 2018; 
Mäkelä and Valentine, 2006; Pretzsch et al., 2022). Nonetheless, a better 
understanding of the internal and external structure relationships could 
also improve the MST predictions (Pretzsch, 2021b; Shenkin et al., 2020; 
West et al., 2009). 

Besides, crown-related functional and morphological traits (i.e., 
crown profiles, branch, and leaf traits) are critical in determining the 
evolutionary and phylogenetic relationships of species (Antonarakis 
et al., 2010; Arslan et al., 2021; Kokaly et al., 2009; Wright et al., 2006), 
evaluating the environment or climatic stressors (e.g., drought) (Cha-
turvedi et al., 2011; Jacobs et al., 2021; Junttila et al., 2021); and un-
derstanding the stand and carbon dynamics (Rawat et al., 2015). Thus, 
evaluating crown and tree ring properties is crucial in forest ecology not 
only for understanding prior historical and legacy effects such as 
drought but also management impacts (Jacobs et al., 2021; Lüttge and 
Hertel, 2009; Netzer et al., 2019; Ogle et al., 2015; Pearl et al., 2020; 
Pretzsch, 2021a, b; Shenkin et al., 2020), because management and its 
prior history or ecological legacy mostly reflect on crown and tree ring 
patterns (Lüttge and Hertel, 2009). Furthermore, a tree’s crown and 
annual ring retain similar information, and therefore both are widely 
employed in many growth modeling techniques. For example, many 
eco-physiological models used a combination of internal (such as 
sapwood area) and external (such as leaf area, crown width, etc.) tree 
characteristics to predict growth (Grote and Pretzsch, 2002; Pretzsch, 
2021b; Sievänen et al., 2000). Tree growth models can be improved by 
including crown (e.g., projection area, ratio, etc.) and tree ring statistical 
variables (e.g., ring width and standard deviation of ring width) 
(Pretzsch, 2021b). As a result, quantifying crown structure and tree ring 
pattern relationships would have a significant impact on tree growth 
modeling. 

Although there have been a few attempts to quantify the relation-
ships between crown size or condition and tree ring or diameter growth 
(Anderson-Teixeira et al., 2015; Drobyshev et al., 2007; Pretzsch, 2019; 
Pretzsch et al., 2022; Pretzsch and Rais, 2016; Shenkin et al., 2020; 
Sundberg et al., 1993; Tallieu et al., 2020), the relationships between 
crown shape and tree ring patterns explaining metrics have rarely been 
studied. This gap comes from the limitations of crown shape charac-
terization with traditional methods, but this gap is being filled with the 
advent of terrestrial laser scanning (TLS) technology (Barbeito et al., 
2017; Bayer et al., 2013). TLS data provides ample scope to depict crown 
shape from several axes and more precisely (Calders et al., 2020; Metz 
et al., 2013; Olivier et al., 2016), which overcomes the methodological 
limitations of linking crown shape and tree ring patterns. For example, 
Rais et al. (2021) used TLS data to show a correlation between stem 
wood structure and crown structure. Besides, Shenkin et al. (2020) and 
Pretzsch et al. (2022) quantified the linkage between crown structure, 
stem diameter, and tree ring growth. 

In addition, several studies observed crown shape variations across 
stand types (Barbeito et al., 2017), management interventions such as 
thinning (Köcher et al., 2012; Yen, 2015), site gradient, climate, species 
divergence (Poorter et al., 2006; Rawat et al., 2015), space available for 
expansion, exposed shoots, and cones produced (Schneider et al., 2020). 
Most specifically, in even-aged stands, interspecific competitions for 
resources (e.g., light, water, nutrients, etc.) may increase with increasing 
tree size (Kholdaenko et al., 2022; Xue et al., 2010). High-density 
growing conditions reduced tree diameter and crown (del Río et al., 

2019; Kholdaenko et al., 2022). In turn, stem density reductions may 
benefit trees by making resources available for the remaining trees 
(Purahong et al., 2014). Crown shape can also change due to stand 
structural diversity, growth dominance, and competition intensity. For 
example, shade-tolerant and light-demanding trees produce very 
shallow, flat crowns and extended crowns with a monolayer or multi-
layer leaf pattern to maximize and decrease light interception (see 
Givnish (1988), Poorter et al. (2012)). When trees reach the canopy top, 
they prefer to develop a shallow but wide crown (Antin et al., 2013; 
Muller-Landau et al., 2006). Besides, numerous studies have linked stem 
growth and crown structure with forest management (Chhin et al., 2010; 
Montoro Girona et al., 2017; Yen, 2015), whereas crown shape and its 
relationships to management interventions are less known. 

Growth prediction can improve the understanding of ecophysiolog-
ical and statistical modeling (Mäkelä and Valentine, 2006). Overall, this 
understanding may help to manage forests sustainably in an improved 
way (Pretzsch et al., 2022). Prior and conventional growth prediction 
approaches were based on tree age and total mass (discussed in Pretzsch 
(2021b)), while growth prediction from the crown shape metrics is 
rarely focused due to methodological limitations. However, the link 
between crown shape (regularity or irregularity) and the regularity or 
irregularity of tree ring patterns with density gradients and reduction is 
poorly understood, which restricts our growth predictions. 

We, thus, aimed to test three hypotheses: (HI) Tree ring statistical 
metrics and patterns (TRP) (regular vs. irregular) and crown shape (CS) 
patterns (regular vs. irregular) are significantly correlated, while (HII) 
CS and TRP variables strongly vary across density gradients or compe-
tition levels, depicting trees in high-competition stands producing a 
narrower and more irregular crown and tree ring than trees in lower 
density or competitive stands (Fig. 1). We also envisaged that (HIII) a set 
of external CS metrics could be used to predict internal TRP. 

To test the hypotheses, multiple tree ring pattern metrics covering a 
range of stand density were utilized, along with several crown shape 
metrics. 

2. Methods 

2.1. Study site description 

We scanned and cored 30 N. spruce from long-term, pure, even-aged 
experimental plots in Fürstenfeldbruck 612 (FFB612) in November 2021 
(see Supplementary Fig. 1a for plot design), which were done by IUFRO 
with four-year-old seedlings in 1974 in southern Germany (longitude: 
11.05◦ E and latitude: 48.14◦N). The mean annual precipitation and 
temperature over the last 30 years (1991–2020) were 932 mm and 
8.8 ◦C, respectively. The experimental sites consist of 21 plots (each of 
900 m2), covering ten different thinning-spacing combinations (see 
more about plots and study site descriptions in Schmied et al. (2022)). 
However, we collected our sample trees from four thinning-spacing 
combination plots to cover different competition levels (see Supple-
mentary Fig. 1a), combining thinned and unthinned stands. Unthinned 
stands that we used as a reference stand after plantation were never 
thinned (due to high competition). To demonstrate the heterogeneity of 
impacts of density-based management on crown and tree ring patterns, 
trees from thinned stands were isolated based on different thinning in-
tensities (high and low initial spacing vs. high and low thinning in-
tensity) (Supplementary Fig. 1a). 

2.2. Terrestrial laser scanning data acquisition and crown shape 
characterization 

Terrestrial laser scanning (TLS) eases access to crown metrics 
(Pretzsch, 2021b) and is thus recognized as an effective tool for assessing 
crown size (Srinivasan et al., 2015). We scanned FFB612 with the RIEGL 
VZ-400i (RIEGL 2019) TLS. The scanned raw point clouds were auto-
matically registered and filtered using an octree approach to enable 
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post-processing performance with RiSCAN PRO software (version 
2.10.1). To prevent overlapping errors that could happen during auto-
matic tree isolation, each tree was first identified using a coordinate 
system before being manually isolated from the stands. Individual tree 
point cloud data processing was done in R (version 4.2.1) (R Core Team 
2022) by using “lidR” (Roussel et al., 2020), “dbscan” (Hahsler et al., 
2019), and the “VoxR” package (Lecigne et al., 2018). Details of the 
scanning procedure, data processing, and R packages used for analysis 

can be found in Jacobs et al. (2022) and Pretzsch et al. (2022). 
To understand crown shape and tree ring pattern relationships, we 

evaluated several crown and tree ring metrics (Table 1), as Pretzsch et al. 
(2022) explained that these relationships can be done with a few allo-
metric relationships between crown and tree ring variables. Addition-
ally, several studies have already identified and observed that the listed 
variables are somehow correlated to stem, diameter, and diameter 
growth (Franceschi et al., 2022; Pretzsch, 2021a, b, 2022; Pretzsch et al., 
2022). Therefore, we used multiple crown shape (CS) and tree ring 

Fig. 1. Conceptualized coniferous tree crown developments explain tree ring 
patterns by folding into polar coordinates, where the Gaussian tree crown 
growth curve transforms into several tree ring patterns across low-density or 
thinned and high-density or unthinned stands. (a) Impact of density or 
competition on crown shape and tree ring patterns (increasing density increases 
slenderness (cl/cr) coefficient value but decreases plumpness coefficient (cr/cl) 
and growth) [crown radius (cr) and crown length (cl)]. (b) Crown scaling 
exponent (slopes of sun exposed crown) components; (c) Ring width variations; 
(d) regular crown shape and tree ring patterns and irregular crown shape and 
tree ring patterns in low and high dense stands. A high coefficient of variation 
(cv) of crown radius (cr) and tree rings (trw) denotes higher irregularity, while 
a low cv value denotes lower irregularity, indicating more regular crown and 
tree ring patterns. (e) Competition reduction promotes crown and tree ring 
growth while creating more irregular patterns due to previous low and current 
high growth combinations. 

Table 1 
List of crown metrics and tree ring growth and pattern metrics used in this study. 
More details and visualizations can be found in Supplementary Fig. 2.  

Sl. 
No. 

Variables and 
metrics names 

Abbreviated 
form 

Explanation or calculation 

Crown metrics 
1 Tree height h total tree size (vertical) 
2 Crown base height 

(m) 
cbh lowest crown position (first living 

branch position) 
3 Crown length or 

depth (m) 
cl difference between total tree 

height and crown base height (cl 
= h-cbh) 

4 Crown width (cw) cw average crown expansion from the 
crown center 

5 Crown ratio or 
percentage (%) 

cratio ratio between cl and h 

6 Crown radius (m) cr cr‾ = √ ((r1
2 + r2

2+…+r8
2)/8) 

7 Crown base radius cbr radius at the crown base point 
8 Maximum cr maxcr maximum vertical crown distance 

from a specific crown height or 
the largest cr 

9 Cumulative maxcr cumaxcr a greater vertical expansion from 
the x-axis (crown length) indicates 
a more even and consistent 
distribution of maxcr or crown 
volume along crown length. 

10 Height of maxcr hmaxcr length from base to maxcr 
11 Crown projection 

area (m2) 
cpa crown’s perpendicular projected 

area on the ground 
12 Crown volume 

(m3) 
cv volume of alpha hull (point 

clouds) 
13 Top heaviness th the ratio between maxcr to the 

distance between maxcr and tree’s 
tip 

14 Slope of crown 
profiles 

scp slope or steepness estimate of 
crown distribution fitted by a 
linear model (y = mx + c, m =
slopes) 

15 Crown plumpness 
(or slenderness) 

cplc (cslc) ratio between crown radius (cr) 
and crown length (cl) (cl/cr) 

16 Coefficient of 
variation of cr 

cvcr standard deviation (sd) of cr to 
mean cr ratio 

17 Shape of beta 
distribution of 
crown 

ca, cb shape parameters for the 
cumulative (maxcr) crown. ca, cb 
correspond to crown width and 
crown length, respectively 

Tree ring metrics 
1 stem current 

diameter 
d tree’s current size (horizontal) or 

diameter at breast height 
2 stem diameter 

increment or 
growth 

id sum of ring width in the N and E 
cardinal directions 

4 Mean tree ring 
width (trw) (mm) 

trw total ring width/measured 
number of rings 

5 Cumulative trw cutrw total trw increment 
6 Coefficient of 

variation of trw 
cvtrw inter-annual variation of trw 

(cvtrw = sdtrw/mean trw) 
7 Stability in trw strw inverse cvtrw (1/cvtrw) 
8 trw skewness skewness a higher value indicates highly 

skewed or asymmetric tree ring 
(tree ring normality) 

9 Shape of beta 
distribution of tree 
ring 

ta, tb shape parameters for the 
cumulative tree ring. ta, tb 
correspond to tree ring width and 
tree age or growth years, 
respectively  
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patterns (TRP) statistical metrics to correlate CS and TRP metrics. 

2.3. Increment coring to characterize tree ring patterns 

The same 30 trees were cored from the north and south cardinal 
directions (to avoid reaction wood) at diameter at breast height (130 
cm) points using an increment borer (5 mm in diameter) (Haglöf, 
Sweden) for tree ring analysis (Pretzsch et al., 2013; Schweingruber, 
2012). All of the cores (60 cores) were air dried, glued onto hardwood 
plates, and gradually sanded. Using a Lintab Series 5 and Tsap-Win 
software, tree ring width (TRW) was measured (Rinntech Heidelberg, 
Germany). Each core was visually cross-dated (details can be found in 
Schmied et al. (2022)), and additional analyses were performed using 
the “dplR” package in R (Bunn, 2008). 

2.4. Statistical analyses 

To demonstrate detailed statistical relations between crown shape 
and tree ring patterns and their variation across density gradients (HI), 
we used a three-step procedure. First, we fitted a two-parameter beta (β) 
distribution (Eqn. (1) to the crown profile and cumulative tree ring 
patterns. 

f (x, a, b) = b0xa− 1(1 − x)b− 1 (1)  

where b0 represents the normalization constant and a and b are shape 
variables (a > 0, b > 0). Besides, ca, cb, and ta, tb denote the crown and 
tree ring beta shape parameters, respectively (also see Table 1). 

Later, we extracted shape parameters and used them in bivariate 
relationships to examine the relationships between crown and tree ring 
β-shape parameters. Bivariate relationships helped us analyze the link 
between crown shape regularity or irregularity and tree ring pattern 
metrics (e.g., regularity or irregularity). We also fitted a linear regres-
sion (y = mx + c) model to each tree’s crown profile (sun exposed 
crown) and retrieved its slopes (m) to determine whether the distribu-
tion (steepness) of the tree’s crown profile influences the patterns of tree 
ring width or asymmetry (skewness). 

Second, to determine the variability of the shape parameters for the 
crown (ca and cb, representing crown width and length) and tree rings 
(ta and tb, representing to ring width and age) across density gradients 
or competition gradients (HII), we compared the patterns β-distributions 
relevant to the shape variables. This was accomplished through the use 
of a one-way analysis of variance (ANOVA). 

Third, we fitted a linear mixed model (Eqn. 2) to investigate the ef-
fect of stand density or competition, stand types (thinned or unthinned), 
and individual tree level on crown shape and tree ring pattern re-
lationships using the “lme4′′ and ”lmerTest“ packages in R (Bates, 2010; 
Kuznetsova et al., 2017).  

TRPij = ao + a1 CSVij + a2 yearij + a3 SDIi + a4 CSVij × yeari + bi + εij(2) 

where TRP, CSV, and SDI denote tree ring pattern variables, TLS-derived 
crown shape variables, and mean stand density index SDI, respectively. 

SDI(stems/ha) =

[(initialdensity + densityafter1stthinning)/2+
density after 1st thinning + density after 2nd thinning

2
+ ⋯.

+(densitybeforelastthinning + densityafterlastthinning)/2]
n 

Besides, b and ε denote random variables (stand types and trees) and 
residuals, respectively. 

By using the “dredge” function from the “MuMin” package in R 
(Barton, 2010), we select the two best models (Eqns. (3), 4) for 
explaining the growth trend (Eqn. (3), and patterns (regularity and ir-
regularity) (Eqn. (4) with crown shape variables. Also, we cross-checked 
the models performance by “performance” package in R (Lüdecke et al., 

2021). 

cutrwij = ao + a1year × (ca + cratio + cslc + th + cvcr + hmaxcr

+ maxcr)+ bi + εij (3)  

cvtrwij = ao + a1caij + a2cvcrij + a3cslcij + bi + εij (4) 

Even though the effects of SDI were tested, they were excluded from 
the final models because the effects SDI on the relationships was not 
significant. 

To predict internal growth patterns by using crown shape parameters 
(HIII), we used the β-crown shape traits (ca, cb) (Eqn. (5), 6) and 
compared them across competition gradients. 

log(cutrw) = a0 + a1 year × (ca)+ a2(1|treeid) (5)  

log(trw) = a0 + a1 year × (ca+ cb)+ a2(1|treeid) (6)  

where trw, cutrw, ca, and cb indicate tree ring width, cumulative tree 
ring width, beta first, and beta second crown shape parameters, 
respectively. 

We also demonstrated the potential use of machine learning (ML) 
applications in the quantitative correlations between crown and tree 
ring patterns and internal pattern prediction from external crown shape, 
employing random forest regressors (RFR), k-nearest neighbor (KNN), 
support vector regressors (SVR), and artificial neural networks (ANN) by 
using the “randomForest”, “class,” “e1071,” ’neuralnet“ packages in R, 
respectively (Fritsch et al., 2019; Liaw and Wiener, 2002; Meyer et al., 
2019; Ripley et al., 2015). For each variable added to the input layer 
during the training of the ANNs, three neurons were used in the hidden 
layer. A logistic function is used in the hidden layer, while a linear 
function is used in the output layer by following Bueno et al. (2022). To 
increase the model’s clarity, we only used and applied significant 
influencing crown variables that were observed in linear mixed models 
(Eqns. (3) and (4). To apply machine learning algorithms, we first pur-
posefully increase the size of the dataset due to its nonlinear behavior. 
Dividing small (in our case, 30) datasets into training, testing, and 
validation datasets may increase the model uncertainties and chance of 
overfitting. We therefore added 300 additional random datasets through 
data augmentation (bringing the total to 330) based on the mean and 
standard deviation of the datasets. We then used 60% of the dataset for 
model training and the remaining 40% for both testing and validation. 

In addition, to validate the models and check how variability in 
crown shape affects the growth curve and competition reduction in-
fluences the crown shape, we simulated 50-year crown shape and 
growth curve development with density gradients (SDI). The simulation 
was based on allometric relationships that estimated tree height (h), 
crown base height (cbh), and crown radius (cr) based on tree diameter 
(d) and tree age. The double-logarithmic relationship was used to model 
these relationships, and the data from repeated surveys was used to fit 
the model to the data using the simulation methods from Pretzsch et al. 
(2022). 

All statistical analyses were done in the R environment (version 
4.2.1, www.r-project.org). 

3. Results 

3.1. Relationships between crown shapes and tree ring patterns (HI) 

The shape of the β-crown parameter (ca corresponds to crown width) 
significantly influences the first β-parameter of the tree rings (ta corre-
sponds to ring width), as shown in Fig. 2a and 2b. The second param-
eters (i.e., cb and tb) of the crown and tree rings are only slightly 
correlated. In addition, the metrics for crown and tree ring regularity or 
irregularity show a significant correlation (Fig. 2c). Changes in crown 
distribution also affect the distribution of tree rings, and higher crown 
slopes (which are produced by narrower crowns) result in more 
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asymmetric tree rings (p < 0.05), as demonstrated by the strong asso-
ciation between tree ring skewness and the slope of the corresponding 
tree crown profile (which is exposed to the sun) in our slope-based 
regression analysis (Fig. 2d). 

We found through simulation that the variation in crown shape 
strongly affects tree ring patterns (i.e., cumulative growth) (Fig. 3). We 
initially identified paraboloid, cone, and neiloid crown shapes in spruce 
trees (Fig. 3a–c), and then evaluated the effect of crown shape on radial 
growth patterns by tree ring (Fig. 3d). We also found that a wider crown 
produces a wider ring or higher radial growth. For example, the growth 
patterns change in the following order: parabolic > conical > neilodal 
crown (Fig. 3a–c). 

Our fitted linear mixed model demonstrates that the metrics of crown 
shape significantly influence tree ring growth and patterns (Table 2). In 
particular, the coefficients for crown slenderness and crown radius 
significantly influence tree ring patterns (Table 2). The total explanatory 
power of the cutrw (cumulative tree ring width) model is substantial 
(conditional Rc

2 = 0.96), with the part related to the fixed effects alone 
(marginal Rm

2 ) being 0.83. The total explanatory power of the cvtrw 
model is also strong (Rc

2 = 0.76), with the part related to the fixed effects 
alone (Rm

2 ) being 0.17 (Table 2). The difference between Rc
2 and Rm

2 in-
dicates that the random effect is important and is explained by tree and 
stand types. 

However, we observed that simulated crown shapes (based on den-
sity gradients) also showed that with increasing densities, slenderness 
coefficients increased, indicating that higher densities produced nar-
rower tree crown shapes or vice versa (Supplementary Fig. 3). 

3.2. Variation in crown shape and tree ring patterns across competition 
gradients (HII) 

We found comparable crown profiles with tree ring patterns across 

density gradients and in thinned and unthinned stands, indicating that 
trees in lower density stands produce broader or larger crowns, which 
promote extended and transgressive tree ring growth (wider rings) 
compared to those in higher density and unthinned stands (compare 
Fig. 4a, b, c, and d, and Supplementary Fig. 4). However, the β-distri-
butions showed that trees from low density or thinned stands produced 
more upper-reaching (i.e., maxcr shifted to the crown top) crowns than 
those in high density or unthinned stands (lower-reaching, with maxcr 
shifted to the live crown base) (Fig. 4e and Supplementary Fig. 5), while 
producing comparable crown and tree ring cumulative patterns with an 
initial upward shift that later terminated in the high density or unthin-
ned crown and tree ring cumulative β-distributions (compare Fig. 4f-g 
and Supplementary Fig. 5). 

Similar to the patterns, the crown shape parameters showed strong 
variation across density gradients (Fig. 5). The crown and tree ring 
β-shape parameters, particularly the first β-shape parameters for both 
the crown (ca) and tree rings (ta), decreased significantly in high-density 
or unthinned stands (Fig. 5a). In contrast to the β-shape parameters, the 
slenderness ratio increased with density, indicating that as density 
increased, the crown narrowed (Fig. 5b). In addition, the mean 
maximum crown radius (maxcr) (Fig. 5c) and height of maximum crown 
radius (hmaxcr) were highest in the low-density stands, indicating a 
wider and upper-reaching crown (with the crown volume shifted to-
wards the mid-direction) in low-density stands. The irregularity of the 
crown, defined by the coefficient of crown radius, similarly increases in 
low-density stands. In contrast, the tree rings in high-density stands 
showed the most irregularities (see Fig. 5e and f). 

3.3. Growth curve prediction from crown shape (HIII) 

Our predicted growth curve as a function of β-crown shape param-
eters (ca, cb, which correspond to crown width and crown length, 

Fig. 2. Relationships between crown shape and tree ring pattern metrics. (a–b) the crown shape and tree ring patterns explaining β-parameters. (b) Crown regularity 
vs. tree ring regularity, and (c) tree ring skewness vs. crown slopes or angles. Besides ca, cb, and ta, tb refers to beta crown and tree ring shape parameters, while 
maxcr indicates maximum crown radius at each 5 cm crown length. 

Fig. 3. Visualizes the simulated crowns with different crown shapes (a–c) (a: paraboloid, b: conical, c: neiloid). Corresponding simulated growth curves for simulated 
tree shapes (d). 
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respectively) produced comparable results while distinguishing between 
competition gradients (Fig. 6a, d, and Table 3). The model also predicts 
that in low-density or less-competitive stands, wider crowns (indicated 

by higher β-shape values) can be found, indicating higher growth than 
those in high-competitive stands (Supplementary Fig. 6). It is clear from 
the comparative growth projections that growth patterns increase as the 

Table 2 
Summary of linear mixed models for analyzing the relationships between crown shape and tree ring pattern metrics. SD denotes the standard deviation. Besides, cutrw 
and cvtrw indicate the cumulative tree ring width and coefficient of variation of the tree ring with, respectively.   

cutrw cvtrw 

Predictors Estimates SD p Estimates SD P 

(Intercept) 9047.17 796.65  <0.001  200.61  36.9  <0.001 
year − 45422.68 3972.8  <0.001    
th –323.38 29.57  <0.001    
maxcrad − 2446.88 164.57  <0.001    
cvcr 2745.81 576.62  <0.001  58.28  23.5  0.02 
ca − 2779.28 469.23  <0.001    
cratio − 1200.46 176.4  <0.001  − 19.44  7.85  0.021 
year * th 1636.83 147.45  <0.001    
year * maxcrad 12314.62 820.72  <0.001    
year * cvcr − 13795.57 2876.1  <0.001    
year * ca 13956.62 2340.2  <0.001    
year * cratio 6053.84 879.85  <0.001    
cw       
cslc     − 4.82  1.21  0.001 
Random Effects 
σ2 95.4 202.46 
τ00 293.40 tree_id:type 497.29 tree_id:type 

ICC 0.75 0.71 
N 30 tree_id 30 tree_id  

2 type 2 type 

Marginal R2/Conditional R2 0.830/0.958 0.167/0.759  

Fig. 4. Visualizing changes in crown profiles and tree ring patterns across density gradients. (a) Crown profile (divided height classes of 0.05 cm against the 
maximum crown radius, maxcr); (b) cumulative maxcr; and (c) cumulative tree ring width patterns (cutrw). (d–f) Visualizing β crown and tree ring distributions 
across density gradients. (e) β-distribution fitted to crown profiles (CW-crown width and CL-crown length), (f) β-cumulative CW and CL distributions, and (g) 
β-cumulative tree ring patterns (cutrw-cumulative tree ring width and years). The figure represents the crown shape and ring patterns of 30 different trees. 

S. Ahmed and H. Pretzsch                                                                                                                                                                                                                    



Ecological Indicators 148 (2023) 110116

7

crown β (ca) values rise. The accuracy analysis of the model (i.e., 
observed vs. predicted) indicates that crown shape parameters can be 
used to predict internal growth patterns with higher accuracy (RMSE =
0.38–0.54 and R2 = 0.72–0.41) (Fig. 6c and f). 

In this study, we explored the potential of machine learning (ML) 
techniques to advance our understanding of the relationship between 
crown shape and tree ring patterns. To do this, we applied four 
commonly used ML algorithms to predict tree ring patterns based on 
crown shape variables. Our results showed that these approaches were 
capable of linking and predicting tree ring patterns and growth metrics. 
We also found that increasing the number of crown variables can 
improve the performance of the models (Table 4). 

In addition to the overall success (low RMSE, MAP, and MAPE 
values) of machine learning in predicting tree ring patterns, our 
comparative results showed that the random forest regressor (RFR) and 
the k-nearest neighbor (KNN) ML approaches had the best performance 
among the four machine learning techniques we used. This was reflected 
in both the results in Table 4 and the comparative validation curve in 
Fig. 7. 

4. Discussion 

Understanding the underlying mechanisms that will allow us to 
predict how trees will grow in the future is critical to growth modeling. 

Here, we aimed to simplify (through complex evaluations) and improve 
the quantitative understanding by disentangling the relationships be-
tween tree ring patterns and crown shape (regularity vs. irregularity) 
across density or competition gradients. These results are important for 
understanding how trees grow on the inside while their shape changes 
on the outside at different levels of competition. 

4.1. Link between crown shape and tree ring patterns across competition 
gradients 

To understand many underlying mechanisms, especially the cause of 
changing 3D patterns of crown development, shape, and function along 
tree ring patterns, is critical but remains mostly unsolved (Bohn and 
Huth, 2017; O’Sullivan et al., 2021). We therefore tried to link 3D crown 
shape (CS) to tree ring patterns and observed that CS explaining vari-
ables and tree ring pattern (TRP) metrics were significantly correlated, 
while crown irregularity strongly defines tree ring irregularity and 
growth (Fig. 2, Table 2). We expected that crown and tree ring patterns 
(coefficient of variation of crown radius (cvcr) vs. tree ring width 
(cvtrw)) would be positively correlated, but overall data (bivariate 
relationship) demonstrated negative relationships (Fig. 2c), while mixed 
models identified positive relationships between cvcr and cvtrw 
(Table 2). We reasoned that defining relationships between CS and TRP 
at the individual tree level is critical (see Rm

2 vs. Rc
2) and indicates that CS 

Fig. 5. Visualizes the variations in crown shape and tree ring patterns across a density gradient: (a) variation in β-crown shape and tree ring pattern parameters; (b) 
crown slenderness ratio; (c) maximum crown radius (maxcr); (d) maximum crown radius height (hmaxcr); (e) coefficient of variation of crown radius (cvcr); (f) 
coefficient of variation of tree ring width (cvtrw). the vertical lines show a 95% confidence interval, and the solid, larger circles indicate mean values, while each 
point denotes the mean values for each tree. The p-value indicates the level of significance (adopted from the one-way anova). 
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and TRP strongly vary at the tree level. Furthermore, the slope (steep-
ness) of the same tree’s crown profile and tree ring skewness (level of 
asymmetry) are statistically correlated (Fig. 2c), indicating that a nar-
rower crown is more likely to produce asymmetric TRP. Narrower crown 
indicates that if a tree’s crown growth is getting narrower, it is a sign 
that the tree has been experiencing some sort of resource limitation, 
such as insufficient access to nutrients, water, sunlight, etc. that it 
required to grow at a consistent rate due to a high level of competition, 
resulting in an irregular pattern of growth in the tree’s rings, with some 
being wider and others being narrower. However, the level of regularity 
or irregularity could be varied between crown shapes (e.g., paraboloid, 

cone, neiloid, etc.) as well, which might strongly influence the tree ring 
growth patterns. For example, our simulation demonstrated that trees 
with paraboloid crowns (relatively regular) grow faster, which indicates 
a wider ring than conical and neiloid crowns (Fig. 3a-c). This suggests a 
strong link between crown shape and tree ring patterns and is identical 
to the prior results of Pretzsch et al. (2022). Changes in crown shapes 
indicate the loss or gain of photosynthetic areas, which strongly influ-
ence the photosynthesis rate and subsequent growth. Besides, our 
findings suggest that the variations in the crown size and shape could be 
due to growing conditions (in our case, density differences or level of 
competition) and support the hypothesis of Pretzsch et al. (2022), where 

Fig. 6. Shows the growth curve prediction as a function β-crown shape parameter (ca and cb). (a) Observed and (b) predicted tree ring inter annual variability 
prediction across density gradients, respectively. (c) The actual vs. predicted plot fortree ring width (trw). (d–e) Observed and predicted cumulative tree ring patterns 
across density gradients, respectively. (c) The actual vs. predicted plot for cumulative tree ring width (cutrw), SDI, and RMSE denote the stand density index and root 
mean square error, respectively. 

Table 3 
Details model predictions summary for cumulative tree ring width (cutrw) and tree ring with (trw). CI denotes 95% confidence interval. Where ca and cb indicate beta 
crown shape parameters, respectively.   

log(cutrw) log(trw) 

Predictors Estimates CI p Estimates CI P 

(Intercept) 96.74 26.84 – 166.64  0.01  − 158.71 − 280.32 – -37.10  0.011 
year [log] 57.97 14.53 – 101.41  0.01    
ca 54.95 0.90 – 108.99  0.05  − 189.8 − 257.32 – -122.27  <0.001 
year [log] * ca 33.83 0.24 – 67.41  0.05    
year     796.43 189.28 – 1403.58  0.01 
cb     553.99 356.53 – 751.45  <0.001 
year * ca     953.87 616.85 – 1290.89  <0.001 
year * cb     − 2774.65 − 3760.31 – -1788.99  <0.001 
Random Effects 
σ2 0.13 0.21 
τ00 0.14 tree_id 0.30 tree_id 

ICC 0.52 0.58 
N 30 tree_id 30 tree_id 

Observations 1124 1124 
Marginal R2/Conditional R2 0.534/0.774 0.339/0.724  
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the authors predicted that trees growing in open conditions may tend to 
produce a paraboloidal-shaped crown. In contrast, trees in higher 
competition conditions are likely to produce a conical to neiloid crown 
shape, while they hypothesized that four basic crown shapes can be 
observed in Norway spruce, including an irregular crown shape. How-
ever, identifying the irregular crown shape precisely is a contentious 
issue, albeit, simple to measure the degree of regularity (less or more) 
using the proxy variables of the coefficient of crown radius (cvcr) (a 
larger cvcr value indicates more irregularity). In addition to growing 
conditions (degree of competition) (Kuprevicius et al., 2013), crown 
complementarity (level of dominance), neighboring tree characteristics, 

species richness (Pretzsch and Rais, 2016; Pretzsch and Schütze, 2009), 
and largely by species identity (Pyörälä et al., 2019), might work un-
derneath to define the CS, which could potentially influence TRP. 
However, we were unable to detect how CS and TRP are changing with 
dominance and suppressed characteristics (as our dataset was only from 
even-aged stands). So, future research should focus on how crown shape 
and tree ring patterns vary across levels of dominance. 

Furthermore, our mixed models depicted that stand density index 
(SDI) had no significant influence on the link between crown shape and 
tree ring pattern metrics (Fig. 5a-c). This neutral result could be 
attributed to the simultaneous effect of competition on crowns and tree 
rings, indicating that increasing density or level of competition reduces 
crown shape and tree ring size at the same time. In contrast, SDI sepa-
rately impacts crown shape parameters (Fig. 3), indicating that higher 
density reduces the shape parameters for the crown and tree ring. Our 
randomly picked and simulated trees from four density gradient plots 
(Supplementary Fig. 1) also showed that with increasing density, crown 
shape got narrower (Supplementary Fig. 3). 

4.2. Crown shape and tree ring patterns variation across competition 
gradients 

The tree ring patterns trees formed were comparable with crown 
shape (CS) patterns across competition levels (see Fig. 4a-d). Our 
observed comparable patterns denote that tree ring patterns (TRP) 
strongly reflect sufficient information in the corresponding tree’s crown 
shape. Thinning or competition reduction had a strong impact on tree 
TRP (Donfack et al., 2022) and CS (this study), indicating that while the 
crown profile changes with spacing or density reduction, TRP also 
changes comparably (Fig. 4 and Supplementary Figs. 4 and 5). Several 
studies already confirmed that thinning caused transgressive stem 
growth patterns (Pretzsch, 2005), while here we found comparative and 
transgressive crown growth in less-dense stands than denser stands (see 
Figs. 4 and 5), compared to unthinned or highly dense stands. Further-
more, in less dense stands, β-crown shape based tree ring development 
denotes higher growth than unthinned stands, indicating that a wider 
crown and higher growth are mutually exclusive (Fig. 4e-g). Reduced 
density (through thinning or initial spacing), increased available 
growing space and resources (above and belowground), and reduced 
interspecific competition (Owen et al., 2021; Saarinen et al., 2022) 
could have promoted a larger crown. This relationship can also be 
generalized by concluding that big trees with larger crowns add more 
carbon to stems than trees with small crowns (Stephenson et al., 2014), 
although the higher growing space requirements for large trees may 
reduce the growth (Sillett et al., 2015), while thinning may sharply in-
crease the growth (Pretzsch, 2005). We, however, noticed that crown 
irregularity (coefficient of variation of crown radius, cvcr) increased 
with decreasing density, possibly due to thinning and the necessity of 
stability against winds as thinning creates space, which accelerates 
crown expansion according to available light direction, or crown sta-
bilizing mechanisms might work underneath. A few studies have already 
discussed that thinning exposed trees to wind and resulted in increased 
diameter growth as resistance mechanism (Donfack et al., 2022; 
Gardiner and Brüchert, 2006), indicating more stability in tree base. 
Similarly, we found a low coefficient of variation in tree rings (cvtrw), i. 
e., a low cvtrw value in low-density stands, denoting more regular or 
stable tree ring patterns and regularity, which may likely continue to 
crown after securing tree ring stability. As Donfack et al. (2022) pre-
dicted, crown stability (more regular patterns) can be secured once stem 
base stability is secured through carbon accumulation at the tree bases. 
Besides, crown vitality (healthiness) could also play a critical role in 
defining crown regularity level by avoiding crown damage. For 
example, Drobyshev et al. (2007) found a link between crown condition 
and tree ring size in Swedish oak (Quercus robur), noting that healthy 
crowns created a larger tree ring than deteriorated crowns. Branch 
damage leads to changes in crown structure by decreasing crown ratio 

Table 4 
Comparative results of machine learning approaches to predict internal tree ring 
patterns (coefficient of variation of tree ring patterns, cvtrw) from crown shape 
variables. KNN, RFR, SVR, and ANN indicate the k-nearest neighbor, random 
forest regressor, support vector regressor, and artificial neural network, 
respectively. RMSE, MAP, and MAPE denote root mean square errors, mean 
absolute error, and mean absolute error, respectively. See Table 1 for the full 
forms of the variables that are used for the analyses.  

Model ML 
approach 

Model Input R2 RMSE MAE MAPE 

1 KNN cr, cl, th, cvcr, cratio, 
maxcr, hmaxcr, ca, 
cb  

0.94  5.35  2.97  0.05 

SVR cr, cl, th, cvcr, cratio, 
maxcr, hmaxcr, ca, 
cb  

0.51  15.51  9.54  0.13 

RFR cr, cl, th, cvcr, cratio, 
maxcr, hmaxcr, ca, 
cb  

0.95  4.83  2.09  0.03 

ANN cr, cl, th, cvcr, cratio, 
maxcr, hmaxcr, ca, 
cb  

0.63  14.73  12.13  0.2 

2 KNN cr, th, cvcr, cratio, 
maxcr, hmaxcr, ca, 
cb  

0.95  4.97  2.92  0.05 

SVR cr, th, cvcr, cratio, 
maxcr, hmaxcr, ca, 
cb  

0.61  13.74  8.63  0.12 

RFR cr, th, cvcr, cratio, 
maxcr, hmaxcr, ca, 
cb  

0.97  4.09  2.33  0.04 

ANN cr, th, cvcr, cratio, 
maxcr, hmaxcr, ca, 
cb  

0.59  14.89  11.93  0.19 

3 KNN cr, th, cvcr, cratio, 
maxcr, ca, cb  

0.82  9.69  4.43  0.07 

SVR cr, th, cvcr, cratio, 
maxcr, ca, cb  

0.49  16.85  11.87  0.17 

RFR cr, th, cvcr, cratio, 
maxcr, ca, cb  

0.9  6.8  3.84  0.06 

ANN cr, th, cvcr, cratio, 
maxcr, ca, cb  

0.62  15.15  12.21  0.21 

4 KNN cr, th, cvcr, cratio, 
maxcr, ca  

0.82  9.61  4.45  0.07 

SVR cr, th, cvcr, cratio, 
maxcr, ca  

0.5  16.78  11.55  0.16 

RFR cr, th, cvcr, cratio, 
maxcr, ca  

0.9  6.69  3.76  0.06 

ANN cr, th, cvcr, cratio, 
maxcr, ca  

0.62  15.24  12.5  0.21 

5 KNN cr, cvcr, cratio, 
maxcr, ca  

0.63  13.16  8.93  0.12 

SVR cr, cvcr, cratio, 
maxcr, ca  

0.5  16.78  11.55  0.16 

RFR cr, cvcr, cratio, 
maxcr, ca  

0.65  12.27  8.2  0.12 

ANN cr, cvcr, cratio, 
maxcr, ca  

0.63  14.18  11.24  0.18 

6 KNN cvcr, maxcr, ca  0.57  14.33  10.52  0.15 
SVR cvcr, maxcr, ca  0.16  22.37  15.59  0.2 
RFR cvcr, maxcr, ca  0.65  12.27  8.2  0.12 
ANN cvcr, maxcr, ca  0.62  14.93  11.86  0.19  
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(Mäkelä and Valentine, 2006), which could also produce irregular 
crowns. In addition, crown damage reduces photosynthesis capability 
and increases tree mortality, which thereafter effects growth and carbon 
cycling (McDowell et al., 2008; Needham et al., 2022). Thus, we expect 
crown damage or loss might affect crown shape and tree ring patterns in 
low-density stands. By contrast, higher irregularity in tree rings in dense 
or unthinned stands could also be explained by stronger competition for 
resources, a lower stability requirement, or both. 

Furthermore, we observed through the β-distributions that an 
unthinned stand produced a lower-reaching crown, while a thinned 
stand produced a more upper-shifted crown profile (Fig. 4e), indicating 
crown volume shifted to a lower crown with increasing density. Simi-
larly, Barbeito et al. (2017) found that crown volume for F. sylvatica in 
mixed stands shifted to a lower crown part (i.e., lower-reaching) 

compared with pure stands. Such results denote mixing and stand den-
sity had a significant impact on crown expansion, though the relation-
ship between crown shape and tree ring patterns in mixed stands 
remains unknown. Besides, CS and TRP showed comparable patterns, 
resulting in less dense stands producing more upward-dispersed cumu-
lated tree rings (a higher vegetation period) compared to tree rings in an 
unthinned stand (growth terminating at a later stage) (Fig. 4f–g), indi-
cating neighboring competition plays a critical role in defining CS and 
TRP metrics and growth. Furthermore, promoting crown development 
through thinning may promote a more complex crown shape and growth 
functions (Deleuze et al., 1996), which could have also increased the 
tree ring irregularity in less dense stands. Therefore, it may be worth-
while to mention that with a variety of silvicultural practices, this 
connection and variations in crown can critically alter growth trends 

Fig. 7. Visualizing and comparing the first (Model 1) and second (Model 2) best-fitting machine learning models KNN, RFR, SVR, and ANN indicate k-nearest 
neighbor, random forest regressor, support vector regressor, and artificial neural network, respectively. The rest of the models are presented in Supplementary Fig. 7. 
cvtrw is the coefficient of variation of tree ring width in percentage. Test size is the number of simulated data used for testing (in this case, 66 samples). 

S. Ahmed and H. Pretzsch                                                                                                                                                                                                                    



Ecological Indicators 148 (2023) 110116

11

(Martin-Ducup et al. (2020); and see Fig. 4). 

4.3. Growth curve development from crown shape across competition 
gradients 

Growth prediction can improve the understanding of ecophysiolog-
ical and statistical modeling (Mäkelä and Valentine, 2006). Overall, this 
understanding may help to manage forests sustainably in an improved 
way (Pretzsch et al., 2022). Prior and conventional growth prediction 
approaches were based on tree age and total mass (discussed in Pretzsch 
(2021b)), while growth prediction from the crown is rarely focused. 
However, adding crown variables (e.g., crown projection area) to the 
growth model improves the models (discussed in the introduction sec-
tion). To combine and understand ecophysiological and statistical 
models, we predict growth patterns based solely on crown shape, 
explaining statistical metrics (here, β-shape parameters) that resulted in 
comparable growth patterns across density gradients (Table 2; compare 
Fig. 6a-b and d-e). To simplify the model, we initially included all sig-
nificant crown variables (Eqns. 2), which produced roughly identical 
models to the observed models; thus, the exclusion of other variables 
was done. Our model predictions are significant and highly accurate (see 
RMSE) (Fig. 6c and f), and the inclusion of second β-crown shape 
parameter (cb) in the model increased the accuracy level when pre-
dicting raw tree ring widths by 23% (Fig. 6f). Indicating the shape 
parameter can explain sufficient information about growth traits (cur-
rent and future growth). This result suggests that in addition to the 
growth curve prediction, we can also predict inter-annual variability 
from the crown shape. However, by covering more crown shapes from 
diverse stands, we may get better information. Therefore, more study is 
required to examine the statistical links between internal and external 
variables. In order to better comprehend the growth model, we need 
critical evaluation to understand the mathematical crown shape, its 
variations, and how changes in the crown shape affect tree ring patterns 
and growth. In addition to simple approaches, prior research in quan-
titative understanding of the relationships between crown structure and 
growth, i.e., Pretzsch et al. (2022), assumed these relationships could be 
quantified with advanced methods such as machine learning (ML). We 
applied ML techniques to predict tree ring patterns based on crown 
shape variables. The random forest regressor (RFR) approach performed 
the best among the four ML techniques we used, explaining about 97% 
of the diverse associations between crown shape and tree ring pattern 
variables (Table 4, Model 2). These findings suggest that RFR and KNN 
(k-nearest neighbors) ML approaches are effective in predicting tree ring 
patterns (see Table 4 and Fig. 7) and may be useful for further study. In 
terms of accuracy, linear mixed models outperformed ML approaches 
(compare the RMSE values: mixed model RMSE of 3.8% and the lowest 
RMSE for RFR of 4.09) while comparing Table 4 and Fig. 4. While data 
augmentation using the mean and standard deviation could lessen the 
uncertainties, ML techniques might benefit from augmented datasets 
(330) than a linear mixed modeling approach (which employed only 
30). However, our study was limited by a small dataset of only 30 trees, 
so a larger and more robust dataset is recommended for future appli-
cations. Despite this limitation, our findings suggest that ML approaches 
can be a valuable tool in advancing the study of tree ring patterns and 
crown shape relationships. It has the potential to provide new insights 
and help us better understand the complex processes that drive tree 
growth and development. As such, it has the potential to inform con-
servation and management efforts aimed at protecting and promoting 
the health of forests and ecosystems through ecological modeling and 
tree health analysis. 

5. Conclusions 

Our study found a strong relationship between crown shape and tree 
ring patterns. Changes in crown shape can affect tree growth and the 
patterns of tree rings. We observed that the slopes and volume 

distribution of the crown have a significant impact on tree ring patterns, 
e.g., with upward-reaching crowns having higher growth and larger 
rings. We also found that stand density or level of competition can 
simultaneously impact crown and tree ring growth, with density 
reduction improving both. Therefore, this study provides the basis for 
understanding how density (increasing or decreasing) affects the 3D 
structure of trees, followed by the internal growth patterns. Several 
approaches, ranging from simple to advanced, can be used to quanti-
tatively account for the relationships between crown shape and tree ring 
patterns. For example, machine learning (ML) approaches can be used to 
predict internal ring patterns from external shape patterns along with 
simple linear models. Our methodological study only evaluated a 
limited dataset, so further research is needed to understand the rela-
tionship between CS and TRP in different species. A larger dataset and 
the use of ML techniques may provide additional insights into these 
relationships. Our finding suggests that quantifying the shape of a tree’s 
crown and tree ring patterns is critical for advancing ecological 
modeling and improving our understanding of the tree’s growth effi-
ciency, as well as potentially improving silvicultural prescriptions. 
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condition poorly contributes to ring width variations of beech trees in French ICP 
level I network. For. Ecol. Manage. 465, 118071. 

West, G.B., Enquist, B.J., Brown, J.H., 2009. A general quantitative theory of forest 
structure and dynamics. Proc. Natl. Acad. Sci. 106, 7040–7045. 

Wright, S.J., Bunker, D., Dalling, J., Davies, S., Díaz, S., Engelbrecht, B., Harms, K., 
Kitajima, K., Kraft, N., Marks, C., 2006. Towards a functional trait based research 
program within the Center for Tropical Forest Science. The Center for Tropical Forest 
Science. 

Xue, L., Feng, H.-F., Chen, F.-X., 2010. Time-trajectory of mean component weight and 
density in self-thinning Pinus densiflora stands. Eur. J. For. Res. 129, 1027–1035. 

Yen, T.-M., 2015. Relationships of Chamaecyparis formosensis crown shape and 
parameters with thinning intensity and age. Ann. For. Res. 58, 323–332. 

S. Ahmed and H. Pretzsch                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1470-160X(23)00258-3/h0345
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0345
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0345
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0350
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0350
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0350
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0355
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0355
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0355
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0360
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0360
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0360
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0360
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0360
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0365
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0365
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0365
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0370
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0370
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0370
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0375
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0375
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0380
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0380
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0385
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0385
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0385
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0390
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0390
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0390
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0400
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0400
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0400
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0405
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0405
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0410
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0410
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0410
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0410
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0415
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0415
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0415
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0420
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0420
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0425
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0425
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0425
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0430
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0430
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0430
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0435
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0435
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0435
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0440
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0440
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0440
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0440
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0445
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0445
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0445
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0450
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0450
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0455
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0455
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0455
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0455
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0460
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0460
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0465
http://refhub.elsevier.com/S1470-160X(23)00258-3/h0465

	TLidar-based crown shape indicates tree ring pattern in Norway spruce (Picea abies (L.) H. Karst) trees across competition  ...
	1 Introduction
	2 Methods
	2.1 Study site description
	2.2 Terrestrial laser scanning data acquisition and crown shape characterization
	2.3 Increment coring to characterize tree ring patterns
	2.4 Statistical analyses

	3 Results
	3.1 Relationships between crown shapes and tree ring patterns (HⅠ)
	3.2 Variation in crown shape and tree ring patterns across competition gradients (HⅡ)
	3.3 Growth curve prediction from crown shape (HIII)

	4 Discussion
	4.1 Link between crown shape and tree ring patterns across competition gradients
	4.2 Crown shape and tree ring patterns variation across competition gradients
	4.3 Growth curve development from crown shape across competition gradients

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Funding
	Appendix A Supplementary data
	References


