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Abstract

Key message Structural characteristics of tree crowns obtained by TLidar scanning can be used for estimating the
course of the stem diameter growth in the past.

Abstract To improve human well-being through sustainable management of ecosystems, particular attention is given to the
structures, functions, and services of forest trees and stands. The classical timber provision has become only one of many
other forest ecosystem services. At the same time, the methods of ecosystem observation, analysis, and modelling have
enormously improved. Here, we fathomed the information potential of the tree crown structure. Our overarching hypothesis
was that the crown structure reflects essential characteristics of the tree ring pattern. The empirical part of this study was
based on sample trees from the combined spacing-thinning trial in Norway spruce (Picea abies [L.] Karst.) Fiirstenfeldbruck
612 in Southern Germany. First, we showed that the external characteristics of tree crowns and the internal stem structure
are functionally linked. Second, we derived metrics for the tree ring pattern and crown shape, and found especially close
relationships between the level and bending of the growth curve and the size and stereometric shape of the crown. Third, we
investigated how the derived statistical relationships between tree ring pattern and crown structure can be applied to derive
the course of tree growth from the crown structure. We showed how measures such as size and variability of the crown could
be used to estimate the course of diameter growth. Finally, we showed that the revealed link could be used to assess past and
future growth and life expectancy of trees. These findings can be used to monitor the stress defence potential, resistance,
and resilience of trees.

Keywords Metrics for tree crown structure - Past stem diameter growth - Linking crown structure with stem growth - Top-
heaviness of tree crowns - Subsiding stem growth - TLidar

Introduction

The structures, functions, and services of forest trees and
stands are getting more particularised attention. They are
essential for improving human well-being by a more sus-
tainable management of ecosystems. The classical timber
or biomass provision has become only one amongst many
other providing, regulating, cultural, or supporting forest
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ecosystem services (Burkhard et al. 2010; De Groot et al.
2010). At the same time, the methods of ecosystem observa-
tion, analysis, and modelling, which are the precondition for
forestry value creation, have enormously improved (Bravo
et al. 2019; de Araujo Barbosa et al. 2015; Romijn et al.
2015). Classical methods of crown structure measurement
were destructive and very laborious. For this purpose, the
trees were felled, dissected, and re-erected in sections to
measure the position, length, and angle of the branches of
the section in an upright position (Seifert 2003).

However, technical advances, such as remote sensing of
trees using TLidar, now allow fast, non-destructive, accurate,
and detailed measurements of the crown structure (Jacobs
et al. 2021; Uzquiano et al. 2021; Cattaneo et al. 2020; Bar-
beito et al. 2017; Liu et al. 2017; Bayer et al. 2013). So far,
detailed remote-sensing measurements of the present crown

@ Springer


http://orcid.org/0000-0002-4958-1868
http://orcid.org/0000-0003-2482-7195
http://orcid.org/0000-0002-2906-8661
http://orcid.org/0000-0003-2424-7705
http://orcid.org/0000-0002-4982-8867
http://crossmark.crossref.org/dialog/?doi=10.1007/s00468-022-02297-x&domain=pdf

1350

Trees (2022) 36:1349-1367

structure have hardly been used to infer the past course of
stem growth (but see Maltamo et al. 2022).

Similar to the tree ring pattern, the crown structure (e.g.,
whorl frequency, branch length, crown profile) contains
information about the tree’s development in the past (Old-
eman 1990; Assmann 1970, pp 87-88; Pretzsch 2021a).
Certainly, crown shapes are species-specific (Pretzsch et al.
2015); however, wide and long crowns with paraboloidal
shapes may have been associated with open growth in the
past. This may go along with continuously and sigmoi-
dally increasing stem diameter growth with increasing age.
Layered crowns, structured in tiers, may indicate repeated
periods of suppression, whereas, within the stem, the nor-
mally sigmoidal course of diameter growth is interrupted
by periods of low growth (Oliver and Larson 1996). The
relationship between crown structure and past external influ-
ences has already been used to characterise the competitive
constellation (Assmann 1970, pp 87-88), and social class
(Kraft 1884) of trees, browsing (Kupferschmid et al. 2013),
groundwater lowering (Pretzsch and Kolbel 1988), N-dep-
osition and fertilisation (Pretzsch 1985), acid rain (Roloff
2001; Oldeman 1990), and climate change-induced growth
trends (Rohle 1987).

Figure 1 visualises how the crown shape may be related
to the tree ring pattern of Norway spruce (Picea abies [L.]
Karst.). A tree ring pattern with (a) regular wide rings may
result in a uniform crown shape, whereas (b) an irregu-
lar crown profile may reflect irregular ring width. Stem
growth courses (c¢) with wide rings in the juvenile phase
and then continuously decreasing ring width can result
in a paraboloidal crown shape well known from open-
grown trees. Trees that initially exhibit low growth and

(b)

Fig. 1 Hypothesis on the relationship between tree ring development
of the stem at 1.30 m (below) and crown structure (above) of Norway
spruce visualised by four basic patterns. Depending on whether the
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later accelerated growth may develop a neiloidal crown
shape (Fig. 1d). These are four basic relationships in a
continuum of various interrelations between tree ring and
crown patterns, determined mainly by internal genetical
traits and external environmental factors.

Some stand models that derived the stand growth
from the three-dimensional development of individual
trees (Mitchell 1975, p. 7 and p. 19, Pfreundt 1988, p.
15) established a link between stem growth and crown
expansion. They used the predicted crown, tree, and stand
structure to model stand structure, light absorption, and
tree growth. Thus, those models also suppose a close link
between stem and crown growth. However, they used it
for 3D simulation, while in this study, we tried to harness
it to deduce internal stem properties from external crown
characteristics.

Our overarching hypothesis was that the external charac-
teristics of tree crowns and the internal stem structure are
functionally linked and that statistical relationships reflect
this. The crown structure reflects essential attributes of the
tree ring pattern. The hypotheses in detail are:

H I: Crown shape and tree ring pattern can be linked and
modelled by a set of general allometric relationships.

H II: Metrics of crown structure and metrics of tree ring
patterns are statistically correlated.

H III: The course of stem growth can be deduced from the
crown characteristics measured by TLidar scanning.

Finally, we show that the revealed link between external
characteristics of tree crowns and the internal stem structure
can be used to assess past and future tree growth and life
expectancy, as well as stability and other aspects of wood
quality. Furthermore, we argue that these findings can be

(c)

tree ring width is a steady or regular, b irregular, ¢ decreasing, or d
increasing with progressing tree age, the crown shapes may be regu-
lar, irregular, paraboidal, or neiloidal, respectively
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used to monitor trees' stress defence potential, resistance,
and resilience.

Materials and methods

Rationale for the combination of simulation
approach and empirical proof of concept

We combined a simulation with an empirical modelling
approach to gain insights into the relationships between
crown structure and tree ring pattern. We started with a
simulation study based on simplified allometric relationships
between crown structure and stem growth. We used a set of
stem growth curves and simple allometric relationships for
simulation of crown development and explored the relation-
ships between stem growth and simulated crown structure.
A collection of metrics was used to characterise both crown
structure and course of stem growth. The statistical analyses
revealed a close link between size and the shape of the upper
crown part and the tree ring pattern.

Based on the insights of the simulation study, we analo-
gously characterised the crowns and tree ring patterns of
measured sample trees. We further analysed the statistical
relationships between the external and internal structural
aspects. The resulting functions allowed the estimation of
tree growth based on selected crown traits. For the study,
we extensively measured the crowns of 78 mature Norway
spruce sample trees by TLidar and analysed their stem
growth based on increment cores. To cover a broad range
of crown sizes and shapes, we used the long-term spacing
and thinning experiment Fiirstenfeldbruck 612 (FFB 612),
introduced in the following section. The trial was 47 years
old, while the 78 selected N. spruce trees were 4 years older,
i.e., 51 years old, at the sampling time. A sampling of cores
(“Increment coring and tree ring analyses”) and TLidar
scanning of all crowns (“TLidar scanning and information
extraction”) resulted in a dataset with a high potential for
information on crown-stem relationships. Due to the sub-
stantial variation in initial spacing and thinning, the included
trees represented a broad spectrum of crown shapes and
courses of stem diameter growth, reaching from develop-
ment under solitary conditions to maximum stand density.

Simulation study

We started with a simulation study based on 100 generated
stem growth curves to fathom the principal relationship
between stem growth and crown structure. The stem growth
curves and three basic allometric relationships were used
to simulate the crown development over 50 years. A set of
metrics characterised the stem growth curves and the simu-
lated crowns; the correlations between these sets of metrics

revealed insights into the links between growth and struc-
ture, valid for the subsequent empirical study.

To implement this approach, we first derived an allomet-
ric relationship based on the tree data from FFB 612. In
detail, we parameterised allometric functions for estimat-
ing tree height, i, height to the crown base, hcb, and crown
radius, crad, depending on stem diameter and tree age. All
three relationships were modelled by the double-logarithmic
relationship between crown characteristics, stem diameter, d,
and tree age, age. The models were fitted to the data avail-
able from the repeated surveys of the long-term experiment,
FFB 612 (see “Empirical study”),

In(h) = ay, + a, X In(d) + a, X In(age) + a; X In(d) X In(age)

(H
In(heb) = ay + a; X In(d) + a, X In(age) + a5 X In(d) X In(age)
2
In(crad) = a, + a; X In(d) + a, X In(age) + a; X In(d) X In(age)
3

Second, we generated the stem growth patterns of 100
trees (Supplementary Fig. 1) within the size and param-
eter range of the 78 sample trees from FFB 612. The
generation was based on diameter values for ages 10, 25,
and 50 (d,,, d,s, dsg). We fitted a simple curve of the type
In(y) = ay + a; X In(d) + a, X In(age) + a; X In(d) X In(age) to those
values and received the model curves shown in Supplemen-
tary Fig. 1. Based on the 5-year-diameter increment derived
from these curves and the models 1-3, we estimated the
three-dimensional extension of the crown, as exemplified
in Fig. 2. The crown shapes resulting from 50 years simula-
tion runs were characterised using the metrics introduced
in “From measurement to metrics”. Pearson correlations

Stem diameter [cm] Tree height [m]

model example th =0.16
50 sdcrad=0.38
30—
40- \
30 \
20— \\\\
20 \\\l
10— '
10+ —\ oo
dc =50.0
rdmdc = 0.25
0 cvid =0.66 0
0 10 20 30 40 50
Tree age [years]
(a) (b)

Fig.2 Example of using the stem diameter growth of a 50-years-old
tree (a) to simulate its crown structure development (b). The crown
structure was simulated in 5 years steps using basic allometric func-
tions (models 1-3)

@ Springer
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between stem growth and crown shape metrics provided
insights into the relationship between stem and crown
dynamics.

Figure 2 visualises the relationship between the stem
diameter growth of a tree (Fig. 2a) and the resulting crown
structure (Fig. 2b). Both the stem diameter growth and
crown development are shown in 5 years steps. The crown
structure was derived from models 1-3. To better represent
the development of the crown shape, the crown radius in
Fig. 2 and the crown diagrams were doubled compared to the
actual lateral crown extension. The tree’s age significantly
contributed to the prediction of tree height, height to crown
base and crown radius (models 1-3). This coincides with
the other studies suggesting age as an additional predictor
for stem and crown size development (Genet et al. 2011).

Empirical study

Combined spacing-thinning trial in Norway spruce
in Fiirstenfeldbruck 612 as an empirical basis

The experiment FFB 612 belongs to a series of long-term
experiments initiated by the International Union of Forest
Research Organizations (IUFRO) across Europe (Krutzsch
1974). Here, we report only the essential characteristics of
FFB 612; for further information, see Schmied et al. (2022)
or Pretzsch (2006). FFB 612 was established in 1974 with
4-years-old saplings. The experiment is located 40 km west
of Munich, Bavaria, Germany, at 11.05°E longitude and
48.14°N latitude at an elevation of 550 m a.s.l. Over the
past 30 years (1991-2020), the mean annual temperature
was 8.8 °C (14.7 °C in the growing season), and the annual
precipitation was 932 mm (575 mm in the growing season).
The stand stocks on Lessivé soils on a Loess substrate. The
growing conditions for N. spruce are excellent, represented
by dominant heights at age 100 above 40 m (Assmann and
Franz 1963). The experimental plots include 21 plots with
different initial density and spacing (1 m X 1 m, 1.25 m X
2m, 1.6 mx2.5m,2.5mX4m,5m X5 m) and thinning
regimes (no thinning, moderate, strong, and very strong
thinning). To cover trees with a broad range of competitive
status at present and development in the past, we sampled
systematically 78 trees. We tested trees from unthinned
and thinned plots at three different initial spacing levels
25mx1.6 m;4 mx2.5m; 5 mx5 m; see Table 1). The
trees were equally distributed over plots with three initial
densities (2.5 mXx 1.6 m; 4 mXx2.5 m; 5 mXx5 m) and two
thinning modes (unthinned, thinned).

Increment coring and tree ring analyses

For this study, we sampled 78 N. spruce trees in Decem-
ber 2020, using a 5 mm increment borer (HAGLOF, Sweden).

@ Springer

Table 1 Characteristics of the 78 sample trees analysed on the com-
bined spacing-thinning trial Fiirstenfeldbruck 612, surveyed in
autumn 2020. The trees were equally distributed over plots with three
initial densities (2.5 mXx 1.6 m; 4 mX2.5 m; 5 m X5 m) and two thin-
ning modes (unthinned, thinned)

Variable Unit Mean Sd. dev Min Max
d cm 32.7 10.3 14.0 55.7
m 25.8 2.9 19.6 31.2
cl m 13.3 5.8 3.8 27.6
cd m 44 0.8 2.7 5.9
Initialarea ~ m? 8.6 7.5 4.0 25.0
SDI ha™! 8120  373.0 2260  1644.0
idmean mm year™! 7.3 2.5 2.5 13.0

d Stem diameter, A tree height, ¢/ crown length, cd crown diameter,
initialarea initial growing area, SDI stand density index at the last
survey, and idmean mean annual diameter increment

Each tree was cored twice at breast height (dbh, 1.3 m) from
the northern and eastern cardinal direction to minimise influ-
ences of reaction wood. Overall, 156 cores were extracted
and subsequently air-dried, glued onto a wooden slide, and
sanded with increasingly finer grit sandpaper (120—400 grit).
Standard dendrochronological techniques were applied to
obtain annual ring widths (Speer 2010). We used the LiNTAB
series 5 measuring table and the software Tsap-WiN (both
from RinnTECH Heidelberg, Germany) to measure tree rings
to the nearest of 0.01 mm. We relied on pointer years with
distinctive narrow or wide rings common to most tree rings
(Schweingruber et al. 1990) to check for cross-dating accu-
racy (Stokes and Smiley 1996). The drought years 2003,
2015, and 2018 were particularly helpful, as the trees
developed exceedingly narrow growth rings in these years.
After measuring, cross-dating accuracy was verified statis-
tically. This involved detrending all tree-ring series with a
30 years spline to remove low-frequency variance, and then
averaging them to a master dating series. Subsequently, all
detrended series were individually tested against the mas-
ter series while removing the component associated with
the series under consideration. The series was split into
small segments and correlated with the corresponding seg-
ments of the master series. By shifting the segments of the
respective series in different directions, potentially better fits
characterised by higher correlations could be determined,
thus revealing potential measurement errors. The statistical
cross-dating was performed using the programme COFECHA
(Holmes 1983).

All trees had the same age (51 years at the end of 2020).
However, due to the different initial spacing (4-25.0 m?
growing area per plant), thinning, and resulting local stand
density (2261644 trees ha™!), the stem and crown sizes var-
ied considerably (Table 1). The stem diameter, for example,
ranged between 14.0 and 55.7 cm, and the crown diameter
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was between 2.7 and 5.9 m. The mean annual diameter
growth varied between 2.5 and 13.0 mm year™'. Table 1
shows that our sample also covered a broad range of different
courses of diameter growth. The wide variation of internal
stem growth and external crown size was a precondition for
analysing the relationship between these two aspects of tree
growth and structure.

Figure 3 shows the substantial variation of different levels
and shapes of the stem diameter development (a) and annual
stem growth (b) on FFB 612. Furthermore, our sample com-
prised trees that grew permanently slow or fast, i.e., those
that always stayed at the lower or upper border of the set of
curves. In addition, trees that changed their growth pattern
from slow to fast-growing or the other way round were also
present in our dataset.

TLidar scanning and information extraction

The RIEGL VZ-400i (RIEGL 2019) laser measurement sys-
tem was used with a laser pulse repetition rate of 1200 kHz.
We set the horizontal angular resolution to 0.04°, which,
in our practical experience, achieved a reasonable trade-off
between scan-time (45 s per scan) and the risk of distur-
bances due to tree movement caused by wind. One hori-
zontal 360° scan was performed for each scan position with
a 100° vertical field of view. For the scanning campaign,
multiple scans were taken consecutively around the plots
in the form of a grid with a repeated pattern of one scan
approximately every 7 m.

The automatic registration, filtering, and multi-station
adjustment (MSA) used to refine the overall registration was
performed using the RISCAN PRO version 2.10.1 software
(http://www.riegl.com/products/software-packages/riscan-
pro/). The point cloud was reduced using an octree to enable

Stem diameter [mm]

6007 FFB 612
400+
200
0_ T . T T T T
1980 1990 2000 2010 2020
(a) Calendar year

Fig.3 Stem diameter development and annual stem diameter growth
of the 78 trees of the combined spacing-thinning trial Fiirstenfeld-
bruck 612. a Development of the stem diameter until 2020 (year of

fast point-cloud processing without accuracy loss (Elseberg
et al. 2013). After tree detection, the isolation of each tree
was performed using a preprocessing algorithm in R (R Core
Team 2021), which is based on the density-based spatial
clustering algorithm with noise (dbscan) function (Ester
et al. 1996), obtained from the dbscan package (Hahsler
and Piekenbrock 2019). Multiple scanning positions provide
many distributed point clouds with low overlapping from
different viewing angles. By applying dbscan, the entire
point cloud was classified into clusters. Each cluster was
individually queried, which stem base cluster was closest
in the distance and whether this distance was close enough
to be classified as associated points (see, e.g., Jacobs et al.
(2020, 2021, 2022), Uzquiano et al. (2021), and Alvites et al.
(2021) for previous uses of this function for tree detection
and isolation). After this step, each tree was visually checked
for completeness. If necessary, unrecognised tree parts were
added manually, and artefacts that appeared to be unrelated
to our target trees were removed using the software RiISCAN
PRO.

The total tree height was calculated by subtracting the
isolated tree’s Z-axis minimum and maximum points. The
point cloud was used to acquire the crown bases to determine
the crown length. After that, the crowns were separated into
5 cm height classes, and each height class was subdivided
into polar coordinate categories to calculate various crown
expansion metrics visualised in Supplementary Fig. 2. Of
particular interest were amongst others the maximum crown
expansion and the respective height, the crown diameters
in different heights, and the stem shape and stem diameters
in different tree heights. An algorithm based on the dbscan
function (Ester et al. 1996) isolated the stem. Therefore,
measuring the basal area at crown base height was also pos-
sible. The stem of the specific height class was used as the

Annual stem diameter growth [mm year™']
o0 FFB 612

2010 2020
Calendar year

1990 2000

1980

(b)

the increment coring). b Annual stem diameter growth until 2020.
Note that in a few cases, the coring did not access the pith (see curves
starting between 1990 and 2000)
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centre for calculating the maximum extent of the crown.
Distances were computed using the point distance functions
from the VoxR package (Lecigne et al. 2014).

From measurement to metrics

Metrics for characterising the course of stem growth We
used a set of measures and metrics to analyse the relation-
ship between the present crown structure and the present
and past stem growth in terms of the tree ring pattern. The
following six variables characterised the course of the stem
diameter growth.

dc represents the current stem diameter.

dm is the tree’s stem diameter at half of its present age.

rdmdc is the ratio rdmdc = dm/dc and reflects
whether the diameter increased proportionally with age

Table 2 Overview of the applied metrics to characterise the course of
stem diameter growth of the 78 sample trees analysed on the com-
bined spacing-thinning trial Fiirstenfeldbruck 612

Variable Unit Mean Sd. dev Min Max

dc cm 32.80 10.30 14.00 55.70
dm cm 23.80 70.40 12.60 49.80
rdmdc - 0.74 0.09 0.53 0.94
meanid mm year™! 7.30 2.50 2.50 13.0

sdid mm year™! 3.80 1.00 2.10 6.80
cvid - 0.57 0.24 0.28 1.29

dc Current stem diameter, dm stem diameter at half of the present tree
age, dm and dc, rdmdc the ratio between, meanid mean annual stem
diameter increment, sdid standard deviation and cvid coefficient of
variation of the mean stem diameter increment

Stem diameter [mm)]

rdmdc of trees no. 19/10, 21/8, 13/13
400
200 0 T Attt
— rdmdc = 0.53
-- rdmdc=0.74
0 -+ rdmdc = 0.85
1980 1990 2000 2010 2020
(a) Calendar year

Fig.4 Visualisation of the metrics a ratio of diameter development
at half of the present tree age and current tree diameter, rdmdc, and
b coefficient of variation of the annual diameter growth, cvid, for
characterising the course of the stem diameter development of three
selected Norway spruces (solid line: plot 19/tree number 10, dashed

@ Springer

(rdmdc =0.5), more slowly and delayed (rdmdc <0.5), or
fast and overproportionally (rdmdc > 0.5).

meanid represents the mean diameter growth rate and is
the ratio between current stem diameter and current age;
meanid = dc/age.

sdid based on the annual tree diameter growth, we calcu-
lated the standard deviation (sd) as a measure of the smooth-
ness of the growth course.

cvid denotes the coefficient of variation of the annual
diameter growth and represents a standardised measure of
the smoothness or oscillation of the diameter development.

Table 2 shows the stem growth characteristics of the 78
sample trees. All measures vary broadly due to the site’s
different spacing and thinning strategies.

Figure 4 shows the metrics rdmdc and cvid for char-
acterising the course of the stem diameter development
using three selected Norway spruces (plot 19/tree number
10, plot 21/tree number 8, and plot 13/tree number 13) as
an example. Their rdmdc values indicate a nearly propor-
tional (rdmdc = 0.5), overproportional (rdmdc = 0.74),
and strongly overproportional (rdmdc = 0.85) diameter
development at half of the present tree age. The coefficient
of variation of the annual stem diameter growth, cvid, was
low (cvid = 0.28) in the case of the tree no. 19/10, average
(cvid = 0.64) for tree no. 21/8, and high (cvid = 0.90) in the
case of tree no. 13/13.

Metrics for crown structure The TLidar-based measure-
ments of the crowns provided the following stem and crown
measures:

h, heb, and cl tree height, &, the height of the crown base,
hcb, and crown length, cl, as determined by cl = & — hcb.

Annual stem diameter growth [mm year™]

20 cvid of trees no. 19/10, 21/8, 13/13
! ’ \\
15
10
5_ ... e
—cvid=028-" - v, \,
- - cvid = 0.64 Lot
0 cvid=0.90
T T T T T
1980 1990 2000 2010 2020
(b) Calendar year

line: plot 21/tree number 8, and dotted line: plot 13/tree number 13)
on the combing spacing and thinning trial Fiirstenfeldbruck 612.
Shown is the development of (a) the stem diameter and (b) the annual
stem diameter growth over age. The vertical line represents half of
the present tree age
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The height of the crown base, hcb, was defined as the stem
height of the starting point of the lowest primary branch.
The lowest primary branch was manually determined in the
point clouds by selecting the first branch without needles.

dcb stem diameter at the height of the crown base.

maxcrad and hmaxcrad maximum crown radius, max-
crad, and height of the maximum crown radius, hmaxcrad.
For quantification, the crown was divided into 5 cm height
classes; the points in each height class were split into 12
polar coordinate categories to detect the widest crown exten-
sion. This resulted in crown radii for all height classes and
polar coordinate directions. The largest crown radius was
chosen as maxcrad, and the mean height of the respective
calls was hmaxcrad.

th top-heaviness, ratio between the maxcrad value and the
distance between the position of the maxcrad and the tip of
the tree (h — hmaxcrad).

cratio crown ratio, the ratio between the length of the
crown and the tree height.

medium high

AAD
TT

(a) maximum crown radius, maxcrad

—([>

low medium high

P

(c) crown ratio, cr

Fig.5 Visualisation of selected metrics extracted from the crown
TLidar scans for characterisation of the crown structure. For the met-
rics @ maximum crown radius, b crown top-heaviness, ¢ crown ratio,

sdcrad and cvcrad represent the standard deviation and
coefficient of variation of the maximum crown radii in the
5 cm height classes along the stem axis.

Figure 5 shows selected crown metrics and how they
reflect the crown structure. The metrics of maximum
crown radius, crown top-heaviness, crown ratio, and stand-
ard deviation of crown radius were especially suitable for
estimating the stem growth curve. The corresponding fig-
ure shows crowns with low, medium, and high values (left
to right) for these four metrics. Here we report only the
crown metrics we finally used for the evaluation, plus a
few more to show the extraction of variables from TLidar
crown scans. Indeed, the derived metrics of the different
shaped crowns, scanned with TLidar, were more specific
than the corresponding metrics used for the simplified con-
centric crowns of the simulation study.

medium high

P9y

(b) top-heaviness, th

medium high

194

(d) standard deviation crown radius, sdcrad

and d standard deviation of crown radius. Presented are crowns with
low, medium, and high values
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Statistical evaluation and models

The pairwise correlation analyses between the metrics for
stem growth and crown structure showed that the maximum
crown radius, top-heaviness, crown ratio, and standard devi-
ation of the crown radii along the crown firmly determined
the course of stem growth. Therefore, we fitted models of
the type In(y) = a + a; X In(x,) + a, X In(x, ) to the data of
the measured 78 trees. In detail, we parameterised

In(d) = a, + a, X In(maxcrad) + a, X In(h) 4)
In(rdmdc) = g, + a, X In(th) + a, X In(cratio) )
In(cvid) = ay + a; X In(sdcrad) + a, X In(th) 6)

The TLidar scanning and subsequent point-cloud analy-
sis yielded crown metrics and their relationship with stem
growth metrics. The stem growth may be estimated as
follows:

(i) The models 4-6 enabled the estimation of the vari-
ables d, rdmdc, and cvid, which were used to describe the
individual tree’s stem diameter growth. For this purpose,
we assumed that the curve has its origin at breast height age
zero and diameter zero (0, 0), that the curve passes through
dm = rdmdc x dc at age/2 (age/2, dm), and through present
age and diameter (age, dc).

(i) We fitted the standard stem diameter growth model
In(d) = ay + a, X In(age) + a, X (ln(age))2 to the three points
and arrived at a smooth diameter growth curve. The coef-
ficients a,, a;, and a, can be derived from the value pairs (0,
0), (age/2, dm), and (age, dc).

(iii) The first derivation of the latter function, i.e., the
diameter growth, is.

id = exp(a, + a; X In(age) + a, X (ln(age))2
X (a;/age + (2 X a, X In(age))/age)

To add random variation accounting for growth
oscillation, the smooth curve was furthermore su-

perimposed by a variation estimated via model 6.
(vi) By accumulating and numerically integrating
id + standard deviation, we obtained a first estimation and

reconstruction of the course of stem growth based on the
TLidar scans of the crown structure.

Finally, the empirical study provided equations and
an algorithm to derive the stem growth curve of an
individual tree based on its specific crown character-
istics. All fitted models were subjected to the usual
visual residual diagnostics. The residuals were plotted
against the fitted values for all models to check for var-
iance homogeneity. Likewise, the normality of errors
was verified using quantile—quantile diagrams (Q-Q
plots) of the residuals. For all calculations, we used
the statistical software R 4.1.0 (R Core Team 2021)
and the libraries nlme (Pinheiro et al. 2017) and 1me4
(Bates et al. 2014).

Proof of concept
Results of the simulation study

Allometric relationships for linkage of stem diameter
and crown development

Table 3 shows that the considered predictors and their
interactions had significant effects on the crown variables
(p» <0.05). We used the relationships to predict the crown
growth and structure depending on the stem diameter (see
“Simulation study”). Figure 6 shows how stem diameter
and tree age modified the tree height, height to the crown
base, and crown radius. Trees with larger diameters were
also taller, with the height-to-diameter ratio shifting in
favour of height with increasing age (Fig. 6a, model 1).
A similar trend can be seen for the modelled crown ratio
instead of tree height (Fig. 6c, model 3). On the other
hand, crown base height decreased with increasing diam-
eter, and the differences were more pronounced for older
trees (Fig. 6b, model 2). Overall, significant interac-
tions between predictor variables and tree age negatively
affected all dependent variables (see Table 3, negative
effect —).

Table 3 Statistical

characteristics of the models
1-3 for the estimation of tree
height, A, height to crown
base, hcb, and crown radius,
crad, in dependence on stem
diameter, d, and tree age,

age according to the model
In(y) = ay + a; X In(d) + a,x
In(age) + a; X In(d) X In(age)
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Fixed effect param-
eter

h=f(d, age)
Estimate (sd)

hcb=f(d, age)
Estimate (sd)

crad=f(d, age)
Estimate (sd)

n

)
a;
ay

as

4373
— 2.833 (0.172)%**
0.868 (0.058)%**
1.272 (0.049)%
— 0.137 (0.016)%#*

3715

— 11.132 (0.829)***
0.939 (0.288)***
3.893 (0.231)***
—0.344 (0.079)***

6361
— 4.162 (0.134)%#*
0.715 (0.043)%+*
0.889 (0.035)%+*
— 0.058 (0.011)#**

Significance levels: ***= <0.001, **= <0.01, *= <0.05
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Fig.6 Visualisation of the observed (points) and modelled (curves)
allometric relationships between tree crown characteristics and
tree diameter, d, and tree age, age, on the long-term experiments of
Fiirstenfeldbruck 612 in Norway spruce. Shown are the relationships

Exemplified simulation results

In the upper row of Figs. 4, 7 (tree numbers 60, 13, 68, and
72) out of the 100 simulated stem diameter growth curves
are presented (see Supplementary Fig. 1 for a complete
overview). The inscriptions in the graph show some main
growth characteristics (dc, rdmdc, and cvid) derived from
the respective curves. The current stem diameter, dc, and
the rdmdc and cvid values decrease from left to right (Fig. 7,
a-g).

Each hull of the crown graphs reflects a 5-years-incre-
ment in size. The lower row of Fig. 7 visualises the respec-
tive crown developments until age 50, i.e., the crown in
Fig. 7b was simulated based on the growth curve shown in
Fig. 7a. The crown in Fig. 7d was simulated based on the
growth shown in Fig. 7c, etc.

The presented crown shapes and metrics in the lower row
reflect that the crowns become slimmer, shorter, and shift
from top-heavy to bottom-heavy from left to right (Fig. 7,
b—d—f-h). Beyond this visualisation of the simulation results
for four trees, we used all 100 trees to correlate growth curve
with crown shape metrics to reveal general relationships
between stem growth characteristics and crown structure.

Correlations between stem growth and crown
characteristics.

Essential information on the relationships between stem
growth characteristics and crown structure is shown in the
framed box in the bottom left of Fig. 8. In the following, we

(c)

for a tree height, &, b height to crown base, hcb, and ¢ crown radius,
crad, at tree age 20-50. The statistical characteristics of the fitted
curves are provided in Table 3

only comment on correlation coefficients higher than 0.30,
which were significant at least at the level of p < 0.05. All
significant correlations were positive.

The present stem diameter, d, was closely correlated with
the crown ratio, cratio, the top-heaviness, th, and the coef-
ficient of variation of the crown radius, cvcrad. The relative
diameter at half-time, rdmdc, was significantly correlated
with th and cvcrad. Finally, the coefficient of variation of
the annual stem diameter growth, cvid, was strongly posi-
tively correlated with the top-heaviness of the crown, th.
In essence, these correlations show that the stem diameter
growth strongly impacts the size and shape of the crown,
even if we apply simple allometric relationships. The find-
ings suggested further empirical studies, as presented in the
next section.

The 3 X 3 correlation coefficients in the framed box
(Fig. 8, bottom left) reflect the most meaningful relation-
ships between stem growth and crown structure character-
istics. Correlations between stem growth characteristics (see
correlation matrix top-left) and relationships between crown
characteristics (see correlation matrix bottom right) are of
less interest, as they are addressed more frequently in the
literature.

Exemplified variable extraction based on TLidar
Figure 9 shows examples of the scans for nine of the 78
sample trees and the resulting metrics for top-heaviness,

th, crown ratio, cratio, and standard deviation of the crown
radius along the stem axis, sdcrad. The upper row (a—c)

@ Springer
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Tree age [years]

(c)
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Tree age [years]
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Tree age [years]

Tree height [m] Tree height [m] Tree height [m] Tree height [m]
40 Tree no. 60 404 Tree no. 13 40 Tree no. 68 404 Tree no. 72
30 30 30 30
20+ 20+ 20 20+
10 _& 10+ _\}\ 10+ \\\ 10+ &
th=0.16 th=0.10 th=0.14 th=0.09
sdcrad = 0.34 sdcrad = 0.31 sdcrad = 0.33 sdcrad = 0.31

(b) (d)

Fig.7 Stem diameter developments and simulated 5 years crown
expansion until age 50 are shown for four trees, with crown width,
crown length, and top-heaviness decreasing from left to right. The
stem growth curve in (a) was used to simulate the crown develop-

shows crowns with different top-heaviness and crown full-
ness (Assmann 1970, p. 112) but similar cratio and sdcrad
values. In the second row (d—f), crowns with decreasing
crown ratios are shown, whereas the other characteristics
are kept constant. In the lower row (g-i), the sdcrad val-
ues decrease from left to right, i.e., the variation of the
crown radii along the stem axis is high in the case of (g) and
decreases from (g) to ().

These and other metrics were used for deriving the sub-
sequent relationships between crown structure and growth.
Only a subset was later used to model the relationship
between stem growth and crown structure. Table 4 gives an
overview of all derived crown metrics.

Based on the total tree height and the height to crown base
from the TLidar scanning, we calculated each tree’s crown
length and crown ratio. The variation of total tree height
reflects that we sampled predominant and subdominant trees.
The wide range of height to crown base (1.85-12.95 m) and
of the respective crown lengths and crown ratios indicate
that we covered trees growing under both extraordinarily
dense and wide-open conditions. The height to crown base
is large on the dense and low on the wide-open plots, which
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(f) (h)

ment shown in (b); (c) and (d), (e) and (f), and (g) and (h) are related
analogously. The inscriptions reflect some main characteristics of the
stem growth (d, rdmdc, cvid) and crown (maxcrad, th, cratio), respec-
tively

explains the wide range of the stem diameter at the crown
base (11.1-49.9 cm). The profile of the crown is reflected by
the maximum crown radius, the distance from the tip to the
height of the maximum crown radius, and especially by the
ratio between both values; the latter reflects the top-heav-
iness and ranges from bottom-heavy to top-heavy crowns
(0.21-0.58). The crown radii at 25, 50, and 75% of the crown
length from above varied strongly, with the most substantial
variation in the lower part of the crown (0.89-5.72 m). The
coefficient of variation of the crown radii along the stem
axis can be low for slim crowns and exceptionally high for
bell-bottomed crowns.

It was suggested to select the crown characteristics maxi-
mum crown radius, maxcrad, top-heaviness, th, and standard
deviation of the crown radius along the stem axis, sdcrad, as
they showed significant correlations with the internal growth
characteristics current stem diameter, half-time stem diam-
eter, and coefficient of variation of stem diameter growth (cf.
Figure 8). Table 5 shows the results of the regression analy-
ses for fitting models 4-6 to the metrics of the sampled trees.
All regression coefficients and models were significant, at
least at the level of p < 0.05.
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Fig.8 Correlations between various metrics for stem growth (d,
rdmdc, cvid) and present tree crown structure (cratio, th, cvcrad).
Correlations are displayed by Pearson correlation coefficients on
the left and corresponding visuals on the right. The ovals’ shape
and direction indicate the strength (wide ovals=low, narrow
ovals =strong correlation), respectively, the direction of the correla-
tion (downward = negative, upward = positive correlation)

The corresponding visualisation is presented in Fig. 10.
The crown radius increased with increasing diameter, while
with increasing height, the relationship between crown
radius and stem diameter shifted in favour of the latter
(Fig. 10a, model 4). Figure 10b (model 5) reveals that trees
with a high top-heaviness had strong growth early on, result-
ing in high values of the half-time stem diameter. However,
larger crown expansions (cr) were associated with smaller
half-time stem diameters. Furthermore, high variations in
annual growth were linked to low standard deviations of the
crown radius, shown in Fig. 10c (model 6). In addition, the
further the greatest extension of the crown (top-heaviness)
was at the top of the stem, the greater was the variation in
annual growth and crown radius (see also positive effect+in
Table 5).

Deriving the course of stem growth from crown
structure characteristics

Figure 11 shows, by the example of four trees, how their
stem growth may be reproduced based on the metrics of
the crown structure and their relationship with the met-
rics of the stem growth. Based on the metrics extracted
from the TLidar scans, we first estimated dc, rdmdc, and
cvid of the respective trees based on Eqs. 4-6. Then,
the diameter at half of the present age (dc X rdmdc),
the current diameter, and the individual age were used

tree no treeno. 13_12

treeno.=13_17 .=13_3

th =0.39 th=0.33 th=0.26
cratio=0.66 cratio=0.78 cratio=0.73
sderad =0.72 sdcrad =0.75 sdcrad =0.68

(b) (c)

&

& 1 ¥
treeno.=21_8 treeno.=21_4

tree no.

th=0.36 th=0.30 th=0.33
cratio= 0.80 cratio= 0.70 cratio= 0.61
sderad =0.68 sdcrad =0.58 sdcrad =0.62

(d) (e) (f)

treeno.=10_2 tree no. = 11_3 treeno.=19 12

th=0.29 th=0.31 th=0.31
cratio= 0.67 cratio= 0.63 cratio= 0.61
sderad =1.23 sdcrad =0.68 sdcrad =0.24

(9) (h) (i)

Fig.9 Nine examples out of 78 TLidar scanned crowns of Norway
spruces on the long-term experimental plot Fiirstenfeldbruck 612.
Visualisation of the crown with a—c decreasing top-heaviness, th, d—f
decreasing crown ratios, cratio, and g—i decreasing variation of crown
radii, sdcrad, along the stem axis

to parameterise the double-logarithmic relationship,
In(d) = a, + a, X In(age) + a; X (ln(age))z, between stem
diameter and tree age. Figure 11 (a and b) shows stem
diameter developments derived from the crown struc-
ture and respective metrics indicated in the heading and
inscription of Fig. 11. The corresponding reconstruction
for the annual stem diameter progression is presented
in the two figures below (Fig. 11 ¢ and d). The smooth
growth curves from Fig. 11 (a and b), estimated based on
dc and dm, were superimposed by the standard deviation
modelled by a standard normal, Gaussian distribution with
sd = cvid X mean(id). Mean of id and cvid were derived
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Table 4 Crown metrics derived
from TLidar scanning of the
examined 78 sample trees on
the combined spacing-thinning
trial Fiirstenfeldbruck 612

Table 5 Statistical
characteristics of the models
4-6, see "Statistical evaluation
and models"

Stem diameter [cm]

Variable Unit Mean Sd. Dev Min Max

Total height (h) m 25.97 2.71 17.31 30.65
Height to crown base (hcb) m 8.61 2.33 1.85 12.95
Crown length (cl) m 17.36 391 7.90 24.74
Crown ratio (cratio) mm™! 0.66 0.11 0.44 0.93
Diameter at crown base (dcb) cm 27.7 9.30 11.10 49.90
Maximum crown radius (maxcrad) m 3.61 1.05 1.69 5.81
Distance from tip to height of mcrad (dhmcrad) m 10.88 3.76 3.96 19.30
Top-heaviness (maxcrad/dhmcrad) mm™! 0.35 0.08 0.21 0.58
Crown radius at 25% of cl from tip (crad25) m 1.96 0.47 0.89 3.40
Crown radius at 50% of cl from tip (crad50) m 2.89 0.83 1.34 4.94
Crown radius at 75% of cl from tip (crad75) m 2.86 1.08 0.89 5.72
Crown radius at 100% of cl from tip (crad100) m 1.50 0.77 0.34 4.23
Standard deviation of crown radii (sdcrad) m 0.74 0.48 0.09 2.17
Coeft of variation of crown radii (cvcrad) mm™! 0.36 0.04 0.26 0.44

For an explanation of the metrics, see “From measurement to metrics”

sd. dev standard deviation, min minimum value, max maximum value

Fixed effect param-  d=f(maxcrad, h)

rdmdc =f (th, cratio)

cvid=f (sdcrad, th)

eter Estimate (sd) Estimate (sd) Estimate (sd)

n 78 78 78

ag — 1.983 (0.397)*** —0.252 (0.091)** —0.220 (0.181)**
a, 0.657 (0.049)%* 0.135 (0.065)** —0.272 (0.045)**
a, 1.415 (0.133)%** —0.209 (0.081)** 0.515 (0.161)**

The models allow the estimation of stem diameter, d, rdmdc, and cvid depending on the crown characteris-
tics maxcrad, th, cratio, and sdcrad. Significance levels: *** = <0.001, **= <0.01, *= <0.05

Half-time stem diameter [./.]

Coeff. var. stem growth [./.]

60 d ~ maxcrad, h 1.0+ rdmdc ~ th, cratio 1.51 cvid ~ sdcrad, th
50+ 0.9+
40+ 0.8
304 0.71
20- 0.6 " e Cratio = 0.3
« == cratio = 0.5 -—th=06
—h=25 — cratio=0.7 —th=04
10 —h=20| 0.5 — cratio=0.9| 0.0 —th=0.2
1 2 3 5 6 01 02 03 04 05 06 05 10 15 20 25

Crown radius [m]

(a)

Fig. 10 Relationships between crown structure and stem growth
characteristics of the examined 78 Norway spruces on the long-
term experiments Fiirstenfeldbruck 612. a current stem diameter, d,
depending on the maximum crown radius, maxcrad, and tree height,

(b)

h. b relative diameter at half-time since stand establishment, rdmdc,
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Top-heaviness [./.]

(c)

Std. dev. crown radii [./.]

depending on top-heaviness, th, and crown ratio, cratio. ¢ coefficient
of variation of the annual stem diameter growth depending on th and
the standard deviation of the crown radii, sdcrad. See Table 5 for sta-
tistical characteristics of the shown curves
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Fig. 11 Examples of reproducing the curves of a and b stem diam-
eter development and ¢ and d respective annual stem diameter growth
curves based on the crown metrics maxcrad, A, th, cratio, and sdcrad
derived from TLidar scans on Norway spruce. Long-term stem
diameter development (a and b) was reconstructed without consider-

from crown structure metrics using Eqs. 4-6. The rnom
(0, std)-simulated deviations from mean id were added to
the smooth components of the curves, and thus, the annual
stem diameter curves were derived based on crown sizes
and shapes obtained from TLidar scans.

Discussion
Deriving stem growth from tree crown structure

The basic hypothesis that stem growth and crown structure
are linked, so that the crown structure, similar to tree ring
pattern, reflects the present state of a tree and its indi-
vidual development in the past was analysed by a simula-
tion study and tested empirically. The simulation study
yielded high correlations between stem growth and crown
structure metrics. Analogous to the stem shape, the crown

Stem diameter [cm]

60 maxcrad, h variable
th = 0.10, cratio = 0.9
40
maxcrad = 5.0m
h=30m
20
maxcrad = 2.5m
h=20m
0_

T T

0 10 20 30 40 50 60
Tree age [years]

(b)

Stem diameter growth [cm year']

37 maxcrad, h, sdcrad variable
th = 0.10, cratio = 0.9

— hmaxcrad =5.0,

24 sdcrad = 0.25
— maxcrad = 2.5,
h =20,

sdcrad = 0.75

T T T T T T

0 10 20 30 40 50 60
Tree age [years]

(d)

ing annual growth variation (see models 4 and 5). Contrary, for the
respective annual stem diameter growth, annual growth variation was
accounted for by including the estimated variables sdcrad and th (see
equation model 6)

structure finally emerges mainly from the annual accumu-
lation of branch growth. The simulation resulted in crown
shapes that are relatively simple compared with the crowns
measured by TLidar. The observed and scanned crowns,
for instance, also reflect the crown's acclimation to a spe-
cific neighbourhood and losses of parts of the crown due
to competition or mechanical abrasion (crown shyness).
However, the simulation study has shown that even simple
allometric relationships can produce realistic crown struc-
tures and reveal close correlations between the crown and
stem growth metrics; the results suggested the potential
for more detailed empirical analyses. By modelling crown
dynamics based on stem growth (Fig. 7), we have estab-
lished the first version of a simulation platform that can be
further improved in many ways. However, it demonstrates
how stem growth can be revealed and modelled based on
crown shapes scanned with TLidar.
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The empirical findings corroborated the simulation-based
relationships based on 78 trees analysed in terms of stem
diameter growth and crown structure. The scans of the crowns
allowed a much more detailed characterisation and quantifica-
tion of the crowns. The crowns were no longer abstracted as
concentric bodies, and the scans also detected concave parts
of the crowns caused by plasticity or branch losses.

We selected the three crown characteristics maximum
crown radius, maxcrad, top-heaviness, th, and standard devi-
ation of the crown radius along the stem axis, sdcrad, as they
showed significant correlations with the characteristics of
current stem diameter, dc, the ratio of half-time stem diam-
eter and current stem diameter, rdmdc, and the coefficient
of variation of stem diameter growth, cvid.

This study used three relationships to estimate stem
growth depending on crown characteristics. The first rela-
tionship (d = f(maxcrad, 1)) has been widely used in other
studies to estimate the present stem diameter from extracted
crown characteristics based on remote sensing of the crown
(e.g., Liang et al. 2016; Heurich and Thoma 2008; Yao
et al. 2012). However, this relationship has not been used
to reconstruct past stem growth. The second relationship
(rdmdc = f(th, cratio)), for instance, may reflect that for
trees with top-heavy crowns, stem growth has been high
in the past and is stagnating at present (allometrically old
state). Slim crowns with low top-heaviness may indicate low
growth in the past and high growth at present (allometrically
juvenile state). The third relationship (cvid = f(sdcrad, th))
may suggest that widely extending crowns, such as those of
solitary trees in open stands, enable a constant growth rate.
In contrast, trees which are closely restricted by neighbours
and have slim crowns may be more prone to an oscillation
of stem growth depending on any changes in locale den-
sity caused by natural dropout or thinning of neighbouring
trees. Our main objective was to demonstrate the potential
of this approach as a first method for linking stem growth
and crown structure. Further analyses may use more or other
metrics, additional information about stand density or local
competition.

Based on theoretical allometric considerations referring
to Enquist (2002), Niklas (1994), and West et al. (1999),
and a sample of trees analysed for both tree ring pattern
and crown structure, our study showed how a quantitative
relationship between the two could be derived. Further
developments in TLidar scanning and variable extraction
will underpin the revealed relationship and extend them to
other tree sizes, tree ages, treatment effects, and tree species.

Explanation of the functional and structural
relationships

The tree crown and stem growth at breast height are func-
tionally linked in the following way. The vessels within the
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stem provide water and nutrient transport pipes into the
crown (Grote and Pretzsch 2002; Mikeld 1997; Valentine
1985). The other way round, the crown acquires light and
carbon for stem growth. Due to this structural and functional
relationship, the crown has been often used to estimate the
current tree size and growth (Hemery et al. 2005; Kalliovirta
and Tokola 2005; Attiwill 1966) and the stem for estimating
crown properties (Pretzsch et al. 2015; Bechtold 2003).

Most studies to date have used the traditional methods
to measure crown length, width, or transparency, such as
calliper, hypsometer, crown mirror, or crown window (Hus-
sein et al. 2000). Examples are studies on the relationship
between crown size and actual stem size (Kato et al. 2009;
Popescu et al. 2003), crown characteristics and current tree
growth (Guerra-Hernandez et al. 2017; Dobbertin 2005),
or between crown properties and wood quality (Pretzsch
and Rais 2016). Crown characteristics were also used for
a qualitative assessment of the past growth and social sta-
tus of trees (Kraft 1884), silvicultural treatment (Oliver and
Larson 1996; Pretzsch and Spellmann 1994), damages in the
past (Dobbertin 2005; Roloff 2001; Rohle 1987), or geneti-
cal traits (Krduter 1965). Relationships between the crown
shape and the course of stem growth and their determina-
tion by genetics have been analysed for Scots pine (Kriuter
1965), but yielded no clarity (Hertel and Kohlstock 1994)
and are still open for debate (Wenk et al. 1990, p. 41).

We introduced a new approach enabled by modern remote
sensing techniques of crowns. Compared with classical
methods, further developed crown measurement by photo-
grammetric methods (Klemmt and Tauber 2008) or TLidar
(Jacobs et al. 2022, 2020, Barbeito et al. 2017, Bayer et al.
2013, Bayer and Pretzsch 2017, Klemmt et al. 2010, Seifert
et al. 2010) can provide much more detailed information
about stem shape and taper, crown transparency, crown pro-
file, surface roughness, or asymmetry.

More detailed measurements of the crown morphology
may reveal the different tree histories and explain the dif-
ferences in the present stem growth. Tree morphology may
represent a structural memory embedded in the stem, crown,
and root and affect the trees' functioning and growth (Ogle
et al. 2014; Pretzsch 2021b). It may affect, amongst others,
light interception, hydraulic conduction, or water and nutri-
ent uptake (Pretzsch 2021b).

It is well known and modelled how the stem shape results
from the annually accumulated layers of wood created by
the near-surface meristem along the stem circumference
(Schneider 2018; Prodan 1965; Pressler 1865). Depending
upon the relative growth partitioning along the stem, the
shape can become cylindrical, paraboloidal, or neiloidal
(Prodan 1965). Analogously and simultaneously to the stem
volume, the crown volume expands in annual layers by the
leading shoot of the stem and the branch growth, resulting in
cylindrical to neiloidal shapes. The tree crown also contains
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potential information for deciphering the tree's past develop-
ment analogously to dendrochronology (Dwyer et al. 1995).
Whereas the stem volume development is well described and
modelled (Schneider 2018), the crown development is less
explored. The relationship between the annual accumula-
tion processes, the expansion of the 3D stem, and the crown
body has been used for 3D modelling (Sloboda and Pfreundt
1989; Pfreundt 1988; Mitchell 1975), but hardly for assess-
ment and retracement of a tree’s growth dynamics.

Possibilities and limits of the proposed approach

Crown measurements by remote sensing are becoming
standard for tree inventory in forests (Calders et al. 2018;
Liang et al. 2016; Ke and Quackenbush 2011) and urban
areas (Liu et al. 2017; Alonzo et al. 2014). Such inventories
provide crown characteristics, and the methods developed in
this study might be used to derive stem growth and internal
stem structural characteristics based on crown characteris-
tics. Any link between the crown and the tree ring pattern
paves the way to an indication of, amongst others, wood
quality (Pont et al. 2012; Pretzsch and Rais 2016), tree sta-
bility (Coté et al. 2011), and tree age and size (Zhen et al.
2016). Crown characteristics may also reveal disturbance
and treatment history (Wu et al. 2018) of trees, e.g., informa-
tion about the individual tree growth and any disturbances
at present and in the past (Jacobs et al. 2022; Lo and Lin
2012; Henning and Radtke 2006). In addition, crown char-
acteristics may provide information about the heart and sap-
wood portion (Saito et al. 2015), the age and life expectancy
(Liideker et al. 1999), and the vitality, stress resistance, and
resilience of trees (Jacobs et al. 2022; Wu et al. 2018).

We simplified the tree crown structure in many aspects
for the simulation study. For instance, horizontal branches
were assumed, whereas from the tip to the foot of the tree,
the branch direction may change from upward to horizontal
and downward (Seifert 2003). We assumed that the crown
is concentric and has a convex hull, whereas crowns used
to be more plastic and have concave parts (Pretzsch 2014).
We also neglected mechanical abrasion of lower branches
by crown shyness (Fish et al. 2006). However, despite all
those simplifications, the simulation study showed a clear
relationship between the absolute size and the shape of the
crown and the course of the stem diameter growth. The close
relationships, even under such simplified conditions, are
promising. We suggest further empirical analyses that spe-
cifically address the size and shape of the upper crown based
on TLidar data and the relationship with the course of stem
growth quantified by increment coring or stem analyses.

The empirical study was based only on 78 Norway
spruces, one site, and one tree development stage. The
shown relationships between crown structure and stem

growth may vary, amongst others things, with site condi-
tions, provenance, and tree age. Any generalisation would
require further sampling. However, connections between
crown structure and stem growth may be even stronger for
morphologically more plastic tree species and heterogene-
ously structured or mixed stands.

We selected only a few relatively simple metrics for
describing stem diameter growth and crown structure. We
used classical correlation and regression analyses to link
stem growth and crown structure. The set of variables may
be extended with more detailed information about stem
growth (e.g., proportions of early and latewood, wood den-
sity, the occurrence of compression wood, and sapwood/
heartwood proportion) and also more detailed information of
crown structure (e.g., crown transparency, whole structure,
leaf area, stem shape). For linking both datasets, advanced
methods such as neural networks (Abdullahi et al. 2017;
Corne et al. 2004), deep machine learning (Zhou and Feng
2019), or other approaches of artificial intelligence (Proto
et al. 2020; McRoberts et al. 1991) may yield even better
results.

The same crown structure may result from different
tree histories and be associated with different stem growth
curves. By including information about the inside of the
crown (e.g., fractal dimension, transparency, and leaf area
density) and about the scanned stand structure (e.g., local
density, vertical layering, and crown intersection) into the
analysis, it would be possible to distinguish whether a given
crown shape resulted from mechanical abrasion, competition
for light, border tree status, etc. Stem growth reconstruction
and prediction may be further improved by adding informa-
tion about the inside of the crown or stand structural char-
acteristics (Seidel et al. 2019).

Conclusion

Although biological views and ecophysiological theory sug-
gest a close link between stem and crown development, the
proposed quantitative link is novel. Based on both simula-
tions and TLidar and tree ring measurements, we revealed
promising relationships between tree ring pattern and crown
structure by the example of mature Norway spruce in mono-
specific stands. In this way, the introduced approach may
improve the knowledge of relationships between structure
and growth, which is still scarce for monospecific stands and
even poorer for mixed-species stands.

That tree growth can be derived from the crown structure
and vice versa may improve monitoring, inventory, under-
standing, and modelling of tree structure and function. We
successfully developed the methods under the difficult scan-
ning conditions in closed conifer stands; thus, trees growing
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under solitary conditions, in urban areas, or horticulture may
be measured and modelled even easier. The next step may
be the extension of the database on tree rings and respective
crown patterns and the generalisation of the approach across
tree species and growing conditions.
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