
Vol.:(0123456789)1 3

Trees (2021) 35:1385–1398 
https://doi.org/10.1007/s00468-021-02124-9

ORIGINAL ARTICLE

Three‑dimensional quantification of tree architecture from mobile 
laser scanning and geometry analysis

Yonten Dorji1,6   · Bernhard Schuldt2 · Liane Neudam1 · Rinzin Dorji1 · Kali Middleby3 · Emilie Isasa2 · Klaus Körber4 · 
Christian Ammer1 · Peter Annighöfer5 · Dominik Seidel1

Received: 13 November 2020 / Accepted: 25 March 2021 / Published online: 12 April 2021 
© The Author(s) 2021

Abstract
Key message  Mobile laser scanning and geometrical analysis revealed relationships between tree geometry and seed 
dispersal mechanism, latitude of origin, as well as growth.
Abstract  The structure and dynamics of a forest are defined by the architecture and growth patterns of its individual trees. In 
turn, tree architecture and growth result from the interplay between the genetic building plans and environmental factors. We 
set out to investigate whether (1) latitudinal adaptations of the crown shape occur due to characteristic solar elevation angles 
at a species’ origin, (2) architectural differences in trees are related to seed dispersal strategies, and (3) tree architecture relates 
to tree growth performance. We used mobile laser scanning (MLS) to scan 473 trees and generated three-dimensional data of 
each tree. Tree architectural complexity was then characterized by fractal analysis using the box-dimension approach along 
with a topological measure of the top heaviness of a tree. The tree species studied originated from various latitudinal ranges, 
but were grown in the same environmental settings in the arboretum. We found that trees originating from higher latitudes 
had significantly less top-heavy geometries than those from lower latitudes. Therefore, to a certain degree, the crown shape 
of tree species seems to be determined by their original habitat. We also found that tree species with wind-dispersed seeds 
had a higher structural complexity than those with animal-dispersed seeds (p < 0.001). Furthermore, tree architectural com-
plexity was positively related to the growth performance of the trees (p < 0.001). We conclude that the use of 3D data from 
MLS in combination with geometrical analysis, including fractal analysis, is a promising tool to investigate tree architecture.

Keywords  Tree architecture · LiDAR · Fractal analysis · Seed dispersal strategy · Latitude · Tree growth

Introduction

The science of tree structure and form dates back to Leon-
ardo da Vinci, who investigated the cross-sectional area of 
branches and found it to be maintained across branching 
orders (Richter 1970). Later, the ‘concept of tree architec-
ture’ and its effect on the ecology and adaptive strategy of 
trees were comprehensively presented by Hallé and Olde-
man (1970). Furthermore, to describe tree growth and form, 
23 different tree architectural models or ‘genetic blueprints’ 
were developed, which were considered universal descrip-
tions of tree growth for various species (Hallé et al. 1978). 
The structure and dynamics of a forest stand are ultimately 
related to the architecture of the individual trees (West et al. 
2009; Price et al. 2012; Seidel et al. 2019a). Therefore, the 
study of tree structure and form is highly relevant to diverse 
research fields, such as phylogeny and taxonomy, ecosystem 
modeling, tree physiology, and crucial for remote sensing of 
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canopy landscapes, tree wind damage studies, carbon stock 
calculation for climate change mitigation schemes, as well 
as metabolic scaling theory (Malhi et al. 2018).

Tree architecture ranges from slender, pole-like forms to 
large, sprawling, multilayered canopies (Beech et al. 2017), 
and there is likely no identically shaped pair of trees amongst 
all, even within a species (Seidel et al. 2019b). It is already 
known that tree architecture is not entirely random (Val-
ladares and Niinemets 2007), and that it is determined by 
the dynamic response of tree growth to its abiotic and biotic 
environment, in the context of its genetic code (Hallé et al. 
1978; Scorza et al. 2002; Busov et al. 2008; Burkardt et al. 
2020). Tree shape has been shown to be influenced by envi-
ronmental factors such as wind (Noguchi 1979; Watt et al. 
2005; De Langre 2008), water availability (Archibald and 
Bond 2003), light availability (Kuuluvainen 1992; Niinem-
ets and Kull 1995), terrain slope (Barij et al. 2007), and 
competition (Bayer et al. 2013; Juchheim et al. 2017). This 
adaptive geometry of trees (Horn 1971; Borchert and Slade 
1981) is likely the result of an individual’s need to optimize 
fitness in a given location, which would include the need 
for structural stability, light interception, and reproductive 
success (Valladares and Niinemets 2007; Honda and Fisher 
1978; Hollender and Dardick 2015). Over time, many stud-
ies have observed an effect of genetic predisposition on tree 
growth and branching patterns (Bradshaw and Stettler 1995; 
Scotti-Saintagne et al. 2004; Wu and Stettler 1998; Kenis 
and Keulemans 2007; Segura et al. 2006). Depending on 
the environmental conditions at the growing site, many trees 
have a particular form that is distinguishable (Lindh et al. 
2018; Malhi et al. 2018).

For trees, branching geometry and the resulting crown 
shape have a great influence on radiation utilization (Nik-
las 1986). Several studies showed the major role of crown 
architecture in the light interception process (Hallé et al. 
1978; Iwasa et al. 1985; Guisasola et al. 2015; Forrester 
et al. 2018; Lindh et al. 2018). Therefore, crown architec-
ture is also decisive for carbon and water fluxes between the 
trees and the atmosphere (Enquist et al. 2009). Kuuluvainen 
(1992) observed that depending on the solar angle of the 
sun determined by the latitude, there are different crown 
shapes of trees. It was argued that the variation in sun eleva-
tion angle in a given location is so systematic that “it seems 
reasonable to expect that tree architectures show traits that 
allow them to efficiently utilize light” (Kuuluvainen 1992).

Solar interception is not the only factor determining spe-
cies fitness. For example, seed dispersal impacts the success 
of propagation, and is also influenced by tree architecture 
(Malhi et al. 2018). Although seed dispersal strategies have 
been studied extensively (Darwin 1859; Schmidt 1918; 
Hamrick et al. 1993; Wagner et al. 2004; Tiebel et al. 2019), 
studies on the relationship between seed dispersal strategy 
and tree architecture are less common (Malhi et al. 2018). 

To date, we are aware of no study that has investigated the 
relationship between tree crown complexity and seed disper-
sal strategy. This is because tree architecture and structural 
complexity are difficult to quantify (Su et al. 2020; Guzmán 
et al. 2020). While Xu et al. (2019) did find a relationship 
between tree parameters of height–stem diameter relation-
ships and seed dispersal type in a subtropical montane moist 
forest (with wind-dispersed strategies common in large-
statured tree species, and animal mediated dispersal more 
common in understory species), their study did not consider 
crown complexity. In addition, individuals were measured in 
the field, where confounding variables such as competition 
by neighboring trees could not be controlled.

Until recently, highly labor-intensive and time-consuming 
methods were used to address tree structure in detail (Bent-
ley et al. 2013) whenever the rather qualitative architectural 
models of the past did not satisfy the needs of modern sci-
ence. Approaches to quantitatively assess tree structure and 
form were based on measures of specific tree features, such 
as height (e.g., Sterck and Bongers 2001), diameter of the 
stem (e.g., Gering and May 1995) or crown base height (e.g., 
Sprinz and Burkhart 1987) among many others. Lately, 
three-dimensional data from laser scanning approaches 
(LiDAR) are also used to derive tree characteristics such as 
tree crown volume (Moorthy et al. 2011), crown surface area 
(Metz et al. 2013), crown radius (Seidel et al. 2015), or even 
detailed branching pattern like branch angles, branch lengths 
and branch volumes (Tao et al. 2015; Disney 2019; Li et al. 
2018; Dorji et al. 2019). In fact, LiDAR is revolutionizing 
the way we look at trees (Gonzalez de Tanago et al. 2018). 
By allowing changes in tree architecture to be observed, the 
3D data of the actual tree form can help to improve our 
understanding of why trees are shaped a certain way.

Recently, with the new means of 3D characterization of 
tree structure based on laser scanning, the use of fractal anal-
ysis has become possible for further analysis of tree archi-
tecture (Seidel 2018). Fractal geometry has been utilized as 
a tool for analyzing non-linear, fragmented, and irregularly 
structured objects, such as corals (Martin-Garin et al. 2007), 
organs (Losa 2012), and plants (Hasting and Sugihara 1993). 
It was introduced by the mathematician Benoit Mandelbrot 
in the 1970s to describe the complexity of a broad range of 
objects based on the degree to which the object can fill the 
available space (Mandelbrot 1977). In fractal analysis, the 
box dimension (Db) is a measure that can be used to assess 
the architectural complexity of trees holistically (Seidel 
et al. 2019a). By observing the change in the number of vir-
tual boxes, one needs to fill the entire space occupied by an 
object in dependence of the size of the boxes one uses, and 
the box dimension is quantified in 3D model space. Db was 
shown to be sensitive to characteristics of tree shape as well 
as the internal structure of the tree crowns (Seidel 2018). 
It was also shown to be positively related to the growth of 
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several temperate and tropical species (Seidel 2018; Sei-
del et al. 2019b). The approach integrates the whole tree 
architecture in a single number, the box dimension, which 
was also successfully related to functional aspects of trees 
(Seidel et al. 2019b).

In this study, we use Db with the aim to observe the rela-
tionship between seed dispersal strategy and tree architec-
ture, as well as to investigate the effect of the Db on tree 
growth. Additionally, we used a topological measure of a 
tree’s top-heaviness, namely the relative height of maximum 
horizontal crown area (Rel.Hmaxarea), to address Kuulu-
vainen’s theory of tree shapes depending on the latitude of 
a species home range due to the prevalent solar elevation 
angles.

We aimed at addressing the question of whether the adap-
tation of tree species to the solar elevation at their place of 
origin is still visible in the tree architecture of individuals 
of the same species at their place of growth. In theory, there 
is a gradient from wider and flatter or domed tree crowns in 
the tropics to more vertically shaped and elongated crowns 
at high latitude (Oker-Blom and Kellomaki 1982; Kuulu-
vainen 1992). Therefore, from our 3D point cloud data of 
the trees, we hypothesize that (1) trees originating from dif-
ferent latitudes show crown shapes reflecting adaptations to 
the condition at their home range latitude, (2) the genetic 
building plan of a tree is optimized for the seed dispersal 
strategy which may reflect in the box dimension, and (3) the 
radial increment of a tree is related to the box dimension of 
the tree.

Materials and methods

Study site

This study was conducted in the Stutel-Arboretum near Wür-
zburg, Bavaria, Germany (49° 51′ 49″ N, 9° 51′ 8″ E). It is 
located at an elevation of 180 m above sea level at the right 
bank of the river Main. The climate of the study area is 
characterized by a mean annual temperature of 9.5 °C and 
a mean annual precipitation of 603 mm. It falls under the 
humid continental climate type as per the Köppen climate 
classification. However, drought events occur frequently on 
the site during summer month. The study site is character-
ized by a sandy anthrosol (according to the world reference 
base for soil resources) with a pH value of around 7.3.

The arboretum harbors more than 400 tree species from 
different origins around the world, with latitudinal mid-
points spanning approximately from 25° to 75°. The trees 
were first raised in different nurseries in Europe and Asia, 
and then brought to the arboretum as seedlings (maximum 
age of 2 years). The trees were then planted and raised in 
the arboretum since 2010 under the extensive project called 

‘Klimabäume Stutel’ by the Bavarian State Institute for Viti-
culture and Horticulture (LWG), which aims to assess the 
suitability of various tree species as future urban trees. The 
trees are monitored periodically by recording their growth 
but are maintained without disturbance to their growth form 
with the exception of some minor pruning in the first year 
after planting. We investigated 473 trees of 41 genera and 
105 species and varieties. The trees were planted in 42 rows 
with a spacing of at least 3 × 3 m. The location of the study 
site is provided in Fig. 1.

In the arboretum, trees were grown in a fashion suitable 
for the interpretation of tree architectures resulting from 
their genetic makeup. Specifically, trees shared a common 
soil, geographical setting (south-west facing aspect and mild 
slope), and climatic condition, and were grown without 
interference from neighboring trees, or any major distur-
bance to their growth form.

Mobile Laser scanning

A ground-based mobile laser scanning (MLS) system was 
used (Geoslam ZEB-HORIZON, Geoslam Ltd., UK 2019) 
to obtain 3D point cloud data for accurate measurement 
and mapping of the environment. The MLS device has the 
advantage of being easy to use without preparations on site. 
It saves the time required to set up a tripod or reference 
points (as common practice in terrestrial laser scanning) and 
also provides automatic data registration (coregistration of 
the different scan perspectives). The maximum range of the 
ZEB-HORIZON is 100 m under ideal conditions and about 
50 m in real-life outdoor conditions. It uses a laser with a 
wavelength of 903 nm and scans at a rate of 300,000 points 
per second. The scan range noise is ± 30 mm. Based on the 
SLAM algorithm (Simultaneous Locating and Mapping), the 
scanner constantly captures the environment while walking 
around.

Data collection

The scanning was carried out in February 2020 when the 
trees were leafless, to ensure free sight on the tree crowns. 
All 473 trees were scanned carrying the scanner in the hand 
at around breast height with the arm outstretched while 
moving at a slow walking pace. In MLS, the selection of 
the walking path is important for a good tree representation 
from all sides. We walked in a zig-zag route around the trees 
and covered two planting rows at a time in each scan by 
following the direction of the row and finally ending at the 
exact point where the scan started (up and down the row). 
We made sure to close the loop every time. By zig-zagging 
every other tree on the way back, we covered all trees from 
both sites (see Fig. 2).
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We obtained records of the periodical circumference 
measurements for 391 of the individual trees since the time 
of plantation from the Bavarian State Institute for Viticul-
ture and Horticulture (LWG). Tree circumference was meas-
ured using calipers. We calculated the difference between 
the initial plantation radial measurement and the present 
radius of the tree individuals as a measure of tree growth 
and expressed it as annual radial increment.

Species information (origin, latitudinal range, 
and seed dispersal strategy)

The secondary data for the places of species origin and 
latitudinal range were obtained from the database of the 
European Forest Genetic Resources Program (EUFORGEN 
1994) and Van Den Berk Nurseries (Vdberk 2020). To com-
pare the top heaviness (Rel.Hmaxarea, see Chap. 2.8) with 
the latitudinal range of the species, the mid-point of their 
maximum and minimum latitudinal distribution was calcu-
lated. We are aware that this mid-point latitude is of limited 
accuracy, since highly detailed geographical information on 
every species’ natural distribution would be needed for an 
exact mid-point determination. This is, however, unavail-
able for many species. We used the absolute values of the 
latitudes to analyze both hemispheres together, since we do 
not assume an effect on tree architecture based on the hemi-
sphere (average solar elevation angles are the same). This 
analysis was performed for 431 trees from 83 species, since 
we could not find exact origins for some of the cultivars.

Information regarding seed dispersal strategy was 
obtained from the Royal Botanic Gardens Kew Seed Infor-
mation Database (SID 2020) as well as from additional liter-
ature (Howe and Smallwood 1982; Clark et al. 1999; Loewer 

Fig. 1   Map of Germany with the location of the research site at Stutel-arboretum, Würzburg, Germany, and an aerial view of the arboretum 
(Google Earth 2013) with the three study plots chosen for our scanning campaign

Fig. 2   Exemplary picture of trees of two rows after processing a 
mobile scan in GeoSlam Hub. The red line indicates the trajectory of 
the device during scanning with the loop being closed for each scan 
at the front left (start and end at beginning of row). Two tree rows 
were always scanned at a time by a zig-zagging walking path trajec-
tory surrounding each tree in the two rows
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2005; Oyama et al. 2018). Tree species were excluded from 
analysis if their primary seed dispersal strategy could not be 
clearly identified from the literature, or if there were insuf-
ficient individuals for statistical analysis (i.e., species with 
water dispersed or unassisted dispersal strategies). For anal-
ysis of the relationship between seed dispersal strategy and 
the tree architectural complexity, we considered tree species 
for which the major seed dispersal strategy was animal-based 
or wind-based. Out of the 473 trees measured, 320 were used 
for analysis of seed dispersal strategy, wherein 130 of these 
were animal-dispersed and 191 were wind-dispersed.

Scan data post‐processing

The raw data collected by the MLS were processed using the 
3D SLAM algorithm in the GeoSLAM Hub 6.0 processing 
software (Geoslam Ltd. UK) to create a .txt-file for each 
scan and a trajectory-file containing the 3D trajectory of the 
walking-path.

Open source CloudCompare software (CloudCompare 
v2.10.1, https://​www.​danie​lgm.​net/​cc/) was then used for 
post-processing the point clouds. First, we subsampled 
each scan point cloud to a 1 cm resolution (downsampling 
for homogenous point cloud density). Then, we virtually 
extracted the point cloud of each tree in subsequent steps. 
We cut the rows of the trees (Fig. 2) and then we cut each 
tree from the rows and subsequently cleaned outlier points 
around the individual trees (Fig. 3).

Statistical analysis

We used the free statistical software R (Vers.3.4, R Develop-
ment Core Team) for the statistical analysis (R Core Team 
2018). We carried out Welch’s t test (assuming unequal vari-
ance) to test for significant differences between the mean of 
the box dimension of tree species of the two seed dispersal 
strategies. Linear regression analysis was used to investigate 
the relationship between the Rel.Hmaxarea (top heaviness) 
and the latitude of origin. Due to missing linearity, the rela-
tionship between the box-dimension and tree growth, pre-
sented here as annual radial increment, was analyzed using 
non-linear Generalized Additive Modeling (GAM) tech-
niques. The effective degrees of freedom (EDF) were lim-
ited to a maximum of 4 (number of knots = 5), whereas the 
amount of smoothing was then chosen automatically through 
generalized cross-validation (Wood 2017). The data family 
was set to Gaussian type with an identity-link function. The 
level of significance was p < 0.05 for all tests.

Fractal analysis with box dimension

We used an algorithm written in Mathematica (Wolfram 
Research, Champaign, USA) to determine the structural 

complexity of each tree individual as shown in Seidel 
(2018). The box dimension can be considered a meas-
ure of tree structural complexity (Seidel et al. 2019b). 
This approach is based on the groundbreaking works of 
Mandelbrot (1977) and a pioneering study by Sarkar and 
Chaudhuri (1994). The Db of each tree was determined 
by counting the number of virtual boxes of a given size 
needed to enclose all the above-ground tree parts in the 
point cloud. We followed the procedure described in Sei-
del et al. (2019a). In short, we started with an initial box 
defined by the minimum bounding cube encapsulating 
the entire tree point cloud and subsequently used smaller 
boxes by cutting in half the edge length until the lower cut-
off of 10 cm in edge length was reached. The Db is con-
sidered as the slope of the fitted straight line (least square 
fit) through the scatterplot of the number of boxes in the 
y-axis represented by log (N) and their size in the x-axis 
represented by log (1/r). The log () here is the natural loga-
rithm. ‘N’ is the number of boxes of the size ‘r’ required 
to enclose the entire tree’s 3D point cloud. In short, the 

Fig. 3   Exemplary cleaned and filtered 3D point cloud of an Elm tree 
(Ulmus) obtained from mobile laser scanning

https://www.danielgm.net/cc/
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slope of the regression line through the log–log-graph is 
defined as Db (Mandelbrot 1977).

Conceptually, any 3D object’s Db could range from 1 to 
3, with a cylindrical object having a Db of one and a cubical 
object having a Db of 3 (Seidel et al. 2019b, see also Fig. 4). 
However, in natural objects and especially in the case of 
trees, a Db of three cannot be expected (Mandelbrot 1977). 
Theoretically, the maximum Db that could be achieved by 
the tree is assumed to be 2.72 (Seidel et al. 2019a). How-
ever, a Db of 2.72 would be highly disadvantageous for light 
utilization due to maximized self-shading of the tree (cf. 
Seidel et al. 2019a). Therefore, for trees, a Db between one 
and some number lower than 2.72 is to be expected (Seidel 
2018).

Topological measure of geometry

We used the relative height of maximum horizontal crown 
area (Rel.Hmaxarea) to describe the top heaviness of a 
tree’s geometry. It was calculated based on the height of 
the maximum horizontal crown area in relation to the total 
tree height. Therefore, it is a relative measure corrected for 
tree height and given in percent. The underlying param-
eter “height of maximum crown area” was calculated as 
described in Seidel et al. (2011). In short, the tree point 
clouds were split into horizontal layers of 10 cm in thick-
ness and the area of the convex-hull polygon enclosing all 
points in each horizontal layer was calculated. The height 
of the layer with the largest area is considered Hmaxarea 
[or ‘HCPA’ (height of maximum crown projection area) in 
earlier studies]. The relative Hmaxarea was then given in 

percent of the total tree height. Tree height was derived from 
the point cloud as the difference between highest point and 
lowest point in the point cloud of a tree (zmax–zmin).

Results

Table 1 provides an overview of the studied trees and some 
general characteristics that were used in our study.

We discovered a significant but weak correlation between 
the latitudinal mid-point of a species origin and the top 
heaviness (Rel.Hmaxarea) of the trees (Fig. 5). The most 
top-heavy tree geometries were found for species origi-
nating from Japan and Korea (Prunus serrulata Lindl.) 
with a latitudinal mid-point of around 38° N. Individuals 
of this species had a Rel.Hmaxarea of 76% on average. 
Lowest Rel.Hmaxarea of 35% was identified for individu-
als of Betula pendula. R originating from higher latitudes 
(mid-point > 53°).

We also found a significant difference in tree architecture 
between different seed dispersal strategies. Despite a very 
similar range of values, trees with wind-dispersed seeds 
showed, on average, a higher structural complexity (Db) than 
trees with seeds dispersed by animals (Fig. 6).

We also discovered a significant non-linear relationship 
(represented by the EDF value of 2.58) between the box 
dimension and the corresponding annual radial increment of 
the trees (Fig. 7). While trees with a high Db showed a large 
variability in growth, trees with a low Db seem to asymptoti-
cally approach a value around 2 mm year− 1 and were hence 
not able to reach high growth rates. Even though the scatter 

Fig. 4   Example objects for box dimension minimum (box dimen-
sion: 1.0 = pole, topological dimension is also 1) and maximum (box 
dimension: 3.0 = cube, topological dimension is also 3). For trees, 

examples are shown for 1.11 (lowest value observed in our study), 
1.54, 1.86, and 2.29 (highest value observed in our study)
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Table 1   Summary of all investigated trees, the number of samples per species/cultivar, mean box dimension (Db), mean height, mean latitude of 
origin, respective seed dispersal strategy, and mean annual radial increment as a measure of growth

Species/cultivar Number of 
trees

Mean Db Mean 
height (m)

Mean latitude (°) Seed dispersal strategy Mean annual 
radial increment 
(cm)

Acer buergerianum 2 2.14 6.44 36.99 Wind 0.27
Acer campestre 16 1.99 6.88 42.92 Wind 0.37
Acer cappadocium 2 1.97 6.07 40.24 Wind 0.32
Acer davidii 1 1.64 5.59 31.80 Wind n.a.
Acer freemanii 4 1.95 7.64 48.67 Wind 0.19
Acer griseum 1 2.00 4.89 46.14 Wind 0.22
Acer monspessulanum 2 2.21 6.87 40.09 Wind 0.41
Acer opalus 4 1.94 6.00 37.32 Wind 0.42
Acer platanoides 18 2.01 7.10 50.47 Wind 0.38
Acer pseudoplatanus 2 2.03 6.83 41.86 Wind 0.41
Acer rubrum 11 2.01 5.99 48.65 Wind 0.33
Acer truncatum 4 1.90 7.26 36.99 Wind 0.27
Acer × neglectum 2 2.13 6.92 n.a. Not included 0.44
Aesculus arnoldia 1 1.36 4.22 48.88 Animals n.a.
Aesculus glabra 2 1.49 4.58 48.88 Not included n.a.
Ailanthusaltissima 2 2.00 6.78 31.15 Wind 0.67
Alnus cordata 2 2.11 6.59 40.47 Wind 0.32
Alnus spaethii 8 2.12 7.53 51.11 Not included 0.35
Amelanchier arborea 2 2.08 7.32 36.35 Animals 0.25
Betula albosinensis 2 2.09 7.02 36.99 Not included 0.13
Betula pendula 4 2.14 8.58 53.57 Not included 0.34
Betula utilis 4 2.11 6.67 30.91 Wind 0.17
Carpinus betulus 12 1.93 5.88 50.69 Not included 0.30
Celtis australis 2 2.07 6.75 54.23 Animals 0.40
Celtis julianae 4 2.08 8.29 31.00 Not included 0.61
Celtis occidentalis 4 2.10 7.23 43.80 Animals 0.43
Cladrastis kentukea 3 2.00 5.90 40.21 Animals 0.43
Corylus colurna 4 2.01 6.29 36.75 Animals 0.26
Crataegus lavallei 4 1.77 6.11 46.71 Animals 0.23
Crataegus persimilis 4 1.82 5.99 48.88 Animals 0.12
Diospyros virginiana 1 1.84 4.29 48.25 Animals n.a.
Eucommia ulmoides 4 2.01 6.46 36.99 Wind 0.31
Euonymus europaeus 2 1.77 4.19 53.57 Animals 0.14
Euonymus plainipes 2 1.69 3.55 50.16 Animals 0.09
Fraxinus americana 4 1.77 5.61 48.88 Wind 0.12
Fraxinus angustifolia 4 2.06 7.50 24.92 Not included 0.34
Fraxinus cuspidata 4 1.33 5.74 29.63 Wind n.a.
Fraxinus ornus 20 1.88 5.99 38.28 Not included n.a.
Fraxinus penn 4 1.56 5.46 62.95 Wind 0.10
Ginkgo biloba 4 1.71 5.15 45.62 Not included n.a.
Gleditsia triacanthos 7 2.02 6.84 36.35 Animals n.a.
Gymnocladus dioicus 2 1.57 5.45 48.25 Not included 0.15
Koelreuteria paniculata 1 2.04 5.37 36.99 Not included 0.37
Liquidambar styraciflua 7 1.77 5.70 51.16 Wind 0.16
Magnolia denudata 3 1.65 5.52 30.65 Animals n.a.
Malus tschonoskii 3 1.82 5.74 32.98 Animals 0.15
Morus alba 2 2.08 5.87 36.99 Animals 0.41
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Table 1   (continued)

Species/cultivar Number of 
trees

Mean Db Mean 
height (m)

Mean latitude (°) Seed dispersal strategy Mean annual 
radial increment 
(cm)

Ostrya japonica 2 1.66 5.73 32.98 Wind 0.10
Ostrya carpinifolia 8 2.05 6.04 40.09 Wind 0.19
Parrotia persica 3 1.62 4.38 36.05 Not included 0.16
Platanus acerifolia 4 2.10 4.78 n.a. Wind 0.31
Platanus hispinica 4 1.98 7.70 52.12 Wind 0.31
Platanus orientalis 8 2.03 7.82 45.30 Wind 0.45
Populus trichocarpa 2 1.88 6.73 50.49 Wind n.a
Prunus n.a. 2 1.57 5.10 35.62 Animals 0.09
Prunus padus 3 1.99 6.38 51.06 Animals 0.29
Prunus serrulata 4 1.78 5.84 38.27 Animals 0.37
Prunus × yedonennsis 2 1.96 5.38 32.98 Not included 0.22
Ptelea trifoliata 3 1.90 4.38 43.26 Wind n.a
Pyrus calleryana 8 1.93 7.55 47.05 Animals 0.29
Quercus bicolor 6 1.79 5.79 48.25 Not included 0.33
Quercus castaneifolia 8 1.64 5.52 35.41 Animals n.a.
Quercus cerris 8 1.87 6.98 41.92 Animals n.a.
Quercus ellipsoidalis 1 2.09 6.55 54.18 Animals 0.31
Quercus frainetto 7 1.69 5.99 46.60 Not included n.a
Quercus hispanica 2 1.94 6.89 52.12 Not included 0.29
Quercus imbricaria 2 1.83 5.03 48.25 Animals n.a
Quercus macrocarpa 3 1.69 5.91 52.41 Animals 0.30
Quercus n.a. 2 1.44 4.92 48.56 Not included n.a
Quercus palustris 2 1.37 4.88 48.88 Animals 0.18
Quercus phellos 2 1.80 5.28 48.25 Not included n.a.
Quercus pubescens 5 1.94 6.07 41.23 Animals n.a.
Quercus rhysophylla 2 1.73 5.17 26.43 Animals n.a
Quercus sargentii 1 1.53 5.08 38.91 Not included 0.16
Quercus serrata 1 1.43 5.05 36.99 Animals 0.25
Quercus Shumardii 4 1.74 5.51 25.53 Not included 0.23
Quercus texana 6 1.64 5.51 32.47 Animals n.a.
Quercus velutina 1 1.68 5.59 36.35 Animals n.a.
Sophora japonica 6 2.19 7.41 40.74 Animals 0.56
Sorbus incana 2 1.86 5.53 55.68 Animals 0.35
Sorbus latifolia 8 1.98 6.09 51.11 Animals 0.31
Sorbus thuringiaca 6 1.90 6.02 n.a. Animals 0.26
Sycoparrotia semidecidua 1 1.72 3.37 36.99 Not included n.a.
Taxodium distichum 1 2.01 6.23 26.78 Not included 0.18
Tetradium daniellii 2 2.00 5.83 44.80 Not included 0.36
Thuja plicata 1 2.02 6.17 48.88 Wind 0.30
Tilia tomentosa 1 1.52 4.93 41.69 Not included 0.36
Tilia americana 2 2.12 6.95 48.88 Not included 0.35
Tilia cordata 12 2.07 6.63 52.74 Not included n.a.
Tilia euchlora 2 1.88 6.14 n.a. Not included 0.36
Tilia euchlora × mongolica 2 1.58 5.53 n.a. Not included 0.21
Tilia europaea 4 2.12 7.52 53.57 Not included 0.39
Tilia henryana 2 1.69 4.54 31.00 Wind 0.19
Tilia japonica × mongolica 2 1.54 4.99 39.16 Not included 0.24
Tilia mandshurica 2 1.56 4.27 45.24 Not included n.a.
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of the data is high, the GAM model explained more than 
35 % of the deviance.

Discussion

We hypothesized that trees growing in the Stutel-Arbore-
tum originating from different latitudes would show crown 
shapes indicating adaptations to the solar elevation angles at 
the latitude of their species’ home range. Our results derived 
from 3D point cloud data obtained through MLS support 
this hypothesis (See Fig. 5). Trees from species of different 
origins tended to have a more top-heavy geometry when the 
latitude of their species origin was lower, despite the fact 
that the individuals investigated here were growing at the 
same geographical and environmental settings. Even though 

the relationship was weak (R2 = 0.052), it was significant, 
indicating the existence of a genetic determination. Trees 
originating from high latitudes with prevailing low solar 
elevation angles developed deeper crowns with lower Rel.
Hmaxarea to efficiently intercept light when compared to 
trees of lower latitudes exposed to higher solar elevation 
angles. The latter develop more top-heavy crowns result-
ing in a higher Rel.Hmaxarea. This empirical data support 
the previous studies which suggested that there should be a 
measurable role of the solar incident angle on the shape of 
trees (Hallé et al. 1978; Whitmore 1975; Terborgh 1985; 
Hiura 1998; King 2005; Tateishi et al. 2010; Bomfleur et al. 

Table 1   (continued)

Species/cultivar Number of 
trees

Mean Db Mean 
height (m)

Mean latitude (°) Seed dispersal strategy Mean annual 
radial increment 
(cm)

Tilia mongolica 6 1.94 5.20 43.99 Wind n.a.
Tilia monticola 2 1.24 5.31 48.88 Not included 0.19
Tilia platyphyllos 8 2.05 7.33 47.84 Not included 0.37
Tilia tomentosa 20 2.06 6.51 48.23 Animals n.a.
Tilia × moltkei 1 1.54 4.90 n.a. Not included 0.25
Ulmus laevis 2 2.00 8.35 57.76 Wind 0.62
Ulmus spp. 47 1.99 7.84 52.74 Wind n.a.
Viburnum lentago 2 1.94 3.92 43.80 Animals 0.07
Zelkovaserrata 6 2.02 6.37 32.98 Wind 0.33
Total 473

n.a. missing data, Not included species’ seed dispersal strategy was not relying on a single mechanism or the mechanism could not be identified

Fig. 5   Scatterplot of relative height of maximum horizontal crown 
area (Rel.Hmaxarea) over mean absolute latitude (latitudinal mid-
point) of each species origin. The coefficient of determination (R²) 
was 0.052 but significant with p < 0.05; n = 83 species (mean values 
per species)

Fig. 6   Box-and-Whisker plot of trees of different seed dispersal strat-
egies, namely, wind (n = 192) and animal (n = 130) dispersed. The 
difference in means was significant at p < 0.001 (animal-dispersed 
mean: 1.87; wind-dispersed mean: 1.95)
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2013). However, on our experimental site, with comparable 
growing conditions for all study trees, we found only a small 
strength of the effect of crown shape adaption to the lati-
tude of origin. It is important to consider that the mid-point 
latitude of a species’ origin could only be estimated, since 
exact information of the natural distribution of the species is 
often unavailable. This may partly explain the rather lower 
explanatory power of latitude for Rel.Hmaxarea (Fig. 5). 
Furthermore, we argue that the relationship is not very 
strong, because tree architecture is not just determined by the 
solar angle. According to the optimized resource utilization 
strategy, the trees need to balance various biotic and abiotic 
factors to result in an optimized tree shape (Archibald and 
Bond 2003; Minamino and Tateno 2014). Therefore, dur-
ing the last years, the trees also responded plastically to the 
conditions at the study site, strongly reducing the observable 
“legacy” in geometry.

According to the literature, there is reason to expect a 
relationship between the solar geometry at a particular lati-
tude and the shape of the trees that grow there (Kuuluvainen 
1992). Our approach of analyzing this relationship was lim-
ited to measuring a genetic legacy effect of solar geometry 
by relating a tree’s shape to the latitude of the tree species 
natural distribution. We suspect that the reason for the small 
effect size of the relationship described in Fig. 5 is that the 
capability of a tree to adapt its shape to prevailing biotic 
and abiotic factors may strongly outweigh the genetic pre-
disposition of a tree to grow a particular shape. However, 
if we want to gain a better understanding of exactly how 
strong the influence of solar geometry on tree morphology 

is, it is necessary to directly relate a tree’s latitude (or solar 
zenith angle at that latitude) to the shape of the tree. This 
would require extensive point cloud data of many trees from 
a wide range of latitudes. Pooling together, a large number of 
georeferenced tree point clouds would enable the establish-
ment of a more direct relationship between solar geometry 
and tree morphology, moving beyond the limitation of only 
being able to look at genetic legacy effects. Future research 
in this field should focus on international collaborations and 
data sharing for that matter.

Since many crucial factors were the same for all our trees 
(e.g., water availability, temperature, nutrient availability, 
and competition), we were able to investigate the relation-
ship between tree architectural complexity (Db) and seed 
dispersal strategy. Db is a measure of tree architecture that 
integrates many other conventional topological measures, 
like tree height, crown volume, crown radius, branch angle 
variability, and others (Seidel et al. 2019a, c). Hence, we 
hypothesized that Db should be related to a species’ seed dis-
persal strategy since seed dispersal, and accordingly repro-
duction, are a key functional role of tree architecture (Malhi 
et al. 2018). Indeed, we found that mean structural complex-
ity, as summarized by the Db values, differed significantly 
between trees species with wind-dispersed seeds and animal-
dispersed seeds. Hence, our second hypothesis is supported 
by our results (Fig. 6). Malhi et al. (2018) proposed that 
there are differences in the tree architecture, for example 
between Southeast Asian forests, in which species predomi-
nantly rely on wind dispersal and trees of the forest in central 
Africa and central Amazonia that are predominantly animal-
dispersed. Our data indicate that anemochorus tree species 
are more structurally complex in shape than zoochorus tree 
species. We hypothesize that less-complex tree crowns pro-
vide easier access and visual attraction for animals, while 
highly complex tree crowns with many branches and greater 
overall surface, as indicated by the high Db value, may be 
a greater barrier to wind and hence increase wind speeds 
wherever wind funnels through the crown. Final conclusions 
on this matter require more research, since our study trees 
were of rather young age.

Our third hypothesis was that a higher Db is related to 
higher radial increment, and it was supported by our results 
(Fig. 7). Earlier studies already identified this relationship 
for some selected tree species including some temperate 
and tropical species (Seidel 2018; Seidel et  al. 2019b). 
While previous studies observed linear relationships, the 
observed relationship in our current study appeared to be 
non-linear according to the GAM model with more than 
35% explained deviation. In fact, when modelled linearly, 
the deviance explained is still 32% in our data. So far, the 
functional explanation of the relationship between the box 
dimension and tree growth has been that an increased Db is 
often a result of reduced competition (e.g., Dorji et al. 2019) 

Fig. 7   Scatterplot of annual radial increment as a measure of growth 
over the box dimension and GAM regression. The relationship is sig-
nificant at p < 0.001; adjusted R² = 0.364; effective degrees of free-
dom (EDF) = 2.58. Growth data were available for n = 391 tree indi-
viduals. Dev.ex. deviation explained
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that led to unrestricted growth and hence better growth per-
formance. Additionally, it was shown that a greater Db was 
directly linked to a more efficient ratio of the photosynthetic 
surface area to wooden tree volume, or in other words, a 
better ratio between “producing” and “consuming” organs 
(Seidel et al. 2019b). We hypothesize that a greater positive 
effect on productivity at higher rates of complexity than at 
lower rates of complexity may be explained by the fractal 
nature of the tree crown, with increased levels of branch-
ing (higher branch order being build), resulting in dispro-
portional benefit to the tree. Since additional higher-order 
twigs are present in trees with greater complexity, there may 
often be smaller ‘investments’ (in terms of wooden struc-
tures) needed to produce additional light-capturing tissue 
surface in those canopies, when compared to rather pole-
like tree crowns, where additional branches must first reach 
the light-exposed outer area of the crown (= larger invest-
ment) before light-capturing tissue can be exposed to sun-
light. While this remains a hypothesis until further research 
addresses the issue, we could show that there seems to be a 
general positive relationship between structural complexity 
and productivity. Particularly for temperate climates, a large 
Db is related to a more efficient tree architecture (cf. Sei-
del et al. 2019a). However, if genetically disposed towards 
more domed, umbrella-like crowns, as required for efficient 
growth in the subtropics, trees can only adapt to a certain 
extent towards the conditions in the arboretum and hence 
carry the legacy of their original habitat. Together with 
potential other effects (adaptation to soil, climate, genetic 
predisposition, etc.), this results in lower growth rates com-
pared to well-adapted tree species with optimized crown 
shapes. In subtropical or tropical climates, a high Db would 
only be beneficial to trees that either grow in the understory 
(capturing indirect light), like those investigated in Seidel 
et al. (2019a), or trees that are predominantly facing overcast 
conditions with large amount of indirect light. High solar 
angles in the tropics and subtropics would otherwise result in 
intense self-shading, resulting in a questionable benefit from 
a large, multilayered, and complex tree crown as indicated 
by a high Db.

In all the above findings, the use of 3D data in combi-
nation with topological and particularly fractal geometry 
proved to be vital in translating the tree architectural com-
plexity into numbers that enable relating it to functional 
traits. In earlier times, characterizing the tree architecture 
mathematically was hardly possible due to the unavailability 
of 3D data (Borchert and Slade 1981), which severely lim-
ited our advancement in understanding of drivers and pas-
sengers of tree structural complexity. As outlined by recent 
studies, laser scanning provides a new and unprecedented 
way of looking at the relationship between tree structure 
and functions (Malhi et al. 2018; Calders et al. 2020). Thus, 

it may be the perfect method for further developing func-
tional–structural plant models that are needed to better 
explain the growth performance of mixed stands (Bongers 
2020).

Conclusions

Here, we used ground-based mobile laser scanning to scan 
473 trees and generate three-dimensional data of each tree. 
We used fractal analysis and a topological measure of geom-
etry to characterize the tree architectural complexity and 
geometry. We detected a positive relationship between tree 
structural complexity and tree growth, as well as a differ-
ence in the tree architectural complexity based on different 
seed dispersal strategies. Furthermore, we detected an effect 
of the latitude of a species’ origin on the geometry of trees 
growing at our study site. Tree species from lower latitudes 
were more top-heavy in shape than tree species originating 
from higher latitudes. We argue that 3D data from mobile 
laser scanning, particularly in combination with novel tools 
to assess geometry, like the box-dimension approach, are an 
efficient and holistic means to characterize tree architecture. 
Simplifying structural complexity and geometrical charac-
teristics into single numbers can be applied to trees or entire 
forest stands, providing a means for quantifying complexity 
and relating it to a diverse functional pattern of trees and for-
ests. This enables new insights into the relationship between 
the structure and function of terrestrial ecosystems.
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