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Abstract: Crown shapes of common European urban tree species differ from tree species to tree
species and are modified by the age of a tree and its local environment. A tree’s crown shape has a
great influence on the crown volume and thus on the ecosystem service provision of a tree such as
the shade area or the shade density. We used the data of 3852 tree individuals from eight German
cities and the crown shape data of 528 trees for the species Acer platanoides, Acer pseudoplatanus,
Aesculus hippocastanum, Fraxinus excelsior, Platanus × acerifolia, Robinia pseudoacacia and Tilia cordata to
analyze tree structural dimensions and the crown volume and shade dependency on a tree’s crown
shapes. Ovoid (57% of all tree individuals) and spherical (24%) crown shapes were mostly observed.
However, columnar shape was observed for light-demanding R. pseudoacacia in close proximity of
objects. The greatest shade areas were measured for spherical shape and the highest shade density
for ovoid shape. Logistic regression analysis showed significant effects of age and distance to objects
on crown shapes. Significant probability of crown shapes was found for different tree species, e.g.,
A. hippocastanum strongly showed half-ellipsoid crown shapes.

Keywords: urban trees; crown volume; crown shape; climate mitigation; ecosystem services

1. Introduction

Urban trees as a major component of urban green spaces are nature-based solutions to
mitigate the intensity of heat islands and to ameliorate the city climate (e.g., [1]) as well
as to ensure multiple health benefits (e.g., [2,3]). Tree canopies, most importantly crowns
of individual trees, i.e., their size and shape, play a very prominent role in providing
these services. They lower the surface temperature by shielding solar radiation, thus
reducing the energy that reaches the ground [4]. This lowers the absorption of short-wave
radiation, consequently reducing the long-wave emission of the ground to the surrounding
environment [5]. Moreover, through the evapotranspiration process, advected heat is
absorbed, thus energy is partitioned more as a latent rather than a sensible heat flux [6].
The impact of the cooling effect depends on tree size, leaf amount [7–9] and constitution
under prevalent growing conditions and resources [10]. Additional to cooling by shading
and evapotranspiration (e.g., [6,11,12]), tree canopies act as a filter and lower air pollution
levels [13,14]. While a single tree can have an impact on the surrounding microclimate [15],
in parks these effects can extend into the nearby built environment [16]. Tree crown
structure, crown density and crown size play a key role in ameliorating the surrounding
climate, e.g., the performance of trees in producing shade and filtering solar radiation
depends on canopy shape and solidity and overall tree structure [17].
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Therefore, changes in crown volume and shape can influence the magnitude of ecosys-
tem service provision. Crown volume can be used as a proxy to estimate leaf area, tran-
spiration and filtration of fine particles [18]. According to Gratani and Varone [19], it is
the most significant variable to explain a change in air temperature under the tree canopy.
Consequently, the precise calculation of a tree’s crown volume is an important prerequisite
to accurately estimate such growth parameters and ecosystem services. Of particular impor-
tance for green space planning is the development of space occupation over time. Further,
the changing rainfall interception with increasing tree size (and therefore plant surface
area) has to be taken into account causing changes in a tree’s water balance (e.g., [20]).

Data on crown dimensions have been collected for several purposes following dif-
ferent methods; these have been recently reviewed by Zhu et al., [21]. Crown structure
assessment with field measurements has shown to be a fast and simple approach. In
fact, while recent technologies such as terrestrial laser scanning (TLS) allow partly direct
measurements crown-related field measurements offer a straightforward data collection
option [21]. At the same time, digital horizontal photography as an alternative to laser
scans still requires longer post processing time than field measurements [21]. Recent urban
forestry assessment studies (e.g., [18,22]) applied crown radii and crown length estimates
for the calculation of tree crown dimensions, assuming the canopies grow in a simplified
cylindrical shape. A cylindrical shape of the canopy could be linked to an allocation of
biomass in the stem in situations of light competition, as this leads to the tree growing taller
to maintain a competitive position where less space for crown extension is available [23].
In urban settings, competition from neighboring trees plays a minor role; consequently,
tree crown shapes vary to a greater extent. According to lists for trees recommended
for urban plantings (e.g., [24]), urban trees grow their crowns in shapes that widely dif-
fer from the cylindrical one and can vary with the tree age. While structure, function
and management of urban forests and their relationships are not yet fully understood,
traditional forestry sciences have already been considering crown shapes and different
canopy growth at a single-tree level for decades. In 1992, Pretzsch et al., [25] set the basis
for species-specific crown shapes, ranging from neiloidal to paraboloidal to cylindrical
crowns. These considerations have since then been implemented in the single-tree-based
stand simulator SILVA [26,27]. There are only a handful of growth models that simulate
urban tree growth and estimate ecosystem services independent of spatial and temporal
resolution [12]. Among them, the i-Tree growth model group is one of the most prominent
ones [28] that can simulate individual tree or trees of single regions. The calculations are
based on the average growth rates and biomass allometries as well as canopy structures
of urban and forest tree species. In contrast to the generic i-Tree model, CityTree is a
physiologically based growth model for single trees [29] and considers carbon and water
cycles depending on the environmental conditions.

In this study, we analyzed the crown shapes of common central European urban tree
species and their impact on selected ecosystem services. Our overarching hypothesis was
that an improved crown shape modeling in urban tree models is essential for a correct
estimation of derived crown volume and shade area. We therefore wanted to answer these
specific questions:

(1) Is the dependency of the key parameters for calculating the crown volume, i.e., crown
radius and crown length, on tree age varying for common urban tree species?

(2) Does the crown shape and thus crown volume of urban trees differ from species to
species and change with increasing tree age?

(3) Does the crown shape of urban trees depend on the local environment?
(4) How does the crown shape influence the shade area and the shade density of urban

trees (and thereby the cooling potential)?



Forests 2022, 13, 748 3 of 19

2. Materials and Methods
2.1. Study Sites

Structural data (see Section 2.2) were collected in eight cities in Germany (Figure 1).
The selected cities cover a wide spectrum regarding size of the city and climate. Figure 1
gives an overview of the different precipitation levels of the cities, with the drier sites
in Berlin and Wurzburg with less than 600 mm precipitation per year and the highest
annual amount for Munich reaching 960 mm [30]. The average annual air temperature
values show differences too, highlighting Berlin’s drier and warmer climate characteristics
compared with the colder cities of Hof, Bayreuth and Augsburg. Additionally, Figure 1
shows the location of each city on a map. Due to the need for high resolution data and the
high number of measured trees, local soil conditions of the different cities have not been
considered in our analysis; although this plays an important role in tree growth, we expect
above-ground conditions to be more decisive for our crown shape analysis.

Forests 2022, 13, x FOR PEER REVIEW 3 of 20 
 

 

(4) How does the crown shape influence the shade area and the shade density of urban 

trees (and thereby the cooling potential)? 

2. Materials and Methods 

2.1. Study Sites 

Structural data (see Section 2.2) were collected in eight cities in Germany (Figure 1). 

The selected cities cover a wide spectrum regarding size of the city and climate. Figure 1 

gives an overview of the different precipitation levels of the cities, with the drier sites in 

Berlin and Wurzburg with less than 600 mm precipitation per year and the highest annual 

amount for Munich reaching 960 mm [30]. The average annual air temperature values 

show differences too, highlighting Berlin’s drier and warmer climate characteristics com-

pared with the colder cities of Hof, Bayreuth and Augsburg. Additionally, Figure 1 shows 

the location of each city on a map. Due to the need for high resolution data and the high 

number of measured trees, local soil conditions of the different cities have not been con-

sidered in our analysis; although this plays an important role in tree growth, we expect 

above-ground conditions to be more decisive for our crown shape analysis. 

 

Figure 1. Positions of the eight cities in Germany and averages of annual air temperature and sum 

of precipitation for the period 1965–2015 (data source: DWD Climate Data Center [30]. Cartography 

realized with QGIS 3.10 Open Street Map and shapefile of Germany available online on DIVA-GIS 

[31]). 

For this study, we assume that the crown shape of trees is not influenced by the cli-

mate or the large-scale environmental conditions of the selected cities. Empirical evidence 

of the impact of local neighborhood diversity on tree morphological characteristics is rare 

[32]. Moreover, open-grown trees, as in cities, are less studied even in mixed species for-

ests; rather, they serve as a reference for understanding the response of trees to various 

biotic competitions [18]. Hasenauer [33] stated that open-grown trees, as is true for many 

urban trees, can grow larger than comparable forest trees. Of course, these have to be an-

alyzed in a next step for which a broader data set from more cities must be available. 

2.2. Tree Species, Structural Data and Tree Age 

The present study sets its focus on crown shape analyses, while additional structural 

data for a more accurate analysis of the first research question were included. Overall, 

seven tree species were considered: Acer platanoides (Norway maple), Acer pseudoplatanus 

(sycamore maple), Aesculus hippocastanum (horse chestnut), Tilia cordata (small-leaved 

lime), Robinia pseudoacacia (black locust), Platanus x acerifolia (London plane), Fraxinus ex-

celsior (European ash). The chosen tree species represent considerably different ecological 

Figure 1. Positions of the eight cities in Germany and averages of annual air temperature and
sum of precipitation for the period 1965–2015 (data source: DWD Climate Data Center [30]. Car-
tography realized with QGIS 3.10 Open Street Map and shapefile of Germany available online on
DIVA-GIS [31]).

For this study, we assume that the crown shape of trees is not influenced by the climate
or the large-scale environmental conditions of the selected cities. Empirical evidence of the
impact of local neighborhood diversity on tree morphological characteristics is rare [32].
Moreover, open-grown trees, as in cities, are less studied even in mixed species forests;
rather, they serve as a reference for understanding the response of trees to various biotic
competitions [18]. Hasenauer [33] stated that open-grown trees, as is true for many urban
trees, can grow larger than comparable forest trees. Of course, these have to be analyzed in
a next step for which a broader data set from more cities must be available.

2.2. Tree Species, Structural Data and Tree Age

The present study sets its focus on crown shape analyses, while additional structural
data for a more accurate analysis of the first research question were included. Overall,
seven tree species were considered: Acer platanoides (Norway maple), Acer pseudoplatanus
(sycamore maple), Aesculus hippocastanum (horse chestnut), Tilia cordata (small-leaved lime),
Robinia pseudoacacia (black locust), Platanus × acerifolia (London plane), Fraxinus excel-
sior (European ash). The chosen tree species represent considerably different ecological
features [34–36]. Moreover, Roloff [37] and Niinemets and Valladares [38] classified the
selected species among others regarding their drought tolerance and found different suit-
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ability regarding drought stress in urban areas. These tree species are all very abundant
in temperate and Mediterranean climate zones [39]. While T. cordata, A. hippocastanum,
A. platanoides and A. pseudoplatanus are usually shade tolerant species, they are able to adapt
to strong light conditions. On the other hand, R. pseudoacacia, F. excelsior and P. × acerifolia
are very light demanding but also very drought tolerant [34,37,40].

For all seven species, structural data including diameter at breast height (dbh), tree
height (h), crown base (height of the first branch [41,42]), crown radii in eight cardinal
directions (north, northeast, east, southeast, south, southwest, west, northwest) as well as
the tree locations (geographical coordinates and elevation) were measured. We excluded
visually damaged or strongly pruned trees and focused on vital possibly single-standing
trees. In addition, for the eight cardinal directions, the distances to neighboring objects
(trees or buildings) were measured.

Standard crown dimensions were calculated based on the collected data in the field
and formulas from the literature (e.g., [43–45]), i.e., mean crown radius and crown length.
While crown length (cl) was defined as the upper segment of tree height from the branch
start (i.e., crown base),

cl = h − crown base (1)

the mean crown radius (cr) was defined as the quadratic mean of the eight crown radii,
with i being the eight directions and r the corresponding crown radius value:

cr =

√
∑8

i=1 r2
i

8
(2)

The averages of the collected structural data and their standard deviation are shown
in Table 1. The number of measured trees per species ranged from 246 individuals for
F. excelsior to 1065 individuals for T. cordata.

Table 1. Characteristics (means and standard deviation) of all measured trees. Abbreviations:
n— number of samples, dbh— diameter at breast height.

Species n dbh [cm] Height [m] Crown Radius [m] Crown Length [m]

A. platanoides 356 37.5 ± 17.1 14.1 ± 5.0 4.6 ± 1.6 10.8 ± 4.6
A. pseudoplatanus 245 37.8 ± 14.1 15.6 ± 4.6 4.3 ± 1.2 11.9 ± 4.1
A. hippocastanum 676 50.5 ± 23.9 14.6 ± 4.7 4.9 ± 1.5 11.5 ± 4.3

F. excelsior 246 34.9 ± 18.4 14.3 ± 5.0 4.1 ± 1.6 10.5 ± 4.6
P. × acerifolia 659 42.4 ± 22.3 16.4 ± 5.2 5.8 ± 2.3 12.9 ± 5.1

R. pseudoacacia 605 38.7 ± 18.7 14.4 ± 4.6 4.5 ± 1.4 10.5 ± 3.9
T. cordata 1065 37.1 ± 16.1 14.8 ± 4.6 4.3 ± 1.4 11.1 ± 4.2

Total = 3852

All tree species showed a relatively similar range of dbh, with the highest values for
A. hippocastanum and P. × acerifolia. These species showed the biggest crown lengths and
crown radii.

For urban tree managers it is important to know the age of the trees, therefore we
estimated tree age using the variables dbh and h and species-specific equations (Table 2).
From these equations age can be derived and applied as an alternative to dbh. Age was
used for the calculation of the leaf area index.
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Table 2. Equations and parameters for the calculation of tree age for specific tree species. Sources of
the formulas are indicated for every tree species; for R. pseudoacacia we applied the formula developed
for Gleditschie by Dwyer (2009).

Tree Species Source Formula

A. platanoides Herzog 2021 [46] age [yrs] = 5.4256 + 1.5741 · dbh
A. pseudoplatanus Herzog 2021 [46] age [yrs] = 9.3524 + 1.7587 · dbh

A. hippocastanum Lukaszkiewicz and Kosmala 2008 [47] age [yrs] = −a + exp(b + c×dbh/100 + d × h)
with a = 54.2714, b = 4.0709, c = 0.7988, d = 0.0209

F. excelsior Lukaszkiewicz and Kosmala 2008 [47] age [yrs] = −a + exp(b + c×dbh/100 + d × h)
with a = 210.115, b = 5.3523, c = 0.2655, d = 0.0064

P. × acerifolia Bühler et al., 2007 [48] age [yrs] = 0.996 · dbh
R. pseudoacacia Dwyer 2009 [49] age [yrs] = 0.996 · dbh

T. cordata Lukaszkiewicz and Kosmala 2008 [47] age[yrs] = −a + exp
(

b + c · dbh
100 + d·h

)
with a = 264.073, b = 5.5834, c = 0.3397, d = 0.0026

2.3. Crown Volume Calculation

Within this study, we analyzed the estimation of crown volume based on shape-specific
volume calculations. Therefore, the tree crowns of 528 trees located in Munich and Berlin
were assigned to five crown shape types based on Lawrence (1985) [50]; five tree species
have been included (Table 3).

Table 3. Number (n) of measured trees included in the crown shape analyses.

A. platanoides A. hippocastanum P. × acerifolia R. pseudoacacia T. cordata

n 91 46 98 65 228

Most of the tree species have specific crown shapes, particularly solitary trees, which
are not affected by neighboring trees or buildings. Pyramidal, cylindrical, spherical, ovoid
and half-ellipsoidal crown shapes are the most common occurring crown shapes of the
analyzed tree species based on the literature and urban tree catalogues [24,50,51] (Figure 2).
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To calculate a tree’s crown volume (cv), crown surface area and crown shade projection
area (cspa) the standard geometrical equations shown in Figure 2 were used. Crown radius
and crown length were used as the key parameters for these calculations, with cr as radius
and cl as crown height (Figure 2). For the half-ellipsoidal shape, the volume of an ellipsoid
was calculated and then divided by 2. In this case, the two shorter segments of the ellipsoid
were substituted by cr and the longer one by cl. For the ovoid shape, half of an ellipsoid
and half of a sphere were summarized to consider both possibilities of a longer upper part
of the crown with a flatter lower part and the opposite with an elongated crown shape
facing the ground (Figure 2). A bigger cl resulted then in an elongated egg shape, whereas
a smaller cl led to a more spherical shape. For the cspa, we used cl and cr to calculate a
tree’s silhouette. i.e., a circle for the spherical shape, an (half) ellipse for the half-ellipsoid
shape and a rectangle for the cylindrical one.

2.4. Statistical Methods

The calculation of the crown volumes (following Figure 2) was applied in Microsoft
Office Excel 2013. The visualization of the results was realized using R (software ver-
sion 3.6.3) basis plot functions. Normal distribution for the main parameters was visually
checked (histogram representation in RStudio) before log–log–linear regression was applied
to investigate significance and relationship of crown radius and crown length with dbh,
following Pretzsch et al., 2012 [52] and Moser et al., (2015) [53].

Dependency of crown shape on the local environment was analyzed applying an
index expressing distance levels to objects. The index was equal to 0 when a tree or a
building was standing closer than the tree height and equal to 1 when the distance was
greater. Logistic regression was then computed in R using the glm function of the package
stats. The regression analysis included effects of tree species, diameter at breast height and
distance level (0 or 1) for each single crown shape:

glm(crown shape ∼ dbh + as.factor(distance level) + as.factor(tree species)) (3)

2.5. Calculations Based on the Process-Based Growth Model CityTree

Ecosystem services and urban tree growth can be assessed using the process-based
model CityTree [32]. For this study, the CityTree model was applied for the estimation of a
tree’s age-based leaf area index.

The procedure of the CityTree model was also used to calculate the shadow area,
shadow density and shadow index of a tree. Hereby, the crown shape was additionally
taken into account. The shade area was calculated as the average of the shade area from
8 am to 6 pm for the 21st of June (the longest day in the northern hemisphere). Thus, the
shade area was calculated by applying the formulas for cspa, using cd and shade length
(instead of cl), with shade length itself calculated using cl and the cotangent for the hour
and for the location of the sun height. The single hourly shade areas were averaged into

avg. shade area =
∑18

i=8 shade area i
11

, (4)

with i as the hour of the day and 11 as the number of considered hours. In the calculation
of shade density and shade index, the crown shape was considered by applying the shape-
specific cv calculation (Figure 2):

shade density =
leaf area

[
m2]

cv [m3]
(5)

and
shade index = shade area · shade density, (6)

with
leaf area = LAI · cpa (7)
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In the following results section, examples of the shade area, shade density and shade
index were listed to enhance the impact of different crown shapes on those variables. The
LAI differences caused by age increase have been considered in the calculations of the
variables which include leaf area.

3. Results
3.1. The Crown Structure of Urban Tree Species

The relationship between dbh and crown radius (Figure 3) as well as dbh and crown
length (Figure 4) of seven tree species are shown for all 3852 measured trees. Double-
logarithmic relationships between the crown dimensions (cr and cl) and the tree diameter
were analyzed through linear regression (see Table 4). Their nonlinear least square rela-
tionship is represented in Figures 3 and 4 through a black curve. In both analyses, we
recognized different species-specific trends, such as a less pronounced increase of crown
radius and crown length with increasing dbh for R. pseudoacacia (slope equal to 0.53 and
0.56, Table 4) compared with other species such as F. excelsior (0.72 and 0.71); whereas, the
oldest trees measured were A. pseudoplatanus and A. hippocastanum.
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Figure 3. Crown radius and diameter at breast height relationship for seven common urban
tree species.

Table 4. Results of the transformed double-logarithmic equation detecting significance of changes in
crown radius and crown length related to changes in dbh.

Crown Radius ln (cr) = a+b·ln (dbh)
A. platanoides A. pseudoplatanus A. hippocastanum F. excelsior P. × acerifolia R. pseudoacacia T. cordata

a −0.76 −0.53 −0.55 −1.16 −0.75 −0.44 −0.95
b 0.63 0.54 0.54 0.72 0.67 0.53 0.67

R2 0.69 0.46 0.68 0.83 0.73 0.63 0.72
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Crown Length ln (cl) = a + b·ln (dbh)

a −0.27 0.03 −0.096 −0.16 0.12 0.29 −0.15
b 0.73 0.67 0.65 0.71 0.65 0.56 0.71

R2 0.67 0.51 0.65 0.73 0.76 0.58 0.64
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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a −0.27 0.03 −0.096 −0.16 0.12 0.29 −0.15 

Figure 4. Crown length and diameter at breast height relationship for seven common urban
tree species.

The p-value for all tree species showed a consistent high significance for the rela-
tionship between crown radius and dbh as well as crown length and dbh (Table 4). At
the same time, while the R2 value for A. pseudoplatanus was the lowest for both cr and cl
dependencies from dbh (0.46 and 0.51), strong dependency was obvious for F. excelsior
(0.83 and 0.73) and P. × acerifolia (0.73 and 0.76). For F. excelsior an increase of 10% in dbh
showed the greatest changes in crown radius and length, with an increase in cr of 7.2% and
for cl of 7%. For R. pseudoacacia a 10% increase of dbh only led to an increase of 5.2% for cr
and 5.5% for cl.

3.2. Crown Shapes of Urban Tree Species

The assignment of trees into crown shape categories showed a prevalence of ovoid
shapes (57%) for all tree species (Figure 5). The cylindrical shape was seldom (5%) observed
in an urban tree context when single-standing trees were analyzed. R. pseudoacacia was
an exception, as it developed a columnar-shaped crown for 25% of its sample. This light-
demanding species is often planted in street canyons, which can be considered as situations
of light competition due to the shading buildings.
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A. hippocastanum showed mostly half-ellipsoidal shaped crowns; however, this was
the species with the smallest sample size. Over 50% (52%) of P. × acerifolia’s observed
crowns were ovoid. For R. pseudoacacia, there was no clear prevalent shape, whereas 83%
of the crowns of T. cordata were ovoid shaped. While for T. cordata the cylindrical shape
was present only for a few trees (1%), 25% of the R. pseudoacacia trees showed an elongated
crown shape, comparably as often as the ovoid shape. Table 5 highlights the differences
of observed crown shapes of small (young) and big (old) trees, where bigger trees were
defined as dbh higher than 30 cm.

Table 5. Observed distribution of different crown shapes according to species and age, n—number of
observations.

Species n (%) Cylindrical n (%) Half-Ellipsoidal n (%) Ovoid n (%) Spherical n (%)

A. platanoides 91 (100) 3 (3) 14 (15) 34 (38) 40 (44)
dbh < 30 21 (100) 1 (5) 1 (5) 7 (33) 12 (57)
dbh > 30 70 (100) 2 (3) 13 (18) 27 (39) 28 (40)

A. hippocastanum 46 (100) 0 (0) 26 (56) 9 (20) 11 (24)
dbh < 30 5 (100) 1 (20) 2 (40) 2 (40)
dbh > 30 41 (100) 25 (61) 7(17) 9 (22)

P. × acerifolia 98 (100) 2 (2) 4 (4) 51 (52) 41 (42)
dbh < 30 18 (100) 2 (3) 0 (0) 15 (83) 3 (17)
dbh > 30 80 (100) 4 (5) 36 (45) 38 (47)

R. pseudoacacia 65 (100) 16 (25) 6 (9) 18 (28) 25 (38)
dbh < 30 7 (100) 2 (29) 1 (14) 0 (0) 4 (35)
dbh > 30 58 (100) 14 (24) 5 (9) 18 (31) 21 (36)
T. cordata 228 (100) 2 (1) 26 (12) 190 (83) 10 (4)
dbh < 30 51 (100) 2 (1) 1 (2) 50 (98) 10 (6)
dbh > 30 177 (100) 25 (14) 140 (79)

While classifying the trees into small and big trees, there were only a few small trees for
the species R. pseudoacacia and A. hippocastanum. In the case of T. cordata and R. pseudoacacia,
the distribution of the most relevant crown shape for the two age classes did not differ
considerably. R. pseudoacacia showed 1% difference between big and small trees with
spherical crowns, while for T. cordata 98% of the small trees and 79% of the big trees showed
ovoid crowns. For the cylindrical shape, the classes difference was 5% for R. pseudoacacia
trees. For P. × acerifolia, we noticed instead a change in the dominant shape; small trees
of this species showed prevalently ovoid shaped crowns, while bigger trees had more
spherical crowns.

The two most frequent crown shapes overall were ovoid (57%) and spherical (24%),
with ovoid as the prevalent shape for T. cordata and spherical for A. platanoides and
R. pseudoacacia. Divided in the two classes, we observed an increase of the half-ellipsoidal
crowns in big trees (17% instead of 4%), while the cylindrical shape was present in 5% of
the trees with dbh bigger than 30 cm and only in 3% of the smaller ones. For ovoid and
spherical shapes, the age-distribution differences over the whole sample were not high.
The cylindrical shape represented only 4% of the tree crowns in our sample.

3.3. Influence of Crown Shape on Crown Volume

As we can see from Figure 6, the distribution and development of crown volume with
increasing dbh differed depending on the crown shape and its calculation of the crown
volume. While the slope of the exponential increase of crown volume with increasing dbh
was the highest for the ovoid and spherical shape, cylindrical and half-ellipsoid crown
volumes showed only a small increase per year (slope equal to 0.032 and 0.034). For
cylindrical crowns the smallest number of trees was observed; this resulted in a low value
of goodness of our model (R2 = 0.34) in comparison with the ovoid shape (R2 = 0.68).
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Figure 6. Relationship of crown volume and dbh for the four different crown shapes. Graphs show
all 258 trees. The mathematical constant e in the equations indicates the Euler’s number.

3.4. Dependency of Crown Shape on the Local Environment

To analyze the dependency of the crown shapes on the local environment we analyzed
the influence of the distance to buildings or other trees on the development of the crown
shape and volume. For this, two distance classes were defined depending on a tree’s height,
with one class for the nearest object with a distance smaller or equal to the tree height
(h) and one class for the nearest object standing at a distance bigger than the tree height.

For most species, distances from objects such as houses or other trees had little influences
on the predominant crown shape. This was distinctly recognizable for A. hippocastanum, with
spherical-shaped crowns in 79% and 61% (respectively, for shorter and longer distance)
of the observations and T. cordata, with ovoid shape for 93% and 54%. An exception was
represented by R. pseudoacacia, with a higher percentage of cylindrically shaped crowns
when growing close to objects (44%) and more spherical canopies for wider space conditions
(38% spherical and only 17% cylindrical). P. × acerifolia showed slightly more elongated
crowns for small distances (ovoid shape 56%) but spherical crowns for the higher distance
level (55%). The change in distribution for P. × acerifolia was less pronounced than for
R. pseudoacacia.

3.5. Overarching Analysis of the Crown Shapes of Urban Trees

The results of the logistic regression analysis of the dependencies of the crown shapes
on tree species, dbh and distance level can be seen in Table 6.

Table 6. Dependency of the crown shape depending on tree species, dbh and distance level to objects.
The used formula is (glm (crown shape)~dbh + as. factor (distance level) + as. factor (tree species)).
The distance level 1 refers to the probability in comparison to the distance level with index 0. The
reference tree species is A. platanoides, to which the tree species variable refers. p-value significance
follows the RStudio output with “***” for p < 0.001, “**” for p < 0.01, “*” for p < 0.1 and “.” for p < 0.1.

Variable Estimate e (Estimate) Effect (%) p-Value

Cylindrical shape
Intercept −2.71 **

dbh 0.000037 1.00037 0.0367
distance level 1 −0.845 0.43 −56.040 .

tree species (A. hippocastanum) −15.52 0.00000018 −99.999
tree species (P. × acerifolia) −0.572 0.565 −43.536

tree species (R. pseudoacacia) 2.154 8.616 761.617 **
tree species (T. cordata) −1.873 0.154 −84.628 .

Half-ellipsoid shape
Intercept −4.659 ***

dbh 0.0518 1.0532 5.319 ***
distance level 1 1.126 3.083 208.318 ***
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Table 6. Cont.

Variable Estimate e (Estimate) Effect (%) p-Value

tree species (A. hippocastanum) 2.662 14.329 1332.893 ***
tree species (P. × acerifolia) −2.143 0.117 −88.267 **

tree species (R. pseudoacacia) −0.977 0.376 −62.416 .
tree species (T. cordata) 0.231 1.260 25.994

Ovoid shape
Intercept 2.547 ***

dbh −0.0491 0.952 −4.792 ***
distance level 1 −1.119 0.327 −67.345 ***

tree species (A. hippocastanum) −0.962 0.382 −61.806 *
tree species (P. × acerifolia) 0.263 1.302 30.18

tree species (R. pseudoacacia) −0.639 0.528 −47.226 .
tree species (T. cordata) 1.284 −3.609 260.937 ***

Spherical shape
Intercept −2.162 ***

dbh 0.0215 1.021 2.174 *
distance level 1 0.853 2.347 134.665 **

tree species (A. hippocastanum) −2.151 0.116 −88.368 **
tree species (P. × acerifolia) 0.536 1.709 70.925

tree species (R. pseudoacacia) 0.0981 1.103 10.302
tree species (T. cordata) −2.009 0.134 −86.596 ***

The results of Table 6 are in line with the observed distribution of crown shapes.
For most tree crown shapes a significant relationship to dbh and distance to objects was
calculated, even if in different levels; the direction of the effect caused by an increase of age
and/or distance level varied strongly. For example, with increasing dbh a positive effect
on cylindrical, spherical and half-ellipsoid crown shape exists. For each year of increase, a
4.8% lower probability of ovoid crowns occurring can be seen. The direction of the effects
for distance to objects also showed different results depending on the observed shape. A
bigger distance to objects showed a significant effect with a positive sign for half-ellipsoid
and spherical crowns. In contrast, for ovoid shaped crowns the effect is negative and highly
significant, but clearly smaller (−67.34% vs. 208.32%). This is consistent with the results of
Figure 7, where more ovoid trees were observed at a distance less than the tree height.
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For the different tree species and their relationships to crown shape, we recognize
for R. pseudoacacia a seven times higher probability of observing cylindrical crowns than
for the reference species A. platanoides. All other species show lower probabilities. For
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the half-ellipsoid shape, a strong presence of A. hippocastanum was visible with a 13 times
higher probability compared with the reference species. Moreover, as shown in Figure 8,
T. cordata and A. platanoides were the species with the highest probability of ovoid shaped
crowns, in particular T. cordata (2.6 times higher than A. platanoides).
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3.6. Influence of Crown Shape on the Shade Area and the Shade Density

Resolving the exponential equations for the natural logarithm, an increase of 10% in
dbh (x) resulted in an increase of the shade area of 0.43% for ovoid shaped crowns and 0.36%
for the half-ellipsoid shape. The shade area for cylindrical shaped crowns did not increase
strongly with age (0.2% per 10% increase in stem diameter) (see Figure 9). In contrast, the
shade density of the trees showed almost reverse patterns for the different crown forms
depending on dbh (Figure 10), with decreasing shade density for every species and the
lowest decrease for the cylindrical shape (−0.03% per 10% increase in stem diameter). For
example, a tree measuring 60 cm dbh with a spherical shape has a mean shade area of
323.1 m2, while a cylindrical shaped tree has a mean shade area of 184.6 m2. A tree with a
half ellipsoidal or an ovoid crown, in contrast, has a smaller mean shade area, respectively,
of 124.3 m2 and 114.2 m2. Smaller trees, measuring 40 cm dbh, also show for the spherical
and cylindrical crown the highest shade area values (198.3 m2 and 120.8 m2).

Old trees (age > 80) presented ca. 30% to 44% lower shade density than young trees
(age < 40), with the highest reduction for ovoid and half-ellipsoid. At the same time, ovoid
as well as spherical shaped tree crowns were the densest, with an average shade density of
0.52 m2/m3 and 0.42 m2/m3, respectively. For a tree with a dbh of 60 cm, the shade density
is 0.27 m2/m3 for a cylindrical crown shape, 0.32 m2/m3 for an ovoid and half-ellipsoid
and 0.33 m2/m3 for a spherical crown shape. For smaller trees, e.g., with a dbh of 40 cm,
the highest shade density is shown by the ovoid (0.47 m2/m3) and spherical (0.43 m2/m3)
crown shapes.

The shade index showed a trend of different levels between crown shapes (Figure 11)
similar to Figure 9, with the highest values for spherical and cylindrical crowns having the
highest intercepts. At the same time, the highest increment in shade index was shown for
the ovoid shape with an increase of 0.25% per 10% increase of dbh. Differently than for the
two precedent figures, we noticed the highest R2 value for the dependency of the shade
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index from tree stem diameter for cylindrical-shaped trees (R2 = 0.54). For the crown shape
half-ellipsoid, the dbh impact was the lowest with an R2 value of 0.19. For a tree with a dbh
of 60 cm, this results in shade indices of 105.5 for spherical and 49.4 for cylindrical crown
shape and in smaller shade indices for the half-ellipsoid and ovoid (39.9 and 36.6) shapes.
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4. Discussion

The results of this study show the diversity of tree crown dimensions in urban envi-
ronments in central Europe and possible calculation methods of crown volume and derived
ecosystem services. While in the first part we analyzed the development of crown dimen-
sions in dependence on dbh for seven common species, later we analyzed in more depth
the effect of different crown shapes on the crown volume and resulting shading parameters.
Furthermore, a possible dependency of the crown shape of different tree species on the
proximity to neighboring objects was discussed.

The importance of the specific estimation of required space for tree crowns in an urban
setting was shown by Pretzsch et al., (2015) [18], who quantified species-specific crown size
and its allometry. Our aim was to show the importance of crown shapes for crown volume
calculations, to reveal the dependence on tree species, tree dbh and local environment and
to quantify effects on ecosystem services, i.e., on the shading effect of urban trees.

This study offers a simple method that can be used in field measurements and be
implemented in urban tree models that aim to estimate ecosystem services of urban trees.
We are aware that this method cannot offer an analysis linked to growth development
without the use of repeated measurements. Moreover, a broader data basis is needed
to be able to examine the influence of the climate in the cities on the development of
the tree crown shape in more detail. In addition to the classical and simple method
of the visual classification of tree crowns as used by us, terrestrial laser scanning (TLS)
has been applied more frequently in recent years and also in the field of urban forestry
(e.g., [35,54]). The reasons are cheaper and more mobile devices as well as a meanwhile
available easy-to-use evaluation software and powerful computers. This method allows,
for example, accurate estimation and quantification of individual crown dimensions and
structures [55,56]. However, recording a high number of crown shapes—as required for
this study—of different tree species of different ages in different locations in several cities
using TLS is still very time consuming and costly in contrast to classical observation.
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4.1. Influence of the Crown Shape on the Structure and Dimensions of Urban Tree Species

Our results showed ovoid and spherical crown shapes being the most common
(Figure 4). This was in line with previous research [20,50,51] reassumed for different
species in Table 4. A change of crown shape at different dbh classes could not be seen for
most of the species, which could be explained by the small number of small trees. Only
for P. × acerifolia a shift from ovoid to spherical as the prevalent shape was shown with
increasing dbh. As Troxel et al., [57] state, the physical dimensions of trees are often highly
correlated, but the patterns of growth for individuals of the same species (over time) can
vary depending on tree species and site conditions [58].

In several studies, crown volume (cv) is calculated for cylindrical shaped crowns [22,53,57]
as well as in urban tree growth models like CityTree [29]. A development into a cylindrical
crown shape was linked to light competition that leads to the allocation of biomass in shoots
and therefore the tree grows taller [23]. Moreover, obstructions like other close-growing
trees, buildings and pruning for traffic safety can result in more dense cylindrical crown
shapes. This is also discussed in the following Section 4.2.

However, for single-standing trees the assumption of cylindrical shaped crowns can
result in clear under- or overestimation of the real value. For example, for a tree with cr of
4 m, cl 10 m long and a spherical crown, a cylindrical calculation for its cv would result
in a crown volume equal to 1.87 times the actual value (87% overestimation), whereas
for the same tree dimensions and an ovoid crown the overestimation would be around
67% (1.67 times the actual value). Assuming that a tree with a pyramidal crown shape
resembles a cylinder, the actual crown volume and ecosystem services would always be
greatly overestimated as the cv for pyramidal crown (cone) is equal to one third of the
cylindrical one (see formula for pyramidal shape in Figure 2).

4.2. Influence of the Local Environment on the Crown Shape

Most tree species showed one or two prevalent crown shapes that do not change in
relation to the distance to close objects, but instead remain characteristic for the species. An
exception is represented by R. pseudoacacia, which preferred the cylindrical crown shapes
for growing situations with smaller distances to objects like narrow street canyons, where
long-elongated crowns permit to escape shading objects. P. × acerifolia, another light-
demanding species like R. pseudoacacia, also invested in slightly more elongated crowns
on an ovoid shape for small distances and extended its branches into a spherical shape
when more space is available. As Troxel et al., [57] state, light-demanding tree species
might have weaker dbh–cv relations due to being more susceptible in their growth to their
surrounding environment. On the contrary, the shade tolerant tree species seemed to show
a more stable crown shape distribution, independent from the distance to objects. This
would suggest that the influence of close objects is more or less relevant depending on the
tree species character.

4.3. Effects of the Crown Shape/Crown Volume on Ecosystem Services (Shading)

Depending on the analyzed sample and tree species, we recognized different trends
and effects of the relationship between crown shape and cooling potential by shading.
In terms of shade provision, two important considerations are the shade area and the
shade density. The shade area for a taller crown is usually higher, in particular during the
mornings and the evenings when the sun is at a lower angle [59], as can be seen for the case
of the cylindrical crown in Figure 9. However, the higher shade area from taller crowns
comes at the cost of reduced shade density as shown in Figure 10. Shade density is especially
important for surface temperature reduction and human thermal comfort [4,60,61]; thus,
trees with an ovoid crown shade a specific point on the ground for longer. Similarly, higher
canopy density is important in providing higher evapotranspiration cooling [22].

Considering the findings of the insignificant effect of local surroundings over the
genetic constituents of species characteristics, it is important to choose species strategically
when planting in narrow street canyons or wider avenues to optimize the cooling benefits. It
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is best to plant trees with broader and denser canopies to maximize the cool “refuge” effect
for the city dwellers during hot days. However, the context of underlying surfaces such
as higher radiation through light canopies for expediting evapotranspiration from grass
lawns [62] or narrow street canyon conditions where light demanding species protrude
towards light sources should be taken into consideration.

5. Conclusions

This study answered different questions regarding the crown structure development
of seven common urban tree species, crown shape distribution and its link with dbh as
well as with the local environment. Additionally, the influence of the crown shape on the
crown volume calculation and the resulting differences in shade area and shade density
of urban trees were shown. The diverging results depending on the tree crown shapes
confirm the need for more specific crown volume assessment methods in urban forestry to
better estimate ecosystem services of different tree species.

Species-specific trends for the development of crown dimensions were observed. For
all species, the relationship of crown radius and length with tree stem diameter was highly
significant, showing dbh as a suitable parameter to predict crown dimension development.

The cylindrical shape, often used in urban tree growth models, was the least observed
within this urban sample. Instead, the ovoid and spherical shapes were the prevalent shapes
independent of tree species. The highest percentage of cylindrical crowns was found for
R. pseudoacacia. This light-demanding species responded to the proximity of shading objects
with the development of more elongated shapes, while expanding into spherical crowns
when more space was available. The influence of nearby buildings was not recognized for
the shade tolerant species T. cordata and A. platanoides. Considering possible reactions of
crown development due to different light sensibilities of the tree species could improve
green space planning in the varying urban structures and surroundings.

Applying crown shape-specific equations to calculate a tree’s crown volume result in
more realistic values if only the formula for cylindrical crown shapes is used. According to
our study sample, the smallest slope and increase of crown volume with increasing stem
diameter was shown for the half-ellipsoid and the cylindrical shape, while the highest
increase is recorded for the ovoid and the spherical shape.

Tree crowns with the highest shade area values presented a spherical and a cylindrical
shape, with spherical crowns also showing high shade densities (along with ovoid shaped
crowns) and shade index. Shade area increased with dbh most strongly for ovoid tree
crowns, while cylindrical crowns showed the least decrease of shade density with stem
growth. Consideration of ecosystem services such as cooling by shading in urban landscape
planning purposes can be improved by applying shape-specific calculations for shade area
extension and shade density.

Our findings showed clear over estimations of crown volume (i.e., up to two or three
times the actual value depending on the crown shape) when relying on cylindrical shape
based calculations, as often applied in urban tree growth models. The methodological
approach for this study was chosen as a simple readily available but extensive fast method
to be used in field measurements, where TLS scans can hardly be realized. The visual
categorization of crown shapes based on reference figures offers a fast, cheap and easy-to-
use possibility of obtaining an improved estimation of the crown volume of trees and of
deriving ecosystem services that are dependent on the crown shape (e.g., shade area or
cooling potential). In the future, however, terrestrial laser scanning may be used more and
more, especially if the devices become cheaper and more mobile and easy-to-use analysis
software is available.
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