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Editorial
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Thomas Rötzer 1,*, Astrid Moser-Reischl 1,2, Mohammad A. Rahman 2 and Stephan Pauleit 2

1 Chair for Forest Growth and Yield Science, Technical University of Munich, Hans-Carl-von-Carlowitz-Platz 2,
85354 Freising, Germany; astrid.reischl@tum.de

2 Chair for Strategic Landscape Planning and Management, Technical University of Munich,
Emil-Ramann-Str. 6, 85354 Freising, Germany; ma.rahman@tum.de (M.A.R.); pauleit@tum.de (S.P.)
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1. Introduction

Urban environments are challenging places for urban greenspaces, especially for trees,
which have the greatest impact on ecosystem service provisions. High temperatures and
high levels of radiation, reduced water availability, limited above- and below-ground grow-
ing space, and high levels of pollutants are just some of the challenges urban greenspaces
are facing and are expected to face more frequently in the near future [1–5]. In addition to
these site conditions, cities themselves are often warmer than their rural surroundings due
to the urban heat island effect [6–8]. Future climate change and increasing urbanization
are expected to significantly exacerbate the UHI effect and its associated environmental
problems such as changes in local precipitation, the spread of disease from warmer cli-
mates, and air pollution [9]. Despite these conditions, urban greening is still one of the most
feasible strategies to address major urban challenges: urban greening can be considered a
nature-based solution to improve quality of life, conserve biodiversity, and enhance climate
resilience [10,11]. In particular, urban trees and forests are highly capable of mitigating
the urban microclimate and ameliorating the effects of urban heat islands and ongoing
climate change [12–14]. They provide cooling through evapotranspiration and shading,
store carbon, reduce runoff, and improve air quality.

The provision of ecosystem services is highly dependent on many factors, including
climate; the type of urban greening (trees, vertical greening, roof greening, shrubs, etc.); tree
species, age, and vitality; as well as the drought tolerance of a species (e.g., [12,15–17]). In
addition, the location within a city and surrounding urban structures should be considered
when quantifying the provision of ecosystem services by urban greenery. However, knowledge
regarding the ecosystem service provision of different types of urban greening and especially
urban tree growth in relation to these factors and conditions is still insufficient. There is a great
need for such knowledge for the sustainable planning and management of urban greenspaces.
Therefore, detailed knowledge of dimensional changes, growth rates, and ecosystem services
in urban greenspaces in general as well as urban trees in particular as a function of their age
and environmental conditions is needed.

2. Outline of Urban Forests and the Urban Microclimate

This Special Issue, “Urban Forest and Urban Microclimate”, addresses the above-
mentioned topics that influence the growth and ecosystem services of urban greenspaces
and urban trees, the species characteristics that affect growth patterns and ecosystem
service provision, potential sustainable designs of urban trees, and the functions of urban
trees in improving the microclimate. Ten research papers form this Special Issue, and they
can be divided into the following topics:

(1) Tree growth and vitality assessments across multiple urban space designs using
allometric studies;

(2) Benefits of the cooling effects from urban greenspaces at different spatial and temporal
scales for indoor and outdoor thermal comfort;
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(3) Assessment of hydrology in urban areas and soil properties;
(4) Understanding and mapping urban greenspaces across scales to promote multi-

functional landscapes and resilient cities with focus on climate vulnerability and
drought tolerance.

The articles by Amer et al. (2023) [18], Franceschi et al. (20122) [19], and Wang et al.
(2023) [20] can be classified within the first topic of tree growth assessment, while the articles
by Li and Zheng (2022) [21], Bao et al. (2022) [22], and Zhang et al. (2022) [23] deal with
ecosystem service provision and thermal comfort. The articles by Schütt et al. (2022) [24] and
Liang et al. (2022) [25] can be assigned to the third theme on soil property studies, and the
articles by Shu et al. (2022) [26] and Dervishi et al. (2022) [27] address the fourth topic of
mapping urban greenspaces as well as drought tolerance analysis. In the following, each study
is briefly summarized.

The work of Amer et al. (2023) [18] addresses the allometric relationships between the
dimensions of urban trees, their aboveground biomass as carbon stores, and their shading
potential. This study is of great interest because it focuses on three typical species growing
in the arid city of Jericho, Palestine. The study presents a novel quantitative approach to
estimating the ecosystem services of urban trees in arid cities that will be most affected
by climate change. Such studies are very important for extending our knowledge base
on sustainable urban development. Similarly, the study by Franceschi et al. (2022) [19]
also focuses on tree allometry, but in a contrasting temperate climate. The main aspect of
this study is the canopy shape of common European urban tree species and its influence
on the calculation of canopy volume and the provision of ecosystem services. Franceschi
et al. (2022) [19] demonstrated that urban tree crowns are mostly ovoid, but that aspects
of the tree’s environment, such as buildings in close proximity, can also influence their
crown shape. In addition, the work by Wang et al. (2023) [20] addressed the effects of
canopy size and shape and tree cover on cooling performance. Using a combination
of field experiments and modeling approaches, it was shown that small canopies have
better cooling performance than large canopies for the same amount of cover, but these
relationships can change with different levels of cover.

In the study by Li and Zheng (2022) [21], the effects of vertical greening on indoor
thermal comfort were analyzed using different modeling approaches. Through a more
realistic approach, it was shown that vertical greening often does not have as positive an
impact on indoor comfort as expected. Therefore, the use of vertical greening should be
carefully considered. Bao et al. (2022) [22] conducted another study published in this SI
focusing on human thermal comfort. Here, the effects of plant community characteristics
on temperature and humidity in urban areas were investigated. The results showed that
thermal comfort (i.e., cooling and humidity) is affected by tree canopy density and greenery,
as well as by different types of plant communities. Tree–grassland and tree–shrub–grass
species had the most significant effects on thermal comfort, so plant communities should
be considered when designing parks or urban greenspaces. On the other hand, Zhang et al.
(2022) [23] presented a LiDAR approach to study thermal comfort under street trees, which
is influenced by the morphological structure of trees and microclimatic factors in the lower
canopy. The results show a strong negative correlation between tree structures such as
canopy volume, area, and diameter and air temperature, humidity, and brightness, which
is also dependent on tree species and canopy shape. Therefore, Zhang et al. (2022) [23]
recommended planting tall oval- and peaked-crown tree species with a dense and wide
canopy and dense foliage to maximize the effects on the understory microclimate.

In the work of Schütt et al. (2022) [24], the hydrological properties of artificial urban
planting soils were investigated. Using an experimental field, different structural soils
were tested for their effects on tree growth as well as the influence of tree morphological
characteristics on ecosystem service provisions. Urban soils reduced tree growth and thus
the provision of ecosystem services. The study suggested that trees with finer rooting
systems may be planted in sandy soils, while others may respond to drought stress by
reducing their water potential. Liang et al. (2022) [25] also studied the diurnal and seasonal
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variations in soil heat flux in urban riparian areas. In particular, the relationships between
soil heat flux and net radiation were analyzed in relation to different time points, soil
moisture levels, and vegetation conditions. The results show a large influence of leaf area
index, soil water content, and net radiation on soil heat flux in relation to canopy cover and
forest type.

In their paper, Shu et al. (2022) [26] described how to unify urban tree assessment
and improve information transfer/communication between different professionals. Using
a TIM modeling approach, they showed how tree structure data such as the topological
geometry of trunk and branches can be included and how the information can be evaluated
and used by other users. Dervishi et al. (2022) [27] conducted a dendrochronological
analysis of common urban tree species in Central Europe and showed the influence of
climate on tree growth. Overall, trees had 8.3% lower DBH at 100 years of age in dry
climates than in wet climates. In general, drought-tolerant tree species showed less or no
influence of soil aridity. In contrast, drought-sensitive tree species were negatively affected
by a dry climate.

3. Concluding Remarks

The papers published in this Special Issue, “Urban Forest and Urban Microclimate”,
cover a wide range of topics on growth patterns and drought tolerance, microclimatic
effects and thermal comfort, and green management of urban greenery, including urban
trees. Geographically, different climatic zones and continents are covered: one study was
conducted in the arid climate of the Middle East, three studies in subtropical China, two
studies in continental regions of Germany and China, one study with a temperate climate in
Germany, and one study covering different climatic zones worldwide as well as a modeling
study. Overall, the articles provide information about important aspects of urban green
infrastructure and are essential for sustainable green management focusing on thermal
comfort and climate adaptation.

Conflicts of Interest: The authors declare no conflict of interest.
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Structure and Ecosystem Services of Three Common Urban Tree
Species in an Arid Climate City
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D-85354 Freising, Germany
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Abstract: Urban forests play a critical role in improving the quality of life in cities, but in arid
environments, little is known about the potential benefits and growth conditions of different tree
species. Our study aimed to fill this gap by investigating the relationships between tree dimensions,
above-ground biomass carbon storage, and shading potential in three common urban trees in the
arid city of Jericho, Palestine, (i.e., Ficus nitida, Delonix regia, and Phoenix dactylifera). The trees were
chosen according to their distribution in urban locations and tree vitality, with ages ranging from
20 to 90 years. Based on the results from tree structure measurements, the carbon storage and
shading potential were calculated using the City Tree model. The results indicate a moderate to
strong relationship between tree height, crown diameter, and crown volume for F. nitida and D. regia
(R2 = 0.28–0.66), but no relationship for P. dactylifera (R2 = 0.03–0.06). The findings suggest that the
analyzed tree species can considerably contribute to the potential benefits of trees in improving the
climate of an arid city: D. regia shows a higher median of above-ground biomass carbon storage of
155 kg C tree−1, while P. dactylifera 91 kg C and F. nitida 76 Kg C. D. regia and F. nitida have a higher
median of shading potential, (31 m2–41 m2), respectively. Information on the ecosystem services from
urban trees and their relationships in terms of species, age, and tree planting urban location are very
important for city planners, in relation to sustainable urban green spaces in arid cities.

Keywords: crown dimension; arid city; Delonix regia; Ficus nitida; Phoenix dactylifera; urban trees;
carbon storage; shade potential; tree pit surface area; leaf area index

1. Introduction

Urban trees are an essential component of urban green spaces, playing a crucial role in
enhancing the well-being of city inhabitants. Urban trees offer myriad benefits, including
reducing the urban heat island effect (UHI), mitigating the effects of climate change by
removing atmospheric CO2 [1,2], moderating microclimates [3], and providing shade by
reducing the temperatures on surfaces under tree canopies, particularly in the summer
months in arid cities [4]. Additionally, these urban green spaces covered by trees also
offer a variety of social and cultural benefits, including recreational opportunities, aesthetic
value, and potential inspiration for the arts and other creative endeavors [5]. Furthermore,
urban trees ameliorate the thermal environment of surroundings, and provide cooling

Forests 2023, 14, 671. https://doi.org/10.3390/f14040671 https://www.mdpi.com/journal/forests5
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effects through evapotranspiration and shading, thereby regulating local and regional
climates [6–9].

Urban streets, particularly in semi-arid regions, can experience a significant increase in
temperature, ranging from 3 to 6 ◦C compared to the surrounding rural environment [10].
Semi-arid regions account for 42% of the total global land area and support approximately
38% of the global population, and are often located in developing countries [11]. The
provision of tree benefits largely depends on tree growth, which can vary with a range of
microenvironmental and other site-specific factors [12], for instance, anthropogenic distur-
bances such as mechanical injury [13,14], low soil quality [15], sealed surfaces reducing
water availability for tree roots [16], and limited rooting space [17], soil compaction [18],
and reduced nutrient resources and soil aeration [19,20].

These disturbances are often location-dependent, and the risks they pose to tree vitality
can vary substantially over small areas—depending, for instance, on planting locations
in parking lots, gardens, squares, or streets. Rötzer et al. [21] have found that streets,
paved squares, rooftops, and car parks limit the growth of trees, while larger gardens and
public green spaces, such as parks and cemeteries, can provide ideal habitats for trees.
Sanders et al. [22] demonstrate that planting space has a significant impact on tree growth,
with trees planted in reduced space exhibiting reduced maximum size.

In semi-arid regions specifically, irregular rainfall, poor tree management practices,
and drought stress can also negatively impact urban tree growth [23–25], and could influ-
ence the benefits trees are able to provide. Because the effective management of urban trees
depends on a detailed understanding of the effects of growing environment, a substantial
and growing literature seeks to evaluate the effects of climate change on urban tree growth
rates in various climate zones [23,24,26]. Several factors can reduce tree growth in arid
and warm areas where water resources are limited [27,28]. In contrast, a few studies ob-
served that some factors may increase the urban tree growth rate compared to rural trees,
e.g., [29–32], including, for instance lower ozone concentration, larger annual atmospheric
N deposition, and higher CO2 concentration [31,33].

Considering the various factors influencing urban tree growth and their ecosystem
services, recent research on tree growth and structure in urban green spaces has focused on
monitoring and understanding these changes. By studying the relationships between struc-
tural variables such as leaf area index, crown dimension, tree height, and stem diameter,
it is possible to model growth patterns and predict ecosystem services provisioning. This
information can aid in the improvement of planning and management practices for urban
landscapes [34]. However, urban tree growth in arid cities is poorly understood, which
impedes modelling and limits the available evidence base for planners and managers.

City planners, for instance, must take into account the ability of urban trees to acclimate
to their surroundings and the structural variables that affect their future growth in order to
optimize their benefits and ensure their long-term survival in an urban environment [3]. As
such, the structural development of urban trees, including size and shape, is closely linked
to the benefits they provide [35]. For instance, the area and density of shading from solar
radiation is largely a function of the shape and volume of tree crowns [36], while carbon
sequestration and storage are driven by biomass and growth increment [37,38].

Moser et al. [39] developed a regression equation to predict future structural dimen-
sions through direct field measurements based on tree diameter and age. Issa et al. [40]
used crown dimensions to create an allometric equation to calculate total biomass, serving
as a basis for remote sensing prediction and biomass assessment.

Understanding the relationship between structural variables of trees such as tree
height, diameter at breast height, crown dimensions, and crown volume is essential to
predict growth and ecosystem services [41,42]. Typically, diameter at breast height (dbh) is
used to estimate tree growth based on the pipe model theory and functional carbon balance
theory [43–45]. These theories allow for the derivation of tree structure and biomass from
basic tree measurements.
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Pretzsch et al. [46], and Watt et al. [47] use dbh as an explanatory variable to predict
crown dimensions. Although allometric equations for urban tree species have been devel-
oped for tropical and temperate regions [48,49], studies about the structural dimensions and
ecosystem services of urban trees in arid cities are scarce. Despite limited research on the
tree growth patterns of urban trees in arid cities [50], there is a growing need to understand
the factors that influence their growth and survival in these challenging environments. This
research can provide a basic understanding of the structural dimensions and ecosystem
services of urban trees in arid cities. We therefore analyzed the structural variables of urban
trees in an arid city and estimated their carbon storage and shading potential (shaded area
and shade density) as ecosystem services. We also aimed to examine the influence of site
conditions, such as tree planting urban location and total unsealed area (tree pit surface
area), on the tree structural variables, to understand the relationship between commonly
planted urban tree structural variables and their effect on selected ecosystem services. The
following hypotheses were tested:

Hypotheses 1 (H1). For each of the tree species, Delonix regia, Ficus nitida and Phoenix
dactylifera, significant different relationships exist in terms of

(a) Tree height and crown dimensions with diameter at breast height (dbh, independent
parameter).

(b) dbh, tree height, and crown dimensions with tree age (independent parameter)
(c) dbh, tree height, and crown dimensions with leaf area index (LAI, independent

parameter)
(d) dbh, tree height, and crown dimensions with tree pit surface area (independent

parameter).

Hypotheses 2 (H2). Tree planting urban location has a significant influence on tree struc-
tural variables (tree height, dbh, crown dimension), and ecosystem services.

Hypotheses 3 (H3). The ecosystem services of carbon storage and shading potential of the
three tree species differ significantly from each other.

2. Materials and Methods Tab

2.1. Study Site

Tree structural data was collected in the city of Jericho, located in the eastern part
of the West Bank, Palestine (coordinates: 31.8611◦ N, 35.4618◦ E). Jericho is one of the
oldest cities in the world, dating back to 7000 BC [51], with an elevation of 252 m below sea
level. The climate is hot semi-arid with an average annual precipitation of 145 mm, and a
mean annual temperature of 22.5 ◦C for the period 1991–2020 [52]. Trees were sampled by
following urban transects (starting from the city center to the edge of the city boundary in
all four cardinal directions (north, south, east, and west) (see Figure 1).

2.2. Categorization of Trees Based on Sites

The selected trees were classified based on their urban planting location and divided
into four categories (due to their uneven distributions): (a) street trees, located on both
sides of roads; (b) public place trees, planted in gardens with semi-vegetation-covering and
semi-surrounded by buildings; (c) trees standing in parking lots, located in car parking
areas; and (d) square trees, located downtown, where most social activity occurs. Young
to old trees, and only healthy and vital trees were selected, as determined through visual
inspection, and rated using a scale according to Roloff [53]. Trees that were heavily pruned
or damaged, as well as those with low-forking branches, were excluded, followed [39,54].
It is worth noting that the Jericho City Garden Department prunes the trees annually to
prevent negative effects on pedestrians. The tree data collection was conducted from June
to November 2020, resulting in a total of 212 commonly available trees being measured, of
which 69 were D. regia, 73 were F. nitida, and 70 were P. dactylifera (see Table 1).
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J1

J2

Figure 1. Spatial distribution of the measuring site following a north–south and east–west transect
within Jericho. (J1) shows the distribution of the selected urban trees along the transects encom-
passing the urban area. (J2) shows an aerial image of the boundaries of Jericho, depicting the
northwest–southeast transect (A,B) with a length of 7 km and the southwest–northeast transect (C,D)
with a width of 5 km.

Table 1. The number of measured tree species for four different planting categories: public space,
parking lot, street, and square.

Tree Species Public Space Parking Lot Street Square Sum

Delonix regia 0 7 62 0 69
Ficus nitida 15 19 39 0 73

Phoenix
dactylifera 50 0 15 5 70

2.3. Plant Species Description

Three common urban trees were selected in the arid city of Jericho, Palestine: the com-
mon fig tree (Ficus nitida), royal poinciana (Delonix regia) and date palm (Phoenix dactylifera).
According to the Jericho municipality, by 2020, the city area had planted approximately
1000 F. nitida trees, 3000 D. regia trees and an unknown number of P. dactylifera trees. F.
nitida is a common ornamental [55], large evergreen fig tree species [56], native to vast areas
worldwide, particularly in warm tropical and subtropical regions [57]. These trees can reach
a height of up to 10 m [58] and present a gray and smooth bark [59], are moderately drought
tolerant, tolerant to different soil formations, rapid growth and salinity tolerant [60], and
need full sunlight to partial shade [61]. Delonix regia (D. regia) is a common species, has been
historically grown as an ornamental tree [50,62], and is commonly grown in the tropics and
subtropics [63]. The trees are umbrella-shaped [64], with a maximum height of 10–15 m, a
girth of up to 2 m, and have large trunks [50,62]. They are grown in public gardens, along
roadsides, in parks, between buildings and in residential areas [65]. It is a light-demanding
species, develops sluggishly and unevenly in the shadows [64], and is intolerant to heat-
waves and high solar radiation. Nevertheless, it can tolerate many types of soil formation,
although sandy soils are more functional for growth [66]. Phoenix dactylifera (date palm) is
a diploid and monocotyledonous plant [67]. It is one of the oldest fruit crops [68]. It can be
described as a tall plant with an average height range of 15–20 m [69] and lives on average

8



Forests 2023, 14, 671

for over 100 years [70]. The palm tree’s trunk can reach up to 30 m in length and is enclosed
in fiber for protection (e.g., to protect the trunk from herbivorous insects and animals)
and reducing water loss [71]. P. dactylifera species tolerate harsh growth conditions, high
temperatures, droughts and high levels of salinity [72].

2.4. Measured Tree Variables

A global positioning system (GPS) (eTrex Vista ® CX Garmin) was used to record the
tree positions (longitude, latitude, and elevation). Diameter at breast height (dbh) was
measured for all species using a measuring tape. For F. nitida trees, where the trunk height
was lower than 130 cm, the diameter was measured at 70 cm instead of 130 cm. A Leica
Disto D510 Laser Distance Measurer was used to measure the crown radii and the tree pit.
The crown radii were measured from the center of the tree trunk to the end of the longest
branch, whereas the tree pit surface area was measured starting from the center of the tree
trunk and up to the end of the unsealed area. The total unsealed (tree pit surface area)
area was calculated based on the City Tree model [12]. Crown radii and tree pit surface
area were measured in eight intercardinal directions (N, NE, . . . , NW) following Moser
et al. [39]. True-Pulse 200 Rangefinder laser technology was used to measure tree height
(h) and height-to-crown base (hcb) (e.g., the distance between the lowest branch and the
ground). Crown length (cl) was derived by measuring the distance between the lowest
branch and the top of the tree. Crown diameter (cd), crown projection area (cpa), and
crown volume (cv) were calculated using equations used from the literature [54]. A crown
reduction shape factor Fc = 0.5 was applied for parabola-shaped crowns of F. nitida and
D. regia to calculate the crown volume [21]. P. dactylifera crown volume was calculated
based on a spherical crown shape. All tree ages were used based on the agricultural tree
records retrieved from Jericho City.

2.4.1. Leaf Area Index (LAI) and Ecosystem Services

The LAI of the trees was derived from hemispheric photographs taken between August
and October using a Nikon D7500 camera SIGMA Circular Fisheye EX DC HSM 4.5 mm
1:2.8 fisheye lens. WinSCANOPY (Regent Instruments, INC) was used to analyze the
resulting hemispherical photos, i.e., to derive the LAI for D. regia, F. nitida and P. dactylifera,
following Moser et al., [39]. Some trees were excluded from the leaf area index (LAI)
analysis, including one F. nitida tree and 22 P. dactylifera trees. These exclusions were due to
factors such as foliage loss during a long drought period in 2020, which was exacerbated
by an inconsistent irrigation system and pruning.

2.4.2. Ecosystem Service Calculation

We estimated the ecosystem services (i.e., above-ground biomass carbon storage (Csa)
(Kg C) and shading potential (SP) (shaded area and shade density) for D. regia and F. nitida
according to the City Tree model [12]:

The above-ground biomass carbon storage is calculated by

Csa = Cs f ol + Csbt + Csstem (1)

where Csfol = foliage biomass carbon, Csbt = branches and twigs biomass carbon,
Csstem = stem biomass carbon. They can be calculated with the following equations:

Cs f ol = (LAI × cpa/sla)× 0.5 (2)

Csbt = ( exp (a + b × 0.95 × Ln (dbh)))× 0.5 (3)

where a = −3.7299, b = 2.33, which is obtained from [12].

Csstem = (volume × speci f ic wood density)× 0.5 (4)
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According to El-Khatib et al. [73] and Agrawal et al. [74], the specific leaf area (sla)
for F. nitida is 9.433 m2/kg, and for D. regia it is 8.1 m2/kg. The specific wood density
for F. nitida (690 kg dw/m3) [75], and for D. regia (510 kg dw/m3) was obtained from
Orwa et al., [64]. Stem volume was calculated from dbh, height and crown length according
to [12] by assuming a cylindrical stem form.

To obtain the above-ground biomass carbon storage for P. dactylifera, we followed Issa
et al., [40] using an allometric equation and considering that the maturity stages of our
samples age exceeded 10 years. The above-ground biomass carbon storage of P. dactylifera
can be estimated by:

The above-ground biomass carbon storage (Csa) = trunk biomass carbon storage
(Cst) + crown biomass carbon storage (Csc)

Csa = Cst + Csc (5)

Trunk biomass carbon storage (Cst) = fresh trunk biomass ( f t bm) × 0.37 × 0.9331 × 0.58

Cst = f t bm × 0.37 × 0.9331 × 0.58 (6)

f t bm = 40.725 × Htˆ0.9719 (7)

Ht: trunk height; 0.37 conversion factor from fresh crown biomass to dry weight
(kg. dw); 0.9331 conversion factor to organic matter; and 0.58 as a conversion factor to
carbon storage (kg C).

Carbon storage crown (Csc) = fresh crown biomass ( f c bm) × 0.41 × 0.9243 × 0.58

Csc = f c bm × 0.41 × 0.9243 × 0.58 (8)

f c bm = 14.034 × e (0.0554 x CA) (9)

where CA is a crown area [m2] calculated by the following equation

CA = πcd2/4 (10)

Conversion factor from fresh crown biomass to dry weight (kg. dw): 0.41, conversion
factor to organic matter: 0.9243, and conversion factor to carbon storage (kg C): 0.58.

The shade area and shade density for D. regia, F. nitida, and P. dactylifera were calculated
according to the City Tree model [21].

The City Tree model, which took into consideration the crown shape, was followed to
calculate a tree’s shade area, shade density, and shade index. To determine the shade area,
the average shade area between 8 a.m. and 6 p.m. on the 21st of June, the longest day in
the northern hemisphere, was calculated. The shade area was calculated using the crown
shade projection area formulas (cspa), with the crown diameter and shade length (instead
of crown length) applied. To calculate the shade length, crown length, and cotangent for
the hour, the location of the sun’s height was considered.

aveA shade = (∑18
i=8 shade area i)/11 (11)

(i): representing the hour of the day, and 11: representing the total number of hours
that are taken into consideration.

The shade density (dshade) was calculated following [21], for each tree by:

dshade = LAI × cpa/cv (12)

2.5. Statistical Analysis

The crown dimension variables were calculated in Microsoft Office Excel 365. All
statistical analyses and figures were generated using R software, version 3.6.3 [76]. To test
the normality of the data, we used the Shapiro–Wilk test (Shapiro and Wilk, 1965) [77], and
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log-transformed data were used when necessary. To test H1 (a), tree height and crown di-
mension are significantly dependent on dbh and H1 (b, c, d); dbh, tree height, and crown di-
mension are significantly dependent on leaf area index and tree age. Correlation-regression
analyses with ordinary least squares (OLS) were performed by using log-transformed data
following Pretzsch et al., Stoffberg et al., and Peper et al. [46,78,79]. Equation (13) for H1(a),
and Equation (14) for H1(b, c, and d).

ln (y) = a + b × ln (x) (13)

(y) = a + b × ln (x) (14)

Through OLS regression, the response (y) is calculated from the predictor (x). When
applying the models, we selected OLS instead of reduced major axis or moving average
regression [80]. The second hypothesis (H2), the influences of different tree planting
urban locations on tree structure and selected ecosystem services, was tested using a one-
way ANOVA followed by the post hoc Tukey HSD test. In addition, it was used to test
the third hypothesis (H3). The ecosystem services related to carbon storage and shade
potential varied considerably among the three species. To visualize the structural variables,
the impact on ecosystem services was considered. A linear mixed model (LMM) with
random effect was used by using the “lme4” package in the R software, i.e., above-ground
biomass carbon storage and shade area was used as the outcome variable, and the tree
structure was used as the fixed effect, while tree pits and tree planting sites were considered
random effects.

3. Results

3.1. Dependency of Tree Structure on dbh and Tree Age

All measured and calculated tree structural mean values and related standard devia-
tion are given in ascending age classes for F. nitida and P. dactylifera, but for D. Regia, the
ages of all samples ranged between 20 and 25 years. Table S1 provides valuable information
on the characteristics of three tree species, including their age, dbh and crown dimension.
The data highlights significant variations in these characteristics, both between species
and within age categories, providing useful insights for researchers and practitioners in
forestry and related fields. The limited age of trees in the city can be attributed to their
recent planting and the fact that they constitute a significant proportion of the urban forest
in the city.

The results show tree height and crown dimension are strongly correlated with the
diameter at breast height (dbh) for D. regia and F. nitida, (see Table 2 and Figure 2). However,
for P. dactylifera, the relationship between h and dbh is not significant, and the correlation
between the crown volume and crown diameter and the dbh is weak. The strongest
dependency was found between dbh and tree height, crown volume, and crown diameter
for F. nitida, and between dbh and crown diameter for D. regia. However, there is no
relationship between dbh with tree height or crown dimension for P. dactylifera.

Table 2. Results of linear regression analyses using dbh as a predictor variable and h, cd, and cv
as response variables. The equation used was ln(y) = a + b ln(x). The abbreviations used were
(dbh) diameter at breast height; (h) tree height; (cd) crown diameter; (cv) crown volume; a and b
for regression coefficients; T for T-test value; P for p-value (with levels of significance indicated by
symbols such as *** and *); R2 for coefficient of determination; F for F-test value; and df for degree of
freedom and standard error (SE).

Species Parameter n a b T P SE R2 F df

D. regia ln(dbh) vs. ln(h) 69 0.17 0.38 5.15 <0.001 *** 0.07 0.28 26.54 67
ln(dbh) vs. ln(cd) 69 0.10 0.52 8.20 <0.001 *** 0.06 0.50 67.18 67
ln(dbh) vs. ln(cv) 69 −0.06 1.31 7.94 <0.001 *** 0.04 0.48 63.08 67
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Table 2. Cont.

Species Parameter n a b T P SE R2 F df

F. nitida ln(dbh) vs. ln(h) 73 0.13 0.46 11.63 <0.001 *** 0.04 0.66 135 71
ln(dbh) vs. ln(cd) 73 0.01 0.57 10.15 <0.001 *** 0.06 0.59 103 71
ln(dbh) vs. ln(cv) 73 −0.58 1.71 11.10 <0.001 *** 0.15 0.63 123 71

P. dactylifera ln(dbh) vs. ln(h) 70 0.66 0.28 1.45 0.15 0.19 0.03 2.10 68
ln(dbh) vs. ln(cd) 70 1.46 −0.47 −2.09 0.04 * 0.22 0.06 4.37 68
ln(dbh) vs. ln(cv) 70 4.11 −1.41 −2.09 0.04 * 0.67 0.06 4.37 68

Figure 2. The relationships between dbh and tree height (a–c in the top row), crown diameter (d–f in
the middle row), and crown volume (g–i in the bottom row) for the investigated species.

The relationship between dbh, tree height, and crown dimension with the age of the
three tree species were studied by the outcomes of linear regression analysis and shown in
Table 3. The results show a significant relationship of dbh with age for D. regia, but all other
variables are not significant. F. nitida, shows a strong to a moderate relationship with age,
particularly to dbh (R2 = 0.61). Finally, the P. dactylifera results revealed a non-significant
variance for all tree variables (R2 ≤ 0.05).
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Table 3. Allometric linear relationships between age and tree height, crown diameter, and crown vol-
ume as a response, and the regression equation for F. nitida, D. regia, and P. dactylifera. Abbreviations:
(dbh) diameter at breast height; (h) tree height; (cd) crown diameter; (cv), crown volume; regression
coefficients (a, b); coefficients of determination (R2); standard errors (SE); and F-values, as well as P
for p-value (with levels of significance indicated by symbols such as *** and *).

Parameters n a b T P SE df R2 F

D. regia Age vs. ln(dbh) 69 2.36 0.05 2.09 0.04 * 0.02 67 0.06 4.38
Age vs. ln(h) 69 1.17 0.03 1.38 0.17 0.01 67 0.03 1.89

Age vs. ln (cv) 69 4.32 0.01 0.14 0.89 0.05 67 <0.01 0.02
Age vs. ln (cd) 69 3.1 −0.34 −0.8 0.43 0.45 67 <0.01 0.6

F. nitida Age vs. ln(dbh) 73 2.68 0.03 10.61 <0.001 *** <0.01 71 0.61 112.6
Age vs. ln(h) 73 1.51 0.014 7.86 <0.001 *** <0.01 71 0.47 61.81

Age vs. ln (cv) 73 3.3 0.05 6.16 <0.001 *** <0.01 71 0.36 37.92
Age vs. ln (cd) 73 1.57 0.01 5.41 <0.001 *** <0.01 71 0.3 29.28

P. dactylifera Age vs. ln(dbh) 70 3.73 0.01 1.9 0.06 <0.01 68 0.05 3.64
Age vs. ln(h) 70 2.6 0.00 −0.59 0.56 0.01 68 0.01 0.34

Age vs. ln (cv) 70 4.6 −0.01 −1.58 0.12 <0.01 68 0.04 2.5
Age vs. ln (cd) 70 1.7 0.00 −1.577 0.12 <0.01 68 0.04 2.48

3.2. Dependency of LAI on Tree Species and Tree Structure

Linear regression analysis was used to investigate the relationship between leaf area
index (LAI) and the variables dbh, h, cv, and cd for three tree species (F. nitida, D. regia, and
P. dactylifera). However, we found no significant relationships between LAI and any of the
variables (see Supplementary Table S2). The analysis showed that F. nitida and D. regia had
significantly higher LAI values than P. dactylifera (p < 001 ***), with mean LAI values of
5.3 ± 0.22 and 5.8 ± 0.20, respectively, compared to the P. dactylifera mean LAI value of
2.9 ± 0.15. The standard errors for the mean LAI values for F. nitida, D. regia, and P.
dactylifera were 0.22, 0.20, and 0.15, respectively. LAI may be an important factor to consider
when comparing these three species. The sample sizes were 72, 69, and 48 for F. nitida, D.
regia, and P. dactylifera, respectively.

3.3. Impact of Tree Urban Location and Tree Pit Surface Area on a Tree Structure
3.3.1. Tree Planting Urban Location

The results revealed that the dbh of D. regia and F. nitida exhibit significant variations
across different site categories. Furthermore, the crown volume of F. nitida and P. dactylifera
also showed significant variations as detailed in Table 4. The results also indicate that the
tree height and age in D. regia differ across different sites (this might be due to different
planting times), while the crown projection area and crown diameter of F. nitida is also
significantly affected by the site. However, all other tree structural variables for the three
tree species were found to not be significantly impacted by the site. We calculated the
mean tree pit surface area of three species (F. nitida, D. regia, and P. dactylifera) in three
different sites (a street, a parking lot, and a public place) along with the standard error.
The statistical analyses show that the mean values of F. nitida and D. regia species are
significantly different across different sites, as indicated by the p-values, p ≤ 0.001 and
0.009, respectively. On the other hand, the mean values of P. dactylifera species do not show
significant differences across the sites, as indicated by the p-value of 0.36, (See Table S3 in the
supplementary section).

3.3.2. Tree Pit Surface Area

Weak and significant differences were found in the variables dbh, h, cd, and cv of F.
nitida in relation to the tree pit surface area, as well as in the variables dbh, cd, and cv of P.
dactylifera (Refer to Table 5). However, none of the previously mentioned D. regia variables
were found to have significant differences in the tree pit surface area.
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Table 4. Mean of the trees’ structural data: age, dbh, h, hcb, cl, and related SD in response to the
growth site for D. regia, F. nitida, and P. dactylifera, as well as the p-value (with levels of significance
indicated by symbols such as ***, ** and *) for each ANOVA. The mean in the same column differs
significantly when followed by different letters. Abbreviations: (dbh) diameter at breast height; (h)
tree height; (cl) crown length; (cd) crown diameter; (cpa) crown projection area; (cv) crown volume;
SD, standard deviation.

Site n Age dbh [cm] h [m] hcb [m] cl [m] cd [m] cpa [m2] cv [m3]

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD
D. regia p ≤ 0.01 *** p < 0.01 ** p = 0.02 * p = 0.2 p = 0.12 p = 0.53 p = 0.69 p = 0.26

Parking lot - - - - - - - - -
Public place 7 24.1 ± 1.5 a 46.8 ± 7.6 a 6.7 ± 1.8 a 2.2 ± 0.3 a 4.5 ± 1.9 a 8.4 ± 0.9 a 55.6 ± 12.5 a 122 ± 42.7 a

Street 62 21.5 ± 1.1 b 33.98 ± 10.7 b 5.6 ± 1.1 b 1.8 ± 0.7 a 3.7 ± 1.2 a 7.9 ± 1.8 a 52.02 ± 22.98 a 98.7 ± 52.4 a
F. nitida p = 0.20 p = 0.012 * p = 0.098 p= 0.14 p = 0.09 p = 0.02 * p = 0.02 * p = 0.01 *

Parking lot 19 19.1 ± 21.5 a 25.5 ± 15.6 ab 5.60 ± 1.5 a 1.93 ± 0.88 a 3.67 ± 1.0 a 5.84 ± 1.2 b 27.94 ± 11.8 b 53.7 ± 31.6 b
Public place 15 14 ± 4.9 a 20.1 ± 5.4 b 5.89 ± 1.4 a 1.76 ± 0.59 a 4.13 ± 1.4 a 5.92 ± 2.1 ab 30.73 ± 77.2 ab 73.9 ± 77.2 ab

Street 39 21.6 ± 13.5 a 32.7 ± 15.6 a 6.58 ± 2.0 a 1.99 ± 0.76 a 4.59 ± 1.7 a 7.6 ± 3.1 a 52.98 ± 45.8 a 154.4 ± 187.4 a
P. dactylifera p = 0.11 p = 0.13 p = 0.8 p = 0.67 p = 0.83 p = 0.06 p = 0.05 p = 0.02 *
Parking lot 0 - - - - - - - -
Public place 50 67.1 ± 21.4 a 46.3 ± 6.2 a 13.46 ± 3.0 a 10.43 ± 3.1 a 3.03 ± 1.7 a 4.92 ± 1.4 a 20.78 ± 11.6 ab 78.7 ± 69.7 ab

Street 15 67.6 ± 22.5 a 51.6 ± 10.8 a 14.10 ± 3.2 a 10.79 ± 2.7 a 3.31 ± 1.7 a 4.74 ± 1.0 a 16.87 ± 35.9 b 56.3 ± 35.90 b
square 5 73.3 ± 18.2 a 46.1 ± 9.0 a 13.25 ± 3.6 a 9.9 ± 3.0 a 2.74 ± 1.7 a 4.88 ± 1.7 a 21.60 ± 13.9 a 87.2 ± 85.5 a

Table 5. Results of the summary of the regression analysis of tree pit surface area, the predictor
variables, and diameter at breast height (dbh), tree height (h), crown diameter (cd), and crown
volume (cv), as a response, and the regression equation (y) = a + b × ln(x). The table below lists the
determination of R2, residual standard error, and p-values. The R2 value and the p-value (with levels
of significance indicated by symbols such as ***, ** and *)for each ANOVA show the relationship
between the tree structural variables and the tree pit surface area for the species.

Species Parameter n A b t-Value p-Value RSE df R2 F-Value

D. regia
Tree pit surface area

vs. ln(dbh) 69 3.56 −0.01 −0.95 0.35 0.31 67 0.01 0.9

Tree pit surface area
vs. ln(h) 69 1.72 0 −4.08 0.97 0.22 67 <0.01 0

Tree pit surface area
vs. ln(cd) 69 2.03 0 0.65 0.52 0.22 67 0.01 0.42

Tree pit surface area
vs. ln(cv) 69 4.4 0.02 0.75 0.46 0.58 67 0.01 0.56

F. nitida
Tree pit surface area

vs. ln(dbh) 73 3.43 −0.12 −6.21 <0.01 *** 0.37 71 0.35 38.54

Tree pit surface area
vs. ln(h) 73 1.87 −0.05 −4.08 <0.01 *** 0.25 71 0.19 16.64

Tree pit surface area
vs. ln(cd) 73 1.97 −0.07 −4.66 <0.01 *** 0.32 71 0.23 21.72

Tree pit surface area
vs. ln(cv) 73 4.45 −0.17 −3.56 <0.01 *** 0.95 71 0.15 12.68

P. dactylifera
Tree pit surface area

vs. ln(dbh) 70 3.88 0 −1.1 0.04 * 0.15 68 0.05 0.04

Tree pit surface area
vs. ln(h) 70 2.58 0 −0.04 0.70 0.25 68 <0.01 0.15

Tree pit surface area
vs. ln(cd) 70 1.44 0 3.24 <0.001 ** 0.27 68 0.12 10.47

Tree pit surface area
vs. ln(cv) 70 3.46 0.02 5.741 <0.001 *** 0.72 68 0.32 32.66
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3.4. Ecosystem Services of F. nitida, D. regia, and P. dactylifera

The relationship between above-ground biomass carbon storage (Csa), and shaded
area with tree structure was analyzed using LMM, with Csa and shaded area as outcome
variables, and dbh, crown diameter, and tree height as fixed factors for D. regia and F. nitida
(Figure 3a,b), and h, cd, and age of P. dactylifera (Figure 3c). The results indicated that dbh,
h, and cd were significant predictors of Csa (p < 0.001) with a positive effect on the Csa of
D. regia and F. nitida. The model showed high goodness-of-fit with a marginal R2 of 99%
and a conditional R2 of 99% (Supplementary Table S4). The random effects of the tree pit
surface area and tree planting urban locations were found to have zero additional variation
in Csa, suggesting that the variation in above-ground biomass carbon storage can be fully
explained by the fixed factors. The D. regia and F. nitida models (15 and 16) fit the data well.

Ln (Csa) = 2.35 − ln(dbh) × 4.44 + ln (h) × 0.48 + ln(cd) × 0.23 (15)

Ln (Csa) = 2.81 − ln(dbh) × 4.52 + ln (h) × 0.89 + ln(cd) × 0.27 (16)

Figure 3. Impact of the tree structural variables on above-ground biomass carbon storage of three tree
species in three plots using a linear mixed model. the p-value (with levels of significance indicated
by symbols such as ***, ** and *) for each ANOVA shows the significant impact of the tree structure
variables and above-ground biomass carbon storage for the species.

Model (17) quantifies the relationship between tree height, crown diameter, and age
for above-ground biomass carbon storage. We used random effects. Above biomass carbon
storage for P. dactylifera can be applied based on the following model:

Ln (Csa) = 1.48 + ln(h) × 1.99 + ln(cd) × 0.31 + ln(Age) × 0.31 + ε (17)

The results of the LMM analysis indicated that h and cd, the fixed factors, positively
impacted the shaded area in both D. regia and F. nitida (Figures 4a and 4b, respectively).
Conversely, for P. dactylifera, the effect of the fixed factors was statistically insignificant and
negative (Table S5) in the Supplementary Materials section. Tree height and crown diameter
are statistically significant as predictors of the shaded area. The results are depicted in
Figure 4, which displays the fixed effect of the shaded area, with point estimates and 95%
confidence intervals, and the significance of each predictor variable (p-value). The results
suggest that increasing h and cd values lead to an increase in shaded areas in both D. regia
and F. nitida. The LMM regression analysis for D. regia explained 18.9% of the response
variable variation. The conditional R2 accounted for 64.4% of the variation in the response
variable due to random effects. The regression results of F. nitida showed a high goodness of
fit for both marginal R2 and conditional R2, with the model explaining 94.3% and 95.1% of
the response variable variation, respectively. The variation in the shaded area can therefore
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be fully explained by the fixed factors and other random effects, as reflected in the D. regia
model (18) and the F. nitida model (19), but not in the case of P. dactylifera.

Ln (aveAshade) = 1.29 + ln (h) × 1.19 + ln(cd) × 1.63 + ε (18)

Ln (aveAshade) = 0.52 − (h) × 2.95 + ln(cd) × 2.25 + ε (19)

Figure 4. Impact of the tree structure variables on shaded area of three tree species in three plots using
a linear mixed model. D. regia (a), F. nitida (b), with fixed effects of tree species, and random effects
accounting for tree pit surface area and tree planting site. the p-value (with levels of significance
indicated by symbols such as *** and **) for each ANOVA shows the significant impact of the tree
structure variables and shaded area for the species.

The results of the study on above-ground biomass carbon storage and shading in
three species (D. regia, F. nitida, and P. dactylifera) are shown in Figure 4. The results reveal
a significant difference in Csa among the species, with F. nitida and P. dactylifera being
significantly different but not from D. regia (Figure 5L). In terms of shading, a significant
difference was also found among the species, with D. regia and F. nitida being similar but
different from P. dactylifera (Figure 5R).

The average above-ground biomass carbon storage Csa, for D. regia trees was 179 kg
C with an average shaded area of 42 m2. (See Table 6.) Significant differences were found
for the Csa of F. nitida amongst the age categories (p < 0.001), with an average ranging
from 35 to 420 kg C. The shaded area of F. nitida increased from 20 m2 for young trees
(<15 years) to 69 m2 for old trees (>15 years). The difference in shade density for F. ni-
tida was not significant between age categories (p = 0.29). The above-ground biomass
carbon storage of P. dactylifera did not show significant differences between age categories
(p = 0.11), with an average above-ground biomass carbon storage ranging between 77.7 and
93 kg C. The average shade area for P. dactylifera showed a significant difference between
age categories (p < 0.001), but shaded density was not significant (p = 0.33).

The main effects of plant growth site for D. regia on above-ground biomass carbon
storage were significant (p = 0.01) but were not significant for shaded area and shade
density (p = 0.28 and p = 0.16), respectively (see Table 7). Similarly, the effects of plant
growth site on the ecosystem services of P. dactylifera were not significant for above-ground
biomass carbon (p = 0.88), shaded area (p = 0.84), and shade density (p = 0.37), respectively,
across different plant sites such as street trees, parking lot trees, and public place trees.
Nevertheless, the effects of the plant growth site on above-ground biomass carbon storage
and shaded area were significant (p = 0.03) for F. nitida, but not on shade density (p = 0.76).

16



Forests 2023, 14, 671

Figure 5. Ecosystem services (above-ground biomass carbon storage figure (L) and shading area (R))
of D. regia, F. nitida, and P. dactylifera in the arid city of Jericho. Letters indicate the results of post hoc
Tukey test. Different letters denote significant differences.

Table 6. Mean, minimum, maximum, and related standard deviation as well P for p-value (with
levels of significance indicated by symbols such as ***) of Csa above-ground biomass carbon storage,
shaded area, and shade density for D. regia, F. nitida, and P. dactylifera for different age classes. Means
within the columns differ significantly when separated by different letters.

Age n Csa kg [C] Shaded Area [m2] Shade Density [m2/m3]

Mean Max Min Mean Max Min Mean Max Min
D. regia

20–25 69 178.6 ± 118.8 591.6 46.8 41.8 + 17.4 76.8 4.6 3.58 ± 2.6 19.0 0.9
F. nitida p ≤ 0.001 ***

<15 30 35 ± 12.5 a 75.6 17.4 20.40 ± 6.9 43.0 10.2 3.88 ± 1.3 6.3 1.4
16–24 34 163.23 ± 129.3 b 500 13.2 58.41 ± 35.5 211.1 22.5 3.34 ± 1 4.7 0.8
>25 9 420.3 + 178.7 c 711.2 180.12 69.23 ± 28.1 107.1 37.2 1.67 ± 0.6 2.70 0.6
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Table 6. Cont.

Age n Csa kg [C] Shaded Area [m2] Shade Density [m2/m3]

P. dactylifera p = 0.33
<29 10 77.7 ± 5 a 87.4 68.0 38.25 + 8.5 50.4 26.4 0.74 + 0.20 1.1 0.4

50–70 22 98.95 ± 23.7 a 166.5 60.1 29.24 + 21.6 75.4 3.8 0.87 + 0.4 1.7 0.4
>80 38 92.64 ± 23.5 a 132.8 43.6 17.21 + 11.7 49.1 5.02 1.00 + 0. 6 2.7 0.5

Table 7. Means and SD of the ecosystem services above-ground biomass carbon storage Csa, shaded
area, and shade density for D. regia, F. nitida, and P. dactylifera in response to growth site, as well as
the p-value (with levels of significance indicated by symbols such as ** and *)for each ANOVA. The
mean values in the same column differ significantly when followed by different letters.

Site n Csa [kg C] Shaded Area [m2] Shade Density [m2/m3]

Mean Mean Mean
D. regia p = 0.01 ** p = 0.28 p = 0.16

Public place 7 134.01 ± 35.5 a 35.5 ± 10.2 a 4.9 ± 2.1 a
Street 62 182.0 ± 125.5 b 42.8 ± 17.4 a 3.5 ± 2.6 a

F. nitida p = 0.03 * p = 0.03 * p = 0.76
Parking lot 19 121.8 ± 170.1 ab 30.7 ± 12.5 b 2.9 ± 1.2 a
Public place 15 61.3 ± 44.5 b 36.8 ± 24.8 ab 3.2 ± 1.2 a

Street 39 183.4.6 ± 173.2 a 53.5 ± 39.8 a 2.8 ± 1.5 a
P. dactylifera p = 0.88 p = 0.84 p = 0.37
Public place 45 92.5 ± 24 a 24.2 ± 17.4 a 0.89 ± 0.5 a

Street 14 97.31 ± 20.8 a 24.3 ± 15.7 a 1.11 ± 0.5 a
Square 5 90.8 ± 19.9 a 29.3 ± 11.8 a 0.70 ± 0.1 a

4. Discussion

A quantitative understanding of the structure and dimensions of urban trees is critical
to better predict tree ecosystem services. However, the relationships between tree structure
and ecosystem services in arid regions are poorly understood. Therefore, we applied
several possible numerical approaches to calculate the structure and ecosystem services of
trees. We analyzed the dependency of tree structure on dbh and age and the dependency
of LAI and tree structure on three common urban trees in the arid city of Jericho. We also
studied the effect of the different urban planting locations and tree pits on urban trees’
dimensions and on their ecosystem services.

The study outcomes provide a basic understanding for further research on the rela-
tionship between urban trees structure and ecosystem services in arid regions. It offers
valuable insights into the growth patterns of arid urban trees, (e.g., dbh, crown dimension,
and age) and their ability to acclimate (by showing growth efficiency that is not native to
this region, for example, F. nitida and D. regia). Additionally, an allometric model was built
to visualize the impacts of the tree structural variables on the ecosystem services, such
as above-ground biomass carbon storage and the shade potential of urban trees based on
the relationship between tree structure and ecosystem services. The study highlights the
important role of urban trees in providing ecosystem services in arid regions and offers
valuable insights for city planners and urban managers in their efforts to improve urban
tree selection and create sustainable and resilient urban ecosystems in arid cities.

4.1. Relationship between Structural Tree Parameters (dbh, Age, Tree Pit Surface Area, and Tree
Urban Location)

The results indicated a moderate to strong relationship between age and tree structure
for F. nitida (R2 = 0.3–0.61), which is slightly weaker than the relationships obtained by
Moser et al. [39] for three different urban tree species in central Europe. Our results for P.
dactylifera and D. regia show a weak and nonsignificant proportion of variance between age
and tree structural variables in both species (R2 ≤ 0.06).
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The availability of resources limited annual precipitation, competition for above- and
below-ground space, and poor soil quality, influence the relationship between age and
dbh [41,81]. The stem diameter at breast height with tree height and crown dimension
shows strong to moderate relationships for F. nitida, but the relationship was slightly
weaker in D. regia, as a light-demanding and shade-intolerant tree, whereas F. nitida is
light-demanding but partially shade-tolerant [61]. Light-demanding tree species have
weaker stem diameter and crown volume relationships [3]. The growth allocation of trees
can greatly change in response to light availability [82], which also supports our results.
The results indicate that street trees, which are often planted in close proximity to one
another, experience increased competition for sunlight, particularly when their crowns
come into contact with each other. Light availability is a critical factor that can influence
the growth and development of trees. Light-demanding tree species, such as those that
typically grow in open habitats, require high levels of sunlight to thrive. Specifically, these
trees may allocate more resources to the production of leaves and branches, which can
increase their ability to capture sunlight and produce energy. This may result in weaker
stem diameter and crown volume relationships [3].

The tree structural relationships of D. regia illustrate a moderate trend that is slightly
weaker than those of the studies conducted by Arzai et al. [50], who investigated the
connections among canopy width, tree height, and dbh of various urban tree species,
finding a strong correlation between tree height and crown diameter with dbh, as an
adaptive tree species. This difference is possibly based on the natural climate of the study
area, which is tropical [83].

Many other factors, such as annual pruning to shape the tree, especially at an early
stage [84], and the removal of damaged, dead, dried, and crossing branches [85], can also
affect crown dimension–dbh relationships. Pruning mature trees may be for reasons of
shape, tree health, aesthetics, safety, or clearance from infrastructure [86]. The correlation
between stem diameter and the crown dimension of P. dactylifera was nonsignificant. As
a monocotyledonous plant, P. dactylifera lacks the ability to form a vascular cambium, a
meristem tissue that allows for secondary growth in dicotyledonous plants. The vascular
cambium is responsible for the formation of new layers of xylem and phloem, which
contribute to the increase in diameter of the plant’s stem or trunk over time. Without
the formation of a vascular cambium, the date palm does not undergo regular secondary
growth and does not exhibit the characteristic increase in diameter [64]. This is in line
with the results of Issa et al., [40], whose regression coefficient shows weak but significant
relationships between dbh and crown area for P. dactylifera.

Generally, tree samples were selected from different urban locations, that typically
suffer from a scarcity of water due to the lack of a regular irrigation system. Our results
show a significant difference in dbh in the tree planting site for F. nitida, and a significant
difference in dbh and age in the tree planting site for D. regia.

In Jericho City, many irrigation patterns exist (water transportation tanks, manual
plastic tubes, normal irrigation systems, and normal water buckets). Additionally, some
street trees are situated close to agricultural farms that provide them with resources (water
and nutrition).

However, the research of Coombes et al. [87] found that the site factors had very little
effect on the allometric relationship between dbh and crown diameter. However, the results
presented showed that the difference in irrigation patterns and the distribution of nutrient
resources for trees in Jericho may lead to different growth patterns in urban areas; therefore,
this may be the reason for the different ratio of tree structural relationships. In addition, the
results showed differences in F. nitida, in canopy diameter, and volume between parking
lot and street trees due to tree size variations. For D. regia trees in public places, the trees
vary in size as well. The trees in the public place (e.g., garden) are older than the trees in
the street, but there were no significant differences in P. dactylifera at all, and the reasons
behind the fact that the overall mean of P. dactylifera tree ages in different urban locations of
the city are not significantly different. Furthermore, the findings revealed that the relation
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between the tree pit surface area and tree structure for F. nitida and P. dactylifera are weak
but statistically significant, but is not significant in D. regia. The possible reason behind
that uneven distribution of tree samples selected, e.g., 62 of D. regia, is that most of the
street trees had a very small tree pit surface area. Even if they were irrigated by the above
irrigation patterns, the amount of water to reach the plant would be very small, especially
in summertime with high evaporation rates.

4.2. Leaf Area Index of the Three Urban Tree Species

The results show a nonsignificant and weak proportion of variance between LAI and
structural parameters. The R2 values were close to zero for all variables.
Özbayram et al. [88], in their research, studied the correlation between LAI values and tree
variables in Turkey, and a negative correlation in black pine stands was found (i.e., stand age,
mean diameter) and a positive correlation in red pine (i.e., stand age, mean diameter, top
height, green tree height, and basal area). Özbayram et al. concluded that the leaf area index
(LAI) varies according to species. The LAI results were 5.4 for F. nitida, 5.8 for D. regia, and
2.9 for P. dactylifera. These results can be placed in comparison with those of Liu et al., [89],
who found a mean LAI of value 4.73 ± 0.40 for D. regia and 5.00 ± 0.47 for F. nitida, whereas
Lin et al. [90] found an LAI of 6.11 for Ficus macrocarpa and 5.05 for Ficus elastica, and
Awal et al. found an LAI of 1.7 for P. dactylifera [91]. A higher leaf area index means higher
photosynthesis and efficient use of light, which indicates higher carbon capturing ability
and stocks [92].

4.3. Ecosystem Services of Trees in Arid Cities

Urban trees provide ecosystem services [93,94], which can significantly improve the
climate in cities [95]. The study estimated above-ground biomass carbon storage and
shading potential. Results showed that tree height, dbh, and crown diameter have a strong
relationship with above-ground biomass carbon storage in D. regia and F. nitida. Similarly,
tree height, crown diameter, and age have a significant relationship with above-ground
biomass carbon storage in P. dactylifera, consistent with prior research, (e.g., Yoon et al. [37]).
Issa et al. [96] found that the amount of CO2 absorbed is proportional to the tree component,
above-ground biomass can be highly estimated by the green plant component (e.g., canopy
area) and tree stems as variables measured in the field. Further, Betemariyam et al. [97],
found that P. dactylifera trees older than 20 years had a mean above-ground biomass carbon
stock of 159.50 kg/plant, in date palm on a farm in north-eastern Ethiopia. Issa et al. [40]
found that trunk height and crown diameter are strongly correlated with the age of date
palm trees and reported an average carbon storage of 225 kg C of the palm trees in Abu
Dhabi, United Arab Emirates, for trees older than 20 years. The results show the average
carbon storage of P. dactylifera is higher than the averages of D. regia and F. nitida; these
findings support that P. dactylifera trees in this study contribute to emission reduction and
carbon sink enhancement.

Higher above-ground biomass carbon storage averages for D. regia were found in
public places and parking lots compared with street trees, whereas P. dactylifera trees pro-
vided similar rates at all sites. The second ecosystem service is shade potential. The results
showed a statistically significant and strong relationship between tree height, diameter
at breast height and crown diameter with the shaded area of D. regia and F. nitida, and a
nonsignificant relationship with the shaded area of the P. dactylifera tree. This could be due
to its monocotyledon nature. The results of the P. dactylifera shade area show a smaller
value for older trees, where the most likely reason could be leaf senescence due to age.
With age, trees may lose some leaf area due to leaf senescence. Another reason could be
leaf pruning each year.

Different shaded areas and shading densities exist among urban tree species. F.
nitida and D. regia have the highest shading potential compared to P. dactylifera. Shade
density is particularly important for lowering surface temperatures and improving thermal
comfort [90,98,99]. F. nitida and D. regia have higher shading potential compared to P.
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dactylifera, as produced by their crown canopies. A possible reason is that the sampled trees
are mixed between taller trees with narrow canopies and shorter trees with wider canopies.
This result is in line with Armson et al., [6], with the outcome about tree morphology
and shade for five different street tree species in Manchester (UK) exhibiting a significant
difference between the species’ canopy sizes but nonsignificant differences between tree
canopies’ shaded areas. Rahman et al. [100] demonstrated that urban trees can mitigate
temperatures underneath canopy surfaces during the day through shading.

The potential cooling effect of tropical trees is higher than that of other species,
e.g., Ficus retusa trees can reduce the temperature values during the summer by 4 ◦C,
while the cooling effect for date palm trees (P. dactylifera) is only 1.5 ◦C, which is character-
ized by a small canopy [101]. Reflecting the weakness of P. dactylifera as a tree for shading
benefits and the higher shading potentials of F. nitida and D. regia, which are characterized
as tropical trees in arid cities, shading measures have special importance, where the sun
has intense solar radiation, leading to higher air temperatures that can negatively affect
most human daily activities [102]. Based on previous studies, the importance of cooling by
shading in an arid city is particularly important where solar radiation is intense, leading
to higher temperatures that can negatively impact human activities. Overall, this study
provides valuable insights into the ecosystem services provided by urban trees, specifically
carbon storage and shading potential, and their correlation with structural variables.

5. Conclusions

In conclusion, this study analyzed the growth, ecosystem services, and tree structural
characteristics of three common urban trees (i.e., D. regia, F. nitida, and P. dactylifera) in the
arid city of Jericho using a numerical approach of a City Tree model. The results showed
that tree structural variables (i.e., tree height, crown volume, and crown diameter) have a
strong to moderately significant relationship with dbh for D. regia and F. nitida. The results
also show no relationships between leaf area index and tree structure for all tree species’
structural variables, while showing a statistically moderate relationship for tree structure
with age for F. nitida, and no relationship for all other tree species. The tree pit surface area
also showed weak significant relationship with tree structure for F. nitida and P. dactylifera,
but not for D. regia. Different urban plant growth location also induced various influences
among the three species; the results show a significant influence on tree structure for D.
regia and F. nitida, while the influence was not significant on P. dactylifera.

D. regia has higher shading potential and above ground biomass carbon storage,
compared to F. nitida and P. dactylifera, respectively, as common urban trees in the city. The
results may vary based on species and site conditions. Our results are similar to research
from other climates; for example, Moser et al. (2015) carried out similar research in Germany
(temperate region) and found strong to moderate relationships between crown dimensions
and stem diameter, which is identical to our results except for P. dactylifera. Although
results can vary based on species and site conditions, overall patterns are comparable,
which indicates that similar results are also applicable to other climate regions. However,
species functionality should be considered.

Based on these findings for the selected ecosystem services (above-ground biomass
carbon storage and shade potential), it is recommended that D. regia, F. nitida and P.
dactylifera be considered for future urban greening in arid cities, with D. regia outperforming
the others. However, further research in other non-arid regions and climate-sensitive
growth models are needed to better understand the growth and adaptation capacity of
these trees in changing climates. We recommend conducting further research on the
relationship between tree species’ dimensions and the ecosystem services they provide,
with a specific focus on urban areas in Mediterranean and/or arid climates.
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Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/f14040671/s1. Table S1: Means and standard deviation
[SD] of all measured and calculated trees’ structural data D. regia, F. nitida, and P. dactylifera. Where
n—number of samples, dbh—diameter at breast height, h–tree height, cl—crown length, cd—crown
diameter, cpa—crown projection area, and cv—crown volume, respectively. Table S2: Results of the
regression analysis of LAI, the predictor variables, and the tree variables (dbh, h, cd, and cv) as a
response and the regression equation (y) = a + b × ln(x). The table below lists the determination
of R2, standard error, and p-values. Table S3: Mean of the tree pit and related standard error to the
growth site for D. regia, F. nitida, and P. dactylifera, as well as the p-values for each ANOVA. Mean
values in the same column differ significantly when followed by different letters. Table S4: Results of
the summary of the linear mixed model regression analysis of a carbon fixation and the predictor
variables, and the tree variables (h, dbh, cd, and age) as a response, and the regression equation
ln(y) = a + b1 × ln(x1) + b2 × ln(x2) + b3 × ln(x3) + ε. The table below lists the determination of
R2, τ00: variance of random intercept, N site refers to the number of distinct groups or sites in the data,
where each group may have multiple observations, N T.pit refers to the number of total observations
or data points in all the sites, which is equal to the sum of the number of observations in each site,
σ2 refers to the residual variance, and p-values. Table S5: Results of the summary of linear mixed
model regression analysis of a shaded area and the predictor variables, and the tree variables (h, dbh,
cd, and age) as a response and the regression equation n(y) = a + b1 × ln(x1) + b2 × ln(x2) + ε.
The table below lists the determination of R2, τ00: variance of random intercept, N site refers to the
number of distinct groups or sites in the data, where each group may have multiple observations, N
T.pit refers to the number of total observations or data points in all the sites, which is equal to the
sum of the number of observations in each site, σ2 refers to the residual variance, and p-values.
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Abstract: Vegetation configuration in residential districts improves human comfort by effectively
moderating the thermal environment. Herein, the reliability of ENVI-met is verified by comparing
the field measured with simulated data, including air temperature and relative humidity. The cooling
effect of trees gradually increased with increasing tree coverage. Under the same coverage, trees with
a tree crown diameter (TCD) of 3 m have the strongest cooling capacity, followed by trees with a TCD
of 7 m, and trees with a TCD of 5 m have the weakest cooling capacity. The cooling capacity of a TCD
of 3 m is considerably higher than that a TCD of 5 m and a TCD of 7 m. When the tree coverage ratio
is 50%, the difference among the three TCDs is the largest. When the tree coverage is 50% or 70%, the
cooling effect of TCD at 7 m is considerably higher than that at 5 m. For different canopy sizes and
shapes under the same degree of tree coverage, only when the tree coverage is more than 50% and
TCD is 3 m, the cooling capacity of a cylindrical shape is 0.2 to 0.3 ◦C higher than that of conical and
ellipsoidal shapes. However, the difference between conical and ellipsoidal shapes when TCD is 5 or
7 m is not significant (ΔTa < 0.1 ◦C). Our results suggest that small canopy trees have a better cooling
effect than large canopy trees for the same level of coverage.

Keywords: ENVI-met; residential district; canopy structure; tree coverage; cooling effect

1. Introduction

Over the past few decades, with rapid population growth, rapid urban expansion, and
global climate warming, the phenomenon of urban heat islands has become a common
issue in urban cities around the globe [1], significantly impacting human health and
daily living, and increasing the frequency of extreme heat stress. Furthermore, the urban
thermal environments and the thermal comfort of residents have become challenging.
When temperatures become too hot, lives are threatened, and studies have found that
temperature is an important factor affecting morbidity and mortality [2,3]; indeed, heat
and heat waves are an additional contributing factor to increased mortality in summer.
Exposure to heat can impair the body’s ability to regulate its internal temperature, and can
result in temperature-related deaths [4–6]. Urban cooling can help to mitigate the impact of
extreme heat conditions on lives and livelihoods.

In most developed cities, urban green space is extremely limited, hence maximizing
the cooling effect of green space is critical. Previous studies have also found that vegetation
is one of the effective measures to mitigate the heat island effect and improve human com-
fort [7–9], since it affects air temperature (AT), relative humidity (RH), rainfall, and other

Forests 2023, 14, 80. https://doi.org/10.3390/f14010080 https://www.mdpi.com/journal/forests27



Forests 2023, 14, 80

conditions in urban areas, and the cooling capacity of trees is much more pronounced than
that of grass. The physiological characteristics of trees provide a higher cooling capacity
than other vegetation since trees can block the sunlight and absorb some heat and transpi-
ration. Therefore, trees can effectively moderate the urban thermal environment [10,11].

Studies have confirmed that the key factor for trees to exert a cooling effect resides
in the canopy [12–14], which blocks direct sunlight on the surface, while the leaves of the
canopy can perform photosynthesis and transpiration [15,16]. Different canopies have
different three-dimensional characteristics, leading to differences in the cooling capacity
of trees.

The surface temperature of pileated canopy shapes had the strongest cooling and
humidification effects, while the shape of the columnar canopy had the weakest [17,18].
This suggests that canopy shape should be considered when investigating the cooling effect
of trees. The size of trees can be described by tree crown diameter (TCD) and tree height
(TH), both of which have different effects on the urban thermal environment. At the same
time, increasing the diameter of the crown will have better cooling and humidification
effects than increasing the height of the trunk [18,19]. A larger TCD is more conducive to
improving human thermal comfort [19] since increasing TCD will reduce the average sky
view factor of the city [20,21]. TCD can indicate tree coverage; a larger canopy indicates a
higher percentage of tree coverage and thus the more shade it provides [19,22].

Tree coverage and number are important factors in urban planning. In addition to
crown size and canopy shape, tree coverage is also an important factor in the thermal
environment of urban open green spaces [23,24]. Urban vegetation coverage is closely
related to urban thermal environment and thermal comfort conditions [25]. In the hot
summer months, areas with higher vegetation coverage are cooler than those with lower, as
vegetation coverage effectively reduces air and radiation temperatures. Areas with higher
vegetation coverage provide greater shade and transpiration, thus effectively improving
the urban thermal environment [26]. When the canopy diameter of the trees is fixed, tree
coverage is a key factor influencing the number of trees in a green space. The amount of
cooling provided by green space and the distance over which that cooling extends depend
on factors such as green space size, but this relationship is not linear [27,28].

Previous studies have confirmed that crown size, canopy shape, and tree coverage
are important factors affecting AT and RH [25,27,29], although only few studies explained
how the canopy affects the surrounding environment. To quantify the effect of crown
size, canopy shape, and tree coverage on AT and RH, numerical simulation was used in
this study to analyze and predict the urban thermal environment. ENVI-met, RayMan,
and SOLWEIG are software packages frequently used in microclimate simulation stud-
ies. Among them, RayMan simulation has the fastest operation speed, yet only outputs
few radiation parameters and cannot simulate reflected radiation well. SOLWEIG is suit-
able for radiation simulation of enclosed spaces, while ENVI-met software can calculate
more radiation parameters and long-wave and short-wave radiation between buildings
and surfaces [30].

ENVI-met is a 3D numerical simulation software based on fluid mechanics and ther-
modynamic equations [31]. According to the principle of iterative calculation, ENVI-met
can simulate the “surface-plant-atmosphere” interaction in the city; then, the influence char-
acteristics of urban planning form and landscape elements on complex space microclimate
are quantified, which can be used to assess the influence of architecture and urban planning
on environmental variables. ENVI-met can also simulate AT and RH, soil temperature and
humidity, solar radiation, surface temperature, and wind speed and direction scenarios;
hence, it is widely used in urban green space microclimate regulation effects, especially
to simulate the heat island effect [32–34], improve human thermal comfort [35–37], and
reduce air pollutants [38,39].

Previous studies using ENVI-met software found branching position height, planting
orientation, crown size, tree shape, and the number of trees differently impact the surround-
ing microclimate [40,41]. However, these studies are based on the vegetation database in
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the system, while there are various kinds of vegetation that vary regionally. Therefore, in
this study, we created a vegetation model consistent with the study area with the help of
a 3D laser scanner. To ensure the reliability of the model’s simulation output, it is often
necessary to calibrate the simulated values with the use of measured values and to assess
the accuracy of the model using statistical values such as root mean square error (RMSE)
and index of agreement (d) [42,43].

Although ENVI-met’s database contains various types of vegetation, in reality, the
size, shape, and types of trees are more complicated. To truly restore the information
of trees and improve the simulation accuracy of the model, we used the terrestrial laser
scanning (TLS) to reconstruct the trees in the sample plot. TLS is a measuring tool that can
accurately provide detailed stand and individual tree information without destroying trees,
including crown size and shape, tree height, and diameter at breast height (DBH) [44,45].
The tree crown is reconstructed by dividing the point cloud acquired by the TLS into a
three-dimensional grid of volume elements (voxel) [46].

In this study, we used the ENVI-met software to simulate a realistic scenario and used
the measured data to verify the accuracy of the simulation. Firstly, five groups of different
coverage of trees with three tree crown sizes were simulated during the summer. Secondly,
three groups of different TCD and three groups of different canopy shapes of trees were
simulated in five tree coverage scenarios. Our study aims are to (1) verify the simulation
accuracy of the ENVI-met model; (2) study the effects of different crown sizes and tree
coverage on the urban thermal environment in the summer; (3) quantify the cooling effect
of three canopy shapes on the urban thermal environment in the summer.

2. Materials and Methods

2.1. Study Area

The study area was located in the Lin’an district (118◦51′–119◦52′ E, 29◦56′–30◦23′ N),
Hangzhou City, Zhejiang Province, China (Figure 1). It has a typical subtropical climate
with sufficient light and abundant rainfall. The weather forms of the four seasons are quite
different: rainy in spring, hot and humid in summer, cool in autumn, and low temperature
with little rain in winter. The annual rainfall is 1628.6 mm, 158 days of precipitation, a
frost-free period averaging 235 days per year, with an average temperature of 16.4 ◦C
throughout the year [47].

Figure 1. Location of the study area, and arrangement of wireless sensors. Wireless sensors at points
1, 2, 4, 5, and 7 were placed in the shade of trees, and wireless sensors at points 3, 6, 8, and 9 were
placed in unobstructed places.
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We selected a 100 m × 100 m size as the study area, and the features included buildings,
roads, concrete roads, green space, and vegetation (Table 1). The experiment was conducted
from 15 to 17 July 2021. The weather conditions in these three days were similar, with
stable weather, cloudless and low wind speed.

Table 1. Area and percentage of land cover types in the study area.

Open Space Elements Area (m2) Percent (%)

Student apartment 3014 30.14
Green space 4142 41.12

Roads 2844 28.44

2.2. Meteorological Data and Measured Data Collection

In this study, GHHB-001-485 wireless sensor equipment was used to monitor envi-
ronmental factors. To ensure the accuracy of experimental results and reduce systematic
errors among devices, all wireless sensor equipment were calibrated prior to the start of
the experiments. All data were calibrated after being collected via sensors and used in this
study. The AT error after calibration was <0.2 ◦C, while the RH error was <0.5%. Detailed
data specifications for wireless sensor equipment are listed in Table 2.

Table 2. Specifications data of wireless sensor.

Parameter Sensor Type Measuring Range Accuracy Resolution Response Time

Air Temperature GHHB-001-485 −40–80 ◦C 0.1 ◦C 0.1 ◦C 60 s
Relative Humidity GHHB-001-485 0–100% 0.3% 0.1% 60 s

We divided the study area into nine equal-sized cells, and arranged a wireless sensor
in the center of each cell. As the center points of some cells fall on the roof, we moved
these center points to be distributed on the roof horizontally along the north to the green
space, and arranged sensors. Since the air temperature was relatively stable, and the
composition and distribution of features in the study area were similar to those outside the
study area, we think that the data difference caused by this small-scale movement can be
ignored. Finally, nine wireless sensors were arranged in total (Figure 1), and some wireless
sensors were under trees, some were in grassland, and some were next to buildings. The
sensors were positioned at 1.5 m above the ground (Figure 2a), and recorded data at a
frequency of 1 per min. In addition, we obtained three days’ weather data consistent with
the experimental time from a weather station located on an open asphalt surface in the
campus and 2 m above the ground (Figure 2b). The collection frequency of the weather
station was 1 per min. Furthermore, we obtained the wind speed and direction information
at 10 m in the experimental day from the nearby Lin‘an Meteorological Station.

2.3. Tree Information Collectiona

In this study, we used the DJI M300 UAV equipped with a visible light camera to take
pictures of the study area to obtain images of the study site, including the composition
of the underlying surface and the location of trees, and set the flight altitude at 60 m. We
carried out a per-tree survey of the trees in the study area to obtain detailed information
about each tree, including TH and DBH. There are 167 trees in the study area, primarily
including Koelreuteria paniculata, Prunus cerasifera “Atropurpurea”, Osmanthus fragrans,
Elaeocarpus decipiens Hemsl, and Firmiana simplex (Linnaeus) W. Wight. We used a TLS
device to obtain the parameters such as TH, TCD, and trunk height. Detailed parameters
of the TLS equipment are listed in Table 3.
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Figure 2. (a) Pictures of wireless sensor monitoring in sample plots. (b) Image of the reference
weather station in the campus and at 2 m above the ground.

Table 3. System specifications for Leica ScanStation C5 equipment.

Parameter Value

Field of view 270◦ × 360◦
Range size 35 m @ ≥ 5% albedo
Scan rate 25,000 pts/s

Accuracy of position 6 mm
Accuracy of distance 4 mm

Minimum point spacing <1 mm
Operating temperature 0–40 ◦C

2.4. Individual Tree Creation Process

The point cloud data collected using the TLS equipment were imported into the
Cyclone software for processing and noise point removal near the point cloud of a single
tree. Then, the separated point cloud of a single tree was voxelized using the Python
3.6 software, and the voxelization operation was performed on the point cloud data to
convert the geometric form of the object into the closest representation form. In the sub-
module Albero of ENVI-met software, the voxelized point cloud data were used to create a
realistic single-tree model. We have created a total of 14 vegetation models. Cloud point
voxelization and single tree creation are shown in Figure 3.
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Figure 3. Creation of a single tree model. (a) Single tree point cloud data obtained using the TLS device.
(b) Single point cloud data after voxel processing. (c) Single tree model created using ENVI-met.

2.5. ENVI-Met Scenario Setting and Simulation

The input parameter settings of the model include area input, configuration, and
database files. The area input file included location and size of the study site, categories of
ground objects, and areas of various types of ground objects. The related software Context
Capture was used to stitch the photos taken via a drone to obtain a complete image map of
the study areas, following which ArcGIS 10.4 was used to vectorize the study area photos
obtained via the UAV to generate an image interface that can be input into the ENVI-met
software. The area input file was mainly the setting of the simulated area file. The realistic
scenario creation is illustrated in Figure 4.

 

Figure 4. Realistic scenario creation process: (a) plane figure of the real scene, (b) the 2D display
diagram of the real scene in ENVI-met, and (c) the 3D display diagram of the real scene in ENVI-met.

The database file includes parameter settings such as vegetation, green space, build-
ings, and soil. When setting vegetation, users can set parameters such as tree height, tree
height width, and leaf shape according to their actual needs. The parameter settings of
the configuration file include the AT and RH, wind speed and direction at 10 m, ground
roughness, building material, and height. The hourly AT and RH obtained from the
weather station were used as meteorological boundary conditions. Our actual field size was
100 m × 100 m. However, in order to minimize the edge effect and enhance the numerical
stability, we added 10 empty cells: for each lateral boundary we expanded each edge
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outwards by 20 m in the simulation to reduce the influence of the model boundary on the
simulation results. The final simulation area was a 70 × 70 × 20 3D cell grid, with a grid
resolution of 2 × 2 ×3 (dx = 2 m, dy = 2 m, dz = 3 m), and the vertical grid cells of the
near-ground was divided into five sub-grid cells. The simulation results were saved at
hourly intervals. The specific parameter settings are listed in Table 4.

Table 4. ENVI-met model parameter settings.

Parameters Value/Source

Maximum air temperature at 2 m (◦C) 38.2
Minimum air temperature at 2 m (◦C) 28.2

Maximum relative humidity at 2 m (%) 87.5
Minimum relative humidity at 2 m (%) 48.2

Wind speed at 10 m (m/s) 1.1
Wind direction at 10 m SW

Grid cell size (Δx, Δy, Δz) 2, 2, 3
Number of grid cells (Δx, Δy, Δz) 70, 70, 20

Boundary condition Simple Forcing
Simulation duration 24 h

Roughness length 0.01
Albedo of road 0.2

Emissivity of road 0.9
Albedo of glass 0.2

Transmittance of glass 0.3

2.6. Numerical Simulation
2.6.1. Simulation under Different TCDs and Tree Coverage

In this study, 16 July 2021 was selected as the simulation date. To study the cooling
effect of different cover and TCD in summer, five different steps of tree cover (10, 30, 50, 70,
and 90%) and three different groups of TCD (3, 5, and 7 m) were set. A total of 15 scenes
were created, in which we did not consider the influence of the crown shape; hence, we
set the crown shape as a cylinder. In this study, the tree height was set to 7 m, except for
the trees in the real scene. The cover ratio used in the study is the ratio of vegetation to the
overall green space.

Base model: The basic scenario was the part left after all the trees in the realistic
scenario were removed. In other words, the difference between the realistic scenario and
the basic scene is only whether there are trees or not. In this paper, the analysis of the
cooling effect of different scenes was based on the basic scenes.

Case 1 (C1): Tree coverage of 10% with 46 trees (17, 9) based on the base model, and
TCD = 3(5, 7).

Case 2 (C2): Tree coverage of 30% with 138 trees (50, 25) based on the base model, and
TCD = 3 (5, 7).

Case 3 (C3): Tree coverage of 50% with 230 trees (83, 42) based on the base model, and
TCD = 3 (5, 7).

Case 4 (C4): Tree coverage of 70% with 322 trees (116, 59) based on the base model,
and TCD = 3 (5, 7).

Case 5 (C5): Tree coverage of 90% with 414 trees (149, 76) based on the base model,
and TCD = 3 (5, 7).

2.6.2. Simulation under Different TCDs, Tree Coverage, and Crown Shapes

Based on the above 15 scenes, we set three canopy shapes, namely cylindrical, conical,
and ellipsoidal, for each group, creating a total of 45 scenes. According to three groups of
different TCDs sizes and three different crown shapes, a total of nine single tree models
(Table 5) were created in the vegetation database.
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Table 5. Nine individual trees of different crown sizes and canopy shapes.

Shape TCD = 3 m TCD = 5 m TCD = 7 m

Cylindrical shape

Ellipsoidal shape

Conical shape

The single tree model used in the scenario was constructed in the submodule Albero
in the ENVI-met software. The specific parameter settings of scenes were set in the same
way as in the real scenario. In this study, a total of 5 h (09:00–14:00) were simulated with
the first 2 h of data being used to stabilize the model, and the average of the simulated data
for the 3 h (12:00–14:00) was selected to study the cooling and humidification effects of
different scenarios.

Except for the tree configuration, all other settings of scenes, including weather bound-
ary, forcing conditions, and category settings of ground objects, were consistent with the
basic model, which can avoid the influence of the model itself on the simulation results.
The average temperature with vegetation were compared with that without vegetation,
and the cooling effect of trees under different configuration methods was analyzed.

2.7. Statistical Analysis

Python 3.6 and Sigmaplot 14.0 were adopted for statistical analysis. We also used
IBM SPSS Statistics 26 for variance analysis to compare the differences in cooling capacity
between different scenes. The data acquired by the sensors and those exported using
the ENVI-met software were processed using Python software; we used the software to
calculate the correlation coefficient R2 between simulated and measured data, as well as the
RMSE and index of agreement (d). Scatter plots, histograms, and line plots were produced
using Sigmaplot software to compare the cooling and humidification effects of the different
tree coverage, TCD, and canopy shapes in summer.

3. Results

3.1. ENVI-Met Accuracy Verification

To ensure the reliability of the model output, the model was validated to ensure the
authenticity of the simulation results of the later scenarios and facilitate further analysis
and comparison of the results. In this study, we selected the data from 16 July to verify
the model, because it was the hottest day in the three-day experiment: the maximum

34



Forests 2023, 14, 80

AT was 38.2 ◦C and average AT was 32.8 ◦C. Since the height of the sensor was set to
1.5 m, the simulation results should also be at 1.5 m for the AT and RH. The output results
following simulation were analyzed, viewed, and exported through LEONARDO in the
ENVI-met module.

Figure 5 shows the changes of the measured AT data of nine wireless sensors and the
simulated AT data of the corresponding points of the wireless sensors during the whole
day of 16 July. In the daytime, the AT data of wireless sensors which were placed in the
unobstructed positions were overestimated, while the AT data of wireless sensors which
were placed under the tree were underestimated. All measuring points were overestimated
in the nighttime. Although there were differences between the simulated data and the
measured data, the simulated data were in good agreement with the measured data of
the corresponding sensor location, and the maximum temperature of each point in the
simulated data appeared at the same time as the measured data of the corresponding sensor
location. From the simulation results, we know that the temperature of the uncovered
monitoring points was always higher than that of the trees in the shade, which was
completely consistent with the actual situation, which also indicates that ENVI-met model
can simulate the spatial distribution of temperature.

Figure 5. Simulated and measured air temperature data of nine points on 16 July 2021.

Figure 6 shows the 24-h simulated humidity data were consistent with measured
humidity data. In the daytime, the measured humidity data in the uncovered place were
lower than those from around the grass and trees, because trees provide shade and increase
humidity, and the simulated humidity data also conform to this phenomenon. Humidity
was generally underestimated in the nighttime.
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Figure 6. Simulated and measured relative humidity data of nine points on 16 July 2021.

Although the simulated data of nine points were in good agreement with the measured
data, we also needed to evaluate the overall accuracy of the model. We extracted the hourly
data of the nine wireless sensors corresponding to the monitoring point at 1.5 m above
the ground from the simulation results, with a total of 216 simulate results. At the same
time, we also analyzed the correlation between the 24-h measured data collected by nine
sensors and the 24-h simulated data of the corresponding nine points. Finally, a total of
216 pairs of simulated and measured data were collected. Figure 7 shows that the R2 of
AT was 0.9307, indicating that the simulated values were strongly correlated with the
measured values. Root mean square error (RMSE) and index of agreement (d) were used to
assess the difference between simulated and measured data. The RMSE of AT and RMSE
of RH were 1.13 ◦C and 4.35%, respectively, and the d of AT and d of RH were 0.945 and
0.94, respectively.

Figure 7. The relationship between the measured and simulated data of AT (a) and RH (b) on
16 July 2021.
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3.2. Effects of TCD on AT and RH under Different Coverages

To better compare the cooling and humidifying effects of each created scene, we used
the scene without trees as the base scene for comparison and selected 12:00–14:00 as the
period for analysis, with the AT and RH values at 1.5 m. The variation range of AT of
the basic model was 37.79–38.46 ◦C, and the average temperature was 38.14 ± 0.34 ◦C.
The variation range of RH was 48.33–51.27%, and the average AT was 50.07 ± 1.54%. The
maximum temperature occurs at 14:00 (38.46 ◦C), which is very hot in summer. Figure 8
illustrates the AT and RH plan of the basic model at a height of 1.5 m at 14:00.

ΔATij = ATbase model − ATij (1)

where i could be 1, 2, or 3, which corresponded to TCD of 3 m, 5 m, and 7 m, respectively,
and j could be 1, 2, 3, 4, or 5 which corresponded to coverage of 10%, 30%, 50%, 70%, and
90%, respectively. ΔATij indicates the average cooling capacity of a scenario with TCD of i
and coverage of j. ATbase model indicates the average air temperature of the base scenario.
ATij indicates the average air temperature of the TCD of i and coverage of j.

ΔRHij = RHij − RHbase model (2)

where i could be 1, 2, 3, which corresponded to TCD of 3 m, 5 m, and 7 m, respectively,
and j could be 1, 2, 3, 4, 5 which corresponded to coverage of 10%, 30%, 50%, 70%, 90%,
respectively. ΔRHij indicates the average humidity capabilities of a scenario with TCD of i
and coverage of j. RHbase model indicates the average relative humidity of the base scenario.
RHij indicates the average relative humidity of the TCD of i and coverage of j.

Figure 8. Distribution of simulated AT and RH at 1.5 m in the simulation domain at 14:00 in the
summer (16 July 2021) base model.

Figure 9 demonstrates the increasing magnitude of the cooling capacity of trees with
an increasing tree coverage ratio. At C1, all three scenes with different TCD showed the
weakest cooling effect, the ΔAT11, ΔAT21, ΔAT31 is 0.34, 0.04, and 0.10 ◦C, respectively;
meanwhile, at C5, all three scenes with different TCD showed the strongest cooling effect,
with an average cooling of 1.80, 1.39, and 1.54 ◦C, respectively. The cooling effect of TCD
at the 3 m scene was significantly higher than that at 5 and 7 m (p < 0.05), and the biggest
difference was among the three scenarios in C3; the ΔAT13, ΔAT23, ΔAT33 is 1.59, 0.76, and
1.03 ◦C, respectively. Only in scene C3 or C4 was the average cooling effect of TCD at 7 m
significantly higher than that at 5 m (p < 0.05). Under the same tree coverage ratio, the
cooling effect of TCD at 7 m scene was consistently stronger than that at 5 m.
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Figure 9. Comparison of cooling effects of three different crown diameters (TCD = 3, 5, and 7 m)
under five groups of coverage, the tree coverage of C1, C2, C3, C4, and C5 was 10, 30, 50, 70, and
90%, respectively. Lowercase letter (a, b, c) above the boxes indicate significant differences among
three different crown diameters (TCD = 3, 5, and 7 m) for five groups of coverage (C1, C2, C3, C4, C5)
at p < 0.05.

3.3. Effects of Canopy Shapes on AT and RH under Different Coverage and TCD

Crown shape also affected the cooling effect of trees. The influence of the same crown
shape differed under different crown diameters and coverage. The histogram shown in
Figure 10 illustrates the effect of changing in canopy shape of the trees on the temperature
of the study area for five different tree coverage ratios and three different TCDs.

The cooling effect of all scenarios increases with increasing tree coverage. When
the tree coverage was at 10%, the difference between the three different canopy shapes
at the same TCD was minimal and did not exceed 0.1 ◦C. The maximum cooling of the
three canopy shapes with a TCD of 3 m could reach 0.3–0.4 ◦C. However, the effect of the
three canopy shapes with a TCD of 5 and 7 m on the air temperature was minimal. The
maxi-mum cooling value of the scene was reached when the tree coverage was 90%, where
the average ΔAT of the three crown shapes, cylindrical shape, conical shape, and ellipsoidal
shape, was 2.11 ± 0.15 ◦C, 1.82 ± 0.13 ◦C, and 1.86 ± 0.14 ◦C, respectively; at TCD of 3 and
5 m, the average ΔAT was 1.31 ± 0.10 ◦C, 1.29 ± 0.12 ◦C, and 1.28 ± 0.12 ◦C, respectively,
and 1.34 ± 0.09 ◦C, 1.24 ± 0.09 ◦C, and 1.20 ± 0.10 ◦C, respectively, at 7 m. When the tree
coverage ratio was 50%, the difference between three TCDs was the biggest, the difference
between different TCDs of the same canopy shape was also the biggest, and the cooling
effects of trees with cylindrical shapes under three TCDs (3, 5, and 7 m) were 1.86 ± 0.14 ◦C,
0.71 ± 0.04 ◦C, and 0.82 ± 0.05 ◦C, respectively; those with conical and ellipsoidal shapes
both were 1.60 ± 0.12 ◦C, 0.70 ± 0.06 ◦C, and 0.73 ± 0.04 ◦C, respectively.

Figure 10 also shows no significant difference among the three crown shapes with a
TCD at 5 or 7 m, with a difference of <0.1 ◦C, regardless of coverage.

The three crown shapes with a TCD of 3 m differed under different coverage. Under the
same coverage, the cylindrical shape showed the strongest cooling capacity, while conical and
ellipsoidal shapes showed the same cooling capacity, with a maximum difference of <0.1 ◦C.
In addition, there was no significant difference among the three crown shapes when the tree
coverage was <50%, while with a TCD of 3 m, the difference between them was <0.2 ◦C. At
TCD of 3 m and tree coverage ratio of >50%, the cooling capacity of the tree with a cylindrical
shape was significantly higher than that of the other two crown shapes (p < 0.05).
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Figure 10. Effects of the three canopy shapes with three crown diameters on AT and RH under five
groups of tree coverage during summer. Lowercase letter (a, b) above the boxes indicate significant
differences among three different canopy shapes with same tree crown diameter for five groups of
coverage (10%, 30%, 50%, 70%, 90%) at p < 0.05.

4. Discussion

4.1. Differences between the Simulated and Measured Values

The AT correlation between the simulated and measured values was 0.9307, the RH
correlation was 0.9221, and the d between the simulated and measured values was >0.90,
indicating that TLS can be used as an important means of tree reconstruction and be
applied to the creation of vegetation in ENVI-met model. The RMSE was 1.13 ◦C for AT
and 4.35% for RH in the simulated and measured values. The results were similar to some
studies [40,48], with an underestimation during the day and an overestimation at night.
The reasons for the discrepancy between simulated and measured data are attributed to
three reasons, namely the limitations of the model itself, the complexity of the realistic
scenario, and the data of processing method.

Firstly, the ENVI-met model is limited in the solar radiation input and does not
allow users to input by the hour, which may cause the AT in the uncovered place to be
overestimated. The inaccuracy in the calculation of energy consumption of simulated
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buildings accounts for the difference between the simulated and measured values [49]. The
model also does not consider radiation between buildings and leaves. These factors impact
the surrounding environment [50].

Secondly, the vegetation used in the ENVI-met model was a simplified tree model,
while the actual tree geometry is irregular and difficult to digitize [51]. The climate of
a residential area is affected by several factors, such as the thermal insulation and radi-
ation characteristics of buildings, concrete, and soil. Human factors also lead to greater
differences when the flow of people and vehicles increases, as vehicle fuel combustion and
human metabolism release a lot of waste heat [52]. Weather condition is another factor since
the wind speed and direction change in real time, while the wind speed and direction in the
simulation always remain constant [53]. These factors contribute to the differences between
the measured and simulated values. ENVI-met could not accurately simulate the shaded
areas of the tree, hence the temperature in the shade of trees is easily underestimated in the
daytime and overestimated in the nighttime [54,55].

However, there was a limitation in our study that the sensors we used were not verified
for radiation prior to use. Both natural shading and incorrect shading methods can lead to
bias in the sensor data, and the sensor bias may be more obvious when the solar radiation
was too high or the wind speed was too low; this bias was particularly apparent during the
day and has little effect at night [56–58]. This may result in a greater data collection from
sensors placed in exposed environments than the truthful data.

4.2. Effect of TCD and Tree Coverage Ratio on the Cooling Effect

Vegetation is one of the factors that alleviate urban thermal environment problems; the
canopy structure is the main factor for vegetation to exert its cooling effects. In the limited
urban open space, we must select the appropriate tree size and tree coverage to maximize
the cooling effect of trees. Previous studies have suggested tree coverage ratio as a factor
affecting air and surface temperatures, with higher coverage having a more powerful effect.
When air flows through green space, trees can alter the wind characteristics that affect
air dispersion. Generally, a higher tree coverage rate can effectively reduce wind speed
through the canopy while increasing the time to change the thermal characteristics of the air
mass [23]. The cooling effect of trees in this study also generally increased with increasing
tree coverage ratio [24]; however, after reaching a certain peak, the increase gradually
decreases, which indicates that when the vegetation coverage reaches a certain threshold,
the cooling effect is optimum. It has been previously reported that the threshold of optimal
vegetation coverage depends on the regional location and climatic conditions. The cooling
effect of trees is the greatest when the vegetation coverage is 40% in the Midwest of the
United States [27], while for some subtropical seasonal climatic regions, the cooling effect
of vegetation tends to be stable when the coverage is 20–30% [59], similar to our results.

When the tree coverage rate exceeded 50%, and the increasing rate of the cooling effect
gradually decreased as the tree coverage rate increased. Our study also confirmed that
canopy size is an important factor in the cooling effect. Indeed, the cooling effect of trees of
different canopy sizes in a scene with equal coverage varied between scenes; the cooling
effect was strongest in the TCD of 3 m, followed by 7 m, while TCD at 5 m showed the
weakest cooling effect. The scene with a TCD of 3 m was considerably higher than that of
the other two crown shapes when the tree coverage ratios were >30%. When considering
only a single tree in the thermal environment, the cooling effect of large canopies was
stronger than that of small canopies. Still, under the same level of tree coverage, trees with
smaller crown diameters indicated more trees.

Multiple small patches can provide more shade than a single large patch when the total
area covered is the same; the more small patches a scene has, the more shade the tree will
provide [26,60]. For the same level of coverage, scenes with a 7 m canopy are cooler than
those with a 5 m canopy, possibly since larger canopy trees are more effective at blocking
short-wave radiation from the sun and sky, as well as long-wave radiation from the sky and
from inside nearby buildings [61]. The cooling capacity and shading effect of larger canopy
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diameter is greater than that of a small canopy [29,62]. At a coverage of 30%, the ΔAT
between the three groups of different TCDs was the largest. The average ΔAT of the TCD
at the 3 m scene was 0.56 and 0.83 ◦C higher than that of the other two scenes, respectively,
while at a tree coverage of 10%, the TCD of the 5 m tree scene had a negligible cooling effect
on the area (<0.1 ◦C), yet markedly impacts surface and building temperatures [63].

4.3. Effect of Different Canopy Shapes on the Thermal Environment

In this study, the tree canopy characteristics were correlated with the surrounding
thermal environment, as previously reported [17,29]. The differences in the effect of
different canopy shapes on the surrounding environment are mainly due to different
canopy shapes having different canopy structures, resulting in different shading and wind
protection capacities [64,65]. Further, we observed that the cooling effect of the cylindrical
shape was greater than that of the ellipsoidal and conical shapes, consistent with a previous
study [18]. When TCD was at 3 m, the ΔAT of cylindrical shape was larger with a value
of 0.2–0.3 ◦C than the other shapes. Although the three crown shapes with a TCD of 3 m
are narrow at the same coverage level, they have a higher total canopy density, and are
associated with the highest number of trees.

A canopy with multiple layers of leaves can reduce the maximum transmittance,
and the photosynthesis and transpiration of the trees are also stronger [66,67], which
indirectly leads to a better cooling effect. However, different crown shapes do not show
great differences in cooling effect in TCD at 5 or 7 m. At a TCD of 5 m, the influence of
canopy shape on the surrounding thermal environment becomes less important, with no
significant differences between crown shapes. At a TCD of 7 m, the difference between the
three canopy shapes occurred only when there was sufficient tree coverage (>70%), and the
cylindrical shape was 0.1 ◦C higher than the other two. The difference between the three
canopy shapes with TCD at 5 and 7 m was the smallest. The total leaf area index of all three
canopy shapes was set to a constant value to eliminate the influence of other parameters,
in which leaf area index was an important factor affecting the cooling capacity of the
trees [13,29]. Furthermore, the three canopy shapes have the same short-wave radiation
transmittance and dense crowns, hence the solar radiation can hardly penetrate the crown
and only a very small amount of light beams and radiation reach the ground [16].

5. Conclusions

In this study, we reconstructed trees in the real scene with TLS and used the recon-
structed trees in the real scene simulation. The simulation results were verified, and the
simulation data were in good agreement with the measured data. Therefore, when ENVI-
met is used to simulate the real scene, TLS can be considered as an important means of
tree reconstruction, which can restore the real trees and improve the simulation accuracy
of the model. Under the five coverage gradients, the cooling effect of trees increases with
the increase in coverage. Tree crown diameter can produce significant cooling effect under
the same coverage; the cooling effect of trees with TCD of 3 m was significantly higher
than that of the other two crown diameters (p < 0.05). We recommend planting trees with
small crown diameter since they provide a better cooling effect. Moreover, at a coverage of
50%, the cooling effect among the three tree crowns showed the biggest difference. The
crown shape was also an important factor affecting the cooling effect of several trees, as the
tree coverage exceeded 50%, the cooling effect of the cylindrical shapes was significantly
higher than that of the other two crowns under the same coverage (p < 0.05), however, the
difference of the cooling effect between TCD at 5 and 7 m remained small (<0.1 ◦C). In
future urban planning and construction projects, we recommend selecting appropriate tree
coverage and tree crown diameter and making use of the limited available space to achieve
maximum cooling effect. More attention should be paid to the use of sensors in future
studies, especially in open sites, and radiation shields need to be repeatedly verified before
use or higher quality radiation shields and sensors need to be used to reduce errors; when
this error is minimized, the study can be reliable.
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Abstract: Soil heat flux (G) not only affects the Earth’s surface energy balance but also models of
calculating soil evaporation. A better understanding on the effect of timing, soil and vegetation on
riparian G helps to improve energy balance closure and G simulation in riparian areas with various
woodlands. This paper examined diurnal and seasonal variation patterns of soil heat flux in urban
riparian areas, together with its relationship with net radiation (Rn) including midday G/Rn and
the hysteresis phenomenon under the mutual influence of the timing, soil wetness and vegetation
conditions. Study sites lie in the riparian areas of Shanghai with seven vegetation-covered conditions—
grassland (CH), broadleaf evergreen woodlands with shrubs (CCO), broadleaf evergreen woodlands
(CCH), broadleaf deciduous woodlands with shrubs (CUO), broadleaf deciduous woodlands (CUH),
conifer with shrubs (CMO) and conifer (CMH). Hourly data of Rn and G on typical days in four
seasons starting from 11/2020 to 10/2021 were obtained with automated data-logging sensors.
Diurnal variations in soil heat flux were characterized as two patterns depending on leaf area index
(LAI)—unimodal curves followed cycles of Rn in woodlands with low LAI (CCH, CCO, CH and CUO)
and sinusoidal ones in woodlands with high LAI (CMO, CMH and CUH). Midday G/Rn was generally
no more than 10% with slight variations in most woodlands across the four seasons, but upward
trends in the grass and CUO were observed in the afternoon. They were found significantly correlated
with SWC. For sparse-canopied riparian sites, hourly G was found to be significantly correlated with
Rn and SWC in summer, whereas, for dense sites, the role of canopy characteristics overwhelmed
soil properties. Equations were derived to estimate diurnal G from Rn, SWC and LAI. The G of all
riparian sites was subject to hysteresis problems to Rn. Phase shifts ranged from one to eight hours
in riparian sites and were positively related with LAI and SWC, mainly accounting for the second
diurnal pattern of G.

Keywords: urban riparian woodlands; soil heat flux; phase shift; urban microclimate

1. Introduction

The microclimatic characteristics of one ecosystem depends on a series of energy
exchanging and partitioning from net radiation (Rn) into sensible and latent heat, as well
as soil heat [1]. Soil heat flux (G) indicates energy exchanges between the soil surface and
subsoil during a given time period [2]. It determines how fast soil temperature changes and
influences the rates of chemical and biological processes in the soil, which are essential to
plant growth. As a key component of the surface energy balance, G, despite being typically
smaller than sensible and latent heat flux (H and LE), not only plays an important role in
energy balance closure [3] but also interacts energy transfer processes at the surface (surface
energy balance) with energy transfer processes in the soil (soil thermal regime). In that
case, information on soil heat variations exerts significant implications for microclimate
maintenance and micro-habitats construction, which, in turn, affects the performance and
management strategies of plant communities [4–6].
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G was parameterized as a constant proportion of Rn that is fixed for a period of interest
in some studies [2,7]. However, it is neither constant nor negligible on diurnal timescales,
particularly for sites of sparse vegetation [8]. The achievement of accurate variations
in G is important for measurements and analysis with the Bowen ratio energy balance
approach, since it depends on the accurate value of available energy (Rn-G). A number
of studies have resulted in a wealth of data concerning G on different temporal scales,
either as a parameter alone or as one of the energy balance components. The direction and
magnitude of G and its relationship with Rn are proven to be closely related to aboveground
vegetation properties [9–11], water availability (e.g., soil moisture), topographic features
and macroclimate conditions (e.g., the time of a day). For example, G in the mosses of high
northern latitudes was found to be 57% lower in summer [12]. Studies on annual crops
prove changes in vegetation covers can greatly influence the relative magnitude of energy
flux components as a response to differences in morphological canopy attributes of various
plant species [8,13]. Payero et al. proposed that relationships between G and Rn in grass and
alfalfa depended on plant canopy height [8]. Canopy characteristics (e.g., leaf area index)
have a great influence on the amount of radiation that soil surface can receive. In addition,
a previous study observed differences in G values due to soil moisture that can be affected
by differences in vegetation physiological activities (i.e., evapotranspiration and root water
uptake) [14]. Traditionally, the canopied woodland was regarded as a whole to make
comparisons of vegetation types, mainly between forests and grassland [15,16]. However,
although the role of vegetation characteristics in the soil heat flux and its relationship with
net radiation have been increasingly noticed [17], relatively few efforts have been made
to characterize the impact of their specific morphologies and structures on soil heat and
relationships of soil heat flux to net radiation.

Riparian areas are characterized by reciprocal exchanges on energy occurring between
terrestrial and aquatic systems. Different from other ecosystems, the presence of rivers
in these areas substantially affects the energy partitioning into soil heat [18], and the
relationship between soil heat and net radiation. Concerning soil heat, a wide variety
of homogeneously covered surfaces, including deserts, grasslands, crops and orchards,
were researched [6], but little attention is given to forests, especially riparian forests, and
their inter-site differences under different vegetation indices and soil moisture. It is well
acknowledged that the cool and moist microclimate that riparian areas maintain makes
these areas function as valuable habitats for distinctive flora and fauna communities.
Considering this, an enhanced understanding on the spatial–temporal variabilities of
G and its relationships with Rn in vegetation-covered riparian areas may theoretically
provide insights for energy balance in riparian areas and practically contribute to urban
riparian forestry management, such as species selection, plant community configuration,
pruning and thinning strategies of woodlands to maintain the riparian microclimate and
soil thermal regimes.

G influences soil temperature regime and evapotranspiration at a daily scale. In
addition, it had a negligible impact on the annual energy balance [19], so only soil heat
flux at the daily scale are discussed. This work was conducted in the riparian areas of
Shanghai, a typical metropolis located within a riverine network. Through approximately
one-year field monitoring and measurement of soil heat flux in seven different riparian
sites, the objective of this study was to quantify the diurnal variabilities in riparian G and
analyze its relationship with Rn (midday G/Rn and phase shifts of G to Rn) over a range
of vegetation indices and to identify the effect of timing, vegetation and soil wetness. We
mainly addressed three questions: (1) What are the diurnal variability patterns of Rn and
G in each riparian site during different seasons? (2) What are relationships between G
and Rn (midday G/Rn and phase shifts of G to Rn) in each site? (3) What is the potential
influencing mechanism for variations in G and its relationships with Rn? This work ought
to be of value for the theoretical understanding of energy partitioning into soil heat under
different vegetation-covered riparian sites. It also provides practical and technical guidance
for the planning and management strategies of urban riparian woodlands.
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2. Methods

2.1. Site Description

Experimental sites (121◦44′ N, 31◦03′ W) were chosen along the north–south-running
Danshui River (Figure 1), an approximately 20–30 m wide river in Minhang District of
Shanghai. The climate of Shanghai is classified as north subtropical monsoon climate with
four distinct seasons, with moist and cool winter. Annual air temperature is 17.6 ◦C and
rainfall is approximately 1100 mm. Seven sites (20 m × 20 m) were simultaneously sampled
in the western reaches, with consistent open surrounding environment and uncompressed
traffic. All revetments are impervious though; they are lower than the ground surface of
terrestrial land.

Figure 1. Location of 7 riparian experimental sites along Danshui River in Minhang District,
Shanghai—CCO (A), CMO (B), CH (C), CCH (D), CUO (E), CMH (F) and CUH (G).

Here, vertical structural characteristics of the forest floor are categorized into three types,
regarding their layers—grass, arbor–grass and arbor–shrub–grass. Horizontally, we mainly
categorized into three groups for arbored communities—evergreen broadleaves, deciduous
broadleaves and conifers. In addition, an open grassland under regular mowing and
maintenance was chosen to be a contrast. Based on the frequency of arbor species planted
in urban Shanghai, seven riparian sites were chosen, and they are plant communities of
(1) Camphor (Cinnamomum camphora), Osmanthus (Osmanthus fragrans (Thunb.) Lour.) and
Creeping Woodsorrel (Oxalis corniculate L.), labelled as CCO; (2) Dawn Redwood (Metase-
quoia glyptostroboides), Osmanthus and Dwarf Lilyturf (Ophiopogon japonicus), labelled as
CMO; (3) Japanese Lawn Grass (Zoysia japonica), labelled as CH; (4) Camphor and Creeping
Woodsorrel, labelled as CCH; (5) Elm (Ulmus parvifolia Jacq), Osmanthus and Dwarf Lilyturf,
labelled as CUO; (6) Dawn Redwood and Japanese Lawn Grass, labelled as CMH and (7) Elm
and Creeping Woodsorrel, labelled as CUH, respectively (Figure 1 and Table 1). Canopied
communities are all artificially planted and aged more than 15 years. All plants in sites
generally have a good growing conditions and maintenance.
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2.2. Experimental Design

Microclimatic variables, soil temperature (Ts), volumetric soil water content (SWC),
net radiation (Rn) and soil heat flux (G), were monitored with automated data-logging
sensors during the period from November, 2020 to October, 2021. Ts, SWC and G values
were measured at three points (A1–3 in Figure 2) at each site, approximately 1, 6 and 11 m
distance from the river, and averaged to be fully representative of the whole site (Figure 2,
Table 2). Since Rn shows little spatial variability above complex and patchy surfaces [20],
one net radiation radiometer was set up above each riparian plant community at 6 m
to the river (B in Figure 2). Soil parameters were measured 3 cm under the surface. All
measurements were taken at 10 min intervals. Instruments were inter-calibrated before
the experiment and installed in the same batch. Note that net radiation towards the soil
surface is defined as positive, and opposite for soil heat flux here. In addition, vegetation
structure indexes, including plant height, density, crown ratio and summer leaf area index
(LAI), were measured.

Figure 2. The schematic diagram of the south-facing slope of the study transect in the arbor–shrub–
herbaceous community along the Danshui River. Approximate sensor locations are shown with red
boxes. A1–A3 are three measuring points of soil heat flux, respectively, and B is the measuring point
of net radiation.

Table 2. Environmental variables monitored and instruments applied during data collection.

Parameter Instrument Model Accuracy Measuring Height 1

Net radiation Net radiometer QT-1 ±5% 10/12 m
Soil temperature Soil temperature and

humidity probes JXBS-3001
±0.5 ◦C −0.2 m

Soil humidity ±3% −0.2 m
Soil heat flux Soil heat flux plate HFP01 <0.1%/◦C −0.2 m

1 Measuring height is 10 m for broadleaf woodlands and 12 m for conifers.

2.3. Data Analysis
2.3.1. Data Control

Data of three typical sunny days (three days before which no rain was observed) in
spring (from March to May, 2021), summer (from June to August, 2021), autumn (from
September to November, 2020) and winter (from December, 2020 to February, 2021) were
chosen, respectively. All data were applied by data quality control, including performing a
de-spiking process to screen outlying measurements [21]. Missing and screened meteoro-
logical data during observation periods took account of 3.00%. For gap filling, each gap
was a single ten-minute gap and was replaced with the average of two observation values
with two adjacent time points. The remaining data were examined to ensure it followed
typical daily patterns. After that, all data were compiled into 1 h average to smooth the
random errors and higher-frequency fluctuations [22,23].
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2.3.2. Data Analysis

Daily variation patterns of Rn and G and midday G/Rn in four seasons were exhibited
to identify the dynamic variations in time–energy relationships in line charts. The contour
plot was used to illustrate a three-dimensional surface by plotting summer Ts and SWC
against G as the independent variable. Relationship between SWC and midday G/Rn was
analyzed with linear regression. Linear and polynomial regression models were fitted for
Ts, SWC and G, respectively. These analyses were visualized by Origin (Origin Lab, 2019).
For the analysis of the relationship between SWC and midday G/Rn and phase shift of G
to Rn, data were normalized first with Equation (1), before linear fitting was performed.
Pearson correlation analysis was performed to correlate Rn and G at different lagged period
conditions, and to correlate lagged time with daily SWC and LAI for each riparian site,
respectively. The normality of all data was checked using Kolmogorov–Smirnov’s test prior
to the variance analysis. Additionally, hierarchical cluster analysis was applied to identify
possible groups of plant communities regarding daily changing amplitude of Rn and G in
four seasons, respectively. All above analysis were performed with SPSS 24.0 (IBM SPSS,
Chicago, IL, USA).

x∗= x − xmin
xmax − xmin

, (1)

3. Results

3.1. Diurnal and Seasonal Variations in Rn

Above-canopy net radiation is the determinant of the natural energy processes in
riparian areas. Its diurnal variation patterns at sunny days in four seasons are shown
in Figure 3. They varied greatly during the whole day but were mostly concentrated
on the daytime (approximately starting from 0800 h to 1500 h local time). Regardless of
season changes and vegetation types, all variations exhibited as unimodal curves, with
peak values occurring around the noon. Daytime peak Rn ranged from 383.01 W/m2 to
1001.59 W/m2 in spring, from 223.61 W/m2 to 919.6 W/m2 in summer, from 167.64 W/m2

to 1109.16 W/m2 in autumn and from 241.77 W/m2 to 1033.72 W/m2 in winter, respectively.
All nighttime Rn fluctuated around 0 W/m2 approximately.

Figure 3. Diurnal variations in net radiation (Rn) above seven riparian communities in spring (a),
summer (b), autumn (c) and winter (d). The bars show the standard deviations of Rn.

The inter-site distinctions of daytime Rn were observed, mainly in two aspects—
daytime peak values and the duration of which net radiation was positive. For peaks of
Rn, evergreen broadleaf woodlands always received the highest daily net radiation in each
season, with maximum values ranging from 652.29 W/m2 to 1109.16 W/m2, followed
by the open grassland (from 359.75 W/m2 and 645.62 W/m2), and then conifers and
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deciduous broadleaf woodlands. No significant differences were found between coniferous
and deciduous evergreen woodlands. For the time period of positive net radiation, all-day
Rn of CCH, CUO, CMH and CUH was always positive in four seasons. However, for CCO,
CMO and CH, their Rn occurred as negative after sunset.

Considering the consistent daily variations among seven riparian plant communities,
hierarchical cluster analysis was performed to recognize the groups of plant communities,
regarding changing ranges of Rn values (ΔRn, Rnmax-Rnmin, Table 3), indicating the stability
of the change in energy that the ecosystem receives. Seven riparian plant communities
could be categorized into three groups in spring and summer-I: CCH, II: CCO and CH, III:
CMO, CUO, CMH and CUH; three groups in autumn-I: CCH and CCO, II: CH, III: CMO, CUO,
CMH and CUH; two groups in winter-I: CCH and CCO, II: CH, CMO, CUO, CMH and CUH.

Table 3. Daily ranges of Rn (ΔRn, W/m2) of seven riparian plant communities during four seasons.

ΔRn (W/m2) CCH CCO CH CUO CMO CUH CMH

Spring 1035.72 767.45 642.6 420.08 400.82 377.25 484.88
Summer 898.40 881.83 662.93 462.3 359.05 257.38 181.17
Autumn 1099.93 796.17 372.32 348.17 342.85 266.17 111.77
Winter 981.98 708.63 328.73 318.54 228.68 312.75 258.84

Note: The grid color indicates the groups of plant communities—pink for Group I, grey for Group II and blue for
Group III.

In addition, each site showed similar seasonal variation trends in Rn but seasonal
differences existed in its ranges, mainly in the maximum Rn, rather than the minimum
one. The Rn achieved by the grassland in spring and summer (636.7 and 645.62 W/m2,
respectively) was approximately twice that in autumn and winter (363.98 and 359.75 W/m2,
respectively). For woodlands, Rn in spring was higher than that in summer. Downwards
shortwave radiation was far higher than upwards longwave radiation due to low ground
surface temperature, while for summer, higher upwards longwave radiation could off-
set downwards shortwave radiation because of high ground surface temperature. For
evergreen broad-leaved woodlands (CCH and CCO), litterfall of Camphor mostly occurs
in spring, in which Rn tended to be lower than those in other seasons. Small differences
between Rn results were observed in summer, autumn and winter for evergreen wood-
lands. On the contrary, for deciduous woodlands, Rn was higher in the spring than in
other seasons.

3.2. Diurnal and Seasonal Variations in G

Daily G variations in different riparian sites at sunny days of each season are shown
in Figure 4. The 24 h G values in each season for all riparian woodlands were positive, indi-
cating that the soil absorbing heat throughout the whole daily cycle during four seasons.
Additionally, soil surfaces in all canopied communities function as heat sink. However, ow-
ing to radiative cooling at the ground surface, the release of heat from the soil resulted into
negative G values at night in the CH, and soil worked as a heat source during this period.

Daily variations could be mainly grouped into two patterns. The first one is that
fluctuations in G varied diurnally in the same pattern as corresponding Rn but with several
slight phase differences in each season, exhibiting as unimodal curves (Figure 4a–d). They
generally increased during the morning, reaching maximum values before they decreased
in the afternoon. This pattern was applied to riparian woodlands with lower LAI-CCH, CCO,
CH and CUO (Table 1), while in those with higher LAI- CMO, CMH and CUH, the second
variation pattern was observed. Their diurnal variations were assumed to be sinusoidal
curves, with a decrease in the morning towards minimum values at 1000 local time and
then gradually increasing to maximum values in the late afternoon before a second decrease
(Figure 4e–h). For both patterns, soil heat flux and net radiation were observed to vary in
terms of synchronization with the 24 h daily cycle at all sites. However, the phase shifts vary
among riparian sites, resulting in different daily variation curves (details discussed later).
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Figure 4. Diurnal variations in soil heat fluxes (G) in seven riparian communities, in spring (a,e),
summer (b,f), autumn (c,g) and winter (d,h). The bars show the standard deviations.

Higher maximum values of G (Gmax) and wider amplitudes of G variations (ΔG) were
found in the first pattern than those in the second one. Gmax in the CCO were the highest
all year round, with maximum values of 41.50, 36.56, 28.33 and 35.68 W/m2 in spring,
summer, autumn and winter, respectively, while Gmax in the CMO were lowest at 6.63,
4.30, 4.95 and 7.12 W/m2, respectively. Similarly, hourly G for a moist soil beneath plant
canopies was often found to be less than 20 W/m2 [5]. G values in evergreen broadleaf
communities were the highest, followed by deciduous communities and conifers. For
broadleaf communities with shrubs in the understory layer, both Gmax and ΔG were found
larger than those in corresponding communities without shrubs—CCO > CCH and CUO
> CUH. However, in coniferous communities, the roles of shrublands were not obvious
in influencing the magnitude of G. For Gmin, G values in all canopied communities were
positive, except that the nighttime G in the grassland dropped below zero (especially
during autumn and winter). G values in the CH could go towards −0.90, −3.12, −8.73 and
−4.26 W/m2 at night in spring, summer, autumn and winter, respectively.

G in the open grassland exhibited seasonal differences. It was approximately double
in summer of what in winter. Similarly, findings were reported in a grassland area of the
Netherlands by Jacobs et al. [24]. For canopied woodlands with shrubs (CCO, CMO and
CUO), no significant seasonal differences were found, while for those without shrubs (CCH,
CMH and CUH), G in spring and summer was found to be higher than that in autumn
and winter.

Although diurnal variations in conifers were found to be different from some studies
on grassland and crops, their sinusoidal G variations, with minimum values occurring in
the morning and maximum in the late afternoon, were similar to the “S-shape” of diurnal
variations in G found in the Robinia Pseudoacacia plantation in the Yellow River Delta
and tropical forests in Guangdong, China [25,26]. Less amplitudes found in coniferous
woodlands than those in the grassland and broadleaf woodlands indicate less intensity of
soil heat energy, mainly attributing to morphological features of conifers.

Correlation analysis between summer G and SWC showed that G was highly related
with soil moisture in sparse-canopied riparian woodlands and grassland (LAI < 2.45). Since
they were found with consistent variation patterns, CCH was chosen here to show their
specific relationships as an example (Figure 5). Most soil heat transmissions occurred
under relatively high soil water content, whereas higher peaks were found in Ts higher
than 28.5 ◦C and a medium range of SWC (Figure 5a). The linear regression model in
Figure 5b indicated a significant positive relationship between Ts and G (r2 = 0.91, p < 0.05).
A non-linear curve between SWC and G was obtained by the polynomial regression model
(Figure 5c). G increased first and then decreased with the increase in water content in
soil (r2 = 0.90, p < 0.05). The optimal range of SWC was 32%–33% at the site of CCH.
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However, for dense-canopied (LAI > 2.99 in this study) woodlands—CMO, CMH and CUH—
no significant relationship between SWC and G was observed.

Figure 5. Relationships between soil temperature (Ts), soil water content (SWC) and soil heat flux (G)
in the CCH over a 24 h cycle in summer. (a) Contour plot showing relationships between Ts, SWC and
G (n = 144). (b) Regression curve of Ts vs. G. Linear fitted regression of Ts and G (r2 = 0.91, p < 0.05,
n = 144). (c) Regression curve of SWC vs. G. Polynomial fitted regression of SWC and G (r2 = 0.90,
p < 0.05, n = 144).

3.3. Relationships between G and Rn
3.3.1. Midday Variations in G/Rn Ratios

The ratio of soil heat to net radiation (G/Rn) is indicative of the relative importance of
soil heat to net radiation. It is important not only for simple modeling parameterizations
but also for microclimate regulation and productivity promotion [27]. Although midday
values of G/Rn are not representative of the entire diurnal cycle, considering variations in
heat fluxes were mainly focused during the daytime, differences among variations in ratios
of soil heat to net radiation in seven riparian sites were only evaluated for the midday
figure (1000–1500 h, local time), as shown in Figure 6. Field observations in our study show
that G/Rn is not always constant for some vegetated surfaces at midday. On the one hand,
G was found to be accounted for a little proportion of Rn in all riparian sites, especially for
those with high LAI. Midday G/Rn ranged from 0.07% to 31.60%, lower than that found in
the desert ecosystems in which midday G typically ranged from 20% to 40% in terms of
net radiation [28]. On the other hand, regardless of its daytime variation trends, maximum
of G/Rn occurs at 1400 h local time or later, which is later than the maximum of Rn (see
Figure 3).

Figure 6. Midday (10–15 h) variations in ratios of soil heat flux to net radiation (G/Rn) in seven
riparian communities in spring (a), summer (b), autumn (c) and winter (d).

For conifers (CMO and CMH) with dense canopies intercepting heat transmitting
towards the ground, and broadleaf woodlands without shrubs (CUH and CCH) with high
net radiation, soil heat accounts for little of Rn and, undoubtedly, variations in G/Rn were
not obvious in each season. G accounted for <8.36% of Rn in these sites. Similarly, no more
than 10% with slight diurnal variations for full canopied surface and <5% in forests were
observed [29–31].
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For grassland and broadleaf woodlands with shrubs (CCO, CH and CUO), upward
trends were observed. They generally maintained less than 10% until 1400 h local time and
then increased quickly afterwards. This is because Rn in these sites decreased dramatically
after 1400 h local time. However, G/Rn in the CCO generally maintained at a stable rate
in the summer, ranging from 3.06% to 5.03%. This could be ascribed to the notion that
net radiation in the summer was too high to observe obvious variations. Furthermore, it
was higher in winter and autumn (23.26% and 17.28%, respectively) than those in spring
and summer (12.18% and 10.40%, respectively), within ranges of 10% to 50% that was
confirmed in bare and sparsely covered soils [28]. Similarly, Meyers found nearly 25% of
midday Rn was partitioned into G in a water-stressed watershed, while that figure was 15%
for a non-stressed summer [32]. Midday G/Rn variabilities could partially ascribe to soil
wetness. The relationship between normalized SWC and midday G/Rn of seven riparian
sites in summer in this study indicated their well correlations (Figure 7, r2 = 0.64, p < 0.05).

Figure 7. Relationships between normalized soil water content (SWC) and the normalized ratio of
midday G/Rn in summer. Linear fitted regression of SWC and G/Rn (r2 = 0.64, p < 0.05, n = 42).

3.3.2. Phase Shift of G to Rn

The linear analysis between the normalized data of hourly G and Rn values for different
riparian communities in summer was conducted on a daily scale (Figure 8). It showed soil
heat flux varied out of synchronization with net radiation, indicating that soil heat flux
on a daily basis, to some extent, suffers from a hysteresis problem to varying degrees. For
a given Rn in any riparian site, different G values occurred during the midnight to noon
hours, compared to noon to midnight hours, since the diurnal G and Rn waves did not
reach their peaks at the same time. This hysteresis phenomenon essentially comes from
the existence of phase difference between the diurnal variations in net radiation and soil
heat flux [33].

Figure 8. Relationship between normalized net radiation and soil heat flux for different riparian plant
communities during sunny days in summer. Each point represents a half-hour average. The relation-
ships between normalized net radiation and soil heat flux were statistically significant (p < 0.05) for
all sites. Gm−n is G from midnight to noon, and Gn−m is G from noon to midnight.
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To evaluate the extent of phase shift, a linear regression between net radiation and
soil heat flux within different lagged durations, such as real-time G (G0) and one-hour-
lagged G (G1h) until eight-hour-lagged G (G8h), was conducted for each riparian site during
summertime (Table 4). The r2 values could be interpreted as indicative of the degree of
hysteresis. The relationship between Rn and Gnh (n = 0, 1, 2, . . . 8) with the highest r2

values represents the lagging duration of soil heat in this site.

Table 4. Correlations between summertime net radiation and soil heat flux at different lagged
conditions for all riparian sites.

G0 G1h G2h G3h G4h G5h G6h G7h G8h

r2 p r2 p r2 p r2 p r2 p r2 p r2 p r2 p r2 p

CCO 0.888 0.01 0.967 0.01 0.935 0.01 0.797 0.01 0.563 0.01 / / / /
CH 0.759 0.01 0.913 0.01 0.986 0.01 0.957 0.01 0.817 0.01 0.567 0.05 / / /
CCH 0.75 0.01 0.823 0.01 0.817 0.01 0.705 0.01 0.552 0.01 / / / /
CUO 0.393 0.01 0.58 0.01 0.747 0.01 0.874 0.01 0.923 0.01 0.86 0.01 0.674 0.01 / /
CMO −0.9080.01 −0.8460.01 −0.6950.01 −0.4760.05 / / / 0.604 0.05 0.797 0.01
CMH −0.6710.01 −0.4480.05 / / / 0.685 0.01 0.831 0.01 0.876 0.01 0.834 0.01
CUH −0.7870.01 −0.5640.01 / / / 0.6 0.01 0.796 0.01 0.894 0.01 0.906 0.01

Results showed differences in phase shift among different plant communities (Table 4).
The shortest phase shift occurred in evergreen broadleaf woodlands (CCO and CCH), which
lagged one hour (r2 = 0.967 and 0.823, respectively, p < 0.01). Soil heat flux in the open
grassland lagged two hours to net radiation (r2 = 0.986, p < 0.01) and four hours in the CUO
(r2 = 0.923, p < 0.01). However, it was found that conifers with shrubs lagged 8 h (r2 = 0.797,
p < 0.01) and 7 h in those without shrubs (r2 = 0.876, p < 0.01). At the site of CMH, soil heat
flux also lagged 8 h (r2 = 0.906, p < 0.01).

To evaluate the cause of phase shift, lagged time in each riparian site was correlated
with LAI and daily SWC, respectively, via Pearson correlation analysis. Results indicated a
positive relationship between lagged time and LAI (r2 = 0.857, p < 0.05) and significantly
positive relationship with daily SWC (r2 = 0.842, p ≤ 0.01), suggesting that the hysteresis
problem was related to both soil wetness and canopy cover conditions.

4. Discussion

4.1. Factors Influencing Rn

Net radiation is influenced by the transmission of solar radiation and long-wave
radiation in the layers of the plant canopy, residue, and soil [34]. In this study, the one-
peaked daily behaviors of Rn in sunny days were dominated by the sun’s daily path,
quantified as solar zenith angle [35]. The observed diurnal variation curves above some
sites were asymmetrical, probably because probes were not set completely horizontal.
Diurnal variations in Rn for seven different riparian plant communities during four seasons
showed all communities received energy as a result of the incoming shortwave radiation
during the day, and a counterbalance reflected longwave radiation from the underlying
and incoming longwave radiation from the sky at night.

Inter-site differences in Rn can be attributed to characteristics of the ground surface–
soil structural features (soil color and porosity) and physical features (soil temperature and
moisture). Evergreen woodland had the highest net radiation all-year-round, while CMH
got least. On the one hand, extensive and evergreen Camphor canopies form structural
complexity, increasing aerodynamical roughness [36], forming a small surface albedo
(α), and thus leading to a high gain of Rn. On the other hand, bare soil under plant
communities characterized by an absence of foliage, is almost completely exposed, leading
to high α, and thus low net radiation [18]. Heavy litters and dead biomass under deciduous
woodlands and conifers, especially during autumn and winter, also have different spectral
characteristics, resulting in high α and low Rn received [37,38].
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4.2. Factors Influencing G and Its Relationships with Rn

For riparian grassland and sparse-canopied woodlands (CCO, CH, CCH and CUO),
daily G varied with variations in Rn, consistent with many previous studies conducted in
other ecosystems. Positive linear regression between normalized G and Rn could explain
this variation pattern. For dense-canopied riparian woodlands (CMO, CMH and CUH), the
hysteresis phenomenon bringing phase shifts of G caused sinusoidal variations in G and
non-linearly relationship between G and Rn.

Apart from Rn, soil water content was proven to influence soil heat flux, since it
determines the hydraulic and thermal properties for heat transfer. Our study shows
that in sparse-canopied riparian sites, soil wetness has dual effects on soil heat flux. G
increased when soil moisture was lower and decreased as soil moisture continued to
increase. However, in dense-canopied woodlands, insignificant relationships between
them indicated that, in this case, the roles of vegetation characteristics overwhelm that of
soil moisture. Similarly, Santanello and Friedl [33] proposed that a single relationship of
G and Rn is sufficient for dense-covered surfaces (LAI > 2.5), regardless of soil conditions.
Potential reasons might lie in species-dependent parameters, such as the height and size of
the canopy, and specific crown attributes of trees. They also affect the amount, temporal or
spatial variability of light [38], and radiation taken to reach the soil surface. For instance,
hemispherical canopies of broadleaf trees favor soil receiving heat, and conic canopies
together with a large canopy height of conifers weaken and delay solar radiation hitting the
ground, explaining the second variation pattern of soil heat. Meanwhile, the phenological
stages for deciduous trees, including foliage emergence and senescence, can alter the
exchange properties between vegetation, the atmosphere and soil [20]. Litter layer under
conifers, as a mulch at the soil surface, could be regarded as a heat reservoir [38]. Conifers
and deciduous woodlands without shrub were covered with thick litter layers, even in
summer, where a part of the heat storage term was not included in this work.

Based on two types of hysteresis, multiple regression analysis was performed to
derive equations to estimate G from Rn, SWC and LAI. For grassland and sparse-canopied
woodlands (CCO, CH, CCH and CUO), the analysis resulted in the following equation (n = 96,
r2 = 0.735):

G = 123.2 + 0.048Rn − 5.780SWC − 34.69LAI − 9.10 LAI2 − 0.016Rn ∗ LAI + 2.794SWC ∗ LAI (2)

For dense-canopied woodlands (CMO, CMH and CUH), the analysis resulted in the
following equation (n = 72, r2 = 0.974):

G = −853.4 + 0.2665Rn + 2.98SWC + 482.3LAI − 64.30LAI2 − 0.006Rn ∗ SWC − 0.035Rn ∗ LAI − 1.119SWC ∗ LAI (3)

All terms included in these two equations were statistically significant (p < 0.01).
Concerning midday G/Rn ratio, it depends on the time of the day/year, soil proper-

ties, vegetation amount and height [33]. On the one hand, part of the G/Rn variability on
hourly timescale arises from soil moisture. For less-canopied surfaces, such as deciduous
woodlands and grassland, a significant fraction of the soil surface is exposed to radia-
tion, resulting in the midday G/Rn taking on a larger range than conifers and evergreen
woodlands when considering their growth cycle. This was due to phase shifts in G/Rn at
diurnal timescales in our riparian sites. Increased soil heat and decreased net radiation
during the late midday period led to an upward pattern of G/Rn ratio in this work. On the
other hand, the roles of vegetation characteristics in influencing the magnitude of G/Rn
were developed in previous studies with remote sensing [39]. The functions of G and Rn
show that near-noon G/Rn ratio decreased with plant canopy, and the cover increased [8].
However, the compounding influences of soil moisture, soil types and phase shift in diurnal
variations in G should be included in future work. In our study of full canopied riparian
sites, the midday of G/Rn was less than 0.1 and works reasonably well as a constant value.

The relationship between Rn and G in each riparian site suffered with a hysteresis prob-
lem, with different extents ranging from 1 h lagged to 8 h lagged. A similar phenomenon
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was reported before either theoretical assumption [40] or by monitoring measurements. We
found that soil wetness partially accounted for this phenomenon. Phase lag was calculated
as π/4 for dry soil surfaces, but for moist soil it varied with soil wetness [40,41]. In addition,
canopy characteristics were related to the hysteresis. Similarly, it is found that hysteresis
changed during the growing cycle of Alfalfa [8]. Horizontally, LAI positively influenced the
hysteresis. However, the role of the vertical layering of plant communities was not found
in riparian sites. Lagged time was found 0.5 h in an alpine meadow and 1.5–2 h in paddy
fields [6]. Additionally, the mutual influence of soil moisture and vegetated conditions
could probably explain why phase shifts for each riparian woodland type were larger than
those found in other ecosystems. Covered canopies brought hysteresis, but it was one-hour
lagged in the grass, compared to the evergreen broadleaf woodlands. One possible reason
might lie in the occasional shading from one conifer with a height of over 12 m next to
the grass.

5. Conclusions

This study explored diurnal and seasonal variations in G and Rn; their relationships
(midday G/Rn ratios and phase shifts of G to Rn); and the effect of timing, vegetation and
soil wetness. In general, hourly soil heat flux on a daily scale changes with vegetation
characteristics and soil moisture. It was categorized into two patterns—sparse-canopied
plant communities with LAI < 2.45 (CCH, CCO, CH and CUO) followed the diel cycles of Rn
exhibiting as unimodal curves, and dense-canopied woodlands with an LAI > 2.99 exhibited
as sine curves, including the CMO, CMH and CUH. A clear dependence of summertime G
on soil water content was found for the first pattern—it increased first and then decreased
with SWC.

Midday G/Rn in CMO, CMH, CUH and CCH were no more than 10% with slight vari-
ations. Upward trends in CCO, CH and CUO were due to the phase shift of G, leading to
increased G but meanwhile decreased Rn. One-hour Rn and G values in summer were
linearly related. For all riparian sites, relationships between G and Rn suffered from hys-
teresis problems. Phase shifts between riparian Rn and G ranged from one to eight hours,
and they were significantly correlated with LAI and soil moisture, mainly accounting for
the second pattern of hourly G variations. The equations of diurnal changes in G as a
function of Rn, SWC and LAI were obtained with multiple regression analysis. In sum-
mary, our work provides a supplemental understanding on the influence of vegetation
indices and soil moisture on riparian soil heat flux. It is instructive for scientifical plan-
ning and management of riparian woodlands and provides favorable micro-habitats of
riparian organisms.
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Abstract: Trees integrated into buildings and dense urban settings have become a trend in recent years
worldwide. Without a thoughtful design, conflicts between green and gray infrastructures can take
place in two aspects: (1) tree crown compete with living space above ground; (2) built underground
environment, the other way round, affect tree’s health and security. Although various data about
urban trees are collected by different professions for multiple purposes, the communication between
them is still limited by unmatched scales and formats. To address this, tree information modeling
(TIM) is proposed in this study, aiming at a standardized tree description system in a high level
of detail (LoD). It serves as a platform to exchange data and share knowledge about tree growth
models. From the perspective of architects and landscape designers, urban trees provide ecosystem
services (ESS) not only through their overall biomass, shading, and cooling. They are also related to
various branching forms and crown density, forming new layers of urban living space. So, detailed
stem, branch and even root geometry is the key to interacting with humans, building structures and
other facilities. It is illustrated in this paper how these detailed data are collected to initialize a TIM
model with the help of multiple tools, how the topological geometry of stem and branches in TIM is
interpreted into an L-system (a common syntax to describe tree geometries), allowing implementation
of widely established tree simulations from other professions. In a vision, a TIM-assisted design
workflow is framed, where trees are regularly monitored and simulated under boundary conditions
to approach target parameters by design proposals.

Keywords: tree information modeling; tree engineering; building information modeling; computa-
tional design; urban green infrastructure

1. Introduction

1.1. Aim of This Study
1.1.1. History and Trend of Tree Use Integrated in Human Habitats

Integrating trees in nowadays urban spaces as well as buildings is driven by multiple
benefits: people’s psychological health [1,2], thermal comfort in the context of the urban
heat island (UHI) effect [3,4] and sustainability [5]. In architectural history, trees were
already used at an early stage of settlement to provide shelter against flood and beasts.
Later historical cases saw trees utilized more multifunctionally: espalier trees are trained in
geometrical forms for acquiring structural stability and increasing fruit yield in the city [6]
(i.e., an espalier tree in England shown in Figure 1c); through pollarding and coppicing,
trees were manipulated to produce firewood and building materials [7] (i.e., pollarded trees
were bent into umbrella shapes in the center of Labouheyre, France to shade the public
square shown in Figure 1d); Devon hedges were built by injuring and laying down trees
on earth banks to protect cattle or crops [8,9]; vite maritata systems used trees as supports
for vines, whilst providing wind- and sun-protection for field crops and an ecosystem for
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diverse dependent species [10]; Hausschutzhecken are trees weaved into stable structures
to protect buildings and gardens from wind [11]. Street trees nowadays, however, are
mainly kept in freely growing forms to reduce maintenance costs and failure risks [12].
Owing to this situation, studies regarding their ecosystem services (ESS) focus on certain
aspects such as cooling, shading, carbon storage and reduction in rainfall-runoff [13,14].
But beyond these, from the perspective of architects and landscape designers, trees can
provide further values in ESS with specially trained forms.

Figure 1. Challenges and potentials of trees in dense urban areas. (Image (b–e) are retrieved from the
internet under Creative Commons licenses. Image (a,f,g) are own images).

Interest in multifunctional trees in public spaces and in the building context has
been growing in the architecture and landscape architecture industry: in Figure 1a, a tree
is planted close to a building façade in Munich, growing only one side of its canopy; in
Figure 1e, ficus trees that take vertical walls as their foundation are preserved in Hong Kong.
Besides, more proposals are framing trees as their core concept in recent international design
competitions; for example, Madrid’s RENAZCA development by MVRDV [15] illustrates a
public space surrounded by luxuriant “floating” plants grown on metal scaffolding; Street
Tree Pods by Matthew Chamberlain [16] offers single apartment on street trees to alleviate
London’s housing crisis. Buildings with trees integrated into the envelope appear recently
in practice, like Bosco Verticale in Milan, designed by Boeri Studio (see Figure 1b) [17] and
Kö-Bogen II in Düsseldorf designed by Ingenhoven Architects [18]. Living Architecture,
especially Baubotanik [19] (i.e., the house of future proposed for a museum in Berlin by
Ludwig Schönle, shown in Figure 1f), go one step further, exploring trees as load-bearing
structure. In Figure 1g, the tree façade forms a vertical open space. In this way, the ESS
of urban trees lies not only in their general biomass and canopy volume for increasing
biodiversity and thermal comfort but also in configurations of roots and branches as a
sustainable material to enclose, support and co-create living spaces.

1.1.2. Conflicts between Gray and Green Infrastructure

This trend to enhance trees’ multifunctional use in the building industry is confronted
now with conflicts from two sides: on the one hand, trees physically can reach a height
of at least 10–25 m [20–22] in cities. This height range is also occupied by multi-layer
traffic systems and the pedestrian bridges like those in Hongkong [23] as well as public
spaces like the High Line in New York City [24]. Within 25 m height are also common
residential buildings of 7 floors. Therefore, free-growing tree canopies are competing with
these building structures in space above the ground. Too densely aligned canopy can
reduce street ventilation, causing traffic-related pollutant concentrations [25,26]. On the
other hand, densely built underground environments led to a high removal rate for urban
trees. Although some tree species can live up to 200 years in principle, most of them
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would not be retained longer than 40–60 years in cities [27] due to damages caused by
humans [28] or low mechanical performance. Consequently, the average lifespans of urban
trees are shorter than the average operating stage of residential housing (61 and 120 years
in the US [29] and Denmark [30], respectively). If trees involved in a building structure
should not be “temporary” installations but accompany the whole operational period of
the building, thoughtful tree design and management are in urgent demand. Healthy
and secure growth of individual tree branches and roots must be wisely integrated with
urban gray infrastructures (e.g., building façade, foundations, underground pipelines, and
even subways).

1.1.3. A Novel Workflow for Tree Design and Management

In this scenario, project planning and maintenance will play a key role in its success.
As tree growth is complex and dynamic, the chance to precisely predict and control this
process for every branch is small. If pruning all unwanted branches away constantly, this
does not effectively reach the purposed functional use provided by specific configurations
of branches. Therefore, tree design and management must take place through the whole
life cycle in those tree–closely–integrated structures. As illustrated in Figure 2, a typical
contemporary architecture design is a set of definitive solutions based on boundary condi-
tions and clients’ requirements. If unforeseen circumstances occur during the construction,
designers usually seek minor adjustments in response to the problem. The form of the
original building design, at least, will be maximally preserved. This common workflow
is seen in most of nowadays building projects. But to design and build with living trees,
projects by Ludwig and Schwertfreger [19] followed an iterative design approach. It means
designers repetitively check tree growth (every 1–3 years) and accordingly make adaptions
to the design proposal.

Figure 2. Proposed workflow for a dynamic design to deal with tree growth and death. Unlike a
contemporary architecture design (shown on the top), the design decision (see dark orange rectangles)
in the new workflow will no longer be made only once but multiple times through the tree’s life cycle
(shown on the bottom).

However, traditional tree management is either empirical-based labor-intensive work
or standardized periodic pruning [31]. Under current conditions, tree management has a
high demand for labor resources. It is not feasible to implement such workflow widely only
with human forces, especially when more buildings embedded with trees are being built. To
solve this problem in the future without losing the goal of achieving both high ESS values of
urban trees as well as their long-term healthy living, efforts must be made in an automated
tree management system. With the rapid development of machine vision and automatic
robots, urban trees could be taken care of by (swarms of) robots as a low-cost working
force in the future [32]. Meanwhile, the public might also be interested in participating in
managing trees (including harvesting fruits) in the community as their recreational activity
during their free time. Such participation in managing urban green infrastructure by either
robots or non-professional personnel requires an appropriate knowledge base about tree
management. This knowledge base must incorporate at least the following topics: (1) the
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impact of the urban environment on tree growth in various LoD; (2) the impact of human
intervention (i.e., pruning and bending branches) to tree behaviors; (3) evaluation index for
ESS of urban trees in different professions and aspects; (4) efficient and low-cost solution
for tree measuring, modeling, and manipulation; (5) solution for measuring, modeling and
maintaining buildings and other gray infrastructures in a more dynamic context; (6) design
strategy and practice how trees best co-live with buildings and other urban facilities.

1.1.4. This Solution Requires Interdisciplinary Cooperations

These topics are already partly covered or being studied in multiple fields like urban
forestry and arboriculture. But different professions, although all have their general in-
terests in trees, aim at completely different goals (see details in Section 1.2). For example,
forestry scientists analyze trees’ role in an ecosystem; arboriculturists ensure trees’ safety
and health; biologists simulate the physiological process of tree growth; computer graphic
experts contribute to tree geometries and visualizations. For such purposes, they inde-
pendently collect relevant data about trees to build their own models in various scales,
LoD and functions. However, cross-disciplinary communication remains limited owing to
unmatched scales and data formats. Cross-platform media, which allows data exchange
and model sharing between tree-related professions, is of great importance.

The building industry experienced a similar problem when data from architecture de-
signers, civil engineers, constructors, and equipment suppliers did not communicate. Even
on the same industrial chain, data were repeatedly collected and semi-manually transferred
from one model to another for different purposes until Building Information Modeling
(BIM) was developed. Standards were set for integrating digital models and properties
of a building system, such as water, electricity, and gas infrastructure/installations [33].
Such digital copies of building systems also provided an interface for adding dynamic
operational data, e.g., via smart meters. These data, referring to the physical entities in
the real world, are now becoming the base for the Internet of Things (IoT) [34,35]. In an
urban scope, this idea of establishing a data sharing and exchange platform leads to digital
twins of cities whose plan, design, construction, and operation can be guided and driven by
data to improve working efficiency and quality while bringing down energy consumption
and waste. City Information modeling (CIM) is being discussed and developed in several
cities around the world [36], for example, Digital Twin Munich [37] and Chinese Xiongan
new area [38]. Landscape Information Modelling (LIM) was also proposed for efficiently
managing projects in the landscape architecture industry [39]. But until now, a standard
media for sharing data and models of urban trees is absent. This standard must reach a
certain LoD to enable participation from more professions. If in a low LoD, generic indexes
proposed in LIM and CIM, such as tree height, diameter at breast height (DBH), and canopy
diameter for describing one tree, cannot guide tree manipulation in arboriculture and
cannot integrate the physiological tree growth model from biological studies.

1.1.5. A Starting Point for the Proposed Workflow

This study, therefore, put forward the concept of tree information modeling (TIM),
aiming at a data exchange and model sharing platform for gathering cross-disciplinary
knowledge about urban trees. For architects and landscape designers, this is a starting
point to bring trees and building structures in harmony. To achieve this aim, we investi-
gated interdisciplinary fields (see Section 1.2) to propose a unified tree description system
consisting of information tags and geometrical representations of trees. This modeling
framework meets the scope of future requirements for tree design and maintenance in-
troduced above. Several example methods for data acquisition (Section 2.2.1) and data
interpretation (Section 2.2.2) are described in further detail. With TIM, it is expected to
establish a survey-simulation-manipulation workflow for managing future urban tree
systems (Section 3.3).
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1.2. Related Studies in Interdisciplinary Fields
1.2.1. Tree Management and Risk Assessment in Arboriculture

In current arboricultural practice, urban trees in public are often managed in this
manner [40]: for young trees, branches at the lower side of the canopy will be trimmed off
to allow for traffic to pass under, which is called lifting or crown raising; before the trees
reach a certain height, part of dense branches can be removed to avoid collision and to
reduce competition between leading branches for space and light, which is known as crown
thinning; any branches growing close to power lines, traffic lanes and private spaces, are
often removed or reduced in length, which is called crown reduction. Current best practice
includes many more arboricultural measures and specifications for their application (e.g.,
ATTC [41], Lilly, Gilman [42]).

For all these approaches, pruning stands at the heart of arboriculture [43]. Pruning
not only alters the short-term appearance of trees but impacts phytohormone (i.e., auxin-
cytokinin) distribution inside them (i.e., apical dominance [44]). Therefore, which branches
to be pruned demands craftsmanship. For instance, when a tree fork consists of two
sub-branches of comparable size and angle, one of them may be pruned to slow down
its growth. After 5–10 years, as a result, the reduced branch on this fork will be clearly
subordinated. Otherwise, a fork union with stems of similar diameter may evolve, which
forms a weakness in the tree’s mechanical stability [45].

For arborists, safety is always a priority in conducting tree management (compared to
health and aesthetics listed by Bedker [40]). Root failure and decay inside the trunk are two
major causes of tree risks [46]. Due to their high complexity, both risks cannot be precisely
analyzed by computational simulations yet. Respectively, to rule out root and trunk failure,
practical pulling tests are developed to measure the tree’s tilt and deformation using an
inclinometer and elastometer under a given force on the main stem [47,48]. This method
bypasses the technical obstacle in detecting actual root geometry and decay locations
as well as understanding the force transmission from the roots to the soil or within the
stem’s geometry. To spot weak spots along trunks, an empirical visual inspection could
solve the vast majority of cases. The rests require assistance from advanced methods of
tree assessment, for example, tomography based on either the time of flight of sound
waves or the electrical resistivity of wood. These tomograms display the distribution of
resistivity across the stem cross-section, which can indicate featured patterns of decay
taking place [49].

Studies have been carried out in recent years about how these data can be collected
on a large scale in real-time for monitoring tree tilt angle and sway under natural wind
loading [50]. Integrated with GIS, these data can be utilized more fruitful than studying
tree risks. The sensors installed on a huge number of trees across the city become a network
of mini weather stations, which can be used to precisely model near-earth wind speed and
wind-load effect of trees [51]. Data collected and studied in arboriculture do not rely on the
detailed geometric representation of tree branches and roots at the current stage. But other
professions have different situations.

1.2.2. Urban Tree Models and Databases from Forestry Science

The rise of urbanization since the 1800s has driven various professions to investigate
the hybrid system of man-made environment and nature: In architecture, Frederick Law
Olmsted and Calvert Vaux [52] for the first time used the term “landscape architecture”
in 1863 for a new profession, which extended traditional architecture studies to open
space systems. Natural ecosystems, in this way, gained a place in urban-scaled planning.
Forestry science developed its scope in the opposite direction. It started by managing
natural resources in the natural environment but then faced the challenges of re-evaluating
such resources in an urban context for making public policies. To merge this gap, “urban
forestry” was first invented in North America in 1965 to integrate a broader group of
experts (e.g., psychologists and sociologists) in forestry education [53,54]. Urban forestry
is now commonly recognized as the sub-discipline for managing trees, other vegetation
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and water resources in urban ecosystems for benefits in multiple aspects like sociology,
economy, and aesthetics [55]. The integration of all these aspects holds the overall goal:
amenity and the promotion of human well-being [56,57]. This is how both urban planning
and forestry science meet in this field.

In forestry studies, foliar and woody biomass are the two most important indicators
to evaluate a tree’s long-term contribution to its ecosystem. Accordingly, several key
parameters are widely documented to describe tree stands: trunk diameter at breast height
(DBH) and tree height are key factors for estimating the woody biomass; leaf surface
area [58], height and diameter of the crown are used for calculating the foliar biomass [59].
Empirical equations are summarized from long-term forestry investigations to predict
biomass increment of different species in specific climate zones at different ages [60]. Such
equations need to be adapted to urban contexts owing to higher air temperatures and less
precipitation in high-dense areas [61]. Therefore, recent development adds further data
to describe the surroundings, for example, tree distance from buildings and whether tree
crown conflict with overhead wires [62].

The most popularly used urban tree database, including numerical models, is now
i-tree, developed by the United States Department of Agriculture (USDA). It was originally
the Urban Forest Effects model (UFORE) in the 1990s before the concept of “ecosystem
services” was brought out [63]. Ecosystem services (ESS) are defined as the functional
components of urban greening that are directly enjoyed, consumed, or used to produce
specific, measurable human benefits [14]. Under the demand of quantifying ESS in its
subcategories (provision, regulation, support and cultural services), urban tree growth
models today include a variety of empirical (e.g., i-tree) and process-based (e.g., CityTree)
equations that encompass trees on urban and rural lands for estimating their performance
such as cooling, pollution mitigation, stormwater run-off reduction, carbon sequestration
and storage [64,65]. Besides this, databases supporting tree selection are also developed [66].

In brief, these models, as well as the databases developed in the field of urban forestry,
are global descriptions of the trees, where relatively reliable top-down simulations (see
Section 1.2.3) are built but not knowing detailed physiological processes among tree organs
and branches.

1.2.3. Functional Structural Plant Models in Varies Scales

Plants are a typical complex system [67]: this system has both biotic- (e.g., leaf, stoma,
and cell) and abiotic environmental (e.g., light, water, and nutrients) elements that inter-
act [68,69]; these interactions can be physical, chemical and in other forms, but are often
interlinked, resulting in partly deterministic partly stochastic performances [70]; when
observing an overall outcome of the system (e.g., growing direction of the shoot), however,
certain patterns would be recognized as a result of emergent behaviors [71]. To describe
the macroscopic outcome of trees like the total biomass increment, Top-Down models (i.e.,
empirical equations) are feasible to predict the general growth tendency; but for under-
standing emergent behaviors (i.e., branches competing for light), Bottom-Up models work
with more similar principles as natural phenomena and processes.

While forestry scientists, by studying wood production on a large scale, developed top-
down models (already described in Section 1.2.2), botanists, by studying plant physiology
on a micro scale, developed bottom-up plant growth simulations. Since the 1990s, the
term ‘functional structural plant model’ (FSPM) has been used to describe such bottom-up
models [72], which contain descriptions of metabolic (physiological) processes that are
combined in the presentation of the 3D structure of the tree [73]. After more than two
decades of development, FSPMs are gradually studied and applied in multiple fields (i.e.,
biology, animation, forestry and agronomy) in various scales ranging from meristems to
plant communities [74]. While studies of metabolic processes are mainly concentrated on
several key aspects (like water uptake, transport, photosynthesis, etc.), plant structure is
represented variously in different scales.
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On a population-to-plant scale, plant structures are summarized as global presen-
tations [75]. An overall geometric shell (mostly a sphere, ellipse, and cylinder) is used
to represent the size and volume of the tree canopy and trunk. This is already capable
of calculating several fundamental interactions of a tree and its environment, such as a
rough light reception [76] and wind force on the canopy [77]. To understand basic carbon
distribution [78] or water transport [79] between pools of leaves, roots, fruits and stems,
conceptual compartments are built to set individual equations for different pools. But
these plant structures [78,79] remain at a global level. In smaller scales, such as the scale
of one plant or the scale of plant organs, the applied plant architecture is summarized as
a modular representation [75]. The module can be either a spatial cell, geometric cell, or
topological cell. The spatial cell is voxel to illustrate the spatial occupation of the objects,
i.e., leaf area density [80]; the geometric cell uses a common set of parameters to describe
shapes of similar elements, i.e., leaf length, radius and size [81]; topological cell indicates
exact connections between plant organs [82]. Topological models of a tree, due to their
unique ability to bridge plant organs and the individual plant [83], are framed in most of
FSPMs on a plant-organ scale (see also Section 1.2.4).

1.2.4. Quantitative Structure Models (QSMs) of Trees

Topology describes the properties of a geometric object that are preserved under
continuous deformations, such as stretching and twisting, but not tearing or gluing [84].
For studying an object with complex geometry (compared to a simple geometric solid such
as a cube or sphere), a “thin” version of the shape is commonly used for representing its
geometrical and topological properties, i.e., its connectivity, length, and direction, in an
easier form. Such an abstraction of the shape that is equidistant to its boundaries is called a
topological skeleton [85]. Its mathematical definition varies from distance function [86] and
medial axis [87] to morphological operators [88]. Despite these different types, the skeleton,
together with the distance of its points to the shape boundary, contains all the necessary
information to reconstruct the shape.

The essential format for skeleton data consists of vertices (also called nodes or points)
which are connected by edges (also called links or lines). In this perspective, a topological
skeleton is also a graph (a mathematical structure [89], which can model pairwise relations
between objects [90]. For modeling trees specifically, vertices represent buds, apexes, and
nodes for locating other plant organs (i.e., fruits, flowers, and leaves); edges represent
internodes, the trunk and branches; a combination of these vertices and edges can form
growth module like apical meristem to perform a certain metabolic process such as blossom
or elongation [91]. This tree graph has three possible computational data types [75]: a
chained list of records that use a single pointer at each child node pointing towards its
parent node [92]; an incidence matrix with each vertex in a column, each edge in a row and
a number to indicate their relationships [93]; strings of characters that use specific marks
to encode graph architecture [82]. Due to its convenience in reading, rewriting, retrieving,
and calculating, the plain text string has become the most popular computational data type
for FSPM studies. It was a powerful medium to convey topological information when the
computational power was limited compared to today [94].

The way strings of characters encode plant structure is called L-system [95]. Based on
L-system as the general approach, multiple FSPM platforms have been developed: L-studio
coded in C++ provides a library of programs for simulating environmental processes that
affect plant development [96]; GroIMP based on the relational growth grammar coded
in java enables parallel modification of the geometries while performing the rewriting
rules [97]; OpenAlea achieves a graphical programming environment in python offering
FSPMs to a larger range of audiences [98]; most recently, L-Py further improved the
flexibility of building FSPMs in python and kept compliance with other platforms [99].
Varies plant structures are built, such as Kiwi fruit [100], peach [101] and apple [102,103], in
relation to multi-aspects of the metabolic process like photosynthesis (see kiwi), water stress
(see peach), pruning (see apple), gravity and light competition [104]. Despite substantial
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results of these studies using L-system, strings for describing the topology of trees have
certain limitations: firstly, interpreting 3D structures of real trees with massive nodes
through linear string has low fault-tolerance; secondly, L-system cannot describe re-joint
branching networks such as inosculated tree structures [105].

In the past ten years, the popular use of Terrestrial LiDAR Scanning (TLS), structure
from motion (SfM) [106] and rapid growth in computing power for 3D graphics enabled
detailed documentation of objects with point cloud data. In the field of remote sensing and
computer graphics, these technologies were soon applied to tree surveys. 3D geometric
primitives of trees can be abstracted from discrete points to represent the structure and
topology of their trunk and branches [107]. Multiple approaches were developed for this
purpose: Raumonen [108] developed their own method using “cover sets” to reconstruct
tree topology; similar to the cover-set idea, PypeTree [109] rebuilt trunk and branches
by their “segment” based on skeleton curves in python and then used semi-supervised
adjustment to correct the errors; SimpleTree [110] built cylindrical tree models in C++ by
voxel-grid and Euclidean clustering, it also developed crown calculation tool to estimate
canopy volume; cylinder fitting was proved robust in shape fitting for tree trunk and
branches [111]; AdTree [112] was another skeleton related approach fitting cylinders to
point cloud model of a single tree. These solutions to generate QSMs enable physical trees
to be converted digitally.

Alternatives for geometric tree branch primitives are seen in the gaming and animation
industry. Animation rigging of characters [113] is also adapted to plant models by motion
capture [114]. Trunk and branch segments can be defined as rigid bodies connected with
constraints. In this way, force (i.e., gravity and wind) and collision can be calculated by
physical engines [115].

1.2.5. Digital Tools and Databases of Trees Used in the Building Industry

Following the trend of digitalization driven by rapid IT development, the building
industry is also transforming into digital tracks at all its stages, including planning, design,
execution, and management [116]. Formulated data and methods also vary for different
working scales and purposes (see Table 1).

Table 1. Comparison of digital tools and tree representations in different scales.

Scales Urban District Single Build Project

topics and purposes Land use and planning Thermal comfort, ecosystem
services

Structural performance,
operation, and maintenance,

building economy

tools and databases GIS, CityGML
Environmental

design-decision-support
platform

Building Information Modeling

Suitable models for trees
Population model,

Raster image

Global representation,
Spatial decomposition

(voxel cells)

Topological skeleton
Cylindrical pipes

In the scale of urban areas, Geographic Information System (GIS) offers a platform
to overlay both raster images by satellite remote sensing and vector data by field map-
ping [117]. Vegetation in this scale is represented by the leaf area index (LAI). It indicates leaf
area per unit ground surface area, which is estimated by normalized difference vegetation
index NDVI [118,119], measured with red and near-infrared regions of the electromagnetic
spectrum. This index is used to document and analyze the change in plant populations
on a large scale. Recently, LAI is also used to guide urban development in terms of green
space and urban forestry [120]. CityGML is an advanced all-in-one database in open stan-
dardized XML. It enables potentially describing all city facilities (3D objects) in various
LoDs [121]. Gobeawan [122] very briefly proposed four levels of tree representations in
CityGML, namely a plane circle, one single cylinder, a convex hull and detailed leaves
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and branches. Among these levels, tree models in LoD 1–3 are already seen in multiple
CityGML databases, while LoD 4 remains unclearly defined.

On the scale of district and community, design-decision-support platforms [123,124]
are built to simulate interactions between buildings, plants, environmental conditions,
and human activities [125]. Kirnbauer [126] integrated multiple databases into a decision
support system for urban tree planting. For these purposes, trees are mainly represented by
their canopy volume and position using either a simple geometry [127] or voxels [26]. In this
way, environmental engines like ENVI-met [128] and Grasshopper plug-in PANDO [129]
can simulate the tree’s shading and air flow affected by the tree canopy. These assist
decisions in street section or plant arrangements for outdoor comfort.

In the scale of a building and its construction, building information modeling (BIM) has
been developed to integrate all necessary information concerning building facilities through
their lifecycle [130]. Such data can be as detailed as materials and their manufacturers. Some
attempts are made to utilize BIM on the district scale, where global tree representations
(similar to Vos et al. [26]) appear alongside a BIM model [131]. However, trees are not yet
regarded as core components for buildings that can be integrated into BIM and utilized for
living architecture design and engineering. No unified description is given about the data
type, utilization, and purpose of tree models in this scale for architecture design. Therefore,
this paper provides one standard and solution to fill this gap (see Section 2.1).

2. Tree Information Modeling

2.1. Definition

Similar to the definition of BIM [132], Tree Information Modeling (TIM) is conceived
as a digital representation of the physical and functional characteristics of a tree. We define
TIM as a data exchange and knowledge-sharing platform about trees, aiming at a solid
basis for decision-making in their planning and life-long management. To avoid disaccord
understandings that occurred on BIM during its long development [133], in this paper, TIM
does not limit to any specific tool or software to convey and calculate the tree data. It is a
framework following the same tree description system (TDS) to create the digital twins of
trees in real life. A unified updating version of TDS enables the maximum compatibility
of all TIM users. The first version of the TDS is stated below (see also Figure 3): A digital
tree consists of basic information tags and a geometric representation; basic information
tags should include at least tree species, tree age (or years after the first planting), location
by longitude and latitude, date of documentation (not necessary for a virtual tree at its
planning phase). Information tags must also support additional attributes such as tree
images, transplanting history and results of pulling tests in risk assessment. Geometric
representations have three compartments: branch (including trunk), leaf canopy, and
root; trunk and branch (incl. aerial roots visible above the ground) are represented by
the topological skeleton and cylindrical pipelines; leaf canopy is represented by voxel
noted with leaf area density; root underground is represented by iso-density layers. Each
geometric element can be attached with additional attributes if they are measured, such as
decay, sap flow rate, the concentration of phytohormones and electrical resistivity.

It needs to be clarified that due to current limitations in underground detection, even
the proposed rough iso-density layers for representing roots cannot be correctly mapped
in practice.

It is also aware that even if such a root model is acquired, this may not be sufficient
to serve all demands in analyzing tree roots (i.e., root failure described in Section 1.2.1).
We propose this root representation in the current version of TDS as a balance between
what needs to be studied and which data could be gathered. Depending on the technology
development, the root model could be updated to root density voxels in later TDS versions
or even cylindrical pipelines (the same as branch representations) in the future.
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Figure 3. Role of TIM and its data structure. TIM integrates tree information required in multiple
professions (see e.g., [48,75,95]). It functions as a media between trees in reality and their digital twins
for specific applications.

As for the relationship between BIM and TIM in the building industry, both models
function as media between physical objects in the real world and digital applications for
planning, evaluating and maintenance. An overview of their geometric representations and
key parameters for applications were listed in Table 2. TIM can be applied independently
from BIM to digitalize living trees. Data formats in TIM are set with already supported data
in BIM software: voxel for leaves, the pipeline for the trunk and branches and closed splines
for roots (as shown in Figure 3). When buildings in the future take trees as components
and even require their interactions with other building facilities, TIM can be integrated into
BIM for more comprehensive uses. This relationship also applies to LIM and CIM on a
larger scale, where TIM could benefit the urban green system planning and management
as well as evaluate and forecast trees’ impact on the urban environment.

Most importantly, although no study about trees yet is built on this novel definition of
TIM, TIM models, once initiated or even partly initiated (i.e., missing root data), can be di-
rectly applied to related professions introduced in 1.2 because TIM has stored the geometry
of trees in a high LoD. Other professions working on more abstracted geometric datasets
can interpret TIM into their corresponding forms, such as L-system (see Section 2.2.2), rigid
body, a sphere canopy or a pixel. In this way, existing studies, and methods in the fields
of forestry science, FSPM and building environment (see Section 1.2) can all be applied to
TIM. In this perspective, TIM works as a platform for merging these studies.
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Table 2. Comparison between common tree models used in multiple fields and TIM.

Common Geometric Representation
(for Structural Model)

Common
Physiological

Parameters (for
Functional Models)

Common
Environmental

FactorsLeaf
Branch

(Incl. Stem)
Root

Forestry science

Crown as an
elliptical sphere by

its height and
diameter

Trunk as a cylinder
by DBH and crown

height
Not involved Leaf surface area; sap

flux;

Climate;
temperature;

population density

FSPM

Individual leaf as a
rectangle by its

length, width, and
position

L-system with
turtle

interpretation

L-system with
turtle

interpretation

Water transit; carbon
assimilation and

allocation
Gravity; light rays;

Mechanical
calculation

Windward area,
leaf density and

drag

Trunk as a
unilaterally fixed,
tapered cantilever

beam

A joint with
viscoelastic
properties

Not involved
Wind velocity,
temperature,

moisture content

Land resource
management

Leaf area index in
pixels Not involved Not involved Not involved

Near-infrared
spectroscopy; red

spectrum;

BIM
Crown as an

elliptical sphere Trunk as a cylinder Not involved Not involved Not involved

TIM
Voxel by leaf area

density

Topological
skeleton and

pipelines

Layer by
iso-density

curves and depth

Water transit; to be
developed To be developed

2.2. Methods for Data Acquisition and Processing
2.2.1. From Reality to TIM—Data Acquisition through Multiple Tools

As described in Section 2.1, a complete TIM model consists of information tags and
geometric representation. In the planning phase, virtual data could be directly generated
through designing and simulation programs and then fed into TIM. In this case, it is recom-
mended to initiate a field named “virtual” in the information tag and set its value to true.
In the maintenance phase, creating a digital twin of one physical tree must apply differ-
ent methods in gathering required data: for collecting the information tags, geolocation
(longitude and latitude of the tree) can be recorded by portable GPS devices at the stem
base; tree species, age and archiving data require manual entries before an automatic tree
identification program (i.e., possibly driven by deep learning [134]) is developed; a few
photos shot in different distances and angles could also be attached as additional attributes
for training the automatic tree identification and for manual cognition. For creating the
geometric representation of a tree, the branch (incl. trunk or aerial root) and leaf are visible
compartments above the ground, while the root is invisible beneath. So, the surveying
methods are different.

Documenting the topological geometry of branches consists of 3 steps (see Figure 4).
(1) By LiDAR or photogrammetry scanning [135], a point cloud model of the visible com-
partment (trunk, branch, aerial root and leaf) can be created. At this step, improvements
can be made regarding computing time and tolerance to point clouds in low quality (see
Section 3.1). (2) To abstract the topological skeleton of branches out of the point cloud,
Cornea [136] compared multiple automatic skeletonization methods; L1-medial skele-
ton [137] is efficient on point cloud that is not over complex containing too large an amount
of points; [138] developed an approach to restore a speculative skeleton without segmenting
point clouds into branches and leaves; Wu et al. [139] then achieved an accurate median-
axis skeleton abstraction based on the foliage–woody separation by convolutional neural
networks [140]; Liu et al. [141] developed a neural network to reconstruct tree geometry out
of a point cloud robust to noise, outliers and incompleteness; besides, voxel thinning is able
to preserve the precise topological structure of tree branches while estimating approximate
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diameters of branches during the thinning process [142]. (3) After skeletonization, pipelines
can be generated by cylinder fitting or calculating the average distance from the trunk
surface to the skeleton on perpendicular planes.

Figure 4. Process to collect topological geometry data of the tree trunk and branches.

Figure 4 illustrates these steps with a tree standing close to a building façade. The
arrows with solid lines show several technical roots that are tested by the authors. Arrows
with dotted line show alternatives to the same functions. The displayed tree grows an
asymmetric canopy against the wall. In this case, sphere geometry as a global representation
of a tree canopy is not a precise way to describe it. TIM has the advantage of documenting
its main trunk and detailed branches with QSMs.

Voxel-based descriptions of tree canopies were first developed to represent only the
volume [143]. To derive LAD at the voxel scale, the Monte-Carlo simulation is a classic
approach [144]. Béland, Widlowski [145] proposed the VoxLAD model instead of ray
tracing algorithms, enabling the estimation from discrete returning data from any type
of TLS; Wu, Phinn [146] used this method on multiple species of fruit trees; Hosoi and
Omasa [147] developed voxel-based canopy profiling method to estimate LAD in voxels.
The precision according to the voxel size is assessed by Li and Dai [148].

TLS is also applied in scanning tree roots if roots are dug out from the ground [149].
But to detect roots underground, ground-penetrating radar is used. It transmits and
receives electromagnetic waves. The returning signals indicate boundaries of overlaying
objects [150]. The precision and maximum depth depend on the wave frequency and soil
type. Inhomogeneous soil, commonly seen in urban areas, usually produces poor results.
New methods like multi-electrode resistivity imaging used for detecting decay inside
trunks (see Section 1.2.1) [151] can also show a rough distribution of roots underground,
but they are not yet applicable in practice. These data can be processed into 3D root layers
in CAD software (i.e., see Gärtner et al. [149] Section 3.2).

Establishing a complete TIM model requires a combination of all methods above. A
tree survey is recommended to be conducted in different seasons. For deciduous trees, for
example, their LAD can only be documented in summer, while their trunk and branch
geometry can only be documented in winter when there is no leaf. Due to such a high
standard for completing a TIM model, an incomplete TIM dataset will exist for future
applications. Therefore, their access to certain functions should be checked if the required
data is missing.

2.2.2. From TIM to Established Applications—Interpreting Pipelines into L-System as
an Example

Once trees are documented in TIM, all professions listed in Section 1.2 can extract part
of the data from TIM to build their own established model for analysis and simulation. For
forestry scientists, for instance, DBH is the diameter of the pipeline at 1.3 m height above
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ground; tree height is the z-axis coordinate at the upper side of the top canopy voxel; total
biomass estimation is the mass sum of leaves, branches, and roots using their volume and
average density. Such calculations are similar to measuring real trees, therefore, will not
be further explained in this paper. For FSPM studies (see Section 1.2.3), L-system is most
used in plant growth simulations. So, it is important to illustrate here how to interpret data,
especially branch geometry in TIM, to a tree model written in an L-system.

L-system is a string rewriting mechanism. It recursively replaces certain parts of
the strings according to given rules. In this way, it produces patterns with self-similarity,
thus being widely used for modeling plants [82]. The method to draw the geometry
based on the commands in strings is called turtle interpretation [95]. Typical commands
direct a virtual “turtle” moving forward or turning its heading. The trail of the turtle is
the geometry to be drawn. However, the original version of such a symbolic L-system
has limitations in (1) setting an individual rotating angle and distance for each move,
(2) implementing physiological functions for plant growth and (3) operating on the drawn
geometry. Therefore, some improvements were developed later (see Section 1.2.4). To
illustrate the interpretation from pipelines into one of the L-system models, this study
takes language XL as the target format. Language XL is an implementation of relational
growth grammars (RGG) [97]. It enables parallel plant description rewriting and geometry
generation [152]. Pipelines in TIM can also be interpreted into other variants of the L-system
following the same approach but making adaptions to format writing.

Interpreting pipelines into language XL has three steps: (1) translating each pipeline; (2)
combining branches in the order of topology; (3) adding defined tree organs to the model.

In the first step, each pipeline in TIM is defined with its geometry and spatial location.
The pipeline’s geometry consists of its length l and diameter d, which are the same param-
eters to draw cylinders in XL language using the command F(l, d). The spatial location
of a pipeline in TIM is marked with its two ends (i.e., A(x, y, z) and B(x′, y′, z′)). In XL
language, location of an object depends on turtle’s state including its position and heading.
Turtle’s state initiates at the origin point with the default heading shown in Figure 5a. This
state will be updated in each step by moving and rotating. Rotation is described by Euler
angles along the turtle’s local X, Y and Z axis (see also Figure 5a). As cylinder is central
symmetric, two degrees of rotation could reach any demanded orientations in a 3D space.
In this section, we will use only the turtle’s Z and Y axis to perform Euler rotation. As
shown in Figure 5b, the command RH(α) and RU(β) in XL language rotates the turtle’s
heading α degrees along the Z axis and β degrees along the Y axis, respectively, in the
illustrated direction. Their values can be calculated with equation 1 and 2. A negative
number indicates the rotation in a reversed direction. As the rotating sequence affects the
results, Z-Y is ruled for all rotating sequences. Starting from the default turtle heading,
the rotating angles are calculated with equations 1 and 2. After moving forward along
the pipeline, the turtle should make a reversed Y-Z rotation to return to the default turtle
heading. This step is crucial for easier connections between individual pipelines because the
turtle’s headings are identical for all elements. In all, the outcome command for one single
pipeline is formed as follows: RH(α) RU(β)F(l, d) RU(−β)RH(−α) (see Figure 5c). Such
a set of commands for drawing one single pipeline is noted with pn, where n is the number
of the pipeline. When a movement of the turtle is required without drawing a cylinder,
the command F(l, d) can be replaced with M(l), where l is still the distance of moving.
In this case, the command series is written as RH(α) RU (β)M(l) RU(−β)RH(−α). This
command set is noted with m.

α =

⎧⎪⎨
⎪⎩

cos−1 x′−x√
(x′−x)2+(y′−y)2

× 180/π y′ − y ≥ 0

− cos−1 x′−x√
(x′−x)2+(y′−y)2

× 180/π y′ − y < 0
α ∈ (−180, 180] (1)

β = cos−1 z′ − z√
(x′ − x)2 + (y′ − y)2 + (z′ − z)2

× 180/π β ∈ [0, 180] (2)
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Figure 5. Turtle state and Euler rotation in the interpretation of pipelines. (a) the initial heading of the
turtle in Language XL; (b) rotating the turtle’s heading along its z and y axis with command RH (α)
and RU (β), respectively; (c) visualization of one set of commands for describing one single pipeline.

The second step is to connect these commands together to describe the topology of the
tree. Bracket marks “[” and “]” means push and pop the turtle state in XL language. In other
words, the turtle state is temporarily stored at each “[” mark. And the turtle will return to
this state when it receives the “]” command. By returning to this state, the temporary storing
mark is also cleared. So, what is written inside of a bracket does not affect the geometry
by following commands. The overall writing strategy for a tree example is illustrated in
Figure 6. Tree sections without sub-branch are simply the conduction of pipeline commands
in a growth order: older pipelines before the younger (i.e., see p28 p29 p30 p31 in Figure 6). At
places where multiple sub-branches occur, except one sub-branch writing in the last, the
rest branches should be wrapped in the bracket (see colorful and black brackets in Figure 6).
Until now, the topological structure of tree branches has been interpreted from TIM data
into Language XL.

Figure 6. Connecting all turtle commands to represent the topology of a tree.

The third step is to enable functions like tree growth in FSPM by adding defined
tree organs and parameters to the string. Different simulation purpose requires different
definitions and parameters of these organs. Commonly used ones in FSPM are internode,
bud, leaf and so on. TIM is a system for broad applications on trees. So, it will not store all
detailed information about every tree organ and their possible parameters. TIM should
only save the most common information about a tree to enable compatibility between cross-
discipline tree applications. Adding unnecessary parameters to TDS means increasing the
cost of establishing the database. In consideration of balancing data needs from different
professions, internode (trunk and branch segment) and leaf are contained in the first version
of TDS (as described in Section 2.1) because they provide a fundamental description of
a tree. Their data acquisition methods are also well developed (see Section 2.2.1). Buds,
flowers, and fruits, due to their very targeted use, are not documented in the current TDS
version. Therefore, such organs must be manually inserted into the interpreted strings for
FSPMs. Even though one tree organ-like internode is stored in TDS, some parameters except
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its geometry are not compulsory (i.e., the sap flow rate through the internode) in TDS. They
can be documented as additional attributes on every geometric element of TIM and then
be interpreted into the strings (i.e., “F(l, d, sap f low rate, other additional attributes . . .)”).
Some input processes like inserting bud could be, in the future, replaced by programs that
make automatic tree organ cognition.

With all three steps, a tree model in TIM is transformed into an FSPM for growth
simulation or visualization.

3. A Vision of TIM

To enhance the use and applications of TIM in the future, challenges and opportunities
are addressed in this section to guide future works.

3.1. Development in Data Acquisition and Application

In terms of data acquisition, photogrammetry and TLS were tested by the author to
acquire detailed branch geometry (see Section 2.2.1). Both methods can obtain shapes of
small branches (with radii smaller than 10 mm) in point clouds. However, a photogramme-
try survey has certain requirements of stable soft light, calm air and clear background when
taking photos. Without proper training, ordinary users cannot acquire a usable point cloud
of trees. Although TLS has a lower skill requirement demand on the user, its high costs
limit its share and application scenes in the industry. Moreover, point clouds are redundant
for getting only the tree geometry. Storage and transmission of such heavily redundant
data have little economic value. Not to mention the massive computing resources used for
generating and processing the point cloud. Therefore, an in-time skeletonization solution
should be considered, where the point cloud is only a temporary media while only cylin-
drical pipelines for branch geometries are stored. This solution is possibly combined with
LiDAR SLAM. Robotic arms carry a portable LiDAR module going around branches to
acquire small sections of their geometries and translate them into pipelines immediately.

To allow wider applications on TIM, data acquisition through other approaches about
trees should be able to add to the TIM database. For example, an inclinometer and elas-
tometer were used in pull tests for measuring the deformation of tree trunks under a given
force [47,48]. These tests ensure tree stability against windstorms. Data in such tests can be
added to branch properties and with these data, structural analysis can be implemented on
TIM. In this way, tree failures can be warned ahead of meteorological disasters (in reference
to Chan and Eng [153]).

For another application example, the leaf area density of trees in voxels is estimated
by their branch pipelines in TIM. Because the shape and density of the tree canopy is very
closely related to branch geometry. When this branch-to-leaf relationship for different
species can be quantitatively described, by scanning the topological geometry of branches
in winter, both branch and canopy data can be estimated. This would spare the work of
scanning the canopy again in summer. More importantly, such an application associates
the manipulation of branch geometries with targeted functions provided by the canopy.

These suggested applications pave the way for a design workflow for treating trees as
a core element in the built environment (see Section 3.3).

3.2. Merging the Bottom-Up Simulation with the Global Status of the Tree

Tree growth models in the field of forest science are based on collected data containing
a global description of trees under different environmental conditions. So, their models are
relatively reliable in forecasting global indicators of trees like biomass and DBH in regard to
different ages and species etc. of a tree. This is the advantage of top-down modeling. On the
contrary, plant models in the field of FSPM commonly use plant organs (such as internode
and bud) as agents to simulate plant behaviors. These are bottom-up models. They have the
advantage of reproducing featured patterns in plant growth (see Section 1.2.3). However,
their global performances rely on parameters in their physiological process. Some of the
settings may not match well with the empirical data. Simulations using TIM in branching
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scales are also agent-based (bottom-up) models. So, it is a challenge to match the results of
this method to empirical data on a global scale. The gap and difference between these two
approaches are expected to be better observed and studied if more tree data are collected
and shared under the proposed TDS. These findings can lead to (1) modifying equations
for improving the quality of bottom-up models, (2) inspiring new theories to explain and
model emergent behaviors on trees, and (3) explaining with a deeper insight into patterns in
top-down models. One day, tree growth simulation might merge bottom-up and top-down
approaches as a unified system.

3.3. Design Workflow Assisted by TIM

A design workflow in a project is as important as the design itself. Achieving mul-
tifunctional use of urban trees requires more than datasets and methods. Designers and
planners must be able to engage in tree planning by taking advantage of digital tools. As
voxels are intuitive in showing spatial distributions of leaves and are used in environmental
simulations [26], we hold a strong vision that designers could design tree canopies and
their rough density in voxels for urban space (see Figure 7). This design serves as a target
parameter for tree status in the long term (i.e., 10–20 years).

Figure 7. An example of designing street green space with voxels containing leaf area density: the
north-facing apartments have access to sunlight and sky view; the motorway and south-facing façade
are shaded against high radiation; ventilation at the sidewalk is not blocked. Designers can set target
values such as rough leaf area densities to these voxels for various design purposes.

To reach such target parameters, trees must grow under specific manipulation and
guidance (especially pruning and bending). Each manipulation of trees impacts the later
outcome of leaf area density. So, a feedback workflow is required, consisting of scanning,
simulation and decision making for maintenance strategy (see Figure 8): (1) based on the
current tree status, boundary conditions are input to simulate the future status of this tree;
(2) this simulation will be examined and corrected based on the tree growth in reality;
(3) this simulation will also be compared to target parameters in design; (4) different ma-
nipulation methods will be virtually tested in TIM to get the best solution for approaching
the design target. These four steps are repeated multiple times until getting close to the
target parameters. The target parameter, boundary conditions as well as simulation method
enable modification during any step in the loop. These changes will not affect previously
made manipulations on the tree because tree scans and simulations can be performed at
any point again to restart the loop. Every step in this workflow relies on data and methods
in TIM. Simulating the tree’s reaction to manipulations will be the focus of the next step

75



Forests 2022, 13, 1955

in this research. A decision-making mechanism to deal with possible conflicts between
short-term and long-term outcomes would be a step further. With these steps, the proposed
design workflow is developed closer to real application in industry.

Figure 8. A proposed feedback structure about the iterative survey-simulation-manipulation proce-
dure for designing with trees.

4. Conclusions

In both architecture design competition and practice, integrating trees in building and
engineering systems has become the trend worldwide. Trees differ from traditional building
materials by their dynamic growth and requirements for constant maintenance. Therefore,
efficiently managing trees in a built environment and enabling their multifunctional uses is
the key.

In reference to BIM, we proposed TIM (Tree Information Modeling), serving as a
bridge between trees in reality and digital applications in multiple professions, including
arboriculture, forestry science, biology, animation and the building industry. A complete
TIM model consists of information tags and geometric representations for its root, branch
(incl. trunk and aerial root), and canopy respectively. It is described in this paper how these
data could be collected with various approaches (such as LiDAR scanning, skeletonization
and additional measurement). It is also shown how the topological geometry of branches
in the TIM model is interpreted to L-system for implementing widely established tree
simulations based on that system.

By bringing all related knowledge and data together, TIM can achieve an accurate
evaluation of trees grown in various specially trained forms in the city. For gardening com-
panies, nurseries, and urban planners, they can acquire prediction of water and nutrition
consumptions through the lifecycle of the trees, estimating their economic benefits and
financial expenses; for constructors and civil engineers, TIM can provide them information
regarding a minimum space needed for tree canopy and root growth. For arborists, risks
of failure in extreme weather or when trees suffer accident damage can be assessed from
TIM data. For studying urban forestry, TIM has accurate geometrical data to estimate trees’
impact on microclimate through cooling and evaporation. For architects and landscape
designers, TIM can assist with species selection, planting layout and branch configura-
tion. With TIM, trees can interact more with other artificial materials and components
without causing unpredictable consequences. All these applications then lead to a longer
life expectancy of trees in a densely built urban environment and enable the design and
management of gray and green infrastructure in harmony.
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Despite these benefits of TIM, limitations were also seen when such standards were
applied to industry (in reference to limitations of BIM in implementation [154]). Firstly, it
enforces a higher learning and training cost for all participants working with TIM. A tree
nursery, for example, may not immediately benefit much from TIM data sources but can
invest more to adapt their original data storage form and workflow. Secondly, when tree
data are commonly structured and packaged as TIM suggests, it raises a higher threshold
(especially for the public) to retrieve, interpret and reuse the data. Lastly, it lacks contractual
arrangements yet to specify the property right, legal access and liabilities for tree data.

Finally, efforts still need to be made in efficient data acquisition and discovery of
more application scenes on TIM. The gap between the results of branch-scale simulation
and a global tree status must be matched. With all these efforts, the goal is to achieve an
iterative workflow to manage urban trees towards a design proposal quantified with target
parameters.
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Abbreviations Full Term

BIM Building Information Modeling
CAD Computer Aided Design
CIM City Information modeling
DBH Diameter at Breast Height
ESS/ES Ecosystem Services
FSPM Functional Structural Plant Model
GIS Geographic Information System
IoT Internet of Things
LAD Leaf Area Density
LAI Leaf Area Index
LiDAR Light Detection And Ranging
LIM Landscape Information Modelling
LoD Level of Detail
QSM Quantitative Structure Models
SfM Structure from Motion
SLAM Simultaneous Localization and Mapping
TDS Tree Description System
TIM Tree Information Modeling
TLS Terrestrial Laser Scanning
UHI Urban Heat Islands
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Abstract: The hot and humid feeling of the urban environment enhances residents’ discomfort in-
dices. Although the cooling and humidifying effects of plant communities in various urban parks
are significant, there is still insufficient evidence for the effects of plant community characteristics
on temperature and humidity. In this study, 36 typical plant communities in the Changchun Water
Culture and Ecological Park in China were selected in the summer (21–23 August 2020) from 8:00 to
18:00 for three days when it was sunny and windless. We obtained plant community characteris-
tics through field measurements and drone recordings to explore the relationship between plant
community characteristics and the mechanism of temperature and humidity. The study observed
that (1) the canopy density and three-dimensional green amount were significantly related to the
benefits of cooling and humidification. When the canopy density is between 0.7 and 0.8 and the three-
dimensional green volume is above 4 m3/m2, the greatest benefit is achieved; (2) the discomfort index
is between 0.6 and 0.8, and the three-dimensional green volume is 4 m3/m2–6 m3/m2 minimum; and
(3) the changes in temperature and humidity are different for different types of plant communities,
which lead to differences in people’s perceptions of environmental comfort. The tree–grassland and
tree–shrub–grass types had the most apparent improvement effects on comfort. The results show that
in the design process of urban park plants, emphasis is placed on plant community configuration
with apparent cooling and humidification effects, which can improve the comfort of tourists in hot
and humid environments. The research results provide theoretical support for sustainable urban
green space development.

Keywords: urban green space; plant community; outdoor thermal comfort; microclimate; canopy
density; tridimensional green biomass

1. Introduction

The deterioration of the urban environment and the unique nature of the underlying
city surface have changed the thermal environment, forming the urban heat island (UHI)
effect [1,2], reducing the comfort of urban residents, aggravating the negative impact of
the urban environment, and causing more significant difficulties to the daily work and
lives of the residents [3]. In recent years, solving the urban heat problem has become an
urgent issue for worldwide urban development planning. The relevant studies observed
that urban green spaces can effectively alleviate the UHI effect, reduce the temperature
in urban spaces, and act as urban cold islands [4,5]. In addition, urban green spaces can
meet citizens’ spiritual, cultural, leisure, and entertainment needs, and provide various
ecosystem services, such as the ecological adjustment and maintenance of biodiversity [6,7].
Moreover, it plays a vital role in biodiversity [8,9].
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In recent years, the analysis of the improvement of the temperature and humid-
ity in green spaces has begun to be refined from green park spaces to small-scale areas.
The current study examines small-scale plant communities and different plant species.
The relevant studies show that different plant types have different effects on tempera-
ture improvement [10,11]. The research conducted on hawthorn, Robinia pseudoacacia L.,
Sorbifolia, and other plants shows that the difference in their temperature-improvement
effect was nearly four times greater [12,13]. It was observed that different plant commu-
nities, such as grasslands, woodlands, and ornamental shrubs, have different effects on
improving temperature values in different environments [14]. Further research shows that
the leaf characteristics of different types of plants affect the cool temperature of shaded air
space [15].

With the progress of research methods, the research process tends to be quantitative.
Canopy density, three-dimensional green yield, leaf area index, and other indicators began
to be applied to studies on the environmental temperature and humidity changes [16].
For example, canopy coverage was adopted as an indicator to evaluate forest ecosystem
services in an urban environment. A study conducted on tree cover and vertical leaves [17]
indicated that trees with larger leaf area indices (LAI) were conducive to better property
values. In other words, the more trees present with a larger leaf area index, the higher the
attributed value of the property. The biomass and tree–shrub cover have a neutral effect,
whereas replacing trees with grass cover results in a low value. In the current study, we
determine the leaf area index, crown height, and plants, among which, for example, the
height and crown width impact the plants’ cooling effects [18].

The cooling effect of plants on the environment can improve the comfort of urban
residents, resulting in a sense of belonging and identity [4,19]. There are many indexes
used for evaluating aspects of comfort, such as standard effective temperature (SET) [20],
effective physiological equivalent temperature [5] (PET), and universal thermal climate
index (UTCI) [21]. It has been shown that SET can be used to accurately evaluate the
thermal comfort of people in a stable, indoor environment. We investigate the thermal
comfort experienced on university campuses and observe that the average temperature
is 20.6 ◦C in the current study. The comfortable temperature range is from 19.5 ◦C to
21.8 ◦C [22]. An in-depth study observed that green space had a positive effect on human
comfort, not only because the transpiration of plants can reduce the air temperature, but
also because plants can block part of the direct radiation of the sun [23–26]. By adding
green spaces to the simulation, it was observed that the areas with higher greenery rates
had higher comfort levels, and the correlation analysis concludes that if the park is entirely
covered by green space, it is in a complete thermal-comfort state [27].

To summarize, there is a strong recognition that urban green spaces can alleviate
urban thermal environment problems, and the cooling effect of urban parks is remarkable.
It was observed that the scale, distance, and other factors of green space affect the cooling
levels of green space. However, in urban forests and green space planning and designing,
the connection between the configuration of plant community structures and ecological
service functions is still insufficient. It is necessary to thoroughly study the relationship
and mechanism of the spatial layout of vegetation, the structure of plants, and temperature
and humidity in relation to comfort for human beings. In turn, the ecological function of
urban green spaces will be enhanced, and the quality of living in that environment will be
improved through the optimal allocation of plant communities.

In the current study, we propose the following research questions:
Research question 1 (RQ1): Are there significant differences in the effects of plant

characteristics on the temperature and humidity in urban parks?
Research question 2 (RQ2): If the answer to research question 1 is positive, are

there significant differences between plant community characteristics and comfort? What
characteristics of plants reduce feelings of discomfort? Which ones improved?

Research question 3 (RQ3): If the answer to research question 2 is positive, does the
vegetation’s spatial arrangement affect the determined conclusions?

85



Forests 2022, 13, 1342

2. Methods

2.1. Study Area

Changchun City Water Culture and Ecological Park, 43◦51′ N, 123◦21′ E, is located
at the intersection of Jingshui Road and Yatai Street in Changchun City, China (Figure 1,
location and scope of the study). The park covers an area of 30.2 ha. It is an urban
brownfield reconstruction project that won the ASLA 2019 comprehensive design award.
The original site was the first water-purification plant in Changchun, built during the
period of Puppet Manchuria. Changchun’s water supply culture has experienced 80 years
of historical evolution, and 300,000 square meters of scarce ecological green space have
appeared in the city’s hinterland. There are 17 families and 36 genera of woody plants at
the site. The environment is pleasant and adjacent to a residential area and is thus highly
recognized by the public. A representative mix of artificial and natural plant communities
was selected for the study. Moreover, plant communities are widely used in cities and
parks. The plant community is rich in layers, and the tree branches are higher than 3M,
which is suitable for people to move freely in the forest space.

Figure 1. Location and scope of the study.

2.2. Data Acquisition

In the current study, four routes were selected in the Water Culture Ecological Park in
Changchun City, as presented in Figure 2. Each route had 9 sample points out of a total of
36. The sample points were divided into five plant community types: arbor, arbor–grass,
arbor–shrub–grass, shrub–grass, and grassland. The plot range for arbor, arbor–grass, and
arbor–shrub–grass-type plant communities was set as 20 m × 20 m, while the shrub–grass
and grassland types were set as 10 m × 10 m. Two groups of non-vegetation coverage areas
were designated as reference groups 100 m outside of the park, as presented in Figure 2 and
the reference group location map. To avoid interference, the distance between each sample
plot was more than 10 m, and there was no water source within 50 m. The high-density
population areas were avoided as much as possible. The measurement date was from
21 to 23 August 2020, from 7:50 to 18:10 every day—there were three consecutive days
with clear sky conditions and there was no rainfall or irrigation during the sampling times.
The details are presented in Table 1. The instruments used in the acquisition process are
presented in Table 2.
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Figure 2. Site route and reference group location, A and B are both reference groups.

Table 1. Weather information for Changchun from 21 to 23 August 2020.

Measurement Date Temperature Condition Weather Condition Wind Direction

21 August 2020 26 ◦C/14 ◦C Sunny Northeasterly wind, levels 1–2
22 August 2020 27 ◦C/ 17 ◦C Sunny/cloudy Southwesterly wind, levels 1–2
23 August 2020 27 ◦C/17 ◦C Sunny/cloudy Southwesterly wind, level 3

Table 2. List of experimental instruments.

Instrument Name Model and Origin Experimental Use Parameter Range

Aerial unmanned
aerial vehicle (UAV) Phantom 4 Pro/China

Takes photos of the
sample to obtain the

real picture

Maximum altitude: 6000 m
Fov84◦ 20 megapixels

Photo resolution:
5472 × 3648/4864 × 3648/5472 × 3078

Temperature and
humidity recorder Tes-1361c/Taiwan

Measures the
temperature and

humidity of the sample

Measurement range:
Humidity: 10%–95% R.H

Temperature: −2–20 ◦C −60 ◦C/−4 ◦ F − + 140 ◦ f
Measurement accuracy:

Humidity: ±3% R.H − ±5% R.H
Temperature: ±0.8 ◦C, ±1.5◦ f

2.2.1. Temperature and Humidity

A temperature and humidity recorder was used at a vertical height of 1.5 m above
the ground. The flow measurement was conducted for three consecutive days from
7:50 to 18:10 and at every other hour for each sample plot. It took approximately 20 min for
each line to complete the measurement. Five groups of values at four corners and middle
points were obtained for each sample point, and the average value was the temperature
and humidity value of the sample.

2.2.2. Canopy Density

Canopy density refers to the ratio of the total projected area (crown width) of the
arbor (shrub) crown under direct sunlight to the entire scope of the forestland (stand) [28].
The unmanned aerial vehicle (UAV) collected vertical projection pictures of the sample
points. The sample areas of the arbor, arbor–grass, and arbor–shrub–grass-type plant
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communities were 20 m × 20 m, and the flight height was 40 m. The shrub–grass and
grassland types were 10 m × 10 m and the flight height was 20 m.

2.2.3. Tridimensional Green Biomass

Green biomass refers to the three-dimensional area of green plants in a certain area,
and tridimensional green biomass density refers to the proportion of plant stems and
leaves in a unit space. Infrared rangefinders were used to measure the plot’s tree- and
shrub-height characteristics. The characteristics, such as diameter at breast height, base
diameter, crown width of trees, shrub diameter, height, and other characteristics of shrubs
and herbs, were measured individually. The four corners and the focal point of the diagonal
line were set at 2 m × 2 m in the five positions of the grassland community.

2.3. Data Processing

The calculation method of the discomfort index (DI) with the highest adaptability
in the outdoor environment was adopted for the thermal comfort degree [29], and the
calculation formula was as follows:

DI = Tair − 0.55(1 − 0.01RH)(Tair − 14.5) (1)

where DI is the discomfort index, TAIR is the air temperature (◦C), and RH is the relative
humidity (%). According to this procedure, the comfort level distribution for each square
point can be obtained, and the comfort level can be classified according to the interval
division of the discomfort index according to the criteria presented in Table 3 [30,31]. The
greater the discomfort, the lower the comfort level of the human body.

Table 3. Division of discomfort index and human comfort.

Grade
Temperature Humidity Effect on

Discomfort Index (DI)
Sensory Level

1 <21.0 No discomfort.

2 21.0–23.9 A small number of people felt uncomfortable. Discomfort
expressed by <50% of the population.

3 24.0–26.9 Most people did not feel comfortable. Discomfort expressed by
>50% of the population.

4 27.0–28.9 Most people did not feel comfortable. Discomfort expressed by
the majority of the population.

5 29.0–31.9 Almost everyone felt uncomfortable. Discomfort expressed by all.
6 >32.0 Risk of heatstroke. Stages of medical alarm.

The cooling and humidifying effects of the plant community are expressed by the
average temperature percentage (Tp) and average humidity percentage (Hp), respectively.
The calculation formula is as follows:

Tp =
∑n

i=1
Tci−Ti

Tci
× 100%

n
(2)

Hp =
∑n

i=1
Hi−Hci

Hi
× 100%

n
(3)

where Tci is the temperature value of the control plot at the i-th time in ◦C; Ti is the
temperature value of the community plot at the i-th time in ◦C; Hci is the relative humidity
value of the control plot at the i-th time (%); Hi is the community plot; and n is the
recording-time period.
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3. Results

3.1. Influence of Canopy Density on Temperature and Humidity Effect
3.1.1. Relationship between Canopy Density and Cooling Effect

To explore the relationship between a plant community’s canopy density and temper-
ature, the quadratic curve fitting of the two variables is presented in Figure 3. The results
show that with the increase in canopy density, the cooling capacity of the plant community
increases within one day, with a correlation coefficient of 0.868, significant at p < 0.01. When
the canopy density is greater than 0.91, the fitting curve tends to be stable, and the cooling
level of the plant community reaches the maximum level.

Figure 3. Relationship between temperature and canopy density.

3.1.2. Relationship between Canopy Density and Humidification Effect

By fitting a quadratic curve between the plant community’s canopy density and
humidity, their relationship is presented in Figure 4. As the plant community’s canopy
density increases, so does the humidification benefit it creates. The correlation coefficient
was 0.413, with a significant p < 0.01. In comparison to the abilities of plant canopy density
and the humidification effect, the canopy density produces a better cooling effect.

Figure 4. Relationship between humidification and canopy density.

3.2. Influence of Tridimensional Green Biomass on Temperature and Humidity Effect
3.2.1. Relationship between Tridimensional Green Biomass and Cooling Effect

To answer research question 1 (RQ1), the tridimensional green biomass was fitted with
a delicate logarithmic temperature change curve, as presented in Figure 5. The correlation
coefficient was 0.761, with a significant p < 0.01. Especially when the three-dimensional
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green biomass was more remarkable than 4 m3/m2, for every increase of 1 m3/m2 for the
three-dimensional green biomass, the significant cooling benefit was less than the increase
in the three-dimensional green biomass less than 4 m3/m2.

Figure 5. Relationship between temperature and tridimensional green biomass.

3.2.2. Relationship between Tridimensional Green Biomass and Humidification Effect

A quadratic curve fitted the tridimensional green biomass and humidity change. The
results are presented in Figure 6. The correlation coefficient between the tridimensional
green biomass and humidity was 0.840, with a significant p < 0.01. The humidification
benefit of the plant community increased with the increase in the tridimensional green
biomass density. The effect was better when the density of the tridimensional green biomass
was greater than 2 m3/m2.

Figure 6. Relationship between humidification and tridimensional green biomass.

3.3. The Relationship between Discomfort and Plant Community Characteristics
3.3.1. The Relationship between Discomfort and Canopy Density

As presented in Figure 7, the plants’ discomfort indices and canopy densities are used
as scatter points, and they are fitted by a quadratic curve. The effect of the plant commu-
nity’s canopy closure on the discomfort index was analyzed. The results show that as the
canopy density of the plant community increased, the discomfort index decreased. When
the canopy density reached 0.7, the discomfort index was at its lowest level. The canopy
density of the plant community was between 0.6 and 0.8, and the range of the discomfort
index was relatively suitable, which could effectively create a comfortable environment.
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Figure 7. Relationship between discomfort index and canopy density.

3.3.2. The Relationship between Discomfort and Tridimensional Green Biomass

Using a scatter plot, a quadratic curve fitting was performed between the discomfort
index and tridimensional green biomass to explore their relationship. As shown in Figure 8,
the discomfort index first decreased and then increased with the increase in plant tridi-
mensional green biomass. The discomfort index was relatively low when the density of
the tridimensional green biomass was 4–6 m3/m2, which provides an answer for research
question 2 (RQ2).

Figure 8. Relationship between discomfort index and tridimensional green biomass.

3.4. The Relationship between Discomfort and Plant Community Structure
3.4.1. Vertical Structure

In order to answer research question 3 (RQ3), the analysis of variance (one-way
ANOVA) was used to study the differences in community types for discomfort factors.
Community type was significant at a 0.01 level for comfort (F = 26.323, p = 0.000), as
presented in Table 4. The compared results of the groups’ average scores with notice-
able differences were grassland type > shrub–grass type > arbor type > arbor–grassland
type > arbor–shrub–grass type.
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Table 4. Discomfort and the results for the variance analysis of plant community structures.

Community Type (Mean ± SD)

F pArbor Type
(n = 6)

Arbor–Shrub–Grass
Type (n = 20)

Arbor–Grassland
Type (n = 3)

Shrub–Grass
Type (n = 3)

Grassland
Type (n = 4)

Discomfort
index 22.89 ± 0.35 22.07 ± 0.61 22.28 ± 0.31 23.52 ± 0.45 25.04 ± 0.65 26.323 0.000 **

** p < 0.01.

3.4.2. Plane Layout

We explored the relationship between the layout of the plants and the discomfort index.
According to the plant community’s quadratic structure, the plant plane layout was divided
into five forms. The data comparison and analysis of the discomfort index were conducted,
as presented in Table 5. We integrated the plant floor plans according to the typical
quadrats. The order of discomfort index in the plane layout was grass type > adaptive
type > determinant type > encircling type > encircling type, which contributes further to
answering research question 3.

Table 5. Plant community’s plane characteristics.

Item
Schematic Diagram

of Plane Layout
Real-Life Example

Average
Discomfort Index

Adaptive type

  

22.49

Encircling type

  

21.93

Grass type 24.70

Encircling type

 

21.91

Determinant type

  

22.47
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4. Discussion

4.1. Temperature and Humidity Effects under the Influence of Plant Characteristics

Compared to the urban environment, urban vegetation has been proven to play an
essential role in mitigating the heat island effect. The intense transpiration of green plants
can play a specific role in cooling and humidifying effects. Additionally, the leaves of
plants can partially block and absorb solar radiation, so the internal environment of urban
parks has trends of low temperature and high humidity [32,33]. In summer, they feel more
comfortable and present distinct differences during different periods.

During the day, the temperature change and plant canopy density presented a positive,
upward trend. They reached a critical point when the canopy density was 0.80. The cooling
capacity reached a maximum value of 2.61 ◦C, similar to the previous results [5]. In addition,
the high plant canopy density had no significant effect on the cooling and humidification
of the local microclimate, which could lead to the formation of excessively high numbers of
green closures that would result in the spread of the local, brutal, and hot climate. On the
other hand, when the tridimensional green biomass of the plants was approximately
4 m3/m2, the humidification effect was the best. The green biomass density of the plants
was closely related to the shaded areas they produced, which absorbed and blocked solar
heat radiation [34]. However, the effect of excessive green biomass on the microclimate was
not apparent.

4.2. Discomfort under the Influence of the Plant Community

The current study obtained the discomfort index under the influence of different
plant communities, grassland type > shrub–grass type > arbor type > arbor–grassland
type > arbor–shrub–grass type, which is roughly the same as the results obtained by previ-
ous studies [28,29,35]. During the summertime, the canopy density of small-scale plants is
an essential indicator for reducing temperature intensity. Since the influence of lawns on
the microclimate is weak, plants can be added to areas with low thermal comfort levels [30].

It is worth noting that dense vegetation communities surrounded subsidence depres-
sion, and the wind speed was low. It is easy to create a microclimate with low temperatures
and high humidity levels [4]. On the other hand, the factors affecting the local microclimate
may have been related to the surrounding large-scale fields [36]. The relevant studies
show that hard paving materials are affected by thermal conductivity, specific heat capacity,
and surface reflectivity, and have a certain warming effect on the surrounding environ-
ment [37]. Although the quadratic point is a certain distance away, it is still affected by its
thermal radiation.

4.3. Impact on the Design of the Park’s Climate and Environment

The sustainability of urban green spaces has been proven time and time again. In-
creasing urban green spaces will improve the quality of urban life [38] and, by improving
the microclimate and reducing urban pollution levels [39], create a space that is beneficial
to the health of human beings, allowing them to perform exercises for fitness purposes,
thereby reducing the risk of some chronic diseases.

In previous studies, increasingly more people began to pay attention to the critical
role of green park spaces in cooling and humidifying the environment. According to our
research experiments and analysis of the results, we concluded that different types of plant
communities have apparent differences in the regulation of temperature and humidity
levels. We observed that multi-layered plant communities were most effective in terms of
their cooling and humidification effects. This plant community is diverse in structure and
rich in species [40]. The point-like tree layout had a more pronounced cooling effect, which
may be attributed to the synergistic effect of the trees and the underground cover, so we
encourage the mixing of trees and grasses and the expansion of the urban forest belt [41].
This can be used as part of the basis for the design of parks and green space plants. In the
spatial layout of vegetation, a higher level of vegetation canopy density is also essential for
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regulating temperature and humidity levels. It seems that the perceived comfort levels in
different areas should also be an essential part of the design of a park environment.

4.4. Limitations and Future Research

This study highlighted the importance of plant community types and spatial layouts in
parks for assessing the benefits and discomfort levels created by temperature and humidity
effects. However, it is still necessary to study the relevant influencing factors, such as wind
and building environments, in the broader range of the physical environment of a park’s
green space to strengthen the accuracy of the results produced by this study. A park’s green
space is an open-space environment, not a relatively stable environment inside a laboratory,
which is restricted and affected by multiple factors. In addition, in order to describe the
discomfort factors, the most apparent temperature and humidity levels sensed by the
human body were selected. Therefore, the influence of the external, physical environment
was considered in the green space, and the environment simulation was conducted in an
indoor laboratory to couple and superimpose more accurate quantitative research as the
goal of future studies.

5. Conclusions

This study investigated five different plant community structure types and the rela-
tionship between temperature and humidity benefits in urban parks. Aiming to address
the internal temperature and humidity changes in urban parks can ensure an improved
perception of the environment by people in green park spaces. The study further revealed
the importance of urban green spaces for ecosystem services. The degree of effect of urban
green spaces on environmental cooling and humidification was determined. The average
cooling effect in the green space was significantly related to plant canopy closure and
three-dimensional green volume. In order to create a more ecologically beneficial urban
park and green space, more attention should be paid to the planting designs in the parks.

Secondly, environmental temperature and humidity changes affected peoples’ percep-
tions of environmental comfort in different ways. Through the cooling and humidification
effects of different plant communities and their impact on human comfort, it was observed
that the arbor and grassland types, as well as the types of trees, shrubs, and grasses, im-
pacted individuals’ comfort levels. The effect of improvement was the most apparent
outcome. The construction of the same type of urban park in the same area could increase
the allocation ratio of these two types of plant communities. The cooling and humidifying
capacity of the park could be enhanced to reduce the discomfort of tourists during out-
door leisure activities. Therefore, scientifically planned urban green spaces can provide
multifunctional habitats for ecosystem services and increase human wellbeing in a more
effective manner.
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Abstract: As a major part of the urban green space system, street trees play a corresponding role in
adjusting the thermal comfort of the environment and alleviating heat island effects. The correlation
between the morphological structure and microclimate factors in the lower canopy of street trees
was studied, using data that were captured with vehicle-borne LiDAR to model the morpholog-
ical structure and geometric canopy features of six key street tree species in the built-up area of
Zhumadian City, Henan Province. The regulating ability and differences of canopy geometry on
cooling, humidification, shading, and Physiologically Equivalent Temperature (PET) were studied.
Research shows that: (1) Canopy Volume (CV), Canopy Area (CA), Canopy Diameter (CD), and Tree
Height (TH) have a linear negative correlation with air temperature, relative humidity, and luminosity.
TH had significant effects on the air temperature and relative humidity (R2 = 0.90, 0.96), and CV
and CD had significant effects on luminosity (R2 = 0.70, 0.63). (2) The oval-shaped plant (Platanus
acerifolia (Aiton) Willdenow) had a strong cooling and shading ability, with an average daily cooling
of 2.3 ◦C and shading of 318 cd/m2. The spire-shaped plant (Cedrus deodara (Roxb.) G. Don) had a
strong ability to humidify, with an average daily humidification of 4.5%. (3) The oval-shaped and
spire-shaped plants had a strong regulation ability on PET, and the daily average regulation values
were 40.5 ◦C and 40.9 ◦C, respectively. (4) The CD of the oval-shaped plant had a significant effect on
PET (R2 = 0.49), and the TH of the spire-shaped plant had a significant effect on PET (R2 = 0.80), as
well as a significantly higher CV and Leaf Area Index (LAI) than other street tree species. Therefore,
selecting oval and spire canopy-shaped plants with a thick canopy, dense leaves, and high CD and TH
values as street trees can provide significant advantages in cooling, humidifying, and shading, and
can effectively adjust human comfort in the lower canopy understory. This study is the first to apply
LiDAR technology to the regulation of urban microclimate. The research results provide a theoretical
basis and quantitative reference for street tree design from the perspective of outdoor thermal comfort
evaluation and play a guiding role in the application of LiDAR to urban forestry research.

Keywords: street tree; lidar point cloud model; morphological structure; canopy geometry; thermal
comfort; microclimate

1. Introduction

Street trees are a significant part of urban green space and can improve the micro-
climate of road spaces, providing benefits such as reducing air temperature, increasing
relative humidity, attenuating solar and ground radiation, and improving ventilation. Dur-
ing the summer months, the average air temperature in the space under the street trees
can be reduced by about 1.7–3.3 ◦C, compared with the ambient temperature in the open
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pavement space [1]. In the summer months in subtropical and tropical areas, an increase in
tree planting area of 25% may effectively reduce the temperature by about 3.3–5.6 ◦C [2].
Additionally, the variation of spatial microclimate under street trees is also impacted by the
tree species that are present [3]. The morphological structural characteristics of street trees
may affect their cooling, humidification, and shading functions. CV, CA, and leaf density
can promote canopy transpiration and reduce air temperature [4–6]. Canopy structure, leaf
shape, and leaf color may affect visible and solar infrared light penetration levels [7]. Lastly,
the cooling effect of small-leaved species is generally stronger than that of large-leaved
species [8]. In contrast, canopy geometry is a significant factor in regulating microclimate
and human comfort. Canopy shadows may not only reduce glare and prevent environ-
mental diffuse reflection, but also may increase the heat exchange buffer layer between
the vertical space of the building and the transverse space of the street, thereby reducing
the temperature of the underlying surface, as well as reducing the wind speed [9,10]. At
present, most research focuses on exploring the microclimate regulation ability of urban
street trees in tropical and arid regions; research on the microclimate regulation of urban
street trees in temperate regions is still insufficient [11,12].

Vehicle-borne LiDAR as an active remote sensing technology has been widely used
in urban construction management. Compared with airborne LiDAR, it can perform a
complete acquisition of surface feature information, which is conducive to the collection
of morphological and structural information below the vegetation canopy. Vehicle-borne
LiDAR point clouds can be used to obtain more accurate morphological and structural
information of vegetation than airborne LiDAR, allowing the extraction of phenotypic
parameter information such as LAI, in contrast with traditional field surveys of plant
resources [13]. Popescu used local filtering techniques to separate trees from deciduous,
coniferous, and mixed forests to extract individual tree structural parameters [14]. Hyyppa
calculated the CV value of individual trees based on an extracted point cloud [15,16].
Li developed a top-down regional growth Point Cloud Segmentation (PCS) to segment
complex mixed forests [17]. Tao used Comparative Shortest-Path (CSP) to verify its accuracy,
and the segmentation accuracy was as high as 94% [18].

This study innovatively combines LiDAR technology to explore the impact and in-
tensity differences of the morphological structure and canopy geometry of urban street
trees in typical temperate regions on microclimate regulation. Based on LiDAR point cloud
models of main roads in the high-density urban area of Zhumadian, the CV, CA, CD, TH,
and Diameter at Breast Height (DBH) eigenvalues of six key street trees were extracted and
their canopy geometric characteristics summarized. The microclimate characteristic values
of air temperature, relative humidity, and luminosity in the lower space of street trees were
obtained through field measurement, and the regulation effect of different morphological
structure characteristics on microclimate factors was explored. Following this, the PET
index measuring human comfort was used as the standard to quantify the intensity of
microclimate regulation, and the regulation benefit of canopy geometric characteristics on
PET index was discussed, providing a quantitative reference for selecting street tree forms
with better human comfort in temperate regions.

2. Materials and Methods

2.1. Study Area

The study area is located in Zhumadian City, Henan Province (32◦18′~33◦35′ N,
113◦10′~115◦12′ E). Zhumadian City is a typical continental monsoon type semi-humid
climate with four distinct seasons. Its annual average temperature is 14.8 ◦C~15.4 ◦C;
precipitation is 850 mm~980 mm; wind speed is 1.8 m/s~2.4 m/s; and cumulative total
solar radiation is 112~120 KWh/cm2 (Figure 1) [19]. Six typical main roads in the main
urban area were selected, including: Tongda Road, Zhengyang Road, Leshan Avenue,
Cedar Avenue, Yulan Road, and Landmark Avenue. Additionally, a control check (CK)
was selected in an open space of Tianzhong Academy located on Landmark Avenue.
Zhengyang Road and Leshan Avenue run north-south (N-S), while Tongda Road, Cedar
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Avenue, Yulan Road, and Landmark Avenue run east-west (E-W) (Figure 2). The street
trees within the study area can all be classified as mature (≥10 years) and are planted in a
linear arrangement. The selected road boundary conditions (aspect ratio, length, building
density) are generally consistent throughout the study area.

Figure 1. Location analysis.

 
(1) Tongda Road; (2) Zhengyang Road; (3) Leshan Road; (4) Xuesong Road; (5) Yulan Road; (6) Zhidi 
Road; (7) CK 

Figure 2. Test road point cloud quadrat.
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2.2. Data Acquisition
2.2.1. LiDAR Point Cloud Data Acquisition

A vehicle-borne LiDAR mobile scanning measurement was carried out on a test road
using the AS-900HL mobile scanning system with the RIEGL VUX-1 UAV laser scanner,
and equipped with an Inertial Measurement Unit (IMU) and Global Navigation Satellite
System (GNSS). The measurement enabled capture of the high-precision color point clouds
of streets and surrounding buildings, the extraction of key plant features, and 3D modeling
of the surrounding environment. The horizontal field of view of the laser scanner is 0◦~360◦,
the 112 scanning frequency is 10–200 Hz, the accuracy is better than 10 mm, and the weight
is 3.75 g. The scanner rotates around the direction of traffic to scan the street environment.
The captured HDR panorama has a resolution of 6000 × 4000, reaching 24.3 megapixels.
The operation of the vehicle-borne LiDAR is carried out automatically according to the
fixed point, and the operator controls the scanning to ensure the accuracy of the data. 1. The
LiDAR Delta2A completes the map construction and determines the running track. 2. The
operator selects the starting point and the end point. Cross driving was carried out on the
test area, and the route was set as a closed loop to prevent deviation from the scanning
route. This is critically important, as deviation from the scanning route has been shown to
cause high rates of missing point cloud information that can lead to data deformation [20].
3. The multi-scan method is used to complete the scan within 4 h.

2.2.2. Measurement of Microclimatic Factors

According to the weather records of the local meteorological bureau in August 2021,
the climatic factors of air temperature, relative humidity, and luminosity have rich diurnal
changes, and local microclimate characteristics are obvious. The 1st, 5th, and 8th are the
most typical, which can represent the climatic characteristics of the entire month of August.
On 1, 5 and 8 August 2021, a period of clear weather and peak crowd activity (10:00–16:00)
was selected for data collection. According to the existing forestry and garden plant survey
and site review in Zhumadian city, 6 key street tree species were selected as the test objects
(Figure 3), and the microclimate factors were measured according to the road corresponding
to the planting of 6 tree species. An LM-8000 environmental measuring instrument was
used to collect the air temperature, relative humidity, and luminosity data at the vertical
height of 1.5 m from the ground at 7 measuring points, and black ball temperature data
were collected with the JTR04 thermometer. The test height is set at 1.5 m where the human
body is most sensitive to temperature and humidity, and air temperature and relative
humidity are important factors that affect human comfort in environmental factors. The
measurement location is in the space under the tree canopy in the middle of the road.
In addition, the control point (CK) was set in the open space of Tian Zhong Academy
of Landmark Avenue to facilitate the comparison of the differences in climatic factors of
different tree species. During the sampling period, the actual measurement was performed
once an hour. For each measurement, four groups of data were captured in four directions
at the same measurement point. The measurement time of each group of data lasted
2–3 min, and the average value of each group of data was recorded [21]. Methodology
for conducting microclimate research: The microclimate test is carried out according to
the previous research standards. In this paper, the method of combining on-the-spot
measurement, LiDAR scanning, and model simulation is used to study the road climate
environment in Zhumadian city. It is mainly divided into four parts: 1. Field measurement
of climate factors. 2. LiDAR scanning to extract tree species canopy information. 3. RayMan
model to simulate human comfort value. 4. Data analysis. The basic parameters of each
sampling equipment are shown in Table 1.
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A: Cinnamomum camphora (Linn) Presl; B: Platanus acerifolia (Aiton) Willdenow; 

C: Sophora japonica Linn.; D: Koelreuteria paniculata; E: Cedrus deodara (Roxb.); 

F: Metasequoia glyptostroboides; G: Ligustrum lucidum; H: Ginkgo biloba L.; 

I: Fraxinus chinensis; J: Albizia julibrissin Durazz.; K: Salix matsudana Koidz; 

L: Magnolia grandiflora L.; M: Liquidambar formosana Hance; 

N: Liriodendron chinense (Hemsl.) Sargent 

Figure 3. Statistics of key tree species in Zhumadian City.

Table 1. Test equipment.

Equipment Name Measurement Parameters Measuring Range Measurement Accuracy

Luchang LM-8000 temperature, relative
humidity, wind speed, and illumination

four-in-one environmental
measuring instrument

Air temperature −100~1300 ◦C ±1%
Relative humidity 10~95%RH ±4%RH

Wind speed 0.4~30.0 m/s 0.1 m/s
Luminosity 0~2000 FC

JTR04 Black ball thermometer Black bulb temperature −20~125 ◦C ±0.5 ◦C

AS-900HL Mobile Scanning System Canopy structure 120 m ±1 cm

CI-110 Canopy Analyzer LAI Adjustable viewing angle
150◦, 180◦ 3,000,000 pixels

2.3. Data Processing
2.3.1. Morphological and Structural Characteristics of Street Trees

After the vehicle-borne LiDAR scan was completed, the original point cloud was
processed by LiDAR360 software. The processing included several steps: 1. Denoising to
remove redundant noise from the point cloud; the number of neighborhood points was set
to 10, and the standard deviation multiple was set to 5, in order to improve the quality of the
point cloud. 2. Ground point filtering to separate ground points from the point cloud; the
grid size was set to 0.5, and the thickness of the ground point was set to 0.3. This provided
a basis for the accuracy of the next step (the CSP algorithm). 3. Regional ground point
classification to reclassify buildings within, ground, and plants point clouds. 4. Ground
point normalization to remove the influence of topographic relief on point cloud elevation.
5. Use of the CSP algorithm to separate single trees from the overall street tree point cloud;
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the clustering threshold was set to 0.2, which controlled single tree detection and single tree
canopy point cloud growth. The larger the value, the higher the segmentation efficiency,
but too high affects the segmentation effect. The minimum number of clustering points was
set to 500. This value mainly affects the growth of the point cloud of a single tree canopy.
The smaller the value, the better the segmentation effect. By adjusting the two values,
the optimal segmentation effect can be achieved. 6. After the single wood is divided, the
information of the single wood is generated in a CSV table; followed by the extraction of
CSV tables to include the morphological and structural parameters of single trees, including
CV, CA, CD, TH, and DBH values [18]; and the manual correction of the separation results
using seed point editing. 7. Obtaining the LAI value of tree canopy at each measuring
point using the CI-110 canopy analyzer to supplement the CSV table.

2.3.2. Classification of Street Canopy Geometric Features

The street tree canopy in the study area exhibited varying geometric characteristics
in the front, side, and top perspectives, creating a specific impact on the shade of the
canopy [22,23]. According to the existing forestry and garden plant survey and site review
in Zhumadian city, six tree species (Figure 3) of key street trees were selected as test
objects [24]. Due to the morphological similarity among the major tree species, six different
morphological tree species were selected based on both the trees’ garden ornamental
characteristics, as well as the overall the number of each tree species within the study area.
Following the selection of six key tree species, point cloud contour fitting was carried out
for each species. The 100 points cloud files of the six street trees were extracted from the
original point cloud model. LiDAR360 software was then used to raster and intercept
three views of point cloud of each street tree, with each view then imported into Adobe
Photoshop 2017 software using the planar pixel grid. The grid size was set to 30 × 30 pixels,
with a geometric feature fitting carried out for each view of the street tree. Following this,
the geometric feature contour each tree was drawn (Figure 4). The fitting results fit into
a range of geometric categories: cylindrical (Cinnamomum camphora (Linn) Presl); oval
(Platanus acerifolia (Aiton) Willdenow); semi-circular (Koelreuteria paniculata); spire (Cedrus
deodara (Roxb.) G. Don); spherical (Magnolia grandiflora L.); and triangular (Liquidambar
formosana Hance).

2.3.3. Quantization of Physiological Equivalent Temperature (PET)

PET refers to an indoor or outdoor temperature corresponding to the skin temperature
and internal temperature of the human body reaching the same thermal state as that of
a typical indoor environment. In simple terms, the higher the PET value, the hotter the
weather. In this paper, PET was used as the evaluation index of spatial thermal comfort
in the lower part of the plant. After the measured microclimate factors were input into
RayMan1.2, time data, geographic data, personal data, clothing activity data, and Tmrt
value were added to simulate the measured microclimate data (Table 2), and the PET index
was obtained.

Table 2. RayMan model input data.

Data Name Data Content Data Parameter

Time data Simulation date, simulation time 1 August 2021–3 August 2021

Geographic data Location, latitude, and longitude Location: Zhumadian City, Henan Province, China; latitude
and longitude 32◦18′~33◦35′ N,113◦10′~115◦12′ E

Climate data
Air temperature, relative humidity,

wind speed, cloud cover, luminosity,
average radiant temperature

The air temperature, relative humidity, and luminosity are
measured data, the wind speed is 0.1/s, the cloud cover is 1,
and the average radiation temperature can be calculated by it

Personal data Height, weight, age, gender Height: 175 cm; weight 75 kg; age 35 years old; gender: male

Clothing activity data Clothing thermal resistance, activity Clothing thermal resistance 0.6, activity 120 W
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Hv: horizontal view; Fv: front view; Tv: top view. : Results of morphological fitting: 

            1: Cinnamomum camphora (Linn) Presl (cylindrical); 2: Platanus acerifolia (Aiton) Willdenow (ellipse);  

            3: Koelreuteria paniculata (semicircle); 4: Cedrus deodara (Roxb.) G. Don (spired); 5: Magnolia grandiflora L.  

            (spheroidal); 6: Liquidambar formosana Hance (triangle) 

Figure 4. Three-view geometrical fitting of street tree.

A RayMan Model

In this study, the RayMan model was used to simulate and calculate the PET value
of each measuring point. This model is a micro-scale model developed by Professor
Matzarakis Andreas and his team at the University of Freiburg, Germany, for calculating
thermal comfort parameters [25]. It is used to calculate thermal radiation flux and to
evaluate and simulate the thermal environment. By inputting meteorological parameters
such as cloud cover, wind speed, air temperature, relative humidity, and human body
information (such as the age, gender, height, and weight of the tested person), the PET
value of the human body under different space–time conditions is calculated. (https:
//www.urbanclimate.net/rayman/introraymanpro.htm, accessed on 3 April 2021)

B Mean Radiant Temperature

Mean Radiant Temperature (Tmrt) is an important parameter for evaluating the
thermal comfort of the human body, and it is also a necessary parameter for calculating
the input of different thermal indices, including PMV, SET, and PET. Tmrt converts the
physiological effects of short-wave and long-wave radiation fluxes in the environment on
human beings into units of degrees Celsius, representing the uniform temperature of the
environment around a hypothetical black body radiation. The calculation formula of Tmrt
according to Lintp and Hienn [26] is:

Tmrt =

[(
Tg + 273

)4
+

1.10 × 108Va
0.6

εD0.4

(
Tg − Ta

)] 1
4

− 273 (1)

Among them, Tg is the black ball temperature (◦C); Ta is the air temperature; Va is
the wind speed (m/s); and D is the black ball diameter (m) (D = 0.05 m in this study).
According to previous studies, the emissivity of this paper is chosen to be 0.95 [27].
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3. Results

3.1. Correlation Analysis between Morphological Structure Characteristics of Street Trees and
Microclimate Factors

SPSS 22.0 was used to analyze the main microclimate factors of six street trees. The
results showed that the influence of street trees on air temperature, relative humidity, and
luminosity showed extremely significant differences (p < 0.01). The correlation analysis
between morphological structure characteristics and microclimate factors (Table 3) showed
that: CV, CA, CD, and TH were negatively correlated with air temperature, relative humidity,
and luminosity (p < 0.05). There was no obvious correlation between DBH and air temper-
ature, relative humidity, and luminosity. The linear regression analysis of morphological
structure characteristics and microclimate factors showed that TH had a significant effect on
air temperature and relative humidity, with an R2 of 0.90 and 0.96, respectively. CV and CD
had significant effects on luminosity, with an R2 of 0.70 and 0.63, respectively (Figure 5).

Table 3. Correlation analysis between morphological structure characteristics of street trees and
microclimate factors.

CV CA CD TH DBH

Air temperature Pearson correlation −0.182 * −0.238 ** −0.278 ** −0.228 * 0.071
Relative humidity Pearson correlation −0.156 * −0.194 * −0.236 ** −0.250 ** −0.005

Luminosity Pearson correlation −0.281 ** −0.213 * −0.142 * −0.177 * −0.158

**: Correlation is significant at 0.01 level. *: Correlation is significant at 0.05 level.

Figure 5. Linear relationship between morphological structure characteristics.

3.2. Thermal Environment Analysis of Street Canopy Geometry

According to the analysis of the climatic factors of different morphological trees, dif-
ferent morphological tree species have obvious differences in air temperature, relative
humidity, and luminosity. The air temperature generally showed a trend of first rising
and then falling. Relative humidity showed a trend of decline after an initial rise, with the
distribution of values as a whole tending to be “U” shaped. Luminosity showed a single
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peak distribution trend and then a decreasing trend. These three factors all reached the
peak value or valley during 12:00–13:00 (Figures 6–8). The oval plants showed the best
performance in cooling and shading, with an average daily cooling of 2.3 ◦C, a humidifica-
tion of 4.1%, and shading of 318 cd/m2; the plants with the best performance in increasing
humidity were spire-shaped, with an average daily humidification of 4.5%, cooling by
2 ◦C, and shading of 307 cd/m2. The results show that the different morphological struc-
ture parameters of the plants themselves may lead to obvious differences in the cooling,
humidification, and shading of the plants [28], which is consistent with the results of the
correlation analysis in Section 3.1 above.

 
S1: Cinnamomum camphora (Linn) Presl; S2: Platanus acerifolia (Aiton) Willdenow; 
S3: Koelreuteria paniculata; S4: Cedrus deodara Roxb.; S5: Magnolia grandiflora L.; 
S6: Liquidambar formosana Hance 

Figure 6. Air temperature diurnal variation of the tree species (S1–S6).

S1: Cinnamomum camphora (Linn) Presl; S2: Platanus acerifolia (Aiton) Willdenow; 
S3: Koelreuteria paniculata; S4: Cedrus deodara Roxb.; S5: Magnolia grandiflora L.; 
S6: Liquidambar formosana Hance 

Figure 7. Relative humidity diurnal variation of the tree species (S1–S6).
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S1: Cinnamomum camphora (Linn) Presl; S2: Platanus acerifolia (Aiton) Willdenow; 
S3: Koelreuteria paniculata; S4: Cedrus deodara Roxb.; S5: Magnolia grandiflora L.; 
S6: Liquidambar formosana Hance 

Figure 8. Luminosity diurnal variation of the tree species (S1–S6).

3.3. Analysis of Street Canopy Geometry Features and PET Index

The fitting relationship between plants with different canopy geometric characteristics
and the PET index in the lower canopy space showed that (Table 4): the oval and spire-
shaped plants had a strong ability to regulate PET, with daily average PET values of
40.5 ◦C and 40.9 ◦C, which were 1.2 ◦C and 0.8 ◦C lower than the average regulated PET
values, respectively. The triangular plants showed a weak regulation ability to PET. The
daily mean value of PET was 42.7 ◦C, 1 ◦C higher than the average adjusted PET value.
From calculations of the average value of the morphological and structural characteristics
of street trees (Table 5), it can be seen that the oval and spire shapes with a strong PET
adjustment ability had high CV and LAI values. The CV and LAI values were 110 m3 and
1.90, respectively. Among them, the CV values of the oval and spire shapes were 2.80 and
1.33 times the average CV value, respectively, and the LAI value was 1.07 and 1.11 times
the average LAI value, respectively. In addition, the morphological structure characteristics
of the oval and spire-shaped plants that had a significant effect on PET were CD (R2 = 0.49)
and TH (R2 = 0.80), respectively (Figure 9).

Table 4. Diurnal variation characteristics of PET in plants with different canopy geometries.

Shape 10:00–11:00 11:00–12:00 12:00–13:00 13:00–14:00 14:00–15:00 15:00–16:00 Average PET

Cylindrical 41.5 42.1 43.5 42.3 41.9 40.5 41.9
Oval 38.1 39.8 42.9 42.8 41.1 38.7 40.5

Semi-circular 39.3 41.2 44.4 44.2 42.6 40.7 42
Spire 39.8 41.3 42.7 41.9 40.9 39.3 40.9

Spherical 41.5 42.6 43.3 43.1 43 40.4 42.3
Triangle 39.4 42 45.3 45.4 42.3 41.8 42.7
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Table 5. Morphological structure characteristics of different tree shape.

Shape Average DBH/m Average TH/m Average CD/m Average CA/m2 Average CV/m3 Average LAI

Cylindrical 0.1 2.8 6.7 17 11 1.75
Oval 0.30 11 15.6 50 231 1.82

Semicircle 0.15 5.1 10.3 15 17 1.65
Spire 0.18 9.7 13.4 30 110 1.90

Spherical 0.15 2.9 6.9 18 18 1.87
Triangle 0.20 6.1 10.1 33 108 1.25

 
(a). Cinnamomum camphora (Linn) Presl (cylindrical); (b). Platanus acerifolia (Aiton) Willdenow (ellipse); 
(c). Koelreuteria paniculata (semicircle); (d). Cedrus deodara (Roxb.G.Don) (spired); (e). Magnolia gran-
diflora L. (spheroidal); (f). Liquidambar formosana Hance (triangle). 

Figure 9. Linear relationship between canopy geometric features and PET.
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4. Discussions

4.1. Influence of Street Tree Morphological Structure Characteristics and Canopy Geometry on
Thermal Environment
4.1.1. Influence of Street Tree Morphological Structure Characteristics on Thermal
Environment

The TH of the air temperature, relative humidity, CV, and CD to the photometric were
characterized by a significant negative correlation, and further explained the influence
of the shape and structure of street trees on the microclimate factors that are displayed
in ventilation cooling, shading, and humidification [29]. The TH of street trees had a
significant impact on the wind environment in the lower space of the plant. Under the
same CD, the increase in TH was conducive to improving the ventilation conditions in
the lower space of the canopy, improving the air heat circulation and diffusion, and thus
reducing the air temperature in the lower space [30]. CV and CD can be quantified as the
three-dimensional volume of the canopy, which comprehensively reflects the ability of the
canopy to absorb and refract solar radiation [31]. The canopy can effectively block and
refract visible light, and a high CV value can reduce the light transmittance of the lower
space of the canopy and reduce the luminosity value. At the same time, high CV and CD
values can effectively expand the spatial projection area under the canopy when the solar
radiation angle is constant [32]. The TH of the street trees affects the ventilation conditions
of the lower space of the canopy, and the CV and CD affect the shadowing area of the
canopy. This indicates that selecting tall street trees with thick canopies and dense branches
and leaves can improve the ventilation conditions of the lower space of the canopy and
improve the microclimate environment.

4.1.2. Influence of Street Canopy Geometry on Thermal Environment

This research demonstrated that oval and spire-shaped plants perform best in regu-
lating a thermal environment. Oval-shaped plants affect cooling and shading effects, and
spire-shaped plants affect shading effects. The main reason was that the cooling, humidi-
fying, and shading effect of the plant was significantly positively correlated with the LAI
value [33], where the higher LAI value of plants corresponded to significantly increased
cooling effects. During the day, the plant leaves absorb solar radiation and convert the
solar radiation into latent heat by transpiration, allowing plant leaves to effectively reduce
the temperature within the lower space of the plant. The oval plants had a high LAI value,
which also more effectively reduced the temperature of the lower space of the plant. In
addition, the shading effect of plants is mainly achieved through the geometric characteris-
tics of the canopy. Compared with other plants, the oval-shaped “big on the top and small
on the bottom” type plants have higher CV and CD values, which can intercept 80–90%
of solar radiation and more effectively improve the shading effect of the lower space of
the plant [34]. Compared with other plants, the LAI value of the spire-shaped plant was
relatively high, leading to increased transpiration as the ambient temperature increased.
The unique geometric characteristics and the TH and LAI value of the spire shapes can
limit the water loss through transpiration and keep the humidity in the lower part of the
plant at a high level [35]. Therefore, the LAI, CV, and CD values of the plant itself and the
geometric characteristics of the canopy play a unique role in cooling, humidifying, and
shading, which is consistent with the results obtained in this paper. In selecting street tree
species, it is helpful to note that oval and spire trees provide good cooling, humidification,
and shading in summer.

4.2. Influence of Street Canopy Geometry on PET

Variation in plant morphology can affect the PET index by changing the air tempera-
ture, relative humidity, luminosity, and wind speed of the microclimate factors in the lower
space of the tree canopy. The oval and spire-shaped trees had a strong ability to adjust to
PET. The CD of the oval-shaped plants (R2 = 0.49) and the TH of the spire-shaped plants
(R2 = 0.80) all had significant effects on PET (Figure 9). Compared with other street tree
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species, the oval shaped trees had higher LAI values. The oval and spire-shaped trees
had obvious effects on the diurnal variation of temperature, humidity, and luminosity
(Figures 6–8). The difference in the geometry of the canopy layer on the street had obvious
differences in the adjustment ability of PET: oval plants have strong lateral extension. When
the TH is the same, a higher CD value leads to a larger shadowing area of the lower space of
the plant, and in turn, a lower air temperature [34,36]. This is consistent with the significant
effect of oval plants’ CD on PET that was observed in this paper. Most of the spire-shaped
plants were coniferous trees, and the space below the canopy was generally more limited
than other trees (which was not conducive to airflow diffusion) and had a weak ventilation
capacity [30]. The spire-shaped plant can adjust the ventilation environment of the lower
space of the plant by changing the TH value and increasing the humidity. This is consistent
with the results that were obtained in this paper [37]. Peters E B found that the LAI of
plants had a significant effect on the temperature in the lower space of the canopy, and
trees with the same morphological structure and canopy geometric characteristics could
produce a temperature difference of up to 6 ◦C due to differences in LAI [38]. For the oval
canopy, the expansion of LAI could enhance the transpiration capacity of plants, increase
the relative humidity of the air in the lower space of the canopy, and further improve
thermal comfort [39,40]. Due to the characteristics of needle leaves, LAI amplification did
not significantly improve leaf evapotranspiration, although it could significantly increase
leaf density, enhance shading ability, weaken visible light penetration, and improve thermal
comfort [22].

5. Conclusions

In summer, the morphological and structural characteristics and geometric canopy
characteristics of plants had an impact on the thermal comfort of the lower space, and the six
plants had significant differences in cooling, humidification, shading, and thermal comfort
adjustment. The correlation analysis between plant morphological structure characteristics
and microclimate factors showed that TH was significantly negatively correlated with air
temperature and relative humidity (R2 = 0.90, 0.96), and CV and CD were significantly
negatively correlated with luminosity (R2 = 0.70, 0.63). The oval-shaped plants had the
ability to regulate microclimates, with an average daily cooling of 2.3 ◦C and shading of
318 cd/m2; the spire-shaped plants had a strong humidification ability, with an average
daily humidification of 4.5%. The linear regression analysis on the geometric characteristics
of plant canopy and PET showed that the geometric characteristics of oval-shaped and
spire-shaped plant canopies had a strong regulation ability on PET, and the daily average
regulation values of PET were 40.5 ◦C and 40.9 ◦C, respectively. The oval plants’ CD had a
significant effect on PET with an R2 of 0.49, the spire-shaped TH had a significant effect on
PET with an R2 of 0.80, and both showed high CV and LAI values.

In this paper, we focused on the correlation between plant morphological structure
and microclimate factors in the main urban area of Zhumadian city in summer, with an
analysis of the linear relationship between plant canopy geometry and PET. Based on the
microclimate benefits of different plants, this research suggests that oval and spire-shaped
plants with a thick canopy, dense leaves in summer, and high CD and TH values should be
chosen in the selection of street tree species. On the one hand, it can serve as a reference
for future research on different regions and different types of street trees to improve the
thermal comfort of road space, and guide the selection of road tree species scientifically. On
the other hand, the research proved that the application of LiDAR technology can quickly
obtain high-density point clouds, extract plant information, provide data support for urban
forestry to cope with extreme weather, and play a guiding role in the application of LiDAR
technology to different scientific fields.
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Abstract: In urban environments, newly planted street trees suffer from poor site conditions and
limited water availability. It is challenging to provide site conditions that allow the trees to thrive
in the long term, particularly under climate change. Knowledge about the hydrological properties
of artificial urban planting soils related to the response of tree species-specific growth is crucial,
but still lacking. Therefore, we established a three-year experimental field setup to investigate the
response of nine tree species (135 individuals) to two common urban planting soils and a loamy silt
reference. We determined and measured soil hydrological parameters and monitored tree growth.
Our results revealed low plant available water capacities (6% and 10% v/v) and hydraulic conductivity
restrictions with the drying of the sandy-textured urban planting soils. Therefore, tree species that are
investing in fine root growth to extract water from dry soils might be more successful than trees that
are lowering their water potential. Tree growth was overall evidently lower in the urban planting
soils compared with the reference and differed between and within the species. We showed that
using unfavorable planting soils causes severe, species-specific growth deficits reflecting limited
above-ground carbon uptake as a consequence of low water availability.

Keywords: tree growth; soil water monitoring; relative extractable water; soil water tension; soil
water content; urban water management; soil texture; structural soil

1. Introduction

Establishing newly planted street trees is a critical step to achieve green infrastructure
goals and to maintain the tree population in cities. This is particularly challenging, since
growing conditions for urban street trees are highly unfavorable [1–3]. Due to anthro-
pogenic transformations and translocations, urban soils exhibit a high degree of spatial het-
erogeneity. Artificial sandy and stony substrates [4,5], high degrees of soil compaction [1],
surface sealing [6,7], and vertical and horizontal limitations of root distribution [8] alter tree
sites and, in particular, street tree sites in comparison with natural environments. However,
there has been little research on the impact of artificial urban soils on tree growth and
the long-term success of new plantings [9]. Climate change and the urban heat island are
prolonging the tree growing season and increasing the inner-city atmospheric water deficit,
thus raising the transpirational water demand of the trees [10]. As observed in the summers
of 2018 and 2019 [11,12], increased meteorological droughts (i.e., phases of deficiency and
uneven distribution of precipitation) and storm events with high run-off shares are likely
to occur more frequently in Mid-Europe, causing soil water scarcity in cities [13]. Since soil
water replenishment by single and few precipitation events at freshly planted tree sites is
less effective [14] and successive and frequent precipitation during summer is predicted to
decrease in the future climate [15], climate change is likely to exacerbate water limitation
and thus the growing conditions of street trees. As a consequence, urban street trees are
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likely to grow slower than trees in rural environments and forests [16]. However, direct
growth comparisons are sparse, and findings are not consistent [17,18] and seem to be
not appropriate to assess the effect level that soil constraints have on the growth of urban
street trees. Therefore, on-site comparisons of various tree species and planting soils under
identical climate conditions are necessary.

Freshly planted street trees, suffering from transplanting shock, have to adapt rapidly
to urban site conditions and reestablish a root:shoot ratio adequate to meet the above-
ground demands [19]. This results in low life expectancies of less than 30 years [20] and
particularly large premature mortality rates for recently transplanted tree populations from
nurseries into urban street sites [21,22]. To achieve fully developed ecosystem services
in the long term, these initial growth conditions have to be further improved based on
detailed investigations into the interaction of tree growth and urban planting soils with a
focus on soil water characteristics. Because street tree sites usually act as multifunctional
public spaces, however, the tree’s demand itself often takes a secondary role in planning
processes. For example, original local or artificial soils are often replaced by technical
soil–gravel mixtures (structural planting soils) prior to planting to ensure compaction
stability for parking lots and pedestrian infrastructure [23–27]. These structural planting
soils contain high percentages of gravel (grain size > 2 mm), amended with soil–compost
mixtures (grain size < 2 mm) that are dominated by a sandy texture [5,26]. In addition
to often small planting pits [24,28,29] in relation to standards [30], it has to be questioned
whether sandy-textured structural soil substrates can ensure sufficient water supply for
young street trees [5,14,31], particularly under climate change. However, the hydrology of
structural soils and surrounding urban roadside soils and its effect on tree growth potential
has not been systematically studied so far [25,29,32].

Tree growth habit is the result of intrinsically determinate reaction patterns to extrinsic
factors [16]. Therefore, sandy and coarsely textured planting soils [3,5,33] with compar-
atively low organic matter contents [34] are expected to significantly affect tree growth
rates [1,23,32], but not in a uniform pattern [9]. Depending on the particular hydrologi-
cal characteristics of their habitat, trees have evolved multiple physiological strategies to
counteract substantial vitality loss in situations of limited water availability. Thus, stress
reactions can differ quantitatively and/or qualitatively between species. It is still the subject
of scientific debates, which strategies of stress reactions are most promising for surviving
increasing stress incidences and which main intrinsic factors foster mortality risk [35–38].
Since the drought strategies of particular tree species are yet not fully understood, the
suitability of tree species for urban street site planting has been so far mainly determined by
meta-studies, assessing the drought resistance of tree species based on the aridity of their
natural habitat [39]. A classification according to additional site-specific criteria, such as
individual soil requirements for these tree species, is missing [39]. To determine the suitabil-
ity of tree species and cultivars as urban street trees, long-term observational studies under
in situ conditions in different cities have been conducted (e.g., GALK-Straßenbaumtest:
http://strassenbaumliste.galk.de/sblistepdf.php (accessed on 2 April 2021); [40–42]). How-
ever, a conclusive statement regarding the species-specific growth responses to urban
planting soils is still missing.

The aim of the present study was to determine the constraints of artificial urban
soils on the growth of different tree species with a focus on soil hydrological properties.
In particular, we aim to answer the questions: (a) Which hydrological properties and
dynamics are characteristic of the selected representatives of urban planting soils? (b) Did
periods of critical soil water availability occur in urban planting soils vs. natural soils under
the climatic conditions during 2019–2021? (c) Which growth patterns were measurable
overall and in the responses of tree species to specific soil conditions? Our approach
for a suchlike assessment is to simulate experimentally urban below-ground conditions
at one single site to provide identical climatic conditions. Therefore, we established a
large-scale experimental field in a complete block design. A total of 135 standardized
eight-year-old trees of nine tree species (DBH: 4.5 cm–5.1 cm) were each planted in pits
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of 7.5 m3 filled alternately with urban-typical artificial planting soils and one reference
(loamy silt). The tree species selection was conducted based on three criteria: (a) general
suitability as an urban tree, (b) underrepresentation in Hamburg’s (Germany) street tree
population, and (c) availability in the tree nursery. The soil hydrological parameters were
measured in the laboratory and in the field. Tree growth was monitored morphometrically
and dendrometrically for three years.

2. Materials and Methods

2.1. Study Site

The experiment was carried out at an open field site (6000 m2) in a tree nursery
located 15 km south of Hamburg, Germany (Baumschule Lorenz von Ehren GmbH & Co.
KG; 53◦24′ N; 9◦57′ E). The climate shows a marine influence (Koeppen & Geiger: Cfb),
with the highest precipitation in summer, a slightly dryer autumn and winter, and low
precipitation in the spring season. The long-term annual means (1981–2010) of precipitation
and air temperature are 743 mm and 9.6 ◦C, respectively [43]. The topography is slightly
sloping and the groundwater table is below 20 m from the soil’s surface. The predominant
soil types at the experimental research site are agricultural-affected Cambisols with fine-
textured loamy silts above silty sands to pure sands. The water-holding capacity at field
capacity (FC; 60 hPa) ranged between 33% and 38% v/v, and that at wilting point (WP;
15,000 hPa) ranged between 10% and 15% v/v in the upper soil horizons (analysis method
in Section 2.4).

2.2. Substrate and Tree Selection

The experimental site was set up in a randomized complete block design of nine
tree species planted in three planting soils. Every species–substrate combination was
replicated five times (five blocks), resulting in a total number of 135 trees. Two treatment
soils represented urban artificial soil conditions along streets: (1) a pure sand (‘Sand’),
representing artificial urban soils around street tree plantings [5,14], and (2) a one-layer
gravel–soil medium (structural planting soil) mixed according to German standardized
guidelines [30], similar to ‘Amsterdam Tree Soil’ [44] and commonly used as backfill
material at newly planted tree sites (‘FLL’). The reference soil was supposed to represent
optimal growing conditions. Therefore, we used a regional harvested natural topsoil similar
to the Cambisols at the experimental site, which were considered very suitable for the
production of trees in the nursery and for years have provided good yields and quality
(‘Loamy Silt’). Planting pits with dimensions of 2.5 m × 2.5 m × 1.2 m (7.5 m3) were
excavated for each tree studied. The planting pits were arranged in a 4 × 35 grid with
spacing from center to center of 3.5 m × 8 m (Figures S1 and S2).

The tree species were selected on the basis (1) of long-term observational and literature-
based studies focusing on the suitability of diverse native and non-native tree species as
urban trees (GALK (Table 1) and KLAM [39,45] (Table 1)). Nine tree species were selected
from a wide range of tree species and cultivars rated in GALK (n = 178) and KLAM
(n = 235). To achieve greater variability in the growth response patterns, we selected not
only the highest-scoring tree species, but also the overall tree species that differed in their
scores for drought tolerance (Table 1). Additional criteria for tree selection were (2) an
underrepresentation within Hamburg’s street tree population as the trees were mostly not
yet commonly planted and (3) the availability of the same-sized and aged trees cultivated
at the same nursery to provide comparability for the former growing conditions. This
resulted in the selection of the following nine tree species: Tilia cordata ‘Greenspire’ (Tc),
Quercus cerris (Qc), Quercus palustris (Qp), Carpinus betulus ‘Lucas’ (Cb), Ostrya carpinifolia
(Oc), Gleditsia triacanthos ‘Skyline’ (Gt), Liquidambar styraciflua (Ls), Amelanchier lamarkii (Al),
and Koelreuteria paniculata (Kp) (Table 1).
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Table 1. Tree species characteristics. Planting diameter at breast height (DBH in May 2019) and
suitability classifications of the investigated tree species for use as street trees. STP HH is the
actual percentage of the investigated tree species from Hamburg’s total street tree population (state:
31 December 2020). Stock of tree species is listed according to age class: The tree species were
determined via the Hamburg tree cadaster and show the street tree population according to age
classes classified by planting year after 2010, between 1990 and 2010, and before 1990.

Tree Species ‘Cultivar’ Code DBH Suitability STP HH 3 Stock of Tree Species 3

(cm) KLAM 1 GALK 2 (%) >2010 1990–2009 <1990

Tilia cordata ‘Greenspire’ Tc 5.1 ± 0.1 2.1 Well suited 1.3 737 1561 596
Quercus cerris Qc 4.6 ± 0.2 1.2 Well suited 0.4 588 113 263

Quercus palustris Qp 5.3 ± 0.1 2.2 Partly suited 0.9 400 720 924
Carpinus betulues ‘Lucas’ Cb 4.6 ± 0.1 2.1 In test <0.1 61 0 0

Ostrya carpinifolia Oc 4.5 ± 0.2 1.1 Suited 0.1 187 90 0
Gleditsia triacanthos ‘Skyline’ Gt 5.1 ± 0.1 1.2 Well suited 0.1 153 98 1

Liquidambar styraciflua Ls 4.9 ± 0.4 2.2 Suited 0.3 352 155 54
Amelanchier lamarckii Al 5.0 ± 0.1 3.1 n.d. 0.1 52 53 78
Koelreuteria paniculata Kp 5.1 ± 0.2 1.2 Partly suited <0.1 28 2 0

1 KLAM = Climate Tree Species Matrix. Source: [39,45]. 2 GALK = Deutsche Gartenamtsleiterkonferenz (GALK
e.V.; German Garden Agency Directors Conference). Source: http://strassenbaumliste.galk.de/sblistepdf.php
(accessed on 2 April 2021). 3 Source: Free and Hanseatic City of Hamburg, Department for the Environment,
Climate, Energy and Agriculture.

In order to create representative conditions for urban tree sites to be planted, the
dimensions of the selected trees at the planting date were in accordance with standards.
The trees had, therefore, similar initial stem diameters between 4.5 and 5.3 cm at breast
height (Table 1). The selected study trees were harvested with a tree digger according to the
B&B method (root ball excavated and burlap-wrapped [46]). Therefore, the volume of each
root ball was almost similar, with maximum root ball dimensions of 0.5 m × 0.6m × 0.5 m
(0.1 m3). Single trees were planted in the excavated planting pits after the backfilling of
the pits with the planting soils (Figures S1 and S2). The planting soils were moderately
compacted by consistently trampling throughout the backfilling process. After the first
winter, small depressions caused by natural settling at the corners of the planting pits were
refilled with the respective soil material. To ensure tree establishment in the early post-
transplantation phase, we applied four irrigations using ‘tree gator’ watering bags (approx.
60 L) during the first year. Fertilization (NPK, Mg, and micronutrients (Mn and Zn)) was
applied in spring 2020 and 2021 to minimize differences in the initial nutrient concentrations
(‘Sand’ lowest and ‘Loamy Silt’ highest) and thus to minimize nutrient-related effects on
tree growth.

2.3. Soil Water Monitoring and Meteorological Data

We installed a monitoring setup consisting of soil water potential sensors (SWP;
WATERMARK 200SS, Irrometer Inc., Riverside, CA, USA)), volumetric water content probes
(VWC; CS-650, Campbell Scientific Ltd., Bremen, Germany; Theta Probe ML2x; Delta-T
Devices Ltd., Cambridge, UK), and soil temperature sensors (Irrometer Inc., Riverside,
CA, USA). The data were logged at hourly intervals by WATERMARK M900 Monitors
for SWP and soil temperature sensors (Irrometer Inc., Riverside, CA, USA), with CR-1000
data loggers for the CS-650 VWC sensors (Campbell Scientific Ltd., Bremen, Germany) at
plots with Qc and with DL18 data loggers for the ML2x VWC sensors (Ecomatik, Dachau,
Germany) at plots with Al and Oc. The monitoring setup on the experimental site was
structured as follows: intensive monitoring at one plot of three tree species per planting
soil (9 plots; tree species: Qc, Al, and Oc) and extensive monitoring at one plot of all tree
species per planting soil (27 plots). The intensive monitoring covered eight SWP sensors
with two replicates per depth (10 cm, 35 cm, root-ball, and 100 cm) and four VWC probes
without replication at the same depths. The extensive monitoring covered four SWP sensors
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without replication, also at the same depths. Temperature sensors were installed next to
the SWP and VWC sensors within four randomly chosen plots per planting soil. Soil
temperature sensors were installed to allow correction for temperature’s effect on SWP
measurements. We installed the sensors simultaneous to the backfilling of the planting
soils at the predefined depths. For installing the root ball sensors, the root balls were
placed at approximately 40 cm depth and covered with the planting soils up to half, where
the sensors were placed. Except for the root ball sensors, all sensors were placed with a
distance of 75 cm from the horizontal center of the planting pit. The 36 monitoring plots
were randomly distributed over the experimental site.

Meteorological data were recorded within one replication block in the middle of the
experimental site by a meteorological station (Campbell Scientific, Logan, UT, USA). The
air temperature and relative humidity were measured at 2 m height (HMP155A, Vaisala,
Vantaa, Finland). For precipitation measurements, we used a tipping bucket rain gauge
(52203, R.M. Young Co., Traverse City, MI, USA). All data were recorded within a 15 min
interval using a CR-1000 data logger. The atmospheric vapor pressure deficit (VPD) was
calculated as the difference between the saturated and actual vapor pressure using the
daily means of air temperature and relative humidity.

2.4. Soil Physical Characteristics

We took disturbed and undisturbed soil samples from one plot of each planting soil in
November 2019 after the first growing season. The undisturbed soil samples were analyzed
in the lab for the fine soil texture composition, coarse soil content (gravel content), total
and organic C contents, and soil pH (CaCl2) (Table 1). The water retention characteristics
were assessed using undisturbed soil samples (soil cores of 100 cm3 and 250 cm3) for lab
measurements. To derive the water retention curves, the water contents at characteristic
pressure levels of pF 0.5, 1.3, 1.8, 2.1, 2.48, 3.48, and 4.2 were measured as a percentage of
weight using pressure plate apparatus. Additionally, the water retention characteristics and
unsaturated conductivity were determined with 250 cm3 undisturbed soil samples using
the fully automated measuring and evaluation system HYPROP [47,48]. The bulk density
was determined by drying and weighing these undisturbed volumetric soil samples. Based
on the calculated daily means of the measured SWP and VWC data, we also plotted the
field retention curves for the three planting soils. The van Genuchten parameters for
the functions of the three approaches were determined according to [49] to describe the
relationship between VWC and SWP. The data pairs of water contents at levels of pF 0.5,
1.3, 3.48, and 4.2 of the pressure plate method were added to supplement the curves of the
HYPROP measurements and the field retention curves, as the measuring devices for these
methods had limited measurement ranges. In spring 2020, the infiltration capacities of the
planting soils were measured using a double-ring infiltrometer. In order to quantitatively
evaluate and compare the soil hydrological characteristics of the three planting soils, we
considered the variables of the plant-available water capacity (PAWC), field capacity (FC),
infiltration capacity (IC), and unsaturated hydraulic conductivity (Ks).

2.5. Vitality Assessment and Tree Growth Measurements

We assessed the tree vitality by visual inspections of each individual tree regularly at
the beginning of September 2020 and 2021. Criteria leading to the vitality score (1, very
vital–5, strongly impaired) were (1) the overall leaf conditions and (2) the crown density
in comparison with a vital tree of the same species. The assessment followed a regular
inspection scheme developed by the GALK (Deutsche Gartenamstleiterkonferenz e.V.).

The stem growth and current-year shoot length were used as indicators for tree
performance in the three planting soils. We measured the stem circumference of all trees at
heights of 100, 130, and 150 cm in May 2019, January 2020, January 2021, and October 2021 to
a decimal place using a measuring tape. Shoot growth was measured in September 2020 and
September 2021. Five main external, sun-exposed branches per tree were randomly chosen
and the shoot increment was measured in length. The annual average stem increment and
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shoot extension for each tree species per substrate were calculated as the average of all
sampled replicates.

To study the tree species’ reaction to short-term changes in the environmental condi-
tions by measuring continuously the intra-annual stem diameter variation, we installed
23 electronic point dendrometers (DD-L2, Ecomatik, Dachau, Germany; accuracy of
±1.97 μm and temperature coefficient < 0.2 μm K−1) in spring 2021. For dendrometer
installation, three individual trees per species (with the exception of Qc (only n = 2) and
Kp (no measurements)) growing in the planting soil ‘Sand’ were selected. At each tree, the
dendrometers were installed with the dendrometer head on the outer bark at approximately
110 cm stem height. The sensors measured with a frequency of 15 min and were connected
to both CR-1000 and DL-18 dataloggers.

2.6. Data Processing

The monitored SWP data were manually corrected for the actual soil temperatures
using the in situ soil temperature measurements from the three planting soils [50,51]. The
corrected data extended the lower measurement range of −2500 hPa, as 10 ◦C instead of
a default value of 24 ◦C was initially set as the constant temperature for logger internal
temperature correction. To detect water stress conditions and to quantify the annual
duration of critical soil water availability, we used the monitored SWP data below −63 hPa
and transformed them into the volumetric water content data using the van Genuchten
water retention functions [49] determined for each planting soil (VWCvG). Thereafter, the
relative extractable soil water content (REW%) was calculated from the VWCvG depth
weighted for a soil compartment from 0–35 cm and depth weighted for a soil compartment
from 0–100 cm according to [52]:

REW (%) = 100 · ((VWCactual − VWCWP) · (VWCFC − VWCWP)−1) (1)

where VWCPWP is the VWCvG at the wilting point and VWCFC is the VWCvG at field
capacity, both measured in the lab using the pressure plate method. In the literature, water
stress conditions are assumed to occur when the REW drops below the threshold of 40%,
as transpiration is gradually reduced due to increasing stomatal diffusion resistance [53].
Therefore, based on the calculated daily means, we calculated the number of days per
growing season when REW < 40% to seasonally characterize water stress according to [52].

The stem circumference measurements were height-related-transformed to the stem
diameter increment at breast height (DBH), assuming a circular stem area. Data processing
of the intra-annual stem diameter variations (SDV) was performed using R v. 4.2.1 [54]
with the package treenetproc [55]. The workflow of treenetproc converts raw data (L0) into
time-aligned time-series data (L1 data, in this study with hourly resolution), cleans the L1
data from outliers and data shifts, and linearly interpolates data gaps < 30 min (L2 data).
From the L2 data, we extracted three relevant seasonal proxies [55]. (1) The reversible,
water-induced shrinkage and expansion of the stem diameter (maximum daily shrinkage
(mds in μm d−1)). (2) The irreversible diametric expansion due to woody cell formation
with the zero-growth concept, transformed into relative values for better comparison (stem
diameter increment (SDI in % of seasonal maximum stem diameter)) [56]. Thus, contrary
to [57], no negative growth-due to a smaller diameter maximum on the following day–was
considered in the analysis. (3) The tree water deficit (TWD), derived on a daily basis
from the maximum precedent stem diameter and actual (daily) maximum stem diameter,
represented the missing water in μm d−1 [56]. Analyzing the response of intra-annual tree
growth on soil hydrological and climate variables is only reliable within the main period of
stem growth [58]. Since treenetproc returns values for onset and cessation starting from the
second year only [55], we determined the length of the growing season of the instrumented
trees (n = 23) as follows: onset of growth was reached when the actual daily growth rate at
least equaled the seasonal average daily growth rate for at least seven consecutive days
(period of 1 May 2021 to 30 September 2021). Growth cessation was, therefore, reached
when the seasonal average daily growth rate was exceeded for the last time by the actual
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daily growth rate on at least seven consecutive days. As we expect mds in contrast to SDI
to be a parameter reflecting the trees’ water status in the short term, we used daily values
for mds to analyze relationships with environmental parameters and weekly means for
SDI [57].

2.7. Statistical Analysis

The annual duration of temporal water stress conditions (number of days with
REW < 40%) was compared between the three planting soils and the years 2020 and 2021
using a two-way ANOVA. The stem diameter increment and shoot growth as mean values
for the years 2020 and 2021 were compared separately (a) within a species between the three
planting soils and (b) between all species within each planting soil using a one-way ANOVA.
All group means were compared using Tukey’s post hoc comparison at p-level ≤ 0.05.

For analyzing the relationships of the weekly SDI and mds with the environmental
variables REW% in 0–35 cm and 0–100 cm depth, precipitation, and VPD, single-factor
correlations were calculated and the Spearman’s correlation coefficient were reported.
The environmental variables for the correlation analysis with SDI were also calculated as
calendar week means.

Statistical analyses were conducted using OriginPro v2021b (OriginLab Corporation,
Northampton, MA, USA) and R v4.1.2 [54].

3. Results

3.1. Substrate Characteristics

The fine texture (<2 mm) of the urban planting soils ‘Sand’ and ‘FLL’ composed
predominantly of sandy grains (0.063–2 mm), whereas the dominant fine texture grain size
of the ‘Loamy Silt’ was silt (2–63 μm) (Table 2). The structural planting soil (‘FLL’) was
composed of 20% v/v gravel. The organic matter content of all investigated soils was below
1% w/w, whereas the ‘Sand’ had almost no organic matter (<0.1% w/w) and the organic
matter content in the ‘FLL’ was 0.6% w/w. All soils were backfilled into the planting pits
loosely compacted to bulk densities between 1.4 and 1.44 g cm−1. The plant available water
capacity (PAWC) of the ‘Loamy Silt’ was highest, with 23% v/v, corresponding to 1725 L per
planting pit (Figure 1a). Compared to the ‘Loamy Silt’, the plant available water capacity
of ‘FLL’ was <50% and <25% for ‘Sand’ (773 L per planting pit and 450 L per planting pit,
respectively). The total pore volumes of the planting soils ‘Sand’ and ‘Loamy Silt’ were
the same, at approximately 40% v/v, whereas the total pore volume of the planting soil
‘FLL’ was 32% v/v. The slope of the ‘Loamy Silt’ soil-water-retention curve was almost
linear in the FC range, while in both artificial soils, the retention curve approached an
exponential slope. The soil hydraulic conductivity of ‘Sand’ declined sharply at REW
75% (Figure 1b). The hydraulic conductivity in ‘FLL’ was constantly lower and fell below
the hydraulic conductivity of ‘Loamy Silt’ at WP (100% REW) already before 70% REW.
Although the hydraulic conductivity in ‘Loamy Silt’ compared with ‘Sand’ and ‘FLL’ had
constantly lower values in the wet soil (>10% VWC) (Figure 1a), unsaturated conductivity
of >10−5 cm d−1 was provided within the whole range of PAWC until WP.

Table 2. Soil properties of the three planting soils with OM as the organic matter content, BD as the
bulk density, IC as the infiltration capacity, FC as the field capacity, and PAWC as the plant available
water capacity.

Planting Soil Fine Tex. < 2 mm Coarse Tex. > 2 mm OM pH BD Hydrological Properties

Sand Silt Clay IC FC PAWC
(v/v) (v/v) (v/v) (w/v) (v/v) (v/v) CaCl2 (g cm−1) (cm min−1) (v/v) (v/v)

‘Sand’ 95 4 1 2 n.d. 0.1 6.8 1.4 1.5 9.1 6.0
‘FLL’ 93 5 2 35 20 0.6 6.5 1.4 1.9 14.6 10.3

‘Loamy Silt’ 29 61 10 1 n.d. 0.9 5.7 1.4 0.3 33.0 23.0
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Figure 1. (a) Mean planting soil water retention curves (left y-axis) determined by pressure chamber,
HYPROP, and field measurements in the three planting soils ‘Sand‘ (orange), ‘FLL‘ (green), and
‘Loamy Silt‘ (grey). SWP is the soil water potential and VWC is the volumetric water content. Shaded
areas highlight the standard deviation (light) and the standard error (dark). Dashed lines show the
log-transformed fitted hydraulic conductivity (k) (right y-axis) as a function of VWC determined by
the HYPROP apparatus; (b) log-transformed fitted hydraulic conductivity (k) as a function of the
REW (relative extractable water) determined by the HYPROP apparatus.

3.2. Environmental Conditions and Soil Water Availability

Compared to the mean 30-year growing season precipitation (May–September 1981–2010;
DWD Station Hamburg-Neuwiedenthal) of 343 mm, the years of 2019 to 2021 were slightly
dry years (231 mm, 231 mm, and 299 mm, respectively). With the beginning of the growing
season in 2019, the root balls in all planting soils strongly dried below the REW 40%
threshold value (Figure 2). Irrigation replenished the root balls for short phases. Until
the end of the growing season of 2019, the REW in the planting pits remained high in
all three planting soils above the threshold value of 40%. During the growing season of
2020, three distinct dry out phases (each > 16 days) occurred, interrupted by replenishing
precipitation events.

The first phase was characterized by strong soil water depletion below the water stress
threshold only in the root balls. Subsequently, two dry periods led the average REW to
drop below the threshold even within the planting soils, prioritized at 10 and 35 cm depths,
indicating that tree roots then tapped water from the planting soils in the top soil layer. In
2021, two dry phases occurred, with the REW within the root balls being almost completely
depleted and the soil water storage within all planting pits being minimized. However, in
‘FLL’ and ‘Sand’, the soil water storage was replenished by drought-breaking precipitation
events, while soil drying in ‘Loamy Silt’ continued. Despite the higher precipitation in 2021,
the soil water storage at 0–100 cm depth was depleted below the threshold of 40% REW on
evidently more days (p ≤ 0.001) compared with 2020, indicating progressing root density.
Differences in drought incidence between the planting soils were not significant, but we
observed a clear tendency of a reduced amount of water stress days in ‘Sand’ during 2021
(Figure 3).

3.3. Tree Growth Analysis

Across all investigated species, annual growth was highest in ‘Loamy Silt’ and lowest
in ‘Sand’ (Figure S3). Overall, the annual stem diameter increment was highest during
2021, whereas the annual shoot growth was greatest during 2020 (Figure S3). The lowest
values and no significant differences between species and planting soils were measured
in 2019. The growth responses of the investigated tree species in the three planting soils
varied strongly (Figure 4a). In ‘Loamy Silt’, Qc and Tc showed the highest growth, whereas
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Ls and Kp showed the lowest growth. For the DBH growth response toward the planting
soils, we identified four general patterns:

1. Significant difference in DBH growth between all three planting soils (Tc and Qp);
2. Significantly less DBH growth only in ‘Sand’ (No significant difference between ‘FLL’

and ‘Loamy Silt’ (Oc, Ls, and Al);
3. Significantly less DBH growth in ‘Sand’ and ‘FLL’ than in ‘Loamy Silt’ (Qc, Cb, and Gt);
4. No difference in DBH growth between all planting soils (Kp).
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Figure 2. Dynamics of relative extractable water (REW %) at three depths and within the root ball in
the three different planting soils (‘Sand‘(orange), ‘FLL‘(green), and ‘Loamy Silt‘(grey)) during the
growing seasons of 2019, 2020, and 2021. Bold lines represent the means of all investigated planting
pits per planting soil. Shadowed areas indicate the standard error (dark) and the standard deviation
(light). Reddish dashed lines show a threshold value of 40% REW. Corresponding precipitation, air,
and soil temperatures are given at the top of the graph.

Across all species, the tree DBH growth on ‘Sand’ and ‘FLL’ was, on average, −64%
and −29%, respectively, lower compared with that on the optimum planting soil. Kp was
excluded from the comparison. On ‘Sand’, Qp and Al were most restricted (−85% and
−81%, respectively), whereas Tc and Gt were the less negatively affected species (−44%
and −54%, respectively) compared with the optimum soil. On ‘FLL’, again, Qp and Cb were
most restricted (−50% and −46%, respectively), whereas Ls and Al were the less negatively
affected species (−10% and −12% respectively) compared with the optimum soil. The
species Al, Kp, Ls, and Oc showed the same growth patterns found for their DBH growth,
and also for their shoot growth (Figure 4b). The remaining species responded differently in
terms of shoot growth compared with DBH growth. Across all species, tree shoot growth
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on ‘Sand’ and ‘FLL’ was, on average, −50% and −18%, respectively, lower than that on the
optimum planting soil. On ‘Sand’, Qp was, by far, the most restricted (−72%), whereas Gt
was the less negatively affected species (−27%) compared with the optimum soil. On ‘FLL’,
again, Qp was most restricted in terms of growth (−42%) compared with the optimum soil,
whereas Oc, Al, Kp, Ls, Qc, and Tc were not significantly affected.

Figure 3. Sum of the number of days with REW < 40% (0–100 cm depth) during the growing season
(gs) as a mean of the years 2020 and 2021 in the three planting soils ‘Sand‘ (orange), ‘FLL‘ (green),
and ‘Loamy Silt‘ (grey). Statistical analyses were performed by using a two-way ANOVA. Boxes
with the same letters indicate no significant differences between the substrates at the p ≤ 0.05 level.
*** indicates significant differences between the years at the p ≤ 0.001 level. Mean comparisons were
performed by Tukey post hoc comparisons.

The assessed vitality scores of the years 2020 and 2021 were, across all species, the
highest (i.e., lowered vitality) for the trees growing on ‘Sand’ (Table 3). In both years, Al
and Qp had, on average, the highest values on ‘Sand’, whereas Tc had the lowest, which
was also true for ‘FLL’ and ‘Loamy Silt’. The vitality scores of trees growing on ‘FLL’ and
‘Loamy Silt’ were mostly <2. Only Kp showed values > 2, which was, in particular, striking
for these trees growing in the optimum soil. We also noticed high vitality values for two
individuals of Qc growing on the optimum soil, which was expressed by the elevated SD
(Table 3).

Intra-annual stem diameter measurements for eight tree species (except for Kp) in
‘Sand’ showed a high variation of net growth (Figure 5). Growth onset was, on average, at
the beginning of June and ceased, on average, at the beginning of August. During phases
with REW < 40%, the daily stem diameter variations were pronounced with amplitudes
varying evidently between species—they were weak in Gs, Oc, and Qc, and strong in Tc
and Ls. The tree water deficit (TWD) is defined to occur when the maximum precedent
stem diameter is greater than the maximum stem diameter of the actual day. Overall, the
TWD was only weakly expressed (<120 μm d−1) and occurred for individuals of almost all
species when REW < 40% (data not displayed). However, the TWD during the drought
phases was most pronounced for Al and Ls, with single trees reaching maximum values
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of 1130 and 627 μm d−1, respectively. Single variable correlations were used to test the
impact of the environmental variables REW at 0–35 cm and 0–100 cm, precipitation, and
VPD on the tree species growth reactions using the weekly means of relative stem diameter
increment (SDI) and the maximum daily shrinkage of the stem diameter (mds). The SDI
of all trees investigated, except for Qc, was positively correlated with REW at least on the
depth level (p ≤ 0.05), rather than with precipitation or VPD (Table 4). SDI showed the
strongest correlations (Spearman’s R > 0.6) with REW for the species Oc, Gt, and Ls. The
correlations of SDI and REW in 0–35 cm were, for Gt and Al, more significant than the
correlations at 0–100 cm, whereas the growth of Qp and Cb was correlated more significant
with REW 0–100 cm. Mds was correlated with both the soil water status and VPD. Mds and
REW at both depth levels were positively correlated in all investigated species (p ≤ 0.001),
with the strongest correlations (Spearman’s R > 0.6) for Tc, Qc, Cb, and Al. VPD was
significantly negatively correlated with mds in all species (p ≤ 0.001), except for Gt (p > 0.1)
(Table 4).
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Figure 4. (a) Boxplots of annual DBH growth and (b) annual shoot growth of all nine tree species
and as a mean of the years 2020–2021. Colored dashed lines show the mean growth across all
species for the three planting soils ‘Sand‘ (orange), ‘FLL‘ (green), and ‘Loamy Silt‘ (grey). Statistical
analyses were performed by using a one-way ANOVA. Boxes with the same letters (black) indicate
no significant differences at the p ≤ 0.05 level within a species between the planting soils. Boxes
with the same letters (see color assignment above) indicate no significant differences at the p ≤ 0.05
level within a planting soil between the species. Mean comparisons were performed by Tukey post
hoc comparisons.

122



Forests 2022, 13, 936

Table 3. Tree vitality score assessed by visual inspections of the tree crowns in September 2020 and
2021. Values, ranked from 1 (vital) to 5 (strongly impaired), are presented as the means ± SD for each
species x planting soil combination (n = 5).

Tree Species ‘Cultivar’ Vitality Score 1

‘Sand’ ‘FLL’ ‘Loamy Silt’

2020 2021 2020 2021 2020 2021

Tilia cordata ‘Greenspire’ 1.6 ± 0.9 1.4 ± 0.5 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0
Quercus cerris 2.2 ± 0.4 2.4 ± 0.5 1.4 ± 0.5 1.2 ± 0.4 1.6 ± 0.9 1.8 ± 0.8

Quercus palustris 2.8 ± 0.4 2.8 ± 0.4 1.6 ± 0.5 1.4 ± 0.5 1.0 ± 0.0 1.6 ± 0.5
Carpinus betulus ‘Lucas’ 2.2 ± 0.4 1.8 ± 0.4 1.8 ± 0.4 1.2 ± 0.4 1.2 ± 0.4 1.0 ± 0.0

Ostrya carpinifolia 2.6 ± 0.5 2.2 ± 0.8 1.8 ± 0.4 1.8 ± 0.4 1.2 ± 0.4 1.2 ± 0.4
Gleditsia triacanthos ‘Skyline’ 2.4 ± 0.5 1.6 ± 0.5 2.2 ± 0.4 1.6 ± 0.5 1.2 ± 0.4 1.0 ± 0.0

Liquidambar styraciflua 2.2 ± 0.4 2.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.2 ± 0.4 1.2 ± 0.4
Amelanchier lamarckii 3.0 ± 1.0 3.6 ± 0.9 1.6 ± 0.5 1.6 ± 0.5 1.4 ± 0.5 1.0 ± 0.0
Koelreuteria paniculata 2.4 ± 0.9 2.8 ± 0.8 2.4 ± 0.9 2.0 ± 0.7 2.4 ± 1.1 3.2 ± 1.5

1 According to vitality assessment procedure from GALK = Deutsche Gartenamtsleiterkonferenz (GALK e.V.;
German Garden Agency Directors Conference).
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Table 4. Spearman correlation coefficients® for the correlation of the relative stem diameter increment
as weekly means (SDI; n = 20 data points per individual tree) and maximum daily shrinkage (mds;
n = 173 data points per individual tree) of the stem diameter with the hydrological and climatological
variables REW (relative extractable water), p (precipitation), and VPD (vapor pressure deficit) in
eight species. Investigated period is defined according to the species-specific growing season length
(Table 3)).

Weekly SDI n REW0–35 cm REW0–100 cm p VPD

Tilia cordata ‘Greenspire’ 3 0.43 ** 0.53 ** ns ns
Quercus cerris 2 ns ns ns ns

Quercus palustris 3 0.42 0.45 *** 0.43 −0.41
Carpinus betulus ‘Lucas’ 3 0.32 0.51 ** ns ns

Ostrya carpinifolia 3 0.69 *** 0.85 *** 0.53 ** ns
Gleditsia triacanthos ‘Skyline’ 3 0.64 *** 0.37 ns ns

Liquidambar styraciflua 3 0.61 *** 0.73 *** ns ns
Amelanchier lamarckii 3 0.44 ** ns 0.38 ** ns

mds

Tilia cordata ‘Greenspire’ 3 0.67 *** 0.72 *** 0.23 ** −0.42 ***
Quercus cerris 2 0.6 *** 0.64 *** ns −0.57 ***

Quercus palustris 3 0.47 *** 0.48 *** ns −0.43 ***
Carpinus betulus ‘Lucas’ 3 0.67 *** 0.53 *** 0.16 ** −0.38 ***

Ostrya carpinifolia 3 0.35 *** 0.4 *** ns −0.49 ***
Gleditsia triacanthos ‘Skyline’ 3 0.34 *** 0.39 *** ns ns

Liquidambar styraciflua 3 0.6 *** 0.42 *** 0.19 ** −0.4 ***
Amelanchier lamarckii 3 0.63 *** 0.43 *** 0.26 ** −0.51 ***

Significance levels: ** p ≤ 0,01; *** p ≤ 0.001; ns = not significant.

4. Discussion

4.1. Substrate Characteristics

New street trees are often planted in artificial sandy-textured soil [5,33] or specific
load-bearing substrates to resist compaction [23]. Up to now, these substrates were not
well characterized in terms of soil hydrological properties [59], and it was unclear how the
growth and vitality of specific tree species respond to the individual substrate conditions [9].
We used an experimental field setup with nine selected tree species and two urban tree sites
representing planting soils to investigate this response under controlled field conditions.

Soil water availability is the most important parameter controlling tree growth [60–62].
With 10%, the plant available water capacity (PAWC) of ‘FLL’ was within the range reported
for similar technical substrates (7–11%) [63] and exceeded the PAWC of ‘Sand’ (6%). ‘Loamy
Silt’ had more than twice the amount of plant available water, mainly stored in the medium-
sized pores of the dominating silt grains (Figure 1). As expectable, under field conditions,
the REW in ‘Sand’ and ‘FLL’ was reduced sufficiently and faster than that in the optimum
soil with the beginning of the growing season. However, regarding the seasonal average,
no difference between the REW negatively exceeding the threshold value of 40% in the
artificial soils and ‘Loamy Silt’ was visible (Figure 3). We assume that the different abilities
to transport water caused this finding for the three planting soils. Precipitation water
infiltrated the artificial soils faster and more effectively due to the higher infiltration
capacity (IC), replenishing the PAWC, particularly at the 10 cm and 35 cm depths regularly.
On the other hand, we assumed trees growing in the optimal soil to exploit the soil water
stored more effectively, particularly at low soil water potentials, regardless of the absolutely
higher quantity. This is reflected by the different hydraulic conductivities of the substrates
during the process of drying (Figure 1b).

The large proportion of medium and fine pores in the total pore system of ‘Loamy Silt’
caused, under moist conditions (<pF 1.8), slower water transport, but that under unsat-
urated conditions (>pF 1.8–4.2) was almost constant. Compared to the ‘Sand’ and ‘FLL’,
where large pores became quickly nonconductive with increasing soil water potential [64],
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a higher amount of water was thus quantitatively available to the trees in ‘Loamy Silt’.
While the tree roots in the ‘Loamy Silt’ could be resupplied with soil water with almost no
restriction, the development of dry zones around the tree roots [65], causing hydraulically
disconnection from surrounding wet soil, was most likely the limiting factor for water sup-
ply in sandy and coarse porous soils, causing stomatal closure [66] and thus reduced water
consumption. Hence, the drought stress avoidance strategies of trees relying on reducing
the plant water potential (anisohydric reaction type) were likely to be not successful in
sandy or coarsely porous artificial soils [67]. In order to tap further soil water, a tree able
to adapt to sandy and coarse porous soils must invest in the production of fine roots that
grow towards available water to bypass dry soil patches. Most likely, the exchange of soil
water between the SWP sensor and soil is also affected in a comparative way. This resulted
in wide standard deviations of the mean REW in ‘Sand’ and ‘FLL’ (Figure 2), suggesting
that sufficient soil drying was only detected by sensors close to roots. Thus, a high sensor
density would be needed to capture the spatial heterogeneity of the soil water distribution
within sandy and coarse porous soils.

Overall, the seasonal water stress conditions determined by using the REW threshold
value reported for forests [52] have been comparatively low [14,52,68] (Figure 3). In addition
to the explanations mentioned, this may have resulted from an underdeveloped root:shoot
ratio within three years after transplanting and regular and intense soil water replenishment
from precipitation. The latter, however, would have been lower under actual urban site
conditions due to sealing with impermeable pavements and soil compaction. Therefore,
the use of rain-out shelters would have been necessary to simulate prolonged drought
situations, as used by [41].

4.2. Tree Growth Analysis

So far, data regarding species-specific belowground requirements generated from
growth response to ensure the establishment, initial growth, and long-term survival of
young street trees in urban environments are scarce. The second- and third-season growth
data of the trees planted in artificial soils were in the range of those of other studies for
DBH- [24,25,69–71] and shoot growth [32]. In the first growing season, DBH- and shoot
growth were similar among species, being low in all soils compared with those in the
following years (Figure S3). This growth depression in the first year is in accordance
with the finding of [28] that trees need time to recover from a transplanting shock (i.e.,
reestablishing the root:shoot ratio) and initially mainly profit from the uniform root ball
soil conditions and irrigation [19]. This nexus is supported by our observation of high
water consumption in the root ball and low consumption in the planting soils at all depths
(Figure 2). In the second and third growing seasons, the growth of all species was con-
strained on the artificial soils compared with the optimal soil [9,24,72]. This is contrary to
the findings of [25,29], who reported higher tree growth in the structural planting soils of
1.3–3.2 cm yr−1 DBH (Quercus bicolor, Quercus phellos, and Pyrus calleryana ‘Chanticleer’),
compared with 0.3–0.6 cm yr−1 in the artificial soils in our study. In particular, these au-
thors found higher or equal growth of trees in structural soils compared with trees in tree
lawns. However, data regarding the soil properties and soil characteristics (i.e., texture,
organic matter content, bulk density) are not available and due to the smaller planting pit
dimensions and multiple urban environmental constraints in these in situ studies; a com-
parison of the results with our study should be conducted with caution. Furthermore, it is
likely that tree roots developed in the whole planting pit and extended into the surrounding
soil a few years after planting [14,73]. This was supported by random excavations at the
edges of the planting pits at the end of the third growing season, by the gradual reduction
of REW down to 100 cm depth in all substrates until 2021 (Figure 2), and by the elevated
growth of trees in ‘Sand’ and ‘FLL’ in 2021 compared with that in 2020 (Figure S3). As
opposed to our experimental site where natural ‘Loamy Silt’ surrounded the planting pits,
in urban settings, a growth decrease would be most likely when tree roots extend into the
surrounding soils comparable to ‘Sand’ [1,5]. We, therefore, assume that a smaller planting
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pit and thus an earlier extension of roots into the surrounding soil, when possible would
also decrease tree growth and would make long-term comparison between soil conditions
inappropriate [29].

Little attention has been paid to the morphological and physiological responses of tree
species to artificial urban soils [9,71]. Across all substrates, we found the strongest annual
DBH growth rates for Qc and the lowest for Ls, and the strongest annual shoot growth for
Tc and the lowest also for Ls (Figure 4a,b). The response of the investigated tree species was
different [9,24].

Although Tc invested strongly in stem growth, even under the unfavorable soil condi-
tions of ‘Sand’ and ‘FLL’, the vitality scores, particularly in ‘Sand’, indicated apparently
good performance also in the third growing season. This outcome is in contrast to the
findings from [41], where the isohydric Tc [74] was highly affected by water scarcity, show-
ing early leaf senescence. Since, in that study, extreme drought situations were caused
on sandy loam by using rain-out shelters, it seems plausible that Tc is unable to extract
water from drying, fine-grained soils [75]. In the sandy and coarse porous artificial soils
used in our study, Tc showed, contrary to [76], no growth reduction during the phases
of low REW in the ‘Sand’ and, despite the high mds, almost no TWD (Figure 5). These
observations indicate that Tc, at least the cultivar ‘Greenspire’, is seemingly well-adapted
to artificial urban soils characterized by low hydraulic conductivity. We hypothesize that
this adaptation comes with a drought strategy that does not rely on increasing the suction
power of roots, but on growing roots towards the water. This hypothetic reaction pattern of
Tc in urban soils and the long-term effect on the C-balance should be investigated further
in order to reliably assess the mortality risk in urban environments under climate change.

Contrary to Tc, the overall growth rates of Ls were very low [71] (Figure 4). However,
compared with the optimal soil, the DBH and shoot growth were equal or above average for
all species in ‘Sand’ and ‘FLL’, respectively, and trees in ‘FLL’ maintained the best possible
vitality score (Figure 5). During the growing season, the growth of Ls was strongly corre-
lated with REW (Table 4), indicating that investment in above-ground biomass was reduced
during phases of low REW. This suggests that, under drought conditions, assimilated and
stored C had not been allocated to growth, but rather to mechanisms successfully coping
with drought stress. This is in accordance with [71], who found the lowest annual mortality
rates for Ls among 10 species investigated in a subtropical city in Florida, USA. This indi-
cates, in accordance with our results, that Ls is capable of withstanding dry soils [77] and
that, in general, high growth rates in urban soils alone are not a categorical identifier for
the adaptability of a tree species to the harsh urban environment under future climates.

In contrast to ‘FLL’, the growth of Al in ‘Sand’ was different to that of Ls and almost the
lowest of all species, while simultaneously being obviously non-vigorous (Table 3). Al was
the only species that grew less in 2021 compared with 2020 (data not shown) and where
SDI and mds were correlated mainly with REW in the upper soil compartment (Table 4).
Thus, we assume that Al was neither unable to develop a sufficient, deep-rooting system
within the planting pit, nor expand its roots into the favorable surrounding soil.

The Quercus species Qc and Qp showed overall high growth rates in the optimal soil.
The DBH growth of Qc in the artificial soils was higher than the average of all species.
The tree growth in ‘Sand’ was particularly variable, which suggests different abilities of
individuals to react to coarse-textured soil with a low OM content within the species. Qp,
on the other hand, experienced the largest growth inhibition of all tree species in sandy
soils compared with the optimal soil. Currently, Qp is, among the studied species, one of
the most abundant species in Hamburg’s street tree population. However, it appears to
be highly reactive to poor soil conditions. Furthermore, care should be taken that soils in
Qp planting sites have pH values < 6.5 to prevent leaf chlorosis [78], which was visible
for the trees in the ‘Sand’, but not in ‘FLL’ (Tables 1 and 3), whereas soil compaction and
water logging might play minor roles in Qp growth [79]. Regardless of the constraints in
the artificial soils, heavy precipitation caused prolonged waterlogging conditions during
June 2020 and affected the ‘Loamy Silt’ trees of Qc in terms of vitality and Kp in terms
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of growth and vitality (Table 3). This suggests that both tree species need well-aerated,
non-compacted soils at sites that do not tend toward waterlogging [80]. Despite the high
variability in shoot growth in ‘Sand’, the DBH growth of Kp was comparatively high in
the artificial soils. We assumed that Kp combined the ability of both, lowering its water
potential in fine-grained soils [67], and growing with roots toward the water in coarsely
textured and porous soils. However, the comparatively poor vitality of Kp in the artificial
soils may have also resulted from the low REW conditions during mid-June 2021, since Kp
is reported to be very sensitive to early growing season drought [67].

The DBH growth rates of Cb and Oc in the optimal soil were higher than those reported
by [81] with similar soil properties. Compared with the optimal soil, Cb and Oc showed,
in our study, similar growth reduction between 60% and 65% in ‘Sand’; [81] also reported
similar growth reduction for treatment plots where precipitation water infiltration was
prevented by rain-out shelters; however, growth was reduced by up to 79% compared with
the control plot. Contrary to growth in ‘Sand’, Oc showed in ‘FLL’ substantially higher
growth than the more vital Cb compared with the optimum soil; [82] concluded that both
species had the lowest resistance of growth under drought conditions in fine-grained soils.
However, we found both species to be not affected above average in artificial planting soils,
despite the low PAWC.

Considering that Gt had above-average growth and the lowest mds rates in ‘Sand’,
it seems most likely that Gt is suitable for harsh urban street tree sites and persists under
water-stress conditions [83]. However, the strong and significant correlation of growth with
REW at 0–35 cm suggests that the roots are more likely to grow near the surface. This can
be problematic and requires further investigation.

Under the slightly dry, but less extreme, meteorological conditions in terms of air/soil
temperatures and relative humidity compared with inner cities, the studied trees estab-
lished within the study period of three years. For the trees, the selected artificial planting
soils were thus sufficient for survival in the short term. In the long term, it is most likely
that the formation of above ground biomass, the assimilation of carbohydrate reserves,
and the provision of ecosystem services may be limited. However, at actual urban street
tree sites, trees will face additional constraints affecting tree growth. Further investiga-
tions are necessary to understand the mechanistic adaptations of tree species in response
to planting soils (permanent stress) and periods of low REW (temporal stress), particu-
larly regarding patterns of carbon allocation under permanent and temporal soil water
stress [36]. Our investigations provide a first insight into growth-limiting conditions and
tree species-specific differences triggered by ‘artificial soils’ with different hydrological
properties, and the experimental design was proven successful and should be continued in
the future. In addition, other relevant tree species not considered in this study should be
investigated for their growth behavior under soil conditions representative of urban street
sites. Such tree species could include Robinia pseudoacacia [84,85], Quercus robur [86,87], or
Platanus spp. [88], which have shown properties suitable for urban road-side conditions.

5. Conclusions

We showed that sandy-textured urban planting soils—one representing structural pit
filling and one representing local surrounding soil conditions—have low plant available
water capacities and were restricted in terms of hydraulic conductivity when the soil dries.
Thus, when the soil water potential decreased and the pore space became non-conductive
due to the high percentage of air-filled pores, the amount of water quantitatively available
for the tree decreased. Therefore, trees that invest more in the fine root system to bypass
soil non-conductivity (e.g., Tilia cordata ‘Greenspire’ and Liquidambar styraciflua) might
be more successful in sandy and coarse porous soils than trees that lower their water
potential, which might be successful in fine-textured drying soils (e.g., Koelreuteria paniculata,
Quercus cerris; [67]). However, the tree growth of all species on the artificial urban soils was
significantly constrained. The selected artificial planting soils were sufficient to survive,
but most likely did not encourage the trees to build up above ground biomass, to assimilate

127



Forests 2022, 13, 936

carbohydrate reserves, or to provide effective ecosystem services in the long term. Thus,
improving the hydrological properties of planting soils at street tree sites is crucial to allow
newly planted trees to grow and thrive.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/f13060936/s1 (accessed on). Figure S1: Spatial distribution
of planting pits, treatment and control plantation soils, and tree species in a 4 × 35 grid. Figure S2:
View of the experimental site in the western direction in June 2019. The three planting soils are clearly
visible (light = ‘Sand’; dark = ‘FLL’; and brown = ‘Loamy Silt’). Watering bags were removed after
2019. Figure S3: Annual DBH and shoot growth in each investigated year as a mean of all species
(n = 9) in the planting soils (n = 3). Statistical analyses were performed by using a one-way ANOVA.
Boxes with the same letters indicate no significant differences at the p ≤ 0.05 level. Mean comparisons
were performed by Tukey post hoc comparisons.
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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)?
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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.

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).

 

Figure 2. Mathematical equations for the calculation of crown volume, crown shade projection
area and surface area for different crown shapes. Crown shapes illustrations from Lawrence, 1985
(Abbreviations as in text and cd— 2·cr).
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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.

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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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.

Figure 5. Percentage distribution of crown shapes of all trees measured (left) and according to tree
species (right).
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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.

Figure 7. Percentage distribution of crown shapes of all trees for two distance classes of the closest object.

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).

 
Figure 8. Percentage distribution of crown shapes for the different tree species for two distance
classes of the closest object.

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.

Figure 9. Dependency of shade area on dbh and crown shape. The mathematical constant e in the
equations indicates the Euler’s number.

Figure 10. Dependency of shade density on tree dbh and crown shape. The mathematical constant e
in the equations indicates the Euler’s number.
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Figure 11. Dependency of shade index on tree dbh and crown shape. The mathematical constant e in
the equations indicates the Euler’s number.

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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Abstract: Urbanization and climate change are two inevitable megatrends of this century. Knowledge
about the growth responses of urban trees to climate is of utmost importance towards future manage-
ment of green infrastructure with the aim of a sustainable provision of the environmental ecosystem
services. Using tree-ring records, this study analyzed growth response to climate by stem diameter at
breast height (DBH) of 1178 trees in seven large cities worldwide, including Aesculus hippocastanum L.
in Munich; Platanus × hispanica Münchh. in Paris; Quercus nigra L. in Houston; Quercus robur L. in
Cape Town; Robinia pseudoacacia L. in Santiago de Chile, Munich, and Würzburg; and Tilia cordata
Mill. in Berlin, Munich, and Würzburg. Climate was characterized following the de Martonne aridity
index (DMI). Overall, trees showed an 8.3% lower DBH under arid than humid climate at the age
of 100. Drought-tolerant tree species were overall not affected by climate. However, R. pseudoacacia
showed a lower diameter when growing in semi-dry than humid climate. In contrast, drought-
sensitive tree species were negatively affected by arid climate. Moreover, the effect of drought years
on annual diameter increment was assessed. P. × hispanica and R. pseudoacacia appeared as the most
drought-resistant species. The highest sensitivity to drought was detected in T. cordata and Q. robur.
A. hippocastanum and Q. nigra showed a lower diameter growth during drought events, followed by a
fast recovery. This study’s findings may contribute to a better understanding of urban tree growth
reactions to climate, aiming for sustainable planning and management of urban trees.

Keywords: Aesculus hippocastanum; diameter growth; drought; Platanus × hispanica; Quercus nigra;
Quercus robur; Robinia pseudoacacia; Tilia cordata; urban trees

1. Introduction

While currently 55% of the world’s population lives in urban areas, it is projected
that by 2050, almost 70% of the global population will live in urban environments. At
the same time, urban settings are frequently exposed to extreme climatic events like dry
spells or extreme rainfall events caused by global change [1]. Urban trees, as a crucial part
of the green infrastructure in cities, have gained increasing awareness in recent decades.
This is mainly due to their role in providing a wide array of environmental ecosystem
services [2–5]. Carbon storage, mitigation of heat island effect [6], cooling by transpiration
and shading [7–9], reduction of rainwater runoff [10], supporting the biodiversity in urban
areas [11], and others are positive environmental impacts of trees. In that sense, due
to policy changes and efforts that have been made recently [1], vegetation coverage has
increased in many cities worldwide [12]. A recent study [13] showed that more than 10% of
built-up areas in 325 large cities globally increased the urban green proportion significantly
in the last two decades. However, the quantity of the environmental ecosystem services
provided is highly dependent on the species, size, and vitality of trees [6,14].
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High impervious ground surface and a higher water loss due to increased evapotran-
spiration [15,16] may lead to increased water stress in urban areas compared to natural
environments. Further, recent studies have shown that drought is the main inciting factor
impacting urban trees’ health and survival [17,18], and climatic predictions forecast rising
temperatures and more frequent heat and drought events. Therefore, there is a need for
urban tree management to select tree species according to their future drought response [19].
In order to guarantee a good water supply for vital trees with high environmental ecosystem
provision, the requirements of the individual tree species must be known.

As tree species growing in urban areas undergo specific environmental conditions,
these conditions may affect the resilience of urban trees [17]. Thus, the growth response in
such environments is not guaranteed to correspond to generally expected growth patterns
of trees. To improve the strategic management of urban green vegetation, the growth–
climate relationship needs to be analyzed in detail. Dendrochronology is a valuable
tool to study the relationship between tree growth and climatic factors [20]. Previous
studies address how climate change modifies the ecosystem services provided by urban
trees [4,11,21]. These studies were based on model predictions and investigated various
adaptation actions [22], such as selecting drought-resistant species and various environ-
mental provenances [23,24]. However, less is known about how climate conditions affect
the growth of urban trees on a large spatial scale. This study aimed to analyze urban
trees’ stem diameter growth response depending on the species, their drought tolerance,
and urban climate conditions (air temperature, precipitation). The diameter of a tree is
a straightforward measurement and can be used as a proxy for calculating other tree pa-
rameters, such as tree crown dimension [25–27]. Thus, tree diameter allows one to predict
environmental ecosystem services like cooling of urban environments [27,28].

Poschenrieder et al. [29] claimed that tree growth, ecosystem service provision, and
stand management strongly depend on a site’s climatic conditions, especially precipitation
and temperature. Urban tree growth models are proper tools for quantifying environmen-
tal ecosystem services depending on tree growth dynamics and changing environments.
Prominent models such as UFORE [30,31], i-Tree [32], CITYgreen [33,34], CityTree [6] and
UrbTree [35] provide fundamental knowledge for sustainable and future-oriented planning
of green infrastructure in cities [28,36]. However, these models do not include tree-related
parameters such as mortality, vitality, or nutrient supply, which are important for sustain-
able planning and management of urban trees [37]. To account for this, Pretzsch et al. [28]
recently introduced an urban tree dynamic management model (UTDyn), which was fur-
ther developed by Poschenrieder et al. [29]. This dynamic model represents an approach
of age class balancing and sustainable planning, transferring forest management aspects
to urban tree management while including tree growth, mortality, and ecosystem ser-
vice provision. Pretzsch et al. [28] suggested improving the dynamic model by adding
additional parameters.

This study aims to contribute and give additional value to the UTDyn model using
tree-ring records of 1178 individual, mature broadleaf trees of six different tree species,
distributed across seven cities worldwide as follows: Aesculus hippocastanum L. in Munich;
Platanus × hispanica MÜNCHH. in Paris; Quercus nigra L. in Houston; Quercus robur L. in
Cape Town; Robinia pseudoacacia L. in Santiago de Chile, Munich, Würzburg; and Tilia
cordata Mill. in Berlin, Munich, and Würzburg. Climatic conditions (annual precipitation,
mean air temperature) were represented using the de Martonne Index (DMI, [38]). The
stem diameter growth reaction to climatic conditions and the annual diameter growth
reaction to drought events were based on the following research questions:

(Q1) How is the general stem diameter growth reaction of trees depending on climate
in urban environments?

(Q2) How does the climate of a city defined by its relative aridity (DMI) affect stem diame-
ter growth of drought-tolerant and drought-sensitive tree species within urban environments?

(Q3) How do Robinia pseudoacacia and Tilia cordata react to climate within different
climates in their stem diameter growth?

153



Forests 2022, 13, 641

(Q4) How do individual drought years affect the annual stem diameter increment of
urban tree species?

2. Materials and Methods

2.1. Study Sites and Climate

Seven cities worldwide, in which tree cores of six tree species were recorded [20,39],
form the base of this study. Table 1 gives an overview of the selected cities, geography,
and climate conditions. The climate dataset consists of total annual precipitation data
and long-term mean temperature data for the period of 1981–2010 for each city. Annual
precipitation data for the cities Cape Town, Houston, and Paris were provided by the
National Climatic Data Center (NOAA NCEI, [40]). For the German cities Berlin, Munich,
and Würzburg, data was provided by the Open Data Server of the German Metrological
Service (DWD, [41]). A historical climate dataset, as described by González-Reyes [42], was
used for Santiago de Chile.

The cities within this study are distributed across several climate zones (Table 1).
According to the climate classification by Köppen-Geiger [43], the cities Berlin, Munich,
Würzburg, and Paris are located in the temperate zones of Central Europe. They are
characterized by an oceanic climate (Cfb), featuring mild summers and cool winters.
However, the amount of precipitation and mean temperature differs between the sites.
While Berlin and Würzburg show similar climatic patterns with an annual precipitation
sum of around 600 mm and a mean temperature of around 9 ◦C, Paris is characterized by a
higher mean temperature of 12.3 ◦C and a higher precipitation sum of 632 mm. Compared
to other European cities within this study, precipitation is highest in Munich (948 mm).
Santiago de Chile and Cape Town are characterized by Mediterranean climate (Csb) with
hot, dry summers and mild, wet winters. However, the long-term mean temperature
and the amount of precipitation in Cape Town are higher (16.7 ◦C, 544 mm) compared
to Santiago de Chile (14.7 ◦C, 325 mm). Houston has a humid, subtropical climate (Cfa).
The annual precipitation sums up to 1091 mm and is ample throughout the year. The
temperature average in Houston is 21 ◦C.

Table 1. Overview of the geographical position and climate conditions (1981–2010) of the study sites.
Climate zone refers to the Köppen-Geiger climate classification [43].

Location, Geographic Position of Study Sites

Berlin,
Germany

Munich,
Germany

Würzburg,
Germany

Paris,
France

Santiago
de Chile,

Chile

Cape
Town,
South
Africa

Houston,
USA

52.31 ◦N
13.24 ◦E

48.14 ◦N
11.58 ◦E

49.46 ◦N
9.57 ◦E

48.51 ◦N
2.21 ◦E

33.27 ◦S
70.40 ◦W

33.55 ◦S
18.25 ◦E

29.46 ◦N
95.23 ◦W

Climate zone, total annual precipitation [mm a−1] ± SD, mean temperature [◦C]

Temperate
(Cfb)

Temperate
(Cfb)

Temperate
(Cfb)

Temperate
(Cfb)

Mediterra-
nean
(Csb)

Mediterra-
nean
(Csb)

Subtropical
(Cfa)

591 ± 100 948 ± 141 601 ± 108 632 ± 116 325 ± 156 544 ± 118 1091 ± 249

9.5 9.7 9.6 12.3 14.7 16.7 21

DMI Index (mean value) and climatic classification following Baltas [44]

32 53 32 32 15 23 34

humid very
humid humid humid semi-dry mediterranean humid
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2.2. Aridity Index according to de Martonne

Aridity is a long-term, climate phenomenon characterized by a shortage of water
supply/precipitation. In this study, the aridity at a given location was quantified using the
de Martonne aridity index (DMI). This index was developed by de Martonne in 1926 [38]
and describes the combined effect of temperature and precipitation as follows:

DMI =
Prec

(Temp + 10)
(1)

In this analysis, Prec is described as total annual precipitation (mm) and Temp (◦C)
as the long-term mean temperature (1981–2010) per city. DMI shows the annual value
for the climate, while DMI avg presents the mean DMI value for each tree, which was
calculated for the entire lifespan of a given tree. Higher DMI values indicate cool and
moist climatic conditions, while lower values express warm and dry climatic conditions.
According to Baltas [44] classification, the DMI index of the seven cities represents a range
from semi-dry climatic conditions (Santiago de Chile, DMI = 15) to very humid conditions
(Munich, DMI = 53) (see Table 1). Due to restricted data availability, growth comparisons
for single tree species across different climatic conditions were only possible for the tree
species R. pseudoacacia and T. cordata. Thus, tree species within this study were categorized
into drought sensitivity classes (drought-sensitive, drought-tolerant) following the study
of Niinemets and Valladares [45]. Figure A1 shows the climatic conditions for each city
throughout the years.

2.3. Selection of Tree Species and Tree Individuals

The analyzed trees within this study represent medium-sized to large, long-lived decid-
uous tree species. Table 2 lists information on the tree species regarding drought tolerance,
wood anatomy, and maximal height. Most of the species—A. hippocastanum, P. × hispanica,
Q. robur, R. pseudoacacia, T. cordata—are widely present in the urban landscapes of Central
Europe [46–49]. Q. nigra and R. pseudoacacia are native to North America [50]. However,
due to its invasiveness, R. pseudoacacia is now widespread across Europe and partially
across Asia, South America, Africa, Canada, and Australia [51].

Table 2. Description of sampled tree species and their characteristics on drought tolerance (following
Niinemets & Valladares, 2006), wood anatomy, and maximal achievable height.

Tree Species Drought Tolerance Wood Anatomy Height [m]

Aesculus hippocastanum L. sensitive diffuse-porous 39

Platanus × hispanica Münchh. tolerant diffuse-porous 35

Quercus nigra L. tolerant ring-porous 30

Quercus robur L. tolerant ring-porous 30

Robinia pseudoacacia L. tolerant ring-porous 35

Tilia cordata Mill. sensitive diffuse-porous 30

2.4. Tree Data Collection

The recorded tree data includes dendrochronological information taken from incre-
ment cores of 1178 individual trees worldwide. Trees were selected along transects from
the city center to the four cardinal directions, thus covering an urbanization gradient from
highly paved urban areas to more open green suburban parts of a city, comprising solitary
street trees, as well as trees from city parks and urban forests. The sampled trees were free
from any biotic or abiotic damages. Two increment cores were taken from each tree at a
height of 1.3 m in perpendicular directions (North, East), using an increment borer with an
inner diameter of 5 mm (Haglöf, Sweden). The sampled tree species are A. hippocastanum, T.
cordata and R. pseudoacacia in Munich, T. cordata in Berlin, P. × hispanica in Paris, R. pseudoaca-
cia in Santiago de Chile, Q. robur in Cape Town, T. cordata and R. pseudoacacia in Würzburg,
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and Q. nigra in Houston. Afterwards, the increment cores were glued on wooden slides
and polished on a sanding machine using 120 to 1200 grit, depending on the tree species,
in order to enhance the optimum visibility of the growth rings. This preparation allowed
tree-ring width measurements with a precision of 0.01 mm using a digital positioning
table Digitalpositiometer [52]. Crossdating of the observed tree-ring data was based on the
methods provided with the R-library dplR [53] and performed up to a tree age of one year.
The age of all sampled trees was computed with age formulas based on tree structures.
Individual tree ages could be estimated by combining city administration records with
increment core series. From the increment cores, the stem diameter growth of each tree on
an annual basis was traced, resulting in a total of 66,000 observations. The most extensive
observation years were covered in Berlin and ranged from 1876 to 2013.

The tree-based characteristics of the data are presented in Table 3. The number of
sampled trees ranged from 69 Q. robur individuals in Cape Town to 251 T. cordata trees
in Berlin. Q. robur showed the highest mean diameter at breast height (67.9 cm), while T.
cordata in Würzburg showed the lowest mean DBH (33.2 cm). Hence, T. cordata in Würzburg
showed the lowest mean height of 12.5 m, while P. × hispanica in Paris were the highest
trees with a mean of 18.8 m. A. hippocastanum were on average the oldest trees sampled in
this study with a mean age of 118 years, while R. pseudoacacia in Würzburg and Santiago de
Chile had an average age of 52 years. T. cordata in Berlin showed the lowest mean annual
diameter increment (5.0 mm), while Q. nigra in Houston showed the highest mean annual
diameter increment (11.3 mm).

Table 3. Statistical characteristics of the tree ring series from the sampled trees. N = Number of
sampled trees: drought-tolerant 571 (species P. × hispanica, Q. nigra, Q. robur, and R. pseudoacacia),
drought-sensitive 607 (species A. hippocastanum, T. cordata), DBH = Diameter at Breast Height.

City
Sampling

Year
N Mean Tree Age

Mean Tree
Height [m]

DBH [cm]
Diameter Increment

[mm a−1]

Aesculus hippocastanum L.

Munich 2013 193 118 16.1 63.3 (19.6–117.0) 5.4 (2.0–15.8)

Platanus × hispanica Münchh.

Paris 2013 133 105 18.8 64.8 (40.3–144.0) 7.3 (1.4–23.0)

Quercus nigra L.

Houston 2014 179 53 16.2 59.9 (34.2–98.0) 11.3 (3.8–29.2)

Quercus robur L.

Cape Town 2011 69 103 15.6 67.9 (40.3–112.9) 6.5 (2.2–17.3)

Robinia pseudoacacia L.

Munich 2014 30 57 15.7 44.5 (14.0–101.9) 8.5 (3.7–20.7)

Würzburg 2014 31 52 15.1 44.3 (11.0–102.2) 9.0 (4.8–18.3)

Santiago de Chile 2012 129 52 15.3 41.4 (19.8–56.1) 8.5 (3.6–19.2)

Tilia cordata Mill.

Berlin 2010–2013 251 85 16.9 44.2 (16.5–81.1) 5.0 (1.2–12.2)

Munich 2014, 2018 133 81 13.1 34.2 (12.0–86.7) 5.6 (2.1–10.3)

Würzburg 2014 30 62 12.5 33.2 (14.0–71.5) 6.2 (3.0–11.0)

2.5. Data Analysis

Statistical evaluations were conducted using the software R-4.0.5 [54]. Linear mixed
effect models were applied using lme4 package [55] to analyze the effects of climate on
tree diameter growth. Fixed effects included the stem diameter (DBH), tree age (Age), and
a climate parameter characterized by the annual de Martonne Index (DMI) or the trees’
average de Martonne Index (DMI avg) during each tree’s lifespan. Random effects for City,
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Species, Individual tree, and Calendar year were used for correcting temporal and spatial
autocorrelations. Furthermore, to check for differences in the means, post-hoc tests were
performed by using emmeans package with Tukey correction [56]. Model-based figures
were produced using the package sjplot [57]. The climate is expressed using the 2.5th and
97.5th quantile of the DMI for the arid and humid climate conditions, respectively. This
was necessary as DMI values for drought-sensitive and drought-tolerant species differed
strongly, and considering relative droughts was thus possible. For analyzing the general
long-term stem diameter growth reaction to climate for all trees within this study, the
following model was applied:

ln DBHijkt = a0 + a1 × ln Ageijkt + a2 × DMIit + a3 × ln Ageijkt × DMIit + bi + bij + bijk + εijkt (2)

Hereby, DBH is the response variable and refers to the stem diameter of the trees in
breast height; Age represents the tree age. The indices represent (i) city, (j) species, (k)
individual tree, and (t) calendar year.

For analyzing the stem diameter growth reaction of drought-tolerant (DT) and drought-
sensitive (DS) tree species in urban environments, the following model was applied sepa-
rately for each group:

ln DBHij = a0 + a1 × ln Ageij + a2 × DMI avgj + bi + εij (3)

Hereby, DMI avg refers to an average value of the Martonne Index (DMI) of an
individual tree’s lifespan. The indices i refer to ith tree individual, and j refers to the
calendar year. The variable Species was not included in the random effects due to a low
range of species for the drought-tolerant (DT) group (2 levels: A. hippocastanum, T. cordata).

The species-specific long-term stem diameter growth with age was calculated by the
following model equation separately for the tree species R. pseudoacacia and T. cordata:

ln DBHij = a0 + a1 × ln Ageij + a2 × City + a3 × ln Ageij × City + bi + εij (4)

using Age and City as fixed effect and the indices i for individual tree and j for calendar
year as random effects.

To quantify the influence of drought years on stem diameter increment, the Superposed
Epoch Analysis (SEA) [39,58] was applied on the ring-width dataset using the R package
dplR [53]. The SEA function assesses the significance of departures in tree ring-width
indices (RWI) from the mean for a given set of key event years (e.g., drought years) and
lagged years (superposed epoch) by comparing the value of the superposed epoch to
randomly selected epochs, which are selected from the tree-ring dataset using random sets
of 11 years (five years before and after the drought year) from 1000 bootstrapped sets.

3. Results

An overview of the diameter-age relationship for the analyzed species in each city
is shown in Figure 1. For this, simple linear models were applied for each tree of a
given species and location. Based on the steepness of the slope, Quercus nigra L. (Q. nigra)
showed—in the subtropic climate of Houston—the highest diameter-age relationship
(1.131, Figure 1c), followed by Robinia pseudoacacia L. (R. pseudoacacia) growing in the
temperate climate cities of Würzburg (0.931, Figure 1g) and Munich (0.888, Figure 1f),
and the Mediterranean climate of Santiago de Chile (0.827, Figure 1e). The slopes for
Platanus × hispanica MÜNCHH. (P. × hispanica) in the humid climate of Paris and Quercus
robur L. (Q. robur) in the Mediterranean climate of Cape Town were 0.723 (Figure 1b) and
0.638 (Figure 1d), respectively. Aesculus hippocastanum L. (A. hippocastanum) showed a
lower diameter-age growth relationship (0.522, Figure 1a) under humid climate conditions
in Munich. Similar trends were observed for Tilia cordata Mill. (T. cordata) growing in
Würzburg (0.629, Figure 1j), Munich (0.566, Figure 1i), and Berlin (0.495, Figure 1h).
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Figure 1. Diameter-age relationship for the tree species Aesculus hippocastanum L. in Munich (a);
Platanus × hispanica Münchh. in Paris (b); Quercus nigra L. in Houston (c); Quercus robur L. in Cape
Town (d); Robinia pseudoacacia L. in Santiago de Chile (e), Munich (f), and Würzburg (g); and Tilia
cordata Mill. in Berlin (h), Munich (i), and Würzburg (j). The solid line represents the mean stem
diameter growth, while the dashed lines show the minimum and maximum.
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3.1. Stem Diameter Growth Reaction of Urban Trees in Dependence on the Aridity

The results of the long-term tree diameter growth reaction depending on the climate
within this study are presented in Figure 2 and listed in Table A1. Overall, the estimate
for the diameter–age relationship was 0.784 (p < 0.001). This effect was stronger with
increased DMI value (interaction ln Age and DMI, p < 0.001), showing that trees had a
higher DBH growth with increased tree age and DMI value. On average, trees at the age
of 60 showed a 2.9% lower DBH (45.7 cm) when growing under arid climate conditions
than trees growing under humid climate (DBH = 47 cm). This effect increases with increas-
ing tree age. Consequently, at 80, 100 and 140, the difference is by −5.9%, −8.3%, and
−12.1%, respectively.

Figure 2. Long-term stem diameter growth reaction of all trees within this study (N = 1178) in
dependence on tree age and DMI aridity index based on Equation (2) (see Table A1 for model
parameters). The black curve visualizes the stem diameter growth under arid climatic conditions
(DMI = 11, corresponding to the 2.5th quantile of annual DMI of all cities). The orange curve visualizes
the diameter growth under humid climatic conditions (DMI = 64, corresponding to 97.5th quantile of
annual DMI of all cities). Shaded bands visualize the predicted confidence interval of the curves.

3.2. Drought Effects on Stem Diameter Growth of Drought-Tolerant and Drought-Sensitive
Tree Species

The statistical model results regarding the diameter growth reaction of drought-
tolerant and drought-sensitive tree species are presented in Figure 3. Age has a significant
effect on the diameter growth for both drought-tolerant and drought-sensitive tree species
(p < 0.001). Averaged DMI values of each tree (DMI avg) have a significant effect on the
diameter growth of drought-sensitive tree species (p < 0.001, Figure 3b) but no effect on
the diameter growth of drought-tolerant tree species (p = 0.456, Figure 3a). On average,
drought-sensitive tree species growing under arid climatic conditions showed a reduced
diameter growth of 16.6% compared to the growth under humid climate conditions. At
100 years, drought-sensitive tree species had an average diameter of 50.4 cm when growing
under arid climate conditions and 58.8 cm when growing under humid climate conditions.
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Figure 3. Stem diameter growth reaction of drought-tolerant (DT, (a)) and drought-sensitive (DS,
(b)) urban tree species depending on the climate, based on model Equation (3) (see Table A1 for
model parameters). Black curves visualize the diameter growth under arid climatic conditions
(corresponding to the 2.5th quantile of a DMI avg-level, DMI avg = 13 for DT and DMI avg = 30 for
DS). Orange curves visualize the diameter growth in humid climatic conditions (corresponding to
the 97.5th quantile level of the DMI avg, 52 and 53 for DT and DS, respectively). The shaded bands
visualize the prediction confidence interval of the curves.
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3.3. Species Specific Reaction of Stem Growth on Aridity

Model results for the stem diameter in dependence of age for R. pseudoacacia in three
cities, Santiago de Chile (DMI = 15), Munich (DMI = 53), and Würzburg (DMI = 32),
are presented in Figure 4 and listed in Table A2. The post-hoc test revealed significant
differences in the slopes of all three cities, whereby the differences between Santiago de
Chile and both Munich and Würzburg were significantly higher (p < 0.001) than between
Munich and Würzburg (p < 0.0223). Furthermore, the lower slope for Santiago de Chile
(0.746 ± 0.003), compared with Munich (1.015 ± 0.004) and Würzburg (1.001 ± 0.004),
indicate that the trees in Santiago de Chile tend to have a lower diameter growth with
age, compared with Munich (p < 0.001) and Würzburg (p < 0.001). At the age of 40, R.
pseudoacacia in Santiago de Chile and Würzburg had a similar DBH of around 38 cm, while
the trees in Munich showed a 10% lower DBH (34.3 cm). However, at 60, the trees showed
a similar DBH in Santiago de Chile and Munich (51.5 and 51.8, respectively), while the
trees in Würzburg had a 10.9% higher DBH (56.6 cm). At 80, trees in Würzburg showed a
15% higher DBH than Santiago de Chile and 8% to Munich. At 100 years, trees in Santiago
de Chile had a 20% lower DBH compared to Würzburg and a 13% lower than Würzburg.

Figure 4. Stem diameter growth of R. pseudoacacia in Santiago de Chile (black curve, N = 129 trees),
Munich (orange curve, N = 30 trees), and Würzburg (blue curve, N = 31 trees). Letters a, b, and c
show significant differences between the slopes. Shaded bands visualize the prediction confidence
interval of the curves.

T. cordata in Berlin, Munich, and Würzburg revealed significant differences in tree growth
in all three cities (see Figure 5 and Table A2). The highest slope was observed for Munich (0.9401
± 0.0019), followed by Würzburg (0.9031 ± 0.0036) and Berlin (0.8519 ± 0.0021). On average, T.
cordata, at the age of 40, showed a lower DBH in both cities, Berlin (−13%) and Munich (−10%),
compared to Würzburg. Even though Würzburg and Berlin have similar climatic patterns (DMI
= 32), growth differences of the DBH get more substantial with increasing age. At 80 years,
compared with the trees in Würzburg (BHD = 48.1 cm), T. cordata had a 17% lower DBH in
Berlin (41.2 cm), and a 7% lower DBH in Munich (DBH = 45 cm).
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Figure 5. Stem diameter growth in dependence of age of T. cordata in Berlin (black curve,
N = 251 trees), Munich (orange curve, N = 133 trees), and Würzburg (blue curve, N = 30 trees).
Letters a and b show significant differences between the slopes. The shaded bands visualize the
prediction confidence interval of the curves.

3.4. Effect of Drought Years on Stem Diameter Increment of Common Urban Tree Species

The superposed epoch analysis (SEA) was used to investigate the impact of drought events
on the stem diameter increment. For this, three to five extreme drought years were selected
as key event years for each city based on the climate dataset (see Figure A1 in Appendix A).
Depending on the tree-data timeframe, the drought years with the lowest DMI value were
chosen for which the tree-dataset covered at least 50% of the sampled trees of a given
species in each city. The selected drought years for each tree species in each city are listed
in Table 4.

Table 4. Selected drought years of the seven cities for the analysis of the reaction of the annual
diameter increment to drought by using superposed epoch analysis (SEA).

Tree Species City Drought Years

A. hippocastanum Munich 1976 1982 2003

P. × hispanica Paris 1963 1976 2005

Q. nigra Houston 1988 1998 2011

Q. robur Cape Town 1973 2003 2010

R. pseudoacacia
Santiago de Chile 1968 1988 1998 2007

Munich 1976 1982 2003

Würzburg 1976 1991 2003

T. cordata
Berlin 1982 1989 2003

Munich 1947 1976 1982 2003 2015

Würzburg 1991 1996 2003
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The SEA results reveal varying reactions for tree species to drought events within
the analyzed cities (Figures 6 and 7, and Table A3). A. hippocastanum trees in Munich
showed a negative stem diameter increment only during the drought years (Figure 6a).
P. × hispanica in Paris had the highest resistance to droughts and showed no significant
reaction (Figure 6b). Q. nigra in Houston experienced a negative ring-width indices (RWI)
development prior to and during the drought year, followed by a fast recovery, and thus
showed a significant positive RWI two years after the drought (Figure 6c). Q. robur trees
in Cape Town had negative RWIs in the first and the fourth year after a drought event
(Figure 6d). R. pseudoacacia (Figure 7a) was resistant to drought in Munich and Würzburg,
while it experienced a decreased growth in Santiago de Chile explicitly during the year of
a drought event. T. cordata (Figure 7b) growing in Munich showed the highest sensitivity
during and after drought years. On the other hand, T. cordata in Berlin was resistant to
drought years. In Würzburg, T. cordata experienced a positive RWI four years before the
drought and a negative RWI in the second year after the drought.

  

Figure 6. Superposed epoch analysis (SEA) on the influence of drought years on the ring width index
(RWI) of A. hippocastanum in Munich (a), P. × hispanica in Paris (b), Q. nigra in Houston (c), and Q.
robur in Cape Town (d). RWI is shown for the drought years (0), the pre-drought (−5 to −1), and
post-drought years (1 to 5). Input drought years for each city are shown in Table 4. Significant RWIs
(p < 0.05) are shown in dark grey.
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Figure 7. Superposed epoch analysis on the influence of drought years in the RWI of R. pseudoacacia
(a) in Santiago de Chile (white bars), Munich (black bars) and Würzburg (grey bars), and T. cordata
(b) in Berlin (white bars), Munich (black bars) and Würzburg (grey bars). Shown are RWIs during
drought years (0), pre-drought (−5 to −1), and post-drought years (1 to 5). Significant RWIs (p < 0.05)
are marked by *.

4. Discussion

4.1. Impact of Urban Climate on the Long-Term Growth Response of the Stem Diameter

The effect of drought on the stem diameter growth of all trees was notable and led
to a suppression of the diameter at breast height (DBH) by 8.3% at the age of 100 years,
presuming a change from the current Central European long term average of humid
(DMI = 32 in Berlin, Paris, and Würzburg to 53 in Munich) to semi-dry conditions as in
Santiago de Chile, where the average DMI is 15 (see Table 1). Such a strong shift is not
likely to occur in Central Europe until 2050 [59]. However, on average, the climate of cities
in the northern hemisphere is expected to shift towards warmer conditions in the next
decades [59]. That shift corresponds to an average speed of 20 km a−1 and will undoubtedly
persist beyond 2050 [60].

Considering the fact that the sampled tree species within this study grow in one
climate zone or region explicitly (except for R. pseudoacacia), an intra-comparison for tree
species growing in different climate zones was not possible. Therefore, the study at hand
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classified tree species into drought-tolerant tree species (including P. × hispanica, Q. nigra Q.
robur, R. pseudoacacia) and drought-sensitive tree species (A. hippocastanum, T. cordata). This
classification was done following the study of Niinemets and Valladares [45]. However, the
general sensitivity of the DBH to arid climate conditions was due to the drought reaction of
the drought-sensitive species group (see Figure 3), showing a 16.6% decline in the diameter
growth at the age of 100 years. In contrast, the predicted DBH over time in the drought-
tolerant group was proven to be tolerant for a DMI range between 13 to 52 (corresponding
to semi-dry to very humid climate).

Due to the broad range of data for the species R. pseudoacacia and T. cordata, analyses of
the DBH were possible at a species-specific level. Considering R. pseudoacacia as a prominent
example for the drought-tolerant group, the diameter growth was strongly dependent on
tree age and showed a different growth course in Santiago de Chile, compared with Munich
and Würzburg. In Santiago de Chile, where the climate is classified as semi-dry (DMI = 13),
the diameter-age growth course marked a higher diameter growth in the younger age,
followed by a lower diameter growth in a mature stage (see Figure 4) compared with
Munich and Würzburg. On the contrary, the diameter-age growth course in the humid
climate of Munich (DMI = 53) and Würzburg (DMI = 32) was similar and marked a quasi-
linear growth. On average, R. pseudoacacia showed a higher DBH in Würzburg, followed
by Munich and Santiago de Chile. For example, at the age of 100, R. pseudoacacia showed
an average diameter of 94.3 cm in Würzburg, 87 cm in Munich, and 75.4 cm in Santiago
de Chile. However, the steeper slopes for R. pseudoacacia in humid climate cities indicate
stronger growth–age relationships with increasing water supply. The differing long-term
growth reaction of R. pseudoacacia in Santiago de Chile compared to Munich and Würzburg
can generally be explained by the typical climate of these locations implying the phenotypic
acclimation or the species adaption to the respective local conditions to which the species
is exposed to. It seems that, in the long-term, R. pseudoacacia profits from the higher
precipitation in the humid climate of Munich. Thus, in terms of a shift of future climate
conditions in central European cities, urban planning needs to consider markedly slower
tree growth in the long term, even for well-known drought-tolerant species. However, the
persistence of drought-tolerant tree species under notably dry conditions will support their
suitability in the future urban environment.

Furthermore, the drought sensitivity of R. pseudoacacia may be affected by the physiolog-
ical adaptation of this species to a more favorable water supply. Due to its isohydric stomatal
behavior strategy, R. pseudoacacia closes the stomata early during drought events to minimize
water loss through transpiration [61]. This allows R. pseudoacacia to resist short drought
periods [39]. However, the isohydric strategy may lead to carbon starvation and tree death.
Recent findings suggest that R. pseudoacacia, as a leguminous species, is drought-resistant
due to its symbiosis with nitrogen-fixing bacteria [62]. The symbiotic nitrogen (N) fixation
may play a role in drought tolerance and drought avoidance by supplying N to leaves for
acclimation and facilitating compensatory growth following drought. Recent findings on
forest stands of Eastern Europe have shown that R. pseudoacacia will benefit from climate
change [63,64] and that it is a species that reacts very plastically with radial increments to
thermal and precipitation conditions [65]. However, limitation of water supply may lead to
morphological changes such as reduction of individual leaf dimensions of R. pseudoacacia,
resulting in a highly reduced leaf area [66] and thus, in combination with the isohydric
stomatal behavior strategy, providing lower cooling of the urban environment.

T. cordata showed higher DBH in Würzburg compared with Berlin regardless of the
similar long-term climate patterns in Berlin and Würzburg (DMI = 32) (see Figure 5). On
average, T. cordata showed, at the age of 100 years, a diameter of 58.9 cm in Würzburg, 55.5
cm in Munich, and 49.8 cm in Berlin. Moreover, a higher slope was estimated for Munich
(0.9401) and Würzburg (0.9031), indicating a higher DBH in these two cities compared to
Berlin (0.8519). Possible explanations for the differing reaction of T. cordata in Würzburg and
Berlin rely on climate aspects that may affect the tree growth during the vegetation period
and winter. These aspects refer to the distribution of precipitation amount throughout the
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year, sunshine duration, temperature, relative air humidity, and winter frost. Furthermore,
microclimatic aspects in the nearby environment of the trees may impact tree growth. Many
studies refer to T. cordata as a tree species sensitive to the environmental site conditions within
a city. In a recent study by Rötzer et al. [18], T. cordata developed a higher biomass growth
in the suburban parts of Würzburg compared to the highly paved parts of the city center.
The authors state that due to different microclimatic conditions, individual environmental
sites may impact tree growth. A study by Moser-Reischl et al. [67] on urban tree growth
in southern Germany reported a lower diameter growth for T. cordata trees growing in
city squares compared to other growing sites such as parks. Other studies conducted in
temperate climate cities of Central Europe recorded declined growth of T. cordata due to
high environmental stress along roadside areas [68] and higher rates of necrotic leaves along
heavy traffic roads [69]. This leads to the conclusion, that beside climatic tolerances, other
environmental aspects such as traffic emissions need to be considered when analyzing
influences on urban tree growth. In a study of temperate climate conducted in different
cities, greater root development was observed for Tilia ssp. within irrigated areas and in
areas where coarser fractions of gravel and debris were mixed with finer materials such
as clay and silt [70]. Moser et al. [39] analyzed the growth reaction of T. cordata and R.
pseudoacacia during the extremely dry and warm summer of 2015 in two different urban sites
in Munich, namely highly paved squares and more open, green squares. The study showed
that trees growing at open green sites had a higher diameter growth than trees growing in
highly paved squares. Following the anisohydric stomatal regulation strategy, T. cordata
keeps an ongoing leaf gas exchange even under drought, leading to water loss and tree
mortality as a result. Together with the mentioned studies, the observed results suggest the
avoidance of future plantings of T. cordata in highly paved urban areas and along roadsides.

Other factors such as genotype adaptation or provenance play an important role in
the long-term growth of trees. Moreover, phenotypic acclimation or genetic adaptation,
or a balance of both, may explain the growth responses of tree species to the changing
climate [71]. Broadmeadow et al. [72] recommend using provenances from origins, where
the prevailing climatic conditions follow the projected future conditions of the target site.

4.2. Impact of Drought Years on the Stem Diameter Increment

The SEA results revealed that P. × hispanica and R. pseudoacacia growing in temperate
climate cities were the most tolerant tree species during drought events (see Figures 6a and 7a,
and Table A3). These results reflect the importance of drought-tolerant and fast-growing tree
species for urban forestry, as shown in numerous studies on urban tree growth. For example, a
dendrochronological study [73] on five different urban tree species in temperate climate cities
showed that the diameter increment of P. × hispanica was not significantly affected by drought
years. Furthermore, analyses on leaf-gas exchange of five tree species in the temperate climate
resulted in a species-specific response to urban sites, with P. × hispanica resulting as a tree
species with a high water use efficiency. Even in the selected periods of high atmospheric
drought and low soil moisture, the water use efficiency remained high [74]. Other studies
reported P. × hispanica as the most tolerant tree species to environmental stress for roadsides
in cities of temperate climate [68]. Therefore, under the prevailing environmental and climatic
conditions, P. × hispanica seems well adapted to urban environments. Moser-Reischl et al. [67]
reported for P. × hispanica trees growing in three urban environments, namely parks, public
squares and roadsides at six cities with a temperate climate, a similar diameter and height
increment regardless of the growing site. However, other studies on P. × hispanica conducted
in cities with temperate climate showed opposite results for this tree species. These studies
reported a negative influence for P. × hispanica by higher sums of long-term precipitation
and higher numbers of freezing days in winter on the vitality of this species [75] and reduced
growth by high temperatures during the growing season [76].

For R. pseudoacacia, the observed SEA results (see Figure 7a, Table A3) revealed a high
resistance of this tree species to drought years when growing in temperate climate cities. R.
pseudoacacia growing in the Mediterranean climate of Santiago de Chile showed negative
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growth reactions during the drought years, followed by a fast recovery in the following
years. Due to its great ability to cope with environmental drought, R. pseudoacacia is being
seen as an important tree species in both ecosystems, forests, and urban landscapes. Thus,
there has been enormous research investigating the adaptation and avoidance strategy of R.
pseudoacacia to environmental drought in recent decades. In a study conducted in German
rural areas, young trees of R. pseudoacacia showed ecophysiological and morphological
adaptation to prolonged drought conditions by reducing water loss through transpiration
and leaf size. Under drought conditions, the stomatal down-regulation of transpiration
was reduced by 50% compared to growth under sufficient soil moisture supply [66]. In
a recent study by Rötzer et al. [18] on the growth reaction of mature R. pseudoacacia and
T. cordata in Würzburg, T. cordata showed a significant lower diameter increment compared
to R. pseudoacacia and thus a lower provision of environmental ecosystem services such as
carbon fixation and cooling by transpiration during the extreme drought years 2018 and
2019. Nola et al. [77] analyzed the response of xylem anatomy of mature R. pseudoacacia and
Q. robur to climate variability in temperate forests of Pavia, Italy. Despite the same wood
anatomy (ring-porous) of these species, the authors found differences in the vessel size
and distribution within tree rings, with. Q. robur showing a typical ring-porous reaction by
building a uniform vessel number and size depending on the previous summer precipitation
and autumn-winter temperatures. Conversely, R. pseudoacacia was able to modulate its
response to climate by varying the number and size of vessels. The xylem plasticity enables
R. pseudoacacia to cope better with both inter-annual climate variations and extreme drought
events than Q. robur. SEA results for Q. robur in Cape Town showed a high sensitivity of this
species to drought events by showing a significantly lower diameter increment in the years
after the drought events (see Figure 6d). T. cordata growing in Munich showed the highest
sensitivity during and after drought years by experiencing reduced growth in the following
years after drought events (see Figure 7b). Similar results were shown for the diameter
increment growth of mature T. cordata in Munich for drought years during the period of
1985 to 2015 [78]. On the other hand, the observed results show that T. cordata growing in
Würzburg and Berlin were resistant when facing drought events. In Würzburg, this tree
species showed a significantly lower diameter growth in the second year after the drought,
while in Berlin, the diameter increment was resistant to drought years. A possible reason
for this reaction could be the local climate of the different cities, especially the different
annual precipitation sums and the distribution over the year. While Berlin and Würzburg
are characterized by a drier and warmer climate with a long-term mean annual precipitation
sum of 590 mm a−1, Munich is characterized by an almost twice as high precipitation (950
mm a−1). This growth reaction may be explained by a possible adaptation of T. cordata to
the dry and warm local climate conditions of Berlin and Würzburg.

A. hippocastanum trees in Munich experienced an overall reduced increment growth
during drought years (Figure 6a). However, A. hippocastanum showed the ability to recover
rapidly after drought years. Studies on A. hippocastanum have shown that this tree species is
very sensitive to the growing site. Moser-Reischl et al. [67] analyzed the growth reactions of
almost 600 trees of A. hippocastanum in South Germany. The study’s results show different
growth reactions of A. hippocastanum depending on the sites of the cities. Trees growing in
park sites had the highest average diameter increment compared to trees on street sites and
highly paved public squares.

For Q. nigra in Houston, a significantly reduced growth before and during drought years
was assessed, followed by an immediate recovery leading to significant, positive mean ring-
width-index departure after two years (Figure 6c). Results of a study by Moser et al. [79] in
Houston showed that young trees of Q. nigra grew better in the city center than in suburban
and rural surroundings of Houston. However, this effect was reversed with increasing age.

Other aspects of urban green management, such as pruning operations, irrigation,
or leaf litter removal, may affect the short-term growth reaction of urban trees. A study
conducted on poplar trees (Populus spp.) [80] recorded higher leaf carbon isotopic ratios
(δ13C) for pruned trees than unpruned trees, indicating a higher stomatal conductance
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of leaves, thus suggesting that pruned trees could have higher drought stress resistance
than unpruned trees. Due to a reduced transpiration surface, the pruning treatment
improved the trees’ water status. Another crucial aspect is the soil biota, especially the
mycorrhizal composition in the soil, which may increase the water uptake and thus protect
the tree during drought events due to the symbiosis with the host plant [81]. For forest
trees, mycorrhizal fungi play an important role in the natural regeneration of forests [82].
Rusterholz et al. [83] analyzed the mycorrhizal composition on juvenile sycamore maple
(Acer pseudoplatanus) along an urbanization gradient from rural surroundings to the city
center of a temperate climate city. The study’s results show that the mycorrhizal fungal
colonization was 15–45% lower in areas of higher urbanization than in rural areas.

Due to already mentioned and other biotic and abiotic environmental conditions, trees
in urban areas show strong stress responses in their growth reactions. Further, increasing
urbanization may negatively influence the growing sites of trees, raising the mortality rate
of urban trees. The life expectancy of trees within urban sites is relatively low compared
to forest trees [20] and depends on factors such as growing sites and proper management,
amongst others. Analyzing the growth of trees and other components of the urban green
infrastructure, such as shrubs and lawns, plays a crucial role towards sustainable planning
and management of green infrastructure in future cities. As shown in this study, combined
tree and climate datasets and permanent monitoring sites in urban environments provide
the background for in-depth analyses of the provision of ecosystem services by a city’s tree
cover. Such data and climate-growth relationship of urban trees can further serve as a base
for the development and improvement of growth models such as the dynamic Urban Tree
growth model UTDyn (Pretzsch et al. [28], Poschenrieder et al. [29]) or the process-based
urban tree growth model CityTree (Rötzer et al. [6]).

5. Conclusions

This study focused on analyzing the long-term stem diameter growth reaction of
1178 trees in seven cities worldwide depending on climate conditions (air temperature,
precipitation). The observed results indicate that the effect of climate on the long-term stem
diameter growth at any age was outstanding and that dry and warm climate, i.e., a low de
Martonne Index, led to a reduction of diameter growth. The growth decline of drought-
sensitive tree species such as A. hippocastanum and T. cordata was notably higher compared
to the growth of drought-tolerant tree species such as P. hispanica, Q. nigra, Q. robur, and R.
pseudoacacia. It is known that ecosystem environmental services provided by trees strongly
depend on the growth and dimensions of these. At the same time, tree growth depends on
species-related tolerance against drought events and climatic conditions. This dependency
will most likely be amplified under expected future climatic conditions. Thus, future urban
green management needs to focus on a tree selection adapted to ongoing climatic changes
to ensure a sustainable and further provision of environmental ecosystem services. This
study’s findings and datasets may contribute to a better understanding of urban tree growth
reactions to climate and to further development of concepts such as the dynamic Urban
Tree Growth model UTDyn (see Pretzsch et al. [28] and Poschenrieder et al. [29]), aiming
for sustainable planning and management of urban trees.

Due to the long lifespan of the trees, and their enhanced provision of ecosystem
services in mature and old stages of growth in particular, urban management needs thought-
out and long-term designs aiming for a sustainable management and vital growth of trees.
In this context and towards future climatic impacts, there is a need for interdisciplinarity
within urban green planning, including architecture, forestry, ecology, water management,
new technologies, and the urban communities as important drivers.
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Appendix A

Table A1. Statistical results of the linear mixed effect model as described by Equations (2) and (3). DT
= Drought tolerant, DS = Drought sensitive. Significant p values (p < 0.05) are shown in bold.

Model Equation Equation (2) Equation (3) on DT Equation (3) on DS

Predictors Estimates SE p Estimates SE p Estimates SE p

Intercept 0.604 0.090 <0.001 0.576 0.051 <0.001 −0.265 0.048 <0.001

ln Age 0.784 0.002 <0.001 0.835 0.002 <0.001 0.865 0.001 <0.001

DMI −0.007 0.000 <0.001 0.001 0.002 0.456 0.007 0.001 <0.001

ln Age:DMI 0.002 0.000 <0.001

Random Effects

σ2 0.01 0.01 0.01

τ00 treeID:(species:city) 0.11

τ00 species:city 0.03

τ00 city 0.03

τ00 treeID 0.17 0.09

τ00 treeID:city

ICC 0.93 0.92 0.88

N treeID 1178 571 607

N species 6

N city 7

Observations 66,000 25,219 41,023

R2 0.701 0.718 0.795
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Table A2. Statistical results of the linear mixed effect model described by Equation (4) on the
diameter growth for R. pseudoacacia in Santiago de Chile, Munich, and Würzburg and T. cordata in
Berlin, Munich, and Würzburg. Significant p values (p < 0.05) are shown in bold.

Model Equation Equation (4) on R. pseudoacacia Equation (4) on T. cordata

Predictors Estimates SE p Predictors Estimates SE p

Intercept 0.889 0.027 <0.001 Intercept −0.015 0.018 0.395

ln Age 0.746 0.003 <0.001 ln Age 0.852 0.002 <0.001

Munich −1.096 0.06 <0.001 Munich −0.298 0.029 <0.001

Würzburg −0.953 0.06 <0.001 Würzburg −0.068 0.05 0.174

ln Age:Munich 0.269 0.005 <0.001 ln Age:Munich 0.088 0.003 <0.001

ln Age:Würzburg 0.256 0.005 <0.001 ln Age:Würzburg 0.051 0.004 <0.001

Random Effects

σ2 0.01 σ2 0.01

τ00 treeID 0.08 τ00 treeID 0.06

ICC 0.87 ICC 0.84

N treeID 190 N treeID 414

Observations 8025 Observations 27,229

R2 0.828 R2 0.842

Table A3. Superposed epoch analysis (SEA) for the single urban tree species in seven cities. p values
are listed for the pre-drought years (−5 to −1), the drought years (0), and the post-drought years
(1–5). Significant p values (p < 0.05) are printed in bold.

Years

Pre-Drought Years
Drought

Years
Post-Drought Years

Tree Species City −5 −4 −3 −2 −1 0 1 2 3 4 5

A.
hippocastanum Munich 0.078 0.438 0.226 0.111 0.456 0.016 0.117 0.254 0.079 0.135 0.136

P. × hispanica Paris 0.174 0.151 0.093 0.182 0.577 0.112 0.238 0.303 0.083 0.306 0.604

Q. nigra Houston 0.196 0.162 0.046 0.324 0.048 0.034 0.094 0.028 0.484 0.055 0.077

Q. robur Cape Town 0.498 0.324 0.405 0.395 0.264 0.368 0.013 0.028 0.149 0.018 0.320

R. pseudoacacia

Santiago de
Chile 0.280 0.383 0.415 0.364 0.233 0.019 0.353 0.217 0.283 0.247 0.556

Munich 0.332 0.425 0.253 0.327 0.132 0.066 0.428 0.380 0.279 0.200 0.471
Würzburg 0.449 0.431 0.131 0.377 0.082 0.061 0.267 0.221 0.314 0.513 0.269

T. cordata
Berlin 0.336 0.402 0.426 0.464 0.488 0.466 0.413 0.500 0.372 0.373 0.426
Munich 0.304 0.104 0.081 0.318 0.396 0.050 0.020 0.039 0.154 0.167 0.050
Würzburg 0.074 0.022 0.193 0.387 0.402 0.383 0.380 0.026 0.060 0.451 0.374
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Figure A1. Annual de Martonne Indices (DMI) over the entire periods for each city. High DMI
values indicate humidity, i.e., cool and moist conditions, low DMI values indicate aridity, i.e., dry
and warm conditions. The black line shows the smoothed mean DMI course through the years using
gam algorithm.
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Abstract: Little attention has been paid to indoor cooling compared with the surface cooling of
vertical greening. The few studies on the indoor cooling of vertical greening are almost all conducted
in a hot climate area with windowless building models, which is suspected to exaggerate the role
of vertical greening in an indoor thermal environment. Through two improvements, this paper
explored the realistic impact of vertical greening on an indoor thermal environment. First, we built
models according to the actual window-to-wall ratio rather than a fictitious model without windows.
Second, an annual cycle evaluation, considering both hot summer and cold winter, was used to
replace the typical hot day. With the support of Envi-met and Kriging models, the results revealed
that the existing research not only exaggerated vertical greening’s positive effects on an indoor
thermal environment in hot seasons but also ignored its potential harms to thermal perception in
cold seasons. These exaggerated results could easily cause the abuse of vertical greening in cities.
In actual windowed buildings, the role of vertical greening in indoor temperatures is not always
positive, and the positive effect is not as strong as previous studies suggest.

Keywords: vertical greening; indoor thermal environment; annual cycle; windowed model

1. Introduction

Since the twentieth century, investigations on urban greening have substantially
increased [1–3]. Among those studies, more and more attention has been paid to the use
of vertical greening, because building facades occupy a higher and higher proportion of
the city [4–6]. Vertical greening has been confirmed as an effective contributor to cooling
in the built environment [7–9]. Although the wall-surface temperature and indoor air
temperature are closely linked [10,11], regarding vertical greening, the majority of concern
is given to wall-surface cooling rather than to indoor air cooling [12–14]. Only a few
studies have investigated indoor air cooling of vertical greening [15,16]. Olivieri et al.
pointed out that vegetal façades reduced a building’s average interior air temperature by
4 ◦C [17]. Similarly, another experiment also claimed that an indoor mean air temperature
decrease of 4 ◦C was achieved, with a maximum decrement of 6 ◦C observed [18]. In
Coma’s study, the mean reduction of indoor air temperature was only 1 ◦C [19]. In addition,
Haggag et al. measured indoor air temperatures during the hottest month of July in a hot
and arid climate zone, where the green facades maintained a reduction of 5 ◦C in indoor air
temperature [20]. Existing studies have concluded that room size and weather conditions
are two factors affecting the cooling performance of vertical greening [21], and another
experiment with a similar room size and climatic conditions only reached a maximum
indoor cooling of 1.5 ◦C [22]. Comparing the settings, in Chen’s experiment [22], the
building model had windows, but for the other studies mentioned above, they were all
conducted in windowless buildings. Glasses have a higher solar heat gain coefficient
(SHGC) and a higher coefficient of heat conductivity [23,24], which is the main channel
of heat exchange. Besides this, previous investigations have found that the cooling effect
of vertical greening in summer was stronger than of that in winter [25,26]. Almost all of
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the existing articles about indoor cooling, in terms of vertical greening, choose a typical
summer day to evaluate [27,28]. These deficiencies all contribute to the exaggeration of
vertical greening’s performance on indoor cooling. These magnified performances could
lead to the abuse of vertical greening.

This research aimed to pragmatically evaluate the indoor cooling performance of
vertical greening. Compared with the previous studies, two improvements were made
in this research. First, this study no longer took the typical summer day as the research
cycle, and the research area was not limited to the tropical region; instead, the annual
evaluation cycle was used to explore vertical greening in hot summer and cold winter
climate zones. Second, this research abandoned the windowless model and constructed the
research model according to the actual window-to-wall ratio.

The typical building model in Changsha, China, was built according to the actual
layout of the urban environment. Subsequently, the Envi-met model was employed as the
research tool after the field measurement was conducted to validate its accuracy [29,30].
The average meteorological data of the 12 months in 2020 were reviewed and used as
the boundary conditions. Finally, the annual distributions of indoor temperature for five
vertical greening scenarios were fitted with the Kriging model [31].

2. Materials and Methods

2.1. Analytical Scenarios

The study was carried out in Changsha, located at 28.19◦ N, 113.22◦ E, in the subtropi-
cal monsoon climate zone. Changsha has become one of the “four furnaces” in China [32],
whose mean temperature ranges from 16.8 to 17.3 ◦C. Changsha experiences the lowest
temperature between 4.4 and 5.1 ◦C in January, while the highest temperature above 30 ◦C
happens in July [33]. The extremely hot summer brings threats to energy consumption and
citizens’ health [34,35]. Cooling the city, therefore, is an urgent issue in climate-responsive
urban planning [36]. Urban planners concentrate on the total amount of greening in the
form of indicators, including vertical greening ratio and ground greening ratio. Meanwhile,
ground grass has no shading effect on indoor thermal environments compared with ver-
tical greening, which is essential to indoor cooling [37]. Therefore, this model explored
the changes of an indoor thermal environment during the transformation from ground
greening to vertical greening when the total greening area was fixed. Considering the
mean window-to-wall ratios of Changsha, we adopted a 20% window-to-wall ratio in
this research [38]. The research model covered an area of 7744 m2 and was composed
of 22 × 22 grids. The buildings were 20 m high and 8 m wide. The research model is
presented in Figure 1, where V is the ratio of vertical greening, and G represents the ratio
of ground greening.

Figure 1. Research models. G represents the ratio of ground greening to total greening, and V
represents the ratio of vertical greening to total greening.

The area of the wall in each model was 7680 m2, where the window area was 1536 m2.
The areas of each wall component in every scenario are displayed in Table 1.

In this research, we adopted grass as the plant of ground greening and took modular
greening as the vertical greening. The attributes of ground greening and vertical greening
are listed in Table 2.
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Table 1. The areas of each wall component.

Scenarios Ground Greening (m2) Vertical Greening (m2) Window (m2)

G100V0 6144 0 1536
G75V25 4608 1536 1536
G50V50 3072 3072 1536
G25V75 1536 4608 1536
G0V100 0 6144 1536

Table 2. The attributes of ground greening and vertical greening.

Greening Type Elements Parameters Value

Ground greening Plant

Leaf type Grass

Albedo 0.20

Transmittance (Frac) 0.30

Plant height (m) 0.25

Root zone depth (m) 0.20

LAD 0.30

RAD 0.10

Vertical greening

Plant
LAI (m2/m2) 1.5

Leaf angle distribution 0.5

Substrate

Emissivity of Substrate (Frac) 0.95

Albedo of Substrate (Frac) 0.30

Water Coefficient of Substrate for plant 0.50

Air Gap between Substrate and wall (m) 0.0

Clear float glass is commonly used in Changsha’s residential buildings. Here, we
employed clear float glass as the material of the window in this research. The parameters
of the clear float glass are shown in Table 3 [39].

Table 3. The attributes of clear float glass.

Parameters Value

Thickness (mm) 20.00

Absorption (Frac) 0.05

Transmission (Frac) 0.90

Solar heat gain coefficient 0.80

Reflection (Frac) 0.05

Emissivity (Frac) 0.90

Specific Heat (J/(kg·K) 750.00

Thermal conductivity (W/(m·K) 1.05

Density (kg/m3) 2500.00

The walls of the buildings had a thickness of 310 mm, and were composed of concrete,
with a roughness length of 0.02. The attributes of concrete are presented in Table 4 [40].
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Table 4. The attributes of the concrete in this simulation.

Parameters Value

Absorption 0.50

Transmission (Frac) 0.00

Reflection (Frac) 0.50

Emissivity (Frac) 0.90

Specific heat (J/kg∗k) 0.90

Thermal conductivity (W/m∗k) 1.60

Density (kg/m3) 2220.00

2.2. Simulation Tools

The Envi-met model was employed as the research tool in this research. Unlike other
simulation tools, Envi-met can model vegetated surfaces and their substrates, including
heat and moisture transfer, as well as their interactions with the building [41]. It calculates
the leaf temperature individually for each model grid box and can also simulate the
photosynthetic rate, the evapotranspiration rate, and the water availability in the soil, all of
which make Envi-met preferable to the other simulation tools in the simulation of facade
greening [42]. Envi-met derives the indoor air temperature from the heat convection on the
interior surface of the associated walls and roofs and the energy transmitted through the
transparent glass [29]. The indoor temperature is calculated by Equation (1) [43].

T∗
i = Ti +

1
CpV

∫ E

e=1
A(e)

(
Qtr

sw(e) + hc,i(T∗
3 (e)− Ti)

)
dt (1)

In the formula, Ti means the original air temperature in zone i, V is the volume of
zone i, Cp represents the specific heat capacity of air, and T∗

i indicates the updated air
temperature after time dt. E shows the number of façades in zone i, and A(e) is the surface
area of zone i. Qtr

sw indicates the shortwave radiation transmitted into zone i though the
transparent façade e, and hc,i means the heat convection coefficient between the inner walls
and ambient air.

Many documents have validated the accuracy of the Envi-met model [44,45]. For
example, it was reported that the square correlation coefficients (R2) of measurement and
simulation were between 0.52 and 0.97 for all the variables, and those of air temperature
ranged from 0.91 to 0.97 [46]. This study also conducted a survey to confirm the accuracy
of the Envi-met model in terms of simulating the effects of greening on indoor temperature.

The validation survey was conducted in Changsha (113.109◦ E, 28.235◦ N) from 22 to
24 August 2020. A HOBO Data Logger (MX2302), which is a compact, battery-powered
device equipped with an internal microprocessor, data storage, and sensors, was employed
to record the temperatures. The field experiment is shown in Figure 2A, where two HOBO
Data Loggers were set to record the air temperature both inside and outside the vertical
greening building. The Envi-met model of the experiment is presented in Figure 2B. The
variation of the outdoor air temperature recorded by the Data Logger is presented in
Figure 3A, and the indoor air temperatures as measured and simulated are shown in
Figure 3B.

Statistical results revealed that the Pearson coefficient of the simulated and measured
indoor air temperatures was 0.969, which confirmed that the Envi-met model was reliable
for this research.
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(A) (B) 

Figure 2. Measured and simulated models: (A) measurement of indoor and outdoor air temperatures;
(B) simulation model of the measured building.

 

(A) (B) 

Figure 3. Variations of outdoor temperatures and indoor air temperatures: (A) variation of outdoor
air temperatures; (B) measured indoor air temperatures and the simulated indoor air temperature.

2.3. Data Resources

Meteorological data applied in this research were obtained from the Changsha histori-
cal weather website (http://lishi.tianqi.com/changsha/, accessed on 20 April 2021). The
annual temperatures of 2020 indicated that August was the hottest month of Changsha. The
average meteorological data within August at each hour in 2020 were intensively studied.
Analytical results showed that the mean high air temperature in August was 35 ◦C, and
that of the average low air temperature was 26 ◦C. The mean wind velocity was 3.5 m/s,
and the relative humidity ranged from 78% to 88%. Similarly, the remaining 11 months
were also intensively reviewed. The averages of the meteorological data of each month are
shown in Table 5 and are used as the boundary conditions in the following simulations.
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Table 5. The averages of the meteorological data in every month of 2020.

Month Initial Meteorological Condition Data Month Initial Meteorological Condition Data

January

Wind velocity (m/s) (10 m off the ground) 3

February

Wind velocity (m/s) (10 m off the ground) 3

Wind angle (◦) 315 Wind angle (◦) 135

Mean max—air temperature (◦C) 8 Mean max—air temperature (◦C) 14

Mean min—air temperature (◦C) 4 Mean min—air temperature (◦C) 8

Mean max—relative humidity (%) 95 Mean max—relative humidity (%) 91

Mean min—relative humidity (%) 85 Mean min—relative humidity (%) 81

March

Wind velocity (m/s) (10 m off the ground) 3

April

Wind velocity (m/s) (10 m off the ground) 3

Wind angle (◦) 315 Wind angle (◦) 315

Mean max—air temperature (◦C) 17 Mean max—air temperature (◦C) 22

Mean min—air temperature (◦C) 11 Mean min—air temperature (◦C) 13

Mean max—relative humidity (%) 88 Mean max—relative humidity (%) 89

Mean min—relative humidity (%) 78 Mean min—relative humidity (%) 79

May

Wind velocity (m/s) (10 m off the ground) 3

June

Wind velocity (m/s) (10 m off the ground) 3.5

Wind angle (◦) 315 Wind angle (◦) 315

Mean max—air temperature (◦C) 28 Mean max—air temperature (◦C) 31

Mean min—air temperature (◦C) 20 Mean min—air temperature (◦C) 25

Mean max—relative humidity (%) 88 Mean max—relative humidity (%) 89

Mean min—relative humidity (%) 78 Mean min—relative humidity (%) 79

July

Wind velocity (m/s) (10 m off the ground) 3

August

Wind velocity (m/s) (10 m off the ground) 3.5

Wind angle (◦) 270 Wind angle (◦) 135

Mean max—air temperature (◦C) 32 Mean max—air temperature (◦C) 35

Mean min—air temperature (◦C) 26 Mean min—air temperature (◦C) 26

Mean max—relative humidity (%) 80 Mean max—relative humidity (%) 88

Mean min—relative humidity (%) 70 Mean min—relative humidity (%) 78

September

Wind velocity (m/s) (10 m off the ground) 3

October

Wind velocity (m/s) (10 m off the ground) 3.5

Wind angle (◦) 0 Wind angle (◦) 315

Mean max—air temperature (◦C) 26 Mean max—air temperature (◦C) 21

Mean min—air temperature (◦C) 20 Mean min—air temperature (◦C) 14

Mean max—relative humidity (%) 90 Mean max—relative humidity (%) 88

Mean min—relative humidity (%) 80 Mean min—relative humidity (%) 78

November

Wind velocity (m/s) (10 m off the ground) 3.5

December

Wind velocity (m/s) (10 m off the ground) 3

Wind angle (◦) 0 Wind angle (◦) 315

Mean max—air temperature (◦C) 18 Mean max—air temperature (◦C) 10

Mean min—air temperature (◦C) 11 Mean min—air temperature (◦C) 4

Mean max—relative humidity (%) 87 Mean max—relative humidity (%) 87

Mean min—relative humidity (%) 77 Mean min—relative humidity (%) 77

In addition, the other basic settings of the simulation are shown in Table 6.
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Table 6. The other basic settings of the simulation.

Location Data

Longitude 113.109◦ E

Latitude 28.235◦ N

Beginning time and total simulation time Data

Beginning time 8:00 am

Total simulation time 24 h

3. Results and Discussion

According to the average meteorological data of the 12 months in 2020, 60 (5 × 12) models
were simulated, where 5 indicated the 5 greening scenarios and 12 meant the 12 months. In
total, 1440 (24 × 5 × 12) indoor air temperatures were collected. A group of the simulated
models of the five scenarios is shown in Figure 4, representing the indoor air temperatures
at 6:00 in August 2020.

 

Figure 4. Example of the simulated results. G represents the ratio of ground greening to the total
greening, and V represents the ratio of vertical greening to the total greening.

3.1. Cooling Differences of Greening Scenarios in Each Month

Based on the average meteorological data of the 12 months, 60 (5 × 12) scenarios were
simulated. The indoor daily temperatures of each month were analyzed one by one and
are presented in Figure 5. In Figure 5, the five lines in each subgraph correspond to the five
greening scenarios.

 

Figure 5. Cont.
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Figure 5. Daily variations of simulated indoor air temperature in the 12 months.

The variations in the indoor air temperatures in the 12 months under the five greening
scenarios illustrate that vertical greening cools the indoor air temperature, as the higher
the vertical greening rate, the lower the indoor temperature throughout the year. Besides
this, the indoor cooling of vertical greening at night was greater than that of the daytime.
In addition, no matter which month, the maximum indoor cooling of vertical greening
occurred at 6:00. The specific mean indoor air temperature of the average day in each
month under the five greening scenarios is shown in Table 7.
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Table 7. Mean indoor air temperatures under the five greening scenarios of the 12 months.

Scenario

Month
G100V0 (◦C) G75V25 (◦C) G50V50 (◦C) G25V75 (◦C) G0V100 (◦C)

January 7.29 7.21 7.12 7.03 6.93

February 11.99 11.89 11.79 11.69 11.58

March 15.51 15.38 15.27 15.16 15.04

April 18.11 17.98 17.86 17.75 17.63

May 24.86 24.72 24.60 24.48 24.35

June 29.47 29.32 29.20 29.08 28.94

July 30.47 30.31 30.18 30.05 29.91

August 30.61 30.48 30.36 30.24 30.11

September 24.24 24.12 24.01 23.89 23.77

October 18.22 18.11 18.00 17.89 17.77

November 14.69 14.60 14.50 14.41 14.30

December 7.47 7.39 7.31 7.22 7.13

Statistical results revealed that the max-cooling effects of the five greening scenarios in
the 12 months were 0.36 ◦C (January), 0.42 ◦C (February), 0.47 ◦C (March), 0.48 ◦C (April),
0.52 ◦C (May), 0.52 ◦C (June), 0.56 ◦C (July), 0.51 ◦C (August), 0.47 ◦C (September), 0.45 ◦C
(October), 0.38 ◦C (November), and 0.34 ◦C (December). The analytical results verified that
high outdoor temperature improved the indoor cooling performance of vertical greening,
which means that, in the previous studies, the cooling performances of vertical greening
on a typical summer day represented its best performance rather than the average cooling
performance throughout the year. This validates the idea that selecting a typical summer
day as the evaluation cycle exaggerates the cooling performance of vertical greening.

Besides this, even in the hottest season, under the windowed model, the reduction of
indoor air temperature caused by vertical greening was still much lower than those results
of 4 ◦C in the previous studies with windowless models [17,18].

3.2. Daily Distribution of an Indoor Thermal Environment around the Year

In each greening scenario, the average indoor air temperatures in the 12 months were
analyzed, but the monthly mean indoor air temperature hardly indicated the successive im-
pacts of vertical greening on an indoor thermal distribution throughout the year. Here, the
Kriging model was employed as the translation tool to quantify indoor thermal improve-
ments of the five vertical greenings. The Kriging model has been confirmed feasible for
temperature interpolation [47,48]. The Kriging model used in this research was supported
by Surfer software [49]. With the help of the Kriging model, the continuous variations
of indoor air temperatures throughout the year are drawn in Figure 6A–E, respectively,
indicate the annual indoor temperature distributions of the G100V0, G75V25, G50V50,
G25V75, and G0V100 scenarios. For each subgraph in Figure 6, the X coordinate means
the months, and the Y coordinate represents the daily time, with the Z value indicating the
indoor air temperature at that moment. The Z values were calculated based on the monthly
average meteorological data at the corresponding moment. For example, the indoor air
temperature at 8:00 in January was simulated with the average meteorological data at 8:00
of the 31 days in January 2020. In this way, a total of 1440 (24 h × 12 months × 5 scenarios)
items of indoor air temperature were calculated. Besides this, the improvement of thermal
perception was an important index to evaluate the role of vertical greening. Referring to
the previous studies [50–52], the research took 8, 12, 19, 26, 30 and 34 ◦C as the perception
boundaries of indoor temperature to quantify the improvements of vertical greening on
indoor thermal perception. The thermal perception standard was very cold (below 8 ◦C),
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cold (8–12 ◦C), slightly cold (12–19 ◦C), comfortable (19–26 ◦C), slightly hot (26–30 ◦C), hot
(30–34 ◦C), and very hot (above 34 ◦C).

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 
(E) 

Figure 6. Improvements caused by vertical greening on annual thermal perceptions. (A) Annual indoor
thermal perceptions of the G100V0 scenario. (B) Annual indoor thermal perceptions of the G75V25
scenario. (C) Annual indoor thermal perceptions of the G50V50 scenario. (D) Annual indoor thermal
perceptions of the G25V75 scenario. (E) Annual indoor thermal perceptions of the G0V100 scenario.
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From the annual thermal distribution, the hottest time of the year occurred at noon
in July, and the coldest time of the year happened at night from December to January.
Meanwhile, for the five vertical greening scenarios, the differences in indoor thermal
perceptions throughout the year were not as obvious as the previous study suggested,
where the greening wall without windows substantially reduced the thermal perceptions
of “cold”, “hot”, and “very hot” by 5.40%, 17.88%, and 2.01%, respectively [50]. To quantify
the full-year influences of vertical greening on an indoor thermal environment under the
windowed model, by calculating the area proportions, this research calculated the annual
proportion and duration of each thermal perception in every vertical greening scenario.
The annual proportion and duration of each thermal perception are presented in Table 8.

Table 8. The proportion and duration of indoor temperature state of each greening scenario.

Scenarios <8 ◦C 8–12 ◦C 12–19 ◦C 19–26 ◦C 26–30 ◦C 30–34 ◦C

G100V0
Proportion (%) 9.6% 11.7% 29.4% 19.5% 18.6% 11.1%

Duration (h) 841.3 1024.4 2579.2 1710.5 1631.9 972.7

G75V25
Proportion (%) 9.7% 11.8% 29.5% 19.6% 18.8% 10.6%

duration (h) 850.39 1030.8 2587.4 1715.3 1647.9 928.2

G50V50
proportion (%) 9.9% 11.8% 29.5% 19.6% 18.9% 10.3%

duration (h) 863.7 1037.0 2585.1 1716.6 1654.3 903.4

G25V75
proportion (%) 10.0% 11.9% 29.5% 19.6% 19.0% 10.1%

duration (h) 874.2 1043.3 2581.8 1717.4 1659.9 883.5

G0V100
proportion (%) 10.1% 12.0% 29.4% 19.6% 19.0% 9.9%

duration (h) 885.70 1050.1 2579.2 1720.0 1659.6 865.3

Vertical greening increased the duration of the cold and reduced the duration of heat
throughout the year. The “very hot” perception did not happen in the indoor environment
of Changsha due to the climate characters and building materials. The “hot” perception
was obviously affected by vertical greening. Compared with the G100V0 scenario, the
G0V100 scenario reduced the duration of “hot” perception by 107 h, but it was still far from
the result achieved in a previous study where the vertical greening reduced the duration
of “hot” perception in a windowless building by 1566 h [50]. Apart from that, the cooling
performance was far lower than that in the fictional windowless model in summer. From
the view of thermal perception, this research also revealed that vertical greening harmed the
indoor thermal environment in winter. The G0V100 scenario extended the annual duration
of “very cold” perception by 44 h, which was adverse to indoor thermal comfort. For the
other thermal perceptions in the annual cycle, the perceptions of “cold”, “slightly cold”,
“comfortable”, “slightly hot”, and “hot” changed by vertical greening were, respectively,
within 26, 8, 10 and 28 h.

Compared with the previous studies of windowless models, in windowed buildings,
the effect of vertical greening on the improvement of the indoor thermal environment
was limited. Regarding the best performance, the cooling effects of vertical greening in a
windowed building were only 50% and 12.5% compared with the results of 1.1 and 4 ◦C
achieved in the windowless research [17,22]. In addition, from the perspective of the annual
cycle, although vertical greening benefited the indoor thermal perception by cooling in
summer, the cooling also deteriorated the indoor thermal perception in winter. Therefore,
in the windowed building, the role of vertical greening on indoor temperature was not
always positive, and the positive effect was not as strong as the previous study suggested.

4. Conclusions

Little attention has been paid to indoor cooling compared with the surface cooling of
vertical greening. The few studies on the indoor cooling of vertical greening are almost
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all conducted in a hot climate area with windowless building models, which is suspected
of amplifying the positive effect of vertical greening on an indoor thermal environment.
Compared with previous studies, this study used annual periodic evaluation rather than
typical summer days. Besides this, this study constructed the vertical greening building
model according to the actual window-to-wall ratio, rather than a fictional windowless
model. The analytical results revealed that vertical greening cooled the indoor air tempera-
ture around the year because the growth of vertical greening rate strengthened the indoor
cooling performance in every month. However, the indoor cooling performance varied
throughout the year, with the highest cooling performance occurring in summer. Even the
highest cooling effect in summer in this research was only 0.56 ◦C, which is far from the
results of 4 ◦C derived from the windowless models in the previous studies [17,18]. Besides
this, from the view of thermal perceptions, the windowed buildings fully covered with
vertical greening only reduced the “hot” perception by 107 h, which is also far from the
1566 h achieved in a windowless building in a previous report [50]. However, except for the
unsatisfactory performance in the summer, vertical greening also prolonged the “very cold”
time of windowed buildings by 44 h throughout the year. Generally, the existing research on
vertical greening exaggerated its positive performance on an indoor thermal environment
in hot seasons, and conversely, ignored its potential negative impact in cold seasons.

Although this study gives us a realistic understanding of the actual performance of
vertical greening, there are still some limitations that need to be explored further.

(1) In this study, the window and door are closed where the building was treated as zero
ventilation and zero infiltration. If the buildings are ventilated or infiltrated, what
will the results be?

(2) The greening adopted here is modular greening. If other modes of greening are
adopted, what will the results be?
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