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Abstract: This paper presents an empirical study on urban tree growth and regulating ecosystem
services along an urban heat island (UHI) intensity gradient. The UHI effect on the length of the
growing season and the association of cooling and shading with species, age, and size of trees was
studied in Salzburg, Austria. Results show that areas with a low UHI intensity differed from areas
with a medium or high UHI intensity significantly in three points: their bud break began later, the leaf
discoloration took longer, and the growing season was shorter. After leaves have developed, trees
cool the surface throughout the whole growing season by casting shadows. On average, the surfaces
in the crown shade were 12.2 ◦C cooler than those in the sun. The tree characteristics had different
effects on the cooling performance. In addition to tree height and trunk circumference, age was
especially closely related to surface cooling. If a tree’s cooling capacity is to be estimated, tree age
is the most suitable measure, also with respect to its assessment effort. Practitioners are advised to
consider the different UHI intensities when maintaining or enhancing public greenery. The cooling
capacity of tall, old trees is needed especially in areas with a high UHI intensity. In the future, species
differences should be examined to determine the best adapted species for the different UHI intensities.
The present results can be the basis for modeling future mutual influences of microclimate and
urban trees.

Keywords: growing season; bud break; surface temperature; urban heat island; urban microclimate;
urban trees

1. Introduction

Cities are the most important living space of humans, at least as measured by the proportion
of the population living in them. By 2030, global urban population is projected to increase to 70%.
This growing urbanization is causing huge changes in the urban environment [1]. One result of
these transformations is the urban heat island (UHI) effect, which is characterized by higher air
and surface temperatures compared to the rural environment. Factors contributing to this effect
include, for example, the coverage of natural surfaces with material that absorbs the solar radiation
more strongly and the industrial heat output. The increase in temperature has enormous negative
consequences for the urban population and lowers their quality of life as air and water quality decrease,
as well as the thermal comfort. A particular risk comes from the increasing and prolonged heatwaves
that lead to a higher number of fatalities [2]. The projected increase in the average annual temperatures
suggests an intensification in the UHI effect [3].

However, urban green spaces can mitigate the UHI effect. In contrast to sealed surfaces which
have high runoff and low evaporation rates, plants remove energy from their ambient air in the form
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of heat and thus evaporate the water they store. Through evapotranspiration, the plants not only
cool themselves but also the air temperature in the immediate vicinity [4]. Furthermore, urban trees
provide indirect temperature cooling by shading the surface. The crown blocks the solar radiation and
the surface heats up less. Therefore, due to less radiation, the air temperature under the crown heats
up much less as well [5].

The extent of the cooling effects depends on various environmental factors and plant
characteristics [4]. Many studies deal with the positive benefits of large green spaces, such as
city parks, whereas urban trees are rarely in focus. Yet even individual trees show a cooling effect [6].
One study identified correlations between air temperature cooling and leaf color, foliage density,
leaf thickness, and structure of the leaves [7]. Another study about surface cooling showed that
with an increasing leaf area index (LAI), the asphalt temperature decreases, with this effect being
independent of tree species; however, there was no corresponding effect on a grassy surface [8]. Mao
et al. studied two streets, one lined with deciduous trees and the other lined with coniferous trees [9];
due to a higher evapotranspiration capacity of the deciduous trees, the temperatures on this street
were lower. Differences in cooling performance occur even between different tree species. These
differences are related to the trees’ characteristics, such as height or crown shape [6]. Gillner and
colleagues [10] compared six species of trees for their capacity to increase relative humidity and to
reduce surface and air temperatures. There were significant differences in the microclimatic impact
of the species. Corylus colurna L. and Tilia cordata Mill. provided particularly high cooling, whereas
Ulmus × hollandica ‘Lobel’ had the lowest cooling values. The authors used leaf area density (LAD) as a
tree characteristic with which they associated surface cooling. Across all tree species, there were strong
positive correlations between surface cooling and LAD [10].

Though trees can mitigate UHI, not all species are adapted to it. Urban and street trees only reach
on average about 25%–50% of their potential age range [11]. This is partly due to the wrong choice of
tree species [11] and illustrates the need to follow up with the effects of the site conditions on the trees.

Temperature is one of the most important factors affecting the phenological development of trees.
Besides bud break, flowering or leaf fall is also determined by temperature. Temperature-induced
changes in phenological development were detected in different tree species and in different study areas.
A study carried out in England with more than 200 species showed, for example, that tree blossom began
four days earlier when the average annual temperature rose by one degree Celsius [12]. In addition
to the average annual temperature, researchers of the Landesanstalt für Umwelt, Messungen und
Naturschutz Baden-Württemberg (LUBW) found another temperature-related climate parameter with
the cumulative sum of the average daytime temperatures, which has a connection with the occurrence
of phenological phases [13]. Furthermore, an analysis of the International Phenological Gardens
of Europe showed a clear gradient in bud break between the warm countries of southern Europe
and the cold north [12]. Additionally, Chmielewski and Rötzer [12] found that spring temperatures
decisively determine the timing of leaf emergence. The higher the air temperatures were between
February and April, the earlier the buds break. This was also the case in so-called “extreme years”
when the emergence started particularly early or late according to the temperature. They found that a
temperature rise of one degree Celsius was associated with a growing season which began 6.7 days
earlier in Europe [12]. Thus, it becomes obvious that warming due to climate change and the higher
temperatures in the city generated by the UHI compared to the surrounding area must have an impact
on the timing of bud break. Zipper and colleagues [14] studied the relationship between bud break and
the location of the tree. There was a significantly longer (8.0–10.5 days) growing season in urban areas
compared to rural areas. The length of the growing season in parks was only about 5 days longer than
in rural areas. This can be explained by the park cool island effect. Despite the inner-city location of
the parks, the UHI effect is less pronounced than in the built-up city due to the temperature reduction
of the vegetation [14].

Assuming that the temperature, as key driver, determines the start of bud break, duration of leaf
unfolding and the growing season, and that differences between impervious cover and urban green
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space are found, the question arises as to what extent UHI intensity is different within the built-up city
and has an influence on the bud break and growing season of urban trees. In the present study, mutual
effects between UHI and urban trees were investigated. On the one hand, it was determined how
different UHI intensities affect the phenological phases (bud break and leaf discoloration) as well as
the length of the entire growing season of urban trees. On the other hand, we analyzed to what extent
urban trees reduce the surface temperature and to which tree characteristics this cooling performance
is related. By combining these two aspects, recommendations for applied urban planning are made.

2. Materials and Methods

2.1. Study Sites and Objects

The study was conducted in the City of Salzburg, Austria (coordinates: 47◦47′ N, 13◦00′ E; altitude:
436 m). According to the Köppen climate classification, the climate in Salzburg is a marine west coast
(Cfb) climate. The daily mean temperature varies between −0.8 ◦C in January and 18.6 ◦C in July.
Due to the location at the northern rim of the Alps, the amount of precipitation is rather high with an
amount of 1336 mm/year, mainly in the summer months [15].

In order to investigate the influence of the varying UHI intensities on bud break, first the warmer
and cooler areas of the city had to be identified. For this, the number of summer days was used as a
climatic parameter. Summer days are defined as all those days with a daily maximum temperature of
at least 25 ◦C [16]. The information was obtained from a layer of the Zentralanstalt für Meteorologie
und Geodynamik (ZAMG) SISSI project. The layer maps the average number of summer days per year
for the period from 1971 to 2000 with a spatial resolution of 100 × 100 m. The maps were obtained from
a microscale urban climate model which, among other things, takes building structure into account [17].
First, the layer had to be reduced to the urban areas with an impervious cover greater than 30%.
Otherwise, the green areas, especially due to the city mountains in Salzburg, would have distorted the
classification. Subsequently, a UHI intensity gradient was generated. With the help of “natural breaks”
classification, the urban area was classified into three UHI-intensity categories. As the name suggests,
this classification searches the values for natural breaks and ensures that the categories themselves
are as homogeneous as possible while contrasting each other [18]. The least number of summer days
occurs in category 1 areas, with up to 55.8 summer days per year. Accordingly, these areas have a low
UHI intensity. In category 2 areas, there are 55.9–64.8 summer days per year, which is why these areas
have a medium UHI intensity. In category 3 areas, there are more than 64.8 summer days per year.
Accordingly, these areas have a high UHI intensity. The locations of the observed tree species were
selected within these three categories, and the study sites are listed in Table 1. The selection of tree
species included several considerations. In addition to the number of individuals, the Citree database
played a major role. This database is a supporting tool for choosing the optimal trees for urban areas
by providing information about more than 390 tree and shrub species, including site characteristics,
for example [19]. By analyzing the tree register of Salzburg (a map showing all public trees), the most
common species of the publicly owned and managed tree stock were selected. The higher the number
of individuals, the higher the effect of the species on the urban climate. To ensure that the selected
tree species were adapted to the future urban climate, the species drought tolerance, hardiness, heat
tolerance, and late frost tolerance were analyzed by using the Citree database. Using the tree register,
eight study sites were identified.
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Table 1. Overview of the study sites with urban heat island (UHI) intensity/category, tree species, and
number of trees.

Study Sites UHI Intensity/Category Tree Species Number of Trees

Berchtesgadner Straße low/1 Acer platanoides 4
Max-Reinhardt-Platz low/1 Tilia cordata 8

Hofhaymer Allee medium/2 Tilia cordata 6
Otto-Holzbauer-Straße medium/2 Acer platanoides 8

Erzabt-Klotz-Straße high/3 Tilia cordata 3
Franz-Josef-Straße high/3 Aesculus × carnea 6

Guggenmoosstraße high/3 Corylus colurna 6
Südtiroler Platz high/3 Acer platanoides 5

2.2. Phenological Monitoring

For the phenological monitoring in spring, we used the well-established method presented by
Wesolowski and Rowinski [20]. They developed a scale of point values from 0 to 2 for assessing the
development status of a leaf bud. For each observation day, ten randomly selected apical buds in the
upper, south-exposed part of the crown are evaluated and their sum is calculated [20]. The monitoring
starts when all buds are closed and thus evaluated as having zero points. As soon as all ten leaves are
completely developed and each scores two points, the monitoring is finished. To record the evaluation
of the buds, an observation sheet was specially designed. The phenological monitoring according
to Wesolowski and Rowinski’s instructions was carried out every three days from 21 March 2018 to
5 May 2018.

To test this, further phenological monitoring was conducted during the autumn of 2018. Following
and adapting the methodology described in the teaching and learning materials of the European Union
(EU)’s COMENIUS Project named BEAGLE (Biodiversity Education and Awareness to Grow a Living
Environment) [21], four scores were used:

(0) No leaf discoloration and/or leaf fall
(1) Beginning leaf discoloration and/or leaf fall (<50% of leaves)
(2) Pronounced leaf discoloration and/or leaf fall (≥50% of leaves)
(3) Complete leaf discoloration and/or leaf fall

The phenological monitoring in the autumn was done once in a week starting on September
13, 2018 and ending on November 27, 2018. By using the beginning and end of leaf discoloration,
we calculated the length of leaf discoloration.

2.3. Tree Physiognomy

For all observation trees, the height, trunk circumference at breast height, and leaf area index (LAI)
were measured. Using these data, the tree age, crown area, and crown volume were further calculated.
The tree height was measured using a Leica DISTOTM D810 Touch (Leica Geosystems, Heerbrugg,
Switzerland). To determine the LAI, an LAI-2200C Plant Canopy Analyzer from LI-COR (Lincoln,
NE, USA) was used. Four LAI measurements at breast height were made per tree along the four
cardinal directions using a 90◦ cap. By averaging the four values, differences in the crown density were
balanced. The measured values were then edited in the FV2200 software from LI-COR (2.1.1, Lincoln,
NE, USA). Among other things, the crown shape was specified, which was previously extracted from
photos following the methodology presented in the device manual. After adaptation of the crown
shape, the LAI was interpreted as foliage density for single tree measurements [22]. Thus, crown area
and crown volume were calculated. Tree age was estimated using the trunk circumference. Based
on earlier surveys of growth rates, tables exist for the species-specific annual growth in centimeters.
If the current trunk circumference is divided by this factor, then the approximate age of the tree is
obtained [23].
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2.4. Microclimatic Measurements

The climatic parameter used was surface cooling. The microclimate was measured using the
difference of the surface temperatures between the crown-shaded area and the full sun-exposed area
(compare [10]). The measurements were carried out using an Infrared Radiometer, Model MI-220, from
Apogee Instruments Inc. (Logan, UT, USA). The device was fixed on a tripod to make sure that all
measurements were carried out from the same height (0.55 m) and angle (45◦). To calculate the cooling
effect, the surface temperature in the shade of each tree crown was measured and once per study site
on a full sun-exposed reference area. For all temperature measurements, the same height and angle
were used. The reference areas were as close as possible to the studied trees and had the same surface
type. Because of the changing sun position, it was important to measure the surface temperature of the
tree crown-shaded area as centrally as possible.

To minimize the variations of surface temperatures linked to the changing atmospheric conditions
during a day and between different days, all measurements were run through on one day (July 24,
2018) between 13:30 and 15:30 under cloudless conditions.

2.5. Statistical Analysis

One-way ANOVAs were performed to assess whether the beginning of bud break and length of
leaf unfolding, the onset and length of leaf discoloration, and the length of growing season differed
between the three UHI intensities. In the case of significant results, Tukey post-hoc tests were conducted
to test all pairwise comparisons. The correlations between surface cooling and tree characteristics (tree
height, trunk circumference, age, LAI, crown area, and crown volume) were assessed using Pearson’s r.
For all statistical data processes, we used R version 3.4.4 (R Core Team, Vienna, Austria). The level of
significance was set at p < 0.05.

3. Results

3.1. Effect of UHI Intensity on Tree Physiognomy

In order to assess the extent to which three different UHI intensities influence the length of the
growing season and, ultimately, tree physiognomy, the results of the phenological monitoring in spring
and autumn were compared with respect to the three defined categories.

Using data from the phenological monitoring in spring, a significant difference was observed
between the three UHI intensities with respect to the beginning of the bud break, F (2, 51) = 15.4,
p < 0.001. On average, the leaves of the trees began to develop earlier in areas with a high UHI intensity
compared to areas with a low UHI intensity (Figure 1A). Significant differences were found between
categories 1 and 2 (p = 0.001) and between categories 1 and 3 (p < 0.001) using Tukey post-hoc tests.
On average, the bud break of the trees in categories 2 and 3 began on April 7 (SD = 2 days) and on
April 5 (SD = 5 days), respectively. However, this difference was not significant (p = 0.363). In contrast,
the leaves in category 1 began to develop on average on 13 April (SD = 4 days).
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coolest areas only on October 5 (SD = 8 days). However, the differences between the three categories 
were not significant, F (2, 45) = 2.1, p = 0.134. 

In contrast, there was a significant difference between the three UHI intensities with respect to 
the length of leaf discoloration, F (2, 45) = 8.8, p < 0.001. On average, complete discoloration took 19 
days (SD = 11 days) in areas with a low UHI intensity, 29 days (SD = 11 days) in areas with a medium 
UHI intensity, and 34 days (SD = 8 days) in areas with a high UHI intensity (Figure 1B). Using Tukey 
post-hoc tests, we found that category 1 was significantly different from both category 2 (p = 0.019) 
and category 3 (p < 0.001), but there was no significant difference between categories 2 and 3 (p = 
0.466). 

Finally, the two monitoring periods (spring and autumn) were combined to determine the length 
of the growing season (Figure 1C). The period between the beginning of bud break and the 
completion of leaf discoloration differed significantly among the three UHI intensities, F (2, 50) = 12.7, 
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(p = 0.014) and between categories 1 and 3 (p < 0.001) but not between categories 2 and 3 (p = 0.166). 
The average length of the growing season was 192 days (SD = 11 days) in category 1, 205 days (SD = 
13 days) in category 2, and 213 days (SD = 12 days) in category 3. 

3.2. Estimation of Surface Cooling Using Tree Characteristics 

Figure 1. (A) The beginning of the bud break, (B) the length of the leaf discoloration, and (C) the length
of the growing season of the investigated trees, separated by UHI intensity. The figure additionally
shows the means and standard deviations.

The average length of the leaf unfolding varied between 11 days (SD = 3 days) in areas with a
low UHI intensity and 13 days in areas with a medium (SD = 3) or high (SD = 7 days) UHI intensity.
However, this difference was not significant, F (2, 51) = 1.0, p = 0.379.

The phenological monitoring in autumn provided information on the relationship between the
onset and the length of leaf discoloration with UHI intensity. The first tree started to discolor on
September 13 and the last on October 18. On average, the trees in areas with a medium UHI intensity
started to discolor earliest, namely, on September 30 (SD = 7 days). In comparison, the trees in the
warmest urban areas began to discolor on average on October 3 (SD = 6 days) and the trees in the
coolest areas only on October 5 (SD = 8 days). However, the differences between the three categories
were not significant, F (2, 45) = 2.1, p = 0.134.

In contrast, there was a significant difference between the three UHI intensities with respect to the
length of leaf discoloration, F (2, 45) = 8.8, p < 0.001. On average, complete discoloration took 19 days
(SD = 11 days) in areas with a low UHI intensity, 29 days (SD = 11 days) in areas with a medium
UHI intensity, and 34 days (SD = 8 days) in areas with a high UHI intensity (Figure 1B). Using Tukey
post-hoc tests, we found that category 1 was significantly different from both category 2 (p = 0.019) and
category 3 (p < 0.001), but there was no significant difference between categories 2 and 3 (p = 0.466).

Finally, the two monitoring periods (spring and autumn) were combined to determine the length
of the growing season (Figure 1C). The period between the beginning of bud break and the completion
of leaf discoloration differed significantly among the three UHI intensities, F (2, 50) = 12.7, p < 0.001.
Using Tukey post-hoc tests, significant differences were found between categories 1 and 2 (p = 0.014)
and between categories 1 and 3 (p < 0.001) but not between categories 2 and 3 (p = 0.166). The average
length of the growing season was 192 days (SD = 11 days) in category 1, 205 days (SD = 13 days) in
category 2, and 213 days (SD = 12 days) in category 3.

3.2. Estimation of Surface Cooling Using Tree Characteristics

The average surface cooling of the examined trees was 12.2 ◦C (SD = 3.8 ◦C). The values ranged
from at least 6.4 ◦C up to a maximum cooling of 22.4 ◦C.
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For a more detailed investigation of surface cooling, all trees were aggregated regardless of tree
species or UHI intensity. Table 2 gives an overview of the investigated tree characteristics that were
associated with surface cooling.

Table 2. Overview of tree characteristics with mean values, standard deviations, minima, and maxima.

Tree Characteristic Mean (SD) Min Max

Tree height (m) 10.9 (2.2) 7.0 16.0
Trunk circumference (cm) 91.2 (30.3) 43.0 142.0

Age (years) 33.4 (11.1) 17.0 56.0
LAI (m2/m2) 1.5 (0.7) 0.5 3.1

Crown area (m2) 32.6 (13.2) 8.9 63.0
Crown volume (m3) 129 (79.4) 19.1 338.0

From these six criteria, the one that best predicts surface cooling can be identified. For this purpose,
the correlations were determined between surface cooling and tree height, trunk circumference, age,
LAI, crown area, and crown volume (Table 3). Surface cooling turned out to be most strongly related
to age, followed by trunk circumference and tree height. The tree characteristics themselves were also
strongly interrelated. All the correlations listed in Table 3 were significant (p < 0.05).

Table 3. Overview of correlations among the tree characteristics and surface cooling.

Tree characteristics 1 2 3 4 5 6 7

1 Surface cooling -
2 Tree height 0.51 ** -

3 Trunk
circumference 0.55 *** 0.85 *** -

4 Age 0.61 *** 0.77 *** 0.93 *** -
5 LAI −0.34 * −0.45 ** −0.49 ** −0.41 * -

6 Crown area 0.47 ** 0.72 *** 0.81 *** 0.72 *** −0.49 ** -
7 Crown volume 0.45 ** 0.77 *** 0.83 *** 0.72*** −0.46 ** 0.95 *** -

* The correlation is significant at the p < 0.05 level, ** The correlation is significant at the p < 0.01 level, *** The
correlation is significant at the p < 0.001 level.

4. Discussion

In this study, the mutual influence of urban trees and UHI intensity was examined. On the
one hand, the effects of UHI intensity on tree phenology were investigated. On the other hand,
the effectiveness of trees in cooling the surface was considered with regard to their characteristics.
Significant effects were found for both research questions which are discussed separately below.

4.1. Effect of UHI Intensity on Tree Phenology

The phenological monitoring in spring and autumn showed significant differences between the
UHI intensities with respect to the beginning of the bud break, the length of the leaf discoloration,
and the length of the growing season. The trees in cooler areas began later with their bud break,
their leaves were completely discolored after a shorter time in the autumn, and their entire growing
season was significantly shorter. It can thus be deduced that as temperatures increase, the bud break is
accelerated and the growing season is prolonged. These findings are consistent with those of other
studies. It was frequently stated that the elevated temperatures are a major reason for the increasingly
early beginning of the bud break [12,20,24]. An increase in temperature of one degree Celsius causes
phenological processes around the world to begin four to six days earlier, which is why the results of
phenological observations are also useful indicators of the progress of climate change [24]. Above all,
earlier or greater warming in the spring promotes an earlier beginning of the bud break [25]. Some of
the studies on the influence of temperature on the phenology of trees are not confined to urban areas
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but also include forests [12]. As little was known about the trees’ response specifically to the elevated
temperatures in the city compared to the surrounding area, Zipper and colleagues [14] investigated
this issue with a longitudinal study over three years. They were able to prove that UHI is reflected
in the phenology of the trees. Compared to the surrounding area, the growing season of trees in
the city was on average five days longer. Measurements in urban parks showed a weakened effect
regarding the extended length of the growing season, which was explained by the park cool island
effect [14]. The results of the present study substantiate the relationship between temperature rise and
premature beginning of bud break as well as extended length of the growing season from another
point of view. It is not the general temperature increase that is investigated, but rather inner-urban
temperature variations. Even within the urban area, UHI intensity or temperature differences occur.
These temperature differences have an impact on tree phenology regardless of what causes them,
whether it be the degree of impervious cover, the density of buildings, or wind blocks. However,
our data show no continuous progression between the three UHI intensities regarding the three
parameters, namely, beginning of the bud break, length of the leaf discoloration, and length of the
growing season. Instead, there were significant differences between trees in areas of categories 1 and
2 as well as categories 1 and 3. Therefore, it is reasonable to assume that there is a threshold value
in the temperature at which, for example, the beginning of the bud break is forced. Regarding the
UHI intensities, the biggest phenological differences occur between categories 1 and 2. If the UHI
intensity increases even further, from that point on, for example, no significantly earlier beginning
of the bud break is expected. The realization that the city is a small-scale mosaic of UHI intensities
and that this has an impact on the phenology of the trees turns out to be extremely relevant for urban
planning practices. Our findings show that it is worth taking into account the local UHI intensity
when choosing tree species to maximize the benefits, as urban trees may grow larger and provide more
ecosystem services if the urban forest is strategically planted [26]. In cooler areas, species with a long
growing season should therefore be planted to benefit from the regulating ecosystem services of the
trees as early as possible and well into the autumn. There are already studies on these species-specific
reactions to temperature and their phenological characteristics which will be crucially important in the
future [24,27]. This makes it possible to find species which can adapt to rising temperatures and at the
same time make the city more resilient against them [28]. In addition, more research attention should
be paid to the second research question in the present study, that is, how significant is the cooling effect
of the trees and which tree characteristics are associated with it.

4.2. Estimation of Surface Cooling Using Tree Characteristics

All investigated tree characteristics correlated moderately to strongly with surface cooling. Only
the LAI correlated negatively with both surface cooling and the other tree characteristics. The negative
correlation between the LAI and surface cooling contradicts the results of other studies [8,10]. A full
discussion of these findings is beyond the scope of the present paper. Instead, the focus is on the other
tree characteristics that were positively related to surface cooling. Nevertheless, it is worth noting
that, through its frequent use, the LAI is established as a proven tool for predicting the climate impact
of trees [8]. Despite all of this, the LAI also has weaknesses. A comparison of different studies that
determined the LAI in a direct and indirect way showed an underestimation of the LAI when using
measuring instruments for indirect estimation. This underestimation varied between 25% to 50% [29].
In addition, the effort needed to collect the LAI can be determined from the method description, which
is another reason to find an alternative measure. Therefore, a comparison of the correlations of different
tree characteristics with surface cooling should indicate which other parameters, and ones that are
possibly easier to assess, are closely related to the cooling performance of a particular tree.

Two possible parameters, tree height and crown volume, have already shown positive correlations
with climatic cooling. With increasing tree size and crown, the trees blocked more radiation [30].
Likewise, the density of the crown affected the amount of blocked radiation and surface cooling [10].
This ultimately resulted in a difference between the studied tree species in their potential to cool
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the surface. However, Gillner and colleagues also pointed out that the species had different mean
heights and were therefore somewhat limited in their cooling capacity [10]. Therefore, in the present
study, the data measured and collected for the investigated species were combined in order to make
statements solely about the tree characteristics.

Age showed the greatest correlation with surface cooling. In addition, the age was strongly related
to the trunk circumference. This is due to the calculation method of a tree’s age, which is a combination
of a species-specific factor and the trunk circumference [23]. That is why the calculated tree age is only
an approximation of the real tree age and is, among other things, influenced by geographic location.
With regard to the assessment methods of the individual tree characteristics and the correlations of
these with surface cooling, the tree age seems particularly suitable for predicting the surface cooling
capacity of a tree. Since age, unless known, is calculated from the trunk circumference, it is unaffected
by trimming, in contrast to the other tree characteristics. Compared to the mere circumference of the
trunk, age has the advantage of taking into account species-specific growth rates, with only a minor
additional effort.

Nevertheless, this does not mean that age is responsible for the cooling capacity of a tree. There
exist other external factors like water availability that influence the cooling capacity. Due to a lack of
water, the evaporation capacity of the trees is reduced and thus also their cooling capacity [10].

5. Conclusions

The present study has shown that, on the one hand, UHI is not uniform throughout the urban area
and that the different intensities affect the phenological development of trees. When planting trees with
the intention of positively influencing the urban climate, it is recommended that planners consider the
city as a small-scale UHI mosaic. On the other hand, differences in tree characteristics affect the cooling
of the UHI. Based on the interrelation of UHI and city trees, practical recommendations for action are
given. In areas with a more pronounced UHI, it is even more important to plant species that grow tall
and form a large crown to mitigate UHI in the best possible way. Small ornamental trees are not an
adequate substitute from a climatological point of view. Further research on species-specific reactions
to the different UHI intensities is needed. Thus, for cooler or warmer areas, the optimal species can
be selected. In cooler areas, these are trees that develop their leaves even at lower temperatures and
provide cooling as early as possible. In warmer areas, the species must be particularly resistant to
heat, so as not to prematurely throw off their leaves in hot summers. For this purpose, comprehensive
studies over several years would be useful. Based on the measured developments, future scenarios
could then be created using modeling. The number of studies on the influence of green infrastructure
on the temperature has increased rapidly in recent years [31–33]. For such modeling, basic work such
as the present one is important because it provides input parameters. As has been shown recently, tree
characteristics are also influenced by climate change and the standardized parameters collected in the
past are no longer up-to-date. Among other factors, rising temperatures and the associated extension
of the growing season are cited as the cause of the increased wood growth and the simultaneously
reduced wood density; as a result, the estimated amount of carbon stored by trees is lower than
assumed [34]. In line with this, the question arises as to how climate change will affect urban trees
and their ecosystem services in future, since the trees not only mitigate the UHI effect, for example by
cooling the surface, but are also themselves influenced by the UHI. This influence will intensify in the
future and more research and monitoring is needed to understand this relationship. In exploring the
interrelations of microclimate and urban trees, future developments must also be considered. This
is the best way to ensure that the urban population can fully and most efficiently benefit from the
ecosystem services of urban trees in the long term.
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