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Abstract: This study examined the impact of air pollution, and more specifically the impact of traffic, on the
health of urban trees. Due to the lack of data sets, urban tree growth modeling often relies on the existing
knowledge of forest. However, urban trees differ from forest trees. One of the aims of the study is to fill the
lacunae in this field.

It was hypothesized that in streets with higher traffic volume, both growth parameters and health status of
trees would be decreased in comparison to trees growing in streets with lower traffic volume.

Four of the most common tree species growing in Berlin were selected: Tilia cordata Mill., Acer platanoides L.,
Platanus acerifolia (Aiton) Willd., and Aesculus hippocastanum L. Apart from the tree age and stand position
(high and low traffic volume), the height and circumference were measured and the following traits were
analyzed: trunk condition, crown defoliation, leaf discoloration, the presence of hollows and nests. The
streets that were selected for the analysis were located in the center of Berlin. For each species, four streets
with high traffic volume and four streets with low traffic volume were chosen.

The car traffic volume had a significant impact on growth parameters. Significant differences in height and
circumference between trees growing on streets with low or high traffic volume were noticed; the higher
the traffic volume, the lower the tree height and circumference. This tendency is particularly visible in P
acerifolia, T. cordata and A. platanoides. This relation was observed in all species except for A. hippocastanum.
In the conditions of high-traffic volume, A. platanoides is thriving revealing the smallest differences in vitali-
ty and condition of the crown, trunk and leaves. The greatest differences in the health condition of the trees
among the analyzed variants of traffic intensity were observed in the case of T. cordata. Lime trees seem to
be most suitable for planting in the streets with lower traffic volume, whereas A. platanoides seems most
suitable for planting in the streets with high traffic volume. P. acerifolia, despite its generally good health, is
suffering from several progressing diseases. It is worth considering whether it should be gradually replaced
with more resistant species. Aesculus, especially A. hippocastanum, are currently the most endangered ones.
An alternative to this species can be A. carnea.
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Introduction (Anonymous, 2016). The specific conditions of the
urban environment undoubtedly affect the quality of

Currently, almost half of the world’s population people’s lives. According to the European Environ-
lives in cities. Forecasts indicate that in 2050, around  ment Agency (EEA), air pollution is the single great-
80% of the EU population will be living in cities est environmental health risk in Europe, more than
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half of the EU-28 population living in cities was ex-
posed in 2013 to levels of air pollutants that exceed-
ed World Health Organization air quality guidelines
(Anonymous, 2016).

City vegetation, and especially city trees, can help
to reduce pollution and improve human health by
taking up a substantial amount of carbon dioxide
(Nowak et al., 2006; Popek et al., 2011; Nowak et
al.,, 2014; Lukasiewicz & Lukasiewicz, 2016). They
improve the “urban heat island effect” (Kong et al.,
2014; Rotzer et al., 2019) or act as bio-filters by accu-
mulating particles on their leaves and removing them
from the atmosphere (Beckett et al., 2001; Popek et
al.,, 2017). What is more, trees are also perceived as
“the natural capital”. Several studies have indicated
that people are willing to pay more for a property
located in a “green area” (Wolf, 2007) and that street
trees produce more annual benefits, which by far
exceed the trees annual maintenance costs (Wells
& Donovan, 2010). Preliminary studies suggest an
average return on investment of $2.25 for each $1
invested in urban trees (Endreny, 2018).

However, under urban conditions, the proper
functioning of vegetation is endangered: air pollution
and urban-specific stressors (damaging the roots or
soils by construction activities, vandalism, improp-
er planting techniques, poor, compacted soils, water
stress, etc.) have a negative impact on urban trees
(Kowarik, 1990; Dmuchowski & Badurek, 2001). As
a result, the disruption in their development can oc-
cur, which can be manifested by a decrease in pro-
ductivity, shortening of the vegetation period and
synanthropisation (Moser et al., 2017). Therefore,
it is urgent to find tree species best suited to urban
conditions, which naturally must be preceded by
closely observing the functioning of different species
and their ability to adapt to urban areas, especially in
the changing climate (Zander & Ulrichs, 2014).

The most important elements of anthropopres-
sure affecting the growth and development of trees
in cities are air pollution, soil and climate conditions
(Czarnowska et al., 1983; Biernacka et al., 1990;
Balder et al., 1997; Blume, 1998; Wysocki, 2008;
Bre$, 2008; Dmuchowski & Badurek, 2001; Dmu-
chowski et al., 2013; Baczewska et al., 2014).

In urban areas, soils serve primarily as a founda-
tion for buildings and industrial constructions. They
have peculiar characteristics such as unpredictable
layering, poor structure, and high concentrations
of trace elements (Tiller, 1992). There is hardly
any soil in the Berlin urban area that corresponds
to natural formation conditions. Natural soils have
been replaced by filling material to a large extent
(Schweitzer, 2010; Mekiffer, 2008). The urban soil
is often contaminated by heavy metals (mainly Mn,
Cd, Zn, Ni, Cr, Co, Cu, Pb, Hg), which can be in-
ferred to be tracers of anthropic pollution or they are

inherited from parent materials (Manta et al., 2002).
Roadside soil heavy metals pollution is mainly attrib-
uted to the fossil fuel combustion by high intensity
traffic (Li et al., 2008). The content of calcium ions in
cities exceeds even 20 times the average level of this
element in arable soils, and 100 times the level in
forest soils. This increases the pH value by up to 8. CI
content can be 2-5 times higher than the threshold
values for tree health (from 3 to 3.5 mg in 100g of
soil) (kukasiewicz & fukasiewicz, 2016).

Moreover, de-icing salts application on streets
affects directly plants, but also interacts with heavy
metals (Li et al., 2015).

To these elements must also be added the drying
out of the soil by heating networks, the devastation
of the root system and, in the case of Berlin, also the
numerous constructions, the course of underground
stations, tram lines. In Berlin, an additional factor
that led to major changes in the structure of the soil
profile was the heavy bombing of the city during
World War 1II.

The main air pollutants in cities include dust and
vapors emitted from domestic chimneys and facto-
ries, as well as automobile exhaust fumes. Sulfur
compounds are of significant importance - sulfur
dioxide (SO, being a derivative of combustion of
solid and liquid fuels) and hydrogen sulfide (H,S),
nitrogen oxides (N,0, NO, NO,). Ozone (O,), PAN
(acetyl peroxide nitrate) and nitrogen oxides which
is formed as a result of the reaction between nitrogen
oxides (NO,) and hydrocarbons at high temperatures
and ultraviolet radiation.

Meanwhile, in Berlin traffic is the main cause of
an increased levels of nitrogen oxide concentration.
In 2015, road traffic alone accounted for more than
37 % of the nitrogen oxide emissions in Berlin, while
industrial production was responsible for less than
36 % of the total emissions (Anonymous, 2018a).
Since the pollution emitted by road traffic enters the
atmosphere close to the ground, it contributes great-
ly to air pollution for humans and vegetation. Addi-
tional weakening factors for plants are PM (particular
matters) with particles <100 um. These fine particles
settle on leaves and may penetrate the leaf tissues,
which cause the blockage of stomata (Nowak et al.,
2006; Lukasiewicz & Lukasiewicz, 2016; Popek et al.,
2017). Different species react differently to this type
of contamination. On the one hand, trees and shrubs
contribute significantly to the reduction of particulate
matter, mainly by accumulating pollutants on the leaf
surface; on the other hand, these dust particles settle
on plants and make it difficult for them to breathe,
transpire and assimilate (Popek et al., 2011).

These factors significantly limit the choice of the
species and varieties of trees that can be planted in
cities (Szyprowski, 2000). The accumulation of sev-
eral factors of stress, such as drought and salinity,
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has a much greater negative effect on trees than the
presence of only one factor. This is manifested by,
for example, necrosis on leaves, the reduction of
leaf surface, premature leaf fall, and the appearance
of fungal diseases and harmful insects (Fliickiger &
Braun, 1999; Ordo6nez-Barona et al., 2018).

The aim of this study was to determine the in-
fluence of traffic-based air pollution on the growth,
health status and vitality of city trees in Berlin.

The general condition of trees growing in streets
with low traffic volume was compared with the con-
dition of trees growing in streets with high traffic
volume. It was hypothesized that in streets with
higher traffic volume and air pollution both growth
parameters and health status of trees would be re-
duced in comparison to the trees growing in streets
with lower traffic volume. The deteriorated condition
of trees will be manifested by the lower values of the
circumference at breast height and tree height, more
frequent occurrence of pathogens, worse crown con-
dition, quality of trunk, defoliation and discoloration

® extremly high traffic
@ high traffic
® medium traffic

O low traffic

of leaves. We classified the study tree species with re-
gard to their tolerance to traffic-based pollution.

Deeper scientific knowledge concerning the re-
quirements of the individual tree species and their
contribution to the urban climate, with regard to cli-
mate change and the increasing problem of tree con-
dition in urban areas, is required.

Due to the lack of data sets, urban tree growth
modeling often relies on the existing knowledge of
forest standards (Aguaron & McPherson, 2012; Peper
et al., 2014; Pretzsch et al., 2015; Moser et al., 2017).
However, urban trees differ from forest trees. One of
the aims of the study is to fill the lacunae in this field.

Material and Methods

Study area

Berlin is one of the greenest capitals in Europe.
On average, there are around 82 trees per kilometer

Fig. 1. Localization of the studied trees in Berlin. The numbers correspond to the streets where focal trees are growing

(Table 1). The colors represent the traffic volume

With the authorisation of the publisher, with changes. Umweltatlas Berlin, 2015, Traffic-related emissions.
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of the street (Balder, 2013, Fachsymposium Stadt-
griin, Berlin). Berlin has been rebuilt and now has
already exceeded the stock of street trees decimated
during World War II, which fell from around 411.000
in 1939 to around 161,000 trees in 1946. Today,
there are 432.937 trees — 21.000 more than before
the war (Anonymous, 2018b). There are more than
50 different species of trees on the streets of Berlin.
The five most common species are Tilia 35%, Acer
20%, Quercus 9%, Platanus 6% and Aesculus 5%. They
account for about 75% of the urban tree population
(Anonymous, 2018c).

The climate in Berlin is temperate and continen-
tal. The average annual temperature is +9.1 °C and
the average annual rainfall is 581 mm. July (+14.3
°C) and August (+14.1 °C) are the warmest months,
while January (—1.9 °C) and February (—1.5 °C) are
the coldest ones. In addition to some natural fluc-
tuations, it can also be seen that over the last 120
years the annual temperature has risen significantly.
While the average annual temperature in the early
measuring years was still around 8 °C, average val-
ues between 9.5 and 10.5 °C were usually reached
in the recent years (Anonymous, 2015a). Based on
phenological studies of trees in Europe, the earlier
sprouting of trees by 0.3 days per annum and an ex-
tension of the average vegetation period by ten days
per annum has been proven (Schreiner, 2017).

In June 2017, a month before the start of the
measurements, the climatic conditions in Berlin
were as follows: the average temperature of the
month 18.2 °C, precipitation 159 mm, insolation 239
hours (Landeskompetenzzentrum Forst Eberswalde
Report, Information der Hauptstelle fiir Waldschutz
12.09.2017). In Berlin, apart from the important

volume of traffic, the following factors exert a major
impact on the health of trees: changes in the soil pro-
file due to the bombardment of the city during World
War II, soil drainage by district heating networks,
root system devastation, large number of buildings,
metro stations, tram lines and a very high number of
dogs (ca. 100 000, Berlin Senat Ordnungsamt, 2019).

For the purpose of the experiment, streets from
the center of Berlin were selected (Table 1, Fig. 1).
For each species, 4 streets with a high traffic volume
and 4 streets with a low traffic volume were chosen.
In this way, four true repetitions of each traffic vol-
ume variant per species were obtained except for Aes-
culus hippocastanum L with three high-traffic volume
streets and three low-traffic volume streets. The rea-
son behind this difference was due to the difficulty in
finding four streets with ten A. hippocastanum trees of
similar age.

The following factors were taken into account in
the street selection process: an average daily traffic
volume, emission of nitrogen dioxide [g/(m/day)],
emission of nitrogen oxides [g/(m/day)], emission
of exhaust particles [g/m/day], emission of PM  [g/
(m/day)], carbon dioxide emission [g/(m/day)], and
finally “Evaluation of emission levels based on NO_
and PM10” (Acronym: Evaluation NOx and PM ).

Out of 15 streets (or street parts) classified as
“low traffic”, two were classified as “far below aver-
age” based on NO_and PM,, other streets chosen for
the study had a low emissions level, i.e. under “far
below average” (Table 3).

The areas classified in this study as “streets with
high traffic volume” evaluated emission levels based
on NO_and PM  from “average” to “far above aver-
age” (Table 4).

Table 1. Location of the trees in Berlin. Numbers from 1 to 30 represents the location of the street on the map

High volume traffic streets

Low volume traffic street

Tilia cordata

Tilia cordata

1 Kienitzerstr. 10 pcs 16 Torstr. 8 pcs
2 Droysenstr. 10 pcs 17 Mollstr. /Otto Braunstr. 10 pcs
3 Schliemannstr. 10 pcs 18 Greifswalderstr. 10 pcs
4 Oderstr. 10 pcs 19 Hermannstr. 10 pcs
Acer platanoides Acer platanoides
5 Davoserstr. 8 pcs 20 Breitestr. 10 pcs
6 Oderstr. (West) 10 pcs 21 Eberswalderstr. 6 pcs
7 Kirchstr. 7pcs 22 Mollstr./Otto Braunstr. 10 pcs
8 Dunkerstr. 10 pcs 23 Ederstr./Sonnenallee 8 pcs
Platanus acerifolia Platanus acerifolia
9 Schillerpromenade 9 pcs 24 Adenauerplatz 10 pcs
10 Reichenhallerstr. 10 pcs 25 Kudam/Breitenbachplatz 10 pcs
11 Platannenallee 10 pcs 26 Zossenerstr. 10 pcs
12 Eschesheimerstr. 10 pcs 27 Mollstr./Otto Braunstr. 9 pcs
Aesculus hippocastanum Aesculus hippocastanum
13 Siegfriedstr. (West side) 10pcs 28 Konigin Louise 10 pcs
14 Siegfriedstr. (East side) 10 pcs 29 Hasenheide 10 pcs
15 Stubenrauchstr. 10 pcs 30 Zeltingerplatz 10 pcs




56

Karolina Pietras-Couffignal, Piotr Robakowski

Material and Methods

In July 2016, in Berlin, 282 trees were chosen
for the analysis. Four of the most common genera
of trees in Berlin were analyzed: Tilia, Acer, Platanus,
Aesculus. The following tree species were evaluated
with regard to their responses to air pollution: Tilia
cordata Mill., Acer platanoides L., Platanus acerifolia (Ai-
ton), Aesculus hippocastanum L.

In addition to the tree age and stand position
(high and low traffic volume), the height and circum-
ference were measured and the following traits were
analyzed: trunk condition, crown defoliation, leaf
discoloration, presence of hollows and nests. In the

Table 2. Average age and type of localization of the tree

species
Species Traffic volume Number of trees Average age
T. cordata High traffic 38 41.6
T. cordata Low traffic 40 42.3
A. hippocastanum ~ High traffic 28 46.2
A. hippocastanum ~ Low traffic 29 40.8
A. platanoides High traffic 34 373
A. platanoides Low traffic 35 44.1
P. acerifolia High traffic 39 38.0
P. acerifolia Low traffic 39 42.8

case of established pathogens, samples were taken
for laboratory analysis.

The circumference of the tree was measured with
a measuring tape band at a height of 1.3 m. Tree
height measurements were carried out with a Nikon
Forestry Pro Laser Rangefinder with an accuracy of
0.5 m. While evaluating the crown, the main crite-
ria were the degree of defoliation and discoloration,
and the number of dead branches or thinning of the
crown. The evaluation of the trunk took into con-
sideration, general health condition, external signs
of leakage, tumors, slats, presence of fungi and me-
chanical damage (caused by construction works,
cars, vandalism).

For the analytical purpose, the obtained results
following the degree scale of the damage (scale for
trunk, crown and leaves):

- 5 - very good condition, tree intact (up to 10 %
defoliation)

- 4 - good condition, slight or medium damaged
tree (11-30 % defoliation)

- 3 —poor condition (31-60 % defoliation)

— 2 —very poor condition (60-90 % defoliation)

— 1 -dead (over 90 % defoliation) or cut.

Table 3. Emissions and daily traffic volume on “low traffic streets”

Emission of ex-

Name of the Average daily Emission of ~ Emission of NO haust particles PM,, [g/(m/ CO, Evaluation NOx
street section traffic volume NO,[g/(m/day)] [g/(m/day)] o/ n}; /day] day)] [g/(m/day)] and PM |

Droysenstr. 2617 0.22 1.02 0.02 0.08 0.55 far below average
Platanenallee 6300 0.65 2.89 0.06 0.28 1.35 far below average

With the authorization of the publisher, with changes. Senatsverwaltung fiir Stadtentwicklung und Wohnen Berlin, 2015, Umweltatlas

Berlin, Traffic-related Emissions, 2015.

Table 4. Emissions and daily traffic volume on “high traffic streets”

Emission of Emission of

Emission of

Name of t.he street  Average daily NO NO exhaust particles PM,, Co, Evaluation NOx
section traffic volume o/ (m/ (iay)] [/ (m/day)] [¢/m/day] [g/(m/day)] [g/(m/day)] and PM |

Torstr. 31590 4.82 20.22 0.34 1.85 7.78 far above average
Otto-Braun-Str. 41130 6.27 26.41 0.48 2.47 10.74 far above average
Greifswalder Str. 24570 3.47 13.83 0.27 1.32 6.02 above-average
Hermannstr. 24840 6.73 25.81 0.30 1.85 7.64 far above average
Breite Str. 8910 1.54 6.57 0.09 0.57 2.09 average
Eberswalder Str. 13230 2.10 9.14 0.16 0.81 3.63 average
Mollstr. 33030 4.50 19.24 0.35 1.97 7.67 far above average
Ederstr/Sonnenallee 24660 4.58 17.88 0.26 1.51 6.18 above-average
Kurflirstendamm 26100 6.39 25.64 0.33 1.79 8.22 far above average
guqape“.ers“’/ 30420 5.61 23.51 0.38 1.84 8.80 far above average

reitscheidplatz
Zossenerstr. 13860 1.87 7.77 0.13 0.62 3.34 average
Otto-Braun-Str. 41130 6.27 26.41 0.48 2.47 10.74 far above average
Englerallee 19530 3.19 13.33 0.24 1.10 5.50 above-average
Hasenheide 22050 2.48 11.25 0.23 1.09 4.89 above-average
ZeltingerPlatz 7560 1.30 4.94 0.07 0.32 2.12 average

With the authorization of the publisher, with changes. Senatsverwaltung fiir Stadtentwicklung und Wohnen Berlin, 2015, Umweltatlas

Berlin, Traffic-related Emissions, 2015.
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Data analysis

The data were examined for normality using the
Shapiro-Wilk’s test and homogeneity of variance fol-
lowing Levene’s test. Since the data did not meet the
conditions of the analysis of variance, the two-sam-
ple Mann-Whitney U test was performed at the level
of significance a = 0.05 (Mann & Whitney, 1947).

Results

The results indicate that the volume of car traffic
has had a significant impact on the growth parame-
ters. Considerable differences in height and circum-
ference between trees growing in streets with low or

high traffic volume were noticed, which was observed
for all species with the exception of A. hippocastanum.
The tendency is clear, the higher the traffic volume
is, the smaller the circumference becomes. The dif-
ference in circumference between the low and high
traffic volume is particularly remarkable for P. acerifo-
lia, followed by A. platanoides and T. cordata (Fig. 2).
A similar tendency is observed between the height of
trees and the volume of traffic, the higher the traffic
volume, the smaller the height. An important differ-
ence can be observed for P. acerifolia, followed by T.
cordata and A. platanoides (Fig. 3). P. acerifolia reacts
most negatively to air pollution caused by the traffic
volume compared with T. cordata and A. platanoides.
In contrast, A. hippocastanum did not show any signif-
icant signs of reacting to the traffic volume.
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Fig. 2. The circumference of trees growing in the streets of Berlin with low or high traffic volume (means+SD). Asterisks
indicate that the means are significantly different in Mann-Whitney U test at P < 0.05
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Fig. 3. The height of trees growing in the streets of Berlin with low or high traffic volume (means=SD). Asterisks indicate
that the means are significantly different in Mann-Whitney U test at P < 0.05
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In addition, the data analysis displayed that trees
growing in streets with small traffic volume live
longer or are left at the site longer because of their
better condition, which is true for all species except
for A. hippocastanum. The average tree age of the stud-
ied species is provided in Table 2.

Condition of trees

The health status of the four tested species was
assessed using the damage scale from 1 to 5. For T.
cordata all the examined parameters: height, circum-
ference, crown condition, trunk and leaf condition
were better in the variant with low traffic volume
(Fig. 4). In the low traffic variant T. cordata was char-
acterized by a better crown condition (minor defolia-
tion), trunk and leaf condition than in the case of the
variant with a high traffic volume. Also, the number
of nests was higher: 12 nests on trees with low traffic
volume as compared to 4 on trees with a high traffic
volume. The average health assessment of the low
traffic variant was 4.5 and for the high traffic variant
was 3.9.

In the case of A. platanoides, the situation is not
as clear as T cordata. However, the examined trees
show also a higher vitality in the variant with a low
traffic volume (Fig. 5). The condition of the crown
and leaves for A. platanoides growing in streets with
less traffic is better. Only the condition of trunks in
the study trees was slightly better than in the variant

with a high traffic volume. Similarly, as in the case of
T. cordata, birds chose trees growing in streets with a
lower traffic volume for their nests (relation 6 to 1).
Probably the noise caused by car traffic has a major
impact on their choice.

The average health assessment of the low traffic
was 4 whereas for the high traffic variant was 3.8.

P. acerifolia trees growing in high-traffic streets are
characterized by a crown and trunk in a worse con-
dition (Fig. 6). As far as the health status of leaves is
concerned, in both variants it was very comparable,
in both cases it was noted with 4. The health con-
dition can be explained by a very large number of P
acerifolia infected with mildew, which was identified
in both variants. It is interesting to note that birds
avoid nesting on plane trees in Berlin, regardless of
the volume of the car traffic. The average health as-
sessment of the low traffic was 4.5 and for the high
traffic variant it was 4.2.

The vitality assessment of A. hippocastanum sug-
gests that also this species finds better growth con-
ditions under lower pressure of traffic pollution (Fig.
7). However, it showed by far the worst vitality and
overall health condition of all species in both vari-
ants. Undoubtedly, it can be explained by the gra-
dation of Cameraria ohridella Deschka & Dimi¢ over
several years and numerous trunk damage. Interest-
ingly, no bird nests were found on the analyzed A.
hippocastanum. The average health condition in the
low traffic was 3.3 and in the high traffic variant 3.2.
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Abiotic and biotic disorders in city trees

The study trees indicated an amount of damage
caused by pathogens and abiotic factors, of which
the most common ones are leaf discoloration, black
linden bloom (caused by aphids and fungi), pow-
dery mildew, water stress damage (e.g. wilting, leaf
discoloration), and SO, intolerance damage (injury
in the form of foliar necrosis). The most common
damage on T. cordata leaves were necrosis and black
coating, dribbles; on Acer and Platanus, there were
mildew and leaf necrosis. Aesculus, however, were in
mass attacked by Cameraria ohridella.

In the samples taken between 25 July 2017 and
15% August 2017 and examined based on macroscop-
ic and microscopic symptoms in the Forest Protec-
tion Service in Lopuchdéwko, following pathogens
were found:

1. Tilia

(a) powdery mildew — Phyllactina guttata (Wallr.)

Lev.

(b) discoloration due to water stress

(c) discoloration due to SO, intolerance
2. Acer

(a) powdery mildew — Phyllactina guttata (Wallr.)

Lev.

(b) leaf perforation — Asteromella platanoidis (Sacc.)

Petr.

(c) leaf anthracnose — Aureobasidium apocryptum
(Ellis & Everh.) Herm.-Nijh.

3. Platanus
(a) powdery mildew — Erysiphe platani HOWE.

Discussion

In the present study, there was evidence that out
of the four urban tree species studied, three showed
a general health status that can be evaluated as good.
These were P. acerifolia, T. cordata and A. platanoides
due to the decreasing tolerance to air pollution.

A significant difference was found in the tree
height and circumference depending on the localiza-
tion of the tree. P. acerifolia reacted more strongly to
high intensity of air pollution caused by traffic, fol-
lowed by Tilia and Acer. The statistical differences for
Aesculus turned out to be insignificant.

Not only air pollution may reduce trees vitality in
Berlin. It is highly plausible that the urban soil of the
streets with the high traffic volume has had a higher
concentration of heavy metals which have been toxic
for the study trees (Birke & Rauch, 2000; Manta et
al., 2002; Li et al., 2015). In particular, urban soils
are enriched in lead that is highly toxic for roadside
trees (Czerniawska-Kusza et al., 2004; Biasioli et al.,
2006).
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However, results of a study in the city of Paler-
mo where a map of pollutant distribution were con-
structed for the whole urban area suggest that ve-
hicle traffic represents the most important pollutant
source for the studied urban environment (Manta et
al., 2002). We may assume that the situation is sim-
ilar in Berlin where there is no longer any industry
that could cause contamination with heavy metals.

Additionally, snow removal salts may cause leaf
chlorosis, necrosis and defoliation of crowns (Czer-
niawska-Kusza et al., 2004). Damaging effects of
heavy metals on trees can be increased through an
interaction with de-icing salts (Li et al., 2015). The
soil salinity induced an increase in Na* and Cl- con-
tent in tree leaves, but, on the other hand, it reduced
the accumulation of K+, Ca2+, and Mg2+ ions
(Czerniawska-Kusza et al., 2004).

However, this aspect is limited in the case of Ber-
lin, if compared with other cities. The use of salt is
prohibited in West Berlin since 1987 and since 1991
in the former East Berlin. Nowadays, only the BSR
(municipal disposal company) may use wet salt on
some important road surfaces (Anonymous, 2013).

Another important factor which may have an in-
fluence on city trees is the so called “Urban Heat Is-
land” Effect. In the case of Berlin, data from the refer-
ence area Berlin-Dahlem (situated in the south-west
city part) confirm this tendency. However, it should
be pointed out, that in the center of Berlin this differ-
ence is probably even more important. For the refer-
ence period 1971-2000, the annual mean air temper-
ature was 9.6 °C (range of variation 8.1-10.9 °C), 0.5
to 1.0 K higher than outside Berlin. Compared to five
other long-term test sites in the rural Brandenburg
area, Dahlem is the warmest and wettest location
(Schweitzer, 2010). This difference of temperature
can have an influence on the development of path-
ogens on trees in the city (Tubby & Webber, 2010).

The reduction of height and circumference of trees
which is reported in our present study has resulted
from higher air pollution and soil contamination in
streets with the greater traffic volume compared with
trees growing under a lower pressure of pollutants.

The research revealed that of the observed species,
P. acerifolia and T. cordata tolerate urban conditions
best, although T. cordata is particularly recommended
for planting on sites with a lower traffic volume; in
this variant the health condition of the trees was 4.5
and in the case of high traffic volume 3.9. Moreover,
due to the growth characteristics, T. cordata trees are
much better suited for planting on narrower streets
than P. acerifolia, what is more, they also perform well
in conditions of high traffic volume (score 4.2). In
Warsaw, Dmuchowski et al. (2013) also pointed out
that T. cordata accumulated much more Cl- and Na*
than A. pseudoplatanus and A. hippocastanum. Further-
more, linden trees in Warsaw are among the species

most prone to dying. It seems that the situation of
this species in Berlin is better. In addition, regarding
the capacity of capturing PM, it was recognized that
T. cordata, the iconic tree of Berlin, is less efficient
then coniferous species and Pinus sylvestris L. in par-
ticular (Willis & Petrokofsky, 2017). In busy streets,
it is, therefore, advisable to plant other tree species.
However, city trees are effective to reduce pollution,
but only if care is taken to avoid trapping pollutants
beneath their crowns (Pugh et al., 2012). That’s why
planting Platanus, especially with all the growth char-
acteristics of the crowns, in streets with high volume
traffic, should be reconsidered.

Moreover, long-term observations of Platanus
trees revealed a dramatic decrease in the life span
of crowns between 1979 and 2000 (Fietz & Burger,
2015). From the position of the healthiest of the Ber-
lin trees (only about 6% damaged in 1979) to the
most damaged (about 77% in 2000). A significant
improvement was observed during the evaluation in
2005. In 2010, the vitality deteriorated again, and
during the observation in 2015, a slight improvement
in the vitality of P. acerifolia crowns of all ages was ob-
served (Fietz & Burger, 2015). The observations in
2017 showed a renewed deterioration of the crown
condition in plane trees due to a massive infestation
with Erysiphe platani HOWE mildew. In 2012, this
pathogen was identified at many different locations
in Berlin (Schreiner & Feilhaber, 2013). Only six
years later, it was found on the all scrutinized Pla-
tanus trees. In other parts of Europe, this problem
has also been observed (Carretier, 2017). A study by
the Plant Protection Office (Pflanzenschutzamt) in
Berlin found that pruned trees are particularly vul-
nerable to mildew infestation; the heavier was the
pruning, the more infected the trees (Schreiner &
Feilhaber, 2013).

Another threat to Platanus is the disease caused
by Splanchnonema platani (Ces.) Barr., which causes
plane trees to die. This disease, known as Massar-
ia, was first detected in Germany in 2003 after a hot
and particularly dry summer. Even thick branch-
es die within a few weeks and can become a major
threat (Dujesiefken & Kehr, 2008). It is advisable
to have the infected branches removed, especially
when pruning leads to a more intensive infestation
with powdery mildew (Schreiner & Feilhaber, 2013).
Therefore, it is worth considering whether this spe-
cies should not be gradually replaced by others, more
resistant to disease.

The results of our observations can be com-
pared with the results of the last Street tree condi-
tion report (Stralenbaum-Zustandsbericht) (Fietz
& Burger, 2015). For 40 years, city trees in Berlin
have been evaluated at five-year intervals. Defolia-
tion and discoloration of leaves are the main eval-
uation criteria to determine the vitality level of the
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tree crown. However, the trees studied in the report
(Fietz & Burger, 2015) are not divided according to
traffic intensity. In 2015, the genus Tilia proved to be
most resistant to damage — 60.2% of the analyzed
Tilia crowns were assessed as undamaged; followed
by Platanus 50.1%. Meanwhile, Acer with 61.9% of
the damaged crowns and Aesculus with 52.6% were
classified as the trees with the weakest vitality of
crowns (Fietz & Burger, 2015). Our results for Tilia
and Platanus are similar to those published in the Re-
port from 2015: in both cases, Tilia was the healthiest
tree, especially in the low volume traffic variant.

According to our research, A. hippocastanum,
whose general condition was estimated at 3-3.5 (i.e.
bad +), is in the worst state in the current condi-
tions. Therefore, it is more often being replaced by
A. carnea. However, it is not clear what has been the
main cause of the A. hippocastanum’s deteriorated
condition. It can be suspected that air pollution is
not the source of this state, but rather biotic factors,
particularly the gradation of Cameraria ohridella. In
addition to defoliation, a repeated gradation of this
insect is also responsible for the reduction in the ra-
dial growth of the attacked trees.

An invasive control method, i.e. trunk injection
with pesticides, tested in Kérnik, Poland, presented
good results (Jagietto et al., 2019). However, consid-
ering the number of infected trees in Berlin, the asso-
ciated costs and the introduction of chemical agents
into green areas, its use on a wider scale might prove
unrealistic.

Moreover, the future of this species seems to be
endangered; for example, in recent years a highly
progressive Aesculus disease caused by Pseudomonas
syringae pv. aesculi has been observed in Berlin. Inter-
estingly, these bacteria also attack other trees from
this genus (A. hippocastanum, Aesculus x carnea Hayne.,
Aesculus flava Sol., (Aesculus pavia L.). This disease not
only leads to the death of the tree within a few years,
but also spreads quite quickly. In 2018, 24 outbreaks
of the disease were identified in Berlin (Anonymous,
2018d).

The observations conducted in Berlin reveal that
urban trees are facing many problems. Due to the
changing climate, Berlin and other cities around the
world, are looking for new plants that are better
adapted to the harsh urban conditions (Roloff, 2013;
Moser et al., 2016; Fellholter et al., 2018).

In a recent survey of the city of Berlin, a total of
23 tree species have been identified by the districts
as alternatives to Tilia sp. and A. platanoides, mainly
at roadsides. Ulmus resista and Liquidamber styraciflua
L. are frequently planted. Among the small-crowned
trees, Amelanchier arborea (F. Michx.) Fernald is often
planted (Anonymous, 2015b).

The final conclusion concerning the tree spe-
cies which are most suitable for the changing urban

conditions requires, however, further research and
observation (Burley et al., 2019; Nufiez-Florez et al.,
2019). In addition, the introduction of new species in
northern European cities on a larger scale (Zander &
Ulrichs, 2014; Boll, 2018), it may be worth consider-
ing species which have already been planted in south-
ern cities of the continent, and which respond well to
drought stress and the high levels of insolation.

Conclusions

— There is a strong relationship between traffic con-
gestion and the height and circumference of trees
growing in Berlin.

— P, acerifolia reacts most negatively to air pollution
caused by the traffic volume compared with T. cor-
data and A. platanoides.

— P acerifolia, despite its generally good health, is
suffering from several progressing diseases. It is
worth considering whether it should be gradually
replaced by more resistant species.

- In the conditions of high traffic volume, A. pla-
tanoides is thriving revealing the smallest differ-
ences in vitality and condition of the crown, trunk
and leaves.

- Aesculus, especially A. hippocastanum, are currently
the most endangered. An alternative to this spe-
cies can be A. carnea.

— The highest differences in the general condition
of trees between the analyzed variants of traffic
intensity were observed in the case of T. cordata.
At present, lime trees seem to be most suitable
to be planted in streets with lower traffic volume.

- Trees growing in streets with little traffic live
longer or are left on the site longer because of
their better condition. This is true for all species
except for A. hippocastanum
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