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Abstract

Climate, e.g., air temperature and precipitation, differs strongly between urban and peripheral areas, which causes diverse life
conditions for trees. In order to compare tree growth, we sampled in total 252 small-leaved lime trees (7ilia cordata Mill) in the
city of Berlin along a gradient from the city center to the surroundings. By means of increment cores, we are able to trace back
their growth for the last 50 to 100 years. A general growth trend can be shown by comparing recent basal area growth with
estimates from extrapolating a growth function that had been fitted with growth data from earlier years. Estimating a linear model,
we show that air temperature and precipitation significantly influence tree growth within the last 20 years. Under consideration of
housing density, the results reveal that higher air temperature and less precipitation led to higher growth rates in high-dense areas,
but not in low-dense areas. In addition, our data reveal a significantly higher variance of the ring width index in areas with
medium housing density compared to low housing density, but no temporal trend. Transferring the results to forest stands, climate

change is expected to lead to higher tree growth rates.

Keywords Urban heat island effect - Growth trend - Urban trees - Lime trees

Introduction

At present, about three quarters of Europe’s inhabitants live in
urban or peri-urban areas and their share continues to increase
(United Nations 2012). Ongoing urbanization entails changes
in the local climate and other environmental conditions: (i) a
stronger absorption of short-wave radiation due to a lower
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albedo and multiple reflection due to buildings, (ii) lower
evapotranspiration values due to higher degrees of sealed sur-
face, (iii) a higher atmospheric counter-radiation due to hori-
zontal super elevation and a higher degree of air pollution, and
(iv) a lower wind speed.

As a consequence, the average annual air temperature in
major cities can be 1 to 3 °C warmer than in the neighboring
rural areas (e.g., Rotzer 2007; United States Environmental
Protection Agency 2014). Maximum differences occur at
night with up to 12 °C found for US cities (United States
Environmental Protection Agency 2014). Thereby, air temper-
ature difference between the city center and its rural areas rises
with the size of the urban population. For the city of London,
Graves et al. (2001) found that air temperature decreased by
0.09 °C per mile with increasing distance from the city center.
This gradient, however, differs strongly between cities. On
average of 419 big cities, Peng et al. (2012) found a mean
annual daytime surface urban heat island effect of 1.5+
1.2 °C, while the air temperature difference between urban
and rural areas may be 2°—10 °C (Shepherd 2005). Besides
resulting from different geographical locations, these differ-
ences can be attributed to country-specific styles of construc-
tion and architecture as well as to country-specific economic
systems (Kuttler 2004).
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Along with air temperature, precipitation is higher in cities
by 5 to 10% compared to their rural surroundings (Rotzer
2007). These long-term averages, as well as extreme events like
heat waves, have negative consequences for the urban
environment and human health. For Berlin, the largest
German city, Scherer et al. (2014) observed that between
2001 and 2010, 5% of all deaths were directly related to in-
creased air temperature. Dugord et al. (2014) state that the po-
tential heat-stress-related risk is highest in the center of cities.

In many ways, urban trees play an important role for urban
ecology and life quality in a city. Green areas, e.g., parks,
gardens, or street trees, within cities improve the thermal con-
ditions for human well-being by reducing the air temperature,
especially in summer (e.g., Gill et al. 2007). Thereby, trees
improve the microclimate through air cooling better than
grass, which dries out quicker. Meier and Scherer (2012) stud-
ied the role of leaves and investigated the urban tree canopy
temperature for different species in Berlin. They found that the
small-leaved lime tree (7ilia cordata Mill.) is a suitable tree
species for reducing air temperature due to lower crown tem-
perature. Related studies by Leuzinger et al. (2010) show that
the main factors for urban tree temperature are leaf size, loca-
tion, stomatal conductance, and canopy architecture. They
conclude that the cooling effect of urban trees is species-spe-
cific, and small-leaved trees, such as lime trees, show a lower
leaf-to-air temperature difference at very high ambient air tem-
perature (>35 °C) and thus have a higher potential to cool
down the immediate environment. Along with esthetic and
cultural values, trees provide further environmental services
such as filtering particulate matter (PM;o, PM, 5) from the air,
increasing biodiversity, or fixing carbon (McPherson et al.
1997; Nowak et al. 2013).

However, there are also several stress influences on urban
trees, particularly in the view of climate change. Pauleit et al.
(2002) summarize the main challenges for tree life in urban
areas of European countries. For Germany soil, de-icing salt,
elevated summer temperature, and frost damage are the main
influencing factors for stress on trees. Further, water supply
plays a fundamental role for tree growth. In cities, it is often
impaired by sealed surfaces hampering water infiltration into
the rooting zone (Gillner et al. 2013, Randrup et al. 2001). In
addition, urban soil compaction might lead to a reduction of
soil oxygen and water exchange, resulting in immediate as
well as long-term effects on tree health and growth (Randrup
et al. 2001). Furthermore, stress can emerge from subsurface
pollution and mechanical disturbances (Quigley 2004).
Despite the fact that a lot of factors influencing urban tree
growth are well known, knowledge on their specific contribu-
tion to trees’ growth and vitality is still limited. While struc-
tural changes of trees caused by changing climate conditions
are already reported (Pretzsch et al. 2015; Moser et al. 2015),
these studies do not consider differences in the housing den-
sity within a city.
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Projections for the future development of the abovementioned
changing conditions are predicted as becoming more
extreme, especially in urban areas (McCarthy et al.
2010). Thus, when compared to forest-stands, urban
trees are already more affected by changing climate
conditions, which may result in both positive or nega-
tive effects on tree growth. Due to this, the urban areas
give us the opportunity to investigate the response of
urban species to climate change (Farrell et al. 2015).
These unique possibilities have been little noticed until
now but enable us to already study today the changes
of our ecosystems due to climate change (Youngsteadt
et al. 2015). Thereby, the differences in environmental
conditions between high- and low-dense areas in cities
can be large, while the spatial distances are small.

Time series of tree stem growth provides valuable informa-
tion about growth trends and environmental changes
(Schweingruber 1996). Forest science has been using the in-
dicative potential of time series of tree size growth for a long
time to quantify the site quality by site-indexing (Skovsgaard
and Vanclay 2008), to measure various effects of silvicultural
treatment such as pruning, thinning, or fertilization (Assmann
1970), to provide pieces of evidence and claim for compensa-
tion in cases of damage of forest by e.g., building operations,
and increasingly to eco-monitor human impact on forest eco-
systems (Cherubini et al. 2004; Pretzsch 1989) or climate
change (Briffa et al. 2004; Pretzsch et al. 2014; Uhl et al.
2013). With just a few exceptions mainly dealing with tree
damage or dieback (Eckstein et al. 1981; Gillner et al. 2014,
Helama et al. 2012), urban trees so far were hardly used for
revealing growth trends and environmental changes (Cook
and Kairiukstis 1992). The main reason may be a higher re-
luctance against sampling urban trees, as any damage or even
drop out caused by increment coring is easily compensated by
neighboring trees in forests but not in the case of solitarily
growing trees in streets or parks. In this study, tree-ring pat-
terns from the center and peripheries of a metropolis were
analyzed with regard to the long-term trends in growth.

For a better understanding of urban tree growth in-
fluenced by the small-scale environmental conditions,
we investigate the long-term growth of 7. cordata and
the growth response on the changing climate conditions
in an urban environment. To do so, we use time series
analyses of tree stem growth. Measuring and analyzing
more than 200 small-leaved lime trees (7ilia cordata
MILL.) starting from a gradient in the center of the city
of Berlin to the surrounding forest, we look at tree-ring
patterns and their dependencies on the environmental
conditions. Analyzing these data, we focus on the fol-
lowing research questions:

1. How do lime trees generally grow in the city of Berlin and
its surroundings?
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2. Is there a relation between the growth behavior of lime
trees and environmental conditions, e.g., climate variables
or housing density?

3. Does the sensitivity differ depending on housing density?

Materials and methods
Site description

Berlin is situated within the North-German young moraine
landscape. The Warsaw-Berlin glacial valley crosses the city
from South-East to North-West. South and North-East of
Berlin is bordered by the Teltow-Barnim highlands.
Topography varies moderately between 34 m to 115 m asl.
Berlin covers an area of 892 kmz, with a maximum expansion
of 45 km in East-West direction and 38 km in North-South
direction. With 3.5 Mio inhabitants, Berlin is the most popu-
lated city of Germany. Berlin is subdivided in 12 districts
(Fig. 1), from which 9 were selected for sampling. The share
of green areas in the city amounts to more than 30% which is
exceptionally high in comparison with other European
metropolises (Kabisch and Haase 2014).

The region of Berlin belongs to the temperate climate zone
with continental influence. Annual mean air temperature is
9.5 °C; the mean precipitation amounts to 578 mm with a
typical peak between April and September (1961-1990).

From the climate station in Berlin-Dahlem (52.41° N;
13.31° E), which is situated in the surrounding area of
Berlin referring to a low housing density and from a second

station at Berlin-Alexanderplatz (52.52° N; 13.41° E), which
is located in the highly dense city center of Berlin, monthly
climate data since 1961 are available. Climate data from the
station Alexanderplatz were not available between 1961 and
1980 and between 1992 and 1999. Missing values were cal-
culated by fitting a linear least squares regression for each of
the two periods on the base of the two measured periods
1981-1991 and 2000-2011 (see appendix Table 5).
Temperature respectively precipitation data of the site
Berlin-Dahlem form the independent parameter data while
the data of Berlin-Alexanderplatz are the dependent values.
The regression equations of the first period (1981-1991) were
used to estimate the data of the period 1961-1980; the regres-
sion equations of the period 2000-2010 were used for the
calculation of the period 19921999 (see appendix Table 5).

Data acquisition

In total, 252 lime trees were measured in the city of Berlin and
its periphery. Sampling campaign was conducted in three pe-
riods, in October 2010, in April 2012, and in October 2013.
Tilia cordata was chosen as it is the most frequent street and
park tree in Berlin. 7ilia cordata is known as a shade tolerant
and more or less drought-sensitive tree species (Kocher et al.
2009, Gillner 2012, De Jaegere et al. 2016). This species is
able to absorb heavy metals (Gworek et al. 2011) but is more
sensitive to emissions and road salt compared to other species
like Platanus (Schiitt et al. 2013).

For the sampling, only healthy trees were considered in order
to exclude confounding effects caused by tree diseases. Trees
were required to have a diameter at breast height (dbh) above

Fig. 1 Map of the sampling
locations of this study, by housing
density types: high (circle),
medium (rectangle), and low
(triangle) within the city of Berlin;
the gray borderlines visualize the
administrative city districts
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40 cm, because otherwise the resulting tree-ring time series
would not date back far enough for the purpose of this study. A
full list of the selected trees and their parameters is shown in the
supplement table. For each tree, the surrounding housing density
was classified as “high” (hd), “medium” (md), or “low” (1d),
based on the housing density map of Berlin (Urban Observatory,
ESRI, 2014). This map displays land use data, with the three
categories being classified based on square meters of land area
per dwelling.

For all investigated trees, dbh was measured with a diam-
eter tape, the crown radii in eight cardinal and sub-cardinal
directions, and crown projection via the vertical sighting
method (Preuhsler 1979). Tree height and height to crown
base were recorded by using the Vertex IV ultrasonic
hypsometer.

For the time series analysis, two increment cores were taken
from each tree using a 5 mm increment borer. Where possible,
the coring was done from north and east direction. At least two
cores at an angle of 90° were taken for minimizing the error rate
due to a non-concentric growth. The 504 cores were polished on
a sanding machine with 320 grade sandpaper. After preparation,
the tree-ring widths were measured with a Digital Positiometer
after Johann (Johann 1977) using the software Lignometer.
Radius was derived by backwards calculation using the year ring
width values. Out of this, the basal area was calculated by means
of quadratic mean radius of the two cores per tree. Current annual
increment was examined by the difference between the basal
areas of two consecutive years of basal area. Cross-dating was
conducted firstly visually and then by using the dplIR library in R
(Bunn 2008). Dimensionless ring-width indices (RWI) were cal-
culated by fitting a smoothing spline of 0.67 of series length with
a 50% frequency cutoff. Strength of the common signal is
expressed by the EPS (Expressed Population Signal) value using
a 50-year moving window. A resulting EPS value above 0.84
(Wigley et al. 1984) indicates an adequate strength of the com-
mon signal for the time series and confirms further use of the
data.

Quantifying general growth trends

For analyzing the general growth trend of 7. cordata, the data set
was split into the two periods, 1961-1990 and the period after
1990. The general growth trend is analyzed in a first step for trees
in low-dense areas, to exclude the urban impacts, and thereafter
for trees in high-dense areas. Doing so, the influence of the urban
environment on the general growth trend is considered. A de-
tailed description can be found in the digital appendix.

Sensitivity of the annual tree increment
For analyzing the sensitivity, which means in our case the

oscillation of RWT along the mean value, we used the variance
of the RWI (see digital appendix).
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Analysis of the relationship between growth
and climate parameters

By using a fitted mixed linear model the relationship between
the growth of high- and low-dense urban trees and climate
conditions was tested (see digital appendix).

Results

Air temperature in the city of Berlin was continuously higher
over the last 50 years in comparison to the rural site (see Fig. 2
and Table 2). Differences of the 10-year means range from
1.1 °C in the first decade (1961-1970) to 1.4 °C in the last
decade (2001-2010). Based on the decadal means (Table 1),
the annual air temperature of both sites increased during the
50-year period, in the city center from 9.7 to 11.1 °C and in the
periphery from 8.6 to 9.7 °C. The differences of the precipi-
tation amounts of the two sites are largest in the last 20 years,
showing higher precipitation sums in the periphery (Table 1).

Most of the sampled trees (107) are situated in a low hous-
ing density environment (Table 2), scarcely less (102) in the
medium dense area, and the fewest (43) in the city center.
Based on the mean values of the measured tree parameters,
slight differences among the different housing density classes
can be reported. Average tree height and mean growth are
largest in the low-density zone, the trees in the medium-
density zone show the highest age range, and the trees in the
high-density zone have the greatest crown projection area. For
the low-dense and high-dense sites, the average growth rate is
on a very similar level, but on the medium dense site, it is
remarkably lower. Same findings can be stated for the related
standard deviation.

The mean courses of the annual radial increment (Fig. 3)
show a typical age-related growth trend. This is the case for

1000
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Fig.2 Airtemperature (annual mean; solid line) and precipitation (annual
sum; bars) from the climate station “Alexanderplatz” in the city center
(red) and from the peripheral station “Dahlem” (green) in Berlin for the
period 1961-2011
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Table 1 Climatic parameters (air temperature and precipitation) for the
“Alexanderplatz” climate station in the city center (CC) and for the
station “Dahlem” in the periphery (PP) of Berlin are shown as decadal
means. A indicates the difference between CC and PP.

City center Periphery A
Air temperature [°C]
1961-1970 9.7 8.6 1]k
1971-1980 10.0 8.9 1.1
1981-1990 10.4 9.2 [ 2k
1991-2000 10.9 9.6 1.3k
2001-2010 11.1 9.7 1 4%
Precipitation [mm]
1961-1970 611 601 10
1971-1980 589 582 7
1981-1990 591 582 9
1991-2000 533 570 — 3k
2001-2010 591 622 =31

w5 p 20,001, #* p<0.01, * p<0.05

the complete data set, as well as for the single housing density
classes. Standard deviation is lowest for the younger years of
the course.

General growth trends

The overall growth trends of lime trees in the low-dense
areas of Berlin are illustrated in Fig. 4 in form of the Delta
values of the mean basal area increment (Aig). Data are
calculated for three age classes (below 40 years, 41 to
80 years, and above 81 years) and depicted over the time
period from 1991 to 2011. The reference line symbolizes
the growth of all low-dense lime trees estimated from the
applied Bertalanffy model (Eq. 1-3 in digital appendix).
The fact that the growth course of the younger trees steadi-
ly remains above the reference line shows that the growth
rate is at a higher level than the average growth. The mean

Aig of young trees, aged < 40 years, shows that during the
last 20 years, these young trees have grown on average
10 cm? yr ' more (linear regression slope = 0.893 cm” yr. ™ ';
1* =0.62). Trees of higher age indicate a slow increasing
trend which exceeds the reference line by the mid or end of
the 90’s. For trees, aged between 41 and 80 years, the Aig
increases by 0.234 cm? yr.”' (+*=0.19), when considering
the complete period. Thereby, the course is not consistently
increasing and shows two lows for the drought years 1997
and 2004. The oldest trees have the slightest increase
(slope = 0.210 cm? yr '; #2=0.21) over the considered
period, but still show a higher growth than the reference
after the year 2004.

For investigating the influence of housing density on
tree growth, Fig. 5 displays the difference in growth be-
tween high- and low-dense areas. For doing so, two age
groups (trees aged younger 60 years or older 60 years) are
defined. This division was based on previous analysis of
the growth data in 10-year intervals (see appendix Figs. 7,
8,9, and 10). The data is presented as Delta values and thus
directly relates the growth values from high- to low-dense
areas. In difference to the before shown results (Fig. 4), the
following analysis takes only the measured data into
account.

For the younger trees, it can be said that on average
positive values, representing a better growth in the high-
dense areas, are found between 1981 and 2000, with a first
short decline around 1990, 1995, and 1997. Before the year
1981, as well as after 2000, the younger trees grew better in
low-dense environments. In difference, before 2002, the
older trees grew on average better in the low-dense areas.
Before 1976, as well as after 2002, the growth of trees
older than 61 years was higher in the high-dense areas,
except the year 2007. Interestingly, the comparison of the
two age classes shows that the growth reactions to housing
density, between younger and older trees, are always op-
posing. These differences illustrated in Fig. 5 might be
related to the ambient climate conditions which vary due
to housing density.

Table 2 Mean values of the

measured tree parameters for the All Low Medium High
complete dataset (all) and the
different housing density classes Number of trees 252 107 102 43
referring to the time period 1900~ dbh (cm) 44 (16.5-80.4) 44 (16.5-80.4)  45(252-76.8) 42 (32.8-54.7)
2011 (growth parameters) and Tree height (m) 17 (8-29) 18 (10-29) 16 (8-26) 16 (12-22)
2011 (tree parameters)
Age range (year) 32-192 33-192 32-182 48-118
Crown projection area (m?) 82 (20-286) 83 (21-286) 78 (20-199) 92 (33-148)
Avg. radial growth rate 2.26 244 2.06 2.38
(mmyr ")
Standard deviation of growth rate 1.00 1.16 0.82 0.89
Expressed Population Signal (EPS)  0.93 0.82 0.86 0.82
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Sensitivity of growth course

For investigating the growth sensitivity, the variances of RWI
per housing density for the two observation periods were cal-
culated and are depicted in Fig. 6. The variances are lowest in
the 1d (low-dense) areas and highest in the md (medium-
dense) areas. Comparing the two periods, the variances for
these two housing density classes decrease from the first to
the second period, while the variances of the hd (high-dense)
trees increase.

In a next step, the variances of the different trees were
analyzed by using a Linear Mixed Effect model (Eq. 5 in
digital appendix). Results summarized in Table 3 reveal sig-
nificant differences between the classes 1d and md, having
higher variances in md areas. Variances of the hd areas were
not significantly different from the 1d areas. Further, the model
reveals that the differences between the two observation pe-
riods reported above (Fig. 6) are not significant, neither in
general nor for one of the housing density classes. In differ-
ence, the tree age at the time of coring (variable end.age) is

Fig. 4 Delta values of mean basal
area increment (Aig) of the
“low-dense” trees for the age 20 —
classes <41 years (blue),
41-80 years (yellow), and
> 80 years (gray); bold graph
indicates the linear trend = 107

S
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Fig. 5 Effect of urban climate on 10 — :
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highly significant which means that older trees have a higher
variance than younger ones.

Relationship between growth and climate

For analyzing the relationship of growth patterns and climate
parameters, a linear mixed effect model (Eq. 6 in digital
appendix) was applied. Influence of the parameters air tem-
perature, precipitation, and DMI on RWI were tested in com-
bination with varying coefficients like time period (periodl
(before 1990) and period?2 (after 1990)) as well as housing
density. The results (Table 4) show significant effects of air
temperature, precipitation, and DMI on RWI for the second
period and high housing density. Precipitation and DMI fur-
ther show a significant effect on RWI for the first period and
high housing density. In difference, no significant effects of air

Calendar year

temperature, precipitation, and DMI on RWI can be found in
low-dense areas.

Thereby, air temperature has a positive effect on RWI,
while the effect of precipitation is negative. Thus, the
growth of trees in high dense areas seems to be benefitted
by rising air temperature, while higher precipitation rates
seem to stress the trees.

Discussion

Our findings regarding general growth trends show op-
posite growth trends before and after 1990. An expla-
nation for these differences might be the increased ur-
ban development measures in Berlin starting after 1990
(Schmelcher 2011).

Fig. 6 Variances of RWI 1961 - 1990 1991 - 2011
separated by housing density o 8
classes and growth periods g o
illustrated as boxplots. The point 0.25 — L o -
within the box indicates the <] 1 <]
median _ i 8 TS e -
= 020 A 8 i g ! i -
N | : : a
5 s e | T . :
g 0.15 ! - ! i H ' =
c ! | H L
© | ! |
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Correspondingly, we find a zonal effect, showing that
during the last ten observed years, the trees in high-dense
areas, younger than 60 years, are stressed by increased
building density resulting in more extreme climate condi-
tions. While air temperature varies only marginal between
the two climate stations, precipitation shows a remarkable
decrease during the last two decades for the city center, but
not for the periphery. This reduction in water availability
might be one reason for the growth decline of the young
trees in highly dense areas during this period, whereas the
older trees respond with higher growth to this change.
Older trees might cope better with the reduced water sup-
ply, as they might generally be better adapted to limited
resource supply than the younger trees. This finding con-
tradicts with findings from Quigley (2004), who investi-
gated forest and urban trees distributed in three different
successional categories. For early successional trees, he
finds that young trees are more tolerant to urban condi-
tions, as they have faster growth rates in urban areas.
However, this finding is not directly related to precipita-
tion, but to urban conditions in general.

Looking deeper into the relationship between air
temperature and housing density, Fenner et al. (2014) in-
vestigated different classes of both highly and less densely
built-up areas within the city of Berlin. Looking at the
period 2001 to 2010, they observed higher air temperature
within the urban areas compared to the rural areas. These
data confirm the data underlying the analyis of the current
article, which also show higher air temperature for the cli-
mate station in the city center. These higher air tempera-
tures in urban areas, in turn, were shown to prolong the
vegetation period. In this context, Rotzer et al. (2000) re-
ported an early flowering in urban areas.

Sensitivity can be understood as a kind of indicator for
the vulnerability of tree growth to climate conditions
(Gillner et al. 2013, Gillner et al. 2014, Schweingruber,
1996). As reported by Schweingruber (1996) for natural
habitats, the trees with extreme environmental conditions
show highest sensitivity. In the present study, the highest
sensitivity was found in the medium-dense areas, before as
well as after 1990. When transferring the finding from
Schweingruber (1996) to the present finding, this would
mean that the medium-dense sites are expected to have
the most extreme environmental conditions. This cannot
be proven with the climate data available for this study.
However, the finding appears reasonable, considering that
medium-dense areas have undergone the biggest change in
recent years, as urban development mostly takes place in
these areas.

While we already nowadays observe differences in climate
conditions between urban and rural sites, future projections
predict especially for the urban areas intensified climate con-
ditions causing thermal stress and vulnerability to heat waves
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(McCarthy et al. 2010). In line with this, Bowler et al. (2010)
point out that confounding variables such as ground cover,
distance to sea, and height-to-widths-ratio of street canyons
vary between different investigation sites and affect the local
air temperature conditions. However, according to Jones
(2004) and Parker (2004), no influence of urbanization on
the large-scale warming is found.

Still, as aforementioned, the differences in tree growth
found between different housing density sites are expected
to be moderated by climate parameters. For example,
Gregg et al. (2003) report for New York that ozone has a
strong influence on tree growth. In this article, however,
we focused on the climate parameters precipitation and air
temperature. Like the results from our last model (see
Table 4) show, air temperature and precipitation have
strong influences on tree growth. Thereby, in high dense
areas higher air temperature led to higher growth rates,
whereas the opposite was the case in low-dense areas.
These diverse findings can be confirmed by previous stud-
ies, which show that growth reactions on increased air
temperature depend on several factors, e.g., tree species,
latitude, or altitude (Carrer and Urbinati 2006, Way and
Oren 2010). Regarding precipitation, our findings show
that after 1990, higher precipitation led to lower growth
in high dense areas, but higher growth in low-dense areas.
In line with this, previous findings regarding the effect of
precipitation on tree growth are confounding. David et al.
(2015) confirm the availability of water as being one of the
main limiting factors for urban tree growth in Paris. On
contrary, De Jaegere et al. (2016) report in their review
on T. cordata in European forest stands that above the
precipitation threshold of 550—600 mm per year, water
supply becomes secondary. The annual precipitation sum
of Berlin is similar to the abovementioned value, but it has
to be considered that in an urban environment due to the
impervious runoff, a considerable amount of precipitation
does not reach the tree roots. In line with this assumption,
Dahlhausen et al. (2016) find a limitation in tree growth for
different tree species in urban environments due to a re-
striction in non-paved area. Still, with the presented results,
the statement of De Jaegere et al. (2016) can be confirmed
for older trees, but not for trees younger 60 years.

Specific for 7. cordata, De Jaegere et al. (2016) further
state that this species is highly tolerant against heat waves
and drought events, wherefor it has an important advantage
to other species when adapting to the warming climate
conditions. Correspondigly, the effects of climate parame-
ters on tree growth are even higher for other tree species as
reported by Friedrichs et al. (2009). In their study, they
investigated the growth response of Fagus, Pinus, and
Quercus in two German low mountain forest sites and
found water availability as the main impact factor of tree
growth. Further, they stated an increasing impact during
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Table3  VRWI; estimates from LME model (Eq. 5 in digital appendix)

Estimate std. error
Intercept 0.0412 *** 0.009928
Medium-dense 0.0303 ** 0.009209
High-dense 0.0285 0.011929
Medium dense: High dense —0.0018 0.012148
Period1 0.0075 0.008599
End age 0.0005 *** 0.000097
Medium-dense x periodl 0.0052 0.012310
High-dense x periodl —0.0122 0.016061
Medium-dense x periodl: High —0.0174 0.016174

dense x periodl

Period1 denotes the timespan 1961 to 1990. The reference level was set to
period2 (1991 to 2011) and to low housing density

** p<0.01, ** p<0.001

the last decades. These findings are similar to those
presented in the study at hand. Moser et al. (2016) inves-
tigated the annual growth and drought tolerance of
T. cordata in two German cities and classified the species
as moderate drought tolerant and found out that the growth
reductions of 7. cordata after a drought event were delayed
compared to other species as Robinia pseudoacacia which

Table 4 Results of selected linear combinations and coefficients based
on model (6). HD high dense, LD low-dense

Independent variables Estimate std. error
Temp HD periodl —0.166 ** 0.056
Temp HD period2 0.487 ok 0.097
Temp HD period2: periodl 0.653 #k* 0.112
Prec HD periodl 0.005 ** 0.002
Prec HD period2 —0.019 ** 0.003
Prec HD period2: periodl —0.024 *#** 0.004
DMI HD period1 —0.099 ** 0.037
DMI HD period2 0.409 #** 0.074
DMI HD period2: periodl 0.508 *** 0.083
Temp LD period1l —0.007 0.047
Temp LD period2 —0.028 0.079
Temp LD period2: period] —0.022 0.092
Prec LD period1l 0.0009 0.002
Prec LD period2 0.002 0.002
Prec LD period2: period1l 0.001 0.003
DMI LD periodl -0.014 0.029
DMI LD period2 —-0.039 0.049
DMI LD period2: period1 —0.025 0.057

Period1 denotes the timespan 1961 to 1990 and period2 denotes 1991 to
2011

w6 p 20,001, #* p<0.01, * p<0.05

was also investigated in their study. These findings confirm
the species-specific reaction patterns as well as the drought
tolerance.

Conclusion

Summing up, the study at hand represents a comprehensive
data set on 7. cordata growth patterns within the city of Berlin.
The results reveal that through local climate, especially in
terms of precipitation, housing density impacts urban tree
growth.

The urban environment setting gives the opportunity to
already today investigate possible effects of climate change
on tree growth. While the growth patterns of forest stands
cannot be transferred to urban trees, the analysis of urban trees
might serve as a possibility to predict future growth behavior
of forest stands. Thus, especially the results of the high-dense
area are of high interest. These show stronger growth rates
with rising air temperature and with decreasing precipitation,
indicating that climate change could lead to higher growth
rates.

However, when drawing such a conclusion, the following
methodological considerations should be regarded. First, the
sample size in the high dense area was relatively low.
Differences between the urbanization zones might be ex-
plained by differences in the tree parameters (dbh, tree height,
age range, crown projection area). Further, for the interpreta-
tion of the comparison of the different urbanization zones,
other factors besides housing density, ¢.g., building develop-
ment, might be important. Second, different soil water condi-
tions in urban areas might have an influence on tree growth
(Giinther 2014). In the present article, it was considered
whether the individual tree is situated within the glacial-
valley (gv). However, as the parameter did not show a signif-
icant effect, it was not reported within the results. Third, cli-
mate change has further influences in specific in urban areas,
e.g., higher atmospheric CO,-concentrations, lower O3-con-
centration, or fertilization through N-deposition. These chang-
es in air quality parameters are expected to have a positive
influence on tree growth (Churkina et al. 2010, George et al.
2007, George et al. 2009, Gregg et al. 2003, IPCC 2014, Kaye
et al. 2006, Searle et al. 2012). On the downside, climate
change also goes along with negative effects, e.g., drought
events, which lead to reduced tree growth (Rétzer et al.
2013, Hartmann 2011, Pretzsch and Dieler 2011) or even tree
death (Griess and Knoke 2011, McDowell et al. 2008, Allen
etal. 2010). For the present article, it was not possible to relate
air quality data to the tree growth data, because air quality data
were not available in higher spatial resolution and over a lon-
ger period.

Last but not least, the review of De Jaegere et al. (2016)
reveals that, due to the lack of observations, the expected
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impacts of climate change on the vitality of 7. cordata is
generally based on its biology and model calculations. Thus,
further investigation on the impact of climate change on
T. cordata, as well as on other tree species in urban environ-
ments, is needed.

Appendix

Table 5 Statistical variables for the gap filling regressions for air

temperature and precipitation

Parameter Gap filling period  a b R’

Air temperature  1961-1980 1.0263 09168  0.879
1992-1999 0.7665 3.602 0.543

Precipitation 1961-1980 1.1735  93.664 0.947
1992-1999 0.8541  26.039 0.4382

Fig. 7 Radial growth of all
sampled lime trees in Berlin over
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