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Abstract

Using dendroclimatological techniques this study investigates whether inner city tree-ring width (TRW) chronologies from
eight tree species (ash, beech, fir, larch, lime, sessile and pedunculate oak, and pine) are suitable to examine the urban heat
island of Berlin, Germany. Climate-growth relationships were analyzed for 18 sites along a gradient of increasing urbaniza-
tion covering Berlin and surrounding rural areas. As a proxy for defining urban heat island intensities at each site, we applied
urbanization parameters such as building fraction, impervious surfaces, and green areas. The response of TRW to monthly
and seasonal air temperature, precipitation, aridity, and daily air-temperature ranges were used to identify climate-growth
relationships. Trees from urban sites were found to be more sensitive to climate compared to trees in the surrounding hin-
terland. Ring width of the deciduous species, especially ash, beech, and oak, showed a high sensitivity to summer heat and
drought at urban locations (summer signal), whereas conifer species were found suitable for the analysis of the urban heat
island in late winter and early spring (winter signal).

The summer and winter signals were strongest in tree-ring chronologies when the urban heat island intensities were based
on an area of about 200 m to 3000 m centered over the tree locations, and thus reflect the urban climate at the scale of city
quarters. For the summer signal, the sensitivity of deciduous tree species to climate increased with urbanity.

These results indicate that urban trees can be used for climate response analyses and open new pathways to trace the evolu-
tion of urban climate change and more specifically the urban heat island, both in time and space.
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Introduction

The climate influenced locally by city structures is usually
summarized under the term ‘urban climate’ (Matzarakis
2001; Oke et al. 2017). Different forms of land use within
cities cause a variety of micro- and local climates (Kuttler
2004). The urban heat island (UHI) is one of the most impor-
tant characteristics of urban climates (Arnfield 2003). UHI
describes the phenomenon whereby urban areas typically
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exhibit higher air temperatures than surrounding sub-urban
and rural areas, and was first recognized in the early 1800s
(Howard 1833). In the inner city, diurnal cycles of air tem-
perature are different from those in the surrounding area (Oke
1982). Typically, nighttime minimum air temperatures are
much higher (Matzarakis 2001; Kuttler et al. 2015). “Trees
are wonderful things’ (McCarroll and Loader 2004) not only
because they cool the environment (Smithers et al. 2018),
but also because they deliver important ecosystem services
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such as pollution mitigation (Escobedo et al. 2011; Grote
et al. 2016) and stormwater control (Berland et al. 2017).
Especially, the cooling effect of urban street trees via shading
and transpiration and its effects on human thermal comfort
has been extensively studied (e.g., Armson et al 2013; Gillner
et al. 2015; Konarska et al. 2015; Rahman et al. 2020).

In addition, spatial patterns and the temporal develop-
ment of urban thermal climates at different scales have also
been analysed using computer-assisted modelling (Friih et al.
2011; Schubert et al. 2012; Buttstadt and Schneider 2014) or
crowdsourced data from citizen weather stations (Chapman
et al. 2017; Fenner et al. 2017; Meier et al. 2017; Feichtinger
et al. 2020; Venter et al. 2020). Moreover, urban tree growth
has been modelled and simulated under present and future
climate conditions (Broadbent et al. 2019; Buccolieri et al.
2018; Canetti et al. 2017; Rotzer et al. 2019). Long time series
of urban climates are rare, and their temporal homogeneity is
often limited by varying measurement techniques or locations
over time. Therefore, little is known about the long-term spa-
tiotemporal evolution of UHI as previous studies were limited
to single pairs of urban and rural stations, or gridded datasets
without intra-urban differentiation (Ajaaj et al. 2018; Varquez
and Kanda 2018). Despite restrictions on building height and
large amounts of green space, Berlin has the strongest UHI in
Germany (Fenner et al. 2014; Kuttler et al. 2015). However,
only few observational time series spanning climatological
time periods such as 30 years or more are available and the
majority of those fail to characterise the inner-city climate
because they are found in open sites (i.e., inner-city airports).
Thus, a comprehensive investigation regarding intra-city UHI
characteristics across several decades is hampered.

Dendroclimatological studies in northeastern Germany
have provided unique insight into the growth response of
trees to external influences. For example, tree growth of oak
(Quercus petraea (Matt.) Liebl. and Q. robur L.) and beech
(Fagus sylvatica L.) show negative relationships with air tem-
perature and positive relationships with precipitation during
the summer months, which has been interpreted as drought
response (Friedrichs et al. 2009a; Scharnweber et al. 2011;
Fischer and Neuwirth 2013; Gillner et al. 2020). Cook et al.
(2015) identified increasing drought stress for the leading tree
species beech, oak, and pine (Pinus sylvestris L.) in Central
European forests. In pine trees, a positive growth response to
above average cold-season air temperature has been found in
the temperate lowlands across northern Germany and Poland
(Przybylak et al. 2005; Cedro 2007; Moir 2008; Friedrichs
et al.2009a; Koprowski et al. 2012; Opata 2015; Balanzategui
et al. 2018). While such dendroclimatological studies exist
for most common European tree species, they have typically
focused on trees growing in forest ecosystems. Studies that
directly compare the climate response of trees growing in
forests, rural or city environments are still rare (Finley et al.
2016; Wilde and Maxwell 2018), most likely because tree
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growth in urban areas is perceived to be more influenced by
human activities than climatic factors. Thus, the actual climate
signal is thought to be masked by many other influences and
therefore challenging to isolate (Gillner et al. 2013). Never-
theless, tree-ring growth patterns in urban trees have been
analysed in the German cities of Munich (Bayer et al. 2018;
Moser-Reischl et al. 2019a; Stratopoulos et al. 2019), Potsdam
(Gillner et al. 2020), Dresden, and Berlin (Dahlhausen et al.
2017; Gillner et al. 2013, 2014; Pretzsch et al. 2017) with
hot and dry summers recognized as one of the main factors
limiting radial tree growth. However, it appears that some
species are capable of coping better than others, for instance
in Munich, black locust (Robinia pseudoacacia L.) showed
greater drought tolerance than small-leaved lime (7ilia cor-
data Mill.) (Moser-Reischl et al. 2019a).

For Berlin and Dresden, it has been suggested that city trees
are showing signs of stress and an accelerated growth from
effects of the UHI and climate change (Gillner et al. 2013,
2014; Pretzsch et al. 2017). Gillner (2012) examined the den-
droclimatic signal in tree rings of urban trees in Dresden. The
most important factors limiting growth identified in their study
were April to July precipitation, and summer and autumn air
temperature of the previous year (Gillner et al. 2013, 2014). In
Berlin, Dahlhausen et al. (2017) found that in densely built-up
urban areas, lime, the most commonly planted street tree in
Berlin (SEN 2017), benefitted from high air temperatures and
low precipitation, but not so in areas with low urban develop-
ment. Furthermore, they concluded that under current climate
change the lime trees investigated were expected to grow bet-
ter under future climate conditions (Dahlhausen et al. 2017,
Pretzsch et al. 2017).

Gillner et al. (2013) and Pretzsch et al. (2017) demon-
strated that climate signals can be clearly derived from urban
tree-ring series. These studies also indicated that urban trees
may grow differently than rural trees, and therefore, differ-
ences in UHI conditions may be revealed based on different
growth characteristics. Moser-Reischl et al. (2019b) was able
to identify tree growth variations along a gradient between
urban and rural sites that were affected more or less strongly
by environmental pollution. Even though the study did not
quantify the effect of UHI, it demonstrates that tree-ring
analysis can be used to identify, compare, and exploit dif-
ferent sensitivities between urban and rural trees. Similar
results were reported for urban tree growth in Sao Paulo,
Brazil (Locosselli et al. 2019) and Melbourne, Australia
(Gebert et al. 2019).

Encouraged by the already existing findings suggesting
different climate-growth correlations for urban and rural
trees, the overall aim of our study is to evaluate whether
annual tree-ring series of urban trees bear signals suitable
for the analysis of long-term temporal UHI characteristics.
More specifically, does the variety of tree species com-
monly found growing in urban Berlin carry climate signals
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comparable to tree-ring studies from rural environments?
Subsequently, we aim to verify if such climate signals
depend on the degree of urbanization, and if so, whether
this relationship may be exploited to retrospectively assess
the spatial and temporal evolution of the UHI. Therefore, in
a first step, climate-growth relationships were investigated
for various tree species growing together in a large inner-
city park, Griinanlage Britz-Siid (GBS), in the district of
Neukolln (Figs. 1 and 2). In a second step, we examined
the climate-growth relationships calculated for several sites
across a transect with inner-city to rural environmental site
characteristics to investigate the influence of the degree of
urbanization on deciduous tree growth.

Methods
Study area

The German capital, Berlin (52.5° N, 13.4° E), is the coun-
try’s largest city in terms of size (892 km?) and population
(3.76 million inhabitants as of 2020). Consequently, Berlin
has a pronounced UHI of 1.5 K in the long-term mean and
more than 10 K under extreme conditions (Fenner et al.
2014). The city is located in the temperate lowlands without
any significant heterogenous topography which might poten-
tially cause natural climate gradients due to, for example, dif-
ferences in slope angle, aspect, or tree position on ridges versus

Fig. 1 Map of the study area

in northeast Germany includ-
ing Berlin metropolitan area in
the southern part. Red dots are
sampling sites, black circles are
2000 m radii and black lines
denote state borders. The black
rectangle denotes the subset of
the Berlin metropolitan area
presented in Fig. 2. The orange
rectangle in the sub-figure to the
right shows the location of the
study area within Europe. Map
projection: EPSG 3857, WGS
84, Pseudo-Mercator; Land-
cover and land-use derived from
OpenStreetMap 2021 (https://
download.geofabrik.de/europe/
germany.html), Eurostat 2021
(https://ec.europa.eu/eurostat/
de/web/gisco/geodata/reference-
data/administrative-units-
statistical-units/countries), and
ESRI Deutschland Content 2021
(https://ec.europa.eu/eurostat/
de/web/gisco/geodata/reference-
data/administrative-units-
statistical-units/countries)

valleys. The flat character of lowland sites minimizes
the effects of topography on tree growth. Hence, the gen-
eral natural growth conditions are spatially homogenous
and therefore the probability of finding clear tree-growth
anomalies related to UHI effects is increased. The influence
of urban structures on tree growth was investigated in the
inner-city district of Neukolln in southeast Berlin (Fig. 2).
Besides sub-urban and urban city-tree sites within the Berlin
city limits, we included a number of locations in non-urban
environments comprising a near-natural forest site in the
Miiritz National Park, and re-forested hill site in Potsdam
(Fig. 1). In total, 303 trees representing eight different soft-
and hardwood species from both rural and urban sites were
analysed (Table 1).

According to the Koppen and Geiger classification the cli-
mate in the study area can be described as a marine temperate
climate with continental influences (Cfb/Dfb; Kottek et al.
2006; Beck et al. 2018). According to the Berlin-Dahlem
(Fig. 2) weather station, the climatology of the 1961-1990
reference period showed a pronounced seasonal cycle with
a mean annual air temperature of 8.9 °C and a mean annual
precipitation sum of 589 mm (DWD 2019). The coldest and
warmest months are January and July with mean air tempera-
tures of -0.4 °C and 17.9 °C, respectively, with the majority
of precipitation occurring during summer months. While
the reference period suggests that the study region does not
experience a distinct seasonal dry period, in recent years
extended dry periods without substantial precipitation and
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Fig.2 Location of the inner-city and sub-urban sampling sites and
land cover within the Berlin metropolitan area. Inner and outer cir-
cles surrounding each site (red dot) indicate the spatial coverage of
500 m and 2000 m radii. Other map details include the location of the
Dahlem weather station (black square) and the State of Berlin bound-
ary (black line). Map projection: EPSG:32,633, UTM 33 N, WGS
84; data sources: boundary of Berlin: Layer Bundeslidnder_2016_
ew, copyright GeoBasis-DE, Bundesamt fiir Kartographie und
Geodisie (BKG) 2018 (https://opendata-esri-de.opendata.arcgis.com/

high air temperatures have occurred several times resulting in
substantial vegetation losses in urban and rural environments
(Schuldt et al. 2020).

Sample collection and tree-ring measurements

Between 2014 and 2017, two 5-mm increment cores from at least
twelve trees per species and site were extracted from opposing
sides of mature, dominant or co-dominant individuals at 1.3 m
above the ground. Sampling permits were obtained prior to each
fieldwork campaign (see Acknowledgements), and following the
protocol of Eckstein and Dujesiefken (1999) boreholes were not
filled or treated after core removal. The increment cores were
prepared for dating and measuring following standard dendro-
chronological procedures (Stokes and Smiley 1968). Tree-ring
width (TRW) was measured using a LINTAB 5 system with an
accuracy of 0.01 mm, and visually and statistically cross-dated
using the software TSAP-Win (Rinn 2005) and COFECHA
(Holmes 1983), respectively. To enhance interannual variabil-
ity and remove age- or disturbance-related growth trends, each
TRW series was individually detrended by a low-pass filter using
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datasets), background satellite map: Sentinel 2, copyright European
Union, 2018, processed by BKG (https://gdz.bkg.bund.de/index.php/
default/wms-europamosaik-aus-sentinel-2-daten-wms-sen2europe.
html), city layer: Copernicus, Urban Atlas, LCLU 2018 (https://land.
copernicus.eu/local/urban-atlas/urban-atlas-2018), Copernicus, Urban
Atlas Street Tree Layer (STL) 2018 (https://land.copernicus.eu/local/
urban-atlas/street-tree-layer-stl-2018 ?tab=metadata), and OpenStreet-
Map2020 (https://daten.berlin.de/datensaetze/openstreetmap-daten-f%
C3%BCr-berlin)

weighted 5-year moving averages (Speer 2010) with weights 3/9,
2/9, and 1/9 for the central year, the neighboring years, and the
two years before and after the central year, respectively. Subse-
quent division of the raw curve values by the corresponding filter
values results in a transformation to a high-pass filter. Finally, the
detrended series of all trees from a specific site were averaged
using a bi-weight robust mean (Cook 1985). Site chronologies
were truncated when sample numbers fell below three trees giv-
ing a common period when all sites shared data over the interval
1962 to 2014. To evaluate the quality of the common growth
signal at each site, tree-ring metrics such as mean interseries cor-
relation (Wigley et al. 1984), Gleichldufigkeit (Schweingruber
1996), and signal strength parameter (Esper et al. 2001) were
assessed for the common period. While interseries correlation
(ISC) describes the similarity of the course of two time series in
terms of their common variance, Gleichlaufigkeit (GLK) exam-
ines the percentage of common "ups and downs" between two
time series and its similarity to a sign test makes it useful for
assessing similar growth reactions. The signal strength param-
eter (NET) combines two important growth characteristics of
trees, growth level and growth response, into one parameter by
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Table 1 Description and characteristics of tree sites
Site  Coordinates Species MSL (years) AGR (mm/a) ISC GLK NET Urban Structure 500 /2000 /2500 m

Lon (°E) Lat(°N) BF (%) ISF (%) UI (%)
TB 13.0603 523833 QUPE 224 1.33 0.67 075 032 04/1.0/2.6 28/7.2/11.8 32/82/144
TB  13.0603 52.3378 PISY 130 1.06 0.44 067 044 04/1.0/2.6 28/7.2/11.8 32/82/144
TS 13.6272 524194 QURO 138 1.56 0.53 068 041 0.2/0.5/1.3 1.4/3.6/5.9 1.6/4.1/7.2
TS 13.6269 524267 QUPE 137 1.91 0.66 0.73 035 0.2/0.5/1.3 1.4/3.6/5.9 1.6/4.1/7.2
TP 134478 524819 FREX 75 4.00 042 0.69 047 27.7/239/21.9 31.8/29.3/29.0 59.3/53.2/50.9
GBS 13.4428 524414 QUPE 60 3.35 0.72 0.78 029 12.2/14.5/145 21.4/23.8/24,2 33.6/38.3 /38,7
GBS 13.4406 524422 PISY 59 3.34 0.60 0.73 037 12.2/14.5/145 21.4/23.8/24,2 33.6/38.3 /38,7
GBS 13.4417 524419 PSME 61 3.59 0.63 0.76 033 12.2/14.5/145 21.4/23.8/24,2 33.6/38.3 /38,7
GBS 13.4403 524431 LADE 60 3.48 0.63 0.75 041 122/145/145 21.4/23.8/24,2 33.6/38.3 /38,7
GBS 13.4447 524394 TICO 63 2.64 0.54 0.67 049 122/145/145 21.4/23.8/24,2 33.6/38.3/38,7
GBS 13.4394 524439 FASY 67 4.17 054 073 040 12.2/145/145 21.4/23.8/24,2 33.6/38.3/38,7
GBS 13.4403 524436 QURO 59 3.62 0.72 0.78 030 12.2/14.5/14.5 21.4/23.8/24,2 33.6/38.3 /38,7
GBS 13.4403 524439 FREX 64 4.42 064 076 035 122/145/14.5 21.4/23.8/24,2 33.6/38.3 /38,7
AR 134244 524264 QURO 78 2.84 076 0.79 029 7.8/11.8/11.7 11.4/27.8/32.2 19.2/39.6/43.9
VH1 134206 524857 QURO 227 2.57 053 0.67 041 14.4/21.7/21.7 17.0/29.2/31.0 31.4/50.9/52.7
VH2 134206 524857 QURO 239 1.44 0.79 080 0.27 20.6/22.5/21.9 25.5/29.2/30.8 44.1/51.7/52.7
MN 13.2028 533347 QUPE 323 1.30 0.60 0.70 036 0.2/0.5/1.3 1.4/3.6/5.9 1.6/4.1/7.2
MN 132028 53.3347 QUPE 320 1.16 062 071 034 02/05/1.3 1.4/3.6/5.9 1.6/4.1/7.2

Tree-ring series in bold were used for the correlations with Ul as shown in Table 2 and Figs. 6 and 7
Sites: Telegrafenberg (TB), Teufelssee (TS), Trusepark (TP), Griinanlage Britz-Siid (GBS), Alpenrose (AR) Volkspark Hasenheide (VHI1),

Volkspark Hasenheide Northeast (VH2), Miiritz National Park (MN)

Species codes: FASY = Fagus sylvatica, FREX = Fraxinus excelsior, LADE = Larix decidua, PSME = Pseudotsuga menziesii, QURO = Quercus
robur, QUPE = Quercus petraea, TICO =Tilia cordata, and PISY = Pinus sylvestris

MSL mean segment length (years), AGR average growth rate (mm/year), ISC interseries correlation, GLK Gleichlaufigkeit, NET signal strength

parameter, BF building surface fraction, ISF impervious surface fraction (without buildings), Ul urbanity index (= BF +ISF)

additively combining the variability of the time series with the
GLK. According to the literature the critical thresholds are > 0.4
for ISC, > 0.65 for GLK, and < 0.8 for NET. Beyond the above-
mentioned detrending approach no further filtering was per-
formed to account for loss of autocorrelation as this study did
not aim for reconstruction.

Climate Data

Monthly and seasonal mean air temperature (TMP), precipi-
tation sum (PCP), aridity index (dMI) and daily tempera-
ture ranges (MTR) were obtained from the Berlin-Dahlem
weather station (German Weather Service (DWD)) (Cubasch
and Kadow 2011). From here onward the term ‘tempera-
ture’ always stands for ‘air temperature’. dMI was calculated
according to the equation of de Martonne (1926) and Miiller-
Westermeier (1999):

PCP

aMl = ———.
TMP + 10

Since daily temperature ranges are often more meaningful
than absolute temperatures when considering UHI (Varquez
and Kanda 2018), monthly means of daily ranges were calcu-
lated from daily temperature maxima and temperature min-
ima. Because weather conditions of the previous year’s grow-
ing season are also important for tree growth, monthly climate
variables for an 18-month window from May of the year prior
to tree-ring formation to current year October, as well as sea-
sonal and annual aggregates, were used as explanatory vari-
ables in climate response analyses. Climate data can also be
affected by long-term trends. However, in this study only high
frequency changes were of importance. Therefore, all 108 cli-
matic variables were indexed similarly to the tree-ring data
by calculating ratios of the raw values against the five-year
weighted moving averages for the period 1962 to 2014.

Geographical Information System Data
Information on land use and land cover was derived from

building and vegetation heights (Environmental Atlas Ber-
lin 2020), and water bodies from OpenStreetMap (https://
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Fig.3 Urbanity Index classi-

fication for Volkspark Hasen- A r%‘fi;'ﬂ't"@n ) Vﬁeg.gﬁtt%
heide (VH) for a radius up to 5518500 / 30 21
3000 m from the sampling
location. Markings for urban
structural elements shown as - 18
different colours for building ’
and vegetation heights, as well 5817600 (5
as water and sealed areas are 15
shown in the legend 20
12
15
9
5815200 | 10
— 6
5
— 3
5814000
0 L] 0
o O Grpénious I water
392400
1.0 km * Projection: UTM, Zone 33 North (WGS-84)
Datum: WGS-84

daten.berlin.de/datensaetze/openstreetmap-daten-f%C3%
BCr-berlin). The data was processed on a grid with a spa-
tial resolution of 1 mx 1 m for the administrative area of
Berlin. Vegetation above buildings and water were masked
out. For seven different radii, ranging from 200 to 3000 m
(Table 1), the share of building (BF), vegetation, and water
surface were determined for all tree-ring sampling sites. The
proportion of impervious surfaces around each site (ISF,
excluding buildings) was then determined as the residual
between 100% and the sum of the three other surface types.
An urbanity index (UI) per radius was additionally calcu-
lated as Ul =BF+ISF and to illustrate this procedure Fig. 3
presents the urbanity situation for the site Volkspark Hasen-
heide (VH). Building and vegetation heights used in this
study reflect the situation for the years 2009 and 2010. For
the Alpenrose (AP) site, a fraction of 5% (2000 m radius)
to 15% (3000 m radius) was not considered in the analy-
sis due to the limited availability of land-use and landcover
data. Similarly, for the Potsdam Telegrafenberg and Miiritz
National Park sites, no high-resolution land-use data was
available. Therefore, the BF and ISF values were estimated
from topographic information for these sites. As a best guess
for the different radii, the same UI values were assigned to
the Miiritz National Park (MNP) site as were calculated for
the Teufelssee site (TS). These two locations are similar due

@ Springer

to their low building and sealing percentages (Fig. 1). For
the Potsdam Telegrafenberg site (TEL), twice the BF and
ISF values of the Teufelssee site (TS) were assumed, as this
site is also located in a forest, but close to the city centre and
adjacent to several large buildings associated with a nearby
science park.

Statistical analysis

Mean tree-ring chronologies for each site and species were
explored for possible climate signals using climate-growth
analysis whereby monthly and seasonal aggregates of the
four climate variables PCP, TMP, dMI, and MTR were cor-
related with individual site chronologies (Fritts 1976; Cook
and Kairiukstis 1990). The analysis used tree-ring and cli-
mate records covering the common interval 1962 to 2014 to
calculate the Pearson coefficient of correlation (r) that gives
the direction and strength of the climate-growth relation-
ships. For the twelve sites with deciduous trees, the correla-
tion coefficients were then regressed against site-specific UI
variables derived from land-use and land cover parameters.
In order to differentiate UHI signals, the UI variables were
calculated for areas of different sizes centered over the tree
sites (the coverage of seven different radii expanding from
200 to 3000 m). The correlation coefficient was determined
significant if p <0.05 according to F-test statistics.


https://daten.berlin.de/datensaetze/openstreetmap-daten-f%C3%BCr-berlin
https://daten.berlin.de/datensaetze/openstreetmap-daten-f%C3%BCr-berlin
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Results

Trees growth characteristics

Growth patterns of eight different species growing in a
large inner-city park with relatively homogenous climatic
conditions, were compared. The average growth rate of
the trees for the majority of tree species ranged between
3.3 and 4.4 mm per year (Table 1), exhibiting uniform
and high growth levels. Only lime showed smaller annual
growth amounts averaging 2.6 mm each year. Regardless
of species, site chronologies of radial growth (Fig. 4A)
demonstrated a common long-term growth trend char-
acterized by decreasing ring-widths since the late 1960
onwards. This trend was weaker for coniferous species that
showed lower growth rates in the juvenile phase compared
to hardwood species (Fig. 4A).

When comparing growth rates between urban and rural
sites (Fig. 4B), urban trees consistently showed growth rates
of 1 to 2 mm/year higher than rural trees over the common
period 1962 to 2014. It has to be taken into account that the
trees of the rural sites are older (up to 240 years) than most
of the trees at the urban sites which were mainly planted in
the second half of the twentieth century (Table 1) and are
therefore exhibiting higher levels of growth. However, all

Fig.4 Comparison of tree-ring
time series; A raw tree-ring
widths (TRW) of deciduous spe-
cies (grey) and coniferous species
(black) growing at the inner-city
site Griinanlage Britz-Siid (GBS).
Average growth of deciduous
species is shown as dashed bold
line and of conifer species as

TRW (mm)

site chronologies shared similar high-frequency variations,
despite the different growth levels and different growth
trends. This is particularly evident when comparing the
indexed time series, i.e. those with standardized growth lev-
els and adjusted for age trends (Fig. 4C), and corroborates
the influence of one common external growth factor such
as climate. Further, some tree sites are located closer to the
weather station Berlin-Dahlem than others. Therefore, to
check the influence of distance between tree sites and weather
station, tree sites were correlated with four different Berlin
and Potsdam weather-station time series. Correlation coef-
ficients for the same tree sites with the four weather stations
varied minimally and insignificantly (not shown). This find-
ing is consistent with the notion that the regional climate is
fairly homogenous outside the urban areas, and that climate-
growth relations overall are relatively consistent across north-
eastern Germany and surrounding lowlands (Balanzategui
et al 2018; Scharnweber et al. 2019; Harvey et al. 2020).

Climate-growth response of Berlin city trees

Monthly and seasonal climate-growth responses of the eight
tree species growing at GBS demonstrated a variety of sta-
tistically significant correlations (Fig. 5). Depending on the
species, either summer or winter conditions were found to be
the most important factors influencing radial growth in the

solid bold black line; B raw tree-
ring width (TRW) site chronolo-
gies of deciduous trees across the
rural-urban transect. Urban sites
are shown in regular grey and
rural sites in regular black lines;
C indexed tree-ring time series
of all investigated sites and spe-
cies. In both, B and C, averages

TRW (mm)

of urban sites are shown by the
dashed bold lines and rural sites
by the solid bold black lines

Index-values

0.4 T

1960 1970

1980 1990

Year

2000 2010 2020
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Fig.5 Climate-response
between tree-ring width chro-

nologies of eight tree species to
monthly and seasonal climate
parameters from the inner-city

site Griinanlage Britz-Siid
(GBS). A air temperature
(TMP), B precipitation (PCP),
C aridity index (dMI), and D,
daytime/nighttime temperature
range (MTR). Correlations (r)

were calculated for the common
period 1962 to 2014. Conifer-
ous trees (PISY, PSME, LADE)

are shown in blue colours and

c

deciduous trees (TICO, FASY, 2 o8

QURO, QUPE, FREX) in yel- °

low to red. X-axis labels with s 08 C dmi
O

lower case prefix, p, indicate

correlation with the preceding
year. Horizontal black lines
indicate significance levels at

p<0.05 (dashed) and p<0.01

(solid) 08

pJul
pAug

mPISY mPSME

city trees. Significant correlations were found between win-
ter temperature and the conifers, especially pine, whereas a
summer signal was characteristic for the climate response of
most deciduous species. In contrast, lime correlated poorly
with all climate variables. Besides larch which contained
a significantly negative temperature signal in July of the
year before ring formation, previous year conditions seem
to play only a minor role for tree-ring growth of urban trees
in Berlin.

While the winter signal was characterized by a consistent
positive relationship between tree-ring width and temperature
from December to March (Fig. 5A), in summer, negative cor-
relations with temperature (Fig. 5A) and positive correlations
with precipitation (Fig. 5B) was the general response pat-
tern. The impact of temperature and precipitation on tree-ring
width was more apparent when considering dMI to explain
radial growth (Fig. 5C), with strongest correlations in June
and extended summer, May to August (MJJA) (r=0.60 to
0.65). Overall, city oak showed the highest sensitivity to arid
conditions in June. Even higher correlations were observed
for MTR compared to dMI. While generally in summer the
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correlations were around r=-0.5, the highest correlation was
found with June and reached r=-0.73 (Fig. 5D).

Impact of Ul on oak and ash growth

Correlations between the values of Ul and the strength of
the climate-growth relationships were calculated for different
radii ranging from 200 to 3000 m around tree sites in order
to constrain the area for calculating the urban surface param-
eters (Ul values) potentially influencing tree growth (Table 2;
Fig. 6). Each coefficient of determination (R?) refers to the
correlation between one data set of twelve pairs of Ul vari-
ables and climate-growth signals from the oak and ash tree
sites. The results show different radii within which the cor-
relation between urbanity and climate signals derived from
annual rings reaches its maximum (bold values in Table 2).
While for the summer season, the maximum for dMI is
reached for 2000 m around the tree sites, TMP and MTR have
higher values for smaller radii and thus smaller areas. For
JJA as well as MJJA, the strongest signals are reached within
a radius of 500 m. R? for June MTR, however, reached their
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Table 2 Coefficients of determination (R?) derived from linear
regression models using variables of Urbanity Index to predict the
strength of the climate response (coefficient of correlation) of hard-

wood tree sites along rural-to-urban transect for selected climate
parameters and seasonal periods. R? below 0.3 are not shown. For
each parameter, the highest value in each column is presented bold

ot T™MP PCP MTR dml

(m) JUN JA MJJA | JUN JA MJJA | JUN JA MIJJA | JUN JA MJJA
200 - 0.58 0.56 0.41 - - 036 0.60 0.65 041 054 0.56
500 - 0.67 0.64 0.62 - - 0.52 0.66 0.76 0.61 0.62 0.68
1000 - 0.58 0.56 0.70 - - 0.55 0.58 0.71 0.68 0.59 0.68
1500 - 0.59 0.58 0.72 - - 0.58 0.60 0.72 0.69  0.62 0.71
2000 - 0.60 0.59 0.73 - - 0.60 0.62 0.74 0.69 0.66 0.75
2500 - 0.57 0.57 0.73 - - 0.60 0.60 0.72 0.69 0.64 0.74
3000 - 0.55 0.56 0.71 - - 0.61 0.59 0.71 0.68 0.62 0.74

maximum for radii above 2500 m. In summary, the best fitting
regression models were found with area sizes of 500 m radii
for temperature-based indices, and at 2000 m for aridity-based
indices. The values for the relationships of urbanity to climate
signals for June temperature (TMP-JUN) as well as summer
precipitation (PCP-JJJA and PCP-MJJA) were not found to
be significant and therefore not considered any further. The
relationship between the climate-growth correlations and the
degree of urbanity at the respective tree locations strongly
suggests a near linear intensification of the climate-growth
signal with increasing urbanity (Fig. 7).

For all investigated relationships, at least 60% of the
variance of the climate-growth correlations could be
explained by UI. The strongest relationships were found
for dMI (R>=0.75) and MTR (R?>=0.76) during the
extended MJJA summer period. However, it should be
pointed out that for these two relationships, significant
climate-growth correlations were not available for all

locations. In rural areas, no significant correlations were
found for dMI, and only at some locations did MTR show
a significant, although weak, impact on tree growth. Where
tree growth was positively influenced by June precipita-
tion, very strong correlations with Ul were also found
(R2=0.73). This also applied to the June values of dMI
and MTR (marginally weaker with R?=0.69 for dMI and
R2=10.60 for MTR). Also, for the summer temperature
correlations (TMP-JJA and TMP-MIJJA) the explained
dependency on urbanity was around 65%.

Discussion

This study presented climate-growth analyses of 303 trees
across 18 locations that encompass a diverse range of Berlin’s
urban, sub-urban and rural environments. The climate signals
of eight tree species were determined to identify whether

Fig.6 Coefficients of determi- 0.80 -
nation (R?) between r-values ’
(calculated between site mean 0.75
curves of the twelve deciduous r‘g; ’ 2& § X
tree locations and air tempera- —
ture (TMP) and precipitation _5 0.70 7 £> ‘k
(PCP) time series, ariditiy = X
index (dMI) and monthly tem- = 0.65 A
perature range (MTR) for June E
(JUN) and extended summer % 0.60 - 0B
(MJJA)) and the corresponding o O M
twelve urbanity indices (UI) c 0.55 X (1
determined for areal buffers = ; COTMP-JIA il
with radii ranging from 200 3
to 3000 m centered over the é 0.50 e
sampling sites o] A MTR-MIJA
© 045
X dMI-MJJA
0.40 < ‘ :
0 500 1000 1500 2000 2500 3000
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Fig.7 Scatter plots with linear regressions and coefficients of deter-
mination between twelve r-values, calculated between indexed site
mean curves for deciduous tree species at twelve locations and cli-
mate time series of air temperature (TMP, red and orange), precipita-
tion (PCP, black), aridity index (dMI, green), and monthly tempera-

urban trees contain a useful climate signal and if it was pos-
sible to detect an UHI effect.

Growth characteristics

The different tree species exhibited similar growth rates
when they were of the same age and grew under similar
site conditions, as was shown for the eight tree species at
GBS (Table 1 & Fig. 4A). The analogous adaptation of the
trees to their habitat (Schweingruber 1996; Schweingruber
and Nogler 2003) can be used to explain the high similar-
ity between growth series. This became even more clear in
the detrended site chronologies after enhancing the high-
frequency signal by suppressed long-term trends. Both the
visual comparison of the chronologies and the computed
chronology statistics that together describe the similarity
between trees within and among sites were well above the
threshold values indicating a strong common signal at local
and regional scales. The overall comparison of rural and
urban tree series revealed differences mainly concerning
mean growth rates (Fig. 4B). However, the high-frequency
growth reactions are similar (Fig. 4C), which indicates that
in cities, apart from the age effect, additional growth fac-
tors such as pollution of air and soil (Eckstein and Krause
1989; Lundmark and Olofsson 2007), increased salinity
(Cekstere et al. 2008; Cekstere and Osvalde 2013), sealed
surfaces and compacted soils (Roberts et al. 2006; Helama
et al. 2009), and increased likelihood of disturbance and
injury (Grabosky and Gilman 2004; Roberts et al. 2006;
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ture range (MTR, blue) for June (squares), summer (JJA, diamonds)
and extended summer (MJJA, triangles), and corresponding values
of urbanity index UI determined for areal buffers with radii of 500 m
(solid lines), 2000 m (dashed lines), and 2500 m (dotted lines) cen-
tered over the individual sampling sites

Bartens et al. 2012) may have a pronounced impact on
absolute growth rates, but less so on the high-frequency
sensitivity of trees. All site chronologies shared similar
high-frequency variations despite the different growth lev-
els and growth trends. This is a major reason for the fact
that large climate reconstructions based on tree rings work
so well when most trees grew similarly because they were
affected by climate in similar ways (Cook et al. 2015).
The species-specific comparison of the mean growth rates
demonstrated that urban trees were growing faster than rural
trees (Fig. 4B), which can probably be explained by different
mean ages of urban trees (< 100 years old) and rural trees
(> 200 years old). However, Gregg et al. (2003) also found
similar results for eastern cottonwood (Populus deltoids Bartr.
ex Marsh) in New York City, USA, that grew twice as much
plant biomass at urban than rural sites. Also, Pretzsch et al.
(2017), who compared urban tree growth of metropolitan
areas worldwide presented similar results. The authors con-
cluded that, globally, in the last decades urban trees have been
growing significantly faster than their rural counterparts, espe-
cially since around 1960. However, the conclusion reached by
Pretzsch et al. (2017) for Berlin lime trees differed from the
overall global result, that is, the lime trees of Berlin, as one of
the three metropole regions selected for the temperate zone in
the study, grew more slowly in the city (Pretzsch et al. 2017).
Gillner et al. (2013), on the other hand, found that sessile oak
studied in Dresden, southeast of Berlin, grew faster in the
city than in the surrounding rural area. Thus, the results of
Pretzsch et al. (2017) concerning the slower growth of some
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of the Berlin city trees are somehow contradictory. Possibly,
this could be due to the approach that different tree species
were included in the urban-to-rural comparison (lime versus
oak), despite the fact that different tree species adapt differ-
ently to varying site conditions (Schweingruber and Nogler
2003).

Climate-growth response

Climate-growth relationships of eight tree species growing
together as a mixed stand and under relatively uniform climatic
conditions provided ideal conditions for a comparative analysis
of species-specific differences with regard to climatic influences
in an urban setting. Two striking relationships were found for
the Berlin trees, a winter signal comprising positive correlations
between extended winter (December to March) temperature
and tree-ring width of pine, and a summer signal character-
ized by the combination of negative temperature and positive
precipitation correlations during extended summer (MJJA), and
especially June. This combination of correlations was found
for tree-ring widths of deciduous trees, in particular beech, oak
and ash, but less so for lime. In addition, the combined summer
signal translated into a strong correlation with the aridity index,
dMI, similar to results obtained by Gillner et al. (2020) for oak
in Potsdam. However, the strongest correlations of tree-ring
width and climate was found with monthly averaged diurnal
temperature range, MTR. The MTR parameter is already
known in urban climatological studies as a good indicator for
the description of the UHI (Varquez and Kanda 2018). At GBS
53% of the variance in the tree-ring width of the sessile oaks
could be explained by June MTR, constituting a high value of
determination for trees growing at the inner-city site.

While for dMI and MTR few comparative studies from
European forest trees exist, the signals identified for temper-
ature and precipitation are in good agreement with numerous
studies based on forest trees in Central European regions.
The winter signal of pine trees has already been demon-
strated in northern Central Europe (van der Maaten et al.
2017; Koprowski et al. 2012), in the Baltic region (Elferts
2007; Parn 2003), and western Germany (Friedrichs et al.
2009a; Fischer and Neuwirth 2012). It might be physi-
ologically explained by the hypothesis that more warm days
towards the end of winter, when the needles are not frozen
anymore, result in an earlier shift towards a more positive
carbon balance in the pines (Havranek and Tranquillini
1995). The summer signal of deciduous forests trees, espe-
cially oaks, has commonly been found in western (Friedrichs
et al. 2009a, b) and eastern Germany (Bonn 1998; Gillner
et al. 2014, 2020), in France (Lebourgeois et al. 2005), Czech
Republic (Dobrovolny et al. 2016), and Sweden (Drobyshev
et al. 2008). Scharnweber et al. (2011) identified a clearly
increasing West—East gradient for the negative temperature
signal in beech.

In contrast to the study by Dahlhausen et al. (2017) on
252 lime trees investigated in Berlin, which suggested that
high temperatures with low precipitation would be beneficial
for urban tree growth, our findings suggest the opposite.
However, Dahlhausen et al. (2017) did not differentiate
between seasons but only used annual temperature aver-
ages and annual sums of precipitation. In our study, lime
showed the weakest climate signals of all hardwood spe-
cies (yellow bars in Fig. 5). This, in turn, is a clear indica-
tion for its good suitability as a robust urban tree species,
as it has also been classified previously as drought tolerant
species with a strong hardiness (Roloff et al. 2009). When
the climate data were aggregated into annual means, the
annual correlation signals of the lime (yellow bars far right
side of Fig. 5) in our study were negative for temperature
and positive for precipitation. In combination, this resulted
in positive correlations with dMI. However, all correla-
tions between the annual mean of each climate parameter
and lime tree-ring width remained non-significant.

Of particular interest for this study were correlations
with climate during the summer because the UHI is most
pronounced at this time of year (Hunt and Watkiss 2011;
Fenner et al. 2014). The strong positive correlations
with summer precipitation can be attributed to seasonal
changes in water availability, whereas the negative corre-
lations with summer temperature imply drought and heat
stress. This inverse relationship was confirmed by dMI
which exhibited slightly stronger correlations with tree-
ring width than with temperature or precipitation alone.
In conclusion, urban trees grow better in summer under
cool and wet conditions. The warmer it is, the greater the
direct evaporation, which results in enhanced water stress
for trees (Konarska et al. 2015).

Clear skies and sunny conditions in summer are usually
associated with low relative humidity. During cloudless peri-
ods, daytime temperatures are high while nighttime tempera-
tures can still drop resulting in a large diurnal temperature
range. This might be the reason for the strong climate signals
identified for MTR. The correlations with MTR were found
to be stronger than the correlations with the other climate
parameters. It is also conceivable that trees in a hot June and/
or extended summer actually suffer from direct heat stress
during the day. It can be assumed that more water is tran-
spired through the stomata of the leaves due to heat stress
enhancing the water stress of trees.

Extreme weather events (e.g. heat waves without precipi-
tation) usually affect large regions due to comparable overall
synoptic conditions (Stefanon et al. 2012; Perkins 2015).
Therefore, it can be expected that tree growth in the wider
region should also be affected similarly. Hence, the results
of climate-growth correlations using climate data of differ-
ent weather stations in the region should be similar. This
common signal might only be disturbed by particular local
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site characteristics and/or individual species-specific climate
responses of the trees.

Climate signals along an UHI gradient

The strength of the climate-growth signal of the urban
trees were found to be mainly affected by urban local-scale
climatic conditions at radii of 500 to 3000 m around the indi-
vidual study sites (Table 2; Fig. 6, the 200 m radii did not
result in strong correlations). From this it can be concluded
that for site chronologies averaged from at least twelve indi-
vidual trees, the effect of the city (UHI) on tree growth is not
only the result of the urban structures in the direct vicinity.
For temperature-based parameters (TMP and MTR) the area
of direct influence is smaller than for parameters that are also
further determined by precipitation (PCP and dMI), which
rather reflect the urban climate at the scale of city quarters
(1000 m to 2000 m radii). The climate-growth relationships
thus tend to reflect a general local urban climatic influ-
ence. Before discussing the climatic signals in more detail,
it should be noted that information on the provenances of
the studied trees were not available. Therefore, the extent to
which different provenances might have influenced climate-
growth response (Opgenoorth et al. 2021; Yeaman et al.
2016) could not be investigated in our study.

The summer signal exhibited by the hardwood species
was examined in more detail along a UHI gradient between
rural and urban sites, with slightly stronger correlations to
climate parameters being found for oak compared to beech
and ash. Additionally, five rural and seven urban oak and ash
sites with different degrees of urbanity were investigated. It
could be demonstrated that with increasing urbanity, correla-
tion strength with all climate parameters also intensified, indi-
cated by positive or negative slopes of the regression (Fig. 7).
The results are in line with the findings of Gillner et al. (2013)
for northern red oak (Quercus rubra L.) growing at an urban
site in Dresden, located about 165 km southeast of Berlin.
There, correlations with June precipitation and temperature
were stronger in comparison to the correlations at a rural forest
site. This also indicates that the more urban the tree locations
are the more heat stress the trees experienced, which in turn
increases drought stress (Jacoby and D’Arrigo 1995). For ses-
sile oak, on the other hand, Gillner et al. (2013) state an oppo-
site trend, that is, the summer signals found at the urban site
were much weaker than at the forest site. Gillner et al. (2013)
explain this loss of signal by the relatively young age and other
associated physiological reaction patterns of the urban sessile
oak trees compared to those of the forest trees. However, it is
questionable whether the different age can be the main reason
for the diverse reactions since, e.g., Esper et al. (2008) imply
that trees of different age and size classes still have similar
climate signals. Additionally, by investigating tree rings from
tulip trees (Liriodendron tulipifera L.) in southern Indiana,
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USA, Wilde and Maxwell (2018) found that urban trees are
more sensitive to climate impacts than their rural counterparts.
By investigating Chinese pine (Pinus tabulaeformis Carr.) in
Shenyang City, a city of about eight million people in north-
east China, Chen et al. (2011) detected significant decreas-
ing trends in the climate-growth correlations along a transect
from rural to urban metropolitan areas. Further, the authors
concluded that the decrease corresponded with increasing
degrees of urbanity and industrialization. Their results are in
contrast to increasing signal strength with increasing urbanity
in our study. The reasons might be species-specific reactions
in oak versus Chinese pine (Schweingruber 1996) and differ-
ent impacts on local climate through the urban environments
in Berlin and Shenyang City. According to Beck et al. (2018),
the study by Chen et al. (2011) is located in the climate zone
Dwa (,Koppen & Geiger ‘), characterized by a cold-temperate
climate with dry winters and humid summers (Kottek et al.
2006). It can therefore be concluded that our findings may
not directly be transferable to other climate zones. For Berlin,
however, there was a clear increase in climate signal strength
along the rural-urban gradient where increasing urbanity could
be identified, especially for June MTR.

Generally, the UHI is largely related to changes in the
surface energy balance, especially through decreased evapo-
transpiration, anthropogenic heat release, radiation trapping
of infrared radiation in canopies, and enhanced ground or
storage heat flux (Oke 1982; Oke et al. 2017). In this respect,
high sealing proportions lead to decreased water availabil-
ity, reduced plant transpiration, and lowered latent heat flux
(Christen and Vogt 2004). The resulting increase in Bowen
ratio triggers near-surface warming through enhanced sen-
sible heat flux, while sealed surfaces also enhance the stor-
age heat flux during the day (Grimmond and Oke 1999).
High building volumes allow for enhanced heat storage dur-
ing the day, contributing to nighttime release of energy to
the atmospheric canopy layer, thereby reducing nighttime
cooling rates. High building volumes further act on reduc-
ing wind speed and directly contribute to the UHI by heat
release from heating, air conditioning, process energy, and
human metabolism.

The UI parameter combined building surface fraction
(BF) and impervious surface fraction without buildings
(ISF) to capture the main characteristics that contribute to
the intensity of the UHI. Accordingly, the results lead to the
conclusion that the temporal evolution of the strength of the
climate-growth signal at a specific site may be indicative for
the gradual development of the intensity of the UHI at this
site. However, it must be emphasized that Ul is not directly a
measure of UHI, which is defined as the urban—rural temper-
ature difference (Oke 1982). Ul rather provides a more gen-
eral indication of urban influences on local climate which,
nonetheless, should substantially relate to UHI. Specifically,
BF does directly relate to building volume, which would
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possibly be an even better proxy for the effects of buildings
on the UHI. The urbanity effect determined based on the
tree-growth to climate correlations and Ul is weaker in the
correlations between precipitation and temperature-related
time series than in the correlations with the dryness index,
which combines temperature and precipitation signals.
Therefore, the urban effect, which is probably also to be
interpreted as an UHI effect, is primarily acting as a summer
drought stress for trees in urban areas.

Conclusion

The comparative study of eight tree species grown under
similar regional climate conditions allowed for the first time
to identify species-specific climate signals for urban trees
in Berlin. A winter signal recorded in pine ring-width and a
summer signal encoded in the growth of beech, oak, and ash
tree-rings was found. Furthermore, for the summer signal
a clear and high dependence of the signal strength on the
degree of urbanity could be demonstrated for city hardwood
species. The signal strength is so strong, at least between
daily temperature range in June and May to July, that the
degree of urbanity of further tree locations might be directly
modeled from this relationship. This also offers the possibil-
ity to derive temporal changes of urbanity by considering
moving time-window correlations in future studies. Depend-
ing on the climate variable, climate signals in the tree-ring
chronologies were found to be representative for large areas
implying that the urban influence on tree growth not only
stems from the close urban vicinity of the trees, but rather
reflects the urban climate at the scale of city quarters in the
order of 0.8 to 12 km? (500 to 2000 m radius). For the winter
signal of pine, similar correlations patterns were identified
across sites. However, since only one urban and one rural
site were available these results need to be reevaluated in
additional studies. In any case, these and planned subsequent
studies provide a basis to model the UHI based on tree-ring
parameters. Given that enough tree-ring data from various
parts of the city are available, these proxies may allow delin-
eating spatial and in particular temporal developments of the
UHI in Berlin.
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