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

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

1. Introduction

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

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

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

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

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

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

(Q3) How do Robinia pseudoacacia and Tilia cordata react to climate within different
climates in their stem diameter growth?
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(Q4) How do individual drought years affect the annual stem diameter increment of
urban tree species?

2. Materials and Methods
2.1. Study Sites and Climate

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

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

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

Location, Geographic Position of Study Sites

Berlin,
Germany

Munich,
Germany

Würzburg,
Germany

Paris,
France

Santiago
de Chile,

Chile

Cape
Town,
South
Africa

Houston,
USA

52.31 ◦N
13.24 ◦E

48.14 ◦N
11.58 ◦E

49.46 ◦N
9.57 ◦E

48.51 ◦N
2.21 ◦E

33.27 ◦S
70.40 ◦W

33.55 ◦S
18.25 ◦E

29.46 ◦N
95.23 ◦W

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

Temperate
(Cfb)

Temperate
(Cfb)

Temperate
(Cfb)

Temperate
(Cfb)

Mediterra-
nean
(Csb)

Mediterra-
nean
(Csb)

Subtropical
(Cfa)

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

9.5 9.7 9.6 12.3 14.7 16.7 21

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

32 53 32 32 15 23 34

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

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

DMI =
Prec

(Temp + 10)
(1)

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

2.3. Selection of Tree Species and Tree Individuals

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

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

Tree Species Drought Tolerance Wood Anatomy Height [m]

Aesculus hippocastanum L. sensitive diffuse-porous 39

Platanus × hispanica Münchh. tolerant diffuse-porous 35

Quercus nigra L. tolerant ring-porous 30

Quercus robur L. tolerant ring-porous 30

Robinia pseudoacacia L. tolerant ring-porous 35

Tilia cordata Mill. sensitive diffuse-porous 30

2.4. Tree Data Collection

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

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

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

City Sampling
Year N Mean Tree Age Mean Tree

Height [m] DBH [cm] Diameter Increment
[mm a−1]

Aesculus hippocastanum L.

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

Platanus × hispanica Münchh.

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

Quercus nigra L.

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

Quercus robur L.

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

Robinia pseudoacacia L.

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

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

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

Tilia cordata Mill.

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

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

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

2.5. Data Analysis

Statistical evaluations were conducted using the software R-4.0.5 [54]. Linear mixed
effect models were applied using lme4 package [55] to analyze the effects of climate on
tree diameter growth. Fixed effects included the stem diameter (DBH), tree age (Age), and
a climate parameter characterized by the annual de Martonne Index (DMI) or the trees’
average de Martonne Index (DMI avg) during each tree’s lifespan. Random effects for City,



Forests 2022, 13, 641 6 of 25

Species, Individual tree, and Calendar year were used for correcting temporal and spatial
autocorrelations. Furthermore, to check for differences in the means, post-hoc tests were
performed by using emmeans package with Tukey correction [56]. Model-based figures
were produced using the package sjplot [57]. The climate is expressed using the 2.5th and
97.5th quantile of the DMI for the arid and humid climate conditions, respectively. This
was necessary as DMI values for drought-sensitive and drought-tolerant species differed
strongly, and considering relative droughts was thus possible. For analyzing the general
long-term stem diameter growth reaction to climate for all trees within this study, the
following model was applied:

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

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

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

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

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

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

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

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

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

3. Results

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

Figure 1. Diameter-age relationship for the tree species Aesculus hippocastanum L. in Munich (a);
Platanus × hispanica Münchh. in Paris (b); Quercus nigra L. in Houston (c); Quercus robur L. in Cape
Town (d); Robinia pseudoacacia L. in Santiago de Chile (e), Munich (f), and Würzburg (g); and Tilia
cordata Mill. in Berlin (h), Munich (i), and Würzburg (j). The solid line represents the mean stem
diameter growth, while the dashed lines show the minimum and maximum.
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3.1. Stem Diameter Growth Reaction of Urban Trees in Dependence on the Aridity

The results of the long-term tree diameter growth reaction depending on the climate
within this study are presented in Figure 2 and listed in Table A1. Overall, the estimate
for the diameter–age relationship was 0.784 (p < 0.001). This effect was stronger with
increased DMI value (interaction ln Age and DMI, p < 0.001), showing that trees had a
higher DBH growth with increased tree age and DMI value. On average, trees at the age
of 60 showed a 2.9% lower DBH (45.7 cm) when growing under arid climate conditions
than trees growing under humid climate (DBH = 47 cm). This effect increases with increas-
ing tree age. Consequently, at 80, 100 and 140, the difference is by −5.9%, −8.3%, and
−12.1%, respectively.
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Figure 2. Long-term stem diameter growth reaction of all trees within this study (N = 1178) in
dependence on tree age and DMI aridity index based on Equation (2) (see Table A1 for model
parameters). The black curve visualizes the stem diameter growth under arid climatic conditions
(DMI = 11, corresponding to the 2.5th quantile of annual DMI of all cities). The orange curve visualizes
the diameter growth under humid climatic conditions (DMI = 64, corresponding to 97.5th quantile of
annual DMI of all cities). Shaded bands visualize the predicted confidence interval of the curves.

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

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

Model results for the stem diameter in dependence of age for R. pseudoacacia in three
cities, Santiago de Chile (DMI = 15), Munich (DMI = 53), and Würzburg (DMI = 32),
are presented in Figure 4 and listed in Table A2. The post-hoc test revealed significant
differences in the slopes of all three cities, whereby the differences between Santiago de
Chile and both Munich and Würzburg were significantly higher (p < 0.001) than between
Munich and Würzburg (p < 0.0223). Furthermore, the lower slope for Santiago de Chile
(0.746 ± 0.003), compared with Munich (1.015 ± 0.004) and Würzburg (1.001 ± 0.004),
indicate that the trees in Santiago de Chile tend to have a lower diameter growth with
age, compared with Munich (p < 0.001) and Würzburg (p < 0.001). At the age of 40, R.
pseudoacacia in Santiago de Chile and Würzburg had a similar DBH of around 38 cm, while
the trees in Munich showed a 10% lower DBH (34.3 cm). However, at 60, the trees showed
a similar DBH in Santiago de Chile and Munich (51.5 and 51.8, respectively), while the
trees in Würzburg had a 10.9% higher DBH (56.6 cm). At 80, trees in Würzburg showed a
15% higher DBH than Santiago de Chile and 8% to Munich. At 100 years, trees in Santiago
de Chile had a 20% lower DBH compared to Würzburg and a 13% lower than Würzburg.
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0.0021). On average, T. cordata, at the age of 40, showed a lower DBH in both cities, Berlin 
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have similar climatic patterns (DMI = 32), growth differences of the DBH get more sub-
stantial with increasing age. At 80 years, compared with the trees in Würzburg (BHD = 
48.1 cm), T. cordata had a 17% lower DBH in Berlin (41.2 cm), and a 7% lower DBH in 
Munich (DBH = 45 cm). 

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

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

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

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

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

Tree Species City Drought Years

A. hippocastanum Munich 1976 1982 2003

P. × hispanica Paris 1963 1976 2005

Q. nigra Houston 1988 1998 2011

Q. robur Cape Town 1973 2003 2010

R. pseudoacacia
Santiago de Chile 1968 1988 1998 2007

Munich 1976 1982 2003

Würzburg 1976 1991 2003

T. cordata
Berlin 1982 1989 2003

Munich 1947 1976 1982 2003 2015

Würzburg 1991 1996 2003
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The SEA results reveal varying reactions for tree species to drought events within
the analyzed cities (Figures 6 and 7, and Table A3). A. hippocastanum trees in Munich
showed a negative stem diameter increment only during the drought years (Figure 6a).
P. × hispanica in Paris had the highest resistance to droughts and showed no significant
reaction (Figure 6b). Q. nigra in Houston experienced a negative ring-width indices (RWI)
development prior to and during the drought year, followed by a fast recovery, and thus
showed a significant positive RWI two years after the drought (Figure 6c). Q. robur trees
in Cape Town had negative RWIs in the first and the fourth year after a drought event
(Figure 6d). R. pseudoacacia (Figure 7a) was resistant to drought in Munich and Würzburg,
while it experienced a decreased growth in Santiago de Chile explicitly during the year of
a drought event. T. cordata (Figure 7b) growing in Munich showed the highest sensitivity
during and after drought years. On the other hand, T. cordata in Berlin was resistant to
drought years. In Würzburg, T. cordata experienced a positive RWI four years before the
drought and a negative RWI in the second year after the drought.
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Figure 6. Superposed epoch analysis (SEA) on the influence of drought years on the ring width index
(RWI) of A. hippocastanum in Munich (a), P. × hispanica in Paris (b), Q. nigra in Houston (c), and Q.
robur in Cape Town (d). RWI is shown for the drought years (0), the pre-drought (−5 to −1), and
post-drought years (1 to 5). Input drought years for each city are shown in Table 4. Significant RWIs
(p < 0.05) are shown in dark grey.
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Figure 7. Superposed epoch analysis on the influence of drought years in the RWI of R. pseudoacacia
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drought years (0), pre-drought (−5 to −1), and post-drought years (1 to 5). Significant RWIs (p < 0.05)
are marked by *.

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

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

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

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

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

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

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

4.2. Impact of Drought Years on the Stem Diameter Increment

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

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

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

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

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

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

5. Conclusions

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

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

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

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

Predictors Estimates SE p Estimates SE p Estimates SE p

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

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

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

ln Age:DMI 0.002 0.000 <0.001

Random Effects

σ2 0.01 0.01 0.01

τ00 treeID:(species:city) 0.11

τ00 species:city 0.03

τ00 city 0.03

τ00 treeID 0.17 0.09

τ00 treeID:city

ICC 0.93 0.92 0.88

N treeID 1178 571 607

N species 6

N city 7

Observations 66,000 25,219 41,023

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

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

Predictors Estimates SE p Predictors Estimates SE p

Intercept 0.889 0.027 <0.001 Intercept −0.015 0.018 0.395

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

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

Würzburg −0.953 0.06 <0.001 Würzburg −0.068 0.05 0.174

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

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

Random Effects

σ2 0.01 σ2 0.01

τ00 treeID 0.08 τ00 treeID 0.06

ICC 0.87 ICC 0.84

N treeID 190 N treeID 414

Observations 8025 Observations 27,229

R2 0.828 R2 0.842

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

Years

Pre-Drought Years Drought
Years Post-Drought Years

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

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

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

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

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

R. pseudoacacia

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

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

T. cordata
Berlin 0.336 0.402 0.426 0.464 0.488 0.466 0.413 0.500 0.372 0.373 0.426
Munich 0.304 0.104 0.081 0.318 0.396 0.050 0.020 0.039 0.154 0.167 0.050
Würzburg 0.074 0.022 0.193 0.387 0.402 0.383 0.380 0.026 0.060 0.451 0.374
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Figure A1. Annual de Martonne Indices (DMI) over the entire periods for each city. High DMI 
values indicate humidity, i.e., cool and moist conditions, low DMI values indicate aridity, i.e., dry 
and warm conditions. The black line shows the smoothed mean DMI course through the years using 
gam algorithm. 
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