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Abstract: In the context of climate change, drought is likely to become more frequent and more severe
in urban areas. Urban trees are considered to play an important role in fixing carbon, improving
air quality, reducing noise and providing other ecosystem services. However, data on the response
of urban trees to climate change, particularly to drought, as well as the relationship between their
below- and above-ground processes in this context, are still limited, which prevents a comprehensive
understanding of the role of urban trees in ameliorating some of the adverse effects of climate change
and their ability to cope with it. To investigate whole-plant responses to water shortages, we studied
the growth of Tilia cordata Greenspire, a commonly planted urban tree, including development of
its roots and stem diameter, leaf parameters and the harvested biomass. Our results showed that
this cultivar was susceptible to drought and had reduced biomass in all three compartments: branch
(30.7%), stem (16.7%) and coarse roots (45.2%). The decrease in the root:shoot ratio under drought
suggested that more carbon was invested in the above-ground biomass. The development of fine roots
and the loss of coarse root biomass showed that T. cordata Greenspire prioritised the growth of fine
roots within the root system. The CityTree model’s simulation showed that the ability of this cultivar
to provide ecosystem services, including cooling and CO, fixation, was severely reduced. For use
in harsh and dry urban environments, we recommend that urban managers take into account the
capacity of trees to adapt to drought stress and provide sufficient rooting space, especially vertically,
to help trees cope with drought.

Keywords: biomass allocation; drought; ecosystem services; root:shoot ratio; urban trees

1. Introduction

In the future, drought is projected to occur more frequently under the warmer conditions associated
with the progression of climate change [1]. Additionally, in association with increasing urbanisation,
extreme heat events have become more prevalent than in previous decades, which reduce environmental
quality [2-4]. Urban trees can mitigate environmental degradation by storing carbon, purifying the
air, reducing storm water and providing other ecosystem services [5-7]. Urban trees can also be a
key component in the adaptation of cities to climate change [8]. Hence, in recent decades, the use of
urban trees for various purposes has drawn increasing interest from researchers [9]. For example,
Nowak et al. [10] studied how urban trees can filter pollutants that have adverse effects on human
health. Konarska et al. [11] quantified the magnitude of daytime and night-time transpiration of
common urban tree species. In addition, Velasco et al. [12] reported that carbon sequestration depends
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on the characteristics of urban trees, and Pretzsch et al. [13] proposed that urban climates can either
accelerate or decelerate tree growth.

Water availability is considered to be the most important determinant of tree growth [14,15], and a
higher frequency of drought events will expose urban trees to more restrictive growth conditions.
To improve the quality of ecosystem services, how different urban tree species cope with drought
stress has been commonly discussed [16]. Rotzer et al. [17] pointed out that stress caused by a water
deficit could reduce photosynthetic productivity and tree growth. Moser et al. [18] found marked
growth reductions during drought periods and subsequent rapid recovery in Robinia pseudoacacia L.
Furthermore, Stratépoulos et al. [19] proposed that trees from dry regions, such as Ostrya carpinifolia
Scop. and Tilia tomentosa Moench ‘Brabant’, show a high tolerance to drought stress; however,
this tolerance can come at the expense of above-ground biomass production.

The adaptation of urban trees to drought has been a recent topic of research, but there is still
a knowledge gap regarding carbon allocation as well as ecosystem services [20]. Carbon allocation
between below- and above-ground biomasses is one of the key parameters towards understanding tree
survival, especially under the global change accompanied by urbanisation [21]. Data on the relationship
between below- and above-ground processes is limited, which may result in scarce information of the
ecophysiology and hydric behaviour of urban trees under climate change [22-24]. The development of
below-ground biomass has also been rarely studied because of multiple factors such as soil compaction,
limited root volume and harsh paved environments [25-27]. Furthermore, urban trees can make an
enormous contribution to mitigating the urban heat islands by providing a cooling effect [28,29], which
is considered a feasible option for adapting to climate change [30]. Hence, information regarding how
urban trees allocate their biomass and provide ecosystem services such as cooling and carbon fixation
is crucial for city planners to implement appropriate management practices [31].

In some previous studies, only allometric equations were used to estimate such allocation because
of the expensive and time-consuming harvesting process [32]. This has led to a lack of precise
information on carbon allocation, and hence researchers have been prevented from establishing
appropriate strategies for managing urban trees. Against this background, in this study, we selected
Tilia cordata Mill. ‘Greenspire’, a cultivar widely planted in Central European cities, to analyse tree
growth and carbon allocation under undisturbed growing conditions (control) and under extreme
drought. Combined with a harvesting campaign, we applied the urban tree model CityTree to simulate
biomass development as well as ecosystem services. The following research questions are addressed
in this work: (1) How does T. cordata Greenspire respond to extreme drought in terms of growth and
carbon allocation? (2) What is the cultivar’s strategy within the root system? (3) Are its ecosystem
services severely affected under drought?

2. Materials and Methods

2.1. Study Site and Drought Experiment in 2017

This study was performed at the municipal nursery of Munich (48°08’05"” N, 11°28'47"" E,
534 m a.s.l.), the major city in the southeast of Germany under the marine west coast climate. With the
predominant soil types ranging from moderate sandy loam to strong loamy sand, the 42 ha nursery
shows very little variation in terms of microclimatic conditions. The measurements in this study were
performed from April 12 to November 12, 2017. Eight young individuals of T. cordata Greenspire with
diameters of 5-6 cm at a height of 1 m were selected, four of which were set as a ‘control” group and
the other four as a ‘dry-treatment’ group. Each tree was more than 2 m away from the others to avoid
the mutual effect.

For the drought-stress experiment, we used experimental settings in which conditions of an
enduring drought event were simulated to investigate the tree growth responses. The rooting spaces
of the four trees in the dry-treatment group were covered by a rainfall exclusion roof (RER) from May
to November in 2017, whereas the four trees in the control group were exposed to normal weather
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conditions. The RER was made up of several waterproof tents (2 X 3 m) combined with nylon ropes

and installed at a height of 1 m, sloping to the ground in the north and south directions at 3 m from the
trees (Figure 1).

@ T. cordata ‘Greenspire’
control dry-treatment
. Selected trees /- 2.8m
Drought-simulation tent border control dry-treatment

Figure 1. Schematic structure of the drought experiment. The rooting zones of trees on the right were
covered by rainfall exclusion constructions (‘dry-treatment’), whereas trees on the left were exposed to
normal weather conditions ("control’).

2.2. Measurement of Climate Variables and Soil Moisture

Climate variables, including temperature and precipitation, were sampled every 10 min with a
weather station (Davis Vantage Pro2; Davis Instruments, Hayward, CA, USA) located at an unshaded
site approximately 200 m away from the experimental plots. 2017 was a warm year at the site, with an
mean temperature of 10.3 °C and a total precipitation of 887 mm. The spring of 2017 was warm, sunny
and dry. After a strong return to cold weather in April, the temperature started to increase at the
beginning of May and remained exceptionally high, in that the average temperature was 19.6 °C from
July to August. In this period, monthly precipitation levels of 101 and 123 mm were similar to the
long-term records (within 1981-2010) of 122 and 115 mm. The temperature showed a declining trend
in early September, and night frost started in the middle of November (DWD, 2018) (see Figure 2).
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Figure 2. Monthly totals of precipitation (mm; bar graph) and monthly average temperature
(°C; dotted line) for the study site from April to October 2017.

We measured the volumetric soil water content (VWC; Vol.%) with a portable tool (UMP-1; UGT,
Miincheberg, Germany) at the rooting zones of all the trees four times in the summer of 2017, with the
goal of comparing the moisture differences between the control and the dry-treatment groups (see
Table 1). The values of VWC between the control and the dry-treatment groups were significantly
different for all the four times (p < 0.01), which proved the success of the drought simulation.
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Table 1. Volumetric soil water content (Vol.%; VWC) at 10 cm soil depth for the control and dry
treatment groups of T. cordata Greenspire four times in 2017.

Date
Group n
July 12 July 31 Aug 16 Sep 7
control 4 165+13 19.6+0.7 253+46 21.3+1.7
dry-treatment 4 120+12 121+20 128+1.0 134+1.6

2.3. Measurement of Above- and Below-Ground Biomasses

The stem diameter at a height of 1 m was measured using a digital caliper at the beginning of
each month from April to November 2017. Measurements in two perpendicular directions (N-5 and
E-W) were performed and averaged.

Fine root coring campaigns were launched for all trees in May, September and November: that is,
at the beginning (pre-drought), in the middle and at the end of the growing season. A pre-test coring
campaign showed that the range of the root system was similar to a cylinder, with a diameter of 70 cm
and a height of 35 cm. Therefore, during every coring campaign, four soil cores were collected for
every individual tree: two at a distance of 15 cm from the trunk and two at a distance of 30 cm. The soil
was sampled down to a depth of 30 cm using a soil auger with a length of 30 cm and a radius of 3 cm.
Each sample was divided into three horizons: soil depths of 0-10 cm (upper layer), 1020 cm (middle
layer) and 20-30 cm (deep layer). Fine roots (< 2 cm) were filtered using sieves (2-mm mesh size) and
separated by forceps in the laboratory. Then, the samples were washed and dried in an oven at 65°C
for 72 h. Finally, all the samples were weighed using a balance with an accuracy of four decimal places
to obtain the dry weight. The fine root biomass at different depths was calculated using the dry weight
divided by the cross-sectional area of the auger.

In November, a harvest campaign was launched in which all the trees were excavated with a tree
digger and divided into three parts: branch, stem and coarse roots. All these compartments were
dried at 65 °C for 72 h and weighed using a balance with an accuracy of up to four decimal places to
obtain the dry weight. Before drying, the root systems were washed to remove attached soil and stones.
An image analysis process including taking high-resolution photos from five views (N, S, W, E and
top) was applied to measure the root architecture with the help of the software ‘Root System Analyzer’
(RSA, University of Vienna, Austria). On the basis of a graphical representation of the skeletonised
image of the root system as well as segmentation algorithms, RSA was used to describe some of the
root traits, including root nodes, width and depth.

The leaf area index (m? m~2; LAI) was determined using hemispherical photographs (Nikon
Coolpix P5100 camera with a fisheye lens and Mid-OMount) and analysed with the program
WinSCANOPY (Régent Instruments Inc., Quebec, Canada). Data acquisition was performed under
conditions of a uniformly overcast sky in the middle of June, shortly after implementation of the
drought experiment. Sufficient numbers of points (7-11 x, z pairs) were measured and input into the
software FV2200 (LICOR Biosciences, Lincoln, NE) to compute the projected crown area (PCA) of each
tree. Combined with the specific leaf area (SLA), the leaf biomass was calculated as follows:

LAI X PCA

SLA M)

Biomass jegp =

Therefore, the below-ground biomass was the sum of the fine and coarse root biomasses, and the
above-ground biomass was the sum of the branch, stem and leaf biomasses.

2.4. Simulation of Biomass and Ecosystem Services

A process-based model was used to simulate the wood biomass of T. cordata Greenspire and
calculate its ecosystem services [33,34]. On the basis of the basic measurements of trees (e.g., DBH
(diameter at breast height) and tree height), climate and soil data, this model consists of seven modules
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to calculate tree growth and ecosystem services such as CO, fixation, evapotranspirational cooling and
shading. The core function of the simulation of a tree’s net assimilation is as follows:

A=dx [+ Jr= U+ D) -4x0x ], x 1]/ 20 @

where A is gross assimilation (g C m™2 d™!), d is mean day length of the month, J, is reaction of
photosynthesis on absorbed photosynthetic radiation (g C m~2 h™!), J, is the Rubisco-limited rate of
photosynthesis (g C m~2 h™!), and 0 is the form factor (= 0.7).

Jp is a function of the photosynthetic active radiation (PAR) and the efficiency of carbon fixation
per absorbed PAR, which can be calculated on the basis of the intrinsic quantum efficiency for CO,
uptake, the partial pressure of internal CO,, the CO, compensation point, the influence of temperature
on the efficiency and a species-dependent adjustment function for tree age. The Rubisco-limited rate
of photosynthesis ], can be estimated by the maximum catalytic Rubisco capacity, the maximum day
length, the Michaelis—-Menten constant of CO, depending on temperature, the inhibition constant of
O, against CO, (temperature-dependent) and the O, concentration.

Net assimilation Ay is calculated as follows:

Ay =A-Ry (3)

where R is the product of the maximum catalytic Rubisco capacity and the ratio of the maximum
catalytic Rubisco capacity and the respiration cost. A fixed share of 50% of the net assimilation is
assumed for growth and maintenance respiration [35]. The tree growth represented the fixation
of carbon, and the fixation of CO, was calculated based on fixation of carbon and the relative
molecular mass.
For the ecosystem service of evapotranspiration, the central water balance equation from the
water balance module was as:
prec —int —et; —ro—Ap =0 4)

With prec = precipitation (mm), int = interception (mm), ef, = actual evapotranspiration (mm),
ro = runoff (mm), Ag = change of the soil content (mm).

Within the module cooling the energy needed for the transition of water from liquid to gaseous
phase was calculated based on the CPA (crown projected area) and the transpiration et, sum:

Es = et, X CPA — (Lo X —0.00242 X temp) / foon (5)

With E4: energy released by a tree through transpiration (kWh tree™!), Lo: energy needed
for the transition of the 1 kg of water from the liquid to gaseous phase = 2.498 M] (kgH,O)~! and
temp = temperature in °C, f;,: conversion factor.

2.5. Statistical Analysis

The software package R [36] was used for statistical analysis. To investigate the difference between
means, two-sampled ¢-test and analysis of variance (ANOVA) with Tukey’s HSD (honestly significant
difference) test were used. In all the cases the means were reported as significant when p < 0.05. Where
necessary, data were log or power transformed in order to correct for data displaying heteroscedasticity.

3. Result

3.1. Stem Growth Under Drought

At the beginning of the growing season, the two groups had similar and slight decreases in
diameter. From May to August, distinctly different increases were observed, with the control group
exhibiting more rapid growth than the dry-treatment group (p < 0.05). Despite the similar patterns,
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in autumn, the dry-treatment group had a more obvious and severe decrease in the diameter increment
(see Figure 3).
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Figure 3. Stem diameter growth of the control and dry-treatment groups of T. cordata Greenspire
measured at a height of 1 m from April to November 2017. The panel represents the mean value,
and error bars indicate standard deviation. Due to an unexpected failure of the digital caliper, the data
for the treatment group in November was missing.

3.2. Fine Root Development and Root Image Analysis

The total fine root biomasses of the control and dry-treatment groups were not significantly
different in May, September and November (p > 0.05). However, we found different patterns from the
control and treatment group. From May to September, the total fine root biomass in the control group
had an obvious increase from 118.8 to 160.4 g m~2 while that decreased from 177.9 to 145.7 g m~2 in
the treatment group (p < 0.05). From September to November, both the control and treatment groups
had slight growths from 160.4 to 162.2 g m~2 and from 145.7 to 155.8 g m™2 (p < 0.05).

For more detailed information of the dynamics of the fine root biomass, we divided the fine roots
into three layers. For the control group, except for a distinct growth for the deep layer (from 43.5
to 84.9 g m~2), slight development was found for the other circumstances (see Figure 4). From May
to September, however, the biomass in the upper and middle soil layers (0-10 and 10-20 cm) in the
dry-treatment group decreased from 43.4 and 70.1 g m~2 to 10.0 and 29.9 g m~2, whereas the fine roots in
the deep layer still maintained distinct development from 64.4 to 105.8 g m~2. Additionally in autumn,
an adverse growth pattern was observed: only the deep fine root biomass decreased, whereas the
upper and middle fine roots increased from 10.0 to 30.1 g m~2 and from 29.9 to 48.9 ¢ m~2, respectively.

T 1
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Figure 4. Development of fine root biomass from both the control and dry-treatment groups in May,
September and November. Data are means of four soil cores for each individual tree for three vertical
layers: 0-10, 10-20 and 20-30 cm. The letters indicate no significant differences (p > 0.05) between the
control and dry-treatment groups for the total fine root biomass.
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Although no significant difference was found between the control and dry-treatment groups
(p > 0.05), the RSA software showed that the root system in the dry-treatment group exhibited decreases
compared with the control group in terms of width, root number and node number. The numbers of
root and node in the dry-treatment group were 1015 + 155 and 804 + 116, which were less than the
control ones with the number of 1087 + 182 and 841 + 130. Besides maintaining the rooting depth,
the root system in the dry-treatment group showed a slight decrease from 0.69 + 0.04 to 0.65 + 0.07 m
in rooting width (see Figure 5).

*— root
control dry-treatment O node
OQ
o/ 10
031 + 0.30 +
0.02m | . 0.02m
/.
( 0.69 + 0.04m ) 0.65 = 0.07m AN

Figure 5. Two-dimensional illustration of the root systems in the control and dry-treatment groups.
Red circles represent the rooting nodes.

3.3. Biomass Allocation and Root:Shoot Ratio

Generally, the stem biomass had the largest proportion of the tree, followed by the root system, and
the branches had the lowest share (see Table 2). From the harvesting campaign, reductions of branch
biomass (30.7%), stem biomass (16.7%) and coarse root biomass (45.2%) were observed. The biomasses
of all three compartments in the dry-treatment group showed a distinct decrease in comparison to
the control group, with the coarse roots in particular showing the largest difference (Ppranch < 0.01,
Pstem < 0.05 and Pcoarse roots < 0.001).

Table 2. Biomasses of branch, stem and coarse roots of both the control and the dry-treatment groups
from the harvesting campaign as well as leaf area index (LAI) and projected canopy area (PCA)
measured in summer 2017.

Wood Biomass Leaf
Group n Branch Stem Coarse Root LAI PCA SLA1
(g +sd) (g + sd) (g + sd) (m? m~2 + sd) (m? + sd) (m? g1)
control 4 445.8 + 31.0 4089.3 +220.2  2440.3 +219.5 2.53 +0.25 0.58 = 0.04 0.023
dry-treatment 4 308.5 +49.1 3407.0 + 3224 1338. 7 + 89.4 2.13 +0.24 0.58 = 0.05 '

In this study, we did not measure the SLA but used the same value of specific leaf area (SLA) from the literature for
both the control and treatment group. 1 According to [34], the SLA of T. cordata in urban areas is 23.44 kg m~2.

Three types of root:shoot ratio were calculated: (1) fine root:leaf biomass ratio, (2) coarse
root:branch biomass ratio and (3) below-ground:above-ground biomass ratio. All the root:shoot
ratios were significantly different (p < 0.05), with roots in the dry-treatment group constituting less
of a proportion of the whole tree than in the control group (Figure 6). Among the ratios, the coarse
root:branch ratio showed the greatest difference (p < 0.01).
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Figure 6. Three types of root:shoot ratio: fine root:leaf biomass ratio, coarse root:branch biomass ratio
and below-ground:above-ground biomass ratio. White circles represent the control group, and black
circles represent the dry-treatment group. Red, green and blue lines are the fitting regressions for all
trees, the control group and the dry-treatment group, respectively.

3.4. Simulation of Biomass and Ecosystem Services

Using the urban tree growth model CityTree [34], the above-ground, below-ground and overall
biomasses for both the control and dry-treatment groups can be simulated. The measured and
simulated biomasses of the trees, including the above-ground, below-ground and overall biomasses,
had no significant differences, which showed the model’s reliability in prediction (p > 0.05). Higher
but not significantly different simulation was found in the dry-treatment group for the above-ground
and overall biomasses (see Figure 7).

Above-ground Below-ground Overall Il Vieasurement

1 N .

Control Treatment Control Treatment Control Treatment

-

Biomass/kg
S

N

Figure 7. Comparison of measurements and simulations for the above-ground, below-ground and
overall biomasses of trees from the control and dry-treatment groups.

The CityTree model also simulated biomass development for the entire year 2017 (Figure 8). In the
control group, for the above- and below-ground biomasses, distinct increases of 0.6 kg tree™! (from 3.9
to 4.5 kg tree™!) and 0.4 kg tree™! (from 0.9 to 1.3 kg tree™!) were obtained, respectively. In the treatment
group, however, trees showed scarce development, in that only a slight increase of 0.1 kg tree™ was
observed (from 5.4 to 5.5 kg tree™!). For the root:shoot ratio, increases were found from 0.23 to 0.29
and from 0.02 to 0.27 for the control and treatment groups, respectively, from January to December.
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Figure 8. Simulated above- and below-ground biomasses for trees of the control and treatment groups

for the entire year 2017.

By using the model CityTree, the ecosystem services of the trees, such as CO, fixation,
water consumption and cooling potential by transpiration, could also be estimated. Figure 9 gives the
values of these variables.

y CO, Fixation kg tree-! 3| Evapotranspiration m? tree-! 200| Cooling W m-2
150)
2] 2|
100)
1 1-
. | .
¢ control dry-treatment control dry-treatment control dry-treatment

Figure 9. Ecosystem services, including CO, fixation, evapotranspiration and cooling potential by
transpiration, for trees of the control and treatment groups in the year 2017.

The trees of the control group showed significantly higher CO, fixation than those of the
dry-treatment group. Each tree in the control group could fix 1.9 kg CO, year™!, which was far more
than 0.3 kg CO, year™! calculated for trees of the dry-treatment group. With a three times higher
evapotranspiration (2.3 m3 tree™! compared with 0.8 m? tree™!), the cooling potential provided by the
control group trees was almost trebled compared with that of the dry-treatment group trees (177 W m™3
compared with 64 W m~3). In summary, under the intense drought conditions associated with rainfall
exclusion, all the ecosystem services of the lime trees were markedly reduced.

4. Discussion

4.1. Growth Patterns Under Drought

This study aimed to compare and analyse the growth patterns of T. cordata Greenspire from the
control and dry-treatment groups. On the basis of the significant difference in soil water between the
control and treatment groups (p < 0.01), our RER proved to be successful at simulating drought stress.
The effects of drought manipulations are very complex [37], and the responses of plants to water scarcity
are complicated, involving adaptive changes [38]. Under normal conditions, T. cordata Greenspire
exhibited steady growth, especially in spring, which is consistent with previous research [18]. Since the
RER was established, T. cordata Greenspire showed reduced stem growth in the dry-treatment group
(p < 0.05). Furthermore, a large number of leaves died in the summer of 2017, in line with the decreased
LAI From the harvesting campaign, all the three compartments (branch, stem and coarse roots) showed
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significant reductions in their biomass in the dry-treatment group compared with the levels in the
control group. Overall, the findings showed that T. cordata Greenspire did not cope well with a dry
period and lost a great deal of biomass, which could be thought of as being associated with a negative
water balance due to insufficient water supply. This is also in line with previous research showing that
the water management of T. cordata Greenspire was disrupted following growth reduction [19,39].

The root:shoot ratio is often used to estimate relative biomass allocation between roots and
shoots [37,40,41]. Previous studies have reported that, for some drought-resistant tree species, drought
induced root growth to enhance water uptake, which led to an increase in the root:shoot ratio [42,43].
Mokany et al. [44] proposed that an increase in the root:shoot ratio could be a strategy when facing
drought in the long term, whereas water shortage could shift carbon allocation to storage in the short
term [45]. In our study, drought significantly (p < 0.05) reduced all three types of root:shoot ratio (fine
root:leaf biomass ratio, coarse root:branch biomass ratio and below-ground:above-ground biomass
ratio), which showed an opposite pattern to those drought-resistant tree species. Besides, the early
discolouring and fall of leaves together with the biomass decrease in all the three compartments
(i.e. coarse roots, stem and branches) suggested that T. cordata Greenspire did not have the means to
positively adapt to drought. Additionally, the differences in water use efficiency between T. cordata
Greenspire on the one hand and Acer campestre L. subsp. campestre, O. carpinifolia and T. tomentosa
‘Brabant’ from drier habitats on the other were measured and analysed [19]. The results showed that
T. cordata Greenspire coped poorly with drought with highly reduced water use, whereas the other
three tree species/cultivars maintained higher water use efficiency, possibly because of the better use of
carbon for root production at the expense of above-ground biomass. Hence, the growth patterns of
stem growth, biomass allocation and root:shoot ratios showed that T. cordata Greenspire failed to act as
a drought-resistant cultivar.

4.2. Strategy Within the Root System

Fine roots are the main plant component involved in absorbing water and nutrients, whereas
coarse roots provide stability [46,47]. Joslin et al. [48] and Germon et al. [49] proposed that the cost of
fine root construction could be balanced by the uptake of water under drought stress. In this study,
the control group showed gradual development from May to September and maintained its biomass
from September to November. In contrast, fine root biomass was reduced from May to September
but slightly increased from September to November in the dry-treatment group. Combined with the
results of Figure 5, the root system in the dry-treatment group had fewer roots and nodes as well as
decreased widths. Taking into account the decreased root:shoot ratio, it was shown that T. cordata
Greenspire did not invest greatly in the root system.

Nevertheless, we found a particular pattern where the deep fine roots achieved substantial
development, whereas the fine root biomass of the upper and middle layers clearly decreased.
Gewin [50] showed that deep roots could be crucial to alleviating water stress in plants, especially
for plants living in tropical and subtropical environments [51]. This suggests that, within the root
system, T. cordata Greenspire prioritises deep fine roots to enhance its water uptake capacity rather
than the shallow ones, which is in line with previous findings [52,53]. Furthermore, from September
to November, it was observed that the deep roots had a decrease while the biomass from the upper
and middle layer had an obvious development. This could be implied that the response of fine root
to drought had a time difference among layers. Overall, despite inadequate investment in the root
system, the dynamics of fine roots in different layers could reflect the positive behavior under drought.

4.3. Simulated Ecosystem Service Provision Under Drought Stress

Ecological process-based models have been applied widely for ecological issues, including
biodiversity, phenology, hydrology and ecosystem services [54]. To obtain reliable predictions,
however, the process-based models need to be validated first, in combination with observational
data [55]. In our study, the CityTree model was first used to simulate the biomass from the below-ground
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and above-ground processes. The results showed high performance of the model, in that little difference
was found between the observation and the simulation. Hence, the model should be reliable for
simulating ecosystem services.

Figure 9. suggests that T. cordata Greenspire trees provided much less ecosystem services under
heavy drought than unstressed trees in terms of CO, fixation, transpiration and cooling. This can
be explained by the fact that, under conditions of water shortage, the lime trees had to expend more
energy in seeking out water to survive. However, on the basis of clearly reduced total transpiration,
the total biomass growth was markedly reduced, which led to a reduction in carbon fixation of 84% in
the drought-stressed lime trees compared with the unstressed trees. Along with the smaller amounts
of transpiration, the cooling effect was reduced by 64% for the drought-stressed trees. Besides, Figure 8
shows that the model predicted higher (albeit not significantly) biomass for the drought-stressed trees
than for the control trees, which suggests that drought stress had a more severe impact in reality
than predicted by the model. Taking this conservative prediction into account, the negative impact of
drought stress on the ecosystem services provided by T. cordata Greenspire might be more serious.

5. Conclusions

In 2014, the IPCC (The Intergovernmental Panel on Climate Change) predicted that extreme climatic
events such as severe drought would become more common and severe in the future. The urbanisation
accompanying such global change can alter the composition, structure and biogeography of vegetation
in cities and surrounding areas [56]. Hence, obtaining comprehensive knowledge about how urban
trees react to and cope with dry conditions can be of utmost importance for ecosystem services in cities.

We analysed tree growth and simulated ecosystem services under drought conditions for T. cordata
Greenspire. The cultivar appeared to be susceptible to drought, in that the biomasses of coarse roots,
stem and branches decreased following a decrease in the root:shoot ratio and demonstrated substantial
failure to provide ecosystem services. With the loss of much root biomass, it tended to invest in fine
roots. At the beginning of drought, investment was given to the deep fine roots and in autumn the
shallow fine roots obtained more development. Therefore, urban trees, particularly drought-susceptible
tree species and cultivars such as T. cordata Greenspire, should be planted in large soil pits so that water
shortages are minimised. Intensive maintenance of the trees based on their growth patterns as well as
on the site and soil conditions could preserve tree vitality and enhance tree growth and the provision
of ecosystem services.

Against a background of global climate change and increasing urbanisation, featuring an enhanced
impact of urban heat on tree growth and vitality, T. cordata Greenspire will become a vulnerable urban
tree species in Central European cities. Especially in temperate cities where currently the precipitation
in summer is low and where future climate conditions may feature droughts of increasing number
and intensity, tree species and cultivars such as T. cordata Greenspire will suffer severely. Long-term
drought experiments are necessary to obtain detailed knowledge about the behaviour of urban tree
species under intense drought conditions, and such information will be crucial for landscape planners
and architects.
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