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1. Introduction

City centers experience higher temperatures than surrounding sub-
urban and rural areas due to the urban heat island effect (UHI) (Oke,
1988). Previous studies have observed localized hot and cool spots, large
intra-urban temperature differences, and variations of UHI intensity
within the city’s boundaries (Buyantuyev and Wu, 2010; Heusinkveld
et al., 2014). These variations are directly linked to various urban fac-
tors, such as land cover, surface characteristics, building size and shape,
material properties, anthropogenic heat generated from vehicles,
building systems, and industrial activities (Smithers et al., 2018). The
primary cause of UHI is the modification in the surface energy balance
due to changes in land cover types in urban areas (Oke, 1973). Coupled
with climate change, UHI poses a serious threat to the quality of life of
the population in urban areas (Iungman et al., 2023). Thus, imple-
menting effective urban heat mitigation strategies is essential for to
promote the adaptive capacity of our cities (Pauleit et al., 2020).

Cooler spots within the urban environment are positively correlated
with greenspace and increased vegetation cover (Livesley et al., 2016).
Therefore, urban green infrastructure (UGI), an interconnected network
of strategically planned green spaces, is key in mitigating UHI (Pauleit
et al., 2011). Within UGI, particular emphasis has been placed on trees’
ability to reduce local heat stress through shading and evapotranspira-
tion (Endreny et al., 2017; Gill et al., 2007; Livesley et al., 2016). Pre-
vious studies have shown that tree canopies restrict the amount of
short-wave radiation reaching the surface by 60%-90%, which in turn
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reduces the surface temperatures between sunny asphalt areas and
shaded areas by up to 40 °C (Armson et al., 2012; Rahman et al., 2020b).
The process of transpiration releases water vapor into the surrounding
atmosphere, which raises air humidity, but cools the local environment
by shifting the partitioning of incoming solar irradiation from sensible
heat to latent heat (Taha, 1997). It is also a crucial physiological activity
that maintains the vitality of trees and provides evaporative cooling to
help dissipate heat (Wang et al., 2011). Therefore, through transpira-
tion, trees cool themselves and also reduce the surrounding air tem-
peratures, with a specific study in Munich demonstrating a peak cooling
effect of 3.5 °C (Rahman et al., 2017b). However, the cooling effect
provided by these mechanisms is localized and varies in both space and
time, with tree morphology, species characteristics, above and
below-ground site conditions having considerable influence. Urban trees
surrounded by impervious surfaces must tolerate harsh ecological con-
ditions such as elevated surface and soil temperatures, limited water
infiltration, inadequate nutrient availability, and impeded leaf-air gas
exchange (Wang et al., 2020). This increases the trees’ water stress and
hampers their growth and transpiration (Gillner et al., 2017; Pretzsch
etal., 2017). Such restricted growth negatively impacts the development
of tree crowns, resulting in smaller canopies. A smaller canopy signifi-
cantly reduces the interception of incoming short-wave radiation,
consequently diminishing the tree’s shading and cooling effects. More-
over, impervious surfaces not only limit water infiltration but also lead
to soil compaction (McClung and Ibanez, 2018), reducing both soil
moisture and the tree roots’ ability to penetrate the soil for water and
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nutrient uptake. These factors together restrict transpiration—a critical
process for latent heat loss—thereby impacting the tree’s capacity to
cool the surrounding environment. Above all, thermal comfort, as
measured using indices such as PET (Physiologically Equivalent Tem-
perature) or UTCI (Universal Thermal Climate Index), is largely
dependent on the energy fluxes of the surrounding environment (Rah-
man et al., 2024). Therefore, impervious surfaces absorb much more
energy penetrated through the less dense canopies as well as emit higher
amount of long wave radiation, worsening thermal comfort in urban
areas. While the impact of impervious surfaces on tree function has been
established by previous research, there remains a gap in knowledge
regarding how urban trees’ growth and cooling effectiveness are influ-
enced by urbanization intensity, beyond impervious surfaces within the
tree canopy. In particular, the impact of impervious surfaces on tree
growth and cooling effectiveness across a range of urban environments
(e.g., densely built city center vs. low density suburban areas) remains
largely unexplored.

The shading benefit provided by tree canopies mainly depends on the
tree’s structural characteristics, such as diameter at breast height (DBH),
leaf area index (LAI), tree height (Ht), crown diameter (CD), canopy
volume (CV), and canopy projection area (CPA) (Rahman et al., 2020a).
Additionally, underlying surfaces also affects the magnitude of shading
effect. For instance, shading depth or intensity is more important when
the underlying surfaces are asphalt or built surfaces, while light shading
might allow for a better combination of shading effect and grass
evapotranspiration when the shaded surfaces are grass lawns (Rahman
et al., 2021). Similar to shading, the extent of transpiration cooling is
influenced by morphological characteristics as well as physiological
characteristics such as species level differences in wood anatomy, hy-
draulic traits and regulation of stomatal conductance in response to
environmental conditions and the built environment. Winbourne et al.
(2020) highlight the limited understanding of transpirations’ role in
urban tree cooling at local level, hindered by scarcity of data on species
specific rates and variation in urban areas.

Reduction in sensible heat fluxes (through shading) and increase of
latent heat flux (through transpiration) can reduce mean radiant tem-
perature (Tmrt), hence enhance human thermal comfort (Rahman et al.,
2020Db). Other important variables for human thermal comfort include
wind speed, humidity, and solar radiation (Lee et al., 2016). However, it
is still unclear how different tree related characteristics and microme-
teorological variables across different urban settings interact and affect
human thermal comfort. Furthermore, previous studies have focused
primarily on individual tree traits and their influence on thermal com-
fort, often neglecting tree growth and vitality. For instance, tree species
with high LAI significantly enhance human thermal comfort by
providing comfortable thermal conditions beneath their canopies (Gill-
ner et al., 2015). However, under suboptimal growth conditions and
drought-induced stress frequently observed in urban areas with high
imperviousness, trees may face challenges in developing denser crowns
(Rotzer et al., 2021), and might even resort to leaf shedding as an
adaptive measure to tolerate heat stress (Sanusi and Livesley, 2020).
Such an adaptive response, while helping trees endure harsh conditions,
can also diminish the cooling benefits that were initially anticipated.
Additionally, different tree species have distinct growth and physio-
logical responses contingent to the specific urban morphology they
inhabit (Rotzer et al., 2021; Shashua-Bar et al., 2010). The lack of
comprehensive knowledge around the capacity of different urban tree
species to deliver microclimate benefits in different urban contexts
limits city planners to select right species for the right place when the
aim of planting is to improve human thermal comfort.

To fill this gap, this research investigates the provisioning of the
cooling effect by urban trees at different levels of urbanization. We used
the gradient approach (McDonnell and Pickett, 1990) to understand the
interplay and cumulative effects of tree cover and built surfaces in
mitigating the urban heat in heterogenous urban landscapes. Gradient
analysis examines transects extending from the urban core to the
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suburban or rural periphery of the city, to examine changes in ecological
structure and functions as a result of urbanization (Qiu et al., 2017; Ziter
et al., 2019). While the effect of urbanization on tree growth and tree
cooling has been studied previously separately, the novelty in our
research lies in the fact that we combine both of these aspects together.
We quantify how the tree growth and vitality, cooling effectiveness and
human thermal comfort provided by four commonly planted urban tree
species vary along a gradient of imperviousness in Munich, Germany.
Our aim is to detect the effects of imperviousness on the microclimatic
regulation provided by different urban tree species. Specifically, we pose
the following questions.

e How does a gradient of imperviousness affect tree growth and
cooling effectiveness?

e Which species traits show the greatest influence on human thermal
comfort?

2. Material and methods

The description of the study area and selection of sampled trees,
along with the calculation of imperviousness density, are introduced in
Sections 2.1 and 2.2. Structural and morphological measurements of the
sampled trees are detailed in Section 2.3, followed by meteorological,
physiological, and edaphic measurements in Section 2.4. Sections 2.5
and 2.6 outline the calculations and analyses addressing the first
research question. Section 2.5 describes the tree growth analysis using
tree ring data, while Section 2.6 explains the transpiration calculations
used to determine latent heat loss. Section 2.7 presents the thermal
comfort calculations for our second research question. Finally, Section
2.8 provides details of the statistical analysis approach.

2.1. Study area and data collection period

We conducted the study in Munich, which is the third largest city in
Germany with a population of 1.59 million and a high population den-
sity (51 people/ha) (LH Miinchen, 2023). Munich has a temperate
climate with warm summers and is influenced by the Alps due to its
location. Munich has several large patches of green spaces distributed
throughout the city (Pauleit and Duhme, 2000), with just a few struc-
tures taller than 100 m. It also has a high degree of surface sealing in the
city center region (Taubenbock et al., 2021). This strongly influences the
microclimate within the city, with previous studies finding that the
monthly mean UHI intensity reaches up to 6 °C (Pongracz et al., 2006).
The mean annual temperature was 10.1 °C and the mean annual pre-
cipitation was 939.7 mm between the period of 1991-2020 (Station:
Miinchen Stadt ID:3379; DWD, 1991-2020). In 2021, when the field
measurements took place, the mean annual temperature was 9.7 °C and
the mean annual precipitation exceeded the long term average by 131.3
mm (DWD, 2021).

2.2. Sampling design and impervious density calculation

We identified the sites and location of four common urban tree
species through an extensive field campaign. The trees were roughly
selected along a continuous North-South and East-West transect,
measuring approximately 8 km from the center of the city to the sub-
urban areas in each of the four-cardinal direction, aimed to represent the
impervious gradient. The final count of 38 trees from an initial inventory
of 137 trees were chosen based on a number of factors. First, the selected
trees were healthy and free from any visible signs of damage or decay.
Additionally, there was a clear space of 1.5 times the canopy projection
area around each tree to ensure they were not hindered by any obstacles
or competition from surrounding trees. Secondly, logistical consider-
ations influenced tree selection; Trees near public transport stations and
with lower crown base were chosen to ease manual transport of in-
struments and avoid using large ladders for measurements. Along with
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the logistical constraints, to eliminate any personal and instrument bias,
the same instruments and personnel were used across the transect.
Finally, to incorporate urban spatial heterogeneity of trees in green and
gray infrastructure, parks as well as street trees were selected (See
Fig. 1).

Imperviousness, measured by the imperviousness density (IMD)
high-resolution layer (HRL) (EEA, 2018), was used as a proxy to identify
urbanization intensity and find the percentage of impermeable surface
cover. At finer scales, this metric better reflects permanent land cover
change unlike other proxies such as distance to city center, population
density, road density etc (McDonnell and Hahs, 2008). IMD HRL, with a
10m spatial resolution, captures level of sealing of the soil per area unit
(imperviousness degree ranging from 1 to 100%) through a
semi-automated classification, based on calibrated NDVI. QGIS
3.10.0-A. Coruna (https://qgis.org/en/site/) was used to do the spatial
analysis for IMD determination for the study sites. To capture the
background conditions in each tree’s immediate vicinity, a buffer of
500m around each tree was made. This buffer range has been used in
other studies to record the landscape level effects (Alonzo et al., 2021;
Rahman et al., 2022). Although there might be other trees within this
buffer zone which may also affect local conditions, our study design was
primarily focused on individual tree and we control for potential con-
founding factors by conducting direct measurements on each individual
tree and meteorological and edaphic variables in the vicinity.

The gradient analysis stratified tree samples into three zones based
on IMD: High Imperviousness Zones (HIZ, IMD >70%), Medium
Imperviousness Zones (MIZ, IMD 40-70%), and Low Imperviousness
Zones (LIZ, IMD <40%). HIZ are dense and compact areas, mostly
located in the inner-city district, largely commercial in nature, are
characterized by greater amount of surface sealing, potentially limiting
space for adequate crown and root development. MIZ represent areas
that are a mix of commerce and residential areas, where there are
comparatively more open spaces compared to HIZ. LIZ are characterized
by low-density residential areas in suburban spaces, with considerable
open spaces and providing conditions that can foster good tree growth.
The distribution of tree locations, zones, and IMD values is detailed in
Fig. 1 and Table 1.

Tree Species and Transect |
@ Acer platanoides

@ Platanus x acerifolia
A Robinia pseudoacacia
¥ Tilia cordata
North-South Transect
<« --» East-West Transect
Imperviousness Density

0% 100%
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2.3. Tree species selection and morphological measurements

The tree species chosen for this study are commonly planted
throughout European cities (Pauleit et al., 2002), but have contrasting
morphological characteristics, wood anatomy and water use strategies.
Acer platanoides has a high shade tolerance, high photosynthetic ability
and leaf area ratio (Niinemets and Valladares, 2006), and it has a diffuse
to semi-diffuse porous structure (Zimmermann et al., 2021), as well seen
to be isohydric although there are some contrasting studies on this. Tilia
cordata is a shade-tolerant species with a low water use efficiency
(Radoglou et al., 2009), has medium to high LA, is diffuse porous and
anisohydric (Moser-Reischl et al., 2021). Robinia pseudoacacia has a low
LAl is shade intolerant, very tolerant to drought, shows strong isohydric
behavior and has a ring-porous wood anatomy (Moser et al., 2016).
Finally, Platanus x acerifolia or Platanus x hispanica is a hybrid of Platanus
orientalis and Platanus occidentalis that grows throughout Central
Europe. It requires a lot of light (Roloff, 2013), is anisohydric (Rotzer
et al., 2019) and has a diffuse-porous wood structure (Moser-Reischl
et al., 2021).

Diameter at breast height (DBH) was measured using a diameter
measurement tape at a height of 1.3 m. Tree heights were calculated
using a Vertex Forestor. LAl was derived from hemispherical photo-
graphs using a Nikon camera with fisheye lens following Moser et al.
(2017). Crown radii were measured in eight inter-cardinal directions (N,
NE, ..., NW) and crown diameter, crown projection area (CPA) as well as
crown volume (CV) were calculated. Furthermore, each tree was cored
to the heartwood at two directions (N-E) to estimate tree age. The
structural and morphological data are detailed in Supplementary section
1.2.

2.4. Leaf physiological, micrometeorological and soil moisture
measurements

We conducted measurements on 12 sunny, warm summer days
spread across June, July and August. For further analysis, we selected
seven out of 12 days where the maximum air temperature (AT) was
greater than 27 °C and the vapor pressure deficit (VPD) was greater than

Low Imperviousness Zone (LIZ)

Fig. 1. Map showing location of the trees in the study, the transect followed and the imperviousness density.
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Table 1

Tree species frequency and their location along different High imperviousness, medium imperviousness and low imperviousness zones in the study.
Zone Impervious cover (%) A. platanoides P. x acerifolia R. pseudoacacia T. cordata
HIZ >70% 3 3 2 4
MIZ 40-70% 3 4 3 2
LIZ <40% 5 2 3 4

2.3 kPa to ensure comparability. These thresholds have been used in
previous studies (Rahman et al., 2021) and also helped us to identify tree
cooling performance for warmer days with high atmospheric demand,
conditions that are likely to be more common in Munich in the future
(Zolch et al., 2016). The meteorological conditions are detailed in
Supplementary Section S1.1.

Stomatal conductance is a measure of the degree of leaf stomatal
opening and is used as an indicator of plant water status (Rahman et al.,
2015). Measurements of stomatal conductance were carried out on six to
seven leaves (four to five sunlit leaves and two shaded leaves from the
mid crown of each tree) using the leaf porometer (model SC-1, METER
Group AG, Munich, Germany), and the measurements were replicated
three times, resulting in 18-21 readings for each tree. These measure-
ments, taken between 11:00 and 16:00 h, were complemented by leaf
temperature readings. Simultaneously, same amount of meteorological
observations of air temperature, relative humidity and wind speed were
recorded concurrently at 1.5 m above the ground using a hand-held
multifunction digital anemometer (PCE, model PCE-THA 10). Further-
more, the atmospheric pressure data for each measurement day were
recorded from the published data of the German Meteorological Service
(DWD).

Chlorophyll content, closely related to plant stress and senescence,
was measured non-destructively using a chlorophyll meter (model
SPAD-502Plus, Konica Minolta). The device calculates a numerical
value (SPAD) which is proportional to the amount of chlorophyll present
in the leaf by measuring the absorbance of the leaf in the red and near-
infrared, where higher SPAD suggests a healthier plant. We measured
the SPAD for the same six to seven leaves that were used for measuring
stomatal conductance, resulting in 18-21 data points for each tree.
Additionally, the soil moisture content was measured using a soil
moisture probe. approximately 60-100 cm from the tree trunk. Surface
temperatures of grass and asphalt surfaces within the canopy shade and
outside the canopy were also measured using a laser gun (PTD 1, Bosch
GmbH, Germany). The shaded measurement was always close to the tree
trunk, while outside the canopy measurements were always a minimum
of 5 m away from the shade. The surface temperature reductions (AST)
was calculated from the difference of sunny and shady surface
temperature.

Midday leaf water potential, indicative of tree water use and water
stress, was measured using a Scholander bomb on 14 selected tress from
the sample representing the four species. These measurements were
conducted in July and August between 11:00 h to 15:00 h, on two sunlit
and one shaded leaf from each tree’s mid-crown.

2.5. Tree growth analysis

Differences in tree growth and vitality between the species signifi-
cantly affect the magnitude of ecosystem services provided by the trees
(Pretzsch et al., 2017; Rotzer et al., 2019). The annual growth patterns of
urban trees can indicate their growth conditions and provide insights
into the response of trees to external factors. Using dendrochronology in
this context, two cores per tree were extracted at breast height (1.3 m) to
analyze the basal area over a long timeseries. The tree ring width, spe-
cific age and basal area were determined following (Dervishi et al.,
2022; Franceschi et al., 2023; Honold, 2021; Moser et al., 2016). The
tree ring analysis for carried out for period of 50 years from 1970 to
2020. Basal area (BA) and basal area increment (BAI) were calculated
using annual radial growth of the increment cores through a stepwise

back-calculation starting from the year 2020.
2.6. Transpiration and energy loss calculation

The transpiration rates (E, mmol m~2 s~ 1) of the leaves were calcu-
lated from the stomatal conductance and meteorological data following
(Rahman et al., 2011):

E:g * (eleaf - ea) / P, (1)
Where, g is the total conductance of water vapor (mmol m2s™), ejearis
the vapor pressure inside the leaf, which was assumed to be saturation
vapor pressure at leaf temperature, e, is the vapor pressure of the at-
mosphere, which is calculated by multiplying vapor pressure at air
temperature by the relative humidity of the air and P, is the atmospheric
pressure (kPa). Saturation vapor pressure at leaf temperature (ejeaf) is
given by Tetens formula:

17.6+T)
€lear = 0.611 x eTi+240.97

(2
3

€, =€ * Ta * RH

where, Tj is the leaf temperature, T, is the air temperature in °C and RH
is the relative humidity. The energy loss per unit leaf area (Wm 2)
expressed as the latent heat flux is obtained by multiplying the tran-
spiration rates (converted to gm’zs’l) from Eq. (1) with the latent heat
of vaporization (2.45ng’1).

Sensible heat fluxes (Qy) were calculated using the measured surface
temperature, air temperature and wind speed. Qy was calculated for the
following surfaces - shaded grass, shaded impervious, sunny grass and
sunny impervious for each tree. Qy calculation is provided in Supple-
mentary (Section S2).

2.7. Human thermal comfort — PET calculations

PET, a commonly used human thermal comfort index (Hoppe, 1999)
was calculated with the RayMan Model (RayMan Pro version 1.2)
(Matzarakis et al., 2010) software. As a micro-scale model, RayMan
computes radiation fluxes, which are important biometeorological input
for PET. For this study, specific input parameters were: date and time of
the collection data, location, tree geographical data (longitude, latitude,
altitude), meteorological conditions such as air temperature (°C), rela-
tive humidity (%), wind speed (m/s). Personal data in terms of height
(m), weight (kg), age, sex, clothing, and activity were kept default.

2.8. Statistical analysis

Statistical analyses were performed in R version 4.2.3. Structural
variables from the trees (DBH, Tree height, Age, CPA, LAI, Crown start)
were subjected to two-way Analysis of variance (ANOVA) and Tukey
post hoc tests to see significant difference (p < 0.05) between the species
and the imperviousness zones.

Linear mixed models (LMM) were developed to assess the influence
of imperviousness (HIZ/MIZ/LIZ; Zone) on different growth and physi-
ological variables. Mixed models from “lmer4” package with Kenward-
Roger approximation of F-statistics, and post hoc comparisons using
the “emmeans” package were used. These models can also quantify the
effect of imperviousness on PET. Models for annual basal area (BA)
derived from tree cores, micrometeorological data (Surface temperature
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reduction (ST), sensible heat flux (Qh)) and different tree physiological
traits such as stomatal conductance (SC), Energy loss (Eloss), SPAD, were
performed separately. If the dependent variable satisfied the condition
of normal distribution (examined by the Shapiro-Wilk test), then they
were modeled using a linear mixed model using Imer function. If not,
they were modeled using a generalized linear mixed model (GLMM)
using glmer function.

The fixed effects were chosen accordingly to our research questions.
In the LMMs for BA for each of the species, main effects included the
location (HIZ, MIZ, LIZ) and age. In the LMMs for other variables, main
effects were the location (HIZ, MIZ, LIZ) and species (A. platanoides, R.
pseudoacacia, P. x acerifolia, T. cordata). Random effects included tree
identity (Tree ID) and date (Date), to account for the repeated measures
and differences between the individual trees that could affect the
outcome due to spatial and temporal dependencies. P- values were
examined to see the significance of the effects. The final models are
shown below:

Imer (In(BA) ~ In(Age) x Zone + (1|Tree ID)) 2)

Imer (SPAD ~ Species x Zone + (1|Date) + (1|Tree ID)) 3
glmer (SC/ Eloss/ ST / Qh ~ Species x Zone+ (1|Date) + (1|Tree ID))

4

For the second research question, an information-theoretic frame-
work was employed to determine the relative importance of significant
explanatory variables on PET, and multimodel inference (Grueber et al.,
2011) was used to estimate the parameters. Supplementary Table 4
shows all the variables that were considered. A stepwise procedure was
followed to select the relevant variables for further analysis. First, we
generated scatter plots to visualize linear relationships between the PET
and the predictor variables, followed by computing Pearson correlation
coefficients to check for correlation. Furthermore, collinearity among
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the predictor variables was assessed through the use of VIF (Variance
Inflation factor). Highly correlated variables (>0.7) were excluded
(Zuur et al., 2010). Five variables out of the initial eleven variables were
retained through this process. We standardized variables using z-scores
for comparability. A GLMM using glmer function fitted to a gamma
distribution with log-link function was created, which is suitable for
modeling variables that show a skewness in their distribution, such as
PET in our case. We then generated an initial set of candidate models (n
= 32 for the five predictor variables) for all possible combinations of the
considered predictor variables using the ‘dredge’ function. From the
generated candidate models, we selected the best approximating models
based on the smallest difference in Akaike Information Criterion (AICc).
Models within 10 AICc units of the most parsimonious were retained for
inference (Burnham et al., 2002). The relative importance of predictors
in the GLMM was assessed by summing Akaike weights, yielding
model-weighted average parameter estimates, incorporating model se-
lection uncertainty (Burnham et al., 2002).

3. Results
3.1. Tree growth and vitality across the zones of imperviousness

3.1.1. Tree annual radius and basal area growth

Tree ring analyses yielded growth curves for the sampled tree species
across the gradient from 1970 to 2020 (Supplementary Fig. 1). In gen-
eral, annual radius increment of trees located in LIZ (mean growth =
3.94 mm/year) were highest followed by trees located in MIZ (mean
growth = 3.76 mm/year) and HIZ (mean growth = 3.32 mm/year).
Overall, we observe higher BA values over age for all the species in LIZ,
except for R. pseudoacacia (Fig. 2). Minimal relative differences in size
among the different species are observed during the younger ages.
However, distinct growth patterns are observed after the trees reach the
age of 25. In particular, P. x acerifolia exhibited a significantly faster
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Fig. 2. Logarithmic relationship between Basal Area and Age of the studied species across the zones of imperviousness.
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growth rate compared to the other three species studied in all the zones
of imperviousness. While growing in LIZ and at the age of 60, P. x
acerifolia exhibit approximately 40% higher BA compared to those in the
MIZ, and about 25% higher BA compared to those in the HIZ. In contrast,
for T. cordata trees of similar age, those in the LIZ display a 30% higher
BA compared to both the HIZ and MIZ. Notably, A. platanoides trees
present the most significant variation. A 60-year-old A. platanoides in the
LIZ has a 58% and 47% larger BA compared to counterparts in the HIZ
and MIZ, respectively.

3.1.2. Chlorophyll content and leaf water potential

SPAD value showed significant differences both among tree species
and impervious zones (Fig. 3). The mixed model results revealed a sig-
nificant difference in SPAD among impervious zones (F (2,78) = 3.16, p
< 0.05) and across different tree species (F (3,78) = 10.54, p < 0.0001).
The HIZ generally had the lowest SPAD values for all species (Fig. 4).
Among species, T. cordata showed the highest SPAD values (Mean SPAD
value = 39.6), followed by A. platanoides (Mean SPAD value = 34.5),
R. pseudoacacia (Mean SPAD value = 32.7) and P. x acerifolia (Mean
SPAD value = 32). P. x acerifolia trees in the LIZ demonstrated an
approximate 8% higher SPAD value compared to those in the MIZ, and a
20% higher value compared to those in the HIZ. Similarly, the
A. platanoides trees in the LIZ exhibited 9% and 11% higher SPAD values
compared to those in the MIZ and HIZ, respectively. However, T. cordata
and R. pseudoacacia displayed their highest SPAD values in the MIZ,
rather than the LIZ. Specifically, T. cordata in the MIZ displayed 7% and
4% higher SPAD values compared to those in the HIZ and LIZ, respec-
tively. Similarly, R. pseudoacacia in the MIZ showed 21% and 6% higher
SPAD values compared to those in the HIZ and LIZ.

Significant differences were observed in the leaf water potential of
the studied species (Table 2). T. cordata had the lowest (most negative)
leaf water potential (—3.12 + 0.29), followed by P. x acerifolia (—2.74 +
0.21), A. platanoides (—2.31 + 0.13) and R. pseudoacacia (—1.88 +
0.36).

3.2. Tree cooling potential across the impervious zones
3.2.1. Surface cooling
Tree species differed significantly in terms of surface temperature

reductions (AST) over impervious surfaces (F (3,78) = 5.1, p < 0.01);
however, not between the zones. In case of AST over grass surfaces, we

Platanus x acerifolia Tilia cordata
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found no significant differences between species or zones. AST over
impervious surfaces was significantly higher than over grass surfaces
(Fig. 4). On average AST over impervious surfaces was 15.5 °C, while
AST over grass surfaces was 6.8 °C. T. cordata (Mean = 22.0 °C) had the
highest AST over impervious surfaces, followed by A. platanoides (Mean
= 18.05 °C), P. x acerifolia (Mean = 16.1 °C) and then R. pseudoacacia
(Mean = 14.6 °C). AST over grass surfaces was highest with
R. pseudoacacia (Mean = 8.94 °C), followed by A. platanoides (Mean =
8.5 °C), P. x acerifolia (Mean = 8.0 °C) and T. cordata (Mean = 7.8 °C).
Furthermore, AST was strongly correlated to LAI (Supplementary
Fig. 2). The correlation between AST over impervious surfaces and LAI
was higher (r = 0.51, p < 0.001) than the AST over grass surfaces and
LAI (r = 0.27, p < 0.05).

3.2.2. Surface energy fluxes over different species and surfaces

Both shaded grass and impervious surfaces showed lower surface
temperature compared to the air temperature as shown by the negative
sensible heat fluxes and opposite for the sunny surfaces. There were no
significant differences found over different zones or between the species.
Change in sensible heat fluxes (AQy) from sun-exposed to shaded con-
dition was larger in impervious surfaces compared to grass surfaces
(Fig. 5).

3.2.3. Stomatal conductance and transpirational cooling

Stomatal conductance differed significantly among impervious zones
(F (2,78) = 5.76, p < 0.01) and across different tree species (F (3,78) =
24.25, p < 0.0001). Non-significant interaction was found between
species and impervious zone. In general, trees in LIZ had the highest rate
of stomatal conductance, followed by MIZ and then HIZ (Supplementary
Fig. 3). P. x acerifolia (288 mmol/m?/s) showed the highest mean sto-
matal conductance across the transect, followed by T. cordata (199
mmol/mz/s), R. pseudoacacia (170 mmol/m?/s) and A. platanoides (168
mmol/m?/s). Post-hoc analysis showed that the stomatal conductance
for T. cordata, A. platanoides and R. pseudoacacia were found to be
highest in the LIZ, whereas P. x acerifolia in the MIZ.

Transpirational cooling, assessed through energy loss per unit leaf
area, revealed significant differences among species (F (3,78) = 13.96, p
< 0.001) and across the impervious zones (F (2,78) = 3.70, p < 0.05)
(Fig. 6). However, the interaction between species and zone exhibited no
significant effect. The highest rate of energy dissipation occurred in the
LIZ, followed by the MIZ, and then HIZ. P. x acerifolia consistently

Acer platanoides Robinia pseudoacacia

HIZ ¢ LiZ

HIZ

Species

Fig. 3. SPAD values for different tree species across the zones of imperviousness. The dot indicates the mean value, and the whiskers indicate the corresponding

standard error.
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Fig. 4. Surface temperature reductions (AST) potentials of the different tree species across the zones of imperviousness. The dot indicates the mean value, and the

whiskers indicate the standard error.

Table 2
Midday Leaf Water Potential of the studied tree species (Mean =+ SE).

Tree species Leaf Water Potential (MPa)

—2.74 +£0.21
—-3.12+0.29
—2.31 +£0.13
—1.88 + 0.36

Platanus x acerifolia
Tilia cordata

Acer platanoides
Robinia pseudoacacia

showed the highest transpirational cooling, with a mean value of 317 W
m 2 followed by T. cordata at 221 W m ™2, R. pseudoacacia at 196 W m 2,
and A. platanoides at 188 W m™2. Moreover, both P. x acerifolia and
T. cordata displayed a comparable 11% increase in their transpirational
cooling from the lowest observed values in HIZ and MIZ respectively to
LIZ. Meanwhile, A. platanoides demonstrated the most pronounced
variation, with an almost 47% increase in transpirational cooling when
transitioning from HIZ to LIZ. Similarly, for R. pseudoacacia, this in-
crease was substantial, at 36% over the same gradient.
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Fig. 5. Delta Sensible Heat Fluxes values (Sun-Shade) over grass and impervious surfaces calculated for the different tree species across the zones of imperviousness.
The dot indicates the mean values, and the whiskers indicate the standard error. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 6. Transpirational cooling vis energy loss of the different tree species across the different zones of imperviousness. The dot indicates the mean value, and the

whiskers indicate the corresponding standard error.

3.3. Relative importance of Tree traits on PET

The reduced GLMM model consisted of LAI, CPA, Sealing, SC, and
Tree height (Ht) as significant fixed effects. Of the 32 models that were
considered, only 13 models met the criteria for a good fit with A < 10.
These 13 models were then used to estimate the average values of the
predictor variables. The model that provided the best approximation
included all of the significant variables. The marginal R? was 0.48,
indicating that the fixed effects accounted for a significant proportion of
the variance in the model. However, with the inclusion of random ef-
fects, the conditional R? was 0.73. Based on the Akaike sum of weights,
among all the variables, LAI was found to have the highest weight
(0.993). The second most important variable was CPA with a weight of
0.876. The remaining three variables, Sealing, Ht, and SC, showed a
smaller difference in their weights, with Sealing having the third-highest
weight of 0.782, followed by Ht with a weight of 0.761, and finally SC
with a weight of 0.752.

4. Discussion

Our findings indicate that trees provide better surface cooling in HIZ
compared to MIZ or LIZ, mainly because of the higher proportion of
impervious surfaces. However, trees in areas characterized by low
impervious cover (LIZ in our case) grow better and also exhibit the
highest potential for transpirational cooling. While prior research
involving remote sensing reported higher land surface temperatures in
areas with higher imperviousness (Wang et al., 2022), our study, which
involves ground-based tree-level measurements, offers a more micro-
scale perspective. Our results align closer to the findings of Rahman
et al. (2022), who used ground-based meteorological stations across an
urban-suburban transect and reported better cooling efficiencies of
urban greenspaces at sub-urban areas.

Furthermore, our study revealed significant species-specific varia-
tions in physiological and growth responses. Fastest-growing species in
our study, P. x acerifolia, exhibited the highest potential for cooling. This
was evident from both the transpirational cooling and the substantial
reductions in surface temperature, even though it did not possess the
highest LAI or the highest chlorophyll content. These findings bear
resemblance to those of Rahman et al. (2015), who compared five
commonly planted urban tree species in Manchester, UK., and demon-
strated that fast-growing species with higher growth rate and high

stomatal conductance contribute to high cooling potential, albeit with
the trade-off of higher water stress.

4.1. Effect of imperviousness on growth of urban trees

In our study, trees of the same age growing in LIZ have larger basal
area on average than the trees in HIZ and MIZ. Our findings are
consistent with some literature that has used dendrochronology to
examine the impact of urbanization on tree growth, but contrasting
results have also been reported. For instance, Schneider et al. (2022)
found faster growth rate in urban trees than their rural counterparts
across an inner-city to rural transect in Berlin, while Dahlhausen et al.
(2018) observed that T. cordata trees grew at a faster rate in densely
built-up areas. However, studies by Pretzsch et al. (2017) and McClung
and Ibanez (2018) did not find significant growth differences between
urban and suburban trees, with the latter finding that increasing
impervious cover reduced the growth of Acer saccharum and Quercus
rubra across an urbanization gradient in Michigan, US. Franceschi et al.
(2023) corroborated our findings, reporting significantly higher basal
area increment values for A. platanoides and T. cordata, while P. x acer-
ifolia and R. pseudoacacia showed small but insignificant differences, in
suburban settings as opposed to urban surroundings in Munich.

Growth rates are also highly species specific, with different trees
showing different responses towards light, temperature, nutrients and
water (Moser-Reischl et al.,, 2021). Although high imperviousness
affected the growth of each of the species, in our present study,
R. pseudoacacia was the only tree species which seem to cope compar-
atively better in high imperviousness zone. This is in line with the results
found by Moser et al. (2018) with better growth rates for R. pseudoacacia
close to city center as compared to city periphery. Similar to Moser--
Reischl et al. (2021), the present study also confirms P. x acerifolia as a
fast-growing species as it showed the highest growth rate across all the
species.

The comparatively lower growth rates observed in the HIZ could be
attributed to the lower soil moisture content measured (Supplementary
Table 2). Inadequate access to essential water resources, combined with
restricted root volumes and suboptimal substrate quality, can hamper
tree growth (Rotzer et al., 2021). In the face of future elevated urban
temperatures and drought, such local growing conditions might get
worse for trees. While our analysis sheds light on the observed growth
differences between species and impervious zones, it is essential to
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acknowledge the inherent limitations in our study. Gradient analysis, by
nature, lack ceteris paribus conditions, potentially leading to con-
founding factors influencing the diverse growth responses. Factors
beyond imperviousness, such as pollution and ground water levels
(Moser et al., 2018), anthropogenic influences, which can vary signifi-
cantly between city center and suburban areas, can also affect the tree
growth and vitality. Therefore, future research should incorporate
broader array of environmental variables and different anthropogenic
influences, to further understand complex interplay of urban conditions
on tree vitality.

4.2. Effect of imperviousness on cooling potentiality of urban trees

Our study reveals that a 10% increase in imperviousness underneath
tree crown corresponds to a PET rise of 0.11 °C, although marginal,
highlight the relationship between impervious surfaces and localized
urban thermal conditions. Trees with dense canopies were found to play
a significant role in surface cooling, consistent with the existing litera-
ture. Across different impervious zones, the surface cooling remained
consistent, with an average reduction in surface temperature of 15.5 °C
over impervious surfaces, exceeding the 12 °C documented by Armson
et al. (2012) in their Manchester study. This difference may be attributed
to differences in tree age, size and the atmospheric condition in a Central
European city compared to Manchester, UK. The trees examined in
Manchester were comparatively younger and smaller, potentially cast-
ing a lighter shade compared to the mature, well-developed crown trees
in our study. Furthermore, our research underscores that the cooling
potential offered by tree shade is also contingent on the nature of the
surface beneath the trees. Sensible heat flux of impervious surfaces
beneath depended heavily on the LAI, as the sensible heat flux of
T. cordata was more negative followed by A. platanoides, P. x acerifolia
and R. pseudoacacia. This aligns with the conclusions drawn in prior
studies (Massetti et al., 2019; Rahman et al., 2020b).

The significant differences in leaf-level physiology at different zones
and tree species within our study have a direct impact on tree-water
relations, ultimately influencing the latent cooling capacity provided
by trees. In contrast to our findings, Lahr et al. (2018) reported higher
rates of stomatal conductance for Acer rubrum trees along urban areas
compared to those in suburban areas. This discrepancy may be attrib-
uted to the differences in Vapor Pressure Deficit during their measure-
ments (1-2 kPa), as opposed to our study where VPD exceeded 2.3 kPa.
Previous research has established VPD as a significant driver of leaf gas
interactions, potentially explaining this variance. Our results align more
closely with Rahman et al. (2017a) who investigated the transpirational
cooling of T. cordata trees and observed significantly higher water loss in
a less impervious site compared to a more impervious one in Munich.

Stomatal conductance and transpiration values measured in our
study for all the tree species were slightly higher than previously re-
ported in literature (Jiao et al., 2016; Konarska et al., 2016; Moss et al.,
2019; Rotzer et al., 2019). This could possibly be explained by our
measurement period as we selected warm, sunny hours to conduct our
measurements when the evaporative demand of the atmosphere was
high. Therefore, the values are rather snapshots of the higher possible
values rather the diurnal average. Additionally, it is important to
consider the methodological differences in transpiration measurements.
Our approach utilized a porometer to gauge leaf-level transpiration, a
method that may lead to overestimation compared to canopy-level
transpiration assessments conducted using sap flow sensors (Rahman
et al.,, 2017a). Across different zones, all tree species exhibited a
consistent trend of displaying lower stomatal conductance in the High
Imperviousness Zone and the highest values in the Low Imperviousness
Zone. Despite selecting contrasting species, the differences in their
physiological responses were less pronounced than expected. This could
be attributed to our study design and the nature of the transect, where
we measured under specific conditions to ensure comparability, leading
to a limited number of samples for some species in certain zones. Future
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studies which can incorporate larger samples for each species could
possibly tease out such differences. However, we also found our results
contrasting with previous studies, particularly in the case of
R. pseudoacacia (Jiao et al., 2016; Moser-Reischl et al., 2021), possibly
due to the methodological differences highlighted previously.
R. pseudoacacia is a ring-porous, isohydric species which maintains
stable mid-day leaf water potential, primarily through the mechanism of
stomatal closure. Conversely, P. x acerifolia, T. cordata, and
A. platanoides, categorized as anisohydric species, maintain open sto-
mata without discernible thresholds in mid-day leaf water potential,
rendering them more susceptible to hydraulic failure. Nevertheless,
these anisohydric trees seem capable of meeting their water re-
quirements and provide transpirational cooling in highly impervious
environments by developing deep and wide rooting systems even under
unfavorable urban soil and conditions (Rahman et al., 2020b; Rotzer
et al., 2019). However, a closer investigation with measurements from
leaf water potentials provide us a deeper understanding (Table 2).
Interestingly, P. x acerifolia and T. cordata, transpired at the expense of
lower (more negative) leaf water potential in High imperviousness
zones, while R. pseudoacacia stayed true to its isohydric nature and
maintained its leaf water potential across the gradient. Actively tran-
spiring under low soil moisture conditions might increase the latent heat
flux and cool down the surrounding environment, but this also makes
these trees vulnerable to physiological stress and hydraulic failure. This
is especially true for highly urbanized settings, where water availability
is a big limiting factor, which was also observed in our measurements in
the HIZ.

4.3. Tree traits for optimal human thermal comfort

The estimates from LMM for LAI, SC, and CPA were negative, indi-
cating that these variables had a negative correlation with PET.
Conversely, the Ht and Sealing had a positive effect size, suggesting that
an increase in height and the amount of sealed surface within the tree
canopy led to an increase in PET. Tmrt i.e., the exchange of radiant
fluxes between a human and their surrounding environment, is impor-
tant for human thermal comfort, more so than air temperature alone
(Thorsson et al., 2007). Therefore, the reduction of sensible heat fluxes
under the tree shade and the underlying surfaces are more important.
Dense canopies providing deeper shade, thus showed robust correlation
in the present study similar to the findings of the recent meta-analysis by
Rahman et al. (2020a). T. cordata trees with the highest LAI, had AST of
ca. 8 °C more than compared to Robinia trees, which had the lowest LAL

Following LAI, CPA emerged as the next most influencing variable on
PET in our study. This aligns with previous research highlighting the
importance of canopy size such as (Ren et al., 2022) who observed that
PET of streets with high canopy cover were, on average, 13.7 °C cooler
than streets with low canopy cover. Wider-crowned trees reflect a
greater portion of solar irradiation and cast shade over a larger area,
minimizing energy absorption on underlying surfaces and diminishing
re-emission of sensible heat, thereby mitigating local heat stress (Rah-
man et al., 2017a).

The percentage of sealing emerged as the subsequent influential
factor, underscoring the importance of the underlying surface beneath
the tree canopy. Controlled experiments by Shashua-Bar et al. (2011)
demonstrated the combined effects of trees and well-watered grass on
human thermal comfort in dry climates. This finding is corroborated by.
Similarly, empirical study by Rahman et al. (2020a), found better
thermal comfort provided by R. pseudoacacia trees in the presence of
adequately moistened grass within the crown. Our study also observed a
reduction in sensible heat flux and increase of latent heat flux under the
grass surfaces of R. pseudoacacia trees, likely attributable to the tree’s
enhanced water use efficiency and increase amount of radiation through
the light dense canopies. This prompts further investigation into the
synergistic effects of various other forms of UGI, like grass and shrubs,
prevalent in urban environments, to optimize human thermal comfort.
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Future studies are warranted to quantify these effects and explore po-
tential synergies or trade-offs in terms of human thermal comfort.

Contrary to established research, we found that taller trees slightly
increase the PET at pedestrian level. Taller trees provide extensive shade
over urban surfaces, reducing the air heating nearby. However, previous
research such as that of Wang et al. (2023), propose the existence of a
threshold beyond which tree height might cease to contribute signifi-
cantly to near-surface cooling. Moreover, their study hinted at a po-
tential time-dependent nature of this relationship. Considering the
discrepancies between our findings and established literature, it’s
plausible that our measurements, conducted during hours closer to solar
noon (13:30 h in Munich) when the area under the tree shadow can be
less, might have influenced the observed impact of tree height on PET.

Stomatal conductance and transpiration had a relatively lower in-
fluence compared to other tree traits on human thermal comfort in our
study. Previous studies have shown that tree cover reduces the tem-
peratures of urban environments at neighborhood scales primarily
through transpiration, leading to boundary layer cooling (Smithers
et al., 2018). However, at a pedestrian scale, transpirational cooling is
most perceptible during low wind speeds (Manickathan et al., 2018),
possibly because higher wind speeds and strong advection nullifies the
temperature differences within and outside the canopy. Thus, shading,
influenced by canopy cover and density, emerges as a more influential
cooling mechanism at pedestrian scale. Despite this,
transpiration-induced cooling plays a crucial role in reducing
intra-urban temperature, particularly in conditions of high atmospheric
demand (Konarska et al., 2016; Lindén et al., 2016). Nevertheless, this
comes with a caveat. Trees transpiring despite water stress in urban
environments may provide cooling, but they also face the risk of phys-
iological stress, as evidenced in our case with P. x acerifolia and
T. cordata compared to R. pseudoacacia. Therefore, the strategic selection
of drought tolerant species, combined with a high LAI and adequate soil
moisture, can provide robust cooling through shading and transpiration.
In summary, based on our analysis of investigated traits, we rank the
following traits to relative significance to PET: LAI > CPA > Sealing% >
Height > Transpiration.

5. Conclusion

In this study, the proportion of impervious surfaces at a local scale
influenced tree growth, vitality, and physiological functions, possibly
due to low soil moisture content, which in turn affects the cooling
benefits provided by trees. The study quantified the adverse effect of
urban imperviousness on human thermal comfort underneath tree
crowns, evident in the analysis wherein a 10% increase in impervious
surfaces correlates with a 0.1 °C rise in PET. While several tree traits
exhibit significant effects on cooling potential, our findings highlight the
paramount importance of LAL also emphasizing that shade benefit is
more effective than transpiration cooling at the pedestrian level in
particular at the highly impervious city centers. Our results have several
important implications in the management of urban environments to
optimize human thermal comfort. Selecting suitable tree species,
considering their growth and ecosystem service provisions, becomes
crucial for thermal comfort optimization. Whereas transpiration plays a
vital role in boundary layer cooling, species with higher stomatal con-
ductivity and anisohydric characteristics such as P. x acerifolia might be
important for UHI mitigation at the city scale, particularly effective in
low impervious sub-urban zones. Thus, species-specific strategic plan-
ning along different levels of urbanization is important for future tree
planting in relation to heat mitigation and human thermal comfort.
Future research endeavors should try to establish the differences in
species in different planting scenarios in different impervious zones.
This will significantly contribute to the science of optimal species se-
lection, further refining our understanding and enhancing sustainable
urban environments.
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