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Abstract

The investigation of heat tolerance in Nordic urban trees represents an underexplored
domain, yet it is a critical area of study due to escalating global temperatures, particularly
in urban settings. This study examined heat tolerance, heat acclimation and the
connection between tree traits and leaf temperature. The primary methodology employed
in this study revolved around chlorophyll fluorescence for plant stress assessment, but
measurements of leaf size, stomatal conductance, and leaf angles were also conducted.
The four tree species included were Acer platanoides, Betula pendula, Prunus avium, and
Tilia cordata, all native to southern Sweden.

The findings indicated a few differences in heat tolerance levels among the examined
species, with Tilia cordata being slightly better than Betula and Prunus. The study further
revealed a lack of significant heat acclimation among the experimental tree species since
there were no treatment differences after heatwave 1 and heatwave 2, and also since the
stress was the same in the control and heatwave groups after heatwave 3. Several
significant regressions between temperature and tree traits (stomatal conductance,
characteristic leaf dimension, and leaf angles) were identified, though the significance of
these regressions varied across different heatwaves. Substantial disparities in thermal
safety margins were also observed among the species, with Tilia having the largest
thermal safety margin and Pav having the lowest one after the third heatwave.

This study offers valuable insights into select Swedish urban tree species' heat tolerance
dynamics, bridging knowledge gaps about heat tolerance and acclimation mechanisms
where data has remained scarce. The findings have significant implications for urban
planners and foresters, providing guidance for managing urban heat challenges and
enhancing the resilience of urban greenery. Future research should focus on long-term
monitoring and interdisciplinary efforts to further understand the mechanisms regulating
urban tree responses to temperature stress and to develop strategies for enhancing urban
tree resilience in the face of climate change.
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Popular Science Summary

The Earth is getting hotter (who knew, right?), so understanding how urban trees
handle heat becomes more and more important. There’s not much data about heat and
Nordic trees, so I tried to help fix that problem. I researched heat tolerance and heat
adaptation of four tree species in Sweden: Norway maple, silver birch, wild cherry, and
little-leaf linden. I measured how much heat stress the trees were under and I also
measured leaf traits such as leaf size and leaf angles.

I tested the trees with three heatwaves, but they didn't really get used to the heat. There
wasn't much difference in how well each type of tree handled it, either. If the heatwaves
had been longer, I might have seen some heat adaptation. Their leaf size and angles
seemed to relate to how hot their leaves got, but this changed with each heatwave. Also,
what's interesting is that each type of tree had a different safe temperature interval.

My discoveries can help scientists understand how trees in Swedish cities handle hot
weather, giving more knowledge about how they tolerate and adapt to heat. This
information is really helpful for city planners and tree experts because it gives them ideas
on how to care for city trees as temperatures rise. Knowing which tree types can handle
the heat better helps cities get ready for climate change.

Looking ahead, it’s important that we keep studying city trees, especially in long-term
studies and work together with experts in different fields to learn more about trees and
heat. This will be important for making city trees and cities stronger against climate
change.

Ståhl, G. (2024). Heat Tolerance, Acclimation and Stress in Tree Species Commonly Used in
Swedish Cities. Department of Biological and Environmental Sciences, University of Gothenburg.
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Abbreviations
AHW = After heatwave
AHW1 = After heatwave number 1
AHW2 = After heatwave number 2
Apl = Acer platanoides (Norway Maple)
Bpe = Betula pendula (Silver Birch)
C = Control group
d = Characteristic (leaf) dimension
Fm = Maximum chlorophyll fluorescence
Fv = Variable chlorophyll fluorescence
Fv/Fm = A measure of how effectively Photosystem II can utilize light energy for photosynthesis
gsw = Stomatal conductance to water vapor
H = Heatwave-exposed group
HW = Heatwave
HW1 = Heatwave number 1 (max. temperature was 33 °C)
HW2 = Heatwave number 2 (max. temperature was 33 °C)
HW3 = Heatwave number 3 (max. temperature was 38 °C)
IR = Infrared
Pav = Prunus avium (Sweet Cherry)
PPFD = Photosynthetic Photon Flux Density
PSII = Photosystem II
RH = Relative humidity
Sin = Sorbus intermedia (Swedish Whitebeam)
T5 = The leaf temperature at which the Fv/Fm ratio is decreased by 5 % from its unstressed
value
T50 = The leaf temperature at which the Fv/Fm ratio is decreased by 50 % from its unstressed
value
T95 = The leaf temperature at which the Fv/Fm ratio is decreased by 95 % from its unstressed
value
Tair = Air temperature
Tco = Tilia cordata (Small-leaved Lime/Little-leaf Linden)
Tleaf = Leaf temperature
TSM = Thermal safety margin
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1. Introduction and Theoretical Background

Global Warming and Urban Trees
Heatwaves are projected to become more intense, last longer, and occur with greater
frequency worldwide in the near future (De Boeck et al., 2016; Yao et al., 2013). The
frequency of heatwaves is anticipated to increase by up to tenfold in the next four decades
(De Boeck et al., 2016). Europe's five most severe heatwaves on record occurred during the
21st century (Yao et al., 2013). Extended high heat and drought periods between the 1990s
and the 2000s led to extensive forest death and reductions in areas around the
Mediterranean Sea (Allen et al., 2010). According to all climate forecasts, high-temperature
events will become more common and extreme due to global warming (Coumou and
Robinson, 2013).

More frequent and longer heatwaves pose a greater risk for urban vegetation, particularly for
trees which face intensified warming due to the urban heat island effect (when cities are
hotter than rural areas because of human activities like buildings and roads trapping heat), as
well as major difficulties from heat, lack of water, and flooding (Sharma et al., 2022; Teskey et
al., 2015). Heat stress events are intensified in urban areas because of the urban heat island
effect, which occurs when the air temperature in urban areas is elevated compared to the
surrounding rural regions (Leal Filho et al., 2018). Furthermore, heatwaves are now
recognized as a significant public health issue since a higher human death rate has been
detected in some instances (Sharma et al., 2022). Many factors contribute to the urban heat
island effect, such as low urban evaporation and transpiration rates, buildings absorbing
sunlight, heat-trapping between buildings through reflections, and radiation emission by
cooling systems, which elevates temperatures in urban environments (Bhargava et al.,
2017). Additional factors contributing to the urban heat island effect effect include the heating
of buildings, traffic, and industrial processes. Moreover, some building materials absorb more
heat than others, while fast urban runoff reduces evaporation and increases heat (Percival,
2023; Tan et al., 2010).

As heatwaves become more common, it is important to know how they can and will affect city
trees and greenery. Urban trees play a crucial role in decreasing the intensity of the urban
heat by providing shade and cooling through evapotranspiration. Planting urban trees is also
considered the most efficient and economical method for mitigating city heat (Livesley et al.,
2016). Much of the research on how heat stress affects trees has focused on analyzing the
effects of heatwaves in forests. Some research has also been done to study the short-term
effects on tree seedlings (Teskey et al., 2015).

Using trees and plants strategically helps cool cities by reducing the urban heat island effect
(US EPA, 2014). They reduce temperatures by shading and releasing moisture into the air,
lowering surface and air temperatures. Urban trees and vegetation offer several advantages.
Firstly, they help reduce the need for air conditioning by shading buildings, which lowers
energy use (US EPA, 2014). Reducing energy demand helps decrease air pollution and
greenhouse gas emissions. Planting trees also helps filter air pollutants and store CO2.
Additionally, urban trees and the soil around these are crucial in managing stormwater by
absorbing rainwater, reducing runoff, and improving water quality. Besides these practical
benefits, trees and vegetation enhance the quality of life by providing visual appeal, creating
habitats for various species, and reducing noise pollution (US EPA, 2014). Knowing how
plants react to heat stress is vital for managing urban green spaces well and selecting the
right tree species for cities. As urban populations grow worldwide, more people will live in
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cities in the future (Brune, 2016). This makes it even more crucial to ensure that future urban
trees can handle higher temperatures and other tough conditions to help cool down city
areas.

Heat Tolerance
Continuous exposure to high temperatures beyond a plant's heat tolerance can harm its
physiology, biochemistry, and gene regulation pathways, ultimately reducing its capacity to
absorb carbon (Bilger et al., 1984; Bita and Gerats, 2013). Plants can use different methods
to cope with heat. They might grow in shady areas or change their leaf angles to absorb less
sunlight and cool down by water evaporation that requires energy in the form of heat. This
heat is drawn from the leaf and the surrounding environment, thus cooling the plant and
surrounding air (Fauset et al., 2018). Plants react differently to stress at various growth
stages and in different plant parts, using various ways to adapt. Adjustments of lipid
composition, ion transporters, osmoprotectants, and complex signaling pathways are
essential for helping plants deal with stress. These methods, both for avoiding and tolerating
stress, show how complicated it is for plants to handle heat (Wahid et al., 2007). The
aforementioned temperature control methods are necessary because they help regulate leaf
temperatures for photosynthesis, especially when the environment changes greatly, while
also shielding leaves from harm during harsh conditions. Furthermore, the temperature can
vary extensively among leaves and different types of trees because of variations in the
microclimate inside the canopy (Fauset et al., 2018). Plants have different ways to become
more tolerant to heat, from long-term adaptations over many generations to quick changes
like adjusting their lipid makeup or stomatal conductance. In forestry, it has been seen that
even trees of the same type can handle high temperatures differently (Percival, 2023).
Knowing about these differences could be helpful in choosing urban trees that can handle
hotter weather. Two effective strategies for plants to handle heat are to gather osmolytes
(small organic compounds) or change the fatty acid composition in membrane lipids
(Percival, 2023; Tarvainen et al., 2022). These osmolytes are vital since they help keep the
plant's balance of water and other substances at a suitable level, especially during intense
heat.

Chlorophyll Fluorescence
Chlorophyll fluorescence is a nondestructive and noninvasive method for estimating damage
to the photosynthetic system in leaves under environmental stress while also serving as a
method for analyzing general plant health (Percival and Henderson, 2003). It often uses
easy-to-operate, portable, and commercially available equipment (Tinus et al., 2010).
Chlorophyll fluorescence detects shifts in leaf chlorophyll fluorescence resulting from
changes in photosystem II (PSII) functioning generated by various stresses such as heat,
droughts, and floods (Percival, 2023).

Studies have demonstrated that changes in the variable to maximum fluorescence ratio
(Fv/Fm) can indicate plants' heat tolerance (Allakhverdiev et al., 2008). The temperature
where the Fv/Fm ratio decreases by 50% (T50) is commonly used to measure heat tolerance
(Knight and Ackerly, 2003). Tree species from warmer climates typically have higher T50

values than those from colder climates (Zhu et al., 2018). When comparing species’ heat
tolerance, using the T50 values instead of T5 or T95 is the most common. T5 and T95 represent
the leaf temperatures at which the Fv/Fm ratio decreases by 5% and 95%, respectively, from
its unstressed value. T50 values are favored over T5 or T95 values for a few reasons: they
provide a well-rounded and statistically reliable measure of population sensitivity to
temperature stress, are more practically meaningful and straightforward to interpret, and
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enable comparisons across studies since they are commonly used in scientific literature.

The damage from heat stress on trees depends on factors such as temperature, the duration
of increased heat, and heat acclimation potential. Trees show various reactions to heat
stress, including changes in morphology, growth, and function. Heat stress affects both tree
physiology and biochemistry. Trees have mechanisms to cope with heatwaves at
morphological, physiological, biochemical, and molecular levels, but further research is
needed in these areas (Percival, 2023).

To understand how stress affects plants, studying how PSII works is important (Luo et al.,
2016). Chlorophyll fluorescence measurements are useful for this purpose, especially for
evaluating how well urban trees photosynthesize under heat stress. These measurements
help understand how trees can handle and bounce back from heat stress by looking at PSII's
performance. When temperatures rise, PSII gets disrupted, directly affecting how well plants
can photosynthesize, impacting their overall health (Luo et al., 2016). In this study, the
variation of the Fv/Fm ratio among different urban tree species under and after heat stress is
observed.

Heat Stress
Heat stress occurs at temperatures exceeding a certain threshold (Hu et al., 2020). Long
periods of heat stress negatively affect tree biology at all levels, from the cellular level to the
whole tree (Wahid et al., 2007). Thermal stress has also been shown to change the duration
of the growing season by impacting important developmental stages (Percival, 2023).
Electron transport, PSII function, and thylakoid membrane fluidity can all be damaged by
heat (Teskey et al., 2015). Extreme heat exposure also increases the production of reactive
oxygen species and respiration rates (Devireddy et al., 2021). High concentrations of reactive
oxygen species harm plants by oxidizing certain cellular membranes (Percival, 2017). This
leads to reduced stomatal conductance, photosynthesis, and growth, all of which can result
in premature leaf shedding, yellowing, and necrosis. The effects of extreme heat on trees,
including scorching leaves, branches, and stems, as well as growth inhibition, also
encompass leaf aging, shedding, and, in severe cases, tree death (O’Sullivan et al., 2017;
Teskey et al., 2015). Tree mortality usually depends on the duration, frequency, and severity
of the heat stress episodes (Wahid et al., 2007). It is common for trees to die not only due to
direct heat and drought events but also to insect attacks and various diseases, which are
triggered by many years of heat/drought stress limiting the trees' defensive capacities (Allen
et al., 2010).

One paper found that short heatwaves can significantly affect the canopy of some temperate
forests (Filewod and Thomas, 2014). Another study found that brief, very intense heatwaves
during the growing season have a greater impact on the two studied tree species (Pinus
taeda and Quercus rubra) than a slower, gradual accumulation of the same amount of heat
(Bauweraerts et al., 2014). Interestingly, there is limited research on the long-term effects of
heat stress on trees spanning more than five years; specifically, there is little data on whether
heat stress in one year influences growth in the following year (Percival, 2023). Another
unexplored domain regards fertilizers based on specific nutrients such as potassium,
calcium, or magnesium that have been shown to enhance heat stress tolerance in several
crops, indicating that this method could possibly apply to urban trees (Percival, 2023).

The lethal temperature limit for most trees is often considered to be 60°C for one minute
(Kelsey and Westlind, 2017). Temperatures below this value do not directly kill the trees but
generate heat stress. The threshold for heat damage (=physiological or biochemical
disruptions caused by high temperatures) lies around 45-50°C (O’sullivan et al., 2017).
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Furthermore, the timing is very crucial during heat stress; when leaves are fully developed for
photosynthesis, a temperature increase of 10–15°C above surrounding levels is typically
needed to produce any heat damage (Teskey et al., 2015; Yang et al., 2023). However, if the
heatwave occurs during the growing season, even lower temperatures can lead to significant
plant damage (Kitao et al., 1998; Wahid et al., 2007). Young and full-grown trees showed
comparable levels of leaf damage from heat stress, but the young (i.e., not fully developed)
trees produced significantly fewer new leaves afterward. This suggests that there could be
differences in their ability to recover from heat stress, which may be affected by the amount
of stored sugars (Filewod and Thomas, 2013; Teskey et al., 2015).

Thermal Safety Margin (TSM)
Plant heat tolerance measurements are valuable tools for assessing vulnerability to rising
environmental temperatures amidst climate change (Cook et al., 2021). A commonly used
metric for evaluating plant thermal safety is the TSM. Thermal safety refers to the ability of an
organism to cope with high temperatures without experiencing adverse effects. TSMs, on the
other hand, represent the disparity between the plant's physiological heat tolerance and the
environmental temperature (Cook et al., 2021). TSM can thus be calculated with the following
equation:

𝑇𝑆𝑀 =  𝑇
50

−  𝑇
𝑙𝑒𝑎𝑓

(Tleaff, leaf temperature.)

A large positive TSM indicates a substantial difference between the leaf and critical threshold
temperatures, suggesting the tree possesses a significant buffer against heat stress and is
more resilient to high temperatures (Tarvainen et al., 2022). Conversely, a small or negative
TSM suggests that the leaf temperature is close to or exceeds the critical threshold
temperature, indicating reduced tolerance to heat stress and an elevated risk of thermal
damage. Investigations of TSM in urban trees are important for assessing their resilience to
heat stress, particularly in urban areas where the urban heat island effect worsens
temperature extremes. Additionally, leaf temperatures are often not the same as air
temperatures, so TSMs utilizing Tleaf instead of Tair give more reliable predictions of plant
vulnerability to heat stress (Tarvainen et al., 2022). TSM has been used extensively when
studying animals but more rarely when it comes to plants (Kitudom et al., 2022), indicating
the need to explore its potential applications in plant research further.

Tleaf, mentioned in the equation above, is the plant’s "body temperature," regulating leaf
metabolic processes and impacting leaf carbon utilization (Michaletz et al., 2016). It can
surpass air temperature by up to 15°C and exhibits variability across species and
environmental conditions (Cook et al., 2021; Kitudom et al., 2022). Even in the same
surroundings, Tleaf can vary considerably due to differences in the leaves' physical and
physiological traits (Fauset et al., 2018; Lin et al., 2017). Tleaf directly influences leaf function
at the micro-environmental level, suggesting that thermotolerance should acclimate to leaf
temperature. Additionally, leaf traits may influence thermotolerance by affecting Tleaf.

Consistent trends regarding heat tolerance in plants have been identified. For instance,
species originating from warmer habitats tend to exhibit inherently higher levels of
thermotolerance (O’sullivan et al., 2017; Zhu et al., 2018). Moreover, thermotolerance has
been observed to acclimate in response to growth temperature (Tarvainen et al., 2022; Zhu
et al., 2018). Plants from dry habitats generally demonstrate greater thermotolerance than
those from wetter environments (Curtis et al., 2016; Knight and Ackerly, 2003). TSMs also
play a crucial role in forecasting the thermal safety of organisms in the context of global
warming (Sunday et al., 2014). One report’s findings indicate that Tleaf is more important than
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thermotolerance for assessing thermal safety in plants (Kitudom, 2022).

Heat Acclimation
In recent decades, extensive research has explored how plants adapt to environmental
pressures at the molecular level, particularly through acclimation (Charng et al., 2023).
Different defense mechanisms are activated based on the pattern of stress stimuli, whether
continuous or irregular. Acclimating to intermittent stress includes a priming mechanism
triggered by prior exposure to milder stressors, giving tolerance to severe stressors. This
phenomenon is widely observed across plant species in response to various stressors
(Mauch-Mani et al., 2017).

When plants experience a gradual increase in heat stress, they adapt their leaves to
withstand higher temperatures before their photosynthetic system starts malfunctioning.
However, plants do not have enough time to adjust during sudden heat stress events, so
their photosynthetic system breaks down at lower temperatures in these cases (Daas et al.,
2008; Ghouil et al., 2003). The light intensity level can also impact the temperature at which
damage occurs to the PSII, with higher intensities linked to more severe damage (Berry and
Bjorkman, 1980). This finding could be significant in urban environments where reflective
surfaces such as windows, traffic, and buildings may lead to remarkably high light levels,
which can be a considerable issue for plant health (Berry and Bjorkman, 1980). PSII damage
from temperatures below 40°C can usually be undone and reversed for almost all tree
species. However, the damage usually becomes permanent once temperatures stay at or
exceed 40-45°C for a certain period of time. The severity of PSII impairment depends on
factors such as species, how long the heat stress lasts, and the temperature before the heat
stress (Mathur et al., 2014). Based on a study involving various tree species, a temperature
of at least 42°C seems to be a threshold value for city trees (Krause et al., 2013; Percival,
2023). One study found significant acclimation of leaf respiration to warming in many different
tree species over several years (Reich et al., 2016). Another report found that exposing trees
to moderate heat before planting has been shown to increase their heat stress tolerance,
thus offering protection in the first growing season (Teskey et al., 2015).

Stomatal Conductance and Heat Tolerance
Sustaining constant water levels is crucial during episodes of heat stress (Hassan et al.,
2021), and plants usually keep their water levels stable at all temperatures when there is
enough water in the surrounding soil (Mazorra et al., 2002). Predictably, heat stress can
therefore significantly disrupt plant water balance when water is lacking (Machado and
Paulsen, 2001). In times of water scarcity, stomata closure occurs to reduce water loss,
consequently reducing photosynthesis. Generally, if the conditions are dry, transpiration rates
will be low, resulting in higher Tleaf. Conversely, if conditions are moist, transpiration rates will
be higher, leading to lower Tleaf. Because of this, an effective response to heat stress involves
keeping stomata open during long heatwaves to cool down the leaf and maintain normal leaf
function (Lu et al., 2000; Schulze et al., 1973). Nonetheless, prolonged heat stress can still
negatively impact photosynthetic capacity, even if stomata remain open. Due to the fact that
little research has been done in this area, it is not known exactly which urban trees can cool
themselves using transpiration during high heat (Esperon-Rodriguez et al., 2021).

Urban Trees with Favorable Qualities
Urban landscape managers face the complex task of selecting trees capable of handling
hotter weather in the future. With more scorching heatwaves and higher temperatures
expected during future growing seasons, choosing trees that can thrive in these conditions is
vital (Diem et al., 2017). Since heat and drought often occur simultaneously (Percival, 2023),
it is commonly assumed that selecting trees resistant to drought also means they can endure
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extreme temperatures. This presumption might need to be further studied; almost no
research demonstrates a direct correlation between how trees handle high heat and how
they handle drought stress (Coumou and Robinson, 2013; Diem et al., 2017; Percival, 2023).
Regarding ornamental urban tree species, urban landscapers have many trees to choose
from. Nevertheless, most scientific studies on heat tolerance have only focused on a small
selection of genera like Acer, Picea, and Quercus. Additionally, only a handful of species
within these genera have been extensively studied, which leaves big data and information
gaps in this area (Percival, 2023). Creating more heat-tolerant urban trees through breeding
is possible. However, relying only on traditional methods might not be the most efficient
approach in this case, as it could be time-consuming and yield unpredictable results
(Harfouche et al., 2011).

Study Aim and Research Questions

This study aims to acquire more information about heat tolerance and acclimation in a few
common urban trees naturally occurring in southern Sweden. This larger aim has been divided
into the four following questions:

Question 1: What is the heat tolerance of the selected urban tree species, and does it vary
between the different species?

Question 2: Do the selected urban tree species show heat acclimation after heatwave
exposure, and if so, to what degree?

Question 3: Is there a correlation between urban tree traits (leaf size, leaf angles, and
stomatal conductance) and temperature?

Question 4: Do the different species have different thermal safety margins?

2. Materials and Methods

Experimental Approach and Design
Urban tree species were subjected to controlled heat stress within laboratory growth
chambers. Chlorophyll fluorescence measurements were performed which give insights into
the impact of heat stress on photosynthesis and leaf functioning. In Table 1 below, one can
see a timeline and a brief overview of the experiment and what measurements were done at
what time.

Table 1. Timeline of heatwaves (HWs) and the after-heatwave (AHW) phases. In the AHW phases, the elevated
temperature Fv/Fm measurements were carried out, and ambient temperature Fv/Fm measurements were also
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made the day after the heatwaves ended to see the general stress levels of the plants post-heatwave. Data about
leaf angles, leaf temperature (Tleaf), gsw (stomatal conductance to water vapor; this data was procured from
another student), PAR (photosynthetically active radiation) measurements, and length and width of selected
leaves (for characteristic leaf dimension determination - d) were collected during the heatwaves.

Period Date

Heatwave 1 (HW1): Measurements of leaf
traits (PAR, leaf angles, Tleaf, gsw, and d)

5-7 February 2024

After-Heatwave 1 (AHW1): Measurements
of elevated temperature Fv/Fm measurements
and measurements of ambient temperature
Fv/Fm

12-16 + 19-20 February 2024

Heatwave 2 (HW2): Measurements of leaf
traits (PAR and Tleafonly)

21-23 February 2024

After-Heatwave 2 (AHW2): Measurements
of elevated temperature Fv/Fm measurements
and measurements of ambient temperature
Fv/Fm

February 28-March 1 + 4-6 March 2024

Heatwave 3 (HW3): Measurements of leaf
traits (PAR, leaf angles, Tleaf, gsw, and d)

11-13 March 2024

Below, in Table 2, is an overview of how many measurement replicates were made. For every
individual tree, two suitable leaves were selected and marked, and the chosen ones were
healthy and average-looking. This means that in total, there were 86 measured leaves in HW1
and 84 ones in HW2. In HW3, 129 leaf measurements could be done since some students
from the course Plant Ecophysiology in a Global Change Perspective (BIO506, University of
Gothenburg) were helping with these measurements. A few of the trees in HW3 had 4 leaves
analyzed, but this had to be decreased to 3 or 2 leaves given the limited time available.

Table 2. The number of replicates that were done for each tree group during the different measurement phases.
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The four measured tree species were Acer platanoides (Apl), Betula pendula (Bpe), Prunus avium (Pav), and
Tilia cordata (Tco). H stands for “heatwave-exposed group,” while C stands for “control group.” HW means
heatwave, and AHW signifies after heatwave. Fv/Fm measures how effectively PSII can utilize light energy for
photosynthesis and how much stress a tree is under.

Tree Group Nr. of
measured
trees in
HW1

Nr. of
measured
trees in
HW2

Nr. of
measured
trees in
HW3

Nr. of
measured
trees during
elevated
temperature
Fv/Fm
measureme
nts AHW1

Nr. of
measured
trees during
elevated
temperature
Fv/Fm
measureme
nts AHW2

Nr. of
measured
trees during
ambient
temperature
Fv/Fm
measureme
nts AHW1

Nr. of
measured
trees during
ambient
temperature
Fv/Fm
measureme
nts AHW3

Apl C 6 6 6 - - 6 6

Apl H 6 6 6 - - 6 6

Bpe C 6 6 6 4 4 6 6

Bpe H 6 6 6 4 4 6 6

Pav C 5 4 4 4 4 5 5

Pav H 5 5 5 4 4 5 5

Tco C 4 4 5 4 4 4 5

Tco H 5 5 6 4 4 5 6

Sum (all
trees
together)

43 42 43 24 24 43 45

Plant Material and Growth Conditions
46 urban trees were used in the experiment belonging to four different Swedish urban tree
species: Acer platanoides (Apl) - Norway maple, Betula pendula (Bpe) - Silver birch, Prunus
avium (Pav) - Sweet cherry, and Tilia cordata (Tco) - Little-leaf linden. One other urban tree
species was originally included, but it was excluded from the experiment due to low
development. Additionally, a few extra experiment trees were available for use if anything
would have happened with any of the main experiment trees. Additionally, a few other trees
had to be excluded from the measurements due to one Pav tree being wilted and a few Tco
trees not having leaves close enough to the growing lamps.
The four tree species are naturally occurring in southern Sweden. The trees used for this study
ranged from 50 to 80 cm in height, were 2 to 3 years old, and were brought up by a plant
nursery (Splendor Plant AB, Jonstorp, Sweden). All the trees originate from Denmark,
ensuring their comparability and indicating that they are not genetically adapted to very warm
conditions. The trees were already potted when received from the plant nursery, and the soil
compositions were adjusted to each species for favorable growing conditions. The trees were
watered to avoid water shortages, meaning larger trees with higher transpiration received
more water than smaller trees. Maintaining well-watered plants was crucial for isolating and
studying the effects of temperature without the confounding factor of dehydration stress. The
primary determinant of a tree's water intake was the dryness of its soil. Every week, the trees
were given the same amount of nutrients adapted for growing trees of their size and age. They
received 200 ml of 1:100 nutrient-to-water mix every week (Stroller Blå Trädgårdsnäring, SBM
Life Science, Lund, Sweden).
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Growth chambers were used to simulate controlled heatwaves by regulating the temperature,
relative humidity (RH), and CO2 levels, maintaining temperatures within a specified range. In
Figure 1, one of the growth chambers used for control and heatwave conditions can be
observed. Light intensity (PPFD - photosynthetic photon flux density) was also controlled and
maintained at 1200 µmol m-2 s-1 15 cm from the lamps in HW1, while after the first heatwave,
the PPFD was increased to 1500 µmol m-2 s-1 at the same distance from the growing lamps.
These carefully controlled chamber settings allowed for examining realistic heatwaves and
control conditions. The complete data on PPFD and RH can be found in Appendix A.

Figure 1. One of the two growing chambers, used as control and heatwave chambers, that
was utilized in the experiment.

The selected time period for the three different heatwaves in this experiment was three days.
In HW1 and HW2, 33°C was the peak day temperature set for the heat chambers from 10:00
to 17:00. During the nights, the lowest temperature was set to 19°C. The peak day
temperature in HW3 was 38°C from 10:00 to 17:00, while the lowest night temperature was
21°C. The trees in the control chamber reached a peak day temperature of 23°C from 10:00 to
10:00 to 17:00, while the lowest night temperature was 17°C. A peak temperature of 33°C was
chosen because this is the heat record in Gothenburg between 1990 and 2020. The other
peak temperature, 38°C, was chosen since it is the current Swedish heat record. The control
temperatures were chosen to represent a relatively warm day in Gothenburg between 1990
and 2020, being in the 75th temperature percentile for July. A full overview of the
temperatures, RH, and light levels for all three heatwaves and the control chambers can be
found in Appendix A.

In the chambers, the positions of the trees were regularly switched to avoid any
positioning-related errors. Furthermore, two chambers were used—one for control plants and
one for the heatwaves. To avoid any bias caused by unknown or unwanted chamber
differences, the control and heatwave chambers and trees were switched once per week. A
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few times, algal growth had occurred on the top soil layers of some of the pots, likely due to
high moisture levels. In these cases, the top soil layer was stirred with unaffected soil from the
same pot to prevent further algal growth.

Heat Tolerance Measurements
The elevated temperature Fv/Fm measurements in this experiment were performed with the
help of an infrared heating lamp to calculate tree species’ T50 values. The ambient temperature
Fv/Fm measurements, on the other hand, were performed one day after HW1 and HW3 at a
room temperature of 23°C to see how much the heat episodes had stressed the trees
(because of scheduling problems, ambient temperature Fv/Fm measurements could not be
conducted after HW2). The measurements of the traits were performed during the heat waves.

The evaluation of tree heat tolerance in this thesis involves comparing tree performance in
regular conditions to that during stress, with the aim of understanding the impact of heat stress
on trees and their adaptive capacity. Figure 2 illustrates the experimental setup for one part of
the experiment – the elevated temperature Fv/Fm measurements. The experiment was
performed in the phytotron facility at the University of Gothenburg. Two infrared heating lamps
are shown, which were controlled with dimmers (not shown in the figure) to change the
temperature (Figure 2). On the bench to the left, a Testo thermometer is shown with a
thermocouple attached to a leaf clip, which in turn is attached to a Bpe leaf (Figure 2). This
setup allowed for the recording of Tleaf, and the data was transferred to a smartphone via
Bluetooth. A pocket PEA fluorimeter (Hansatech Instruments Ltd, King's Lynn, Norfolk, UK) is
shown to the right on the bench (Figure 2). The black tripod was used to position the leaf close
to the heating lamps (Figure 2).
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Figure 2. Experimental setup when performing
the elevated temperature Fv/Fm measurements in
the phytotron laboratory at the University of
Gothenburg. The most important equipment is
shown.

In order to start with the elevated temperature Fv/Fm measurements, selected leaves were
detached from the experimental trees. Leaf clips were put on the detached leaves and allowed
to dark-adapt for 20 minutes. During dark adaptation, a metal shutter plate shadowed a small
circle area on the leaf. After dark-adaptation, a pocket PEA fluorimeter was activated and
positioned on the leaf, with its head inserted into the clip's shutter plate. After this step, the
shutter plate was pulled back, and measurements could be performed. Values obtained from
the pocket PEA fluorimeter were manually noted and saved electronically.

The leaves were detached from the trees to facilitate leaf heating control and to avoid heating
plant parts other than those of the two chosen experiment leaves. One leaf clip was attached
per examined leaf, and the shutter plate was closed to shadow the desired leaf area. Two
leaves were selected per tree to reduce the time each leaf was examined and thereby avoid
excess leaf dehydration, which would have been more probable if only one leaf had been
used. For the first leaf, the target temperatures for the measurements were 23, 34, 42, 46, and
50°C. The target temperatures for the second leaf from the same plant were 23, 38, 44, and
48°C. Care was taken to avoid more prominent leaf veins in the leaf clip opening. A layer of
nail polish was added to the cut end of the petiole immediately after the cut to prevent water
loss.

During the elevated temperature Fv/Fm measurements, the leaves (with clips attached) were
placed in plastic bags with a wet paper towel to ensure they would not lose excessive moisture
and turgor when they were not being used. Temperature sensors (Testo thermometers) were
connected to the leaf via the aforementioned leaf clips, and the leaves were placed
horizontally under infrared heating lamps. A dimmer was used to control the leaf’s
temperature. The target leaf temperatures were 23 (ambient temperature in this experiment),
34, 38, 42, 44, 46, 48, and 50°C.

Tleaf was monitored using a Testo thermometer, and readings were recorded every two
seconds using the Testo Smart Probes app. The pocket PEA measurement was made after
two minutes with temperatures stable around the desired temperature. The measurements
were made within ±1°C of the target (so when the target was 42°C, measurement at
temperatures of 41-43°C was considered acceptable). The maximum temperature variation
during the two-minute period was within 1°C between the highest and lowest values. Care was
taken to avoid overshooting the maximum value prior to the measurement with the pocket PEA
(i.e., temperatures higher than those allowed during the two-minute measurement period).
Heating the leaves took between 4 and 20 minutes, with an average of 8 minutes per leaf, to
reach the target temperature level. The obtained data were later transferred from the pocket
PEA to a computer via Bluetooth.

Traits Measurements and Leaf Temperature
The leaf tree traits examined in this report were stomatal conductance to water vapor (gsw),
characteristic leaf dimension (d), and leaf angles. These specific traits were chosen due to the
fact that they have properties that affect the energy balance of the leaves and, thus, Tleaf and
TSM. Another master's student provided the stomatal conductance values and conducted a
related experiment using the same plants and heat chambers. This collaboration helped
broaden the research.
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The leaf trait, d, refers to the specific measurements of a leaf's length and width (i.e., the
average distance air travels over a leaf), which can vary significantly among plant species.
These dimensions are essential, e.g., for identifying and classifying plants. The characteristic
leaf dimension was calculated from measurements of leaf length and width as follows:

𝑑 =  (𝐿+𝑊)
2 × 0. 7

(L, leaf length; W, leaf width).

This characteristic leaf dimension is not fully comprehensive for all species due to variations in
leaf morphology, such as differences in serration, lobing, or other structural features, which
may not be adequately captured by length and width measurements alone. Nonetheless, it is
still a viable measurement that easily considers both length and width. For the trees used in
this experiment, the equation works well for Bpe, Pav, and Tco, but it may not work optimally
for Apl. It would still be possible to notice if there are any relationships between temperature
and leaves’ characteristic dimensions within each species.

The final plant trait measured in this study, leaf angles, was assessed using a protractor during
HW1 and HW3. In this experiment, 0° is classified as the left end of a circle at the horizontal
plane, which means that 90° is at the top of the circle. Initially, the angles were classified
between 0° and 360°, but they were later converted to the scale 0° to 90° for simplicity and
comparability purposes. This means the angles were measured based on how many degrees
they differed from the horizontal plane. This was done because it does not matter if the light
hits the leaf's top or bottom.

Measurements of the PAR were made to see how much sunlight every measured leaf got
since PAR drives plant growth. The PAR levels were measured for each selected leaf. Both the
horizontal and the leaf angle PAR were measured, and generally, these were quite similar
except when the leaves were partially shaded or had specific angles. The Tleaf values
measured during the three heatwaves had to be corrected for leaf emissivity since the
instrument used assumed black body emissivity (i.e., an emissivity equal to 1). First, the actual
measure of Tleaf values had to be corrected with the help of Boltzmann law as stated below
(Jones and Rotenberg, 2001):

Φ
𝐿

=  ε × σ × 𝑇4

( , thermal radiation; , emissivity (a property of the surface emissivity); , theΦ
𝐿

 ε σ
Stefan–Boltzmann constant (5.67 x 10-8 W m-2 K-4); T, the temperature in degrees Kelvin.)

The emissivity of typical vegetation generally falls within the range of 0.95 to 0.995 (Jones and
Rotenberg, 2001). In this experiment, the value of 0.98 was used. The emissivity effect on Tleaf

was relatively small but not negligible. After all the temperatures had been transformed using
the Boltzmann law, the measured horizontal PAR values were used to make regression graphs
in Excel. Each leaf's Tleaf was normalized to a value at PAR = 900 µmol/m²/s based on the ratio
between Tleaf and horizontal PAR for each species and treatment. When this transformation
had been performed, the Tleaf at a standardized PAR could be used to see whether there were
any significant regressions between temperature and the chosen leaf traits in this study. The
standardization process was implemented to ensure consistency across measurements and
accurately assess the influence of PAR on the tree responses to heat stress.
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Data Handling and Statistical Analyses
Microsoft Excel was used to employ linear regression analysis to investigate the relationship
between plant traits and temperature. This aimed to quantitatively assess how temperature
variations influence some key traits of urban tree species, thereby gaining valuable information
about heat tolerance and their response to heat stress.

The Fv/Fm graphs were made using the statistics program RStudio, which facilitates the making
of appropriate graphs displaying T5, T50, and T95 values and associated statistical data such as
standard errors. The equation was fitted for each species, treatment, and heatwave.

Welch’s t-test was used in this report to compare two groups to see if they differ significantly. If
the average values (x) and standard errors (SE) fulfilled the equation above (larger than zero),
the two groups (species, treatments, or heatwaves) were considered to differ significantly. The
equation is presented as follows (Vårhammar et al., 2015):

> 0(𝑥
1

− 𝑥
2
) −  2. 58 ×  𝑆𝐸

1
2 + 𝑆𝐸

2
2 

Welch's t-test assesses the means of two groups. Unlike the traditional Student's t-test,
Welch's method does not assume equal variances between the compared groups. Because of
this, it proves particularly valuable in scenarios where equal variance and sample size
assumptions are not fulfilled.

When calculating the TSMs, the Tleaf values came from the heatwaves, while the T50 values
were calculated from the AHW phases using the elevated temperature Fv/Fmmeasurements.
The T50 values used to create the HW3 TSMs came from the AHW2 values since no AHW3
phase was included in the experiment. The TSM was calculated for each registered
temperature value using the thermal safety margin equation mentioned earlier (TSM = T50 -
Tleaf). Each registered Tleaf value was utilized to get many individual TSM values. Ultimately,
these numbers were averaged group-wise to get TSMs for Bpe, Pav, and Tco.

3. Results

Tleafand its Relationships with Leaf Traits
Several significant differences emerged when comparing C with C and H with H,
which can be seen in Figures 3, 4, and 5. The letters assigned to each group denote
statistical significance levels. If groups share the same letter, they are not statistically
different. Lowercase letters can only be compared with other lowercase letters, while
uppercase letters can only be compared with other uppercase letters. These several
differences indicate that the different species generally experience different Tleaf (at
PAR = 900 µmol/m²/s for each species and treatment in order to get a fair comparison)
and that this difference could be linked to the three leaf traits measured in this study.
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Figure 3. The average leaf temperature (Tleaf) during HW1. The air temperature (Tair) was 33°C at the time of
measurement. The four measured tree species were Acer platanoides (Apl), Betula pendula (Bpe), Prunus avium (Pav),
and Tilia cordata (Tco). H stands for “heatwave-exposed group,” while C stands for “control group.” The letters assigned
to each group denote statistical significance levels. If groups share the same letter, they are not statistically different. It
is important to note that lowercase letters are used only for comparisons within C groups, while uppercase letters are
used for comparisons within H groups.
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Figure 4. The average leaf temperature (Tleaf) during HW1. The air temperature (Tair) was 33°C at the time of
measurement. The four measured tree species were Acer platanoides (Apl), Betula pendula (Bpe), Prunus avium (Pav),
and Tilia cordata (Tco). H stands for “heatwave-exposed group,” while C stands for “control group.” The letters assigned
to each group denote statistical significance levels. If groups share the same letter, they are not statistically different. It
is important to note that lowercase letters are used only for comparisons within C groups, while uppercase letters are
used for comparisons within H groups.

Figure 5. The average leaf temperature (Tleaf) during heatwave 3 (HW3). Note that the third heatwave had an air
temperature (Tair) of 38°C, and the control groups were also subjected to 38°C instead of the earlier control temperature
of 23°C as in HW1 and HW2. The four measured tree species were Acer platanoides (Apl), Betula pendula (Bpe),
Prunus avium (Pav), and Tilia cordata (Tco). H stands for “heatwave-exposed group,” while C stands for “control group.”
The letters assigned to each group denote statistical significance levels. If groups share the same letter, they are not
statistically different. Lowercase letters are used for comparisons within C groups. There were no significant differences
between the H groups.

In order to see if there were any significant regression/correlations between traits and
temperature, data of the three traits above (gsw, d, and leaf angles) were plotted against
Tleaf measured during these heatwaves. After this, regressions and regression statistical
tests were made in Excel. The acquired p-values showed if the regressions were
significant between the adjusted Tleaf and these three specific leaf traits. A regression is
deemed significant if the p-value is less than 0.05. This suggests substantial evidence to
reject the null hypothesis, indicating that the independent variable significantly influences
the dependent variable. The significant p-values are marked in blue for HW1 and orange
for HW3 in Table 3 below. The three traits analyzed here were gsw, d, and leaf angle. All
significant gsw regressions had a negative slope (both HW1 and HW3), white the d
regressions had positive slope values in HW1 and negative ones in HW3. For the leaf
angle regressions, two regressions had a positive slope, while one had a negative slope.
As can be seen in Table 3, there were not many clear patterns in significance. The only
two values that were significant in both HW1 and HW3 were the gsw for Apl H and Bpe H.
Eight regression values were significant during HW1. At the same time, only five were
significant in HW3, and as stated before – not necessarily the same ones.
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Table 3. P-values from all regressions. The regressions were conducted to analyze the relationship between Tleaf and
three specific traits. The three traits considered here were stomatal conductance to water (gsw), characteristic leaf
dimension (d), and leaf angle. The significant p-values are marked in blue for HW1 and orange for HW3. The scale for
leaf angles ranged between 0 and 90 degrees, meaning the angles were measured based on their deviation in
degrees from the horizontal plane.

Figures 6, 7, and 8 are all merely three visual examples of the 13 significant regressions in
Table 3 above. Figure 6 shows a clear and significant regression between gsw and Tleaf.
Significant regressions are also shown in Figures 7 and 8 (showing d and leaf angles instead
of gsw), indicating notable trends in the respective datasets. Figure 9 shows the three traits
(average leaf angles, d, and gsw) during HW1. Notably, it can be seen that Apl has very low
gsw and that Apl and Pav have more horizontal leaves (closer to 0°) than Bpe and Tco.
Moreover, Tco had the largest leaves (d) while Bpe had the smallest ones.

Figure 6. Leaf temperature (Tleaf) in relation to stomatal conductance to water vapor (gsw) in Bpe H during HW1. The
p-value was 0.00197.
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Figure 7. Leaf temperature (Tleaf) in relation to characteristic leaf dimension (d) in Bpe H during HW1. The p-value was
0,0161.

Figure 8. Leaf temperature (Tleaf) in relation to leaf angles in Bpe H during HW1. The scale for leaf angles ranged
between 0 and 90 degrees, meaning the angles were measured based on their deviation in degrees from the
horizontal plane. The p-value was 0,0129.
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Figure 9. Showing the average leaf angles, characteristic leaf dimensions (d), and stomatal conductance to
water vapor (gsw) for control (C) trees during heatwave 1 (HW1) with added standard error bars. The scale for leaf
angles ranged between 0 and 90 degrees, meaning the angles were measured based on their deviation in
degrees from the horizontal plane. The four measured tree species were Acer platanoides (Apl), Betula pendula
(Bpe), Prunus avium (Pav), and Tilia cordata (Tco).
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Results Acquired After the Heatwaves
Figures 10 and 11 show the elevated temperature responses of Fv/Fm during AHW1 and
AHW2. From these values, T5, T50, and T95 could be determined.

Figure 10. The temperature responses of Fv/Fm after heatwave 1 (AHW1). From these Fv/Fm values, T5, T50, and T95 could be
determined. Fv/Fm is the maximal quantum efficiency of Photosystem II (PSII) and its decline can be seen as a general
measurement of plant stress (in this case, heat stress). T5, T50, and T95 represent the leaf temperatures where the Fv/Fm ratio
decreases by 5%, 50%, and 95%, respectively, from its unstressed value. The three measured tree species were Betula
pendula (Bpe), Prunus avium (Pav), and Tilia cordata (Tco). H stands for “heatwave-exposed group,” while C stands for
“control group.”
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Figure 11. The temperature responses of Fv/Fm after heatwave 2 (AHW2). From these Fv/Fm values, T5, T50, and T95

could be determined. Fv/Fm is the maximal quantum efficiency of Photosystem II (PSII) and its decline can be seen as a
general measurement of plant stress (in this case, heat stress). T5, T50, and T95 represent the leaf temperatures where
the Fv/Fm ratio decreases by 5%, 50%, and 95%, respectively, from its unstressed value. The three measured tree
species were Betula pendula (Bpe), Prunus avium (Pav), and Tilia cordata (Tco). H stands for “heatwave-exposed
group,” while C stands for “control group.”

Below, the T5, T50, and T95 values for different species and treatments are displayed in
AHW1 and AHW2 (Figures 12-14). Figures 12-14 provide a more detailed representation
of the data presented in Figures 9 and 10, incorporating error bars to illustrate variability
and enhance the precision of the results. Welch’s t-test was used to see if there were any
significant differences between the tested groups. The following comparisons were
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performed: a species comparison (control groups vs. control groups for AHW1 and
AHW2), a control and heatwave comparison (C vs. H groups in AHW1 and AHW2) as well
as a heatwave group comparison (H group in AHW1 vs. H group in AHW2). There were
only two significant differences out of all of these comparisons: for T50 between Tco C and
Bpe C and between Tco C and Pav C in AHW2 (Figure 13). No significant differences
existed between treatments or between the heatwaves. A substantial variation in T50
between the C and H groups would be considered evidence of heat acclimation within a
particular species (Okubo et al., 2023), but this was not found (Figure 13).

Figure 12. T5 values after HW1 (AHW1) and after HW2 (AHW2). T5 is the leaf temperature at which the Fv/Fm

ratio is decreased by 5 % from its unstressed value. The three measured tree species were Betula pendula
(Bpe), Prunus avium (Pav), and Tilia cordata (Tco). H stands for “heatwave-exposed group,” while C stands for
“control group.”
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Figure 13. T50 values after HW1 (AHW1) and after HW2 (AHW2). T50 is the leaf temperature at which the Fv/Fm

ratio is decreased by 50 % from its unstressed value. The three measured tree species were Betula pendula
(Bpe), Prunus avium (Pav), and Tilia cordata (Tco). H stands for “heatwave-exposed group,” while C stands for
“control group.” The only occurring significant differences are labeled with significance letters. Bars sharing the
same letter are not significantly different from each other (p > 0.05).

Figure 14. T95 values after HW1 (AHW1) and after HW2 (AHW2). T95 is the leaf temperature at which the Fv/Fm

ratio is decreased by 95 % from its unstressed value. No significant differences were found. The three
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measured tree species were Betula pendula (Bpe), Prunus avium (Pav), and Tilia cordata (Tco). H stands for
“heatwave-exposed group,” while C stands for “control group.”

Figure 15 illustrates the individual tree groups in AHW1 and AHW3. The extreme
heatwave (HW3 with a daytime peak temperature of 38°C) damaged the leaves. Still, the
trees that previously experienced the milder heatwaves (HW1 and HW2 with a daytime
peak temperature of 33°C) had no benefits from experiencing the milder heatwaves before
being subjected to the more extreme heatwave, which is consistent with the results that no
acclimation of T50 occurred. In AHW3, however, all groups showed a decrease in their
Fv/Fm ratio except Pav C (Figure 15). Bpe H showed a higher Fv/Fm than Bpe C AHW3, but
this difference was not statistically significant.

Figure 15. Different tree group Fv/Fm average values after heatwave 1 (AHW1) and after heatwave 3 (AHW3) are
shown with standard error bars. H stands for “heatwave-exposed group,” while C stands for “control group.” Fv/Fm is
the maximal quantum efficiency of PSII and its decline can be seen as a general measurement of plant stress (in this
case, heat stress). The four measured tree species were Acer platanoides (Apl), Betula pendula (Bpe), Prunus avium
(Pav), and Tilia cordata (Tco).

4.3 Thermal Safety Margin (TSM)
Figure 16 was produced using data from both the HW and AHW phases and displays the
average TSM values for the three heatwaves. Tco H consistently had the highest TSM
throughout all three heatwaves. In contrast, Pav H had a negative TSM value during HW3,
which indicates a potential high vulnerability to heat stress in this species, particularly under
extreme heat events such as HW3. Finally, Bpe H had a small positive TSM during HW3,
indicating that it experienced mild stress conditions during that heatwave period.
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Figure 16. Average thermal safety margins (TSMs) during the three experiment heatwaves. TSM was calculated
as the difference between the measured Tleaf and T50. HW1 and HW2 (heatwave 1 and 2) had a peak air
temperature of 33°C, while heatwave 3 (HW3) had a peak air temperature of 38°C.

4. Discussion
The findings of this study shed light on heat tolerance in a few Swedish urban tree species,
offering valuable insights into heat tolerance and acclimation in species where this data is
largely missing. Thus, the information acquired through the making of this report can provide
implications and some further guidance for urban city planners and urban foresters.

Research Question 1
The first question of this report was to investigate the heat tolerance of different species and
whether there are differences among selected urban trees. This question was answered by
collecting the Fv/Fm temperature response curves data and calculating the T50 values. The only
statistically significant differences were those between Tco C and Bpe C and between Tco C
and Pav C after HW2 (Figure 13). Interestingly, there was a significant difference between
control trees during HW2 but not during HW1. Further research is needed to elucidate the
specific mechanisms underlying these differences and their impact on heat tolerance in urban
tree species. According to the results received in this report, the findings indicate that the
selected Swedish urban tree species with the highest heat tolerance would be Tilia cordata
(small-leaved lime/little-leaf linden). A high T50 contributed to generally quite high TSMs for this
species (more about this under the subheading “Research Question 4” below). If this study
were to be improved, more species would have been included, and more replicates would
have been made to get a large sample size. How the experiment was set up, including how
long and intense the heatwave exposures were, when measurements were taken, and how
well confounding variables were controlled, could have impacted how the results were
interpreted.

Zhu et al. (2018) highlight methodological challenges associated with comparing T50 values
across different studies. Variations in measurement approaches and environmental conditions
must be acknowledged to ensure the reliability and comparability of T50 values. Moreover,
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Teskey et al. (2015) discuss how environmental factors such as light intensity, humidity, and
CO2 levels impact heat stress and T50 values. In another study by Münchinger et al. (2023), the
T50 ranged between 46.1 ± 0.4 and 53.6 ± 0.7 °C, which is generally noticeably higher than the
ones received in this study. That experiment included e.g. Acer platanoides, Acer
pseudoplatanus, Prunus avium, and Tilia platophyllus (and thus, there was a significant
species and genera overlap), which likely means that differing environmental factors led to
differing T50 between the studies. Additionally, the lack of comparable T50 data for Nordic urban
trees underscores the importance of performing more studies like this.

Research Question 2
The report’s second question, whether the trees show heat acclimation after heatwave
exposures or not, can be answered with the help of Figures 11-15. The Fv/Fm quotient provides
valuable insights into the photosynthetic efficiency of the trees after heatwave exposures. C
and H groups showed no significant differences after HW1 or HW2, indicating no heat
acclimation (Figures 12-14). Observing Fv/Fm values trends across successive heatwave
periods can offer valuable insights into the trees' photosynthetic efficiency and ability to
acclimate to heat stress. If Fv/Fm values stabilize or show improvement over time, it may
suggest that the trees have undergone acclimation. The extreme heatwave, HW3, damaged
the leaves. Nevertheless, the trees that previously experienced the milder heatwaves (HW1
and HW2) had no benefits from experiencing the milder heatwaves before being subjected to
the more extreme heatwave, which is consistent with the results that no acclimation of T50

occurred.
Since both C and H tree groups were subjected to 38°C in HW3, it is possible to see if there
would be any acclimation. Based on the findings depicted in Figure 15, it can be observed that
there was no significant acclimation. Assessing Fv/Fm values in even additional heatwave
periods beyond AHW3 could have elucidated more explicitly whether the trees undergo
acclimation processes to better cope with recurring heatwave events. Examining other
physiological parameters alongside Fv/Fm values, such as chlorophyll content and enzyme
activity, could help better understand the trees' acclimation capabilities in the future.

It is important to note that rapid heat stress episodes do not allow sufficient time for trees to
acclimate (Daas et al., 2008; Ghouil et al., 2003), which could mean that the three days long
heatwaves in this experiment were too short for these trees to acclimate to. A study by Reich
et al. (2016) showed that leaf respiration was acclimated to temperature over many months,
which further implies that the heatwaves were too short for acclimation. Another study,
however, found that trees show limited capacity for acclimation to elevated temperatures
(Kullberg and Feeley, 2022), which is strengthened by the findings of this report.

Research Question 3
The third question in this report is whether there is a correlation between the three urban tree
traits studied in this report (leaf size, leaf angles, and stomatal conductance) and temperature.
In Table 3, it can be observed that several of the regressions made are significant. All
significant gsw regressions had a negative slope (both HW1 and HW3), white the d regressions
had positive slope values in HW1 and negative ones in HW3. All of the gsw regressions values
were negative which suggests that there is a pattern, but depending on the variability in the
data, this is sometimes significant and sometimes not. For the leaf angle regressions, two
regressions had a positive slope while one had a negative slope. The comparison between the
significant regression values observed during HW1 and HW3 sheds light on the dynamic
nature of the relationship between urban tree traits and temperature. Interestingly, while eight
regression values were significant during HW1, indicating a correlation between tree traits and
temperature under initial heatwave conditions, only five were significant during HW3. Notably,
the eight significant values in HW1 were not always the same as those in HW3, suggesting a
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dynamic relationship between tree traits and temperature responses across different heatwave
periods. This discrepancy raises questions about long-term trends and resilience of urban tree
responses to varying heatwave intensities. If there was a robust, irrefutable correlation
between these traits and temperature, the same trait-temperature correlations would have
been expected to be significant in both HW1 and HW3 and not only in one. The observed
differences in the number of significant regressions between the two heatwave events could
lead to further investigation into the underlying factors causing these variations. Differences in
the heatwaves' intensity or timing may have influenced the correlations' strength.

Studies by Lu et al. (2000) and Schulze et al. (1973) discuss how gsw plays a crucial role in
regulating Tleaf, highlighting that open stomata during heat stress can help cool leaves via
transpiration. This finding aligns with the significant negative gsw regression values noted in
this research. Machado and Paulsen (2001) also explain how water availability impacts gsw

and Tleaf, suggesting that different water conditions (the trees were not watered uniformly each
time) during heatwaves might explain the variations in regression significance between HW1
and HW3.
O'Sullivan et al. (2017) stress the importance of stomatal behavior and Tleaf regulation in
alleviating heat stress, which supports the significant differences in Tleaf for Apl due to its low
gsw and horizontal leaf orientation. Berry and Bjorkman (1980) and Fauset et al. (2018)
examine the impact of leaf angles on heat stress, indicating that horizontal leaf orientations
can exacerbate damage from high light intensity. These findings support the importance of leaf
angles in mitigating heat stress.
Tarvainen et al. (2022) confirm the effectiveness of elevated transpiration rates in mitigating
heat stress, highlighting the key role of gsw and leaf cooling mechanisms. Zhu et al. (2018)
provide context on the heat tolerance of different tree species, which supports this study's
findings on the variability of Tleaf among different trees. A report by Kitudom et al. (2022), the
maximum Tair and Tleaf explained 68% of the variance of thermotolerance, while other leaf traits
only explained 6%. This suggests that traits such as the ones measured in this study might not
alter thermotolerance very much. Faucet et al. (2018), on the other hand, emphasize the
importance of leaf functional traits in leaf thermoregulation.
Two reasons why there were several significant differences between Apl’s Tleaf in Figures 3-5,
and the other trees are that Apl was found to have a very low gsw and the most horizontal
leaves (thus receiving much radiation). Consequently, research that found that elevated
transpiration is effective in mitigating heat stress seems to be further implied by this report.
The leaf angles also seem to be important when it comes to mitigating heat stress (Figure 9).

Research Question 4
This paper's last and fourth question was whether the different tree species have different
TSMs. Figure 16 shows the TSMs of all three heatwaves for Bpe, Pav, and Tco. The results
show that these three species have differing TSMs in all three heatwaves. Tco had the highest
TSM in all heatwaves, while Pav had the lowest TSM in the third and last heatwave. The
elevated TSM in Tco is attributable to their high T50 in combination with moderate Tleaf.
Conversely, the low TSM in Pav during HW3 is due to relatively low T50 and relatively high Tleaf.
(Additionally, it should be noted that TSM does not exist for Apl due to time constraints when
measuring Fv/Fm temperature responses.) Variability in TSMs influences species distribution
and resilience in urban environments, which is crucial for informed urban forestry decisions
and climate adaptation. Integrating TSM knowledge into urban forestry management optimizes
species selection, which mitigates climate impacts and improves sustainability.

Kitudom et al. (2022) showed that leaves' thermotolerances exhibited opposite trends with
TSMs. In this study, however, no such trend could be identified. Tarvainen et al. (2022), on the
other hand, found that TSMs were smaller in species with high Tleaf. Once more, no such
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relationship could be found. The differences could likely be attributed to variations in
methodology, environmental conditions, species studied, temporal aspects, and statistical
analysis. More research would be needed to ensure reliable conclusions in this matter.

Methodological Limitations
Chlorophyll fluorescence is a suitable method for assessing heat stress and understanding
plant heat tolerance, particularly in challenging conditions (Baker, 2004; Haque et al., 2014).
When performing chlorophyll fluorescence experiments, it is important to be aware of the
method’s drawbacks. Although several commercial systems are available for measuring
chlorophyll fluorescence, most of them assess fluorescence at specific leaf points rather than
capturing the overall variability across a canopy. Consequently, multiple measurements are
often required for a comprehensive understanding, making the process time-consuming and
laborious (Mishra et al., 2014). Additionally, the fluorometer instrument in this experiment
required leaf clamps during measurement, which sometimes can damage the plant sample
(Arief et al., 2023).

The chlorophyll fluorescence method was chosen because it can evaluate how urban trees
respond to heat stress directly and easily. Despite efforts to simulate natural conditions in the
laboratory, no single method can fully represent the complex responses of plants to heat
stress. However, through careful experiment planning and a suitable tree selection, this
approach provides valuable insights into urban tree thermal tolerance. By combining various
measurements, this report gained some further understanding of a few less-studied urban tree
species and enhanced knowledge of plant responses to heat stress.

Future Research
The findings of this report highlight the importance of understanding how different species
respond to heat stress, particularly in the context of climate change and urban forestry
management. While this study sheds light on current heat tolerance dynamics, future research
should explore ways to enhance urban tree resilience further. Climate change models offer a
promising tool for identifying heat-tolerant tree species suitable for specific urban
environments (Percival, 2023). Short-term management strategies, including suitable irrigation
and nutrient management focusing on potassium, magnesium, and calcium, show some
promise in increasing tree survival during heat spells (Percival, 2023). However, there is a
need for further research to better understand and refine these strategies. One of the
challenges in understanding heat tolerance in urban trees is the limited focus of scientific
research on a small number of tree genera (Percival, 2023). Therefore, it is essential to
explore differences in heat tolerance between additional species and assess genetic variation
in high-temperature tolerance within species.

5. Conclusions
In conclusion, this study offers insights into Swedish urban tree species' heat tolerance and
acclimation. Tilia cordata showed slightly better heat tolerance than Betula pendula and
Prunus avium. The trees showed no significant signs of acclimation since there were no
treatment differences after HW1 and HW2, and since the stress was the same in C and H after
HW3. The relationships that generally resulted in high Tleaf seemed to be horizontal leaves and
low gsw, with Acer platanoides having the highest Tleaf. Furthermore, the examined trees had
differing TSMs with Tilia cordata having the largest one, and Prunus avium having the smallest
one. The findings highlight the importance of considering the complex relationship between
urban tree responses to temperature and environmental factors in informing effective urban
forestry and climate improvement strategies. Moving forward, long-term monitoring and
interdisciplinary research efforts will be decisive in further understanding the mechanisms
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regulating urban tree responses to temperature stress and facilitating the development of
management strategies to enhance urban tree resilience in a world facing climate change.
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Appendix A

Control Heatwave 1 & 2 Heatwave 3

Light (15
cm from
lamps)

T (°C) RH (%) T (°C) RH (%) T (°C) RH (%) PPFD
(µmol/m²/s)

00:00 17 80 19 80 21 80 0

01:00 17 80 19 80 21 80 0

02:00 17 80 19 80 21 80 0

03:00 17 80 19 80 21 80 0

04:00 17 80 19 80 21 80 300

05:00 18 75 21 75 22 75 600

06:00 19 70 23 65 23 65 900

07:00 20 65 26 55 24 55 1200

08:00 21 60 29 45 29 45 1200

09:00 22 55 31 40 34 40 1200

10:00 23 50 33 40 38 40 1200

11:00 23 50 33 40 38 40 1200

12:00 23 50 33 40 38 40 1200

13:00 23 50 33 40 38 40 1200

14:00 23 50 33 40 38 40 1200

15:00 23 50 33 40 38 40 1200

16:00 23 50 33 40 38 40 1200

17:00 23 50 33 40 38 40 1200

18:00 22 55 31 40 31 40 900

19:00 21 60 29 45 28 45 600

20:00 20 65 27 50 26 50 300

21:00 19 70 25 55 24 55 0

22:00 18 75 23 65 23 65 0

23:00 18 75 21 75 22 75 0

(T, temperature; RH, relative humidity.)
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