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Abstract: To prepare and manage urban greenspace for a hotter future, we must select trees that can
tolerate or acclimate to high temperatures. Here, we compared tolerance and acclimation to high
temperatures among nine urban tree species in Japan. Saplings were exposed to heat from different
times (early and mid-summer) during the growing season in a greenhouse. With the exception of
Ginko, heating in early summer did not affect whole-tree health, suggesting that most urban tree
species may be able to acclimate to higher temperatures during the early growing season. However,
continued exposure to higher temperatures, as well as heating from mid-summer, had negative effects
on tree health, leading to wilting/browning, especially for evergreen broadleaved species whose
leaves mature slowly. Cornus florida, Styrax japonicus and Morella rubra were the most vulnerable
to heating, such that all heated saplings had died by the end of summer. At the leaf level, leaf
maturation of the deciduous species and Morella was negatively affected by heating, whereas that
of Eurya emarginata and Euonymus japonicas were not affected. These two species also showed heat
tolerance, having a higher T50 (temperature where leaf quantum yield declined to 50% of maximum
value due to heat stress) compared to other species, as well as heat acclimation, where T50 was higher
for the heated saplings compared to the control. Our results indicate that, while some species that
cannot recover from heat damage in early summer could die, others can acclimate to sustained high
temperatures, as well as to late summer heat. As heatwaves are expected to become more frequent
and severe due to global warming, tree species need to be screened individually to assess their ability
to tolerate or acclimate to high temperature.

Keywords: climate change; global warming; physiological acclimation; urban trees

1. Introduction

The current progression of global climate change is faster than any previous climate
shift in Earth’s history [1,2]. Impacts of global warming on trees include growth reduction
and mortality due to drought [3–5], as well as range shifts, local extinctions of species [6]
and changes in leafing and flowering phenology [7,8] due to increasing temperatures. We
can expect that most tree species will be unable to migrate or adapt quickly enough to
climate change. Species’ persistence, therefore, depend on the capacity of individuals to
tolerate or acclimate to extreme environmental conditions, such as heatwaves and droughts,
and survive [6].

Urban greenspace mitigates the negative effects of global warming on our society
by buffering heat island effects and controlling stormwater runoff [9,10]. Such beneficial
functions will be at risk if urban greenspace is not managed sustainably and tree health
not maintained [11]. As part of the social adaptation to climate change, it is imperative
that we prepare urban greenspaces for higher temperatures due to global warming [12,13].
For example, plant species that are susceptible to high temperatures need to be replaced
by more tolerant species [14,15]. Species that originate in warmer regions, such as trop-
ical and sub-tropical species, however, tend to have a low tolerance for temperature
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fluctuation [16,17] and may not be able to survive in temperate climates. Careful assess-
ment of urban tree species’ tolerance and acclimation to high temperatures is needed to
prepare urban greenspace for a hotter future [18].

Several observational studies have found adaptation and acclimation of plant traits to
high temperatures at global as well as at regional scales, e.g., [19–21], including the urban-
rural environmental gradient, e.g., [22]. On the other hand, responses to experimental
warming can be variable among species [23]. Some studies found a decline or no change in
photosynthetic rates in response to leaf warming [24–26], while others report partial to full
acclimation of photosynthesis as well as respiration in response to warming, e.g., [25,27,28].
Reponses to heat can also vary between sun and shade leaves of the same species, with sun
leaves having higher tolerance than shade leaves in some, but not all, species [29]. Under
high temperatures, leaf photosynthetic rate decreases due to stomatal closure, as well as to
decreasing rates of enzymatic reactions. Extreme heat can cause irreversible, biochemical
damage to proteins comprising photosynthetic enzymes and membranes [20,30–32].

In urban areas of the warm-temperate zone, surface temperatures near the pavement
can exceed 50 ◦C in summer [9,11]. When exposed to high temperatures, plants maintain
leaf temperature by transpirational cooling or thermoregulation [33]. Urban trees are often
water-limited, and increasing transpiration due to heat could exacerbate water stress [34].
Stomatal closure to avoid water stress, on the other hand, could cause overheating in
the short term due to a lack of thermoregulation [35], or carbon starvation and death in
the long term [36,37]. Heat stress can have negative effects on both leaf photosynthesis
and respiration [38–40]. Both critical and optimal temperatures for photosynthesis and
respiration tend to increase with decreasing latitude from cool-temperate to tropical regions,
suggesting that species from warm regions are more adapted to and tolerant of heat
stress [20,21,41]. However, thermal safety margins, defined as the difference between the
critical temperature and expected temperature rise due to global warming, are narrowest
at mid-latitude regions (20–50◦), suggesting that species in temperate regions, where
most urban areas are located, are at the greatest risk of damage due to extreme heatwave
events [41].

Trees may acclimate to extreme heat by sustaining transpirational cooling and/or
increasing leaf thermal tolerance [42]. This response could occur at different times during
the growing season, and the effects of heat stress could be variable depending on the time
of year relative to the leaf maturation and leaf habits of individual species. To investigate
this question, we compared the effects of high temperatures on leaf maturation and photo-
synthesis among nine commonly used urban tree species in Japan. The effects of heat in
relation to time of growing season and duration of heat exposure were assessed by heating
potted saplings in a greenhouse from different times during the growing season (early and
mid-summer). The effects of heat stress were assessed at the whole-tree and leaf levels to
compare tolerance and acclimation potential among the nine species.

2. Materials and Methods

Four-year-old, potted saplings of five deciduous (Zelkova serrata (Thunb.), Ginko biloba
L., Acer buergerianum Miq., Cornus florida L., Makino, Styrax japonicas Siebold et Zucc.) and
four evergreen trees (Morella rubra Lour., Cinnamomum camphora (L.) J. Presl., Euonymus
japonicas Thunb., and Eurya emarginata (Thunb.) Makino) were used in the experiment
(Table 1). All saplings were planted in pots (height × diameter = 186 × 205 mm) filled with
5:3:2 mixtures of red ball earth, Kanuma pumice, and manure. All saplings were watered
for 15 min at 5:00 a.m. and 7:00 p.m. each day.

All saplings (18 of each species) were initially grown together under controlled condi-
tions in the greenhouse at the Tsukuba Research Institute, Sumitomo Forestry Co. Ltd., in
Tsukuba City, Ibaraki Prefecture (36.11◦ N, 140.02◦ E), from 3 April 2023. To observe effects
of high temperature starting from different times during the growing season, randomly
selected saplings of each species were moved to a heated area of the green house, where an
electric heater (Chrester HEAT-R-101BSH, Comfort Co., Ltd., Tokyo, Japan) was used to



Forests 2023, 14, 1639 3 of 12

maintain a higher temperature (hereafter: “heated” treatment). To ensure that all saplings
were exposed equally to heating, the position of each pot relative to the heater were rotated
periodically. To simulate heat exposure from early and mid-summer, six saplings were
moved to the heated area on 7 June and 9 July, respectively, until the end of the experiment
(14 September 2023). Mean and maximum temperatures during the experiment were 2 and
10 ◦C higher in the heated area compared to the control (Table 2).

Table 1. Sizes of the potted saplings of each species used in the study. Mean ± one s.d. of all saplings
are shown (n = 18 for each species). These were then sequentially moved to the heated area of the
greenhouse, on 7 June and 9 July 2023, until the end of the experiment.

Species Basal Diameter (mm) Height (cm)

Zelcova serrata 7.0 ± 1.1 83.4 ± 8.8
Ginko biloba 9.8 ± 0.9 55.3 ± 9.1

Acer nuergerianum 7.7 ± 1.4 76.4 ± 8.7
Cornus florida 9.0 ± 1.8 80.3 ± 12.0

Styrax japonicus 5.6 ± 0.7 69.1 ± 4.2
Morella rubra 7.7 ± 1.2 62.8 ± 13.0

Cinnamomum camphora 6.5 ± 0.7 54.8 ± 3.7
Euonymus japonicus 8.1 ± 0.9 55.4 ± 4.7

Eurya marginata 7.7 ± 0.8 57.6 ± 6.5
Underlined species names with indicate evergreen trees.

Table 2. Mean, maximum, minimum temperatures and relative humidity (RH) for control and heated
saplings of nine urban tree species during the experiment.

Mean (◦C) Maximum (◦C) Minimum (◦C) RH (%)

Control 26.7 ± 3.2 34.1 ± 5.7 22.5 ± 2.5 74.5 ± 10.2
Heated 29.7 ± 4.1 41.2 ± 7.6 23.4 ± 2.4 67.8 ± 10.9

Bold indicates significantly higher value (p < 0.05).

2.1. Assessment of Sapling Appearance/Health

We assessed the appearance/health of each sapling during the experiment by visually
scoring the percentage of leaf wilting/browning. On each measurement date, two observers
visually scored each sapling in 10% increments of wilting/browning relative to its initial
condition (0%), where −100% indicates a dead sapling (Figure 1).
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2.2. Measurement of Leaf Traits

To infer the effects of heat on leaf maturation, we measured leaf mass per area (LMA,
g m−2) four times during the experiment (4 June, 4 July, 6 August and 14 September 2021).
We randomly selected ten current-year leaves produced before June from each sapling. Leaf
disks (8 mm in diameter) were punched out from each leaf and dried in a convection oven
(DK 600, Yamato Kagaku, Tokyo, Japan) at 65 ◦C for 48 h before the measurement of mass.

To assess heat tolerance, we measured the quantum yield (QY) of dark-adapted leaves
at temperatures ranging from 20 to 60 ◦C. Before each measurement, the saplings were
watered and allowed to rehydrate in darkness overnight. Under complete darkness, we
took leaf discs (15 mm in diameter) from one randomly selected, current-year leaf of each
sapling. For each species, four leaf discs taken from different saplings were sealed in
plastic bags with a moist cloth to keep humidity within the bag at equilibrium with leaf
moisture. The sealed bags were immersed for 30 min in water heated to a set temperature
(T) in a water bath consisting of a sous vide cooker (Felio F9575, Fujisho Co., Tokyo, Japan)
and a 3L molybdenum pot. The bags were then removed from the water and cooled to
room temperature for 15 min before measuring QY using a FluorPen FP110 (Photo System
Instruments, Drásov, Czech Republic). QY is a fluorometric measurement of the maximum
quantum yield of photosystem II, also referred to as the maximum–minimum chlorophyll
fluorescence relative to maximum fluorescence (Fv/Fm). The amount of time for heating
and cooling were based on a previous study by Hara et al. [43], so that we could determine
if irreversible change had occurred. The heat-tolerance measurements were conducted on
3 June, 5–6 July, 6–7 August and 7–10 September 2021.

2.3. Statistical Analyses

For each species, a pattern of change in the LMA was assessed by comparing mean
values to those of the previous measurement in a t-test. The LMA of the heated saplings
were compared to that of the control in a t-test. To assess the leaf thermal tolerance of each
species, measurements of QY from the four leaf disks were plotted in relation to T. We fit a
logistic curve to the relationship using a non-linear least-squares regression to obtain the
heat tolerance curve for each species:

QY =
a

1 + exp{b(T − T50)}
(1)

where T50 is the temperature and b is the slope at the inflection point where QY is 50% of
the initial maximum value, a. The 95% confidence intervals for the parameter estimates
were obtained using the drc package in R (ver. 3.5.3, R Development Core Team).

Estimates of T50 in Equation (1) were considered significantly different between the
heated and control saplings on the same measurement date, and between consecutive
measurements if confidence intervals did not overlap. We chose this test because our
sample sizes are limited, and it is a more conservative test than comparing non-linear
regressions between pooled vs. individual regressions using dummy variables. For a given
species, a significant difference in T50 between heated and control saplings was interpreted
as heat acclimation.

3. Results
3.1. Sapling Health

On 3 June, the initial measurement, all saplings were healthy (0% wilting/browning).
Subsequently, all control saplings survived until the end of the experiment, whereas the
heated saplings were negatively affected by heating. Among the nine species, Zelcova,
Cinnamomum and Euonymus were the least affected by heating (Figure 2). In July, negative
effects of heating from early summer were observed for Ginko and Morella, whose saplings
heated from June showed more wilting/browning than the control. From August to
September, Acer, Ginko and Eurya saplings heated from June recovered by producing new
leaves, while Cornus, Styrax and Morella saplings continued to decline. For most species,
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heating from mid-summer (July) had similar effects on sapling health as heating from early
summer. For Acer, saplings heated from July showed less wilting/browning than those
heated from June, whereas for Cinnamomum, Euonymus and Eurya, effects of mid-summer
heating were more severe. By August, wilting was so severe for Cornus, Styrax and Morella
such that there were not enough leaves of heated saplings remaining for measurement of
LMA and T50 and, by September, all heated individuals of these three species had died
(wilting/browning = −100%).
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Figure 2. Box–whisker plots showing seasonal change in wilting/browning of saplings of the nine
urban tree species. Boxes and lines indicate the upper and lower quartiles and the median. Error
bars indicate the upper and lower second quartiles. Bar colors indicate the control saplings and
saplings heated from 7 June and 9 July 2023. Asterisks indicate significant difference relative to
control (p < 0.05). Underlined species names indicate evergreen trees.

3.2. Leaf Maturation

The LMA increased from June to July in five of the nine species reflecting leaf develop-
ment (Figure 3). In July, the LMA of Styrax, Ginko and Morella saplings heated from June
was smaller than the control, suggesting negative effects of heating from early summer on
leaf maturation. On the other hand, for Cornus, Acer, Cinnamomum and Euonymus, the LMA
did not change from June to September, suggesting that the leaves were fully developed by
June. For these species, the LMA was not affected by heating, albeit for the surviving leaves
for species with significant wilting/browning (see Figure 2). In August, no differences in
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the LMA between heated and control saplings were observed. In September, the LMA of
Zelcova and Ginko saplings heated from July was smaller than the control. For Zelcova, the
LMA of the control leaves had increased from August to September, suggesting negative
effects of heating from mid-summer on leaf maturation in this species.
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Figure 3. Seasonal change in leaf mass per area (LMA, g m−2) of current-year leaves of the nine urban
tree species. Symbols indicate control saplings (O), saplings heated from June (∆), and from July
(�). Significant increase/decrease with season is indicated by solid lines (p < 0.05). Filled symbols of
the heated saplings indicate significant difference from control (p < 0.05). Underlined species names
indicate evergreen trees.

3.3. Heat Tolerance and Acclimation

The QY of the deciduous species declined gradually between 40–50 ◦C, whereas
for the evergreen species, QY tended to be sustained at higher temperatures and then
decline rapidly (Figure 4). The highest T50 was observed for Eurya in August (54.5–55.3 ◦C),
indicating a high heat tolerance for this species (Figure 5). For all species, T50 showed an
increasing trend from June to August, after which it decreased in September following
the seasonal temperature trend. The greatest increase was observed for Eurya, where T50
of the control saplings increased by more than 4 ◦C from July to August, indicating high
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acclimation potential to seasonal temperature increase. In July, the T50 of Eurya saplings
heated from June was higher than the control, indicating a high acclimation potential to
heating from early summer. In August, T50 of Acer saplings heated from July was higher
than the control, suggesting acclimation to heating from mid-summer. In September, the
T50 of Zelcova and Ginko saplings heated from July was lower than the control, suggesting
negative effects of heating from mid-summer. Recall that for these two species, the LMA of
saplings heated from July was also smaller than the control in September.
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Figure 5. Seasonal change in temperature at 50% loss of quantum yield (T50) of current-year leaves of
the nine urban tree species. Symbols indicate control saplings (O), saplings heated from June (∆), and
from July (�). Significant increase/decrease with season is indicated by solid lines (p < 0.05). Filled
symbols of the heated saplings indicate significant difference from control (p < 0.05). Underlined
species names indicate evergreen trees.

4. Discussion

Our results indicated that response of urban tree species to heating can vary depending
on the species and leaf habit (deciduous/evergreen), as well as the timing and duration of
high temperatures in relation to seasonal leaf development. While some species could not
recover from damage due to heating from early summer and died, others were relatively
less affected or subsequently recovered. We found that, with the exception of Ginko, most of
the study species showed no immediate effects of heating from June, suggesting that initial
symptoms of heat stress in early summer may be subtle. However, continued exposure
to high temperature, as well as heating from July, had significant negative effects on tree
appearance/health, leading to wilting/browning and, ultimately, to mortality in species
such as Styrax, Cornus and Morella. Such species may need to be replaced by more tolerant or
resilient species, such as Zelcova, Cinnamomum, Euonymus or Ginko, Acer, Eurya, respectively.
In addition, for Cinnamomum, Euonymus and Eurya, heating from July had more severe
effects on sapling health, while for Acer and other deciduous species that survived the
heating treatment, the effects of mid-summer heating were less severe or similar to that of



Forests 2023, 14, 1639 9 of 12

heating from early summer. This suggests that evergreen species from warm-temperate
regions are not necessarily more heat-tolerant. Evergreen broadleaved species with slow
leaf maturation require multiple growing seasons to acclimate to environmental change [44].
Although the LMA of the evergreen species in this study did not change after July, their
leaves may still be developing physiologically.

Negative effects of heating in early summer on LMA were observed only for species
whose LMA was increasing in June (Ginko, Styrax, Morella). This suggested that exposure
to high temperatures from early summer may affect leaf maturation by limiting physiolog-
ical functions and/or consuming photosynthate. Metabolic costs involved in increasing
leaf-level heat tolerance, (e.g., the production of isoprenes, heat-stress proteins, etc., the
strengthening of thylakoid membranes, and the regeneration of rubisco) may result in a
tradeoff with leaf growth [45,46]. In contrast, species whose LMA was stable after June
were not affected by subsequent heating. Note that this applies to the surviving leaves,
because most species showed significant wilting/browning at the whole-tree level.

Evergreen species showed higher heat tolerance by sustaining photosynthetic capacity
(QY) at higher temperatures than the deciduous species. The T50 estimates were higher than
50 ◦C for all four evergreen species. Three of the evergreen species (Cinnamomum, Euonymus,
Eurya) also showed heat acclimation, such that T50 was 1–4 ◦C higher for the heated saplings
compared to the control. In our experiment, heating increased mean temperature by 3 ◦C
and maximum temperatures by 7 ◦C compared to the control. Our results indicate Euonymus
and Eurya are able to acclimate to such high temperatures. Although some species maintain
photosynthetic activity to temperatures as high as 40 ◦C [47], in many plants, irreversible
biochemical damage occurs above 55 ◦C [46]. In this study, T50 values higher than 55 ◦C
was observed only for Eurya saplings heated from June, suggesting that this species has the
highest heat tolerance among the nine species examined. Eurya also showed the greatest
acclimation both in response to seasonal temperature increases and to heating.

Global scale studies have found species’ heat tolerance to increase with decreasing
latitude from temperate to tropical regions [21]. However, T50 values around 50–52 ◦C have
been found for boreal conifers [48], as well as for tropical broadleaved trees, e.g., [29,49],
suggesting that heat tolerance can be highly variable among species, regardless of their
origin. Such variation among species in their response to heating may explain why pre-
vious studies of leaf warming produced such mixed results [24–26]. Up-regulation of
photosynthesis under high temperature incurs higher overall metabolism [40]. On the other
hand, species that respond to high temperature by down-regulating photosynthesis could
sustain positive carbon balance by also down-regulating leaf respiration to maintain a low
metabolism [50–52]. Species which realize high photosynthetic rates by increasing stomatal
conductance, hence high transpirational cooling, could not survive if high temperatures co-
occur with water deficits. Because physiological responses to heat vary among species, to
predict more accurately how trees will respond to climate change, which involves not only
higher temperatures but changes in precipitation pattern, we must assess the physiological
responses of individual species’ leaf photosynthesis and respiration, as well as stomatal
control and thermoregulation to high temperatures combined with water stress [53].

5. Conclusions

Heatwaves are becoming more frequent and severe worldwide, and could have ad-
verse effects on tree health in the near future [54]. In urban areas, urban heat island effects
are expected to become more extreme [55,56]. Social adaptation to climate change requires
that we prepare urban greenspaces for higher temperatures due to global warming [18].
This involves long-term management and planning at various spatial scales, from replant-
ing individual trees to redesigning entire cityscapes. The solution may not be as simple
as selecting species from warmer regions for planting in hot urban environments. Our
results imply that, although evergreen broadleaved species originating in warm-temperate
to sub-tropical climates are generally more tolerant of high temperature than deciduous
species, there are exceptions, such as Morella in this study. We also found that evergreen
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broadleaved species with slow leaf maturation may be more vulnerable to heatwaves in
mid-summer and may require multiple growing seasons to acclimate to environmental
change. Previous studies have found tropical species have narrower temperature ranges for
physiological functioning [16], as well as lower plasticity of functional traits [22], suggesting
lower acclimation potential to environmental fluctuation [57]. Kullberg et al. [58] found no
evidence for temperature acclimation among six subtropical tree species planted along an
urban temperature gradient in Miami. This suggests that saplings of evergreen broadleaved
species may need to be raised under high temperatures over multiple growing seasons
before being planted in hot urban environments. Proper management, such as sufficient
watering, is also necessary for acclimation of trees to hot urban environments, because
stomatal conductance controls acclimation of the thermal optimum for photosynthesis [58].
Watering could also mitigate the negative effects of heat stress, as water availability can
increase the thermal safety margins of leaf physiological function via thermoregulation [59].
We contend that, in order to realize climate change adaptation of urban greenspaces, species,
regardless of their origin, need to be screened individually to predict their tolerance and
acclimation potentials to predicted future growing conditions. Our methods and results
provide a scientific basis and methodology for assessing the tolerance and acclimation
potential of urban tree species to high temperatures at the individual and leaf levels.
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