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Leaf functional traits

highlight phenotypic variation
of two tree species in the
urban environment

Ahram Cho™', Nicole Dziedzic', Aria Davis®, Cindy Hanson?,
Jangho Lee?, Gabriela C. Nunez-Mir*
and Miquel A. Gonzalez-Meler*

‘Department of Biological Sciences, University of Illinois Chicago, Chicago, IL, United States,
2Department of Earth and Environmental Sciences, University of Illinois Chicago, Chicago, IL, United States

Urbanization is transforming landscapes globally, altering environmental conditions
that affect ecosystem functioning, particularly in urban areas where trees are crucial
for regulating microclimates, improving air quality, and sustaining biodiversity. This
study investigates the environmental differences and tree leaf structure and
morphology in urban and suburban sites in the Chicago Metropolitan Region.
The leaf functional traits of Norway Maple and Little — leaved Linden were studied in
three locations in the summer of 2023: an urban park (University of Illinois Chicago,
Chicago, IL), a suburban park (Morton Arboretum, Lisle, IL), and a suburban
residential site (Lombard, IL). The urban site had higher daytime and nighttime air,
and land surface temperatures compared to the suburban sites with significant
fluctuations observed across the sites. Cumulative growing degree days, a measure
of potential photosynthetically active days, were also higher in the urban park than
in the suburban sites between March and August. Norway Maple trees growing in
the urban site displayed higher specific leaf area (SLA) and lower leaf dry matter
content (LDMC) than in the suburban sites, resulting in thinner leaves. Similarly, Little
—leaved Linden trees in the suburban residential site displayed higher SLA and lower
LDMC than those in the suburban park. The values of gas exchange traits — namely
photosynthetic assimilation, transpiration rates, and stomatal conductance — of
Norway Maple were higher at the urban site compared to suburban sites as
temperatures increased during the summer. Norway Maple gas exchange values
decreased as the growing season progressed, as expected by ontogeny. In contrast,
Little—leaved Linden maintained similar leaf gas exchange values throughout the
growing season. Both species in the urban site exhibited lower instantaneous water
use efficiency and reduced LDMC, suggesting greater water loss in response to
elevated temperatures compared to suburban park and residential sites.
Comparisons with existing global trait databases emphasize the need for
localized data to accurately capture site—specific responses. Although some traits
aligned with database values, others deviated significantly, underscoring the
importance of comprehensive, site—specific datasets for robust ecosystem
modeling and management strategies.
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1 Introduction

Cities are projected to accommodate 70% of the global
population by 2030 (Helletsgruber et al., 2020). Many cities have
been experiencing unprecedented growth, which has led to
significant environmental degradation (Roy et al, 2012). Urban
trees play a vital role in improving urban livability by mitigating
urban heat and air pollution, reducing stormwater damage and
flooding, and sequestering carbon dioxide (Salmond et al., 2016).
Expanding urban parks has been linked to reductions in particular
matter diameter < 2.5 pm (PM,5), a fine pollutant known to harm
human health, while also providing cooling on hot summer days
(Cao et al., 2024).

The diverse environments in which urban trees grow, and their
long lifespans make them valuable indicators of plant responses to
climate change (Farrell et al., 2015). To understand how urban trees
provide benefits and adapt to their unique environment, we can
examine their leaf functional traits (LFTs). LFTs, such as specific
leaf area (SLA) and photosynthetic rates, are crucial to plant
performance and fitness. These traits are defined by their morpho
— physio — phenological characteristics and reveal how urban trees
respond to environmental stressors, including water availability
(Violle et al., 2007). Previous studies have shown divergent
responses of urban trees to stressors, with some exhibiting larger
SLA and lower leaf dry matter content (LDMC), while others
displayed the opposite trend to cope with stressful conditions
(Zhu et al., 2020; Salamanca-Fonseca et al., 2023). Plants exhibit
diverse water use strategies to mitigate water stress. Some species,
known as isohydric plants, prioritize maintaining constant water
potential in their leaves by closing stomata and reducing water loss
during drought, while anisohydric plants tolerate lower water
potentials and keep their stomata open to maintain gas exchange
even under drought conditions (Sade et al., 2012). This
heterogeneity underscores the importance of considering
phenotypic plasticity in trees across varying environmental
conditions. Significant foliar changes, including differences in
SLA, LDMC, photosynthesis, and transpiration, can occur
between species and groups and even within individual trees due
to varying ecological conditions across tree canopy positions (Vega
et al., 2020).

Urban areas, characterized by extensive buildings and paved
surfaces, tend to have higher temperatures than surrounding non
—urban areas, a phenomenon known as the urban heat island
(UHI) effect (Taha et al., 1988). The surface UHI (SUHI),
representing the difference in land surface temperatures (LST)
between urban and non-urban surfaces, can be measured by
satellite thermal remote sensing data (Zhou et al., 2018). This
effect, caused by changes in surface energy balance due to
urbanization, results in elevated LST compared to suburban and
rural areas (Mutiibwa et al., 2015; Zhou et al,, 2018). In urban
environments, trees face signiﬁcantly warmer temperatures, up to
12°C higher than in nearby suburban regions (Oke, 1973; Lahr
et al,, 2018). These elevated temperatures significantly impact the
physiological processes of trees, including photosynthetic
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assimilation and transpiration rates, and stomatal conductance
(gs), which are all interrelated physiological determinants of plant
growth (Urban et al., 2017). Additionally, soil moisture influences
gas exchange by affecting g; lower soil moisture can lead to
reduced stomatal opening, limiting CO, uptake and
photosynthetic efficiency, especially under elevated temperatures
associated with the UHI effect (Chen et al., 2023).

Chicago’s Metropolitan Region is a high—density residential
area with a population exceeding 9.5 million along the shore of Lake
Michigan that experiences diverse weather patterns (Wang et al.,
2023). Despite the extensive presence of street and residential trees,
urban trees in Chicago often face severe stress, especially in street
—side locations (Mcpherson et al., 1997; Ballach et al., 1998; Pickett
et al, 2001; Salmond et al, 2016). Analyzing leaf structure and
biochemical traits in urban trees is a resource—extensive process due
to variations in leaf properties throughout the canopy, requiring
expensive, specialized equipment and expertise (Burnett et al,
2021). Nonetheless, studying changes in LFTs along the urban —
suburban gradient in the Chicago Metropolitan Region can provide
insights into plant responses and adaptations to urban stressors
under a rapidly changing climate.

Here, we aim to understand how vegetation responds to local
environmental conditions, specifically across both urban and
suburban settings. We use LFTs, such as morphological traits, gas
exchange processes, and the elemental composition of carbon and
nitrogen, to investigate the effects of the local environment on two
common deciduous tree species, Norway Maple and Little-leaved
Linden. This approach will capture variations in how urban trees
adapt to the resource availability in urban areas and inform the
implications of our leaf-scale understanding of phenotypic
plasticity on a plant trait database.

2 Materials and methods

2.1 Study area and characteristics of
sampled species

Norway Maple (Acer platanoides) and Little-leaved Linden
(Tilia cordata) were selected as the study species due to their
adaptability to the dry and alkaline soil conditions prevalent in
the Chicago Metropolitan Region (Morton Arboretum, 2024).
These species constitute a significant portion of the tree
population in Chicago, accounting for 11% (Norway Maple) and
< 1% (Little-leaved Linden) in the region (Morton Arboretum,
2020a, Morton Arboretum, 2020b; Nowak et al., 2013).

Sampling was conducted in the summer of 2023 at three sites:
one urban site (urban park) in Chicago, IL, and two suburban sites
(suburban park and suburban residential) in Lisle and Lombard, IL,
respectively (Figure 1). The urban park site, situated at the
University of Illinois Chicago (UIC), is a public park (W Vernon
Park) with adjacent forest fragments and substantial built
infrastructure (paved areas and buildings). The suburban park
site is a public park (Morton Arboretum) with various wild and
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Map showing site locations. Sites 1, 2, and 3 are the urban park (University of Illinois Chicago, Chicago, IL), suburban park (Morton Arboretum, Lisle,
IL), and suburban residential sites (Lombard Village Hall, Lombard, IL), respectively. Images in Figure 1 were obtained from NAIP imagery viewed
within ArcGIS (www.arcgis.com/home/item.htm(?id=d1cd1b03d7f246d5a29597f71820ea5d; data accessed Jan 5, 2024). Images have been annotated

with identifying information. The scale bar represents 6 km.

planted tree cultivars growing in an open area. The suburban
residential site encompasses a parking area at Lombard Village
Hall, with an adjacent greenway less than 6 m away. Table 1
presents detailed information on the sampling dates, the number
of trees measured, the range of diameter at breast height (DBH),
and soil moisture levels. The soil moisture was measured as
volumetric water content (%) in the top 12 cm of soil within a
1 m radius around each tree using a handheld soil water
reflectometer (Hydrosense II CS659 12 c¢m rods, Campbell
Scientific, Logan, UT, US). No rainfall was recorded at any site
between July 14th and 28th, 2023.

The juvenile period for Norway Maple is approximately 15-20
years (Hackett, 2011), while for Little-leaved Linden, it spans 15-25
years (De Jaegere et al,, 2016). The Norway Maple trees sampled
were mature and had surpassed the juvenile phase, whereas the
Little — leaved Linden trees included both juvenile and mature
individuals. Including juvenile trees not only allowed us to assess a
broader range of developmental stages but also increased the sample
size, providing more robust data for analysis. DBH was assessed at
all sites as a tree structural indicator (Table 1). Norway Maple trees
had an average DBH of 36.3, 55.6, and 40.0 cm in urban park,
suburban park, and suburban residential sites, respectively, with
variations of 3.7 to 4.1 cm (Table 1). Little-leaved Linden trees in
the urban park and suburban residential sites had similar average
DBH of 48.2 cm and 47.6 cm, respectively, with variations of 3.9 to
9.3 cm. However, the DBH of Little-leaved Linden at suburban park
was 23.2 cm with a variation of 15.7 cm.
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2.2 Land surface temperature and growing
degree days

Land surface temperature (LST) measurements for Chicago
were obtained from the GOES-16, GOES-17, and GOES-18
satellite constellations (hereafter referred to as GOES). The GOES
series can measure LST in the North American region at hourly
intervals with a 2 km resolution (Yu and Yu, 2020). For our analysis,
we selected the nearest GOES grid point for three locations: an
urban park at 41°52’24.2”N, 87°38'53.9”W (University of Illinois
Chicago, Chicago, IL), a suburban park at 41°4844.5”N, 88°
03’05.3”W (Lisle, IL), and a suburban residential site at 41°
52°02.9”N, 88°00°38.6”W (Lombard, IL). Land cover at these sites
was analyzed using Sentinel-2 land cover data with a 10 m
resolution. The urban park comprised 77% built-up area and 23%
vegetated area. The suburban park included 30% built-up area, 35%
tree cover, 11% bare ground, and 24% vegetated area. The suburban
residential site consisted of 74% built-up area, 22% vegetated area,
and 4% bare ground.

The inherent limitation of satellite measurements is their
inability to assess surface properties under cloudy conditions. To
address this limitation and facilitate a fair comparison between the
sites, we used LST measurements exclusively from cloud—free hours
at all sites to ensure that all sites were visible from space.
Consequently, some hourly data were excluded from the LST
dataset, however, all three sites (urban park, suburban park, and
suburban residential site) retained consistent data coverage each
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TABLE 1 Sampling date, tree count, diameter at breast height (DBH), and land cover, and soil moisture estimated as volumetric water content (%) of
Acer platanoides (Norway Maple) and Tilia cordata (Little-leaved Linden) trees measured during the 2023 sampling season across three sites in the
Chicago Metropolitan Region.

Species Sampling Soil moisture (%)
Date
Summer Fall
(Jul) (Aug — Oct)
Norway Maple Urban park July 25, 4 36.3 + 4.0 48.0 + 5.9 163 + 2.1
October 6
Suburban park July 27, 3 55.6 + 4.1 20.1 £ 3.7 29.5 + 8.0

September 22

Suburban July 17, 3 40.0 + 3.7 20.6 +2.9 13.7 £ 5.1
residential site September 22
Little— Urban park July 24, 5 482+93 685+ 17.2 210+ 5.8
leaved October 6
Linden
Suburban park July 27, 5 232+ 157 17.8 £52 24156
September 22
Suburban July 17, 3 47.6 +3.9 224 +94 159 + 12.8
residential site September 22

day. Given that electron transport dynamics in tree species are  which influences UHI statistics, extends over distances of up to
particularly active during the growing season (March to October) 18 km (Van Hove et al, 2015). For analyzing the differences
(Pieruschka et al, 2014), average LST values for this period are = between LST and T,, only dates with available LST data
presented in Table 2. Additionally, weekly LST from 2018 to 2022  were included.
are shown in Supplementary Figure 1. Growing degree days (GDD) are a weather—based indicator that
Daily ambient temperature (T,) records for urban park tracks the physiological changes of insects and plants. GDD was
(Chicago, IL) and suburban park sites (Lisle, IL) from March  calculated for the urban park, suburban park, and suburban
—November 2023 were obtained from the National Oceanic and  residential sites in 2023 using data from three weather stations:
Atmospheric Administration (NOAA, 2023). Two weather stations  the West Loop — Chicago Old St. Pats station at 41°52’48.0”N, 87°
were utilized for the urban and suburban park sites: Chicago  38°24.0”W for the urban park (selected due to its more recent data
Midway Airport at 41°47°24.0” N, 87°44°24.0” W and Lisle availability in 2023), Lisle Morton Arboretum Station at 41°
Morton Arboretum Station at 41°48’36.0” N, 88°03’36.0” W,  48’36.0”N, 88°03’36.0”W for the suburban park, and the
respectively. The difference between LST and T, helps us  Downtown station in Lombard at 41°53°24.0”N, 88°01’12.0"W for
understand the climatic processes and impacts of urbanization in  the suburban residential site. This differs from the station used for
different areas (Do Nascimento et al., 2022). The distance between  T,—LST calculations for the urban park. Accumulated GDD from
the weather stations and the LST sites were 11.5 km for the urban ~ March to November 2023 was determined by summing all daily Ta
park and 0.8 km for the suburban park. Air temperatures in urban  values exceeding the minimum development threshold, using a
sites exhibit greater heterogeneity, and the temperature gradient,  baseline temperature of 5°C for cool-season plants.

TABLE 2 The growing season (April to October) land surface temperature (LST) with standard deviation measured during daytime and nighttime at
urban park, suburban park, and suburban residential sites from 2018 to 2022. LST was obtained from GOES-16, GOES-17, and GOES-18 satellite
constellations in three locations: an urban park at 41°52'24.2"N, 87°38'53.9"W (University of lllinois Chicago, Chicago, IL), a suburban park at 41°
48'44.5"N, 88°03'05.3"W (Lisle, IL), and a suburban residential site at 41°52'02.9"N, 88°00°38.6"W (Lombard, IL).

Daytime Urban park 21.3 £ 8.6 208 £ 74 21975 229 +£7.6 223 £ 8.6 219 £ 8.0
Suburban park 198 + 84 199 +72 208 £7.0 214+ 64 21.0+75 206 +7.4
Suburban 20.7 + 8.7 20.7 £ 7.6 21.7+72 223+6.7 21.8+79 214+76
residential

Nighttime Urban park 14.0 + 84 140 £ 7.1 144+ 75 155 + 6.7 144 + 84 145+ 7.7
Suburban park 13.2 £ 85 13.6 + 6.8 134+73 145+ 73 141+73 138 +73
Suburban 13.5 + 8.5 13.8 + 6.8 135+ 75 14.6 + 6.7 142+74 139+74
residential
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Weekly differences between air temperature (T,) and land surface temperature (LST) from 2018 to 2022. LST was measured at three locations: an
urban park at 41°52'24.2"N 87°38'53.9"W (University of Illinois Chicago, Chicago, IL), a suburban park at 41°48'44.5"N 88°03'05.3"W (Lisle, IL), and a
suburban residential site at 41°52'02.9"N 88°00'38.6"W (Lombard, IL). T, data were obtained from the NOAA (2023) for the closest weather stations;
Chicago Midway Airport (41°47°'24.0"N, 87°44'24.0"W) for the urban park and Lisle Morton Arboretum Station (41°48'36.0"N, 88°03'36.0"W) for the
suburban park. The annual and growing season (April to October) T,—-LST differences were 0.81°C and 0.43°C for the urban park and 0.18°C and
-0.17°C for the suburban park, respectively, with a statistically significant difference between the two (p < 0.001) based on the paired Student's t
—test. The plot displays weekly means with error bar representing + standard deviation for each site.

2.3 Leaf morphological traits

Tree shoots were obtained in June 2023 by cutting branches
longer than 50 cm from the southern side of the crown at an
intermediate height at each experimental site (Takagi and
Gyokusen, 2004) during the day from 09:00 to 14:00 HR on the
sampling date. The shoot’s end was cut twice underwater to prevent
cavitation and cut again just before taking measurements. Leaves
were removed from the shoot and were analyzed on a leaf area meter
(Li—-3000, Li—Cor, Lincoln, NE, USA). Afterward, leaves were soaked
in a 0.2 mM laboratory—grade calcium chloride solution for an hour
to achieve water—saturated fresh weight, allowing calcium ions to
bind to unsaturated cellular sites (Conway and Sams, 1987).
Individual leaves were separately placed in aluminum foil, dried at
65°C until a constant dry mass was achieved, and then weighed.
Specific leaf area (SLA, projected leaf area per dry mass) and leaf dry
matter content (LDMC, projected water—saturated fresh weight per
dry mass) were expressed to an international standard unit. The total
number of trees listed in Table 1 was used for the measurements.

2.4 Gas exchange measurements

Gas exchange characteristics, photosynthetic assimilation (A)
and transpiration rates (E), and stomatal conductance (g,) were
measured under controlled conditions using Li-6400 instrument
equipped with 6 cm” cuvettes and a 6400—-02B red-blue light source
(Li—Cor, Lincoln, NE, USA) on the sampling date during summer
(July 17th to 27th, 2023) and autumn (September 22nd to October
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6th, 2023). A/E was used to calculate instantaneous water use
efficiency (WUE;). Leaves were prepared to measure gas exchange
characteristics using a method similar to morphological traits. The
shoot was then placed in a beaker filled with water and kept at room
temperature at UIC’s Stable Isotope Laboratory. Gas exchange
characteristics were measured with the following settings on the

“2s~! photosynthetic photon flux

day of sampling: 1,200 umol-m
density (PPFD), 1.9 + 0.1 kPa vapor pressure deficit, relative
humidity of 50-65%, constant leaf chamber temperature of 25°C,
400 pmolmol_1 reference CO, concentration, and a flow rate of
500 umol-s'. Gas exchange characteristics were measured when
CO, concentrations in the sample cell were stabilized, typically
within 10 min. of exposure to 1,200 pmol-m >s~' PPED. Three
leaves per tree were randomly selected on each sampling date
(Table 1), and measurements were made between 10:00-16:00 HR.

2.5 Determination of carbon-to-nitrogen
ratio and nitrogen content

Leaves were dried at 65°C, weighed, and ground using a SPEX
8000D Mixer Mill (SPEX SamplePrep LLC, Metuchen, NJ). The total
carbon (C) and nitrogen (N) contents were analyzed using an elemental
analyzer (Costech 4010, Milan, Italy), using a dry combustion method.
The samples had organic C, no carbonates present, and the total N
content included nitrate. The carbon-to-nitrogen (C/N) ratio, leaf N
content per leaf area (NLA), and percentage of leaf N content (%N)
were indicated. Two to four leaves were randomly selected per sampled
tree at each site for the measurements.
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2.6 Trait databases

The TRY database (TRY Plant Trait Database, 2023) and BIEN
database ((BIEN) database, 2023) were utilized to obtain global data
on tree leaf morphological and gas exchange responses. We
qualitatively compared the global dataset and our dataset. See
Supplementary Table 1 for a complete list of the original
publications associated with the subset of TRY and BIEN. Data
from TRY and BIEN used here include various measurements of
trees from two species (Acer platanoides and Tilia cordata) with
measurements of leaf area, SLA, LDMC, A, E, g, WUE;, C/N ratio,
and NLA. Overlapping references in the TRY and BIEN databases
are used only once. Some A, E, and g, data were obtained from
figures in publications extracted using the metaDigitise package in
R (Pick et al., 2019). The extracted data records are uploaded in
Supplementary Table 1 for data archiving and sharing.

Our dataset for Norway Maple and Little-leaved Linden
encompassed sample sizes ranging from 8 to 13 individuals at all
the sites. In contrast, the sample sizes for morphological traits (leaf
area, SLA, and LDMC) from the TRY, BIEN, and metaDigitised
databases were substantially larger, ranging from 71 to 116 values
for Norway Maple and 18 to 37 values for Little-leaved Linden.
Additionally, the dataset for A, E, g, and WUE; from the databases
contained 6 to 28 values and 9 to 37 values for C/N and NLA,
covering both species.

2.7 Statistical analysis

Differences in T,—LST between two sites (urban park and
suburban park) and LST between the urban park and both the
suburban park and suburban residential site were compared using a
paired Student’s t—test. SLA, LDMC, A, E, g, and WUE; were
assessed between different sites (urban park, suburban park, and
suburban residential sites) using a paired Student’s t—test (p < 0.05)
to analyze the mean differences. One—way ANOVA with post-hoc
Tukey Honestly Significant Differences (HSD) was performed to
study the influence of site on leaf area, C/N ratio, NLA, and %N.
The figures were drawn using OriginPro 2024 (OriginLab,
Northampton, MA, USA). Gas exchange data were analyzed
using linear regression models to evaluate the effects of site,
season, and soil moisture on gas exchange parameters. All
statistical analyses were conducted in R software (version 4.4.1).

3 Results

3.1 Temperature and soil moisture
differences in urban park, suburban park,
and suburban residential sites

The average daytime LST during the growing season in urban

park was 0.9 to 1.6°C higher than in suburban park each year
(Table 2). From 2018 to 2022, the daytime LST during the growing
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season in urban park, suburban park, and suburban residential sites
were 21.9 + 8.0 °C, 20.6 + 7.4°C, and 21.4 £ 7.6°C, respectively. The
average nighttime LST for the same period were 14.5°C, 13.8°C, and
13.9°C, respectively. Therefore, the LST difference between the
urban park and both the suburban park and suburban residential
site was significant (p < 0.001) (Supplementary Figure 1).

The urban park shows a substantial T,-LST difference
compared to the suburban park, with annual and growing season
averages of 0.81°C and 0.43°C, respectively, compared to 0.18°C and
—0.17°C for the suburban park (Figure 2). This suggests greater heat
retention in Chicago, IL, than in Lisle, IL. In 2023, cumulative GDD
was highest in the urban park compared to the suburban sites
during March and August. By September, cumulative GDD in the
urban park and suburban residential sites were similar (2,672°C and
2671°C, respectively). However, throughout the growing season,
cumulative GDD for both the urban park and suburban residential
site were consistently higher than those for the suburban
park (Figure 3).

Soil moisture during the summer was higher in the urban park
(48.0-68.5%) compared to the suburban park (17.8-20.1%) and
suburban residential (20.6-22.4%) sites for both Norway Maple and
Little — leaved Linden (Table 1). By the fall, the soil moisture for
Norway Maple was higher in the suburban park (29.5%) than in the
urban park (16.3%) and suburban residential site (13.7%). For Little
— leaved Linden, fall soil moisture was more consistent across all
sites, with values ranging from 15.9% to 24.1%.

3.2 Differences in leaf functional traits
across urban and suburban sites

3.2.1 Leaf morphological traits

The SLA of Norway Maple was considerably greater in the
urban park compared to suburban park site, but there was no
significant difference between suburban park and suburban
residential sites (Figure 4A). There was a large range of SLA for
Little — leaved Linden in the urban park site, with values ranging
from 129 to 247 cm®g ' Little — leaved Linden trees in the
suburban residential site had a larger SLA than those in the
suburban park site. Additionally, the LDMC of Norway Maple
was lower in the urban park than in suburban sites (Figure 4B).
Little — leaved linden exhibited a difference in LDMC between the
urban and suburban park sites, with the former having a lower
value. Although the average leaf area varied for both Norway Maple
(76, 45, and 71 cm?) and Little — leaved Linden (43, 30, and 26 cm?)
across the urban park, suburban park, and suburban residential
sites, respectively, statistical analysis indicated no significant
difference across sites for either species (Table 3).

3.2.2 Leaf gas exchange traits

Norway maple trees had significantly higher levels of A, E, and
g during summer in urban park compared to those in the suburban
sites (Figures 5A, C, E). There was no significant difference between
suburban park and suburban residential sites. Similarly, Little
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Accumulated monthly growing degree days (GDD) in 2023 for stations at three locations: the West Loop — Chicago Old St. Pats station at 41°
52'48.0"N, 87°38'24.0"W for the urban park, Lisle Morton Arboretum Station at 41°48°36.0"N, 88°03'36.0"W for the suburban park, and the
Downtown station in Lombard at 41°53'24.0"N, 88°01'12.0"W for the suburban residential site. The base temperature for calculating GDD is 5°C.

—leaved Linden trees had the highest A, E, and g values in urban
park, which were significantly higher than those in the suburban
residential site during the summer. However, A, E, and g; did not
differ significantly among different sites for Little — leaved Linden
(urban vs. suburban) in fall (Figures 5B, D, F). Norway maple in the
suburban residential site had higher WUE; than those in urban
park, and Little-leaved Linden had the highest WUE; in suburban
park between the sites during the summer (Figures 5G, H).
Norway Maple A, E, and g significantly decreased by 31, 18,
and 32% in the urban park site from summer to fall, while WUEi
increased by 69% (Figures 5A, C, E, G; Supplementary Table 2).

Despite seasonal changes, all leaf gas exchange traits of Norway
Maple remained relatively consistent in the suburban park and
suburban residential sites, except for WUE; in suburban park. A, E,
and g, of leaves in the urban park, suburban park, and suburban
residential sites remained unchanged from summer to fall
(Figures 5B, D, F; Supplementary Table 2). The WUE; of Little
—leaved Linden decreased in urban park and increased in suburban
residential sites with seasonal changes, while remaining unchanged
in suburban park (Figure 5H).

Taking into account the effects of site, season, and soil moisture,
spring consistently influences gas exchange parameters, particularly
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TABLE 3 Leaf functional traits of Acer platanoides (Norway Maple) and Tilia cordata (Little—leaved Linden) in urban park, suburban park, and suburban
residential sites.

Species Leaf area C/N ratio”
(cm?)

Norway Maple Urban park 76.5 + 3.5 a" 182+1.0b 0.66 + 0.03 b 207 £0.11a
Suburban park 449 + 6.8 a 312+27a 1.00 £ 0.10 b 148 £ 0.11 a
Suburban residential site 705+ 17.7 a 236+ 18 ab 1.59+£0.15a 1.92+0.16 a

Little-leaved Linden Urban park 43.1+48a 125+ 04 b 1.69 +0.19 a 309 +0.13 a
Suburban park 298+83a 170+ 15a 215+0.15a 2.66 + 0.19 ab
Suburban residential site 258+28a 147+11b 1.41 £ 0.06 a 2.18 £0.07 b

“C/N ratio = leaf carbon to nitrogen (C/N) ratio, NLA = leaf nitrogen content per leaf area, %N = percent of leaf nitrogen content.

YValues presented represent the average of two to four replications + standard error. For differences among the sites from Norway Maple, ANOVA results are as follows: Leaf area, F = 2.79, p =
0.129; C/N ratio, F = 10.2, p = 0.017; NLA, F = 20.9, p = 0.004; %N, F = 3.58, p = 0.108. For differences among the sites from Little-leaved Linden, ANOVA results are as follows: Leaf area, F =
1.84, p = 0.208; C/N ratio, F = 6.18, p = 0.024; NLA, F = 3.72, p = 0.072; %N, F = 10.82, p = 0.05. Different letters (e.g., ‘a’ and ‘b’) indicate significant differences within each species and trait across

sites based on Tukey’s range test at p < 0.05. The same letters indicate non—significant differences. Every variable showed the highest value for each species in the group “A”.

by increasing E and decreasing WUE; (Supplementary Table 3). Soil
moisture generally exhibits weak or non-significant effects across
both species, except for a significant positive effect on WUE; in
Norway Maple.

3.2.3 Leaf elemental analysis traits

The leaf C/N ratio was significantly lower in trees located in the
urban park compared to the suburban sites for both Norway Maple
and Little-leaved Linden (Table 3). There was no significant
difference in the leaf C/N ratio for both species between trees in
the urban park and suburban residential sites. The %N was not
significantly different between the sites for Norway Maple, but it
was lower in the suburban residential site compared to the urban
park site for Little-leaved Linden. For Norway Maple, the NLA was
highest in the suburban residential site. The NLA did not differ
significantly for Little — leaved Linden.

3.3 Qualitative traits comparison of the
global database and our dataset

The values for leaf morphological traits in our dataset for both
species, except for the SLA of Norway Maple and leaf area of Little
—leaved Linden, fell at the lower end of the range observed in the
global databases (Figures 6, 7). Both A and g, values of both species
in our dataset were at the lower end of the global databases’ range.
However, our values of E and WUE,; for Little-leaved Linden were
larger than those in the global databases. Elemental analysis values
from our dataset for both species were compared to those in the
global databases, indicating that C/N ratio values for Norway Maple
in our dataset showed a wider distribution than those in the
databases. The NLA values for Norway Maple in our dataset

2

ranged from 0.58 to 1.80 g-m~? similar to those in global
databases, which range from 0.47 to 1.80 gm™. For Little —
leaved Linden, our dataset’s C/N ratio was at the lower end, while
the NLA was at the higher end of the ranges observed in the

global databases.
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4 Discussion

Trees exhibit phenological and morphological changes in
response to environmental stressors in urban areas, such as to
higher temperatures (Helletsgruber et al., 2020; Moser et al., 2016).
Trees in the urban park site displayed superior cooling capabilities
with higher SLA, lower LDMC, and increased gas exchange,
indicating less evidence of water stress. Updating LFT databases
with locally derived data is crucial as existing databases of LFT's may
not fully capture the variability in urban environments.

Climate plays a significant role in shaping the life cycle of plants,
leading to phenological shifts in response to global environmental
changes (Vogel, 2022). Along the urban-suburban gradient, we
observed a range of phenological drivers, with temperature
emerging as a primary factor influencing morphological
alterations (Su et al., 2023). The LST is typically lower in heavily
forested areas due to the cooling effect from transpiration and
shading provided by dense vegetation. Conversely, LST is higher in
areas with a greater density of buildings and impervious surfaces as
these urban features absorb and retain more heat, leading to the
SUHI effect (Zhou et al, 2018). The LST analysis does not
distinguish between general vegetation and tree cover for the
urban park and suburban residential sites. This could affect the
interpretation of vegetated areas and their impact on LST for those
two sites. However, the high proportion of built—up area and low
vegetated cover in urban Chicago may significantly amplify the
difference between T, and LST compared to the suburban Lisle area
(Table 2; Figure 2).

The UHI effect not only adversely affects residents’ health and
livability but also exacerbates stress and disrupts phenology in the
limited vegetation present (Cregg and Dix, 2001; Zipper et al., 2016).
Cumulative GDD in the urban park and suburban residential site,
both with lower vegetation cover (22-23%), was significantly higher
than in the suburban park, which had 35% tree cover and 24%
vegetated area (Figure 3). This suggests that reduced vegetation cover
may contribute to increased heat accumulation, as reflected in GDD
values, highlighting the role of vegetation in moderating temperatures
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and mitigating urban heat. GDD has been increasing due to increased
temperatures from global warming and can also be used to describe
the UHI effect (Schatz and Kucharik, 2016; Kukal and Irmak, 2018).
Many anticipated changes predicted by climate models in urban areas
are already underway. Global urban stations mainly display positive
UHI trends, with the nighttime trend peaking at 2.36 + 0.69°C/
century globally (Varquez and Kanda, 2018). In Chicago, heat waves
are projected to intensify, increase in frequency, and prolong into the

Frontiers in Plant Science

latter half of the 21st century (Meehl and Tebaldi, 2004). Larger
vegetation cover plays a vital role in mitigating the impacts of high
temperatures and other environmental stressors in urban areas by
offering a variety of ecosystem services that counteract the adverse
effects of climate change (Tan et al., 2021), especially in the Chicago
Metropolitan Region.

Trees exhibit a heterogeneity of responses to environmental
conditions along the leaf economic spectrum in urban areas, with
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Qualitative comparison of the leaf functional traits database and our data for Acer platanoides (Norway Maple) in urban parks, suburban parks, and
suburban residential sites. The database values were obtained from TRY and BIEN, and image processing using the R package metaDigitise in the

literature listed in Supplementary Table 1

quick or slow returns in investment (Wright et al., 2004). Species
with quick returns in investment have leaves with high nutrient
concentrations, high A and g, short lifespan, and low LDMC (high
SLA), while species with slow returns in investment have low leaf
nutrient concentrations, low A and g, long lifespan, and high
LDMC (low SLA) (Poorter and Evans, 1998; Wright et al., 2004).
Differences among and within species contribute to variations in
trait responses as well as to unique environmental conditions (Fyllas
et al,, 2020). In addition to having higher SLA and lower LDMC,
Norway Maple in the urban park site also displayed higher
maximum rates of A, E, and g relative to the suburban sites
during the summer (Figures 4, 5). Higher temperatures stimulate
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photosynthesis in trees (Kanno et al., 2009; Sendall et al., 2015;
Urban et al., 2017; Lahr et al,, 2018). Urban trees growing in high-
traffic areas demonstrated a 25% increase in SLA compared to those
trees in areas with lower traffic levels (Gratani et al, 2000), in
addition to temperature being a contributing factor. From 2017 to
2021, the three—year average of PM, 5 that have a negative impact
on plant growth and yield was found to be higher at the Chicago
sensing station located near Interstates (I)-90 and —94 compared to
suburban sites such as Naperville, IL (IDPH, 2021). Our urban park
trees grow in a highly urbanized area with high traffic and relative
proximity to transportation corridors (I-290 and I-90) with
exposure to high concentrations of air pollutants coupled with
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Qualitative comparison of the leaf functional traits database and our data from this study for Tilia cordata (Little — leaved Linden) in urban parks,
suburban parks, and suburban residential sites. The database values were obtained from TRY and BIEN, and image processing using the R package

metaDigitise in the literature listed in Supplementary Table 1

high temperatures. A study investigating the effects of particulate
matter from incense on tree saplings showed that leaves of broadleaf
species with higher SLA and g, were more effective in reducing
PM, s through gas exchange processes (Kim et al., 2022).
Furthermore, the study revealed that leaves in urban parks had
lower LDMC, indicating less solid material per unit area and more
water content, similar to the findings from our study. This response
could be an adaptation to higher temperatures in the city or higher
water availability from flooding runoff or irrigation (Bijoor
et al., 2012).

Water usage and availability play pivotal roles in urban tree
adaptation strategies, particularly given the pronounced impact of
elevated temperatures on evapotranspiration, tree growth, and
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overall sustainability (Lahr et al, 2018). Although soil moisture
shows a weak relationship with most gas exchange variables in the
linear regression model, it remains an important factor in
understanding gas exchange dynamics, particularly for Norway
Maple under higher soil moisture conditions at the urban site
(Table 1; Supplementary Table 3). The higher soil moisture in the
urban park could also be attributed to soil texture, which influences
water movement and retention, as well as from other factors like
irrigation, drainage from impermeable surfaces, and reduced
competition for water compared to non-urban ecosystems
(Halecki and Stachura, 2021). Soil moisture plays a critical role in
alteration of leaf traits including SLA and gas exchange traits, and
relative growth rate (Chaturvedi et al., 2013), even though other
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factors, such as temperature, may have a stronger impact based on
the large impact of season for the gas exchange parameters.

Elevated rates of A and g in urban trees may suggest an ability
to photosynthesize over a broader temperature range; however, this
increase in gas exchange may come at the cost of lower WUE,
potentially making trees more susceptible to xylem embolism
during high temperatures (Lahr et al, 2018). Although Norway
Maple typically demonstrates isohydric behavior with stringent
stomatal regulation, but it may exhibit anisohydric tendencies
under certain environmental conditions (Leuschner et al.,, 2024).
Norway Maple trees in the urban park site exhibited higher
transpiration capabilities and thinner leaves compared to those in
suburban sites, suggesting stronger cooling capacities both
anatomically and physiologically, especially during the summer.
Little-leaved Linden tends to adopt an anisohydric water—use
strategy during drought periods, allowing for decreased leaf water
potential (Moser et al., 2016). Throughout the summer and fall
seasons, Little-leaved Linden in the urban park site maintained
active gas exchange values, whereas these values declined in Norway
Maple as fall approached. However, both species may face an
elevated risk of hydraulic failure during periods of intense heat
and drought, resulting in increased water loss and rapid soil
moisture depletion (Rahman et al., 2019). Nevertheless, they
remain suitable choices for tree planting in flood—prone and
highly urbanized areas.

High SLA species invested more in thylakoid N per unit leaf
mass and had a higher amount of Rubisco, indicating higher
catalytic activity (Poorter and Evans, 1998). The C/N ratio was
lower in the urban park site compared to the suburban park site in
both Norway Maple and Little — leaved Linden, and the %N was
higher in the urban park than in the suburban residential site,
particularly for Little-leaved Linden that has smaller leaves than
Norway Maple. According to Tang et al. (2016), nighttime warming
promotes N uptake, which is associated with increased chlorophyll
content and enhanced gas exchange traits in tree species. Assessing
thylakoid N is necessary to understand metabolic N investment in
trees; however, increased LST in urban environments can cause
metabolic and phenotypic changes, leading to increased
photosynthesis and transpiration.

We observed a strong influence of the sampling site and as well
as the interaction between site and tree species on SLA, LDMC, leaf
gas exchange traits, and elemental analysis traits, attributable to the
urban—suburban environmental gradient (Figures 6, 7). Although
LFT values for both species vary across global databases, the range
of values found in our study aligns closely with the global range,
particularly for leaf area in Little-leaved Linden. We also observed
that the leaf C/N of Norway Maple and E and WUE,; of Little—leaved
Linden exceeded the ranges seen in the database. Plant communities
experience ecological and evolutionary dynamics that regulate the
cycling of C and nutrients among plant organs, shaping both plants
and their environment (Kerkhoff et al., 2006). However,
relationships between traits, such as SLA, can vary across
communities due to climatic or edaphic factors, affecting the
slopes and intercepts of key trait relationships (e.g. nutrient
availability and plant growth). These variations reflect plant
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plasticity in response to environmental gradients, such as those
observed at the urban-suburban scales, suggesting that global
patterns of trait coordination may be disrupted by local
heterogeneity and individual plastic responses (Freschet et al,
2013). Edaphic factors, such as soil texture and structure, play a
critical role in determining soil moisture availability, which in turn
influences tree functional traits and may contribute to the
differences observed between sites (Lehmann and Stahr, 2007;
Moser et al, 2016). It may be necessary to update the existing
database of LFTs related to phenotypic plasticity in plants to
incorporate more specific and localized responses to
environmental changes that occur hierarchically (De Kroon et al.,
2005). Coupling canopy-scale analyses with leaf—scale processes is
essential for understanding the role of functional traits in shaping
ecosystem structure and function (Abelleira Martinez et al., 2016).
Furthermore, assessing genetic diversity is needed to determine
whether phenotypic plasticity contributes to functional trait
variation across urban and suburban environments (Gratani,
2014). Although ground measurements are time—consuming and
limited in urban areas, they can provide valuable data for large
—scale modeling efforts (Rissanen et al.,, 2024), aiding in a better
understanding of the sources of variation in LFTs.

5 Conclusion

This study explored variations in morphological and
physiological traits along an urban—suburban gradient in the
Chicago Metropolitan Region. Results suggest that phenotypic
variation in leaf traits was influenced by temperature, both
nighttime and LST, as well as soil water content. Little — leaved
Linden and, in particular, Norway Maple demonstrated significant
differences in SLA, LDMGC, A, E, and g along the gradient. Both
species displayed anisohydric water—use strategies, taking
advantage of urban irrigation despite the higher daytime
temperatures in urban sites compared to suburban sites. Although
both Norway Maple and Little — leaved Linden showed trends of
having thinner leaves in urban sites, these differences were
statistically significant only in Norway Maple. Little — leaved
Linden in the suburban residential site exhibited similar trends to
those observed in the suburban park, comparable to Norway Maple,
potentially due to anthropogenic stressors influencing its
physiological and morphological responses. Leaves from urban
trees also demonstrated higher N investment, consistent with the
increased A in leaves of urban trees, particularly in Little—leaved
Linden. Across the urban—suburban gradient, variations in leaf
traits exceeded the global range for certain traits (e.g., C/N ratio for
Norway Maple and E and WUE; for Little-leaved Linden), while
other traits, such as SLA, LDMC, A, and g for both species
exhibited skewed distributions compared to the global database.
Taken together, these findings suggest that the most prevalent and
abundant species in the Chicago Metropolitan Region can readily
utilize water resources by expressing a wide variation in
morphological traits, thereby maximizing the evaporative cooling
capacity of urban trees. Furthermore, this study highlights the
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importance of using leaf trait characterization as a proxy for
environmental factors, primarily water and temperature, in
urban ecosystems.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

AC: Conceptualization, Formal analysis, Investigation,
Methodology, Visualization, Writing - original draft. ND:
Conceptualization, Investigation, Methodology, Writing — original
draft, Formal analysis. AD: Investigation, Writing — original draft.
CH: Investigation, Writing - original draft. JL: Investigation,
Methodology, Writing — review & editing. GCN-M: Writing -
review & editing, Funding acquisition. MAG-M: Conceptualization,
Funding acquisition, Methodology, Resources, Writing — review &
editing, Supervision.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
material is based upon work supported by the U.S. Department of
Energy, Office of Science, Office of Biological and Environmental
Research’s Urban Integrated Field Laboratories CROCUS project
research activity, under Award Number DE-SC0023226.

References

(BIEN) database (2023). Available online at: https://bien.nceas.ucsb.edu/bien/
biendata/ (Accessed Nov 8, 2023).

Abelleira Martinez, O. J., Fremier, A. K., Giinter, S, Ramos Bendana, Z., Vierling, L.,
Galbraith, S. M., et al. (2016). Scaling up functional traits for ecosystem services with remote
sensing: concepts and methods. Ecol. Evol. 6, 4359-4371. doi: 10.1002/ece3.2016.6.issue-13

Ballach, H. J., Goevert, J., Kohlmann, S., and Wittig, R. (1998). “Comparative studies
on the size of annual rings, leaf growth and the structure of treetops of urban trees in
Frankfurt/Main,” in Urban Ecology. Eds. J. Breuste, H. Feldmann and O. Uhlmann
(Springer Berlin, Heidelberg), 699-701.

Bijoor, N. S., Mccarthy, H. R., Zhang, D., and Pataki, D. E. (2012). Water sources of
urban trees in the Los Angeles metropolitan area. Urban Ecosyst. 15, 195-214.
doi: 10.1007/s11252-011-0196-1

Burnett, A. C., Anderson, J., Davidson, K. ], Ely, K. S., Lamour, J., Li, Q,, et al. (2021).
A best-practice guide to predicting plant traits from leaf-level hyperspectral data using
partial least squares regression. J. Exp. Bot. 72, 6175-6189. doi: 10.1093/jxb/erab295

Cao, W., Zhou, W., Yu, W., and Wu, T. (2024). Combined effects of urban forests on
land surface temperature and PM, s pollution in the winter and summer. Sustain. Cities
Soc. 104, 105309. doi: 10.1016/j.5cs.2024.105309

Chaturvedi, R. K., Raghubanshi, A. S., and Singh, J. S. (2013). Growth of tree
seedlings in a tropical dry forest in relation to soil moisture and leaf traits. J. Plant Ecol.
6, 158-170. doi: 10.1093/jpe/rts025

Chen, S., Wei, W., Tong, B, and Chen, L. (2023). Effects of soil moisture and vapor
pressure deficit on canopy transpiration for two coniferous forests in the Loess Plateau
of China. Agric. For. Meteorol. 339, 109581. doi: 10.1016/j.agrformet.2023.109581

Frontiers in Plant Science

13

10.3389/fpls.2024.1450723

Acknowledgments

We are grateful to Luke McCormack from Morton Arboretum
and Max Berkelhammer from UIC for their helpful comments on
the manuscript and to Roser Matamala from Argonne National
Laboratory for providing valuable input on the experiment’s design.
We also thank Marvin Lo from Morton Arboretum and Eric
Hendrickson from the Village of Lombard for assisting in
sampling the tree leaves.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1450723/
full#supplementary-material

Conway, W. S, and Sams, C. E. (1987). The effects of postharvest infiltration of
calcium, magnesium, or strontium on decay, firmness, respiration, and ethylene
production in apples. J. Am. Soc. Hortic. Sci. 112(2), 300-303.

Cregg, B. M, and Dix, M. E. (2001). Tree moisture stress and insect damage in urban
areas in relation to heat island effects. Arboric. Urban For 27, 8—17. doi: 10.48044/
jauf.2001.002

De Jaegere, T., Hein, S., and Claessens, H. (2016). A review of the characteristics of
small-leaved lime (Tilia cordata Mill) and their implications for silviculture in a
changing climate. Forests 7, 56. doi: 10.3390/£7030056

De Kroon, H., Huber, H., Stuefer, J. F., and Van Groenendael, J. M. (2005). A
modular concept of phenotypic plasticity in plants. New Phytol. 166, 73-82.
doi: 10.1111/j.1469-8137.2004.01310.x

Do Nascimento, A. C. L., Galvani, E., Gobo, J. P. A., and Wollmann, C. A. (2022).
Comparison between air temperature and land surface temperature for the city of Sao
Paulo, Brazil. Atmosphere 13, 491. doi: 10.3390/atmos13030491

Farrell, C,, Szota, C., and Arndt, S. K. (2015). Urban plantings: ‘Living laboratories’
for climate change response. Trends Plant Sci. 20, 597-599. doi: 10.1016/
j-tplants.2015.08.006

Freschet, G. T., Bellingham, P. ], Lyver, P. O. B,, Bonner, K. I, and Wardle, D. A.
(2013). Plasticity in above-and belowground resource acquisition traits in response to
single and multiple environmental factors in three tree species. Ecol. Evol. 3 (4), 1065—
1078. doi: 10.1002/ece3.2013.3.issue-4

Fyllas, N. M., Michelaki, C., Galanidis, A., Evangelou, E., Zaragoza—Castells, J.,
Dimitrakopoulos, P. G., et al. (2020). Functional trait variation among and within

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1450723/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1450723/full#supplementary-material
https://bien.nceas.ucsb.edu/bien/biendata/
https://bien.nceas.ucsb.edu/bien/biendata/
https://doi.org/10.1002/ece3.2016.6.issue-13
https://doi.org/10.1007/s11252-011-0196-1
https://doi.org/10.1093/jxb/erab295
https://doi.org/10.1016/j.scs.2024.105309
https://doi.org/10.1093/jpe/rts025
https://doi.org/10.1016/j.agrformet.2023.109581
https://doi.org/10.48044/jauf.2001.002
https://doi.org/10.48044/jauf.2001.002
https://doi.org/10.3390/f7030056
https://doi.org/10.1111/j.1469-8137.2004.01310.x
https://doi.org/10.3390/atmos13030491
https://doi.org/10.1016/j.tplants.2015.08.006
https://doi.org/10.1016/j.tplants.2015.08.006
https://doi.org/10.1002/ece3.2013.3.issue-4
https://doi.org/10.3389/fpls.2024.1450723
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Cho et al.

species and plant functional types in mountainous mediterranean forests. Front. Plant
Sci. 11, 212. doi: 10.3389/fpls.2020.00212

Gratani, L. (2014). Plant phenotypic plasticity in response to environmental factors.
Adv. Bot. 2014, 208747. doi: 10.1155/2014/208747

Gratani, L., Crescente, M. F., and Petruzzi, M. (2000). Relationship between leaf life-
span and photosynthetic activity of Quercus ilex in polluted urban areas (Rome).
Environ. pollut. 110, 19-28. doi: 10.1016/S0269-7491(99)00285-7

Hackett, W. P. (2011). Juvenility, Maturation, and Rejuvenation in Woody Plant. Ed.
J. Janick (Westport, CT: AVI Publishing Company Inc), 109-154.

Halecki, W., and Stachura, T. (2021). Evaluation of soil hydrophysical parameters
along a semiurban small river: Soil ecosystem services for enhancing water retention in
urban and suburban green areas. Catena 196, 104910. doi: 10.1016/
j.catena.2020.104910

Helletsgruber, C., Gillner, S., Gulyas, A, Junker, R. R, Tanacs, E., and Hof, A. (2020).
Identifying tree traits for cooling urban heat islands-a cross-city empirical analysis.
Forests 11, 1064. doi: 10.3390/f11101064

IDPH (2021). Illinois Air Quality Report-Air Quality Index 2021. Available online at:
https://epa.illinois.gov/content/dam/soi/en/web/epa/topics/air-quality/air-quality-
reports/documents/2021-Annual-Air-Quality-Report.pdf (Accessed April 17, 2024).

Kanno, K., Mae, T., and Makino, A. (2009). High night temperature stimulates
photosynthesis, biomass production and growth during the vegetative stage of rice
plants. Soil Sci. Plant Nutr. 55, 124-131. doi: 10.1111/j.1747-0765.2008.00343.x

Kerkhoff, A. J., Fagan, W. F,, Elser, J. J., and Enquist, B. J. (2006). Phylogenetic and
growth form variation in the scaling of nitrogen and phosphorus in the seed plants. Am.
Nat. 168, E103-E122. doi: 10.1086/507879

Kim, K,, Jeon, J., Jung, H., Kim, T. K., Hong, J., Jeon, G. S., et al. (2022). PM, 5 reduction
capacities and their relation to morphological and physiological traits in 13 landscaping
tree species. Urban For. Urban Gr. 70, 127526. doi: 10.1016/j.ufug.2022.127526

Kukal, M. S., and Irmak, S. (2018). US agro-climate in 20th century: Growing degree
days, first and last frost, growing season length, and impacts on crop yields. Sci. Rep. 8,
6977. doi: 10.1038/s41598-018-25212-2

Lahr, E. C,, Dunn, R. R, and Frank, S. D. (2018). Variation in photosynthesis and
stomatal conductance among red maple (Acer rubrum) urban planted cultivars and
wildtype trees in the southeastern United States. PLoS One 13, €0197866. doi: 10.1371/
journal.pone.0197866

Lehmann, A., and Stahr, K. (2007). Nature and significance of anthropogenic urban
soils. J. Soils Sediments 7, 247-260. doi: 10.1065/jss2007.06.235

Leuschner, C., Fuchs, S., Wedde, P, Riither, E., and Schuldt, B. (2024). A multi-criteria
drought resistance assessment of temperate Acer, Carpinus, Fraxinus, Quercus, and Tilia
species. Perspect. Plant Ecol. Evolt. Syst. 62, 125777. doi: 10.1016/j.ppees.2023.125777

Mcpherson, E. G., Nowak, D., Heisler, G., Grimmond, S., Souch, C., Grant, R, et al.
(1997). ). Quantifying urban forest structure, function, and value: the Chicago Urban
Forest Climate Project. Urban Ecosyst. 1, 49-61. doi: 10.1023/A:1014350822458

Meehl, G. A., and Tebaldi, C. (2004). More intense, more frequent, and longer lasting
heat waves in the 21st century. Sci. 305, 994-997. doi: 10.1126/science.1098704

Morton Arboretum (2020a). 2020 Chicago Region Tree Report. Available online at:
https://mortonarb.org/app/uploads/2021/05/2020-Chicago-Region-Tree-Census-
Report:FIN.pdf (Accessed Jun 12, 2024).

Morton Arboretum (2020b). Chicago Region Tree Census Executive Summary.
Available online at: https://mortonarb.org/app/uploads/2021/05/2020-Chicago-
Region-Tree-Census-Executive-Summary:FINAL.pdf (Accessed Jun 17, 2024).

Morton Arboretum (2024). Overview of Tilia cordata. Available online at: https://
mortonarb.org/plant-and-protect/trees-andvplants/ (Accessed Jan 03, 2024).

Moser, A., Rétzer, T., Pauleit, S., and Pretzsch, H. (2016). The urban environment
can modify drought stress of small-leaved lime (Tilia cordata Mill.) and black locust
(Robinia pseudoacacia L.). Forests 7, 71. doi: 10.3390/f7030071

Mutiibwa, D., Strachan, S., and Albright, T. (2015). Land surface temperature and
surface air temperature in complex terrain. IEEE J. Sel. Top. Appl. Earth Obs. Remote
Sens 8, 4762-4774. doi: 10.1109/JSTARS.4609443

NOAA (2023). Available online at: https://www.ncei.noaa.gov/cdo-web/search/
(Accessed May April 16, 2024).

Nowak, D. J., Hoehn, R. E,, Bodine, A. R,, Crane, D. E., Dwyer, J. F., Bonnewell, V.,
et al. (2013). Urban trees and forests of the Chicago region (Newtown Square: United
States Forest Service).

Oke, T. R. (1973). City size and the urban heat island. Atmos. Environ. 7, 769-779.
doi: 10.1016/0004-6981(73)90140-6

Pick, J. L., Nakagawa, S., and Noble, D. W. (2019). Reproducible, flexible and high-
throughput data extraction from primary literature: the metaDigitise r package.
Methods Ecol. Evol. 10, 426-431. doi: 10.1111/mee3.2019.10.issue-3

Pickett, S. T., Cadenasso, M. L., Grove, ]. M., Nilon, C. H., Pouyat, R. V., Zipperer, W.
C., et al. (2001). Urban ecological systems: linking terrestrial ecological, physical, and

socioeconomic components of metropolitan areas. Ann. Rev. Ecol. Syst. 32, 127-157.
doi: 10.1146/annurev.ecolsys.32.081501.114012

Frontiers in Plant Science

10.3389/fpls.2024.1450723

Pieruschka, R., Albrecht, H., Muller, O., Berry, J. A., Klimov, D., Kolber, Z. S., et al.
(2014). Daily and seasonal dynamics of remotely sensed photosynthetic efficiency in
tree canopies. Tree Physiol. 34, 674-685. doi: 10.1093/treephys/tpu035

Poorter, H., and Evans, J. R. (1998). Photosynthetic nitrogen-use efficiency of species
that differ inherently in specific leaf area. Oecol 116, 26-37. doi: 10.1007/5004420050560

Rahman, M. A., Moser, A., Rotzer, T., and Pauleit, S. (2019). Comparing the
transpirational and shading effects of two contrasting urban tree species. Urban
Ecosyst. 22, 683-697. doi: 10.1007/s11252-019-00853-x

Rissanen, K., Lapa, G., Houle, D., Kneeshaw, D., and Paquette, A. (2024). Large
variation in the radial patterns of sap flow among urban trees. Agric. For. Meteorol. 345,
109848. doi: 10.1016/j.agrformet.2023.109848

Roy, S., Byrne, J., and Pickering, C. (2012). A systematic quantitative review of urban
tree benefits, costs, and assessment methods across cities in different climatic zones.
Urban For. Urban Green 11, 351-363. doi: 10.1016/j.ufug.2012.06.006

Sade, N., Gebremedhin, A., and Moshelion, M. (2012). ). Risk-taking plants:
anisohydric behavior as a stress-resistance trait. Plant Signal. Behav. 7, 767-770.
doi: 10.4161/psb.20505

Salamanca-Fonseca, M., Aldana, A. M., Vargas-Martinez, V., Acero-Gomez, S.,
Fonseca-Tellez, J., Gutierrez, S., et al. (2023). Effects of urban, peri-urban and rural
land covers on plant functional traits around Bogota, Colombia. Urban Ecosyst. 27,
251-260. doi: 10.1007/s11252-023-01429-6

Salmond, J. A., Tadaki, M., Vardoulakis, S., Arbuthnott, K., Coutts, A., Demuzere,
M., et al. (2016). Health and climate related ecosystem services provided by street
trees in the urban environment. Environ. Health 15, 95-111. doi: 10.1186/s12940-
016-0103-6

Schatz, J., and Kucharik, C. J. (2016). Urban heat island effects on growing seasons
and heating and cooling degree days in Madison, Wisconsin USA. Int. ]. Climatol 36,
4873-4884. doi: 10.1002/joc.2016.36.issue-15

Sendall, K. M., Reich, P. B., Zhao, C., Jihua, H., Wei, X., Stefanski, A., et al. (2015).
Acclimation of photosynthetic temperature optima of temperate and boreal tree species
in response to experimental forest warming. Glob. Change Biol. 21, 1342-1357.
doi: 10.1111/gcb.2015.21.issue-3

Su, Y., Wang, X,, Gong, C., Chen, L., Cui, B., Huang, B,, et al. (2023). Advances in
spring leaf phenology are mainly triggered by elevated temperature along the rural-
urban gradient in Beijing, China. Int. J. Biometeorol 67, 777-791. doi: 10.1007/s00484-
023-02454-y

Taha, H., Akbari, H., Rosenfeld, A., and Huang, J. (1988). Residential cooling loads
and the urban heat island-the effects of albedo. Build. Environ. 23, 271-283.
doi: 10.1016/0360-1323(88)90033-9

Takagi, M., and Gyokusen, K. (2004). Light and atmospheric pollution affect
photosynthesis of street trees in urban environments. Urban For. Urban Green 2,
167-171. doi: 10.1078/1618-8667-00033

Tan, J. K, Belcher, R. N, Tan, H. T., Menz, S., and Schroepfer, T. (2021). The urban
heat island mitigation potential of vegetation depends on local surface type and shade.
Urban For. Urban Green. 62, 127128. doi: 10.1016/j.ufug.2021.127128

Tang, B., Yin, C,, Wang, Y., Sun, Y., and Liu, Q. (2016). Positive effects of night
warming on physiology of coniferous trees in late growing season: Leaf and root. Acta
Oecol 73, 21-30. doi: 10.1016/j.actao.2016.02.002

TRY Plant Trait Database (2023). Available online at: www.try-db.org (Accessed Nov
21, 2023).

Urban, J., Ingwers, M., Mcguire, M. A., and Teskey, R. O. (2017). Stomatal
conductance increases with rising temperature. Plant Signal. Behav. 12, e1356534.
doi: 10.1080/15592324.2017.1356534

Van Hove, L. W. A., Jacobs, C. M. ]., Heusinkveld, B. G., Elbers, J. A., Van Driel, B. L.,
and Holtslag, A. A. M. (2015). Temporal and spatial variability of urban heat island and
thermal comfort within the Rotterdam agglomeration. Build. Environ. 83, 91-103.
doi: 10.1016/j.buildenv.2014.08.029

Varquez, A. C., and Kanda, M. (2018). Global urban climatology: A meta-analysis of
air temperature trends, (1960-2009). NPJ Climate Atmos. Sci. 1, 32. doi: 10.1038/
s41612-018-0042-8

Vega, C., Gonzalez, G., Bahamonde, H. A., Valbuena-Carabana, M., Gil, L., and
Fernandez, V. (2020). Effect of irradiation and canopy position on anatomical and
physiological features of Fagus sylvatica and Quercus petraea leaves. Plant Physiol.
Biochem. 152, 232-242. doi: 10.1016/j.plaphy.2020.05.007

Violle, C., Navas, M. L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I, et al. (2007).
Let the concept of trait be functional! Oikos 116, 882-892. doi: 10.1111/j.0030-
1299.2007.15559.x

Vogel, J. (2022). Drivers of phenological changes in southern Europe. Int. J.
Biometeorol 66, 1903—1914. doi: 10.1007/s00484-022-02331-0

Wang, J., Qian, Y., Pringle, W., Chakraborty, T., Hetland, R., Yang, Z., et al. (2023).
Contrasting effects of lake breeze and urbanization on heat stress in Chicago
metropolitan area. Urban Climate 48, 101429. doi: 10.1016/j.uclim.2023.101429

Wright, I. ], Reich, P. B, Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F,, et al. (2004).
The worldwide leaf economics spectrum. Nat 428, 821-827. doi: 10.1038/nature02403

frontiersin.org


https://doi.org/10.3389/fpls.2020.00212
https://doi.org/10.1155/2014/208747
https://doi.org/10.1016/S0269-7491(99)00285-7
https://doi.org/10.1016/j.catena.2020.104910
https://doi.org/10.1016/j.catena.2020.104910
https://doi.org/10.3390/f11101064
https://epa.illinois.gov/content/dam/soi/en/web/epa/topics/air-quality/air-quality-reports/documents/2021-Annual-Air-Quality-Report.pdf
https://epa.illinois.gov/content/dam/soi/en/web/epa/topics/air-quality/air-quality-reports/documents/2021-Annual-Air-Quality-Report.pdf
https://doi.org/10.1111/j.1747-0765.2008.00343.x
https://doi.org/10.1086/507879
https://doi.org/10.1016/j.ufug.2022.127526
https://doi.org/10.1038/s41598-018-25212-2
https://doi.org/10.1371/journal.pone.0197866
https://doi.org/10.1371/journal.pone.0197866
https://doi.org/10.1065/jss2007.06.235
https://doi.org/10.1016/j.ppees.2023.125777
https://doi.org/10.1023/A:1014350822458
https://doi.org/10.1126/science.1098704
https://mortonarb.org/app/uploads/2021/05/2020-Chicago-Region-Tree-Census-Report:FIN.pdf
https://mortonarb.org/app/uploads/2021/05/2020-Chicago-Region-Tree-Census-Report:FIN.pdf
https://mortonarb.org/app/uploads/2021/05/2020-Chicago-Region-Tree-Census-Executive-Summary:FINAL.pdf
https://mortonarb.org/app/uploads/2021/05/2020-Chicago-Region-Tree-Census-Executive-Summary:FINAL.pdf
https://mortonarb.org/plant-and-protect/trees-andvplants/
https://mortonarb.org/plant-and-protect/trees-andvplants/
https://doi.org/10.3390/f7030071
https://doi.org/10.1109/JSTARS.4609443
https://www.ncei.noaa.gov/cdo-web/search/
https://doi.org/10.1016/0004-6981(73)90140-6
https://doi.org/10.1111/mee3.2019.10.issue-3
https://doi.org/10.1146/annurev.ecolsys.32.081501.114012
https://doi.org/10.1093/treephys/tpu035
https://doi.org/10.1007/s004420050560
https://doi.org/10.1007/s11252-019-00853-x
https://doi.org/10.1016/j.agrformet.2023.109848
https://doi.org/10.1016/j.ufug.2012.06.006
https://doi.org/10.4161/psb.20505
https://doi.org/10.1007/s11252-023-01429-6
https://doi.org/10.1186/s12940-016-0103-6
https://doi.org/10.1186/s12940-016-0103-6
https://doi.org/10.1002/joc.2016.36.issue-15
https://doi.org/10.1111/gcb.2015.21.issue-3
https://doi.org/10.1007/s00484-023-02454-y
https://doi.org/10.1007/s00484-023-02454-y
https://doi.org/10.1016/0360-1323(88)90033-9
https://doi.org/10.1078/1618-8667-00033
https://doi.org/10.1016/j.ufug.2021.127128
https://doi.org/10.1016/j.actao.2016.02.002
http://www.try-db.org
https://doi.org/10.1080/15592324.2017.1356534
https://doi.org/10.1016/j.buildenv.2014.08.029
https://doi.org/10.1038/s41612-018-0042-8
https://doi.org/10.1038/s41612-018-0042-8
https://doi.org/10.1016/j.plaphy.2020.05.007
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1007/s00484-022-02331-0
https://doi.org/10.1016/j.uclim.2023.101429
https://doi.org/10.1038/nature02403
https://doi.org/10.3389/fpls.2024.1450723
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Cho et al.

Yu, Y., and Yu, P. (2020). “Land surface temperature product from the GOES-R
series,” in the GOES-R Series. Eds. S. J. Goodman, T. J. Schmit, J. Daniels and R. J.
Redmon (Elsevier, Amsterdam), 133—144.

Zhou, D., Xiao, J., Bonafoni, S., Berger, C., Deilami, K., Zhou, Y., et al. (2018).
Satellite remote sensing of surface urban heat islands: Progress, challenges, and
perspectives. Remote Sens. 11, 48. doi: 10.3390/rs11010048

Frontiers in Plant Science

15

10.3389/fpls.2024.1450723

Zhu, J., Zhu, H., Cao, Y., Li, J., Zhu, Q., Yao, J., et al. (2020). Effect of simulated
warming on leaf functional traits of urban greening plants. BMC Plant Biol. 20, 1-13.
doi: 10.1186/s12870-020-02359-7

Zipper, S. C,, Schatz, J,, Singh, A., Kucharik, C. J., Townsend, P. A,, and Loheide, S. P.
(2016). Urban heat island impacts on plant phenology: intra-urban variability and response
to land cover. Environ. Res. Lett. 11, 054023. doi: 10.1088/1748-9326/11/5/054023

frontiersin.org


https://doi.org/10.3390/rs11010048
https://doi.org/10.1186/s12870-020-02359-7
https://doi.org/10.1088/1748-9326/11/5/054023
https://doi.org/10.3389/fpls.2024.1450723
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Leaf functional traits highlight phenotypic variation of two tree species in the urban environment
	1 Introduction
	2 Materials and methods
	2.1 Study area and characteristics of sampled species
	2.2 Land surface temperature and growing degree days
	2.3 Leaf morphological traits
	2.4 Gas exchange measurements
	2.5 Determination of carbon-to-nitrogen ratio and nitrogen content
	2.6 Trait databases
	2.7 Statistical analysis

	3 Results
	3.1 Temperature and soil moisture differences in urban park, suburban park, and suburban residential sites
	3.2 Differences in leaf functional traits across urban and suburban sites
	3.2.1 Leaf morphological traits
	3.2.2 Leaf gas exchange traits
	3.2.3 Leaf elemental analysis traits

	3.3 Qualitative traits comparison of the global database and our dataset

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


