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Abstract
Street trees have been incorporated into urban forests to regulate the microclimate and provide shade as well as provide 
aesthetic and environmental functions and to evaluate their physiological characteristics. Zelkova serrata is a major 
tree species that has been planted on various South Korean streets. We determined the physiological characteristics 
of Z. serrata in street trees of Goyang and Paju in Gyeonggi Province. According to survey sites, net CO2 assimilation 
rates was 13.9-16.4 µmol CO2 m-2s-1, chlorophyll fluorescence (Fv/Fm) was 0.80-0.82, and proline contents was showed 
3.4-3.7 mg g-1 FW. The studied trees were assumed to be physiologically stressed, but it was found that Z. serrata
was planted as street trees were not significantly stressed when compared to chlorophyll fluorescence responses and 
proline contents. In the future, the continuous monitoring system is needed to evaluate the physiological characteristics 
of urban trees. 
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Introduction

Urban forests have aesthetic benefits and absorb air pol-
lutants in downtown areas where impervious buildings and 
roads dominate. The urban forests have conducted to 
screening trees, and climate control effects by forming a 
network of greenery (Sung 2003; Park and Kang 2010). 
Moreover, urban forests and street trees are important car-
bon sinks that sequester CO2 (Yoon 2022). Recently, urban 
forests have been considered as a recreational resource by 
local governments, with street trees being increasingly pro-

moted as part of local tourism campaigns. 
Street trees have grown within confined spaces where the 

soil dries easily. They are also simultaneously exposed to in-
tense light conditions and air pollutants sourced from trans-
portation and fine dust (Bialecki et al. 2018; Petrova et al. 
2022) Furthermore, some citizens also have a variety of 
complaints about particular species. For example, in South 
Korea, there were complaints from citizens that the fruit of 
Ginkgo biloba was induced the stench in autumn. The bark 
and fallen leaves of Platanus occidentalis are considered 
unappealing. For these reasons, trees such as G. biloba and 
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Fig. 1. Study area of Zelkova ser-
rata street trees in Goyang and 
Paju in Gyeonggi Province, South 
Korea. 

P. occidentalis are not planted anymore. In some regions, 
replacement planting is being attempted with other popular 
tree species such as Zelkova serrata, Prunus yedoensis and 
Chionanthus retusa. Street trees are typically planted as a 
single species for easy management, but this also decrease 
species diversity, exposing trees to pests and diseases.

Zelkova serrata belongs to the Ulmaceae, which is found 
in South Korea, Japan, and China (Kim and Lee 2013). It 
has been planted as street trees even in severely dry urban 
areas due to drought resistance (Oh et al. 2020). Z. serrata 
not only provides shade in the streets, but it is also a val-
uable lumber source for the timber industry (Noh et al. 
2020). The studies on the current status of tree planting 
were mainly conducted by region (Sung 2003; Na et al. 
2019), the analysis of preference and satisfaction, the im-
pact of street trees on the urban microclimate (Lee et al. 
2021), and the carbon storage and uptake by street trees 
(Yoon et al. 2013; Jo et al. 2018). Additional studies were 
conducted on the effects of air pollutants (Lee et al. 1999), 
heavy metal pollution (Kim and Song 2015; Park et al. 
2021), and calcium chloride treatment during the winter on 
street tree physiology. However, the research on roadside 
trees is still very limited, and most studies used seedlings 
that were between two and three years old. 

It was assumed that the street trees should be stressed by 
exposed to environments such as increasing temperature, 
air pollutant, and urban development. Therefore, this study 
was conducted to investigate the leaf physiological charac-
teristics such as net CO2 assimilation rate, chlorophyll, and 
proline content of Z. serrata among the street trees species, 
in Goyang and Paju in northern Gyeonggi Province, South 
Korea. 

Materials and Methods

Study sites

This study was conducted on physiology of Z. serrata, a 
species mainly planted as street trees in urban green areas. 
The study sites were selected Goyang and Paju in northern 
Gyeonggi Province where the street trees planted the Z. 
serrata. The ZS1 (the road at Hallyu world, Ilsan New 
Town in Goyang) has been continuously developed since 
the first phase of the new town (1990s), and is one of the 
landmarks of Goyang where KINTEX and cultural facili-
ties were located nearby. The ZS2 (the road at Mirae-ro, 
Unjeong New Town in Paju) is the center of Paju's 
Unjeong district as a residential area, which was developed 
as a second-phase new town (2000s). The ZS3 (the road of 
Goyangdaero, Ilsandong-gu in Goyang) has developed 
since 2010s for residential area and close to other sites (Fig. 
1). Despite the lack of accurate planting record, the studied 
trees were assumed to be about 20 years old using past aer-
ial photographs and tree size.

The average temperature of the month (July 2021) was 
26.8°C, the highest temperatures were 31.4°C, the lowest 
temperature was 22.0°C, and monthly total precipitation 
was 288.2 mm at the nearest meteorological observatory 
from the study site (Korea Meteorological Administration 
2022). There has been no rainfall for several days before the 
field measurement, supporting that the moisture conditions 
were controlled between the field measurements. The air 
quality and particulate matter in study sites did not exceed 
the national air quality standard (Goyang: SO2 at 0.003 
ppm, NO2 at 0.014 ppm, O3 at 0.040 ppm, CO 0.4 ppm, 
PM10 at 31 µg m-3 and PM2.5 at 17 µg m-3; Paju: SO2 at 
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0.002 ppm, NO2 at 0.010 ppm, O3 at 0.039 ppm, CO 0.4 
ppm, PM10 at 26 µg m-3 and PM2.5 at 15 µg m-3; Ministry 
of Environments 2021).

The trees without visible damage to the leaves were in-
vestigated at consistent daily times (8 am to 11 am) in July 
2021 and each survey site was investigated for one day. It 
was measured by diameter at breast height (DBH). The 
soil moisture content and the tree vigor were investigated 
with three replicates per tree and no special problems were 
identified in the basic growth conditions of the studied 
trees. The soil moisture content was determined at 12 
cm-depth using a portable time-domain reflectometry sen-
sor (SpectrumⓇ Field Scout, TDR 200, USA). The tree 
vigor was determined by the cambial electrical resistance 
(Junsmeter, PrumBio, South Korea) at three random ori-
entations on the trunk at breast height (Kim and Yoo 2021). 
The value of tree vigor is presented with 0–100 scale; above 
87 indicates healthy. The six trees per survey site were se-
lected and measurements were done with three replicates. 

Measurement of physiological characteristics 

Measurements of photosynthesis were performed on ten 
replicate leaves from each tree that showed no visible dam-
age and exposed to sunlight; from the third to fifth leaves of 
the leaf plastochron index (LPI) counting from the shoot 
tip. The light source, a PLU5 LED light (ADC BioScientific 
Ltd., UK), was attached to a photosynthetic measuring 
device. The photosynthetically active radiation value was 
fixed at 1,500 µmol m-2s-1 and measurements (logging ev-
ery 10 s, each sample was measured for 5 minutes) were 
performed between 8 am and 11 am to minimize diurnal 
changes of tree physiological activities and environmental 
conditions. Measurements were performed using a port-
able infra-red gas analyzer (LCi-SD Ultra Compact 
Photosynthesis System; ADC BioScientific Ltd., UK). 
Before starting measurements at each survey sites, the gas 
analyzer was checked with the ambient CO2 level and regu-
larly calibrated. The measured parameters were leaf net 
CO2 assimilation rate (Anet), transpiration rates (E), sub-
stomatal cavity CO2 concentration in mesophyll cells (Ci), 
and water use efficiency (WUE; the net CO2 assimilation 
rate/transpiration rate) (Ashraf 2002).

Chlorophyll fluorescence (Fo, Fm, Fv/Fm) was meas-
ured using the chlorophyll fluorometer (OS-30P, ADC 

Bioscientific Ltd., UK) for samples from LPI third to fifth, 
counting from the tip of the species. Chlorophyll fluo-
rescence response was measured after applying a sample 
clip treatment to the leaves under the blocking light for 20 
min, and adapting to darkness (Maxwell and Johnson 
2000). The photochemical reaction efficiency (Fv/Fm= 
(Fm-Fo)/Fm) was compared by calculating the minimum 
chlorophyll fluorescence in dark-adapted tissue (Fo), the 
maximum chlorophyll fluorescence in dark-adapted tissue 
(Fm), and the variable chlorophyll fluorescence in 
dark-adapted tissue (Fv=Fm-Fo).

Chlorophyll content was measured with three replicates 
in six trees at each site, transported to the laboratory in an 
ice box, and then immediately analyzed. Chlorophyll con-
tent was measured for fully developed leaves (from the third 
to fifth leaves based on the LPI) with no visible damage. To 
extract chlorophyll, 0.1 g of leaf slices, without the main 
vein, were immersed in 8 mL of 80% acetone solution and 
stored in the dark for 1 week. The extracted solution was 
measured for absorbance at 470 nm, 645 nm, and 663 nm 
using a UV/VIS spectrophotometer (UV-2100, Shimadzu, 
Japan). Chlorophyll a, b, and total chlorophyll content were 
calculated using the following equations (Arnon 1949; 
Lichtenthaler 1987):

Chlorophyll a=12.7・A663-2.69・A645 
Chlorophyll b=22.9・A645-4.68・A663 
Total chlorophyll (a+b)=20.2・A645+8.02・A663 
Carotenoid=1000・A470-1.82・Chlorophyll a

- 85.02・Chlorophyll b/198

The proline content was sampled from the third to fourth 
leaves around the growth point, and the average value was 
calculated. For proline content, three replicate leaf samples 
were collected from each tree, transported to the laboratory 
in an ice box, stored in a refrigerator at 4°C, and analyzed 
within 3 days. After crushing 0.5 g of leaves, 10 mL 3% 
sulfosalicylic acid was added, and the mixture was homo-
genized and centrifuged (3,400×g, 4°C, 20 min) to recov-
er the supernatant. Then, 2 mL of the supernatant, 2 mL 
acid-ninhydrin (glacial acetic acid 30 mL, 6 M phosphoric 
acid 20 mL, 1.25 g ninhydrin), and 2 mL acetic acid were 
mixed and reacted at 100°C for 1 hour. After the reaction, 
the product was immediately transferred to ice and 4 mL of 
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Table 2. Changes in leaf net CO2 assimilation rate (Anet), transpiration rate (E), water use efficiency (WUE), stomatal conductance (gs), and
substomatal cavity CO2 concentration (Ci) of Zelkova serrata street trees in Goyang and Paju, Gyeonggi Province, South Korea

Sites
Anet***

(µmol CO2 m
-2s-1)

E***
(mmol H2O m-2s-1)

WUE***
(µmol mmol-1)

gs***
(mmol H2O m-2s-1)

Ci***
(µmol CO2 mol-1)

ZS1 15.32±2.01a 2.83±0.37a 5.45±0.58b 0.31±0.05a 346.71±9.56b

ZS2 13.93±1.56b 2.00±0.25c 7.13±1.60a 0.33±0.08a 378.59±20.50a

ZS3 16.41±4.42a 2.60±0.36b 6.31±1.47c 0.27±0.09b 307.24±23.53c

Data represent means±SD (n=59) in each column followed by the same letter did not differ significantly (***p＜0.001) by one-way analy-
sis of variance (ANOVA) and Duncan’s multiple range test. 
Anet, Leaf net CO2 assimilation rate; E, Transpiration rate; Ci, substomatal cavity CO2 concentration in mesophyll cells; gs, Stomatal con-
ductance; WUE, Water use efficiency.
ZS1: Hallyu world-ro (Goyang), ZS2: Mirae-ro (Paju), Z3: Goyangdae-ro (Goyang).

Table 1. DBH, soil moisture and vigor condition of Zelkova serrata street trees in Goyang and Paju, Gyeonggi Province, South Korea

Sites DBHns (cm) Soil moisture* (%) Vigor condition*

ZS1 19.65±3.11 27.75±8.01b 94.06±0.91b

ZS2 17.40±2.17 34.38±4.05a 96.46±1.53a

ZS3 21.25±4.60 19.56±5.21c 97.32±1.22a

Data represent means±SD (n=15) in each column followed by the same letter did not differ significantly (*p＜0.05; ns, not significant (p 
＞0.05)) by one-way analysis of variance (ANOVA) and Duncan’s multiple range test.  
ZS1: Hallyu world-ro (Goyang), ZS2: Mirae-ro (Paju), Z3: Goyangdae-ro (Goyang).

toluene was added. The chromophore-containing toluene 
layer was extracted by vortexing for 15-20 seconds and then 
separated from the resultant aqueous layer. The absorbance 
of the chromophore solution was measured at 520 nm using 
a UV spectrometer at room temperature (Jin et al. 2017).

Statistics

The data were presented as mean±standard deviation. A 
one-way ANOVA was performed to confirm the difference 
in measurements the survey site. Statistical significance was 
post-hoc tested by Duncan’s multiple range test method 
(p＜0.05). All statistical analyses were performed using 
SPSS (IBM Corp., USA, ver. 25.0). 

Results 

The DBH of studied trees ranged from 17.40 to 21.25 
cm overall, while DBH was relatively smaller at ZS2 
(17.40±2.17 cm) than the other sites. Soil moisture content 
was the highest at ZS2 (34%), while the other survey plots 
showed a soil moisture content of about 27% (Table 1). The 

tree vigor value at the survey site was over 90, confirming 
adequate tree vitality. 

Anet, WUE, E, gs and Ci were statistically different be-
tween the study sites (Table 2). The Anet was highest in 
leaves from ZS3 at 16.41±4.42 µmol CO2 m-2s-1. The 
WUE was highest in leaves from ZS2 (7.13±1.60 µmol 
mmol-1), followed by leaves from ZS3 (6.31±1.47 µmol 
mmol-1), and ZS1 5.45±0.58 µmol mmol-1. The E were 
highest in leaves from ZS1 (2.83±0.37, mmol H2O m-2s-1), 
and lowest in leaves from ZS2 (2.00±0.25, mmol H2O 
m-2s-1). The gs was the highest in ZS2 (0.33±0.08 mmol 
H2O m-2s-1), and the lowest in ZS3 (0.27±0.09 mmol 
H2O m-2s-1). The Ci reflects the level of photosynthesis and 
plays an important role in evaluating the Anet of the trees. In 
the case of ZS2, Ci showed the highest absorption rate at 
348.59±20.50 µmol CO2 mol-1, but the Anet (13.93±1.56 
µmol CO2 m

-2s-1) was relatively low. Furthermore, the Ci 
was 346.71±9.56 (µmol CO2 mol-1 in ZS1 and 307.24± 
23.53 µmol CO2 mol-1 in ZS3 (Table 2). 

The minimal chlorophyll fluorescence in dark-adapted 
tissue (Fo) was shown 153.74 to 167.94. Maximum chlor-
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Table 3. Chlorophyll fluorescence of Zelkova serrata street trees in Goyang and Paju, Gyeonggi Province, South Korea

Site
Chlorophyll fluorescence

Fons Fm* Fv/Fm**

ZS1 167.94±20.38 931.44±69.69a 0.82±0.03a

ZS2 153.74±40.45 767.13±201.00b 0.80±0.01b

ZS3 157.93±16.15 781.20±125.39b 0.81±0.02ab

Data represent means±SD (n=15) in each column followed by the same letter did not differ significantly (*p＜0.05, **p＜0.01; ns, not sig-
nificant (p＞0.05)) by one-way analysis of variance (ANOVA) and Duncan’s multiple range test.
Fo, Minimum chlorophyll fluorescence in dark-adapted tissue; Fm, Maximum chlorophyll fluorescence in dark-adapted tissue; Fv, Variable 
chlorophyll fluorescence in dark-adapted tissue; Fv/Fm, Photochemical efficiency of photosystem II in dark-adapted tissue.
ZS1: Hallyu world-ro (Goyang), ZS2: Mirae-ro (Paju), Z3: Goyangdae-ro (Goyang).

Table 4. Chlorophyll contents of Zelkova serrata street trees in Goyang and Paju in Gyeonggi Province, South Korea (mg g-1 FW)

Sites Chlorophylla*** Chlorophyllb*** Total Chlorophyll*** Carotenoid** Prolinens

ZS1 7.38±2.93c 2.91±0.93c 10.29±3.85c 1.62±0.33ab 3.39±0.99
ZS2 8.43±2.32bc 3.27±0.64b 11.70±2.95bc 1.32±0.23b 3.66±0.25
ZS3 12.09±3.00a 4.88±1.30a 16.97±4.25a 1.86±0.66a 3.49±1.47

Data represent means±SD (n=18) in each column followed by the same letter did not differ significantly (**p＜0.01, ***p＜0.001; ns, not 
significant) by one-way analysis of variance (ANOVA) and Duncan’s multiple range test.
ZS1: Hallyu world-ro (Goyang), ZS2: Mirae-ro (Paju), Z3: Goyangdae-ro (Goyang).

Fig. 2. Pearson correlation matrix on Zelkova serrata street trees in Goyang and Paju, Gyeonggi Province, South Korea. (A) ZS1, Hallyuworld- ro (Goyang), (B) ZS2,
Mirae-ro (Paju) and (C) ZS3, Goyangdae-ro (Goyang).

ophyll fluorescence in dark-adapted tissue (Fm) was shown 
767.13 to 931.44 Fo and Fm, were highest at ZS1, on the 
other hands, lowest at ZS2. The photochemical efficiency of 
photosystem II in dark-adapted tissue (Fv/Fm) was about 
0.80 to 0.82, similar value among the study sites (Table 3).

The chlorophyll a, chlorophyll b, total chlorophyll 
(a+b), and carotenoid contents were significantly different 

(Table 4). It was showed the highest chlorophyll content at 
16.97±4.25 mg g-1 FW in ZS3 and the lowest at 10.29± 
3.85 mg g-1 FW in ZS1. The carotenoid content was the 
highest in ZS3 at 1.86±0.66 mg g-1 FW, and a significant 
difference was confirmed ZS2 (1.32±0.23 mg g-1 FW), in-
dicating a site-specific dependence. The proline content 
was highest in ZS2 (3.66±0.25 mg g-1 FW), followed by 
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ZS3 (3.49±1.47 mg g-1 FW) and ZS1 (3.39±0.99 mg g-1 
FW). However, differences in proline content were statisti-
cally insignificant between survey sites (Table 4).

According to the correlation analysis using the measured 
variables in each study sites, Anet, E and gs values showed a 
significant positive correlation (Fig. 2). In particular, the gs 
value in all three sites was showed a strong positive correla-
tion between the Anet and E values. On the other hand, neg-
ative correlations between Anet, Ci and proline were 
observed. In ZS1 and ZS2, E and WUE showed a negative 
correlation (Fig. 2A, B). In addition, the correlation of soil 
moisture and photosynthesis was not significant in ZS1 and 
ZS2. In ZS3, soil moisture and gs value showed a positive 
correlation, and soil moisture and tree vigor were showed 
strong positive correlations (Fig. 2C). 

Discussion

Tree vigor can be measured through the electrical resist-
ance of the cambium of a tree, which is a non-destructive 
and non-invasive way to check the vitality of a living plant 
(Tattar and Blanchard 1976; Hwang and Kim 2016). 
Hwang and Kim (2016) reported that each species has a 
unique electrical resistance and that the resistance value 
changes with the growth stage. As measured in March with 
a shigometer, Hwang and Kim (2016) reported a decrease 
of 4.3 kΩ from 11.0 kΩ in Z. serrata and confirmed that 
the vigor of the tree increased during growth in the 
summer. In this study, the overall growth of Z. serrata was 
healthy at the entire survey sites, with the tree vitality of 
both species being 94.1-97.3 (Table 1). The management of 
street trees by local government, it could be involved irriga-
tion during dry periods, along with nutrient injection in 
cases of poor growth or pest infection, which could have 
contributed to the relative vitality of the street trees in this 
study

According to Oh et al. (2020), the CO2 absorption rate 
of Z. serrata in spring was 4.86 µmol CO2 m

-2s-1 and 3.27 
µmol CO2 m

-2s-1 in summer. In addition, Park (2006) ana-
lyzed the tissue moisture characteristics of Z. serrata leaves 
and reported that drought resistance was high and that it 
can adapt to stress-prone environments due to poor soil 
moisture. Lee et al. (2013) reported in Bupleurum lat-
issimum that with low photosynthetic efficiency, even when 

Ci is low, CO2 cannot be used efficiently to increase the 
amount of photosynthesis. In this study, the Ci in ZS2 was 
the highest at 378.59±20.50 µmol CO2 mol-1, but Anet was 
the lowest at 13.93±1.56 µmol CO2 m

-2s-1(Table 2). The 
Ci is determined by the CO2 diffusion resistance of meso-
phyll cells according to atmospheric CO2 concentrations. 
Diffusion resistance is controlled by microclimatic con-
ditions and the stomatal conductance of trees (Franck and 
Vaast 2009). Lee (2018) reported that the initial Ci was very 
low in a drought stress test  Dendropanax species. Although 
drought stress was addressed after 1 week, the water im-
balance in the leaves became very severe.

These results suggest that while Ci was high in some of 
the sites, the net CO2 assimilation rate was also low, indicat-
ing that CO2 could not be efficiently used for photosynthesis. 
The Anet was related to environmental factors such as pho-
tosynthetic active radiation, temperature, relative humidity, 
and CO2 concentration, as well as stomatal conductance, E 
and Ci (de Santana et al. 2015).

In ZS3, the gs and Ci concentration value was the lowest. 
However, photosynthesis was the highest compared to the 
other sites. In ZS3, the soil water content was low, it could 
act as a low level of water stress. Je and Kim (2016) de-
termined that the decrease in stomatal conductivity was to 
prevent water loss in the leaves and to increase the water po-
tential of the leaves. Wünsche et al. (2005) reported that a 
decrease in stomatal conductance could inhibit photosyn-
thesis by reducing the Ci. The stomata did not open effi-
ciently; instead photosynthesis was maintained by consum-
ing Ci stored in the plant. CO2 in mesophyll cells may have 
been used to increase Anet. More analysis on the interactions 
between gs, CO2, and photosynthesis need to be inves-
tigated in the future.

WUE is the photosynthetic assimilation rate for water 
loss, and as the Ci decreases, the E decreases while water 
use efficiency rises (Hamerlynck and Knapp 1996; Peñuelas 
et al. 1998). A momentary decrease in stomatal con-
ductivity may result in a temporary rise in water use effi-
ciency (Heschel et al. 2002; Lim et al. 2006; Lee et al. 
2013). Sonti et al. (2021) reported that warmer temper-
atures in urban area (i.e., heat island effect) may increase 
not only photosynthesis but also respiration and soil evaporation 
under the increased CO2, nitrogen, and temperature which can 
lower Anet carbon capture and potentially limit growth. 
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Urban environments can directly or indirectly affect 
plant growth through the urban heat island phenomenon, 
sensitivity to climate change, and damage to the photo-
synthetic apparatus such as the photosystem II (Takahashi 
and Murata 2008). Chlorophyll fluorescence analysis can 
be used to investigate the reaction of photosystem II, and it 
provides a variety of information on the photosynthetic ma-
chinery and the physiological response to stress (Strasser 
and Strasser 1995). Generally, in previous studies, the 
Fv/Fm of healthy leaves is around 0.83 (Johnson et al. 
1993; Maxwell and Johnson 2000). The level of Fv/Fm is 
known to decrease during stress (Kycko et al. 2018). 
Hwang and Kim (2016) reported that the Fv/Fm values of 
Z. serrata were between 0.7 and 0.9 and that the values of 
healthy plants fell between 0.74 and 0.84. In this study, a 
relatively low Fv/Fm value of 0.80 was confirmed in ZS2, 
but due to subtle deviation, the value seemed to indicate 
low-stress exposure.

Chlorophyll is the most important pigment for 
photosynthesis. In this study, the chlorophyll content of Z. 
serrata was found to be relatively high at 10.29 to 16.97 mg 
g-1 (Table 4). In the treatment through ozone treatment, 
which is one of the stress factors of urban, Cho et al. (2020) 
studied the effect of ozone on the chlorophyll content in 
two-year-old seedlings of major street tree species. The 
chlorophyll content in Z. serrata was reported to be 7.5 mg 
g-1 FW in untreated samples, but was reduced by 53% un-
der ozone treatment stress. Studies have corroborated the 
observation that chlorophyll content decreases under stress 
conditions (Lee et al. 2015; Kwak et al. 2019; Cho et al. 
2020). However, Lee et al. (2022) reported an increased 
chlorophyll content in leaves that lack moisture. Some stud-
ies have been reported that plants have high concentrations 
of chlorophyll due to resistance to pollutants (Missanjo et 
al. 2015; Chaudhary and Rathore 2019). Especially, 
Missanjo et al. (2015) was reported that Prunus persica had 
a chlorophyll content of 14.21 to 31. mg g-1 FW depending 
on the exposed areas to air pollutions. The reason of in-
creased chlorophyll content was due to high resistance to re-
lated pollutants due to air pollutants in the surrounding 
area. In this study, the study sites were located close to a 
four-lane road, and the high chlorophyll content of street 
trees was suspected to be a result of the plants resistance to 
pollutants and dust generated by the vehicles. Therefore, 

future analysis of the relationship between chlorophyll con-
tent and stress tolerance will be necessary to identify and 
continuously monitor possible stressors in urban forests.

The amino acid proline plays a role in osmotic pressure 
regulation, cell membrane protection, and the removal of 
active oxygen (Jin et al. 2017). Proline accumulation in 
plants is a general adaptation against stress factors includ-
ing various conditions such as high salinity, drought, biotic 
stress, and presence of heavy metals with in the environ-
ment (Purcarea et al. 2022; Manghwar et al. 2021). Proline 
is also an indicator of stress since it controls the absorption 
and movement of potassium ions (K+) in plants. The in-
crease in proline content has been interpreted as a defense 
mechanism against water stress, as experienced in dry or 
adverse growth environments. Also, it was reported that 
plants with high drought resistance had a relative small in-
crease in proline content compared to plants without 
drought resistance (Liu and Zhu 1997; Jin et al. 2017). 
However, no standard values for proline content have been 
established, so future research should be conducted to re-
search proline content in street trees to establish reference 
values, in the future. 

According to the correlation analysis of this study, Anet 
and E showed a positive relationship, and the WUE 
showed a negative relationship with photosynthetic in ZS2 
unlike the other two sites. It can be assumed to the trees of 
ZS2 are subjected to drying stress (Fig. 2). Jin et al. (2022) 
was reported that in order to respond to drying stress, they 
showed a response to reduce water loss by reducing the 
photosynthetic rate and transpiration and increasing the 
water utilization efficiency, and when the soil moisture con-
tent was lowered to 10% or less, the overall photosynthetic 
activity showed a difference. In case of E and gs, the neg-
ative correlation was shown the proline and photosynthetic 
assimilation. E and WUE showed negative correlation in 
ZS1 and ZS2. It could be assumed that when the trees were 
subjected to drought, it closes the stomata to prevent in-
ternal water loss, thereby lowering the transpiration rate 
and increasing the water use efficiency, which is the water 
loss rate for photosynthetic assimilation products (Je et al. 
2006).
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Conclusion

This study investigated the physiological characteristics 
of Z. serrata, street trees planted in Goyang and Paju. 
Urban forests are generally exposed to intense light, urban 
heat island effects and air pollutants, which could limit 
plant growth. Contrary to such an assumption on physio-
logical stresses of street trees, the analysis of physiological 
characteristics such as Anet, proline content, and chlorophyll 
fluorescence made rejecting the assumption. This study has 
limitations in that only some areas of planted street trees 
were investigated. Moreover, soil moisture was measured, 
but water potential such as effective moisture was not meas-
ured and analyzed. To solve these challenges, further re-
searches which determine and diagnose the stress levels in 
planted trees are suggested. Nevertheless, this study was 
the first report conducted on planted street trees, and has 
the potential to be used as a reference level in relation to the 
stress physiology of Z. serrata. It is necessary to study the 
physiological characteristics and establish a continuous 
monitoring system of urban forests and street trees for de-
velopment of healthy urban forests. 
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