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Abstract 
For plants growing in parks and along the roadsides of a city, the environ-
mental and seasonal regulation of growth, or photosynthesis, is seldom as-
sessed. The phenology of plants may differ due to varying environments, 
which may result in different growth or adaptability to local environments. 
Therefore, we explored several assays and optical indicators of photosynthesis 
and stress in three tree species (Prunus yedoensis Matsum, Zelkova serrata 
Makino and Acer palmatum Thunb.) and two herbaceous species (Artemisia 
princeps Pamp and Taraxacum officinale Weber)growing commonly in three 
local parks of Changwon city, a large industrial city in Korea. The photo-
chemical reflectance index (PRI), chlorophyll fluorescence, and pigments in-
cluding chlorophyll and the flavonoids of leaves were monitored over a grow-
ing season for two years to evaluate the adaptability of plants to local envi-
ronments. The values of all measurements exhibited striking seasonal and re-
gional changes. PRI values were closely timed with photosynthetic activity and 
the pigment formation of leaves, particularly in some tree species. For the tree 
species, the plants which had the low values of PRI during the active growing 
season showed low levels of both chlorophyll fluorescence and high level of 
flavonoid, indicating that these plants were experiencing low photosynthetic 
activity and the specific needs in growth and development were not suffi-
ciently provided by the local environment. Our results indicate that PRI pro-
vided a clear optical indicator of plant adaptability to the local environment 
and may provide a useful metric of effective growth using remote sensing 
measurements. Furthermore, the periodic PRI measurement is encouraged to 
be included in the surveillance program for city plant management. 
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1. Introduction 

Various tree and herbaceous plants are planted in parks, road sides and gardens 
without a strong knowledge on the relationship between the specific needs of the 
plants and the local environment. In addition, the physiological status of the 
plants is seldom analyzed periodically. Furthermore, large cities have been un-
dergoing significant environmental changes, including temperature, moisture, 
nutrients and air composition. The environmental changes can affect the season 
length and shift the physiological status, resulting in the alteration of the net 
primary productivity as a consequence of increased disturbances and environ-
mental stress [1] [2]. 

Extreme temperatures and drought lead to the down-regulation of photosyn-
thesis, which produces a potential imbalance of light energy capture and usage. 
Over-excitation of photosystems can cause photodamage to the photosynthetic 
apparatus, which impairs the leaves ability to photosynthesize [3]. Photoprotec-
tive processes involve several changes in photoprotective pigments including 
carotenoids, which allow the leaves to dissipate excess energy via thermal dissi-
pation in order to maintain an energy balance [4]-[9]. The xanthophyll cycle 
pigments enable reversible down-regulation of electron transport during condi-
tions of short-term stress [10]. 

Spectral reflectance measurements of plants have long been used to assess the 
growth and physiological status of plants in a non-invasive manner [11] [12] 
[13]. Seasonal pigment changes lead to shifting carotenoid content: chlorophyll 
ratios that can be detected with spectral reflectance, for example with the deriva-
tion of the photochemical reflectance index (PRI), which may serve as an optical 
indicator of photosynthetic activity [14] [15]. The PRI value depends on the 
chlorophyll content of the canopy [16]. Chlorophyll fluorescence [17] [18] and 
light-use efficiency (LUE) [19] [20] are all related to photosynthetic activity. 
Chlorophyll fluorescence emanates primarily from chlorophyll a in photosystem 
II [21] and leaf photosynthetic status, as indicated by the chlorophyll pigment 
content, is also a primary factor in determining leaf reflectance [22]. 

While previous studies have indicated that the PRI can serve as a useful indi-
cator of the physiological status of plants [19] [23], the exact functional signific-
ance of seasonal PRI changes has remained unclear because of the multiple pig-
ments and processes involved, and practical applications have not been tried 
widely. Obtaining a better understanding of the photosynthetic responses of 
plants to environmental factors over growing periods is an important challenge 
for monitoring carbon exchange in city ecosystems. 

In this study, we followed the seasonal changes of PRI, chlorophyll fluores-
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cence and pigment formation for several plant species growing commonly in 
different parks within the city. A primary purpose of this study was to monitor 
the activity of photosynthesis and stress status by following a variety of physio-
logical parameters at the leaf-level which were used to decide the adaptability of 
plants to the local environments. The information of this research can be used to 
establish an effective surveillance program for city plant management. 

2. Materials and Methods 
2.1. Study Areas and Plant Species 

The study sites are located within Chanwon city, Korea, with three tree species; 
Yoshino cherry (Prunus yedoensis Matsum), Japanese zelkova (Zelkova serrata 
Makino) and Japanese maple (Acer palmatum Thunb.) and two herbaceous spe-
cies; Japanese mugwort (Artemisia princeps Pamp) and dandelion (Taraxacum 
officinale Weber). These grow commonly in three different parks located at 
35˚12.358'N and 128˚41.604'E (Gaeumjung park), 35˚12.935'N and 128˚38.807'E 
(Changkok park), and 35˚14.333'N and 128˚40.386'E (Bansong park). The inves-
tigated trees were 15 - 20 years old and the herbaceous plants were growing na-
turally. Measurements were made on the third week of every month from April 
to October 2014 and 2015 on sunny days from 12:00 h to 14:00 h. The healthy- 
appearing mature sunlit leaves from each of the species were selected. 

2.2. Measurement of Spectral Reflectance and PRI Calculation 

Spectral reflectance was measured with a portable spectrophotometer (Konica 
Minolta CM-700d, Japan) according to the manual provided by the company, 
and data was analyzed using the SpectraMagic™ NX program (Ver. 2.0, Konica 
Minolta, Japan). A total of 10 mature leaves were sampled from each plant and a 
total five plants of each species from the parks were selected. For all leaf mea-
surements, the mature leaves were selected from canopies exposed to similar 
light conditions. PRI was calculated as: PRI = (R531 − R570)/(R531 + R570). R indi-
cates reflectance, and the subscript indicates the waveband, in nm [24]. 

2.3. Measurements of Chlorophyll Fluorescence 

A total of 10 mature leaves were sampled from each plant and a total five plants 
of each species from the parks were selected for the measurements of chlorophyll 
fluorescence using a chlorophyll fluorometer (OS1-FL, Opti-Sciences, USA). The 
ratio of variable fluorescence (Fv) to maximal fluorescence (Fm) was calculated as 
Fv/Fm = [Fm − Fo]/Fm. Procedures used for measuring Fv/Fm were based on stan-
dard methodologies, as documented in the OS1-FL manual.  

2.4. Measurement of Chlorophyll and Flavonoids 

For chlorophyll measurements, leaf discs (1 cm diameter) were punctured and 
100 mg of the leaf tissues per plant was ground with liquid nitrogen, extracted in 
2 ml of 96% methanol and centrifuged with 2000 g for 10 minutes. The absor-
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bance of the supernatant was measured with a spectrophotometer (Lamda bio25, 
Perkin Elmer, UK) and specific absorption coefficients of chlorophyll, reported 
by Lichtenthaler [25], were used to determine chlorophyll content. 

For flavonoids measurements, leaf discs were punctured and 1 g of the leaf 
tissue (punches) per plant was ground with liquid nitrogen and extracted in 3 ml 
of methanol/HCl (99:1, vol:vol) for 12 hours. After adding 2 ml of H2Oand 3 ml 
of chloroform, the solution was centrifuged with 3000 g for 2 minutes, and ab-
sorbance of the supernatant was measured. A molar absorbance coefficient (ε = 
31623) at 530 nm was used to calculate flavonoid concentration [26]. 

3. Results 
3.1. PRI 

PRI exhibited seasonal and regional variability for all investigated plant species 
(Figure 1). The maximum values for trees were observed in the growing season,  
 

 
Figure 1. Changes in leaf PRI from plants growing in the three parks of 
Changwon city monitored in this study. Error bars denote ± SE of the mean. 
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from April to June, and the values gradually decreased by October. However, the 
values of herbaceous species were relatively stable compared to the trees investi-
gated. The lowest PRI values were observed in the two tree species of P. yedoen-
sis and A. palmatum growing in Bansongpark compared to the same species in 
other two parks. 

3.2. Chlorophyll Fluorescence 

The values of chlorophyll fluorescence also exhibited seasonal and regional va-
riability for all species, approximately in parallel with PRI (Figure 2). The values 
of P. yedoensis and A. palmatum in Basongpark were always lower than those of 
the same species in other two parks. A. princeps and T. officinale exhibited no 
difference in chlorophyll fluorescence among parks. 
 

 
Figure 2. Changes in leaf chlorophyll fluorescence of plants growing in the three 
parks of Changwon city monitored in this study. Error bars denote ± SE of the mean. 
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3.3. Chlorophyll and Flavonoid 

The total chlorophyll content of leaves also exhibited seasonal changes that were 
inversely related to the seasonal PRI patterns in the growing season (Figure 3). 
Compared to the same species growing in Gaeumjungpark and Changkok park, 
P. yedoensis and A. palmatum growing in Basong park had the lowest chloro-
phyll content over the growing season. However, A. princeps and T. officinale 
exhibited no decrease in chlorophyll content until October, approximately in 
parallel with PRI and chlorophyll fluorescence. 

The value of total flavonoids at leaf-level also changed over the growing season, 
with different trends among parks (Figure 4). P. yedoensis and A. palmatum, 
 

 
Figure 3. Changes in leaf chlorophyll content of plants growing in the three parks 
of Changwon city monitored in this study. Error bars denote ± SE of the mean. 
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Figure 4. Changes in leaf flavonoid content of plants growing in the three parks 
of Changwon city monitored in this study. Error bars denote ± SE of the mean. 

 
in all parks, showed the highest value during fall (October). In spring and sum-
mer, the highest value for P. yedoensis appeared in June in Bansongpark, in May 
for Changkok park and July in Gaeumjung park, respectively. The highest value 
for Z. serrata was observed in May for Bansongpark and Gaeumjung park. 
However, the value for Changkokpark was relatively stable over the growing 
season. The value of A. palmatum in all parks was stable over the growing sea-
son. The value of A. princeps in Changkokpark showed the highest value on 
May and was higher than those of the other parks in July. For Bansongpark, the 
value was higher in summer and fall compared to that of spring. There was only 
an observed increase in the value in fall for Bansongpark. In T. officinale, the 
value of Bansongpark was higher in summer and fall, and the value of Changkok 
park was the highest in July. However, the value of Gauemjungpark was rela-
tively stable over the season. Therefore, the values of all parks showed different 
trends. The content of flavonoid production may indicate the level of leaf stress 
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during the growing season and leaf senescence during fall. 

4. Discussion 

Tree and herbaceous plants are usually planted in parks and along the road sides 
without the detailed knowledge of their specific needs with respect to growth 
and development. Furthermore, projected environmental changes in water, nu-
trient, temperature, CO2, ultraviolet radiation, ozone and pathogens will nega-
tively influence growth and induce an onset of the senescence process, indepen-
dent of the natural recourse of leaf senescence [27] [28] [29] [30]. Therefore, the 
analysis or diagnosis of the physiological status of plants is a complex process 
involving several components that differ with respect to time and kinetics. 

4.1. PRI Difference among Parks 

In this study, PRI showed a variability among species, parks and seasons, indi-
cating that the activation of the xanthophyll cycle and photochemical reactions 
are the response of plants to various factors of their environments. Based on the 
PRI trends observed in this study, the trees P. yedoensis and A. palmatum 
growing in Bansongpark are experiencing more stress than those growing in 
other parks (Figure 1). The trees P. yedoensis in Bansongpark and Z. serrata and 
A. palmatum in Gaeumjung park and Bansong park are senescing earlier in fall 
(October). Therefore, for the tree species investigated, it can be concluded that 
among the three parks, Changkok park is the most optimum in terms of growth. 
Bansongpark may not be suitable for P. yedoensis and A. palmatum to grow. 
Although A. princeps in Changkokpark is experiencing more stress over the 
growing season compared to the other parks, this does not make senescence oc-
cur earlier during fall. The plants of the same species in Bansong and Gaeum-
jung parks are experiencing less stress but are senescing earlier in fall. Although 
plants of T. officinale are experiencing more stress in Gaeumjungpark and 
Changkok park in July, they are able to maintain high PRI values in October. 
Therefore, for the herbaceous plants, there is no coordination between PRI, 
stress and senescence. 

4.2. Interactions between PRI and Chlorophyll Fluorescence 

The pattern of chlorophyll fluorescence of the tree species is very similar to that 
of PRI (Figure 2). Trees of P. yedoensis and A. palmatum (and Z. serrata) in 
Bansong park maintain lower values compared to the other two parks. This 
synchrony also suggests that the trees of low PRI value are experiencing low 
photosynthesis, and Bansongpark is not a suitable place growing compared to 
the other parks. However, this pattern of chlorophyll fluorescence was not ob-
served for the herbaceous plants. All herbaceous species maintain stable photo-
synthesis during the period investigated. 

4.3. Interactions between PRI and Pigments 

Leaf chlorophyll content provides valuable information about the physiological 
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status of plants [31] [32]. The pattern of chlorophyll change at the leaf-level is 
similar to that of PRI and chlorophyll fluorescence (Figure 3). The plants of P. 
yedoensis and A. palmatum in Bansongpark showed the lowest chlorophyll con-
tent. Z. serrata in Changkokpark maintained the highest chlorophyll content in 
October, and may indicate the late senescence in this park. For case of the her-
baceous plants, A. princeps in Bansongpark and Changkok park showed lower 
chlorophyll content compared to that in Gaeumjung park during growing sea-
son. In addition, T. officinale in Bansongpark showed lower levels in late sum-
mer and fall. For herbaceous plants, chlorophyll content did not show the same 
trends as PRI and fluorescence. As chlorophyll tends to decline more rapidly 
than carotenoids when plants are under stress or during leaf senescence [33], the 
lowered level of PRI observed in some tree species in Bansong park may be in-
duced by a decrease of chlorophyll synthesis. 

The change of flavonoids content in leaves indicates the stress and senescence 
of plants during the growth season. Anthocyanin content tends to be high in 
young leaves, senescing leaves and leaves of plants where growth has been li-
mited by stresses [34]. The flavonoid contents of P. yedoensis and A. palmatunm 
in Basongpark was high in both June and July (Figure 4). During the same pe-
riod, PRI and chlorophyll fluorescence were low (Figure 1 and Figure 2), indi-
cating that these plants were in stress. For P. yedoensis and A. palmatum, the 
June flavonoids content was negatively related to chlorophyll content (Figure 3). 

4.4. Applications of PRI 

Any synchronization between PRI, chlorophyll fluorescence and chlorophyll 
values (Figures 1-3) shows that PRI most likely detects a pigment size associated 
with photosynthetic activation. The large PRI variation among the parks pro-
vides a clear optical signal that can be detected at leaf-level, showing promising 
potential for remote detection of PRI transitions over the growing season in dif-
ferent environments in order to diagnosis the physiological status of plants. The 
PRI figure at the leaf-level indicates the stress experienced by the plant, includ-
ing the decline of photosynthesis, as indicated by the decrease of chlorophyll 
fluorescence and chlorophyll content. These results are consistent with previous 
reports that airborne PRI measurements detect seasonal transitions in photo-
synthetic LUE in boreal forest stands [19] [35]. The results obtained in this study 
also support this phenomena, particularly for the tree species. Some tree species 
not growing well in parks (in this study, Bansongpark) may be due to an inap-
propriate adaptation to their environment. This inappropriate adaptation might 
be attributed to specific needs in development and growth. This observation 
agrees with other studies that showed coincident leaf and stand-level PRI res-
ponses for canopy stands [36]. 

5. Conclusion 

Consequently, we concluded that the growing pattern and the developmental 
physiology of a species over the growing season were different among parks stu-
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died in Changwon city, indicating the different adaptability of species to differ-
ent environments. The response also appeared to be common to all tree species 
studied, suggesting that it may be a general response of all tree plants exposed to 
different environment, although further studies on more species are needed to 
confirm this. However, we caution that additional variations in the PRI signal 
can arise when monitoring at the ecosystem level because of varying inorganic 
material in soil, air, water, temperature, canopy structure and illumination. 
Hence further ecosystem-level studies coupling remote sensing with ground- 
based measurements of physiology and fluxes during seasonal transitions are 
warranted. This study helps to clarify the mechanisms of PRI transitions asso-
ciated with the seasonal photosynthetic activity for tree species. This constitutive 
PRI response driven primarily by a seasonally changing pigment content could 
help improve photosynthesis models that make use of remote sensing measure-
ments. If routine observations of PRI seasonal transitions can be included into 
the city surveillance program for plants, this would provide a potent city moni-
toring tool for improving city environment standards. 
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