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Abstract: Trees in urban areas provide important ecosystem services and are an essential element
of urban green space. The constant increase in artificial light from anthropogenic activities around
the world creates photopollution that affects the phenology and physiology of plants. Here we
conducted a field study to investigate the anthropogenic impacts on six urban trees (Saraca asoca,
Terminalia catappa, Bauhinia variegata, Holoptelea integrifolia, Ficus benjamina and Thevetia peruviana)
using chlorophyll fluorescence analysis. OJIP curve, maximum quantum yield of primary photo-
chemistry (ΦPo), quantum yield of electron transport (ΦEo), probability that an absorbed photon will
be dissipated (ΦDo), photosynthetic performance index (PIcsm) and reaction center photochemistry
were assessed. According to the results, various parameters of chlorophyll fluorescence showed
significant and important effects on different tree species. T. peruviana and F. benjamina were found to
be tolerant to street lighting, while on the other hand, S. asoca, T. catappa, B. variegata and H. integrifolia
were found to be sensitive to artificial light induced by street lamps. This study clearly indicates that
chlorophyll fluorescence analysis is a potent method for screening the tolerance of tree species to
photopollution induced by artificial lights.
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1. Introduction

The growing human population and its activities are imposing strong pressures on
living organisms and their ecosystems [1]. These pressures might be direct (e.g., habitat
fragmentation and modification) or indirect (e.g., altered temperature and air, noise and
light pollution) [2]. Among these stresses, light pollution caused by the overuse of artificial
light exerts a strong selective force on biodiversity [3]. According to studies on light pollu-
tion, the use of artificial lighting is increasing at a rate of 6% every year [4]. The increasing
use of artificial lights at night has led light pollution to emerge as a threat to ecosystems.
Plants need light for photosynthesis, information (e.g., when to bud, flower, germinate,
etc.) and to maintain their growth form. The process of photosynthesis occurs within
photosynthetic active radiation (PAR); however, its excess may reduce the photosynthetic
efficiency or even cause damage to the photosynthetic apparatus [5]. Recent studies have
shown that artificial light sources disrupt the natural cycle of light and darkness, poten-
tially damaging both plants and the ecosystems that support them [6]. These artificial
light sources are concentrated along road borders and among trees in parks and urban
areas, potentially presenting a significant and currently undetected hazard [7]. Plants
need periods of darkness to recover and repair from environmental stress; therefore, the
disruption of their natural cycles by artificial light can inhibit their recovery from stress
and increase the risk of leaf injury [8]. Previous studies demonstrating how artificial light
and plants interact were mostly performed in laboratories and were based on the impact of
the quantity, quality and duration of light on plant development processes [9–13].
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The response to light depends on different factors, such as leaf structure, tree crown
depth and canopy height, as the leaves on the lower side of the tree canopy receive low
photosynthetic photon flux density (PPFD) light, whereas the upper leaves get more
PPFD [14]. Absorption of light results in the singlet-state excitation of a Chlorophyll (Chl) a
molecule (1Chl*), which can return to its ground state by one of several pathways, including
(i) re-emitting excitation energy as Chl fluorescence, (ii) energy used to drive photochem-
istry or (iii) thermal dissipation processes, e.g., the non-photochemical process (NPQ) [15].
When nearby road lights are bright enough to generate a physiological response in plants,
their photosynthesis, growth rate and photosynthetic assimilation are affected [16–18].
If the plants cannot manage the continuous illumination absorption from artificial light
sources, this can result in the production of chemical intermediates that cause biological
damage and photo-oxidative damage to the two photosynthetic reaction centers, photo-
system (PS) II and PSI, or different cellular biomolecules [19]. The leaves of trees grown
under continuous lighting can be considerably larger and more prone to water stress and
air pollution than other trees since the stomatal pores in the leaves are continually open for
longer periods. Night illumination causes necrosis and chlorosis in plants and enhances
the effect of ozone injury and recovery [20]. Plants growing near artificial light sources
exhibit a delay in leaf senescence [16]. Plants of Traganum moquinii have shown a reduc-
tion in their reproduction potential using seeds when exposed to high-intensity artificial
lights [21]. Some plant species growing near artificial light sources demonstrate earlier
flower induction [22] and reduced photosynthetic efficiency [8].

The ability to survive in urban environments determines the effectiveness of plants in
minimizing certain aspects of the urban environment, including air temperature, flooding
and pollution, that are stressful to human residents [23]. Therefore, the selection of the
species that possess the efficiency to utilize excess light energy in photosynthetic processes
will be necessary to the accumulation of higher biomass. Study of the physiological mech-
anisms by which plants adapt to artificial light at night will help to select the species
suitable for urban plantations and, consequently, to determine the success of urban plan-
tations. Indeed, few previous studies were conducted in the natural environment, and
most of the earlier findings on artificial light at night (ALAN) were mainly focused on
plant ecosystem sustainability, while the studies showing the effects of ALAN on plant
physiological processes were reported in very small numbers [24–27]. Trees growing under
street-light conditions experience an extremely heterogeneous environment; therefore, the
use of traditional analytical approaches in the early detection of stress would be expensive
and time-consuming [28].

Chlorophyll fluorescence is closely linked to the photosynthesis process, and its anal-
ysis has become an effective, practical and common method for accessing the changing
physiology of the plants surviving under stress conditions [29,30]. Chlorophyll fluorescence
is a very beneficial technique for studying the physiological state of a plant, as its mea-
surement is non-destructive, non-invasive and obtained from lightweight portable devices
and its readings are obtained in <1 s, allowing many plants to be examined in a single
day [31,32]. The JIP-test method is an add-on to the quality assessment process that allows
for the detection of most biological deregulations and is commonly used in experiments
where only one or a limited number of stress factors are dominant [33,34]. According to the
chlorophyll fluorescence OJIP curve, the O–J normalized phase is related to the electron
donation from the oxygen-evolving complex (OEC) to the oxidized PSII reaction center
chlorophyll (P680+) [35]. The J–I and I–P normalized phases provide information about
an imbalance between the oxidation and reduction of QA and the plastoquinone (PQ)
pool, respectively [36]. We hypothesized that ALAN can induce functional and structural
changes in the components of the photosynthetic apparatus of plants that cause stress.
The adjustments of photosynthetic reactions are necessary to avoid the deleterious effects
of excess light. The objective of this study was to determine the effect of artificial light
exposure on primary photosynthetic reactions in selected tree species using chlorophyll
fluorescence analysis.
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2. Results
2.1. Chlorophyll a Fluorescence

Photopollution significantly altered the chlorophyll a fluorescence OJIP kinetics in
tree species. In normal-light-period-grown plants, two intermediate peaks, FJ (chlorophyll
fluorescence at 2 ms) and Fi (chlorophyll fluorescence at 300 ms), were formed between
FO and FM, forming a typical chlorophyll a fluorescence OJIP curve (Figure 1). However,
in the artificial-light-growing plant, the OJIP curve was suppressed. In B. variegata and
F. benjamina, the JI to IP phases were reduced and not able to complete the fluorescence
curve (Figure 1C,E). In S. asoca, the OJ to JI phase was complete but the IP phase was
reduced under artificial night light (Figure 1A). In the artificial-light-grown H. integrifolia,
the IP phase of the OJIP curve was reduced in comparison to control plants, whereas in the
T. catappa, it was raised (Figure 1B,D).
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2.2. Density of Active Reaction Centers

The number of active PS II reaction centers (RC/CS) was not altered by artificial
night light in B. variegata, F. benjamina and T. peruviana in comparison to control plants
(Figure 2C,E,F). Photopollution led to a reduction in the active reaction centers in S. asoca, T.
catappa and H. integrifolia (Figure 2A,B,D). Among all of the plants, the lowest number of
active reaction centers was found in S. asoca (Figure 2A).
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2.3. Yield and Flux Ratio

PHI Po (ΦPo), which reflects the overall photosynthetic potential of the active PSII reac-
tion centers, was not affected by artificial light in B. variegata, F. benjamina and
T. peruviana (Figure 2C,E,F). However, a significant decline in FV/FM was recorded in
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S. asoca, H. integrifolia and T. catappa, while the lowest value was recorded in
S. asoca (Figure 2A,B,D).

PHI Eo (ΦEo), which reflects the overall electron transport potential of the active
PSII reaction centers, was not affected by photopollution in B. variegata and F. benjamina
(Figure 2C,E). In T. peruviana, a significant enhancement was observed under artificial-light
conditions (Figure 2F). However, a significant decline in ϕEo was recorded in S. asoca,
H. integrifolia and T. catappa, and the lowest value was in S. asoca growing in artificial
light (Figure 2A,B,D).

PHI Do (ΦDo), which reflects the overall dissipation potential of active PSII reac-
tion centers, was not altered in B. variegata, F. benjamina. and T. peruviana grown under
street-light conditions (Figure 2C,E,F). In T. peruviana, a significant reduction in ΦDo was
observed (Figure 2F). However, a significant enhancement in ϕDo was recorded in S. asoca,
H. integrifolia and T. catappa, and the lowest value was observed in S. asoca plants grown in
nighttime artificial light (Figure 2A,B,D).

Photopollution significantly altered the photochemistry of the plants grown under
artificial-light conditions (Figure 2). The rate constant of primary photochemistry (kP) was
reduced in artificial-light-grown S. asoca, H. integrifolia, T. catappa and F. benjamina plants
(Figure 2A,B,E). The value of kP was enhanced by artificial light in T. peruviana and B. variegata
compared to control plants, and the highest value was found in B. variegata (Figure 2C,F).

The rate constant of the non-photochemical deexcitation events (kN) was depicted in
H. integrifolia, T. catappa and F. benjamina (Figure 2B,D,E) grown under night- and lamp-light
conditions, whereas in S. asoca and B. variegata it was enhanced in comparison to control
plants (Figure 2A,C). The value of kN was reduced in F. benjamina under artificial-light
conditions (Figure 2E).

2.4. Performance Index

Photopollution had a significant effect on the performance index on the absorption
basis (PIABS) and cross-section basis (PICS) (Figure 2). PIABS and PICS declined sharply in
S. asoca, H. integrifolia and T. catappa grown under street-light conditions, whereas the largest
decrease was found in S. asoca (Figure 2A,B,D). In B. variegata, PIcsM was reduced under
artificial-light conditions compared to control plants, whereas the PIabs were enhanced
(Figure 2C). Conversely, in F. benjamina, PIcsM was enhanced and the PIabs were reduced
in artificial light compared to natural-light-growing plants. Enhancement was found in
both PIcsM and PIabs in artificial-light-growing T. peruviana in comparison to control
plants (Figure 2F).

2.5. Phenomenological Energy Fluxes

Phenomenological energy fluxes, including absorption flux per cross section (ABS/CS),
electron transport flux per cross section (ET/CS) and dissipated energy flux per cross section
(DI/CS), were strongly affected by photopollution in various tree species (Figure 3A–C).
The ABS/CS had not changed in the F. benjamina growing under artificial-light conditions
compared to control plants (Figure 3A), whereas it was reduced in the other tree species
growing in artificial light. The lowest value of ABS/CS was noticed in artificial-light-grown
B. variegata (Figure 3A).
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The electron-transport efficiency of plants was found to be sensitive to artificial light.
Artificial light drastically reduced the electron-transfer system in thylakoid membranes
(Figure 3). Nighttime-artificial-light-grown T. peruviana showed an enhancement in the
ET/CS (Figure 3B), whereas it was decreased in S. asoca and F. benjamina (Figure 3B), and
the lowest value was found in S. asoca compared to control plants (Figure 3B). In T. catappa,
B. variegata and H. integrifolia, the ET/CS was not much affected by excess light. The DI/CS
was not significantly altered in the plants grown under street-light conditions (Figure 3C).
Hence, an enhancement was observed in T. peruviana and a reduction was observed in
S. asoca grown under artificial-light conditions compared to control plants (Figure 3C).

A significant change in FM was reported in the plants exposed to artificial light
(Figure 3D). The results clearly indicate that in F. benjamina and B. variegate, the FM was sig-
nificantly reduced under artificial-light conditions compared to control plants (Figure 3D).
In T. peruviana, S. asoca and T. catappa, a significate rise the FM value was found (Figure 3D).
In H. integrifolia, the FM value was not significantly affected in artificial-light-grown
plants (Figure 3D).

3. Discussion

Photopollution is a major global issue for sustainable urban areas as it affects plant
growth and development at all growth stages by disturbing cellular and physiological
processes [37]. In this study, artificial light reduced the photosynthesis (fluorescence
analysis) of different tree species. However, these adverse effects were varied in different
tree species. Based on fluorescence parameters under light stress, light-tolerant (F. benjamina
and T. peruviana) and light-sensitive trees (S. asoca, T. catappa, B. variegata and H. integrifolia)
were identified. Similar variation in light tolerance has been observed in different tree
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species [38–40]. Such variation in light tolerance could be due to variation in different
physiological processes, such as photosynthetic capacity and antioxidant potential [41].

The Chl a fluorescence induction transient is known to be influenced by environmental
changes and the physiological state of the plant [42], since PSII is often the primary target
under stress [43,44]. The rapid rise from O to J is photochemically controlled and the J–I rise
is restricted by thermal reactions [45]. In this study, we observed a decline in the I–P phase
and the complementary area of the OJIP curve. Light stress lowered the redox potential of
PSI, as seen by the decreased I-P stage in S. asoca, T. catappa and F. benjamina under artificial-
light conditions [46,47]. Degradation and denaturation of chlorophyll proteins at the PSI
acceptor side, as well as a decline in the number of closed PSII RCs, both contributed to the
lower P value [48,49]. The disturbance in I-P phase also indicated a poor redox state of the
pool of the QB, cytb6f and the acceptor end of PSI [50]. Similar results have additionally
been found in other plant studies [51,52]. Studies have also shown that an increase in cyclic
electron flow (CEF) around the PSI is accompanied by a reduction in the I–P phase, which
is caused by a barrier of electron transfer at the PSI’s electron acceptor side [53,54]. These
findings suggest that artificial light restricted both the probability of electron transport
from the donor end of PSII to the acceptor side of PSII and the transfer of absorbed energy
from the light-harvesting complex to the reaction center [33,55]. Similar results were found
by Yao et al., who studied the effects of night light on Hevea brasiliensis [56].

S. asoca, T. catappa, B. variegata and H. integrifolia exhibited very low FM under light
stress. This low FM value suggests that inactive RCs have accumulated at PSII [57], implying
that the PSII donor end degrades under light stress and that its efficiency in donating
electrons also declines as a result of an increase in closed PSII RCs [58]. Light stress
significantly reduced Fv/Fm in S. asoca, T. catappa, B. variegata and H. integrifolia when
compared to F. benjamina and T. peruviana. The decrease in ΦPo (Fv/FM) indicated the fact
that PSII RCs were damaged or photochemically inactive under light stress. The decline in
Fv/FM ratio was related to a decrease in FM values under light stress, indicating disruption
of the antenna complex of PSII and increased dissipated energy, destruction of the reaction
center at PSII and impaired ribulose-1,5-bisphosphate (RuBP) regeneration ability. Thus,
the electron-transport capacity of PSII is reduced [59]. These results are similar to earlier
studies on grass [60], cannabis [24] and fresh-water plants [27].

The parameters, such as ΦEo, mainly reflect the changes on the acceptor side of PSII.
Reduction in ΦEo in artificial-light-grown S. asoca, T. catappa, B. variegata and H. integrifolia
indicate that light stress reduced the capability of the photosynthetic electron transport
from the PSII donor side to the PSI end acceptors, decreasing the photosynthetic capacity
of the leaves. These findings suggest that both donor and acceptor sides of photosystems
were the target sites under light stress in S. asoca, T. catappa, B. variegata and H. integrifolia.
These results are consistent with the conclusions suggested by Kwak et al. in yellow poplar
(Liriodendron tulipifera) grown under nighttime artificial light [61]. Contrary to ΦEo, ΦDo
is associated with non-photochemical processes [62]. It was inferred that artificial light
inhibited the absorption of light and electron (or exciton) transport (ΦEo), while evoking
the dissipation of light energy (ΦDo) in S. asoca, T. catappa, B. variegata and H. integrifolia.
The decrease in photosynthetic-light-use efficiency in light pollution is due, in part, to
photoprotective processes that convert absorbed light energy to heat, rather than allowing
it to be used for electron transport in the light reactions of photosynthesis [63]. Similar
inactivation of RCs was reported in Arabidopsis leaves exposed to low light [64], as well as
pulsed-light-induced photoinhibition in wheat leaves [65].

The phenomenological energy flux (ABS/CS, ET/CS and DI/CS) suggests several
sensitive sites of PSII that respond to light stress [66]. The decreases in ABS/CS and ET/CS
of S. asoca, T. catappa, B. variegata and H. integrifolia due to light stress are indications that the
light energy absorbed per leaf area, energy captured in PSII and the energy transferred by
electron transfer have decreased [67]. On the contrary, increases in DI/CS under artificial-
light conditions indicate an increase in the energy that is not being used for electron transfer.
Similarly, Umar et al. found a depreciation in these parameters and reported photosystem
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damage in sunflowers under stress conditions [28]. Artificial light resulted in a decrease in
the total number of active reaction centers per absorption (RC/CS) in S. asoca, T. catappa
and H. integrifolia leaves. It is known that inactive PSII RCs can prevent further damage to
themselves and protect neighboring active PSII RCs by acting as heat sinks [68].

The performance index is one of the most important parameters in the JIP expres-
sions constellation. This parameter shows the changes in fluorescence caused by antenna-
conformation alteration and energy fluctuations. Consequently, the PI is useful in the
high-resolution estimation of plant vitality [69]. The PIcsm combines the density of work-
ing photosystems (reaction centres per chlorophyll, RC/ABS) with the performance of
the light reactions (ΦPO) and the performance of the dark reactions (ψE0), whereas the
expression Fv/FM = (ΦPO) contains only information about the quantum yield of primary
photochemistry [70]. Increased PI values in T. peruviana and F. benjamina indicate an adap-
tation strategy for plants to cope with the stress caused by artificial light and to maintain
photosynthetic activity in order to survive in these unfavorable conditions [71]. By compar-
ison, the low PI values in B. variegata, S. asoca and H. integrifolia suggest sensitivity towards
artificial light. Performance index was also found to be important in previous studies
describing the physiological status of plants exposed to abiotic stress [72–74]. In conclu-
sion, the performance index, which was measured in a short time and provides a general
overview of the photochemical events, correlates well with other, highly time-consuming
quality-assessment methods [75]. Moreover, through the PI calculation, the heterogeneity
of the vitality of trees in urban areas could be described.

The higher non-photochemical constants (kN) suggest that energy dissipation in
S. asoca, T. cattpa and B. variegata was a more physiologically controlled process than that of
F. benjamina [67]. The higher maximal fluorescence emissions (FM) and the lower photo-
chemical constants (kP) in S. asoca, T. cattpa and B. variegata indicate processes able to disturb
Chl efficiency [76]. The increase of the photochemical constant (kP) in T. peruviana indicates
that its leaves tend to compensate for the loss of entire cells (and thus the overall quantity
of chlorophyll) by increasing the efficiency of the remaining chlorophyll in unaffected cells.
Similar results were found by Kruger, who reported changes in kP and kN under light
stress in Camellia leaves [67].

Plants have developed different mechanisms to manage the various levels of irradi-
ance. These include modifications of leaf structure, chloroplast structure, arrangement of
the photosynthetic electron transport chain and regulation of photosynthetic light utiliza-
tion [77]. Smooth surfaces, inorganic deposits on the leaf surface (such as salt crystals)
and the development of air-filled hairs are all possible forms of adaptation [78]. Previous
studies have also reported the light acclimation ability of F. benjamina, which includes
well-developed palisade tissue and higher stomatal density [79,80]. T. peruviana also has a
thick cell and palisade layer [81], which may enable it to prevent absorbing excess light [82].

The results of this study indicate that photo-oxidative damage was inhibited and
the function of PSII was maintained in photopollution-tolerant tree species under light
stress. Finally, the measurement of chlorophyll fluorescence is a useful technique for
demonstrating the early phases of photosynthesis. It offers a clear illustration of the
primary energy differences across samples and allows for the visual comparison of various
trees or groups of trees (e.g., tolerant versus sensitive).

4. Materials and Methods
4.1. Site Description

This field study was conducted at the University College of Science (24◦34′51′ ′ N,
73◦42′42′ ′ E), located in Udaipur in the Rajasthan province of India. The area in which the
study was conducted is characterized by deciduous trees. Winter (November to February),
summer (April to mid-June) and a rainy season (mid-June to mid-September) are the three
principal seasons that occur each year. The transitional seasons of autumn and spring are
marked by the months of October and March, respectively. Udaipur experiences a tropical
climate, with summer highs of 41.77 ◦C and lows of 15.10 ◦C. The minimum temperature
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drops to 3.82 ◦C and the highest temperature may reach 26.8 ◦C during the winter. The
average annual rainfall in the area is less than 700 mm. The soil is alluvial, sandy-loam
type at the study site.

4.2. Plant Selection

Healthy and mature leaf samples were collected from the six dicotyledonous decidu-
ous trees (Saraca asoca (Roxb.) W. J. de Wilde, Terminalia catappa Linn, Bauhinia variegata L.,
Holoptelea integrifolia (Roxb.) Planch, Ficus benjamina L., Thevetia peruviana (Pers.) K. Schum)
that were growing under street-light conditions (mentioned as artificial light) (Figure 4).
Leaves that were collected from the trees growing without exposure to streetlights were
used as controls (mentioned as natural light). The samples were taken from a total of five
individuals from each species growing with and without exposure to street lighting, so
a total of 60 individuals from six species were sampled. The samples were collected at
morning times (~8:00 a.m.) in August 2021.
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Leaves from each of the six species were collected from the field and placed in a large
plastic polybag and brought to the laboratory within 15 min. The leaves were then used for
chlorophyll fluorescence analysis.

4.3. Measurement of Chlorophyll a Fluorescence

Chlorophyll a fluorescence signals were measured using a plant efficiency analyzer
(Handy-PEA fluorimeter, Hansatech Instruments Ltd., Norfolk, England). Prior to mea-
surement, the leaves were subjected to dark conditions for 1 h. Fluorescence transients
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were induced by a red light (650 nm) and 3000 µmol m−2s−1, provided by a high intensity
LED array of three light emitting diodes. The fluorescence intensities were measured at 50,
100 and 300 µs (F50 µs F100 µs and F300 µs) and 2 and 30 ms (FJ and FI), respectively. The
minimal fluorescence F0 was observed at 50 µs. Following this, other Chl a fluorescence
parameters, such as specific flux, phenomenological flux and Fv/Fm, were analysed using
the Biolyzer software (developed by the Laboratory of Bioenergetics, University of Geneva,
Geneva Switzerland).

4.4. Statistical Analysis

Statistical analyses were conducted using one-way analysis of variance (ANOVA)
and the Tukey HSD test (p = 0.05) using SPSS (22.0) statistical software (IBM, Armonk,
NY, USA). In the figures, only the statistically significant measurement results (p ≤ 0.05)
are shown.

5. Conclusions

The effect of artificial light on plants is species-specific and depends on light percep-
tion, distance from the light source, canopy size and environmental-habitat conditions.
According to the results, T. peruviana and F. benjamina perform well in artificial-light con-
ditions, whereas B. variegata, S. asoca and H. integrifolia are affected by artificial light as
observed by chlorophyll fluorescence analysis. The mature leaves of the tree species
T. peruviana and F. benjamina stably maintained the balance between light energy absorption
and light-energy utilization through the photosynthetic capacity of their leaves. In the
context of green infrastructure development, it would be valuable to assess the influence of
light on the physiology of trees growing near roadsides in order to appropriately include
light pollution as a criterion for defining ecological corridors. At the local and mid-level,
outdoor-lighting planning could be modified to include dark havens and low-intensity
ecological corridors for urban-plantation success. Lighting design should first be con-
sidered on a relatively large scale, coherent with a lighting-management scale such as
Municipalities. The methodology presented in this publication could be used to define
potential dark corridors for trees and adapted to assess such corridors for other tree species.
Regarding the chlorophyll fluorescence technique, this technique can be used as an efficient
tool to detect PSII activity under artificial-light conditions and to select species that are
resistant or susceptible to light pollution.
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