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Summary

It is well established that nighttime light exposure can negatively
influence the physiological performance of plants. Nevertheless,
the specific effects of artificial light at night (ALAN) on plants
under natural conditions remain insufficiently understood. The
Bogor Botanic Gardens (BBG) is widely recognized as an ex-situ
conservation site for diverse plant species. Although BBG provides
an ecosystem resembling natural habitats, its location within the
center of a rapidly developing urban area exposes plant collections to
direct and indirect anthropogenic pressures, including light pollution.
In this study, we examined the impact of ALAN installations at
BBG on fourteen plant species by quantifying several physiological
parameters, including photosynthetic activity, stomatal conductance,
chlorophyll content, secondary metabolite accumulation, and
mineral nutrient concentrations. Our results demonstrated significant
alterations in photosynthesis (A) and stomatal conductance (g,) in
several species exposed to ALAN. In particular, we focused on one
secondary metabolite, neophytadiene, and observed that its content
was consistently higher after treatments (T1 and T2) compared to
pre-treatment levels (TO) in most of the tested species, indicating a
measurable effect of ALAN. Furthermore, we detected a pronounced
reduction in iron (Fe) concentration across five plant species, although
this decrease did not appear to be directly associated with changes in
photosynthetic performance. These findings provide valuable insights
into the physiological responses of plants to ALAN and may inform
strategies for plant selection in urban environments. Such strategies
could help alleviate the adverse effects of light pollution on plant
physiological functions and improve the sustainability of urban green
spaces.

Keywords: ALAN, Photosynthesis, Plant mineral nutrients, Stomata
conductance, Secondary metabolites

Inroduction

Light is a key factor influencing plant growth and development, as
plants use complex pigment systems and photoreceptors to absorb
specific wavelengths of the spectrum, triggering photosynthesis
as well as photomorphogenic and phototropic responses that regu-
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late their physiological and metabolic functions(FARQUHAR and
SHARKEY, 1982; FUKUDA, 2013; WELLER and KENDRICK, 2008). In
higher plants, photosynthetically active radiation (PAR) which is a
portion of sunlight with wavelengths between 400 and 700 nm, is
collected by photosynthetic pigments in the photosystem PSI and
PSII (WIMALASEKERA, 2019). These light-dependent processes not
only fuel energy capture but also synchronize plants with the natural
day and night cycle, ensuring that physiological functions align with
environmental cues.

Exposure to ALAN during the night can disrupt the circadian rhythm
of plants, either by slowing down or speeding up their cycles. As a
result, ALAN may act as a false signal, creating the impression of
extended daylight for plants (BASLER and KORNER, 2014). Circadian
rhythm is a diurnal time response of plants in which the cycles
last approximately 24 hours and are synchronized with light and
dark cycles of the rotating planet as well as response to abiotic and
biotic factors (VENKAT and MUNEER, 2022). Such alterations to
natural night conditions are expected to influence the physiologi-
cal functions of many organisms, including plants. It has been sug-
gested that the dark period is crucial for plants because their physiolo-
gical responses to the environment depend on both light and darkness
(GAsTON et al., 2013). Moreover, it has been suggested that trees and
shrubs grown under streetlights exhibit longer growing seasons, ear-
lier leaf emergence, and later leaf fall than those that stayed in darker
environments (SINGHAL et al., 2019). Even though the intensity of
some ALAN such as those from streetlights or vehicle headlights may
be considered low, it still can induce physiological effects in plants
and sustained exposure at these levels may potentially contribute to
substantial ecological disruptions (BENNIE et al., 2016; POULIN et al.,
2014). Previous study also show that ALAN significantly disrupts
photosynthesis in urban plants Euonymus japonicus and Rosa hy-
brida by reducing photosystem II efficiency, electron transport,
photochemical quenching, and net photosynthetic rate, while also
lowering stomatal conductance and gas exchange capacity (WEI et al.,
2023). Night-time light perceived by phytochromes can disrupt the
transmission of environmental information, generating misleading
signals that interfere with plant signaling networks and physiologi-
cal regulation, thereby compromising their functional performance
during the day(GASTON et al., 2013).

It has been widely understood that ALAN might harm the natural
organism negatively (DALLE CARBONARE et al., 2023; SINGHAL et al.,
2019). Despite this, only a limited number of researchers have at-
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tempted to investigate ALAN in plants and assess its physiological
features in natural settings. Bogor Botanic Gardens (BBG), founded
in 1817, is the oldest botanical garden in Southeast Asia and holds a
significant place in the country’s history(ARIATI and WIDYATMOKO,
2019). BBG plays a crucial role in plant conservation, research activi-
ties, education programs, ecotourism opportunities, and environmen-
tal services. Additionally, some ALAN installations were also found
in several areas within BBG either for tourism attraction or road
lighting purposes, which caused concern among many. Click or tap
here to enter text.

Given these concerns, it becomes essential to understand how pro-
longed exposure to ALAN influences plant physiology. Prolonged
illumination can disrupt natural light-dark cycles, altering physio-
logical performance and inducing abiotic stress that leads to the
accumulation of reactive oxygen species (ROS) and changes in
secondary metabolite production (SANKHUAN et al., 2022; ZHANG
et al., 2021). Light intensity, spectrum, and photoperiod are known
to shape secondary metabolite accumulation, high light enhances
flavonoid production in Lonicera japonica (FANG et al., 2020), while
specific light qualities regulate terpenoid biosynthesis in Artemisia
annua (SANKHUAN et al., 2022). Therefore, in this study we aim to
evaluate the effects of ALAN on photosynthesis, physiological traits,
and the accumulation of secondary metabolites and mineral nutrients
in plant collections at Bogor Botanic Gardens. To achieve this, we
selected fourteen plant species representing different growth forms
exposed to ALAN and measured their physiological properties as
model systems.

Material and methodology

ALAN installation and sample selection

Several types of LED lights were installed in the BBG area, along
with plant collections located in sections X.G to XXI.A of the BBG.
The types of lights and their installation sites are summarized in Tab.
S1. Fourteen plant species were randomly selected to represent dif-
ferent growth forms (habitus). For each species, one treatment plant
(exposed to artificial light at night, ALAN) and one control plant (not
exposed to ALAN) were measured. Because ALAN installations in
the BBG were limited to specific species and areas, all species had no
replicated treatments. The lights were switched on twice a week for
up to 4 hours per day, from 6:00 p.m. to 11:00 p.m. Random measure-
ments of LED light intensity within the BBG area showed that most
plants were exposed to less than 20 lumens. Barringtonia asiatica,
Dalbergia cultrata, Dillenia indica, Diospyros blancoi Hanguana
malayana, Inocarpus fagifer, Pandanus tectoris, Parmentiera acu-
leata, Phoenix reclinate, Posoquera latifolia, Salacca salacca,
Syzygium semarangense located at region A (Fig. 1). Agathis damara
and Canarium indicum located at region B. Individual plants are
depicted in Fig. 2.

Experimental set up of ALAN to Dyospiros blancoi

Seedlings of Diospyros blancoi were used in the experiment. An en-
closed growth chamber measuring 2 x 2 m was constructed from light
steel. LED lamps emitting flashing colors (red, green, and blue) were
installed at the top of the chamber. Seedlings were placed on shelves
inside, and the lamps were programmed to switch on daily at 18:00
with two light duration; 1 and 12 hours. The other setup with 6 hours
light where light was witch on in every two and seven days. Some
Control plants were grown in an identical chamber without artificial
light installation. These plants were exposed only to natural light
conditions, experiencing daylight during the day and complete dark-
ness at night. After four months of exposure to artificial light at night
(ALAN), gas exchange measurements were conducted on the leaves
to assess the photosynthetic activity of the seedlings.

Fig. 1:

Map of BBG and location of ALAN installation (Red circle) within
BBG.

Leaf gas exchange analysis and chlorophyll measurement

Leaf gas exchange was measured twice, the first measurement (T))
was done in May 2023- 4 months after ALAN was first started. While
second measurement (T,) was done in September 2023- 8 months
after ALAN started. Infra-red gas (IRGA) analysis was conducted
using a Li-Cor 6800 (LI-COR BioScience). Steady-state measure-
ment was done with the chamber flow rate set to 400 pmol s!, leaf
temperature to 32 °C, reference [CO,] to 400 ppm, light intensity
to 2000 pmol m™ s7! PAR and relative humidity 60%. For samples
which showed a significant difference in Photosynthesis between T1
and T2 data collection. Similar environmental set up was applied to
leaf gas exchange measurement at experimental plants (D. blancoi
seedling) accordingly.

Secondary metabolite analysis

Secondary metabolite analysis was done in three time periods, the
first sample collection was collected before the ALAN schedule
was started, the second analysis was done in four months and the
last analysis was done eight months after ALAN was first turned
on. We collected approximately 100-150 grams of fresh weight of
leaves sample. For sample preparation, the leaves were washed to
clean from any dust and dirt. The leaves were dried in the oven at
60 °C until they reached a constant weight and ground to produce
powdered simplicial. Approximately 5 g of the powder then soaked
in 50 ml of 96% ethanol for 24 hours and filtered using filter paper.
The sample then was evaporated till dry and the extracts were ana-
lyzed by gas chromatography-mass spectrometry (GC-MS) (GCMS-
QP 2010S, Shimadzu, Kyoto, Japan) using a nonpolar column in the
form of Rtx 5. For splitless injection, 5 uL of the extract was injected
into an injection port liner at 300 °C. The column was held at 70 °C
for 5 minutes and then increased to 230 °C. Helium gas was used as
the mobile phase. The detector temperature used was 300 °C, with the
MS detector electron energy setting around 70 eV. The libraries used
were WILEY229 and NIST62.
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Fig.2: Plant exposed to ALAN at Bogor Botanic Gardens, (a) Agathis damara, (b) Barringtonia asiatica, (c) Canarium indicum, (d) Dalbergia cultrata, (e)
Dillenia indica, (f) Diospyros blancoi, (g) Hanguana malayana, (h) Inocarpus fagifer, (i) Pandanus tectoris, (j) Parmentiera aculeata, (k) Phoenix
reclinate, (1) Posoquera latifolia, (m) Salacca salacca, (n) Syzygium semarangense.

Plant mineral nutrients analyses

The samples were immediately transported to the laboratory, where
upon arrival they were rapidly frozen in liquid nitrogen to halt meta-
bolic activity. They were stored under frozen conditions until further
processing. The leaf samples were then crushed using a titanium
blade blender (SB TI1726, Sharp Corporation, Sakai, Japan). The
mashed sample was then re-weighed and frozen in a freezer (Electro-
lux, Stockholm, Sweden) at -18 °C. The frozen samples were then
dried using a freeze dryer (Alpha 2-4 Martin Christ, Osterode,
Germany) at a temperature of -85 °C under vacuum for 48 hours.
Dried samples were crushed into fine powders using an agate pestle
and mortar, and then placed in a Nalgene bottle. Preparation for a
naphthalene acetic acid (NAA) was carried out by weighing 0.05 g of
dry, powdered samples using an analytical balance (AG 245 Mettler
Toledo Ltd., Melbourne, Australia), which were placed in a 0.3 mL
polyethene vial and then sealed by heating. The standard for NAA
was also prepared by pipetting 100 pL. of ICP multi-element stan-
dard solution IV (Merck, Darmstadt, Germany) into a polyethene vial
(Cole Palmer, Illinois, USA). The standard in the vial was then dried
by an infrared lamp and then sealed by heating (BASUKI et al., 2013).

Graph and statistical snalysis

For IRGA measurement data, statistical analysis was conducted using
JASP VO0.18 (University of Amsterdam, Netherlands). A normality
test was done before any statistical analysis was conducted. Classical
t-tests were performed to determine if there were significant diffe-

rences between the first and second data collection for a given para-
meter measured. Graphs were plotted using phyton.

Results

Physiological activity changes on plants after ALAN exposure
Photosynthetic rates (A) varied across the 14 species after exposure
to ALAN (Fig. 3). Among them, Dalbergia cultrata exhibited a signi-
ficant reduction in A at T2 compared to T1, indicating sensitivity to
prolonged nighttime light. In contrast, Diospyros blancoi, Pandanus
tectorius, and Syzygium samarangense showed significant increases
in A at T2, suggesting a potential enhancing effect of ALAN, possibly
by extending light availability for carbon fixation. The remaining spe-
cies, including Agathis dammara, Barringtonia asiatica, Canarium
indicum, Dillenia indica, Hanguana malayana, Inocarpus fagifer,
Parmentiera aculeata, Phoenix reclinata, Posoqueria latifolia, and
Salacca zalacca, did not exhibit statistically significant differences
between treatments or implying relative tolerance or insensitivity to
ALAN within the timeframe of observation. Control plants of all spe-
cies showed no major differences across time points, reinforcing that
the observed effects were associated with ALAN rather than other
environmental variation.

The effects of ALAN on g, differed considerably among the studied
plants (Fig. 4). In Dalbergia cultrata, g, was significantly lower in
treatment plants compared to controls at T1, indicating that ALAN
reduced stomatal opening early in the experiment. Similar reductions
were observed in Hanguana malayana and Inocarpus fagifer at T2,
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Fig. 3: Photosynthetic rate (A, umol m2 s™') of 14 plant species under artificial light at night (treatment) and natural light (control) at two time points (T1 and
T2). Bars represent SD. Different letters above bars indicate significant differences between treatments and time points within each species (p < 0.05).

suggesting that prolonged exposure to nighttime light constrained
g, in these plants. In contrast, Syzygium samarangense exhibited a
significant increase in g, under treatment conditions at T2, indicat-
ing that ALAN can also enhance stomatal activity in certain species.
Meanwhile other plants, including Agathis dammara, Barringtonia
asiatica, Canarium indicum, Dillenia indica, Parmentiera aculea-
ta, Phoenix reclinata, and Salacca zalacca, showed no significant
changes across treatments, demonstrating a relative stability of g
under both natural and ALAN conditions. Interestingly, Diospyros
blancoi, Pandanus tectorius, and Posoqueria latifolia displayed an
increase in g; over time in the control plants, but this increase was ab-

sent under ALAN, suggesting that ALAN may suppressed g,. Taken
together, these results highlight that while g, remained largely unaf-
fected in many plants, ALAN exerted both restrictive and enhancing
effects depending on species.

Transpiration rate (E) increased under treatment in several species,
including Dalbergia cultrata, Diospyros blancoi, and Salacca za-
lacca, suggesting higher water loss, while in other species such as
Pandanus tectorius and Parmentiera aculeata E remained stable or
decreased. Intercellular CO, concentration (Ci) was higher in treat-
ment plants of Barringtonia asiatica, Inocarpus fagifer, and Syzygium
samarangense, while in Diospyros blancoi and Pandanus tectorius



Effects of artificial light at night on different plant species

151

a 0.30 0.30 0.30
) o = Treatment b) @ [ Treatment C) @ 3 Treatment
2 0.25{ £Z3 Control g 0.25{ EZ3 Control Q 0.25{ EZ2 Control
[
LT g= =
57, 020 57 020 57 o020
2+ 27 7 i
D c
Se o1 SEg o5 Se o1
== =) a
82 T o a -5
RE 010 % E 010 g g owo{ 2 a a g
£ a a E™ 't
S o005
B s EEEE| 2 50
n
.00
“ T T2 0.00 . = 0.00 - -
Agathis dammara Barringtonia asiatica Canarium indicum
0.30 0.30 0.30
d) @ [ Treatment e) P 7 Treatment f) & [ Treatment
g o £, Come) U 25| ZZ3 Control b 2 p2s K, Caizol
8. a s g - a a
k) B~ -
020 o= o
3 % _g \n 020 -8 T, 020
EL s ST o St
8 3 gE © 8€ 015 a a
o 1 ——
T O <]
gg 0.10 i a a SE ow L€ o
& 0.05 £ £
& C?i 0.05 L% 0.05
0.00
T T 0.00 - = 0.00 — =
Dalbergia cultrata . .
Diospyros blancoi Dillenia indica
0.30 h 0.30 i
g) o [ Treatment o [ Treatment 0.30
oo, g e 2 onf @ o e
ontrol
5 a §= g o0
ES ’-“n 0.20 57, 020 £~ g
B B~ 20 0.20
S 015 SE 015 £ b
v] E b b Sge o5
=5 wOo i
SE o1 ‘gg w0 E8 o B
ET a a £=
<1 S 0.05 £
g M= A a I i g 0.05
0.00
0.00 k5] T2 0.00

1 T2

Hanguana malayana

Inocarpus fagifer

n T2
Pandanus tectorius

. 030 —— - 0.30 0.30
J) v I Treatment k) @ [ Treatment I) @ [ Treatment
2 0.25{ EZ3 Control 2 0.25{ EZ3 Control g 0.25{ EZ3 Control
5 5 5
8~ a I~ 2
57, 020 - 57, 020 57, o
= g b g 9
SE 015 a a SE 015 a SE 01 b
T o T o ]
£E o0 SE o0 a a EE o0 a
& ET £~ a
E S 005 S oo0s a
S oo = 2
w
S0 n T2 098 m T2 808, T iF]
Parmentiera aculeata Phoenix reclinate Posoqueria latifolia
0.30
0.30
m) w £ Treatment n) T 3 Treatment
o 0.25{ &Z3 Control g 0.25| EZ3 Contral
8 T
BT 020 o ?
Fun * 2h o
cy =3
g o5 Sg o1
™o wo
E E 010 E E o0 4 b
§ oos{ @ @ a a g 0.05
0.00 —ﬁ—_n - 0.00 o -

Salacca zalacca

Syzygium semarangense

Fig.4: Stomatal conductance (gs, mol m?s™') of 14 plant species under artificial light at night (treatment) and natural light (control) at two time points (T1 and
T2). Bars represent SD. Different letters above bars indicate significant differences between treatments and/or time points within each species (p < 0.05).

Ci was lower at T2, consistent with greater carbon uptake. Vapor
pressure deficit (VPDleaf) and leaf temperature (Tleaf) were mostly
stable between control and treatment groups, indicating that ALAN
did not substantially affect leaf temperature (Tab. S2).

Additional gas exchange measurements supported these findings
(Fig.5). In treatment plants, A and gs were significantly higher on Day
2 compared to Day 7 (Fig. 5a-b), indicating an initial ALAN-induced
stimulation of photosynthetic performance and stomatal opening that
weakened over time. In contrast, control plants showed no signifi-
cant differences in either A (Fig. 5c) or gs (Fig. 5d), confirming that
gas exchange remained stable under natural conditions. Collectively,
these results demonstrate that ALAN can transiently enhance leaf gas

exchange in some plants, but this effect is not sustained and varies
across species, whereas control plants maintained consistent physio-
logical performance.

ALAN-exposed plants show different secondary metabolite types
In order to better understand the broader stress responses of plants
to ALAN, we examined secondary metabolite profiles, as such com-
pounds often exhibit altered accumulation when plants experience
environmental stress. While most of the secondary metabolite were
recorded in every data collection period (TO, T1, T2), some of them
show consistent trends either decrease, increase, or just appear or may
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be completely gone. Secondary metabolite analysis revealed shifts in
compound composition under ALAN, with responses varying across
plant species (Fig. 6). Several secondary metabolites, including
phytol, neophytadiene, squalene, lupeol, and y-sitosterol, were com-
monly detected across species. In many plants, levels of these com-
pounds increased at T1 or T2 compared to baseline, suggesting that

ALAN promoted secondary metabolite accumulation. For example,
in Agathis damara, Barringtonia asiatica, Dillenia indica, Dalbergia
cultrata, and Parmentiera aculeata, higher relative peak areas were
observed for sterols and terpenoids under ALAN exposure.

Some species displayed stronger responses than others. Diospyros
blancoi showed increased levels of catechol, tocopherols, and ste-
rols at later time points, while Syzygium samarangense accumulated
higher amounts of 3-sitosterol, y-sitosterol, and tocopherols. Simi-
larly, Hanguana malayana exhibited increases in phytol, neophy-
tadiene, and tocopherols. By contrast, in species such as Pandanus
tectorius and Phoenix reclinata, several metabolites remained stable
or showed only minor changes across sampling times. Based on this
GCMS analysis, there is inconsistency of secondary metabolite ac-
cumulation in observed plants. Even though few exhibit patterns
indicating changes in secondary metabolite content, however, the
different types of secondary metabolite with a specific trend (such
as increasing or decreasing) are not necessarily identical. Among the
secondary metabolites detected, neophytadiene showed consistent
responses across species (Fig. 7). Several plants, including Agathis
damara, Barringtonia asiatica, Dillenia indica, Inocarpus fagifer,
Pandanus tectorius, Salacca zalacca, and Syzygium samarangense,
exhibited a steady increase in neophytadiene content from TO to T2,
suggesting that ALAN enhanced the accumulation of this compound
over time. In other species, such as Dalbergia cultrata, Diospyros
blancoi, Parmentiera aculeata, and Phoenix reclinata, levels re-
mained relatively stable or showed moderate increases. By contrast,
Hanguana malayana displayed a decline in neophytadiene at T2 af-
ter initially higher levels, while Canarium indicum and Posoqueria
latifolia showed only minor variation across time points. Taken to-
gether, these results indicate that neophytadiene was one of the most
responsive metabolites under ALAN, with several species showing
progressive increases in its abundance. Since neophytadiene is a di-
terpenoid hydrocarbon often linked to plant defense and signaling, its
accumulation under ALAN suggests a role in biochemical adjustment
to nighttime light exposure.
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Correlation

Correlations between A, secondary metabolite, and plant traits under
ALAN are shown in Fig. 8. A were not strongly related to distance
from the lamp (Fig. 8a) or plant growth form (Fig. 8b). However,
A were positively associated with secondary metabolite changes at
both T1 and T2 (Fig. 7c-d), suggesting that plants with greater ac-
cumulation of secondary metabolite tended to also maintain higher
A. Secondary metabolite responses showed little association with
distance from the lamp at either T1 or T2 (Fig. 8f, i), and growth form
had minimal influence on distance placement (Fig. 8¢). Nevertheless,
growth form showed a slight effect on metabolite changes, with trees
tending to accumulate more secondary metabolites compared to herbs
and shrubs at both T1 and T2 (Fig. 8g, j). Furthermore, secondary
metabolite changes at T1 were positively correlated with changes at
T2 (Fig. 8h), indicating consistency in species’ responses over time.

The content of plant mineral nutrients does not associate with the
photosynthesis change of five plant species

Plant mineral nutrient analysis was conducted on five species, Four es-
sential macronutrients - nitrogen (N), phosphorus (P), sulfur (S), and
potassium (K) - which play important roles in plant stress tolerance,
were examined. Results are depicted in Fig. 9. In addition, micro-
nutrients such as chloride (CI), which indirectly regulates stomatal
movement, and iron (Fe), which is linked to photosynthesis and the

activation of antioxidant synthesis, were also measured. Phosphorus
(P) content generally showed an increasing trend across most spe-
cies, except in Pandanus tectorius. Since phosphorus is essential for
photosynthesis, metabolite production, and growth, its accumulation
highlights its central role in plant physiology. However, in Dalbergia
cultrata, the decline in A observed at T2 was not accompanied by a
reduction in P, and similar patterns were observed in other species, in-
dicating that changes in P content were not always directly associated
with photosynthetic rates. With the exception of Fe, which displayed
more consistent patterns, no uniform trend was observed across the
mineral nutrients measured. Increases or decreases in nutrient levels
varied among species, showing no consistent accumulation pattern
after ALAN exposure. Interestingly, in species such as Pandanus tec-
torius, Diospyros blancoi, Syzygium samarangense, and Parmentiera
aculeata, increases in A were accompanied by decreases in K content,
with the exception of Parmentiera aculeata, which showed fluctua-
ting K levels. Overall, the trends in mineral nutrient content did not
consistently mirror the changes in photosynthetic rates observed in
these species (Fig. 4).

Discussion

It is well known that light is one of the most important factors for
photosynthesis in plants. ALAN altered photosynthetic rates indica-
ting a species-specific effect. ALAN’s exposure to plants in the BBG
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fourteen species measured.

area was scheduled twice a week, for a maximum of 4 hours per day,
beginning at around 6:00 PM when it started dark and there was no
natural light. This suggests a potential of four hours long interruption
in dark periods of the plants. Earlier research on Cymbidium plants
grown under high Photosynthetic Photon Flux Density (PPFD) has
revealed that along with reduced PSII activity, the photosynthetic rate
increases during night interruption and decreases during the day (Kim
et al., 2015). Earlier research demonstrates that plant physiological
responses can be substantially altered by short durations of expo-

sure or by dim light conditions during the night (BENNIE et al., 2016;
SINGHAL et al., 2019). Given that, we did not find a similar pattern
from our result as a significant decrease of A after ALAN In Dalber-
gia cultrata and Diospyros blancoi, A was higher under ALAN at
T1, but decrease at T2, suggesting that A efficiency may be reduced
with longer exposure to ALAN. In contrast, Syzygium samarangense
showed no changes in A under ALAN across both time measurement,
reflecting a more stable of A under ALAN. In treatment plants, A was
higher on Day 2 compared to Day 7, while control plants showed
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no significant changes across time or intensity. Meanwhile, quite an
opposite result was found from a study on Poa pratensis under low
levels of ALAN which showed no significant change in photosyn-
thesis affected by ALAN (CRUMP et al., 2021). Given the infrequent
intensity of LED lamps installed and short brief switch-on periods
at BBG, plants are unlikely to be regularly exposed to ALAN which
reflects the variation of plants’ response toward ALAN. Moreover,
ALAN has a minimal impact on net photosynthesis in the environ-
ment due to outdoor lighting’s lower quantum flux density compared
to sunlight (BENNIE et al., 2016).

Leaf gas exchange measurement shows g, in Dalbergia cultrata and
Diospyros blancoi, increased significantly at T1 under ALAN, but de-
clined by T2. Stomata limitation is a significant barrier for photosyn-
thesis and reduced g can lead to major limitation to photosynthesis
under moderate stress (WANG et al., 2022). Previous studies also sug-
gest a linear relationship between A and g,, however, stomata can still
respond independently to other factors such as environmental stress
and may not directly affect the assimilation (WONG et al., 1979).
Responses of g, under ALAN were not uniform, with some species
showing decrease while others showed increase across time measure-

ment. Lower g; in species such as Dalbergia cultrata and Pandanus
tectorius suggests that plants may conserving the water under ALAN.
In contrast, Diospyros blancoi and Syzygium samarangense appear
to maintaining higher g, under ALAN, which may support increased
photosynthesis. Stomata aperture is a compromise between the need
to conserve water and maintaining the rate of assimilation.

Studies within the field of ALAN have shown that secondary meta-
bolite composition in plants, such as terpenoid, phenolic and alka-
loid, can significantly change in response to nighttime light exposure
(FLEXAS et al., 2012; SINGHAL et al., 2019). Several common com-
pounds, including phytol, lupeol, squalene, sterols, and tocopherols,
generally increased from TO to T2. Among the studied species, Dio-
spyros blancoi and Syzygium samarangense displayed a consistent
increase, suggesting that these species are particularly responsive in
their secondary metabolite production under ALAN. Neophytadiene
is identified as volatile diterpene, it also has a role in response to
abiotic stress (ZAHRATUL et al., 2021; ZHOU et al., 2020). Neophyta-
diene, consistently accumulated across most species, indicating that
it may play an important role in protecting plants or mediating stress
responses to ALAN. In contrast, Hanguana malayana showed a re-
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duction of neophytadiene by T2, suggesting that its response was tem-
porary rather than sustained. Previous study in Brassia rapa showed
Neophytadiene was produced under all light conditions, where the
highest Neophytadiene is found in the red-light treatment (14.76%)
compared to natural light (2.47%). This indicates that the production
of secondary metabolites, one of them is Neophytadiene, depends
on the light treatment given. Moreover, its absence may affect the
growth and survival in the environment (SAAPILIN et al., 2022). In our
study, several secondary metabolites (gamma-tocopherol, Neophyta-
diene, Stigmasterol and botulin) related to abiotic stresses such as
temperature, drought and salinity stresses were found in some plants
(ABBASI et al., 2007; DU et al., 2022; JAFARI HAJATI et al., 2018;
ZHANG et al., 2023). Some of the light response-related secondary
metabolites from our measurements such as gamma-tocopherol
which is related to plant’s stress signalling to light (MUNNE-BOSCH,
2019), gamma sitosterol (MUNNE-BOSCH, 2019) and beta-sitosterol
(TERLETSKAYA et al., 2021).

Light signaling and photosynthesis influence nutrient acquisition and
utilization in plants (XU et al., 2021). More specifically, phosphorus
(P) has been shown to affect both photosynthesis and metabolite pro-
files in Eucalyptus globulus (WARREN, 2011). However, in our study,
P content did not show a clear association with changes in photosyn-
thetic rate (A) across five species (Dalbergia cultrata, Pandanus tec-
torius, Syzygium semarangense, Diospyros blancoi, and Parmentiera
aculeata). Although P is essential for ATP synthesis and energy trans-
fer, its direct effect on carbon assimilation may be limited. Similarly,
sulfur (S), which is a key constituent of many enzymes in the photo-
synthetic carbon reduction cycle, showed no consistent pattern with
A, despite its known role in modulating photosynthetic efficiency.
Potassium (K) deprivation is typically linked to reductions in photo-
synthetic efficiency (EREL et al., 2015), but in our analysis K trends
also did not consistently match changes in photosynthesis.

Iron (Fe), on the other hand, showed a notable decrease in accumula-
tion in the five tested species at T1 and T2 compared to TO. Since Fe
is the primary transition metal in the protein complexes of the photo-
synthetic electron transport chain (SCHMIDT et al., 2020), it plays an
essential role in supporting electron flow and chlorophyll biosynthe-
sis. The observed reduction in Fe content after ALAN exposure may
therefore not simply indicate reduction, but rather reflect increased
Fe to sustain higher photosynthetic activity under altered light condi-
tions. In this sense, ALAN may indirectly alter Fe allocation within
plant tissues, highlighting its potential influence on nutrient dynamics
even if its direct effect on photosynthetic rate was not always evident
in our study.

Plant physiological responses to ALAN in the BBG area appear to
be species-specific, as each species displayed a distinct trend in A, g,
secondary metabolite and nutrient content. Light quality is another
important factor, as different wavelengths (red, blue, and green) are
absorbed differently and influence photosynthesis in distinct ways
(L1u and VAN IERSEL, 2021).The differences observed between
short-term and long-term exposure further suggest that ALAN effects
may shift over time. For future experiments, species that showed
consistent and strong responses across multiple parameters, such as
Diospyros blancoi and Syzygium samarangense, could serve as good
model species to investigate the mechanisms of ALAN tolerance
and sensitivity. Moreover, secondary metabolite families such as di-
terpenoids (e.g., neophytadiene) or sterols, which were both strongly
responsive to ALAN and correlated with photosynthetic changes,
may provide a useful biochemical standard for monitoring plant re-
sponses. Long-term studies focusing on these species and metabolite
families under controlled light conditions will be valuable to uncover
the mechanistic links between ALAN, plant physiology, and ecologi-
cal outcomes. From an applied perspective, the careful selection of
urban tree species with higher ALAN tolerance, along with the use of
light sources that minimize physiological disruption, will help reduce

the ecological impacts of nighttime lighting while still supporting
urban functions such as safety and tourism.

Conclusion

This study demonstrates that ALAN induces species-specific physio-
logical changes in plants within the BBG area. We found that ALAN
exposure changed A and g, in several species, shifted accumulation
patterns of secondary metabolites, and reduced the nutrient content
across five species. While these changes were relatively small in
magnitude and varied among species, the results clearly show that
ALAN can impact various aspects of plant function. As moderni-
zation and urban development around the BBG area are inevitable,
selecting plant species with higher tolerance to ALAN is crucial to
minimising the ecological consequences of ALAN. Tree species such
as Diospyros blancoi and Syzygium samarangense, which showed
strong and consistent responses, may be good candidates for further
research and management considerations. Further long-term studies
are needed to fully understand the influence of ALAN on plant physio-
logy and adaptation in natural ecosystems.
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Tab. S1: Characteristic of plant species exposed to Artificial Light at Night (ALAN) and their habitat

Distance of
plant to
No Species Family Habitus | Type of lamp Region lamp (m)
Circular B
Agathis dammara (Lamb.) spotlight with
1 Rich. & A. Rich. Araucariaceae | Tree 38 nodes 4,20
Circular A
Barringtonia asiatica (L.) spotlight with
2 | Kurz. Lecythidaceae | Tree 18 nodes 4,86
Circular B
spotlight with
3 Canarium indicum Burseraceae Tree 56 nodes 30,00
Circular A
spotlight with
4 | Dalbergia cultrata Benth. Leguminosae | Tree 18 nodes 5,80
Circular A
spotlight with
5 | Dillenia indica Dileniaceae Tree 18 nodes 1,84
Circular A
spotlight with
6 | Diospyros borneensis Hiern Ebenaceae Tree 18 nodes 2,33
Hanguana malayana (Jack) Aquatic | Reed shape A
7 | Merr. Hanguanaceae | herb LED Lamp 0,10
Circular A
Inocarpus fagifer (Parkinson) spotlight with
8 | Fosberg Leguminosae | Tree 18 nodes 5,37
Circular A
Pandanus tectorius Parkinson spotlight with
9 | ex DuRoi Pandanaceae Shrub 18 nodes 1,35
Tab. S2: Leaf gas exchange measurment of plants at BBG
E Ci [VPDIeaf I Tleaf
TI T2 Tl T2 TI T2 T1 T2
Sampel Control [Treatment | Control [Treatment| Control Treatment Control | Treatment | Control |Treatment | Control | Treatment | Control | Treatment Control Treatment
Agathis damara 0,0012_ [0,0014 [0,0009 [0,0013 [226,7039  [228,0894 |252,5949 |298,0940 |4,3415 [4,2218 [2,0314 39269  [31,9377 [31,5999  |31,7432 _ [33,0548
Barringtonia asiatica, _ |0,0013___[0,0014__ [0,0023 [0,0015 |278,9274 _ |305,4389  [301,4918 |271,6856 |2,0180 [1,8558 |24829 [1,9825  |31,1534 [30,0297 [32,0355 _ |31,0731
Canarium indicum 0,0014__|0,0017__[0,0013 |0,0013 [342,0721 _ |323,7262__|269,5905 _|292,0694 |1,8921 _|1,9036 _ [2,0990 |1,9848 _ |29,5564 |30,6070 _ |32,0651 __ |31,0254
Dalbergia cultrata 0,0009 _|0,0029 _[0,0012_|0,0011 |294,5958 _ |236,7322__|263,9659 _|294,7054 |2,0009 _|1,9625 _[1,9300 _|1,8242 _ [30,9002 33,1250 _ |30,9586 __ [30,5914
Dillenia indica 0,0034_ 0,022 [0,0018 [0,0023 [379,3525 _ |386,0560 _ |325,9988 |327,4864 |1,7278 |1,8222 [1,9263 |1,9260  [29,7527 |29.9461 _ |31,3599 _ |31,2009
Diospyros blancoi 0,0020 _[0,0109 [0,0038 [0,0030 |423,8706  |379,3310 [352,2154 |312,8772 [1,8208 [1,4386  |1,8270 [1,9304 30,2271 [29,8990  [30,4193 _ |31,2790
H malayana___[0,0034 __|0,0037 _ [0,0016 [0,0034 [3352215  [336,6480 |293,5427 |324,2124 |1,7511 |2,0648 [2,0369 [2,0118  |30,1558 [32,5090  |31,7767  |32,0015
Inocarpus fagifer 0,0004 [0,0007 [0,0003 [0,0003 [2854900  [314,8010 |268,8417 [294,5174 20182 [1,8992 |[3,0339 [2,0218 30,9466 [30,0113  [30,1766 30,0015
Pandanus tectoris 0,0033 [0,0024  [0,0020 [0,0025 [258,0079  [191,1727 [309,2783  [306,4333 |3,8100 [4,0154 |1,8048 [1,7852  |34,0940 [359668  [30,0776  |30,1471
Parmentiera aculeata__ 0,0020 __[0,0008  0,0027 [0,0051 [376,0995  [369,0437  [383,7985 [368,1353 |1,8399 [1,8202 [1,8249 [12842  |303961 [30,2683  [30,4033  [30,2471
Phoenix reclinate 0,003 [0,0019 [0,0024 [0,0010 |276,0175  |339,2588  [301,2802 |292,7468 |2,1317 [2,2396 [4,1572 [1,9644 32,7650 [30,0492 [31,3256 _ [31,4710
Posoquera latifolia 0,0024 _ [0,0017 [0,0018 [0,0008 |269,4933  |273,1944 [307,0918 |249,6754 [3,9890 |4,2973 |1,8841 [2,1780  |31,4654 [32,1662  [30,5101 _ |32,5098
Salacca salacca 0,0015__ [0,0025 [0,0006 |0,0018 |310,7811 _ |290,3890 [307,0432 |278,1157 |4,3037 |4,1416 |19791 |40641 32,0216 |32,1168  |31,1887 _ |31,0139
Syzygium semar 0,0007 _|0,0010 _[0,0008 |0,0028 |283,8591 2923332 |275,1648 |295,6578 |1,9821 19796 [2,0119 |1,9643  [30,9597 [30,7167 _ |31,0633 _ |31,4060






