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A B S T R A C T

Artificial light at night (ALAN) is a pervasive but understudied stressor for urban trees, significantly affecting 
their phenology. The study investigates the impact of ALAN on autumn leaf colouring (LC10 % and LC100 %) in 
Acer pseudoplatanus, Acer platanoides, and Betula pendula in urban settings during 2016 and 2023. Using Linear 
Mixed Models, we analyzed phenological timing in illuminated (L) versus non-illuminated (N) crown parts, 
considering meteorological factors. Our results show that ALAN significantly delays the initial leaf colouring 
(LC10 %), suggesting an extension of the growing season. However, this effect did not significantly vary across 
species or crown parts, indicating a broad initial sensitivity. For complete leaf colouring (LC100 %), ALAN’s 
direct influence diminished, with meteorological conditions emerging as primary drivers. Both species-specific 
traits and microclimatic differences within the crown consistently proved highly significant for both pheno
phases, highlighting inherent variability. Crucially, although ALAN’s overall effect on species-specific senescence 
timing was not statistically distinct, species that naturally senesce later (e.g., Betula pendula) experienced 
disproportionately greater ALAN-induced delays in LC100 %. This strong positive correlation between natural 
senescence onset and ALAN-induced delay for complete leaf colouring underscores a critical vulnerability for 
late-season species. These findings emphasise the complex interplay between ALAN, meteorological factors, and 
species-specific responses in urban tree phenology. Understanding these dynamics is vital for sustainable urban 
trees management, guiding species selection and lighting design to mitigate negative impacts on tree health and 
urban ecosystem services.

1. Introduction

The escalating impacts of climate change and urbanisation are 
fundamentally altering urban ecosystems, making a comprehensive 
understanding of how urban trees respond to various environmental 
stressors. These phenomena are described in more detail in several pa
pers, e.g. Ordóñez & Duinker (2014), Brelsford et al. (2019), Wohlfahrt 
et al. (2019), Lukasová et al. (2021), Sťredová et al. (2021), Halecki 
et al., (2023), Yan et al. (2023), Yang et al. (2023) and Lehnert et al. 
(2024). While rising temperatures and drought have long been recog
nised as challenges, the pervasive influence of artificial light at night 
(ALAN) has emerged as a significant anthropogenic factor impacting 

urban vegetation. These combined pressures create novel microclimatic 
conditions for tree species, with profound implications for urban green 
infrastructure (Haase and Hellwig, 2022).

ALAN is increasingly recognised as a global environmental pollutant 
(Falchi et al., 2016), that disturbs natural biological systems, including 
nocturnal pollination networks, natural photoperiods, and the pheno
logical processes of woody plants (Bennie et al., 2016; Smith, 2020; Lian 
et al., 2021). Its spatial extent and intensity in urban areas need to be 
understood in terms of ecological consequences within urban ecosys
tems (Murphy et al., 2022; Wei et al., 2023). Consequently, cities 
worldwide are exploring measures, such as the use of decision on trees 
structure in urban lighting projects (Tastan et al., 2023) and quantifying 
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light burdens (Hao et al., 2023; Lo Piccolo et al. 2023), to mitigate light 
pollution and its effects on the urban environment.

Research into ALAN’s effects on trees is diverse, examining impacts 
on their physiological parameters like sugar content (Czaja & Kołton, 
2022), chlorophyll metabolism and carotenoid levels (Chi et al., 2022; 
Lo Piccolo et al., 2021), and visible changes in leaf colouration and 
abscission (Massetti, 2018). Conversly, some studies suggest a positive 
effect of ALAN on the reproductive success of tropical urban trees, 
potentially due to increased photosynthate production and delayed leaf 
senescence (Dzul-Cauich and Munguía-Rosas, 2022). Recent work, such 
as Lo Piccolo et al. (2024), also focuses on the dynamic growth responses 
of trees to LED nighttime illumination, prompting considerations for 
selecting species more resilient or responsive to artificial light to mini
mise negative ecological outcomes (Singhal et al., 2019; 2021). This 
issue is discussed in more detail in the review study by Friulla and 
Varone (2025).

Leaf phenology, particularly in temperate regions, serves as a highly 
sensitive bioindicator of ongoing climate change, responding acutely to 
temperature fluctuations. While temperature is a primary driver of 
spring phenophases (Wang et al., 2014; Jochner and Menzel, 2015; 
Güsewell et al., 2017; Fu et al., 2019; Li et al., 2019; Liu and Zhang, 
2020), the influence of ALAN on these processes is gaining recognition 
(French-Constant et al., 2016; Li et al., 2021; Zheng et al., 2021). His
torical accounts, such as Matzke (1936)’s observations in New York City, 
first documented the impact of nighttime artificial lighting on autumnal 
leaf colouring and abscission. More contemporary studies 
(Škvareninová et al., 2017; Massetti et al., 2020; Massetti et al., 2019; 
Du et al., 2022) continue to explore how varied light pollution condi
tions influence autumn phenophases, despite the added complexity of 
temperature effects and other factors like frost and drought (Estrella & 
Menzel, 2006; Gallinat et al., 2015; Estiarte & Peñuelas, 2015).

Although less studied than spring phenology, autumn phenology is 
equally important, affecting the length of the growing season and the 
reproductive cycles of trees (Donnelly et al., 2018). Furthermore, 
photoperiod emerges as another critical factor influencing 
temperature-related changes and the growing season, even in urban 
environments (Lang et al., 2019; Czaja and Kołton, 2022). In temperate 
and boreal regions, photoperiod, alongside temperature, serves as a 
stable signal for seasonal plant responses (Basler and Körner, 2012). 
While photoperiod can constrain responses to warming by setting 
thresholds for species-specific cues, its role in the cessation of autumn 
activity and the onset of dormancy, though present, is not typically the 
dominant trigger (Delpierre et al., 2016).

Changes in phenology, such as delayed senescence, timing demon
strated species-specific responses, often compounded by other urban 
stressors like heat and drought. Despite an increased interest, knowledge 
gaps remain concerning the species-specific responses and the effects of 
light spectra as well as the long-term consequences on three physio
logical aspects (Friulla and Varone, 2025). Therefore, the aim of our 
research was to analyse the effect of ALAN on the autumn phenophase in 
individual parts of the crown of selected tree species. We intended on 
proving that the tree crown creates its own ALAN microclimate. We also 
focused on the influence of other factors (drought, heat and photope
riod), which are not negligible in this period.

2. Material and methods

2.1. Study area and tree selection

The study was conducted in the city of Zvolen, Slovakia (Central 
Europe), specifically from 2016 to 2023. Zvolen is situated at an 
elevation of 293 m a.s.l. (48◦34′42″N 19◦07′24″E). The region is char
acterised by a warm, slightly moist climate, with a valley climate prone 
to frequent temperature inversions (Sťrelcová, 2013). The average 
annual precipitation is 703 mm (Lapin et al., 2002). The monitored zone 
within the city, including the locations of the monitored trees and the 

meteorological station, is depicted in Fig. 1.
Phenological monitoring was focused on three common urban tree 

species which most often occur in plantings due to the citýs basin 
location and urban heat island conditions: Sycamore maple (Acer pseu
doplatanus L.), Norway maple (Acer platanoides L.), and Silver birch 
(Betula pendula Roth.). All species are naturally distributed in Central 
Europe and are widely used in urban greenery. Eight individuals of each 
species were selected for observation. All monitored trees were 
approximately 40 years old and located in alley plantings along urban 
sidewalks or roads, directly exposed to artificial nighttime lighting. 
Before the start of observations, basic characteristics such as DBH (in 
cm) and total height (in m) were recorded for each tree (Table S1).

2.2. Light pollution assessment

Two types of streetlamps were installed within the designated 
monitoring area. Both lamps feature LED technology and were equipped 
with a round luminaire shield combined with a cylindrical glass lumi
naire enclosure. Each light source is specified to operate at a colour 
temperature of 4000 K.

Light pollution levels were quantified by measuring Night Sky 
Brightness (NSB) using a Sky Quality Meter (SQM), manufactured by 
Unihedron, Canada. Continuous NSB measurements were conducted at 
10-minute intervals at a reference meteorological station (MS in Fig. 1), 
where a statically mounted SQM-LU-DL device was used. Simulta
neously, NSB was also manually measured at six specific sites where the 
monitored trees were located, using a portable handheld SQM device. 
The visual context of these measurements and the spatial distribution of 
light intensity around a representative tree (APS 1) are shown in Fig. 2. 
The instruments measure in units of magnitudes per square arcsecond 
(mag/arcsec²), and these values were subsequently converted to milli
candelas per square meter (mcd/m²) for analysis.

2.3. Measurement protocol for light intensity

Mobile measurements were performed at four specific points around 
the perimeter of each studied tree at a height of 1.5 m (Fig. 3). These 
points were strategically located: Point A was positioned in the illumi
nated part (L) of the crown, along the main axis intersecting the tree 
crown below the streetlamp. Point B was in the opposite, non- 
illuminated part (N) of the crown, along the same main axis. Two 
additional points, C and D, were measured at the edges of the crown 
along a secondary axis perpendicular to the main one. All measurements 
were strictly conducted during astronomical night, ensuring both the 
Moon and the Sun were sufficiently below the horizon to minimize 
natural light interference.

2.4. Phenological observations

The autumn phenophase of leaf colouring was chosen for observation 
due to its significance as an indicator of the cessation of physiological 
activity in trees and its sensitivity to changes induced by artificial light, 
temperature, and photoperiodism.

Phenological monitoring followed the methodology of the Slovak 
Meteorological Institute (Braslavská-Kamenský, 1996), which corre
sponds to the numerical codes of the international BBCH scale (Meier, 
1997), widely used across European phenological station networks. 
Observations for each tree were recorded separately for two different 
crown parts (Fig. 4): 

• Illuminated part (L): The section of the crown directly exposed to 
artificial nighttime light.

• Non-illuminated part (N): The section of the crown not directly 
exposed to artificial nighttime light.

A more detailed analysis was carried out for two specific stages of the 
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leaf colouring phenophase: 

• Beginning of leaf colouring (LC 10 %, BBCH 92): Defined as the 
occurrence of coloured leaves on less than half of the observed group 
or crown part in individual trees.

• Complete leaf colouring (LC 100 %, BBCH 94): Defined as colour 
changes present on the majority of individuals in the group or nearly 
the entire observed crown section in individual trees.

Observations were conducted within eight years (2016–2023). More 

detailed phenological analysis was performed on two individuals of each 
species in 2022 and 2023, which represented meteorologically extreme 
years during the study period.

2.5. Statistical analyses and hypothesis testing

All statistical analyses were performed using Statistica, version 12 
(StatSoft). A significance level of α = 0.05 was applied to all tests.

Data were checked for completeness and consistency during pre
liminary analyses. Descriptive statistics (mean, median, standard 

Fig. 1. Monitored zone of tree species in the city of Zvolen: Betula pendula - BPE, Acer pseudoplatanus - APS, Acer platanoides - APL and the meteorological station 
with a sky quality meter (MS). Basemap source:GKÚ Bratislava, NLC.

Fig. 2. Real photography and light intensity gradient map Acer pseudoplatanus. a) East side real photography: Visible-light photograph of the tree and its urban 
surroundings, illuminated by a streetlamp. b) East side light intensity map red/yellow for high, green/blue for low. c) South side real photography: Visible-light 
photograph of the tree and its surroundings also illuminated by a streetlamp. d) South side light intensity map: Pseudo-coloured light intensity map from the 
south, illustrating the distribution and fall-off of artificial light.
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deviation, and range) were calculated for all key variables.
Descriptive statistics are provided in Supplementary Table S2. Model 

assumptions were thoroughly evaluated. Normality of residuals was 
assessed using the Shapiro-Wilk test, and homogeneity of variances 
(homoscedasticity) was checked using Levene’s test. A detailed sum
mary of these assumption tests is provided in Supplementary Table S4. 
Data transformations were applied where necessary to meet model 
assumptions.

The specific statistical approaches, dependent and independent 
variables, and the testing framework for each alternative hypothesis 
(H1, H2, and H3) are comprehensively outlined in Fig. 5. The primary 
tool for hypothesis testing (H1 and H2) was the Linear Mixed Model 
(LMM). The significance of fixed effects was determined using Type III F- 
tests, and in complex models, this was supplemented by the Wald 
χ²statistic. All test statistics (F and p-values) are consolidated in Sup
plementary Table S3, ensuring clarity in the Results section.

3. Results

The results of our study highlight the complex interplay among 
artificial light, tree species, and meteorological conditions on autumn 
phenology in urban environments.

3.1. Overall phenological response to light pollution

3.1.1. Average phenological onset and light intensity distribution
The phenological response of tree species to artificial light was found 

to be varied (Table 1). The earliest onset of both phenophase stages (LC 
10 % and LC 100 %) was recorded for Acer pseudoplatanus. In the initial 
stage (LC 10 %), differences between the illuminated (L) and non- 
illuminated (N) crown parts were relatively consistent across all spe
cies (6–8 days). However, the largest difference, 16 days, was observed 
in Betula pendula during the LC 100 % leaf colouring phase.

Fig. 6 illustrates the distribution of light intensity and phenophase 
onset for the studied tree species. Betula pendula consistently experiences 
lower light conditions with the least variability. Acer pseudoplatanus 
encounters higher average light intensity and greater variability than 
Betula pendula. Acer platanoides, while having a comparable average 
light exposure to Acer pseudoplatanus, exhibits the greatest variability in 
light intensity, suggesting its adaptability to a broader range of light 
environments (see also Supplementary Table S2 for complete descriptive 
statistics). The generally wide distributions of light intensity for all 
species underscore the diverse light conditions prevalent at the mea
surement sites.

Regarding phenophase onset, Acer pseudoplatanus and Acer 

Fig. 3. Schematic diagram of measurement positions under the tree canopy. a) Side view: Illustrates the vertical setup of measurements relative to the tree and 
streetlamp. b) Top view: Shows the horizontal placement of four measurement points (A, B, C, D) around the crown: A (illuminated), B (non-illuminated) along the 
lamp’s axis, and C, D at canopy edges.

Fig. 4. Phenological progression and lighting conditions at site APS 1 - Acer pseudoplatanus. a) Day view (early colouring) b) Day view (advanced colouring) c) 
Night view (active illumination).
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platanoides consistently display an earlier onset of 10 % leaf colouring 
(around DOY 269–270) compared to Betula pendula (around DOY 
278–279). Conversely, the 100 % leaf colouring stage occurs signifi
cantly later for all species, with Betula pendula (around DOY 300) and 
Acer platanoides (around DOY 299) exhibiting similar late-season timing. 
The narrow, symmetrical distributions of phenophase onset across all 
species and stages suggest a relatively consistent timing of these events 
within the measured populations or environmental conditions. This 
comprehensive graphical analysis provides valuable insights into 
ecological differences among these tree species concerning their light 
requirements and phenological timing.

3.1.2. Results of linear mixed model analysis on leaf colouring onset 
(Hypothesis H1)

The primary hypothesis (Hypothesis ’H1’: "Effect of light pollution 
on leaf colouring is non-uniform across crown parts and species") was 
tested via interaction terms (Light_intensity_ Crown_Part and Light_
intensity_Species, see Supplementary Table S3 for full LMM statistics).

The LMM results for the initial 10 % leaf colouring (LC10 %) phe
nophase revealed a statistically significant main effect of Light_intensity. 
Conversely, neither the Light_intensity*Crown_Part interaction nor the 
Light_intensity*Species interaction was statistically significant. 

Significant main effects were, however, observed for Species and 
Crown_Part.

The LMM results for the complete 100 % leaf colouring (LC100 %) 
phenophase, showed that the main effect of Light_intensity was not 
statistically significant. Similarly, neither the Light_
intensity_Crown_Part interaction nor the Light_intensity. Species in
teractions were statistically supported. Consistent with the LC10 % 
model, highly significant main effects were found for Species and 
Crown_Part.

Hypothesis ’H1’ was not statistically supported for either pheno
phase, as the effect of light pollution intensity on leaf colouring onset did 
not significantly vary based on tree species or crown part. The signifi
cant overall influence of light pollution intensity was detected only for 
the initial (LC10 %) but not the complete (LC100 %) leaf colouring 
phase. Both tree species and crown parts independently exerted a 
strongly significant influence on the timing of leaf colouring change 
onset across both phenophases.

3.2. Influence of meteorological factors and artificial light

3.2.1. Overview of meteorological conditions and phenological observation
Autumn phenology in urban environments is significantly influenced 

by meteorological elements, particularly air temperature and precipi
tation during the growing season. Therefore, these elements (Table 2) 
were included in our analysis. The year 2022 was characterised by a dry 
and warm early summer. The highest number of tropical days (47) 
occurred during the summer months, leading to the earliest leaf col
ouring across all species (Fig. 7). Acer pseudoplatanus reacted most 
sensitively to weather extremes, while Betula pendula was the least 
sensitive. The opposite extreme was recorded in 2023, when late sum
mer and early autumn (August, September) were warmer with sufficient 
rainfall. Warm weather in September (mean temperature = 17.9 ◦C) 
with 5 tropical days, delayed leaf colouring for all species until mid- 
October. For Betula pendula and Acer platanoides, many green leaves 
remained in the illuminated crown part until mid-November, eventually 
being damaged by the first autumn frosts rather than completing their 

Fig. 5. Alternative hypothesis (H1-H3). The diagram provides a structured overview of the study’s three alternative hypotheses (H1, H2, H3) and the methodology 
used to test them. Each hypothesis is detailed with respect to its statistical approach (Linear Mixed Models), dependent variables LC10 %, LC100 %), fixed effects, key 
interaction terms, random effects, interpretation of results, and the chapters in which they are discussed. Before to modelling, all data were checked for completeness, 
and model assumptions (normality and homoscedasticity) were verified as described in Section 2.5.

Table 1 
Average onset (date/day of year-DOY) and difference of LC phenophase stages 
(LC 10 % and LC 100 %) for illuminated (L) and non-illuminated (N) crown 
parts, 2016–2023.

Tree species LC LC
N10 % L10 % Δ 

L-N
N100 % L100 % Δ L- 

N

Acer 
pseudoplatanus

29.9./ 
272

5.10./ 
278

6 16.10./ 
289

22.10./ 
295

6

Acer platanoides 4.10./ 
277

12.10./ 
285

8 19.10./ 
292

28.10./ 
301

9

Betula pendula 7.10./ 
280

14.10./ 
287

7 29.10./ 
302

14.11./ 
318

16
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natural colouring.

3.2.2. Influence of artificial light and meteorological factors on leaf 
colouring (Hypothesis H2)

Detailed LMM statistics for H2 are presented in Supplementary Table 
S3.

The main effect of Light_intensity for initial leaf colouring (LC10 %) 
was statistically significant in the models incorporating Avg. temp. 
September and Autumn_Rainfall_Total, but was not significant when 
paired with Number of tropical days_Jul_Sept, Mean_Temp_Jul_Sept, or 
Cum_Precip_Jul_Sep. Regarding the meteorological factors, Avg. temp. 
September and Autumm_Rainfall_Total exhibited highly significant 
main effects, while the other three factors were not statistically 
significant.

The main effect of Light_intensity for complete leaf colouring 
(LC100 %), was consistently not statistically significant across all tested 

models. Conversely, the meteorological factors Avg. temp. September, 
Autumn_Rainafall_Tota, and Number of tropical days_Jul_Sept all 
showed statistically significant main effects, with only Mean_
Temp_Jul_Sep and Cum_Precip_Jul_Sep lacking significance.

The main effects of Species and Crown_Part were consistently highly 
significant across almost all models for both phenophases.

These results support Hypothesis H2, indicating that artificial light 
(specifically for LC10 % in models with September temperature/rain
fall) and various meteorological conditions independently influence the 
timing of leaf colouring. The most influential meteorological predictors 
were Avg. temp September and Autumn_Rainfall_Total for both pheno
phases. Due to software limitations, the statistical evaluation of in
teractions between artificial light and meteorological conditions was not 
possible, preventing conclusions on whether specific conditions modu
late the effects of light pollution.

Fig. 6. Distribution of light intensity and phenophase onset for selected tree species. This figure presents histograms and corresponding boxplots illustrating the 
distribution of a) light intensity (mcdlm2) and b) and c) the Day of year (DOY) for two key phenophase stages (10 % and 100 % leaf coloration) in Betula pendula, 
Acer pseudoplatanus, and Acer platanoides. The graphical representations provide insights into the central tendency and spread of the observed data for each species 
and measured parameter.
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3.3. Analysis of extreme years and species-specific responses

3.3.1. Overview of analysis and light measurements in 2022 and 2023
A more detailed phenological analysis of leaf colouring was con

ducted on two randomly selected individuals of each studied species 
(Acer pseudoplatanus L., Acer platanoides L., and Betula pendula Roth.) 
alongside detailed measurements of artificial light at night (ALAN) in 
2022 and 2023. Even in these extreme years, Acer species generally 

demonstrated higher sensitivity to all evaluated factors, while Betula 
pendula individuals exhibited the slowest leaf colouring in the urban 
environment. This observation highlights that meteorological elements 
are a significant factor within urban climatic conditions. Leaf colouring 
at 100 % (LC100 %) for these selected individuals in illuminated (L) and 
non-illuminated (N) crown parts for 2022 and 2023 is presented in 
Fig. S1.

Concurrent with phenological monitoring, detailed ALAN measure
ments were performed on these individuals from August 1st to October 
30th in both 2022 and 2023. Night Sky Brightness (NSB) values at the 
reference site showed a fluctuating character (Fig. S2). Considering the 
selected summer and autumn seasons, these values were lower 
compared to the average annual NSB value for the urban intravillan 
(19.94 mag/arcsec²) according to the World Atlas of Light Pollution. On 
two different dates (September 4th and October 14th in 2022–23), 
consistently differing NSB values were found between the illuminated 
and non-illuminated crown parts (Fig. S3). The NSB value was consis
tently lower (indicating brighter conditions) in the illuminated (L) parts 
of the trees compared to the opposite non-illuminated (N) parts. Spe
cifically, the lowest L-part value (7.68 mag/arcsec²) was measured on 
Acer platanoides 2 (2022), while the highest L-part value (12.81 mag/ 
arcsec²) was observed for Betula pendula 1 (2023). Conversely, the 
lowest N-part crown value (14.76 mag/arcsec²) was measured for Betula 
pendula 2 (2022), and the highest N-part value (19.44 mag/arcsec²) for 
Acer pseudoplatanus 1 (2023). The intensity of light pollution at 
measured points around the crown perimeter on the selected date of 
October 14th is further illustrated in Fig. 8.

Table 2 
Selected temperature and rainfall characteristics (June-September) in Zvolen, 
2016–2023.

Years Average month temperature (◦C) / 
Number of tropical days

Month rainfall sum (mm) / 
Absolute max. daily rainfall (mm)

VI. VII. VIII. IX. VI. VII. VIII. IX.

2016 19.5 / 
5

20.4 / 
10

18.4 / 
1

15.8 
/ 4

72 / 
26

94 / 
22

130 / 
31

43 / 
17

2017 20.3 / 
9

19.4 / 
3

20.7 / 
15

13.9 
/ 1

77/ 
41

112 / 
22

60 / 
18

108 
/ 2

2018 19.2 / 
4

20.6 / 
12

21.6 / 
17

15.5 
/ 0

103 / 
27

36 / 
12

81 / 
28

49 / 
27

2019 21.9 / 
11

20.1 / 
11

20.9 / 
11

14.3 
/ 1

55 / 
24

56 / 
26

67 / 
21

73 / 
31

2020 18.5 / 
2

19.8 / 
2

20.6 / 
10

15.4 
/ 0

141 / 
33

108 / 
36

62 / 
15

8 1/ 
29

2021 20.6 / 
14

22 / 
10

17.9 / 
3

14.2 
/ 0

70 / 
30

130 / 
40

110 / 
30

34 / 
20

2022 21.1 / 
12

22 / 
17

21.8 / 
18

13.7 
/ 0

20 / 
6

52 / 
21

78 / 
24

104 
/ 1

2023 18.8 / 
2

20.7 / 
7

20.7 / 
13

17.9 
/ 5

59 / 
22

32 / 
11

92 / 
25

48 / 
15

Fig. 7. Average onset of leaf colouring in Zvolen, 2016–2023. a) Beginning of leaf colouring (LC10 %). b) Complete leaf colouring (LC100 %).
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3.3.2. Species-specific phenological response to light pollution (Hypothesis 
H3)

Hypothesis H3, which postulates that the phenological response to 
artificial light at night (ALAN) depends on species and that a later onset 
of senescence implies a longer influence, was evaluated using Linear 
Mixed Models (LMMs) and simple linear regression (for detailed LMM 
and regression statistics, see Supplementary Table S3).

To test the first part of the hypothesis – whether the phenological 
response to ALAN is species-specific – an LMM assessing the interaction 
between Species and Crown_Part revealed that this interaction was not 
statistically significant for either LC10 % or LC100 % onset. Thus, the 
first part of Hypothesis H3 is not supported, as the effect of ALAN on the 
onset of autumn leaf senescence does not statistically differ among the 
studied tree species.

The second part of Hypothesis H3, proposing that a later onset of 
senescence correlates with a longer influence of ALAN, was investigated 
through simple linear regression. The regression analysis for LC10 % 
showed a very weak and non-significant relationship (R2=0.0155). 
Conversely, the analysis for LC100 %, a very strong positive relationship 
was observed (R2=0.9931). This result suggests that species with a 
generally later onset of 100 % leaf colouring tend to experience a sub
stantially greater delay in senescence due to ALAN.

The analysis revealed a split outcome for Hypothesis H3. The first 
part of the hypothesis was not supported; the influence of light pollution 
on senescence onset did not statistically differ among the studied tree 
species. However, the second part of the hypothesis was strongly 

supported for the complete colouring change (LC100 %). This indicates 
that ALAN disproportionately extends the autumn canopy period for 
species that naturally senesce later.

4. Discussion and future research

Autumn leaf colouring is influenced by temperature, precipitation 
and photoperiod (Estrella & Menzel, 2006; Smith, 2020; Way & Mont
gomery, 2015). Our findings from 2022 and 2023 highlighted the in
fluence of these factors. Leaf colouring under the influence of these 
factors and ALAN is discussed further.

4.1. Impact of light pollution on leaf colouring within the tree crown and 
across species

This study employed Linear Mixed Models to investigate ALAN’s 
impact on initial (LC10 %) and complete (LC100 %) leaf colouring. Our 
primary hypothesis (Hypothesis H1) was assessed through interaction 
terms in the models.

Our findings revealed a nuanced relationship between light pollution 
and leaf colouring onset. For LC10 %, light intensity showed a statisti
cally significant main effect, indicating ALAN delays the first signs of 
colouring. This aligns with descriptive patterns (Table 1) showing 6–8 
day delays in illuminated crown parts, corroborating earlier observa
tions of prolonged leaf greenness under streetlights (Matzke, 1936; 
Massetti, 2018).

Fig. 8. Comparison of light intensity distribution in illuminated (L) and non-illuminated (N) crown parts on October 14th in 2022 and 2023. The pseudo-coloured 
segments indicate light intensity (in mcd/m² and mag/arcsec²) in the illuminated (L) and non-illuminated (N) sections of each tree’s crown.
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In contrast, for LC100 %, Light_intensity did not exhibit a statistically 
significant main effect or interactions. This implies ALAN’s influence 
diminishes as colouring progresses to completion, with other unmodeled 
factors or high variability playing a more dominant role. The descriptive 
16-day delay in Betula pendula for LC100 % (Table 1), while striking, 
was not statistically supported by the LMM. Factors like accumulated 
chilling requirements or severe meteorological events may become more 
influential drivers of final leaf colouring stages (Czaja & Kołton, 2022).

Sarala et al. (2013) reported no phenological changes in birch under 
ALAN. They found a significant interaction between leaf colour change 
and time on chlorophyll and carotenoid concentrations. According to 
these authors, the result may be due to the low tested light intensity at 
the sampling site, which is likely farther from the source. According to 
our results, light from streetlamps slowed down leaf colouring of Betula 
pendula in the immediate vicinity of the light source. We assume that 
chlorophyll and carotenoid degradation occurred more slowly in illu
minated leaves, which is why the remained green until mid-November. 
These different tree responses may be due to the specieś specific sensi
tivity to external stimuli, since winter dormancy is also influenced by 
photoperiod and temperature, or by a combination of both factors 
(Lauria et al., 2024; Zhang et al., 2020).

Despite ALAN’s nuanced role, our LMMs consistently identified 
highly significant main effects for both Species and Crown_Part for both 
LC10 % and LC100 %. This underscores inherent phenological vari
ability among species and within the crown, independent of ALAN. Acer 
pseudoplatanus, for instance, consistently showed the earliest leaf col
ouring. The photoperiod is only one of the stimuli for the cessation of 
autumn tree activity, but the effect is not dominant (Delpierre et al., 
2016). This was also confirmed by our results, where the effect of 
photoperiod was weaker in species with an earlier phase onset (maples) 
than in a species (birch) with a phase onset in the later autumn. Our 
descriptive data also suggest combined effects of ALAN, photoperiod, 
and air temperature uniquely shape annual leaf colouring patterns, with 
extended green leaf retention in illuminated sections potentially linked 
to delayed dormancy and elevated chlorophyll (Piccolo et al., 2023; 
Massetti, 2018; Meng et al., 2020).

4.2. The role of artificial light and meteorological factors in autumn leaf 
senescence

Consistent with Hypothesis H2, both ALAN (for LC10 %) and various 
meteorological conditions significantly influence autumn phenophases. 
For LC10 %, ALAN showed a significant effect in models incorporating 
September average temperature and autumn total rainfall, suggesting a 
direct, context-dependent influence on senescence initiation (Gaston 
and Sánchez de Miguel, 2022; Meng et al., 2022; Cesarz et al., 2023). 
However, ALAN’s main effect was consistently not statistically signifi
cant for LC100 %, indicating this later stage is less dictated by ALAN and 
more robustly driven by meteorological conditions.

Meteorological factors played a crucial role for both phenophases. 
Average September temperature, autumn total rainfall, and the number 
of tropical days in July-September significantly influenced LC10 % and 
LC100 %. These findings underscore that temperature and precipitation 
regimes are primary drivers of autumn senescence (Anderson-Teixeira 
et al., 2013; Ge et al., 2015). Autumn phenology will therefore depend 
on the relative importance of each factor in specific conditions and 
years, which was also confirmed by the work of Estiarte – Peñuelas 
(2015).

Furthermore, Species and Crown_Part consistently emerged as highly 
significant factors across nearly all models. This highlights inherent 
physiological differences among species and localised light conditions 
within the crown. Acer species, known for denser foliage (Konôpka et al., 
2021) and potentially greater resistance to high light intensity (Pereira 
and Kozlowski, 1978), might respond differently to light exposure 
compared to Betula. Light penetration within the crown is influenced by 
tree characteristics and external lighting (Valladares and Niinemets, 

2007; Balakrishnan and Jakubiec, 2023).
In conclusion, autumn leaf colouring in urban environments is a 

complex process influenced independently by species-specific traits, 
crown light exposure, and significant meteorological variables. While 
ALAN shows a direct role in initiating senescence (LC10 %), its impact 
on the complete process (LC100 %) appears less pronounced than that of 
climatic factors.

The work of Wang et al. (2025) comprehensively analyses the rela
tionship between air temperature and ALAN on vegetation phenology 
using a satellite system. The authors stated that in Central Europe with 
mild climatic conditions, the later end of the growing seasons was 
influenced by a higher effect of ALAN. However, the earlier end of the 
growing season was related to the heat island effect and higher tem
perature in cities. These findings are consistent with our data from 2022, 
when the hot summer led to an earlier onset of colouring. The work does 
not evaluate precipitation, which is important for the onset of the 
autumn phase in the urban environment, because it alleviate drought 
stress and, with optimal amounts and timing during the summer, delays 
the onset of the autumn phase. This creates conditions for a longer effect 
of ALAN. This phenomenon was confirmed in our results in 2023. Due to 
the lack of data on precipitation in urban environments, it is not possible 
to unambiguously compare and confirm their impact.

4.3. Species-specific phenological response to light pollution and its 
relation to onset timing

Hypothesis H3 explored observed species-specific phenological re
sponses to ALAN and their relation to natural senescence timing. Con
trary to expectation, LMM analysis found no statistically significant 
interaction between Species and Crown_Part for either LC10 % or 
LC100 %. This suggests that the magnitude of ALAN’s influence on 
autumn leaf senescence does not widely vary among the studied Acer 
and Betula species, implying a more uniform response pattern despite 
differences in overall phenological timing.

However, the second part of Hypothesis H3, proposing that a later 
natural onset of senescence implies a longer ALAN influence, received 
strong support for the LC100 % phenophase. Our regression analysis 
demonstrated a highly significant positive relationship between the 
average DOY of senescence in non-illuminated crown parts and the 
average delay caused by ALAN for LC100 % (R2 of 0.9931). This in
dicates that observed species or individuals that naturally reach com
plete leaf colouring later in the season experience a substantially longer 
growing season due to ALAN. For instance, Betula pendula, generally 
with a later LC100 % onset, showed the largest delay due to ALAN. This 
extended exposure may disrupt physiological processes as natural 
dormancy cues are masked by illumination. Conversely, for LC10 %, this 
relationship was not observed (y = − 0.0321x+16.525, R2 =0.0155), 
suggesting initial colouring stages might be less sensitive to this cumu
lative effect.

Observed findings are critical for urban forest management. While 
ALAN’s differential impact on individual species’ senescence timing 
might not be statistically distinct, the strong correlation for LC100 % 
implies that later-senescing observed species are disproportionately 
affected by ALAN-induced delays. This knowledge can guide decision 
processes on species selection for urban planting and strategic lighting 
placement to minimise negative impacts on tree health and ecosystem 
services.

5. Conclusion

This study elucidates the complex influence of artificial light at night 
(ALAN) on the autumn phenology of selected urban trees (maple and 
birch), specifically leaf colouring (LC10 % and LC100 %). Our long-term 
data and Linear Mixed Models reveal that while ALAN significantly 
delays the initial onset of leaf colouring (LC10 %) across observed spe
cies and crown parts, its effect diminishes in the final stages of 
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senescence (LC100 %), which are more strongly governed by meteoro
logical factors.

Crucially, September temperature and autumn rainfall emerged as 
dominant drivers of autumn phenology. Furthermore, we found that 
selected species with a naturally later onset of complete leaf colouring 
(LC100 %) experience a disproportionately greater delay due to ALAN, 
with significant implications for their natural dormancy and suscepti
bility to early frosts.

Our results provide new insights into the detailed measurement of 
artificial light intensity in individual crown parts. The ALAN creates a 
distinct nocturnal microclimate within the immediate vicinity of light 
sources. We define this phenomenon as the ALAN microclimate – a 
localised nocturnal microenvironment formed around vegetation 
exposed to artificial illumination, characterised by altered radiative 
conditions relative to unlit surroundings. Such localised alterations of 
the canopy energy balance can influence physiological processes and 
phenological development, leading to spatially asymmetric timing of 
seasonal events within individual trees or stands. The concept of the 
ALAN microclimate thus extends classical microclimatology by incor
porating anthropogenic nocturnal radiation as an additional factor 
shaping the microenvironmental conditions experienced by urban 
vegetation.

The results point out the sensitivity of tree species (maple and birch), 
which are often found in urban plantings in other surrounding cities and 
regions. Therefore, the listed tree species can be used in urban planning 
and strategic lighting design to mitigate light stress. The integrating of 
our understanding of ALAN’s phenological impacts with urban planning 
is vital for fostering resilient and healthy urban forests trees in an 
increasingly illuminated world.
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Jana Škvareninová: Writing – original draft, Methodology, Inves
tigation, Funding acquisition, Formal analysis, Data curation, Concep
tualization. Stanislav Kaniansky: Writing – original draft, 
Visualization, Methodology, Investigation, Formal analysis, Data cura
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