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A B S T R A C T

Artificial light at night (ALAN) is a rapidly expanding form of pollution that alters natural light regimes and 
threatens biodiversity. While many studies have documented its effects on animal behaviour, the consequences 
for plants, and the ecological services they provide, remain underexplored. We investigated how ALAN modifies 
the timing and availability of floral resources in wild plant communities of central European agricultural 
landscapes. From 2022 to 2023, we conducted a large-scale field experiment in Swiss wildflower strips, exposing 
sites to LED streetlights to simulate ALAN (n = 14) while paired controls remained dark (n = 14). Using 
phenological monitoring and time-lapse photography, we quantified both daily and seasonal changes across 
multiple species. At the daily scale, ALAN altered flower opening and closing patterns, delaying petal closure in a 
night-flowering species and advancing morning opening in a day-flowering species. At the seasonal scale, ALAN 
advanced seedling emergence in half of the species studied (n = 6) and shifted flowering schedules in 75 % (n =
16). In some cases, flowering onset, progression, and peak bloom occurred more than 10 days earlier, while other 
species showed delayed flower disappearance. These shifts change when floral resources are available in the 
landscape, potentially exposing reproductive stages to suboptimal abiotic conditions and disrupting synchrony 
with pollinators and herbivores. Such desynchronization may reduce reproductive success, alter interaction 
networks, and cascade to affect community composition. Our findings demonstrate that ALAN alters the tem
poral dynamics of plant resources at both daily and seasonal scales, potentially disrupting ecosystem stability.

1. Introduction

Over the past century, the widespread increase in artificial light at 
night (ALAN) has profoundly disrupted the natural light cycles that or
ganisms have depended on for millions of years to regulate their bio
logical rhythms (Bará and Falchi, 2023; Guarnieri, 2018; Hölker et al., 
2010). Today, over three-quarters of the Earth's land area is exposed to 
direct ALAN emissions or skyglow, which interfere with the timing, in
tensity, and spectral composition of natural light (Cox and Gaston, 2023; 
Falchi et al., 2016; Gaston et al., 2013). Evidence of ALAN's far-reaching 
ecological impacts continues to accumulate, with growing concern over 
its effects on physiology and behaviour, leading to consequences across 
all levels of biodiversity, from individuals and populations to commu
nities, species interaction, and entire ecosystems (Boyes et al., 2021; 
Gaston et al., 2021; Gaston and de Miguel, 2022; Knop and Dominoni, 

2024). Plants, being sessile organisms that cannot avoid exposure to 
ALAN, are expected to be particularly vulnerable (reviewed in Bennie 
et al., 2016; Briggs, 2006). Yet, our understanding of its effects on plants, 
and the interactions they mediate, remains limited (Heinen, 2021), 
especially with respect to phenology. Most existing data are observa
tional and focus on deciduous trees (Ffrench-Constant et al., 2016; Han 
et al., 2015; Meng et al., 2022; Škvareninová et al., 2017), with rela
tively few experimental studies available. Even among those, findings 
are inconsistent (Bennie et al., 2018) or limited to single-species models 
(Bennie et al., 2015; Wang et al., 2022). This knowledge gap is con
cerning given the essential ecological roles that plants play in supporting 
biodiversity and sustaining ecosystem processes (Diaz and Cabido, 
1997; Lavorel, 2013).

Our limited understanding of how ALAN influences plant phenology 
is particularly striking given the central role of light in regulating these 
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processes. Seasonal events such as flowering are largely controlled by 
photoperiodic pathways mediated by light-sensitive photoreceptors, 
including phytochromes and cryptochromes, which synchronize devel
opment with seasonal changes in daylength (Creux and Harmer, 2019; 
McClung, 2001; Shim et al., 2017; Webb, 2003). Based on their photo
periodic response, flowering plants are typically classified into short-day 
plants (SDP), which flower when nights are sufficiently long; long-day 
plants (LDP), which flower when nights are short; and day-neutral 
plants (DNP), whose flowering is unaffected by daylength and instead 
responds to other cues (Bennie et al., 2016). Classical flowering induc
tion experiments have shown that these pathways can be triggered by 
light exposures at specific times of night (Amasino, 2010; Garner and 
Allard, 1920; Hayama & Coupland, 2003), and that even dim or short- 
duration illumination can shift or disrupt these rhythms (McClung, 
2006). Germination timing, a key determinant of plant life histories 
(Long et al., 2015), is likewise shaped by photoperiodic cues and 
light–dark sensitivity. Species vary in their responses: some require light 
to germinate (positive photoblastism), others are inhibited by it (nega
tive photoblastism), and some are unaffected, but in most cases these 
responses are mediated through phytochrome pathways (Luna and 
Moreno, 2010; Milberg et al., 2000; Xia et al., 2016). Beyond seasonal 
rhythms, short-term phenological events such as floral nyctinasty, the 
diel opening and closing of petals (Samarakoon and Peiris, 2005; Van 
Doorn, 2003; Van Doorn & Kamdee, 2014), are also regulated by 
circadian clocks that respond primarily to light and temperature cues 
(Ke et al., 2018; Muroya et al., 2021; Shim et al., 2017). These diel 
movements are ecologically significant because they regulate when and 
how pollinators access floral resources (Halket, 1931; Kwiatkowska 
et al., 2019; You et al., 2023), while also shielding flowers from sub
optimal abiotic conditions (e.g., cold or wet nights), and reducing 
damage from floral herbivores (Prokop and Fedor, 2016; Van Doorn & 
Kamdee, 2014). Together, these mechanisms highlight the potential for 
ALAN to alter phenology from daily to seasonal timescales.

Understanding the impact of ALAN on plant phenology is critical 
given its consequences for plant survival, reproduction, and de
mographic performance. At the seasonal scale, altered germination 
timing can influence population dynamics and community composition, 
as shown in desert annual plant communities (Kimball et al., 2010). In 
spring, earlier flowering may increase frost damage risk, reducing seed 
production (Augspurger, 2013; Gezon et al., 2016; Inouye, 2008), 
whereas delayed flowering can expose reproductive structures to 
drought and heat stress (Franks et al., 2007). At the diel scale, shifts in 
petal opening or closing may expose nectar and pollen to suboptimal 
environmental conditions, with potential negative effects on reproduc
tive output (Delph et al., 1997; Plos et al., 2023; Waser and Price, 2016). 
Phenological changes also cascade to higher trophic levels: seasonal 
shifts in flowering can desynchronize interactions between nectar- 
producing plants and their avian consumers (Wolfe et al., 2017), 
disrupt co-flowering dynamics within plant communities (CaraDonna 
et al., 2014), and cause mismatches between migratory birds and critical 
food resources (McKinney et al., 2012). Insect pollinators, particularly 
those dependent on ephemeral flowers, are especially sensitive, with 
most studies reporting adverse effects for both plants and pollinators 
(Hegland et al., 2009; Iler et al., 2021; Kudo and Cooper, 2019; Mem
mott et al., 2007). By contrast, the biotic consequences of shifts in diel 
petal movements remain undocumented, despite plausible effects such 
temporal mismatches with their primary pollinators. These knowledge 
gaps underscore the need for experimental approaches that assess how 
ALAN alters the timing of floral resource availability in natural plant 
communities.

In this study, we used a field experiment to test whether ALAN alters 
floral resource timing at both diel and seasonal scales in wild plants 
characteristic of central European agricultural landscape. To this end, 
we exposed both wild and potted individuals to ALAN and tracked key 
phenological traits over the growing season. Specifically, at the diel 
scale, we addressed the following questions: Does (1.1) short-term ALAN 

exposure (i.e., plants exposed to ALAN for only three consecutive 
nights), and (1.2) long-term ALAN exposure (i.e., wild plants growing in 
the vicinity of a lamp), alter the timing of diel movements of petals 
(floral nyctinasty)? At the seasonal scale, we asked the two following 
questions: 2) Does ALAN influence the timing of seeds germination in 
wild plants? And 3) does ALAN affect flowering phenology in wildflower 
communities? At the diel scale (question 1), we hypothesized that ALAN 
would disrupt the floral nyctinastic movements that occur following 
nocturnal illumination, namely morning petal opening in day-flowering 
plants and petal closing in night-flowering plants. We further hypothe
sized that the strength and direction of plant responses would differ 
between short-term (question 1.1) and long-term (question 1.2) expo
sure: brief light exposure can trigger highly sensitive photoperiodic 
pathways (Hayama & Coupland, 2003), while prolonged exposure may 
result in physiological adjustments (Walters, 2004). At the seasonal 
scale, we hypothesized that ALAN would advance germination time 
(question 2), as the annual, small-seeded species in our study are typical 
positively photoblastic plants (i.e. species in which light triggers 
germination) a trait common among Central European spring-flowering 
flora (El-Keblawy, 2017; Khurana and Singh, 2001; Woolley and Stoller, 
1978). For flowering phenology (question 3), we hypothesized that 
ALAN would advance flowering onset in wildflower communities, as 
extended night-time illumination can act as a long-day cue, a signal 
known to accelerate flowering in many Central European wild species 
(Hayama & Coupland, 2003; Heide, 1994; Yanovsky and Kay, 2003).

2. Material and methods

2.1. Experimental set up

Our study was conducted in the Seeland region of Switzerland (Fig. 
S1) in 2022 and 2023. This area is characterized by high agricultural 
activity, low human population density, and relatively low levels of 
artificial light at night (ALAN) compared to the rest of the Swiss Low
lands (21 mag/arcsec2, according to https://www.lightpollutionmap. 
info). We selected wildflower strips that had never been illuminated 
directly, were at least 500 m from the nearest artificial light source (e.g., 
street lamps), and were located more than 1000 m away from major 
light sources (such as football fields or brightly lit industrial buildings). 
Study sites were usually bordered on one or two sides by low-traffic 
agricultural roads, and the distance to the nearest primary road was 
598.9 ± 353.2 m (standard deviation, SD). Prior to the light treatment, 
nocturnal light intensity at these sites was measured on moonless nights 
using a TESTO 540 luxmeter and found to be consistently below 0.1 lx. 
Standardized seed mixtures consisting of 34 indigenous plant species 
(listed in the Swiss federal ordinance for biodiversity subsidies, Table 
S1) were sown in autumn by local farmers 3–5 years prior to the start of 
our experiments. The study site areas ranged from 2102 to 33,894 m2, 
with a mean of 12,981 ± 7313 m2 and elevations between 435 and 550 
m asl (mean ± SD: 467.4 ± 39.8 m). We used a paired design (2022: 6 
pairs, 2023: 8 pairs, Fig. S1), with each pair consisting of one site illu
minated at night (from 15th of April to 15th of September) and a nearby 
dark control. This yielded 12 sites in 2022 and 16 in 2023 (tot = 28 
sites). Paired sites were matched for age (i.e. paired wildflower strips 
were sown on the same year, when possible) and located close to each 
other to ensure conditions as comparable as possible in terms of species 
communities, climate and forest cover within a 1 km radius of the lamps 
(distances between paired wildflower strips: 661 to 5272 m, mean =
2333, ± 1505 m). In each ALAN-treated site (i.e. half of the site), a 6-m 
telescopic mast (CLARK MASTS: CSQT6–4/HP, Fig. S2C & D) was used to 
mount a commercial LED lamp used for streetlamps (SCHRéDER: Ampera 
Midi 48 LED, color temperature: 4000 K, nominal LED flux: 6800 lm), 
while control sites had dummy lamps (plastic boxes) to ensure compa
rable conditions. To power the lamps, solar panels (SWISS VICTRON: 
Monocrystalline Solarpanel 175 W - 12 V) and portable batteries (ECO

FLOW: RIVER 2 Pro 768 Wh) were used. The battery status was monitored 
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remotely to ensure a consistent light supply, and the batteries were 
recharged at the research station during extended cloudy periods. Pre- 
programmed timers ensured that the lamps were switched on and off 
synchronously with the weekly average civil sunset and sunrise times for 
the area. Light intensity (measured 70 cm above the ground, using a 
TESTO 540 luxmeter) followed a negative exponential decay, starting 
from 48.8 ± 3.3 lx directly beneath the lamp (< 1 m) and decreasing to 
less than 1 lx at distances of 12 ± 1.0 m in front of the lamp and 16.5 ±
1.0 m on the sides (see Fig. S3 for a detailed map of light intensity and 
Fig. S4 for information on the spectral range of the lighting system). At 
each study site, autonomous dataloggers (TOMST: TMS4), installed 3 m in 
front of the telescopic pole, recorded air (10 cm above ground) and soil 
(5 cm below ground) temperature every fifteen minutes throughout the 
field seasons. The light treatment had no significant effect on the min
imum, maximum, or average nocturnal air and soil temperatures within 
the study sites (see Figs. S5 and S6 for more details).

2.2. Movements of petals

2.2.1. Short-term ALAN exposure
To test the effects of short-term ALAN exposure (question 1.1) on 

timing of diel movements of petals (floral nyctinasty), we sowed seeds 
from Silene noctiflora (night-flowering, petals open at night) and Malva 
moschata (day-flowering, petals open during the day), on the 18th of 
April 2023 in germination trays with standardized soil in the green
houses of the Agroscope Research Institute of Reckenholz. The trays 
were kept in greenhouses and watered at least twice a week. On the 23rd 
of May, we transferred each seedling into individual pots and moved the 
pots to a site in our study area without artificial light sources within a 
radius of 100 m (46◦ 53′ 14.18″ N 7◦ 01′ 07.21″ E, UTM) and the pots 
were regularly watered when needed. Each week, from the 12th of July 
to the 1st of September, we selected an average of 18 ± 7.69 pots 
(mixing both species) with buds about to bloom and placed them in the 
study sites for three nights, but only on nights without rain (total = 146 
pots, 31.8 % of which were M. moschata). On a weekly base, we 
randomly selected two pairs of study sites (i.e. two lit and two dark 
sites), and evenly distributed the pots among those four sites. Within 
each study site, half of the pots were placed together in the middle of a 
one of the two ‘phenology plots’ (see the paragraph entitled ‘Phenology 
plot’ in the ‘Flowering phenology’ section of the Methods) located near 
the lamps (P01 or P04), while the other half were placed in the middle of 
one of the phenology plots located farther from the lamp (P02 or P03, 
see Fig. S2 for more details). We mounted a camera trap (RECONYX: 
Hyperfire 2 professional small mammal) on a metal pole, which was 
inserted directly into the ground, 1.5 m in front of each group of potted 
plants (eight camera traps per week). Each camera trap was set to 
timelapse mode, capturing an image every 5 min and using an infrared 
flash whenever triggered. The cameras recorded the nyctinastic move
ments of the potted plants' inflorescences over three days and three 
nights.

2.2.2. Long-term ALAN exposure
Additionally, we tested the effects of long-term exposure of ALAN 

(question 1.2) on timing of diel movements of petals in wild plants by 
deploying the same camera system in front of naturally occurring 
M. moschata at our study sites. From the 25th of June to the 8th of 
August 2023, during 16 rain-free nights, cameras recorded an average of 
6.1 (± 2.4) wild M. moschata per night (total = 91 individuals, growing 
in 13 different study sites), 55 % of which were in the illuminated sites. 
Cameras were set up between 3 and 5 pm and retrieved the following 
day before noon. The selected plants were either growing within the 
phenology plots or in the immediate vicinity (average distance between 
plants and the lamps in illuminated sites: 5.13 ± 2.4 m). Unlike the 
potted plants, where multiple inflorescences were monitored over three 
nights, only one freshly opened inflorescence per wild individual was 
observed for a single night using camera traps. A trained project 

collaborator visually analysed all image sequences and recorded the 
following timepoints for each flower: (1) the start and (2) the end of 
petal opening, as well as (3) the start and (4) the end of the closing 
process. The start of opening and closing was defined as the first picture 
where the petals visibly moved and the flower's diameter changed. The 
end of these processes was marked by the frame in which the flower 
became motionless and its diameter remained unchanged. Finally, 
because the lunar cycle affects nocturnal light intensity (Bennie et al., 
2016), and several physiological processes in plants appear to respond to 
moon variations (Sivasankar and Thimmaiah, 2021), we recorded the 
moon phase for each sampling night (under both short- and long-term 
ALAN exposure). Moon phase, defined as the proportion of the moon's 
surface visible during the night when plants were recorded (ranging 
from 1 for a full moon to 0 for a new moon), was calculated using the 
SUNCALC (Thieurmel and Elmarhraoui, 2017) package in R (R Core Team, 
2021).

2.3. Seed germination

To test whether ALAN influence the seasonal timing of seed germi
nation (question 2), we installed germination trays at each of the 16 sites 
in 2023, half of them being artificially illuminated at night, positioning 
their centres two meters in front of the poles supporting the lamps (or 
dummy lamp in the control sites). Averaged light intensity measured on 
illuminated germination trays (measured using a TESTO 540 luxmeter, 10 
cm above the trays) was 37 ± 1.4 lx and below 0.1 lx in controls (see Fig. 
S3). Each tray consisted of 45 individual pots (4 × 5 cm, 5 cm deep), 
arranged in five rows of nine pots, and filled with standardized com
mercial soil (CAPITO: Blumenerde). We selected 22 indigenous annual 
plant species present locally (Table S1), sourcing the seeds from the 
same supplier that provides seeds for establishing the wildflower strips 
where experiments were conducted (FENACO Genossenschaft, UFA- 
Samen: https://wildblumen.ufasamen.ch). Seeds were sown in the 
germination trays on the 10th of May, with 10 seeds per species per tray, 
split between two pots (five seeds per pot), randomly assigned to 44 of 
the 45 available spots in each tray, leaving one pot empty in each 
germination trays. Thus, a total of 160 seeds per species were sown 
across the 16 germination trays, 8 of them being artificially illuminated 
at night. From the sowing day until the 20th of June, a camera (BRINNO: 
TLC200 time-lapse) with water-resistant housing was mounted hori
zontally 1.5 m on metal poles above each germination tray, capturing 
one image per hour. We visited the 16 germination trays at least three 
times a week to water the seedlings and to check the camera batteries. 
To minimize herbivory on newly emerged seedlings, the pots were 
placed on a 60 × 30 cm plastic trays, elevated on bricks inside a 75 × 50 
cm plastic box (10 cm deep) filled with water. The boxes were partially 
embedded in the soil, ensuring that the pots remained only a few cen
timetres above ground level. This setup created a 3–4 cm wide water 
barrier, effectively blocking crawling herbivores, primarily slugs (the 
dominant herbivores in our study system) from reaching the germina
tion trays. Additionally, the entire setup was enclosed by a 10 cm high, 
specially designed metal anti-slug barrier (Fig. S7A). All the time-lapse 
movies were reviewed by a trained project collaborator, who recorded 
the germination day each time a freshly emerged seedling was first 
observed in every species and germination tray, specifically, when a 
seedling appeared in the frame at t+ 60 min but was not visible at t+ 0 min 
(Fig. S7B). Additionally, since we expected that pots on the outer part of 
the germination tray would be more sensitive to drought due to 
increased wind exposure, which could slow down the germination, we 
also recorded whether each germination event occurred in a pot on the 
inner or outer part of the tray. Finally, and despite our efforts to water 
the 16 germination trays three times a week, the spring of 2023 was 
exceptionally hot and dry, resulting in relatively low germination suc
cess. To ensure robust analyses, we included only the plant species that 
had at least five seedlings germinate in both illuminated and non- 
illuminated sites. Additionally, we retained only the species that 
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germinated in at least three lit and three unlit sites. As a result, our final 
analysis was based on seedlings from six species (Anthemis tinctoria, 
Cichorium intybus, Crepis capillaris, Hypochaeris radicata, Silene pratensis 
and Trifolium incarnatum, Fig. S7C).

2.4. Flowering phenology

2.4.1. Phenology plots
To assess the effect of ALAN on the seasonal flowering phenology of 

wildflower communities (question 3), we set up four experimental plots 
at 11 of the 12 study sites in 2022 (one dark site was excluded for 
logistical reasons) and at all 16 sites in 2023. Plots were arranged in two 
rows of two in front of the lamps (hereafter referred to as ‘phenology 
plots’), yielding a total of 108 plots, of which 51.8 % were in ALAN- 
treated sites. In February and March of both years, we used a rototiller 
to plough the plots before sowing standardized seed mixtures, which 
contained 22 annual indigenous plant species (listed in Table S1). All 
seeds for 2022 were sown on the 26th of April, while those for 2023 were 
sown on 20th of April. The wildflower seeds were obtained from the 
same supplier who provided the flower mixes for the germination 
experiment and for the wildflower strips where we established our plots. 
As the size and shape of the plots varied between 2022 and 2023, we 
ensured that the quantity of seeds sown was identical across all 
phenology plots by standardizing the seed biomass per species and per 
square meters to the nearest gram. In 2022, the phenology plots (n = 48) 
were one square meter (1 × 1 m). The centres of the two plots closest to 
the lamps were aligned 2.5 m in front, while the centres of the two 
furthest plots were 6.5 m away. The centres of the plots in the same row 
(either the two in front or the two behind) were spaced 5 m apart (Fig. 
S2A). The average light intensity measured at the centre of all illumi
nated plots in front of the lamps was 34.0 ± 1.3 lx, while the plots 
farther from the lamps had an intensity of 11.8 ± 1.9 lx (Fig. S3). In 
2023, the experimental plots (n = 64) were larger, measuring 8 square 
meters (2 × 4 m). Their relative distance to the lamps remained similar 
to that in 2022 (Fig. S2B). The light intensity, averaged from measure
ments taken at each corner of the plots, was 29.0 ± 1.7 lx for the plots in 
front of the lamps and 9.26 ± 3.0 lx for those farther away (Fig. S3). 
From the sowing date to the 15th of September 2022 and 2023, all the 
plots were visited once or twice a week, with the specific weekday of 
each visit randomly shuffled from week to week. During each visit, 
project collaborators visually counted the number of floral units for all 
species observed within each phenology plot. We defined ‘floral unit’ as 
the smallest grouping of flowers that a pollinator interacts with; in other 
words, two inflorescences are considered distinct floral units if a polli
nator must fly to move from one to the other.

2.4.2. Phenological parameters
To analyse flowering phenology, we first determined the start of the 

phenological spring for our study area in each year. This was inspired by 
the spring index developed by MeteoSwiss (http://www.meteoswiss. 
admin.ch/home/climate/climate-change-in-switzerland/vegetation- 
development/spring-index.html). This index represents the timing of 
Swiss spring vegetation development relative to the 1981–2010 average 
and, based on phenological observations from nearly 80 long-term 
monitoring stations, it thus serves as a reliable indicator of vegetation 
trends across Switzerland. To estimate the first day of phenological 
spring at our study sites in 2022 and 2023, we focused on four plant 
species from the spring index that are relevant to our study system 
(wildflower strips in the Seeland region): coltsfoot (Tussilago farfara), 
wood anemone (Anemone nemorosa), common dandelion (Taraxacum 
officinale), and cuckooflower (Cardamine pratensis). We defined the start 
of phenological spring (in 2022 and 2023) as the average date when 50 
% of individuals across 15 nearby monitored populations of these four 
species were in bloom (see Table S2). These 15 stations were part of the 
spring phenology monitoring described above and were located in the 
same cantons where our study was conducted (Vaud, Bern, and 

Fribourg), at elevations between 300 and 600 m asl (see Fig. S8 for 
details). Accordingly, we identified the first day of the phenological 
spring in 2022 as the 30th of March, and in 2023 as the 2nd of April. 
Using this reference date, we calculated four phenological parameters 
for each plant species and for each plot based on (bi-) weekly counts of 
floral units: (1) the number of days from the start of phenological spring 
to the first observation of an open inflorescence (FIRST), (2) the day 
when one-quarter of the maximum number of inflorescences was 
reached (QUARTER), (3) the day when the maximum number of in
florescences was observed (PEAK), and (4) the day of the last observed 
inflorescence (ULTIMATE). Only plant species observed in at least ten 
different lit and ten different unlit phenology plots were considered for 
further analysis, resulting in a final list of 16 plant species, 10 of which 
(62.5 %) were from the list of plants we sowed in April 2022 and 2023.

2.5. Statistical analyses

2.5.1. Movements of petals
To assess the effect of ALAN on the timing of diel movements of 

petals in S. noctiflora and M. moschata (question 1.1 & 1.2), we fitted 
Linear Mixed-effects Models (LMM) using the lmer function from the 
LME4 package (Bates et al., 2015) in R. As the season progressed, sunset 
occurred earlier while sunrise was delayed. Therefore, we used the 
difference between the observed timing of floral movements (petal 
closure initiation, full closure, reopening initiation, and full opening) 
and the local times of civil sunset and sunrise as the response variable. 
This variable was approximately normally distributed, justifying the use 
of a Gaussian model. Light treatment (two levels: DARK and LIT), exposure 
duration (two levels: SHORT and LONG; included only for M. moschata), and 
moon phase (ranging from 1 for full moon to 0 for new moon), as well as 
their interactions, were included as fixed effects. Sampling date and 
study site were included as random effects. Model fit was assessed using 
diagnostic plots and residual checks, and this procedure was applied 
consistently across all subsequent statistical analyses. The model struc
tures were: S. noctiflora: TIME_DIFFERENCE ~ LIGHT * MOON_PHASE + (1|DATE) +
(1|SITE); M. moschata: TIME_DIFFERENCE ~ LIGHT * EXPOSURE * MOON_PHASE + (1| 
DATE) + (1|SITE).

2.5.2. Seed germination
To investigate the effect of ALAN on the timing of seed germination 

(question 2), we conducted two complementary analyses. First, we 
modelled the effects of ALAN on the probability of germination using a 
Generalized Linear Mixed Model (GLMM), using the glmer function from 
the LME4 package, with a binomial distribution: CBIND(GERMINATED, UNGER

MINATED) ~ LIGHT * SPECIES * DAYS_AFTER_SOWING + (1|SITE) + (1|SPECIES:SITE), 
FAMILY = BINOMIAL. Daily counts of germinated and ungerminated seed
lings per species and germination tray were combined using the CBIND() 
function, with treatment (two levels: DARK and LIT), species (six levels), 
time after sowing (ranging from 1 to 40 days), and their interactions as 
predictors. Second, we analysed the effects of ALAN on germination time 
using a LMM with a Gaussian distribution: DAYS_TO_GERMINATION ~ LIGHT * 
SPECIES * LOCATION_WITHIN_TRAY + (1|SITE) + (1|SPECIES:SITE), where the 
response variable was the number of days from sowing to germination. 
In this second model, we included the location within the germination 
tray of each germination event (two levels: INNER and OUTER) as a fixed 
effect, along with its interactions with treatment and species. To account 
for the hierarchical structure of the data, where responses are nested 
within study sites and further within species at each site, we included 
study site and the interaction between plant species and study site as 
random effects in both models.

2.5.3. Flowering phenology
To examine the effects of ALAN on the flowering phenology of 

wildflowers (question 3), we analysed four parameters that describe 
flowering seasonality in our plots: FIRST and LAST, which represent the 
number of days from phenological spring to the first and last observed 
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flowering individual of a species in a plot, respectively, and PEAK and 
QUARTER, which indicate the number of days from phenological spring 
to the day with the highest recorded number of inflorescences and the 
day when one quarter of this peak was observed, respectively. Each 
phenological parameter was analysed separately using a LMM with a 
Gaussian error distribution: PHENOLOGY_PARAMETER ~ (LIGHT * DIS

TANCE_TO_LAMP) + (LIGHT * SPECIES) + YEAR + (1|SITE) + (1|SPECIES:SITE). Fixed 
effects included light treatment (two levels: DARK and LIT), distance to the 
light source (two levels: CLOSE, ~30 lx; FAR, ~10 lx within illuminated 
sites), their interaction, the plant species (16 levels), as well as in
teractions among light treatment and species. Sampling year was also 
included as a fixed effect. As for previous GLMM we used to investigate 
the effects of ALAN on germination timing, we included study site and 
the interaction between plant species and study site as random effects.

3. Results

3.1. Movements of petals

3.1.1. Nocturnal-flowering species
In S. noctiflora (n = 152 recorded petal closings, 125 recorded petal 

openings, Table S3), ALAN tended to delay the onset of petal closure in 
the morning (p = 0.055, predicted effect (β) =+80 min, 95 % confidence 
interval (CI) = − 2.6 to 162.9). ALAN had no significant effect on the 
timing of full closure (Fig. 1B), nor did it significantly influence either 
the onset of floral opening or the timing of full opening in the evening 
(Fig. 1A). Additionally, we found no effect of lunar cycle, either as a 

main effect or in interaction with ALAN, on any aspect of floral nycti
nastic movement (Table S4).

3.1.2. Day-flowering species
ALAN significantly advanced the onset of morning floral opening in 

M. moschata, regardless of exposure duration (n = 176 recorded petal 
openings, of which 13 never fully opened; Table S3). On average, illu
minated flowers opened 147 min earlier than controls (p < 0.001, β =
− 147 min, CI: − 221.4 to − 72.0). ALAN also delayed the timing of full 
petal closure in the morning, but this effect was limited to short-term 
exposure (p = 0.041, β = +74 min, CI: 2.7 to 145.0; Fig. 2A). In the 
evening, ALAN tended to advance the onset of floral closing, although 
this effect was marginal and detected only under short-term exposure (n 
= 176 recorded petal closings, 4 of which never fully closed; p = 0.088, 
β = − 87 min, CI: − 188.3 to 13.8; Fig. 2B). Independently of ALAN, 
petals of potted plants (short-term treatment) closed significantly later 
than those of wild plants (p = 0.002, β = +122 min, CI: 44.8 to 199.1). 
Notably, the ALAN-induced shift in floral opening was modulated by the 
lunar cycle. We found a positive relationship between the magnitude of 
ALAN's effect and the proportion of the visible moon (p = 0.038). In 
other words, flowers exposed to ALAN opened earlier during new moon 
phases compared to controls, but the effect was weaker during full moon 
phases. This lunar modulation was most pronounced in wild plants 
under long-term exposure, as indicated by a significant three-way 
interaction between light treatment, exposure duration, and moon 
phase (p = 0.02; Table S5).

Fig. 1. Effect of ALAN on diel movements of petals in the night-flowering Silene noctiflora moschata. (A) Timepoints when flowers began closing and were fully closed 
in the morning. (B) Timepoints when flowers began opening and were fully open in the evening. For each group, the central line represents the median, diamonds 
indicate the mean, boxes show the interquartile range, and whiskers extend to 1.5 times the interquartile range.
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3.2. Seeds germination

3.2.1. Probability of germination
Of the 960 sown seeds from six different species, 123 (12.8 %) suc

cessfully germinated during the study period (Fig. S7C). ALAN treatment 
had no significant effect on the probability of germination (p = 0.30; 
Table S6), and none of the interactions involving light treatment reached 
statistical significance (Fig. S9).

3.2.2. Germination timing
The effect of ALAN on germination timing differed among species (p 

= 0.023), with significant advances detected in Cichorium intybus (β =
− 9.6 days), Trifolium incarnatum (− 15 days), and Silene pratensis (− 18 
days), as none of their CI's overlapped with zero (Fig. 2). Seedling 
location within the trays (inner vs. outer section) had no effect on 
germination date or its interactions with other variables (Table S7).

3.3. Flowering phenology

ALAN caused significant species-specific shifts in at least one of the 
four considered flowering stages (FIRST, QUARTER, PEAK, ULTIMATE) 

in 12 out of 16 investigated species (75 %). Among them, nine species 
exhibited advanced phenological stages, two showed delays, and one 
showed mixed effects, with earlier first flowers but delayed last flowers. 
Specifically, ALAN significantly advanced the onset of the first in
florescences (FIRST) in three species: Veronica persica, Matricaria cha
momilla, and Trifolium pratense (Fig. 4A). It also accelerated the timing at 
which a quarter of the maximum number of inflorescences was recorded 
(QUARTER) in five species: Trifolium pratense, Echium vulgare, Trifolium 
incarnatum, and Silene pratensis, as indicated by confidence intervals that 
did not overlap with zero (Fig. 4B). Peak flowering occurred signifi
cantly earlier in the season for five species (Centaurea cyanus, Sinapis 
arvensis, Daucus carota, Centaurea jacea, and Trifolium incarnatum) when 
exposed to ALAN (Fig. 4C). Finally, ALAN influenced the timing of the 
last observed inflorescences (ULTIMATE) in varying ways. In three 
species (Centaurea cyanus, Daucus carota, and Trifolium incarnatum), the 
last flowers disappeared earlier in the season, while in three others 
(Sinapis arvensis, Centaurea jacea, and Veronica persica), they persisted 
longer (Fig. 4D). We found an effect of the study year, with both first (p 
= 0.002, β = − 8.7 days, CI = − 14 to − 2.9) and last (p < 0.001, β = − 18 
days, CI = − 27 to − 8) flowers appearing earlier in the season in 2023. 
Finally, neither the distance from the lamp (CLOSE, ~30 lx; FAR, ~10 lx 

Fig. 2. Effect of ALAN on diel movement of petals in the day-flowering Malva moschata. (A) Time when flowers began opening and were fully open in the morning. 
(B) Time when flowers began closing and were fully closed in the evening. For each group, the central line represents the median, diamonds indicate the mean, boxes 
show the interquartile range, and whiskers extend to 1.5 times the interquartile range.
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within illuminated sites) nor its interaction with the light treatment 
(DARK and LIT) affected any of the four phenological stages investigated 
(Table S8).

4. Discussion

Our study demonstrates that ALAN has the potential to disrupt 
timing of floral resource availability in wild flower communities across 
multiple temporal scales. It affected the diel movements of petals (floral 
nyctinasty) of both focal species, advanced the germination time of half 
of the investigated species and modified the seasonal flowering time in 
75 % of the species. These results demonstrate that ALAN can shift plant 
phenology in ways that may expose floral resources to suboptimal 
abiotic conditions, thereby highlighting its capacity to disrupt flower- 
visitor interactions in complex and previously underappreciated ways.

4.1. Movements of petals

On a diel scale, ALAN significantly altered the timing of opening and 
closing of petals in both a night-flowering species (S. noctiflora) and a 
day-flowering species (M. moschata). As hypothesized, the most pro
nounced shifts occurred after nighttime ALAN exposure, specifically, a 
delay in morning petal closure in S. noctiflora (Fig. 1A) and an advance 
in opening in M. moschata (Fig. 2A). In species that close their petals at 
night, nyctinasty is thought to protect flowers from suboptimal abiotic 
conditions (e.g., cold or wet nights), conserve resources such as energy 
and floral scent for key pollinators (Prokop et al., 2019; Van Doorn & 
Kamdee, 2014), and defend against floral herbivores (Prokop and Fedor, 
2016). Although the diurnal closing of petals has received less attention, 
it is reasonable to assume that similar mechanisms underlie both 
nocturnal and diurnal petal movements. Previous research has shown 
that exposing floral resources to atypical environmental conditions 
(Delph et al., 1997; Plos et al., 2023; Waser and Price, 2016) or increased 
florivory (Cardel and Koptur, 2010; Carper et al., 2016; Haas and Lortie, 
2020) can negatively impact plant reproductive success. Thus, the 
ALAN-induced shifts observed here, i.e. an 80 min delay in petal closure 
in S. noctiflora and an 147 min advance in opening in M. moschata (Table 
S4), may have important consequences for reproductive outcomes, even 
though pollination and seed set were not directly measured in this study. 
Interestingly, slugs were the dominant herbivores in our study system 
and were largely active at night (Grognuz et al., 2025). Therefore, it is 
likely that some illuminated M. moschata flowers opened prematurely 
while dominant herbivores were still active, potentially increasing 
damage to the inflorescences and ultimately reducing visitation. Alter
natively, prolonged access to floral resources due to altered nyctinasty 
might increase opportunities for non-targeted pollination (such as early 
diurnal visitors to S. noctiflora or late nocturnal visitors to M. moschata). 
Such effects could even be beneficial: in other Silene species, diurnal 
visitors can partly compensate for reduced nocturnal pollination (Prieto- 
Benítez et al., 2016), and in Silene latifolia, nocturnal and diurnal pol
linators act complementary, with flowers receiving visits from both 
achieve the highest pollination success (Macgregor et al., 2019). In 
summary, ALAN-induced shifts in diel movements of petals may expose 
floral resources to abiotic conditions they are not adapted to, but also 
lead to temporal mismatches in interactions with a range of organisms, 
including pollinators, herbivores, and seed dispersers, which could 
compromise reproductive success.

4.2. Lunar modulation of ALAN effects on petal movementS

Importantly, we found that the effect of ALAN on morning floral 
opening was modulated by the lunar cycle, with natural moonlight in
tensity ranging from approximately 0.01 lx during new moons to 1 lx 
during full moons (Bennie et al., 2016). ALAN-induced advances in petal 
opening were more pronounced during new moon phases and dimin
ished during full moon phases. This pattern suggests that in the absence 

of natural moonlight, such as during new moon phases, plants may be 
more sensitive to artificial light, potentially because ALAN becomes the 
dominant nocturnal light cue. In contrast, during full moon phases, the 
higher background illumination may partially override or mask the ef
fects of ALAN, reducing its relative impact on floral rhythms. Consistent 
with this, full-moon illumination has been shown to trigger substantial 
transcriptional changes in core circadian clock genes in Coffea arabica 
(Breitler et al., 2020), demonstrating that plants can physiologically 
perceive natural variation in moonlight. The fact that this lunar- 
mediated modulation was most evident in wild plants, and barely 
detectable in those exposed to ALAN for only three nights, suggest a 
potential adaptive response to prolonged ALAN exposure, although little 
is known about how nocturnal lighting affects plant perception of lunar 
cues. Further research is therefore needed to clarify these mechanisms 
and how ALAN interacts with natural nocturnal light variability.

4.3. Seed germination

At the seasonal scale, our study shows that ALAN can also influence 
early life-history stages, notably the timing of seed germination. While 
ALAN did not affect overall germination probability during the study 
period, it caused significantly earlier germination in half of the species 
studied. For instance, C. intybus, T. incarnatum, and S. pratensis germi
nated 9 to 18 days earlier under ALAN (Fig. 3). These results suggest that 
ALAN can act as a germination cue, supporting the hypothesis that these 
three species are positively photoblastic, a trait common among Central 
European spring-flowering flora (El-Keblawy, 2017; Khurana and Singh, 
2001; Woolley and Stoller, 1978). This is especially plausible for 
S. pratensis, as previous research has shown that light plays an important 
role in triggering germination in related species (Mondoni et al., 2009). 
Such ALAN-induced advances in germination timing could expose 
seedlings to unfavourable abiotic conditions, such as late frosts or cold 
soils, potentially reducing survival rates and altering species' de
mographic trajectories and competitive interactions (D'Aguillo and 
Donohue, 2023; Vázquez-Ramírez, 2025). The non-significant effect of 
ALAN on the other three species may indicate that other factors known 
to influence germination (e.g. temperature, humidity; Long et al., 2015) 
played a more dominant role in triggering germination. We conclude 
that ALAN can advance germination timing in light-sensitive species, 
while its limited effect on others highlights the importance of species- 
specific traits and environmental cues in mediating seed germination 
responses to nocturnal light exposure.

4.4. Flowering phenology

In addition to its effects on seed germination, ALAN significantly 
influenced the seasonal flowering phenology of wild plant communities, 
consistent with our hypothesis that night-time illumination can act as a 
long-day cue to accelerate flowering. Notable shifts, exceeding one week 
in at least one of the tested phenological parameters, were detected in 
75 % of the investigated species. As hypothesized, most changes 
involved earlier flowering, including advanced first bloom (e.g., 
V. persica, M. chamomilla, Fig. 4A), accelerated progression through 
early bloom stages (e.g., T. pratense, S. pratensis, Fig. 4B), and earlier 
peak flowering (e.g., L. vulgare, T. incarnatum, Epilobium sp. Fig. 4C). 
These species-specific advances may partly reflect underlying advances 
in germination timing, as developmental trajectories are often tightly 
linked to initial emergence (Donohue, 2002). However, direct evidence 
connecting earlier germination to accelerated phenology at the species 
level remains limited. Due to low germination success, only two species 
(T. incarnatum and S. pratensis) were included in both the germination 
experiment and the wildflower communities. Notably, both exhibited 
earlier germination (Fig. 3) and advanced flowering phases (Fig. 4C), 
suggesting a potential link between early emergence and subsequent 
phenological development under ALAN. However, the effects of ALAN 
were clearly species-specific and varied across phenological stages: 
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Fig. 3. Effect of ALAN on seed germination in six species. Species-specific estimated effects (median ± 95 % confidence interval) of the ALAN treatment on the 
germination timing of emerged seedlings from 6 different species (n = 248). Filled diamond (median) indicates that the CI do not overlap with the zeroes. The colour 
gradient illustrates the strength and direction of the ALAN effect on phenology, ranging from yellow (phenological advancement) to blue (phenological delay). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Effect of ALAN on seasonal flowering phenology in 16 wild plant species. Species-specific estimated effects (median ± 95 % confidence interval) of the light 
treatment on (A) when a species was observed for the first time in a plot (FIRST), (B) when one quarter of the maximum number of inflorescences was observed 
(QUARTER), (C) when the maximum number of inflorescences was observed (PEAK), (D) when the last inflorescence was observed (ULTIMATE). Filled diamond 
(median) indicates that the CI do not overlap with the zeroes. The colour gradient illustrates the strength and direction of the ALAN effect on phenology, ranging from 
yellow (phenological advancement) to blue (phenological delay). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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while many species showed advanced timings, others exhibited delayed 
disappearance of flowers (e.g., V. persica, S. arvensis, C. jacea, Fig. 4D). 
This pattern is consistent with a review of biological impacts of ALAN, 
which reported both positive and negative phenological responses 
across taxa, with no overall directional shift (Sanders, 2021). These 
asynchronous and heterogeneous shifts suggest that ALAN may disrupt 
the temporal structure of floral resource availability within commu
nities. Such changes can increase the risk of phenological mismatches, 
defined as temporal disconnects between flowering plants and their 
visitors (Maglianesi et al., 2020), potentially impairing mainly mutual
istic interactions and reducing plant reproductive success, particularly 
for early-flowering species or ecological specialists (Gezon et al., 2016; 
Hegland et al., 2009; Kudo and Cooper, 2019; Memmott et al., 2007; 
Robbirt et al., 2014). Yet, despite these concerns, ALAN-mediated 
temporal mismatches between plants and their floral visitors have 
been rarely documented (Seymoure et al., 2023). Moreover, empirical 
evidence demonstrating whether such shifts under ALAN translate into 
altered reproductive outcomes in wild plants is still lacking. Beyond 
mismatches, shifts in flowering duration and overlap could also alter 
competition for pollinators and exposure to antagonists, with 
community-level consequences. While some species may adjust by 
forming new interactions (Burkle et al., 2013; CaraDonna et al., 2017; 
Forrest, 2015), others could face reduced fitness due to less effective 
pollination (Rafferty and Ives, 2012) or increased exposure to herbivores 
(Liu et al., 2011; Wilson and Thomson, 1991) and seed predators active 
at different times. Taken together, these findings support the idea that 
ALAN can act as a long-day signal, reshaping seasonal flowering 
schedules in wild plant species. It underscore the urgent need for studies 
examining how ALAN-driven shifts in phenology cascade through eco
systems, affecting plant reproductive success, altering population tra
jectories, and disrupting temporal coordination with pollinators, 
herbivores, and other mutualists or antagonists.

4.5. Short-term and low-intensity effects of ALAN

Our study demonstrates that the effects of ALAN can manifest even 
over short timescales and at low light intensities. By altering natural 
nighttime light environments, ALAN directly disrupts plant circadian 
rhythms, which are tightly synchronized with light cues (Creux and 
Harmer, 2019; McClung, 2001; Webb, 2003). These rhythms regulate 
key processes such as seasonal flowering phenology (Hayama & Coup
land, 2003; Johansson and Staiger, 2015; Shim et al., 2017) and diel 
floral nyctinasty (Ke et al., 2018; Muroya et al., 2021; Shim et al., 2017) 
both of which play essential roles in shaping the timing and availability 
of floral resources. Notably, even short-term ALAN exposure (i.e. three 
nights) induced detectable shifts in petal movements during the morning 
(Fig. 2A), highlighting the sensitivity of these circadian-regulated be
haviours. Moreover, earlier evening petal closure was observed in 
M. moschata, only under short-term ALAN exposure, a response absent in 
individuals growing under long-term illumination near street lamps 
(Fig. 2B). This contrast suggests that prolonged exposure may lead to 
physiological acclimation, consistent with our prediction that long-term 
ALAN could trigger compensatory adjustments (Walters, 2004), 
although direct evidence is lacking and further research is needed to 
clarify the underlying mechanisms. Finally, we found no significant ef
fect of distance from the lamps on phenological shifts (Table S8), indi
cating that even low light intensities, around 10 lx, in plots located 
farther from the lamps, were sufficient to alter plant phenology. These 
changes were comparable to those observed under higher light in
tensities (~30 lx) in plots closer to the lamps. This highlights the ca
pacity of ALAN to influence plant flowering phenology even at lower 
intensities (e.g. roadsides or pedestrian pathways; Bennie et al., 2016) 
and over short timescales, emphasizing the need for further research to 
better understand the spatial extent and ecological consequences of 
these effects. These results reinforce the importance of considering both 
light intensity and duration when evaluating ALAN impacts, particularly 

in contexts where conservation efforts seek to maintain resilient 
plant–pollinator networks, including wildflower strips that provide 
critical biodiversity support in agricultural landscapes (Feltham et al., 
2015; Haaland et al., 2011).

5. Conclusion

ALAN is rapidly reshaping nocturnal environments worldwide (Bará 
and Falchi, 2023; Guarnieri, 2018; Hölker et al., 2010), with growing 
recognition of its potential to disrupt ecological processes across mul
tiple levels of biological organization (Boyes et al., 2021; Gaston et al., 
2021; Gaston and de Miguel, 2022; Knop and Dominoni, 2024). Our 
findings reveal that ALAN alters not only flowering phenology on a 
seasonal scale, but also diel movements of petal in wild plant commu
nities. These changes were species-specific and asynchronous across 
phenological stages, which could suggest that ALAN might disrupt the 
temporal architecture of floral resource availability. While the repro
ductive consequences of such shifts remain to be fully understood, they 
raise concerns about potential mismatches with pollinators and other 
floral visitors. Furthermore, ALAN-induced alterations to floral nycti
nasty could modify the timing and visibility of floral rewards, poten
tially exposing flowers to suboptimal abiotic conditions, increasing their 
vulnerability to herbivores, or shifting the composition of their polli
nator assemblages. Wildflowers are keystone components of terrestrial 
ecosystems, structuring plant–pollinator networks and supporting 
biodiversity through the provision of floral resources (Grass et al., 2016; 
Sidhu and Joshi, 2016). The present study demonstrates that ALAN has 
the capacity to reshape these dynamics in subtle yet consequential ways. 
As artificial nocturnal lighting continues to alters natural phenologies, 
understanding the long-term ecological consequences of ALAN-driven 
changes in floral availability, especially their effects on plant fitness, 
species interactions, and ecosystem stability, remains a key research 
frontier and an important consideration for conservation planning in 
human-modified landscapes.
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