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A B S T R A C T

Coastal habitats are increasingly exposed to artificial light at night, which has been reported to disrupt biological 
rhythms, trophic interactions, and community structure. However, responses to low, geographically widespread 
irradiance levels remain poorly understood, particularly within dose-response frameworks that determine the 
relationship between increasing artificial light intensity and impacts on biological responses. Diel vertical 
swimming is a widespread behaviour that enriches the water surface by increasing abundance of coastal species, 
but the effect of artificial light on this behaviour remains largely unexplored. We exposed the intertidal 
amphipod Marinogammarus obtusatus to six increasing levels of nighttime irradiance (0.0; 0.1; 0.5; 1.0; 1.5 and 
2.0 mW m− 2) over a 24-h cycle using a dose-response experimental framework. Amphipod activity was quan
tified from time-lapse images taken every 5 min, measuring the number of active individuals, the number of 
swimmers in the water column, and maximum swimming height. Both the number of swimmers and maximum 
height decreased at night with increasing irradiance, while the number of active individuals remained unaf
fected. Under control conditions, M. obtusatus exhibited a strong peak of swimming activity shortly after 
nightfall, followed by smaller peaks throughout the night. At 0.1 mW m− 2, this peak was reduced, and increasing 
irradiance further suppressed nocturnal swimming. At 2.0 mW m− 2, activity extended across the 24-h cycle. 
Nocturnal swimming in coastal amphipods is associated with mating and foraging, during which they are 
vulnerable to predation. This indicates that even sky-glow irradiance levels may disrupt population dynamics 
and trophic interactions.

1. Introduction

Natural nighttime lightscapes have been eroded across much of the 
Earth's surface, largely driven by the expansion of Artificial Light at 
Night (ALAN). It is estimated that global satellite observable light 
emissions increased by at least 49% from 1992 to 2017 (Sánchez de 
Miguel et al., 2021), resulting in more than 80% of the world popula
tion being exposed to light polluted skies (Falchi et al., 2016). The 
number of studies dealing with the ecological consequences of ALAN has 
also grown in the last few decades, pointing to light pollution as a major 
focus for ecological research in the 21st century (Davies & Smyth, 2017). 
It has been reported to interfere with several processes across a wide 
range of taxa in both terrestrial and aquatic ecosystems. These processes 
have included predator-prey dynamics (Minnaar et al., 2015; Yuen & 
Bonebrake, 2017; Bennie et al., 2018), mating (Firebaugh & Haynes, 
2016; Elgert et al., 2020), biological rhythms (Dominoni, 2015; 

Hoffmann et al., 2018), and migration (Moore et al., 2000; Burt et al., 
2023).

Coastal areas have the highest human population density in the 
world (Kummu et al., 2016), resulting in up to 22.2% of coastlines 
experiencing ALAN globally (Davies et al., 2014). Although the impacts 
of light pollution in coastal habitats have been typically less studied, in 
the past decade a greater number of studies dealing with this hazard 
have emerged (Marangoni et al., 2022; Lynn & Quijón, 2022), providing 
new insights into the impact of light pollution on marine organisms and 
their communities. Several studies reporting behavioural alterations 
caused by ALAN in marine habitats have focused on comparison be
tween lit and unlit areas (Santos et al., 2010; Boyes et al., 2021) or on the 
inclusion of a novel source of ALAN into scarcely or unlit areas (Becker 
et al., 2013; Bolton et al., 2017; Saenz-Arias et al., 2025a). For instance, 
Duarte et al. (2019) installed a high intensity LED spotlight (ca. 120 lx) 
on a sandy beach, and they found a reduction in abundance and 
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alterations in the distribution of the sandy isopod Tylos spinulosus Dana, 
1853. Similarly, Luarte et al. (2016) reported reduced growth rates and 
nocturnal activity in the talitrid amphipod Orchestoidea tuberculata 
Nicolet, 1849 when exposed to 60 lx under both field and laboratory 
conditions. Although these approaches provide valuable insights, high 
intensities are usually restricted to urban areas or to isolated patches 
exposed to direct ALAN, whereas much larger areas are exposed to lower 
intensities, mostly produced by artificial sky-glow. This distinction is 
particularly relevant because the strongest biological responses to ALAN 
occur at intensities below 1 lx (Schittko et al., 2026). For instance, 
Torres et al. (2020) found that induced artificial sky-glow of 0.2 lx was 
enough to reduce the probability of nocturnal migrations in the sandy 
amphipod Talitrus saltator (Montagu, 1808) and, when these migrations 
occurred, to impair its capacity to orient itself using the position of the 
moon. In this context, establishing dose-response relationships has been 
pointed out as a major challenge in light pollution framework, as such 
approaches allow the determination of behavioural thresholds even at 
very low light intensities (Gaston et al., 2015; Schittko et al., 2026). In 
this sense, Quintanilla-Ahumada et al. (2022) exposed the isopod 
T. spinulosus to increasing light intensities under laboratory conditions 
(0 – 100 lx) and found strong dose-dependent responses in metabolic 
condition and food absorption efficiency, with higher intensities 
reducing RNA:DNA ratio (indicating a poorer metabolic condition) 
while increasing organic absorption efficiency, likely as a compensatory 
response.

Nevertheless, much less is known about how ALAN affects the 
nocturnal swimming behaviour, particularly in amphipods, one of the 
dominant groups of coastal macroinvertebrates, despite their ecological 
role in these ecosystems (Cunha et al., 1997; Moreira et al., 2008). Many 
amphipods remain sheltered beneath rocks or within sediments during 
daytime and become active after dusk, when they swim into the water 
column to feed and locate mates while avoiding visual predators 
(Bandara et al., 2021). The timing of this behaviour may differ among 
species and between habitats (Rygg, 1972; Alldredge & King, 1980). For 
instance, in intertidal amphipods, swimming and emergence are often 
associated with tidal immersion, although the relative contribution of 
circadian and circatidal rhythms appears to depend on both species and 
environmental conditions (Rygg, 1972; Kwiatkowski et al., 2024; 
Underwood et al., 2025). Previous studies have shown that amphipods 
generally exhibit negative phototaxis during swimming (Guler & Ford, 
2010; Kohler et al., 2018), and field studies have demonstrated that 
ALAN can alter their occurrence in the water column (Navarro-Barranco 
& Hughes, 2015; Saenz-Arias et al., 2025a, 2025b). However, these field 
studies usually apply high ALAN intensities while the minimum in
tensity required to elicit such responses is yet to be determined. 
Underwood et al. (2025) exposed the intertidal amphipod Mar
inogammarus marinus (Leach, 1816) to increasing ALAN intensities and 
found reduced swimming activity and nocturnality. However, because 
individuals were confined to small experimental vials without access to 
refuges, it remains unknown how ALAN affects swimming behaviour 
when amphipods are able to remain sheltered during daytime and 
voluntarily emerge at night, as they do under natural conditions. This 
knowledge gap is particularly relevant given the ecological role of diel 
swimming, which facilitates mating, predator-prey interactions and 
contributes to biological pumps (Bandara et al., 2021).

Marinogammarus obtusatus (Dahl et al., 1970) is a common intertidal 
amphipod widely distributed across Northern Europe, where it typically 
occurs in dense aggregations beneath pebbles and stones in the 
mid-shore (Sexton & Spooner, 1940). Individuals remain sheltered 
during the day and typically emerge after dusk, when submerged, to 
feed on algal detritus and locate mates, making vertical swimming an 
important component of their behaviour (Martin, 1966; Sheader & Chia, 
1970; Rygg, 1972). Because emergence into the water column increases 
exposure to visually orientated predators (Bandara et al., 2021), swim
ming activity and swimming height are expected to be particularly 
sensitive to ALAN. We exposed this amphipod species to increasing 

levels of nighttime irradiance during natural day/night cycles of solar 
irradiance, measuring the number of active individuals, the number of 
swimmers and the maximum swimming height they attained. We hy
pothesized that even low irradiance levels would force M. obtusatus to 
remain hidden at night, reducing both the number of swimmers and 
maximum swimming height.

2. Material & methods

2.1. Sampling and laboratory procedures

Amphipods were collected in November 2024 from Barn Pool Beach, 
Cornwall, UK (50.35544◦ N, 4.17208◦ W), a natural pebble beach 
dominated by brown (genera Laminaria and Fucus) and green algae 
(genus Ulva). During sampling, large stones across the mid-shore inter
tidal were overturned and specimens of Marinogammarus obtusatus were 
gently collected with broad-tip tweezers. Small and isolated individuals 
were avoided, and collection was focused on high density aggregations, 
usually formed by mature individuals (Sheader & Chia, 1970). Matured 
males have a typical length up to about 15-20 mm, while females are 
slightly smaller (Lincoln, 1979). Individuals were held in a container 
with seawater and pebbles while being transported to the University of 
Plymouth. No permits were required for this work as the site is open to 
the public and the work carried out on M. obtusatus was approved by the 
research ethics review process at the University of Plymouth.

In the laboratory, 180 individuals were randomly divided across 12 
graduated 5L tanks (dim. H30.8 cm x L10.2 cm x W15.2 cm; ntank = 15). 
Sex was not checked before placing them in the tanks because this 
procedure involves the use of stereoscope and manipulation can damage 
their swimming appendages. Each tank contained 2 cm of pebbles and 
small stones at the bottom and these centimetres in the tanks were 
covered by black tape to avoid light penetrance within the pebbles, of
fering a dark refuge that emulated natural habitat conditions. Fragments 
of Laminaria and Ulva collected in the beach were also supplied and the 
amphipods were allowed to feed ad libitum (Agnew and Moore, 1986). 
Tanks were filled with fresh seawater and aerated using an aquarium air 
pump and airstone. Tanks were then covered to reduce evaporation. The 
12 tanks were then randomly allocated to one of six chambers (nchamber 
= 2) contained in a controlled temperature room set to 15◦C. Each 
chamber was equipped with an Aquaray Natural Daylight Tile set at 
5000 lx (6500K, 1036.9 mW m− 2 diffused with a 3 mm frosted Perspex 
sheet and powered by the BioLumen Control Unit (Tropical Marine 
Centre, UK). The daylight tiles were programmed to match natural 
variations in sunrise and sunset in Plymouth, UK (50.3755◦ N, 4.1427◦

W) during the experimental period in November. The amphipods were 
maintained in the tanks under a light: dark regime for three days prior to 
beginning the behavioural assays.

After the acclimation period, the ALAN lights were switched on. The 
ALAN light in each chamber consisted of a single white LED lightbulb 
diffused through a white sphere, which could be manually adjusted 
using a potentiometer. Each chamber was randomly assigned one of six 
nighttime light treatments (0.0; 0.1; 0.5; 1.0; 1.5 and 2.0 mW m− 2), the 
intensity of which was checked using a SpectroSense2+ (Skye In
struments, UK) broadband Irradiance sensor (400-750 nm) (typical light 
intensity experienced under a quarter moon = 0.1 mW m− 2; full moon =
2.0 mW m− 2; artificial sky-glow = 0.01-0.3 mW m− 2). A GoPro HERO7 
camera fitted with an infrared pass lens was installed in each chamber 
and programmed to capture individual activity every 5 min over the 24- 
h period under infrared illumination. The 24-h period always started 
during daytime, but the starting time varied slightly among replicates 
due to differences in tidal timing and, consequently, collection and 
acclimation time. Cameras were positioned at an angle that allowed 
them to capture both tanks within the field of view. To prevent the 
cameras from switching off during the experimental period, they were 
connected to a power supply.

After the 24-h period, amphipods were extracted in a Petri dish with 
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seawater to count the number of survivors per tank. Amphipods were 
then transported and released at Barn Pool Beach. This procedure, 
including collection, acclimation and exposure to ALAN treatments was 
repeated five times using freshly collected amphipods, fresh seawater 
and new algae. Each time was separated from each other by intervals of 
four days to a week depending on tidal and weather conditions. 
Therefore, each experimental run consisted of two independent tanks for 
each irradiance treatment, resulting in 10 tanks per irradiance treatment 
across the study.

2.2. Image processing and statistical analyses

The first three photographs, corresponding to the first 15 min after 
switching on the cameras, were discarded to avoid unusual responses 
caused by the manipulation of the cameras. In each photo, the time (day 
vs. night), number of active individuals (i.e. visible individuals crawling 
on the pebbles or swimming), number of swimmers and maximum 
height in the water column (i.e. height reached in centimetres from the 
pebble surface) were noted. Although swimmers contributed to both the 
number of active individuals and the number of swimmers, these vari
ables represent different behavioural responses. Specifically, the num
ber of active individuals quantifies the amphipod emergence from the 
dark refuge provided by the pebbles into artificially illuminated envi
ronment (except for the control treatment), whereas the number of 
swimmers quantifies the subset of individuals that entered the water 
column. This distinction allows the effects of ALAN on general activity 
and on swimming behaviour to be evaluated separately. Couples 
swimming in amplexus were counted as two individuals. Response 
variables were quantified separately for each tank, and tanks were 
considered the experimental units in all analyses.

To assess the effect of irradiance on the number of active individuals, 
number of swimmers and maximum height, generalized linear mixed 
models (GLMMs) with a Tweedie distribution were fitted (glmmTMB 
package; Brooks et al., 2017). This distribution was selected due to the 
high proportion of zeros in the response variables, resulting from the 
absence of individuals in some photographs, particularly during daytime 
hours (Shono, 2008). Models included the variables ‘Irradiance’ (i.e. six 
intensities of light treatment), ‘Time’ (i.e. day vs night) and their 
interaction, with ‘Date’ (i.e. each experimental run) included as a 
random effect. Since the interaction did not show a significant effect on 
any of the three variables, final models were refitted without the 
interaction. The significance of the fixed effects was assessed using Type 
II Wald chi-squared tests. The 95% confidence intervals around fitted 
predictions were calculated from the model-based standard errors.

To further explore temporal patterns in swimming activity, a com
plementary analysis was conducted to examine how activity varied 
across the 24-h cycle under each irradiance treatment. For this purpose, 
and in contrast to the overall Tweedie GLMM analyses, irradiance was 
treated as a categorical factor and analysed separately for each treat
ment. Measures of swimming activity were averaged within hourly 
blocks for each tank and experimental run. An Aligned Rank Transform 
(ART) approach was applied as it allowed the incorporation of mixed- 
effects (ARTool package; Wobbrock et al., 2011). For each irradiance 
treatment, Hour was included as a fixed effect, while Date and Tank 
nested within Date were included as random effects to account for 
variation among experimental runs and repeated hourly observations 
within tanks, respectively. Overall differences in the number of swim
mers among the 24 hourly blocks were tested using ART mixed-effects 
models. Pairwise comparisons among hours were conducted with 
Holm correction (Elkin et al., 2021).

Additionally, survival was analysed using a beta-binomial GLMM 
based on the number of survivors and non-survivors, with Irradiance as a 
fixed effect and Date as a random effect. All the analyses were conducted 
in R Studio 4.5.2.

3. Results

Most of the individuals survived the assays, with a survival rate of 
over 85% in all but three tanks (out of 60 total), where the rates were 
over 70%, 65% and 20%. Survival was not significantly affected by 
irradiance treatments (χ2 = 6.632; P = 0.193).

The number of swimmers of Marinogammarus obtusatus was signifi
cantly affected by both time and irradiance (Table 1), showing a 
decrease with increasing irradiance. Although the number of swimmers 
was clearly lower during daytime (Fig. 1), the reduction observed at 
night under the highest irradiance levels (1.5-2.0 mW m− 2) was com
parable with daytime activity levels, indicating a complete loss of noc
turnality in this behaviour. Similarly, maximum swimming height was 
also higher at night and significantly affected by irradiance (Table 1). At 
night, the mean maximum height reached by M. obtusatus decreased 
from 16.44 cm under control conditions to 7.84 cm at the highest irra
diance level (Fig. 1). In contrast to these variables, the number of actives 
was also higher at night but unaffected by irradiance (Table 1). Although 
the predicted values for this variable suggested a slight decrease with 
increasing irradiance, this pattern was not supported by the model 
(Fig. 1).

The time of day in which swimming peak activity was observed also 
differed significantly between light irradiance treatments (Fig. 2). Under 
control conditions (0.0 mW m− 2), M. obtusatus exhibited a strong ac
tivity peak shortly after nightfall when the daylight went out, followed 
by small peaks throughout the night that stopped before dawn (Fig. 2; 
Table 2). Pairwise comparisons revealed that the activity peak occurring 
shortly after nightfall was significantly higher than activity during the 
subsequent nocturnal hours. At the lowest irradiance treatment (0.1 
mW m− 2), the number of swimmers decreased, resulting in the partial 
loss of the strong peak and the homogenization of activity across the 
early night. Moreover, the individuals began to swim slightly earlier 
during twilight. As the irradiance increased (0.5-1.0 mW m− 2), the 
number of swimmers was reduced but still varied significantly among 
hours, although pairwise comparisons did not reveal significant differ
ences, which suggests a homogenization of swimming activity across the 
night with no clear hourly influence. At the highest irradiances (1.5-2.0 
mW m− 2), the number of swimmers was very low and did not vary 
significantly among hours. Furthermore, at the highest irradiance (2.0 
mW m− 2), M. obtusatus remained swimming in the water column 
throughout most of the 24-h cycle.

4. Discussion

Artificial light at night has been reported to cause behavioural al
terations in several coastal species, mostly addressing disruptions to the 
nocturnal orientation and locomotory activity in sandy macro
invertebrates (Luarte et al., 2016; Dhouha et al., 2018; Torres et al., 
2020; Quintanilla-Ahumada et al., 2024). However, its role in 
nocturnal swimming remains poorly understood. To our knowledge, the 
present study represents one of the few addressing the effects of ALAN 
on the swimming activity of coastal macroinvertebrates through a 
dose-response approach.

Table 1 
Summary of Tweedie generalized linear mixed models (GLMMs) for the number 
of swimmers, number of actives and maximum swimming height reached by 
Marinogammarus obtusatus exposed to increasing levels of irradiance. Signifi
cance: ***P ≤ 0.001; *P ≤ 0.05.

Variable Term χ2 Df P value

Number of swimmers Irradiance 5.4033 1 0.0201 *
Time 32.4467 1 1.225 × 10− 8 ***

Number of actives Irradiance 0.0983 1 0.7539
Time 60.0589 1 9.206 × 10− 15 ***

Maximum height Irradiance 5.0992 1 0.02394 *
Time 34.2222 1 4.916 × 10− 9 ***
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Under control conditions, Marinogammarus obtusatus exhibited pre
dominantly nocturnal behaviour, remaining hidden beneath pebbles 
during day without light exposure. Just before nightfall, gammarids 
emerged and began moving over the pebbles, while some of them swam 
into the water column throughout the night. Shortly after nightfall, the 
highest number of swimmers was recorded, resulting in a peak of ac
tivity significantly greater than the subsequent nocturnal hours, fol
lowed by a group of smaller peaks in the middle of the night that stop 
just before dawn. This activity pattern is similar to the one previously 
reported for its congener M. marinus, exhibiting two activity peaks: one 
shortly after dawn and a greater one after nightfall (Underwood et al., 
2025). Under ALAN exposure, these authors found an average 

Fig. 1. Predicted values for the number of swimmers, number of actives and maximum swimming height reached by Marinogammarus obtusatus as a function of 
irradiance, based on Tweedie GLMMs. Shaded areas represent 95% confidence intervals around the fitted mean predictions.

Fig. 2. Number of swimmers of Marinogammarus obtusatus (mean ± 95% confidence interval) during a 24-h cycle exposed to different irradiance levels. Letters 
indicate significantly different activity groups within each irradiance treatment, based on ART pairwise contrasts with Holm adjustment, excluding irradiance 
treatments with a non-significant overall effect (Table 2). Blue shaded area represents daytime, starting between 08:46-09:19 and ending between 17:51-17:29 due to 
synchronization with the natural photoperiod according to each date. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)

Table 2 
Summary of aligned rank transform (ART) mixed-effects models for the number 
of swimmers of Marinogammarus obtusatus among different hours within each 
irradiance treatment. Significance: ***P ≤ 0.001; **P ≤ 0.01; *P ≤ 0.05.

Irradiance (mW m− 2) F Df Residual Df P value

0.0 7.233 23 207 2.22 × 10− 16 ***
0.1 2.7149 23 207 9.4361 × 10− 5 ***
0.5 1.9374 23 207 0.0083 **
1.0 1.8653 23 207 0.0121 *
1.5 1.2814 23 207 0.1829
2.0 1.1417 23 207 0.3032
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reduction of 54% in the swimming activity of M. marinus, with signifi
cantly lower activity at the lowest intensity treatment (1 lx) compared to 
the control treatment. Because intensity (lx) and irradiance (mW m− 2) 
are not directly convertible, comparisons among studies using different 
units should be interpreted cautiously and qualitatively. Nevertheless, 
natural moonlight provides a useful reference, with full moon intensities 
typically around 0.05-0.10 lx (Kyba et al., 2017) and irradiance around 
2.0 mW m− 2 (Kren et al., 2017). Marinogammarus marinus and 
M. obtusatus are closely related species with similar ecophysiology, 
usually coexisting in the same habitats and exhibiting only minor tro
phic and spatial differences (Dorgelo, 1977; Dick et al., 2005; Martins 
et al., 2014), therefore, a similar sensitivity to pollutants might be ex
pected. Under this assumption, our results suggest that coastal gam
marids may be more sensitive to ALAN than previously recognised, 
exhibiting swimming alterations at irradiance levels as low as 0.1 mW 
m− 2, equivalent to artificial sky-glow levels.

Together with the number of swimmers, the maximum swimming 
height reached by M. obtusatus was negatively affected by ALAN, 
whereas the number of active individuals remained significantly unaf
fected. This suggests that ALAN does not disrupt nocturnal activity per 
se, but rather swimming behaviour. Previous studies have reported 
increased speed and reduced curvature in the horizontal swimming of 
gammarids exposed to ALAN (Bossus et al., 2014; Kohler et al., 2018; 
van der Berg et al., 2021). These authors proposed that such behavioural 
changes could represent an adaptive response that enables the species to 
rapidly seek refuge to avoid fish predation. However, to our knowledge, 
no previous studies have explored how ALAN affects the amplitude of 
the vertical swimming but, since vertical swimming has been proposed 
to be more vulnerable to pollutants than horizontal swimming due to its 
higher energetic costs (Wallace & Estephan, 2004), a greater impact may 
be expected. Our results support this refuge-seeking hypothesis, as the 
middle irradiance treatments forced M. obtusatus to remain hidden on or 
beneath pebbles instead of swimming and, when performed, mean 
swimming height was reduced by approximately half at the highest 
treatment. This swimming response is consistent with the negative 
phototaxis commonly reported for gammarids. Phototactic responses 
appear variable among coastal swimming amphipods, more broadly 
however, with representative species from other families reportedly 
attracted to white ALAN (Navarro-Barranco & Hughes, 2015; 
Saenz-Arias et al., 2025b). Sex can also influence swimming behaviour 
in amphipods and may therefore render one sex more vulnerable to 
ALAN exposure, although sex effect in gammarids remains unclear. For 
instance, large freshwater gammarid males have been reported to swim 
slightly faster than females (van der Berg et al., 2021), whereas the 
opposite pattern has been found in brackish and marine gammarids 
(Cherry et al., 2020). Although these findings suggest that separating 
individuals by sex may help identify potential behavioural differences, 
studies addressing the effect of ALAN on the swimming behaviour of 
M. marinus have reported little or no sexual differentiation in its 
response (Underwood et al., 2025). In the present study, sex was not 
considered during tank assignment to avoid potential damage to 
swimming appendages. While understanding the limitations of using a 
sex-mixed population, this approach may better reflect natural popula
tion dynamics, as swimming activity in amphipods is strongly influenced 
by mate-searching behaviour. Therefore, we consider that both ap
proaches (sex-separated and sex-mixed) are complementary for under
standing the swimming response of M. obtusatus to ALAN.

ALAN also weakened the nocturnality of swimming activity of 
M. obtusatus, changing from predominantly nocturnal to continuous 
swimming throughout most of the 24-h cycle at irradiance levels of 2.0 
mW m− 2. Similar disruptions of nocturnality have been reported in other 
coastal crustaceans, with individuals exhibiting atypical diurnal peaks of 
activity under ALAN, as observed in intertidal isopods 
(Quintanilla-Ahumada et al., 2024) and in the closely related species 
M. marinus (Underwood et al., 2025). As these authors suggested, the 
extension of activity into the daytime may increase predation or 

desiccation risk, leading to potential impacts on population dynamics 
and community structure. Nevertheless, it is important to acknowledge 
the potential influence of circatidal rhythms in these results. For 
instance, Martin (1966) reported that M. obtusatus emerged from 
beneath the pebbles to feed on algae only when they were submerged, 
alternating periods of feeding and starvation according to the tides. In 
the present study, however, amphipods remained continuously sub
merged and were provided with food throughout the experiment, and, 
despite these conditions, swimming activity remained almost exclu
sively nocturnal across all experimental runs. This may suggest that tidal 
phase alone is unlikely to fully explain the observed behavioural pat
terns under our laboratory conditions. This agrees with recent evidence 
in amphipods, indicating that circadian and circatidal rhythms can 
interact in complex ways, with their relative contribution depending on 
environmental conditions (Kwiatkowski et al., 2024; Underwood et al., 
2025). Thus, the absence of tidal cues may have favoured circadian 
rather than circatidal influence in the behaviour of M. obtusatus. 
Consequently, although our results demonstrate a clear effect of ALAN 
on nocturnal swimming behaviour under constant submersion, future 
studies explicitly manipulating tidal conditions would help to under
stand how tides and ALAN interact to regulate swimming behaviour in 
M. obtusatus.

The irradiance levels at which swimming behaviour was altered in 
this study are common in urban coastal areas, emplaced very close to 
ALAN sources (Davies et al., 2020; Lynn & Quijón, 2022). Under pristine 
night skies, coastal macroinvertebrates use moon clues to modulate the 
amplitude of their vertical swimming, typically performing weaker as
cents during full moon to avoid visual predators (Alldredge & King, 
1980; Anokhina, 2006; Last et al., 2016). ALAN has been reported to 
inhibit this ascent in open-ocean zooplankton, reducing diel vertical 
migration by approximately 60 m depth (Ludvigsen et al., 2018). 
Although the inhibition of vertical swimming here reported is in the 
order of centimetres, diel vertical swimming also plays an essential role 
in shallow coastal habitats of few meters in depth, where this phe
nomenon may constitute over 80% of the nocturnal biomass in the water 
column (Heidelberg et al., 2004; Alldredge & King, 2009; Saenz-Arias 
et al., 2024). Our results indicate that exposure to low intensities can 
suppress this behaviour, shifting the swimming dynamics toward con
stant full moon conditions across the whole lunar cycle.

Inhibition of swimming activity may impact species fitness and, 
consequently, local populations. In coastal gammarids, nocturnal 
swimming enables males to detect female pheromones, locate premoult 
females, and carrying her in precopulatory amplexus until fertilization 
(Dahl et al., 1970; Jormalainen, 1998). Therefore, the reduction in the 
number of swimmers here observed could potentially decrease the 
mating likelihood of M. obtusatus. Furthermore, Lipkowski et al. (2019)
found that density of freshwater gammarids populations influences male 
mate choosiness, with males from high-density populations taking 
longer to establish an amplexus with new females. As these authors 
suggested, since the appropriate choosing of high-quality females (i.e. 
large females close to the reproductive moult) increases the fitness of 
gammarid males (Elwood & Dick, 1990; Bollache et al., 2002), the less 
selective behaviour observed in low-density populations may impair the 
reproductive success of the population. Although the effects of popula
tion density or mate choosiness have not been studied in marine gam
marids, it may be expected that a reduction in the number of swimmers 
due to irradiance-induced suppression may impair reproductive success, 
especially since size-assortative mating has been also reported for 
freshwater gammarids occupying similar ecological niches than coastal 
species (Hatcher & Dunn, 1997).

Despite these potential population-level consequences of light 
pollution on M. obtusatus, its effects may be further amplified in com
bination with other common environmental stressors on coastal envi
ronments. Alterations in growth, feeding or locomotion have already 
been reported in brackish and marine gammarids exposed to widespread 
pollutants or anthropic pressures, such as temperature rises (Guerra 
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et al., 2014), noise (Wang et al., 2026) or antidepressants (Guler & Ford, 
2010; Bossus et al., 2014). These last studies found that certain antide
pressants, as fluoxetine, might alter the transcription of genes relating to 
phototransduction pathways, leading to behavioural changes when 
gammarids are exposed in combination with ALAN. However, the syn
ergistic effect between these above-mentioned pollutants and light 
pollution on swimming activity remain largely unexplored, emphasising 
the need to consider their interaction for further investigations.

Although community responses to ALAN are hardly predictable from 
changes in a single species, linked species may experience indirect ef
fects, extending the alterations beyond those directly exposed and ulti
mately influencing other compartments or the whole community 
(Sanders and Gaston, 2018). For instance, Saenz-Arias et al. (2025a)
reported changes in the crustacean assemblage through biomass 
decrease mainly driven by the absence of a single species in the water 
surface, the opossum shrimp Mesopodopsis slabberi (van der Berg et al., 
2021), when the promenade lighting was on. In this sense, several in
teractions linked to the swimming activity of gammarids may also be 
indirectly affected by the disruption of this behaviour. For instance, 
intertidal amphipods constitute an essential food resource for many 
marine predators. While some of them, such as shorebirds, feed on them 
during low tide, predation pressure may increase during high tide 
because of their diel vertical migrations. This behaviour is exploited not 
only by pelagic and demersal fishes that feed near the bottom where the 
amphipods begin their ascent, but also by cephalopods. Indeed, gam
marids have been frequently found in the stomachs of the cuttlefish 
Sepia officinalis Linnaeus, 1758 during summer, although their fre
quency decreases as the cephalopod grows in size (Dauvin, 2024). 
Consequently, a reduction in the number of swimmers and in the height 
reached in the water column by intertidal amphipods, as in the case of 
M. obtusatus, could negatively affect predator populations, particularly 
those species that consume them during juvenile stages, such as the 
cuttlefish. Similar consequences may also occur with a change in 
swimming activity toward daytime, as observed at 2.0 mW m− 2, since 
most of these predators are nocturnal. Moreover, the impacts caused by 
ALAN on these trophic interactions may be further compounded by its 
direct effects on the predators themselves. Predatory fishes, for instance, 
may increase in abundance under ALAN due to the enhanced foraging 
efficiency, particularly among larger individuals (Becker et al., 2013). In 
contrast, other studies have reported lower fish abundances in presence 
of ALAN compared to dark nights but, despite this reduction in the 
number of predators, predation pressure on macroinvertebrate assem
blages increased (Bolton et al., 2017). Even relatively low light levels (2 
lx) have been shown to intensify fish predation on gammarids, erasing 
the protection provided by structurally complex habitats (Czarnecka 
et al., 2019). Consequently, increasing ALAN exposure in intertidal 
habitats may simultaneously reduce the availability of amphipod prey in 
the water column and intensify fish predation, ultimately disrupting the 
balance of trophic interactions involved in the coastal community 
structure. Indeed, similar disruptions have been previously reported 
between primary producers and grazers (Maggi & Benedetti-Cecchi, 
2018; Maggi et al., 2019) and primary and secondary predators in 
intertidal habitats (Underwood et al., 2017). Although the present study 
provides a new example of ALAN-mediated behavioural alterations in 
coastal species, its implications for the community needs to be further 
explored.

Nevertheless, the alterations in the swimming activity of M. obtusatus 
reported here represents a short-term response. Although short exposure 
periods are common in ALAN approaches, there is a bias toward short- 
term experiments, and thus behavioural changes from longer-term 
exposure remain unexplored (Ganguly & Candolin, 2023). With few 
exceptions on freshwater gammarids (Perkin et al., 2014; Ermolaeva 
et al., 2025), little is known about the prolonged effects of ALAN on 
gammarids and, consequently, about the implications of this stressor for 
their populations or communities. Further studies are therefore needed 
to assess long-term light pollution exposure on the swimming activity 

and fitness of M. obtusatus and other species performing diel vertical 
swimming, as well as its potential interactions with other common 
pollutants in coastal habitats and the cascading effects of these alter
ations for coastal ecosystem networks.

5. Conclusion

The present study aimed to investigate the effects of increasing 
irradiance levels on the swimming behaviour of the intertidal amphipod 
Marinogammarus obtusatus. Our results revealed that even low irradiance 
levels, equivalent to artificial sky-glow, disrupted its nocturnal swim
ming behaviour. Particularly, the number of swimmers and maximum 
height reached during swimming decreased as the irradiance increased, 
leading to a suppression of this behaviour at the highest irradiance 
levels. In contrast, the absence of irradiance effects on the number of 
actives suggested that the impact of ALAN primarily affects swimming 
behaviour rather than overall activity. Given that nocturnal swimming 
in gammarids is generally associated with mate searching, its suppres
sion may disrupt their population dynamics. Moreover, as this behav
iour represents a trophic link by providing prey for predators in the 
water column, ALAN-mediated alterations may cascade to other com
partments of the coastal community through changes in the food 
network. These findings highlight the vulnerability of coastal amphi
pods to widespread levels of artificial sky-glow and underscore the need 
to incorporate ALAN into management strategies for coastal ecosystems.
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