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Abstract
An increasing presence of instream structures such as weirs, dams, culverts and res-
ervoirs degrades habitats, fragments rivers and blocks fish movements worldwide. 
Longitudinal river movements are fundamental for many fish species and the most 
widespread solution to restore longitudinal connectivity is the implementation of dif-
ferent fish passage solutions. Fishway functionality, however, is highly variable. To de-
sign a functional fishway, several aspects of the fish's interaction with its environment 
need to be taken into consideration. Artificial light at night (ALAN) can affect a range 
of different behaviours in fish, from activity and movement to feeding and predator–
prey relationships. In a fish passage setting, fish are exposed to artificial light at night 
(ALAN) in the form of light pollution, but, sometimes, also as part of the fish passage 
solution. Although likely highly species specific, the effect of artificial light on fish 
passage behaviour has been little explored. Here we study the passage behaviour of 
two small-sized fish species, European gudgeon (Gobio gobio) and Italian riffle dace 
(Telestes muticellus), over a scaled deep side notch weir in a hydraulic flume in three 
different light conditions: daylight, darkness and ALAN. Although both species passed 
the obstacle at high efficiencies under all light conditions, their passage behaviours 
were influenced by light, particularly at the higher levels. While ALAN reduced pas-
sage success and resulted in delayed passage for gudgeon, riffle dace passed at higher 
rates under the artificial light compared to night treatment. Both results indicate 
a risk of negative effects from ALAN on passage performance at real fishways—or 
movement rates in lit areas of natural streams—for both species. Independent of light 
conditions, individuals of both species also passed faster after repeated trials, demon-
strating learning in a fish passage context.
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1  |  INTRODUC TION

Many freshwater fish populations are at risk from a range of anthro-
pogenic stressors (Dudgeon et al., 2006; Reid et al., 2019). Among 
these, there is an increasing presence of instream structures such as 
weirs, dams, culverts and reservoirs that degrades habitat, fragments 
rivers, and prevents migration and longitudinal dispersal movements 
of aquatic organisms (Belletti et  al.,  2020; Nilsson et  al.,  2005). 
Longitudinal river movements are fundamental for many fish species 
as spawning, seeking shelter, foraging and overwintering may de-
pend on the success of short- or long-distance fish migrations (Lucas 
& Baras, 2001). In addition, fish dispersal movements are often cru-
cial for the maintenance of genetic diversity (Blanchet et al., 2010; 
Gouskov et al., 2016).

As barrier removal is often not an option, the most widespread 
solution to restore longitudinal connectivity is the implementation 
of different fish passage solutions (Silva et al., 2018). The function of 
these structures is to create an ecological corridor, allowing mobile 
species to pass the instream structure (Clay & Eng, 1995) safely and 
without delay (Castro-Santos et al., 2009; Larinier, 2002). Although 
the need for fish passage has been acknowledged for hundreds of 
years (Montgomery, 2004), many dams lack fishways, and the exist-
ing ones often work with low efficiency or mainly for strong swim-
ming salmonids (Bunt et  al.,  2012; Noonan et  al.,  2012). Allowing 
passage of small-sized fish species is particularly challenging and 
historically neglected in both fish passage research and design 
(Marsden & Stuart, 2019; Silva et al., 2018).

To design a functional fishway, several aspects of the fish's in-
teraction with its environment need to be taken into consideration 
(Larinier, 2002). Traditionally, special attention has been put on hy-
drodynamics, for example, by setting maximum velocities and tur-
bulence thresholds according to the target fishes swimming ability 
(Bermúdez et al., 2010; Jones & Hale, 2020). The functionality of a 
fishway, however, is not just a matter of hydraulics and swimming per-
formance but involves the full spectra of a fish's sensory system and 
behavioural repertoire (Jones & Hale, 2020; Williams et al., 2012). 
Discerning the relationship between hydrodynamic cues and other 
environmental stimuli is considered a key goal towards the efficient 
mitigation of river fragmentation (Vowles & Kemp, 2012). Relatedly, 
several studies have pointed out light as an important factor, which 
can interfere or interact with the effect of hydrodynamics (Jones & 
Hale, 2020; Lin et al., 2022; Russon et al., 2010).

Light and dark cycles influence most freshwater life through 
an effect on physiology and behaviour (Davies et  al.,  2014). In 
fish, clear day-night cycles, interacting with the state of the ani-
mal and other environmental variables, are seen in, for example, 
movement and migration, activity, predator–prey interactions and 
habitat use (Helfman,  1986; Hesthagen & Garnås,  1986; Nyqvist, 
Calles, et al., 2022). During the last century, artificial light at night 
(ALAN) has been increasing worldwide (Cinzano et al., 2001; Gaston 
et al., 2014) and fish may be exposed to ALAN from industrial in-
frastructure, boat and car traffic, street lights or distant sky-glow 
(e.g. Foster et al., 2016; Gaston et al., 2014). ALAN levels can vary 

from less than one lux to several hundred lux (Blaxter & Batty, 1987; 
Gaston et al., 2014; Perkin et al., 2014). Light is also used directly 
in capture fisheries (Solomon & Ahmed,  2016) as well as, mostly 
experimentally, to guide or repel fish (Noatch & Suski,  2012). 
Consequently, the increasing presence and intensity of ALAN risks 
disrupting a multitude of natural processes (Hölker et al., 2010).

Related to movement behaviour in fish, ALAN can act both as an 
attractant and a repellant (Bassi et al., 2022). For example, Atlantic 
salmon (Salmo salar) seem to depend on daylight to traverse turbu-
lent and high velocity hydrodynamics (Nyqvist, Nilsson, et al., 2017; 
Stuart, 1962), and juvenile salmonids tested in a flume with darkened 
borders and illuminated with an overhead fluorescent light (1313 lx) 
were more active, had a higher tendency to shoal and approached 
the weir at a higher rate in light compared to darkness (Kemp & 
Williams, 2009). European eels (Anguilla anguilla), on the other hand, 
seem to avoid artificial light as reflected in lower trap efficiencies 
at a catching weir nearby a hydropower derivation channel, when 
illuminated by two sodium spotlights (Cullen & Mccarthy,  2000). 
Flume experiments also show eels to be more likely to reject a lit 
part of a channel, deflected by the light from fluorescent lamp (3–
6.5 lx) towards the darker side (Hadderingh et al., 1999), and to tran-
sition faster when in lit environments (Elvidge et al., 2018; Vowles 
& Kemp,  2021). Although likely highly species specific (Jones & 
Hale,  2020), for most species the effect of artificial light on their 
ecology in general, and passage behaviour in particular, has not been 
explored (Lin et al., 2021).

European gudgeon (Gobio gobio) and Italian riffle dace (Telestes 
muticellus) are small-sized (<20 cm) riverine and gregarious fish, that, 
although relatively stationary, also may partake in substantial lon-
gitudinal movements (Schiavon et al., 2022; Stott, 1967; Wocher & 
Rösch, 2006). European gudgeon, a Cyprinidae, is native to large parts 
of Europe, and has been introduced to Italy (Fortini, 2016; Kennedy 
& Fitzmaurice,  2006), while Italian riffle dace is a Leuciscidae na-
tive to the Italian peninsula, including areas of France and southern 
Switzerland (Fortini,  2016). Whereas European gudgeon has been 
caught in or observed passing fishways, albeit at low efficiency (e.g. 
Knaepkens et  al.,  2007; Kotusz et  al.,  2006), fish passage data on 
Italian riffle dace are missing from the scientific literature. Neither 
species has been studied in relation to ALAN and, for both species, 
little is known about their fish passage behaviour, at the same time 
as they are confronted with a high and increasing number of in-
stream barriers (Belletti et al., 2020; Nilsson et al., 2005).

In this work, we aim to reduce the knowledge gap on passage 
behaviour, impact of artificial light and their interaction, for small-
sized fish, studying passage of European gudgeon and Italian riffle 
dace. In a hydraulic flume, we simulated, in scaled size, the flow 
passing through a deep side notch weir in a pool and weir type fish-
way (Larinier, 2002). We quantify passage success and passage time 
for the two species in four different conditions: daylight, darkness 
and ALAN (low and high). In addition, we take advantage of the re-
peated passage attempts by individual fish to explore the effects of 
previous experience and learning on passage behaviour (Kieffer & 
Colgan, 1992; Odling-Smee & Braithwaite, 2003).
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2  |  METHODS

In a series of experimental trials, we first tested for differences in 
passage behaviour of European gudgeon and Italian riffle dace be-
tween days, nights and nights with artificial light (Experiment I—
main experiment) and then followed up this experiment with the 
same setup, but comparing behaviour between nights and nights 
with higher levels of artificial light (Experiment II—high level light 
conditions). Although no systematic mapping of light levels at night 
in real fishways is available, they can range from bare of artificial 
lights (or even darkened by cover) to directed illumination. The first 
experiment used light levels comparable with urban street light il-
luminance (Gaston et al., 2014), while the more intense light levels 
in Experiment II correspond to direct illumination and have been 
previously used in fish passage experiments (Blaxter & Batty, 1987; 
Vowles et al., 2014). In Experiment I, light conditions during daytime 
resembled ALAN conditions at night, but were included to control 
for non-light related effects of time of day on the fish passage behav-
iour. The different light intensity values are summarized in Table 1.

2.1  |  Fish

Both species were collected in tributaries to Orba River in the 
Province of Alessandria, Italy, using electrofishing, and brought 
to the hatchery in Predosa, Italy. European gudgeon were cap-
tured in Rocca Grimalda Channel (44°39′47″ N, 8°49′51.5″ E) on 19 
September 2022, whereas Italian riffle dace were caught in Lemme 
River (44°37′07″ N, 8°50′36.5″ E) on 21 November.

The study was performed in accordance with the Ufficio Tecnico 
Faunistico e Ittiofauna of the Provincia di Alessandria (n.50338 of 
20 September 2022), under the provisions of art.2 of the national 
Decree n.26/2014 (implementation of Dir. 2010/63/EU).

European gudgeon (mean fork length [FL] ± standard deviation 
[SD] = 10 ± 0.6 cm; mean weight [W] ± SD = 11.3 ± 2.2 g) were PIT-
tagged on 20 September (n = 14) and 4 November (n = 46), whereas 
Italian riffle dace (FL ± SD = 7.8 ± 1.2 cm; W ± SD = 5.7 ± 3.1 g) were 
tagged on 25 November (n = 60). Fish were anaesthetized (clove oil; 
Aromlabs, USA; approximately 0.05 mL clove oil/L water) before tag-
ging. A 2–4 mm incision was made anterior of the pelvic fin, on the 
ventral side of the fish, slightly offset from the centre and a Passive 
Integrated Transponder (PIT-tag; Oregon, USA; 12 × 2.1 mm; 0.10 g) 

was inserted through the incision. The tag was pushed forward in the 
abdominal cavity to align with the fish body (e.g. Nyqvist, Schiavon, 
et al., 2022; Schiavon et al., 2023). Fish were measured for length 
and weight before being left to recover in an aerated water tank. Tag-
to-fish weight ratios were 1% (±0.2%) for European gudgeon and 
2.2% (±0.8%) for Italian riffle dace, well within recommendations 
for natural fish performance (Brown et  al.,  1999). In line with ex-
pectations (Schiavon et al., 2023), no tagging-related mortality was 
observed. After tagging, fish were kept in spring fed flow through 
tanks (59 × 150 × 20 cm) and left to recover for at least 3 days before 
starting the experiments. Fish were fed with commercial fish pellets 
(Tetra, TabiMin, Germany) regularly, and held under light conditions 
of the hatchery (windows and artificial lights during daytime, dark-
ness at night). Three Italian riffle dace died during the progression of 
the experiments (two in Experiment I, one in Experiment II) and were 
excluded from the analysis (two of them jumped out from holding 
tanks during night and one got crushed while handling the shelter).

2.2  |  Equipment and experimental setup

The experiments were conducted in a recirculating open channel 
flume (30 × 30 × 140 cm) made of plexiglass (Figure 1). A pump (HF-4, 
Pedrollo, Italy) connected a downstream water tank through a series 
of fixed and flexible pipes, and regulated water levels together with a 
sliding metallic gate in the downstream end of the flume. Water tem-
perature was kept constant (mean temperature ± SD = 13.15 ± 0.02°C), 
periodically switching on and off a chiller (TK-2000, TECO, USA) to 
counter heating from the action of the pump. The flow rate was moni-
tored using a AquaTransTM AT600 flowmeter sensor and controlled 
by means of an inverter (MT 12, DGFIT, New Zealand) and a flow 
opening valve located at the pump outlet.

To create the required hydrodynamic conditions inside the 
flume, simulating the flow inside a fishway, a deep side notch weir 
(Larinier, 2002) was fitted to the flume dimensions (Figure 1). The 
weir consisted of a 30 × 30 × 1.3 cm grey-painted plexiglass panel, in-
cised on one side to create the passage notch (5 cm wide). A bottom 
sill of 5 × 5 cm was left, according to Larinier  (2002). The weir was 
fixed at the flume borders in the top part, not interfering with hydro-
dynamics. A gum gasket prevented leaks from the side of the weir.

The upstream end of the flume was delimited by a flow straight-
ener, and the downstream end by a fine-meshed rack. The weir was 
positioned at a distance of 46 cm from the upstream border, divid-
ing the experimental arena into two parts (Figure  1): downstream 
arena (94 cm) and upstream arena (46 cm). Total discharge was set 
to 4.44 L/s and water depths to 20 cm upstream the weir and 12 cm 
downstream the weir. This resulted in an 8 cm drop and a streaming 
flow type, creating an extended turbulent zone in the part immedi-
ately downstream of the notch. Velocity coming out from the weir 
bottleneck was around 1.25 m/s (Larinier, 2002). The flow pattern 
was similar to what fish would encounter in a real fishway (even if the 
hydrodynamics can be more complex; Romão et al., 2018) and the 
drop in line with recommendation for small-sized fish in fish passage 

TA B L E  1 The different light conditions used in the experiments: 
daylight (Day), complete darkness (Night) and night with artificial 
light (ALAN). Light intensity is expressed in lux, with average value 
and standard deviation.

Light treatment

Light intensity (lx)

Experiment I Experiment II

Day 6 ± 0.7 /

Night 0 0

ALAN 4 ± 0.7 118 ± 10
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guidelines (DWA-German Association for Water, Wastewater and 
Waste, 2014; Marsden & Stuart, 2019; Schmutz & Mielach, 2013).

In the downstream end of the swimming arena a solid brick, cov-
ering about a third of the width of the flume, offered the fish shelter 
from the flow (Figure 1). Upstream, a perforated brick gave shelter to 
discourage passed fish from moving back in a downstream direction 
(Figure 1). The hatchery's ceiling lamp (neon LED 150 × 15 cm, 20 W, 
Philips, The Netherlands) was used under lit conditions. During 
daytime, small windows facing the outdoors contributed with light 
according to prevailing environmental conditions. To lower light in-
tensities, for the main experiment (Experiment I), the trials were run 
with overhead cover (thin plywood) across the whole flume. For the 
follow-up, high light intensity condition experiment (Experiment II), 
the overhead cover was removed downstream of the weir to provide 
higher light levels in the testing arena. A sensor-logger (MX2202, 
HOBO, 10% accuracy) was fastened on the top of the downstream 
shelter to continuously log temperature (°C) and light intensity (lux).

Two synced PIT-antennas (ORSR; Oregon, USA) were used to 
track the movement of the fish in the flume (Figure 1). The antennas 
were attached to the external wall of the flume, detecting approach 
to the weir and presence in the upstream arena (passage). The exper-
iments were recorded from the side of the flume using a video cam-
era (Sony 4K, FDR-AX43, 100fps) in lit conditions. In darkness, an 
IR-camera (Survey3, Mapir, USA) supported by an IR-lamp (DOME 5 
MPX, Proxe, Italy) was used.

2.3  |  Experiment

2.3.1  |  Experiment I

Sixty fish were tested for all three treatments in Experiment I. Three 
days before the start of the experimental trials, fish were divided 
into six groups (of 10 fish each) and left to recuperate for a couple of 
days in perforated boxes (37 × 54 × 13 cm) within larger flow-through 
tanks. Individuals were assigned to groups randomly. For Italian rif-
fle dace, to achieve size balanced groups, fish were first size sorted 

and six small (6–7.5 cm), two medium (7.5–9 cm) and two big (>9 cm) 
fish were randomly assigned to each group. European gudgeon was 
relatively uniform in size so no size sorting was applied.

Daylight (mean light intensity [LI] ± standard deviation 
[SD] = 6 ± 0.7 lx), night (LI = 0 lx) and night with artificial light 
(LI ± SD = 4 ± 0.17 lx), corresponding to levels close by but not di-
rectly under a typical street light source (Gaston et al., 2014), were 
included as treatments with overhead cover. Daytime trials took 
place between 1 and 5 p.m., while night time ones after 5 p.m. (when 
dark outside). The complete experiment lasted over three consecu-
tive days. Treatment order was randomized within blocks with the 
following restrictions: daylight trials need to take place during the 
day and night trials at night, a fish/group is only tested once in a day 
and all fish/groups experience all treatments once over the course 
of the experiment. Also, the last group of the previous day was not 
allowed to be the first on the day after, to give all groups a minimum 
recovery time of 12 h between trials. No group of fish (and hence no 
individual fish) experienced the same light treatment twice.

To test the passage behaviour, a group of fish was netted from the 
holding box, placed in a small bucket and gently released into the flume 
on the downstream side of the weir. Based on passage behaviour in 
pre-experimental trials, European gudgeon was given 90 min to pass 
before the experiment was ended, whereas the trial was ended after 
1 h for Italian riffle dace. By the end of the trial, the weir opening 
was blocked and fish were captured separately from upstream and 
downstream the weir, scanned for PIT-ID (HPR Plus PIT Tag handheld 
reader, Biomark, USA) and then returned to their holding box.

2.3.2  |  Experiment II

After the initial set of trials, a subset of 40 fish per species were 
randomly selected for a follow-up experiment (Experiment II) under 
higher level light conditions (i.e. keeping the same setup but with-
out overhead cover). This experiment followed the same protocol 
as the first, but only night (LI = 0 lx) and night with artificial light 
(LI ± SD = 118 ± 10 lx), corresponding to levels directly under an 

F I G U R E  1 A scaled drawing of the experimental arena: (a) top view of the experimental arena inside the flume (the blue arrow 
indicates the flow direction), (b) front view (section A-A) of the deep side notch weir. The upstream end of the flume is delimited by a flow 
straightener, and the downstream end by a fine-meshed rack.
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    |  5 of 13TARENA et al.

artificial light source (Gaston et  al.,  2014), were included as treat-
ments. The complete experiment lasted over two consecutive days. 
Treatment order was randomized within blocks, a fish/group was 
only tested once in a day and all fish/groups again experienced all 
treatments once over the course of the experiment.

2.4  |  Statistical analysis

PIT-data and video were used to define passage success (yes/no) and 
passage time (time since start of the trial) for each fish. For some 
fish, PIT-tag detection data did not allow a direct assignment of pas-
sage time (e.g. when many fish upstream the weir caused tag colli-
sions). In such cases, video recordings were used to confirm passage 
times. Some individuals passed the weir multiple times, but only the 
first of these passages were included in the analysis.

Generalized linear mixed effects models (GLMM) were used 
to test for treatment effects on passage success (yes/no) and time 
to passage for fish passing (removing the non-passers from the 
dataset). Variable Night was assigned as a baseline variable to the 
GLMMs and hence tested statistically against Day and ALAN. In ad-
dition to treatment, fish length was included in all models, to control 
for potential effects of size. As individual fish experienced repeated 
trials, the experimental design allowed to test for effects of prior 
experience (learning) on the passage performance. This was done 
by adding trial day to all models. To control for repeated measures 
(of the same individual) and non-independence within groups, indi-
viduals nested in groups were included as a random intercept in all 
models (Dingemanse & Dochtermann, 2013).

For the categorical data—passage success (yes/no)—a Laplace ap-
proximation method was used. In case of passage times, the choice 
of the analysis depended on their statistical distribution. If passage 
times followed a normal distribution, linear mixed model (LMM) was 
applied, whereas, if they did not, penalized quasilikelihood method 
(PQL) was used (Bolker et al., 2009).

Data management, plotting and statistical tests were performed 
in R (R Foundation for Statistical Computing, Vienna, Austria, URL 
https://​www.​R-​proje​ct.​org), involving the following packages: gg-
plot2 (ver. 3.4.0), tidyverse (ver. 1.3.2), plotly (ver. 4.10.1) and car (ver. 
3.1–1) for plots and visual analysis, dplyr (ver. 1.0.10) and plyr (ver. 
1.8.7) for data management, MASS (ver. 7.3–58.1) and lme4 (ver. 1.1–
31) for application of GLMM.

3  |  RESULTS

A very large proportion of both Italian riffle dace (100%) and European 
gudgeon (98.3%) successfully passed the obstacle at least once.

3.1  |  European gudgeon

3.1.1  |  Experiment I

European gudgeon were more likely to pass at night than in daylight, 
and ALAN reduced passage success at night (Figure 2, Table 2). No 
effect of treatment on passage times was detected (Table 2). Mean 
passage times were 35.6 min (±20.1) at night, 35.6 min (±23.4) under 

F I G U R E  2 Passage success for 
European gudgeon (Gobio gobio; 60 fish 
per treatment) under night, daylight 
and ALAN treatments. (a) boxplots of 
passage times (min) per light treatment, (b) 
histograms with the proportion of passers 
(black) and non-passers (white) per light 
treatment.
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daylight and 35.9 min (±23.4) under ALAN. Passage time decreased 
with trial day, indicating faster passage with experience, and fish 
length did not show significant effects on neither passage success 
or passage times (Table 2).

3.1.2  |  Experiment II

In the higher light level treatment, passage success showed a similar 
trend as for the first experiment, higher passage success at night 
compared to high-ALAN (Figure 3; Table 2). Under higher light in-
tensities, European gudgeon also passed faster in darkness com-
pared to ALAN (Figure 3; Table 2). Mean passage time in darkness 
(19.23 ± 10.88 min) was lower than in high-ALAN (28.44 ± 19.41 min). 
No effect of fish length or trial day on either passage success or pas-
sage time (p < .05) was detected.

3.2  |  Italian riffle dace

3.2.1  |  Experiment I

Italian riffle dace displayed high passage success regardless of treat-
ment and no effect on passage success of time of day or artificial 
light was observed (Figure 4; Table 3). No effect of any of the main 
treatments was detected (p > .05), while larger fish passed faster 
than shorter fish (Figure 4, Table 3). Time to passage decreased with 
the progression of the experiment, with individual fish passing faster 
with experience (p < .05, for variable trial day).

3.2.2  |  Experiment II

Also in the higher light level treatment, after removing the over-
head cover, Italian riffle dace passed at high proportions under all 
conditions (Figure 5; Table 3). An effect of treatment emerged, as 
fish passed substantially faster under high-ALAN compared to unlit 
nights (Figure 5; Table 3). Again, larger fish passed faster than smaller 
fish (Table 3). No effect of trial day on either passage success or pas-
sage time was seen (p < .05).

4  |  DISCUSSION

The success of a fish passage solution is the product of the physi-
cal conditions in the fishway and fish's behaviour and capability 
(Williams et al., 2012). Here we studied the fish passage behaviour 
of European gudgeon and Italian riffle dace in relation to artificial 
light within a flume. Both species passed the obstacle at high ef-
ficiencies under all light conditions, but their passage behaviours 
were influenced by artificial light. While ALAN reduced passage 
success and resulted in delayed passage for gudgeon, riffle dace 
passed at higher rates under the artificial light compared to night 
treatments. For both species, the behaviour under artificial light 
did not differ from the behaviour under lit conditions during the 
day.

For European gudgeon, ALAN caused a reduction in passage suc-
cess with fewer fish passing under artificial light conditions at night 
compared to the dark night treatment. At higher light intensities, 
ALAN also delayed passage raising the time to passage for successful 

TA B L E  2 Passage success and passage times analysis for European gudgeon (Gobio gobio). Statistical parameters of generalized linear 
mixed effects models (GLMM) are reported: estimate (E), standard error (SE), Student-t (t), z-value (z) and p-value (p).

Passage success Passage times

Estimate (E) Std Error (SE) z-Value (z) p-Value (p) Estimate (E) Std Error (SE) Student-test (t) p-Value (p)

Experiment I

Daylight −2.89 0.84 −3.42 6 × 10−3 −0.04 0.11 −0.34 .74

ALAN −2.65 0.83 −3.20 1.4 × 10−3 −0.04 0.11 −0.34 .74

Length 0.39 0.5 0.78 .43 0.16 0.1 1.72 .092

Trial day 0.53 0.32 1.69 .09 −0.16 0.06 −2.71 .008

Random effect / 0.07 / / / 3.99 × 10−6 / /

Experiment II

High-ALAN −15.83 7.16 −2.21 .03 0.48 0.11 4.48 1 × 10−3

Length −0.11 2.77 −0.041 .97 −0.1 0.15 −0.66 .52

Trial day −1.04 3.35 −0.31 .76 −0.18 0.11 −1.7 .1

Random effect / 5.98 / / / 0.04 / /

Note: Covariates included inside the model are reported: treatment daylight, treatment ALAN, treatment high-ALAN, fish length, experimental 
day number (trial day) and random effect. For passage success (categorical response variable), the Laplace approximation method was applied. For 
passage times, since they did not follow a normal distribution, a penalized quasilikelihood method was applied. Night treatment serves as baseline for 
all models.
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    |  7 of 13TARENA et al.

passers compared to the night treatment. As similar passage be-
haviour was observed under daylight and ALAN, the fish were likely 
predominantly reacting to the prevailing light conditions. For a range 
of different species, higher light levels are associated with higher 

predation risk, inducing lower activity levels as a predator avoidance 
behaviour (Contor & Griffith, 1995; Lima & Dill, 1990). Gudgeon, in ad-
dition, can deploy a freezing behaviour (Eilam, 2005) to avoid predator 
detection. Both lower activity and freezing may have contributed to 

F I G U R E  3 Passage success for 
European gudgeon (Gobio gobio; 40 fish 
per treatment) under night and high-ALAN 
treatments. (a) boxplots of passage times 
(min) per light treatment, (b) histograms 
with the proportion of passers (black) and 
non-passers (white) per light treatment.

F I G U R E  4 Passage success for Italian 
riffle dace (Telestes muticellus; 60 fish 
per treatment) under night, daylight 
and ALAN treatments. (a) boxplots of 
passage times (min) per light treatment, (b) 
histograms with the proportion of passers 
(black) and non-passers (white) per light 
treatment.
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lower passage rates under lit conditions. Higher passage rates during 
night have also been reported for lamprey (Petromyzon marinus) (Hard 
& Kynard, 1997), barbel (Barbus barbus) and other cyprinids (Lucas & 
Frear, 1997; Prchalová et al., 2006), and ALAN can directly disrupt the 
nocturnal movement of eels and salmons (Hadderingh et  al.,  1999; 
Tabor et al., 2004; Vøllestad et al., 1986).

Italian riffle dace, on the other hand, passed faster under ALAN 
compared to unlit nights, but only in the second high light level ex-
periment. In the low-intensity ALAN experiment, Italian riffle dace 
passed at high rates regardless of light treatment. In fish passage 
situations, fish often rely on both visual and hydrodynamic cues 
(Kemp & Williams,  2009), and passage might be impeded in the 

F I G U R E  5 Passage success for Italian 
riffle dace (Telestes muticellus; 40 fish per 
treatment) under night and high-ALAN 
treatments. (a) boxplots of passage times 
(min) per light treatment, (b) histograms 
with the proportion of passers (black) and 
non-passers (white) per light treatment.

TA B L E  3 Passage success and passage times analysis for Italian riffle dace (Telestes muticellus). Statistical parameters of generalized linear 
mixed effects models (GLMM) are reported: estimate (E), standard error (SE), Student-t (t), z-value (z) and p-value (p).

Passage success Passage times

Estimate (E) Std Error (SE) z-Value (z) p-Value (p) Estimate (E) Std Error (SE) Student-t (t) p-Value (p)

Experiment I

Daylight 0.08 2.11 0.04 .97 0.12 2.43 0.05 .29

ALAN 29.22 2.84 × 10−6 0 1 −3.14 2.37 −1.32 .29

Length 0.24 2.13 0.11 .91 −4.08 0.93 −4.38 1.17 × 10−5

Trial day −2.4 1.98 −1.21 .23 −4.58 1.2 −3.81 1 × 10−3

Random effect / 0.56 / / / 0.34 / /

Experiment II

High-ALAN 1.54 1.17 1.32 .19 −0.69 0.15 −4.63 1 × 10−3

Length −0.4 0.35 −1.17 .24 −0.15 0.06 −2.49 .02

Trial day 1.54 1.17 1.32 .19 0.14 0.14 1.02 .31

Random effect / 0 / / / 1.95 × 10−6 / /

Note: Covariates included inside the model are reported: treatment daylight, treatment ALAN, treatment high-ALAN, fish length, experimental 
day number (trial day) and random effect. For passage success (categorical response variable), the Laplace approximation method was applied. For 
passage times, since they did not follow a normal distribution, a penalized quasilikelihood method was applied. Night treatment serves as baseline for 
all models.
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lack of light, especially in hydrodynamically demanding situations 
(Jones et  al., 2017; Nyqvist, Nilsson, et  al., 2017). The flow in our 
experiment, however, did not seem to constitute a challenging envi-
ronment for Italian riffle dace and few fish failed to pass in all treat-
ments. Instead, it is likely that the higher passage rates under high 
ALAN treatment compared to unlit night is due to the fish striving 
to move away from an exposed situation, trying to avoid the light. 
Avoidance of lit parts of arenas is known for both cyprinids and 
eels (Hadderingh et al., 1999; Lin et al., 2021). Light levels under the 
low- and high-intensity treatments correspond to the environment 
directly under or at some distance from a light source respectively 
(Gaston et al., 2014).

An alternative explanation for the difference in response to the 
high ALAN treatment between European gudgeon (decreased pas-
sage rate) and Italian riffle dace (increased passage rate) may lie in 
the reaction to ALAN related to natural diel activity of the respec-
tive species. Many fish have evolved to be active mainly during the 
night or the day (Jones & Hale, 2020), and these adaptation may also 
affect fish passage behaviour and movement in relation to prevailing 
light conditions (Keep et al., 2021). For example, European catfish 
(Siluris glanis), European eel and a range of Iberian cyprinids have 
been observed to predominantly pass fishways at night, whereas 
bream (Abramis brama), asp (Leuciscus aspius) and striped mullet 
(Mugil cephalus) pass mainly during day (Ovidio et al., 2023; Santos 
et  al.,  2005). Even within the same species, however, behavioural 
response to light levels may differ between sites, and with environ-
mental conditions (Ovidio et al., 2023; Rimmer & Paim, 1990; Santos 
et al., 2005). Neither illumination preferences nor natural diurnal ac-
tivity patterns have, to our knowledge, been described for gudgeons 
or riffle daces. For neither species, however, did the passage be-
haviour during daytime differ from the behaviour under similar light 
(ALAN) conditions at night in our experiments, indicating that light 
conditions rather the time of day itself influenced the behaviours.

Interestingly, for both European gudgeon and Italian riffle dace, 
there was an effect of ALAN on time to passage at the higher ALAN 
treatment (Experiment II) but not under the lower ALAN treatment 
(Experiment I). Fewer European gudgeon also passed under both low 
and high ALAN compared to in darkness but with a stronger effect 
under the high light intensity treatment. The smaller, or lack of effect, 
at the lower light levels might constitute a dose-dependent response 
to ALAN (Lin et  al.,  2021). Although even lower light levels than 
the ones used in our experiment have also affected fish behaviour 
(Czarnecka et al., 2019; Foster et al., 2016; Perkin et al., 2011), for 
Italian riffle dace the lower light levels could have been too low to 
elicit a response. Light intensity thresholds for behavioural effects 
have been identified for shade avoiding species (Keep et al., 2021), 
and ALAN effects on both feeding and movement can be modulated 
by light intensity level (Lin et al., 2021; Tabor et al., 2004), making 
light level-dependent ALAN effects a relevant avenue for future re-
search. The light level differences in our experiment, however, were 
achieved by the removal of an overhead cover, and it cannot be ruled 
out that the stronger reaction under higher light intensities was due 
also to the absence of overhead cover (Watz et al., 2015).

In a real fish pass, successful passage encompasses a series of 
events: approaching, entering, passing through and exiting the fishway 
(Castro-Santos et al., 2009; Nyqvist et al., 2016; Silva et al., 2018). All 
these events may, in theory, be differently affected by environmen-
tal variables, including ALAN (Nyqvist et al., 2016). In our study, fish 
were directly inserted into the lit or dark flume, and only the ‘pass-
ing through the obstacle’ phase was evaluated. In nature, however, 
ALAN would also include entering and exiting the lit area, with avoid-
ance or attraction behaviour affecting passage success (Hadderingh 
et al., 1999; Lin et al., 2021). Abrupt change in light intensity is known 
to affect fish behaviour and to even change movement trajectories 
(Greenberg et al., 2012; Hard & Kynard, 1997). From this perspective, 
even the increased passage rate for Italian riffle dace under ALAN in 
our study may suggest potential negative effects on passage in real 
fishways. For example, eels—that are known to display higher passage 
rates at night (Russon et al., 2010)—tended to avoid a lit channel but 
once in the channel they passed faster if the channel was lit (Vowles 
& Kemp, 2021). Future studies need to evaluate approach, enter and 
exit phases of fish passage in relation to ALAN, but also to artificial 
shade caused by bridges and culverts, which could also affect fish be-
haviour (Jones et al., 2017; Keep et al., 2021).

Both species passed the obstacle at a higher rate on subsequent 
trial days but only within the first experiment. This indicates an ef-
fect of learning and experience on passage performance; experience 
resulted in faster passage over the first three consecutive days of 
trials (Experiment I), whereas no difference was seen between the 
fourth and fifth day of trial (Experiment II). Learning is important 
for a range of fish behaviours, including orientation, avoidance and 
predator–prey interactions (Kieffer & Colgan, 1992; Odling-Smee & 
Braithwaite, 2003). For example, learning can improve shelter find-
ing as well as the interpretation of the hydrodynamic environment 
(Aronson,  1971; Markel,  1994; von Campenhausen et  al.,  1981), 
but has been surprisingly little explored in relation to fish pas-
sage. Juvenile eels were found to climb at a faster rate after having 
climbed before, but, as the experienced eels consisted of successful 
passers, this experiment could not distinguish learning from selec-
tion (Podgorniak et al., 2016). Hagelin et al., 2021, in contrast, ob-
served lower passage performance in experienced Atlantic salmon 
and brown trout (Salmo trutta), but here experience was intertangled 
with energy expenditure and handling stress. Interestingly, in our 
experiment, fish did not only pass faster with experience, but also 
appeared to learn to better negotiate the complex hydrodynamics in 
the downstream arena as time progressed, both within and between 
trials. Bearing in mind the common occurrence of systems with a 
series of fish passes (e.g. Keefer et al., 2021; Nyqvist, McCormick, 
et al., 2017), future experiments should further explore learning in 
relation to fish passage and hydrodynamics.

To conclude, artificial light at night accelerated passage for Italian 
riffle dace while reducing passage rates for European gudgeon, in-
dicating a risk of negative effects from ALAN on passage perfor-
mance at real fishways—or movement rates in lit areas of natural 
streams—for both species. Although these particular species are not 
considered highly migratory, both may display substantial dispersal 
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movements, and at least riffle daces have been described to migrate 
shorter distances to seek shelter or reproduce (Schiavon et al., 2023; 
Stott, 1967; Wocher & Rösch, 2006). Future studies need to explore 
the full series of events associated with successful fish passage in 
relation to ALAN, including entering and exiting lit areas, for these 
and other species. Further exploring effects of different levels of 
light intensities, as well as the interaction between visual and other 
sensory cues, constitute other pressing research needs.
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