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ARTICLE INFO ABSTRACT

Keywords:
Light pollution
Sensory pollution

Mluminated bridges have become important assets to navigable aquatic systems. However, if artificial light at
night (ALAN) from illuminated bridges reaches aquatic habitats, such as rivers, it can threaten the river’s natural
heterogeneity and alter the behavioural responses of migratory fish. Here, via a pilot study, we quantified levels

I(\;Io.vextn?t of ALAN at illuminated bridges that cross a river and, propose a conceptual model to estimate its potential
rientation S A . . P . . .
lumination implications on two migrating fish species with contrasting life histories. Night-time light measurements on the

river Spree in Berlin were performed continuously along a transect and in detail at seven illuminated bridges.
Photometric data of the pilot study showed rapidly increased and decreased light levels at several illuminated
bridges from which we derived several model illumination scenarios. These illumination scenarios and their

Pitfall effect
Sustainable lighting
Urban lighting

SDG14 potential effect on migrating Atlantic salmon smolts (Salmo salar) and European silver eel (Anguilla anguilla) are
presented as a conceptual model, considering illuminated bridges as behavioural barriers to fish migration.
ALAN’s adverse effects on freshwater habitats must be better researched, understood, managed, and properly
communicated to develop future sustainable lighting practices and policies that preserve riverscapes and their
biodiversity.

Introduction organisms and thus present a threat to aquatic biodiversity (Holker

Bridges are permanent landmarks that can cross navigable aquatic
systems such as rivers, lakes, streams, canals and sometimes even parts
of the sea. When located in urban areas, these structures often integrate
lighting systems that span the gamut from functional to aesthetic illu-
mination (Zielinska-Dabkowska, 2013). However, illuminated bridges
can cause an impact of artificial light at night (ALAN) on aquatic
habitats.

ALAN directly incident on a land or water surface is direct light
pollution and can reach illuminances up to 1000 times brighter than
during full-moon (Jechow & Holker, 2019). Indirect light pollution
originates from ALAN scattered in the atmosphere as skyglow, which
creates light domes far beyond its source, depending on cloud cover and
atmospheric conditions (Jechow et al., 2020). Because both direct ALAN
and skyglow can reach aquatic realms (Jechow & Holker, 2019; Smyth
et al., 2021), it can cause a wide range of responses in freshwater

et al., 2023). For example, light pollution can alter diel vertical migra-
tion in zooplankton (Moore et al., 2000), disrupt drift in arthropods
(Perkin et al., 2014a), and induce attraction (McConnell et al., 2010) or
avoidance behaviour in fishes (Elvidge et al., 2018) and has been shown
to disrupt dispersal in Atlantic salmon fry (Salmo salar) (Riley et al.,
2015).

Bridge illumination can alter behaviour in bats (Barré et al., 2021)
and insects (Nankoo et al., 2019; Szaz et al., 2015). For migrating fishes
such as eel (Anguilla anguilla) and salmonids bridge illumination has
been reported to interrupt their movements (Cullen & McCarthy, 2000;
Lowe, 1952; Nightingale et al., 2006), and thus increasing the spatial
resistance of a landscape. Consequently, migration may take more time
and energy and impact the reproductive success of fish (Kurvers &
Holker, 2015). However, the mechanism by which the unnatural pres-
ence or absence of light (e.g. due to bridge structure or improperly
managed ALAN) forms a behavioural barrier for fish migratory
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behaviour remains unclear.

To address this knowledge gap, we therefore, (i) quantified ALAN
along a transect of the river Spree (Berlin, Germany) by continuous sky
radiance and camera measurements at seven illuminated bridges. We
then used this as a basis to (ii) identify different types of potential light
barriers at illuminated bridges and estimate the potential effect of two
light barrier types on fish migration behaviour by (iii) proposing a
conceptual framework based on a literature review for vulnerable life
stages of two migratory fish taxa with contrasting life histories —
Atlantic salmon smolts (S. salar) and European silver eel (A. anguilla).

® A - Moltkebriicke

® B - Kronprinzenbriicke
© C - Monbijou

® D - Friedrichsbriicke
@ E - Jannowitzbriicke
® F - Oberbaumbriicke
® G - Abteibriicke

Stops at each measurement site
® Before the bridge

O Under the bridge
© After the bridge
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Materials and methods

The night-time measurements were performed during cloudy sky
conditions on the 24th of February 2020 on a route of about 10 km from
West to East (Fig. 1A) on the river Spree in Berlin (Germany) from an
engine boat between ca. 19:30 and 21:49 local time (GMT +1), with the
new moon setting at approximately 18:20 (GMT +1). At each bridge, we
stopped at three points before, under, and after the bridge to measure in
three directions with the camera. An all-sky image with the camera
pointing towards the zenith, and two images in opposite directions with
the camera imaging in the vertical plane, pointing towards the horizon,
were obtained (Fig. 1B).

A calibrated digital single-lens reflex camera (DSLR, Canon EOS 6D)
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Fig. 1. (A) Map of the measurement sites, seven illuminated bridges along the river Spree in Berlin, Germany. At each bridge, measurements were performed at stops
before, under and after the bridge. (B) At each stop, one all-sky and two vertical plane camera measurements were performed, from which the luminance map and
CCT map were calculated. Example measurements from site A (Moltkebriicke) are shown in the full data set in the appendix.
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with a wide-angle fisheye lens (Sigma EX DG f = 8 mm, F 3.5) with a
180° field of view was used to perform night-time light measurements.
The camera measures the radiance in three spectral channels (red, green,
blue — RGB). However, we relied on the Sky Quality Camera software
(SQC, Euromix, Ljubljana, Slovenia) that utilises the green channel for a
(near) photometric calibration. The software provides luminance,
correlated colour temperature (CCT) maps (Fig 1B), and calculated
illuminance. CCT is extracted by the software by transforming the three
spectral channels (RGB) to CIE XYZ colour space. For details, see a recent
review paper (Jechow et al., 2019). The camera was placed on a tripod
to add stability as measurements were performed from a boat. The
camera method is relatively precise, but the pointing error from the
orientation and the movement and rocking of the boat induces an error
of about 10 % (Jechow et al., 2017). ISO settings were fixed at 3200, and
the shutter speed varied between 0.3 s at the darkest location and 1/13
of a second at the brightest location.

Additionally, the sky radiance at zenith was monitored continuously
during the transect with a mobile night-sky radiometer equipped with a
data logger (Sky Quality Meter, SQM-LU-DL, Unihedron, Ontario, Can-
ada) in magnitude per square arc second, mangM/arcsecz, which is a
negative logarithmic unit, where low values represent high radiance,
and high values represent low radiance. Furthermore, a difference of 2.5
is a factor of 10 in the linear scale, and a 5 magnitude difference is a
factor of 100. A rough approximation of luminance can be done using
L, ~ 10.8:10%.10(-%4magsau) byt it must be treated cautiously.

A clear night sky reference is about 21.6 maggowm/arcsec” (approxi-
mately 0.25 med/m?) (Hinel et al., 2018). The primary GPS device,
intended to record boat position, failed. Thus, positions had to be esti-
mated with a second camera (Canon EOS 6D with a 50 mm lens)
equipped with a GPS on the boat to record images of the illuminated
locations around the measurement sites.

Results

From the luminance data of the all-sky images, horizontal illumi-
nance and the two opposing vertical plane images of total spherical
scalar illuminance were calculated. The full imaging dataset (see Ap-
pendix A), and the illuminance results are summarised in Tables 1 and 2.
Fig. 2A shows the horizontal illuminance, and Fig. 2B the scalar illu-
minance for each site, showing a gradual decrease along the transect for
horizontal illuminance and slightly more heterogeneity but the same
trend for scalar illuminance. At most bridges, the lowest values in illu-
minance were measured under the bridge, except for measurement site
A - Moltkebriicke, the only bridge lit underneath. Thus, at Moltke-
briicke, the highest horizontal illuminance (ca. 1100 mlx) was measured
under the bridge compared to the other six measurement sites (170 mlx
to 9 mlx). The lowest illuminance under the bridge, of only 9 + 1 mlx,
was measured at site E (Jannowitzbriicke), which is ca. 120 times darker
than site A (Moltkebriicke). Furthermore, the maximum illuminance

Table 1

Rmax Of horizontal and scalar illuminance obtained from the multispectral im-
aging data at three stops on Measurement sites A — G. Ry is determined by
dividing illuminance under the bridge by the highest illuminance obtained
before or after the bridge. It represents the maximum illuminance ratio and the
largest step in light level change from open waters to under the bridge or vice
versa.

Measurement Horizontal illuminance E, Scalar illuminance E,, sq (vertical
sites (all-sky) (mlux) Rpyax 1 and vertical 2) (mlux) Rpax

A 0.88 2.1

B 5.9 2.8

C 11.4 3.9

D 12.5 4.7

E 105 12.8

F 21.3 8.2

G 1.3 1.4
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ratio (Rmax) was determined by dividing illuminance under the bridge by
the highest illuminance obtained before or after the bridge to illustrate
the largest step in light level change from open waters to the bridge or
vice versa, shown in Table 1. The Ry,x values ranged from 0.88, indi-
cating brighter conditions under the bridge (A — Moltkebriicke) to 105,
indicating darker conditions under the bridge (E — Jannowitzbriicke),
showing the strong heterogeneity amongst these bridges.

The scalar illuminance was always lowest under the bridge when
comparing all site measurements (positive Rpyax). The Rpax values
ranged between factors of 1.4 (G — Abteibriicke) to 12.8 (E — Janno-
witzbriicke), giving a smaller range than for horizontal illuminance.

The continuous sky radiance measurements obtained along the
transect with the SQM are shown in Fig. 3. The bridges can be identified
as rapid changes in sky radiance (or radiance above the boat as direct or
straylight will also be picked up by the sensor, and creates extraordi-
narily high readings). Skyglow over the transect ranged from approxi-
mately 14 mangM/arcsec2 in the urban zone (ca. 270 mcd/m?, about
1000 times brighter than a reference clear sky) to 17 mangM/arcsec2
(ca. 17 med/m?) towards the peri-urban area.

Direct ALAN was present at the bridge — Miihlendammbriicke (site 12
in Fig. 3) and at the locks — Miihlendammschleuse (site 13, in Fig. 3),
which creates radiance values of approximately 10-12 mangM/arcsec2
that cannot be used quantitatively because it is unclear what is the
contribution of direct ALAN, straylight or real sky radiance. Under most
bridges, a reduction in radiance occurred. However, radiance was
increased at measurement site A — Moltkebriicke (site 1 in Fig. 3 and
Appendix A) and several other lit bridges (sites 3, 6, 19 in Fig. 3). Ra-
diances at these lit bridges reached 12 mangM/arcsecz. At one bridge,
Ebertbriicke (site 6 in Fig. 3), only increased radiance was observed,
indicating that the bridge was lit underneath. Interestingly, a reduction
of radiance was observed at the three other lit bridges. At Moltkebriicke
(site 1 in Fig. 3), the bridge was lit underneath, and the bridge illumi-
nation did not cover the whole arch and left a dark section. At the other
two lit bridges, Marschallbriicke (site 6 in Fig. 3) and Abteibriicke (site
19 in Fig. 3), an increase of radiance was observed before and after the
bridge most likely caused by spill light from road lighting intended to
illuminate the bridge above.

Sky radiance variations of two measurement sites with contrasting
sky radiance values occurring when approaching the bridge are shown
in Figs. A8 and A9 (see Appendix A). Measurement site A — Moltke-
briicke exhibits uninterrupted skyglow along the river transect, which
becomes brighter as the boat passes under the bridge, subsequently
darkens, and then rather rapidly returns to the skyglow radiance values
after crossing the bridge (see Fig. A8). Luminance maps of Moltkebriicke
shown in Fig. Al (see Appendix A) confirm that one half of the under-
path is illuminated, while the other half is not. Meanwhile, measurement
site E — Jannowitzbriicke shows a consistent skyglow over the river
transect, which is reduced in radiance as the boat reaches the bridge.
The attenuation of skyglow becomes pronounced under the bridge as no
luminaires were observed at the underpath and due to the bridge’s
width, confirmed with the luminance maps shown in Fig. A5 (see Ap-
pendix A). Subsequently, after crossing the bridge, the darker section
under the bridge rapidly returns to skyglow radiance values. The exact
function how rapidly the level changes could not be obtained and would
require a higher temporal resolution (and/or finer spatial resolution,
respectively) of measurement.

Conceptual framework of light barriers

This section proposes a conceptual framework for illuminated
bridges as barriers potentially impacting fish migration. From the
measurement data, several bridge illumination types depend on the
surrounding skyglow and the illumination under the bridge. As no
comprehensive data on light colour was obtained, the conceptual
framework focuses only on the changes detected by the SQM.

In this context, a light barrier is described as an encountered dark-to-
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Table 2
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Horizontal and scalar illuminance obtained from the multispectral imaging data at three stops on Measurement sites A — G. Stops before and after were obtained

proximate to the bridge’s edges. Stop under was obtained under the bridge.

Measurement sites Horizontal illuminance E, (all-sky) (mlux) Rpyax

Scalar illuminance E, .y (vertical 1 and vertical 2) (mlux) Rpyax

Stops at the bridge Rmax Stops at the bridge Rmax
Before Under After Before Under After
A 970 1100 1040 0.88 2340 1630 3380 2.1
B 950 160 940 5.9 3420 1240 3180 2.8
C 910 80 800 11.4 2750 700 1660 3.9
D 710 60 750 12.5 1960 450 2130 4.7
E 730 9 950 105 2230 220 2810 12.8
F 640 30 630 21.3 2380 290 1960 8.2
G 220 170 220 1.3 660 630 870 1.4
Stop
Measurement sites Before/Under/After
“ A - Moltkebriicke [ YoX-)
1000 Q. B - Kronprinzenbriicke [ YoX-]
3 . C - Monbijou
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Fig. 2. Photometric data obtained from the A — G measurement sites with all-sky camera mode at three different stops: before, under, and after the bridge (see
Fig. 1B). (A) Horizontal illuminance as a function of distance. (B) Scalar illuminance as a function of distance.

bright (a positive step function) or bright-to-dark section (a negative
step function) when passing under a bridge. This conceptual framework
considers only one parameter of light — its brightness (light levels). The
conceptual framework highlights an example of light step functions
(Fig. 4) and light step functions resulting from each bridge illumination
type (Fig. 5). These are linked to potential behavioural responses of
migrating fish (Fig. 7).

Light step functions and bridge illumination types

Fig. 4 (A - C) shows imaging measurement data (luminance maps) of
Jannowitzbriicke. The bridge is unlit underneath, and the surroundings
show strong direct and indirect ALAN. Thus, the illuminance under the
bridge (Fig. 4B) is much lower than before and after the bridge (Fig. 4A,
C; see also Table 1). Therefore, illuminance decreases when moving
from the open waters towards the underpath of the bridge, representing
a negative light step function; when moving from the underpath of the
bridge towards open waters, illuminance increases, which represents a
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Fig. 3. Continuous sky radiance SQM measurements while the boat moved along the transect. Note the negative logarithmic scale (see Methods). Bridges are
perceivable as rapid changes in radiance and indicated with numbers (numbers in brackets indicate ALAN-specific sites that are no bridges): 1- Moltkebriicke, 2 -
Kronprinzenbriicke, 3 - Marschallbriicke, 4 - Bahnhof FriedrichstraBe, 5 - Weidendammer Briicke, 6 - Ebertbriicke, 7 - Monbijoubriicke, 8 - S-Bahn Briicke Hackescher
Markt, 9 - Friedrichsbriicke, 10 - Karl-Liebknecht Briicke, 11 -Rathausbriicke, 12 - Miihlendammbriicke, (13) - Locks Miihlendammschleuse (direct ALAN), 14 -
Jannowitzbriicke, 15 - Michaelbriicke, 16 - Schillingbriicke, 17 - Oberbaumbriicke, 18 - Elsenbriicke, 19 - Abteibriicke, (20) - Planterwald (no ALAN), 21 - Minna-
Todenhagen-Briicke, 22 - Alte Stubenrauchbriicke, 23 - Treskowbriicke, 24 - Wilhelm-Spindler-Briicke, 25 - Dammbriicke, 26 - Salvador-Allende-Briicke, (27) -

Miiggelsee (no ALAN).

under the bridge
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Fig. 4. (A - C) Luminance maps for stops (A) before, (B) under, and (C) after the bridge at measurement site E — Jannowitzbriicke. The all-sky luminance maps of
Jannowitzbriicke exhibit higher luminance in open waters (A, C) when compared to luminance levels under the bridge (B). (D) Cross-section of the bridge arch
structure that exhibits changing light step functions (when moving from left to right) when crossing from open waters towards the underpath of the bridge and again
to open waters. A decrease in irradiance or illuminance indicates a negative step function, and an increase in irradiance or illuminance indicates a positive

step function.

positive light step function (Fig. 4D).

Rumax represents the change in illuminance of the step function (see
Table 2), with values below 1 indicating a negative step function and
above 1 indicating a positive step function when moving from the
brightest location outside the bridge towards underneath the bridge.

Four bridge illumination types were derived from camera and SQM
measurements and previous work by Jechow and Holker (2019). These
bridge illumination types were simplified to consider only illumination
above (roadway illumination) and underneath the bridge (underpath
illumination).

Depending on the location of the bridge (e.g. surroundings and the
light pollution context), the illuminated bridge will form a potential
light barrier composed of multiple negative or positive step functions.
Fig. 5 illustrates a cross-section and a side view of eight illuminated
bridge scenarios. Four simplified bridge illumination types are set in
rural areas with no skyglow (Fig. 5A - D). The other four simplified
bridge illumination types are set in urban areas with skyglow (Fig. 5E -
H). Real-world bridge illumination types and scenarios will depend on
the geometry of the bridge and light levels, which can be very

heterogeneous, consisting of skyglow, light spill from roadway illumi-
nation, architectural or functional lighting underneath and towards the
bridge vertical surfaces, and direct ALAN sources located proximate to
the water that often include advertisements, windows, lit building sur-
faces, light from adjacent roads or parks, etc. (Pérez Vega et al. subm.)

ALAN and migrating fish

It is important to interpret the bridge illumination types with their
light step functions as potential barriers for migrating organisms.

ALAN can aggregate and slow down migratory fish species. It has
been previously reported that some salmonids and eels occasionally
interrupt their migration at lit structures (Lowe, 1952; Cullen &
McCarthy, 2000; Nightingale et al., 2006; Riley et al., 2012, 2013).
ALAN, particularly at bridges, may thus increase the spatial resistance of
a landscape. Consequently, migration can take more time and energy,
which could threaten natural synchronous reproduction and reproduc-
tive success (Kurvers & Holker, 2015). However, it remains unclear
whether bridge illumination is a behavioural barrier that disrupts fish
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Urban
(skyglow)

type lll

Fig. 5. Side views and cross-sections of eight bridge illumination scenarios spanning (A - D) rural and (E - H) urban rivers. The side views show the perspective of the
bridge as seen from a boat when approaching an arch. The cross-section shows the underpath of the bridge. The dashed lines represent the expected natural light
levels typical in a river with a bridge. The red lines represent the varied levels of irradiance or illuminance of different illuminated bridge scenarios, which form
multiple potential light barriers originating from multiple positive and negative light step functions, except for bridge illumination types (A) and (G). The white
arrows highlight steps in illuminance/irradiance. (A, E) Type I has an unlit roadway and underpath. (B, F) Type II has an illuminated roadway and unlit underpath.
(C, G) Type III has an illuminated underpath with no roadway illumination. (D,H) Type IV has roadway and underpath illumination (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).

migration. Furthermore, a fish’s response to a positive or negative light
step function is likely to depend on the fish’s life history. In the scenarios
mentioned above, positive and negative light step functions might alter
the information a migrating fish requires to accomplish its migration.
Migration is often defined as an adaptive and seasonal long-distance
movement in a species’ life cycle. It is also derived from the spatial and
temporal distribution of resources and environmental conditions to
breed, forage or find favourable climatic conditions (Smith, 2012;
Myers, 1949; Dingle & Drake, 2007). Fishes like salmon smolts and eels
migrate through various connected aquatic systems (Hasler, 1956;
Aarestrup et al., 2009). However, eels and salmon have developed

distinct migration strategies, which have resulted in very different
combinations of behavioural and reproductive traits.

For example, eels are anadromous, i.e. they spend their adult life in
freshwater and return to the sea to reproduce. They often migrate during
fall, winter, rain or flooding events that might increase river flow and at
night, when light levels are often low (Haraldstad et al., 1985; Had-
deringh et al., 1999; Van den Thillart et al., 2009). During migration,
eels tend to swim in deeper parts of the water column and have been
observed to avoid illuminated waters at night (Haraldstad et al., 1985;
Van den Thillart et al., 2009). Salmon, on the other hand, are catadro-
mous, migrating from the sea to freshwaters during the day or at night in
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spring and autumn. Their nocturnal migration usually is closer to the
water surface, and active behaviour, including positive phototaxis, has
been observed near illuminated waters (Shapovalov, 1941; Antonsson &
Gudjonsson, 2002).

Fig. 6 provides an overview of demonstrated behavioural responses
in eels and salmon upon exposure to ALAN and natural light, respec-
tively. During their migration, eels and salmon are often exposed to
unique optical aquatic environments modulated by turbidity, the pres-
ence of dissolved organic matter and further absorbing substances, and
illuminated waters at night (Johnsen, 2012; Elvidge et al., 2018; Jechow
& Holker, 2019; Holker et al., 2023).

B

Silver eel

Basic and Applied Ecology 74 (2024) 1-12
Bridge illumination as a behavioural barrier

The potential implications of light barriers on the migration strate-
gies of silver eels and salmon smolts can include a pitfall effect — where
fish are retained in a small area, resulting from their responses to light
stimuli. However, the behavioural mechanisms driving this potential
effect vary between salmon smolts and silver eels.

Naturally dark environments are ideal for successful eel migration
(Fig. 7A) due to their preference for low light levels (Durif et al., 2000).
Any scenario in which light is introduced into the water column can
potentially induce avoidance behaviour in eels (Fig. 7B, D) (Elvidge
et al., 2018; Vowels & Kemp, 2021; Hadderingh et al., 1999; Cullen &
McCarthy, 2000). Furthermore, dark areas bounded by light may induce
a pitfall effect (Fig. 7C), behaviourally constraining eels to the dark
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Fig. 6. A summary of the contrasting migration behaviours of silver European eel and Atlantic salmon smolt.
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Urban
(skyglow)

Fig. 7. (A - H) An overview of the expected behavioural responses to bridge illumination in two selected species, silver European eel and Atlantic salmon smolt. The
two selected species represent vastly different life histories and migration behaviours. (A - D) During migration, eels have been shown to remain at the far end of the
water column and have been observed to avoid illuminated waters at night. (Lowe, 1952; Cullen & McCarthy, 2000; Vowles et al., 2021). (A) During their migration,
Silver European eels can eventually reach their marine spawning grounds when navigating rivers with naturally low light levels at night. However, (B - D) if un-
natural contrasting light scenarios at illuminated bridges are encountered, their migratory behaviour could be delayed, which can (B) change their migratory di-
rection, (B) force eels to remain under dark paths (e.g. under unlit bridges), (D) orientate eels closer to the bottom of the water column. (E - H) Meanwhile, Atlantic
salmon smolts have been shown to migrate at night closer to the water surface with active behaviours when proximate to illuminated waters (Shapovalov, 1941; Ali,
1962; Antonsson & Gudjonsson, 2002). (E) They can eventually reach their freshwater spawning grounds when navigating waters that remain under naturally low
light levels at night. However, if Atlantic salmon smolts encounter unnatural contrasting light scenarios at illuminated bridges, their migration could be altered or
delayed due to their potential attraction to ALAN. This behaviour can potentially drift them away from their migratory paths into (F) illuminated corners under the
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bridge, (G) urban light polluted areas in the vicinity, or can possibly (H) trap and aggregate Atlantic salmon smolts in illuminated waters.

underpass of a bridge for some time. Lastly, as ALAN can attenuate
rapidly with water depth, illuminated bridges may push migrating eels
to the bottom of the water column as they pass (Fig. 7D).

Contrastingly, Atlantic salmon smolts can exhibit positive photo-
taxis, where ALAN exposure causes attraction and aggregation in illu-
minated areas (Tétard et al., 2019). In the case of the illumination
scenarios with underlit bridges (Fig. 7F, H), attraction to ALAN may
result in a pitfall effect, causing smolts to aggregate directly under the
bridge. Lastly, illumination scenarios with high levels of urban skyglow
and unlit dark underpass may also present a barrier to migration
(Fig. 7G). Ono and Simenstad (2014) observed that daytime shadows
cast by overwater structures obstructed the outmigration movements of
juvenile Salmon (Oncorhynchus spp.).

Discussion

River systems are often modified by natural and anthropogenic
drivers that can lead to fragmentation or reduction of river heteroge-
neity (Fischer & Lindemayer, 2007). Given the benefit illuminated
bridges contribute to night-time route connectivity, their ecological
impact is rarely questioned. To better understand the potential anthro-
pogenic impacts on a river ecosystem, it is important to take a look at the
pristine state of the Spree river prior to human settlement.

The historical landscape of the Spree river was characterized by
riverbanks with adjacent floodplains and densely forested areas (Niitz-
mann et al.,, 2011). Today‘s river landscape, however, bears little
resemblance to its original state and often gives the impression of an

urbanized waterway modulated by multiple stressors that challenges
aquatic communities. The results of this study demonstrated that the
river Spree in Berlin is heavily exposed to one of these urban stressors —
ALAN, which is characterized by sky radiance variations (skyglow),
ALAN gradients, and steep light contrasts. Illuminated bridges can thus
cause novel types of nocturnal light by generating excessive light levels,
limiting natural darkness and thus producing light contrasting ratios at
rivers unprecedented in evolutionary history.

The continuous sky radiance and single-point illuminance measure-
ments showed that the proximity to urban elements (e.g. bridge struc-
tures), the composition of the bridges, and their integrated lighting
systems can shift the light environment in a river. Skyglow (i.e. sky
radiance) on the Spree was high due to cloudy skies (see also Jechow
et al., 2020), with the highest values measured in the (urban) center and
a gradual decrease of skyglow (compared to the rapid changes in radi-
ance observed at the bridges, the sharp peaks in Fig. 3) towards the less
densely populated eastern part of Berlin was observed. The decrease in
sky radiance was not following a strict inverse power law, but rather also
showed local increase when being close to a sub-urban centre (i.e.
Berlin-Schoneweide near Treskowbriicke — 23 in Fig. 3 or Berlin--
Kopenick near Dammbriicke — 25 in Fig. 3). This showed that the level of
urbanization is not only linked to direct emission but also the skyglow
background (Jechow & Holker, 2019). The sky radiance values align
with studies performed in Berlin in a terrestrial context (Jechow et al.,
2020), where about the same elevated sky radiance and illuminance
levels for cloudy skies were found. Furthermore, the change of sky
radiance with distance from the urban centre were shown to differ inside
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and outside the city limits, particularly for cloudy skies (Jechow et al.,
2020). In the same study, clear sky measurements were performed at the
same locations showing much lower but still elevated values. Repeating
our measurements under clear conditions would have most likely
resulted in a different skyglow background. However, COVID lockdown
in Germany had closed river locks (Jechow & Holker, 2020) and banned
us from repeating this transect in time.

In general, measurements in freshwater systems are sparse (Jechow
& Holker, 2019); the only longer-term but static sky radiance mea-
surements were done on a lake (Jechow et al., 2016). Analyses of
nocturnal aerial photographs of Berlin show rivers and canals approxi-
mately six times brighter than lakes due to their large ratio of shore
length to the water surface (Kuechly et al., 2012) and a multi-point study
at Berlin waters using a precise underwater lux metre showed that
illuminance ranged between 0.008 1x and 1.4 Ix at 0.5 m below the
surface (Perkin et al., 2014b).

It is difficult to disentangle the fractions of skyglow and direct ALAN
from our measurements. However, in urban areas, the use of multi-
spectral (RGB) all-sky images with a digital camera provides spatially
resolved luminance maps over the complete hemisphere in three spec-
tral bands in one image by a single measurement. It involves the light
field information from all directions (horizontal illuminance and two
opposing vertical plane images of total spherical scalar illuminance).
With the use of this method, the results demonstrated lower values
under most bridges, except for measurement site A — Moltkebriicke, and
that the Spree river was prone to divergent light scenarios. Nevertheless,
our data showed that a finer spatial resolution of direct ALAN mea-
surements would be beneficial.

As discussed above, our measurements fit previous data obtained in
Berlin central area under cloudy conditions (Jechow et al., 2020). Given
the varying sky radiance (skyglow), ALAN gradients, and steep light
contrasts, it is important to relate the potential effects of different
lighting situations on migrating fish. Thus, a conceptual framework is
proposed to outline the multiple behavioural mechanisms that may
delay fish migration in rivers with bridge lighting and to describe the
impact of illuminated bridges as behavioural barriers for migratory
aquatic species.

Although migratory delay caused by a single bridge may appear
minor, urban migratory paths often consist of multiple illuminated
bridges of varying types, which can potentially cause a large cumulative
delay in migration. Understanding how variance in bridge illumination
types and behavioural responses affects these delays is critical to esti-
mate the cumulative impacts and potential fitness consequences. While
little is known about the effect of migration timing on eel spawning, the
river phase of this migration is discontinuous — involving expanded
stopovers (Stein et al., 2016) and a few periods of locomotion, generally
initiated by high discharge and low light conditions (Durif et al., 2000).
In the absence of favourable migration conditions, eels have been re-
ported to postpone migration to the following year (Vogllestad et al.,
1994) and silvering — the physiological and morphological changes
associated with sexual maturation — is assumed to reverse (Svedang &
Wickstrom, 1997). For migration routes with multiple illuminated
bridges, cumulative migration interruptions resulting from ALAN
exposure may be sufficient to trigger migratory postponement. Lastly, as
eels tend to migrate when turbidity is high and under low light levels
(Durif et al., 2000), and being negative phototactic during nocturnal
migration (Vowles & Kemp, 2021), the propagation of ALAN into the
lower part of the water column may cause eels to orientate even closer to
the bottom or to become inactive. Therefore, illumination on bridges
needs to be better shielded and reduced to low light levels, in order to
mitigate the impact on eels.

In contrast, Atlantic salmon smolts may exhibit positive phototaxis
when exposed to ALAN. This effect of smolt attraction to ALAN can be
considered multi-faceted. First, the survival of smolts upon arrival in the
sea is proposed to be dependant on the timing of arrival during the smolt
window (Rikardsen et al., 2004; McCormick et al., 1998) — a short
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period where environmental conditions facilitate the rapid growth
critical for their survival to the post-smolt stage. A delayed arrival in the
sea may result from attraction to ALAN, negatively impacting the
smolt’s fitness. Secondly, migrating smolts are highly sensitive to pre-
dation. Predatory fish have been shown to aggregate towards ALAN,
corresponding with higher predation rates of migrating salmonid smolts
(Nelson et al., 2021). The pitfall effect illuminated bridges can have on
smolts may prolong their exposure to high-predation areas during
migration, reducing survival. Thus, also for smolts, bridge illumination
would need to be better shielded and reduced to low light levels to
mitigate impacts.

Lastly, all teleost species accomplish visual adaptation between light
and dark conditions with retinomotor movements — movements of the
rod, cone, and epithelial pigment cells within the retina (Burnside et al.,
1983). While the time required for adaptation varies by species, life
stage, and light levels, juvenile Atlantic salmon have been shown to
require more than 25 min to adapt between light to dark conditions (Ali,
1962). During this adaptation period, the fish may be unable to perceive
crucial information about their environment, such as the presence of
predators, and consequently, the ability to execute visually-mediated
predator avoidance responses. Hence, adaptation to bridge illumina-
tion conditions may reduce fitness due to an increased and prolonged
predation risk.

To date, the ecological status of a river such as the Spree accounts for
the impact induced by human use associated with dams, locks, water
mills, fish weirs, navigation, industrial pollutants, and human recreation
(Dudgeon et al., 2006). The impact of illuminated bridges over rivers
still remains understudied. Studies have shown that riverine wildlife,
including insects and bats, can be affected by bridge illumination as
their flying paths are interrupted by bridge ALAN (Barré et al., 2021;
Nankoo et al., 2019; Szaz et al., 2015). Therefore, more studies are
required to determine bridge ALAN as a potential light barrier likely to
alter the passage of species on riverine systems. Bridge architectural
forms such as the beams, the truss, the arch, the suspension, the canti-
lever, and the cable stay, as well as reflectance of materials (e.g. stainless
steel, white paint) could play an important role in the complexity of light
distribution over the river. Therefore, illuminated bridges, or structures
that cross any form of a natural waterbody, need to be studied in detail
to identify light conditions that can potentially have negative impacts on
migratory species in order to deliver recommendations that avoid
ecological hazards. Future ALAN research should focus on the implica-
tions of ALAN on freshwater systems as rivers are an integral part of the
urban realm in which light barriers can adversely affect freshwater
habitats and biodiversity hotspots. More ALAN research could aid pre-
vent the loss of nocturnal integrity in freshwater systems (Holker et al.,
2023).

The conceptual framework presented here, proposes a simplified
model of how potential illuminated bridges could impact the hetero-
geneity of a river by night, considering that actual bridges might have
much more complex structures with complex sequences of step func-
tions. Also, the model highlights the variability in bridge illumination
scenarios, which can serve as a guide to shape future experimental de-
signs examining the effects of bridge illumination on freshwater systems.

Even though there are only few studies that tested the effects of
ALAN on migrating fish, still more studies on the impact of ALAN on
freshwater is needed to involve decision makers and to create mitigation
strategies that protect riverscapes and their biodiversity in an integrated
manner with a broad appreciation of the night-time (Holker et al.,
2023).

Limitations of the study

Due to the character of a pilot study, there are some limitations to the
presented work. Here, we outline some issues that we would recommend
to improve in future studies.

Although we used a tripod and short exposure time following our
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experience from previous work (Jechow et al., 2017), we recommend
the use of a gimbal camera stabilizer to compensate the movement of a
moving and rocking boat in future studies.

Furthermore, the number of stops per measurement site was limited
by the scheduled closure of the locks during our study. However, with
more time at hand we would recommend more stops per bridge, un-
derneath the bridge itself and in open waters nearby the bridge, and
ideally also multiple passes. In total, a higher spatial resolution would be
desirable and ideally a two-dimensional mapping of the irradiance and
radiance distribution. However, this goes with the compromise of the
number of bridges that can be quantified per night and the distance that
can be covered. For an individual bridge, a high spatial resolution should
be the target, which could potentially provide a finer resolution on the
exact function of the decrease or increase of light levels.

For future studies it is recommended to also use a wider set of
measurement tools, like a continuously measuring illuminance metre, a
spectroradiometer to obtain spectral power distribution and potentially
multiple cameras to obtain vertical and horizontal plane data in parallel,
ideally also obtaining data continuously and potentially under the water
surface or from water samplings (see Jechow & Holker, 2019 for pro-
posed measuring platforms), Additionally, one could obtain more in-
formation on the bridge geometry, as well as other characteristics of the
bridge illumination, including the type of light source, the distance be-
tween luminaires, etc.

Future ALAN research in freshwater ecosystems

Future ALAN research in freshwater ecosystems should involve a
wide array of measurements including cameras, sky radiance meters, lux
meters, spectrometers and the use of drones above the water surface to
develop a finer spatial resolution of the illuminated areas that also
consider light planning approaches (the distance between luminaires,
the distance between the river bank and the luminaire, if luminaires are
shielded, etc.). Also, tools that could measure light even underwater.
Such data can be linked with remote sensing data from aerial mea-
surements or satellites (Jechow & Holker, 2019).

To effectively tackle the existing knowledge gaps within the different
disciplines of ALAN, we propose the link between measurement results
and a conceptual model. This approach aims to address the missing
ecological knowledge on the potential effect of light changes that might
alter the behaviour of migratory fish, as it is crucial information for
policy-makers and the lighting industry, to understand issues and
develop potential solutions to minimize light pollution in a compre-
hensive manner.

Adhering to the use of illumination sustainably, exclusively in the
passage area, remains still an uncommon approach, nonetheless a
needed one (Holker et al., 2023). Still, typically applied lighting systems
could be better controlled to avoid light barriers in aquatic habitats by
night. However, the current conceptual framework could be a commu-
nication tool to sensitize citizens and decision makers on how illumi-
nated bridges affect rivers and aquatic biodiversity.

Conclusion

Our measurements show that bridges can induce varied and different
types of unnatural illumination scenarios that may deteriorate or frag-
ment aquatic habitats after dusk. Additionally, the conceptual model
presented here demonstrates how typical bridge illumination conditions
may induce different behavioural responses in migrating fish and the
possible fitness implications for these migratory species.

The results of this study highlight the need for further studies on the
impacts of ALAN on freshwater systems, as well as more detailed as-
sessments of light environments in aquatic habitats (Holker et al., 2023).
Given the wide array of disciplines involved in the issue of light pollu-
tion, it is imperative to address this with an inter- and transdisciplinary
approach (Holker et al.,, 2010; Pérez Vega et al., 2022). Better
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descriptions of ALAN in rivers can support the development of sound
transdisciplinary solutions, ideally as an emerging collaboration be-
tween practice, research, production, decision-making and planning
(Holker et al., 2021; Pérez Vega et al., 2021; Zielinska-Dabkowska,
2022). Establishing such transdisciplinary approaches can help pro-
fessionals involved in light planning and design to address the United
Nations Sustainable Development Goal (SDG14, 2015) for the integrity
of life below water, the assessment of new and existing lighting design,
and to facilitate the evaluation of new, existing, and sustainable lighting
solutions (Stone et al., 2021; Pérez Vega et al., 2022; Sordello et al.,
2022).
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