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Abstract
1. Artificial light at night (ALAN) is increasing globally, and changing in quality due to

the installation of white LED street lighting. ALAN is a threat to biodiversity and

ecosystem functioning, yet important knowledge gaps exist regarding the magni-

tude of impacts and how these vary between habitats and levels of exposure. The

disturbance of aquatic habitats by ALAN is of particular concern as human settle-
ments and activities are often located near waterbodies, and many aquatic species
are sensitive to ALAN.

. Focusing on adult aquatic insects, an experimental approach was employed in the

riparian zone of a structurally simplified river within a dark rural landscape. Two
studies were used to (a) estimate the magnitude of the capture effect of white

LED lamps and (b) to explore how captures at lamps vary with their distance

from the river, and define any distance thresholds. Both studies sampled mayflies

(Ephemeroptera), caddisflies (Trichoptera) and true flies (Diptera) repeatedly dur-
ing mid-to-late summer using modified flight intercept traps positioned adjacent to
portable LED lamps. In Study A, lit traps were paired with unlit controls. In Study B,
lit traps were positioned at six distances up to a maximum of 80 m from the stream

edge.

. For each of the three study orders, captures were significantly higher in the lit treat-

ment compared to the dark control, with medium to large effect sizes.

. For all study orders, captures at lamps significantly reduced with increasing dis-

tance from the river edge. Rapid declines in captures were recorded for Trichoptera

(from 10 m) and Ephemeroptera (40 m), with a more gradual decline in Diptera from

60 m that continued up to the maximum sample distance.

. Previous research indicates that LED lighting can be less attractive to flying insects

than broader spectrum alternatives. However, this study demonstrates that the

effects of white LED lamps on flying adult aquatic insects should not be dismissed

and can extend far from aquatic habitats. As a precautionary approach, and until

finer recommendations are available, we recommend that LED lamps should be

excluded from a buffer zone of ca. 40-60 m around rivers.
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1 | INTRODUCTION

Light pollution is a global phenomenon (Falchi et al., 2016). Artificial
lighting’s varied effects on ecosystems have been known for some time
(Longcore & Rich, 2004), yet it is an often-overlooked threat to biodi-
versity (Holker et al., 2010). The global expansion and intensification
of lighting emissions (Kyba et al., 2017), coupled with the widespread
installation of white LED street lighting, has invigorated research inter-
est in ecological light pollution (Sanders & Gaston, 2018). Artificial light
at night (ALAN) can influence wildlife on the individual, population,
community and ecosystem level by disrupting natural lighting cycles
(Longcore & Rich, 2004) and potentially interacts with other anthro-
pogenic pressures (Gaston et al., 2014). Including the management
of ALAN within conservation and restoration initiatives is therefore
justified. Research themes include impacts on rare or protected
species (Stone et al., 2012), communities (Bennie et al., 2015; Holker
et al, 2015; Sanders & Gaston, 2018 ) and ecosystem functioning
(Knop et al., 2017). Studies typically focus on lighting impacts and their
variation by taxa, habitat type, lamp type and lighting dose (Longcore
& Rich, 2004; Perkin et al., 2011; Stone et al., 2012; Wakefield et al.,
2018 ). However, numerous knowledge gaps remain, including the
magnitude of these impacts and their sensitivity to ecological context
(Perkinetal.,2011)

The disturbance of aquatic habitats by ALAN is of particular concern
because (a) human settlements are often concentrated near to water,
mostly high-order rivers, particularly in temperate and cold regions
(Kummu et al., 2011) and (b) many aquatic and semi-aquatic taxa
show sensitivity to ALAN (Perkin et al., 2011; Rich & Longcore, 2006 ).
Despite this threat, aquatic ecosystems are still relatively unexplored
in the field of ecological light pollution (Gaston et al., 2014; Perkin
etal,2011). Rivers and riparian areas are particularly interesting from
a wildlife conservation perspective as primary habitats, ecological
corridors (conduits), and the interface between aquatic and terrestrial
habitats. Given the close association of lighting emissions with human
activity (Hale et al., 2013), key questions about the ecological conse-
quences of ALAN within riparian habitats need to be addressed, for
example, which taxa are most sensitive, what is the magnitude of any
impacts and which locations should be prioritized for protection or
mitigation?

More than 60% of invertebrate species are nocturnal (Hélker et al.,
2010), and many react to ALAN (Eisenbeis, 2006). Profound declines in
insect diversity, abundance and biomass have been reported (Forister
et al.,, 2019; Hallmann et al., 2017; Wagner, 2019 ), and ALAN is
assumed to be one of the many causes (Grubisic et al., 2018). Aquatic
insects appear to be more affected by ALAN than their terrestrial
counterparts (Perkin et al., 2014a), with many showing positive photo-

taxis and polarotaxis (Boda et al., 2014; Szaz et al., 2015). In particular,

Ephemeroptera, Trichoptera and Diptera demonstrate disturbed
behaviour due to ALAN (Perkin et al., 2014a). This is of concern, given
the importance of aquatic insects as a source of food for aquatic and
terrestrial predators (Perkin et al., 2011), and as bioindicators (Hod-
kinson & Jackson, 2005). Flying insects may suffer direct mortality at
light sources due to collision with the lamp, attraction-exhaustion or
predation (Eisenbeis, 2006; Perkin et al., 2011 ) with potential impacts
on local insect populations. Furthermore, ALAN can act as an ecological
trap by imitating natural environmental cues used for the detection of
suitable habitats (Schlaepfer et al., 2002). Some species use horizon-
tally polarized light reflected from the water surface to detect their
oviposition sites (Horvath et al., 2009). However, oviposition can be
disrupted by polarized ALAN reflecting from artificial surfaces (Szaz
et al.,, 2015), raising questions about long-term population impacts.
Losses in reproductive success might scale up to substantial population
declines (Perkin et al., 2011). Additionally, ALAN can inhibit night-time
drift of larvae (Perkin et al., 2014b) and influence the emergence of
adults from the water surface (Meyer & Sullivan, 2013).

The ecological structure and function of many waterbodies has
already been damaged by stressors such as habitat degradation, chem-
ical pollution, climate change, invasive species, and over-exploitation;
ALAN poses an additional threat (Perkin et al., 2011). Estimates of
impact magnitude are therefore important, enabling mitigation of arti-
ficial lighting to be prioritized in relation to other stressors.

Although the ecological impacts of artificial lighting above or along
the edge of waterbodies are often conspicuous (e.g. Szaz et al., 2015)
and have received some research attention (Perkin et al., 2011; Tamir
et al.,, 2017 ), relatively little is known about the disruption of aquatic
communities by lamps positioned within the broader riparian zone.
Riparian and aquatic habitats have a range of important functional con-
nections including exchanges of organisms, energy and matter (Baxter
et al., 2005; Muehlbauer et al., 2014; Schneider et al., 2002 ). Aquatic-
terrestrial subsidies include both inputs of organic matter which are
fed upon by aquatic detritivores, and the emergence of adult aquatic
insects which provide food for terrestrial insectivores. The importance
of riparian zones to aquatic communities is further illustrated by the
presence of a terrestrial phase in the lifecycle of many aquatic insects,
who use vegetated riparian areas for mating (e.g. swarming sites),
moulting and as a place for resting or refuge (Erman, 1984).

Flying adult aquatic insects may be attracted to lamps located well
away from ariver (Manfrinet al., 2017), although it is unclear how these
attraction/capture effects change with increasing perpendicular dis-
tance of lamps from the water’s edge. Clarifying this proximity effect is
an important step towards understanding the impact of riparian light-
ing on key processes such as lateral and upstream dispersal of flying
aquatic insects (Bilton et al., 2001), and their predation by birds, bats,
spiders, etc. (Baxter et al., 2005).
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Here we test two broad hypotheses, framed to support conservation
practice:

1. Operating white LED lamps in riparian areas increases the local
abundance of flying adult aquatic insects.

2. As the distance between a white LED lamp and the river edge
increases, a threshold is reached where its attraction effect on fly-
ing adult aquatic insects starts to decrease.

This study used an experimental approach within a dark rural land-
scape. We focused on three aquatic insect taxa known to be sensitive to
ALAN: Ephemeroptera, Trichoptera and Diptera. Although widespread
throughout Europe, Ephemeroptera and Trichoptera are often threat-
ened at the national level (JNCC Report No. 367, 2003; Lubini et al.,
2012 ). Thus, in this study, these taxa serve as indicators of direct
threats to nature conservation. Diptera, notably Chironomidae, can
be highly abundant in aquatic habitats (Ferrington, 2008) and are an
important food source for many aquatic and terrestrial organisms (Bax-
ter et al., 2005). We therefore include this group as an indicator of the
broader potential impacts of artificial lighting on riparian food webs,
focusing on a size range that is typically predated upon by a local bat

species.

2 | MATERIALS AND METHODS

2.1 | Study area

Two studies were undertaken along the Glrbe river (46° 49’ N, 7° 30’
E; 500 - 600 m a.s.l.), a heavily straightened waterway flowing through
intensive grassland in the lowlands of Bern, Switzerland. Lighting emis-
sion data from the satellite-mounted VIIRS sensor identify the study
locations as relatively dark, with no permanent outdoor artificial light-
ing present within 200 m of the river edge (see Supplementary Infor-
mation 1 for details). This choice of study area was intended to mini-
mize variability between sample locations and to ensure sampling of a

relatively light-naive insect community.

2.2 | Study design

The two studies were conducted during the summer of 2017 and used
the same trap design, lamp type and study site (see Supplementary
Information 1 for details). White LED lamps were used in both stud-
ies, each positioned immediately adjacent to a modified flight intercept
trap.

2.2.1 | Study A: Impact magnitude
This study addressed hypothesis 1, testing whether the presence of
an operating white LED lamp adjacent to the river would attract more

adults of our study orders compared to a non-operating lamp and also

whether these capture effects would be reduced by placing lamps 40
m from the river edge. Crucially, it aimed to estimate the magnitude
of any effects of ALAN (Sanders et al., 2020). This experiment was
configured as a stratified random design with repeated measures.
Four lit traps were each paired with an unlit control trap (referred to
together as a sample pair) (Figure 1(a)). Treatment and control were
separated from each other by 90 m. A lit treatment consisted of a
modified flight intercept insect trap and a white LED lamp; the unlit
control was identical, but the LED lamp remained switched off. Sample
pairs were separated from each other by at least 200 m and stratified
by an upstream and downstream block. Within each block, one sample
pair was placed at 3 m and the other at 40 m from the river’s edge (as
measured along transects set perpendicular to the river axis). A total of
eight traps were in operation each night (Figure 1(a)), with a total of six
sampling nights. By the end of the experiment, each distance in each
block had been sampled six times, resulting in a total of 48 samples

(Supplementary Information 2).

2.2.2 | Study B: Distance thresholds

This study addressed hypothesis 2, testing whether the abundance
of adults attracted by a white LED lamp would reduce with increas-
ing distance of the lamp to the river edge. Crucially, it aimed to
identify any distance thresholds, beyond which captures significantly
reduced. The experiment was arranged in a stratified random design
with repeated measures, in which a lit treatment (LED lamp + flight
intercept trap) was randomly placed at six different distances (3, 10,
20, 40, 60 and 80 m) from the river edge (Figure 1(b)). These tran-
sects were spaced at least 300 m apart and again stratified by a
downstream and upstream block. On the first sampling night, three
lit traps were positioned in the downstream block at distances of 10,
40 and 80 m; another three lit traps were randomly allocated to the
upstream block at distances of 3, 20 and 60 m. The following sam-
pling night, distance allocations for each block were switched. Sub-
sequent sampling nights repeated this pattern, with the caveat that
no transects were sampled at the same distance more than once.
The experiment was divided into two sampling sessions, each with
three sampling nights (Supplementary Information 2), for a total of

36 samples.

2.3 | Lighting treatment

The lit treatment consisted of a battery-powered 20 W, 1500
lumen, white LED lamp (Apollo Light GmbH, Boizenburg, Germany;
see Supplementary Information 3) fixed on a 2-m high wooden
pole, facing the river and angled 45° towards the ground. By posi-
tioning the lamp at this angle, the lighting effects were more
comparable to LED street lighting; surface illuminance was rela-
tively even, the point lighting source itself was visible from the
stream edge, and the lighting was directed below the horizontal

plane.
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FIGURE 1 Atypical sampling design for (a) Study A and (b) Study B. Yellow circles indicate traps with operating lights, and black circles
indicate traps with lamps switched off (control). T1-Té represent sampling transects set perpendicular to the river

2.4 | Insect sampling

Insects were sampled using flight intercept traps (Perkin et al., 2014a),
modified with an additional sticky trap (Supplementary Information 1)
to maximize the total number of individuals sampled. For the same rea-
son, we undertook 2 min of hand collection for these groups starting
1.5 h after the beginning of the experiment. Hand collection was per-
formed using a small paint brush to move the specimen into a plastic
tube and targeted at individuals that had settled on the lamp or trap
structure. The purpose of including Diptera in our analyses was to gain
some indication of potential impacts on riparian food webs. The com-
mon pipistrelle Pipistrellus pipistrellus is highly active in this study loca-
tion, and known to prey on Diptera within the body size range of 3-
8 mm (Barlow, 1997). We therefore only recorded Diptera individu-
als within this size range. As we were interested in Diptera as a func-
tional indicator of impacts on food availability for P. pipistrellus, family
and sex identification were not undertaken for this group. Due to the
large numbers of Diptera caught within our sticky traps, they were sub-

sampled as in Calderone (1999).

2.5 | Sample dates and times

Sampling for both studies was undertaken between June and Septem-
ber 2017, to coincide with the peak in total community emergence
(Baxter et al., 2005), and Ephemeroptera, Trichoptera in particular
(Waringer, 1996). However, it is recognized that some Ephemeroptera,
Trichoptera and Diptera species have emergence periods that fall out-
side of this sample window. Sample dates were separated by at least a
week. Traps were set up immediately before sunset and operated for
approximately 2.5 h (Supplementary Information 2), as the lamps bat-

tery life was approximately 3 h.

2.6 | Covariates

Datafor the following variables were collected in the field, or from local
monitoring stations: air temperature, relative humidity, wind speed,
moon illuminance, grass height at the trap, width of the riparian vegeta-

tion strip, riparian tree cover, water flow and river water temperature,
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sampling session, sampling night (Julian date), site number and the time
gap between sunset and trap operation (time lag) (see Supplementary
Information 4 for descriptions).

2.7 | Statistical analysis

Both studies used raw count data to create generalized linear mixed
models (GLMMs) for each of the three orders, using the statistical soft-
ware R version 3.4.2 (R Development Core Team, 2017). We used abun-
dance as the response variable, derived from the sum of the individuals
in the sticky trap, the intercept trap and (for Ephemeroptera and Tri-
choptera) hand collection. The analyses of distance and lighting effects,
assessed at order level, were performed using the glmer and Imer func-
tions from the package Ime4 (Bates et al., 2014) or the gimmadmb func-
tion of the gimmADMB package (Skaug et al., 2018) for zero-inflated
models. For highly correlated variables (Spearman’s rank, /r/ >0.5), we
selected the variable which correlated most strongly with the response
variable and included it in the model selection process. Model selec-
tion was performed using the dredge function to obtain a list of possi-
ble models ranked by AIC (Akaike information criterion), and then by
averaging the models within a subset of AAIC < 2 using model.avg func-
tion, both from the package MuMiIn (Barton, 2016). Overdispersion and
zero-inflation were tested for using testOverdispersion and testZerolnfla-
tion functions from the package DHARMa (Hartig, 2017).

2.7.1 | Study A: Impact magnitude

For each of the study groups, the lit/unlit lighting treatment (lighting),
the distance of the lamp from the river’s edge (distance) and their inter-
action were included in the model as fixed effects. Sample pairs were
added to each model as a random factor. When the interaction effect
was not significant, the model was compared with the corresponding
additive model using Akaike weights (Wagenmakers & Farrell, 2004)
and the most parsimonious model was chosen. Ephemeroptera abun-
dance was modelled using the glmer function assuming a Poisson dis-
tribution with an observation-level random effect to account for data
over-dispersion (Harrison, 2014). Trichoptera and Diptera abundance
were modelled assuming a negative binomial distribution. Effect size
was calculated as Cohen’s d (Durlak, 2009), using the function cohen.d

from the package effsize (Torchiano, 2017).

2.7.2 | Study B: Distance thresholds

For all models, distance was included as a fixed effect and transect
as a random factor. Ephemeroptera abundance was analysed using
the glmer function assuming a Poisson distribution. Due to zero infla-
tion, the Trichoptera abundance was analysed with the gimmadmb
function, assuming a Poisson distribution with zero inflation. Diptera
abundance was analysed with the Imer function assuming a normal

distribution. For the post hoc analysis, a Tukey’s test was performed

using the glht function of the multcomp package (Hothorn et al., 2008).
Due to multiple comparisons of the six different distances from the
river, the inflated false discovery rates were corrected for using the
Benjamini-Hochberg method (Pike, 2011).

3 | RESULTS

3.1 | Study A: Impact magnitude

One hundred eighty-one Ephemeroptera, 2146 Trichoptera and
97,525 Diptera (body size range of 3-8 mm) were collected, for a
total of 99,852 individuals (Supplementary Information 5). The aver-
age insect catch per hour per trap was approximately 412 insects in
the lit treatment, and four insects in the unlit control. We identified
a total of seven Ephemeroptera families and 12 Trichoptera families
(Supplementary Information 6). These data exclude individuals from
sticky traps, as removal of individuals inevitably damaged key diagnos-
tic features. Of the 92 Ephemeroptera individuals captured by inter-
cept trap and hand collection, 78 were females and 14 were males; sim-
ilarly for Trichoptera, 743 females, and 67 males were captured.

Lighting significantly increased Ephemeroptera abundance at the
treatment sites (p < 0.001) (Figure 2) with a medium Cohen'’s d effect
size (Figure 3). No change in abundance between 3 and 40 m was
detected (p = 0.269). Air temperature, tree cover and time lag had a
significant negative effect on abundance (Supplementary Information
7).

Lighting significantly increased Trichoptera abundance at the treat-
ment sites (p < 0.001), whilst distance reduced it (p < 0.001), both with
a medium Cohen’s d effect size. Water flow had a significant negative
effect on abundance (Supplementary Information 7).

For Diptera, lighting significantly increased their abundance at the
treatment sites (p < 0.001) with a large Cohen’s d effect size, and grass
height had a significant positive effect (Supplementary Information 7).
No change in abundance between 3 and 40 m was detected (p = 0.43).

3.2 | Study B: Distance thresholds
Two hundred ten Ephemeroptera, 519 Trichoptera and 152,492
Diptera (body size range of 3 - 8 mm) were counted during this study,
for a total of 153,221 individuals (Supplementary Information 8). The
average catch per hour per lit trap was approximately 1702 insects. We
identified a total of seven Ephemeroptera and nine Trichoptera families
(Supplementary Information 6). Again, these data exclude individuals
from sticky traps. Of the 210 Ephemeropteraindividuals captured, 182
were female and 28 were male. For Trichoptera, 188 females and 28
males were captured in the intercept trap and hand collection.
Ephemeroptera abundance ranged from O to 30 individuals. Pre-
dicted mean Ephemeroptera abundance at 40 m was significantly less
than at 3, 10 and 20 m, dropping rapidly by 50-60% (Figure 4(a); Sup-
plementary Information 9). Abundance declined more gradually from

40 to 80 m, apparently reaching a plateau at 80 m. Water temperature
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had a positive effect, whereas sampling session, grass height and time
lag had a negative effect (Supplementary Information 9).

Trichoptera abundance varied from O to 126 individuals. Trichoptera
abundance was significantly lower at 10, 20, 40, 60 and 80 m compared
to 3 m, with the predicted mean falling by 75-90% (Figure 4(b); Sup-
plementary Information 9). Air temperature and time lag had a posi-
tive effect, whereas site, sampling session, moon illuminance, and tree
cover had a significant negative effect.

Diptera abundance varied between 81 and 10,508 individuals. Mod-
els revealed a gradual decrease with increasing distance from the river
edge (Figure 4(c); Supplementary Information 9). The predicted mean

Diptera abundance was 23% lower at 10 m compared to 3 m, but this

difference was only marginally significant. Compared to 3 m, the pre-
dicted mean Diptera abundance was significantly lower at both 60 m
and 80 m. Water temperature had a significant positive effect, whereas
sampling session, relative humidity, moon illuminance and grass height

had significant negative effects on Diptera abundance.

4 | DISCUSSION

As ecological light pollution research reveals disturbance effects for
ever more taxa, attention is turning to practical considerations around
lighting dose and mitigation (Gaston et al., 2012). A key question is
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how close does a lamp need to be to a habitat before it disturbs the resident
community? Answering this question can help guide decisions on loca-
tions to target for mitigation action. Estimating the magnitude of any
disturbance provides additional information, enabling the comparison
of ALAN with other stressors (Grubisic et al., 2018; Perkin et al., 2011
) and helping to clarify the effectiveness of mitigation measures.

This study explored the magnitude of lighting impacts on noc-
turnal flying insects associated with rivers, and how these change
with lamp proximity to the river edge. Other studies have identified
distance/proximity thresholds for taxa such as bats (Azam et al., 2018;
Hale et al., 2015 ), but this is the first study to explore lamp-habitat
proximity thresholds for adult aquatic insects. Overall, the effects were
greatest for Ephemeroptera and Trichoptera when white LED lamps
were placed within 40 m of the river edge. This implies that removing
all lamps within 40 m of the river edge could be an effective mitigation
measure for these aquatic orders, which often contain species of
conservation concern. No similar drop in capture effect was observed
for Diptera. Note that the spatial extent and magnitude of lighting

impacts could be sensitive to historical, landscape, and technical

contexts, so it is not clear whether the finding of this research are
broadly applicable.

More research is needed to explore whether lighting impacts on
adult aquatic insects differ between previously dark versus lit habi-
tats (Altermatt & Ebert, 2016), wooded versus open landscapes (Perkin
et al., 2011), natural versus agricultural land covers (Grubisic et al.,
2018) and between lamp types (Wakefield et al., 2018). In addition,
future research should consider a broader range of aquatic inverte-
brate taxa and different stream types (e.g. lower order streams, with

less modified stream channels).

4.1 | Study A: Impact magnitude

Study A found that white LED lighting significantly increased the local
abundance of flying insects for each of the study orders. This is an
important result to communicate, given that most ecological light
pollution research has focused on older lighting technology. LED lamps

are often portrayed as wildlife friendly, yet this depends on the baseline
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used for comparison. Wakefield et al. (2018) found that LED lamps
attracted approximately the same numbers of aerial nocturnal insects
as high-pressure sodium lamps, but much less than metal halide lamps.
Estimating the effect magnitude provides additional useful information
(Sullivan & Feinn, 2012), especially for prioritizing conservation action.
We found medium/large effects of the white LED lighting treatment on
our study orders, indicating that it generates a considerable increase
in local insect density compared to dark background levels.

These results provide further evidence for the attractive effects
of artificial lighting on our study orders (Pawson & Bader, 2014;
Perkin et al., 2014a ). Ephemeroptera, Trichoptera and Chironomidae
(Diptera) are known to orient themselves based upon their angle to the
sun or moon (Goretti et al., 2011; Malik et al., 2008; Szadz et al., 2015),
and the polarized signal of natural light reflecting from the water sur-
face can be used to identify suitable oviposition sites and feeding habi-
tats (Horvath et al., 2009). Bright LED lighting could potentially com-
pete with natural lighting cues, leading individuals to re-orient them-
selves toward the artificial lighting source.

We also found that each study order reacted differently to white
LED lighting, with a particularly strong effect size for Diptera abun-
dance (Figure 3). A possible explanation is that the orders have broadly
different sensitivities and responses to certain lighting intensities,
wavelengths or degree of polarization (Malik et al., 2008). Insect vision
has evolved photoreceptors that respond to the UV-blue-green parts
of the spectrum (Briscoe & Chittka, 2001), thus artificial lights that
emit radiation peaking at these wavelengths could trigger a phototac-
tic response. This mechanism is already used to improve efficiency of
light traps that target aquatic insects (Price & Baker, 2016), pests and
disease vectors (Cohnstaedt et al., 2008). The magnitude of the light-
ing effect could therefore be linked to the sensitivity of each taxa to
particular wavelengths emitted by our white LED lamps, as suggested
by Grunsven et al. (2014). However, the taxonomic resolution used in
this study was not sufficient to further investigate in this direction.

4.2 | Study B: Distance thresholds

For Ephemeroptera, we identified a clear distance threshold, with the
number of individuals captured next to the lamps rapidly declining from
a point between 20 and 40 m from the river edge (Figure 4). However,
individuals were still caught at the maximum lamp/sampling distance of
80 m from the river. The ALAN impact zone for Ephemeroptera around
waterbodies could therefore be relatively wide; under natural condi-
tions individuals have been found as far as 160 m from the river edge
(Muehlbauer et al., 2014). This reduction in abundance with distance
could be explained by their distinct swarming behaviour. Most species
are thought to swarm within 30 m from the water edge (Savolainen,
1978), so a peak in captures between 0 and 30 m would be expected.
Petersen et al. (2004) and Finn and Poff (2008) also detected a rapid
decline in abundance with distance, but at 15 and 10 m, respectively.
However, these studies used unlit traps in uplands streams, instead of
a lowland river as in our study. It is possible that the larger threshold

identified in our study results from the lamps altering natural patterns

of lateral distribution, drawing swarms further from the river edge.
An important caveat is that the spatial distribution of Ephemeroptera
may also depend upon the swarming behaviour of the species present
(Savolainen, 1978). More intensive sampling would be needed to iden-
tify the distance-response curves for particular species of conserva-
tion interest.

Trichoptera catches at lamps dropped by 80% between 3 and
10 m from the river edge. Petersen et al. (2004) demonstrated that
under natural conditions Trichoptera tend to stay close to their natal
habitat and drop rapidly in abundance from O to 15 m away from the
river. In our study, Trichoptera were still captured at the maximum
sampling distance of 80 m, indicating that the ALAN impact zone for
this group could still be quite wide. Muehlbauer et al. (2014) found
that Trichoptera dispersed laterally up to 650 m away from the river
edge under natural conditions. In contrast, Finn and Poff (2008) did not
record a rapid decline in Trichoptera abundance with distance. How-
ever, they studied an alpine stream harbouring mainly Limnephilidae
with a large body size and thus better flight ability, whilst our study
was undertaken on a lowland river dominated by Hydroptilidae that
tend to be much smaller.

For Diptera, study B identified a gradual decline in captures with
increasing distance from the river edge, becoming significant at 60 m.
However, this trend is somewhat undermined by a marginally signifi-
cant drop in abundance at 10 m, followed by a recovery at 20 m. The
reduction in abundance could be an artefact of the compacted gravel
road (and therefore reduced vegetation) that was adjacent to the 10-
m trap. Delettre and Morvan (2000) found that under natural condi-
tions the abundance of Chironomidae (Diptera) declined rapidly from a
distance threshold of around 100 m but were still captured up to 500
m away from the river. Muehlbauer et al. (2014) demonstrated that
Chironomidae can still be found up to 17 km away from waterbodies.
Dispersal capability is linked to body size, wing morphology and can
also vary according to different species (Delettre et al., 1992); includ-
ing Diptera with a broader range of body sizes in our study could there-
fore have resulted in a shift in the estimated distance threshold. Even
though many Diptera families are strongly associated with aquatic and
riparian habitats, some species are exclusively found in terrestrial habi-
tats (Ferrington, 2008); we therefore cannot exclude the possibility

that some Diptera captures were terrestrial.

4.3 | Experimental approach
Our studies used a combined flight intercept trap adapted from the
design of Perkin et al. (2014a). The main advantage of our design is its
portability; trap and lamp can be transported quickly and installed off-
grid without generators, and with minimal physical disturbance to the
study site. This agile approach enabled simultaneous replicated sam-
pling in relatively isolated locations, and where farming activity was
incompatible with the presence of equipment in fields during the day.
Despite the flexibility of this approach, this study was limited to
estimating acute impacts of artificial lighting. Sampling duration was

restricted by the 3-h battery life of the LED lamp, and sampling did not
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cover the full emergence/flight season for the study orders. However,
given additional battery power and personnel, this approach could
easily be used in future studies to estimate full-night and full-season
impacts.

Our data (Supplementary Information 10 and 11) demonstrate
the benefit of modifying the intercept trap, resulting in a doubling
or tripling of the total catch of Ephemeroptera and Trichoptera. For
Diptera, the addition of a sticky trap increased total catches by almost
one order of magnitude. The numbers of Diptera for some sampling
events were so high that the sticky traps almost reached capture
capacity, indicating that periodic replacement of sticky traps might
be required for future studies. However, there is a trade-off between
the high capture rate of the sticky traps and the physical damage this
trapping method causes to individual specimens. Future studies should
therefore explore alternative trap designs or greater sample effort to

allow a higher taxonomic resolution and exploration of any sex biases.

5 | CONCLUSION

The strong responses to white LED lighting identified here are concern-
ing, given the conservation status of some species of Trichoptera and
Ephemeroptera, orders which are often used as bioindicators for the
health of aquatic ecosystems (Hodkinson & Jackson, 2005). Despite
the relatively degraded river habitat, our lit traps caught at least one
nationally rare species; Oligoneuriella rhenana (Oligoneuriidae) is the
only species within its family in Switzerland and is critically endan-
gered (Lubini et al., 2012). The high number of Diptera caught in the lit
traps is particularly striking in comparison to Ephemeroptera and Tri-
choptera. A similar result was found in the experimental study of Russo
et al. (2019) using warm LED lighting, raising concerns about popula-
tion impacts for this group, and cascading ecosystem effects (Baxter
et al., 2005; Manfrin et al., 2017; Meyer & Sullivan, 2013). However,
it is important to note that without baseline population estimates for
the species present (e.g. via benthic sampling of juveniles, or emer-
gence trapping), we cannot speculate further on the long-term popu-
lation impacts. In addition, whilst it is clear that white LED lighting can
disturb the behaviour of adult aquatic insects, it is not known to what
extent the lamps on their own (without the presence of traps) would
have resulted in mortality, or inhibited reproduction.

Flying insects such as Diptera tend to seek shelter from wind by
flying near to forest edges, hedgerows (Lewis, 1970) and riparian
vegetation. Small bat species such as P. pipistrellus preferentially fly
close to these linear landscape elements, where they can exploit
the higher density of insects, are themselves protected from wind
and predators and can use the structure for orientation (Verboom
& Spoelstra, 1999). When our results are placed in this context, it is
reasonable to conclude that white LED lamps have the potential to
disrupt the typical prey of P. pipistrellus in riparian areas and should
be excluded where possible. However, although P. pipistrellus is known
to opportunistically forage on insects attracted to street lamps (Azam
et al,, 2018), acute experimental studies by Stone et al. (2012) and
Russo et al. (2019) find no evidence that this species exploits the
insects that aggregate around cool white LED lamps.

Although the results of this study may not be universally applicable,
they are sufficient to draw attention to the risks posed by white LED
lighting in riparian areas. As a precautionary approach, it makes sense
for wildlife managers to implement riparian lighting exclusion zones of
at least 40-60 m from the edge of rivers, with further research needed
to clarify whether these distance thresholds apply to other lamp types
and in different ecological contexts.
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