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Abstract

Artificial light at night (ALAN) is a widespread, human-induced alteration of the landscape that affects insect dispersal and
potentially contributes to insect decline. We used an experimental area with streetlights installed adjacent to an agricultural
drainage ditch to experimentally assess the abundance and diversity of emerging and flying aquatic Diptera over a period of
six months in summer and autumn. Emergence was two-fold lower in the lit site, while flying adults were eight-fold more
abundant at traps under lights. Results were taxon- and sex-specific. Males of nine taxa were less abundant in lit emergence
traps, and females of most taxa were more abundant in lit air-eclector traps than in controls. We developed an empirical
model based on emergence and capture rates and used this model to estimate that the majority of the 54 flying Diptera taxa
we identified were attracted to light from the adjacent water body, and that a few taxa were attracted from a distance of up to
1800 m. This work provides evidence that artificial light in riparian areas can reduce emergence in aquatic Diptera and hinder
dispersal, with effects that vary depending on the taxon. Because many riparian predators rely on adult aquatic insects as prey,
these changes can cascade across aquatic-terrestrial ecosystem boundaries. Given the large number of streetlights that are
installed along freshwater shorelines, the observed effects are likely to be of relevance to freshwater bodies around the globe.
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Introduction

Ecosystems are connected through reciprocal fluxes of
material, energy and organisms (Polis et al. 1997; Loreau
et al. 2003; Baxter et al. 2005). The ecological relevance
of such fluxes for receiving ecosystems are a function of
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their quantity and quality (Marcarelli et al. 2011). In ripar-
ian areas, emerging aquatic insects provide a food resource
for a wide range of terrestrial consumers (e.g. Nakano and
Murakami 2001; Sanzone et al. 2003; Paetzold et al. 2005;
Marczak and Richardson 2007; Bartels et al. 2012). Despite
the ecological significance of this subsidy, most studies of
how anthropogenic stressors may impact emergence have
focused on chemical and hydromorphological alterations of
the water (e.g., Whiles and Goldowitz 2001; Larsen et al.
2016; Schulz et al. 2015, 2024; Kennedy et al. 2016; Kraus
et al. 2021; Ohler et al. 2023; Pietz et al. 2023). Conse-
quently, there is less understanding of the impact of land-
scape stressors.

Artificial light at night (ALAN) is one of the most wide-
spread human-induced alterations of the landscape (Holker
et al. 2010; Linares Arroyo et al. 2024), but to date only
a few studies have examined its ecological impact on aquatic
insect emergence (Meyer and Sullivan 2013; Manfrin et al.
2017; Sullivan et al. 2019). This lack of knowledge is par-
ticularly concerning in light of the worldwide decline of
insect populations (e.g. Leather 2017; Hallmann et al. 2017,
2021; Sanchez-Bayo and Wyckhuys 2019; Baranov et al.
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2020; Jahnig et al. 2021), with ALAN being proposed as one
of the drivers of their decline (Grubisic et al. 2018; Owens
et al. 2020). Commonly used artificial light sources such
as street lamps can function as ecological traps (van Lan-
gevelde et al. 2011; Degen et al. 2016; van Grunsven et al.
2020; Spoelstra et al. 2023), and massive numbers of insects
can be affected during swarming events (e.g. Szaz et al.
2015). Insects may become exhausted, leading to reduced
dispersal and reproduction (Perkin et al. 2011; Degen et al.
2016; van Geffen et al. 2015a, b). Urban and suburban areas,
together with their outdoor light sources, are often located
near rivers, streams and lakes (Kummu et al. 2011). The pro-
jected worldwide expansion of urbanised land (Chen et al.
2020) suggests that any impact of ALAN on freshwater eco-
systems (Holker et al. 2023) may be widespread.

The effect of ALAN may be relevant for the early life
stages of aquatic insects because photoperiod is known to
regulate emergence in some taxa (Corbet 1964; Brittain
1982; Kiihne et al. 2021). ALAN may also disrupt diel
behaviour patterns (Holker et al. 2010; Perkin et al. 2011,
2014) and attract or repulse insects directly (Ali et al. 1984;
1986; 1994; Boda et al. 2014; Szaz et al. 2015; but see Don-
ners et al. 2018). Manfrin et al. (2017) reported a three-fold
increase in aquatic insect emergence dominated by mayflies
after one year of experimental exposure to street lamps with
a light intensity of approximately 15 Ix on the water surface
(high-pressure sodium lamps), a light intensity comparable
to values often found in urban and suburban freshwaters
(up to 20 1x; Jechow and Holker 2019). Meyer and Sulli-
van (2013) reported reductions in mean body size (76%)
and taxonomic richness (16%) in emerging aquatic insects
exposed to similar levels of ALAN (10-12 Ix on the water
surface, LED lamps) potentially reducing the availability of
essential fatty acids derived from aquatic organisms, which
are key nutrients for terrestrial predators (Martin-Creuzburg
et al. 2017). Dietary shifts in terrestrial insect consumers
were also reported in both studies (Manfrin et al. 2018; Sul-
livan et al. 2019).

Diptera are the most diverse group of insects with aquatic
representatives, making up nearly half (approx. 45,000) of
all aquatic insect species on Earth (Dijkstra et al. 2014). The
Chironomidae are the most abundant and diverse Dipteran
family in many freshwater habitats, and many of these spe-
cies are known to depend on light cues. It has been observed
that eclosion and emergence are regulated by lunar periodic-
ity (Corbet 1958; Kaiser et al. 2016; Andreatta and Tessmar-
Raible 2020). Females locate oviposition sites using hori-
zontally polarised light, and larvae choose habitats based on
light intensity and wavelength (Horvath et al. 2011; Kiihne
et al. 2021). As gatherers, filter-feeders, scrapers and preda-
tors, but also as a food resource for many aquatic preda-
tors, Chironomidae larvae are an important component of
aquatic food webs (Armitage et al. 2012). Also, they play an
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important role in the carbon and nitrogen cycles of shallow
aquatic systems (Holker et al. 2015a; Baranov et al. 2016;
McGinnis et al. 2017). After emergence, flying Chirono-
mids typically disperse up to 500 m from their aquatic habi-
tat (Delettre and Morvan 2000), but they have been found
up to 17,000 m away from a waterbody (Muehlbauer et al.
2014). Due to the abundance and ecological importance of
dipterans, any response of this order to ALAN may have
far-reaching consequences. While evidence of ALAN being
attractive to dipterans (up to 80 m) has been reported (Caran-
nante et al. 2021), information on the taxa- and sex-related
impacts of ALAN over larger distances is still lacking, even
though such data are relevant to our understanding of the
full dimension of potential impacts (Carannante et al. 2021).

In the study reported here, we predicted that ALAN
would change the abundance and taxonomic composition
of emerging and flying Diptera, and that these changes
would be sex- and taxon-dependent. We employed a large-
scale field experiment to manipulate ALAN over a period of
six months in the summer and autumn of 2014 and quanti-
fied Diptera using emergence traps and air-eclector flight
traps. We also developed an empirical model that combined
emergence and flight capture data to estimate the taxon-spe-
cific and sex-specific mean and maximum distance at which
Diptera were attracted by ALAN.

Methods
Study area and experimental design

The experimental study area was established in 2012 and is
described in detail elsewhere (Holzhauer et al. 2015; Man-
frin et al. 2017). The study area included two sites located
in a 750-km? International Dark-Sky Reserve (International
Dark Sky Association 2015), within the Westhavelland
Nature Park (Germany). At each site, three parallel rows of
four conventional street lamps, each 4.75 m high and located
20 m apart from each other, were installed in the riparian
grass at 3, 23 and 43 m from an agricultural drainage ditch
(see Fig. 1a, ¢). During the study, street lamps at the lit site
were equipped with a high-pressure sodium lamp (70 W,
VIALOX NAV-T Super 4Y, yellow 2000 K; Osram, Munich,
Germany), with the lamps reaching a maximum illuminance
of approximately 50 Ix at ground level. Minimum illumi-
nance was approximately 10 Ix between adjacent lamps in
the same row, and approximately 1 1x between rows (see
Holzhauer et al. 2015 for details of light distribution and
spectral composition). Nocturnal illuminance ranged from
13.3 to 16.5 Ix at the water surface and from 6.8 to 8.5 Ix at
the sediment surface (water depth of approx. 50 cm; Holker
et al. 2015b). Since July 2012, all 12 street lamps at the lit
site have been on at night between civil twilight at dusk
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Fig.1 Study area in the Westhavelland Nature Park (Germany).
a Depiction of the lit site (60x48 m, including the ditch) with 12
street lamps, 4 emergence traps and 12 air-eclector traps (not drawn
to scale). Each emergence trap was adjacent to a street lamp. b Plan
of experimental sites showing location of lit (Lit) and dark (Control)
sites. The dark site was located along the same agricultural drainage
ditch as the lit site, and had the same structural design, but lamps
were not equipped with functioning bulbs. ¢ Plan view depicting
lamps as filled circles and emergence traps as triangles. The shaded
(blue) rectangle delineates the water surface (300 m?) adjacent to
each site. Map data (b) are by Google Earth Pro 7.3.0.3832 (32-bit)
(5 Mar 5 2011), Lochow, Germany (52°41'29.81" N, 12°27'37.54" E;
eye altitude 1.09 km; DigitalGlobe 2017). Color figure online

and dawn. The control site has the same infrastructure of 16
street lights but has remained dark. The sites are separated
by approximately 600 m (800 m along the drainage ditch)
and a row of trees, and are very similar in other environmen-
tal characteristics (e.g. water physical and chemical parame-
ters, hydromorphology and riparian vegetation) (Holzhauer
et al. 2015).

Insect sampling

Insects were collected from both the lit and dark sites from
May to October 2014. Newly emerged aquatic insects were
sampled using four pyramid-shaped floating emergence traps
(base dimensions 0.85 % 0.85 m, mesh size 300 pm) at each
site. These were placed in the drainage ditch at a distance
of approximately 1 m from the bank, directly adjacent to
each street lamp (Fig. 1a, c), and anchored to the shoreline
from both sides with rope. Insects were collected in a plas-
tic container filled with 70 % ethanol, placed at the top of
each emergence trap. Emergence traps were deployed twice
each month except in May when the sampling was conducted
only once, and in July when the sampling was conducted
three times, for a total of 12 sampling events. Traps were

deployed for varying periods of time ranging from 1 day to 1
week (range 24 to 185 h). Flying adult insects were collected
using 12 air-eclector traps at each site. Traps consisted of
two perpendicular acrylic panels (each 0.2x0.5x0.003 m)
mounted above a collecting funnel, placed 0.5 m below each
streetlamp (Fig. 1a) and fitted with collecting containers pre-
filled with 70% ethanol for preservation (for more details,
see Manfrin et al. 2017, 2018). Air-eclector traps were active
for one rainless 24-h sampling event every month, during
either a first- or third-quarter moon. An exception was in
July when sampling was conducted twice, leading to seven
sampling events in total.

Taxonomic identification

Aquatic Diptera caught in emergence and air-eclector traps
were identified to the lowest taxonomic level possible (spe-
cies level when possible, otherwise to genus, tribe or fam-
ily), resulting in a total of 93 identified taxa (Electronic Sup-
plementary Material [ESM] Table S1). All specimens were
also sexed and counted. Chironomidae were first sorted into
morphotypes under a stereo microscope (150X magnifica-
tion), after which three to five specimens of each sex were
randomly selected, mounted in glycerol and identified under
a light microscope using the taxonomic keys of Langton
and Pinder (2007), Wiederholm (1989), Makarchenko and
Makarchenko (2006) and Ferrington and Saether (2011).
In total, 73 chironomid species were identified, of which
55 were identified using DNA barcoding; these voucher
specimens are stored in ethanol at the Zoological Research
Museum Alexander Koenig (Zoologisches Forschungsmu-
seum Alexander Koenig [ZFMK]), Bonn, Germany. Details
and accession numbers available as Supplement 2 in Chi-
meno et al. (2023).

Statistical analysis

The number of emerging Diptera was standardised to catch
per unit of effort (CPUE) by dividing the total number of
individuals caught in each trap by the hours of deployment
and then dividing the product by the water surface area
covered by the trap (0.7225 m?). This value was then mul-
tiplied by 24 to obtain values of CPUE as number of indi-
viduals per square meter per day. The CPUE of flying Dip-
tera was calculated as the number of individuals caught per
24 h of trap operation. We considered both emergence and
air-eclector traps to be spatially dependent and therefore
summed the CPUE of all traps in each site for each trap
type and sampling event. From these CPUE values, diversity
was expressed as the exponential Shannon diversity index
(Jost 2006), and richness as the number of taxa present at
each site.
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The multiple sampling events (i.e. temporal observations)
at each site were considered (pseudo) replicates for the sta-
tistical analysis. Linear models as implemented in the “stats”
package in R (version 4.3.1; R Core Team 2023) were used
to test for differences in CPUE between lit and dark sites.
Analyses were performed separately for emerging (12 sam-
pling events) and flying Diptera (seven sampling events),
and for total CPUE (sum of CPUE from all taxa) and for
each taxon. Linear models included the factors “site” (lit,
dark), “sex” (male, female) and their interaction.

When serial autocorrelation was detected in the residu-
als, a correction for temporal autocorrelation structure was
included in the linear model. We used the auto.arima func-
tion in the “forecast” package (version 8.21.1; Hyndman
et al. 2023) for R to identify the best temporal autocorre-
lation structure based on the Akaike information criterion
(AIC). When “site” or “site:sex” factors were significant, we
performed contrast analysis using pairwise comparisons (dif-
ferent site, same sex—different site, different sex—same site)
using least-squares means with the “Ismeans” package (ver-
sion 2.30-0; Lenth 2016) for R. The distribution of residuals
was assessed using quantile-plots (Wilk and Gnanadesikan
1968) using the graphics package for R, ensuring that the
results aligned with model residual assumptions (Zuur and
Ieno 2016).

Model-based estimates of attraction to ALAN

We built an empirical model combining taxon-specific
CPUE data with spatial data on water surface around the
study site to make an estimate of the mean and maximum
distance from which Diptera were attracted to the centre of
the lit site. The estimation was applied to taxa that showed
a significant “site” or “site:sex” effect (see section Results).
Our model of Diptera attraction was based on a first-order
estimate of the minimum water surface area needed to sup-
ply the number of individuals (24 h™' m~2) captured during
light in air-eclector traps. The model was developed with the
following basic assumptions: (1) ALAN effects of reduced
emergence (see section Results) extend only to the adjacent
water surface (300 m?; see Fig. 1c) and water beyond this is
assumed to function identically to the control site in terms of
emergence; (2) the impact is non-directional (i.e. spherical)
due to the propagation properties of light; and (3) emerg-
ing insect densities are homogeneous in either lit or unlit
ditches (i.e. not affected by habitat patchiness). Other factors
that might impact the attraction of insects, such as wind,
rainfall, predation and competition, were not considered in
the model.

To calculate an attraction distance, we first calculated the
relative capture rate of each species for the light and dark
sites as:
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RC = AA—IECL *Crar (1)
EMR + CEMR

where the relative capture (RC) is a function of the CPUE
(A) of species i captured in the air-eclector trap (ECL)
divided by the CPUE (A) of species i captured in the emer-
gence trap (EMR) recalculated to square meters (m?) of adja-
cent water area (in 300 m? of water directly adjacent to the
lit field; see Fig. 1c). To avoid zero values on either side of
the relative capture formula (1), we centred all values around
the minimal number of individuals being captured (¢, CPUE
as individuals per m? per day), which is calculated using
formula 2 and 3.

— 1/ amax,
CEMR - Lk ared,,q ey (2)
aredgypirap

1
dmaxge;

CreL = 3)
where cyp is a correction factor based on a single individ-
ual being caught in the trap (1) corrected for the maximum
deployment duration of sampling of the emergence traps
(dmaxgyg; 185/24 h="7.7 days), the area of the emergence
traps (aredpyg yqps 2-89 m?) and the total water area (are-
@,y u0rs 300 M?). cy is a similar correction factor based on
a single individual being caught in the air-eclector trap cor-
rected for the maximum deployment duration of said traps
(dmaxger; 16.5/24 h=0.69 days).

Using the relative capture for both light and dark sites

we calculated the attraction factor (AF) as:

AF = XGi 0
R Cdark

The attraction distance was estimated by multiply-
ing AF by the area of water from which insects could
originate, beginning with the water adjacent to the dark
site (28 m from the centre of the field, corresponding to
300 m%; Fig. 1c) and increasing to include water within a
radius of 28-5000 m from the centre of the field in 0.5-m
increments. The amount of water was estimated using a
spatial GIS analysis of the lit site using the “rgeos” pack-
age (Bivand et al. 2023) for R. Spatial information was
extracted from municipal maps of water bodies and sup-
plemented using satellite imagery (Google Earth) for
smaller ditches that were not included in the maps. The
water surface area in each 0.5-m iteration was compared
to the water surface area required to supply the number
of individuals captured, resulting in an approximation
of attraction distance. This was repeated for all taxa that
showed a significant “site” or “site:sex” effect.
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Results
Diptera abundance and dominant taxa

A total of 2424 Diptera were collected in emergence traps,
1272 females and 1152 males, belonging to 74 taxa (ESM
Table S1). Most were chironomids belonging to the tribes
Chironomini and Tanytarsini, including the most abun-
dant species Parachironomus monochromes, Paratanytar-
sus inopertus and Cladopelma edwardsi. In total, 2143
individuals were collected in the air-eclector traps, 1833
females and 310 males, belonging to 54 taxa (Table S1).
The most abundant species belonged to the tribes Chi-
ronomini, namely Cricotopus sp., Procladius crassinervis
and Glyptotendipes glaucus.

CPUE, taxa richness and diversity

Total Diptera emergence was two-fold lower at the lit site
(mean + standard deviation [SD] CPUE 3.72 + 3.29) than
at the dark site (7.84 +6.99) (Table 1; Fig. 2a), independ-
ent of sex. The taxonomic richness and diversity of emerg-
ing Diptera did not differ between sites or among sites
and sexes (Fig. 2b, c). Differently from the analysis of
the total emergence community, when taxa were examined
individually, we found that 13 emerging taxa exhibited a
significant site or site:sex interaction, namely: Chaoborus
sp., 11 species of Chironomidae and individuals assigned
to the Chironomidae tribe Pentaneurini (Table 1). Ten spe-
cies had lower emergence CPUE at the lit site (indicated
by a negative delta CPUE value in Table 1) than at the dark
site, while the Pentaneurini individuals and Monopelopia
tenuicalcar had higher emergence at the lit site (Table 1).
Nine species had lower male emergence CPUE at the lit
site compared to the dark site, while Pentaneurini showed
higher female CPUE in the lit site (Table 1). Emergence at
the dark site appeared to be more variable among the tem-
poral replicates compared with that at the lit site (Fig. 2a).

The number of flying Diptera captured in the air-
eclector traps was approximately eight-fold higher at the
lit site (mean = SD CPUE 416.48 + 592.23) than at the
dark control site (52.17 +£ 146.72) (Table 1; Fig. 3a). Over-
all, females were six-fold more abundant at the lit site
(717.67 +733.47) than males (115.28 +101.40) (Table 1,
Fig. 3a). The analysis of individual taxa revealed signifi-
cantly higher female than male abundance at the lit site for
four taxa, namely Chironomus dorsalis, Chironomini, G.
glaucus and Orthocladiinae (Table 1). Diversity and rich-
ness of flying Diptera were 2.8-fold and 4.2-fold higher in
the lit site (Table 1, Fig. 3b, c), with no sex-specific effect
of ALAN.

Estimation of aquatic Diptera attraction to ALAN

Examined individually, most taxa for which we observed
a significant effect of site or a site:sex interaction (CPUE
model) in emergence or air-eclector traps were attracted from
the water body directly adjacent to the lit field (Fig. 4; ESM
Table S2). Females were attracted from farther distances
than males in the Chironomini (mean + SD 157.1+242.9 m
for females; 1.6 +4.3 m for males), P. nubeculosum
(354.9+633.2 m; 42.9+52.8 m) and P. crassinervis
(215.6 £331.5 m; 32.1 £33.6 m). Males were attracted
from farther away in C. edwardsi (132.5+154.6 m males;
24.8 + 63.8 m females) and E. tendens (133.3 +£142.9 m;
45.8 +£69.2) (Fig. 4). Females and males of G. glaucus were
equally attracted (105.9+110.8 m; 107.1 +127.0 m).

Discussion

In this study, we observed taxon-specific and sex-specific
changes in the abundance of emerging and flying aquatic
Diptera in response to ALAN. The two-fold lower total
emergence of Diptera into the lit riparian area was driven
by significant reductions for 13 taxa, nine of which had
lower emergence of males but not of females. The eight-
fold higher abundance of flying Diptera at the lit site was
driven by a higher number of females of four taxa, which
may have consequences for female-male encounter rates and
reproduction (Degen et al. 2017). According to our empiri-
cal model developed to estimate attraction distance, most
individuals were attracted to light from the adjacent water
body, although males of 15 taxa and females of six taxa
were attracted from greater distances, with maximum dis-
tances of attraction observed in P. nubeculosum (approx.
1800 m), P. crassinervis (900 m) and Chironomini sp.
females (670 m).

Emergence

The lower emergence rates of Diptera at the lit site con-
trasted with the increased total emergence of aquatic insects
under ALAN observed at the same site 1 year earlier (Man-
frin et al. 2017). In that study, the mayfly Cloeon dipterum
(Linnaeus, 1761) was the most abundant insect taxon, which
may have obscured the opposite patterns in Diptera. ALAN
may have reduced the survival of Diptera larvae by impact-
ing ontogeny (Armitage 1995; Nabity et al. 2007; Kaiser
et al. 2016) although we did not measure benthic densi-
ties. Increased light intensity (either ALAN or natural) can
increase predation by other invertebrates and fish (see Czar-
necka et al. 2019; Kiihne et al. 2021), which may reduce
larval and pupal densities (Cerri and Fraser 1983; Lee et al.
2013). ALAN may also interfere with larval development
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Table 1 F-statistics for the significant differences in catch per unit effort, taxa richness and exponential of Shannon diversity of emerging and
aquatic adult flying (in air-eclector traps) Diptera between sites (lit, dark), and their interaction with sex (site:sex)

Trap type Taxa Terms F Contrasts delta CPUE® p°

Emergence trap  Total Site F5,=4.52% Lit—dark —-3.56 0.044
Chaoborus sp. Site:sex interaction  F 5, =43.19%** Lit—dark —4.75E-03 <0.001
Female dark—male dark — 9.51E-03 <0.001

Male lit—male dark —9.51E-03 <0.001

Cladopelma edwardsi Site Fi,4=527%  Lit—dark -0.71 0.031
Corynoneura celeripes Site:sex interaction  F 5, =43.19%** Lit—dark — 4.75E-03 <0.001
Female dark—male dark — 9.51E-03 <0.001

male lit—male dark —9.51E-03 <0.001

Endochironomus tendens Site:sex interaction  F ,,=5.90* Lit—dark -0.13 0.029
Female dark—male dark — 0.29 0.005

Male lit—male dark -0.27 0.005

Microtendipes chloris Site:sex interaction  F 5, =20.60*** Lit—dark - 0.02 <0.001
Female dark—male dark — 0.04 <0.001

Male lit—male dark - 0.04 <0.001

Monopelopia tenuicalcar Site Fi,,=821**  Lit—dark 0.29 0.008
Parachironomus digitalis Site:sex interaction  F; 5, =18.76*** Lit—dark —0.05 <0.001
Female dark—male dark — 0.11 <0.001

Male lit—male dark -0.10 <0.001

Paratanytarsus tenellulus Site:sex interaction ~ F,,=3.94#  Female dark—male dark - 0.10 0.033
Male lit—male dark —0.08 0.033

Pentaneurini Site:sex interaction  F; 5, =43.19%** Lit—dark 4.75E-03 <0.001
Female lit—female dark  0.01 <0.001

Female lit—male lit 0.01 <0.001

Polypedilum tritum Site:sex interaction  Fj 5, =6.57* Lit—dark —0.03 0.017
Female dark—male dark — 0.07 0.001

Male lit—male dark - 0.06 0.003

Robackia demeijerei Site:sex interaction  F; 5, =43.19%** Lit—dark - 0.01 <0.001
Female dark—male dark — 0.03 <0.001

Male lit—male dark —0.03 <0.001

Tanypus punctipennis Site F\,4=9.14%¥*  Lit—dark —0.61 0.006
Tanytarsus cf dispar Site:sex F,5,=20.60*** Lit—dark —-0.03 <0.001
Female dark—male dark — 0.05 <0.001

Male lit—male dark —-0.05 <0.001
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Table 1 (continued)

Trap type Taxa Terms F Contrasts delta CPUE® p°

Air-eclector trap Total Site:sex Fyp,=5.81% Lit—dark 422.3 0.004
Female lit—female dark  741.94 0.002
Female lit—male lit 718.39 0.002
Taxa richness Site F,4=15.89%*%* Lit—dark 10.93 <0.001
exp (Shannon) Site F|,=8.69%*  Lit—dark 5.21 0.007
Chironomus dorsalis Site:sex interaction  F 5, =27.14*** Lit—dark 0.55 <0.001
Female lit—female dark  0.92 <0.001
Female lit—male lit 0.76 <0.001
Chironomini Site:sex interaction ~ F 5, =3.84#  Lit—dark 98.19 0.062
Female lit—female dark  196.37 0.021
Female lit—male lit 225.45 0.012
Chironomus plumosus Site F|,=6.28% Lit—dark 6.24 0.019

Chironomus sp. Site F,y=4.72% Lit—dark 2.81 0.04
Cladopelma edwardsi Site:sex interaction  F,,=4.19#  Lit—dark 0.96 0.014
Female lit—male lit —1.49 0.016
Male lit—male dark 1.70 0.009
Cladopelma virescens Site Fi,4=396#  Lit—dark 2.68 0.058
Glyptotendipes glaucus Site:sex interaction ~ F,,=7.85**  Lit—dark 53.12 <0.001
Female lit—female dark ~ 85.07 <0.001
Female lit—male lit 65.00 <0.001
Orthocladiinae Site:sex interaction  F, 5, =5.37* Lit—dark 2.79 0.029
Female lit—female dark  5.58 0.006
Female lit—male lit 8.61 <0.001
Parachironomus monochromus  Site F|,,=4.40% Lit—dark 3.73 0.047
Polypedilum nubeculosum Site F0,=7.27% Lit—dark 33.75 0.013
Procladius crassinervis Site F,4=4.35% Lit—dark 38.40 0.048

CPUE Catch per unit effort

#Asterisks and hashtag indicate significant main effect at: ***= <0.001; **= <0.01; *= <0.05; #= <0.07

®Delta CPUE is the estimation of difference between the first and second factor (e. g. lit—dark)

“Significance (p) of the pairwise contrast analysis

by disrupting the photoperiod, which regulates development
(Corbet 1964; Brittain 1982).

Temperature and light are important cues in ontogenesis,
particularly for Chironomidae in temperate regions (Pin-
der 1986). While the peak in emergence in late Spring and
early Autumn at the control site reflected natural dynamics
(Manfrin et al. 2017; Kolbenschlag et al. 2023), these pat-
terns were not observed under ALAN, which suggests that
ALAN may interfere with seasonal cues such as temperature
and natural photoperiod, resulting in a loss or alteration of
temporal structure (Holker et al. 2021).

An exception to the pattern of a reduced emergence at
the lit site was that Monopelopia tenuicalcar and other Pen-
taneurini emerged at higher rates in the lit site. This might
be explained by the predatory diet of M. tenuicalcar larvae
(Syrovatka 2018) profiting from favourable visual conditions
for predation in lit areas, as has been observed in piscivo-
rous fishes (Nelson et al. 2021). This, in turn, may have led
to higher survival and rates of emergence observed at the
lit site; however, other taxa with predatory larvae, such as.
Procladius spp., did not exhibit different emergence rates
in lit and unlit sites. Since males tend to emerge earlier
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than females and start to swarm, waiting for the females to
emerge (McLachlan 1986), the reduced emergence of the
males and the overall increase in the number of females (i.e.
no reduction in emergence, but clear attraction to ALAN)
observed for the majority of taxa at the lit site may decrease
the encounter rates and ultimately reproductive success (e.g.
Degen et al. 2017). It is interesting to note that variation
across sampling events (the replicates in our study) suggests
that most taxa peaked in abundance in the Spring and Sum-
mer while some (e.g. C. edwardsi, E. tendens, G. glaucus)
were similarly attracted throughout the study period (Figs. 1,
2; ESM Fig. S1).

Sex-specific flight response
ALAN attracted flying aquatic Diptera to the lit site, locally
increasing their densities in the lit riparian area. While such

aggregation may increase the chances of mating success,
it may also cause an increase in intra- and inter-specific

@ Springer

competition for space and resources. The attraction of
females by ALAN for many of the taxa, could theoreti-
cally be explained by different sensory abilities and impact
mechanisms. The more pronounced phototactic behaviour in
female chironomids compared to males is attributed to the
female’s use of reflected horizontally polarised light on the
water surface as a signal indicating suitable oviposition sites
(Lerner et al. 2008); this makes females, but not males, more
sensitive to light at night. When ALAN reflects off the water
surface, it can become polarised and possible mask natural
polarisation cues, which is likely to become an ecological
hazard for flying polarotactic aquatic insects (Pérez Vega
et al. 2024). We observed that females were captured more
frequently than males, while for comparison an opposite
pattern was observed in moths which are not dependent on
aquatic oviposition sites (Altermatt et al. 2009). However,
in several aquatic caddisfly species, males and females are
attracted to artificial light to different degrees (Waringer
et al. 1986). In addition, Honnen et al. (2019) and Fyie et al.
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(2024) found that ALAN can affect the expression of clock-
genes in Culex mosquitoes in a sex-specific manner, with
ALAN:-exposed female Culex pipiens f. molestus being more
active than males once lights were switched off. Thus, sex-
specific sensory abilities and impact mechanisms may well
explain the differences in sex-specific flight responses.

Attraction to ALAN

For the majority of taxa, and consistent with the findings of
previous studies (Delettre and Morvan 2000; but see Mue-
hlbauer et al. 2014), our model found that Chironomidae
tend not to disperse far from the stream from which they
emerge. Our model estimated a greater attraction distance
for only a few taxa, and slightly greater distances for males
of these taxa. In contrast, females of three taxa, P. nubecu-
losum, P. crassinervis and Chironomini sp., were attracted
from much greater distances than males and females of other
taxa, suggesting that these females may exhibit stronger

O (.OQQ Oc‘,\

& &
W

phototactic behaviour, possibly related to oviposition flights
(McLachlan 1986; Delettre and Morvan 2000). The attract-
ing effect of ALAN over large distances, as estimated here,
may significantly increase the distance these insects move
away from the water and thereby change the biological sig-
nature of the river in a wider landscape context (Muehlbauer
et al. 2014; Gurnell et al. 2016), a factor that has rarely been
considered in conservation efforts.

Our model was based on assumptions that may not always
be valid. First, we assumed that all emerging individuals are
collected in air-eclector traps. Although light elicits positive
phototaxis, the lamps used in the present study are unlikely
to be such a strong attractor that all the emerging insects
are drawn into the trap. The result is an underestimation of
attracted/emerging individuals used to calculate the factor
of attraction and, subsequently, an underestimation of the
attraction distance. Recent findings in moths suggest that
artificial lights trap passing insects rather than attract them
from a long distance, but little is known about the flight to
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light over long distances (Degen et al. 2024; Fabian et al.
2024). Second, we assumed that the density of Diptera lar-
vae was homogeneous, which could inflate attraction dis-
tance. This assumption is likely to be wrong, with species
being patchily distributed. Both simplifications were applied
across all taxa and independent of sex; thus the general pat-
terns are likely to reflect real phenomena, even if the exact
numbers are uncertain. Finally, it is important to recognise
that our results are likely applicable to open landscapes, such
as the agricultural area where the experiment was conducted.
In densely vegetated areas, estimates of attraction distance
to ALAN may differ significantly due to the filtering effects
of the landscape structure on insect dispersal (Delettre and
Morvan 2000) and the attenuation of ALAN through vegeta-
tion over greater distances.

In conclusion, we found a two-fold reduction in total
emergence of aquatic Diptera at an ALAN-Iit site, and
an eight-fold increase in the number of adults flying at
light. In both cases, patterns varied widely among taxa
and between sexes. While our model estimations indicate
that most Diptera at lights were attracted from the water
body adjacent to the lit site, some were attracted from up to
1800 m away. This long-range attraction would have been
overlooked with common coarser taxonomic approaches,
underscoring the value of high-resolution, species-specific
assessments. Consequently, this study highlights the risk of

@ Springer

ALAN disrupting key processes in aquatic-terrestrial meta-
ecosystems. Given the large number of streetlights present
along freshwater bodies (Holker et al. 2023), and the ongo-
ing global increase in lighting emissions (Kyba et al. 2017,
2023), the effects observed in this study may help explain
insect decline and inform conservation efforts. In this con-
text, the correct positioning and shielding of luminaires
near water may be particularly important order to reduce
the ecological impact of ALAN across habitat boundaries
(Dietenberger et al. 2024).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00027-025-01161-7.
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