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Resource exchanges in the form of invertebrate fluxes are a key component of
aquatic-terrestrial habitat coupling, but this interface is susceptible to human
activities, including the imposition of artificial light at night. To better under-
stand the effects of spectral composition of light-emitting diodes (LEDs)—a
technology that is rapidly supplanting other lighting types—on emergent
aquatic insects and terrestrial insects, we experimentally added LED fixtures
that emit different light spectra to the littoral zone and adjacent riparian
habitat of a pond. We installed four replicate LED treatments of different
wavelengths (410, 530 and 630 nm), neutral white (4000 k) and a dark control,
and sampled invertebrates in both terrestrial and over-water littoral traps.
Invertebrate communities differed among light treatments and between
habitats, as did total insect biomass and mean individual insect size.
Proportional allochthonous biomass was greater in the riparian habitat and
among some light treatments, demonstrating an asymmetrical effect of
differently coloured LEDs on aquatic-terrestrial resource exchanges. Overall,
our findings demonstrate that variation in wavelength from LEDs may
impact the flux of resources between systems, as well as the communities of
insects that are attracted to particular spectra of LED lighting, with probable
implications for consumers.

This article is part of the theme issue ‘Light pollution in complex
ecological systems’.
1. Introduction
Freshwaters and their adjacent riparian zones are closely linked by the reciprocal
exchanges of materials—termed resource subsidies—that matter for the structure
and functioning of each of these types of ecosystems [1–3]. Key resources that link
the two habitats are fluxes of insects, with important consumers of these resources
being fishes, bats, birds and spiders [1,4–7]. Despite the demonstrated importance
of resource subsidies for both the donor and recipient ecosystem, human impacts
to these subsidies are increasingly being reported [8,9] with poorly understood
ecological consequences.

Artificial light at night (ALAN) is one of the most rapidly increasing
anthropogenic changes to the environment, with a 6% global increase in exposure
per year [10] and a 2.2% yearly average increase in brightness in continuously
illuminated areas worldwide [11]. Approximately 83% of Earth’s human popu-
lation is exposed to light pollution [12] and 22% of the world’s coastlines are
exposed to ALAN [10]. As concern over ALANgrows, in recent years, researchers
have documented its effects on numerous physiological and ecological processes
including circadian rhythms [13,14], melatonin production [15,16], navigation
[17], migration [18] and temporal niche partitioning [19] for organisms across
aquatic and terrestrial realms.

Insects have the potential to be particularly affected by disruptions to natu-
ral light regimes, as 50% of taxa are adapted to nocturnal environments [10].
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Nocturnal insects’ compound eyes are adapted to function in
light levels up to 11 orders of magnitude lower than daytime
light [20]. Many nocturnal insects of aquatic origin are polar-
otaxic [21,22], being attracted to the polarized light that is
reflected from the surface of water, a trait that enables the
identification of sites for breeding and subsequent oviposi-
tioning. This combination of traits and characteristics makes
insects uniquely susceptible to the impacts of ALAN, and
ALAN often creates patches of polarized light in the riparian
zone, causing emergent aquatic insects to land in terrestrial
environments and increased insect mortality [23].

Recent advances in lighting technology have resulted in a
rapid shift away from widespread and long-used technologies
such as high-pressure sodium, fluorescent and incandescent
lighting, and towards the use of light-emitting diodes (LEDs).
LED lighting often peaks in shorter blue wavelengths and
can easily be tuned to emit specific coloured outputs [24]
which potentially affects the attractiveness of LEDs to
insects [25]. Despite a substantial body of literature on the eco-
logical impacts of ALAN on invertebrate communities [26,27],
including emergent-insect response [7,28–31], this tunability
combined with the limited studies on the impacts of near-
monochromatic light on invertebrates suggests this topic
warrants further investigation.

Research has identified differences in the attractiveness
to insects among lighting technologies [32–34], but separat-
ing the effects of commonly confounded factors such as
illuminance and wavelength is needed to provide a more-
mechanistic understanding of how the rapid global increase
of ALAN is impacting insect communities and their role in
the fluxes of resource subsidies. Entomologists have long
known that insects are highly attracted to ultraviolet and
short-wavelength light [35], but this work has primarily
focused on mortality or numerical responses. LEDs are often
tuned to very narrow bands of the electromagnetic spectrum
(termed quasi-monochromatic light) to provide illumination
of different colours. A small number of studies have identified
impacts of lightwavelength on the ecologyof organisms includ-
ing larval stages of emergent aquatic insects [36] and aphid-
parasitoid food webs [37]. How this quasi-monochromatic
light, and the common (but not universal) predominance of
shortwavelengths in LEDwhite light, varies in its attractiveness
to both aquatic and terrestrial insects have yet to be fully eluci-
dated. Similarly, given the potential to impact aquatic and
terrestrial insects differently, how this monochromatic lighting
might alter the transfer of aquatic-terrestrial resource subsidies
needs attention given the importance of these subsidies for both
ecosystem types.

To help fill these knowledge gaps, we simultaneously
performed a manipulative field experiment in adjacent
terrestrial and aquatic ecosystems. The design allowed us to
test hypotheses regarding the effect of ALAN of different
wavelengths on insect community structure and aquatic-
terrestrial resource exchanges. We hypothesized that different
communities of insects would be attracted to different wave-
lengths of LED light, as more emergent aquatic-insect taxa
would be drawn to shorter wavelength relative to longer
wavelength light, and that we would observe a less pro-
nounced effect of wavelength on terrestrial invertebrates.
Additionally, we hypothesized that we would observe an
effect of wavelength on insect biomass, with shorter wave-
length treatments receiving greater biomass inputs owing to
the heightened effect on emergent aquatic invertebrates.
Lastly, we hypothesized this would create an asymmetrical
effect on resource exchange, because the riparian habitat
would receive a greater input of allochthonous insect biomass
than would the littoral habitat. To our knowledge, this is the
first time LED lamps of different wavelengths standardized
for illuminance have been used to assess adult emergent
aquatic invertebrate flux, and the first time the effect of
coloured LED lighting on biomass and insect size has been
assessed in a replicated field setting.
2. Methods
(a) Study site
We conducted this study in the littoral zone of a small pond and
its adjacent riparian zone (Waterfowl Pond, Seven Ponds Nature
Center, Dryden, Michigan, USA. 42°55051.200 N, 83°11023.900 W).
We chose this pond because of its location on a nature preserve
in a rural setting with little skyglow that is minimally impacted
by human activities and is not exposed to existing artificial light
via direct glare. On the night of the experiment (3 June 2022)
sunset occurred at 21.05 and sunrise the following morning
occurred at 5.55. Air temperature overnight averaged 8.1°C and
overnight water temperature averaged 19.5°C. There was 9%
cloud cover and a waxing crescent moon, with winds westnorth-
west at 3.2 kph.

(b) Experimental design
(i) Light treatments
We experimentally elevated ALAN levels by installing replicated
light treatments in the littoral zone and adjacent riparian habitat
(figure 1a). We replicated each treatment six times, with three
replicates installed in the littoral zone and three in the riparian
zone. We assigned light treatments randomly by rolling a die,
and we installed five treatments of differing wavelength: violet
(410 nm), green (530 nm), red (630 nm), neutral white (4000 k)
and a dark control. Spectral information was obtained from
the manufacturer for the 4000 k white light treatment which
peaked at 453 nm (electronic supplementary material, figure S1).
In each habitat, we separated each replicate by approximately
5 m and the habitat treatments by approximately 15 m
(figure 1a). Light treatments consisted of battery-powered,
50.8 cm monochromatic (with the exception of the 4000 k white
light treatment) LED strip lighting (5050 SMD LEDs, AA-20-Flex,
LED supply, Randolph, VT, USA) mounted horizontally on the
underside of an L-shaped brace positioned 0.60 m above the
ground or water surface, with light projecting directly downwards
(figure 1b). There was no overlap in light exposure between treat-
ment sites andwemeasured illuminance between sites to ensure it
fell below 1 lx, consistent with other non-illuminated areas and
dark controls. We manually turned on the lights at sunset and
manually turned them off at sunrise. We used a Digital Lux
Meter (Dr. Meter, LX1330B) to measure illuminance directly
below lights at the surface level of the pan traps (see details on
pan traps below). To control for illuminance level we covered
some diodes of red, green and white strips with electrical tape to
standardize illuminance among these three colour treatments,
and tested for differences in illuminance using analysis of variance
(ANOVA, F2,15 = 0.90, p = 0.43). Violet was excluded from this stan-
dardization owing to the nature of near-ultraviolet wavelength
becoming dangerous at high intensity, and it being dimmer than
all other colours at an average of 13.7 lx. Average illuminance for
the other four treatments was as follows: 43.1 lx for red, 40.8 lx
for green, 42.5 lx for 4000 k white and 0.4 lx for dark controls. Illu-
minance was measured immediately after lights were turned on,
and residual sunlight at dusk probably contributed to the higher
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Figure 1. (a) Oblique aerial view of the study site (Waterfowl Pond, Seven Ponds Nature Center in Dryden, Michigan, USA. 42°55051.200 N, 83°11023.900 W) showing
partial experimental set-up. The photograph has been brightened for clarity. Light treatments were assigned at random. Photo credit: Sarah Griffith, Oakland Uni-
versity. (b) Diagram of an experimental unit, consisting of an L-brace, lighting treatment and pan trap. Pan traps were placed on either soil (riparian traps) or water
(littoral traps). Littoral pan traps were secured to stakes with nylon rope to hold them in place. (Online version in colour.)
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than expected values in the dark controls. When illuminance was
measured later in the season and well after sunset for a related
experiment (with no change in experimental set-up) dark control
illuminance averaged 0.03 lx. These illuminance levels fall within
the bounds of previous ALAN research [26]. Irradiance in Wm−2

was calculated for each treatment using the CIE photopic luminous
efficiency function (V(λ)) andmeasured as follows: 16.5 W m−2 for
violet, 0.069 W m−2 for green, 0.24 W m−2 for red and 0.14 W m−2

for 4000 k white. Like previous studies [26], ours did not standar-
dize for irradiance becauseALAN is typically designed for human
vision.
(ii) Invertebrate collection
We collected invertebrates, (mostly insects, but also including
spiders) using pan traps, each consisting of a rectangular plastic
container (58.4 cm× 41.3 cm× 15.2 cm) that we filled with
approximately 2 cm of a soap-water mixture. In littoral sites, we
attached containers to L-braces using nylon rope and floated
traps on the surface of the water; in the riparian sites, we placed
the traps on the ground (figure 2b). In both the littoral and riparian
treatments, we positioned traps directly underneath the lights,
perpendicular to the L-brace. The morning following plot illumi-
nation we poured the contents of each pan trap through a
500 um sieve and then rinsed the sieve upside down over a collec-
tion tray with 70% ethanol to dislodge invertebrates. We then
collected the invertebrates by hand and stored them in 70% ethanol
before identifying them to family level [38].
(iii) Insect biomass
We calculated biomass for 100 individual insects each from the five
most abundant families—Leptoceridae, Caenidae, Hydroptillidae,
Cicadellidae and Chironomidae—which represented 95.2% of the
total of all individuals. In order to sub-sample these families for
length measurements across all colour treatments, for all five
families we assigned a numeric value (1–6) for replicates within
each colour and used a random-number generator to determine
which replicate to sub-sample. We repeated this process for each
colour treatment in which that family was present. Each family
was represented in each colour treatment with the exception of
Leptoceridae, which was not present in white, green or red
treatments. We took photographs of each individual invertebrate
using an eFlex 75x/300x microscope against a micrometer-scale
graticule, then measured body length digitally using IMAGEJ [39].
We entered length (in mm) into family-level allometric equations
[40,41] to calculate individual biomass, and then calculated
mean family biomass (in mg) per replicate by multiplying the
mean individual biomass for each family by its abundance. We
also used the 100 sampled individuals per family to calculate
mean individual size (in mg) for each taxon.

(c) Statistical analysis
(i) Invertebrate community composition
We evaluated invertebrate community composition (insects and
spiders) among colour treatments and between habitats using
non-metric multidimensional scaling (NMDS) and adonis per-
mutational multivariate analysis of variance using Bray–Curtis
distances in package vegan [42] in program R [43]. We further
evaluated community structure by comparing abundance and
proportional allochthonous abundance among colour treatments
and between habitats using two-way ANOVA in package car [44]
in program R. We performed post hoc Tukey tests (electronic sup-
plementary material, table S1) on all two-way ANOVA models;
Levene’s test indicated all data were normally distributed and
homoscedastic for the parametric analyses performed. Colour
treatment (which included dark controls) and habitat type
were treated as fixed effects in all analyses.

(ii) Biomass and size
We analysed total insect biomass and proportional allochtho-
nous insect biomass among colour treatments and between
habitat using two-way ANOVA and biomass per family among
colour treatments and between habitat using two-way ANOVA.
Biomass was log-transformed to achieve homoscedasticity. We
also analysed mean individual insect size (mg) among colour
treatments and between habitat using two-way ANOVA. We
also used two-way ANOVA to analyse proportional biomass
and abundance of the five most common taxa among treatments.
Colour treatment (which includes dark controls) and habitat
were treated as fixed effects in all analyses. We performed post
hoc Tukey’s tests (electronic supplementary material, table S2)
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Figure 2. Invertebrate abundance among colour treatments and between the habitats where invertebrates were collected. (a) Mean number of invertebrates per
trap was greater in violet treatments than all other colours ( p < 0.001) and greater in the littoral habitat than in the terrestrial habitat ( p < 0.01). Littoral habitat is
represented by blue bars; riparian habitat is represented by brown bars. Lines represent minimum and maximum values for each treatment. Traps sharing letters are
statistically not different based on Tukey post hoc tests. (b) Proportional abundance of allochthonous and autochthonous invertebrates among colour treatments and
between habitats, to distinguish the habitat where the organism acquired its biomass. Littoral traps of all colours had greater autochthonous proportional abundance
than all white, green and violet riparian traps ( p < 0.05). Allochthonous proportional abundance was greater in white, violet and green riparian traps compared to
all other treatments ( p < 0.05). Bars labelled ‘L’ represent littoral habitat and bars labelled ‘R’ represent riparian habitat. (Online version in colour.)
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on all ANOVA models; Levene’s test indicated all data were
normally distributed.
3. Results
In total, we collected 4699 invertebrates in pan traps, repre-
senting 34 families. Average invertebrate abundance per
trap was 78% greater in the littoral habitat relative to the
riparian habitat (ANOVA, F1,20 = 8.28, p < 0.001; electronic
supplementary material, table S3) and was impacted by
colour (ANOVA, F4,20 = 17.54, p < 0.001) (figure 2a). Traps in
violet treatments had the greatest overall abundance of all
colour treatments; abundance was 188% greater in violet
traps than in dark controls. The effect of the light treatment
depended on the habitat in which it was deployed, evidenced
by a significant interaction between habitat and colour treat-
ment (ANOVA, F4,20 = 9.68, p < 0.001). Post hoc tests revealed
that abundance in littoral violet traps was consistently greater
than all other colours in both littoral and terrestrial habitats.
Allochthonous invertebrate abundance (originating from an
outside habitat relative to the treatment) was proportionally
more abundant in the riparian habitat (ANOVA, F1,20 =
116.49, p < 0.001) and was greater in white, violet and green
riparian traps compared to all other treatments (ANOVA,
F4,20 = 3.13, p < 0.05) (figure 2b).

(a) Community structure across treatments
NMDS results (figure 3a–e) supported our hypothesis that
different communities of insects would be attracted to different
wavelengths (colours) of LED light, with a more pronounced
effect of colour on emergent aquatic insects than terrestrial
invertebrates. To facilitate interpretation of the overall NMDS
plot (figure 3a) that included all colour treatments and both
habitats, we separately present NMDS outputs by habitat
(figure 3b) and colour treatment (figure 3c) as well as by
individual colour treatment within each habitat (figure 3d,e).

Community structure varied among colour treatments
(adonis, R2= 0.43, p = 0.001) across habitats (adonis, R2= 0.23,
p = 0.001) (figure 3a). Leptoceridae (R) was closely associated
with violet treatments in the littoral habitat (figure 3a), and
notably, of 686 individuals captured, only a single Leptoceridae
individual was found in any non-violet treatment, despite
being the second most overall abundant family. Leptoceridae
proportional abundance was greater in violet littoral treat-
ments than all other colours and dark controls (ANOVA,
F4,20= 7.74, p < 0.001). When comparing the differences
between littoral and terrestrial communities (figure 3b), there
is clear separation between the two, with Caenidae (A) and
Hydroptillidae (B) (two of the five most abundant taxa) associ-
ated with both habitats. Caenidae (A) proportional abundance
was impacted by colour (ANOVA, F4,20= 26.78, p < 0.001), and
within NMDS plots, situated within white, green and violet
polygons (figure 3c), and distanced from red and dark controls.
By contrast, Hydroptillidae (B) proportional abundance was
not impacted by colour (ANOVA, F4,20= 1.43, p = 0.26) and
is centrally located within all colour treatments in NMDS
plots (figure 3c).

Within the littoral habitat community structure was
impacted by colour (adonis, R2 = 0.72, p < 0.001; figure 3d )
and we observed relatively few terrestrial species (indicated
by double lower case letters). Chironomidae (D), the third
most abundant taxa, was proportionally more abundant in
the littoral habitat than in the riparian habitat (ANOVA,
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F4,20 = 31.26, p < 0.001) and within the littoral habitat Chirono-
midae was proportionally more abundant in dark controls
over green and violet treatments and red over violet treat-
ments (ANOVA, F4,20 = 3.35, p < 0.05). Within the riparian
habitat, colour also impacted community structure (adonis,
R2 = 0.43, p < 0.001; figure 3e). In contrast with the littoral
habitat that had few taxa of terrestrial origin, we observed
a large number of emergent aquatic-insect taxa in the riparian
habitat (figure 3e, uppercase letters), including Caenidae (A)
which was the most abundant emergent aquatic family in
riparian treatments. The most abundant family of terrestrial
origin, Cicadellidae (bb), is closely associated in the riparian
habitat with red treatments and dark controls and is propor-
tionally more abundant in these treatments compared to
violet and green treatments (ANOVA, F4,20 = 5.22, p < 0.05).

(b) Biomass and insect size
The five most abundant insect families, Caenidae (2860 indi-
viduals), Leptoceridae (686 individuals), Chironomidae (459
individuals), Cicadellidae (266 individuals) and Hydroptilli-
dae (204 individuals) accounted for 95.2% of all invertebrates.
Total biomass (mg) analysis of these families supports our
proposed hypothesis that wewould observe an effect of wave-
length on insect biomass, with shorter wavelength treatments
receiving greater biomass inputs. Total biomass was 184%
greater in violet treatments than all other colours and was
greater inwhite and green treatments than in red and dark con-
trols (ANOVA, F4,20= 44.85, p < 0.001). Total biomass was not
impacted by habitat type, but the effect of colour was depen-
dent on habitat (ANOVA, F4,20= 13.74, p < 0.001), with violet
littoral treatments having greater total biomass input than all
other colour and habitat combinations. Littoral red treatments,
littoral dark controls and riparian dark controls had lesser
biomass than white, green and violet traps in both habitats
(figure 4a).

In addition to abundance, this biomass response is also
a function of individual insect size (mg) among colour
treatments and between habitats, with a large number of
small-bodied insects potentially producing a similar biomass
response as a small number of large-bodied insects. Mean
insect body size was 61% larger in the littoral habitat than
the riparian habitat (ANOVA, F1,20 = 15.50, p < 0.001) and
was larger in violet treatments than white, green or red treat-
ments (ANOVA, F4,20 = 6.07, p < 0.001) (figure 5). Insects in
littoral violet treatments were larger on average than all
other treatments in both habitats with the exception of littoral
dark controls (ANOVA, F4,20 = 6.62, p < 0.01).

(c) Resource subsidy effects
We also hypothesized that wewould observe an asymmetrical
effect of wavelength on resource exchange, because the ripar-
ian habitat would receive a greater input of allochthonous
insect biomass than the littoral habitat would receive from
the riparian habitat. Our results support this hypothesis since
proportional allochthonous biomass was greater in green and
violet treatments than red treatments and dark controls
(ANOVA, F4,20= 5.49, p < 0.01) and greater in riparian habitat
compared to littoral habitat (ANOVA, F4,20= 165.75, p <
0.001) (figure 4b). Proportional allochthonous biomass was
also greater in green and violet riparian treatments than all
other habitat and colour combinations with the exception of
white riparian treatments, which had greater proportional
allochthonous biomass than all littoral colour treatments and
littoral dark controls (ANOVA, F4,20= 5.22, p < 0.01).

The asymmetrical effect of biomass that we observed was
driven by the attraction of emergent aquatic insects to shorter
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wavelength LEDs in the riparian habitat (figure 6a). The
aquatic family Caenidae (the most abundant family in our
study) had proportionally greater biomass in short-
wavelength violet treatments compared to dark controls, in
short-wavelength green treatments compared to violet, red
and dark controls, and in white treatments compared to red
and dark controls (ANOVA, F4,20 = 1.47, p < 0.001). Chirono-
midae proportional biomass was also impacted by colour,
but by longer wavelength treatments, as we observed a
greater proportional biomass in red treatments and dark con-
trols than violet treatments (ANOVA, F4,20 = 5.48, p < 0.01).
Leptoceridae comprised a significant proportion of the bio-
mass in violet treatments (ANOVA, F4,20 = 15.21, p < 0.001),
with proportional biomass in littoral violet treatments greater
than all other colours and dark controls in both habitats
(ANOVA, F4,20 = 5.49, p < 0.001). Hydroptillidae proportional
biomass was similar among all colour treatments. This asym-
metrical effect of wavelength on resource exchange was
also driven by the avoidance of short-wavelength colours
in the only family of terrestrial origin abundant enough to
be included in biomass analysis, Cicadellidae, which had
greater proportional abundance in red treatments and
dark controls than green and violet treatments (ANOVA,
F4,20 = 5.22, p < 0.01).
4. Discussion
As global exposure to ALAN continues to increase, the
impact on aquatic and terrestrial ecosystems is likely to
expand and intensify. With the increasingly widespread
adoption of LED technology comes the ability to tune light-
ing to narrow spectral bands, presenting challenges and
potential solutions to mitigating these impacts, particularly
for insects. Improving our understanding of LED impacts
on insects in aquatic and terrestrial realms is a vital part of
filling knowledge gaps. Our results here provide novel
insights into how emergent aquatic and terrestrial insect
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communities can respond to different LED spectra, and that
these responses may impact the connections that exist in the
form of fluxes of resources across ecosystem boundaries.

To address these and other gaps, we performed a manip-
ulative field experiment and tested three hypotheses related
to light spectra and the response of insect communities and
resource fluxes. These hypotheses were each supported
and were: that different communities of insects would be
attracted to different wavelengths, that shorter wavelength
treatments would have greater biomass inputs via emergent
aquatic insects, and that resource exchange between habitats
would be asymmetrically affected by colour treatments.
Additionally, and interestingly, we found that mean individ-
ual body size of insects varied among colour treatments
between habitats.

We found that community composition differed among
colour treatments both across and within the littoral and ripar-
ian habitats. These community differences appear to be driven
by taxa-specific responses—both attraction and avoidance—to
particular colours of light. The most abundant terrestrial
family, Cicadellidae, was most abundant in red treatments
and dark controls, suggesting potential attraction to longer
wavelengths or potential avoidance of shorter wavelengths.
This is a stark contrast to abundant families of emergent
aquatic insects such as Leptoceridae or Caenidae, which
were much more abundant in short-wavelength light traps.
Previous studies have seen similar variation between the
response of terrestrial and aquatic emergent invertebrates to
broad-spectrum ALAN [28,31,45]. These two invertebrate
groups respond to light differently, with emergent invert-
ebrates using light cues for ovipositing [31] and timing
of emergence events [46]. Additionally, variations among
taxa in photoreceptors and eye physiology [47] contribute
to wavelength-specific responses. Better understanding of
these taxa-specific responses to near-monochromatic LEDs
is fertile ground for future research since it could lead to
predictions of the impact of wavelength across ecosystems
and communities.

In addition to being able to discern wavelength-specific
community responses of invertebrate families in both littoral
and riparian habitats, by categorizing invertebrate input
as allochthonous and autochthonous, we observed an asym-
metrical impact of ALAN on abundance and biomass fluxes
of insects. Allochthonous proportional biomass was greater
in violet and green riparian treatments, and allochthonous
proportional abundance was greater in violet, green and
white riparian treatments. This suggests short-wavelength
LEDs have a stronger effect at pulling aquatic emergent
invertebrates from the littoral habitat, but do not attract ter-
restrial invertebrates to the littoral zone in the same
manner. With emergent aquatic invertebrates being more
abundant than terrestrial invertebrates in both habitats, we
suggest that these aquatic organisms are more susceptible
to ALAN. While we have seen evidence of emergent
aquatic-insect attraction to white, broad-spectrum lighting
in multiple other studies [7,28–30,34] results from our study
indicate that a narrower LED spectrum can alter this
response.

Eisenbeis [23] proposed several mechanisms for the impact
of ALAN on flying invertebrates and here we see evidence for
both a barrier effect and vacuum effect. The barrier effect inter-
rupts navigational clues, creating a barrier for dispersal and
resulting in resource ‘recycling’ back into the environment of
origin. The vacuum effect results in invertebrates being
drawn from unilluminated areas to a light source. With auto-
chthonous proportional abundance greater in the littoral
zone and allochthonous proportional abundance greater in
the riparian, there is evidence that short-wavelength LED light-
ing creates both dispersal barriers and an asymmetrical
vacuum effect wherein aquatic emergent insects are more
readily pulled from their habitat of origin than are terrestrial
invertebrates. A recent study examining distance thresholds
on adult aquatic insects [48] found that a majority of Trichop-
tera were captured much closer to the aquatic-riparian border
than other taxa, such as Ephemeroptera, concurring with our
findings that the capture versus vacuum effect varies among
taxa. This taxa-specific response suggests a degree of predict-
ability of communities and ecosystems to ALAN, and also
highlights the context dependency of our work, performed in
a single pond and on a single night.

The increased numerical response we observed in specific
wavelengths did not always directly translate to an increased
response in total biomass, a response owing to differences in
mean individual insect size. A relatively smaller number of
larger bodied individuals had a positive effect on biomass
response. Taxa-specific response to wavelength, therefore,
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could have a positive impact for predators who rely on these
particular resources, and a potentially negative impact on pre-
dators who do not. Previous studies on riparian spiders have
indicated a numerical response to prey under artificially lit con-
ditions [45,49,50] including an increase in body size under LED
lamps [7]. The ‘rare large prey hypothesis’ [51] suggests spiders
obtain most of their energy from few large prey and a recent
survey of orb-weaver species supports this conclusion [52]. In
our study, we saw both a heightened numerical response, bio-
mass response and body size response of emergent aquatic
insects in shorter wavelength traps, suggesting these areas
may draw a greater number of arachnid predators regardless
of site selection mechanism. However, insects in our riparian
control sitewere also larger on average than other sites, indicat-
ing light avoidance by larger bodied terrestrial insects (such as
Cicadellidae here) could also influence this metric. Disentan-
gling numeric response from size preference in predators
such as spiders, which are responsible for a large portion of
energy transfer from aquatic to terrestrial environments
[53,54] is an important step in fully understanding the effects
of light and spectral composition on invertebrate resource
flux and an important next step in ALAN studies. These results
also highlight that, like many anthropogenic activities, ALAN
will benefit some taxa, and have adverse consequences
for others.

The family-specific responses to light were a driving factor
for all of our results. This taxa-specific response to different
light treatments highlights uncertainty in generalizing about
the effects of wavelength on other communities and the
fluxes of resources across boundaries. Here we found that the
family Caenidae drove the asymmetrical flux of resources
between aquatic and terrestrial habitats. This order, Ephemer-
optera, is well known for being intolerant to pollution,
especially that related to water quality. Had we performed
this study in a system with greater human impacts and with
less abundant Ephemeroptera, a different result may have
emerged, illustrating an as-of-yet untested mechanism of
how human activities can impact resource subsidies. Similarly,
our experiment was performed on a single evening. A key facet
of insect emergence for some taxa is synchronous emergence
over brief time periods. Had we performed this experiment
later or earlier in the annual growing cycle, different taxa
may have dominated emergence, and the impact on commu-
nities and biomass may have differed. Additionally, the
sudden addition of light into a previously light-naive environ-
ment may have initial large impacts that dissipate over time in
a continuously lit environment. Exploring how these patterns
change over time is important to address the limitations of a
single-night experimental design.

An additional essential next step to understanding the
impact of ALAN on the riparian to terrestrial ecosystem pipe-
line is examining predator/prey interactions under varying
wavelengths of LEDs. Recent studies observed wavelength-
specific responses in a diurnal parasitoid predator–prey
relationship [37], and an overall increase in predator abun-
dance under ALAN [55], but to our knowledge a riparian
predator response to prey under quasi-monochromatic
lighting has yet to be observed. However, as better data
emerges regarding taxa-specific responses to ALAN, so
might more predictability for overall ALAN arthropod
response. Our study, like much of the previous body of
ALAN work, followed the convention of measuring
illumination. Future studies into arthropod response to
ALAN should consider other relevant metrics, such as irradi-
ance and flicker rate in order to build a more complete picture
of ALAN impact.

While LED lighting may offer practical advantages over
other lighting technologies, such as being more energy
efficient, its common peaks in blue/violet spectrum have
resulted in documented impacts on animal and human
health. Recent investigation into the effect of blue light on
human behaviour has suggested a shift to violet emissions
for LEDs [56] to achieve healthier lighting environments.
Our findings suggest this be avoided, at least near aquatic
systems, owing to potential impacts on non-human organ-
isms. Our findings suggest wavelengths in the violet range
could increase ALAN impacts on aquatic insects beyond
what we have observed with older lighting technologies
[28], which peaks in the orange/yellow spectrum and may
not have the same attractive properties to aquatic emergent
insects. While we did not test these peaks in broad-spectrum
lighting directly, our research supports the idea that shorter
wavelengths are more attractive to specific insect taxa.
A logical next step would be comparing a variety of
broad-spectrum LEDs to build on the results reported here.

Our findings suggest that lighting near shorelines could
result in asymmetrical resource fluxes in terms of both
insect abundance and biomass, driven by taxa-specific wave-
length responses. Based on our findings of spectral sensitivity
in adult emergent aquatic insects and recent findings of
wavelength-specific responses of larval aquatic insects [36],
the spectral composition of light sources should be con-
sidered when illuminating shoreline habitats if a goal is
to minimize impacts to insect communities. Broad-spectrum,
neutral white LEDs are quickly becoming the least expensive
and most readily available light sources [12], and a benefit to
this newer technology is the ability to tune it to particular
narrow wavelength bands. Adjusting the wavelength of
LED lighting in over-water and near shore situations could
be a way to reduce the effects of ALAN on invertebrates.
As LED becomes the norm for outdoor lighting, this adjust-
ment could have ecosystem-wide consequences for how
resources are transferred between connected habitats.
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