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Artificial light at night (ALAN) is a widespread alteration of the natural environment
that can affect the functioning of ecosystems. ALAN can change the movement
patterns of freshwater animals that move into the adjacent riparian and terrestrial
ecosystems, but the implications for local riparian consumers that rely on these subsidies
are still unexplored. We conducted a 2-year field experiment to quantify changes of
freshwater-terrestrial linkages by installing streetlights in a previously light-naive riparian
area adjacent to an agricultural drainage ditch. We compared the abundance and
community composition of emerging aquatic insects, flying insects, and ground-dwelling
arthropods with an unlit control site. Comparisons were made within and between
years using two-way generalized least squares (GLS) model and a BACI design (Before-
After Control-Impact). Aquatic insect emergence, the proportion of flying insects that
were aquatic in origin, and the total abundance of flying insects all increased in the
ALAN-illuminated area. The abundance of several night-active ground-dwelling predators
(Pachygnatha clercki, Trochosa sp., Opiliones) increased under ALAN and their activity
was extended into the day. Conversely, the abundance of nocturnal ground beetles
(Carabidae) decreased under ALAN. The changes in composition of riparian predator
and scavenger communities suggest that the increase in aquatic-to-terrestrial subsidy
flux may cascade through the riparian food web. The work is among the first studies
to experimentally manipulate ALAN using a large-scale field experiment, and provides
evidence that ALAN can affect processes that link adjacent ecosystems. Given the large
number of streetlights that are installed along shorelines of freshwater bodies throughout
the globe, the effects could be widespread and represent an underestimated source of
impairment for both aquatic and riparian systems.
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INTRODUCTION

The continuing global increase of artificial light at night (ALAN)
and its effects on organisms and ecosystems have received
considerable attention in recent years (Holker et al., 2010). It has
become clear that ALAN can affect the movement, reproduction,
physiology and behaviour of animals (Longcore and Rich, 2004;
Navara and Nelson, 2007; Perkin et al, 2011; Kurvers and
Holker, 2015; Honnen et al., 2016). Changes to animal movement
have been reported in freshwater ecosystems, where ALAN can
disrupt the diel vertical migration of zooplankton, arthropod
drift (Bishop, 1969; Moore et al., 2001; Perkin et al., 2014b), and
fish predation (Tabor et al.,, 2004). The attraction of terrestrial
insects to ALAN light sources is well-documented (Fisenbeis
et al., 2006) and it can have negative consequences (Horvath
etal., 2009; Perkin et al., 2014a; Degen et al., 2016). Most research
has focused on individual species, although there have been a
few studies examining communities (e.g., Davies et al., 2012;
Holker et al., 2015; Holzhauer et al., 2015; Spoelstra et al., 2015;
Grubisic et al., 2017), ecosystem functions (Knop et al., 2017) and
ecosystems (Gaston et al., 2015).

Human populations are concentrated near water bodies
(Kummu et al, 2011) and thus the impact of ALAN on
ecosystems and organisms is of particular importance for
freshwaters and the adjacent riparian ecosystems (Perkin et al.,
2011). Aquatic and riparian ecosystems are connected by fluxes
of energy and matter. For example, terrestrially derived carbon
and nutrients support aquatic metabolism (Wallace et al,
1999; Mehner et al., 2005) while emerging aquatic insects and
amphibians provide subsidies for a wide range of terrestrial
consumers (Marczak and Richardson, 2007; Bartels et al., 2012).
Aquatic-terrestrial subsidy fluxes can be reciprocal, benefitting
consumers in both habitats (Polis et al., 1997; Nakano and
Murakami, 2001; Richardson et al., 2010) while also contributing
to food-web and ecosystem stability (Takimoto et al., 2002). By
affecting the organisms involved, ALAN could alter the natural
dynamics of these subsidy fluxes, with potentially widespread
ecological effects. The few studies to investigate this possibility
have suggested that riparian consumers may respond to the
increased availability of prey when aquatic insects are attracted
to light sources (Perkin et al., 2011; Meyer and Sullivan, 2013).
A difficulty with previous studies has been the inability to
disentangle the effects of ALAN from the many associated
anthropogenic stressors such as urbanisation, sealing (paving) of
the ground, increased noise, and chemical pollution (Perkin et al.,
2011).

Experimental approaches can help to exclude one or
more confounding factors, but they remain rare considering
the costs associated with setting up realistic ecosystem-scale
manipulations. Here, we report results from a large-scale field
experiment in which we introduced commercial streetlights to
a previously ALAN-naive area to study the impact of ALAN on
the aquatic-terrestrial linkage. Streetlights were installed along an
agricultural drainage ditch and in the adjacent riparian areas at
two sites: one site was illuminated at night during part of the
experiment, while the other remained dark to serve as a control.
This experimental setup controls for most confounding factors

associated with urbanisation; moreover, installation of identical
streetlights at both sites controls for the effects associated with the
physical structure of the light poles. Pre- and post-illumination
assessment (using a BACI design; see Methods) allowed us to
more confidently ascribe observed ecological changes to the
effects of ALAN. We quantified changes in (i) aquatic insect
emergence, considered as a primary source of aquatic subsidies
to the terrestrial system; (ii) the abundance of flying aquatic
and terrestrial insects in the riparian environment; and (iii) the
abundance and composition of day and night-active riparian
ground-dwelling predator and scavenger communities.

METHODS
Study Area

The field experiment was carried out using a large-scale
experimental infrastructure fully described by Holzhauer et al.
(2015). It is located in the Westhavelland Nature Park and
within a 750-km? International Dark-Sky Reserve that is one
of the least illuminated areas in Germany (International Dark
Sky Association (IDA), 2015). The area is characterized by an
extensive system of agricultural drainage ditches (Figures 1A,B).
In April 2012, two identically managed grassland areas with
no prior exposure to ALAN were selected for a multiple-year
experiment to study ecological impacts of ALAN. The two sites
are separated by a Euclidean distance of ~600 m (800 m along
the drainage ditch) and a row of trees. Both sites were equipped
with three parallel rows (3, 23, and 43 m away from the water)
of four conventional 4.75 m high streetlights located 20 m apart
(Figure 1C) and with one 70-W high-pressure sodium lamp each
(OSRAM VIALOX NAV-T Super 4Y). Maximum illuminance
was ~50 lux, minimum illuminance between two rows of street
lamps was around 1 lux and minimum illuminance between two
adjacent street lamps of the same row was around 10 lux (see
Holzhauer et al,, 2015 for further details about light distribution
and spectral composition). Ecological monitoring started at the
beginning of May 2012, prior to any illumination. From July 25
onward, one site (the Treatment) was illuminated at night, i.e.,
one set of streetlights was switched on between civil twilight at
dusk and dawn. The Control site remained dark, yet provided
identical physical structure (see Holzhauer et al., 2015 for further
details).

Environmental Conditions

Data collection started in June 2012. Weather stations at
both sites continuously recorded air temperature and humidity
every 15min. Underwater probes continuously recorded water
temperature and dissolved oxygen in the drainage ditches.
These data were used to ascertain continuous chemico-physical
similarity between the two sites and obtain reference (baseline)
values in the absence of illumination at the Treatment site
(Holzhauer et al., 2015).

Arthropod Collection and Identification

Insects were collected from both sites using identical procedures.
Emerging aquatic insects were sampled using four floating
pyramidal emergence traps (0.85 x 0.85m, 300-wm mesh) at
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FIGURE 1 | Study area in the Westhavelland (Brandenburg; 52° 417 29.81” N, 12° 27’ 37.54" E) depicting Treatment and Control sites (each 60 x 40 m) located
along an agricultural drainage ditch (A,B). The lower panels (C,D) depict the Treatment site with streetlamps and sampling traps. Floating pyramidal emergence traps
(triangles, n = 4) were placed adjacent to a lamp on the water surface of the drainage ditch. Air eclector traps were mounted below each lamp (grey circles, n = 12).
Pitfall traps (quadrats, n = 24) were placed on the ground in multiple locations. The structural design of the Control site was identical to the Treatment site, yet
streetlights were not switched on. Map data by Google Earth Pro (201 1)1 (A) and Wiki-vr (https://en.wikipedia.org/wiki/File:Europe_blank_map.png) (B).

each site. These were placed in the drainage ditch adjacent to
the bank and one trap was placed directly in front of each
streetlamp (Figures 1C,D). Sampling was continuous for 128-
192h but frequency varied according to emergence patterns.
In 2012, sampling occurred weekly from May to August and
monthly in September and October. In 2013, sampling occurred
monthly in May and June and weekly in July. Aquatic and
terrestrial flying insects were collected using 12 air eclector
traps at each site consisting of two perpendicular acrylic panels
(each 204 x 500 x 3mm) mounted above a collecting funnel
and placed 0.5m below each lamp (Figures 1C,D). Ground-
dwelling arthropods were collected using 24 pitfall traps at each
site, each consisting of a container (15-cm diameter) inserted
in the ground with its rim at the soil surface. A transparent
acrylic sheet was placed above each trap to prevent entry of
precipitation and debris. Pitfall traps were positioned under
and between streetlights at varying distances from the drainage
ditch (Figure 1C). Air eclector and pitfall traps were active
for one 24-h sampling period every 2 weeks from May to
October 2012 and May to July 2013. Sampling always occurred
on rainless nights within one night of each half-moon phase
(first and third quarter). In 2012, sampling was carried out

at night and lasted from astronomical sunset to sunrise (8-
14h depending on the season). In 2013, pitfall trap sampling
was also conducted during the day (10-16 day-time hours)
following the night sampling. All traps were fitted with collecting
containers with 70% ethanol for preservation (see Holzhauer
et al,, 2015 for further details). In 2012 sheet weaver spiders,
harvestmen and only the most common wolf spiders and long-
jawed spiders (e.g., Pardosa prativaga, Pachygnatha clerki) were
identified at the species or genus level (see taxa list in Appendix
S3). Other taxonomic groups were identified at family or order
level (see Appendix S3). In 2013 species level was reached for
all wolf spiders and ground beetles (see taxa list Appendix
S3). Identification was conducted under a binocular microscope
and using taxonomical literature (Roberts, 1996; Schaefer, 2010;
Stresemann, 2011). Species that have a larval phase in the water
were considered as aquatic. Larval individuals were excluded
from counts.

lGoogle Earth Pro 7.3.0.3832 (32-bit). (March 5, 2011). Lochow, Germany.
52° 41’ 29.81” N, 12° 27’ 37.54" E, Eye alt 1.09 Km. DigitalGlObe 2017. https://
www.google.com/earth/ [September 27, 2017].
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Experimental Approach

The experiment was set up as a BACI design (Before-
After, Control-Impact) (Stewart-Oaten et al., 1986), testing for
differences in arthropod abundance between the dark Control
site and the Treatment site, before and after the exposure to
artificial light (BACI phases). An un-replicated BACI design
such as this assesses how a system reacts to perturbation in
comparison to a simultaneously studied unperturbed control
system (Stewart-Oaten et al., 1992). In our case, the problem
of un-replicated perturbation was addressed in four ways: (i)
an effect of ALAN is indicated by a significant interaction of
the factor “site” (i.e., Control/Treatment) with “phase” (ie.,
before/after perturbation) rather than by a direct difference (i.e.,
main effect) between the two sites; (i) mean sample values at
each site at any point in time are reliably estimated by extensive
replication using multiple traps; (iii) multiple sampling occasions
in the before and after phases provide reliable means for both
phases and the necessary degrees of freedom for the statistical
tests; and (iv) potential confounding effects are excluded by
striving for similarity in environmental conditions (other than
those directly related to ALAN) across sites and assessing stability
of this similarity (or persistence of any dissimilarity) between
phases. In other words, for the identification of an ALAN effect,
there must be a persistent difference between phases at the
Treatment site that is larger than any measured changes at the
Control site, while other environmental variables should show
minimal variation i.e. sites must remain environmentally similar
(or similarly different) at any point in time.

Between May and July 2012 both sites were kept dark,
representing the period before ALAN treatment. Illumination
then began at the Treatment site in July 2012 and continued
until the end of the study in July 2013. We made two statistical
comparisons: The first one compared the unlit and lit periods
in 2012, i.e. May-July 2012 with August-October 2012. Since
this comparison mainly tests for changes within the same year,
we refer to it as BACI-acute. As this comparison could be
confounded by site-specific changes in phenology, we ran a
second comparison that considered data from both years during
the same season and compared the unlit period from May-
July 2012 with the lit period from May-July 2013. Since this
comparison tests for changes from one year to the next, we refer
to it as BACI-chronic. Statistical aspects of both comparisons are
described in detail below.

In addition to the BACI design we conducted a circadian
analysis during the After 2013 phase (May to July 2013) when
day-time data were collected. This allowed us to assess differences
in abundance of ground-dwelling secondary consumers between
diurnal and nocturnal communities. This was done to assess
changes in the timing of activity due to ALAN, such as increased
nocturnal activity of predominantly diurnal species and vice
versa.

Statistical Analysis—Environmental

Conditions
In accordance with the experimental BACI design (see above),
differences among Control/Treatment sites and Before/After

phases were assessed for each environmental parameter using
two-way Generalized Least Squares (GLS) models with factors
“site” (Control, Treatment), “phase” (Before 2012 and After
2012 for BACI-acute; Before 2012 and After 2013 for BACI-
chronic) and their interaction. GLS were ran using the nlme
package (Pinheiro et al, 2015) for R (version 3.3.1; R Core
Team, 2015). The analysis included an autoregressive correlation
structure (corARMA) to account for serial correlation of time
series data. The data autocorrelation was tested for each
environmental parameter using Durbin-Watson statistics in
the car package (Fox et al, 2016) for R. The correlation
structure suitability for each model was tested using a
likelihood-ratio test (see Holzhauer et al, 2015 for a similar
approach).

For each GLS with a significant interaction, we performed
contrast analysis as pairwise comparison using least-squares
means (LSM) with the Ismeans package (Lenth, 2016) for R.
Pairwise comparison were performed between Control and
Treatment site within the same phase, and between two different
phases within the same site.

Statistical Analysis—Arthropods

For all analyses, arthropod abundance was standardised to
the number of individuals caught per hour of trap operation
(CPUE; catch per unit effort). High levels of precipitation and
flooding caused malfunction of some pitfall traps in 2013 and
we therefore only used data from positions where traps had
remained functional at both sites. Only night-time samples were
analysed for the comparisons of ground-dwelling secondary
consumers, because daytime data were not collected in 2012.
Because traps were spatially dependent, we calculated the mean
CPUE of all traps at each site for each sampling occasion.
Replication for the statistical tests was provided by multiple
observations at each site and phase.

For the BACI comparisons (acute and chronic), differences
in arthropod abundance (as CPUE) for each trap type
(emergence, air eclector, pitfall) were examined using GLS with
an autoregressive correlation structure (corARMA) and with
factors “site” and “phase” and their interaction (see above). This
was similar to the analysis of the environmental conditions (see
above). For the analysis of air eclector traps, where both terrestrial
and aquatic insects were caught, the same model was also run
to assess difference in proportion of aquatic insects (on the
total). For the analysis of the pitfall traps, taxa were grouped
into 13 larger taxonomical units (see Table 2). This was done in
order to compare communities from 2012 to 2013 samplings in
which different levels of identification were reached (see above).
Subsequently, the same GLS (see above) was run for each of these
taxa (see Table 2). This was done in order to observe taxa-specific
effects of ALAN.

The effect of ALAN was also assessed on the circadian activity
of ground-dwelling secondary consumers in the After 2013 phase
(May-Jul 2013), where both day-time and night-time samples
were collected. Two-way GLS were used with an autoregressive
correlation structure (corARMA) and with factors “site” and
“time of the day” (day, night) and their interaction. These GLS
models were performed in parallel on the same taxa analysed with

Frontiers in Environmental Science | www.frontiersin.org

October 2017 | Volume 5 | Article 61


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Manfrin et al.

Effects of ALAN on Aquatic-Terrestrial Ecosystem Linkage

the BACI design (see above) in order to identify taxa-dependent
effects of ALAN (see Table 3).

As for the analysis of the environmental conditions, LSM
was used to perform pairwise contrast analysis for each GLS
with a significant interaction. To control for inflated false
discovery rates, we used Benjamini-Hochberg corrected p-
values for the pairwise contrast analyses (Waite and Campbell,
2006). The distribution of residuals was assessed using Wilk-
Shapiro tests (Shapiro and Wilk, 1965) and quantile-plots (Wilk
and Gnanadesikan, 1968). Arthropod CPUE was log(X + 1)-
transformed to meet the assumption of normality.

RESULTS

Environmental Conditions

Throughout the experiment, air temperature and humidity did
not differ among sites and phases (Appendix S1, S2) while mean
daily water temperature was slightly higher at the Control than at
the Treatment site by 1.8°C in the period prior to illumination
(Before 2012), 0.8°C during illumination in 2012 (After 2012)
and 1.3°C in 2013 (After 2013). Dissolved oxygen was 0.7 mg1~!
and 1.32 mg 1! higher at the Treatment site prior to illumination
in 2012 and during illumination in 2012, respectively. However,
it was 1.5 mg 17! lower at the Treatment site in 2013 (Appendix
S1, 82).

Aquatic Insect Emergence

We collected 25 families of insects in emergence traps. Most
individuals belonged to the Ephemeroptera (Baetidae, Cloeon
dipterum), Trichoptera (5 families) or Diptera (17 families)
(Taxon list in Appendix S3). The model of comparison BACI-
acute found no significant difference in emergence among phases
and sites, i.e. before and after ALAN treatment in 2012 (Table 1,
Figure 2). The model of comparison BACI-chronic indicated
constantly higher insect abundance (as CPUE) at the Treatment
site when this was illuminated (Table 1, Figure 2). Insect CPUE
at the Treatment site during illumination in 2013 was 2-fold
higher than at the Control site and 3-fold higher compared
to itself prior to illumination in 2012 (Table 1, Figure 2). No
difference in CPUE were found at the Control site throughout
the experiment. (Table 1, Figure 2).

Flying Insects

We collected a total of 189 aquatic and terrestrial taxa in
the air eclector traps. The majority of aquatic insects were
Ephemeroptera and Diptera and the majority of terrestrial insects
were Lepidoptera and Coleoptera (see Appendix S3 for a taxon
list). Both GLS models (comparisons BACI-acute, -chronic)
indicated higher abundance of aquatic insects at the Treatment
site when this was illuminated (Table 1, Figure 3A). In 2012
(comparison BACI-acute) the lit Treatment site had 76-fold
higher CPUE than the Control site, and 70-fold higher CPUE
compared to itself prior to illumination (Table 1, Figure 3A).
There was no change in aquatic insect abundance at the
Control site throughout the experiment and no differences
between the Control and the Treatment site were found prior
to illumination (Figure 3A). In Comparison BACI-chronic the

lit Treatment site in 2013 had 267-fold higher CPUE than the
Control site and 918-fold higher CPUE compared to itself prior
to illumination (Table 1, Figure 3A). There was no change in
aquatic insect abundance at the Control site throughout the
experiment and no differences between the Control and the
Treatment site were found prior to illumination. (Figure 3A).
For flying terrestrial insects, only the model of comparison
BACI-acute in 2012 indicated differences among sites and phases
(Table 1, Figure 3B). Terrestrial flying insect CPUE at the lit
Treatment site was 34-fold higher than the Control site, and 81-
fold higher CPUE compared to the same site prior to illumination
(Table 1, Figure 3B). There was no difference between sites
prior to illumination or within the Control site before and after
illumination in 2012 (Figure 3B).

The proportion of arthropods that were aquatic in origin
did not differ among sites and phases in 2012 (comparison
BACI-acute) (Table 1, Figure 3C), but differed in the comparison
between years (comparison BACI-chronic) (Table 1, Figure 3C).
In 2013, aquatic insects at the Treatment site comprised 75%
of the total catch, compared to 54% at the Control site in the
same year (i.e., ~1.5-fold greater) and 58% at the Treatment
site prior to illumination (i.e., ~1.4-fold greater) (Tablel,
Figure 3C). There was no difference in the proportion of aquatic
insects between Control and Treatment sites in 2012 prior to
illumination, nor between years at the Control site (Figure 3C).

Ground-Dwelling Arthropods

We collected a total of 135 taxa of ground-dwelling arthropods
in the pitfall traps (see Appendix S3 for a taxon list) that were
grouped into 13 taxa for the analyses (see Table 2). For primary
consumers, there was no significant variation in CPUE among
sites and phases in either comparisons BACI-acute or BACI-
chronic (Table 1, Figure 4A). For secondary consumers, there
was no difference in CPUE among sites and phases in the
comparison between phases within 2012 (comparison BACI-
acute). In the comparison BACI-chronic between 2012 and 2013
(Table 1, Figure 4B) 1.3-fold lower CPUE was found at the lit
Treatment site than at the Control site in 2013, while the lit
Treatment site had 6.5-fold higher CPUE than the Treatment site
prior to illumination (Table 1, Figure 4B).

GLS performed on each of the 13 taxa comprising the
community of ground-dwelling secondary consumers showed
taxa-specific difference in CPUE among sites and phases between
2012 and 2013 (comparison BACI-chronic). In 2013, Trochosa
sp. (a wolf spider), Pachygnatha clercki (a long-jawed spider)
and Opiliones, were more abundant at the lit Treatment site
than at the Control site (Table 2; Appendix S4A-C). Conversely,
Pirata piraticus (a wolf spider), Carabidae (ground beetles) and
Staphylinidae (rove beetles), were more abundant at the Control
site (see Table 2, Appendix S4D-F). Taxa that differed between
Treatment and Control in 2013, also differed between post-
and pre-illumination periods in the Treatment site (P. clerki),
in the Control site (P. piraticus, Staphylinidae) and in both
Treatment and Control sites (Trochosa sp., Opiliones, Carabidae)
(see Table 2, Appendix S4).

The analysis of the circadian activity shows taxa-specific
differences in CPUE between Control and Treatment site and
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TABLE 1 | Arthropod abundance (CPUE) analysed using a BACI design.

Trap type Comparison F-statistic (site x phase) Pairwise contrasts t-statistic
Emergence (emerging aquatic) BACI-acute Fq, 36 = 3.92
BACI-chronic Fi1, 30 = 13897 Ctrl-After 2013/Treat-After 2013 t1, 50 =831
Treat-Before 2012/Treat-After 2013 t(1, 30) = 5.01 o
Air Eclector (flying aquatic) BACl-acute Fa, 13 =707 Ctrl-After 2012/Treat-After 2012 t1, 13 =855
Treat-Before 2012/Treat-After 2012 ti, 13 = 3.06”
BACI-chronic F, 20 =4.75" Ctrl-After 2013/Treat-After 2013 1(1,20) = 3.52"
Treat-Before 2012/Treat-After 2013 1(1,20) = 3.06"
Air Eclector (flying terrestrial) BACI-acute F1,13 =51 0 Ctrl-After 2012/Treat-After 2012 t1, 13 = 325"
Treat-Before 2012/Treat-After 2012 t1,13) = 3.46"
BACI-chronic F, 13 = 291N
Air Eclector (% flying aquatic) BACI-acute F1, 13 =3.34
BACI-chronic Fit, 13 = 2.90NS Ctrl-After 2013/Treat-After 2013 t, 00) = 255"
Pitfall (primary consumers) BACI-acute F1, 20 = 0.45NS
BACI-chronic Fi, 17) = 0.43N8
Pitfall (secondary consumers) BACI-acute F1, 20 = 0.03\S
BACI-chronic Fa, 17 =8.75' Ctrl-After 2013/Treat-After 2013 ty 17)=386"

Treat-Before 2012/Treat-After 2013 t, 17 =11.98"

GLS analysis was used to first compare Control and Treatment sites prior to and during experimental illumination in 2012 (BACI-acute; Before 2012 and After 2012). Sites were then
compared prior to illumination in 2012 with the same period of the year in 2013, after experimental illumination (BACI-chronic; Before 2012, After 2013). Analysis was conducted on
emerging aquatic insects, flying (aquatic and terrestrial) insects, proportion (%) of flying aquatic insects (compared to terrestrial) and ground-dwelling arthropods (primary, secondary
consumers) for the three trap types. Results of the GLS as F-statistic for the site x phase interaction are shown. Significant pairwise contrasts and t-statistics are shown for comparison
BACI-acute (Control site-After 2012 phase vs. Treatment site-After 2012 phase; Treatment site-Before 2012 phase vs. Treatment site-After 2012 phase) and for comparison BACI-
chronic (Control site-After 2013 phase vs. Treatment site-After 2013 phase; Treatment site-Before 2012 phase vs. Treatment site-After 2013 phase). Statistical significance is shown as

**n < 0.001; *p < 0.01; *p < 0.05; "0.05 < p < 0.07; N°p > 0.07.

day-/night-time samplings in 2013 (May-Jul, After 2013 phase).
CPUE in Trochosa sp. was 7-fold higher at night than at
day at the Treatment compared to the Control site where
it was 4-fold-higher (Table 3, Figure 5A). Pachygnatha clercki,
Opiliones (harvestmen), and Silpha sp. (a carrion beetle) were
more abundant in the Treatment site than in the Control
site (significant “site” effect). This was true for both day and
night sampling (Table 3, Figures 5B-D). In contrast, CPUE in
Carabidae at the Treatment site was 5-fold lower at night than
at day (significant “site x “time” interaction), while CPUE at
the Control site at day and night was similar. CPUE in P.
piraticus was 12-fold higher at night than at day at the Control
site (significant “site x “time” interaction), while no difference
in CPUE between day and night sampling was found at the
Treatment site (Table 3, Figure 5E).

DISCUSSION

This is one of the first studies to experimentally manipulate
ALAN in field conditions at the ecosystem scale to test the
hypothesis that ALAN can change the subsidies of aquatic insects
and that this can influence the composition and abundance
of local riparian consumers. Obtained results provide strong
support for this hypothesis, and identify several species-specific
responses.

Aquatic Insect Emergence

We found a higher flux of aquatic insects into the illuminated
riparian area through an increase in emergence directly under
lamps. Emergence increased by a factor 2 in the artificially
lit waterbody from 2012 to 2013, with no change in the
Control site. The increase was constant from May to July
2013 implying that ALAN affected overall abundances rather
than emergence timing. Our results suggest that the Treatment
site produced more aquatic insect biomass or that the rate of
larval survival was higher. Increased illumination is generally
associated with increased predation risk (Cerri and Fraser,
1983), as diurnally active piscivorous fish can extend their
hunting activity at night, increasing predation pressure on
smaller, invertivorous fish (Becker et al., 2013). Lee et al.
(2013) attributed reduced emergence in Cloeon dipterum (the
most abundant species in our emergence traps) to increased
fish predation in a wetland. Abundant fish species in the
ditches of the study area were the invertivorous Gasterosteus
aculeatus (three-spined stickleback), Rhodeus amarus (European
bitterling) and young Perca fluviatilis (European perch), as well
as piscivorous visual predators such as Esox lucius (Northern
pike) and adults of P. fluviatilis (A. Manfrin, pers. obs.). The
invertivores have to balance predator-avoidance and feeding
efficiency (Fraser and Metcalfe, 1997; Nightingale et al., 2006)
and this may have reduced predation on aquatic invertebrates,
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leading to increased abundance and emergence (Figure 6).
ALAN becomes polarised when reflected off the water surface
and this can act as a cue to swarming mayflies and other
insects, potentially increasing the number of eggs deposited in
illuminated areas (Horvath et al., 2009). ALAN may have led
to aggregation of the immature insects (still in the water) near
the lights and thus the emergence traps, which were located
directly under lights. We did not measure benthic densities
of immature aquatic stages in the two ditches, so we cannot
assess whether ALAN increased the overall density in the water.
Photoperiod, water temperature and oxygen concentration are all
important cues for aquatic insect emergence. Typically, warmer
water causes faster growth and earlier adult emergence, thus
influencing the timing of emergence (Ward and Stanford, 1982;
Harper and Peckarsky, 2006). However, in our experiment we
observed no differences between Control and Treatment sites
in 2013 compared to 2012 in daily water temperature or in
the timing of insect emergence. Oxygen concentrations can
also influence insect emergence. Connolly et al. (2004) found
that mayfly emergence was reduced by 60% in hypoxic (25-
35% saturation) compared to normoxic (95-100% saturation)
water. The mayfly C. dipterum was the most abundant taxon
in our emergence traps. Compared to other mayfly species
it is tolerant of low-oxygen conditions (Sartori and Landolt,
1999), therefore slight differences in oxygen concentration
between Control and Treatment sites in 2013 was unlikely
the cause of the increased emergence observed at the lit
site during that period. Food availability (e.g., periphyton for
primary consumers) is another factor affecting insect emergence.
Péry et al. (2002) observed that food limitation (0.10-0.15
mg/larva/day) reduced Chironomus riparius emergence by 15%
compared to individuals fed ad libitum. However, a study
conducted in 2014 found no difference in periphyton biomass
between Treatment and Control sites (unpublished data, M.
Grubisic).

Flying Insects

Artificial illumination attracted a large number of aquatic and
terrestrial flying insects to the lit site. Light sources function
as an ecological trap (van Langevelde et al., 2011; Degen
et al., 2016) for many insects that are attracted to them. This
occurs especially during swarming events, when very large
numbers of individuals can be attracted to artificial light sources
(Horvath et al., 2009). If not killed immediately, insects are
often unable to disperse and migrate elsewhere (Perkin et al.,
2011; Degen et al, 2016). Several studies have shown how
artificial illumination disrupts dispersal patterns in arthropods,
confounding natural sources of orientation (e.g., moonlight) and
attracting positively phototactic insects (Horvath et al., 2011;
Meyer and Sullivan, 2013). The majority of insects collected
in the lit traps were of aquatic origin, suggesting that aquatic
insects might be particularly sensitive and thus more vulnerable
to ALAN than terrestrial insects (see also Perkin et al., 2014a).
Indeed, aquatic insects perceive polarised light generated by
reflections from the water surface as an important orientation
cue and indicator of a suitable egg-laying habitat (Horvith
et al,, 2009; Perkin et al., 2014a). The presence of artificial
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FIGURE 2 | Abundance of emerging aquatic insects (CPUE) was compared
across sampling events within and among years using a BACI design. Control
and Treatment sites were first compared prior to and during experimental
illumination in 2012 (BACI-acute; Before 2012 and After 2012). Sites were then
compared prior to illumination in 2012 with the same period of the year in
2013, after experimental illumination (BACI-chronic; Before 2012, After 2013).
Significant site x phase interactions (GLS) are shown as **p < 0.01; "0.05 < p
< 0.07. Means across all traps with standard errors are shown for the two
sites at each sampling event.

light adjacent to water bodies may affect the distance that
organisms move away from the water and therefore the spatial
scale of the aquatic-terrestrial subsidy signature in a river
landscape (Perkin et al., 2011; Gurnell et al., 2016). A recent
review found the density of aquatic insects was reduced by
50% within the first 1.5m from the water’s edge (Muchlbauer
et al, 2014). Our traps were located 3m from the water
and collected 85-fold more aquatic insects compared to unlit
controls. This suggests that ALAN in a riparian ecosystem
may virtually shut down most aquatic-terrestrial subsidy fluxes
beyond the immediately lit area, thereby sealing off surrounding
terrestrial ecosystems and contributing to isolation and loss of
connectivity by interfering critical matter exchange and dispersal
in a landscape.

Ground-Dwelling Arthropods

Ground-dwelling predators and scavengers were expected to be
attracted by the large number of available “easy” prey, present
as exhausted or dead individuals on the ground (Eisenbeis et al.,
2006; Perkin et al., 2011). Contrary to expectations, we found a
lower number of ground-dwelling predators and scavengers in
the lit site compared to the control. It might be that these species
found more food at the Treatment site, and therefore were less
active and fell into the traps less. Conversely, ALAN appeared to
affect the composition of ground-dwelling arthropods, with some
evident taxa-specific responses. Pachygnatha clercki, Lycosidae
spiders and Opiliones (harvestmen) were more abundant in lit
sites, likely attracted by the increased prey availability around the
lamps (Davies et al., 2012). Meyer and Sullivan (2013) reported
a reduction in the abundance of Tetragnathidae spiders in
illuminated locations. This diverging result is probably explained
by the fact that Tetragnathidae in our study were dominated by
P. clercki which has an atypical ecology for the family. While
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TABLE 2 | Arthropod abundance (CPUE) analysed using a BACI design for 13 taxa of ground-dwelling secondary consumers (from pitfall traps) taxonomically identified in
both 2012 and 2013 samplings (see Appendix S3).

Taxa Comparison F-statistic (site x phase) Pairwise contrasts (n-fold) t-statistic
Aranea BACI-acute F, 20 = 0.18NS
BACI-chronic F,17)=0.11NS
Pardosa prativaga BACI-acute F1, 20 = 0.62NS
BACI-chronic Fi, 17)=0.28NS
Pirata sp. BACI-acute F, 20 = 2.05NS
BACI-chronic Fi, 17)=0.36NS
Pirata piraticus BACI-acute F, 20 = 0.1 4NS
BACI-chronic Fa,17)=157.39" Ctrl-After 2013/Treat-After 2013 (1.4) t, 17 =23.468""
Ctrl-Before 2012/Ctrl-After 2013 (—13.9) t 17y =22117"
Piratula sp. BACl-acute Fi1, 20) = 0.98NS
BACI-chronic Fi, 17) = 0.59NS
Trochosa sp. BACI-acute F, 20 = 0.08NS
BACI-chronic Fit, 17)=27.56"" Ctrl-After 2013/Treat-After 2013 (—2.5) t, 17 =10.94""
Ctrl-Before 2012/Ctrl-After 2013 (~0.2) ta, 17 =5.44"
Treat-Before 2012/Treat-After 2013 (—38.8) th, 17 =1326""
Pachygnatha clercki BACI-acute F, 20) = 0.01 NS
BACI-chronic Fa, 17 =6.02" Ctrl-After 2013/Treat-After 2013 (—2.9) ty 17)=376"
Treat-Before 2012/Treat-After 2013 (—17.6) th, 17 =5.18"
Linyphiidae BACI-acute Fa1, 20) = 0.09NS
BACI-chronic F, 17)=2.23N8
Opiliones BACI-acute Fu, 20) = 1.66NS
BAGCI-chronic Fa, 17y =746 Ctrl-After 2013/Treat-After 2013 (~1.9) th47)=556"
Ctrl-Before 2012/Ctrl-After 2013 (—10.4) th, 47 =7.05"
Treat-Before 2012/Treat-After 2013 (—9.1) t, 17)=10.65"
Coleoptera BACI-acute Fi1, 20) = 0.08NS
BACI-chronic Fa, 17) = 1.50N8
Carabidae BACI-acute Fa1, 20) = 0.69NS
BACI-chronic Fa,17)=149.47 Ctrl-After 2013/Treat-After 2013 (7.4) t 17y =21.18""
Ctrl-Before 2012/Ctrl-After 2013 (~32.9) t, 17)=2051"
Treat-Before 2012/Treat-After 2013 (—5.4) 1,17 = 251
Staphylinidae BACI-acute Fua, 20) = 1.16NS
BACI-chronic Ft, 17)=5.02" Ctrl-After 2013/Treat-After 2013 (4.7) t, 17y =38.84""
Ctrl-Before 2012/Ctrl-After 2013 (—3.6) t, 17 =28.89"
Silpha sp. BACI-acute Fia, 20 = 1.11N8
BACI-chronic F,17)=1.16N8

GLS analysis was used to first compare Control and Treatment sites prior to and during experimental illumination in 2012 (BACI-acute, Before 2012 and After 2012). Sites were then
compared prior to illumination in 2012 with the same period of the year in 2013, after experimental illumination (BACI-chronic; Before 2012, After 2013). Results of the GLS as F-statistic
for the site x phase interaction are shown. Significant pairwise contrasts and t-statistics are shown for comparison BACI-chronic (Control site-After 2013 phase vs. Treatment site-After
2013 phase; Control site-Before 2012 phase vs. Control site-After 2013 phase; Treatment site-Before 2012 phase vs. Treatment site-After 2013 phase). For each pairwise contrast
effect size (n-fold; i.e. first term divided the second term of the Pairwise Contrasts) is shown (e.g.: CPUE in Pirata piraticus was 1.4-fold higher in the Control site than in the Treatment
site during the After 2013 phase and 13.9-fold lower in the Control site in the Before 2012 phase than in the Control site in the After 2013 phase). Statistical significance is shown as
“*p < 0.001; *p < 0.01; *p < 0.05; Np > 0.07. To control for inflated false discovery rates, we used Benjamini-Hochberg corrected p-values.
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FIGURE 3 | Abundance (CPUE) of adult flying aquatic (A) and terrestrial (B)
insects and proportion (%) of aquatic insect on the total (C) were compared
across sampling events within and among years using a BACI design. Control
and Treatment sites were first compared prior to and during experimental
illumination in 2012 (BACI-acute; Before 2012 and After 2012). Sites were then
compared prior to illumination in 2012 with the same period of the year in
2013, after experimental illumination (BACI-chronic; Before 2012, After 2013).
Significant site x phase interactions (GLS) are shown as *p < 0.05; '0.05 < p
< 0.07; Nsp > 0.07. Means across all traps with standard errors are shown
for the two sites at each sampling event.

most species of this family are sit-and-wait predators that build
webs, P. clercki are night-active visual hunters that do not use
webs. P. clercki has a tapetum in the secondary eyes that increases
visual efficiency at low light levels (Land, 1985). The increase
in abundance we observed suggests it is able to efficiently use
light levels provided by ALAN. We conclude that the alteration
in the riparian community of ground-dwelling predators and
scavengers was driven by the large increase in input of freshwater-
derived prey; however, responses were taxon/specific. Most
ground beetles (e.g., Agonum duftschmidi, Pterostichus nigrita,
Carabus granulatus; see appendix S3 for a taxon list) had reduced
abundance in the lit site. These taxa may have been directly
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FIGURE 4 | Abundance (CPUE) of ground-dwelling primary (A) and secondary
(B) consumers was compared across sampling events within and among
years using a BACI design. Control and Treatment sites were first compared
prior to and during experimental ilumination in 2012 (BACI-acute; Before 2012
and After 2012). Sites were then compared prior to illumination in 2012 with
the same period of the year in 2013, after experimental illumination
(BACI-chronic; Before 2012, After 2013). Significant site x phase interactions
(GLS) are shown as "0.05 < p < 0.07; Nsp > 0.07. Means across all traps
with standard errors are shown for the two sites at each sampling event.

repelled by light, or may have suffered from increased predation
from, or competition with, the abundant ground spiders (Punzo
et al., 2006). Similar mechanisms may explain patterns in P.
piraticus and Staphylinidae. Because CPUE for these taxa were
similar at the Treatment site before and after illumination,
we cannot exclude factors other than ALAN in explaining the
increased abundance at the Control site.

Our experimental results also suggest that artificial
illumination was able to influence the circadian activity of
ground-dwelling consumers (see also Davies et al., 2012). The
night-active spiders P. clercki, Trochosa sp. and the night-active
scavenger carrion beetle, Silpha sp., all either increased their
activity into the night or extended their activity into the day in
the Treatment site. These predators may have benefited from
the presence of exhausted or dead insects that were attracted
to the lights the night before. In contrast, Carabidae drastically
decreased their activity during the night when exposed to
artificial illumination.

Environmental Relevance

Here we assessed responses to ALAN in natural ecosystems
previously unexposed to artificial light. This could not have been
mimicked adequately under laboratory conditions. As a result,
a trade-off exists between replication and realism when dealing
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TABLE 3 | Arthropod abundance (CPUE) was compared to assess circadian activity of ground-dwelling secondary consumers.

Taxa GLS factors F-statistic Pairwise contrasts t-statistic
Aranea Site Fa,on = 0.67NS
Time F, o1 =34.96"
site x time Fia, o1y = 1.59NS
Pardosa prativaga Site Fig, o1) = 027N
time Fit, 21y = 6.26
site x time Fig, 21) = 0.18NS
Pirata sp. site Fi,21)= 1.40NS
time Fi, 01 = 0.44NS
site x time Fi, o1) = 0.74NS
Pirata piraticus site F, o1 =72.33"
time Fio1=29.42""
site x time Fi, o1 =2852" Ctrl-Day/Ctrl-Night t, 01y =7.60"
Ctrl-Night/Treat-Night t, 01y =912
Piratula sp. site F, 21 = 0.55NS
time Fig, 21 = 0.74NS
site x time F,21)= 0.01NS
Trochosa sp. site F1,21)= 535.99""
time Fia, o1y = 1468.62""
site x time Fa, 21 =98.15" Ctrl-Day / Treat-Day t 01y =757
Ctrl-Day/Ctrl-Night t o1y =11.417
Treat-Day/Treat-Night t, 21 = 30317
Ctrl-Night/Treat-Night t oy =21.12"7
Pachygnatha clercki site Fi, 21)=109.09"
time Fia, 21 =89.917
site x time Fi4, 21) = 0.07NS
Linyphiidae site Fi, o1) = 4.60N8
time Fi, o1) = 0.28N8
site x time Fig, o1 =0.17NS
Opiliones site F, 21y =4.04"
time l‘:(«]Y 21) = 17.‘]2*M
site x time Fi, o1 = 1.02N8
Coleoptera site Fa,on = 0.001NS
time Fig, o1 = 3.16NS
site x time Fi4, 21) = 0.98NS
Carabidae site Fi4, 21)=6.95"
time Fit, 21y = 4.69°
site x time Fi, 21 =8.78" Treat-Day /Treat-Night tn, o =291
Ctrl-Night/Treat-Night t1, 21 =38.18"
Staphylinidae site Fa,on = 1.19NS
time Fa, o1 =9.47"
site x time Fig, o1 = 8.18NS
Silpha sp. site Fit, 21)=6.26"
time :‘:(1Y 21) = 3.57NS
site x time l‘:“Y 21) = 2.79NS

GLS were used to examine differences among sites (Control, Treatment) and time of sampling (day, night) from May until July 2013 (After 2013 phase of the BACI design). The analysis
was performed on the 13 taxa that were taxonomically identified in both 2012 and 2013 (see BACI analysis, Appendix S3). F-statistic is shown for each GLS factor (site, time, site x
time). Pairwise contrasts and t-statistics are shown for significant factors. Statistical significance is shown as ***p < 0.001; **p < 0.01, *p < 0.05; -0.05 < p < 0.07; NSp > 0.07. To
control for inflated false discovery rates, we used Benjamini-Hochberg corrected p-values.
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FIGURE 5 | Arthropod abundance (CPUE) was compared to assess circadian activity of ground-dwelling secondary consumers. GLS were used to examine
differences among sites (Control, Treatment), time of sampling (day, night) and their interaction for the period from May until July 2013 (“After 2013” phase). The
analysis was performed on the 13 taxa that were taxonomically identified in both 2012 and 2013 (see BACI analysis). In the figure only taxa with significant GLS terms
of relevance (site, site x time) are shown (panels from A=F) (**p < 0.001; *o < 0.05; '0.05 < p < 0.07).

with complex questions at the ecosystem scale, as effort and cost
associated with such large-scale experiments limits the use of
replicated units (Carpenter, 1990, 1996; Skelly and Kiesecker,
2001; Davies and Gray, 2015; Barley and Meeuwig, 2017). It
is thus possible that the effects observed here are the result of
one or more factors other than the treatment, although we tried
to capture potential effects by careful monitoring of important
environmental variables (see Holzhauer et al., 2015). Likewise,
the experimental installation of street lights in a previously
ALAN-naive area allowed us (1) to disentangle the effects of

ALAN from other aspects of urbanization such as pollution,
noise, and habitat alteration that confounds most studies; and
(2) to minimize the effects of potential long-term adaptations
that may have already occurred in areas that have been lit for
many generations. Despite the existing uncertainties, we did
not observe obvious confounding treatment effects, and hence
the patterns emerging from our study hint that ALAN can
exert strong ecological changes in riparian systems, warranting
consideration of these interactions in future artificial light
installations. This becomes even more important considering the
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FIGURE 6 | Conceptual figure depicting how artificial light at night (ALAN) increases the flux of aquatic insects into the riparian area through an increase in emergence
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some night-active riparian spiders extend their activity into the day. Both likely are the result of the large increase in input of freshwater-derived prey.
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