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Abstract

White light-emitting diodes (LEDs) are rapidly replacing conventional outdoor lighting technologies around the

world. Despite rising concerns over their impact on the environment and human health, the flexibility of LEDs has

been advocated as a means of mitigating the ecological impacts of globally widespread outdoor night-time lighting

through spectral manipulation, dimming and switching lights off during periods of low demand. We conducted a

three-year field experiment in which each of these lighting strategies was simulated in a previously artificial light

na€ıve grassland ecosystem. White LEDs both increased the total abundance and changed the assemblage composition

of adult spiders and beetles. Dimming LEDs by 50% or manipulating their spectra to reduce ecologically damaging

wavelengths partially reduced the number of commoner species affected from seven to four. A combination of dim-

ming by 50% and switching lights off between midnight and 04:00 am showed the most promise for reducing the eco-

logical costs of LEDs, but the abundances of two otherwise common species were still affected. The environmental

consequences of using alternative lighting technologies are increasingly well established. These results suggest that

while management strategies using LEDs can be an effective means of reducing the number of taxa affected, averting

the ecological impacts of night-time lighting may ultimately require avoiding its use altogether.
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Introduction

White light-emitting diodes (LEDs) have come to revo-

lutionize the way we illuminate the night. Their

improved energy efficiency over alternative electric

lighting makes LEDs highly attractive for cutting costs

and reducing the world’s CO2 emissions (Schubert &

Kim, 2005; Pimputkar et al., 2009; although see Kyba

et al., 2014). Such are the potential cost savings that

LEDs have risen from a 9% share in the global lighting

market in 2011 to 45% in 2014, and are forecast to reach

69% by 2020 (Zissis & Bertoldi, 2014). Their compact

design and low heat loss has led to LEDs becoming

near ubiquitous in all aspects of human life from inte-

rior, exterior and decorative lighting to desktop, hand-

held and wearable displays. Yet while LEDs have been

hailed for improving energy efficiency and combating

global climate change, the dramatic pace of this revolu-

tion has raised numerous concerns among environmen-

tal scientists and human health experts (Falchi et al.,

2011; Davies et al., 2014; Haim & Zubidat, 2015). From a

health perspective, the prominent peak of blue wave-

length light emitted by commonly used white LEDs

occurs at the most effective frequency for suppressing

melatonin production (West et al., 2011; Haim & Zubi-

dat, 2015) and has been linked to sleep disorders, obe-

sity and the progression of some cancers (Cajochen

et al., 2011; Falchi et al., 2011; Haim & Portnov, 2013;

Chang et al., 2015; Keshet-Sitton et al., 2015). Ecologi-

cally, a variety of biological processes are known to be

sensitive to both the short wavelength peak and broad

range of wavelengths emitted by white LEDs, including

circadian rhythms (De Jong et al., 2016), organism navi-

gation (Van Langevelde et al., 2011; B�atnes et al., 2013;

Rivas et al., 2015), reproduction (Gorbunov & Falk-

owski, 2002) and colour-guided behaviours (Gaston

et al., 2012; Davies et al., 2013). Consequently, outdoor

LED lighting is likely disrupting the balance of species

interactions (Davies et al., 2013) and creating unprece-

dented niche overlaps between nocturnal and diurnal

species (Macgregor et al., 2014).

The counter narrative to these concerns has been that

the numerous documented ecological impacts of night-

time lighting can be mitigated by capitalizing on the

flexibility offered by LEDs while simultaneously bene-

fiting from their cost saving and CO2 cutting credentials

(Schubert & Kim, 2005; Gaston et al., 2012; Gaston,

2013). A number of management strategies have been

proposed to minimize the impacts of artificial light on

the environment which LEDs make feasible, including

manipulating spectra to avoid ecologically damaging
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wavelengths, dimming and switching lights off during

periods of low demand (Gaston et al., 2012). These

strategies have been widely adopted to cut local gov-

ernment expenditure in the fallout from the 2008 finan-

cial crisis, but with no investigation of whether they

mitigate the ecological impacts of using either LEDs or

night-time artificial light more generally.

Using a manipulative three-year field experiment in

which night-time lighting was introduced into a previ-

ously artificial light na€ıve grassland ecosystem, we

determined the impact of white LED lighting on the

structure and composition of adult spider (Aranaea)

and beetle (Coleoptera) assemblages and investigated

the utility of alternative LED management strategies for

mitigating these effects. We define our assemblages fol-

lowing the convention of Fauth et al. (1996) as ‘phyloge-

netically related groups within a community’ where a

community is considered ‘as a collection of species occur-

ring in the same place at the same time’.

Materials and methods

Overview

Twenty-four 16 m2 plots (n = 6 per treatment) were illumi-

nated at night (in addition to six unlit control plots) with cool

white LED lighting equivalent to that experienced at ground

level under LED street lighting (high-intensity white, HIW;

29.6 � 1.2 SE lux), LED street lighting that is dimmed by 50%

(dimmed white, DW; 14.6 � 0.3 SE lux), LED street lighting

that is both dimmed and timed to switch off between midnight

and 04:00 am (dimmed white timer, DWT; 14.4 � 0.8 lux) and

amber LED lighting (AMB; 18.2 � 1.3 lux) with a spectral peak

at 588 nm (approximating that of low-pressure sodium street

lighting widely used during the mid- to late twentieth cen-

tury). Lights were switched on in April 2012 and maintained

thereafter. Mobile invertebrates were collected from under-

neath the lights for 3 days and three nights in May, July and

September (total annual sampling effort of 9 days and nights)

of each year using 8-cm-diameter pitfall traps.

Experimental set-up

The thirty 16 m2 artificially lit and control plots (n = 6 per

treatment) were established across 0.12 km2 of previously

grazed temperate grassland (Fig. S1) in the United Kingdom

(lat: 50.035159; long: �5.206489). Each light consisted of a

down-facing panel of either 24 cool white (HIW), 12 cool white

(DW) or 72 amber (AMB) LEDs (spectra given in Bennie et al.

(2015)) mounted 1 m above ground level on a wooden frame.

The dimmed part night lighting treatment (DWT) was created

using a timer which switched additional dimmed white light-

ing rigs off between 00:00 am and 04:00 am GMT. Unlit control

plots contained only the wooden frame. LEDs were mounted

inside boxed housings which directed the light across a 16 m2

treatment area and prevented light spill into neighbouring

plots. Each replicate was 5 m apart in a randomly allocated

grid pattern. All LEDs were powered via thirteen 12V 125Ah

batteries trickle charged with 100W solar panels and automati-

cally switched on at dusk (70 lux) and off at dawn (110 lux).

Lights were switched on in April 2012 and maintained all year

round for the duration of the study, and the light levels

recorded bimonthly each fieldwork season using a photo-/

radiometer (HD2102.2, Delta Ohm, Caselle di Selvazzano,

Italy). The vegetation was cut back and removed in October

and March of each year to simulate the impact of hay meadow

management on the system.

Sampling

Pitfall trapping was conducted for 3 days and three nights per

month during May, July and September of each year. Diurnal

and nocturnal species were caught and enumerated sepa-

rately, so that inferences could be drawn regarding whether

differences in abundance were primarily driven by impacts on

organism movement at night, or reflected compositional

effects that occurred irrespective of the time of day. Nocturnal

and diurnal assemblages were trapped separately by placing

two pitfall traps within each plot and swapping a lid between

them at dawn and dusk on each sampling day. Trap contents

were rinsed through a 500-lm-mesh sieve to isolate mobile

macrofauna and preserved in 90% industrial methylated spirit

or ethanol pending analysis in the laboratory. Adult spiders

(Araneae) and beetles (Coleoptera) were identified to the low-

est practicable resolution (species level wherever possible)

using a range of identification guides (Joy, 1932; Roberts, 1993;

Luff, 2007; Lott, 2009; Lott & Anderson, 2011) and enumer-

ated. Herbivores were not included in the analysis because

their abundance is not well represented by pitfall traps (rather

than, say, suction sampling), which are the most appropriate

method for sampling large mobile ground-dwelling inverte-

brates that are known to be affected by street lighting (Davies

et al., 2012).

Statistics

The impact of light treatment (Treatment) and time of day

(Time: day or night) on the total abundance and composition

of spider and beetle assemblages was compared relative to the

controls in each year separately. Poisson generalized linear

mixed effects models were performed on total abundance data

using the R package LME4 (Bates et al., 2015), while assemblage

composition was analysed using permutational multivariate

analysis of variance (PERMANOVA) in the R package VEGAN

(Oksanen et al., 2015).

For total abundance, four nested models (~Treatment;

~Treatment + Time; ~Treatment : Time; and a null intercept

only) were first fitted to the data with plot included as a ran-

dom effect to control for repeated measures taken from the

same plots at different times of day (day and night). The most

parsimonious of these (that with the lowest value of Akaike’s

information criterion, AIC) was then selected and the signifi-

cance of the model terms tested using likelihood ratio tests

(Table 1). Pairwise contrasts between light treatments and
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controls (Table S1) and high-intensity white (HIW) lighting

and alternative lighting treatments (Table S2) were extracted

for the most parsimonious models using the R package

lsmeans (Lenth, 2015).

The impact of light treatment and time of day

(Treatment : Time) on the composition of spider and beetle

assemblages was assessed using PERMANOVA performed on

zero-adjusted Bray–Curtis (Clarke et al., 2006) dissimilarity

matrices calculated from log(x + 1)-transformed species abun-

dance data. Pairwise contrasts between light treatments and

controls (Table S1), and high-intensity white (HIW) and alter-

native light treatments (Table S2), were extracted by perform-

ing independent tests for each Treatment : Time combination

where these two terms significantly interacted with each

other, and each Treatment level when they did not.

The impact of the light treatments on the abundance of each

taxon was assessed in each year. Individual taxa display dif-

fering patterns of rarity and dispersion; hence, we followed

the approach outlined by Zuur et al. (2009) to identify the

most parsimonious model to fit in each case. Poisson, negative

binomial, zero-adjusted Poisson and zero-adjusted negative

binomial generalized linear models were fitted in each species

abundance ~ Treatment analysis using the R package General-

ised Additive Models for Location Scale and Shape (Rigby &

Stasinopoulos, 2005), and the most parsimonious model

selected using AIC. The selected model was used to assess the

impact of light treatment on the abundance of that species via

a likelihood ratio test comparing the full model (~Treatment)

with a null intercept-only model (Table S3). Abundance data

collected during the day and the night were pooled to

maximize the number of species with sufficient occurrence

across replicates (occurring in n >= 10 replicates) for tests to

be reliably performed in each year. Pairwise contrasts

(Table S4) between treatments and controls were extracted

from the full model, except in cases where a taxon was not

present in any control plot, but was present within treatment

plots. In these instances, pairwise contrasts were extracted

from a no-intercept model so that abundance under each light

treatment was compared to 0.

We did not correct values of a for the high volume

(320) of tests performed in the study as it allows the num-

ber taxa sampled and the species richness of the commu-

nity, the number of years sampled and number of

treatments compared to have undue influence on the

results. Indeed, the application of corrections for false dis-

covery rate in ecological field studies is disputed (Moran,

2003), and the number of tests performed in this case is

sufficiently high that correcting for false discoveries would

likely inflate our type II error rate.

Results

During the 27-day sampling effort, we collected 5180

individuals that were later identified into 136 taxa rep-

resenting eight families of spider and 14 families of bee-

tle. 92.6% of taxa representing 72% of individuals were

identified to species level, 5.9% of taxa representing

26% of individuals to genus and 2.2% of taxa represent-

ing 2% of individuals to family or subfamily.

Table 1 The impact of alternative LED lighting scenarios on the structure and composition of nocturnal and diurnal spider and

beetle assemblages in a temperate grassland. For total abundance (n), the value of Akaike’s information criterion (AIC) is presented

for models of increasing complexity including a null intercept only (NULL), first-order effects of light treatment and time and a

Treatment : Time interaction. Results are presented for those models with the lowest AIC value, with those which are significant at

the 95% confidence level bolded. Pairwise comparisons between light treatments and controls were extracted from models with the

lowest value of AIC, presented in Table S1, and illustrated in Fig. 1

Group Response Year

Null
Light treatment + Time of day + Treatment 9 Time

AIC F,v2 P AIC F,v2 P AIC F,v2 P AIC

Spiders n 2012* 486 25.52 <0.001 469 0.04 0.842 471 16.16 0.003 463

2013* 432 22.61 <0.001 417 0.01 0.911 419 11.87 0.018 416

2014* 588 1.44 0.837 594 129.96 <0.001 466 20.70 <0.001 454

Comp 2012† – 3.37 0.002 – 47.77 0.001 – 1.28 0.21 –
2013† – 2.55 0.002 – 21.12 0.001 – 0.81 0.731 –
2014† – 0.94 0.562 – 27.03 0.001 – 2.08 0.016 –

Beetles n 2012* 380 1.97 0.741 386 81.50 <0.001 306 – – 309

2013* 285 – – 288 – – 289 – – 291

2014* 413 11.57 0.021 410 104.96 <0.001 307 – – 308

Comp 2012† – 0.85 0.709 – 12.61 0.001 – 1.28 0.128 –
2013† – 1.04 0.394 – 2.65 0.006 – 0.88 0.721 –
2014† – 1.55 0.030 – 13.29 0.001 – 1.07 0.341 –

n, total abundance; Comp, Composition.

*Poisson GLMM performed on univariate abundance (n) data.

†PERMANOVA performed on Bray–Curtis dissimilarity matrices calculated from log(x + 1)-transformed multivariate assemblage com-

position data.
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LED impacts on assemblage structure and composition

The total abundance and composition of the spider

assemblage was significantly affected by the introduc-

tion of the night-time LED lighting treatments within

the first year (Table 1, Fig. 1; results of pairwise con-

trasts with controls and HIW are given in Tables S1 and

S2, respectively). The total abundance of spiders was

significantly higher under the amber, high-intensity

white and dimmed white LEDs compared to controls

during both the day and the night (Fig. 1a, Table S1) in

2012, indicating that individuals attracted to lit habitats

at night did not re-disperse during the day. Switching

dimmed white LEDs off between 00:00 and 04:00

(DWT) avoided these impacts during the day (Fig. 1a,

Table S1) and reduced them compared to all night

high-intensity white (HIW) LED lighting at night

(Table S2). As the total abundance of spiders declined

across all treatments throughout the study, pairwise

differences between the controls and light treatments

progressively disappeared (Fig. 1a, Table S1), first at

night and then during the day. By the end of September

2013, spider abundance was significantly higher under

all of the light treatments during the day, but only the

amber (AMB) and high-intensity white (HIW) LEDs

had an impact at night (Fig. 1a, Table S1). A combina-

tion of dimming high-intensity white LEDs and switch-

ing them off between 00:00 and 04:00 (DWT) reduced

impacts on spider abundance during the day and the

night in 2013, while amber (AMB) and dimmed white

(DW) LEDs reduced these impacts at night only

(Table S2). No impact of the lights on spider abundance

was observed during 2014 (Table 1). These changes in

spider abundance were reflected in tests of assemblage

composition, which was significantly dissimilar

between all lighting strategies and the controls during

both the day and night in 2012; the amber (AMB), high-

intensity white (HIW) and dimmed white (DW) LEDs

were significantly dissimilar from the controls during

both the day and the night in 2013; and only amber

(AMB) LEDs had an impact at night during 2014

(Table S1).

Beetles displayed the inverse response to spiders

over time. Significant differences in total abundance

between light treatments and controls were not

observed until 2014 (Table S1; Fig. 1b). High-intensity

white (HIW) and dimmed white (DW) LED treatments

significantly increased the abundance of beetles com-

pared to controls during 2014 (Table S1; Fig. 1b), an

effect that was consistent between the day and the night

(Table 1). These impacts were ameliorated by a combi-

nation of dimming and switching LEDs off between

00:00 and 04:00 (DWT) which avoided the observed

impacts of other white lighting strategies during both

the day and night (Tables S1 and S2). Compositional

effects were not observed until 2014 when the

Fig. 1 The impact of alternative LED lighting strategies on the abundance of temperate grassland spiders (Araneae) and beetles

(Coleoptera). (a and b) Total number of individual spiders and beetles caught in each year, respectively. Bar heights and error bars

denote means � 95% confidence intervals. Stars denote differences with the controls that were significant with 95% (*), 99% (**) and

99.9% or greater (***) confidence. Results from these pairwise comparisons are presented in Table S1. Legend in (a) applies to all pan-

els; CON = control, AMB = amber (18.2 � 1.3 lux), HIW = high-intensity white (29.6 � 1.2 SE lux), DW = dimmed white (14.6 � 0.3

SE lux), DWT = dimmed white timer (14.4 � 0.8 lux) switched off between 00:00 and 04:00 am GMT.

© 2017 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13615
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assemblages collected from under the high-intensity

white (HIW) and dimmed white (DW) LED treatments

were significantly dissimilar from controls (Table S1),

reflecting the results for total abundance.

Comparing lighting strategies

We evaluated the ecological impact of each lighting

strategy by comparing the total number of taxa whose

abundance was significantly affected by each light

treatment in any year of the study as derived using

generalized linear models (see Methods). Abundance

data collected during the day and the night were

pooled for this analysis to maximize the number of spe-

cies with sufficient occurrence across replicates

(n >= 10) for tests to be reliably performed in each year.

Of the 24 commonly occurring taxa for which tests

could be reliably performed, the abundances of eight

(33%) including five spider (Lycosidae: Trochosa ruri-

cola; Tetragnathidae: Pachygnatha degeeri; Linyphiidae:

Dicymbium nigrum, Centromerita bicolor, and Oedothorax

spp, retuses and fuscus combined) and three beetle taxa

(Carabidae: Pterostichus niger; Pselaphidae: Rybaxis

longicornis; Ptiliidae: Acrotrichis spp.) were significantly

higher under at least one of the light treatments (Fig. 2;

Treatment effects are given Table S3; pairwise contrasts

with controls are given in Table S4) in one or more

years of the study, although pairwise differences

between treatments and controls could not be estab-

lished for C. bicolor due to low numbers (Fig. 2c,

Table S4).

The number of taxa affected by each of the lighting

strategies over the three-year study and in each sepa-

rate year is summarized in Fig. 3a and b. All night illu-

mination with high-intensity white (HIW) LEDs had

the most taxonomically widespread impact, signifi-

cantly affecting the abundance of seven (three beetle

and four spider) taxa throughout the study (Fig. 3a).

None of the alternative lighting strategies fully miti-

gated for these effects. Changing the irradiance spec-

trum of LED lighting to amber light (AMB)

comparative to that of low-pressure sodium lamps, and

dimming the illuminance of high-intensity white LEDs

by 50% (DW) reduced the number of taxa affected to

four. Amber (AMB) LEDs did not mitigate the impact

of high-intensity white (HIW) LEDs on any affected

spider species, but successfully avoided impacts on

beetles (Fig. 3b). A combination of dimming high-inten-

sity white LEDs by 50% and switching them off

between 00:00 and 04:00 AM GMT (DWT) showed the

Fig. 2 The impact of alternative LED lighting strategies on the abundance of light-sensitive spider (Araneae) and beetle (Coleoptera)

taxa from 2012 to 2014. (a–e) Abundance of spider taxa; (f–h) abundance of beetle taxa. Bar heights and error bars denote means � 95%

confidence intervals. Stars denote differences with the controls which were significant with 95% (*), 99% (**) and 99.9% or greater (***)

confidence. Results from these pairwise comparisons are presented in Table S4. Legend is the same as for Fig. 1. Note that Oedothorax

spp consists of two species retuses and fuscus. Significant treatment effects were observed for C. bicolor (Table S3), but pairwise contrasts

were not significantly different from controls (Table S4), likely due to difficulty in detecting differences in species with low overall

abundance.

© 2017 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13615
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most promise for mitigating their impact, but still sig-

nificantly increased the abundances of two species com-

pared to controls, one of which (T. ruricola) is an apex

predator in grassland invertebrate communities.

The abundances of spiders attracted to artificial light

at night dramatically declined throughout the study

(Fig. 2a–e) until effects were no longer detectable in

2014 (Fig. 3b), while those of beetles attracted to artifi-

cial light at night increased until 2014 (Fig. 2f–h) when

differences between treatments and controls were first

observed. It was not possible to establish whether these

temporal trends were caused by the artificial light treat-

ments due to low replication in time (n = 3 years) and

the potential for them to be driven by site-level effects.

Compositional changes over time were instead consis-

tent with those expected in UK invertebrate communi-

ties following a switch from intensive grazing to

management by cutting (Bell et al., 2001), although we

cannot rule out the possible influence of inter-annual

variability in climate. Inconsistencies in the years where

treatment effects on taxon abundance were observed

(in Fig. 2) likely result from higher site-level species

abundance increasing the detectability of aggregations

in artificially lit plots.

Discussion

While a handful of studies have so far evaluated the

utility of manipulating the spectra, intensity or timing

of artificial lights to reduce their ecological impacts

(Pawson & Bader, 2014; Azam et al., 2015; De Jong

et al., 2015; Rivas et al., 2015), none have provided a

direct comparison of these approaches. This study

demonstrates for the first time the impacts that modern

LED lighting can have on the structure and composi-

tion of ground-dwelling invertebrate assemblages. We

find that changing the spectra of or dimming white

LEDs holds limited potential for mitigating these

effects, while a combination of dimming and switching

lights off during periods of low demand has more

potential, but does not completely avert ecological

impacts. Our results also provide the first experimental

evidence to back up observations that artificial light

from street lighting can change the composition of

ground-dwelling invertebrate communities causing

predatory species to aggregate in brightly lit areas

(Davies et al., 2012), and extend the range of technolo-

gies known to cause such effects from high-pressure

sodium to LED and likely low-pressure sodium also

(given the close approximation of the spectral peak of

amber LEDs to this technology).

While the rapid expansion of LED lighting is a recent

phenomenon, a variety of ecological impacts have

already been documented, including increasing the

attraction of aerial invertebrates to light sources (Paw-

son & Bader, 2014); inhibiting predator avoidance beha-

viours (Wakefield et al., 2015) and reproduction in

moths (Van Geffen et al., 2015); changing patterns of

foraging by bats (Stone et al., 2012); disrupting daily

vertical migration patterns in emergent fauna of marine

benthic ecosystems (Navarro-Barranco & Hughes,

2015) and altering recruitment to and consequently the

composition of marine sessile invertebrate communities

(Davies et al., 2015). We find that cool white LED light-

ing at illuminances of at least 14 lux or above changes

Fig. 3 Pervasiveness of the impact that alternative LED lighting

strategies have on the abundances of spider (Araneae) and bee-

tle (Coleoptera) taxa in a temperate grassland ecosystem. (a and

b) Bar heights represent the number of grassland beetle and spi-

der taxa whose abundance was significantly affected by alterna-

tive LED lighting strategies over 3 years (a) and in separate

years (b). Note that in all taxa abundance was significantly

higher relative to the controls when performing pairwise com-

parisons (Fig. 2). The number of spider and beetle taxa affected

by each treatment in each year is denoted in b by the number of

spiders and beetles within bars. The number of taxa affected in

b is compared to changes in the total abundance (n) of spiders

(solid line) and beetles (broken line) throughout the study with

axis for each presented on the right side of the plot.

© 2017 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13615
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the composition of grassland spider and beetle assem-

blages. White LEDs affected the distribution of different

taxonomic groups as the system responded to the cessa-

tion of grazing, suggesting that LED lighting can impact

a range of species which typically occur under contrast-

ing management regimes (e.g. grazed agricultural sys-

tems adjacent to street lights, as well as non-grazed

roadside verges). We conclude that increasingly popu-

lar LED street lights are likely having profound impacts

on ground-dwelling invertebrates within grassland

ecosystems such as roadside verges, which provide

important refuges and corridors for dispersal in heavily

modified landscapes (Eversham & Telfer, 1994). Taking

into account the recently demonstrated impact of white

LEDs on artificially assembled grassland invertebrate

food webs (Bennie et al., 2015), the potential for this

rapidly expanding lighting technology to elicit cascad-

ing impacts of artificial light throughout the wider

ecosystem by aggregating apex predators such as

T. ruricola and P. niger in brightly lit areas is clear.

The focus for limiting the ecological impacts of white

LEDs has so far been on manipulating their spectra to

avoid emitting wavelengths that disproportionately

affect the environment (Pawson & Bader, 2014; Long-

core et al., 2015; Rivas et al., 2015; Br€uning et al., 2016).

In the current study amber LEDs, which completely

avoided blue-green wavelengths known to attract Lepi-

doptera (Van Langevelde et al., 2011), did not mitigate

the effects of white LEDs on grassland spiders, while

beetles were less sensitive to amber compared to white

LEDs. Spectral manipulation has also shown taxonomi-

cally inconsistent potential for reducing the attractive-

ness of lights to aerial invertebrates (Pawson & Bader,

2014; Longcore et al., 2015). We suggest that while

appealing in theory, it is unlikely that spectral manipu-

lation can be used to avert all of the ecological impacts

of night-time lighting in practice, as different species

behaviours are evolutionarily adapted to utilize con-

trasting wavelengths of light (Davies et al., 2013).

Indeed, the close approximation of our amber LEDs to

the irradiance spectrum of low-pressure sodium lamps

suggests that street lighting likely had widespread

impacts on the composition of grassland spider assem-

blages in regions where it was used throughout the

20th century.

A combination of dimming white LEDs to 14 lux and

switching them off between 00:00 am and 04:00 am

showed most promise for minimizing their potential to

cause ecological damage but did not completely avoid

any impacts. To our knowledge, this is the first assess-

ment of the utility of part night lighting for mitigating

the impacts of outdoor lighting on invertebrates, and

evidence of its benefits for other artificial light-sensitive

taxa is limited. Simulations have revealed that this

strategy holds limited potential for reducing the

impacts of night-time lighting on photophobic bats

(Day et al., 2015), and field studies indicate inconsistent

benefits between different species (Azam et al., 2015).

Hence while we find evidence that a combination of

dimming and switching lights off during periods of

low demand best reduces the environmental costs of

using white LEDs, it is clear that averting any ecologi-

cal impacts of LEDs ultimately requires limiting their

use and indeed that of night-time lighting more

broadly. Further, our study may underestimate the

impact of LED mitigation strategies on ground-dwell-

ing invertebrates, because in real-world scenarios the

different lighting approaches are unlikely to be

deployed in combination, as they are in our experimen-

tal set-up.

Forecasts suggest that LED lighting will account for

69% of the global lighting market by 2020 (Zissis & Ber-

toldi, 2014), and the limited number of studies so far

conducted indicate that this transition will likely have

environmental ramifications. Here we have shown the

influence that LED lighting has on invertebrate assem-

blages by aggregating predatory species into brightly lit

areas, a finding which suggests this technology could

have widespread impacts on ecosystems through

trophic cascades. Management strategies using LEDs

do hold the potential to partially mitigate these impacts,

but we conclude they are unlikely to avert the current

and future ecological effects of night-time lighting.
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