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Direct and indirect effects of light pollution on the
performance of an herbivorous insect
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Abstract Light pollution is a global disturbance with resounding impacts on a wide
variety of organisms, but our understanding of these impacts is restricted to relatively
few higher vertebrate species. We tested the direct effects of light pollution on herbivore
performance as well as indirect effects mediated by host plant quality. We found that
artificial light from streetlights alters plant toughness. Additionally, we found evidence of
both direct and indirect effects of light pollution on the performance of an herbivorous
insect, which indicates that streetlights can have cascading impacts on multiple trophic
levels. Our novel findings suggest that light pollution can alter plant-insect interactions
and thus may have important community-wide consequences.
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Introduction

More than half of the world’s population lives in urban
or suburban areas (Mclntyre et al., 2001) and the asso-
ciated development has caused nearly 20% of the Earth’s
night skies to be affected by anthropogenic light (Cin-
zano et al., 2001; Kyba ef al., 2011). Humans light the
night to increase nighttime activity, promote safety, and
deter criminal behavior (Painter, 1996), but frequent ex-
posure to long periods of uninterrupted light has negative
impacts not only on humans, but also on adjacent natural
communities (Longcore & Rich, 2004). Some species, for
example, require the dark to forage successfully (Rotics
et al., 2011) while others use naturally occurring light,
like the moon, as a cue for key behaviors like finding ap-
propriate habitat or orientation during flight (Frank, 1988;
Tuxbury & Salmon, 2005; Kriska et al., 2009). Although
light pollution is relatively well-studied for some verte-
brates, such as bats, birds, turtles, and humans (Rydell,
1992, 2006; Rich & Longcore, 2006; Navara & Nelson,
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2007; Jung & Kalko, 2010; Kempenaers et al., 2010;
Santos et al., 2010; Falchi et al., 2011; Bedrosian &
Nelson, 2013; Davies et al., 2013; Gaston et al., 2013;
Kamrowski et al., 2014; Da Silva et al., 2015; Hale
et al., 2015 and references therein), the impacts of ar-
tificial lighting have been explored for few invertebrate
systems (Rich & Longcore, 2006; but see Davies et al.,
2012, 2013; Bennie et al., 2015) and not at all for plant
communities that are surrounded by urban areas (Neil &
Wu, 2006). Furthermore, most studies of light pollution
focus on individual species and lack a community per-
spective (Gaston et al., 2015). Recently there have been
several calls in the literature for studies that investigate
how the effects of light pollution vary among species, es-
pecially plants and nonvertebrate animals for which we
know relatively little, and associated effects on popula-
tions, communities, ecosystems, species interactions and
ecosystem services (Holker et al., 2010a,b; Gaston ef al.,
2013; Lyytimaiki, 2013; Macgregor et al., 2014; Gaston
et al., 2015). If light pollution has significant effects on
individual species, it follows that it may have impor-
tant implications for trophic dynamics by altering species
interactions.

Plants exposed to light pollution at night may perform
differently than conspecifics under ambient conditions
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because day-length and photoperiod are important sig-
nals for plants. Under natural conditions, many plants
are cued by day-length to germinate, grow, reproduce,
and senesce (Raven ef al., 1986) and for some sensi-
tive species, any disturbance in lighting regime may pre-
vent individuals from progressing into different life stages
(Raven et al., 1986; Neil & Wu, 2006). For instance, one
study done in urban systems found that trees planted near
street lights delay or stop leaf abscission compared to in-
dividuals not near artificial lights (Matzke, 1936) and an-
other study found that a leguminous plant produced fewer
flower heads when exposed to artificial lights (Bennie
et al.,2015). Yet most of the literature on how continuous
photoperiods affect plants only considers agricultural and
horticultural systems (Harvey, 1922; Briggs, 2006; Neil
& Wu, 2006) and rarely focus on species in the natural
environment. It is unknown if light pollution from street-
lights changes plant traits in natural communities that are
important to herbivores. Notably, whether consumers are
directly or indirectly affected by artificial night lighting
has never been tested.

In this study, we test the hypothesis that light pollu-
tion affects herbivore performance. We tested whether
herbivore growth and survival are directly affected by
exposure of the herbivore to artificial night light during
development. Additionally, we examined whether herbi-
vore growth and survival are indirectly affected by the
development of their host plant under artificial night
light.

Materials and methods
Study system

The Denver-Metro area has many Open Space programs
devoted to preserving and restoring native ecosystems
along the Eastern Foothills of the Colorado Rocky Moun-
tains. Open Spaces generally consist of patches of mixed
grass prairie with a number of both native and invasive
species of forbs and grasses; trees and other woody vege-
tation are limited to small riparian drainages (Nufio et al.,
2010; Hinners et al., 2012). These patches are “islands”
of prairie habitat in an otherwise residentially developed
landscape, but they maintain a diverse community of in-
sects including bees, butterflies, grasshoppers, and moths
(Nufio et al., 2010; Hinners et al., 2012; Robinson et al.,
2012). We collected the plants and insects for our experi-
ment from eight prairie sites between 5 and 15 ha in size
with 2—5 high-pressure sodium streetlights along at least
one edge of the site (Table S1).
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Plant performance

To determine whether streetlights affect plant traits in
the field, we focused on smooth brome (Bromus inermis
Leyss.) as it was the only species found reliably at all eight
field sites. Within each of the eight field sites (Table S1),
we haphazardly selected five streetlit locations (7 — 12
lux) and five unilluminated (0 lux) along the site edge for
plant collection; the unilluminated edge locations were
paired with streetlit locations (mean = 37 m apart) so
that the two treatments were interspersed along site edges
and not clumped. We confirmed that each edge site was
illuminated and unilluminated at night in a previous ex-
periment (Grenis et al., 2015). At each location (streetlit
or unilluminated), we collected five culms of grass from
within a ~5 m radius of the streetlight or five culms of
grass from the unilluminated edge for a total ~400 culms
collected (8 sites x 2 treatments [lit vs. unilluminated] x
5 locations/treatment x 5 culms/location). In the labora-
tory, we washed the plants, pooled them by location and
then measured leaf toughness, aboveground dry biomass
and C : N ratio. We measured plant toughness of the
first green blade of grass per culm using the cup-string
method detailed in Hendricks ef al. (2011); this method
tests toughness using the amount of sand required to pull
a safety pin through a blade of grass. After we measured
leaf toughness, we placed aboveground tissues in a drying
oven at 60 °C for 3 d to measure dry tissue biomass. To
measure treatment effects on C : N ratio, we ground the
aboveground biomass in a mixer mill (Retsch MM400)
and sent processed samples to the Cornell Stable Isotope
Laboratory for nutrient analysis.

Herbivore performance

In late June of 2014, we collected early instar Apamea
sordens Guenée larvae from our field sites (Table S1)
using sweep nets under streetlights and along unillumi-
nated edges. Apamea sordens are climbing cutworms and
feed on both smooth brome seed heads and leaves. We
identified the larvae using COI (cytochrome oxidase I)
sequences isolated using LepF1 and LepR1 primers; we
sent samples to Eurofins Scientific for sequencing and
matched sequences to A. sordens using BLAST and
BOLD. This species has a high rate of barcode consis-
tency across wide geographic areas (Zabhiri et al., 2014).

We brought the larvae back to the laboratory and kept
each larva in an individual 0.5 L deli container. We
designed a complete factorial experiment to test both
the direct and plant-mediated indirect effects of street-
lights on larval fitness. To test the indirect effects of
streetlights on larval fitness mediated by host plant effects,
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we reared larvae on smooth brome that corresponded to
the plants where we had collected the larvae from the
field: plants collected from under streetlights in the field
or plants collected from along the unilluminated edge. We
continued to feed larvae the host plant species on which
we found them because we were not interested in look-
ing at host-switching effects in this experiment. We fed
each larva its corresponding host plant species ad libi-
tum once per week by replacing the old plant material in
each deli container with freshly collected plant material.
To test the direct effects of artificial lighting on larval
fitness, we placed half of the larvae feeding on each type
of host plant (streetlit or unilluminated) into the green-
house under high-pressure sodium lamps that illuminated
them from 21:00 until 06:00, mirroring average street-
light duration during the summer, and we placed the other
half of the larvae from each host plant treatment into
control (ambient) conditions with normal day-night cy-
cles (4 plant/lighting treatments ~20 larvae/treatment =
82 larvae total). The streetlight treatment in the green-
house used the same type of light, high-pressure sodium,
as the streetlights in the field, which are highly conserved
across spectral composition (Elvidge ef al., 2010). During
feedings, we monitored survival and removed any frass.
Additionally, we measured body mass of ten randomly se-
lected larvae from each treatment at the beginning of the
experiment and every following week for 10 weeks to esti-
mate growth rates and accumulated body mass. At the end
of the summer, we measured final body mass of all larvae.

Statistical analyses

To determine whether streetlights affect smooth brome
plants in the field, we used a two-way ANOVA with patch
location (streetlight edge or unilluminated edge), field
site, and the patch location x field site interaction as
independent variables. We kept field site as a fixed effect
because of our small number of field sites (Warton &
Hui, 2011). We used aboveground biomass, toughness,
and C : N ratio as the dependent variables.

We analyzed data from the larval performance study
using Kaplan—Meier survival curves for each of the four
plant/lighting treatment combinations. We also used two-
way repeated measures ANOVAs with light treatment,
host plant, and the light treatment x host plant interac-
tion as the independent variables with growth rate and
mass of the 40 weekly monitored larvae as continuous
dependent variables. These data violated the assumption
of sphericity (growth rate: x> = 93.11, df = 35, P <
0.0001, mass: x> = 178.6, df = 44, P < 0.0001) so we
used a repeated measures MANOVA with a Greenhouse—
Geisser degrees of freedom correction for these analyses

(growth rate: ¢ = 0.50, mass: ¢ = 0.27). To determine at
which time points treatments differed, we used two-way
ANOVAs at each time point with a Bonferroni correction.
Additionally, to evaluate performance of larvae at the end
of the experiment, we used a two-way ANOVA with light
treatment, host plant, and the light treatment x host plant
interaction as independent variables and final body mass
as the continuous dependent variable. We used JMP v 11
for all analyses (SAS Institute Inc., Cary, NC, USA).

Results
Plant performance

For the smooth brome plants we collected from the field,
there were no differences in aboveground biomass and
C : N ratio for plants collected from under streetlights
or the unilluminated edge (aboveground: F, = 0.7,
P = 04; C: N ratio: F'150 = 0.9, P = 0.3; Figs. 1A,
B). However, plants in the field did differ in toughness;
plants growing under streetlights were tougher than those
growing along unilluminated edges (F12; = 4.89, P =
0.04; Fig. 1C). Site was not significant in any of these
analyses.

Herbivore performance

All larvae in the four treatments of our full factorial
experiment started out at similar sizes based on body
length (F3144 = 0.96, P = 0.4). Larval survival did not
differ among the four treatments for either host plant or
light treatment (Log-Rank x? = 1.88, df =3, P = 0.6).

For larval body mass, we found a marginally significant
three-way interaction between light treatment (streetlights
vs. unilluminated in greenhouse), host plant treatment
(plants collected under streetlights vs. unilluminated
in field) and time (f2435820 = 2.74, P = 0.06). After
week 2, the larvae in the unilluminated conditions gained
more mass than larvae in the streetlight treatment and
continued to have greater body mass for the duration of
the experiment (time X treatment: F» 435829 = 15.37,
P < 0.0001; Fig. 2). At week 8 in the experiment, larvae
feeding on unilluminated host plants had gained more
mass than larvae feeding on streetlight host plants, but
only in the unilluminated treatment (Fig. 2). However,
the final mass of all larvae did not show any host plant
effects; larvae growing under streetlights were smaller
than their conspecifics growing under unilluminated
conditions regardless of whether they were reared on host
plants collected from streetlight or unilluminated habitats
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Fig. 1 Effects of streetlight exposure on (A) above-ground dry
biomass, (B) C : N ratio, and (C) plant toughness of smooth
brome collected in the field. White bars indicate plants col-
lected under streetlights and gray bars represent plants collected
from unilluminated edges. Bars show the mean of each mea-
sure £ 1 SE. Asterisks indicate significant differences between
treatments (P < 0.05).
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Fig. 2 Effects of both streetlight exposure and host plant treat-
ment on larval mass accumulation. The lines show the mean
mass at each time point &= 1 SE in each of the four combinations
of herbivore light treatment (unilluminated or streetlight) and
host plant treatment (unilluminated or streetlight). The gray as-
terisks show time points when larval mass differed significantly
between unilluminated and streetlight conditions and the black
asterisk indicates the time point when larval mass differed sig-
nificantly by host plant treatment (unilluminated and streetlight)
in the unilluminated condition (P < 0.05).

Discussion

We found that streetlights affect larval performance both
directly and indirectly via induced changes in host plant
quality. We found that larvae reared under streetlights
weighed 43% less than larvae reared under unilluminated
conditions; light pollution thus has a direct negative ef-
fect on larval fitness. Body mass is an accepted proxy for
lifetime fitness in many Lepidoptera (Schoonhoven et al.,
2005; Price et al., 2011). Because the direct effect of light
pollution on larval mass was so strong, this could have
serious impacts for larvae developing under streetlights.
First, larvae with low body mass translate into adults with
fewer resources for finding mates and producing offspring
(Loewy et al., 2013). Second, larvae with less mass may
need to spend more development time as larvae before
pupating (Schoonhoven et al., 2005; Price ef al., 2011);
however, our study is limited because we did not mea-
sure growth rate between instars, only between weeks
which limits the evidence for slow growth/high mortality
hypothesis. The larval stage has the highest amount of
mortality and exposes larvae to predators for a longer pe-
riod of time (Varley & Gradwell, 1960; Clancy & Price,
1987). It is worth noting that although light pollution does
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Fig. 3 Mean larval body mass (+ 1 SE) for larvae reared 10
weeks in unilluminated or streetlight conditions and on host
plants collected under unilluminated or streetlight conditions.
The gray bars indicate larvae reared in unilluminated conditions
and the white bars represent larvae reared in the streetlight treat-
ment. Asterisks indicate significant differences between light
environment treatments (P < 0.05).

not directly increase predation rate on larvae in our system
(Grenis et al., 2015), streetlights may indirectly increase
mortality from predators by increasing larval develop-
ment time and therefore increasing their exposure time to
predators. Thus, light pollution can have detrimental fit-
ness impacts on both larvae developing under streetlights
and for those adults that lay eggs near streetlights.

We also found that streetlights can affect larval perfor-
mance indirectly, via effects on host plant. Larvae reared
under unilluminated conditions and fed host plants that we
collected from under streetlights can have significantly
lower body mass than larvae consuming plants from unil-
luminated conditions. Our results show that streetlights
indirectly decreased larval fitness via changes in host
plant quality as plants collected from under streetlights
in the field were tougher than those not under street-
lights. Additionally, these plant changes appear to vary
in importance during different points in larval develop-
ment. Notably, we only found host-plant-mediated differ-
ences in fitness in the unilluminated treatment, perhaps
because the direct, negative effect of streetlights was so
large, but larvae in the field would not encounter similar
conditions as streetlight plants exist only under street-
lights. Although it is possible that the variation in tough-
ness is due to a streetlight characteristic other than night
lighting (e.g., soil compaction during streetlight installa-

tion), we have evidence from controlled greenhouse ex-
periments that nighttime light pollution alters a number
of plant traits (aboveground biomass, C : N ratio, tough-
ness) for a variety of plant species (Grenis & Murphy, un-
published data). Smooth brome is an invasive species in
Colorado and since plants growing under streetlights are
tougher than those along the unilluminated edge, they are
likely more resistant to insect herbivores, which may affect
invasion dynamics in streetlit conditions but needs further
exploration. For example, future studies should test addi-
tional plant species in the field to determine whether other
plant species respond similarly to streetlights as smooth
brome and whether differences in herbivore consumption
have fitness effects on the plants themselves.

In summary, streetlights have both direct and indirect
impacts on herbivores; larvae are smaller when reared
under streetlights (direct), and streetlights change plant
traits that lead to reduced larval growth (indirect). Our re-
sults provide evidence that the impacts of ecological light
pollution in the environment have the potential to alter
plant—herbivore interactions. While our study presents an
important first step, these interactions should be inves-
tigated in the field as well to determine to what extent
light pollution can alter natural communities and species
interactions.
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