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Anthropogenic environmental change affects organisms by exposing them to
enhanced sensory stimuli that can elicit novel behavioural responses. A perva-
sive feature of the built environment is artificial nocturnal lighting, and
brightly lit urban areas can influence organism abundance, distribution and
community structure within proximate landscapes. In some cases, the attrac-
tive or disorienting effect of artificial light at night can draw animals into
highly unfavourable habitats, acting as a macroscale attractive ecological
sink. Despite their significance for animal ecology, identifying cases of these
phenomena and determining their effective scales and the number of organ-
isms impacted remains challenging. Using an integrated set of remote-
sensing observations, we quantify the effect of a large-scale attractive sink
on nocturnal flights of an outbreak insect population in Las Vegas, USA. At
the peak of the outbreak, over 45 million grasshoppers took flight across the
region, with the greatest numbers concentrating over high-intensity city light-
ing. Patterns of dusk ascent fromvegetatedhabitat towardurban areas suggest
a daily pull toward a time-varying nocturnal attractive sink. The strength of
this attractor varies with grasshopper density. These observations provide
the first macroscale characterization of the effects of nocturnal urban lighting
on the behaviour of regional insect populations and demonstrate the link
between insect perception of the built environment and resulting changes in
spatial and movement ecology. As human-induced environmental change
continues to affect insect populations, understanding the impacts of nocturnal
light on insect behaviour and fitness will be vital to developing robust
large-scale management and conservation strategies.
1. Introduction
Anthropogenic activity is dramatically altering landscapes across the globe and
exposing organisms to novel environments. Strong stimuli in human-modified
environments can prompt enhanced behavioural responses, resulting in ecologi-
cal sinks where low-quality habitat attracts large numbers of individuals due to a
mismatch between common behaviours and modified environments [1]. Levels
of artificial light at night (ALAN) are rapidly increasing at rates up to 20% per
year [2], causing widespread disruptions in animal physiology, behaviour and
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Figure 1. Nocturnal urban lighting as a macroscale sensory stimulus for an outbreak population of grasshoppers. (a) The pallid-winged grasshopper (Trimerotropis
pallidipennis). (b) An aerial view of the Las Vegas strip, illustrating an extreme case of large-scale artificial light at night. (c) Mass attraction of grasshoppers to the
high-intensity light column of the Luxor Hotel and Casino on the Las Vegas strip. (d ) An example of the widespread nocturnal grasshopper aggregations that were
characteristic of this outbreak event. (e) A snapshot of the regional airspace taken by the Las Vegas weather surveillance radar (red circle) at the peak of the outbreak
event on 27 July, 2019 07:07 UTC (00:07 local time), detecting approximately 45 million grasshoppers aloft. Downtown Las Vegas is denoted by a white circle. ( f )
Landscape-scale variability in vegetation index at the time of the grasshopper outbreak. (g) Landscape-scale variability in nocturnal radiance at the time of the
grasshopper outbreak. (h–l ) Dusk ascent and within-night movement dynamics of grasshopper aggregations across southern Nevada on the night of 25 July, 2019.
(h–j ) The abundance and distribution of grasshoppers aloft with respect to downtown Las Vegas (white circle) measured by the Las Vegas weather surveillance
radar (red circle) at 03:35, 05:35 and 07:38 UTC. Colour maps in (h–j ) are the same as (e) and weather signals are denoted by greyscale. (k) Time series of within-
night variability in grasshopper abundance across the full radar surveillance domain (black). (l ) Time series of within-night variability in Pearson correlation coeffi-
cient between the spatial distribution of grasshoppers and vegetation index (green) and nocturnal light intensity (blue) throughout the night. The yellow dotted
lines indicate the times of local sunset and sunrise and filled circles correspond with the times shown in (h–j ).
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fitness [3–6]. Increases in artificial lights are an understudied
form of anthropogenic change [7], the pace of which exceeds
that of many organisms’ capacity to adapt [8]. In particular,
many taxa rely heavily on light stimuli as cues in orientation
and navigation [9] and artificial lighting in the built environ-
ment can result in phototaxis, drawing organisms into
potentially unfavourable habitats [10]. While understanding
of sensory effects of ALAN on organisms has improved (see
[4], for a review), many studies focus on localized point light
sources (i.e. less than 1 km; [11]). By contrast, it is largely
unknown what effects this disruption has at regional scales
where ALAN manifests as skyglow. The spatio-temporal
scale, number of individuals affected, and potential population
effects of this disruption remain largely unknown.

During the summer of 2019, an outbreak population of
grasshoppers (predominantly Orthoptera: Trimerotropis
pallidipennis—the pallid-winged grasshopper; figure 1a) des-
cended on Las Vegas, USA, and remarkable images of
massive swarms surrounding the iconic illuminated cityscape
flooded global news coverage (e.g. [12], figure 1b–d). Las
Vegas is unrivaled as a night-time light source, with more
radiance per unit area than any other city in the United
States (56.2 nW cm−2 sr−1; [13]), and speculation surrounding
the role of city lights in swarm aggregation became a
common topic in reporting. Grasshopper outbreaks are gen-
erally studied through experimental plots and monitoring
at small scales, with limited ability to quantify and describe
movement phenomena at the magnitude of outbreak events
such as the one in Las Vegas.

The remote-sensing capability of weather radar enables
real-time monitoring of animal movement events at regional
scales and provides quantitative information on abundance
as well as the spatial flow of individuals and biomass. This
tool has expanded our ability to track bird migration and
aerial insect movements [13–17] and can provide unique
system-level insight into large-scale dynamics of migration
systems [18,19]. In particular, radar observations have yielded
some of the first insights into how free-flying animals
respond to ALAN across the landscape [9,13,20,21]. While
the effects of light on avian wildlife at the landscape scale
are becoming better understood, the macroscale response of
high-flying insects is still unknown. Although making
direct observations of insects aloft is challenging, rich litera-
ture has demonstrated the utility of radar in observing
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flights of locusts [16,17,22]. Adapting these techniques, we
use weather surveillance radar to examine the spatial
dynamics of a swarm of grasshoppers during a region-wide
outbreak centred on the highly illuminated Las Vegas strip.

Using 75 days of remote-sensing observations, we quan-
tify the abundance and biomass of aerial grasshopper
activity and explore the spatio-temporal distribution of
flight activity in comparison to artificially lit environments
and the vegetated landscape during the outbreak (electronic
supplementary material, Methods). Mass movements of
Trimerotropis pallidipennis frequently occur at night [23],
when artificial light may constitute a nocturnal attractive
cue, but this cue is unlikely to persist during the day, when
signals related to resource quality may drive grasshopper be-
haviour on the ground. Diurnal ground-feeding behaviour of
this species is difficult to track at large scales, but dusk ascent
and aerial movement after take-off is visible on radar. We
expect nocturnal patterns in grasshopper aerial aggregation
to correspond with landscape patterns of artificial light
while aggregation patterns during dusk ascent likely reflect
the diurnal distribution and the presence of vegetation. We
expect that the behaviour of conspecifics may affect grasshop-
per behaviour, resulting in density-dependent patterns of
flight. We investigate the relationship between these fluctuat-
ing landscape cues and grasshopper activity aloft, revealing
an unprecedented view of the collective behavioural
responses of an insect population to their surrounding
anthropogenic environment. Moreover, we provide the first
estimates of the scale of biomass transport into a macroscale
attractive sink, demonstrating the potential of nocturnal city
lighting to act as a time-varying attractive sink.
2. Results
(a) Nocturnal flight patterns
Urban areas with high light levels attracted grasshoppers in
distinct daily patterns throughout the 2.5-month analysis
period, consisting of dusk ascent from vegetated habitat
and nocturnal flight toward lit urban areas (figure 1; elec-
tronic supplementary material, movie S1; figure S1 and S2).
Prior to dusk, aerial grasshopper abundance was low and
weakly spatially correlated with the presence of vegetation
(mean 02–04 UTC correlation coefficient: 0.0903; electronic
supplementary material, Methods). Shortly after sunset
aerial abundance increased as grasshoppers ascended
(figure 1h; figure 1k,l, timepoint H). Grasshoppers continued
to fill the airspace, attaining maximum flight altitudes around
2 km above ground level. At this time, the spatial correlation
between grasshopper aerial abundance and artificial light
increased (mean 07–08 UTC correlation coefficient: 0.3648),
suggesting convergence of grasshoppers in illuminated
urban areas (figure 1i; figure 1k,l, timepoint I). Concurrently,
the spatial correlation with vegetation decreased (mean 07–08
UTC correlation coefficient: 0.004). Shortly before midnight,
grasshopper aerial abundance peaked (figure 1j; figure 1k,l,
timepoint J). This daily pattern of ascent in vegetated areas
and subsequent peak correlations above nocturnally illumi-
nated areas was apparent across much of the study period
(electronic supplementary material, figures S1 and S2). Over-
all, we found that the spatial pattern in ALAN across the
landscape strongly influenced the distribution of aerial grass-
hopper activity throughout the night, whereas the locations
of initial dusk ascent showed grasshopper distribution prior
to sunset more strongly correlated with vegetation greenness.

(b) Density-dependent patterns
Grasshopper density in the air over Las Vegas built up
throughout June and July and peaked on 27 July at an esti-
mated 45.8 million grasshoppers (figure 2a). At this peak,
approximately 30.2 metric tons of insect biomass was in
motion over the region, concentrating over the lit metro area.
The relationship between grasshopper aerial distribution and
the underlying landscape variedwith grasshopper abundance.
With increasing aerial activity, the correlation between the
spatial distribution of grasshoppers and vegetation greenness
decreased (regression, adj. R2 = 0.19, p < 0.001, figure 2b). By
contrast, the correlation between ALAN and the spatial distri-
bution of grasshoppers strengthened with overall grasshopper
abundance (regression, adj. R2 = 0.15, p < 0.001, figure 2c),
suggesting that grasshopper density influences the behavioural
response to landscape cues.
3. Discussion
We document for the first time that anthropogenic light acts
as a macroscale attractive sink for nocturnal insects. Positive
phototaxis in grasshoppers has not previously been docu-
mented in the literature on artificial lights at night [4], and
we find that nocturnal swarming increases grasshopper den-
sity in highly lit areas. While the effects of skyglow extend far
beyond the local environment [24,25], previous ALAN
research on insects focused on effects in close proximity to
point sources (e.g. [26–28]). Uniquely, our results demonstrate
behavioural impacts of anthropogenic environments on large
numbers of insects at the macroscale.

The strength of using weather surveillance radar to ana-
lyse animal movements lies in its ability to follow large
numbers of individuals across significant distances. However,
our inference is restricted to aerial behaviour, and we cannot
confirm grasshopper behaviour on the ground. Nonetheless,
the recurring nature of dusk departure flights from vegetated
areas towards artificial light suggests that either each day’s
aerial movement involves new individuals that land and per-
sist in urban areas, or alternatively that the artificial light cue
is absent during the day, and the grasshoppers gradually
redistribute across the landscape. In the latter case, the
characteristic pattern that we describe in the nightly distri-
butions of grasshoppers in the air would be generated by a
diurnal back-and-forth movement, with nocturnal swarming
towards anthropogenic light and gradual diurnal redistribu-
tion to areas of vegetative productivity. While the latter
scenario may be more likely, without following individual
grasshoppers, we cannot distinguish between the two.

Grasshoppers exhibited a density-dependent pattern with
regard to nocturnal light and landscape greenness. One poss-
ible hypothesis for the positive density-dependent response
to nocturnal lighting is that the behavioural response of con-
specifics strengthens the response to nocturnal light cues,
creating a positive feedback between nocturnal lighting and
the number of grasshoppers attracted to those well-lit areas.
Alternatively, increased aggregation towards ALAN at high
densities may be related to local atmospheric conditions
[10]. Grasshopper take-off generally decreases at high wind
speeds [16], and wind, temperature or humidity may also
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affect their tendency to accumulate in flight near Las Vegas.
Overall, our described patterns of density-dependent land-
scape associations motivate further research evaluating the
interaction between grasshopper behaviour, weather and
landscape to parse the underlying mechanisms.

Our results extend our understanding of theways in which
artificial light at night increasingly affect biodiversity and eco-
system function [7,29]. ALAN can prompt animals to alter their
flight behaviour and navigate towards highly lit urbanized
areas that do not contain sufficient quality habitat on the
ground [9,13,20]. Invertebrates drawn to bright environments
at night may be ‘trapped’ in the lit area and thereby unable
to forage [30], mate [31] or disperse into suitable habitat
[32,33]. For example, long-term abundances of phototactic
moths in the UK show greater declines in environments with
higher light pollution levels [34], and ALAN may play an
underappreciated role in recent widespread declines in insect
abundances [35,36]. These studies suggest that spatial redistri-
bution in response to anthropogenic environmental cues can
have negative effects on fitness.

Our results demonstrate impacts of human-induced
environmental change on insect populations, illustrating the
need for further research on artificial light at night effects on
insect behaviour and fitness. Moreover, this foundational
knowledge will illuminate new large-scale drivers of insect
spatial ecology, revealing insights into the macroscale flows of
organisms, biomass and nutrients across our shared landscape.
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