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Abstract

As evidence of global insect declines continues to mount, insect conservationists are becoming increasingly interested in
modeling the demographic history of at-risk species from long-term survey data. However, certain entomological survey
methods may be susceptible to temporal biases that will complicate these efforts. Entomological light traps, in particular,
may catch fewer insects today than they once did due solely to increases in anthropogenic light pollution. Here we inves-
tigate this possibility by comparing the demographic histories of corn earworm moths (Helicoverpa zea) estimated from
pairs of blacklight and pheromone traps monitored at the same farms. We find a stark decline in blacklight trap efficacy
over 25 years of monitoring in Delaware, USA, mirrored over 10 years of monitoring in New Jersey, USA. While the
precise causes of this decline remain a subject for discussion, the practical consequences are clear: insect conservationists
cannot fully rely on long-term trends from entomological light traps.

Implications for insect conservation

H. zea populations appear to have remained largely stable over the past 25 years when assessed using pheromone trap
data; when assessed using blacklight trap data, however, they appear to have declined precipitously. This disparity is
consistent with a gradual loss in light trap efficacy due to concomitant increases in anthropogenic light pollution. Unfor-
tunately, many nocturnal insects of conservation concern have historically been monitored via light traps alone. Going
forward, insect conservationists should seek out alternative sources of monitoring data against which to calibrate estimates
of demographic history obtained from light traps.

Keywords Demographic history - Sampling bias - Artificial light at night - Light trap - Flight-to-light behavior -
Helicoverpa zea

Introduction

Insect populations around the world appear to be in rapid
decline (Dirzo et al. 2014; Leather 2018; Wagner et al.
2021a; Hordley et al. 2023; but see Wagner et al. 2021b;
Yazdanian et al. 2023), with potentially disastrous conse-
quences for the ecosystems of which they are part (Cardoso
et al. 2020). In the face of a growing number of reports, con-
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inherent difficulty of tracking insect populations over time,
citing extreme interannual variation, limited historical data,
and possible site selection bias (Didham et al. 2020). Sam-
pling bias is another such complication: samples of insects
caught in entomological traps are often used to approximate
population numbers, but this approach can systematically
underrepresent individuals that are — or have become —
less likely to be trapped (Garamszegi et al. 2009; Martin-
Vega and Baz 2013; Niemeld et al. 2015; Rhoades et al.
2017). In particular, sampling bias that varies over time has
the potential to obfuscate genuine demographic shifts.
Entomological light traps use sources of artificial light,
most commonly with a strong short-wavelength compo-
nent (Jonason et al. 2014; White et al. 2016; Donners et
al. 2018), to sample the abundance and diversity of insect
communities. Light traps have several well-established
sampling biases (McDermott and Mullens 2018): they are
more likely to attract nocturnal insects than diurnal insects,
macromoths than micromoths (Wolfling et al. 2016; see also
Somers-Yeates et al. 2013; Merckx and Slade 2014), and
males than females (Altermatt et al. 2009; Garris and Sny-
der 2010; Degen et al. 2016); they are also less effective
under natural illumination from the full moon (Williams
1936; Taylor 1986; Yela and Holyoak 1997; Nowinszky and
Puskas 2012). The potential for artificial illumination to
interfere with light trap efficacy, however, while repeatedly
suggested (Frank 2006; Eisenbeis 2006; McDermott and
Mullens 2018; Didham et al. 2020; Grenis et al. 2023; see
also Verheijen 1958) has yet to be conclusively tested (but
see Conrad et al. 20006). Artificial light at night (ALAN) is a
widespread environmental pollutant in both urban and rural
habitats (Guetté et al. 2018; Cox et al. 2022; Fiorentin et al.
2022), one which has grown dramatically in intensity and
extent over the past several decades (Sanchez de Miguel et
al., 2021; Kyba et al. 2023). An increase in anthropogenic
light pollution could systematically reduce the efficacy of
light traps over time in one or more of the following ways.
First, an increased number of artificial light sources in
the surrounding area may directly impact light trap catches
through “light competition” (Conrad et al. 2006). When
bespoke light traps were first adopted for systematic insect
monitoring in the early 20th century (Williams 1936;
Leather 2015), they were more likely to be among the only
artificial light sources visible in the local environment at
night. Today, an increasing number of road lights, house
lights, lit windows, etc., may be dividing the attention of
light-attracted insects (Didham et al. 2020), which would
then become less likely to arrive at any one source in par-
ticular. Diffusion of artificial light through the atmosphere
(often termed “skyglow™) is also increasing the overall level
of night sky brightness, even in places relatively untouched
by human development (Kyba et al. 2015). As a result, light
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traps may be losing visual contrast against the background
and becoming more difficult for light-attracted insects to
see. Both forms of light competition could in theory have
reduced light trap catches in places where insect abundance
and diversity have remained constant. This phenomenon
should be more pronounced in more light-polluted habitats.

In contrast, rapid evolution of insect flight-to-light
behavior has the potential to reduce light trap catches uni-
formly across space and time. While the various drivers of
phototaxis in insects are yet to be fully understood (but see
Hsiao 1973; Fabian et al., 2023), flight-to-light behavior is
not generally thought to offer any fitness benefits to the indi-
vidual. Rather, it is a maladaptive response to a novel stim-
ulus without evolutionary analog, an oft-cited example of
an evolutionary trap (Haynes and Robertson 2021). Light-
attracted insects often suffer severe fitness consequences,
dying from injury, exhaustion, or predation by bats, spiders,
and other predators that have learned to exploit a captive
food source (Owens et al. 2020; see also Boyes et al. 2021a,
b); those that survive nonetheless lose vital opportunities to
disperse, forage, mate, or oviposit (Owens et al. 2020). Over
the past century, increasingly strong evolutionary pressure
may have systematically selected for individuals that are
inherently light-neutral or light-averse (e.g. Altermatt and
Ebert 2016) or capable of learning to be so. In this way,
rapid evolution also has the potential to have reduced light
trap catches in places where insect populations are largely
stable.

Historical light trap data alone cannot be used to inves-
tigate changes in light trap efficacy over time, as temporal
biases are conflated with long-term changes in insect abun-
dance (Conrad et al. 2006; Dively et al. 2018; Didham et al.
2020). Instead, what is needed are comparisons of light trap
catch trends with baseline demographic histories, which
might be inferred from samples obtained independently
via trap methods less susceptible to anthropogenic inter-
ference. In this study, we leverage data from three targeted
pest monitoring programs employing paired blacklight and
pheromone traps at the same locations, monitored over the
same period, to directly test for changes in light trap effi-
cacy over time. Pheromone traps are baited with blends of
synthetic female sex pheromones that attract reproductive
males of a particular species (Hartstack et al. 1979) and are
less likely than blacklight traps to be broadly influenced by
light pollution or any other form of anthropogenic change.
While blacklight and pheromone traps by default attract dif-
ferent amounts and types of insects (e.g. both sexes vs. only
males), this difference should remain constant over time.

If the difference between blacklight and pheromone trap
catches at the same location has changed over time, all
else being equal, this would strongly suggest that one or
both trap types have become better or worse at sampling
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the local insect population. Importantly, this finding would
not significantly alter our broader understanding of insect
declines. While many nocturnal insects, especially moths,
have historically been monitored using entomological light
traps alone (Fox et al. 2021; Wagner et al., 2021b), indepen-
dent studies employing diverse sampling methods including
malaise traps (Hallmann et al. 2017; Janzen and Hallwachs
2019), sticky traps (Lister and Garcia 2018), pitfall traps
(Loboda et al. 2018), and transect counts (Forister et al.
2021) have all also detected declines in the abundance and
diversity of insect communities. This looming ecological
catastrophe makes it all the more crucial that we verify the
accuracy of current estimates of insect demographic histo-
ries in order to better direct limited resources toward effec-
tive conservation action.

Methods

Helicoverpa zea (Lepidoptera: Noctuidae), commonly
known as the corn earworm moth, is a highly prolific agri-
cultural pest native to Central and North America. Unable to
survive winter temperatures in the northern United States,
H. zea overwinter as pupae in the southern United States
(Lawton et al. 2022) and migrate north each spring via south
winds (Westbrook and Lopez 2010). Adult females oviposit
on agricultural crops and their larvae can frequently be
found eating through the silks of corn, fruit of tomatoes, or
leaves of cotton (Fitt 1989). As the financial costs of infesta-
tion are high, farmers seek to control H. zea outbreaks via
a combination of integrated pest management techniques,
insecticides, and GMO crops. “Bt corn” engineered to
express toxins from Bacillus thuringiensis soil bacteria had
a strong initial impact on H. zea populations across the US
(Farias et al. 2013; Dively et al. 2018) but the species has
since rebounded following the rapid evolution of Bt resis-
tance (Reay-Jones et al. 2020; Gassmann and Reisig 2023).

Due to their economic importance, H. zea populations
have historically been and continue to be particularly well-
monitored by agricultural entomologists. Cooperative exten-
sion programs across the United States employ networks of
UV-rich light traps (hereafter referred to as blacklight traps)
and/or pheromone traps to detect the onset of H. zea out-
breaks. Trap catch data are shared directly with farmers to
inform their decisions regarding the timing and location of
pesticide application. While the majority of current H. zea
monitoring networks across the US employ only a single
trap type, those in Delaware, New Jersey, and Minnesota
(Fig. 1 top) employ pairs of blacklight and pheromone traps
placed at the same farms in close proximity.

The University of Delaware H. zea monitoring network
has been running since 1998 and covers 11 farms. Blacklight

traps at each farm capture light-attracted adults of both sexes
using continuously operating T15 fluorescent bulbs (GE),
replaced yearly, while nearby pheromone traps capture
reproductive males attracted to synthetic female pheromone
lures (Hercon Zealure), which are replaced approximately
every two weeks. The number of moths captured in both of
the traps at a farm are counted and the traps emptied every
one to seven days in the summer months. The blacklight
traps have largely remained at the same locations since the
program began, while the pheromone traps move slightly
each year following rotations in corn planting; nonetheless,
the paired traps are never more than 0.53 km apart.

The Rutgers University H. zea monitoring network in
New Jersey has been covering seven farms consistently
since 2013, again using pairs of continuously operating
blacklight (F15T8/BL, Satco; previously purchased from
Phillips and GE) and pheromone (Hercon Zealure) traps.
Captured moths are counted every three to four days. While
the blacklight traps are fully stationary, the pheromone traps
have moved up to 2.4 km away to follow corn planting;
distances vary across farms, with paired traps on average
one kilometer apart. The University of Minnesota H. zea
monitoring network has closely paired traps (F15T8/BL,
GE; Hercon Zealure) in only one county, Dakota, where
they have been operating since 2007. Captured moths are
counted every one to eight days. Both the blacklight and
pheromone traps have moved periodically over time, with a
maximum of 0.53 km distance between them.

Comparison of estimated demographic histories

To investigate whether blacklight traps have lost efficacy
relative to pheromone traps over time, we compared the
demographic histories estimated from each trap type across
each monitoring network statistically. We first divided total
trap catches by the number of days traps were out prior to
collection to estimate the nightly average number of moths
caught per trap irrespective of differences in collection
interval (e.g. every 3—4 days in Delaware vs. every 1-8 days
in Minnesota; Fig. 1 bottom). We then filtered the data from
each farm to only include days for which both blacklight
and pheromone trap catch averages existed and only years
that had 50 or more days of paired trap catch averages. All
farms included in the final models described below had at
least six sufficiently monitored years spanning a total period
of eight years or more. Further details on the data gathered
at each farm are provided in Table 1.

We combined filtered trap catch averages from the entire
monitoring period of a given year, generally beginning in
late May and ending in mid-September, to obtain a single
estimated nightly count or “abundance index” for each
unique combination of year, farm, and trap type, which was
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Fig. 1 Locations of surveyed
farms (top) and sample process
for generating an abundance
index from raw blacklight trap
data obtained at a farm in Brid-
geville, DE over summer 1998
(bottom). Map points correspond
to the GPS locations of black-
light traps at monitored farms

in Delaware (lime), Minnesota
(blue), and New Jersey (green);
Bridgeville, DE highlighted in
lavender. Each collection event
plotted below generated a nightly
average number of H. zea moths
caught (lavender points; moths
caught divided by the number
of nights traps were out between
counts). Nightly averages were
replicated across time (white
points) to account for inconsis-
tent intervals between collection

Bridgeville (1998)

events. From these, a single
abundance index was calculated
corresponding to the yearly
average number of H. zea moths
caught each night at a given farm.
In this case, the abundance index
equaled 2.2
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weighted to account for variation in sampling effort. We
modeled the influence of year, trap type, and their interac-
tion on this abundance index separately for each state. For
the 25 years of monitoring data from Delaware, we were
able to use a Gamma distributed generalized additive mixed
model (GAMM) with a log link to capture long-term fluc-
tuations. Short-term trends from New Jersey were more
accurately captured via a generalized linear mixed model
(GLMM; Gamma distribution, log link). To allow for a more
direct comparison of results from these adjacent monitoring
networks, we used only data obtained from the Delaware
monitoring network over the same period (2013-2022) to
build a matched GLMM. Models for New Jersey and Dela-
ware (full and truncated) all included a random intercept of
farm. Monitoring data from Minnesota came from only one
farm and were therefore analyzed via a simple generalized
linear model (GLM; Gamma distribution, log link) with the
same suite of fixed effects.

All statistical analyses were performed in RStudio (R
version 4.2.3, RStudio version 2023.03.0+386); models
were built using functions from the packages Ime4 (Bates et
al. 2015) and mgcv (Wood 2011), and evaluated for fit and
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significance using functions from the packages car (Fox and
Weisberg 2019) and emmeans (Lenth 2023).

Test for direct effects of environmental light

To investigate whether differences in the demographic his-
tories estimated from each trap type are due to light com-
petition, we regressed the difference between the paired
abundance indices from each farm against environmen-
tal light levels estimated via satellite imagery. We used
two methods (and three models) for this analysis: the first
explored long-term trends on a year-by-year basis while the
second compared average values at each farm from the past
10 years only.

Long-term trends in night sky brightness were obtained
by harmonizing measurements from the stable DMSP/OLS
NTL (1992-2013; Elvidge, 1997; Baugh et al. 2010) with
those from the VIIRS day-night band (2013-2022; Elvidge
et al. 2017) following Li et al. (2020). This harmonization
method seeks to resolve imaging differences between the
two satellites to create a geospatial dataset with greater tem-
poral coverage, e.g. by decreasing the resolution of VIIRS
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Table 1 Monitoring details and environmental light levels for all farms included in this study. Monitoring duration refers to the average number
of days spanned by consistent sampling in a given year. Distance between traps is an expert estimate of the maximum straight-line displacement
between blacklight and pheromone traps, the latter of which moved across years following changes in the location of corn planting. The absolute
environmental light level over the past 10 years has been calculated from calibrated satellite imagery (VIIRS day-night band) within a one-kilo-
meter buffer around each blacklight trap GPS location; estimates of skyglow at these locations have also been extracted from Falchi et al. (2016)’s
night sky brightness model built from 2015 satellite imagery (lightpollutionmap.info)

State Farm Latitude  Longitude Years monitored Monitor- Distance Absolute environmental light level
ing duration  between Satellite measurement  Skyglow
(days+SD) traps (km)  (nW/cm?%/sr) estimate
(mcd/m?)

DE  Georgetown  38.63750 -75.45915 1999-2022 125.7+8.0 0.5 2.24 0.456
DE  Concord 38.64167 -75.52613 2006-2010;2013-2022 130.0+6.0 0.5 1.39 0.510
DE  Laurel 38.51225 -75.52444 1998-2022 126.6 +6.9 0.5 1.25 0.451
DE  Seaford 38.59669 -75.67882 1998-2022 1252+7.7 0.5 0.63 0.408
DE  Bridgeville 38.74343 -75.57081 1998-2022 124.8+9.3 0.5 1.345 0.507
DE  Greenwood 38.80871 -75.56944 1998-2002;2021-2022 123.1+8.3 0.5 2.20 0.466
DE  Harrington 38.93001 -75.53030 2005-2022 129.2+5.7 0.5 2.79 0.601
DE  Milford 38.97227 -75.45569 1998-2022 125.7+8.5 0.5 0.98 0.551
DE  Rising Sun 39.07621 -75.50755 2005-2022 129.5+5.6 0.5 3.10 0.887
DE  Dover 39.13521 -75.55893  2005-2022 129.5+5.6 0.5 4.04 1.39

DE  Wyoming 39.12593 -75.58898 2005-2022 129.5+5.6 0.5 1.58 0.923
NJ Pedricktown ~ 39.74823 -75.41856 2013-2022 98.7+19.8 1.6 5.91 1.86

NJ East Vineland 39.45564 -74.94865 2014-2022 120.1+6.9 2.2 4.30 0.856
NJ Eldora 39.21004 -74.90032 2013-2015;2019-2022 86.3+21.7 0.4 0.67 0.398
NJ Green Creek  39.06274 -74.89752 2013-2022 115.2+8.0 0.8 1.42 0.520
NJ Elm 39.68682 -74.81237 2013-2022 86.3+20.5 1.4 1.26 0.763
NJ Springdale 39.89154 -74.96934 2013-2016;2019-2020 97.2+25.1 0.4 14.53 3.38

NJ Woodstown 39.65434 -75.41156 2013-2022 118.7+11.3 0.6 1.36 1.02
MN  Dakota 4470482 -93.09352 2007-2022 112.6+275 0.5 3.12 1.33

images from 15 to 30 arc-seconds to match those taken by
the DMSP. Harmonized nighttime light intensity is repre-
sented as a per-pixel digital number (DN) ranging from 0
to 63, with 0 indicating that no light was detected and 63
corresponding to full saturation of the DMSP sensor. As
DN values below 7 tend to be unreliable (Li et al. 2020),
we rounded these up to 7. DMSP data have many shortfalls
(see Kyba 2016), but are the only satellite measure of global
night sky brightness available prior to 2013.

To quantify the environmental light levels at each farm at
night, we calculated the mean adjusted DN value in a one-
kilometer buffer around the GPS coordinates of the black-
light traps at each farm, in each year, using Google Earth
Engine (Gorelick et al. 2017). We then calculated a differ-
ence index, or a measure of the difference in the abundance
indices of paired trap types, for each combination of year
and farm by log-transforming the pheromone trap abun-
dance index divided by the blacklight trap abundance index.
A difference index greater than zero indicates that the phero-
mone trap caught more moths than its paired blacklight trap,
and the degree of disparity scales with its magnitude. We
modeled the influence of year and relative environmental
light level (DN) on this difference index for all 20 farms

across all three monitoring networks via a single GLMM
containing random intercepts of year and farm.

In order to more uniformly compare results from the
three independent monitoring networks, and to avoid rely-
ing on poorly calibrated DMSP data (Kyba 2016), we also
modeled average values from the past 10 years at each farm.
We used the method described above to estimate absolute
environmental light levels (in nW/cm?/sr) in a one-kilo-
meter buffer around each blacklight trap location over this
time period, as calibrated satellite imagery is available for
the full duration (2013-2022, VIIRS day-night band). We
averaged these estimates and log-transformed the result to
obtain a single measure of the absolute environmental light
level for each farm. We also averaged the difference indices
over the same 10-year time period to obtain a single average
difference index for each farm. We modeled the influence of
absolute environmental light level, monitoring network, and
their interaction on this average difference index via a sim-
ple linear regression. A second version of this model instead
using skyglow illuminance data (in mcd/m?) from Falchi et
al. (2016)’s World Atlas of artificial night sky brightness is
described in the Supplemental Text. All models were evalu-
ated as described above.
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Results

Across 25 years of monitoring in Delaware, on average
blacklight traps caught approximately 30% as many H. zea
moths as did pheromone traps (Gamma GAMM, log link;
trap type: F=198.54, df=1.76, P<0.0001). However, the
disparity between trap catch averages scaled significantly
with time (year by trap type interaction: F =56.63, df=7.86,
P<0.0001; Fig. 2 top). Over the first five years of moni-
toring, blacklight traps caught about half as many moths
as did pheromone traps (blacklight trap abundance index:
3.63 +£0.82; pheromone trap abundance index: 7.65+0.75,
mean + SE in this and following reports; Fig. 3 left). Pher-
omone trap catch averages remained relatively constant
over time (estimated population growth rate [A]=1.009
[0.993-1.025, 95% CI in this and following reports]) while
those of blacklight traps declined precipitously (A=0.858
[0.843-0.873]), such that in the last five years blacklight
traps caught only 4.6% as many moths as did pheromone
traps (pheromone trap abundance index: 9.67+0.58;
blacklight trap abundance index: 0.45+0.03; Fig. 3 right).

As a result, the H. zea population in Delaware appeared
to have declined by approximately 33% over the past 25
years (A=0.984 [0.969-1.000]; year: F=59.58, df=17.10,
P <0.0001) when modeled using data from both trap types.

In New Jersey, the H. zea population appeared to
increase approximately fivefold over a decade of monitor-
ing (A=1.220 [1.122-1.326]; Gamma GLMM, log link;
year: likelihood ratio y*=32.68, df=1, P<0.0001) across
trap types. On average, blacklight traps caught only 4.2%
as many moths as did pheromone traps (trap type: LR
¥*=520.76, df=1, P<0.0001), and this disparity also
grew significantly over time as pheromone trap catch aver-
ages increased (A=1.230 [1.158-1.306] while blacklight
trap catch averages remained constant (A=1.050 [0.985—
1.120]; year by trap type interaction: LR y*=11.90, df=1,
P=0.0006; Fig. 2 bottom left). Over the same period, the
H. zea population in Delaware followed a similar trajec-
tory (A=1.131 [1.067-1.120]), again driven by an increase
in pheromone trap catch averages (A=1.142 [1.104—1.183]
relative to blacklight trap catch averages (A=1.031 [0.998—
1.065]; Gamma GLMM, log link; year: LR ¥*=43.31,
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Fig. 2 Temporal comparison of yearly average H. zea moth catches
collected from paired pheromone (orange) and blacklight (violet) traps
belonging to monitoring networks in Delaware (top), New Jersey (bot-
tom left), and Minnesota (bottom right). Data from Delaware have also
been truncated (bottom center) to the range of years monitored in New
Jersey to facilitate comparisons between these two adjacent monitor-
ing networks. Points represent average moths caught per night at a
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given farm in a given year while lines and bands represent predicted
mean and 95% confidence intervals of modeled trends, respectively.
All y-axes are log-transformed. Blacklight traps in New Jersey and
Delaware (both full and truncated) exhibit a statistically significant
loss of efficacy relative to pheromone traps over time, while the black-
light trap in Minnesota does not
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Fig. 3 Nightly average H. zea moth catches in pheromone (orange)
and blacklight (violet) traps throughout the summer across the entire
Delaware monitoring network from the first five years of monitoring
(left, 1998-2002) compared to the most recent five years of monitor-
ing (right, 2018-2022). Five-year averages across all farms for each

df=1, P<0.0001; trap type: LR ¥*=1699.10 df=1,
P<0.0001; year by trap type interaction: LR y*=17.83,
df=1, P<0.0001; Fig. 2 bottom center).

In Minnesota, the H. zea population at Dakota declined
across 16 years of monitoring (Gamma GLM, log link; year:
LR ¥*=4.70, df =1, P=0.0302). Their demographic history
was broadly consistent regardless of whether it was mod-
eled only using pheromone trap catch averages (A=0.947
[0.862—1.040]), only using blacklight trap catch averages
(A=0.926 [0.840-1.020]), or by integrating data from both
trap types (A=0.936 [0.875—1.001]). On average, blacklight
traps caught 4.3% as many moths as did pheromone traps
(trap type: LR y*=81.50, df=1, P<0.0001) and there was
no evidence that this disparity increased or decreased over
time (year by trap type interaction: LR y*=0.13, df=1,
P=0.7166; Fig. 2 bottom right).

The environmental light level at each farm was not
directly related to the difference between pheromone and
blacklight trap catch averages, whether modeled using
unique data from each year or average values from the
past 10 years. Although the disparity between trap types
increased over time across monitoring programs (Gaussian
LMM; year: LR ¥*=57.82, df=1, P<0.0001), the differ-
ence index at a given farm in a given year was independent
of the relative environmental light level within a one-kilo-
meter buffer around that farm (DN value: LR %*=1.07,

May June July August September

day of year are displayed as points with associated lines and bands
representing mean and 95% confidence intervals of modeled trends,
respectively. The inset plot shows the data from the most recent five
years on a log scale

df=1, P=0.3009). Over the past 10 years, the average dif-
ference index at each monitored farm varied significantly
across monitoring programs but was independent of the
corresponding average absolute environmental light level
(linear regression; monitoring network: F=4.38, df=2,
P=0.0334; light level: F=2.61, df=1, P=0.1283). A posi-
tive relationship between these values at farms in Delaware
(slope=0.56+0.43) was counterbalanced by a negative
relationship at farms in New Jersey (slope = -0.49+0.28;
monitoring network by light level interaction: F=18.95,
df=1, P=0.0007; Fig. 4), meaning that more light pol-
luted farms (as estimated by satellite imagery) tended to
have more disparate trap catch averages in Delaware but
the reverse was true in New Jersey. For an analysis using
skyglow estimates from Falchi et al. (2016)’s World Atlas
of artificial night sky brightness in lieu of raw values from
satellite imagery (following Simons et al. 2020), see Sup-
plemental Text.

Discussion

Entomological light traps have been used for over a cen-
tury to survey insect abundance and diversity (Slingerland
1902) and feature prominently in several long-term insect
monitoring networks (e.g. the Rothamsted Insect Survey,

@ Springer
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Fig.4 Average difference
between pheromone and
blacklight catches over the past
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10 years at each farm plotted
against the corresponding aver-
age absolute environmental light
level. Average difference indices 4 4
have been log-transformed, with
values greater than zero indicat-
ing that pheromone traps caught
more moths than blacklight traps.
Average light level has been cal-
culated from the log-transformed
surface radiance (in nW/cm?/sr)
within a one-kilometer buffer
around the GPS location of the
blacklight trap at each farm, as
estimated from satellite imagery
(VIIRS day-night band). Mean
and 95% confidence intervals of
significant relationships between
these values in Delaware (lime)
and New Jersey (teal) are dis-
played as dotted lines and solid
bands, respectively
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the Hungarian Forestry Light Trap Network, the Finnish
National Moth Monitoring Scheme). Although the noctur-
nal light environment has changed dramatically over the
past several decades, population models built from light trap
data frequently assume that light traps of the same make and
model sample the same proportion of their local insect com-
munity today as they did when first deployed. We tested this
assumption by comparing the demographic histories of H.
zea estimated from paired blacklight and pheromone traps
at 19 farms belonging to three independent long-term moni-
toring networks. As pheromone traps should be relatively
unaffected by most forms of anthropogenic change, we used
them as a control against which to test for changes in black-
light trap efficacy. We found that catch averages from the
two trap types diverged significantly over the last decade
in the two most thoroughly sampled monitoring networks.
In both cases, data from blacklight traps indicated lower H.
zea population growth rates than did data from pheromone
traps, consistent with a loss in blacklight trap efficacy over
time. Although these data only represent one particularly
well-monitored crop pest, our findings suggest that ento-
mologists should view species demographic histories esti-
mated from long-term light trap monitoring networks with
greater skepticism.

@ Springer

Paired pheromone and blacklight traps monitored over
25 years in Delaware captured the same apparent fluctua-
tions in the H. zea population from which they were sam-
pling: growth between 2004 and 2011 followed by a steep
decline lasting until 2015, perhaps due to the popularization
of Bt corn, followed by recovery. Year over year, however,
blacklight traps caught a progressively smaller proportion of
the moths caught by their paired pheromone traps. Popula-
tion models built only using data from blacklight traps or by
integrating data from both trap types suggest that H. zea has
declined, while a control model built only using data from
pheromone traps finds (correctly, we posit) that the popula-
tion has remained stable. The paired traps monitored over
10 years in New Jersey follow a similar pattern, especially
when compared to the same period in Delaware, likely in
part because the University of Delaware and Rutgers Uni-
versity monitoring networks are relatively geographically
close (<100 km average distance) and were sampling from
a single highly mixed population (Seymour et al. 2016).
The 10-year population growth rate estimated only using
data from pheromone traps is positive, as H. zea is likely
in recovery, but blacklight traps appear to be sampling a
progressively smaller proportion of this growing popula-
tion each year. The divergence between trap types is less
extreme over this period as blacklight traps were already
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catching far fewer moths than were pheromone traps at the
first year of sampling.

Because any genuine population fluctuation would be
reflected equally in samples from both trap types, regard-
less of its root cause, our results provide strong evidence for
a loss in blacklight trap efficacy over time. An alternative
explanation would be that pheromone traps have become
more attractive to moths over time, improving in sampling
efficacy. This is unlikely to be the case, however, as the
chemical composition of the artificial H. zea female phero-
mones used in these traps has remained constant and spe-
cies-specific scent-based signals should be robust to most
forms of anthropogenic noise (Endler 1992). Light-based
signals, by contrast, are known to decline in attractiveness
following increases in environmental light (Eisenbeis 2006;
Owens et al. 2022). Recent growth in anthropogenic light
pollution has been sufficiently extreme — in some places
doubling night sky brightness within only the past decade
(Kyba et al. 2023; see also Sanchez de Miguel et al., 2021)
— to account for an extreme loss in blacklight trap efficacy.
It is also worth noting that a decline in blacklight trap effi-
cacy may have indirectly led to a small increase in pher-
omone trap efficacy, as male moths freed from blacklight
traps would become available to nearby pheromone traps.
Interestingly, blacklight trap catches in Delaware primarily
diverged from pheromone trap catches between 2010 and
2014. Ultra-bright, blue-rich LED streetlights were rapidly
becoming standard over this period (Zissis et al. 2021) and
may have played some role in driving this trend; in Dela-
ware, pilot programs for LED streetlight retrofits began as
early as 2010 (Delmarva Power, 2010).

Aloss in blacklight trap efficacy could be a direct result of
increased light competition in the immediate area, whether
that be from streetlights or other local sources of artificial
light, or it could be an indirect result of behavioral plastic-
ity and/or rapid evolution, both of which might affect the
entire highly mixed population approximately equally. We
used multiple geospatial approaches to investigate whether
nearby environmental light levels drove the observed trends
but found no overarching relationship between the differ-
ence between pheromone and blacklight trap catches and
local light pollution levels, both of which varied widely
across and within states. Previous attempts to correlate aer-
ially-collected light pollution levels with moth blacklight
trap catches have also failed to uncover any relationship
(Conrad et al. 2006; White 2018). Given the breadth of evi-
dence demonstrating that natural light from the full moon
significantly reduces blacklight trap efficacy (Taylor 1986;
Yela and Holyoak 1997; Nowinszky and Puskas 2012), the
lack of correlation between artificial light and blacklight
trap catch is curious. One potential explanation calls into

question the current practice of measuring ecological light
pollution (sensu Longcore and Rich 2004) from space.
Concerns have been raised about the use of satellite
imagery for measuring terrestrial light levels, given the fre-
quent disparity between these measurements and reports
from citizen scientists on the ground (Kyba et al. 2023).
The VIIRS day-night band cannot detect short wavelengths
below 500 nm, where the majority of the spectral sensitivity
of most moth species is concentrated (van der Kooi et al.
2021), and is also biased towards upwelling light (Kyba et
al. 2022). These fundamental limitations have been wors-
ened by the global transition to blue-rich LEDs in relatively
well-shielded fixtures (Kyba et al. 2023), such that LED
streetlight retrofits frequently result in noticeably brighter
skyglow on the ground that is measured by the VIIRS day-
night band as a decrease in surface radiance (Barentine et al.
2018; Hung et al. 2021). Light-attracted insects are dispro-
portionately attracted to UV and blue light (van Langevelde
et al. 2011; Donners et al. 2018; Deichmann et al. 2021),
and habitats with a higher proportion of short-wavelength
light pollution may therefore experience greater loss of
blacklight trap efficacy. Unfortunately, the VIIRS day-night
band is intrinsically incapable of capturing this relation-
ship. A between-state difference in the adoption of blue-rich
LEDs and/or shielding may explain why, averaged over the
last decade, we see a positive correlation between absolute
environmental light levels and blacklight vs. pheromone
trap disparities at farms in Delaware but a negative correla-
tion between the same variables at farms in New Jersey.
Behavioral plasticity and rapid evolution are two pos-
sible alternative explanations for a loss in blacklight trap
efficacy that need not necessarily be linked to environmen-
tal light levels in the immediate area. H. zea moths travel
hundreds of miles across the US each summer (Lawton
et al. 2022). Over their 2-3 week lifespan (Armes et al.
1992), individuals have multiple opportunities to learn the
costliness of light attraction, most of which would occur
at areas far from where they are ultimately trapped or not
trapped. Behavioral plasticity alone could explain the loss
in blacklight trap efficacy, as opportunities for learning from
encounters with artificial light at night have increased over
time. However, rapid evolution may be a more convinc-
ing explanation given the short lifespan and fast genera-
tion time of this species. One common garden experiment
uncovered consistent behavioral differences between urban
and rural small ermine moths (Yponomeuta cagnagella),
with urban individuals significantly less attracted to black-
light traps (Altermatt and Ebert 2016). Decades of selec-
tive pressure acting on 3—7 generations per year may have
culminated in a broad-scale loss of flight-to-light behavior
across the entire range of H. zea, which has much higher
dispersal rates and many more generations per year than
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univoltine Y. cagnagella (Altermatt and Ebert 2016) as well
as a demonstrated capacity for rapid evolution in response
to strong selection (Reay-Jones et al. 2020). Evolutionary
loss of flight-to-light behavior would not necessarily nullify
the fitness costs of light pollution, as relevant adaptations
may involve a decline in flight ability (Van de Schoot et al.
2024), decreased nocturnal activity, impaired visual sensi-
tivity, or some other impediment to usual function.

In this study, we found a significant and consistent tem-
poral bias in blacklight trap data, which caused resulting
demographic models to incorrectly report dramatic declines
in a prominent crop pest. From a management perspective,
our results suggest that agricultural entomologists should
prioritize other data sources (pheromone traps, bait traps,
pitfall traps, etc.) when tracking pest outbreaks and formu-
lating pesticide application recommendations, especially
early in the season when numbers are low. Multiple redun-
dant sources of monitoring data are even more valuable
from a conservation perspective. Much of our earliest insect
abundance and diversity data come from light traps; for
many species, especially nocturnal moths, these data com-
prise the only historical point of comparison. In the absence
of any independent, contemporaneous data source to com-
pare against, insect conservationists should be aware that
apparent population declines may result primarily or solely
from declines in the attractiveness of the light traps them-
selves. Similar comparative studies in other species, where
possible, could help uncover how widespread this phenom-
enon is and may even culminate in the creation of tools for
time-calibrating light trap data. Such tools would allow us to
more accurately weigh historical reports against the current
reality, which is that an increasing number of artificial lights
on earth each individually attract fewer and fewer insects.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10841-
024-00588-x.
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