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Abstract

Given the global continuous rise, artificial light at night is often considered a driving

force behind moth population declines. Although negative effects on individuals

have been shown, there is no evidence for effects on population sizes to date.

Therefore, we compared population trends of Dutch macromoth fauna over the per-

iod 1985–2015 between moth species that differ in phototaxis and adult circadian

rhythm. We found that moth species that show positive phototaxis or are noctur-

nally active have stronger negative population trends than species that are not

attracted to light or are diurnal species. Our results indicate that artificial light at

night is an important factor in explaining declines in moth populations in regions

with high artificial night sky brightness. Our study supports efforts to reduce the

impacts of artificial light at night by promoting lamps that do not attract insects and

reduce overall levels of illumination in rural areas to reverse declines of moth

populations.
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1 | INTRODUCTION

Artificial light at night strongly alters the environment of nocturnally

active species (Gaston, Bennie, Davies, & Hopkins, 2013; Rich & Long-

core, 2006). Moths (Lepidoptera) represent a large, diverse, geographi-

cally widespread and largely nocturnal species group and are generally

strongly attracted to artificial light (i.e. they exhibit phototaxis) (Mac-

gregor, Evans, Fox, & Pocock, 2017; Van Langevelde, Ettema, Don-

ners, WallisDeVries, & Groenendijk, 2011). Due to phototaxis, artificial

light is considered to be one of the driving forces behind observed

moth population declines in regions with high artificial night sky

brightness (Bennie, Davies, Duffy, Inger, & Gaston, 2014), such as the

UK (Conrad, Warren, Fox, Parsons, & Woiwod, 2006; Fox, 2013) and

the Netherlands (Groenendijk & Ellis, 2011). Although negative effects

on individuals have been shown, such as reduced foraging and repro-

duction as well as increased mortality (Altermatt, Baumeyer, & Ebert,

2009; Van Geffen et al., 2015; Van Langevelde, Van Grunsven, Vee-

nendaal, & Fijen, 2017), evidence for negative effects of artificial light

at night on moth population sizes is still lacking (Fox, 2013; Gaston &

Bennie, 2014; Spoelstra et al., 2015).

Understanding the possible causes for population declines of

moths is important, as species from this group are thought to play
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important functional roles in food webs, as bulk food for birds and

bats, as herbivores and as pollinators (Macgregor, Pocock, Fox, &

Evans, 2015; Rich & Longcore, 2006). Moth population declines may

therefore have consequences for ecosystem functioning. Moreover,

due to their sensitivity to changes, in combination with their high

population densities and high species richness, moths can be indica-

tors for environmental assessments (R�akosy & Schmitt, 2011) as well

as for insect biodiversity trends (Fox, 2013). Given the continuous

rise in global levels of artificial night lighting, at an average annual

increase of 6% (0%–20% per year from 1950 to 2008 depending on

geographic region, H€olker et al., 2010), we face the challenge to

determine whether moth population trends are affected by artificial

light at night.

We compared population trends in Dutch macromoth fauna

(defined as the species belonging to the families covered in Waring

and Townsend (2015)) over the period 1985–2015 between species

that differ in two ecological traits that are directly related to light:

phototaxis and adult circadian rhythm. We expected that species

that are nocturnally active will show stronger population declines

than species that are diurnally active. Likewise, we expected a simi-

lar contrast between species that exhibit positive phototaxis and

those that do not. Because various ecological traits have previously

been linked to moth distribution decrease (e.g. Fox et al., 2014;

Mattila, Kaitala, Komonen, Kotiaho, & P€aivinen, 2006; Mattila, Koti-

aho, Kaitala, & Komonen, 2008), we first examined the relevance

of the two light-related traits in comparison with a range of other

relevant traits.

2 | MATERIALS AND METHODS

We used the database Noctua, which covers faunistic information of

all Lepidoptera groups that have occurred in the Netherlands from

about 1800 till the present. At the moment of this study, the data-

base contained more than 3.5 million records for macromoths.

Sources include publications, unpublished records and notebooks,

and information provided either directly by citizens or through data

collection websites, in particular www.waarneming.nl. All records

were checked in a validation procedure (see Groenendijk & Ellis,

2011 for more information). In the Noctua database, the majority of

the used sampling method is unknown (on average 71%). For the

records with known sampling methods, 91% were derived from light

traps, 2.4% used sugar traps, 6.2% were based on sight without any

attractant, and 0.1% used other methods, such as pheromone traps.

There was no significant trend over time in the relative proportion

of these sampling methods.

For each species, we calculated the abundance for the whole of

the Netherlands per year by obtaining the sum of the log-trans-

formed number of individuals divided by the number of collection

events for each species. A collection event is defined as an event

where a person observes one or more moth species on a particular

date within one-kilometre square (see www.vlinderstichting.nl/vlinde

rs/overzicht-vlinders). In this way, the intensity of recording effort is

factored out. Migratory species were left out of the calculations, as

for nonresident species, population fluctuations are mostly deter-

mined elsewhere. We limited the data to the period from 1985

onwards to accomplish sufficient data quality and coverage.

From the c. 800 macromoth species that occur in the Nether-

lands (Waring & Townsend, 2015), we calculated the population

trend for 481 species over the period 1985–2015. For each spe-

cies, we fitted a linear regression line through the abundance data

over the years. The slope of this regression was used as a measure

for the population trend of each moth species (cf. Groenendijk &

Ellis, 2011). We only included species in the analysis that were

observed in at least 10 years during this period and where >5% of

the variation was explained by the regression. Outliers were

excluded (Z-value <�3 and >3). Although the number of collection

events may be different between regions and over the years, we

believe that these differences will not have a big impact on the

population trends as (1) we corrected for the number of collection

events per year per species, and (2) it would only happen if the

fraction of moth species active during the night or the fraction

phototactic moth species differ between the regions, which we do

not expect.

The ecological traits of the moth species in our study were

derived from the literature, the moth collection of Naturalis Biodi-

versity Center, and based on the pooled expert knowledge (M.F.

WallisDeVries, M.E. Huigens, W.N. Ellis, R. de Vos, unpublished

data of Dutch Butterfly Conservation, Working group Lepidoptera

Faunistics and Naturalis Biodiversity Center). We compared the rel-

evance of the two traits related to light, phototaxis and adult circa-

dian rhythm, to nine other ecological traits (see Table 1 for further

explanation): (1) voltinism—univoltine species may be at a disad-

vantage in the face of climate change as the ability to adapt evolu-

tionary to a changing environment may be facilitated by increased

voltinism (Altermatt, 2010); (2) length of flight period—moth spe-

cies with shorter flight periods may have declined more in distribu-

tion (Mattila et al., 2006, 2008); (3) host plant specificity—

monophagous and oligophagous moth species may not be able to

track climate change (Braschler & Hill, 2007); (4) soil fertility condi-

tions of the host plant—moth species with host plants found on

soils with low nitrogen values may show negative population trends

(Fox et al., 2014; P€oyry et al., 2017); (5) habitat structure—moth

species found in open habitats may have negative population

trends (€Ockinger, Hammarstedt, Nilsson, & Smith, 2006); (6) drink-

ing nectar—population declines of butterfly species could be linked

to a substantial decline in overall flower abundance and specific

nectar plants (Dicks et al., 2015; WallisDeVries, Van Swaay, &

Plate, 2012); (7) forewing length (proxy for body size)—moth spe-

cies with larger body size are thought to decline at higher rates

than smaller species (Mattila, Kaitala, Komonen, P€aivinen, & Koti-

aho, 2011; Mattila et al., 2006, 2008); (8) overwintering phase—

moth species overwintering as egg may have negative population

trends (Conrad, Woiwod, Parsons, Fox, & Warren, 2004; Groe-

nendijk & Ellis, 2011); and (9) (occasionally) found in urban areas

such as gardens, city parks, road and railway verges—moth species
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in urban areas are thought to decrease in population size due to,

among others, habitat deterioration, fragmentation and chemical

pollution (Bates et al., 2014). To show the relevance of the two

traits related to light in explaining the variation in these traits

among the moth species, we used a rotated PCA for both quantita-

tive and qualitative data (functions PCAmix and PCArot) of the

package “PCAmixdata” (Chavent, Kuentz-Simonet, Labenne, & Sar-

acco, 2014) in R (version 3.4.1, R Core Team, 2017), as eight of

the eleven traits were categorical variables (Table 1).

To check for differences in collection method or effort between

groups of moth species that could possibly explain our findings, we

determined the number of collection events per group (Supplemen-

tary Material 1 from the online Supporting Information). Overall there

was an increase in collection events over time. We tested the differ-

ences in this increase between the groups of moth species using a

general linear model (GLM, function lm) in R. We found a significant

increase in collection events over time (GLM: Year F1,58 = 1046.7,

p < .001), with more collection events for the nocturnally active spe-

cies than the diurnally active species (circadian rhythm F1,58 = 4.3,

p = .043), but no difference in slope between these two groups

(year 9 circadian rhythm F1,58 = 3.7, p = .061). This analysis shows

that increase in collection events over time does not significantly dif-

fer between the nocturnally and diurnally active species. We also

found an increase in collection events over time for the groups of

moth species that are attracted and not attracted to light (GLM: Year

F1,58 = 712.3, p < .001), with more collection events for the species

attracted to light (phototaxis F1,58 = 20.0, p < .001). The increase in

the number of collection events for the group of species that are not

attracted was steeper than for the species attracted to light

(year 9 phototaxis F1,58 = 18.8, p < .001). This suggests that if we

find the expected larger decline in moth species attracted to light, this

cannot be explained by a decrease in catching method or effort over

time for the species attracted to light.

To account for potentially confounding effects of phylogenetic

relatedness among the moth species, we used an ultrametric tree

that included our 481 species (Essens, Van Langevelde, Vos, Van

Swaay, & WallisDeVries, 2017; Mutanen et al., 2016, Supplemen-

tary Material 2) and included the phylogenetic correlation matrix

implied by this tree in the linear model using generalized least

squares (GLS) of the “nlme” package in R (Pinheiro et al., 2016) to

test whether there were differences in population trends between

the groups of moths in relation to (1) phototaxis (attracted, occa-

sionally attracted and not attracted to light) or (2) adult circadian

rhythm (active as adult during the day, night or both day and

night). The GLS was followed by the Tukey–Kramer post hoc test

(using the “multcomp” package in R, Hothorn, Bretz, & Westfall,

2008). We used the option corPagel in the GLS to estimate

Pagel’s k, which indicates the strength of the phylogenetic signal

in the dependent variable (Symonds & Blomberg, 2014). Depend-

ing on the lowest AIC score, we used either the restricted

TABLE 1 Ecological traits of 481 moth species for which we have data on population trends from 1985 to 2015 in the Netherlands. For
the qualitative (categorical) variables, the different classes per traits are given, whereas the range is given for the quantitative variables

Ecological trait Explanation Sources

Phototaxis (1) Attracted to light, (2) occasionally attracted to

light and (3) not attracted to light

Waring and Townsend (2015),

www.vlinderstichting.nl/vlinders/overzicht-vlinders

Adult circadian rhythm (1) Diurnally active, (2) nocturnally active

and (3) active during both day and night

Waring and Townsend (2015),

www.vlinderstichting.nl/vlinders/overzicht-vlinders

Voltinism (1) 1 generation per year, (2) >1 generation per year Waring and Townsend (2015),

www.vlinderstichting.nl/vlinders/overzicht-vlinders

Length of flight period Continuous (2–18 weeks) www.vlinderstichting.nl/vlinders/overzicht-vlinders,

P€oyry et al. (2017)

Host plant specificity (1) Monophagous (1 genus), (2) oligophagous

(1 family), (3) polyphagous (>1 family)

Waring and Townsend (2015),

www.vlinderstichting.nl/vlinders/overzicht-vlinders

Soil fertility conditions of

host plant (nitrogen)

Ellenberg N-values (continuous 1–8) P€oyry et al. (2017)

Habitat structure (1) Preferring open habitat, (2) preferring

closed habitat and (3) generalist

Waring and Townsend (2015),

www.vlinderstichting.nl/vlinders/overzicht-vlinders

Forewing length Continuous (8–48 mm) Waring and Townsend (2015),

www.vlinderstichting.nl/vlinders/overzicht-vlinders

Nectar drinking (1) No, (2) Yes Waring and Townsend (2015), Ebert (2005)

& proboscis assessments collection Naturalis Biodiversity Center

Overwintering phasea (1) Egg, (2) caterpillar and (3) pupa Waring and Townsend (2015),

www.vlinderstichting.nl/vlinders/overzicht-vlinders, Ebert (2005),

www.lepidoptera.se

Occurring (occasionally)

in urban areas

(1) Yes, (2) No Waring and Townsend (2015),

www.vlinderstichting.nl/vlinders/overzicht-vlinders

aSpecies that overwinter as adults were excluded (N = 8).
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maximum likelihood (REML) or maximum likelihood (ML) for the

GLS.

3 | RESULTS

The traits related to light, phototaxis and adult circadian rhythm,

explain most variation in the PCA of eleven ecological traits of 481

moth species, as these traits are highly correlated with the first axis

(and phototaxis and adult circadian rhythm are highly correlated,

Figure 1, Table 2). The second axis is highly correlated with voltin-

ism, length of the flight period and overwintering phase. These three

ecological traits may be related to the sensitivity of moth species to

climate change (Altermatt, 2010; Groenendijk & Ellis, 2011; Mattila

et al., 2006, 2008). The first axis of the PCA was correlated with the

population trends (Pearson’s product–moment r = .16, t = 3.38,

df = 457, p < .001), whereas the second axis did not correlate with

the population trends (r = �.04, t = �0.82, df = 457, p = .41). The

results of the PCA show that differences in population trends due to

phototaxis and adult circadian rhythm cannot be explained by the

other traits as these are independent (orthogonal) to these two

light-related traits.

We found that population trends contrasted between moth spe-

cies that differ in the degree to which they exhibit phototaxis (GLS:

F2,453 = 5.00, p = .006, k = �0.080), where moth species attracted

to light had stronger negative population trends than species not

attracted to light (Figure 2a). Moth species that are occasionally

attracted to light did not differ from the other two groups. The

phylogenetic signal parameter k was very weak, but its 95% confi-

dence intervals excluded 0 (between �0.082 and �0.078, probably

due to the large sample size). Negative values for Pagel’s k mean

that closely related species have negatively correlated traits. We also

found differences between moth species that differ in adult circadian

rhythm (GLS: F2,470 = 3.192, p = .042, k = 0.021), where nocturnal

moth species and species that are active during both day and night

had stronger negative population trends than diurnal species (Fig-

ure 2b). The 95% confidence interval of k included 0 (between

�0.080 and 0.122). For all models, the ML method of estimation

had the lowest AIC. The same analysis per family (for which N > 20)

is reported in Supplementary Material 3.

4 | DISCUSSION

Our study for the first time indicates artificial lighting as a driver of

rapid moth population declines in extensively illuminated countries

such as the Netherlands. During the years for which we had data on

moth abundances, there was a net increase in the percentage of land

area in the Netherlands with an increase in brightness of night-time

light between 1995 and 2000 and between 2005 and 2010 (Bennie

et al., 2014), which may be due to the increase in urban area (e.g.

31% increase from 1981 to 2008, http://www.clo.nl/) and the total

length of the roads (e.g. 7% increase from 2001 to 2017, http://stat

line.cbs.nl/Statweb/). This trend suggests that the area affected and

the intensity of artificial light at night may have increased over the

period covered by our study. We found that species that have posi-

tive phototaxis or are nocturnally active show strong population

F IGURE 1 Squared loadings of the first and second axes (Dim 1
and Dim 2) of the rotated PCA of the ecological traits of 481 moth
species (see Table 1 for explanation of the variables, and Table 2 for
the correlation coefficients of the variables with the two axes). The
titles of the axes give the percentage of explained variation of the
traits (between brackets). The PCA is performed based on three
numerical variables and eight categorical variables

TABLE 2 Correlation coefficients for the ecological traits of the
moth species with the first two axes (Dim 1 and Dim 2) of the PCA,
and the eigenvalue and percentage explained variation of these two
axes (see Table 1 for explanation of the variables and Figure 1 for
the graph). Correlation coefficients were calculated as the square
root of the squared loadings after rotation provided by “PCArot” of
the R package “PCAmixdata” (Chavent et al., 2014)

Ecological trait Dim 1 Dim 2

Soil fertility conditions of host plant (nitrogen) 0.00 0.14

Length of flight period 0.14 0.67

Forewing length 0.14 0.14

Host plant specificity 0.22 0.10

Voltinism 0.00 0.82

Phototaxis 0.91 0.10

Adult circadian rhythm 0.89 0.10

Habitat structure 0.22 0.00

Overwintering phase 0.40 0.65

Nectar drinking 0.24 0.24

Urban area 0.00 0.36

Eigenvalue 2.0 1.8

% Explained variation 10.0 9.0
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declines. Although other possible explanations for population decli-

nes, such as habitat loss, fragmentation, industrial pollution, agro-

chemical pollution and climate change (Fox, 2013; Mattila et al.,

2006), may very well contribute to this decline, the differences

between groups of moth species that differ in ecological traits

related to light strongly suggest that artificial light at night is an

important cause of decline. This conclusion is supported by our PCA

results that show that patterns in population trends between groups

of moths differing in phototaxis or adult circadian rhythm cannot be

explained by nine other traits that have previously been suggested

to relate to the decline in moths (voltinism, length of flight period,

host plant specificity, soil fertility conditions of the host plant, body

size, nectar drinking, habitat structure, overwintering phase, occur-

ring in urban areas) (Altermatt, 2010; Bates et al., 2014; Braschler &

Hill, 2007; Fox et al., 2014; Groenendijk & Ellis, 2011; Mattila et al.,

2006, 2008; €Ockinger et al., 2006).

Previous studies have failed to separate the negative effects of

artificial light from other factors associated with urbanization, such

as habitat deterioration and fragmentation. For example, Bates et al.

(2014) showed a negative association between urbanization and the

abundance and species richness of moths in gardens, but they could

not disentangle the effects of artificial light at night in urban envi-

ronments from the highly correlated effects of urbanization. Our

study shows that there was no correlation between the moth spe-

cies that (occasionally) occur in urban areas and the ones that are

either attracted to light or are active during the night, suggesting

that the moth declines are more likely due to light pollution than just

occurring in urban areas.

The high number of phototactic species that are more likely to

be recorded in large numbers in light traps could give more power

to detect changes (increases as well as decreases) for these species.

However, as we used the slope of the population trend of each spe-

cies without considering the significance of its value, this should not

be biased by variation in abundance between species. We therefore

do not consider this statistical argument as an alternative explana-

tion for our findings.

Many studies have found attraction of moths to lamps (e.g. Som-

ers-Yeates, Hodgson, McGregor, Spalding, & Ffrench-Constant,

2013; Van Langevelde et al., 2011). As the influence of single lamps

is limited to at most a few tens of metres (Baker & Sadovy, 1978;

Degen et al., 2016) and artificial night lighting is mainly used in

urban areas and alongside infrastructure, it is not prima facie obvious

that effects on population trends would be found (Spoelstra et al.,

2015), as large parts of rural areas are not directly illuminated.

Hence, we would expect to find limited effects of artificial light at

night on population trends when sampled over a large area. Our

results suggest that the effects of artificial lighting extend far beyond

the directly illuminated areas, as we found strong population declines

in moth species that are nocturnally active and/or have positive pho-

totaxis. There may be indirect, additive effects to the light emitted

by lamps, creating unfavourable conditions for moths in a much lar-

ger area, namely (1) background illumination induced by the accumu-

lation of artificial lighting, such as sky glow (Davies, Bennie, Inger,

Ibarra, & Gaston, 2013), or (2) rows of street lamps that can act as

barriers limiting the exchange of individuals between dark areas

(Degen et al., 2016). Moreover, not only moths can be affected by

the direct and indirect effects of light, but also their host plants, for

example the impact of light on flower head density, which cascades

on to pollinators and herbivores (Bennie, Davies, Cruse, Inger, &

Gaston, 2015). Alternatively, some moth species can display sus-

tained flight activity and cover considerable distances (Betzholtz &

Franz�en, 2011; Jones, Lim, Bell, Hill, & Chapman, 2016) facing a high

probability that they end up within the attraction range of scattered

lamps, explaining the effect of lamps at a larger scale than is directly

illuminated.

Moth species are likely to adapt to light conditions that have

been present already for many decades, as natural selection should

favour individuals with a low propensity of being attracted by light

(Furlong, Wright, & Dosdall, 2011; Gaston et al., 2013). Indeed, this

adaptation was observed for the small ermine moth (Yponomeuta

cagnagella): individuals from populations in urban areas show

F IGURE 2 Mean population trends (�SEM) for moth species that
differ in (a) phototaxis and (b) adult circadian rhythm. Letters
indicate significant differences between the groups (see text for
statistics). The sample sizes (N) per group are (a) attracted (384),
occasionally attracted (54) and not attracted (20), and (b) diurnal
(23), nocturnal (370) and both (82). In our data, 82% of 384 moth
species that are attracted to light and 85% of 54 moth species that
are occasionally attracted to light are nocturnally active as adult,
whereas 84% of the 20 moth species that are not attracted to light
are diurnally active
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reduced flight-to-light behaviour compared to individuals from

dark-sky populations (Altermatt & Ebert, 2016). Although this result

was obtained for only a single moth species, the observed adapta-

tion suggests that artificial light can indeed be a strong selective

force because of reduced fitness, which supports our findings that

artificial lighting negatively affects population trends. If many spe-

cies have such capacity to adapt to artificial lighting, we would

expect declines in abundance to have been mitigated to some

extent. On the other hand, reduced flight-to-light behaviour can

also lead to lower catching probabilities of light traps used to mon-

itor changes in number of moths, which may result in lower

observed population densities over time. The potential for adapta-

tion requires analysis of population trends over a long period of

time, as in our study, together with experiments to test what eco-

logical and life-history traits allow for adaptation to artificial light-

ing. However, when populations continue to decline, adaptive

capacity may also decrease due to lowered genetic diversity (Van-

den Broeck et al., 2017).

The negative population trends of moth species that are noctur-

nally active or have positive phototaxis agree with findings at the

level of individuals, where moths show reduced foraging, pollen

transport, dispersal and reproduction when subjected to artificial

light compared to dark conditions (Altermatt et al., 2009; Macgregor

et al., 2017; Van Geffen et al., 2015; Van Langevelde et al., 2017).

In experiments on individual behaviour, the effects of lamps that dif-

fer in spectral composition can be tested (e.g. Van Geffen et al.,

2015; Van Langevelde et al., 2017), which was not possible in our

study. Given that our data were collected at a large temporal and

spatial scale, we can only assume that the majority of street lights

that were and are still present in the study area are traditional high-

intensity discharge lamps, often a mix including narrow-spectrum

low-pressure sodium (LPS) lighting and broad-spectrum light sources

such as high-pressure sodium (HPS) lighting. These lamps are known

to attract many moths (Davies et al., 2013; Plummer, Hale, O’Cal-

laghan, Sadler, & Siriwardena, 2016; Rich & Longcore, 2006; Somers-

Yeates et al., 2013; Van Langevelde et al., 2011). Our study adds

weight to existing calls to reduce the impacts of artificial night light-

ing and mitigation using lamps that are less attractive to insects, that

is lighting rich in long wavelengths, lower intensity or shorter dura-

tion of use (Gaston et al., 2012). The changes in lamp types should

not only reduce the attractiveness of the lamps for nocturnal organ-

isms, but also reduce the level of background illumination using

lights that are better shielded so that large parts of rural areas are

(more) dark. The negative effects on nocturnal organisms are then

limited to the close proximity of light sources, and darkness will be

restored over the greater part of rural areas in order to reverse the

decline in moth populations.
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