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INTRODUCTION

As the largest single radiation of plant-feeding insects (Mitter
et al., 2017), the order Lepidoptera comprises one tenth of all described
species on Earth, the vast majority of which are moths (van
Nieukerken, 2011; Wagner et al., 2021). Butterflies are frequently
employed as an indicator of the health of insect communities and of
biodiversity more generally (Fleishman & Murphy, 2009). Moths share
many of the features which make butterflies attractive in this regard:

Lepidoptera tend to respond rapidly to environmental change

(New, 1997) and are distributed globally (Fleishman & Murphy, 2009).
Relative to other insect groups, moth species are readily identified
owing to the presence of distinctive wing patterns (Thomas, 2005) and
the availability of exceptional identification resources (e.g. Sterling
et al., 2023; Waring & Townsend, 2018). However, moths can serve as
particularly effective indicators of insect diversity due to their substan-
tially greater species richness compared to diurnal Lepidoptera (Wagner
et al., 2021) and the ease with which they can be collected in large
numbers using light traps—even in highly anthropogenically modified

environments such as gardens (Bates et al., 2013).
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Standardised recording of moths in the United Kingdom is con-
ducted through the long-running Rothamsted Insect Survey, which
uses a 112-node network of 200 W clear tungsten filament moth
traps to measure changes in abundance throughout the country (Bell
et al., 2020; Conrad et al., 2006). In addition to standardised monitor-
ing, as many as 2000 volunteers regularly run moth traps in the
United Kingdom, many of which submit their records to biodiversity
databases or other citizen science organisations (Fox et al., 2011).
However, standardised Rothamsted traps are rarely used by citizen
scientists or in field experiments due to their large size, mains power
requirements and relatively inefficient 200 W tungsten bulb. Instead,
a great variety of alternative designs and light sources are employed,
hampering standardisation and therefore wider use of community sci-
ence datasets to monitor moth abundance. In contrast to butterflies,
for which standardised ‘Pollard walks’ (Pollard & Yates, 1993) facili-
tate straightforward inclusion of volunteer records in large-scale
abundance monitoring, volunteer moth records have only recently
been included in Butterfly Conservation’s annual survey detailing The
State of Britain’s Larger Moths (Fox, 2021). This has been made possible
through the application of occupancy models (Dennis et al., 2017).
These methods control for variation in moth trap type by treating all
records as ‘opportunistically gathered’, such that citizen science
records convey information only on the occurrence or non-occurrence
of a species in a location. In this process, all information on species’ rel-
ative abundance is obscured. Given the central role played by the abun-
dance of common species in ecosystem service delivery (Winfree
et al, 2015; Winfree et al., 2025) and recent interest in monitoring
insect abundance trends (e.g. Duchenne & Fontaine, 2024; Miiller
et al., 2024; Seibold et al., 2019), methods capable of estimating moth
abundance trends from semi-standardised citizen science records could
unlock a novel data source of wide interest and relevance to under-
standing the status of insects in the United Kingdom and more widely.
The first step to broader use of citizen science data for monitoring the
abundance of moths is to develop a more complete understanding of
the various methods used to collect moths in these surveys.

Many smaller studies have sought to compare one or several
moth trap bulb types and receptacle designs to one another in the
field. For example, Williams (1951) found that compared to a 125 W
Mercury Vapour (MV) Robinson-style traps, Rothamsted-style traps
using the same bulb collected 63.82% fewer moths, while
Rothamsted-style traps using 200 W ‘ordinary’ (presumably tungsten
filament) bulbs caught 91.44% fewer moths. Williams et al. (1955)
found that 200 W ‘ordinary’ bulbs collected 37.5% fewer moths than
125 W MV, while use of Rothamsted-style trap designs reduced catch
by 25% compared to Robinson designs. Heath (1966) found that
15 W blacklight bulbs collect 3.3% more moths than 15 W bulbs and
Waring (1980) found that a 6 W Actinic heath trap caught 35.30% of
the macrolepidoptera collected by a 125 W Robinson MV. More
recent work has shown that various trap parameters can impact catch
size, including receptacle design (e.g. Robinson, Heath, Skinner,
Rothamsted; Bates et al., 2013), period of the night for which the trap
is running (Axmacher & Fiedler, 2004; Nowinszky, 2007), time at
which the trap is emptied (discussed in Fry & Waring, 2020), presence
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and colour of vanes (Singh et al., 2022), height of the trap (Intachat &
Woiwod, 1999), presence and position of packing material (usually
egg boxes) inside the trap (discussed in Fry & Waring, 2020), manual
versus automatic collection of samples (Axmacher & Fiedler, 2004)
and, perhaps most importantly, the brightness and emission spectra of
the light source used (Bates et al., 2013; Donners et al., 2018; Fayle
et al,, 2007; Somers-Yeates et al., 2013; van Grunsven et al., 2014;
van Langevelde et al., 2011).

Further, as moth species are thought to differ in their attraction to
light (Merckx & Slade, 2014), mediated by variation in mobility (van de
Schoot et al., 2024) and possibly spectral sensitivity (Somers-Yeates
et al, 2013), it is likely that the species composition, as well as total
abundance, of trap catches will be affected by the bulb type used
(Donners et al., 2018; Somers-Yeates et al., 2013; van Langevelde
et al, 2011). Anecdotal evidence from naturalists has long suggested
that traps using different bulbs will produce different samples
(Altermatt & Ebert, 2016; Frank, 1988). At the very least, some species
are rarely collected at light but appear more abundant using other col-
lection methods (see Sterling & Parsons, 2012). However, as Brehm
(2017) notes, field comparisons regularly find little compositional differ-
ences between bulbs with fundamentally different light spectra. For
example, Infusino et al. (2017) found localised habitat conditions to be
a stronger determinant of moth trap composition than light source, and
the geometrid assemblages attracted to MV in comparison to incandes-
cent lamps have been found to be surprisingly similar (Intachat &
Woiwod, 1999; Jonason et al., 2014). In the more controlled environ-
ment of an indoor choice experiment, Brehm et al. (2021) found that
moths are preferentially attracted to lamps that emit a high proportion
of short-wave radiation. However, in a similar field-based comparison,
Niermann and Brehm (2022) found that different LED lamps collected
similar numbers and assemblages of moths, independent of whether
strong or weak lights were used or if the lamps were of a mixed radia-
tion or UV type, despite the traps being placed close together (26.4 m-
46.9 m). It therefore appears that small variations in microhabitat can
obscure differences between bulb types, especially in short-term exper-
iments. Additionally, the effective range of moth traps appears to vary
between families (Merckx & Slade, 2014) and traps placed close
together will suffer from light competition effects (Brehm et al., 2021).
These difficulties make designing a field experiment capable of detect-
ing abundance and compositional differences between moth trap light
sources a significant logistical challenge, which is yet to be overcome in
a comprehensive comparison of commonly used bulb types.

Describing catch size and compositional differences in insect
communities is important for monitoring programmes and the design
of ecological experiments, and it is important that any biases in widely
used sampling methods are fully understood. However, variation in
the composition of moth trap samples across trapping methods can
also be used to make inferences about the impact of artificial light at
night (ALAN) on the moth community. This is because near-identical
mechanisms are responsible for both the functioning of moth traps
and the disruptive effects of ALAN. As such, while Actinic and MV
bulbs are not commonly employed as street lighting, various traps of

different spectra are frequently used to explore the effect of ALAN
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on moths in choice experiments (e.g. Altermatt & Ebert, 2016; Brehm
et al.,, 2021; Somers-Yeates et al., 2013; van Langevelde et al., 2011).

Here, 10 years of records collected through the Garden Moth
Scheme (GMS) in a single land-use type (gardens in the
United Kingdom) from seven bulb types and three trap designs are
used to explore the impact of spectrum and brightness on the attrac-
tion of moths to artificial light. We use weather, bulb-type and trap-
type variables to examine how moth abundance changes night-
to-night and collate garden habitat variables with information about
surrounding land uses to partition garden-to-garden variation attribut-
able to bulb type, urbanisation and distance to street lighting. As such,
we provide the largest comparison of moth trap types to date, pro-
ducing estimates of how moth trap and bulb types compare to one
another in terms of catch size, with the aim of assisting in the devel-
opment of standardised monitoring programmes and the selection of
moth trap types for field studies.

Exploring the species composition of moth trap catches, we also
test two hypotheses regarding the impact of ALAN on moths. Firstly,
we hypothesise that moths display species-specific responses to artifi-
cial light of different spectra. This leads to the prediction that moth
traps of different spectra will sample different sections of the
moth fauna and collect different species. We test this hypothesis by
comparing species composition from traps using Actinic to those using
MV bulbs (Figure 1). Secondly, we explore the “reduced mobility
hypothesis”, described by van de Schoot et al. (2024). Altermatt and
Ebert (2016) find that spindle ermine moths (Yponomeuta cagnagella)
exhibit reduced wing size in areas impacted by ALAN compared to
pristine populations. Investigating the mechanism behind this reduced
flight-to-light response, van de Schoot et al. (2024) find that urban
individuals of this species had on average smaller wings than those
emerging from dark, pristine environments. This “reduced mobility
hypothesis” states that ALAN exerts selective pressure against mobil-
ity in moths, mediated by evolutionary changes in wing size. Here, we
develop this hypothesis further. We expect that larger, more mobile
moths are more strongly attracted to moth traps, but that this effect
will be stronger for brighter light sources. We hypothesise that
brighter traps will be able to be perceived by moths from further dis-
tances, but that only highly mobile moths will be able to travel to the
trap and become caught. We therefore predict that dimmer bulbs will
collect a higher proportion of smaller, less mobile species, while
brighter bulb types will collect a higher proportion of larger, more
mobile species. We test this mobility hypothesis by comparing the
size distribution of samples from different bulb types and different
levels of ALAN exposure while controlling for other habitat, landscape

and geographic variables in ordination models.

METHODS
The garden moth scheme dataset

The GMS is a semi-standardised citizen science surveying project (2003

- present), which asks participants to sample moths with a light trap in
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FIGURE 1 (a) Spectral power distribution of a 125 W Mercury
Vapour lamp manufactured by Philips, normalised to an irradiance of
1000 lux in 5-nm wavelength bands. (b) Generic spectral power
distribution of Actinic lamps across wattages produced by Philips in
5-nm wavelength bands. Irradiance is expressed as a portion of the
total irradiance produced, which varies between lamps. The most
frequently used lamp type used in the GMS, 125 W MV emits light at
a much broader spectrum than the Actinic lamp (data sourced from
Philips Lighting, 2025, 2024).

their garden each Friday between March and November. Participants
are encouraged to report all records (including trap nights where no
moths were recorded), to sample regardless of weather conditions (bar-
ring extreme or dangerous weather) and are given a prescribed list of
readily identifiable species on which to focus. The scheme has engaged
hundreds of participants, producing a large collection of c.36 36-week
time series of moth trap catches from a variety of trap types, distrib-
uted across Great Britain, Ireland and the Channel Islands. Participants
also report information about their garden: the distance to green space,
farmland, street lighting, water, woodland and to the coast. Participants
provide a list of their garden microhabitats: presence of a bird table,
Buddleia, compost heap, >25-m? lawn, log pile, long grass, pussy willow,
trees over 10 m, oak trees over 10 m, wild honeysuckle, wild ivy, wild-

flower meadow are recorded.

Statistics

All analyses were conducted in R version 4.4.3 (R Core Team, 2025).

The percentage landcover in a 100-m radius surrounding each site was
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extracted from the UK CEH Land Cover Map 2022 (25-m rasterised
pixels; Marston et al., 2024) dataset for each of the 21 landcover clas-
ses. Daily 1-km resolution rainfall volume and minimum temperature
variables were extracted from the CEDA Archive HadUK Gridded Cli-
mate Observations v1.2.0 (Hollis et al., 2019). Moon phase was gath-
ered for each sample night using the package ‘moonlit’ (Smielak, 2023),
which calculates the percentage of full moonlight intensity based on
moon phase, elevation, latitude and longitude (compared to the average
full moon value of 0.32 Ix), not accounting for cloud cover.

To estimate differences in catch between a range of trap types
across each covariate (Model 1) a generalised linear mixed model
(GLMM) was fit to time series from each site meeting a set of filtering
criteria. Firstly, we separate all GMS records by site (participants’ gar-
dens) and year. We filter to include only site-years in Great Britain
(excluding records from Ireland and Northern Ireland) in which at least
34 weeks of sampling were conducted. We remove any additional
samples taken in winter outside of the GMS sampling window. We
exclude timeseries which employed multiple trap or bulb types.
Using participants’ reported collection method, we identify seven
frequently used bulb types (125 W MV, 80 W MV, 60 W Actinic,
40 W Actinic, 20 W Actinic, 15 W Actinic, 6 W Actinic) and three
frequently used trap types (Heath, Robinson, Skinner), excluding all
records that fall outside these categories. This excludes a small num-
ber of participants who used home-made or unconventional traps
and bulbs. This produces a dataset of 34-36-week timeseries from
seven bulb and three trap categories in Great Britain. Individual gar-
dens may include between 1 and 10 years of records. Graphical
description of the spread of trap and bulb categories and covariates
in the unfiltered dataset is provided in Supplementary Information
Figures S1-S5.

To these data we fitted a GLMM using package glmmTMB
(Brooks et al., 2017; McGillycuddy et al., 2025) including variables
describing bulb type (125W MV, 80 W MV, 60 W Actinic, 40 W
Actinic, 20 W Actinic, 15W Actinicc 6 W Actinic), trap type
(Robinson, Heath, Skinner), week of the year, maximum daily tempera-
ture, rainfall volume (in log cubic millimetres) and percentage full
moonlight intensity. We model crossed random effects for ‘site’ (gar-
den) and ‘year’ (2013-2022) to account for repeated measures and
interannual variation in insect abundance.

We undertook extensive residual simulations throughout the
modelling process using the R package DHARMa (Hartig, 2024) to
refine model specification. Data consisted of counts (total number of
moths caught in a single trap over one night of sampling) which in pre-
liminary Poisson models indicated overdispersion. As such, a type |
negative binomial error term with a log link function was selected (Ver
Hoef & Boveng, 2007), coupled with a dispersion model including the
variables bulb type, maximum daily temperature, site ID and week of
the year. To assess any potential residual non-linearity, we plotted
residuals against each covariate individually. This procedure indicated
non-linearity between maximum daily temperature and moth abun-
dance. We also found complex multimodal non-linearity between
moth abundance and week of the year, corresponding to seasonal var-

iation in moth abundance. We captured this non-linearity using
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natural splines with 20 degrees of freedom for week of the year and
5 degrees of freedom for maximum daily temperature.

We tested for multicollinearity using variance inflation factors
implemented in R package performance (Liidecke et al., 2021). All var-
iables took values less than 3. Bulb type, trap type, rainfall and moon
phase took values between 1.08 and 1.66, while natural spline terms
week of the year and maximum daily temperature took values of 2.75
and 2.82 respectively.

The variance explained by fixed effects (marginal R?) was calcu-
lated using a likelihood-ratio test implemented in package MuMlin
(Barton, 2025). This test compares the fitted model to a null model
including only an intercept, the random effects (site and year) and a
dispersion model to estimate the variance explained by fixed effects
only. Predictions were made using package marginaleffects (Arel-
Bundock et al., 2024) and converted to a percentage of the mean
125 W MV prediction for comparability. Post-hoc pairwise compari-
sons between estimated marginal mean values for bulb and trap-type
categories were conducted using package emmeans (Lenth, 2024).

Ordination was conducted on samples pooled by site and year to
examine species composition variation attributable to bulb type. Only
sites with complete GMS microhabitat information were used
(n = 34-36-week timeseries). Categorical distance to feature variables
were converted to numerical by taking an average of the distances in
the range category. The furthest option in the survey response,
“>2 km”, was converted to equal 2 km. To determine the ordination
method, Decorana (DCA) was performed on the log-transformed spe-
cies matrix as a measure of heterogeneity. A DCA axis 1 value of 2.54
indicated beta-diversity was suitably homogeneous for constrained
linear ordination Redundancy Analysis (RDA) rather than Canonical
Correspondence Analysis (CCA). Using the function ‘OrdiR2step’ with
49,999 permutations (Oksanen, 2022), a global model with all avail-
able variables was compared to an intercept-only model using forward
selection to identify and remove extraneous variables. In this proce-
dure variable selection stops if a new variable is either non-significant
or if the adjusted R? of the model including the new variable exceeds
that of the global model. The function provides a test of the signifi-
cance of each variable to the selected model with an ‘ANOVA-like’
Monte Carlo test using 999 permutations (Oksanen, 2022), which was
then adjusted for multiple comparisons using Holm's correction. Mul-
ticollinearity was assessed with variance inflation factors. Percentage
suburban landcover had a variance inflation factor of 12.43 and was
removed, lowering the variance inflation factors of all variables to
below 2.4. All variables excluding suburban landcover were therefore
selected. Ten variables with the highest contribution to model
adjusted R? are provided in Table 1. A full list of selected variables is
provided in Supplementary Table S1.

After initial model selection, partial ordination was used to identify
the effect of bulb type on species composition. In a partial ordination,
conditioning variables (selected CEH landcover variables, latitude, longi-
tude, year, the GMS microhabitat variables and GMS distance to feature
variables) are ‘partialled out’ before analysis by comparing models with
and without the variables, leaving only the contribution of the selected

constraining variable(s) (Borcard et al., 2018). Following this procedure,
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TABLE 1 GLMM model 1 bulb categories with total number of trap nights and predicted values for each bulb category.

Percent 125 W

Bulb Trap nights Estimate Std.error Statistic p value CLD MV catch
Intercept (125 W MV) 47,565 —2.72 0.14 -19.83 0.00 a 100.00
MV 80 1437 -0.07 0.05 -1.36 0.17 a 93.25
Actinic 60 8884 -0.33 0.03 -11.19 0.00 b 71.85
Actinic 40 8193 -0.51 0.04 —13.92 0.00 c 60.30
Actinic 15 12,622 —0.60 0.04 —16.62 0.00 d 54.76
Actinic 20 4336 —0.60 0.04 —14.56 0.00 d 54.73
Actinic 6 2071 —1.09 0.06 —19.04 0.00 e 33.46

Note: Population-level predictions are provided (setting random effects to 0) using all covariates at their mean values. Compact letter display (CLD)
indicates pairwise comparisons in which estimated marginal means were significantly different from one another. Bulbs that share a CLD were not
significantly different from one another. Extended version including all covariates is provided in Supplementary Table S1.

the ‘mobility hypothesis’ (van de Schoot et al, 2024) was tested by
regressing species’ typical wing size on to RDA axes one and two using
the vegan function ‘envfit’. This function is suitable for calculating the
regression of supplementary variables that pertain to species by setting
the ‘display’ argument to ‘species’ (Oksanen, 2022). Typical wing size
was calculated by averaging minimum and maximum forewing length
gathered from Cook et al. (2021) with additional data from Waring and
Townsend (2018) and Sterling and Parsons (2012). These data are pro-
vided in the Supplementary Information Table S3. Significance of these
trait variables was assessed by Monte Carlo simulation (999 permuta-
tions). We assess differences in RDA scores across moth families using a
Kruskal-Wallis test. Post hoc pairwise comparisons were conducted using
Dunn’s test with Holm correction to control the family-wise error rate.
The inertia explained by the selected model was evaluated by cal-
culating an unconstrained Principle Component Analysis (PCA) model
with no explanatory variables and extracting the first two axes
(Zeleny, 2022). PCA axes were then used as variables in an RDA to
determine the maximum inertia that could be explained by the theo-
retical best orthogonal explanatory variables. The model R? value was
then calculated as a proportion of this maximum explicable variation.
The significance of the R? value was evaluated by comparison to the
distribution of 999 R? values generated by Monte Carlo simulation
using randomised environmental variables, implemented in the vegan

function ‘anova’ (Oksanen, 2022).

RESULTS
Abundance analysis

In total, 3,801,663 individual moths were included in the abundance
analysis across 86,062 trap nights and 575 individual gardens. The
mean number of years surveyed per garden was 4.33.

The GLMM Model 1 fixed effects’ (daily rainfall volume, maximum
daily temperature, trap type, bulb type, week of the year) marginal R? was
56.65%. Percentage 125 W MV catch is provided in Table 1 to facilitate
comparison of abundance between traps. All bulb categories showed

significant (p < 0.0001) effects relative to the 125 W MV reference cate-
gory, except for 80 W MV, which was not statistically significant
(p =0.175). Predicted values show catch increased with wattage
(Figure 2a; Table 1). Marginal mean predictions were not significantly dif-
ferent in pairwise comparisons between 80 W MV and 125W MV
(p=0.7171) and between 15W Actinic and 20 W Actinic bulbs
(p=0.9999). All other pairwise comparisons were significant
(p < 0.0025).

Following an early low peak in March, catch was highest in mid-
summer, generally decreased with rainfall, increased with minimum
temperature and decreased with moonlight (Figure 2c-f; Sl Table 1.)
Total abundance of moths across all GMS sites fluctuated between
2013 and 2022, lacking a clear trend (Figure 2g).

Trap type had a significant effect on moth trap catch (p < 0.001).
Pairwise marginal mean comparisons indicated that Heath traps
caught the fewest moths. Heath traps were predicted to catch
11.05% fewer moths than Robinson traps (p = 0.0004) and 9.03%
fewer moths than Skinner traps (p = 0.0022). There was no significant

difference between Robinson and Skinner traps (p = 0.3770).

Species composition

The overall unconditioned RDA model was highly significant
(p < 0.001, adj-R? was 0.29). In this model, all included variables were
selected and highly significant (p < 0.006). Based on adjusted R?
(Table 2.), bulb category made the single largest contribution to
compositional differences observed in the GMS (adj-R2 = 0.0619),
followed by latitude (adj-R2 = 0.0589) and distance to farmland (adj-
R? =0.0473).

Model 2 (Figure 3) was generated by conditioning variance attrib-
uted to all variables aside from bulb category, which was constrained.
Model 2 was highly significant (p < 0.001). 26.57% of the inertia was
conditioned and 4.40% was constrained. The adjusted R? was 0.044,
representing 29.71% of the maximum variation explicable by two
axes. For constrained axes, Eigenvalues were 8.78 for RDA1, 0.515
for RDA2 and 0.233 for RDA3.
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FIGURE 2 Predicted number of moths caught in a single trap night by bulb type (a), trap type (b), percentage full moon (c) log-transformed
rainfall volume (d), daily maximum temperature (e), week of the year (f) and year (g).

Variation between MV and Actinic traps aligned with RDA1
(which contained the majority of the total model variance), while cen-
troids of Actinic traps were similar in RDA1, but showed variation in
RDAZ2 (Figure 3). The higher wattage Actinic traps took lower RDA2
scores, but broadly similar RDA1 scores.

The average of each species’ reported minimum and maximum
forewing length (size) was then regressed onto the ordination axes.
Species’ position on the ordination was significantly related to their
size (p > 0.023, r = 0.065). The regression aligned with RDA2, the axis
partitioning Actinic bulbs by brightness. Size was aligned with the
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TABLE 2 Source, significance, adjusted R?, AIC, F values of the 10 variables with the largest impact on moth community composition,

measured by adjusted R2.

Variable Cumulative adj-R? Adj R? Df AIC F Pr(>F) Source
Bulb category 0.0619 0.0619 6 15268.43 32.47 0.00112 GMS
Latitude 0.1208 0.0589 1 15083.9 192.20 0.00112

Distance to farmland 0.1681 0.0473 1 14926.7 163.19 0.00112 GMS
Longitude 0.2054 0.0373 1 14796.34 135.00 0.00112

Year 0.2210 0.0156 1 14740.7 58.00 0.00112

Garden size 0.2302 0.0092 3 14709.73 12.34 0.00112 GMS
Distance to woodland 0.2380 0.0079 1 14681.37 30.36 0.00112 GMS
% Suburban landcover 0.2443 0.0063 1 14658.7 24.64 0.00112 CEH
Distance to coastline 0.2499 0.0057 1 14638.19 22.46 0.00112 GMS
Soil Type 0.2554 0.0054 2 14619.41 11.36 0.00112 GMS

Note: Variables were evaluated using OrdiR2step with 49,999 permutations. R2 was adjusted using Holm’s correction (adj-R?). Degrees of Freedom (Df),
AIC (Akaike Information Criterion), F-statistics (F) and F-statistic p-values (Pr(>F)) are provided. GMS variables originate from the Garden Moth Scheme
survey dataset; CEH variables were extracted from the 2021 CEH Landcover map. A full list of evaluated variables is available in Supplementary

Information Table S2.
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FIGURE 3 Model 2 partial log-transformed RDA ordination with regressed arrow for size. The effect of all sample variables besides bulb
category was ‘partialled out’ before plotting. Arrow ‘size’ shows the effect of species’ forewing length regressed on to the ordination result.

ordination arrow for 60 W Actinic bulbs and positioned opposite to
lower Actinic bulbs and 80 W MV bulbs. Extracting species’ RDA
scores (Figure 4), a Kruskal-Wallis test indicated a significant differ-
ence in RDA1 scores across moth families, H(3) = 9.08, p = 0.028.
Post hoc Dunn’s test with Holm's correction indicated no significant

pairwise differences in RDA1 scores between families (all p > 0.06). A

Kruskal-Wallis test indicated a significant difference in RDA2 scores
across families, H(3) = 14.94, p = 0.0018. Post hoc Dunn'’s test using
Holm'’s correction indicated a small significant difference in RDA2
Erebidae (p = 0.0018; Erebidae
median = 0.00441, Noctuidae median = —0.00649), but no signifi-
cant differences between any other pairwise comparison of families.

between  Noctuidae and
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FIGURE 4 Comparison of RDA scores between moth families. Species of Geometridae had significantly higher RDA2 scores than those of
Noctuidae. RDA scores are extracted from Model 2. Higher RDA1 scores were associated with MV bulb types, while lower RDA2 scores were

associated with brighter Actinic bulbs.

Model 3 (Figure 5) constrained the variables ‘distance to street
lighting” and ‘percentage urban landcover’, with all other variables con-
ditioned. The resulting ordination was highly significant (p < 0.001).
The adjusted R? was 0.0033, representing 29.71% of the maximum
variance explicable by two axes. Overall, 29.75% of the variance was
conditioned; 0.37% of the variance was constrained. Eigenvalues for
the constrained axes were: RDA1 = 0.4052; RDA2 = 0.3397. The
regressed vector for species’ size was significantly related to the ordina-
tion (p = 0.0019, R? = 0.0288) and aligned with distance to street
lighting. The regressed arrows approached orthogonality to percentage

urban landcover.

DISCUSSION

We find that brighter moth trap bulbs generally collect larger numbers
of moths. We find that Robinson and Skinner traps tend to collect
more moths than Heath-style traps. We find some differences in spe-
cies composition between bulb types. Ordination model results lead
us to hypothesise that MV traps collect a unique assemblage and that
brighter, higher wattage Actinic bulbs collect a larger proportion of
large-winged and mobile moth species.

Model 1 indicates that higher wattage moth traps generally collect
larger numbers of moths. One bulb type, 15 W Actinic, falls out of this
pattern and is estimated to collect marginally more (+0.032) moths
than 20 W Actinic bulbs. Notably, 15 W Actinic traps can be powered
easily by battery, meaning that they may be more freely placed away
from competing light sources within the garden. This flexibility may be
conducive to higher total catches than otherwise expected by wattage
alone. We estimate that Heath-style traps are likely to collect fewer
moths than Robinson or Skinner style traps. However, we find no sig-
nificant difference between Robinson and Skinner designs. We find
that catch is negatively affected by moonlight, rainfall and low tempera-
ture, in line with previous studies (Holyoak et al., 1997; Jonason
et al, 2014; Puskas et al., 2006). However, due to the observational

o | Dist to
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FIGURE 5 Model 3 RDA ordination. All variables besides
percentage urban landcover and distance to streetlighting were
‘partialled out’ before plotting. Arrow ‘size’ shows the effect of
species’ size regressed on to the ordination result.

nature of our study, a major unmeasured source of confounding is non-
random assignment of moth trap type to participants’ gardens (selec-
tion effects). For instance, where competing light pollution is not an
issue, participants may select a dimmer trap which can catch a manage-
able number of moths or will ensure a larger proportion land inside
(rather than surrounding) the trap, more experienced trappers may use
more powerful bulb types and participants with the means to buy more
expensive traps may also have more diverse gardens (the ‘luxury
effect’, Leong et al., 2018). We are unable to control for this confound-
ing. Our estimates are, however, based on substantially larger sample
sizes than previous field-based comparisons (e.g. Blomberg et al., 1976;
Brehm, 2017; Brehm et al, 2021; Fayle et al., 2007; Infusino
et al, 2017; Merckx & Slade, 2014; Niermann & Brehm, 2022;
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Somers-Yeates et al., 2013). We also provide improved estimates over
previous analyses of GMS data (Bates et al., 2013) by parameterising
the important determinants of moth abundance over 10 years.

Model 2 indicates that bulb types collect somewhat different
assemblages of species. Previous reports conflict over compositional
differences between moth traps. Between traps of different spectra,
several field experiments have found little or no difference in assem-
blage (Blomberg et al., 1976; Fayle et al., 2007; Merckx & Slade, 2014;
Somers-Yeates et al., 2013; van Grunsven et al., 2014), while others
note differences, but conflict over underlying causes (cf. Brehm, 2017;
Brehm et al., 2021; Infusino et al., 2017; Niermann & Brehm, 2022; see
Introduction). Model 2 indicates that there are relatively large differ-
ences in species composition between different bulb types compared
to other variables examined. Based on adjusted R2, compositional dif-
ferences attributable to bulb type were larger than any other geo-
graphic, landcover or garden microhabitat variable tested (Table 2).

What underlies this compositional variation? As RDA models
explained a relatively small portion of the total variation in species
composition, it is not possible to draw firm conclusions on this ques-
tion. We find that noctuid species took significantly lower values in
RDA2 when compared to erebid species, but there was no significant
difference compared to any other family tested. Regressing species’
forewing length on to Model 2 indicated that species’ forewing length
was significantly related to their position on the ordination axes.

Larger species had significantly larger negative values in RDA2, while

/'

Distance moth
can travel
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smaller species took larger positive values in RDA2. RDA2 partitioned
Actinic traps by wattage, indicating that species associated with
brighter, higher wattage Actinic traps tended to have larger wings
than those associated with dimmer, lower wattage Actinic bulbs.

Building on the “reduced mobility hypothesis” described by van
de Schoot et al. (2024), we hypothesise that a mechanism contribut-
ing to this association is species’ mobility. As trap brightness is
increased, we expect that its light will be perceptible to moths from
further distances, but that many of the moths which perceive the
light will not reach the trap and become caught. It seems likely that a
contributing factor to whether an individual moth reaches the trap
and becomes caught is its size and mobility, as more mobile moths
are likely to be capable of travelling further to reach the trap. If a
bulb’s brightness is increased one would therefore expect to sample
the local (mobile and relatively immobile) fauna, plus some portion of
the more distant individuals that are mobile enough to reach the
trap. The hypothesis is illustrated diagrammatically in Figure 6. This
hypothesis predicts that large moths should be over-represented
with respect to weak-flying species in bright traps, a prediction ten-
tatively supported by our ordination results.

While also explaining a relatively small portion of the total varia-
tion in species composition, Model 3 provides some support for the
above hypotheses. In Model 3, which constrained percentage urban
landcover together with distance to street lighting, species’ position

on the ordination was also significantly related to their size. The

Distance from
which trap can
be seen

v

FIGURE 6 Diagram illustrating the mobility hypothesis, building on the mobility mechanism described in Altermatt and Ebert (2016) and
tested in van de Schoot et al. (2024). The central, yellow-coloured box represents a moth trap or other light source. Black circles, filled grey,
represent the distance from which the trap can be seen; we expect brighter moth traps can be perceived by moths from further away. Silhouettes
represent moths in proximity to the trap. Moths 1 and 2 represent small, relatively immobile species, whereas moth 3 represents a more mobile
species; coloured circles represent the distance a particular moth is capable of travelling. For the dimmer trap, only moth 1 can see the trap. Moth
1 is also capable of travelling to the trap, so may become caught. For the brighter trap, both moth 2 and moth 3 can see the trap and may become
attracted to it. However, moth 2, which is relatively immobile, is not capable of reaching the trap to become caught. In this simple graphical
model, increasing the brightness of a trap will change the species assemblage collected, increasing the proportion of large species relative to small

species.
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regressed arrow aligned with that of distance to street lighting and
was orthogonal to that of urban landcover. This association indicates
that traps within gardens further from street lighting tended to col-
lect a larger proportion of large-winged moth species, whereas gar-
dens closer to street lighting tended to collect more small-winged
species. Orthogonality between the regressed size arrow and per-
centage urban landcover indicates that this relationship was unre-
lated to urbanity, a potential confounder of the effect of ALAN on
species composition. It follows from the mechanism postulated
above that strong-flying moth species are more likely to be caught
under streetlights as well as within moth traps. Ordination Model
3 therefore leads us to tentatively hypothesise that there may be
selective pressure against mobility in moths due to ALAN. Previous
work also supports these hypotheses. Altermatt and Ebert (2016)
established that in the spindle ermine moth (Yponomeuta cagnagella),
ALAN exposure precipitated behavioural and morphological changes
causing urban-collected individuals to display 30% reduced flight-
to-light response compared to those collected in dark rural areas.
van de Schoot et al. (2024) measured the wing dimensions (length,
width and area) of these moths, finding that those collected from
ALAN-affected areas showed a significant reduction in forewing
length. This suggests selective pressure against mobility mediated
by changes in forewing length. Findings presented here, that larger-
winged moths form a larger proportion of catch within brighter
traps, provide some support to this hypothesis. Together, this has
led us to hypothesise that ALAN can work as an ecological trap,
altering moth community composition by exerting negative fitness
effects on large moth species (Figure 6), a mechanism potentially
contributing to the faster decline of large species in the
United Kingdom (Coulthard et al., 2019).

Another mechanism that could explain the observed patterns is
allometry: all else equal, smaller eyes are less sensitive to light as they
can collect and focus fewer photons (Warrant, 2017; Warrant &
Somanathan, 2022). As eye size appears to scale with wing size allo-
metrically in moths (Stockl et al., 2022), we are unable to distinguish
between these two mechanisms—both may play a role. However, pre-
vious work supports the hypothesis that mobility plays a substantial
role in the flight-to-light response in moths (Altermatt & Ebert, 2016;
van de Schoot et al., 2024).

Our results also suggest that MV traps collect a distinct assemblage
to actinic traps (Model 2). However, factors underlying compositional
differences between MV and Actinic traps are less clear than those
between Actinic traps of different wattages. MV bulbs emit a larger pro-
portion of non-UV and longer-wavelength light than Actinic (Figure 1).
Brehm et al. (2021), van Langevelde et al. (2011) and Somers-Yeates
et al. (2013) find that light sources of longer-wavelength collect fewer
species, suggesting the UV portion of the spectrum is most attractive to
moths. Our findings support this conclusion. However, not tested is the
combination of UV and longer-wavelength light. Here, Model 2 showed
that 80 W MV bulbs were positioned closest to 125 W MV bulbs along
RDA1, despite lower and more variable catch size produced by 80 W
MV traps (Model 1). This indicates that a portion of the variation
between these bulb types is attributable to emission spectra rather than
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simply sample size. One study, comparing blacklight-coated (excluding
all but UV radiation) MV bulbs to non-coated MV bulbs (Fayle
et al., 2007) found that excluding the human-visible portion of the
spectrum decreased catch size and diversity. Together with ordination
Model 2 presented here, this supports the hypothesis that UV in concert
with longer-wavelength light produces a characteristic MV species
assemblage, possibly including species which are more sensitive to
longer-wavelength light. Further work is required to evaluate traits
underlying this variation.

In 2015, MV bulbs were banned in the EU for general purpose use
and are no longer widely manufactured (Bates et al., 2013). Here it is
shown that the trap type producing the next largest samples is 60 W
Actinic, but this comes with the caveat that MV and Actinic bulbs
appear to sample different sections of the moth fauna. An alternative
not evaluated are LED traps (White et al., 2016; Brehm, 2017; Infusino
et al.,, 2017). These traps can be designed to output a great variety of
spectra by combining diodes, are energy efficient and typically light-
weight. Several designs are currently available, such as the LepiLED
(Brehm, 2017), but the ideal spectral profile of LED lamps is yet to be
determined (but cf. Brehm, 2017; Niermann & Brehm, 2022). Results
presented here support the idea that inclusion of longer-wavelength
emitting diodes are likely to broaden the fauna which LED traps sample
(Brehm, 2017). Also not evaluated here are 200 W tungsten bulbs used
by the Rothamsted Insect Survey light trap network. These bulbs emit
substantially less UV and a broader range of LW radiation than MV

traps and are therefore likely to sample a distinct fauna.

CONCLUSIONS

We found that higher wattage bulbs generally collected larger num-
bers of moths and that different bulb types collected somewhat dif-
ferent sets of species. We found that Heath-style traps collected
fewer moths than Robinson or Skinner style traps but found no signif-
icant difference between Robinson and Skinner trap designs.

We also used ordination to explore compositional differences
between traps. We hypothesise that: (1) large-winged, mobile spe-
cies can travel further to light sources and are consequently more
likely to be caught by moth traps or under street lighting; (2) this
mechanism is a cause of the (relatively weak) patterning observed in
ordination models, which indicated brighter moth traps are charac-
terised by a larger proportion of large-winged species; (3) this mech-
anism implies that the negative fitness effects of ALAN are more
pronounced for large-winged moth species; (4) compositional differ-
ences between MV and Actinic traps indicate that there may be an
‘MV-unique’ moth assemblage, potentially caused by the broader
spectral emission profile of MV bulbs in comparison to Actinic bulbs.
Further work is required to explore these hypothesise in an experi-
mental setting.

While standardised moth collection methods exist in the form
of Rothamsted-style traps, these traps are rarely used by citizen
scientists. Given that the most widely used MV bulbs have now

been phased out of production, there is an opportunity to develop
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a new standardised protocol for monitoring moths akin to Pollard
walks used to monitor butterflies in citizen science surveys. It is
imperative that any candidate ‘standard’ bulb stay in production
long into the future. It is also desirable that a candidate bulb is
inexpensive, widely available, non-toxic, energy efficient and long-
lasting. While LED moth traps are not evaluated here, potential
candidate bulbs assessed include widely used 60 W Actinic bulbs
for sites where mains power is available, and 15 W Actinic bulbs

for sites where battery power is required.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

Table S1. Extended version of Table 1. Model 1 results showing esti-
mates and significance for each included fixed effect. Natural spline
terms are indicated with “ns”.

Table S2. Extended version of Table 2. Source, significance, adjusted
R2, AIC, F values of available variables, produced by OrdiR2step with
49,999 permutations. Variables were evaluated OrdiR2step with
49,999 permutations. R? was adjusted using Holm'’s correction (adj-
R?). Degrees of Freedom (Df), AIC (Akaike Information Criterion),
F-statistics (F), and F-statistic p-values (Pr(>F)) are provided. GMS var-
iables originate from the Garden Moth Scheme survey dataset. CEH
variables were extracted from the 2021 CEH Landcover map.

Table S3. Typical minimum and maximum forewing length of moth
species examined. Gathered from Cook et al. (2021), with additional
data from Waring & Townsend (2018) and Sterling and Parsons
(2012). Typical wing size was calculated for analyses by averaging
minimum and maximum forewing length.

Figure S1. Descriptive statistics showing variation in trap and bulb type
among GMS records from Great Britain prior to filtering. Number of
samples (single trap nights) across all records grouped by trap type
(a) and bulb type (b). Variation in bulb type among Robinson-type traps
(c), Heath-type traps (d) and Skinner-type traps (e). Variation in bulb
wattage across all Mercury Vapour (MV) bulbs (f) and Actinic bulbs (g).
Figure S2. Variation in participant-reported garden habitat features
among GMS garden sites in Great Britain prior to filtering. Participants
return a garden habitat form as part of the monitoring scheme, detail-
ing presence or distance to the following features, from left to right:
(1) presence of a bird table, (2) presence of Buddleia davidii, (3) pres-
ence of a compost heap, (4) distance to coastline (5) distance to farm-
land (6) Distance to green space of any kind, (7) distance to street
lighting, (8) distance to woodland, (9) distance to open bodies of water
of any kind, (10) distance to woodland, (11) garden size among four
categories, (12) garden size among four categories, (13) ‘habitat’ type
among three broad land-use categories, (14) presence of a native spe-
cies hedgerow, (15) presence of a lawn over 25 m?, (16) presence of a
log pile, (17) presence of long grass, (18) presence of a nettle patch,
(18) presence of an oak tree over 10 m in height, (19) presence of a
pond, (20) presence of a pussy willow (Salix caprea), (21) Soil type
among three categories, (22) presence of any tree over 10 m in height,
(23) presence of a wild flower meadow of any type, (24) presence of a
wild honeysuckle (Lonicera periclymenum), (25) presence of wild ivy
(Hedera spp.).

Figure S3. Histograms showing variation landcover in a 100-m radius
surrounding GMS garden sites in Great Britain prior to filtering. The
following aggregated 2022 UKCEH Landcover Classes (Marston
et al., 2024) were calculated for each site: built-up, comprised of
summed urban and suburban landcover (A); farmland cover, comprised
of summed improved grassland, arable and horticultural cover (B);
Woodland, comprised of summed coniferous and broadleaf woodland
cover (C); Coastal cover, comprised of summed open seawater, littoral

sediment, littoral rock, supralittoral sediment, supralittoral rock,
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saltwater and saltmarsh cover (D) and Semi-natural cover, comprised
of summed neutral grassland, calcareous grassland, acid grassland,
heather, heather grassland, bog, fen, marsh and swamp cover (E).
Figure S4. Histograms showing variation in rainfall volume (A) and
maximum daily temperature (B) conditions across GMS samples.
Weather data were collected for each sample from the CEDA Archive
HadUK Gridded Climate Observations v1.2.0 dataset (Hollis
et al.,, 2019).

Figure S5. Map showing the spatial position of GMS garden sites
included in analyses. We exclude sites in Northern Ireland and
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site-years which did not complete a full 33-36 week set of trap
nights. Colours illustrate variation in the number of years included in

analyses at each site.
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