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Moths and other insects are attracted by artificial light sources. This flight-
to-light behaviour disrupts their general activity focused on finding
resources, such as mating partners, and increases predation risk. It thus
has substantial fitness costs. In illuminated urban areas, spindle ermine
moths Yponomeuta cagnagella were reported to have evolved a reduced
flight-to-light response. Yet, the specific mechanism remained unknown,
and was hypothesized to involve either changes in visual perception or gen-
eral flight ability or overall mobility traits. Here, we test whether spindle
ermine moths from urban and rural populations—with known differences
in flight-to-light responses—differ in flight-related morphological traits.
Urban individuals were found to have on average smaller wings than
rural moths, which in turn correlated with a lower probability of being
attracted to an artificial light source. Our finding supports the reduced mobi-
lity hypothesis, which states that reduced mobility in urban areas is
associated with specific morphological changes in the flight apparatus.

1. Introduction

Ongoing urbanization is a textbook example of the ever-increasing human
impact on the environment. The United Nations [1] predicts that more than
two-thirds of the world’s population will live in urban areas by 2050, driving
strong expansion of the urban land area [2]. For many species, urbanization
goes hand in hand with a deterioration of environmental quality caused by
diverse processes, one of them being light pollution. Since the review by Long-
core & Rich in 2004 [3], the interest for the consequences of light pollution—
caused by artificial light at night (ALAN)—has strongly increased, particularly
for its effects on nocturnal insects [4-9]. ALAN mainly affects insects in two
ways. Firstly, it alters day—night cycles, disrupting life cycle regulation (e.g. dis-
rupted diapause induction) [10-12] and changing plant-pollinator interactions
[13-15]. Secondly, many insects experience negative consequences from their
innate positive or negative phototaxis, causing them to be attracted [16] or
repelled [17] by ALAN. This, in turn, leads insects away from their favourable
habitats [18] and can result in higher predation risk. Nocturnal insects are also
distracted or restrained from essential behaviours like foraging [19] and repro-
duction [20]. These changes do not only result in ecological alteration, but may
also operate as selective agents potentially driving rapid evolution, which may
lead to phenotypic divergence between urban and rural populations [21,22]. In
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(b)

Figure 1. (a) Yponomeuta cagnagella forewing indicating the three morphological measurements taken: area (A), forewing length (FWL) and forewing width
(FWW). (b) Contours of medium-sized forewing (white) with contours of relatively large (blue) and small (yellow) wings, respectively. Orange grid lines in
the background indicate a millimetre scale.

insects, and especially Lepidoptera, selection on flight performance is usually associated with changes in morphology, including
body mass, thorax mass (containing the flight muscles), wing size, wing shape and wing loading [23-25]. Merckx ef al. [26] showed
intraspecific shifts towards larger and thus more mobile individuals in urban macro-moth populations. However, their study
did not specifically test for the effect of ALAN. Furthermore, selection on flight behaviour stemming from changes in light
environments might differ across species [27].

Altermatt & Ebert [28] showed experimentally that spindle ermine moths (Yponomeuta cagnagella) from urban populations
showed a reduced attraction to light compared to individuals from rural populations. Moths originating from light-polluted
urban areas, although reared under common-garden settings, had a 30% weaker flight-to-light response than conspecifics from pris-
tine dark areas. These results suggest evolution of this trait in urban environments, reducing an ALAN-mediated ecological trap
effect. Altermatt & Ebert [28] discussed two mutually non-exclusive mechanisms explaining the observed patterns: first, a decreased
perception of light (see also [16]); and second, a reduced overall mobility in urban moths, which could also result from a (non-adap-
tive) by-product of selection on other traits. Here, we used the specimens from this previous study to investigate changes in
flight-related morphology of ermine moths in urban areas and test for their propensity to flight to the light.

2. Material and methods

(a) Study species and sampling sites

We used adults of the spindle ermine moth Yponomeuta cagnagella (Hiibner) (Lepidoptera: Yponomeutidae) to study differences in flight-
related morphological traits between individuals from rural versus urban populations, reared under common-garden settings. This small
moth species is common in Europe and West Asia. Adults fly from the end of June to October. Caterpillars of Y. cagnagella are the only
species in the Yponomeuta species complex to feed monophagously on spindle trees (Euonymus spp.) and especially Euonymus europaeus
L. is frequently used as a host plant. We analysed specimens used in the experiment of Altermatt & Ebert [28], which were stored at —20°C
after the flight-to-light experiment.

In the original experiment, second-instar larvae were collected on Euonymus europaeus in 11 populations in Switzerland and France.
Five populations were located in urbanized areas with high levels of ALAN (radiance (L) > 40 10~ Wm ™2 sr™") while six populations were
located in dark, rural areas (L <3 x 107 Wm™sr™") (electronic supplementary material, figure S1). For each population, larvae from one to
six full-sib families were reared under common-garden conditions in the lab. Two to 3 days after eclosion, adult moths were individually
colour-marked on the wings and their flight-to-light response was tested. Moths were released at one side of a walk-in cage (bottom: 5.7 x
2.5m, top: 5.7 x 1.8 m, height: 3 m) with a Heath actinic (6 W) light trap at the opposite end. Eight hours after release, the light trap was
checked for captured moths. Both captured and non-captured moths were counted, collected and stored in a freezer (—20°C) (see [28] for
more details). Morphological analyses were done at UCLouvain (N =680, a few individuals could no longer be identified due to loss of
colour marking).

(b) Flight-related morphology

(i) Thorax and abdomen mass

The moths were placed in an incubator at 60°C for 4 h. Preliminary tests had shown that dry body mass reached stable values after this
period. Because (parts of) antennae and legs were often lacking from dried specimens, antennae and legs were systematically removed
from all individuals before measuring total dry body mass (11,,) with a microbalance (Mettler MT5; precision + 0.001 mg). We separated
head, thorax, abdomen and wings with needle and tweezers and determined the thorax () and abdomen mass (171,p). Relative thorax
(Mynre1) and abdomen mass (11, 1) Were calculated by dividing by total dry body mass.

(i) Wing morphology

We took standardized pictures (Olympus TG-6 camera) of the ventral side (where a clear difference between wing surface and fringe is
visible) of the right forewing (figure 1). In the case of significant wing damage, the left forewing was used instead. Forewing length (FWL)
(from the far left to right point of the dark grey zone), forewing width (FWW) (from the outermost (highest) point of the costa in a line
perpendicular to the dorsal edge) and forewing area (A) were measured using Image] software (https://imagej.net/ij/index.html) on
size-calibrated pictures. Length and width were measured twice and the mean value was used in the analyses. From these wing measures,
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we calculated aspect ratio (AR) as 4 - FWL2/FWW and wing loading (WL) as my/A [23,29]. The measurements were made without n

knowing the origin of the animals.

(c) Statistical analysis

We tested for differences in morphological traits between samples from light polluted (urban) and dark (rural) population origin, using
linear mixed effect regression models. Analyses were done separately for both sexes, since there was strong collinearity between the factors
‘sex” and ‘body mass’ (females are heavier than males), body mass being also allometrically correlated with several of the morphological
traits. For the analysis of the relationship between flight-to-light response and morphology, generalized linear mixed models with a bino-
mial error distribution were used. Total body mass (m,.) was included as a covariate, except in models with 11, re1, M4 re1 and WL. Family
identity nested within population identity was used as a random factor in all models. All analyses were performed in R 4.2.2 [30]. We
adopted the language of evidence in the results section [31]. Raw means and SE’s are reported in the electronic supplementary
material (electronic supplementary material, table S1 and figure S2).

3. Results

We have strong evidence that female moths from light-polluted, urban origins had narrower wings (on average by 2%) and higher
aspect ratio (by 1.5%) than rural-origin females from dark night conditions (table 1, figure 24,b). Urban females also had smaller
wing areas compared to rural females, but with weaker evidence (table 1, figure 2c). Relative abdomen mass was on average 2.5%
lower in urban females, again with weaker evidence, while total body mass, relative thorax mass and wing loading showed no
significant differences (table 1).

We tested whether the morphological traits are related to the flight-to-light response. Females with shorter, narrower and smaller
wings and higher wing loading showed a weaker flight-to-light response (strong evidence) (table 2, figure 2d—f), especially when they
originated from urban populations (Wald x*=6.17, p=0.013); in rural-origin females the same relationship was found, but weaker
(Wald x*=2.90, p=0.088). Mass-related traits and aspect ratio did not show a correlation with the flight-to-light response (table 2).

Male moths showed qualitatively similar morphological differences: urban males had shorter (by 1.4%), narrower (by 2.5%)
and smaller wings (by 3.9%) than rural males (strong evidence) (table 1, figure 2a—). The smaller wing area and the slightly
higher body mass in urban males led to higher wing loadings, with strong evidence (table 1). No significant differences were
found for relative thorax and abdomen mass and forewing aspect ratio in males either (table 1). Smaller-winged males tended
to show a weaker flight-to-light response (table 2, figure 2f). This tendency is mainly driven by the difference in wing length
between rural and urban moths (tables 1 and 2, figure 2d,e). Other morphological traits did not show significant relations with
flight-to-light response (table 2).

4. Discussion

Urban spindle ermine moths have reduced flight-to-light response compared to rural moths, and it has been hypothesized that such
an evolutionary response may be driven by reduced mobility associated with morphological changes [28]. Here, we provide evidence
for this reduced mobility hypothesis by contrasting flight-related morphology of urban moth populations that evolved under
ALAN conditions and rural, dark-night populations. Urban moths had on average smaller wings, which in turn correlated with
a lower probability of being attracted to an artificial light source.

Mobility and dispersal, and associated behaviours, are known to be under strong selection (e.g. [32,33]), because they are associ-
ated with foraging, mating and dispersal. Effects of urbanization on mobility-related morphology have been found for some
organisms, such as Anolis lizards [34,35]. In insects, wing size and aspect ratio are generally considered to play a key role in
flight performance and are positively related to acceleration [23] and dispersal capacity [27,36]. High wing loading leads to increased
flight and dispersal capacity, but also to decreased manoeuvrability [37]. Therefore, flight-related morphological traits are expected to
be under selection. Our findings suggest that urban moths might have reduced acceleration and dispersal capacity compared to rural
moths and that urban males may have reduced manoeuvrability due to increased wing loading.

A confounding factor of flight-related traits can be body and thorax size, which often covary positively with wing traits. How-
ever, we did not find changes in body size in urban populations. Independence of wing morphology and body size is also
supported by a study on the noctuid moth Agrotis exclamationis, where body size, but not wing length, increased over 137
years of urbanization [38], possibly leading to higher mobility [26]. However, this study was based on museum voucher speci-
mens, and differences could thus be due to plasticity effects or non-random sampling. Furthermore, selection regimes on flight
behaviour may act differently on this generalist species with high mobility.

We acknowledge that other traits may also have been under selection during adaptation to urban environments, for example
compound eye morphology and physiology [28,38]. We could not measure eye morphology, yet follow-up studies may address
these and other traits in Y. cagnagella as well. The moths used in the experiments were collected as larvae in their respective
environments. If the traits measured were influenced by maternal effects or very early juvenile experience, the argument for gen-
etic adaptation would need to be re-considered. Two-generation common-garden experiments would allow the effects of maternal
phenotype, phenotypic plasticity and genetics to be disentangled.

Habitat fragmentation is an important aspect of current global change and a typical consequence of urbanization. It can trigger
both adaptive and non-adaptive evolutionary change [39]. Food specialists, such as Y. cagnagella, can adapt to habitat fragmenta-
tion by changing their mobility [40]. When the distribution of suitable habitat is highly fragmented, reduced inter-patch dispersal
capacity can be associated with higher fitness [41]. This, combined with the negative effects of light pollution may have promoted
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Figure 2. (a—) Predicted values + SE of wing length, wing width and wing area in female and male spindle ermine moths (Yponomeuta cagnagella) from rural
and urban populations. (d—f) Predicted effects and 95% confidence intervals (shaded area) of wing length, wing width and wing area on flight-to-light response for
females and males.

Table 2. Statistical test results for correlations with flight-to-light response for each morphological trait in Yponomeuta cagnagella. Significant p-values (< 0.05)
are given in bold and statistical trend values (< 0.1) are indicated with a ° symbol. All tests are based on d.f.=1.

female

Wald 2
total body mass 0.69 0.271 0.69 0.451
relative thorax mass 0.00 0.988 0.00 0.974
‘rel.ati\./e abdorﬁen mass 1 S 0;293. - 0.22 (‘).635‘ ‘
wing length 9.92 0.002 3.36 0.067°
wing width 363 N 117 1> ' 0219
wing area 9.27 0.002 3.04 0.081°
aspect ratio 9 ooy 028 0599
wing loading 8.61 0.003 2.23 0.135

the evolution of reduced mobility [40]. Modified mobility patterns in urbanized, light-polluted populations may also emerge as
by-products of selection on other life-history traits. Although there is evidence that dispersal behaviour can evolve independently
of other life-history traits [42], the movement patterns we observed may relate to daily or routine movements rather than dispersal
per se. Further study is now warranted on the behavioural nature of the flights in both males and females. Reduced mobility would
in turn reduce gene flow between populations, making them more vulnerable to the consequences of genetic drift. Besides such
effects on (meta-)population viability, monitoring schemes using light traps are affected too [28]: in addition to reduced contrast
and hence reduced flight-to-light response in light-polluted areas, moths have species-specific attraction radii [43] that may
become smaller following ALAN-driven reduced mobility, further reducing flight-to-light response. This implies that negative
population trends obtained from light-trap based monitoring schemes in light-polluted regions could partly be due to physical
and evolved trapping bias, yet the extent of this is not known.

As the negative effects of light pollution on the ecology of many species become apparent, it becomes important to understand
to what extent organisms may evolve in response to these new conditions. Altermatt & Ebert [28] provided evidence for this by
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demonstrating a reduced flight-to-light response in urban moths, and we have shown that this is related to changes in wing mor-
phology. The negative effects of light pollution highlight that in urban landscapes we need to strive for green and dark corridors
that can functionally connect populations of less mobile species.
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