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ABSTRACT
Mega-projects are large-scale developments that profoundly transform landscapes while delivering infrastructure and socio-
economic benefits. However, they are also major drivers of biodiversity loss through multiple direct and indirect impacts. 
Among these, artificial light at night (ALAN) is increasingly recognised as a threat to biodiversity, including nocturnal 
Lepidoptera, which play crucial ecological roles. While ALAN effects on adult moths are well documented, its influence 
on preimaginal stages, critical for fitness and population persistence, remains poorly understood. This study examined 
construction-related factors, including ALAN effects, on Lepidoptera larvae in natural environments within mega-projects 
context using an After-Control-Impact (ACI) design. Focusing on larvae is essential, as this longest and least mobile life 
stage is particularly vulnerable to local environmental alterations such as artificial lighting, and environmental complexity 
can either buffer or amplify ALAN effects. However, our findings indicate that larval presence, species richness and biomass 
were not consistently associated with ALAN intensity. Instead, other environmental factors, including habitat characteris-
tics, plant species, exposure and vegetation management, emerged as more important determinants of larval assemblages. 
In two sites, at least one control area showed higher larval abundance than the impacted site, but this pattern appears linked 
more to local environmental conditions than to lighting. Species richness showed no consistent pattern, and biomass anal-
yses were limited by sample size and developmental variability. Overall, the results highlight that mega-project impacts on 
nocturnal Lepidoptera larvae are complex and context-dependent. ALAN was not retained as a significant predictor relative 
to other environmental factors, though this may reflect limited statistical power rather than a true absence of effect. These 
findings emphasise the need for standardised approaches to mitigate multiple construction-related impacts on nocturnal 
Lepidoptera.

1   |   Introduction

Mega-projects are extensive, long-term initiatives 
(Flyvbjerg 2014) described as ventures that deliberately, deeply 
and visibly transform landscapes (Gellert and Lynch  2003). 

Their size continues to expand, following a persistent historical 
trajectory with no sign of decline (Flyvbjerg 2014). Characterised 
by prolonged planning and construction phases, these projects 
involve a broad spectrum of public and private stakeholders 
influencing the lives of millions of people (Thounaojam and 
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Laishram 2022). They represent the preferred means for deliv-
ering goods and services across numerous sectors, including 
infrastructure, water and energy systems, industrial processing 
and mining (Flyvbjerg 2014). Such initiatives typically require 
investments of at least USD 1 billion or more, and they are ca-
pable of producing rapid and profound environmental changes 
(Flyvbjerg 2014). Their expansion often generated direct and in-
direct environmental impacts (Laurance et al. 2015), and future 
infrastructure decisions may further threaten biodiversity and 
sustainability (Van Rees et al. 2023). Although frequently por-
trayed as environmentally friendly, they remain a major driver 
of biodiversity decline (Benítez-López et  al.  2010; Laurance 
et al. 2015), due to their intensive use of natural resources and 
the potential for large-scale ecological damage (Brock  2023). 
Evidence shows that such developments can disrupt landscape 
connectivity and generate wide-ranging impacts on biodiversity 
(Hou et al. 2024). Their construction frequently leads to habitat 
loss, as vast natural areas are converted into engineered envi-
ronments, resulting in ecosystem destruction and increased 
fragmentation (Güneralp et  al.  2021; Sloan et  al.  2019). Mega-
projects also introduce multiple forms of pollution with serious 
ecological consequences. Emissions from heavy machinery 
and vehicles release greenhouse gases and particulate, nega-
tively affecting biodiversity and human health (Cheriyan and 
Choi  2020; Piccini et  al.  2023). Large-scale construction may 
alter river systems through chemical contamination and dam-
age to aquatic communities (Wu et al. 2019), while soil degrada-
tion from fuel spills and waste disposal can reduce fertility and 
contaminates groundwater (Sandil and Kumar  2022). Beyond 
these factors, noise and light associated with construction activ-
ities may also disturb nocturnal species. In particular, Artificial 
Light at Night (ALAN) disrupts circadian rhythms and repro-
ductive behaviour, adding stress to already vulnerable wildlife 
populations (Gili et al. 2024; Ojija et al. 2025). Alterations in am-
bient light levels represent one of the fastest-growing forms of 
environmental change (Cinzano et al. 2001). Artificial lighting 
is increasing globally by about 6% per year (Hölker et al. 2010), 
intensifying light pollution worldwide, including across Europe 
(Bennie et  al.  2014; Guetté et  al.  2018). Light pollution is pri-
marily associated with urbanisation, with dense population and 
urban agglomerations (Cinzano et  al.  2001; Falchi et  al.  2019; 
Kumar and Shaw 2020). Infrastructure construction and other 
mega-projects contribute to the rise in artificial illumination, 
both during construction and operational phases. ALAN in 
construction sites serves multiple purposes, including worker 
safety, equipment operation and night-time activities. These 
projects often introduce high-intensity lighting into remote, 
biodiverse areas previously characterised by low or absent light 
pollution. Unlike urban centres, where biodiversity is already 
reduced, such sites frequently support high levels of natural-
ness and species richness. The biological effects of ALAN are 
considerable (Gaston et  al.  2014; Perkin et  al.  2011) affecting 
several taxa—including mammals, birds, reptiles, amphibians, 
fish, invertebrates and plants—across terrestrial and aquatic 
ecosystems (Gaston et  al.  2014). ALAN alters physiology, be-
haviour, reproduction and movements (Dominoni et  al.  2013; 
Stone et al. 2009), and influences species abundance, distribu-
tion, community structure and ecosystem functioning (Davies 
et al. 2012; Meyer and Sullivan 2013). Most light-affected organ-
isms are nocturnal, and numerous negative effects have been 
described among insects (Owens et al. 2020), particularly given 

that around 64% of invertebrate are nocturnal and many are de-
clining globally (Hölker et al. 2010). Artificial light plays a key 
role in the current declines of nocturnal Lepidoptera (Bennie 
et  al.  2018; Van Grunsven et  al.  2020), which respond rapidly 
to environmental changes in both community composition 
and phenology (Maes and Dyck  2001; Thomas  2005). ALAN 
can impact various life stage of nocturnal Lepidoptera (Boyes 
et al. 2021a): oviposition (Macgregor et al. 2017), larval growth 
and feeding (Boyes et al. 2021b; Loewy et al. 2013), pupation and 
its duration (Van Geffen et al. 2015), adult activity (Macgregor 
et al. 2017) and reproduction (Péter et al. 2020). Furthermore, 
artificial light can impair dispersal and contribute to habitat 
fragmentation (Degen et al. 2016).

This study aimed to investigate the larval stage of nocturnal 
Lepidoptera to explore the potential effects of mega-project 
construction sites, with particular focus on ALAN effects on 
larval feeding rates. It represents a field-based attempt to ex-
amine ALAN impacts on Lepidoptera larvae in the natural en-
vironment within the context of international mega-projects. 
Nocturnal Lepidoptera were selected as an indicator group for 
wider invertebrate biodiversity, given their ecological relevance 
and sensitivity to environmental change. Our objective was to 
identify key environmental factors during large-scale infra-
structure construction and evaluate their effects on nocturnal 
Lepidoptera communities, with particular attention to the lar-
val phase. This life cycle phase was selected as it represents the 
longest life stage, depends on vegetation, and involves limited 
mobility, making larvae highly sensitive to local conditions 
(Zalucki et al. 2002). Moreover, adult fitness largely depends on 
larval performance and pupal weight, which determine survival 
and reproductive success (Boggs and Freeman  2005; Zalucki 
et  al.  2002). To this end, we compared control areas and con-
struction sites, focusing on the larval stage, which has received 
far less attention than the adult phase.

2   |   Materials and Methods

We conducted the study in two Alpine valleys (Figure  1): the 
Susa Valley (Western Italian Alps, Piedmont) and the Haute 
Maurienne-Vanoise Valley (French Alps, Auvergne-Rhône-
Alpes). Both areas are involved in the construction of the Turin-
Lyon high-speed railway managed by TELT (Tunnel Euralpin 
Lyon Turin; Figures S1–S3, Supporting Information). The sites 
include the main tunnel excavation and other works, all illumi-
nated by powerful night-time lighting to enable continuous op-
erations and ensure worker safety. The valleys differ in altitude 
and habitat (Figure S4–S5). The Susa Valley (638–1088 m a.s.l.), 
crossed by the Dora Riparia River, hosts natural and semi-
natural forests dominated by abandoned chestnut orchards, 
oaks and cherry trees. In contrast, the Haute Maurienne-Vanoise 
Valley (1072–1334 m a.s.l.), crossed by the Arc River, is mainly 
composed of coniferous forests interspersed with xeric south-
facing pastures under low annual rainfall. For each construction 
site, we selected unlit control areas (Table 1, Figure 1) based on 
comparable habitat features, including exposure, altitude, land 
use, geomorphology and vegetation. Two construction sites were 
paired with three control areas, while one site (Area 2) had only 
one control area due to high urbanisation and artificial light-
ing. The three construction sites were characterised by different 
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elevation, exposure, habitat type and artificial light intensity. 
Area 1 was located in an altitudinal range of 1110–1334 m a.s.l. 
in a dry ecotone habitat. Instead, Area 2 was placed between 
1072 and 1099 m a.s.l. in the riparian habitat. Area 3 was char-
acterised by an ecotone habitat type and located between 638 
and 1088 m a.s.l. In contrast, within each group, habitat type, 
elevation and dominant vegetation composition did not dif-
fer substantially between the construction site and its associ-
ated control areas (Table S1). Light intensity was measured in 
all sites using a HoldPeak HP-881E digital lux meter (resolu-
tion = 0.01 lx) to verify ALAN levels. The maximum value of ar-
tificial light was registered in Area 1 (35.2 lx), followed by Area 
3 (20.6 lx) and Area 2 (13.0 lx). The average ALAN recorded at 
each construction site depended on the positions of the sampled 
trees. We noticed that different sampling points had different ar-
tificial light values (Table S2). The highest average was recorded 
in Area 1 (5.33 lx ± SE 0.442), followed by Area 2 (3.30 lx ± SE 

0.453) and finally Area 1 (2.04 lx ± SE 0.591). These continuous 
light measurements were used to test for a dose-dependent effect 
of ALAN intensity independently of site classification (control or 
construction site).

The applied experimental approach allowed us to compare lar-
val presence/absence at the sampling-unit level considering all 
species detected, species richness and total biomass sampled in 
the lit construction site with the other three areas characterised 
by low or completely absent lighting levels. The field experiment 
was based on a modified version of Before/After-Control Impact 
approach (BACI), which foresees sampling in a disturbed area 
and in a set of control areas, before, during and after the im-
pact. In our case, the impact of construction operations began 
several years before our study started, although the timing 
differed among areas. Construction activities started in 2007 
in Villarodin-Bourget-Modane, in 2013 in La Maddalena site, 

FIGURE 1    |    Map of the three study areas and the corresponding sampling points, divided into control areas (C) and construction site areas (T). 
Top left: Territorial overview of the construction sites under study. Top right: Avrieux construction site; bottom left: Villarodin-Bourget-Modane con-
struction site; bottom right: La Maddalena construction site.

TABLE 1    |    Mega-project construction sites and the control areas associated with the abbreviation for each sampling area. The same number of 
sampling points was investigated in construction site and each associated control area.

Country Mega-project construction site
Number of 

sampling points Control areas

France Area 1 (Puits d'Avrieux) N = 28 Area 1A (Le Bourget)
Area 1B (Cascade St. Benȏit)

Area 1C (Soleil)

France Area 2 (Villarodin-Bourget-Modane) N = 17 Area 2A (Villarodin-Bourget-Modane_1)

Italy Area 3 (La Maddalena) N = 23 Area 3A (La Ramats)
Area 3B (Pian de Ruine)

Area 3C (Gravere)
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and in 2017 in Puits d'Avrieux. Consequently, we used an After-
Control/Impact approach, described and compared with other 
approaches by Christie et al. (2019), that allowed us to investi-
gate the effect of ALAN using a set of control areas instead of the 
classical method applied in impact evaluations, which does not 
include any control area.

Different numbers of sampling points were selected for each 
area because of the different habitat and vegetation type charac-
teristics (maps of sampling points per each area are available in 
Supporting Information, Figures S6–S8). Each sampling point 
corresponded to a single plant selected for larval sampling. 
We selected 28 sampling points in Area 1 (Puits d'Avrieux), 17 
sampling points in Area 2 (Villarodin-Bourget-Modane) and 23 
sampling points in Area 3 (La Maddalena); the same number 
of points, as their corresponding treatment sites, were sam-
pled in each control area (Table 1). Different plant species were 
included in the sampling (Table  S3), and their selection was 
based on knowledge of larval stage preference in terms of tro-
phic resources. All selected plants were identified by an expert; 
furthermore, each plant was measured (height, diameter and 
circumference) to choose and standardise plant dimension.

Larval sampling was conducted across 187 sampling points 
using vegetation beating and net sweeping following the ento-
mological umbrella net principle (Basset et al. 1996) on the target 
plant species. Each study area was monthly surveyed four times 
from June to October 2022. The collected larvae were weighed 
using an analytical balance (Balance CT-33 Digital Scale, pre-
cision: 0.001 g) and then released on the same plant. The indi-
viduals were weighed to assess larval fitness, using both their 
weight and developmental stage as indicators of foraging rate. 
All larvae were photographed in the field, and species' identifi-
cation was subsequently performed by an expert (Paolo Mazzei), 
coauthor of this work. Identification and developmental assess-
ment were based on distinctive morphological features and on 
ecological knowledge of the species occurring in the study area, 
including their distribution and phenology. The morphological 
traits examined for species identification included: general mor-
phological peculiarities, distribution and density of setae, dor-
sal, lateral and ventral colour patterns, shape and pigmentation 
of spiracles, shape and colour of the head capsule. Due to the 
challenges encountered during the species' identification phase, 
we assigned morpho-species to specimens that were certainly 
not previously identified but for which a definitive identification 
could not be achieved.

2.1   |   Statistical Analysis

The analyses were run using R (v. 2024.09.0.375, RStudio: 
Integrated Development Environment for R Posit Software). 
The larval presence/absence, species richness and the total lar-
val biomass were considered as response variables in separate 
statistical models. All continuous variables were scaled and 
centred to make effect sizes directly comparable. Moreover, 
we tested collinearity between variables using the threshold of 
r > 0.6 (Zuur et al. 2009). To assess multicollinearity among pre-
dictor variables, we used the checkcollinearity function from the 
performance package (Lüdecke et al. 2021). This function calcu-
lates variance inflation factors, which were examined to ensure 

that collinearity did not affect model performance. Several en-
vironmental covariates were included in each model (Table S4). 
For the analysis of species richness and biomass, a reduced set 
of variables was considered compared to the full set of covari-
ates used for the analysis of larval occurrences (Table S5–S6). 
Furthermore, we considered the larvae developmental stage 
which can significantly influence the weight of the specimen 
sampled.

The distribution of larvae count data was heavily zero-inflated, 
with very few counts greater than one. For this reason, we con-
verted the data to binary form, indicating species presence (1) 
or absence (0) for each surveyed plant. A table of frequencies is 
provided (Table S7) to support this decision. The binomial dis-
tribution was used to analyse the presence/absence data. Species 
richness was calculated by counting the number of species per 
point and was assigned a zero-inflated negative-binomial dis-
tribution. We calculated the larval biomass per area summing 
the weight of all larvae sampled on each plant species per area 
and removing an outlier belonging to Saturnia pyri (Denis and 
Schiffermüller, 1775) that is a very large species found on one 
occasion during the sampling. The biomass data were charac-
terised by small decimal numbers, few observations (N = 40) and 
many zeros. For this reason, a zero-inflated Gamma distribution 
was used to model the data.

The ‘glmmTMB’ package (Brooks et al. 2017) was used for all 
three analyses and the ‘DHARMa’ package (Hartig 2016) was 
used to create readily interpretable scaled residuals for fitted 
generalised linear mixed models. The forward selection of ex-
planatory variables (Harrell  2015) was employed using the 
Akaike's Information Criterion (AIC) (Akaike  1973). Model 
predictions were obtained using the predict function in R with 
type set to “response” and visualised using ggplot2 (Wickham 
et al. 2016). The emmeans function was used to obtain the re-
sponse for each level of the variables included in the model. We 
provided the fitted models and relative AIC values (Table S8–
S11). Different random effects were considered in order to ac-
count for potential variations due to repeated sampling within 
the same areas, sampling points and plant species. For the pres-
ence/absence and species richness analysis, we tested different 
combinations of the three random effects (area, point, sp_veg), 
assessing their variance in the models, as this analysis was con-
ducted at the sampling point level. In contrast, the biomass data 
were aggregated at the area level, for this reason “point” could 
not be used as a random effect. As a result, we included different 
random effects in the three analyses: “point” for presence/ab-
sence and species richness, and “area” for total biomass.

3   |   Results

3.1   |   Larvae Presence-Absence Models

In total, we collected 248 individuals: 50 individuals from Area 
3, 167 from Area 1 and related controls, and 31 from Area 2 
and its controls. The highest number of larvae was sampled in 
July, corresponding to the seasonal peak for the taxon. Area 
1B hosted the most individuals, followed by construction site 
Area 1 (Figure S9). Betula pendula Roth, 1788 hosted the largest 
number of larvae (N = 51), followed by Berberis spp. (Linnaeus, 
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1753) (N = 45); while other plant species hosted no more than 31 
individuals.

The model selected by AIC at the end of the forward selection 
process for the presence/absence data (Table 2) revealed that the 
larval occurrence was influenced by area (Figure  2), mowing 
(Figure  S10), plant species (Figure  S11) and wind (Figure  S12). 
ALAN was tested as a univariate predictor prior to forward se-
lection (Table S12) and showed a negative but non-significant ef-
fect on larval occurrence; it was not retained in the final model. 
Significant differences were detected when comparing sam-
pling areas using the emmeans function. Construction site Area 
1 showed higher larval occurrence than its control Area 1C 
(Est = 0.370, p = 0.0002), while no significant differences emerged 
between Area 1 and its other controls (Area 1A, Area 1B), nor be-
tween Area 2 and its control Area 2A, or Area 3 and its controls 
(Area 3A, Area 3B, Area 3C). Larval presence was significantly 
higher in recently mown areas (new; Est = 1.091, p = 0.001) than in 
unmown areas. Plant species strongly influenced larval presence: 
compared to Rosa canina (Linnaeus, 1753), higher occurrences 
were recorded on Berberis spp. (Est = 2.710, p < 0.001), Betula pen-
dula Roth, 1788 (Est = 0.833, p = 0.021) and Rubus spp. (Est = 1.241, 
p = 0.031).

3.2   |   Species Richness

We obtained 98 species, including 11 families and 42 genera 
(Table  S13). The most represented family was Geometridae 
(N = 97), followed by Noctuidae (N = 31). The genus most fre-
quent was Diurnea Haworth, 1811 (N = 27), and the most com-
mon species was Diurnea fagella (Denis and Schiffermüller, 
1775) (N = 15). The highest species richness was detected in 
Area 1B (N = 26). In Area 2, species richness was consider-
ably lower compared to the control area (Area 2A), whereas 
in Area 1 and 3 it was comparable to that of their respective 
control sites (Figure  S13). The major number of species was 
found on Betula pendula (N = 29), followed by Rosa canina 
(N = 20), while all other species showed fewer than 20 species 
associated.

The best model (Table  3) suggests that species richness was 
significantly influenced by area (Figure  3), plant status 
(Figure S14) and sampling session (Figure S15). Using the em-
means function for the sampling area variable, Area 1 showed 
a higher species richness (Est = 0.26, p = 0.034) than the con-
trol Area 1C. The comparison between the construction site 

TABLE 2    |    Results of presence/absence GLMM. Model estimates ± 
SE and p-values are given. p-values less than our chosen significance 
level (5%) are indicated with bold and with asterisks.

Best model structure

Mod5 < − glmmTMB (pa ~ area + mow + sp_veg + wind 
(1|point), family = “binomial”, data = data4)

Covariate Estimate SE Z Pr (> |z|)

Intercept −0.9486 0.6767 −1.402 0.161

Area_1A −1.08517571 0.4758 −2.281 0.023*

Area_1B 0.4651 0.4890 −0.951 0.34152

Area_1C −2.5332 0.5598 −4.525 < e-06***

Area_2 −1.51539 0.6685 −2.267 0.023*

Area_2A −0.7908 0.6168 −1.282 0.199

Area_3 −2.8772 0.6514 −4.417 < e-05***

Area_3A −2.9253 0.6817 −4.291 < e-05***

Area_3B −1.4041 0.6005 −2.338 0.019*

Area_3C −2.6087 0.6629 −3.936 < e-05***

Mow_new 1.0910 0.3336 3.270 0.001**

Mow_old −0.4758 0.3352 −1.420 0.156

Sp_Alnus 
incana

1.0164 0.8365 1.215 0.224

Sp_Amel_
ovalis

0.7601 0.5051 1.505 0.132

Sp_
Berberis_
spp.

2.7103 0.5254 5.159 < e-07***

Sp_Bet_
pendula

0.8326 0.3600 2.313 0.021*

Sp_Cra_
monogyna

0.8039 0.5145 1.562 0.118

Sp_Fra_
excelsior

0.6055 0.4304 1.407 0.159

Sp_Hip_
rhamnoides

1.3658 0.9297 1.469 0.142

Sp_Populus_
spp.

−0.2632 0.9546 −0.276 0.783

Sp_Quercus_
spp.

0.2377 0.6498 0.366 0.715

Sp_Rubus_
spp.

1.2412 0.5752 2.158 0.031*

Sp_Salix_
spp.

2.2047 1.1465 1.923 0.054*

Wind_mild 0.3363 0.4978 0.675 0.499

Wind_
moderate

−0.3775 0.5686 −0.664 0.507

(Continues)

Best model structure

Mod5 < − glmmTMB (pa ~ area + mow + sp_veg + wind 
(1|point), family = “binomial”, data = data4)

Covariate Estimate SE Z Pr (> |z|)

Wind_strong −0.6884 0.5969 −1.153 0.249

Wind_
verystrong

−0.9093 0.6717 −1.354 0.176

Note: Asterisks indicate statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 2    |    (Continued)
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Area 1 and the construction site Area 3 indicated a higher 
species richness in Area 1 (Est = 0.250, p = 0.070). No other 
comparisons showed significant differences. Plant status sig-
nificantly affected richness, with defoliated plants supporting 

fewer species (Est = −1.23, p = 0.042) than green and foliated 
plants. Additionally, species richness was higher during the 
third sampling session (Est = 0.59, p = 0.016) compared to 
the first. ALAN was tested as a univariate predictor prior to 
forward selection (Table S14) and showed a negative but non-
significant effect on species richness; for this reason, the co-
variate was not retained in the final model.

3.3   |   Larval Biomass

Larval weight exhibited considerable heterogeneity between 
sampled areas. Most larvae were small, likely due to the spe-
cies encountered and the predominance of early developmen-
tal stages. Considering all sampling sessions, the maximum 
larval weight (1.050 g) was recorded in construction site Area 
1; instead, in its control areas, the maximum was 0.760 g. 
Comparing the Area 2 site and its controls, the maximum lar-
val weight was found in the control area (0.540 g). A similar 
trend emerged in the Italian sites, with the maximum weight 
recorded in Area 3C (0.715 g). Analysing the mean larval 
weight, we found low values across all sampling areas ranging 
between 0.0184 g and 0.1571 g, highlighting the small dimen-
sion of the sampled larvae.

Larval biomass was higher in Area 1 compared to its controls and 
the other construction sites, while it was similar between Area 
2 and its control. In contrast, control Area 3B and 3C showed 
higher biomass than Area 2 (Figure 4). The lowest biomass was 
recorded in the construction site Area 3. Exploratory analyses 
of larval biomass distribution among plant species (Figure S16) 
showed that the highest biomass occurred on Populus spp., fol-
lowed by Salix spp., B. pendula and C. monogyna. The plant spe-
cies with lowest biomass were Amelanchier ovalis Medik, 1793 
and Berberis spp.

The forward selection process identified the null model as the 
best-fit, indicating that none of the tested covariates significantly 
explained biomass variation. Across all tested models, the addi-
tion of predictors did not improve model performance according 
to AIC values. Consequently, no variables were retained in the 

FIGURE 2    |    Predicted probability of moth larvae presence for each 
area; the construction site labels are in red character and associated 
control sites have green coloured boxplots.

TABLE 3    |    Results of species richness GLMM. Model estimates ± SE 
and p-values are given. p-values less than our chosen significance level 
(5%) are indicated in bold and with asterisks.

Best model structure

Mod23 < − glmmTMB (n_sp ~ area + mow + status_
pl + repl + (1|point), family = “nbinom1”, ziformula ~1, 
data = rich_point)

Covariate Estimate SE Z Pr (> |z|)

Intercept −1.2488 0.2565 −4.868 < e-06

Area_1A −0.5951 0.3100 −1.919 0.054*

Area_1B −0.1809 0.3079 −0.588 0.557

Area_1C −1.6402 0.4179 −3.935 < e-05

Area_2 −0.8533 0.4114 −2.074 0.038**

Area_2A −0.1776 0.3725 −0.477 0.633

Area_3 −1.7346 0.4637 −3.741 0.001**

Area_3A −2.1991 0.5563 −3.953 < e-05***

Area_3B −0.5559 0.3448 −1.612 0.106

Area_3C −1.4054 0.4161 −3.378 0.001**

Mow_new 0.4341 0.3190 1.361 0.174

Mow_old −0.3855 0.2588 −1.489 0.136

Status_
defoliated

−1.2318 0.6073 −2.028 0.043*

Status_dry −0.3703 0.3077 −1.203 0.229

Repl_2 0.3363 0.2737 1.229 0.219

Repl_3 0.5928 0.2482 2.388 0.017*

Repl_4 0.1594 0.2563 0.622 0.534
Note: Asterisks indicate statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 3    |    Predicted species richness along sampling areas. 
Construction sites are in red character and associated control sites have 
green coloured boxplots.
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final model, and biomass variation remained unexplained by the 
tested covariates.

4   |   Discussion

So far, the only available knowledge on nocturnal Lepidoptera 
in the French sampling areas is provided by specialised guides 
(Robineau  2011; Nel  2007) and the webpage lepinet.fr which 
reports the moth species occurring in these regions (Hautes-
Alpes). For the Italian area, the main references are the work 
by Piccini et al. (2023), which focused on the adult stage of this 
group. The species observed in the present research correspond 
to those reported in the cited studies, and no previously unre-
corded species were identified.

Although the original aim of this study was to investigate the 
effects of ALAN on Lepidoptera larvae, our results indicate 
that other environmental factors—including habitat type, 
vegetation composition and local management practices—
were retained as significant predictors in the final models, 
while ALAN was not. This should not be interpreted as defin-
itive evidence that ALAN has no effect on larval stage: sparse 
count data likely limited the statistical power to detect an ef-
fect of artificial light. Our field research identified the high-
est occurrences at the French sites, particularly in Area 1 and 
1B. In terms of statistical comparisons, the only significant 
contrast between a construction site and its own control was 
found between Area 1 and its control Area 1C, with higher lar-
val occurrence in the construction site itself; no other signif-
icant differences emerged between any construction site and 
its associated controls.

Habitat structure likely influenced larval occurrences, par-
ticularly in Area 1 and its controls, which receive higher solar 

radiation and have a dry, warm xerothermic climate. Such 
conditions may favour adult moths' activity, which correlates 
with temperatures (Hellmann and Bertaccini  2004; Holyoak 
et al. 1997) and elevation (Neff et al. 2024). Our models further 
indicated a positive association between larval occurrence and 
recent mowing, contrasting with studies reporting reduced ar-
thropod abundance in mown areas (Berger et al. 2024). However, 
the extent of this effect varies depending on the type of organism 
considered and its behavioural traits (Van Klink et al. 2019). We 
assumed that the result may reflect the role of vegetated margins 
adjacent to mown patches in supporting nocturnal Lepidoptera 
by mitigating management impacts, demonstrated by Merckx 
et al. (2012). Larvae were significantly more frequent on Berberis 
spp., Rubus spp. and Betula pendula species, consistent with pre-
vious findings (Coruh and Ozbek 2002; Kirichenko et al. 2017; 
Twidle et al. 2022).

Analyses of species richness mirror patterns in larval occurrence: 
the only significant area comparison in both models involved 
Area 1 and its control Area 1C, with higher values recorded in the 
construction site. Otherwise, no significant differences emerged 
between construction sites and their respective controls. Area 3 ex-
hibited lower richness than Area 1, indicating that Area 1 supports 
higher larval occurrence and species richness. Species richness 
was higher on green plants than on defoliated ones, reflecting that 
many plants lost leaves prematurely during a prolonged drought, 
potentially forcing larvae to seek alternative food. Furthermore, 
the third sampling session in August showed higher richness than 
the first in June, likely due to the peak period of nocturnal moth 
activity and larger specimen size facilitating identification.

Regarding the analysis of biomass per sampling area, forward 
selection identified the null model as the best fit, likely due to 
limited statistical power. Data sparsity and low variability may 
have restricted the detection of meaningful predictors, and the 

FIGURE 4    |    Distribution of biomass in different study areas; the red labels indicate construction sites, instead the red dots represent the mean 
value of biomass per area.
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environmental factors considered may not have exerted strong or 
consistent effects. Measured larval weights were extremely low, 
as many specimens were in the early larval stages, making them 
hard to detect and sometimes impossible to weigh. Although ob-
servation error was not explicitly modelled, it was likely consistent 
across surveys, sampling points and temporal replicates.

Despite intensive field sampling and a robust approach derived 
from the Beyond-BACI design (Benedetti-Cecchi 2001; De Palma 
et  al.  2018; Underwood  1994), we encountered significant chal-
lenges. The approach was adapted to sites where impacts were 
already underway, and multiple controls were used to account for 
spatial and temporal variability (De Palma et al. 2018; Underwood 
1992). Nevertheless, no clear trend or marked differences between 
controls and construction sites were observed in terms of pres-
ence/absence and species richness. These findings may reflect 
several factors. Firstly, the sample size of collected larvae was rel-
atively small compared to similar studies (see Boyes et al. 2021a, 
2021b). Larvae belonged to multiple species and developmental 
stages, and many could not be identified due to their small size and 
early instars, constraining biomass assessment—A key indicator 
of feeding rates and potential ALAN effects. Additionally, the 
intensity and distribution of ALAN varied across sites, with tree 
canopies partly obstructing light and producing uneven illumi-
nation. Similarly, the degree of ALAN exposure varied with plant 
location, with some plants fully illuminated and others partially 
shaded, potentially affecting larval occurrence and species rich-
ness. A further limitation concerns the characterisation of ALAN 
itself: light intensity was measured as lux values only, without cap-
turing spectral composition, wavelength, colour temperature, or 
photoperiod, all of which are known to strongly influence insect 
physiology and behaviour (Trombin et al. 2026) independently of 
intensity alone. Future studies should incorporate spectral mea-
surements to better characterise the specific components of ALAN 
driving ecological responses.

While tree beating is generally effective, accessing the full 
canopy is often difficult, leading to potential under-sampling. 
Furthermore, preliminary trials showed that larvae became less 
likely to fall after the first impact during the beating procedure, 
reinforcing their grip to avoid dislodgement. This behaviour, ex-
acerbated under moderate to strong winds, may have contrib-
uted to underestimating larval presence and abundance during 
the sampling.

Preliminary trials indicated that time of day did not influence 
larval detectability, suggesting that activity patterns had lit-
tle impact on sampling efficiency. Nonetheless, behavioural 
and ecological factors may influence larval presence. Some 
moth species adjust feeding times to reduce predation risk 
(Abrams et  al.  1996; Sibly et  al.  1985), while foraging strat-
egy can also vary with food availability, habitat and develop 
metal stage (Clark 1994; Gilliam and Fraser 1987). Predation 
risk is generally higher during the day when predators are ac-
tive (Kronfeld-Schor and Dayan 2003), particularly for larger 
larvae, whereas smaller larvae are more heavily preyed upon 
by both diurnal and nocturnal arthropods (Kristensen 1994; 
Zalucki et  al.  2002). Since our study observed mostly, it is 
important to note that their mortality risk likely varies lit-
tle over the 24-h period (Zalucki et  al.  2002). Berger and 

Gotthard  (2008) showed that daytime feeding decreases 
with larval size in some diurnal Lepidoptera, whereas night 
time feeding remains high across all sizes. Temperature 
also influences larval growth, which is faster at higher tem-
peratures (Angilletta et al. 2003), although extreme daytime 
heat could force larvae to seek refuge in lower parts of host 
plants (Reavey  1993; Slansky Jr.  1993). In summer 2022, se-
vere drought and high temperature caused premature leaf yel-
lowing and defoliation in shrubs and trees (e.g., Rosa canina, 
Rubus spp., Quercus spp.) in several areas (Area 1, 1C, 3A, 3C). 
Larvae are particularly sensitive to heat and drought, which 
reduce plant quality and can negatively affect species diver-
sity, especially during vulnerable stages such as the larval 
phase as reported by Uhl et al. (2022).

5   |   Conclusion

Nocturnal Lepidoptera play a crucial ecological role as herbi-
vores, pollinators and prey for birds and bats (Wickramasinghe 
et  al.  2004), yet global declines have been widely reported 
(Fox  2013; Franzén and Johannesson  2007; Groenendijk and 
Ellis 2011), potentially causing cascading effects across trophic 
levels (Wickramasinghe et al. 2003). ALAN is recognised as a 
contributing factor, fragmenting habitats and impairing adult 
dispersal (Degen et  al.  2016), which also affects preimaginal 
stages. Changes in adult mobility and distribution inevitably in-
fluence preimaginal stages which represent the longest phases 
of the life cycle; however, these remain poorly studied (Bennie 
et al. 2018; Van Grunsven et al. 2020).

Our results show that a significant difference in larval occur-
rence emerged only between one construction site and its con-
trol, with higher occurrence recorded in the construction site 
itself, indicating that the relationship between construction 
activity and larval presence is not straightforward. Species 
richness follows the same pattern, and biomass analyses were 
limited by small sample sizes and variability. Covariate analy-
sis indicated that multiple factors, including vegetation struc-
ture, microclimatic conditions and local habitat management, 
shape larval presence and species richness, highlighting the 
complexity of assessing ALAN effects in the field. Habitat 
complexity may buffer or amplify light impacts, contributing 
to the contrasting results reported in previous studies (Boyes 
et al. 2021b; Grenis and Murphy 2019; Van Geffen et al. 2015; 
Péter et  al.  2020). This study emphasises the importance of 
investigating high-value natural areas typically free from 
light pollution, which serve as essential reference sites for 
understanding ALAN effects on nocturnal Lepidoptera. Most 
studies focused on urban environments with intense light 
pollution (Bates et  al.  2014; Boyes et  al.  2021b; Merckx and 
Van Dyck 2019; Nagy Pintérné and Pödör 2017) or suburban 
contexts (Grenis et  al.  2015; Péter et  al.  2020). Expanding 
research to semi-natural areas is crucial to capture the full 
variability of ALAN effects across different habitats. Effects 
may be particularly pronounced for taxa or life stages with 
limited mobility. Other synergistic stressor, including machin-
ery movement, noise and habitat loss, are also powerful con-
founding factors. Consequently, observed patterns cannot be 
conclusively attributed to ALAN alone, underscoring the need 
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for further research in high-value natural areas to clarify the 
specific effects of ALAN on nocturnal Lepidoptera.
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