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Abstract
1.	 Artificial light at night (ALAN) affects species' physiology and behaviour, and 

the interactions between species. Despite the importance of plants as primary 
producers, it remains poorly understood whether and how effects of ALAN on 
plants cascade through the food web.

2.	 We assess the extent to which ALAN of different spectra result in plant-mediated 
insect herbivory damage. In a 6-month field experiment, we exposed plants of 
differing palatability to three colours of ALAN and a dark control, and assessed 
plant traits (growth rate, leaf size, foliar density and thickness) and insect her-
bivory (represented by insect damage as loss of foliage to leaf-chewing insects, 
and gall abundance by phloem-feeding herbivory).

3.	 We found evidence for plant trait-mediated ALAN effects on herbivory for oak, 
but not for blueberry. In oak, ALAN of different colours changed the direction of 
relationships of insect damage with relative growth rate and with leaf thickness. 
Moreover, we found that the effects of ALAN on herbivory damage differed 
markedly between forest types within the same locale, particularly in the red 
light treatment.

4.	 Synthesis and applications. Our results provide evidence that continuous night-
time light, as provided by street lighting around the world, affects food web 
interactions. The nature of these effects differed by species and appeared to 
depend on forest type and the light spectrum employed, thus underlining the 
context dependency of ALAN in different ecosystems and environmental set-
tings. These findings highlight the complexity of using spectral manipulation as a 
mitigation measure, and the need for further consideration of ALAN in environ-
mental management and planning, to limit the exposure and impact of cascading 
effects of artificial light at night on food webs and communities.

K E Y W O R D S
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1  |  INTRODUC TION

For eons, the natural light–dark cycle has provided highly consistent 
and predictable cues that have guided behavioural patterns of many 
species. However, over the last century, the emission of artificial 
light at night (ALAN) is increasingly disrupting these natural patterns. 
ALAN is an anthropogenic change with a higher speed of increasing 
disruption than any other anthropogenic change, and its impacts in-
clude direct mortality by attraction, habitat loss, changes in daily and 
seasonal timing and effects on the food web (Gaston et al.,  2021). 
However, our understanding of the impact of ALAN on most species, 
and species' interactions, is still limited. The majority of research has 
focussed on individual organisms, mostly animals and their behaviour 
(e.g. see Sanders et al., 2021 for a recent overview). ALAN can also 
affect different levels of organisation and interactions in biological 
systems (Bennie et al., 2015; Knop et al., 2017; Manfrin et al., 2017). 
However, few studies have assessed effects of ALAN on plants as pri-
mary producers, at the fundament of the ecological food web (Bennie 
et al.,  2016). This severely hampers our ability to understand and 
mitigate the ecosystem-level impacts of ALAN, despite many natural 
areas in the world, and more than two-thirds of key biodiversity areas, 
being affected by night-time lighting (Garrett et al., 2020).

Light induces a series of highly conserved physiological processes 
in plants (Jackson, 2009). Since plant physiology and phenology affect 
primary productivity, and if ALAN affects physiology and phenology, 
it stands to reason that the impacts of ALAN on plants flow through 
to organisms higher in the food web. However, whether and how 
the effects of ALAN on plant physiology cascade through the food 
web remains poorly understood (Bennie et al., 2015; Heinen, 2021). 
In a mesocosm study, an increased intensity of ALAN resulted in in-
creased plant biomass coincided with increased aphid abundance, 
but parasite–aphid relationships showed a more complex relationship 
with ALAN (Sanders et al., 2018). Few other studies have assessed the 
effect of ALAN on plant palatability and resulting herbivory. Murphy 
et al. (2022) found that ALAN can increase leaf toughness and alter 
C:N ratios, which in turn affect host plant quality, but these impacts 
are species specific. Grenis and Murphy (2019) found that streetlights 
directly reduced larval biomass and also indirectly affected larval 
growth by reducing host plant quality. Crump et al.  (2021) showed 
that at low intensities, ALAN increased grass growth initially (without 
affecting the physiology), but that increased herbivory under light off-
set any biomass gains. ALAN can affect higher trophic levels through 
a multitude of pathways, including direct and indirect impacts on 
plants, herbivores and predators (Figure 1), but these pathways and 
processes have not yet been studied in a field setting.

Plant traits have been suggested as useful tools to improve the 
understanding of herbivory across gradients and treatments (Andrew 
et al., 2012). Physical traits, including leaf size, thickness and density 
are relatively cheap and easy to measure, and provide important de-
terminants of herbivory (Muiruri et al.,  2019). Leaf traits also have 
been shown to respond to a large variety of environmental factors, and 
have been shown to be altered by ALAN as well (Murphy et al., 2022). 
Structural leaf toughness depends on material toughness and lamina 

thickness and density, and these traits may provide resistance against 
chewing insects (Brunt et al.,  2006; Caldwell et al.,  2016). Leaves 
are most vulnerable to herbivory during leaf expansion, and smaller, 
faster expanding, leaves may be less susceptible to herbivory dam-
age than larger leaves (Moles & Westoby, 2000). All these physical 
traits are affected by the quantity and quality of daytime light through 
changes to phytohormonal pathways (Lazzarin et al., 2021). As such, 
these traits can be expected to be important in mediating effects of 
ALAN via plants to higher trophic levels.

Here, we assess the extent to which ALAN of different spectra 
result in plant-mediated insect herbivory damage. In a field exper-
iment, we exposed plants of differing palatability to three colours 
of ALAN and dark control during the growing season, and assessed 
plant traits (growth rate, leaf size, density and thickness) and foliar 
insect herbivory (represented by loss of foliage to leaf-chewing in-
sects, and gall abundance by phloem-feeding herbivory).

1.1  |  Hypotheses

Given the lack of a comprehensive understanding of the impact of 
ALAN colours on plants and their interaction with herbivores, our 

F I G U R E  1  Potential pathways of effects of artificial light at 
night (ALAN) of different colours on plant insect herbivory damage. 
Plant-mediated effects, through effects on relative growth rates, 
and leaf size, thickness and density, are shown in solid arrows. 
Dashed arrows indicate that ALAN can also affect insect damage 
through its effects on insect communities (which herbivore species 
are present and active), insect behaviour (e.g. the location and 
activity of egg-laying moths and caterpillars) and insect predators 
(e.g. birds and bats) and parasites.
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hypotheses draw heavily from the existing (daytime) literature. 
Night-time light intensities under streetlight illumination are high 
enough to allow photosynthesis, so we expect ALAN to affect plant 
growth rates. Since the growth-defence trade-off demands prior-
itisation towards either growth or defence (Huot et al.,  2014), we 
expected that herbivory damage is affected by ALAN indirectly 
through its effect on plant traits, including growth rate (growth) 
and leaf thickness and density (defence). We expect that any light at 
night will result in higher herbivory damage than in the natural dark 
conditions, as increased growth through additional photosynthesis 
will be traded off with a reduction in defences.

The spectral composition of daytime light strongly affects the 
efficiency of light absorption and CO2 fixation and is an important 
determinant of growth (Lazzarin et al.,  2021). During daytime in 
natural canopies, vegetation absorbs red light for photosynthesis 
and reflects far-red light. Under the canopy, the resulting reduced 
red: far-red ratio is perceived by photoreceptors and signals shad-
ing and light competition from neighbouring plants. Plants respond 
to a low red: far-red ratio with an increased growth (e.g. elonga-
tion) response to avoid the shade (Meijer et al., 2022). A low ratio 
also results in a downregulation of immune responses, so that 
plants prioritise shade avoidance over defence responses, and this 
hence generally increases herbivory damage (Ballare,  2014; de 
Vries et al., 2017; Lazzarin et al., 2021). The red: far-red ratio of the 
lights in our experiment is relatively low for the white and green 
treatments, and high for the red treatment (see Appendix  S1 in 
Supporting Information). Foliar defence in red light (high red: far-
red light ratio) is high (Shibuya et al., 2010). Based only on this, we 
would hence expect higher foliar damage under white and green 
light, and lowest under red light. At the same time, green lights 
attract insects (van Langevelde et al., 2011), a feature greenhouse 
horticulture exploits to reduce herbivory by attracting insects 
away from plants to green lights (Lazzarin et al.,  2021). Hence, 
taken together, we expect insect damage is highest under white 
light, followed by green and red light, with the lowest damage in 
the dark control.

Phenolic compounds and leaf toughness partially determine 
palatability to insect herbivores. Both increase in response to light, 
at least in daytime environments (Lazzarin et al., 2021). Since we 
lack any evidence of such relationships during the night, we assume 
similar nocturnal relationships to exist. If so, we would expect a 
dampening effect of ALAN on the insect damage for more palat-
able species. That is, highly palatable species (with low phenolic 
content and/or soft leaves) will be less attractive under ALAN, 
while insect damage of highly unpalatable species is less affected 
by ALAN (as these species already have very tough leaves and/or 
high phenolic content).

We predict ALAN affects gall abundance through its effect on 
leaf thickness, as thicker leaves reduce gall abundance (Muiruri 
et al.,  2019). Moreover, the plant vigour hypothesis predicts that 
gall-inducing insects perform better on faster growing plants than 
on less vigorous plants (Price, 1991). Combined, we hypothesise that 
green light leads to the lowest gall intensity.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental setup

This study was conducted at the experimental ‘Light on Nature’ 
sites in the Netherlands, using a dedicated set-up to assess plant 
growth and herbivory. Rows with 4 m tall light posts were placed 
in forest edge habitat, with each row randomly assigned one of 
four light treatments: white, green or red or the row remained unlit 
as a dark control. Lights were commercially available street light 
armatures available from Philips (Amsterdam, The Netherlands), 
more details are available in the Supplementary Information  S1. 
The study sites had four rows (with all four treatments) placed in 
deciduous broadleaf forest, and four rows (also with all four treat-
ments) placed in coniferous forest. We used two posts along each 
row, so a total of 16 posts. The experimental set-up is described in 
detail in Spoelstra et al. (2015). Our study did not require ethical ap-
proval. Site access was provided by Staatsbosbeheer (permit number 
GBOinv201869/5.0.cr.4.06.1).

In spring 2019, pots with 3-year-old saplings of two plant spe-
cies of differing palatability were purchased at a nursery. We used 
European blueberry Vaccinium myrtillus (approximately 10  cm tall) 
and saplings of the common oak Quercus robur (approximately 
100 cm tall) to represent species of medium and low palatability re-
spectively. Both species naturally occur at the site. We included a 
third species, the highly palatable rapeseed Brassica napus (originally, 
but it was exposed to such severe herbivory across treatments that 
it could not be included in the results). Ten blueberry plants, and 12 
oak saplings were placed within 2 m from the base of each of the 
posts in direct illumination. Under the posts in the dark control, we 
placed 10 extra plants. The pots were randomly placed in a small grid 
within species blocks, and re-randomised every fortnight. All plants 
were watered throughout the growing season when required.

It is important to measure leaf traits at a similar stage of leaf de-
velopment across treatments. The phenology of blueberry and oak 
is mainly affected by temperature, but may also be altered by ALAN 
(in the order of days, to a week, ffrench-Constant et al., 2016). To 
minimise any possible confounding effects of our treatments on 
the phenology and leaf traits, we started our experiment prior to 
budburst and completed it 6 months later (end of the growing sea-
son). Herbivory damage was measured at the end of the experiment, 
and hence describes the cumulative effects over the whole growing 
season.

2.2  |  Measurements

2.2.1  |  Plant traits

Plant growth rates are expected to affect herbivory due to varia-
tion in energy investment in different defence mechanisms. Relative 
height growth rate (RGR) was calculated using Pérez-Harguindeguy 
et al. (2013):
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where H1 and H2 refer to the plant height (in mm) at the start (t1) and 
a second time point during the experiment (t2) respectively. For blue-
berry, t2 was the end of the growing season (t2 − t1 = 177 days); for oaks, 
we used an additional mid-season measurement (t2 − t1 = 77 days), be-
cause just before the end of the experiment, the tops of several oaks 
had suffered deer browse, resulting in negative height growth over the 
whole growing season.

Mid-lamina leaf thickness was measured (in mm) on 10 freshly 
harvested leaves of each plant, selected randomly, using a portable 
thickness gauge (Top cloud-agri technology). Leaf density was as-
sessed as the dry leaf weight per cm2 of leaf, where leaf area was de-
termined using image analysis of harvested leaves (Davidson, 2011, 
see also below), and dry weight was assessed after drying at 60°C 
until constant weight. Leaf size was determined from digital images 
(see below). All leaf traits were measured once, at the end of the 
growing season.

2.3  |  Insect herbivory damage

We used two metrics to represent insect herbivory in this study: (1) 
foliar insect damage (also referred to as insect damage) and in the 
case of the oaks, also by (2) the gall abundance (number of leaves 
with galls). For foliar insect damage, we estimated the fraction 
of foliage lost for each plant. Insects are assumed to be respon-
sible for all the foliar damage analysed here, in particular chew-
ing insects (as opposed to phloem sucking insects). Deer browse 
affected some of the plants, but this resulted in removal of the 
whole meristem of the plant. No evidence of other browse (rab-
bits, hares) was found on the experimental plants throughout the 
growing season. Using a desktop scanner, we took one image of at 
least 10 randomly selected leaves per plant, and analysed these im-
ages in Fiji version X (Schindelin et al., 2012). Preliminary analyses 
showed thresholds of at least 200 contiguous pixels for blueberry 
and 5000 for oak resulted in consistent assessment of the num-
ber of leaves, with and without damage. In each image, the number 
of leaves and the leaf area (‘original leaf area’) were obtained by 
determining the number of dark pixels using the analyse particle 
option following Davidson (2011). Then, for each damaged leaf on 
each image, the predicted leaf edge was manually drawn following 
the natural shape of the leaf using the pencil tool, and the full leaf 
area was filled (representing the ‘leaf area without damage’). The 
difference between the leaf area without damage and the original 
leaf area corresponded to holes and foliar margin damage, that is, 
the leaf area lost to herbivory over the whole growing season. Our 
response variable ‘insect damage’ was expressed as this leaf area 
lost as a fraction of the leaf area without damage. Average leaf size 
per plant was calculated as the estimated leaf area without damage 
divided by the number of leaves.

2.4  |  Statistical analyses

All analyses were performed in R version 3.5.2 (R Core Team, 2021). 
We used multiple regression to assess whether any effect of ALAN 
on herbivory damage was mediated by plant traits. We used gener-
alised linear models with a beta distribution for the herbivory dam-
age, represented as the fraction of total leaf area consumed, using 
the betareg package (Cribari-Neto & Zeileis,  2010), and a negative 
binomial distribution for the abundance of galls on oak foliage, using 
the MASS package (Venables & Ripley, 2002). We did not include a 
random nested factor (light post within treatment), as the extremely 
small variance explained by these random effects resulted in issues 
with model convergence. Explanatory variables in the full model 
included interactions between ALAN and the four different plant 
traits. There was limited correlation between the different plant 
traits (for blueberry, all Pearson's|r| < 0.21, for oak |r| < 0.65). Given 
the scale of the study area (the total forest edge length in which the 
rows with light posts are located is 1.6 km long), we assume continu-
ous populations of insect herbivores. However, the resource avail-
ability (including quantity of leaves and flower, nutritional quality, 
seasonality) differs between the two forest types (mixed deciduous 
and coniferous) which, in turn, likely affects the species locally pre-
sent at any time (Marques et al., 2000). Hence, we included Forest 
type in the full model, as a fixed effect and as an interaction term 
with ALAN. For each dependent variable (insect damage for blue-
berry and oak, and gall abundance for oak), the full model included 
the following independent variables: Relative growth rate (RGR) * 
ALAN + Leaf size * ALAN + Leaf density * ALAN + Leaf thickness * 
ALAN + Forest type * ALAN.

The beta-regression model naturally incorporates some variance 
in the response, but as proportional data are typically heteroscedas-
tic, we tested whether additional heteroscedasticity was captured 
by Forest type or Treatment using the likelihood-ratio, lrtest in the 
lmtest package (Zeileis & Hothorn, 2002). For blueberry we found 
dispersion depended on the main effects of Forest type, and for oak 
on the main effects of Treatment; this dispersion was added to the 
full model.

Full models were then simplified to minimum adequate final mod-
els containing only significant (p < 0.05) terms using backward model 
selection. The presence of an interaction between ALAN and a trait 
in the final model indicates a plant trait-mediated effect of ALAN 
on herbivory intensity, whereas an interaction between Forest type 
and ALAN indicates that plant trait-mediated effects of ALAN dif-
fer between forest types. Pseudo-R2 was calculated as the squared 
correlation of linear predictor and link-transformed response using 
the betareg package (Cribari-Neto & Zeileis, 2010) for the herbivory 
damage models and using likelihood ratio-based pseudo r-square in 
the MuMIn package (Barton, 2020) for the gall (negative binomial) 
model respectively. Post-hoc tests for significant differences be-
tween slopes and means of ALAN treatments and Forest types were 
conducted using the emmeans package and Tukey method for p-value 
adjustment (Lenth, 2020).

(1)��� =
(

��H
�
− ��H

�

)

∕
(

t
�
− t

�

)

,
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3  |  RESULTS

3.1  |  Plant-mediated herbivory damage of 
blueberry

Insect damage of blueberry leaves was associated with Leaf thick-
ness and the interaction of ALAN treatment and Forest type 
(p < 0.001; Table 1, Figure 2). Insect damage decreased with increas-
ing Leaf density. Insect damage was higher (p < 0.0001), and more 
variable, in the conifer forest than at the mixed deciduous site. This 
was dominated by a strong difference under red light (estimated 
>10% of foliage lost in the conifer forest, compared with around 2% 
under all colours in the deciduous forest, Figure 2).

3.2  |  Plant-mediated herbivory and gall 
abundance of oak

3.2.1  |  Insect damage

Insect damage to oak leaves was best described by the interaction 
of ALAN treatment with two plant traits (RGR and Leaf thickness) 
and ALAN treatment and Forest type (Table 1, Figure 3a,b). Under 
green and red ALAN, RGR was positively associated with insect 
damage, whereas in the dark control or white ALAN, increased RGR 
resulted in reduced damage. Post-hoc tests showed slopes of RGR 
under green and red ALAN were significantly and marginally sig-
nificantly (respectively) higher than under white ALAN (p = 0.005 
and p = 0.087 respectively). Under white and red ALAN, increased 
Leaf thickness reduced insect damage, with no change under green 
or dark light. The slope differed significantly between white ALAN 
and green ALAN (p = 0.002) and white light and the dark control 

(p = 0.030). Overall, oaks in the conifer forest suffered greater insect 
damage (mean fraction of leaf area lost under the different colours 
between 3% and 10%) than those in the mixed deciduous forest (all 
colours around 3%, see Figure 3, p = 0.034). This pattern was driven 
by much higher insect damage under red ALAN compared with all 
the other treatments in the conifer forest (red-dark p = 0.047, red-
green p = 0.013, red-white = 0.066).

3.3  |  Gall abundance

The occurrence of galls on a plant was driven by the interaction of 
ALAN and Forest type (Figure  S4). Gall abundance on oak foliage 
was best described by interactions of ALAN treatment with Leaf 
thickness and Forest type (Table 1, Figure 4a,b). Overall, more leaves 
had galls in the mixed deciduous forest than in the conifer forest 
(p = 0.001). While in the dark control, Leaf thickness decreased gall 
abundance, all coloured spectra resulted in a slightly positive as-
sociation between Leaf thickness and gall abundance (only slopes 
between dark control and red ALAN differed significantly, p = 0.02).

While overall there was no significant linear association between 
mean gall abundance and insect damage, there was a visible trend 
of those plants with high gall infection being less likely to have also 
sustained insect damage (Figure 5).

4  |  DISCUSSION

We assessed whether different colours of artificial light at night 
(ALAN) affect insect herbivory indirectly by changing plant traits for 
two plant species. We found evidence for plant trait-mediated ALAN 
effects on insect damage for oak, but not for blueberry saplings. 

TA B L E  1  Model summaries of the insect damage of blueberry and oak, and gall intensity on oak as a function of artificial light at night 
(ALAN) treatment, Forest type, plant traits and their interactions. For terms retained in the final models, the table details the degrees of 
freedom (df), associated χ2 and p-values. RGR refers to relative growth rate. Variance explained is represented by pseudo-r2 for the negative 
binomial insect damage, and adjusted r2 for poisson gall intensity. Empty cells represent terms not retained in the final model

Terms df

Blueberry–insect damage Oak–insect damage Oak–gall abundance

χ2 p χ2 p χ2 p

ALAN treatment 3 17.65 <0.001 6.48 0.090 20.72 0.0001

Forest type 1 29.62 <0.0001 4.62 0.032 4.42 0.035

RGR 1 0.11 0.735

Leaf thickness 1 5.11 0.024 0.01 0.931

Leaf density 1 7.97 0.005 12.70 0.0004

Leaf size

ALAN * Forest type 3 37.02 <0.0001 17.62 0.0005 19.63 0.0002

ALAN * RGR 3 12.90 0.005

ALAN * Leaf density

ALAN * Leaf thickness 3 12.64 0.005 8.10 0.044

ALAN * Leaf size

Variance explained 0.43 0.24 0.30
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Moreover, we found that the effects of ALAN (in particular, red light) 
on insect damage differed markedly between forest types within the 
same locale.

In oak, ALAN changed the relationship between insect damage 
and two plant traits: growth rate and leaf thickness. Such plant-
mediated effects of ALAN seem in concordance with the growth-
defence hypothesis (Huot et al.,  2014), at least for oaks grown 
under red and green light. Plants grown under these night lights 
with enhanced growth showed increased foliar insect damage, 
presumably through a decrease in defensive capabilities. However, 
under white ALAN and the dark control, insect damage decreased 
with increasing growth rates—thus suggesting an increase in de-
fence chemistry (e.g., metabolites or volatile compounds, rather 
than structure) with increased growth. Thicker leaves reduced 
insect damage, but only in the red and white treatment. For blue-
berry, denser leaves resulted in less damage (independent of 
ALAN), as would be expected if denser leaves are tougher and 
hence less palatable (Brunt et al., 2006).

We expected to find a stronger plant-mediated effect of ALAN 
on insect damage in more palatable species. Instead, we found no 
evidence of plant-mediated effects in blueberry, but we did in the 
less palatable oak. The lack of such effects in blueberry is some-
what surprising, as, at least during the day, an increase in light re-
sults in an increase in phenolics content (Martz et al., 2010), which 
would presumably result in a decrease in herbivory damage. The 
two species shared similar rates of insect damage overall, and 
similar responses to forest type and the ALAN spectrum. Rather 
than palatability, the differential plant-mediated effects of ALAN 
may be explained by any of many differences in ecology between 
the species, including tolerance of irradiance and shade, and the 
light environment of the adults (understory for blueberry and 
overstorey for oak). Further experiments with more species along 
such gradients will elucidate the mechanisms behind the different 
responses.

Insect damage was similar in the white, green and dark control 
treatment in both forest types. In contrast, there was a stark differ-
ence in insect damage between forest types under red light. There 
are multiple pathways that can explain such differences in insect 
damage under ALAN of different colours (see Figure  1), including 
effects of ALAN on insects (e.g. behaviour and community compo-
sition) and plant-mediated effects of ALAN on insects (i.e. affecting 
insect behaviour through ALAN impacts on plant traits).

Insect responses to ALAN of differing spectra include changes 
in behaviour like attraction to the armatures (Donners et al., 2018; 
Manfrin et al., 2017). We did not measure insect behaviour at our 
site. However, as many insects lack a receptor for red light (Alaasam 
et al., 2021; van der Kooi et al., 2021), we would not expect attrac-
tion to the light in this treatment. Such lack of attraction may have 
resulted in less distraction and more time spent feeding. Since we 
did not see a similarly elevated insect damage under the dark con-
trol, it is unlikely that this mechanism explains the high insect dam-
age in the red treatment. If ALAN changed the insect community 
composition over time, for example due to differences in reproduc-
tion success and predator abundance (e.g. Manfrin et al., 2017; van 
Geffen et al.,  2015), this may have resulted in different herbivory 
intensities between treatments. Five years after illumination started 
at our study site, macro-moth abundance reduced in the light treat-
ments, compared to the dark control, but abundance did not differ 
between the three colour spectra (van Grunsven et al., 2020), sug-
gesting that moth numbers are not driving the high insect damage 
under red light in our study.

When considering plant physiology, high insect damage under 
red light is counterintuitive. Based on studies of supplemental light-
ing of plants during the daytime, this is opposite to what we would 
expect. These studies show that low red: far red ratio light results 
in a decrease in foliar defences, and thinner leaves, which are more 
attractive to herbivores (Ballare, 2014; Lazzarin et al., 2021; Meijer 
et al., 2022). If similar processes are at play at night, one may expect 

F I G U R E  2  Graphical summary for the minimum adequate model for insect damage for blueberry saplings. Error bars (in a) and shaded 
area (in b) represent 95% confidence band for the fitted values. The rug plot (in b) shows the location of x-values. See Table 1 for model 
details and Figure S2 for a graphical summary with partial residuals.

Forest type

In
se

ct
 d

am
ag

e 
(fr

ac
tio

n 
of

 le
af

 a
re

a 
lo

st
)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Conifer Deciduous

Treatment
Dark
Green
Red
White

Leaf density (mg/cm2)

In
se

ct
 d

am
ag

e 
(fr

ac
tio

n 
of

 le
af

 a
re

a 
lo

st
)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

3 4 5 6

 13652664, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.14336 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [20/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  7Journal of Applied EcologyCIERAAD et al.

F I G U R E  3  Graphical summary for the minimum adequate model for insect damage for oak. The shaded area (in a and b) and error bars (in 
c) represent 95% confidence band for the fitted values. The rug plot (in a and b) shows the location of x-values. See Table 1 for model details, 
and Figure S3 for a graphical summary with partial residuals.
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F I G U R E  4  Graphical summary for the minimum adequate model for gall abundance on oak. The error bars (in a) and the shaded area (in b) 
represent 95% confidence band for the fitted values. The rug plot shows the location of x-values. See Table 1 for model details and Figure S4 
for a graphical summary with partial residuals.
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foliage developed under high red: far red night-time light (i.e. our 
red treatment) should be least attractive to herbivores. Our current 
understanding, largely drawn from daytime processes, hence fails 
to explain the high damage under night-time red light. Potentially, 
these results are driven by physiological processes. For example, 
the strong positive association between RGR and herbivory damage 
under red light, at least for oak, may suggest that increased photo-
synthetic gain at night could be interfering with metabolic recovery 
normally taking place at night-time, which could render plants more 
susceptible to insect damage. This reinforces the dearth of knowl-
edge and need for further investigation on the effects of ALAN of 
different spectra on plants and their interactions. Only then will we 
be able to understand and mitigate cascading effects of light pollu-
tion through the food web.

Interestingly, gall abundance showed an opposite effect of for-
est type compared to insect damage: oak leaves in mixed deciduous 
forest showed had more galls (except for the dark control, where 
levels were similar between forest types). The response of for-
est type (and its resident insect community) to ALAN determined 
whether or not galls are present and how many, but the effect of 
ALAN on gall abundance was also mediated by plants (leaf thick-
ness). More speculatively, there may also be an interaction between 
the gall-forming phloem feeders and chewing herbivores. While we 
did not find an association between mean herbivory damage and gall 
abundance, there was a lack of co-occurrence of high gall numbers 
and high insect damage (Figure  5). Through their manipulation of 
their plant host, gall-forming insects may change the physical and 
chemical properties of their host, and this may subsequently result 
in a reduction in chewing insects (Kurzfeld-Zexer & Inbar, 2021). We 
did not find an increase in galls on more vigorous, faster growing 

plants, failing to support the plant vigour hypothesis (Eliason & 
Potter, 2000).

We observed the integrated herbivory damage to our study 
plants as incurred by the combined insect community (rather than 
individual insect species) under different spectra of ALAN at one lo-
cation, in two forest types, at the end of the growing season. The re-
sults hence encompass a myriad of light effects on insect behaviour, 
physiology and changes in insect community. The degree of host 
plant specialisation may also affect the extent to which insect spe-
cies respond to downregulation of defence mechanisms due to light 
quality (Lazzarin et al., 2021). In addition, changes to foliar nutrient 
quality and chemistry may affect herbivory (Pérez-Harguindeguy 
et al., 2003) and these may be affected by ALAN. Similarly, ALAN 
may affect herbivore-induced defences (where plants induce de-
fences, such as increased secondary metabolites or volatiles, in re-
sponse to mechanical wounding by herbivores) (de Vries et al., 2017). 
While these additional foliar traits and defences were not directly 
included in the study, any changes imposed by ALAN would have 
been captured in the foliar insect damage.

Our results confirm that artificial illumination affects interactions 
between primary producers and their insect herbivores. It warrants 
further investigation how such impacts cascade through the food 
web. With more than two thirds of Key Biodiversity Areas world-
wide experiencing ALAN (Garrett et al., 2020), and strong indications 
that ALAN is at least partly driving insect declines around the world 
(Boyes et al., 2020; Owens et al., 2019), it is important to identify how 
we can best reduce ecological impacts of ALAN to protect natural 
communities. Simple mitigation methods include shielding lights to 
prevent spill over into the environment, reducing the light intensity, 
using adaptable and/or smart lighting (lighting only during times of 

F I G U R E  5  Number of leaves infected with galls versus the amount of insect damage. X-values are jittered to enable viewing of all data 
points. Each circle represents one oak seedling; the colour indicates the ALAN treatment.
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peak demand, or in the case of smart lighting, only during times of 
use) and changing the colour spectrum of the light used (Sordello 
et al., 2022). Using light levels comparable to conventional LED street 
lighting, our study suggests that continuous night-time light affects 
herbivory intensity and plant–herbivore interactions. Moreover, 
these effects appear to depend on forest type and the light spec-
trum employed, thus highlighting the context dependency of ALAN 
impacts. This suggests that caution is required when using the ma-
nipulation of the ALAN spectrum as a simple mitigation measure, as 
results may not be uniform between ecosystems. Overall, our results 
underscore the importance of ALAN-induced trophic cascading ef-
fects, thus highlighting the need to carefully develop light infrastruc-
ture with adaptable and spectrum dependent mitigation measures.
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