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interacting partners (Warrant 2017) and affecting the repro-
duction of plants that partly or exclusively rely on nocturnal 
insect pollination (Giavi et al. 2021). Macromoths, such as 
hawkmoths (Lepidoptera: Sphingidae), are regarded among 
nocturnal pollinators as prominent pollinators of plant spe-
cies in the wild (Walton et al. 2020). Hawkmoths are par-
ticularly remarkable for their co-adaptations with plants 
that largely depend on them for their reproductive success 
(Sazatornil et al. 2016). These nocturnal insects forage for 
nectar on deep night-blooming flowers that often emit per-
fume-like scents, produce abundant and low concentrated 
nectar, and often appear “white” to humans (Silberbauer-
Gottsberger and Gottsberger 1975). Since hawkmoths are 
night active, and use color vision cues for foraging at night 
(Stöckl and Kelber 2019), light pollution might affect their 
pollination efficiency and indirectly influence fitness of 
hawkmoth-pollinated plant species (Bariles et al. 2021). 

Introduction

Worldwide increase in artificial lighting associated with 
urbanization has been altering natural light regimes with 
concomitant effects on diurnal and nocturnal species behav-
ior (Davies et al. 2013; Owens and Lewis 2018). One of the 
consequences of light pollution is the alteration of the circa-
dian clocks of plants and insects (Gaston et al. 2013; Fen-
ske et al. 2018) causing phenological decoupling between 
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Abstract
Night-flying pollinators, such as hawkmoths, are particularly vulnerable to the global spread of urban artificial lighting 
which is changing nighttime environments worldwide, impacting organisms and their interactions. Incident light quality 
can alter flower and leaf color perception by insects, depending on the emission spectra of light sources and the spectral 
sensitivity of insects. We asked, using Manduca sexta visual models, whether color contrast against natural backgrounds 
is altered by artificial lights for flowers and leaves of 16 plant species with an estimated long history of coevolution with 
hawkmoth pollinators. Specifically, we compared the perception of flowers and leaves by hawkmoths under artificial 
lights, including light-emitting diodes (5000 K LED), mercury vapor (MV), and high-pressure sodium (HPS) artificial 
lights, with the perception under natural illuminations. The models we implemented estimate that LED and HPS light-
ing change hawkmoth perception of flowers and leaves, with color loci appearing nearer to each other in hawkmoths 
perceptual space than they would be under natural nighttime conditions. Receptor Noise Limited models show that under 
the different lighting conditions hawkmoths would still discriminate flowers from their leaves in most but not all species. 
Consequently, artificial lights likely alter perception by hawkmoths of floral and leaf signals possibly affecting interactions 
and fitness of plants and pollinators. Our results emphasize the intricate and insidious ways in which human-made envi-
ronments impact species interactions. Further studies should confirm whether light pollution represents a novel selective 
force to nocturnal interacting partners as emerging evidence suggests. Addressing the effects of artificial lighting is crucial 
for designing infrastructure development strategies that minimize these far-reaching effects on ecosystem functioning.
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However, the mechanisms underlying the weakening or dis-
ruption of the hawkmoth-plant pollination interaction have 
been seldom studied (but see Briolat et al. 2021).

Hawkmoths use floral scents and visual signals to find the 
flowers they pollinate (Raguso and Willis 2002; Stöckl and 
Kelber 2019) and use the position of the moon, and other 
visual cues, to orient themselves for navigation and mat-
ing behavior (Storms et al. 2022; Warrant and Dacke 2011). 
Because spectral properties of an illuminant contribute to 
the light quality reflected by a surface, light sources with 
emission spectra different from natural sources could poten-
tially modify hawkmoth behavior, impacting attraction to 
flowers (Owens and Lewis 2018), ability to learn, and motor 
control when hovering towards floral resources (Deora et al. 
2021). This alteration might even prevent hawkmoth from 
visiting flowers (Macgregor et al. 2017). Also, light pol-
lution adds to the environment light in wavelength ranges 
where hawkmoths are most sensitive, i.e. ultraviolet -UV-, 
blue -B-, and green -G- ranges of the spectrum (White et 
al. 2003; Goyret et al. 2008; van Langevelde et al. 2011; 
Longcore 2023).

The light sources that have been widely used for street 
lighting are high-pressure sodium (HPS) and mercury vapor 
(MV) lamps. Nowadays, these lamps are being globally 
replaced by light-emitting diodes (LED) as an alternative 
technology suitable to increase energy efficiency, reduce 
costs, and improve visibility by humans (Davies et al. 
2013). Light emission of HPS is concentrated in the yellow-
to-orange region of the visible spectrum; in addition, MV 
lights emit in the UV region of the light spectrum (Owens 
and Lewis 2018). In turn, LED lights, which do not emit in 
the UV region, consist of a monochromatic blue light irradi-
ant that excites single yellow or multiple yellow-to-green 
phosphorescent coatings to create full-spectrum white vis-
ible light (Pimputkar et al. 2009; Pawson and Bader 2014). 
The proportion of blue and violet emitted by the underly-
ing blue LED is correlated to the color temperature of LED 
lamps, e.g., 2700 K, 3000 K, and 5000 K, (Longcore et al. 
2018).

Mercury vapor lights are known to be attractive to noc-
turnal insects, therefore hawkmoths may congregate and 
fly around these light sources causing them to perish due 
to exhaustion or exposure to predation (Straka et al. 2021). 
However, conflicting evidence related to LED lights attrac-
tion of nocturnal insects has shown high (Pawson and Bader 
2014) to low (Van Grunsven et al. 2014) attraction due the 
wide range of LED spectral composition. For instance, 
adjusting spectra to white light, by minimizing blue light 
emission, reduced nocturnal insects attraction (Longcore et 
al. 2015; Deichmann et al. 2021). Therefore, response of 
nocturnal insects to different artificial light sources does not 
seem straightforward.

One of the possible mechanisms by which artificial light 
may impact plant-pollinator interactions is the impairment 
of visual perception by nocturnal insects (Briolat et al. 2021), 
with downstream effects on both pollinator and plant fitness 
(Gaston et al. 2013). For instance, artificial light might alter 
the perception by hawkmoths of plant leaves which are the 
adult egg-laying and caterpillars feeding substrates (John-
sen et al. 2006; Boyes et al. 2020). Artificial light could also 
change the perception of adults and caterpillars by preda-
tors, increasing their susceptibility to be eaten (Moyse et al. 
2023). In addition, since floral coloration plays an important 
role in plant-pollinator communication, alterations in the 
sensory perception by pollinators are likely to impact inter-
actions with specific floral resources, potentially jeopardiz-
ing plant reproduction (Briolat et al. 2021).

Nocturnal hawkmoths critically rely on visual signals 
such as corolla color as short-distance cues to succeed in 
finding nectar sources (Goyret et al. 2007; Raguso and Wil-
lis 2002; Stöckl et al. 2016). Adults modulate innate color 
preferences depending on environmental light intensities, 
turning to blue targets under starlight, to bright UV absorb-
ing ones under twilight, and to targets that highly contrast 
with the background under moonlight (Kuenzinger et al. 
2019). Using the visual model of the hawkmoth Deilephila 
elpenor, Briolat et al. (2021) provided the first evidence that 
floral signal perception by hawkmoths changes depend-
ing on the type and intensity of artificial light as well as 
on flower color in numerous native and exotic plant species 
with various pollination syndromes that attract hawkmoths. 
For instance, in terms of chromatic contrast, hawkmoth per-
ception of white and yellow flowers did not change sub-
stantially under HPS light as compared to natural lighting 
irrespective of light intensity. However, perception of pink 
and purple flowers under HPS varied with respect to light 
intensity since chromatic contrasts increased at the high 
light intensity and diminished at low light intensities as 
compared to natural lighting (Briolat et al. 2021).

Several Neotropical hawkmoth-pollinated plants are esti-
mated to have a 1.4 to 7 million year long shared coevolu-
tionary history with their partner pollinators (Aoki and Ito 
2000; Reck-Kortmann et al. 2014; Moré et al. 2015; Clark-
son et al. 2017; Gagnon et al. 2019; Kariñho-Betancourt et 
al. 2022). Therefore, since the onset of their divergence, 
these plants and pollinators might have engaged in special-
ized relationships, with reciprocally adjusted signaling and 
visual traits playing key roles in the success of interaction 
partners. For some such coevolved plant species exclusively 
dependent on hawkmoths for reproduction, it has been 
shown that pollination is indirectly affected by light inten-
sity (Soteras et al. 2020; Bariles et al. 2021), but the ulti-
mate mechanisms underlying this pattern remain unknown. 
In addition, there is a lack of information on whether flower 
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color discrimination by hawkmoths under light pollution is 
influenced by different natural background surface colors 
(Lind 2016; Bukovac et al. 2017), or if the discrimination 
of leaves can be modified under different artificial lights. 
The latter is relevant for egg-laying substrate detection, par-
ticularly when an herbivorous pollinator uses the same plant 
species as both source of nectar for adults and food source 
for caterpillars (Kessler et al. 2010; Balbuena et al. 2022).

In this study, we hypothesized that light pollution is alter-
ing visual perception of flowers and leaves by hawkmoths. 
Additionally, emission spectra of different artificial light 
types and reflective properties of different backgrounds may 
affect visual discrimination of flowers and leaves by hawk-
moths. We predict that artificial lights that stimulate the 
three photoreceptors of hawkmoths (e.g. MV) would alter 
the perception of flowers and leaves by hawkmoths less than 
artificial lights that only stimulate some of hawkmoths pho-
toreceptors (e.g. HPS and 5000 K LED). In order to test 
these hypotheses here we explored whether flowers of 16 
hawkmoth-pollinated plant species could be distinguished 
from leaves by hawkmoths under a set of natural and artifi-
cial lighting scenarios. This comparison was performed con-
sidering different background surfaces, i.e. green, soil, sand, 
and gravel. We chose representative plant species from Sub-
tropical Argentina, a region where hawkmoth pollination is 
widespread (Moré et al. 2014) and where urbanization is 
currently transforming the landscape (Bariles et al. 2021; 
Galfrascoli et al. 2023). In addition, we performed pairwise 
comparisons between natural and artificial light sources in 
order to assess whether perception by hawkmoths of flowers 
and leaves themselves would change against the different 
backgrounds. For all the analyses, we considered the visual 
system of Manduca sexta, a Central American hawkmoth 
species closely related to the main pollinators of the target 
plant species studied.

Materials and methods

Spectral processing

To assess chromatic contrasts between flowers and leaves 
against four backgrounds (i.e. green, soil, sand, and gravel; 
Figure S1a) as perceived by Manduca sexta (Lepidoptera: 
Sphingidae) under different light sources (Figure S1b), we 
obtained flower and leaf spectra of 16 plant species (Fig. 1, 
Table S1).

Among the 16 hawkmoth-pollinated plant species stud-
ied, 14 are native to Argentina: Mandevilla laxa Wood-
son, M. petraea (A.St.-Hil.) Pichon (Apocynaceae), 
Tillandsia xiphioides Ker Gawl. (Bromeliaceae), Soehren-
sia candicans Gillies ex Salm-Dyck Schlumpb. (Cactaceae), 

Erythrostemon gilliesii (Hook.) Klotzsch (Fabaceae), Oeno-
thera affinis Cambess., Oenothera picensis Phil. (Onagra-
ceae), Petunia axillaris (Lam.) Britton, Sterns & Poggenb., 
Nicotiana longiflora Cav., Cestrum parqui (Lam.) L’Hér., 
Jaborosa integrifolia Lam., J. odonelliana Hunz., J. runci-
nata Lam. (Solanaceae), and Glandularia platensis Spreng. 
(Verbenaceae); and two species are naturalized exotics 
growing spontaneously in Argentina: Mirabilis jalapa L. 
(Nyctaginaceae) -the white color morph-, and Lonicera 
japonica Thunb. (Caprifoliaceae) -the white flower stage-. 
All selected species exhibit flower traits associated with 
hawkmoth pollination and are known to be pollinated by an 
assemblage of long-tongued nocturnal hawkmoths, includ-
ing several species closely related to Manduca sexta (Moré 
et al. 2014; Fig. 1).

Flower reflectance was measured from one to 10 indi-
viduals per species and one to three flowers per individual, 
the average spectrum of each species was used for further 
analyses. Leaf spectra were measured from one to four 
leaves per individual of the 16 focal species. Since focal 
plant species usually include herbs or lianas that may grow 
on a variety of backgrounds (Table S1), e.g. on exposed soil, 
sand or gravel or over the foliage of other plant species, the 
inclusion of different natural backgrounds is important to 
estimate pollinator-perceived color contrast in natural envi-
ronments (Bukovac et al. 2017). Therefore, we included in 
the visual models four possible natural backgrounds: green 
(average spectra of leaves from all the species), soil, sand, 
and gravel (two to four replicates per surface type; Figure 
S1a).

Light reflected by flower corollas, leaves, soil, sand, and 
gravel was measured with an Ocean Optics USB4000 spec-
trophotometer equipped with a pulsed xenon light source 
with a light emission range between 220 and 750 nm, and 
a UV-visible reflection/backscatter probe that comprises 
high hydroxyl UV-visible fibers with a wavelength range 
between 300 and 1100 nm. The probe was attached to a 
prismatic holder at 45° to avoid specular reflectance and 
placed at one mm from the object surface. A white standard 
(WS-1-SS, Ocean Optics Inc.) was used as a 100% reflec-
tion reference and to re-calibrate the equipment after each 
sample measurement in order to correct for possible shifts in 
spectrophotometer performance (Chittka and Kevan 2005). 
We used SpectraSuite spectroscopy software (Ocean Optics, 
Inc., Dunedin, FL, USA) for data acquisition with a boxcar 
width set at 50 nm and an integration time at 5 s per scan. 
Reflectance spectra were processed and visualized using the 
pavo 2.2.0 package (Maia et al. 2019) of R software (R Core 
Team 2022). Spectra were trimmed using as.rspec function 
to the range from 300 to 700 nm, to include the hawkmoth 
vision range (Bennett and Brown 1985).
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artificial light sources and against different backgrounds. 
Hawkmoths have compound eyes with three photoreceptor 
types, most sensitive in the ultraviolet (UV), blue (B), and 
green (G) ranges of the spectrum (White et al. 1994). We 
used Manduca sexta peak photoreceptor sensitivity maxima 
(UV = 357 nm, B = 450 nm, and G = 520 nm, Bennett and 
Brown 1985) to obtain sensitivity curves with the sensmo-
del function and to calculate quantum catches for each pho-
toreceptor type using the vismodel function.

To depict color in perceptual spaces, quantum caches were 
used to place color loci in a Maxwell triangle (Renoult et al. 
2017). In the thus constructed perceptual space, each corner 
of the triangle corresponds to a pure color that maximally 
excites one of the three photoreceptor types of the hawk-
moth eye (Renoult et al. 2017). The location of a color locus 

Visual modeling

We modeled corolla perception in the visual system of Man-
duca sexta because most of the focal plant species are known 
to be pollinated in Argentina by closely related Manduca 
species. It is worth mentioning that M. sexta has recently 
been split into two species: the North and Central American 
M. sexta and the South and Central American M. paphus 
(Haxaire 2019; Kitching 2022). Manduca sexta is consid-
ered a model organism (Bennett and Brown 1985; Cutler 
et al. 1995; Goyret et al. 2007, 2008), and results from its 
visual system are broadly generalized to other crepuscular 
hawkmoth species (Goyret et al. 2008; Moré et al. 2020).

We examined variation in modeled corolla color per-
ception by nocturnal hawkmoths under a set of natural and 

Fig. 1 Flowers of hawkmoth-pollinated plant species included in this 
study. (a) Mandevilla laxa, (b) M. petraea, (c) Tillandsia xiphioides, 
(d) Soehrensia candicans, (e) Erythrostemon gilliesii, (f) Oenothera 
affinis, (g) Oenothera picensis, (h) Petunia axillaris, (i) Nicotiana 

longiflora, (j) Cestrum parqui, (k) Jaborosa integrifolia, (l) J. odonel-
liana, (m) J. runcinata, (n) Glandularia platensis, (o) Mirabilis jalapa 
(white color morph), and (p) Lonicera japonica
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high light intensity levels and using equations designed 
for vision in daylight, with receptor noise being the key 
source of noise (Vorobyev and Osorio 1998; Johnsen et 
al. 2006). There are two further sources of noise that also 
degrade visual discrimination by photoreceptors in dim 
light (i.e. “transducer noise” and “dark noise”) related to the 
biochemical mechanisms of photoreceptors (Warrant and 
Somanathan 2022). Since this information is still not avail-
able for most species, our approach provides a preliminary 
insight into the visual discrimination of leaves and flowers 
by hawkmoths in nocturnal environments. As illuminant we 
obtained, from Briolat et al. (2021) and references therein, 
spectra of three natural light sources (i.e. full moon light, 
starlight, and twilight; Figure S1b) and three artificial lights 
(i.e. MV, LED 5000 K, and HPS; Figure S1b).

To assess (i) whether corollas are discriminable from 
leaves in the hawkmoth visual system against possible 
backgrounds for each light source and, (ii) whether corollas 
and leaves are perceived by hawkmoths as distinct in color 
depending on the light source, we estimated all the pairwise 
chromatic (Delta-S) and achromatic (Delta-L) contrasts 
with coldist function from pavo package. Two objects are 
predicted to be discriminable when the chromatic or achro-
matic contrast exceeds one distance unit or Just Noticeable 
Difference (i.e. > 1 JND). By using the bootcoldist func-
tion, we calculated the bootstrapped confidence intervals for 
mean distances.

Subsequently, we converted chromatic distances from 
Delta-S to noise-corrected Cartesian coordinates with the 
jnd2xyz function following Maia and White (2018). These 
coordinates were used in a multi-response permutation 
procedure using a PERMANOVA with the adonis2 func-
tion of the vegan package (Oksanen et al. 2022) where each 
observed pairwise mean color distance was compared with 
a distribution obtained by randomly assigning observed 
colors among samples. An observed distance greater than 
95% of the 1,000 pseudo-values obtained was considered 
significant. Before the PERMANOVA analysis, a distance-
based test of homogeneity of within-group dispersions was 
performed using the function betadisper.

Finally, we performed pairwise comparisons among nat-
ural and artificial lighting scenarios, considering the con-
figurations of color loci in the hawkmoths’ visual space. 
This was done by comparing the corresponding matrices of 
noise-corrected Cartesian coordinates through a PROTEST 
using the procrustes function from the vegan package. Pro-
crustean randomization test allows for the comparison of 
configurations with the same loci across different multivari-
ate data sets. This procedure examines concordance between 
both matrices by scaling and rotating the configurations until 
maximum similarity is achieved, that is, when the minimum 
sum-of-squared difference between the two configurations 

in the triangle represents the relative excitation of the three 
receptor types by a floral or leaf sample (Balkenius et al. 
2004). We estimated quantum catches of each photoreceptor 
by incorporating a von Kries transformation. This transfor-
mation normalizes quantum catches as chromatic contrasts 
relative to the background, thus accounting for receptor 
adaptation to the background (Maia et al. 2019). Given pho-
toreceptor adaptation, background color is assumed to excite 
the three photoreceptors equally thus appearing in the center 
of the Maxwell triangle. The role of background adaptation 
on stimulus discrimination has been investigated for bees, 
in which a wide range of natural surface colors can shift the 
perception of floral stimuli (Bukovac et al. 2017). Similarly, 
hawkmoth innate visual sensory biases can be modified by 
the context in which signals are perceived, depending on 
illuminance and background (Goyret et al. 2008; Kuenz-
inger et al. 2019). Therefore, considering that hawkmoth-
pollinated flowers are naturally perceived against different 
backgrounds, the inclusion of a variety of background col-
ors is relevant to study the influence of visual signal changes 
in the context of light pollution.

We estimated corolla conspicuousness for M. sexta under 
the Receptor Noise Limited (RNL) model of Vorobyev and 
Osorio (1998), in terms of chromatic contrasts against leaves 
(this included comparisons within species of their flowers 
color and leaf), against green (color averaged across all 
species’ leaves), soil, sand, and gravel as backgrounds, and 
under the different light sources. The RNL model assumes 
that the simultaneous discrimination of colors is fundamen-
tally limited by photoreceptor noise. Color distances under 
the RNL model depend on the signal-to-noise ratio and 
on the number of receptors per receptive field (known as 
the Weber fraction), as well as on photoreceptor densities 
(Vorobyev and Osorio 1998). In this study, we used the fol-
lowing parameters to model chromatic contrast: Weber frac-
tion = 0.1, the level measured in honeybees (Olsson et al. 
2018) and previously used for the tiger moth Arctia plantag-
inis (Henze et al. 2018). Photoreceptor densities were set as: 
UV = 0.1, B = 0.23, G = 0.67, based on data from the ratio 
of the three rhodopsins of ventral portion of the compound 
eye of M. sexta (White et al. 2003). Under low light inten-
sities, hawkmoths might perceive floral resources via the 
achromatic aspect of signal, which is related to the “bright-
ness” of the stimulus (van der Kooi and Kelber 2022). Ach-
romatic vision of hawkmoths is assumed to be based only 
on the longest-wavelength green photoreceptor (Telles et al. 
2014). Therefore, the achromatic contrast was calculated as 
the contrast produced in the long wavelength photoreceptor 
(Henze et al. 2018), considering a Weber fraction of 0.16 
(Olsson et al. 2018).

It is important to caution that visual models as imple-
mented in our study are based on measurements taken at 
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the yellow-flowererd E. gilliesii, O. affinis, and O. picensis. 
(Fig. 1, and 2a). Most species showed corollas reflecting rel-
atively little in the UV-region of the spectrum (between 300 
and 399 nm) except for the yellow-flowered species which 
had reflection peaks of 25–50% in the UV-region (Fig. 2a). 
Leaf reflectance spectra of most focal species showed maxi-
mum reflectance (10–30%) between 500 and 600 nm. How-
ever, T. xiphioides leaves showed maximum reflectance 
(60–70% of white standard) between 450 and 700 nm, i.e. 
perceived as white by humans (Fig. 2b).

in a multivariate Euclidean space is reached (Peres-Neto 
and Jackson 2001). The significance of congruence between 
matrices was estimated after 999 permutations.

Results

Reflectance spectra

Overall, most studied species showed corollas with reflec-
tance that remained almost entirely constant (30–80% of 
white standard) between 450 and 700 nm, i.e. perceived as 
white and yellow by human vision, with the exception of 

Fig. 2 (a) Corolla and (b) leaf 
reflectance spectra of hawkmoth-
pollinated native and exotic plant 
species spontaneously growing in 
central Argentina. Each spectrum 
is averaged from 1 to 4 samples. 
Symbols beside species names 
indicate flower color according to 
human vision
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hawkmoths under these light scenarios. However, under 
5000 K LED and HPS artificial lights color loci of flower 
and leaves were not significantly different, suggesting that 
hawkmoths would not be able to discriminate flowers from 
leaves under these light sources (Fig. 4d and f, Figure S3).

When considering the theoretical threshold for color 
discrimination by hawkmoths (JND = 1), visual models 
predicted that flowers would be discriminated from leaves 
against the four backgrounds under the three natural illu-
minations and the MV and HPS lights (Fig. 5). Under the 
5000 K LED artificial light, hawkmoths are also predicted 
to overall discriminate flowers from leaves, but the flow-
ers of some species would not be distinguished from leaves 
(Fig. 5). Particularly, flowers of one of the yellow-flowered 
species, i.e. C. parqui, were not different from leaves in the 
hawkmoth visual models under any light sources (Fig. 5b). 
However, flowers of this species might be distinguished 
from leaves through the achromatic aspect of signal (Fig. 6). 
In fact, visual models for all plant species predicted that 
hawkmoths would distinguish flowers from leaves via the 
achromatic aspect of signal (Fig. 6).

Comparisons of hawkmoth perception models 
between lighting scenarios

Correlation in Procrustes rotation of noise-corrected Car-
tesian coordinates of flowers and leaves against green 

Models of color discrimination by hawkmoths

According to the flower loci configuration in the M. sexta 
perceptual space, hawkmoth-pollinated species would be 
perceived as colorful objects against green background 
under natural illumination and MV artificial lighting 
(Fig. 3a-c, and 3e). Under these lighting conditions, the 
modeled color loci of flowers perceived as white by humans 
were clustered together in the blue-green region, while the 
loci of yellow flowers and the majority of green leaves clus-
tered around the center of the Maxwell triangle (Fig. 3a-c, 
and 3e). Under 5000 K LED and HPS artificial lights, floral 
color loci showed different locations in the hawkmoth visual 
space, with most of the species being clustered around the 
green, such that they would not differ from leaves (Fig. 3d 
and f). Maxwell triangles with the other three natural back-
grounds broadly agreed with results of green background 
(Figure S2).

When analyzing color loci distribution in the Cartesian 
coordinates, we evidenced significant differences between 
flowers and leaves under every natural illumination and 
MV artificial light against green background, according to 
a PERMANOVA analyses (Fig. 4a-c, and e). Color loci dis-
tribution in the Cartesian coordinates with the other three 
natural backgrounds broadly agreed with results of green 
background (Figure S3). Therefore, flowers should be dis-
criminable from leaves against the four backgrounds by 

Fig. 3 Floral and leaf color loci of 
hawkmoth-pollinated plant spe-
cies in the trichromatic perceptual 
space of Manduca sexta against 
green foliage (black square at the 
center) under different natural (a, 
b, and c) and artificial (d, e, and 
f) light sources. The vertices of 
the Maxwell triangle represent 
pure color that fully excite each 
of the three photoreceptor types 
(UV = ultraviolet, G = green, and 
B = blue)
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distributions (Fig. 8). According to Procrustean errors 
against green background, the greatest shift in modeled 
hawkmoths perception was in the scenario comparison full 
moon vs. 5000 K LED (Fig. 8), and the smallest in the com-
parison full moon vs. MV (Fig. 8). The 5000 K LED and 
HPS artificial lights mainly changed the modeled percep-
tion by hawkmoths of white flowers (six out of the twelve 
white species for 5000 K LED and seven out of twelve for 
HPS; Fig. 8). In consistency with changes in flower per-
ception by hawkmoths between light scenarios, the com-
parison between full moon and 5000 K LED, as well as the 
comparison between full moon and HPS scenarios, showed 
the highest Procrustean errors for leaf perception (Fig. 9). 
On the other hand, full moon vs. MV scenarios showed the 

background was higher between pairwise comparisons of 
natural light sources and between natural light sources and 
MV artificial light (Fig. 7). Contrastingly, the correlation 
was low when performing pairwise comparisons between 
natural light and 5000 K LED light sources, which might 
be evidence of a significant change in the perception of 
flowers and leaves by hawkmoths when the natural environ-
ment is illuminated by 5000 K LEDs. In the case of flowers, 
HPS also showed low correlation with natural light sources 
(Fig. 7a). These results do not change when considering the 
other three natural backgrounds.

The Procrustean errors for each species represent the 
shift in color loci distribution between two lighting sce-
narios; higher errors indicate greater divergence between 

Fig. 4 Noise-corrected Cartesian coordinates of the chromatic dis-
tances between flowers (black dots linked to their group centroid) and 
leaves (green dots linked to their group centroid) in the hawkmoth-
pollinated plant species against green foliage, under natural (a, b, and 

c) and artificial (d, e, and f) light sources. Significance levels estimated 
with PERMANOVA test (**, P < 0.01; *, P < 0.05) indicate significant 
difference between groups
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hawkmoths. Based on the visual models, two of the cur-
rently used artificial lights, namely 5000 K LED and HPS, 
have the potential to significantly alter hawkmoth perception 
of flowers and leaves against the four backgrounds that were 
tested (i.e. green, gravel, sand, and soil). Under these artifi-
cial light sources, floral color loci of most of the hawkmoth-
pollinated plant species were clustered around the green 
background, suggesting that hawkmoths might be unable to 
discriminate flowers from leaves. In addition, when com-
paring pairwise natural and artificial lighting scenarios, we 
evidenced that 5000 K LED and HPS lights mainly changed 
hawkmoth perception of flowers that are perceived as white 

smallest Procrustean errors (Fig. 9). These results agreed 
with the other pairwise comparisons between natural and 
artificial light sources against the other natural backgrounds.

Discussion

Our results provide evidence that artificial light may influ-
ence the visual perception by hawkmoths of flowers and 
leaves of species that belong to the guild of hawkmoth-
pollinated plants in Subtropical Argentina, most of which 
are predicted to have a long history of coevolution with 

Fig. 5 (a) Mean flower-leaf chro-
matic contrasts (Delta-S) with 
bootstrapped 95% confidence 
intervals within species com-
parisons and (b) flower-leaf chro-
matic contrasts (Delta-S) values 
per species under different natural 
and artificial light sources against 
green foliage as background. The 
dashed line represents the theo-
retical discrimination threshold 
of 1 JND. Flower symbols in the 
panel below represent the flower 
color of each species according to 
human vision
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Fig. 7 Pairwise matrix compari-
sons between lighting scenarios 
of color loci configurations with 
Procrustean rotation using noise-
corrected Cartesian coordinates 
and green foliage as background 
for (a) flowers and (b) leaves

 

Fig. 6 (a) Mean flower-leaf ach-
romatic contrasts (Delta-L) with 
bootstrapped 95% confidence 
intervals within species compari-
sons and (b) flower-leaf achro-
matic contrasts (Delta-L) values 
per species under different natural 
and artificial light sources against 
green foliage as background. The 
dashed line represents the theo-
retical discrimination threshold 
of 1 JND. Flower symbols in the 
panel below represent the flower 
color of each species according to 
human vision
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Fig. 9 Procrustean residuals of 
noise-corrected Cartesian coordi-
nates of leaves in the perceptual 
space of Manduca sexta between 
full moon and each artificial light. 
Horizontal lines, from bottom to 
top, represent the 25% (dashed), 
50% (solid), and 75% (dashed) 
quantiles of the residuals. Dot 
colors at the top of each vertical 
line represent the flower color of 
each species

 

Fig. 8 Procrustean residuals of 
noise-corrected Cartesian coordi-
nates of flowers in the perceptual 
space of Manduca sexta between 
full moon and each artificial light. 
Horizontal lines, from bottom to 
top, represent the 25% (dashed), 
50% (solid), and 75% (dashed) 
quantiles of the residuals. Flower 
symbols at the top of each verti-
cal line represent the flower color 
of each species
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alteration of the visual ecology of hawkmoths could even 
reverberate meters away from the light source (Briolat et 
al. 2021).

As well as artificial lights, natural illuminations show 
different light intensities, increasing up to two orders of 
magnitude from starlight to full moonlight (Johnsen et al. 
2006). Under low light intensities, hawkmoths might per-
ceive floral resources by the “brightness” of stimulus, using 
the achromatic channels (van der Kooi and Kelber 2022). 
When comparing different light intensities, Briolat et al. 
(2021) evidenced that under low intensities of natural and 
artificial illuminations, flowers were undistinguishable from 
leaves by D. elpenor via the chromatic aspect of color (Bri-
olat et al. 2021). However, Johnsen et al. 2006 observed that 
the achromatic contrast of flowers and leaves under different 
illuminations with varying intensities depended on the stim-
ulus. For instance, white flowers were brighter than leaves 
under full moon, starlight and light pollution. Meanwhile, 
yellow flowers were only brighter than leaves under light 
pollution (Johnsen et al. 2006). Under natural and artificial 
light scenarios compared in our study, flowers and leaves of 
hawkmoth-pollinated plant species showed high achromatic 
contrasts. Therefore, when chromatic contrast is reduced by 
light pollution (e.g. some species under LED light), bright-
ness might still help hawkmoths to recognize flowers from 
leaves through the achromatic aspect of signal. It would 
be interesting to further test the perception of flowers and 
leaves under different light intensities considering the ach-
romatic aspect of color beside the chromatic contrast.

Manduca sexta adults have spectral sensitivity between 
10 and 100 times higher for blue light than for lights of 
longer wavelengths in the context of feeding and show an 
innate preference towards blue (Cutler et al. 1995). These 
sensory biases are innate, but can be modified by the context 
in which signals are perceived, depending on illuminance 
and background (Goyret et al. 2008; Kuenzinger et al. 2019). 
As is expected for insects that are active during different 
natural light conditions such as dawn and dusk, hawkmoths 
are able to recognize the same flower color under changing 
illumination spectra (Balkenius et al. 2004). However, the 
ability of finding flowers is known to be impaired when the 
illumination changes even though flowers can still be cor-
rectly chosen (Balkenius et al. 2004). It is important to con-
sider that after discriminating flowers from the background 
hawkmoths have to cope with the visual guides of within-
flower nectar localization, which involves visual in addition 
to mechanical senses (Goyret and Raguso 2006; Deora et al. 
2021). Consequently, light pollution might influence hawk-
moths ability to efficiently handle and pollinate flowers, 
influencing fitness of both hawkmoths and hawkmoth-pol-
linated plant species. It should be further explored whether 

by humans. Therefore, visual signals might be modified by 
artificial lights which could potentially influence the interac-
tion between hawkmoths and plants, and affect plant fitness 
(Macgregor et al. 2017; Bariles et al. 2021). Although MV 
lights might not substantially change hawkmoth perception 
of flowers in comparison with natural light sources, these 
artificial light sources which emit in the UV region of the 
light spectrum are particularly attractive to nocturnal insects 
and could be affecting the spatial orientation of hawkmoths 
and distracting them away from the flowers they pollinate 
(Gaston et al. 2013; Van Grunsven et al. 2014). Mercury 
vapor artificial lights have been depicted as stronger nega-
tive drivers for species richness and abundance of noctur-
nal macro-moths in comparison with LED lights, probably 
due to the effect of MV lights on nocturnal insect behavior 
(Straka et al. 2021).

In the case of leaves, a similar pattern of change was pre-
dicted according to the models, with primarily 5000 K LED 
and HPS lights changing the perception by hawkmoths of 
leaves against every background. Plant leaf color is relevant 
in hawkmoth ecology as a visual stimulus since adults use 
leaves as egg-laying substrate and diurnal roosting places 
(Boyes et al. 2020). Furthermore, hawkmoth species often 
are pollinators and herbivores of species belonging to the 
same family, and some of them are even both pollinators 
and herbivores of the same species. For instance, Hyles sp. 
caterpillars feed on leaves of Oenothera spp. and Manduca 
spp. caterpillars on Nicotiana spp., while simultaneously 
pollinating their flowers (Kessler et al. 2010; Balbuena et 
al. 2022). Therefore, the alteration of hawkmoth perception 
by light pollution might affect the ability of hawkmoths to 
both handle flowers they pollinate and choose suitable egg-
laying substrates.

Similar to a recent study on the floral perception by 
hawkmoths of plant species belonging to various pollina-
tion syndromes that are visited by hawkmoths (Briolat et al. 
2021), our findings provide evidence that the visual detec-
tion of hawkmoth-pollinated plants which have coevolved 
with hawkmoth pollinators is also influenced by artificial 
light. Our findings align with the observations of Briolat et 
al. (2021) under high light intensities when comparing arti-
ficial lights with moonlight. They evidenced that the chro-
matic contrast between white/yellow flowers and leaves 
under 5000 K LEDs is near to the theoretical threshold, in 
contrast to moonlight, where the chromatic contrast show 
higher values. In addition, similar to our results, they found 
that white/yellow flowers show similar chromatic contrast 
values under moonlight, MV and HPS lights. There is evi-
dence that pollination by hawkmoths decreases in highly 
light-polluted environments and near to the brightest light 
source (Soteras et al. 2020; Bariles et al. 2021). Therefore, 
the effect of light pollution on pollinator activity through the 
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light impact on nocturnal insects but also to provide shelter 
to exhausted individuals affected by light pollution (Straka 
et al. 2021). In addition, the health of the natural habitat is 
crucial for pollination and fitness of hawkmoth-pollinated 
plant species (Martins and Johnson 2009), co-flowering 
neighbor plants may attract more pollinators, thus promot-
ing interspecies and interplant visits. In consistency, it has 
been previously evidenced that plant fitness and pollen load 
of the hawkmoth-pollinated E. gilliesii was promoted under 
high tree-covered sites, despite the influence of light pollu-
tion (Bariles et al. 2021).

Increasing evidence about the impact of light pollu-
tion on the visual ecology of different organisms, includ-
ing hawkmoths (Briolat et al. 2021), has highlighted the 
insidious ways in which artificial lights might differentially 
affect visual perception depending on spectral sensitivity of 
ecological actors and light source spectra. Our results sup-
port such assertions for hawkmoth-pollinated species that 
likely have a long history of coevolution with hawkmoths 
and provide new evidence about the differential hawkmoth 
perception of flower and leaf signals depending on the color 
of visual signal when comparing natural with artificial illu-
mination. Further studies should evaluate whether artifi-
cial illumination is imposing new selective forces on both 
hawkmoths and hawkmoth-pollinated plants. In addition, 
other mechanisms, apart from changes in visual perception, 
through which light pollution may impact pollination eco-
system services should be further evaluated. These mech-
anisms could include the effects of light pollution on the 
circadian clocks of hawkmoths and the phenology of plants 
(Gaston et al. 2013).

Supplementary Information The online version contains 
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new selective forces are being imposed to both hawkmoths 
and hawkmoth-pollinated plants by artificial lighting.

High pressure sodium and MV lamps widely used for 
street lighting, are being progressively replaced by more 
energy-efficient and more affordable LED technologies 
(Gaston et al. 2013). Currently, particularly in Argentina, 
artificially illuminated environments include both new and 
older technologies, such as LED and MV. Although hawk-
moths might learn to recognize visually-changed floral 
signals (Goyret et al. 2008), they might have to process con-
trasting visual signals every night of their lives. Therefore, 
a modified anthropic environment with a mixture of new 
and older technologies is probably altering hawkmoth activ-
ity. Searching images learned under one lighting scenario 
may negatively condition the search of plant sources under 
another scenario, thus likely affecting both insect and plant 
fitness. Further testing is needed to assess whether mixed 
artificial illuminations impair the search of floral resources 
more than a single kind of artificial light source.

Some recommendations can be considered in the light 
of the present findings. To reduce the impact on the visual 
ecology of nocturnal insects, such as hawkmoths, the plan-
ning of artificial lighting should aim to minimize the use 
of any artificial light. When its use is inevitable, different 
types of light sources at the same time and place should be 
avoided. With regard to the reduction in the use of artificial 
lighting, several measures to assure “dark” habitats for noc-
turnal pollinators could be taken such as limiting the den-
sity, distribution, intensity, and duration of artificial lighting 
(Gaston et al. 2013; Longcore et al. 2018). It is important 
to consider that while one light source might have moder-
ate effects on one organism, it could be highly disruptive 
to another. For instance, the short wavelengths of white 
LEDs are suppressors of melatonin of nocturnal marsupials, 
among other taxa, and this effect might be mitigated when 
shifting to long-wavelength amber LEDs (Dimovski and 
Robert 2018). In addition, traditional broad-spectrum LEDs 
have been evidenced to disrupt predator-prey relationships 
while customized LEDs, with blue wavelengths filtered, 
removed this effect (Moyse et al. 2023). However, orange 
LEDs, without blue wavelength emission, avoid flower 
detection by hawkmoths (Briolat et al. 2021). Therefore, the 
impact of light pollution on organisms and their interactions 
should be evaluated globally in order to implement the least 
harmful artificial sources for natural ecosystems.

Another potential solution to prevent some of the neg-
ative impacts of light pollution is to generate “islands of 
shade” (Straka et al. 2021). High tree cover in artificially-
lighted environments seems to mitigate the decrease in 
macro-moths species richness and abundance (Straka et 
al. 2021), as well as to favor hawkmoth pollination activ-
ity (Bariles et al. 2021). Tree cover might help to prevent 
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