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Abstract

Bright iridescent colours are widespread in several aquatic and terrestrial animal
taxa and are usually involved in intraspecific communication and/or predator avoid-
ance. Camouflage by iridescence may be one strategy to avoid predators when the
animal exhibits bright colours that match the brightness of its surroundings. Hence,
animal structural colouration may have a “brightness matching” or “counter-
brightness” function when observed against bright or glossy backgrounds. Here, we
addressed the role of such counter-brightness effect of the iridescent wings of the
Morpho dragonfly Zenithoptera lanei for avoiding detection. We hypothesized that
the bright reflectance of the dragonfly wings is cryptic against the bright water sur-
face and the glossy vegetation where they naturally occur, protecting the dragonfly
from visually oriented predators, deceiving prey and signalling to conspecifics
when desired. We addressed whether (1) the iridescent colours of Z. lanei wings
function as a visual strategy to reduce their wing detectability by brightness match-
ing the background and (2) the detectability of wings against vegetation and water
varies according to the observer. For this, we modelled how conspecifics, dipteran
prey and predatory birds see the odonate wings against the vegetation of the
Neotropical Savannah and against the water surface where the dragonflies perch.
Our results suggest that Z. lanei dragonflies can avoid detection by predators, prey
and conspecifics when perched on their natural habitats (i.e., ponds) against the
bright background of the water surface. Here, we add evidence to the multifunc-
tionality of structural colours in animals and the function of iridescence in camou-
flage. The bright iridescence and ultraviolet reflective nanostructures of Z. lanei
wings when coupled with striking behavioural displays may provide a dynamic and
safe intraspecific communication channel.

Introduction

Iridescent colours exhibit multiple adaptive functions in ani-
mals, not only to ward off competitors (Guillermo-Ferreira
et al., 2019) but also to court females (Guillermo-Ferreira
et al., 2014; Schultz & Fincke, 2009) or even to avoid preda-
tors (Doucet & Meadows, 2009; Kjernsmo et al., 2020). For
instance, the iridescent elytra of the Asian jewel beetle Ster-
nocera aequisignata suffer less predation attempts when com-
pared to non-iridescent elytra, especially against glossier visual
backgrounds (Kjernsmo et al., 2020). The pupae of Euploea
and Amauris ochlea butterflies are striking examples of irides-
cence as camouflage (Steinbrecht et al., 1985). The pupae of
these danaine butterflies exhibit a metallic multilayer structure
that reflects the bright background of forest leaves, matching
its surroundings and breaking their silhouette (Steinbrecht

et al., 1985). In these cases, one might suggest that iridescent
animals adopt a “brightness matching” or a “counter-
brightness” strategy for camouflage.
By matching the brightness of the visual background, ani-

mals may be able to remain hidden via silhouette disruption
and camouflage from predators (Schnell et al., 2018). When
iridescent signals are displayed against bright backgrounds,
such bright colours may allow animals to avoid predators, a
unique case of camouflage dependent on habitat illumination
and background contrast (Doucet & Meadows, 2009; Kjernsmo
et al., 2020). An analogous visual strategy called “counterillu-
mination” is exhibited by a myriad of mesopelagic taxa (e.g.,
cephalopods, crustaceans and fishes). These animals may exhi-
bit multilayer angle-dependent reflectors and bioluminescence
that match the downwelling light in marine habitats, masking
the animal’s silhouette when observed from below (Denton,
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1970; Herring, 2002). Other marine animals, such as cuttlefish,
can use brightness matching to camouflage on the bottom
background when observed from above (Schnell et al., 2018).
Iridescent visual signals may be brighter or duller when

associated with specific light conditions and visual back-
grounds (Doucet & Meadows, 2009; Kjernsmo et al., 2020).
Some damselflies are known to flash bright iridescent wing
signals to communicate with conspecifics (Guillermo-Ferreira
et al., 2019; Schultz & Fincke, 2009). By alternating the wing
orientation towards the receiver under specific visual back-
ground and light conditions (e.g., under the direct sunlight of
treefall gaps), males of helicopter damselflies Megaloprepus
caerulatus can maximize the brightness of their iridescent col-
ours and improve perception from females and rivals (Schultz
& Fincke, 2009). In other words, animals are usually able to
control the brightness of such iridescent colours using body
postures and spatiotemporal dynamics to increase or decrease
detection (Hutton et al., 2015). Although several odonate spe-
cies exhibit iridescent wings, ultraviolet (UV) reflecting nanos-
tructures and complex behavioural displays, only one study
shows evidence of a possible role of such dynamic colours for
camouflage in odonates (Cezário et al., 2021).
Perhaps, one of the most remarkable cases among odonates is

the bright iridescent wings of Morpho dragonflies, Zenithoptera
lanei (Anisoptera: Libellulidae). These dragonflies exhibit a
remarkable bright iridescent colouration on the wings, which are
UV-bluish on the dorsal surface and dark metallic-red on the
ventral surface (Fig. 1; Guillermo-Ferreira et al., 2015). Notably,
the iridescent UV-bluish colour of Z. lanei wings affects the out-
come of male–male agonistic interactions, where males with
reduced blue colouration face less aggression from rivals
(Guillermo-Ferreira et al., 2015). Zenithoptera lanei dragonflies
also exhibit a unique behavioural trait among anisopterans. They
can close their wings dorsally, like their zygopteran relatives,
and open the wings laterally to produce a flickering display
(Jurzitza, 1982) (the only other case is the Australian Cordule-
phya). The union of such atypical behaviour, complex ultrastruc-
ture (with multilayer interference, nanospheres and thick wax
coverage) and unique adaptations (a tracheal system and living
tissue in the wing membrane) allow Morpho dragonflies to cre-
ate a multicomponent and multifunctional wing structure and
visual signal (Guillermo-Ferreira et al., 2015, 2017). For
instance, not only males use wings to fly, attract females and
fight rivals but wings also create a gradient of heat loss from the
overheated thorax to the rare wing tracheal system and mem-
brane (Guillermo-Ferreira et al., 2017; Guillermo-Ferreira &
Gorb, 2021). At high environmental temperatures, males expose
the bright UV-reflective dorsal wing surface when intend to cool
down the body temperature and close their wings to expose the
dark metallic ventral surface and reduce heat loss by convection
(Guillermo-Ferreira & Gorb, 2021).
In their natural habitats (i.e., ponds with exposed water sur-

face in the Neotropical savannah), males of Z. lanei might be
attacked mainly by tyrant flycatchers near or above the water
surface (e.g., Freehling & Johnson, 2018), and prey on mos-
quitoes, and flies (Corbet, 1999). Since most libellulid dragon-
flies perch on ponds and often exhibit UV-reflecting colour
patterns (see Futahashi, 2020), Harris et al. (2011)

hypothesized that the bright UV reflectance of dragonflies
could be cryptic against the bright water surface, protecting
them from visually oriented predatory birds. If true, theory pre-
dicts that Z. lanei would match the visual properties (i.e.,
brightness or colour) of the habitat in which they are found
when perceived by a predatory bird but also exhibit traits (e.g.,
behaviours) that would allow them to reduce their detectability
(Stevens & Merilaita, 2009). Zenithoptera lanei dragonflies dis-
play wing claps, as mentioned above, which consist of a slow
opening of the wings and a rapid closing movement (Bick &
Bick, 1978; Guillermo-Ferreira, 2021), where the individual
alternates the exposure of ventral and dorsal wing surfaces to
create a dynamic, angle-dependent iridescent signal (Cezário
et al., 2021; Guillermo-Ferreira et al., 2015). The bright wing
colours may be undetectable or confusing, enabling Z. lanei to
choose when and where to signal to conspecifics to avoid
unwanted intraspecific interactions (see Hutton et al., 2015).
The complex ultrastructure of the bright wings of Z. lanei
wings may allow these dragonflies to match the background
(in particular, the water visual background), where brightness
and colour matching would grant them the ability to hide from
visually oriented observers.
Therefore, here we addressed whether the iridescent bright

UV-bluish and/or the dark metallic-red colours exhibited by the
wings of Z. lanei males allow them to match the brightness of
the background and stay hidden in the habitats they are natu-
rally observed: the Neotropical Savannah vegetation and the
water surface. For this, we modelled the visual system of dif-
ferent predatory birds, dipteran prey and conspecifics, as we
aimed to answer if: (1) the iridescent colours of Z. lanei wings
function as a visual strategy to reduce wing detection by
brightness matching the background and (2) the detection of
wings against vegetation and water varies according to the
observer (i.e., predators, prey, and conspecifics). We expected
that the bright wings would be cryptic against the glossy vege-
tation (e.g., Kjernsmo et al., 2020) and/or the water surface
(Harris et al., 2011) by brightness matching. To the best of our
knowledge, this is the first study addressing the role of irides-
cence by counter-brightness in terrestrial species that exhibit
diffuse reflection on their wings, which allow them to bright-
ness match the background.

Materials and methods

Males of Z. lanei (n = 10) were collected in Assis, São Paulo
state, Brazil, (22°380S, 50°270 W; altitude 522 m). These drag-
onflies were euthanized by twisting their heads and had their
wings removed with scissors under laboratory conditions. The
wings were kept in glass vials until reflectance measurements
were carried out.

Reflectance spectra of wings

The spectral data were used to assess the detectability of wings
by birds, dipteran prey and conspecifics, against the spectral
reflectance of different visual backgrounds. Reflectance spectra
of the ventral (n = 24) and dorsal (n = 30) forewing surfaces
in three standard wing cells of 10 Z. lanei males were obtained
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with a deuterium and tungsten halogen light source (DH-2000-
BAL, Ocean Optics Inc, Dunedin, FL, USA). The spectral
range of the light source ranged from 200 to 1100 nm. The
light was guided through a 200 µm glass fibre positioned
2 mm above the sample. The reflected light was collected by
the same fibre and guided to a spectrometer (HR-4000, Ocean
Optics). Spectral data were processed by the Spectral Suite
software (Ocean Optics). Electrical noise was smoothed with a
span of 0.25 using the pavo package (Maia et al., 2019) in R
environment (R Core Team, 2021).

Detectability by predators, prey, and
conspecifics

To assess the detectability of Z. lanei wings by different recei-
vers, we modelled the visual systems of predatory birds, dip-
teran prey and conspecifics according to the Receptor Noise-
Limited (RNL) model (Vorobyev & Osorio, 1998). The RNL
model assumes that hue and saturation (the chromatic compo-
nents of colours) are processed independently of brightness
(the achromatic component) (Renoult et al., 2017). The process
of phototransduction is linear, the colour differences are

independent of the intensity of the stimulus and the discrim-
inability threshold of a given visual system is limited by the
noise (random fluctuations in the rate that photons arrive at
photorreceptors) of the chromatic channel at the photoreceptor
level (Renoult et al., 2017; Vorobyev & Osorio, 1998). Hence,
we started by quantifying the quantum capture efficiency (Qi)
for each photoreceptor (i) using the formula:

Qi ¼
Z 700

300
Ri λð ÞS λð ÞI λð Þdλ, (1)

where Ri(λ) is the spectral sensitivity of the photoreceptor i, S
(λ) is the reflectance spectrum, and I(λ) is the illuminant spec-
trum for each wavelength dλ. The quantum capture efficiency
was calculated in the 300–700 nm spectral range. To model the
chromatic discriminability by both ultraviolet sensitive (UVS)
and violet sensitive (VS) birds, we used the default settings for
averaged tetrachromatic ultraviolet sensitive birds (“avg.uv”)
and tetrachromatic violet sensitive birds (“avg.v”). The chro-
matic discriminability by the dipteran prey visual system was
modelled with the spectral sensitivities of the tetrachromatic
Housefly Musca domestica (λmax values: 360, 460, 490 and
620).

Figure 1 A Zenithoptera lanei male perched in its territory showing the iridescent wings with a bright UV-bluish dorsal surface (a) and a dark

metallic-red ventral surface (b). A female perched and exhibited its bluish dorsal wing surface (c) and the darker ventral surface (d) against the

Brazilian savannah visual background
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Zenithoptera lanei conspecific visual system was modelled
as tetrachromatic, although some odonates exhibit tri- and even
pentachromatic visual systems (Bybee et al., 2012; van der
Kooi et al., 2021). To model the chromatic discriminability of
conspecifics, we customized the visual system of Z. lanei
based on the spectral sensitivities of the pentachromatic Sym-
petrum rubicundulum (λmax values: 340, 410, 490, 530 and
620), a closely related libellulid with available spectral sensi-
tivity data (Meinertzhagen et al., 1983). Sympetrum rubicundu-
lum exhibits two subgroups of green photoreceptors (λmax

values: 490 and 530). Because of the lack of electrophysiologi-
cal data for Z. lanei, here we assumed only one subgroup of
green photoreceptors (λmax values of 340, 410, 490 and 620).
By adopting λmax 490 instead of 530 as the third photoreceptor
type, we assume there would be less overlap with the LWS
photoreceptors. Therefore, we expected a lower discriminability
in that spectral range, a conservative approach in face of the
potential for dragonflies to detect LW (Bybee et al., 2012;
Futahashi et al., 2015; van der Kooi et al., 2021). Odonata

species present up to 33 opsin genes and the tetrachromacy is
a widespread trait within the order, therefore, the tetrachro-
matic values assumed here may well represent the diversity of
visual systems exhibited by these insects (Bybee et al., 2012;
Futahashi et al., 2015; van der Kooi et al., 2021).
For the achromatic channel of the UVS birds, we used data

available for the Blue Tit Cyanistes caeruleus double-cones.
We used the data for chicken Gallus gallus double-cones to
represent the VS birds. The achromatic discriminability by dip-
teran prey was based on data for M. domestica. For the achro-
matic discriminability by the customized conspecific visual
model, we used the green photoreceptor sensitivity as a vector,
since these photoreceptors predict the discriminability of
brightness (Giurfa et al., 1996). Spectral sensitivities are avail-
able in the pavo package (Maia et al., 2019) for R virtual
environment (R Core Team, 2021). A “bluesky” illuminant
vector with the scale parameter set at 10.000 (for bright condi-
tions) was used as the illuminant spectrum since Z. lanei
inhabits open areas of the Brazilian savannah with a high solar
radiance.
The perceptual difference between the wing surfaces and the

spectra of the visual background was calculated using Weber’s
fraction (wi) formula, considering that the stimuli intensity con-
tributes to the photoreceptor noise:

wi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2iffiffiffiffi
ni

p þ 2

Qa þ Qb

s
, (2)

where vi is the signal-to-noise ratio, that is, the ratio between
the random fluctuations in the rate that photons arrive at

photoreceptors and the signals that arise from opponent chan-
nels (Kemp et al., 2015), ni is the relative number of photore-
ceptor cells, and a and b the spectral data being contrasted. For
UVS birds, we used the photoreceptor density 1:2:2:4 (SWS1:
SWS2:MWS:LWS) available for the Red-billed Leiothrix lutea
(Maier & Bowmaker, 1993), while we used 0.12:0.30:0.30:0.26
(SWS1:SWS2:MWS:LWS) of the House Sparrow Passer
domesticus for the VS birds (Ensminger & Fernández-Juricic,
2014). A signal-to-noise ratio of 0.1 was used for both preda-
tors (Olsson et al., 2018). For the dipteran prey visual system,
we used a proportion of photoreceptors of 1:2.2:1:2.2 (R7p:
R7y:R8p:R8y) (Kirschfeld et al., 1978) and a signal-to-noise
ratio of 0.2 (e.g., Outomuro et al., 2017). For the conspecific
visual system, we used a proportion of photoreceptor cells of
2:2.5:2.5:1 (UV:SW:MW:LW) (Meinertzhagen et al., 1983) and
a signal-to-noise ratio of 0.2 (e.g., Outomuro et al., 2017).
Finally, the chromatic (formula (3)) and achromatic (formula
(4)) discriminability of each receiver (predatory birds, dipteran
prey and conspecifics) were assessed as follows:

ΔL ¼ Δf :
w

(4)

Chromatic (ΔS) and achromatic (ΔL) contrasts represent the
just noticeable differences (JNDs) that a given visual system
discerns two stationary visual stimuli in natural settings.

Detectability against the background

We also measured the colour difference between the wing sur-
faces and the Brazilian savannah (Gawryszewski, 2018) and
inland-water visual backgrounds (Kokaly et al., 2013). The
Brazilian savannah visual background was obtained by averag-
ing 401 reflectance measures of leaves, leaf litter, tree bark and
twigs (Gawryszewski, 2018). The inland-water visual back-
ground was obtained from the USGS Spectral Library Version 7
by averaging 12 reflectance measures of shallow water at the
marsh edge (Kokaly et al., 2013). To proceed with the
detectability analysis, the spectra range of 300–700 nm is neces-
sary. Because the spectra range of the inland-water background
was 350–700 nm, we estimated the values between 300 and
349 nm using the imputeTS package in R environment. The
imputeTS package is used to estimate missing values in univari-
ate data series (Moritz & Bartz-Beielstein, 2017). The JNDs
were obtained using the above-mentioned (3) and (4) formulae.

Statistical analysis

The reflectance spectra of wing surfaces (dorsal and ventral)
and visual backgrounds were standardized using the Z-Score

ΔS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w1w2ð Þ2 Δf 4 � Δf 3ð Þ2 þ w1w3ð Þ2 Δf 4 � Δf 2ð Þ2 þ w1w4ð Þ2 Δf 3 � Δf 2ð Þ2þ
w2w3ð Þ2 Δf 4 � Δf 1ð Þ2 þ w2w4ð Þ2 Δf 3 � Δf 1ð Þ2 þ w3w4ð Þ2 Δf 2 � Δf 1ð Þ2

w1w2w3ð Þ2 þ w1w2w4ð Þ2 þ w1w3w4ð Þ2 þ w2w3w4ð Þ2
� �

vuuuuut (3)
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Standardization method. Unlike Min-Max Normalization, Z-
Score Standardization does not tend to bring data towards the
mean (Becker et al., 1988).
Under natural bright light, the chromatic and achromatic com-

ponents of two contrasting colours with less than 3.0 JND are
unlikely to be discerned (Thurman & Seymoure, 2016). How-
ever, because of the lack of behavioural essays for odonate and
other visual systems, we assumed a conservative threshold value
of 2.0 JND. Therefore, values under this threshold were cryptic
against the visual background, while values higher than 2.0 were
conspicuous. After we obtained the JND values for each visual
system against the Brazilian savannah and water visual back-
ground, we performed the Shapiro–Wilk normality test to deter-
mine data distribution. We performed a Wilcoxon’s Signed Rank
test (considering data were not normally distributed) on the JND
values with 2.0 set as the test threshold value. The effect size
was calculated using the Rank-Biserial Correlation. We also
report JND mean and standard deviation for Z. lanei dorsal and

ventral wing surfaces. Statistical analyses were all performed in
R environment (R Core Team, 2021) using the jmv package
(The Jamovi Project, 2021).

Results

Results show that conspecifics can discern the chromatic com-
ponents (i.e., hue and saturation) of the dorsal surface of Z.
lanei wings against the savannah visual background (Wilcoxon;
dorsal: W = 465, d.f. = 29, p < 0.001; ventral: W = 378,
d.f. = 26, p < 0.001) (Table 1; Fig. 2a), as can dipteran prey
(Wilcoxon; dorsal: W = 465, d.f. = 29, p < 0.001; ventral:
W = 378, d.f. = 26, p < 0.001; Table 1; Fig. 2b). Dragonflies
and dipteran prey are unlikely to discern the colours of wing
surfaces of Z. lanei males against the water surface (Table 1;
Fig. 2a,b).
Ultraviolet and violet sensitive predatory birds (Table 1;

Fig. 2c,d) are unlikely to discern hue and saturation of the

Table 1 The chromatic (ΔS) and achromatic contrasts (ΔL) resume the just noticeable distance (JND, mean � SD) between Zenithoptera lanei

wings (dorsal and ventral surfaces) and the visual background: the Brazilian savannah and Inland water surface. Results are shown as Wilcoxon’s

Signed Rank Test (W), degrees of freedom (d.f.) and Rank-Biserial Correlation effect size

Visual model

ΔS ΔL

JND

Mean � SD W d.f. p Effect size Mean � SD W d.f. p Effect size

Conspecific

Dorsal

Savannah 3.552 � 0.171 465 29 <0.001 1.000 0.514 � 0.153 0 29 1.000 −1.000
Inland-water 1.584 � 0.171 0 29 1.000 −1.000 0.178 � 0.121 0 29 1.000 −1.000

Ventral

Savannah 3.405 � 0.284 378 26 <0.001 1.000 0.243 � 0.119 0 26 1.000 −1.000
Inland-water 1.470 � 0.271 0 26 1.000 −1.000 0.479 � 0.198 0 26 1.000 −1.000

Prey

Dorsal

Savannah 3.026 � 0.166 465 29 <0.001 1.000 1.322 � 0.056 0 29 1.000 −1.000
Inland-water 1.303 � 0.169 0 29 1.000 −1.000 0.338 � 0.056 0 29 1.000 −1.000

Ventral

Savannah 3.006 � 0.225 378 26 <0.001 1.000 1.064 � 0.186 0 26 1.000 −1.000
Inland-water 1.300 � 0.230 0 26 1.000 −1.000 0.174 � 0.099 0 26 1.000 −1.000

UVS

predator

Dorsal

Savannah 4.585 � 0.237 465 29 <0.001 1.000 1.231 � 0.225 0 29 1.000 −1.000
Inland-water 2.392 � 0.245 462 29 <0.001 0.987 1.134 � 0.225 0 29 1.000 −1.000

Ventral

Savannah 4.085 � 0.457 378 26 <0.001 1.000 1.186 � 0.248 0 26 1.000 −1.000
Inland-water 1.949 � 0.418 184 26 0.552 −0.026 1.089 � 0.248 0 26 1.000 −1.000

VS

predator

Dorsal

Savannah 3.575 � 0.192 465 29 <0.001 1.000 1.695 � 0.277 27 29 1.000 −0.884
Inland-water 2.029 � 0.205 258 29 0.306 0.110 1.468 � 0.277 0 29 1.000 −1.000

Ventral

Savannah 3.079 � 0.446 377 26 <0.001 0.995 1.554 � 0.317 6 26 1.000 −0.968
Inland-water 1.672 � 0.392 22 26 1.000 −0.884 1.327 � 0.317 0 26 1.000 −1.000

Significant results in bold (α = 0.05) show when wings are discerned from the visual background (JND < 2.0) by conspecific dragonflies, dipteran

prey and predatory birds (UVS – ultraviolet sensitive and VS – violet sensitive).
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ventral wing surface from the water surface (Wilcoxon; UVS:
W = 184, d.f. = 26, p = 0.552; VS: W = 22, d.f. = 26,
p = 1.000; Table 1; Fig. 2c,d). Nevertheless, UVS birds might
be able to perceive the dorsal wing surface against the inland
waters (Wilcoxon; W = 462; d.f. = 29; p < 0.001). Predators
might also discern hue and saturation of the dorsal and ventral
surfaces against the vegetation (Wilcoxon; UVS: Dorsal:
W = 465, d.f. = 29, p = <0.001; ventral: W = 378, d.f. = 26,
p = < 0.001; VS: dorsal: W = 465, d.f. = 29, p = <0.001;
ventral: W = 377, d.f. = 26, p = <0.001; Table 1; Fig. 2c and
2d). Predators, prey and conspecifics are unable to discern the
brightness of wings from the brightness of the water surface
and the glossy vegetation (Table 1; Fig. 2).

Discussion

Our results suggest that the iridescent wings of Morpho drag-
onflies, Z. lanei, may camouflage against the water surface
using a counter-brightness strategy. By “brightness matching”
the background visual properties of inland waters, males may
hamper detection by conspecifics, prey, and visually oriented
predatory birds, thus avoiding unwanted interactions. Iridescent
colours might have a similar function in butterflies and beetles,
which may use their bright colours to match the brightness of

the background and disrupt their silhouette (Kjernsmo et al.,
2020; Steinbrecht et al., 1985; Vulinec, 1997). Furthermore,
besides the multilayer interference and nanostructures that con-
fer iridescent colours to the wings, both dorsal and ventral
wing surfaces of Z. lanei also exhibit diffuse reflection due to
complex wax crystals (Guillermo-Ferreira et al., 2015), which
allow Z. lanei to match the brightness of the background.
Several marine and terrestrial animals reduce their contrast

against specific visual backgrounds and light conditions by
matching the luminance of the background (Denton, 1970; Dou-
cet & Meadows, 2009; Herring, 2002; Kjernsmo et al., 2020;
Schnell et al., 2018; Steinbrecht et al., 1985). However, in meso-
pelagic animals, this is often a case of counterillumination by
photophores. These marine animals are known to hide from prey
and predators by matching the brightness above them, disrupting
their silhouette when observed from below (Claes et al., 2010;
Denton, 1970; Herring, 2002). The multi-layer structure and the
complex wax crystals of Z. lanei wings may allow these dragon-
flies to match the brightness from the inland-water background
below, hiding from prey and predators that observe them from
above – a possible case of counter-brightness, analogous to
counterillumination. To the best of our knowledge, this is the
first report of a terrestrial insect that exhibits brightness match-
ing against the water surface.

Figure 2 Just noticeable differences (JNDs) values of dorsal and ventral forewing surfaces of Zenithoptera lanei males against Brazilian

savannah and Inland-water visual backgrounds by four types of the visual system. Results are shown according to the visual systems of

conspecifics (a), dipteran prey (b), ultraviolet sensitive predatory birds (UVS) (c) and violet sensitive predatory birds (VS) (d). Mean (black

triangles), error bars (in black) and individual data points (blue dots = dorsal and grey dots = ventral) for chromatic (ΔS) and achromatic (ΔL)
contrasts are shown. The dashed line indicates the threshold of 2.0 JNDs where a visual system discerns a colour patch from the background in

bright light conditions
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Results suggest that both UVS and VS birds may be able to
detect the chromatic components of Z. lanei male wings. How-
ever, UVS and VS bird predators cannot discern the bright iri-
descent colours of Z. lanei against the inland-water
background. Many bird vision traits favour the dragonfly in
this scenario. First, birds that hunt close to inland waters (e.g.,
some tyrant flycatchers) most often detect their prey from
above after long searching periods and hawk down to the
water to catch a detected prey (Fitzpatrick, 1980, 1981). Sec-
ond, when searching for prey, birds use achromatic signals to
detect small and distant targets, and chromatic signals to detect
targets at short distances (Lind & Kelber, 2011; Potier et al.,
2018). Third, birds usually have low contrast sensitivity, chro-
matic sensitivity, and spatial resolution in the blue-green range
(Lind & Kelber, 2011; Potier et al., 2018). Hence, the UV-blue
dorsal colours of Z. lanei that a bird might see from above,
coupled with disruptive wing clapping displays, may function
as an anti-predator strategy, flickering a camouflaged and con-
fusing signal that birds have difficulties in targeting from cer-
tain distances.
These results add to those reported for males of other odo-

nates, Chalcopteryx scintillans (Cezário et al., 2021). Males of
C. scintillans have dark wings that keep the animal hidden in
the dark Amazon rainforest. However, with a quick movement
of the wings, males shine bright iridescent coppery wings
when they want to signal their presence to females and rivals
(Cezário et al., 2021; Guillermo-Ferreira et al., 2014, 2019).
Hence, the results we found here support our initial predictions
that Z. lanei wings are cryptic against the water surface visual
background by brightness matching, as previously suggested
for odonate UV patterns (Harris et al., 2011), but are conspicu-
ous to birds when contrasting against the savannah visual
background, especially at short distances.
Our results also show that dipteran prey may be able to dis-

cern Z. lanei colours from the savannah visual background.
Behavioural experiments addressing the visual responses of
fruit flies (Tephritidae) showed that they rely on colour vision
other than the achromatic component (i.e., brightness) of col-
our perception to detect large targets (Lunau, 2014) such as
dragonfly predators. The results found here corroborate those
of Outomuro et al. (2017), where dipteran prey could discern
the odonate chromatic components from highly contrasting
backgrounds, but not the achromatic components.
Zenithoptera lanei conspecifics may also have some difficul-

ties to discern males from the inland-water background. There-
fore, it is expected that Z. lanei males would exhibit
behavioural displays to conspecifics against the vegetation.
Males usually perch on macrophytes near inland waters, where
they engage in territorial and sexual displays (Guillermo-
Ferreira et al., 2015). From afar, males may warn their pres-
ence to females and rivals by wing clapping. When a resident
male detects a conspecific intruder nearby, the resident male
always turns its body and spreads the blue wings towards the
intruder before taking the flight to fight (RGF personal obser-
vation). These behavioural displays might facilitate the
detectability of the resident male by conspecific male intruders,
the former flashing its position by wing clapping and wing
spreading to show conspicuous signals to the rival (Guillermo-

Ferreira et al., 2015). The territorial disputes are characterized
by aerial contests, where both the resident and intruder males
engage in close ascending flights. Moreover, dragonflies usu-
ally fly searching for territories and mates at the same aerial
strata where males perch, hence, the visual orientation of con-
specifics will probably cause the perched male to be seen
against the vegetation when facing them, and not against the
water surface as seen from above by predators.
Furthermore, unlike predatory birds, odonates perceive and

make use of polarized light as a cue for habitat selection, for-
aging and communication (Lancer et al., 2020). Polarization
vision increases the perceived contrast of a given target against
bright backgrounds, for instance, the UV-iridescent colours of
Z. lanei against water and/or blue sky, which allow them to
detect and recognize conspecifics more easily (Labhart & Nils-
son, 1995). Recent evidence shows the diversity, duplications,
and selection of SW opsins in odonates, which would support
the idea of a “private channel” through opsin duplication and
SW sensitivity (Suvorov et al., 2017). Together with our
results, this evidence suggests it is very likely that Z. lanei
has an extreme colour vision in the SW portion of the light
spectrum.
Here, we add evidence to literature that bright iridescent and

UV colours may allow some animals to brightness match and
camouflage against bright inland waters, thus avoiding preda-
tion by visually oriented predatory birds or detection by prey
and conspecifics. Our results support the idea that the bright
iridescence and UV reflective nanostructures of Z. lanei wings
coupled with striking behavioural displays may provide a safe
intraspecific communication channel. Hence, males may alter-
nate the relative position of wings and control the angle of
observation of conspecifics before engaging in contests and
courtship, to elicit intraspecific interactions when and where
they want to. We conclude that future studies should address
the function of bright iridescence and UV reflective structures
experimentally in the field under different background scenar-
ios and potential observers, especially when observers are UV
sensitive as is the case of several birds and insects.
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