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Near-Infrared (NIR)-Reflectance in Insects
— Phenetic Studies of 181 Species

Infrarot (NIR)-Reflexion bei Insekten
— phénetische Untersuchungen an 181 Arten

MicHAEL MieLewczik, FRaNK LieBiscH, AcHiM WALTER & HARTMUT GREVEN

Summary: We tested a camera system which allows to roughly estimate the amountof reflectance prop-
erties in the near infrared (NIR; ca. 700-1000 nm). The effectiveness of the system was studied by tak-
ing photos of 165 insect species including some subspecies from museum collections (105 Coleoptera,
11 Hemiptera (Pentatomidae), 12 Hymenoptera, 10 Lepidoptera, 9 Mantodea, 4 Odonata, 13 Orthoptera,
1 Phasmatodea) and 16 living insect species (1 Lepidoptera, 3 Mantodea, 4 Orthoptera, 8 Phasmato-
dea), from which four are exemplarily pictured herein. The system is based on a modified standard
consumer DSLR camera (Canon Rebel XSi), which was altered for two-channel colour infrared
photography. The camera is especially sensitive in the spectral range of 700-800 nm, which is well-
suited to visualize small scale spectral differences in the steep of increase in reflectance in this range,
as it could be seen in some species. Several of the investigated species show at least a partial infrared
reflectance. NIR-reflectance is especially pronounced in specimens of an overall white, red, orange
and yellow colouration, but was also found in numerous green insects (e.g. the leaf katydids Ancylecha
fenestrata and Stipnochlora couloniana and the walking leaf Phyllium celebicum). In contrast, other green
wings, as for example the metallic green wings of the butterfly Troides priamus or the metallic green
elytra of several jewel beetles such as Chrysaspis aurovittata, do not reflect NIR-radiation.

Keywords: infrared photography, NDVI, infrared reflectance, cuticle, insect, phenotyping

Zusammenfassung: Wir stellen ein Kamerasystem vor, mit dem man in erster Anniherung die
Reflexionseigenschaften von Insekten im Nah-Infrarotbereich (NIR; etwa 700-1000 nm) bestim-
men kann und haben dies anhand von entsprechenden Aufnahmen von 165 Insektenarten aus
Sammlungen (105 Coleoptera, 11 Hemiptera (Pentatomidae), 12 Hymenoptera, 10 Lepidoptera,
9 Mantodea, 4 Odonata, 13 Orthoptera, 1 Phasmatodea) und 16 lebenden Insektenarten (1 Lepido-
ptera, 3 Mantodea, 4 Orthoptera, 8 Phasmatodea) geprift, von denen wir vier Arten hier exemplarisch
abbilden. Das System beruht auf einer modifizierten Standard-Digitalen Spiegelreflexkamera (Canon
Rebel XSi), welche fiir den Einsatz als Zweikanal-Farbinfrarotkamera umgebaut wurde. Die Kamera
ist besonders empfindlich im spektralen Bereich zwischen 700 und 800 nm, da in diesem Bereich oft
kleinere Unterschiede der Steigung im Anstieg in der Reflexion bei verschiedenen Arten unterschieden
werden kénnen. Von den untersuchten Insektenarten zeigen einige zumindest partiell eine NIR-
Reflexion. Diese ist besonders deutlich bei weil3en, roten, orangefarbenen, gelben und besonders aus-
geprigt bei einer Reihe von griinen Insektenarten (z. B. bei den Blattheuschrecken Ancylecha fenestrata
und Stipnochlora couliana sowie dem Wandelnden Blatt Phyllium celebicum). Im Gegensatz dazu zeigen die
Fliigel anderer griiner Insektenarten, wie die metallisch griinen Elytren einer Reihe von Prachtkifern,
z. B. Chrysaspis aurovittata, oder die leuchtend griinen Fliigel des Schwalbenschwanzes Troides priamus
keine NIR-Reflexion.

Schllsselwdrter: Infrarot-Fotografie, NDVI, Infrarotreflexion, Kutikula, NIR, Insekten, Phino-
typisierung
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1. Introduction

Insects are variously coloured and the
colouration has variegated functions such
as advertisement, warning, crypsis etc. (for
review see CoTT 1940; Fox 1979; CHAPMAN
1998; Lunau 2011). Typically, the coloura-
tion is produced by physical means (e.g.
diffraction, interference and scattering by
nanostructures) and/or by pigments that
absorb or emit light, and both, nanostruc-
tures and pigments, have been thoroughly
studied in insects (for review see CROMARTIE
1959; Fox 1976; VIGNERON & SiMONIs 2010).
However, investigations concerning insects
primarily cover colouration patterns and
their spectral reflectance characteristics in
the range from 400 to 700 nm, which is vis-
ible for humans and many other vertebrates
(visible spectrum of light = VIS), and the
short-wave spectrum (ultraviolet/UV, 300-
400 nm). Perceiving these patterns enable
insects to recognize mating partners, hosts,
food etc. (see MENZEL 1979; KELBER et al.
2003). Studies of infrared reflectance of
the insect integument, i.e. between 700 and
1400 nm (near infrared = NIR), are rare,
even though initial studies of insects were
already performed by some of the early
pioneers in infrared photography (TRISTAN
& MicHAUD 1916). CorT (1940) was one
of the first authors, who paid attention to
infrared photography to study different
green animals that may greatly differ in their
absorption of infrared light. He presented
infrared photographs showing a tettigoniid
grasshopper that clearly contrasted against
the background of green leaves, whereas
the green caterpillar of Smerinthus ocellatus
merges with the surrounding vegetation (see
Corr 1940, plates 3 & 5).

In the present note we revive these studies
by screening NIR-reflectance of a larger
number of dead and living insects. In de-
tail we 1) report on some basic principles
of the red-edge based NDVI-photogra-
phy we used for this phenetic screening,

2) present the results obtained from al-
together 181 species including some subspe-
cies (some of them are shown in NDVI-
photographs), and 3) shortly touch the
nature of infrared reflectance and its
possible adaptive value. Generally, our study
indicates that NIR-reflectance of insect
integuments seems to be more widespread
than the existing literature suggests.

2. Material and methods
2.1. Animals

We examined 165 species from the collection
of the Aquazoo/Lobbecke-Museum Diis-
seldorf and the Entomological Collection of
the ETH Ziirich, i. e. 105 Coleoptera, 11 He-
miptera (Pentatomidae), 12 Hymenoptera,
10 Lepidoptera, 9 Mantodea, 4 Odonata,
13 Orthoptera, 1 Phasmatodea (Tab. 1; see
appendix) and 16 living insect species, i.c.
1 caterpillar (Lepidoptera), 3 Mantodea, 4
Orthoptera, 8 Phasmatodea) (Tab. 2; see
appendix). We included a large number
of green specimens, as it is known from
vertebrates that even though specimens
can show a comparable green colouration,
reflectance in the NIR-might be completely
different (Scuwarm et al. 1977; Dobpp 1981;
KRrReEMPELS 1989; EMERSON et al. 1990). From
the museum specimens colour photos and
infrared images were taken under the same
conditions, the latter with a modified DSLLR
(digital single-lens reflex) camera (see 2.2.).
Colour images were acquired with a Canon
EOS 550D and 600D camera. Images of
specimens from terraria were taken under
the local lighting conditions. Green leaves
were used as references to quantify the
amount of infrared reflectance. All images
were acquired in highest quality as JPEG or
Canon Raw image files.

Generally we adopted the scientific names
of the insects directly from the collections.
In a few cases we changed the species epi-
thethon or the genus name.
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2.2. Digital infrared and red edge pho-
tography

For image capture a modified handheld 12.2
megapixel DSLR camera (Canon Rebel XS4,
modified by LDP LLD, Carlsted, USA, www.
maxmax.com) was used. Such cameras are
successfully used in monitoring the cover
of vegetation (e.g. BOKHORST et al. 2012)
by calculating the normalized difference
vegetation index (NDVI) as described be-
low. The camera is therefore advertised as
NDVI-camera, a term we also use in this
study. Here we apply the same camera to
differentiate NIR-reflecting and NIR-non-
reflecting insects and their surrounding
surfaces. The modified camera detects light
in two wave length bands in the range of
blue light (B, 370 to 480 nm) and in the
range of the so called red edge (RE). The
red edge lies between red and near infrared
(NIR) and is characterized by a wave length
ranging from 675 to 775 nm.

The 2-band model offers the possibility
to differentiate between NIR-reflecting
and NIR-non-reflecting surfaces already
by viewing the images. The former appear
strongly red, whereas the latter appear
(dark) blue. Discrimination of NIR-reflect-
ing and non-reflecting surfaces can be easily
performed using the 2-band images without
normalization (see below), as human vision
itself can differentiate blue and red. For
an initial test of the camera we used two
green vertebrate species (Morelia viridis and
a green Furcifer pardalis), which are known to
differ in their infrared reflectivity marked-
ly (Dopp 1981; KrREMPELS 1989; GEHRING
& WitTtE 2007) (Fig. 1). Two examples
for colour rendering of different natural
material provided by the modified two
channel NDVI-camera are given in figure
2. Differences are quite clear; therefore we
think that normalization procedures for the
images are not necessary in many cases.
However, for quantitative analyses and
compatison of insect images taken under
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different light intensities, the calculation of
the NDVI-might be beneficial.

NDVI-= (RE-B)/(RE+B)

Using the equation, we tested the hypothesis
that the flash integrated in the camera and
a white balance (white card) are useful to
standardize image quality and small scale
differences under different light regimes
(Fig. 3 A). We selected areas on images of
typical background vegetation such as grass
(examples can be seen in Fig, 2 A, B).

To evaluate the image quality and identify an
optimal image procedure for image acquisi-
tion we therefore compared NDVI-results
under sunny and shadowy conditions (Fig:
3 B). Based on those findings, which clearly
show that good illumination conditions are
preferable, we used the internal camera flash
for all photos. Images of the insect collections
were acquired with an additional illumina-
tion provided by a 500 W halogen lamp to
provide sufficient light in the NIR-range of
the spectrum. All figures were prepared using
Adobe Photoshop CS5 and Corel Draw X4.
Box plots in figure 3 were created and based
on statistical analysis performed with R 2.15.1
(R-DEVELOPMENT-CORE-TEAM, 2008).

2.3. Abbreviations

B = blue light; NDVI-= normalized differ-
ence vegetation index; NIR-= near infrared
(700-1400 nm); RE = red edge (~700-800
nm); VIS = visible spectrum (400-700 nm);
CCD = charged coupled device; CMOS =
complementary metal-oxide semiconductor;
DSLR = digital single-lens reflex.

3. Results
3.1. Optimizing image acquisition

The NDVI-camera is not only highly effi-
cient in analysing differences of vegetation
reflectance, but also to differentiate high
from low reflectance items (Fig. 3 A, B).
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Fig. 1: The NDVI-camera cleatly shows reflectance differences in the NIR. Contrary to the green
tree python Morelia viridis (A), the green panther chameleon Furcifer pardalis (B) shows a high NIR-

reflectance, which is comparable to that of green coloured leaves (C).

Abb. 1: Die NDVI-Kamera zeigt deutlich Reflexionsunterschiede im Infrarotbereich. Im Gegensatz
zum griinen Baumpython Morelia viridis (A) zeigt das griine Pantherchamileon Furciger pardalis (B)
eine starke Reflexion, dhnlich der Reflexion der griinen Blitter (C).
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Fig. 2: Colour rendering of the infrared sensitive NDVI-camera. A Landscape with different materials.
Vegetation appears pink to light red (high NIR-reflectance), stones and sand ate violet to blue (low
NIR-reflectance). B Depending on shadow, illumination, kind of leaves and light quality, vegetation
may show small variations, but the high reflectance in the NIR is always obvious. However, other
colours than green, e.g. the yellow fur of a tiger (Panthera tigris), reveal a similar NIR-reflectance as
the vegetation.

Abb. 2: Farbrendering der infrarotsensitiven NDVI-Kamera. A Landschaft mit verschiedenen
Materialien. Die Vegetation erscheint pink oder rot (hohe NIR-Reflexion), Steine und Sand sind
violett bis blau (niedrige NIR-Reflexion). B In Abhingigkeit von Schatten, Lichtintensitit, Blattbe-
schaffenheit und Lichtqualitit kann die Farbdarstellung der Vegetation variieren, jedoch ist die starke
Reflexion im NIR klar erkennbar. Auch andere sichtbare Farben als Griin kénnen eine dhnlich starke
Infrarotreflexion aufweisen, z.B. weist das orangerote Fell des Tigers (Panthera tigris) cine ihnliche
NIR-Reflexion auf wie die Pflanzen im Schatten.

Entomologie heute 24 (2012)
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Using a white card and the integrated
camera-flash clearly shows that under
shadowy conditions NDVI-values of dif-
ferent background vegetation increase and
variation decreases (Fig. 3 A). Further, it is
shown that under strong light regimes the
differences between samples are more pro-
nounced (Fig. 3 B). Images of specimens
were thus all acquired using automatic
white balance and the internal compulsory
flash of the camera.

Even though limited to a two colour mo-
del, the acquired images share a coloura-
tion scheme, which is highly comparable
to those of film-based, classic 3-colout-
infrared photography (for comparisons
see GiBsoN 1978).

3.2. NIR-reflectance in insects

Generally, our NIR-images reveal a remark-
able variation not only concerning the
occurrence of NIR-reflectance, but also
concerning the reflectance patterns (for an
overview see Tabs. 1, 2; Figs. 4-10). Only for
description we herein use five categories to
characterize reflectance: no, very weak, weak,
medium, strong (see Fig. 4).

3.2 1. Coleoptera (museum specimens)

Black beetle species such as Carabus scabrosus
typically show no NIR-reflectance. In con-
trast, most dark brownish to red brownish
specimens show a weak to medium reflec-
tance. Such beetles were found in nearly all
groups of brownish coleopteran investi-
gated, e.g. in the Buprestidae, Dynastidae,
Elateridae and Scarabidae (see Tab. 1; Fig.
5). Beetles, which possess orange, yellow
or red colouration or markings, typically
possess a higher NIR-reflectance than dark-
brown specimens. In some cases (e. g in
Eudicella smithi or Sternotomis bohndorfii) the
orange legs or antennas showed a medium
NIR-reflectance. The highest phenetic plas-
ticity was found in green-coloured beetles.
Most metallic green beetles, as for example
Sternocera sternicornis, Sternotomis bohndorfii and
Stephanorrhina guttata, do not show a marked
NIR-reflectance, in contrast to their orange
patterns. There was also a small number
of green beetles (for example Smaragdesthes
africana and Caelorrhina superba), in which a
medium reflectance could be found. In C.
superior five of the examined specimens did
not show any NIR-reflectance, while two

Fig. 3: A NDVI-values of grass vegetation under shadowy (left) and sunny (tight) conditions as
affected by the corrective treatments (norm = without corrective treatment, wb = white card used
for image capture, wb+flash = white card and internal flash used for image capture). The NDVI-
values increase, when a white card and a white card plus internal flash of the camera are used under
shadowy conditions. Under sunny conditions NDVI-values are highest and corrective measures have
no effect. In the boxplots (n = 9 replicates) the horizontal line represents the median, the bottom and
the top of the box show the 25th and 75th percentile, respectively, and whiskers represent either the
maximum value or 1.5 times the interquartile range, which ever is the smaller. Points higher than 1.5
times are shown as single points (potential outlier). B Differences of various background vegetation
samples under shadowy (top) and sunny (bottom) conditions (n = 3). A better light regime reduces
the variance and allows a better discrimination of the different surfaces.

Abb. 3: ANDVI-Werte von Grasvegetation untet schattigen (links) und sonnigen (techts) Umwelt-
bedingungen in Abhingigkeit von Korrekturen wihrend der Aufnahmen (norm = ohne Korrektur,
wb = WeiBabgleich mit weiller Karte wihrend der Bildaufnahme, wb+flash = Weilabgleich mit
gleichzeitig verwendetem Blitz). Durch den Einsatz der weilen Karte und der weilen Karte mit
Blitz steigt der NDVI-Wert unter schattigen Bedingungen. Unter sonnigen Bedingungen sind die
NDVI-Werte am gréBten und die zusitzlichen KorrekturmaB3nahmen haben keinen Effekt. In den
Boxplots (n = 9 Replikate) reprisentiert die horizontale Linie den Median und das untere und obere
Ende der Box jeweils den 25- und 75-Perzentil. Die Whisker zeigen entweder den Maximalwert
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Fig. 4: Different Pentatomidae species in a showcase. Overview (A) and NIR (B-F) and conven-
tional color photos (G-K) of selected species, which either do not reflect NIR (B) or reflect (C)
very weak, (D) weak , (E) with medium intensity and (F) high. (B+G) Trochycocoris rotundatus, (C+H)
Dolycoris baccarum, (D+1) Chlorochroa juniperina, (E+J) Palomena viridissima and (F+K) Nezara viridula.
Abb. 4: Verschiedene Pentatomiden in einem Schaukasten. Ubersicht (A) sowie NIR- (B-F) und
Farbaufnahmen (G-K) cinzelner Arten, die entweder (B) kein NIR reflektieren oder (C) sehr
schwach, (D) schwach, (E) mittelstark und (F) stark reflektieren. (B+G) Trochycocoris rotundatus,
(C+H) Dolycoris baccarum, (D+1) Chlorochroa juniperina, (E+J) Palomena viridissima, (F+K) Nezara
viridula.
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showed ecither a weak or medium to strong
reflectance (Fig. 6). The latter specimens
showed a slight reddish tint in their green
colouration when viewed in the visible
spectrum.

3.2.2. Hemiptera (Pentatomidae, mu-
seum specimens)

Black specimens, e.g. Trochicocoris rotundatus,
did not show any NIR-reflectance in the
black parts of their body (see Fig 4, Tab. 1).
In contrast, in green and brown specimens
of Chlorochroa juniperina, Dolycoris baccarum,
Palomena prasina and Palomena viridissima va-
rious shades of NIR-reflectance were found
(Fig. 4 A, C-E). Nezara viridula showed an
exemplarily high NIR-reflectance.

3.2.3. Hymenoptera (museum speci-
mens)

NIR-reflectance of the black body parts was
low in all Hymenoptera species investigated
(Tab. 1), whereas the yellow striped mark-
ings of different wasps showed a medium
reflectance. The transparent wings appearing
yellowish in the visible spectrum showed a
higher reflectance.

3.2.4. Lepidoptera (museum and living
specimens)

Dark patterns of caterpillars from muse-
um specimens generally showed a reduced
or no NIR-reflectance. The green cater-
pillars of Endromis versicoloura and Saturnia
pavonia revealed a medium reflectance. A
high NIR-reflectance was found in living
green caterpillars of the Atlas moth Atta-
cus atlas (Fig. 7). Cocoons of this species
showed a weak to medium reflectance
comparable to that of bark. Brown wing
parts of adult butterflies such as Prepona
chromus typically show a weak to medium
reflectance. The light blue markings of
this species and the Paris peacock Papilio
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paris showed a somewhat higher reflec-
tance, compared to the rest of the wings. A
higher reflectance was also found in yellow
or orange markings of Papilio euchenor and
Teinopalpus imperialis. The green iridescent
areas on the wings of T. imperialis and P.
paris showed a very weak NIR-reflectance,
if any.

3.2.5. Odonata (museum specimen)

In contrast to the yellow spots on the abdo-
men of a female Libellula depressa, the dark
body parts of Odonata species did not show
any NIR-reflectance (see Tab. 1). Whitish
transparent exuviae of various unclassified
species generally showed a high reflectance
(data not shown).

3.2.6. Mantodea, Orthoptera and
Phasmatodea (museum and living
specimens)

A green living specimen of Mantis religiosa
showed an extremely high NIR-reflectance,
comparable to that of green leaves (Tab. 2).
The brownish wandeting violin mantis Gon-
gylus gongylodes showed only a weak to me-
dium reflectance, similar to the twigs in its
terrarium. Similar observations were made
on several other green and brown species
of Orthoptera and Phasmatodea (Tab. 2).
Green leaf katydids such as Ancylecha fe-
nestrata and Stilpnochlorchis couloniana showed
a strong NIR-reflectance comparable to
that of green leaves (Fig. 8). Yellow or green
coloured body parts of Schistocerca gregaria
showed a strong reflectance. This also
applies to juvenile stages that, however,
possess large black, non-reflecting mar-
kings. Very young nymphs are completely
black and easy to discriminate from back-
ground vegetation in the NIR-photos. We
also observed a slight sexual dimorphism
in this species regarding NIR-reflectance
(Fig. 9). A very high NIR-reflectance

was also observed in green Phasmato-
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Fig. 5: Specimens of different beetle species shown in conventional colour (A,C,E) and NIR-photos
(B,D,F). The brown to red brown jewel beetle Sternocera hildebrandti (A+B) shows a medium NIR-
reflectance, as the light brown elytra of the stag beetle Dicranocephalus bowringi (E+F). The green
cetoniid Ischiosopha lucivorax (C+D) does not show any NIR-reflectance.

Abb. 5: Individuen von verschiedenen Kifern gezeigt in Farb- (A,C,E) und NIR- (B,D,F) Foto-
grafie. Die braun bis rotbraunen Prachtkifer Sternocera hildebrandti (A+B) zeigen eine mittlere NIR-
Reflexion, wie die hellbraunen Fliigeldecken des Hirschkifers, Dicranocephalus bowringi (E+F). Die
griinen Rosenkifer Ischiosopha lucivorax (C+D) zeigen keine NIR-Reflexion.
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Fig. 6: Specimens of the rose chafer Caglorrhina superba (A) differ considerably concerning NIR-
reflectance (B). Black beetles such as Carabus scabrosus tauricus (C) generally do not show NIR-
reflectance (D).

Abb. 6: Individuen des Rosenkifers Caelorrhina superba (A) unterscheiden sich hinsichtlich ihrer
NIR-Reflexion betrichtlich (B). Schwarze Kifer wie Carabus scabrosus tauricus (C) zeigen generell

keine NIR-Reflexion (D).

dea species such as Heteropteryx dilatata,
Diapherodes gigantea and Phyllium celebicum.
In contrast, brown Phasmatodea as EX-
tatosoma tiaratum appeared darker and
blueish in NIR-images similar to the co-
louration of twigs and dry brown leaves.
Observations from living specimens gene-
rally agree with those of dead museum speci-
mens. Yet, it should be noted that colours of
green and yellow Mantodea and Orthoptera
species in the collection tend to fade.
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4. Discussion

Techniques of infrared photography are at
hand now for more than 100 years, beginn-
ing with the discovery that vegetation or
better green leaves possess an extremely
high reflectance in the NIR-range of the
spectrum and, thus, appear snow-white in
monochrome infrared images (Woob 1910
a, b). This unusual photographic peculiarity
is commonly known as the Wood effect,
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C

Fig. 7: The bluish-green caterpillar of the Atlas moth Attlacus atlas (A) exhibits a high NIR-reflectance
(C), which markedly differs from that of the leaves because of its high blue light reflection. The
seemingly higher NIR-reflectance of the leaves is caused by their low blue light reflectance. The
brownish cocoon shows a much lower reflectance in both wave bands (B).

Abb. 7: Die blau-griine Raupe der Atlasmotte Attlacus atlas (A) weist eine hohe NIR-Reflexion
auf (C), die sich wegen ihrer starken Blaulichtreflexion stark von der der NIR-Reflexion der
Blitter unterscheidet. Die scheinbare héhere NIR-Reflexion der Blitter ist durch ihre geringe
Blaulichtreflexion bedingt. Die braune Puppe zeigt eine viel geringere Reflexion in beiden Wel-
lenlingenbereichen (B).
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Fig. 8: The Malaysian katydid Ancylecha fenestrata (A) shows a strong NIR-reflectance (B).
Abb. 8: Die Malaysische Blattschrecke Ancylecha fenestrata (A) zeigt eine starke NIR-Reflexion (B).

a term still widely used by enthusiastic
amateurs and professional infrared photo-
graphers. Since then infrared photography
has been frequently used in different fields

Entomologie heute 24 (2012)

of science (e.g. CLARK 1947; GiBsoN 1978,
VERHOEVEN 2008).

More recently film-based infrared pho-
tography has been substituted by digital
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Fig. 9: The female of the desert locust Schistocerca gregaria appears slightly darker compared to the
male that shows a NIR-reflectance similar to the grass vegetation; the nymphs (on the top) do not

reflect any NIR.
Abb. 9: Das Weibchen der Wanderheuschrecke Schistocerca gregaria erscheint etwas dunkler als das
Minnchen, das eine sehr starke NIR-Reflexion zeigt; die Nymphen (oben) reflektieren kein NIR.
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Fig. 10: The leaf insect Phyllium celebicum (A) and its NIR-reflectance (B) similatly strong as the

surrounding vegetation.
g veg

Abb. 10: Das Wandelnde Blatt Phyllium celebicum (A) reflektiert im NIR (B) dhnlich stark wie die

umgebende Vegetation.
g 2

cameras, with the consequence that co-
lour infrared films are no longer available
(VERHOEVEN 2008) and that commercial
laboratories have ceased film processing,

Entomologie heute 24 (2012)

In principle, however, all CCD (charge-
coupled device) and CMOS (complemen-
tary metal-oxide-semiconductor) sensors of

digital consumer cameras are also sensitive




198

MicHAEL MIELEWCZIK, FRANK LiEBIscH, AcHIM WALTER, & HARTMUT GREVEN

to near-infrared up to 1100 nm due to
the intrinsic physical properties of silicon
(FrREDEMBACH & SUssTRUNK 2008, 2010).
Yet, in front of the CCD sensor a more or
less efficient “hot-mirror” is integrated into
the camera sensor to block infrared light,
which improves the overall image quality.
Therefore, any consumer DSLR camera
can be used to acquire NIR-images, if
the exposure time is sufficiently long and
if a filter is used to block the visible light
(VERHOEVEN 2008). However, very long
exposure times are often not practicable
and may reduce image quality, but most
digital consumer cameras can be modified
into NIR-sensitive cameras by removing
the internal hot-mirror (used in normal
photography to block NIR-light) and using
different red or infrared band-pass filters,
similar to those used in classical infrared
photography (see GissoN 1978 for filters
used in infrared photography and TETLEY
& YouNG 2007, 2009 for details on infrared
camera modification). Commonly, those fil-
ters can be attached either to the front lens
of the camera or they are mounted behind
the lens on the sensor during camera modi-
fication. As filter usage is not standardized
presently, digital colour infrared photog-
raphy requires digital post-processing, e.g.
manual colour adjustments.

The herein presented results show that the
modified NDVI-camera used by us is an
efficient and useful alternative to perform
digital infrared photography for scientific
purposes (for references on digital infrared
photography see VERHOEVEN 2008). Ad-
vantages are a colour scheme based on two
bands, which is not only easy to understand,
but also matches partially the false colour
rendering of previous colour infrared films
(for reference see GissoN 1978). Concern-
ing applied NIR-photography, the NDVI-
camera has several advantages: (1) Itis not
necessary to apply any additional filter in
front of the lens to block the visible light,
as the filter has been integrated back-lens

directly on the CCD sensor by the manufac-
turer. In consequence, both the view finder
and the live view mode are fully functional.
(2) There are also no limitations to auto-
exposure and sensor cleaning functions.
(3) The narrow RE-bandwidth of the
camera limited to the range of about
675 to 800 nm. Therefore any problems
related to wavelength-dependent shifts in
the camera focus typically occuring in NIR-
photography are minimized and even the
autofocus can be used. (4) There appear
to be no limitations concerning the use of
various lenses.

For general visualization of differences in
NIR-reflectance it does not appear to be
necessary to normalize the generated images
(see equation p. 185), though it can be help-
ful whenever quantitative imaging is needed,
e. g. in vegetation studies. Under shadowy
condition (e. g. cloudy sky, tree canopy, in-
door) image quality can be improved by us-
ing white cards and internal flashes. That in
out study these NDVI-values did not reach
NDVlI-values obtained in full sun can be
explained by the weak flash of the camera.
Using a stronger external flash will probably
increase these values. We showed that addi-
tional light during image capture improves
image quality for analytical purposes.
Infrared photography for image-based phe-
notyping of animals has already been pro-
posed by Dopb (1981) and especially KrEm-
PELS (1989). Now digital infrared cameras
enormously simplify this method, not only
because it is easier to acquire many images in
a short time, but also (even more important
to our opinion) because time-consuming and
costly film processing in a darkroom specifi-
cally equipped for infrared photography has
become obsolete. In addition, recent digital
consumer cameras have further advantages
very useful for image-based phenotyping, i.
e. additional meta-information can be auto-
matically integrated into the image during
image acquisition such as used lens, exposure
time, flash mode etc., which can be accessed
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later on any computer (MIELEWCZIK 2002,
2003 a, 2003 b). Also various epithetha can
be attached to the images using additional
meta-data fields provided by the IPTC image
file extensions (see for example MIELEWCZIK
2007 a), which is helpful in managing huge
databases with several thousand images. We
believe it is best to acquire images in RAW
and JPEG mode simultaneously. RAW
image files generally provide the highest
quality and degree of freedom for post-
processing purposes (see for example
MieLEwczik 2007 b), while JPEG files are
much easier to handle in day-to day-use due
to their smaller size.

4.1. Infrared reflectance of insects

The most striking result of our study is the
fact that many green insects show a very high
NIR-reflectance, which closely resembles
that of leaves. This was especially found in
living specimens of walking leaves (Phasma-
todea) and green Orthoptera such as Phyl-
lium celebicum and Stilpnochlora couloniana. All
species are known for camouflage and phy-
tomimesis (for summary see LuNnau 2011).
Spectral similarities between green insects,
such as caterpillars, grasshoppers, mantis
and walking leaves, and true leaves have
been known for a long time (BECQUEREL &
BroNGNIART 1894; Prz1BAM 1913). However,
to our knowledge it has never been reported
for any mantid or orthopteran species that
this property extends into the NIR-range
of the spectrum. Spectra of green insect
species showing a high NIR-reflectance are
known from a caterpillar (Rhodenia fugax:
Sarto 2001) and in the metallic green beetles
Calloodes grayanus (PARKER et al. 1998) and
Charidotella egregia (VIGNERON et al. 2007).

4.1.1. Museum specimens
We found different intensities of NIR-

reflectance in a large number of dead
specimens from the museum collections
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that were dried and stored in drawers. This
shows that these specimens retained this
property at least in part. We assume that
NIR-reflectance observed in these speci-
mens is largely attributed to the organization
and pigmentation of the cuticle; the under-
lying epidermis should be destroyed. The
general “lamellate” structure for example
of the elytron cuticle — hardly or not to be
seen in the exocuticle — is conserved (e.g.
VaN pE Kamp & GREVEN 2010). The same
applies for structural colours of the cuticle,
e. g the multilayered reflectors in the cuticle
of beetles (SEAGO et al. 2009), which can be
identified even in fossils (PARKER & McKEN-
71E 2003; TANAKA et al. 2010; MCNAMARA et
al. 2012). Also preserved are dark and brown
patterns caused generally by tanning (elytra
are often heavily sclerotized), but also by
melanization, which was seen in many of
the species examined.

However, some pigments appeatr to fade
in course of the time, e.g. in the green and
otherwise coloured species of Mantodea,
Phasmatodea, Orthoptera and also in light
coloured caterpillars. Their green and yel-
low patterns are caused by the simultaneous
presence of selectively blue (carotenes) and
red absorbing pigments, such as chromo-
proteins containing non-covalently bound
biliverdin IXo as prosthetic group (PRZIBRAM
& LLEDERER 1933; Kawoova et al. 1985; OkAy
1945; PAssAMA-VUILLAUME & BARBIER 1960;
RupIGER 1970; HOLDEN et al. 1987; WiL-
LIG 1969). Therefore, we assume that here
photo-oxidation and chemical degradation
are responsible for bleaching, but, neverthe-
less, some NIR-reflectance is retained.

We think that also some further parameters
may affect NIR-reflectance such as thinness
of the cuticle and their dehydration. An
opposite effect (i.e. higher reflectance) is
known from stacking of leaves due to the
reduced transmission (ALLEN & RICHARDSON
1968, see also Gates 1980). Further, drying
of the cuticle may lead to another effect, also
known from studies of leaves: Scattering co-
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efficients in diffuse reflectance over the VIS
and NIR-range of the spectrum generally
increase in dehydrated tissues (ALLEN &
RicHARDSON 1968; see GatEs 1980). De-
hydrated leaves show an increase in reflec-
tance over the whole range of the spectrum
from 400-2500 nm (CARTER 1991; RASCHER
etal. 2007), although only the increased re-
flectance in the range of 1000 to 2500 nm is
thought to be directly related to absorption
of water (JACQUEMOUD et al. 1996; RASCHER
et al. 2010). Nevertheless, the acquired
NDVI-infrared images of the insects exam-
ined herein show areas and patterns of dark
and brown colourations that are retained
in the museum specimens and play a ma-
jor role in the overall spectral and spatial
absorption in the RE- and NIR-range of
the spectrum.

Further, our study indicates that insect
species with a considerably high NIR-
reflectance are found throughout the world
and in different taxa. We think that this
phenomenon might be more common in
species living on leaves. Here, NIR-reflec-
tance matches to the green background.
Similarly, NIR-reflectance of dark or brown
insects may match to their local substrate.
Generally, however, the adaptive value of
NIR-reflectance of insects and animals is
largely unknown and only a few sugges-
tions are given herein: KREMPELS (1989),
who studied infrared reflectance of several
frogs and squamates assumed an adaptive
camouflage of predators and suggested
that IR-reflectance in coral snakes con-
tributes to their aposematic colouration.
Interestingly, we found NIR-reflectance in
the green predatory Mantis religiosa, which
in turn may baffle its prey. Brownish or
red colouration is accompanied by a weak
to medium NIR- reflectance (Buprestidae:
WAGNER 1971; and many other dark insects
including several phasmids). This fits very
well into the general cryptic protective
strategies of many stick insects (Phasmato-
dae) (for review see BEDFORD 1978).

If these suggestions are right, putative
predators or prey must be able to see in
the NIR-and RE range of the spectrum.
Spectral tuning of NIR-reflectance and
the steep increase of reflectance in the RE
might be beneficial to baffle predators that
show a shift toward longer wavelengths in
their spectral sensitivity. Up to date true
sensitivity in the NIR, first suggested by early
pioneers in infrared photography (TRISTAN
& MicHAuD 1916), has been reported in
a limited number of various invertebrate
and vertebrate taxa, e.g. Crustacea (Mysis
relicta: LINDSTROM & MEYER-RocHOW 1987),
Coleoptera (Hypera postica: Meyer 1976),
Teleostei (Rutilus rutilus: T.orw & LyTHGOE
1985; Oreochromis mossambicus: SHCHERBAKOV
et al. 2012), Dipnoi (Neoceradotus fosteri:
Harr 2008), Squamata (Anolis carolinensis:
KawamMurA & Yokoyama 1998; PROVENCIO et
al. 1992), Mammalia (Mustelus furo: Newsor.p
2007, NEwsoLD & KinG 2009). Infrared
vision in birds (VANDERPLANCK 1934, WoJ-
TUSIAK 1949) and turtles (WojTusiak 1947)
has been doubted (for discussions see for
example MATTHEWS & MATTHEWs 1939, IN
DEN Bosch 1987).

It is also possible that reflectance in the
far-red and near-infrared has an adaptive
value with respect to interspecific visual
interactions, as it has been suggested for
example in fish and some squamates (PAR-
TRIDGE et al. 1989; PrROVENCIO et al. 1992).
NIR-reflectance may also affect thermo-
regulation as heatload may be increased
(for discussion see IN DEN BoscH 1987).
Furthermore, it had been suggested, that
IR-reflectance might be only an inevitable
by-product of the colour pattern in the
visible part of the spectrum (IN DEN BoscH
1987). For all suggestions convincing ex-
perimental evidence is missing.

To our knowledge the structural basis of IR-
reflectance is not yet satisfactorily clarified. In
Lepidoptera pterin is suggested to contribute
to the overall reflectance of the longer wave-
lengths within the visible spectrum (RUTOWSKI
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et al. 2005) and therefore may also cover the
NIR-range. We believe that the very high
NIR-reflectance demonstrated in various in-
sects or their larvae is based on the structural
properties of their integument, i.e. the cuticle
and epidermis. These properties may lead to a
broadband high and diffuse reflectance, span-
ning the VIS and NIR-spectrum. The NIR-
reflectance is furthermore characterized by
absorption of brownish and dark pigments.
Additional blue and red absorbing pigments
such as erythropterin and carotenoids (blue
absorbing) and biliverdin (red absorbing)
occurring in both, the cuticle and the epi-
dermis (LENAU & BaArRroED 2008), may lead
to the green appearance of the specimens. In
addition, multiple layers with an alternating
pattern of low and high refractive indices, as
typical for the arthropod cuticle in general,
can define not only visible colours (LAND
1966; LENAU & BARFOED 2008), but may also
define NIR-reflectance.

Hspecially the various taxa of green metallic-
coloured beetles such as Stephanorrhina gut-
tata and some butterflies such as Teinopalpus
imperialis show a wide range of variation in
the intensity of NIR-reflectance, which may
be related to the different modes of colour
production (e.g. scattering, diffraction or
interference effects) (for references see Fox
& VEVERS 1960; CHAPMAN 1998; MICHIELSEN
& STAVENGA 2008; LENAU & BARFOED 2008).
More difficult to explain are interspecific
differences as demonstrated in Caelorrhina
superba. Here polarizing effects in the nano-
structure may affect NIR-reflectance.

Our study shows that high levels of NIR-re-
flectance are much more widespread among
insects than to be expected from literature.
Hspecially in green tropical Phasmatodea
and Orthoptera NIR-reflectance appears
to be prevailing.

Acknowledgements

We thank Dr. Sike Storr (Aquazoo/Lob-
becke-Museum der Stadt Disseldorf) and

Entomologie heute 24 (2012)

Dr. ANDREAS MULLER and FRANZISKA SCHMID
(Institute of Agricultural Sciences, Applied
Entomology Group, ETH Ziirich), who
made available to us the insect specimens
from the collection of the Museum, and
SusaNNE TITTMANN (Forschungszentrum
Geisenheim) for support in photography
on excursions.

Literature

ALLEN, W.A., & RICHARDSON, A.J. (1968): Interac-
tion of light with a plant canopy. Journal of
the Optical Society of America 58: 1023-1028.

BecqQueRreL, H., & BroNGNIART, C. (1894): La
matiere verte chez les Phyllies. Comptes
rendus hebdomadaires des séances de ’Aca-
démie des sciences 118: 1299-1303.

Beprorp, G.O. (1978): Biology and ecology of
the phasmatodea. Annual Review of Ento-
mology 23: 125-49.

BoknorsT, S., ToMMERVIK, H., CALLAGHAN, T.V.,
Proenix G.K., & Bjerke, JW. (2012): Veg-
etation recovery following extreme winter
warming events in the sub-Arctic estimated
using NDVI-from remote sensing and hand-
held passive proximal sensors. Environmental
and Experimental Botany 81: 18-25.

CARTER, G.A. (1991): Primary and secondary
effects of water content on the spectral reflec-
tance of leaves. American Journal of Botany
78:916-924.

CHAPMAN, R.E (1998): The insects. Structure
and function. 3" edition. University Press;
Cambridge.

CLARK, W. (1947): Photography by infrared — Its
principles and application. 2™ edition. John
Wiley & Sons; London, New York.

Corr, H.B. (1949): Adaptive colouration in ani-
mals. Methuen & Co Ltd.; London.

CrOMARTIE, R.ILT. (1959): Insect pigments. An-
nual Review of Entomology 4: 59-76.

Dobp, C.K. Jr. (1981): Infrared reflectance in
chameleons (Chamaeleonidae) from Kenya.
Biotropica 13: 161-164.

EMERSON, S.B., COOPER, T.A., & EHLERINGER, J.R.
(1990): Convergence in reflectance spectra
among treefrogs. Functional Ecology 4: 47-51

Fox, H. M., & VEvEgrs, G. (1960): The nature
of animal colours. Sidgwick and Jackson,
London.



202

MicHAEL MIELEWCZIK, FRANK LiEBISCH, AcHIM WALTER, & HARTMUT GREVEN

Fox, D.L. (1976): Animal biochromes and struc-
tural colours — physical, chemical, distributi-
onal & physiological features of bodies in
the animal world. 2 edition. University of
California Press; Berkeley.

Fox, D.I. (1979): Biochromy — Natural coloura-
tion of living things. University of California
Press; Berkeley.

FREDEMBACH, C., & SUSSTRUNK, S. (2008): Colout-
ing the near infrared. Pp. 176-182 in: Procee-
dings of IS & T/SID 16" Colour Imaging
Conference; Portland.

FreDEMBACH, C., & SUSSTRUNK, S. (2010): Auto-
matic and accurate shadow detection from
(potentially) a single image using neat-infrared
information. IEEE Transactions on Pattern
Analysis and Machine Intelligence 165527.

Gates, D. (1980): Biophysical ecology. Springer;
New York, Heidelberg, Betlin.

GEHRING, P-S., & WittE, K. (2007): Ultraviolet
reflectance in Malagasy chameleons of the
genus Furcifer (Squamata: Chamaconidae).
Salamandra 43: 43-48.

GissoN, H.L. (1978): Photography by infrared:
Its principle and applications. 3" edition. John
Wiley & Sons; London, New York.

Habprey, N.E, SaviLr, A., & ScHurrz, T.D. (1992):
Colouration and its thermal consequences in
the New Zealand tiger beetle Neocicindela per-
hispida. Journal of Thermal Biology 17: 55-61.

Hart, N.S., BaiLes, H.J., VoroByEv, M., MAR-
sHALL, N.J., & CoLLIN, S.P. (2008): Visual ecol-
ogy of the Australian lungfish (Neoceratodus
forsteri). BMC Ecology 8: 1-14.

Horpex, H.M., RypNiewskr, WR., Law, H.I.., &
RaAYMENT, 1. (1987): The molecular structure
of insecticyanin from the tobacco hornworm
Manduca sexta L. at 2.6 A resolution. EMBO
Journal 6: 1565-1570.

JacQuemoup, S., UstiN, S.L., VERBEDOUT, J.,
Scumuck, G., ANDREOLL, G., & HosGoob, B.
(19906) Estimating leaf biochemistry using the
PROSPECT leaf optical properties model.
Remote Sensing of Environment 56: 194-202.

N DEN Bosch, H.AJ. (1987): Uber Missverstind-
nisse bei der Deutung von Infrarotaufnahmen
am Beispiel von Chameleo jacksonii. Herpeto-
fauna 51:19-28.

KAWAMURA, S., & YOKOYAMA, S. (1998): Func-
tional characterization of visual and nonvisual
pigments of American chameleon (Anolis
carolinensis). Vision Research 38: 37-44.

Kawaoova, J.K., Kem, PS., Law, J.H., RiLey, C.T.,
RyaN, R.O., & SHAPIRO, J.P. (1985): Why are
green caterpillars green? ACS Symposium
Series — American Chemical Society 276:
511-521.

KELBER, A., VOROBYEV, M., & Osorio, D. (2003):
Animal colour vision: behavioural tests and
physiological concepts. Biological Reviews of
the Cambridge Philosophical Society 78: 81-118

KremPELS, D.M. (1989): “Visible light” and near-
infrared reflectance of amphibians and rep-
tiles and the visual system of avian predators
(Accipitridae: Buteo spp). Dissertation Thesis:
University of Miami; Miami.

Kusuba, J., & Mukat, J.-I. (1971): A biliprotein
from the digestive juice of Bombyx mori L. —Its
purification and partial structural study of the
chromophore. Comparative Biochemistry and
Physiology Part B 39: 317-323.

LeNau, T., & BarroeD, M. (2008): Colours and
metallic sheen in beetle shells — A biometric
scarch for material structuring principle
causing light intetference. Advanced Engi-
neering Materials 10: 299-314.

Lokw, E.R. & LYTHGOE, J.N. (1985): The ecology
of colour vision. Endeavour 9 (4): 170-174.

Lowrey, S., bE SiLva, L., Hopckinson, 1., &
LEADER, J. (2007): Observation and model-
ing of polarized light from scarab beetles.
Journal of the Optic Society of America A
24: 2418-2425.

Lunav, K. (2011): Warnen, Tarnen, Tduschen.
Mimikry und Nachahmung bei Pflanze, Tier
und Mensch. Wissenschaftliche Buchgesell-
schaft; Darmstadt.

MarrHews, L.H., & Marruews, B.H.C. (1939):
Owls and infrared-radiation. Nature 143: 983.

McNamara, M.E., Brices, D.E.G., Orr., PJ.,
Non, H., & Cao, H. (2012): The original
colours of fossil beetles. Proceedings of the
Royal Society B 279: 1114-1121.

MEeNzEL, R. (1979): Spectral sensitivity and
colour vision in invertebrates. Pp. 503-580
in: AutruM, H. (ed.): Handbook of Sensory
Physiology. Vol. VII/GA. Springer; Berlin,
Heidelberg, New York.

MEYER, J.R. (1976): Positive phototaxis of adult
alfalfa weevils to visible and neat-infrared ra-
diation. Annals of the Entomological Society
of America. 69 : 21-25.

LiNnDsTROM, M., & MEYER-ROcHOW, V.B. (1987):
Near infra-red sensitivity of the eye of the



Near-Infrared (NIR)-Reflectance of Insects

203

crustacean Mysis relicta? Biochemical and Biophy-
sical Research Communications 147: 747-752.

MicHIELSEN, K., & StaveNca, D.G. (2008):
Gyroid cuticular structures in butterfly wing
scales: biological photonic crystals. Journal of
the Royal Society Interface 5: 85-94.

MieLEwczik, M. (2002): Versteckte Informa-
tionen. PC Praxis Foto 2/2002: 113-114.

MieLEwczik, M. (2003 a): Eldorado fiir Hobby-
Fotografen — Zusatzinformationen zu Digi-
talfotos. Linux User 10/2003: 52

MieLewczik (2003 b): Extended information on
digital photos — the perfect picture. Linux
Magazine 11/2003: 34-35.

MieLEwczIK, M. (2007 a): Exif-Daten — Zusatz-
Infos nutzen. Chip Linux 1/2007: 54-55.
MieLewczik, M. (2007 b): Raw-Bilder unter

Linux. Chip Linux 1/2007: 49-51.

Okay, S. (1945): Pigmentation of Orthoptera.
Nature 155: 635.

NEewsorD, H.G. (2007): Infra-red vision in ferrets
(Mustelo furo). Master Thesis, University of
Waikato; Waikato, New Zealand.

NEewsorp, H.G., & King, C.M. (2009): Can a preda-
tor see ‘invisible’ light? Infrared vision in ferrets
(Mustela furo). Wildlife Research 36: 309-318.

PARkER, A.R., McKeNzIE, DR, & LARGE, M.C .
(1998): Multilayer reflectors in animals using
green and gold beetles as contrasting ex-
amples. The Journal of Experimental Biology
201: 1307-1313.

PARKER, A.R., & McKEeNzIE, D. (2003): The cause
of 50 million-years-old colout. Proceedings of
the Royal Society B 270: S151-8153.

PARTRIDGE, J.C., SHAND, J., SRCHER, S.N., LYTHGOE,
J.N., & vaN GRONING-LUYBEN, W.A.H.M.
(1989): Interspecific variation in the visual
pigments of deep-sea fishes. Journal of Com-
parative Physiology A, 164: 513-529.

PassamMa-VuiLLAUME, M., & BARBIER, M. (1960):
Sur la biosynthese de la biliverdine IX o par
la mante Mantis religiosa et le criquet Locusta
migratoria. Comptes rendus hebdomadaires
des séances de ’Académie des sciences, Série
D 263: 924-925.

Provexcio, 1., Loew, E.R., & FosTEir, R.G.
(1992): Vitamin A2-based visual pigments in
fully terrestrial vertebrates. Vision Research
32:2201-2208.

Przisam, H. (1913): Griine tierische Farbstoffe.
Pfltgers Archiv fiir die gesamte Physiologie,
153: 385-400.

Entomologie heute 24 (2012)

Przisram, H., & LEDERER, E. (1933): Das
Tiergrun der Heuschrecken als Mischung
aus. Farbstoffen. Anzeiger der Akademie
der Wissenschaften Wien, Mathematisch-
Naturwissenschaftliche Klasse 70: 163-167.

RascHEr, U, Nicuor, C.J., SmaLL, C., & HEeN-
DRICKS, L. (2007): Monitoting spatio-temporal
dynamics of photosynthesis with a portable
hyperspectral imaging system. Photogram-
metric Engineering & Remote Sensing 73:
45-56.

RaschER, U, Damm, A., VAN DER LINDEN, S.,
OKUJENE, A., PIERUSCHKA, R., SCHICKLING, A.,
& Hostert, P. (2010): Sensing of photsyn-
thetic activity in crops. Pp. 87-99 in: OERKE,
E.-C., GERHARDS, R., MENZ, G., & SIKORA,
R.A. (eds.): Precision crop protection — The
challenge and use of heterogeneity. Springer;
Berlin, Den Haag,

R-DEVELOPMENT-CORE-TEAM (2008): R: A lan-
guage and environment for statistical compu-
ting. R Foundation for Statistical Computing;
Vienna. http:/ /www.R-project.org.

RUDIGER, W. (1970): Animal biliproteins. Proceed-
ings of the 505™ Mecting of the Biochemical
Society. Biochemical Journal 119 (3): 1P.

Rutowski, R.L., MACEDONIA, J.M., MOREHOUSE,
N., & TAYLOR-TAFT, L. (2005): Pterin pig-
ments amplify iridescent ultraviolet signal in
males of the orange sulphur butterfly, Colias
eurytheme. Proceedings of the Royal Society B
272: 2329-2335.

Sarro, H. (2001): Blue biliprotein as an effective
factor for cryptic colozration in Rhodinia
fugax larvae. Journal of Insect Physiology
47:205-212.

SEaGco, A.E., Brapy, P., VIGNERON, ].P., &
ScHurrz, T.D. (2009): Review: Gold bugs and
beyond: a review of iridescence and structural
colour mechanisms in beetles (Coleoptera).
Journal of the Royal Society Interface 6:
165-184

SHCHERBAKOV, D., KNORZER, A., HILBIG, R.,
Haas, U, & Brum, M. (2012): Near-infrared
otientation of Mozambique tilapia Oreochromis
mossambicus. Zoology 115: 233-238.

ScHWALM, P., STARRETT, P., & McDiarMID, R.
(1977): Infrared reflectance in leaf-sitting
neotropical frogs. Science 196: 1225-1227.

TaNAKA, G., TANIGUCHT, H., MAEDA, H., & NOMURA,
S. (2010): Original structural colour preserved
in an ancient leaf beetle. Geology 38: 127-130.



204

MicHAEL MIELEWCZIK, FRANK LiEBISCH, AcHIM WALTER, & HARTMUT GREVEN

TeTLEY, C., & YOUNG, S. (2007): Digital IR
and UV imaging. Part 1: Infrared. Journal
of Visual Communication in Medicine 30:
162-171.

TEeTLEY, C., & YOUNG, S. (2008): Digital infrared
and ultraviolet photography using advanced
camera services modified equipment. Journal
of Visual Communication in Medicine 32:
40-42.

TristaN J.E, & MicHAUD G. (1916): Probable
perception of light by some animal species.
Scientific American January 15: 81, 88-89.

VAN DE Kawmp, T., & GREVEN, H. (2010): On the
architecture of beetle elytra. Entomologie
heute 22: 191-204.

VERHOEVEN, G. (2008): Imaging in invisible using
modified digital still cameras for straightfor-
ward and low-cost archaeological near-infra-
red photography. Journal of Archacological
Science 35: 3087-3100.

VIGNERON, J.P. PAsTEELS, .M., WINDSOR, D.M.,
VERTESY, Z., Rassart, M., SELDRUM, T., Du-
MONT, ., DEPARIS, O., Loussk, V., Biro, L.P,
Ertz, D., & WELCH, V. (2007): Switchable
reflector in the Panamanian tortoise beetle
Charidotella egregia (Chrysomelidae: Cassidi-
nae). Physical Review E 76 031901: 1-9.

VANDERPLANK, FL. (1934): The effect of infra-
red waves on tawny owls (Strix aluco). Proceed-
ings of the Zoological Society of London
104: 505-507.

VIGNERON, J.-P., & Smvonis P. (2010): Structural
colours. Advances in Insect Physiology 38:
181-218.

WAGNER, G. (1971): Infrarot-Fotografie — Der
Weg ins Unsichtbare. 2. Auflage. Verlag die
schénen Biicher Dr. Strache KG; Stuttgart.

WEeLcH, V., Loussg, V., DEpPARIs, O., PARKER, A.,
& & VIGNERON, J. (2007): Orange reflection

from a three-dimensional photonic crystal in
the scales of the weevil Pachyrrhynchus congestus
pavonius (Curculionidae). Physical Review E
75: 41919-1-41919-9.

WiLLiG, A. (1969): Die Carotenoide und der
Gallenfarbstoff der Stabheuschrecke, Ca-
rausius morosus, und ihre Beteiligung an der
Entstehung der Farbmodifikationen. Journal
of Insect Physiology 15: 1907-1927.

Woyrusiak, R.J. (1947): Investigations on the vision
of infra-red in animal. I. Experiments on water
tortoises. Bulletin International de I’ Academie
des Sciences de Cracovie B 2: 43-61

Wojrtusiak, R.J. (1949): Polish investigations
on homing in birds and their orientation in
space. Proceedings of the Linnean Society of
London 160: 99-108.

Woob, R.W. (1910 a): A new departure in pho-
tography. The Century Magazine 79: 565-572.

Woob, R.W. (1910 b): Photography by invisible
rays. The Photographic Journal 50: 329-338

Dipl. Biol. Michael Mielewczik

Dr. Frank Liebisch

Prof. Dr. Achim Walter

ETH Ziirich

Institute of Agricultural Sciences
Universitatstr. 2

CH-8092 Ziirich/Switzerland

E-Mail: michaemi@ethz.ch

E-Mail: frank liebisch@ipw.agtl.ethz.ch
E-Mail: achim.waltet@usys.ethz.ch

Prof. Dr. Hartmut Greven

Zoologie IT der Heinrich-Heine-Universitit
Universitatsstr. 1

D-40225 Disseldorf

E-Mail: grevenh@uni-duesseldorf.de



205

Near-Infrared (NIR)-Reflectance of Insects

Appendix

MIUEIAPAI L

IPA-YIN

UINPIAIPUT Ualydnsiajun Jop [yezuy a1 .U@NHMOHO@\QUMUM\UUMX

. ystoaars wrmonond
3 aup vo adms sofpd
1y v g upaad yaEp oy

0y

NEEILE UD2IY

suy e

eI BAAICY

10[00)

aepusardng
arpusasdng

srposasdng

dng

aupusasdng

1t

aepusardng

avpnsazdng

avpusasdng

avpnsazdng

aepusasdng

awpnsazdng

Apweg

\ ‘enpwmg fesauopuy (1)
ceRl “Suaqspurr| st puaposlin)

FOR] Ao,

erpisny (c)
(€8] ‘uHaney s susonty)

Ay AL
T 2

0T "3

: | o
By -IsEpnog (g)
LO] “SIDPUNES sirmssapis paigorliy)

a (%]

raEy 159 (2)

(1081 ‘sIapunes) myrykiame sfierly

TOWeN CDQU%M.&QUwQwaTK/ WP 21Uy UloWWe> Ul 31Ya3s

Jne pualaistq QMMGHLEENwwEBUmSE SN U21IEUIISUT UOA COMNU@waMHZ ”._” O-Ml_l

PWEU DHRUIIOS 913 J93je

$332eIq UT suawdAds paurwexa jo saqunN Kydeidojoyd- 23pH-pay,, £q POIEWNSI S& SUORII[0D WNISNW WOTF $IIISUT JO 2ULIIYI-YIN T "Ll

Entomologie heute 24 (2012)



206

MicHAEL MIELEWCZIK, FRANK LiEBISCH, ACHIM WALTER, & HARTMUT GREVEN

sifurgrew afueio
e wimouoxd sou Hurpn
I [rws i ed ysipag

uepng (z)
(SER1 AT SharpSasss BHIISED DAV

ERTIREIEN
(i) Huons pue *(wmiouod) ou *(endp ysippas) wnipaw o1 e

:u..:a.ﬂcﬁ_.u.._.__ uo sfuppew Jo uutﬂua.:.k wpat 10 B1d .
24 JO PIUEIIFAT eam A v i suawads muos (endp uaaal) o PRAIIIPH] PEN MY pasaadog

D .
(gLey *snouqr.y)) suges sdiusyg

Jum ppEa g (g)
pax wmiauosd ¢ uaad apeapy (ceg) npy) smuwmay sdiys

pur )
(GLL *snwouqe.) evonpsef syssfurry

wmouosd pue exde situnpEn mopad m : unsuawsEn L, (1)
Jo supprEw Mo[PA i Jof AuEapas wmpaws pur (i gariq) o Jips wmouoad pue i g (£681 *soaaung) munpmng surpouns spo|

aunsaje (1)
(etg1 wamg) pyrar spopnf

ey (g)
(egg1 hory 3 avod ) swgud spazy

= i . EpeIsny; (g)
DURIIIPAT WIMPIW B MOYs wRAR M uo mﬂ:ﬂ._ﬂ: aifurzo g AUy 3 Y e uum,_uwuumsm (1081 “souqED) S0m fur )

Bunz1es130,] ;T "Rl
‘ponuRuO) 1T "geL



207

Near-Infrared (NIR)-Reflectance of Insects

EI095)-)\S oy, ()

PR e SERRERD LER "ef 39 SHOjoISITy  grpantag (sqsnoaid) sy

vdomsy ()
GOLL “rvamay sl (smanaicy) sugeaer

i o
LTGY "DIST SPPLIMSREL SHSGIGIIS SN0
Fuugs s
[ e 4134 8 LS Yorg

Aururys spppeats .
AR A 4394 ¥ LI v i FPS1 OEMUISION sy ssagur e

uronys opaaw
uaaE yeam 24 € L e i LEST "D|NIG] HusHopHD SHSAGDIS SHerary)

adoang (1)
TOLI ‘SODUQL] kS suqeier)

()
(06.L1 3900CY) wyeliaary asotessys'
vz *eiuay ‘edonyiy (9)
BL81 PIOTEH Mpunagipyny resiiyg

(5]
081 00y gpewgp riousyy

anjq pue

Bunz1es130,] ;T "Rl
‘ponuRuO) 1T "geL

Entomologie heute 24 (2012)



208

MicHAEL MIELEWCZIK, FRANK LiEBISCH, ACHIM WALTER, & HARTMUT GREVEN

adoazy ()
o e P 9 (szg1 ‘samuadivyny) swarmadil snfgorcy

wmovosd s vo surgpau
(g aduero fendp g
uo saduis yavjq Y ddues()

Trerg (g)
(9081 “1sepayy) swpuisyus stpagug

AT
Apoq a1 3o (surd Jdueo ) yaiy o1 umipaw pur (suvd yrgg) oN

eunuadry AenBee g aag (¢)
ﬂuﬂ_um:& n.sn_
uunuﬁnukn. ov_hﬁﬁoﬁo.xﬁ_avﬁn Eshn&xﬂ?u E Sa“..uﬁuxga%%w

winouosd pug sdunaew mofs wdy eI Pnos (7)
w30 sBuppw mofad ag jo 2usdaas iy puv (endp gavg) on |y wmouosd i kg _ 6T81 AALOUISURSE Sureas sugpnfyeye)

wsy (pnog (7)

L1 snennaly sl sl

(€
(LLLy snouqe.y) seog 0O

: ey ()
1661 “Pavity. e ounguiosny

YGL1 “SNAVUUR] Swamsiar (sysmiduie) snqeaery

Bunz1es130,] ;T "Rl
‘ponuRuO) 1T "geL



209

Near-Infrared (NIR)-Reflectance of Insects

AOUIAA WINIPIL ¥ MOLSIE waoaq g g Ajug

“ouapa (umouosd)
wngpatu 0 Eas pu b (i) wndp) wnipaw *(Suppiu mod) oy

SENIEP MOUILIOS
pareadde wouosd My p B4R AP JO IDUIHDI WP 01 JEI A

snod pue sadus yoepg ay adasxa aourzagas winpaw o1 e

sTupp Mof[s 2y §o AJuo 2atreIdagR YR 01 wnipajy

sads
P qi i o ydrg

usalq pas sdry
s pas s wald e LY ISEE] P s sy (1)
aano wouosd sHupp (Re81 o pupy) spames o]
aupod vy s enip afug

vy ()
€981 “a0dse Minznng smpgdvonrac]

surod spugq sadus o
apisu] apis o 1w sadms affurio
] YU UMOI- YSIPPAI HIEC]

wagy Euan) (1)
(BL81 *PIoTER)  pwrampnd ounguaipuog™y

Eshmsﬂq_nﬁnc&n_{g i ®
Mofs i ap vo sfupp pRTqETS i
53,
A e AR €8I ‘POOAISIN ) T

I e -

24gddd (UMWOPGE) eI

pray
o g ||

* adoangy (1)
(18L1 “Jueanag) sumusaponp o)

Bunz1es130,] ;T "Rl
‘ponuRuO) 1T "geL

Entomologie heute 24 (2012)



210

MicHAEL MIELEWCZIK, FRANK LiEBISCH, ACHIM WALTER, & HARTMUT GREVEN

vuser ] vany vsos) (1)
(581 *pavonog) swpuayisas (ki) syosnyg

vapAWY Uy (1)
CLB| "PIINOE LA SHoerity]

vpEnzaua A ‘mqwnor) (1)
(0881 ‘plosvy) syewme 3@3@5 Sy

oy wapnos (1)
ST ‘s108Ly prowjdns vionpi

ey (7)
SLEL PIOSTH oemass spoupng

oy (g)
(RL81 “prosvy) pisod oposig,]

sy (1)
(gE81 woayaaag 3 L05) mww sppsdaoiy
uoiar uviensny .ﬁc
(1681 “avery] xrunimy oqdasongs]

. wpug mos (1)
(I8L] ‘SnRBqE.L) sy punguniip]

Bunz1es130,] ;T "Rl
‘ponuRuO) 1T "geL



211

Near-Infrared (NIR)-Reflectance of Insects

wmaads 3 jo ned anpg s o anbedo
Aot s Saumasgar (B ) ydiy Apapepr pus (st pua) oN

aofad pue par (s ey

(o sBurpew e fumipagy STURRL IR I U210y E

asudapar (seare yar(q) ou pur (sFunpw sofd pur par) wnpagy

20uEAYAE ou SIS YOr|q NP 01 JeI A\ E

By istapnog (g)

aaumaapas (sirod aga) gy pue (sfurpew afuvo) eam ‘(endp) oN AT A e i s

asumapa (sfurpe Jojod atfurao ) wpau andea o 1 sfunEew sojoo = ﬂ._h.“s.?u.u:uu (1
o1 qeam pue (BRd]a) 0o Jeasy B Ao mos endp uesd sy, aduero endp uaard onpeagy 1081 T2\ By By

Bunz108130,] 1] ‘gel
‘Ponunuo) T 'gel

Entomologie heute 24 (2012)



212

MicHAEL MIELEWCZIK, FRANK LiEBISCH, ACHIM WALTER, & HARTMUT GREVEN

1sanEng ‘enewmg ‘eaumey many endeg (1)
G681 AA-UHINGY dvterpons oifo)

g 7 (g) B
(hLg1 *uosialy) epups soqrawd)

suaseageg (1) (wypdianes)
(BGL] ‘snavuury) cuspomcin smeipu]
vandopidary

saueiapas (sBurs ‘sued moppad) umipaw pue (sued yorjg) oN ! ot sy mﬂ“@é«.&&:m ] .

o suasjo (01)
(RS 1 “smauury) ofie v |

ettt | s | | T,
ettt | s ||

o PPN PUE -(nos EoY-HON (9
rprdeay (RL1 “snovuur) sy ssyeg

aaumsaapas (siuue ‘sued mofpd) wnipaw pue (sared yaeg) on

aueapar (sfuus “arvd mogpd) waipaw puv (sued Jpe) oN o / MOPX

Bunz1es130,] ;T "Rl
‘ponuRuO) 1T "geL



213

Near-Infrared (NIR)-Reflectance of Insects

=
yram 32y

(sods moppd) asumsagas wnipaw
pur (sted umosq 1ugdy) wpaw o1 yeam (sued Spog usoag yaep) ey,

oN

g dzaa

AIMO] ITNLOS

Apoe (s 3823 ayp vo sfurpm sofpd ‘siumasog *ipog) wmpagy

PRanpaL Apyds uawmads JpEep © Ul I Jed) 1) WIpajy

sifuun 3ea1 21 wo s1ods yaep MpiwnIpay

wgpatu o yras. sudtwmads gy sEas o1 jeam Doy

B

(g o1 wnipayy

HEDN,

AU
(uawopqe pur siods mofad) wmpar puv (Suswap il pur ) ON

*(seaze Juadsipur uanad) on

LDt e Sl U

UDOPGE STUMOIE]

sayud
AO[PA I UIOPAE RoIg
C::_Envm_.-u
uaazil fanjq aep aMEIafy

1uazedsuen ysunga

wanoag
it o0 uaasd mopad i papeg

JEXY UMD jIEp
wmoag yep daagy
UAOIG HIRC]
AO[RK, [ U3z

AT §IEC]

uaopqe
aofad v pur sods sofad
[[ewrs ya s g /uaan

afuro e L9a g uaain

SPRPIET

aupynjpqry

FERIOIPGET

avpidimdopey

avpnuEpy
(pepnuEp

Ay

N

APRIEN

AEPOUE}Y

Arpnurpy

EpnuTyy

ST

JEpUUTpY

aepuonideg

aepruoipdeg

TonnqNSIp ANATEEC

(LA T1) (opees) mnsoy RO
snorejopy (1)

AP B

(gcy | snowvuury) (ajew)
adoany (1)
(ge21 *snavuury) (apeway) secdp murgr]

DORT ‘IS sy sipenopiad |
ALY WAnog (g)
(gser vp) P easiomniivys

(gL L] “snianc

(6881 1 AN esspronodiy sGrydascy

sy (2)
(£pQ1 “Saauapy-unancy) mesmy skeydasgy

raumey MaN ‘wqensny (¢)
(8gL1 “smavuury) (yepy) smawed sypracf

Bunz108130 1T gl
‘ponunuo) T el

Entomologie heute 24 (2012)



MicHAEL MIELEWCZIK, FRANK LieBiscH, AcHIM WALTER, & HARTMUT GREVEN

214

(Fuaumxads saymmus

Al g yrm | smanads T pe dheaaso) waad) giing o wmpegy

s (LN IS
maw srmemads sl g

ESHAIREE) |

iy R (7
(RER] P M vl

itheg 1) Ry

T
wngpapy

iy

Lt LT ]

e TTR 1= Y

TN

Yap o1 umipagy

UnpRpY
wnipagy

wmpIpN

wnipagy

oy wag g s yiig o ampagy

waeadiy jufiin] pus uwairy

wienzitasnds
Ly iy e iy

O] napagy
LALLM ) L33
)l sxgeey

R

WAREIR] BT

apy
WMOIC] SO
Mofp L fuaaany

suaumads uaasid pue mofa g

suawmads

LANDT( M PUE [STUA030)
WAOIC-MO[[2 L /U0y
S Hn?

UMDIG A SUEEITS)

avprezailod aumif|

arprasdoiaaumg

awprmatnio |

aepunndng |

sepamEi |

A |

sEEOg ey o GT

(oR] g ) ree s
slamy gy (16

(1941 ") s s |

smay (7
(RERE Mppasss) ruasiin’ mpeliay
exEmany g (il

i
C1GH “Eipag) s ey ™
ETLEMIEY; [N P e )
T B a R T s e—
iy Ewary ()
(1) Tpreqmaipy) aboney rprpdissass
(Eeeag]) ExMown uimjnog (g)
|Gl “Epeguapay)) sl mdiasasey
Ay [Eaua) ()
(st S) apopuapie smprgduonmon
I WIAPNOS (k)
(1681 “Typwquapay) Lansy supegdasuaoin]
upuy ()
(1681 ‘1aupequanpayy) smuput sapy =
wsy 1sEnnog (g)
(1681 ‘3opequarpay]) syewdd swpegdieuamn ]
wunyy ()
(1681 FauprquApy) smijd

(1681 v
exmdoypig

Bunz108130 1T gl
‘ponunuo) T el



215

Near-Infrared (NIR)-Reflectance of Insects

AIELA|AT (KL 031F U s
(213 Jo 38ues peasaods s Hupnpuy | sada mogpd ga sy i 1ol 1 dopnasg e

S s SO0T WS 3 U0y spnier s |

EIPOITLSTL |

| F
o { el i Ud
-] i wnoig i
sy
(s o ayqrandusns) umipagy -y 7 1d PHBLIST| 1 oy oy iy By
ofilr o0 wmpay WAROIG € AN FOPOITILREL| aeporwsTy ] S :
” 5 EILIBY’ APPUY
Hiy G2 ot g o bl i (feL) wipptey) () eyl spasgdng
waanny EIPOITETT, | aepritiamdomagy f s N

L, UAMO3E] 3] puE

W PP K B3 ERO P

£afa moad i ey oy Y

sifungavw e

i s uaas  mofp g udayuicy APREV

wadoyue) MpipLY

oo

w3y wydoguy
I s npey (@ .. Jiitsannl)
yiiny a2y stfunpv pep g vy oy Am_..__._. ) L] i ki i i

iy Ly sfunpaem garp yisn udaey ey avprsoiiig

uaniey AP ELTITY

Lalt] U5 BIpaUE INpAUNY.

IFEMINOS
avprendury jinot

A YD

VAP

IUBIIIPA-P N 0] 3y Aruse g

"OeIS030,]-,,98PH-PIY* JNE PUIAISEq UANYISUT UIPUIQD] TOA UOTKIFIY-YIN :Z ‘OBl
AqderS010yJ-0SpH-pay Aq parewmsa st $109sUT SUTAT] JO 90ULIIPII-YIN :Z ‘08l

Entomologie heute 24 (2012)



ZOBODAT - www.zobodat.at

Zoologisch-Botanische Datenbank/Zoological-Botanical Database
Digitale Literatur/Digital Literature

Zeitschrift/Journal: Entomologie heute

Jahr/Year: 2012

Band/Volume: 24

Autor(en)/Author(s): Mielewczik Michael, Liebisch Frank, Walter Achim, Greven
Hartmut

Artikel/Article: Near-Infrared (NIR)-Reflectance in Insects — Phenetic Studies of
181 Species. Infrarot (NIR)-Reflexion bei Insekten — phénetische
Untersuchungen an 181 Arten 183-216


https://www.zobodat.at/publikation_series.php?id=21326
https://www.zobodat.at/publikation_volumes.php?id=62493
https://www.zobodat.at/publikation_articles.php?id=445413

