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We investigate the possibilities of light detection and ranging (lidar) techniques to study migration of the
damselfly species Calopteryx splendens and C. virgo. Laboratory and testing-range measurements at a
distance of 60m were performed using dried, mounted damselfly specimens. Laboratory measurements,
including color photography in polarized light and spectroscopy of reflectance and induced fluorescence,
reveal that damselflies exhibit reflectance and fluorescence properties that are closely tied to the gen-
eration of structural color. Lidar studies on C. splendens of both genders show that gender can be re-
motely determined, especially for specimens that were marked with Coumarin 102 and Rhodamine
6G dyes. The results obtained in this study will be useful for future field experiments, and provide guide-
lines for studying damselflies in their natural habitat using lidar to survey the air above the river surface.
The findings will be applicable for many other insect species and should, therefore, bring new insights
into migration and movement patterns of insects in general. © 2009 Optical Society of America

OCIS codes: 280.3640, 010.1100, 300.2530, 350.4238, 240.5698, 030.1670.

1. Introduction

A. Background

Light detection and ranging (lidar) techniques have
been developed for almost half a century and have
since been widely used in, e.g., aerosol monitoring
[1–6]. Stationary lidars and mobile systems have
been employed with a wide variety of platforms,
ranging from submarines, ships, trucks, cranes, air-
planes, to satellites [7–10]. Aerosol studies typically
involve vertical soundings or the generation of three-
dimensional distribution maps. The data are usually
obtained by time-resolved measurements of elastic
backscattering using a limited number of laser fre-
quencies. Even polarization of backscattered light
can be analyzed to provide information regarding
the number of scattering events and particle size dis-
tribution [10,11]. Apart from the strongly dominat-

ing elastic backscattering methods, three further
lidar methods have been developed for detailed spec-
tral analysis and classification of aerosols. These
methods are based on (laser-induced fluorescence
(LIF) spectroscopy [12–16], Raman spectroscopy
[17], and laser-induced breakdown spectroscopy
(LIBS) [18–22]). LIF methods have been employed
in the past to distinguish between different types
of pollen and aerosols that can potentially be used
in biological warfare [16]. Raman lidar gives weak
signals and has mostly been employed on water
and nitrogen [17]. The LIBS method is more difficult
to employ, but recent work has demonstrated assess-
ment of aerosol salinity [22], following very early
Russian work on cement particles [18]. Traditionally,
aerosol particles are considered to be solid or liquid
particles that can range from smoke, which has a
particle size of a few nanometers, to friction particles
and raindrops of several hundred micrometers in
size. In addition to these advances, insects and even
vertebrates, such as birds and bats, could potentially
be detected using lidar techniques. In the past, bird
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and insect monitoring and tracking have been exces-
sively investigated using radar methodologies
[23–26], including the classification of animals by
multiband (matched) illumination [27,28]. Such ap-
plications of remote sensing techniques have impor-
tant implications for local agriculture, as they allow
pest forecasting. Reflectance signatures measured
with multiband radar methods are typically given
by interference arising from the structures of the re-
flecting object. However, similar advances in the use
of lidar techniques have been slow, and until now,
only a few studies have directly investigated the fea-
sibility of lidar in insect and vertebrate monitoring.
One example comes from a lidar study on honey bees
in land mine detection [11]. That study measured
backscattered light at a single wavelength and in
two polarizations to detect bee echoes and to build
up stochastic histograms to summarize the bee
concentration in relation to the actual land mine
locations. In addition, lidar sounding of fish de-
monstrated the possibility to detect moving live scat-
terers [29,30]. The bee study was followed up by
investigations involving background rejection by
wing beat modulation of reflected light [31,32]. Such
an approach has also been used in the bird radar
community [33], with the difference that the modu-
lation frequencies are several magnitudes smaller.

B. Motivation and Strategy

The present paper describes spectroscopic studies of
two odonate species (Odonata: damselflies and dra-
gonflies), the banded demoiselle Calopteryx splen-
dens and the beautiful demoiselle C. virgo [34]. In
particular, the main focus of this study was to test
the feasibility of lidar for damselfly monitoring
and study of movement patterns. Damselfly larvae
are highly sensitive to water pollution and oxygen
concentrations and have thus been used as biomar-
kers in the past [35]. Another important characteris-
tic of damselflies is that, like all other insects, they
are ectotherms and are particularly sensitive to
changes in temperatures. Therefore, increasing am-
bient temperatures are expected to force insect spe-
cies to shift their distributions by expanding into new
geographic areas and by trying to escape from areas
that become climatically unsuitable [36]. In Europe,
many documented cases of range shifts among in-
sects have been attributed directly to increasing tem-
peratures [37]. For example, out of the 35 European
butterfly species that were studied [38], 22 have
shifted their ranges northward by 35–240km over
the last century, whereas only two have shifted
south. There is also direct evidence that the species
studied in the present work, Calopteryx splendens
and C. virgo, are currently affected by climate
change. In a recent study [39] Hickling et al. showed
that 23 of the 24 temperate Odonata species in the
United Kingdom, including the two Calopteryx
species, significantly expanded their range size
and northern range limit between 1960 and 1995.
Together, these data strongly indicate that European

populations of these insects are currently moving
northward.

Migration studies of insects are crucial for under-
standing the roles of gene flow in connecting popula-
tion over a wide spatial scale [40,41], but progress in
this area has been hampered by the difficulty of
marking individuals. As a consequence, studies typi-
cally involve neighboring and low numbers of popu-
lations. Migration in insects is relatively difficult to
study with traditional methods, such as radio trans-
mitters or light loggers, because the size and weight
of damselflies makes the attachment of the dispro-
portionately large devices difficult. An alternative
approach would be to mark neighboring populations
with combinations of two or three different fluores-
cent dyes, such as Rhodamine variants, and then
detect migrated marked individuals at a given popu-
lation [42], by correlating the spectral fingerprint of
each detected individual with the population of ori-
gin. Such dyes could either be sprayed or powdered
on individual specimens or absorbed by the indivi-
dual through the metabolic uptake of food or water
(e.g., during the aquatic larval stage) [42–46]. A
number of fluorescent dyes have already been used
for freshwater tracking and environmental studies,
and other dyes already exist due to detergents in
wastewater [47]. Even with only a few appropriate
and noninterfering dyes, a much larger number of
site locations could be monitored simultaneously
by using various nonparallel spectral combinations
of the few dye types. This is especially true if the
probability of detecting two individuals in a single
voxel is small.

This paper presents optical spectroscopic features
and the feasibility of damselfly monitoring using li-
dar and lidar LIF methods, and is organized in the
following way. In Section 2 the general photophysical
aspects of Odonata are discussed. Then, in Section 3,
we develop strategies for the remote classification of
the two damselfly species and the respective genders
in order to produce species and gender selective
three-dimensional distributions and behavioral
studies over a temporal scale [48]. In particular,
we demonstrate how to generate broadband “white”
light by autofluorescence on the surface layers of C.
splendens and C. virgo in order to detect how struc-
tural colors affect fluorescence. Such surface probed
fluorescence studies have resemblance to those pre-
sented in [49]. In addition, laboratory and outdoor
test range measurements are also described, includ-
ing descriptions of methods for damselfly marking
[42] to study migration of individuals between popu-
lations. For this we further investigate lidar LIF
methods enhanced by fluorescent dye marking. In
the latter case, individuals are marked with dye
either by spraying or powdering dyes directly on
the individual [46] or by adding dyes to the water,
which is then incorporated into the body by the indi-
vidual during the larval phase [50]. We further show
how the structural imprint of the dye-enhanced
fluorescence can be used for remote classification
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of species and genders. Finally, in Section 4, we dis-
cuss the results and give suggestions for future work.

2. Damselfly Species Description and Relevant
Photophysics

Photographs of Calopteryx splendens and C. virgo of
both genders are shown in Fig. 1. The optical proper-
ties of the majority of insects are determined both by
the chemical absorption imprint yielding “classical”
colors, and structural colors, due to interference
[51–58]. This becomes particularly clear when dam-
selflies are observed in polarized light [58]. While
common lidar methods like LIF lidar, differential
absorption lidar (DIAL), and LIBS lidar commonly
measure chemical colors, structural colors have
never been measured in the lidar community, due
to the fact that organized cells or organelles and
layered structures on the nanoscale are required
for the effect to be noteworthy. Even though ordinary
cells might leave weak structural imprints in tra-
ditional reflectance, absorption, or fluorescent
measurements [59,60], such effects are typically
neglected. The main features of the reflectance of
the damselfly abdomen can be explained by the ar-
rangement of approximately 100nm sized scattering
nanospheres. (This is illustrated in Fig. 7(c) adopted
from [61], to be discussed later.) This arrangement
provides damselflies with their typical retroreflec-
tive properties, and an approximately 100nm broad
reflection band shifting from the blue to the green re-
gion, depending on the sizes of the nanospheres and
on the angle of observation with respect to surface
orientation and illumination. The nanosphere ar-
rangement is situated just below the chitin cuticu-
lum; the cuticulum can be more or less melanized
[62]. Both chitin and melanin absorption peaks
around 330nm and both chitin and melanin produce
broad fluorescence spectra covering the structural
features in the blue and green region [63–65].
Further, certain Ordonates are known to have wax
covered wings [66]. Botanical waxes are well studied
in LIF lidar [67]. Typically, wax absorption increases
dramatically below 355nm and the maximum fluor-

escence yield is usually obtained around 330nm ex-
citation. Even waxes provide broad fluorescence
spectra peaking in the blue region [68]. Reflectance
can be further modified by absorbing ommochrome
granules, which are situated beneath the scattering
arrangement and prevent nonscattered light from
being reemitted and, thus, strengthen the structural
color. Furthermore ommochromes in certain Odona-
ta species react to the temperature, regulating the
temperature of the ectotherms by either migrating
into the nanosphere region or contracting to a deeper
lying layer, which increases reflectance. Such effects
can be expected to alter even the fluorescence. The
lowest of the six visual spectral bands typically found
in Odonata [69] goes as far as 350nm in the UV; thus,
it is not unreasonable to expect the studied species to
sexually signal via altered reflectance in this band.
Vibrant structural colors are exhibited by the blue
males of C. splendens and the green males of C. virgo
[70]. Females of both species appear less colorful,
with brown, green, and golden shadings. Males
and females of the two Calopteryx species differ sig-
nificantly in the absorption properties of their wings,
due to differences in the amount of melanin. Males of
C. virgo typically have over 90% of their wings
melanized, whereas males of C. splendens have
melanized patches covering about 50% of the wing
surface [71–74]. Females of both species lack the mel-
anized wing patches, but C. virgo females are brown,
while C. splendens females are typically green [50].

3. Methods, Measurements, and Results

Optical measurements were performed under
controlled conditions, both on a macro scale in the la-
boratory and on a 60m lidar testing range. Measure-
ments were taken in order to gain insights into the
optical properties of the studied species and to devel-
op realistic and practical methods for future field
work.

A. Laboratory Measurements

The reflective properties caused by the structural col-
ors were investigated in detail in the laboratory. To
confirm that the blue and green shades are indeed
structural, two samples were photographed from a
distance of 60 cm with a Sony F828 digital still
red-green-blue (RGB) camera with a fixed visible
linear polarizing laminated film (Edmund Optics) at-
tached to the objective. The sample was illuminated
by collimated light from a filament source (100W
Oriel, halogen–tungsten blackbody source) at an an-
gle of 15°; see Fig. 2. For the experiment, two dried
specimens (C. splendens, male and female) were fixed
on a wire, and were photographed with parallel and
perpendicular polarized illumination with respect to
the polarizer on the camera objective. The photo-
graphs with maintained polarization reveal green,
golden, and blue shades (Fig. 3), whereas the depo-
larized pictures are considerably darker and show
mostly brown and reddish colors. For the conveni-
ence of the viewer, the intensities of the depolarized

Fig. 1. (Color online) Males of C. virgo have almost completely
melanized wings, whereas males of C. splendens have melanized
wing patches. The wings of C. virgo females are brown, while the
wings of C. splendens females are typically green.
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photographs in Fig. 3 are multiplied by a factor of 5.
Depolarized reflections originate mainly from the
hairy parts of the specimens, more specifically, from
multiple reflections of the four-folded wing and the
abdomen tip. By subtracting the depolarized inten-
sity from the polarized, we retain the pure structural
color and, again, green, golden, and blue shades are
observed. This finding is in contrast to the appear-
ance of multiple-scattering biological samples, such
as leaves or skin, where the structural color appears
flat white, simply describing the refractive index of
the sample (specular reflex). Following that, the sam-
ples were studied in a stereo microscope with a ring
light configuration, and the results showed that the

structural blue and green shades were distributed
over the entire body and wings, despite the fact that
the effect to the naked eye was most obvious on the
abdomen and thorax.

Studies of the whole-body reflectance were also
performed by exchanging the RGB camera with a
spectrometer (Ocean Optics USB4000) with an off-
axis parabolic mirror telescope; see Fig. 2. Again,
the spectral reflectance of the polarized and depolar-
ized lights were measured for both specimens (C.
splendens males and females); see Fig. 4. The depo-
larized reflectance is more than 1 magnitude smaller
than the polarized, and the blue and green structural
imprint disappears. The units are referenced to a Ø
50mmbarium sulfate plug (approximately the size of

Fig. 2. Setup for color imaging and whole-body polarized reflec-
tance studies. Samples are observed either with a color camera
(RGB) or a spectrometer (Spect.) at low angle (α ¼ 15°) through
a linear polarizer (P1). Collimated white illumination is provided
by a tungsten filament lamp (F) which can be polarized in parallel
or perpendicularly to P1 using P2.

Fig. 3. (Color online) Photograph of damselflies in polarized light.
Photographs a and c, indicated with ∥, are photographed with par-
allel polarizers. Photographs b and d, indicated with ⊢, show the
depolarized light amplified by a factor of 5 to make it visible to the
reader. Subtraction gives us the two figures to the outermost right,
where structural colors remain.

Fig. 4. (Color online) Polarized and depolarized whole-body reflectance measurements of C. splendens males and females. The blue and
green reflectance features, respectively, disappear when polarizers are crossed. (Note the different scales.)
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the specimen). The whole-body reflectances in Fig. 4
were also measured at a 15° angle with respect to the
illumination. Further angular studies (data not pre-
sented here) reveal that the specimens have strong
retroreflective properties, and that most light is re-
flected back directly toward the illumination. Also,
the structural features are displaced to lower wave-
lengths when the angle between illumination and ob-
servation increases (shifts of the order of 50nm were
observed over 60°). This might have biological rele-
vance, since the appearance to aquatic predators
would be more bluish and match the sky, while the
appearance to terrestrial predators would be slightly
more greenish and match the vegetation.
Since broadband reflectance time-resolved lidar is

labor intensive to perform, considering requirements
for pulsed collimated sources, it would be consider-
ably more realistic to perform LIF lidar. For this
reason, the resemblance of reflectance and fluores-
cence was studied. It is well known that fluorescence
spectroscopy cannot be performed without the influ-
ence of reflectance and transmission or considering
photon migration spectroscopy. Thus, we can expect
certain correlations between the two methods. Dried
C. splendens specimens were measured at several
spots using a bifurcated fiber probe; see Fig. 5.
The illuminating fiber was connected to a diode laser
at 375nm (Power Technology Incorporated) or a
white-light xenon flash (Ocean Optics, PX-2) for
fluorescence and reflectance measurements, respec-
tively. The collected light was detected in a spectro-
meter (Ocean Optics, USB4000) through a GG400
long-pass filter [75]. The sample and probe remained
fixed at a 5mm distance from the target in the fluor-
escence and reflectance measurements.
It is a general phenomenon that shorter excitation

wavelengths are typically absorbed in the outer
layers of biological samples [49,67] and autofluores-
cence from a number of biological compounds is
usually produced with a small Stokes shift and with
broad bluish–greenish fluorescence spectra. The
measurements were performed at various spots on

the specimens; however, not all data are presented
here. Both laboratory and lidar test-range measure-
ments suggest that bluish reflecting samples appear
even more bluish under fluorescence, and greenish
reflecting samples appear even more greenish under
fluorescence; see Fig. 6. Our current understanding
is that excitation light is absorbed in the outer layers
of the cuticulum, either by wax, melanin, chitin, or in
the scattering nanospheres themselves, producing
broadband fluorescence light, which, in turn, is re-
flected by the underlying structural color-generating
layers. In this way, the structural color enhances the
blue or the green part of the fluorescence that is
produced.

B. Lidar Test-Range Measurements

The Lund mobile lidar system, which is thoroughly
described in [7] and displayed in Fig. 7, was used
for remote measurements on damselflies. It is basi-
cally a coaxial system with a Ø 40 cm vertically look-
ing telescopewith the optical path folded by a roof-top
scanning mirror. The repetition rate is 20Hz. One la-
ser transmitter is a Q-switched Nd:YAG laser, where
the fundamental (1064nm), the second-harmonic
(532nm), the third (355nm), and the forth-harmonic
(266nm) frequencies canbeproduced simultaneously.
A second transmitter is a Nd:YAG-pumped optical
parametric oscillator (OPO) system with wide

Fig. 5. Setup for fiber pointmeasurements. Either a UV laser line
or white light is passed into the bifurcated probe. The sample geo-
metry is maintained constant between the measurements. A long-
pass GG400 filter prevents blooming in the spectrometer (Spec.).

Fig. 6. (Color online) Comparison between reflectance and fluorescence spectra. In general, all measurements performed in this study
suggest a positive correlation between fluorescence emission and reflectance.
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tunability, augmented by nonlinear wavelength-
shifting techniques. In our initial experiments, we
employed only the 355 and 266nm radiation for de-
monstration. In the measurements, the pulse ener-
gies are limited to 25 and 10mJ, respectively, for
these two wavelengths. The FWHM of the laser pulse
is approximately 15ns, corresponding to about 2:25m
axial resolution. The spot size for the test-range mea-
surements of targets at 60m was approximately Ø
10 cm. For the time-domain recording, a photomulti-
plier tube (PMT) (EMI 9816 QA) was used as the de-
tector and an oscilloscope (Tektronix TDS544B) was
used as the digitizer, sampling every 4ns. The elastic
signal was recorded through a 45° 355nm dichroic
mirror followed by aSchottUG11 filter to further sup-
press the background. Two fluorescence bands were
recorded simultaneously by additional PMTs but will
not be presented in this paper. For initial remote
spectral analysis of LIF, an intensified fiber-coupled
optical multiple channel analyzer (OMA) system is
employed. With a 1mm diameter fiber to transport
light from the telescope focal plane to the spec-

trometer, and using the fiber end as the “slit,” a spec-
tral resolution of 14nm was obtained. Detailed infor-
mation of the OMA system can be found in [76].
Fluorescence with excitation at 355nm was detected
from the 60m distant target through a 5mm GG400
Schott filter, and fluorescence with excitation at
266nm was detected though a 3mm WG305 Schott
filter; in each case the filters were used to suppress
the overwhelming elastic signal while transmitting
fluorescence at the lowest wavelengths as possible.

Elastic lidar returns from damselflies, which are
mountedat 60and80mdistances, are shown inFig. 8.
Pulses at the third-harmonic Nd:YAG wavelength,
355nm, were sent out after initial expansion into a
5 cm diameter beam, and echoes were collected with
the lidar telescope.Elastic photonswere selectedwith
a diachroic 45° laser line mirror followed by a Schott
UG11 high-pass glass filter. The signal was recorded
by the PMT. Measurements were performed on two
dried specimens of C. splendens, exposed to the ex-
panded laser beam and with the gray sky as the back-
ground. The damselflies were held by thin aluminum
wires (echoes from the wires were relatively small).
The orientation and the position of the two specimens
in the beam were heavily randomized by high wind
speeds. Apart from the strong reflection from thewin-
dow of the lidar system, both specimens are clearly
resolved. The second echo is slightly weaker than
the first. This might be explained by different orien-
tation and positions in respect to the beam; also, the
first specimen is partly shadowing both excitation
and backscattered photons. Also, the trivial LIDAR
signal falloff with range is at play.

Results from fluorescence measurements with the
OMA system are shown in Fig. 9, for 355 and 266nm
excitation. Slight differences between the genders of
C. splendens can be seen. The autofluorescence spec-
tra were recorded at a 60m distance at 355nm
excitation and in the lidar laboratory at 266nm ex-
citation (due to weather conditions). The insect speci-
mens were the same. but the orientation was random
as before. Beam sizes were Ø 10 cm and 1 cm, respec-
tively. A GG400 and a WG305 Schott long-pass filter

Fig. 7. (Color online) (a) Setup for test-range experiments. Insects
were mounted on thin clean aluminum threads and were detected
toward a bright sky background. (b) The versatile mobile lidar pro-
vides pulsed light continuously from 200nm to 4 μm. (c) The UV la-
ser light induces broad fluorescent light in the wax or chitin, which
is, in turn, partly reflected in the nanosphere array.

Fig. 8. Elastic lidar recording of mounted damselflies; the trans-
mitted wavelength is 355nm. Data are from a single laser pulse
and the echoes arises from two fixed specimens (C. splendens fe-
male and male respectively) separated by 20m. Fluorescence time
series recording were also performed but are not presented in this
paper.
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were used, respectively. Emission spectra are broad
and cover the region of 400–600nm, where structural
imprints are expected to occur. Emission spectra
could be explained by previous measured spectra
of both melanin and chitin. Even if the signal is
weak, a slight difference between a blue and a green
reflecting sample can be observed at both excitation
wavelengths (Fig. 9). Both chitin and melanin ab-
sorption peak around 330nm and the signal-to-noise
ratio could probably be improved by moving to such
an excitation wavelength.
Resultsof fluorescencelidarmeasurementsondam-

selflies prepared with Coumarin 102 and Rhodamine
6G dye are shown in Fig. 10. In preparation formigra-
tion studies and population encoding experiments,
dried specimens of both genders of C. splendens were
sprayed with water solutions containing these dyes.
Fluorescence spectra were measured at a 60m dis-
tance with the same procedure as before. Apart from
the obviously much stronger fluorescence signal from
the two dyes, males and females with, respectively,

blue and green structural colors showdistinct fluores-
cence spectra. This is in accordancewith the view that
thegeneratedfluorescentlightisreflectedintheinsect
structures and, thus, the structural color imposes an
imprint on the observed fluorescence.

Separation of male and female damselflies based
on the measured ratio between two fluorescence in-
tensities (at 485 and 560nm, 25nm FWHM, respec-
tively) is illustrated in Fig. 11. In this case, we define
the bands mathematically, with the spectra provided
from the OMA, but such bands could easily by imple-
mented using optical filters in front of PMTs with
much higher sensitivity. When we take the ratio
between the two bands, intensity units cancel, and
the influence of all geometric effects due to sample
orientation, position with respect to the laser beam,
collection efficiencies, etc., cancel. We see a clear dis-
tinction between the C. splendens male and female
specimens for the dyed samples. For the autofluores-
cence, the tendency is the same, but the contrast is
poorer. This is mainly due to noisy signals rather
than lack of physical differences.

4. Discussion

We have performed a feasibility study to investigate
the possibilities of lidar to study interpopulation
migration and movement of the damselfly species
Calopteryx splendens andC. virgo. Laboratory, aswell
as testing-range measurements, of dried, mounted
specimens at distances of 60 to 80mwere performed.
The damselflies exhibit reflectance and fluorescence
properties that are closely tied to the generation of
structural colors. Laboratory measurements, includ-
ing color photography in polarized light and spectro-
scopy of reflectance and induced fluorescence,
revealed these phenomenaandan interesting connec-
tion between reflectance and fluorescence features.
To our knowledge, we are the first group to acquire

Fig. 9. (Color online) Normalized fluorescence spectra for 266
and 355nm excitation; in both cases, imprints of the structural col-
or are observed. Data from 20 laser shots were averaged.

Fig. 10. (Color online) Fluorescence spectra for 355nm excitation
for dye-marked females and males of C. splendens. Strong dye
fluorescence bands are seen with slight modifications due to struc-
tural colors. Data from 20 laser shots were averaged.

Fig. 11. Calopteryx splendens male/female contrast in autofluor-
escence and when using dye-enhanced fluorescence. Bars show
standard deviation for a total of 20 shots. The overlap in autofluor-
escence is interpreted as lack of signal rather than lack of physical
difference of the samples.
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structural colors using lidar. The number of C. virgo
samples was limited as the dried samples are consid-
erably fragile; hence, they quickly disintegrate in the
measurement wind conditions. Laboratory measure-
ments on C. virgo involving polarized color photo-
graphing and point reflectance/fluorescence were
carried out. The results of these measurements also
confirmed that the reflectance is indeed largely influ-
enced by nanostructures and, as for C. splendens, the
emitted fluorescence is positively correlated with the
reflectance at the samewavelength region. Studies on
lidar data ofC. splendens of both genders showed that
males and females can be remotely distinguished,
especially for specimens that were marked with the
dyes Coumarin 102 and Rhodamine 6G. The strength
of the fluorescence signals (when studied with an
optical multichannel analyzer connected to the lidar
telescope) indicated that an arrangement of a small
number of PMTs, each detecting a chosen spectral
band, is advantageous for realistic single-shot
recordings of flying insects. With such a setup,
range-resolved recordings are obtained, which is
advantageous compared to the gated spectrometer
approach, where the time gate has to be preset. Such
anapproach isnowbeing implemented inpreparation
for upcoming field experiments, where damselflies in
their natural habitat will be studied with the lidar
beam positioned at different heights over the river
surface. Field studies have the potential to bring
new insights into the migration, movement, and fly-
ing patterns of Calopteryx damselflies, and will pro-
vide guidelines for studies of other insect species.
One concern when using LIF lidar at 266nm is the
transmission of the excitation light in the atmo-
sphere; depending on varying conditions, ozone
absorption and air scattering will attenuate the exci-
tation pulse. Early work experience from previous
field campaigns tells us that lidar returns can be de-
tected in horizontal soundings at kilometer ranges
even at 254nm, where ozone absorbs the most
[77,78]. The conditions might, however, not always
be feasible. Alternative solutions for acquisition of
structural colors by lidarmight be found inmultiband
illumination with several laser lines, or with pulsed
supercontinuum light sources [79,80]. However, the
issues concerning eye safety in field settings would
be much more severe than for the eye-safe UV used
in, e.g., LIF lidar.
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