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Results from field experiments using a fluorescence lidar system to monitor movements of insects are re-
ported. Measurements over a river surface were made at distances between 100 and 300 m, detecting, in
particular, damselflies entering the 355 nm pulsed laser beam. The lidar system recorded the depolarized
elastic backscattering and two broad bands of laser-induced fluorescence, with the separation wavelength
at 500 nm. Captured species, dusted with characteristic fluorescent dye powders, could be followed
spatially and temporally after release. Implications for ecological research are discussed. ©2010 Optical

Society of America
OCIS codes:  280.3640, 300.2530.

1. Introduction

Lidar techniques have been developed for almost 50
years for atmospheric monitoring by analyzing the
return echo from the aerosols distributed in the
atmosphere [1-3]. The fluorescence lidar variety is
useful in assessing phenomena in addition to those
relying on elastic backscattering from aerosols. Be-
cause of the existence of alkali atoms and iron ions
in an extremely low-pressure environment, fluores-
cence lidar is a unique technique for monitoring
conditions in the upper atmosphere [3]. At a shorter
range, the Swedish research group at Lund Univer-
sity, and others, have shown that remote targets
within a few hundred meters can be analyzed suc-
cessfully using laser-induced-fluorescence (LIF)
spectroscopy [4]. Based on a well-developed mobile
lidar system [5], the applications range from the op-
tical diagnosis of historical monuments to the analy-
sis of hydrological and vegetation targets. With the
knowledge of measurements ranging from aerosols
with sizes of less than 1 ym to macro solid targets,
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such as the Roman Colosseum [6], we are currently
at the intermediate spatial scale by studying flying
insects.

Monitoring insects and studying their movements
is of great importance in biological research and
environmental monitoring. For instance, damselfly
larvae are highly sensitive to water pollution and dis-
solved oxygen concentrations and, thus, are used as
biomarkers [7]. Like other ectotherms, damselflies
are sensitive to ambient temperature, and many spe-
cies have undergone a northward shift in their distri-
bution due to global warming [8]. Dispersal studies of
insects are also critical for understanding the role of
dispersal between populations over wide spatial
scales [9], which is important when developing con-
servation policies. The traditional method is limited
to marking individuals with different dyes and then
collecting individuals from neighboring populations
[10]. Advanced remote detection techniques in this
field have developed slowly. Pioneering work using
elastic lidar to study honeybees for land mine detec-
tion has been reported [11-13].

Noticing the potential advances of LIF techniques
in insect monitoring and the natural connection with
the dye markers used for traditional tracing, we
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demonstrated for what is believed to be the first time
fluorescence lidar techniques for damselfly (Calopter-
yx splendens and C. virgo) monitoring at a distance of
60 m [14]. For initial remote spectral analysis of LIF,
an intensified fiber-coupled optical multiple channel
analyzer system [15] is employed. By averaging sig-
nals, even the autofluorescence from mounted dead
damselflies was useful for distinguishing between
species and sexes [14]. Importantly, damselflies
dusted with different types of dye can be spatially re-
solved and distinguished from the fluorescence sig-
nature in a single lidar pulse. To further test the
feasibility of such a technique, two weeks of field ex-
periments were carried out in southern Sweden,
where three geometrical arrangements were set up
over a river surface [see Fig. 1(a)], and damselflies
that were flying into the laser beam were detected
and counted statistically. During the campaign, three
groups of damselflies were dusted with dye powder
and released into the natural environment. The
fluorescence signatures in lidar signals reveal their
presence, dispersal patterns, and activity in later
measurements.

This paperis organized as follows. First, the fluores-
cencelidarequipmentisintroduced in Subsection 2.A,
followed by a description, in Subsection 2.B, of the
geographicsetting of the field experiment where three
lidar paths are set up. The selection and use of fluor-
escence dyes in the short-range test and in the field
experiments are described in Subsection 2.C.
Subsection 3.A shows a method used to distin-
guish three species of damselflies (dusted with differ-
ent dyes) using their fluorescence signatures. In
Subsection 3.B, the statistical results are presented
and discussed in the spatial domain, as well as in
the time domain, also taking weather conditions into
account. In addition, the application of a method used
to extract insect echoes out from the electronic pertur-
bance is introduced in Subsection 3.C. Finally, we dis-
cuss the general applicability of the technique in
biological systems and the biological implications of
the findings.

2. Experimental Methods

A. Lidar Equipment

The experimental facility is based on the Lund
mobile lidar system [5], which is modified for the cur-
rent study in important ways. The main equipment
is presented in Fig. 1(b). The third harmonic
(355 nm) of the Nd:YAG laser radiation is used with
an energy of 40 mdJ/pulse, and with a pulse width of
10 ns. After expanding to a beam diameter of 5 cm,
the laser beam is transmitted by a mirror
(40 cm x 56 cm) placed in a transmission dome,
which can scan vertically and horizontally. A quartz
window in the dome is used to protect the mirror
from atmospheric dirt and dust. The elastic scatter-
ing and the fluorescence from the targets are re-
flected by the same mirror and collected by a
telescope system with a diameter of 40 cm. The col-
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lected light is distributed by several mirrors and is
filtered, and then detected by three photomultipliers
(PMTs). As shown in Fig. 1(b), the elastic scattering
from the target is selected by a laser line mirror (LM)
and recorded by PMT-1 in the time domain. A polar-
izer (P) is set at a crossed angle against the polariza-
tion state of the transmitted laser beam. Therefore,
PMT-1 is sensitive only to depolarized backscatter-
ing, but blind to the copolarized echo from the target
surface, and, hence, insensitive to the flying orienta-
tion of the insect in the laser beam. An extra-short-
pass filter (SF) is used to suppress the fluorescence
light from the target and background light from the
sky thereafter. The fluorescence light passing
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(Color online) (a) Geographic diagram of the measurement
locations. The inserted scenery picture is taken from the indicated
position and direction; also shown is a male C. splendens damselfly.
(b) Key equipment/components of the fluorescence lidar (PMT-1 is
for detection of elastic scattering, while PMT-2 and PMT-3 are for
yellow and blue bands of fluorescence, respectively).
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through the LM is divided by a dichroic filter (DF)
into two wavelength bands, blue (400—500 nm) and
yellow (500-750 nm), and measured by PMT-3 and
PMT-2, respectively. Before the DF, a long-pass filter
(LF) is used to suppress the leakage of the elastic
scattering through the LM. Three channels of signals
from the PMTs are simultaneously recorded by a
high-speed oscilloscope (Tektronix TDS544B), which
samples every 8 ns. The start time of the sampling
period is controllable by adding a tunable delay onto
the synchronization trigger from the Nd:YAG laser.
The recorded data are then read out through a GPIB
connection by a computer in real time. The repetition
rate of the whole system is limited to 10 Hz by com-
munication speed, although the repetition rate of the
laser system is 20 Hz. By using such a three-PMT
system, both the elastic scattering and two bands
of fluorescence can be analyzed in the time/spatial
domain.

B. Field Site

Insect measurements were performed with the Lund
mobile lidar system at the Klingavélsan river, Veber-
od (565°38' N, 13°29’ E), in southern Sweden, during
two weeks (1-7 and 24-30 June 2009); see Fig. 1(a).
The vehicle was parked near the river, and the laser
beam passed over a pasture enclosure, and was mea-
suring in three different geometrical arrangements
over the surface of the river. In the first week, the
measurements were carried out at Site I, where
the laser beam was folded by a plane mirror
(~50 cm x 60 cm) in order to be close to the water
surface, and then terminated below a bridge. The in-
sects flying through the laser beam could be mea-
sured and analyzed in real time. In the second
measurement week, the laser beam was moved to
Sites II and III. At Site II, the laser beam followed
a section of the river that included a peninsula
and the beam was terminated by a black beam stop
that was set up at the riverbank. Close to Site II, Site
I was set up by folding the laser beam closer to the
river surface, using the same plane mirror, but now
mounted on the peninsula.

Single-pulse lidar echoes corresponding to three
paths of the laser beam are shown in Fig. 2, corre-
lated to a satellite image (obtained via the Google
Earth tool) of the field. The backscattered signals
from the static targets, including the quartz window
(protecting the rooftop lidar mirror), a fence, the fold-
ing mirror, and the termination, are shown to be
stable in all three bands during the long-term mea-
surements. Ranges of interest are marked out in
Fig. 2(a) and corresponding lidar echo signals are
shown in Fig. 2(b). For instance, in Path I, the range
between the mirror and the bridge, corresponding to
Site I [compare with Fig. 1(a)], is from 186 to 260 m.
Any small “blips” in between the fixed target echoes
that show up in the elastic band are recorded by the
system, and later counted as one detection in the his-
togram. The two fluorescence bands are basically
used for analyzing dusted-and-released damselflies

in the second measurement week, since the auto-
fluorescence from natural damselflies was too weak
to be measured in a single pulse in daylight condi-
tions, while the dye-induced fluorescence can easily
be distinguished. From the static targets, we can see
fluorescence signatures from the quartz window (due
to the dust and dirt attached on the surface), but not
(or very weakly) from the metal fence, while they sa-
turate the PMTs at the black-painted terminations.
We realized that the intensity of the fluorescence sig-
nal from the quartz window can be used for normal-
ization, so that the instabilities of the fluorescence
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Fig. 2. (Color online) (a) Three lidar paths are shown on a

satellite map; numbers indicate the lidar-target distances in me-
ters; (b) lidar echoes from the static targets in Path I (top), Path II
(middle), and Path III (bottom).
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signals, depending on the laser power, PMT sensitiv-
ity, etc., can be compensated for.

C. Application of Dyes

Before the field experiments, the performance of the
lidar system was tested in Lund. Two dead Calopter-
ygiid damselflies marked with different dyes
(Coumarin 102 and Rhodamine 6G) were placed at
different distances (60 and 80 m, respectively) with-
in the laser path; see Fig. 3(a). The single-pulse re-
flection signal burst from the damselflies was then
recorded by the three-PMT systems, as shown in
Fig. 3(b). Obviously, the intensity (ratio) of the two
fluorescence bands are different for the damselfly po-
sitioned at a closer distance, which is marked by Cou-
marin 102, a bluish dye, and the other one at a larger
distance, marked by Rhodamine 6G, which is red-
dish. The fluorescence spectra of these two dyes
for 355 nm excitation are shown in Fig. 10 of Ref.
[14]. The above tests indicate that the fluorescence
signature from a single lidar pulse is sufficient to dis-
tinguish damselflies marked with different dyes,
which was encouraging for studying flying damsel-
flies in their natural habitats.

In the later field experiments, three types of dye
powder from Swada Inc. were used to dust three
groups of captured damselflies belonging to the spe-
cies C. splendens and C. virgo. Specifically, 43 C.
splendens males were marked with Stellar green,
19 C. splendens females were marked with Comet
blue, and 20 C. virgo males were marked with Nova
red. It is worth mentioning that these dye powders
are used regularly by biologists for dispersal and
mating studies (see, e.g., [10]), and have been tested
to not harm the insects. The fluorescence spectra for
355 nm excitation are shown in Fig. 4. With the cut-
off wavelength of the dichroic filter, which distributes
the light energy into two PMTs, at 500 nm, one can
expect that the blue dye will mainly be seen by the
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Fig. 3. (Color online) (a) Setup for the test-range measurements,
and (b) range-resolved signals of the three channels, from two se-
rially placed damselflies marked with different dyes (Coumarin
102 and Rhodamine 6G).
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Fig. 4. (Color online) Fluorescence spectra of three dye powders

used in the field experiments, with excitation wavelength at
355 nm. The dashed—dotted line indicates the cutoff wavelength
of the dicroic filter.

blue-band PMT, while the red dye will be seen by the
yellow-band PMT, and the green dye by both. Dusted
damselflies were released at Site III during the mea-
surement in the second week, 29 and 30 June 2009.
They appear occasionally in the laser path together
with unmarked damselflies, and are distinguished
by the lidar system from them by the fluorescence
signatures. Since the different species and sexes
are dusted with different powders, information on
species- and sex-specific habitat preferences and dis-
persal patterns can be obtained if a large enough
number of insects is dusted and released. For cali-
brating the signals at the two fluorescence bands,
glass tubes with the individual dyes are moved in
and out of the laser beam (close to the fence) to
get the standard fluorescence signatures. A detailed
analysis of this procedure is given in Section 3.

3. Data Analysis

A. Fluorescence Signature

The method of the fluorescence analysis of damsel-
flies is described here. Figure 5(a) shows several ex-
amples of single-pulse lidar curves corresponding to
different situations/events happening at Site III. The
background consists of static signals (in the situation
of no damselfly), and obvious “blips” (with the under-
lying area filled in) can be occasionally seen between
the fence and the mirror (marked by light yellow
shaded band), when damselflies fly into the laser
beam. For the unmarked damselflies, the signals
in the two fluorescence bands are not obvious due
to the weak autofluorescence; however, the elastic
backscattering is enough for statistical counting
(see Subsection 3.B). For the dusted-and-released
ones, the fluorescence signatures are clearly differ-
ent for the three dye species. As expected, the blue



dye shows a stronger bluish fluorescence, while the
red dye shows stronger fluorescence in the yellow
band, and the green one shows a relatively equal
intensity in both bands.

The echo signals corresponding to the damselflies
observed in the two fluorescence bands are normal-
ized to those arising from the quartz window at dis-
tance 0, before they are plotted in the scatter plot in
Fig. 5(b). Here the echo energy is calculated by inte-
grating the echo return intensity in the time domain.
By doing so we obtain higher accuracy than by sim-
ply selecting the peak intensity, considering that the
laser pulse width (10 ns) is comparable with the sam-
pling temporal interval (8 ns). As mentioned above,
the dye tubes were used for calibration. The normal-
ized signals corresponding to these “standard” sam-
ples are first plotted in Fig. 5(b) as crossed marks,
which separate clearly. The blue and red dyes occupy
the upper-left and bottom-right areas, respectively,
due to relatively strong bluish and yellowish fluores-
cence, while the green dye signals, with equal inten-
sities in both bands, are situated in between. With
such a calibration method, the signals corresponding
to the dusted damselflies can be plotted into the
same scatter plot and their respective dyes can be de-
termined based on which area they are located in.
The data from the field measurement of flying
dusted-and-released damselflies are shown as round
marks in the figure, and the three groups are well
distinguished.

B. Statistical Analysis

Using the strategy described in Subsection 3.A, dam-
selflies that appear in the laser beam were detected
and statistically counted. The range-resolved results
are shown in Fig. 6. For Site I, the data close to the
mirror are disturbed by the riverbank vegetation
moving in the wind. Many of the measured insects
that were found close to the bridge were mosquitoes
(according to visual observations), which cause weak-
er echoes than the damselflies. Mosquitoes and dam-
selflies can thus be separated by adjusting the
threshold for selecting echoes. The decay of the lidar
curve with range (R), following R~2, has been consid-
ered when setting the threshold. Damselflies were
mainly detected between 210 and 250 m. Three
signal locations, indicating positions in which dam-
selflies frequently appeared, were correlated with
reed stands (preferred territories of damselflies
[16]). For Site II, damselflies were mostly found
around the peninsula, which was consistent with
our visual observations. It is interesting to compare
the results with Site III, where the peninsula was oc-
cupied by the mirror. During the measurements at
Site III, we released three groups of damselflies near
the fence on 29 and 30 June 2009. In later measure-
ments, they are recorded, distinguished, and plotted
in Fig. 6(c). The spatial distribution of the marked
damselflies is comparable with that of the unmarked
individuals.

Statistical analyses were also performed in the
time domain. Figure 7 shows the result obtained
at Site I, on 2 June 2009, together with the weather
parameters. The damselflies were identified (shown
in black) using the threshold method described
above. The number of actively flying insects (includ-
ing both mosquitoes and damselflies) decreased con-
siderably as the temperature dropped and wind
speed increased. The observed increase of damsel-
flies in activity between 15:00 and 16:00 is probably
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Fig.5. (Color online) (a) Lidar signals showing different events at
Site III, and (b) the scatter plot showing the fluorescence proper-
ties of three types of dyes; the crosses and the round marks indi-
cate the calibrating dye tubes and the dusted damselflies,
respectively.
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flies at (a) Site I, (b) Site II, and (c) Site III. The colored histograms
in (c) indicate dusted-and-released damselflies. The females
marked with blue dye and males marked with green dye belong
to the species C. splendens, whereas the males marked with red
dye are C. virgo.

due to other environmental factors, such as increased
Sun radiation due to local cloud movements. Results
from the three consecutive measurement days at Site
ITI, where dusted damselflies were released on 29
and 30 June 2009, are shown in Fig. 8. From the
figure, it can be seen that several of the marked dam-
selflies were alive on 30 June 30 2009, which corre-
sponds to 1-2 days after they were originally
marked.

C. Perturbation Removal for Enhanced Damselfly
Detection

One particular feature of insects in lidar data is their
sudden temporal occurrence and disappearance,
which is in great contrast to influences of perturbing
static objects along the line of propagation of the light
pulse. Such completely static features could, in prin-
ciple, have been removed simply by subtracting an
“empty” curve that contains only static information
[such as the curves shown in Fig. 2(b)] from all mea-
surements. In the real world, the strong reflections
from the fence and the mirror in this case, can induce
nonoptical features, e.g., oscillations caused by elec-
tronic reflections in the PMT cables or depletion of
the charges in the dynodes. Such an unstable pertur-
bance, together with a triggering uncertainty from
the quasi-static features in the backscattering signal,
makes the simple subtraction approach inapplicable,
especially in the range closely after the mirror [see
Fig. 5(a) from Site III], where the insect signals
can be easily masked. Therefore, we investigated
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the possibility of removing these quasi-static effects
from the data by using the singular value decompo-
sition (SVD) method [17]. SVD is generally not con-
sidered suitable for describing temporal phenomena;
however, it can be applicable in some cases as a quick
tool that requires no detailed information, as tradi-
tional input—output system identification methods
would [18,19]. We successfully managed to describe
the quasi-static background as a linear combination
of three time series generated with SVD. As the in-
sects only occur in about one out of a thousand shots,
these events will be heavily suppressed by the data
not involving a hit. The result of the removal can be
seen in the example in Figs. 9(a) and 9(b). In this
case, the insect echo is completely hidden in the ring-
ing of the elastic PMT after the strong diffuse reflec-
tance from the mirror [Fig. 9(a)]. While single pulses
in any of the PMTs might be caused by “ghost
photons” with intensity levels above the background,
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Fig. 8. (Color online) Three days of measurements at Site III.

Gray and colored histograms indicate unmarked and dusted dam-
selflies, respectively. Times for release of the dusted damselflies
are marked. No measurements are performed during the periods
marked by cross-hatching.
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it is much less likely that such pulses occur simulta-
neously in two of the PMTs. One way to increase the
contrast of true hits in respect to the ghost photons is
to make use of the fuzzy logical AND operator, namely,
to multiply the fluorescence signal by the elastic sig-
nal. This method is especially valid for marked dam-
selflies that show obvious signals in fluorescence
bands. After the removal of the quasi-static contribu-
tion, unbiased histograms can be produced on the re-
turned fluorescent intensities times the elastic. In
Fig. 9(c), we have produced such a histogram for
the range between the fence and the mirror at Site
ITI. The statistics are carried out on three time sec-
tions of totally 3 h on 29 and 30 June 2009. To study
the insects in particular, the data containing infor-
mation of road dust plumes from passing cars (dis-
cussed below) were excluded. The negative values
generally represent the noise level; their amplitudes
are plotted with dotted curves to compare with the

positive values plotted as solid curves. Clearly, the
reflection signals from the insects produce much
higher positive values compared with noise and,
hence, induce a skewness in the histogram; see the
mismatch between histograms in Fig. 9(c) corre-
sponding to positive and negative values. Similar
graphs were observed from the window to fence
and the mirror to the termination stretch, although
with less and more skewness, respectively. This is in
accordance with the ecological a priori knowledge,
with lower damselfly numbers at the closer range
where the laser beam passes the pasture field, but
a higher possibility of capturing the flying damsel-
flies over the river surface at the farther range.
The SVD method discussed above for quasi-static sig-
nature removal works consistently, and was applied
successfully over several days of measurements.
Figure 10 shows an example in which the removal
method works on 25 s of data recorded in the after-
noon of 29 July 2009. The three (elastic, blue, and yel-
low) bands of signals, with quasi-static features
removed, are plotted as blue, green, and red, respec-
tively, into a RGB false color map. All three channels
are multiplied by the elastic channel to further en-
hance the contrast. Before the fence, a road dust
plume induced by a passing car can be clearly seen
on a zero background, thanks to the successful re-
moval of the static/quasi-static features. Particularly,
in the range between the mirror and the termination,
where originally the insect echo was impossible to
see before the removal operation, now clear informa-
tion appears in different false colors due to different
fluorescence performance. The green-dyed damselfly,
with reflection signals in all three channels, shows as
white in the map, while the natural (nondyed) one

29-June-2009 Non-static
15:36:50 gy —

Road dust plume

) Natural
£
'_
TReEdg 50 100 150
Range (m)
Fig. 10. (Color online) False color RGB representation of 25 s of

lidar data with the quasi-static signal removed. Blue, elastic;
green, blue fluorescence; red, yellow fluorescence. The inorganic
road dust from a passing car gives rise to distributed elastic scat-
tering signals, moving in the wind. The insect signatures appear
only for a fraction of a second.
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shows up as blue and the blue-dyed one shows up
as cyan.

4. Discussion

In this paper, we demonstrate the potential of lidar
as a remote-sensing technique to model the spatial
and temporal activity of Calopteryx splendens and
C. virgo damselflies in the wild. Although several re-
view articles on the potential of lidar in habitat mod-
eling have appeared in the last few years, the
number of applications on natural populations is
low, and most of the studies until now have concen-
trated on bird habitats [20,21] rather than on birds
themselves. In particular, we show that lidar can be
applied to monitor unmarked damselflies in their
natural habitats, and how the use of fluorescent dust
helps to differentiate between damselfly sexes and
species using a single lidar pulse. Applying such a
computerized imaging setup on scales ranging from
100 m to a couple of kilometers will enable biologists
to design new experiments and to address new and
interesting questions regarding insect ecology, evolu-
tion, or optimal wing morphology. In addition, lidar
monitoring is an efficient way to assess, for example,
population sizes, lifetimes, and dispersal distances
and rates, and such data are commonly needed for
conservation planning.

Studying the ecological requirements and habitat
use of invertebrates in a quantitative way is usually
both time consuming and difficult. By using lidar, we
show that quantitative data on the temperature and
wind speed requirements of C. splendens and C. virgo
can easily be collected during only a few days in the
field. For ectotherms, like these damselflies, data on
thermal tolerance ranges will be increasingly impor-
tant in the face of global warming [22,23], since it
might tell us about the prospects for local extinction
or predict potential northward shifts in the distribu-
tion of species. In addition, we have estimated the
type of vegetation and at which distances from the
water the two species of damselflies occurred, and
this adds additional important information about
the environmental requirements of these species.
Furthermore, the stationary nature of lidar allows
the rapid assessment of temporal and spatial activ-
ities of individuals in a population. Data collection in
such a setting would also be more objective, com-
pared to commonly employed visual censuses by hu-
mans, which would increase comparability between
sites and observers. Through the marking of differ-
ent species and sexes with different types of fluores-
cent dyes, we could also estimate the dispersal
patterns and rates of the marked damselflies, and
study if habitat use is sex or species specific. This ap-
proach would also be useful for mark-recapture stu-
dies, a common technique for estimating population
sizes where the recapture rate is usually the limiting
factor.

From Fig. 6, a tendency for male C. splendens
(marked by green powder) to be more dispersed along
the river than C. splendens females and C. virgo
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males can be seen. The difference in dispersion be-
tween males of the two species can be attributed
to two factors. First, C. virgo males have been shown
to be more aggressive than C. splendens males and
are, thus, more dominant [24-26]. This difference in
competitive ability is likely to result in the displace-
ment of some C. splendens males from their preferred
territories, and interspecific contests between males
will also often lead to males of C. splendens being
chased away by C. virgo males. Hence, C. splendens
males might more often be actively displaced from
their river territories than males of C. virgo and,
hence, be in search for new territories. Second, male
C. splendens commonly force copulations with
females, while C. virgo males are more likely to per-
form a courtship display to initiate mating [27].
Forced copulations are being achieved by following
flying females and then by forcing the females to
bring up their abdomen to engage genitalia [28].
The chasing of females probably contributes to the
wide dispersion of C. splendens males, thus further
increasing the overall spread of males along a river.
It should be noted from our result that C. splendens
males were more dispersed along the river than fe-
males, contradicting previous findings, but this
might be an artifact of the scale of different studies.
A tendency for females to disperse greater distances
than males has been observed in both C. splendens
[29] and in the blue-tailed damselfly Ischnura ele-
gans [30]. However, our study measured fine-scale
dispersion patterns (scale of a few meters), while
the two aforementioned studies investigated large-
scale dispersion patterns (hundreds of meters),
which were not measured in the current study. Thus,
it is possible that the different results are caused by
different scales at which the studies were conducted,
and that small and large dispersion patterns differ
between the sexes of C. splendens. In order to address
this explicitly, more studies are needed to rigorously
test this prediction. The finding that males prefer ve-
getated habitat near the water is consistent with pre-
vious studies on habitat use in these species [26,31].
Aquatic plants provide C. splendens males with
good perching spots, and oviposition territory for
females [32].

Biodiversity is diminishing at an accelerating pace
[33], and, therefore, data on biodiversity and spatial
distribution are urgently needed for conservation
planning. However, the lack of taxonomists and
funds precludes particularly the mapping of taxono-
mically diverse groups, such as invertebrates [21].
Therefore, management strategies mostly concen-
trate on charismatic vertebrates and only a few con-
spicuous invertebrates and ignore most other species
[34]. However, the diversity of invertebrates is de-
clining even more rapidly than that of plants and ver-
tebrates [35], even though invertebrates are involved
in important ecosystem functions, such as pollination
and food webs. We thus clearly need better methods
to rapidly, effectively, and cheaply assess the abun-
dance and distribution of invertebrate species. The



results of our study are, therefore, encouraging and
timely for future assessments of invertebrates.

5. Conclusions

Following proof-of-principle measurements [14], we
have now performed successful real-world field ex-
periments on insects in vivo and demonstrated the
potential of the technique. Lidar provides simple
but ecologically meaningful variables for a rapid ex-
trapolation of activity, richness, and composition of
insect assemblages across large areas. This enables
conservationists to evaluate habitat over large areas
and to define diversity hot spots, as well as to moni-
tor changes in the distribution and abundance in re-
sponse to environmental change. Low fluorescence
yield of chitin at 355 nm excitation is a limitation
when using nondyed species. However, improvement
could be expected by employing, e.g., 266 nm (quad-
rupled Nd:YAG laser), or 308 nm (XeCl excimer la-
ser) for a better match to the chitin absorption
band. Further, the extended fluorescence band avail-
able then would also enhance the chance for classifi-
cation without marking. We did not note any
perturbance of the measured species when hit by
355 nm light; however, a shorter excitation wave-
length would also be desirable to decrease such a pos-
sibility. Full sunlight measurement conditions were
shown to be possible; clearly performance is im-
proved for lower light levels. The fact that we esti-
mate a probability rather than a concentration as
in, e.g., aerosol lidar applications, implies that a
large number of laser shots, in our case thousands
of shots, are required to produce a good statistical
distribution. Thus, the insect concentration should
be considerable to produce a measurement in a lim-
ited time. This is particularly true if two-dimensional
or three-dimensional mappings are desired.

With the experience gathered in the present work,
it should be possible to perform lidar monitoring of
insects of considerable impact on the ecology
community.
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