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Abstract 

Background:  In recent years, our group has developed electro-optical remote sensing methods for the monitoring 
and classification of aerofauna. These methods include active lidar methods and passive, so-called dark-field methods 
that measure scattered sunlight. In comparison with satellite- and airborne remote sensing, our methods offer a spa-
tiotemporal resolution several orders of magnitude higher, and unlike radar, they can be employed close to ground. 
Whereas passive methods are desirable due to lower power consumption and ease of use, they have until now lacked 
ranging capabilities.

Results:  In this work, we demonstrate how passive ranging of sparse insects transiting the probe volume can be 
achieved with quadrant sensors. Insects are simulated in a raytracing model of the probe volume, and a ranging 
equation is devised based on the simulations. The ranging equation is implemented and validated with field data, and 
system parameters that vary with range are investigated. A model for estimating insect flight headings with modula-
tion spectroscopy is implemented and tested with inconclusive results. Insect fluxes are retrieved through time-lag 
correlation of quadrant detector segments, showing that insects flew more with than against the wind during the 
study period.

Conclusions:  The presented method demonstrates how ranging can be achieved with quadrant sensors, and how it 
can be implemented with or without active illumination. A number of insect flight parameters can be extracted from 
the data produced by the sensor and correlated with complementary information about weather and topography. 
The approach has the potential to become a widespread and simple tool for monitoring abundances and fluxes of 
pests and disease vectors in the atmosphere.
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Background
Insects are a diverse group of animals with a large 
impact on human society. They cause a large amount 
of human deaths annually [1] and effect significant eco-
nomic damage in forestry [2] and agriculture [3]. Pes-
ticides employed to combat this can have severe health 
effects for humans [4] and pollinators [5]. Insect activ-
ity and movement patterns occur on fast timescales [6], 
are complex and species specific [7], and can be highly 
localized [8]. As such, a high spatiotemporal resolution is 

required to monitor their movements, activity patterns, 
and interactions.

A number of methods have been developed to inves-
tigate the phenology of insects in situ. Vehicle-mounted 
sweep nets [9], human landing catch, electrocuting grids 
[10], and insect traps [11] are commonly employed for 
directly monitoring insect behavior and abundances. 
These methods can provide rich information on insects, 
but are laborious and yield relatively low counts. Air- 
and satellite-borne topographical remote sensing meth-
ods, including imaging and light detection and ranging 
(lidar), are commonplace. In these, indirect observations 
of insect activity are made through correlation with the 
profiled vegetation structure [12, 13]. By relying on the 
passage of aircraft or satellites, these indirect methods 
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are restricted to a time resolution in the order of days 
or weeks, and satellite imaging typically has a spatial 
resolution of 30 × 30 m2. Radar entomology is a method 
wherein direct observations of insects are made through 
the transmission and measurement of backscattered 
microwave pulses [14–16]. Radar systems have a demon-
strated species classification capability [17], but are una-
ble to monitor horizontally close to ground due to clutter 
effects.

Lidar entomology is an emerging field in which laser 
transects across the landscape are monitored [18–20]. 
We have experience recording over a hundred thousand 
insect observations per hour [21], and species classifica-
tion through modulation spectroscopy of insect wing 
beats has been demonstrated [11, 22–24]. Entomologi-
cal lidar systems typically have a spatial resolution in 
the order of centimeters and a temporal resolution in 
the order of microseconds. Our group has also devel-
oped passive, so-called dark-field methods [25] based on 
sunlight illumination of the field of view (FOV). Remote 
dark-field methods yield comparable results to entomo-
logical lidar, but with much simpler instrumentation [26, 
27]. By relying on sunlight, these methods are limited to 
daytime use and clear-sky conditions. Until now, passive 
dark-field methods have not been thought to provide 
range information.

Without range information, it is challenging to quan-
tify the scattering cross section of a target. A number 
of methods have been developed to tackle this problem. 
Techniques such as nephelometry and flow cytometry 
[28] limit the probe volume to a point, allowing precise 
measures of the scattering properties of passing sparse 
particles in a limited volume. Other methods instead 
assess particle sizes in extinction mode. In digital in-line 
holography [29], the sparse intersection of zooplankton 
with the probe volume generates a diffraction pattern on 
a sensor. Through post-focusing, measures of size and 
position are obtained. These techniques utilize active 
laser illumination of the FOV in order to enable ranging. 
Compared to laser-based techniques, passive techniques 
benefit from reduced complexity, cost, weight, and power 
consumption. Laser eye safety considerations and radia-
tion legislation are avoided, but operation is limited to 
daytime use and often clear-sky conditions. The strongest 
signal from aerofauna is obtained in backscatter mode, 
which puts constraints on the FOV orientation.

This work investigates whether optical ranging of 
sparsely distributed insects intersecting the probe volume 
of a quadrant sensor in the near-field can be achieved. A 
ranging equation based on a raytracing model is intro-
duced and tested on field data. The estimated range 
to observed insects is used to evaluate the scattering 

processes in and along the probe volume. In addition 
to evaluating the ranging capabilities of quadrant sen-
sors, we investigate the validity of a previously proposed 
model suggesting a relationship between the flight head-
ing of insects and the frequency contents of the received 
signal [30]. Finally, we test the method’s capability of pro-
filing vertical and horizontal insect fluxes.

Methods
Numerical and analytical considerations
The detection scheme consists of a quadrant photodiode 
(QPD) in the image plane of a Newtonian telescope. The 
QPD is focused at a known distance, rfoc, which coincides 
with the position of a black termination cavity. As such, 
the QPD is unfocussed at the aperture but is gradually 
focused along the FOV toward rfoc. Expressed differently, 
the FOV of the QPD segments overlap entirely at the tel-
escope aperture, and are gradually separated with dis-
tance until imaged sharply at rfoc. In this setup, the FOV 
is assumed to be evenly illuminated by the sunlight and is 
therefore equivalent to the probe volume. The properties 
of the imaging system are illustrated in Fig. 1.

We further make the following assumptions:

1.	 The observed insects are small compared to the 
probe volume (corresponding to point sources when 
illuminated by homogeneous sunlight).

2.	 Throughout the duration of an observation, the 
insect velocity vector is constant.

3.	 The coaxial movement of the observed insects is lim-
ited compared to the length of the probe volume.

When an insect transits the probe volume, sunlight 
is scattered into the telescope and an intensity increase 
is recorded. The signal includes a low-frequency enve-
lope from the insect body and an oscillatory component 
from the insect wings [30, 31]. As observed in Fig.  1d), 
the signal recorded in two adjacent detector elements 
is identical at close range, differs but blends together at 
medium range, and is sharply resolved at far range. The 
overlap can be quantified through time-lag correlation 
of the detector segments, which is the cross-correlation 
between the two time vectors obtained by the detec-
tor elements as a function of sliding delay. The delay 
time, τ, then corresponds to the maximum correlation. τ 
increases linearly with range, as seen in Fig.  1d), and is 
inversely proportional to the flight speed of insects. The 
flight speed is eliminated by dividing τ with the transit 
time Δt, yielding a quotient that is unique for each range. 
The distance r̂ to an insect transiting the probe volume is 
estimated according to Eq. 1.
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In Eq. 1, øtel is the telescope aperture, f is the telescope 
focal length and ds is the quadrant sensor width. The 
validity of Eq.  1 can be evaluated with the simulated 
insect signals in the raytracing model, where the distance 
is known. Equation 1.1 is obtained by rearranging Eq. 1. 
dfoc is the width of the sensor image in the focal plane as 
calculated with the lens equation (see Fig. 1c). α = øtel/dfoc 
is the quotient of the width of the FOV at the telescope 
location and the width of the FOV at termination, i.e., the 
inverse of the linear scaling coefficient of the FOV.

The FOV converges if it is terminated in the near-field 
and diverges if it is terminated in the far-field. If the FOV 
is terminated at the limit between the near- and far-
field, rlim, it maintains a constant width along the moni-
tored transect. In other words, if rfoc = rlim, the quotient 

(1)r̂ =
τøtelf

τ

(

øtelf
rfoc

− ds

)

+�t ds2

.

(1.1)
r̂

rfoc
=

α 2τ
�t

(α − 1) 2τ
�t + 1

α is equal to 1. The distance to termination therefore has 
implications on the ranging properties; see Fig.  2. The 
setup parameters given in Fig.  1 yield a limit between 
near- and far-field rlim = 121.2 m.

Aside from rfoc, there are other setup and observation 
parameters that affect the ranging accuracy. Equation  1 
includes the quotient τ/Δt and is therefore invariant to 
the flight speed of insects. τ is equal to 0 at the aperture 
and Δt/2 at termination (see Fig. 1d). Δt depends on the 
cruise altitude of insects at close range due to the round 
aperture of the telescope, but is invariant to cruise alti-
tude at far range due to the quadratic shape of the sen-
sor. The quotient τ/Δt is equal to 0 at the aperture and 
increases linearly with range to 1/2 at termination, indi-
cating that the ranging equation as a whole is invariant to 
cruise altitude. The climb and heading angles with which 
insects transit the probe volume can affect the results of 
Eq. 1. However, this effect is minute since the insect tran-
sit distance along the optical axis is negligible in compar-
ison to the length of the probe volume (assumption 3).

Field measurements and insect observation properties
Experiments were carried out on 2013-07-20 between 
12:00 and 15:20 at Stensoffa in Southern Sweden 

Fig. 1  a Newtonian aperture as seen from the front, with a simulated insect trajectory marked in orange. b Illustration of the telescope imag-
ing from above, showing that two adjacent QPD elements receive light from slightly different directions. c Raytracing of the FOV of two adjacent 
detector elements, where the eastern FOV is marked in green and the western FOV is marked in red. Positions where the fields overlap are marked 
in yellow. d Simulated signals from point scatterers transiting the probe volume from east to west with a speed of 1 m/s at different distances. The 
ranging parameters τ and Δt are shown in blue
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(N55.70, E13.45). A quadrant photodiode (Hamamatsu 
S4349 Si PIN) was used to monitor an air volume 
through a Newtonian telescope with a focal length 
of 120 cm and a diameter of 30 cm. The detector has a 
bandwidth of 2.9  kHz and was sampled at 20  kHz with 

a data acquisition board (NI USB-6211). The telescope 
was aimed roughly north in order to collect insect data in 
backscatter mode. A black termination cavity was placed 
at a distance of 142.3  m from the telescope, where the 
detector was focused. The setup, measurement principle, 
and site are shown in Fig. 3. More details on the experi-
ments are found in [32].

The sunlight propagates through the atmosphere before 
impinging on the FOV of the detector. As such, turbu-
lence and other atmospheric phenomena can cause rapid 
variations in the optical background. By filtering the sig-
nal with a sliding median, the optical background was 
obtained. The noise level was obtained as the difference 
between the optical background and a sliding minimum 
filtered signal. A detection threshold with signal-to-noise 
ratio SNR = 2 was set.

A set of harmonic basis functions ψn(t) was constructed 
based on test frequencies f0test. This is described by Eq. 2. 
The backscattered signal intensity from an insect contains 
light scattered in the insect body and in the insect wings, 
Itot(t) = Ibody(t) + Iwing(t). These two signal components 
were separated using a sliding minimum filter with a win-
dow width equivalent to the period of f0test. The estimated 
wing-beat signal Îwing(t) was expressed as a linear combi-
nation of basis functions with coefficients an as expressed 
in Eq. 3. Îwing(t) was fitted against the original wing-beat 
data Iwing(t). By scanning f0test and minimizing the residu-
als of the fit, a final value for the wing-beat frequency f0 
was obtained. This process is further detailed in [31].

Fig. 2  Illustration of how the ranging properties scale with the 
length of the FOV. When the distance to the focal plane of the sensor, 
rfoc, is equal to the limit between near- and far-field, rlim, the width 
of the FOV is constant and the ranging accuracy is unaffected by 
the distance between the telescope and insect. If the focal plane 
is located in the near-field, the FOV converges and the method 
becomes less accurate at close range and more accurate at far range, 
whereas if the focal plane is located in the far-field, the opposite 
holds true

Fig. 3  a Illustration of the setup and measurements. A QPD is monitoring an air volume through a telescope. The FOV is terminated in a black cav-
ity to reduce the optical background. When an insect transits the FOV, sunlight is scattered into the telescope and recorded by the sensor. The QPD 
is sampled continuously with a DAQ board, and the signal is stored in a computer. b Map of the measurement site at Stensoffa in Southern Sweden 
(N55.70, E13.45). The telescope is aimed into a black cavity located 142.3 m away in a roughly northwards direction
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Itot vectors can be obtained separately in the signals from 
the four detector elements. The east–west and up–down 
time delays, τew and τud, were obtained through time-lag 
correlation of the corresponding Itot vectors. r̂ was cal-
culated according to Eq. 1 with τ obtained as a weighted 
average of τew and τud, see Eq. 4.

Results
All observations exceeding the detection threshold in 
two or more bands were considered, yielding a total of 
1279 insect observations. Six hundred and fifty were dis-
carded due to a lack of wing-beat information or strong 
background fluctuations. The remainder were parameter-
ized according to Eqs. 3 and 4, and a further 131 observa-
tions were discarded based on the residuals of the fit. The 
raw signal Ibody(t) and Iwing(t) are shown together with the 
reconstructed waveform from the parameterization Îwing
(t) in Fig. 4.

For the remaining 498 observations, the east–west 
and the up–down time delay, τew and τud, was obtained 
through time-lag correlation of Itot between the 
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(
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,
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,

respective detector segments. r̂ was calculated according 
to Eq. 1 using the weighted average of τew and τud from 
Eq. 4. Figure 5 shows how τew is obtained by keeping the 
waveform from one detector segment fixed and scanning 
the other. That way the time delay yielding the maximum 
correlation can be determined.

Figure  6 shows the waveforms and power spectra of 
three observations at different estimated distances r̂. The 
signal shapes closely resemble our understanding from 
Fig. 1d). An observation at close range has a large over-
lap between segments and a signal decrease mid transit 
due to passing in front of the secondary mirror of the 
telescope. An observation at medium range has smooth 
flanks and reduced overlap, whereas an observation at far 
range has sharp flanks and little overlap between detector 
segments.

As in conventional lidar, radar, and sonar, the signal 
attenuates with range. This implies that the system sen-
sitivity is range dependent. The maximum body intensity 
of insect observations with range can be utilized to inves-
tigate the range dependence of the sensitivity. According 
to the inverse-square law for electromagnetic radiation, 
the scattered light intensity from insects transiting the 
FOV is expected to decrease with the square of the dis-
tance to the detector. Figure 7 shows a scatterplot of all 
observations together with isoparametric curves of the 
inverse-square law, with predicted range r̂ and the maxi-
mum body intensity of the observations on the axes.

The maximum body intensity is connected to the head-
ing of insects. When an insect impinges on the FOV at a 

Fig. 4  Raw- and parameterized insect wing signals Iwing and Îwing
, shown together with the body signal Ibody obtained with a sliding 
minimum. The parameterized signal Îwing is constructed from a dis-
crete series of harmonics, the relative strengths and phases of which 
are obtained by fitting the series onto the raw data and minimizing 
the residuals of the fit

Fig. 5  Top: the retrieved waveforms from an insect in the eastern- 
and western segments of the detector. As one waveform is kept 
fixed, the other is gradually displaced with increasing time delay. At 
each point, the correlation between the two waveforms is calculated. 
Bottom: the correlation as a function of displacement, or time delay, 
between the two waveforms. The time delay τ, which is the weighted 
average of τew and τud, corresponding to the maximum correlation is 
used to determine the distance to the insect according to Eq. 1
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low incident angle, it is observed from the side, appears 
large, and transits the probe volume quickly. When enter-
ing at a high incident angle, it is observed from the front 
or back, appears small, and stays in the probe volume for 
an extended period of time. In order to properly evalu-
ate the system sensitivity and quantify the insect scatter 
signal, the heading angle of insects has to be taken into 
account. It has been stipulated that the relative strengths 
of the lower harmonics are tied to the insect heading in 
relation to the FOV, and a model was presented in [28]. 
The model suggests that as insects are observed from the 
front, their wings appear large once per wing-beat cycle 
which yields a strong fundamental frequency. When 
instead observed from the side, the wings appear large 
twice per cycle which results in a strong first overtone. 
In this study, no relation between the relative strengths 
and phases of the lower harmonics and the heading angle 
could be ascertained. Instead, plenty of examples could 
be found where insect observations with a long tran-
sit time had a strong first overtone, and where insect 

Fig. 6  Examples of insect observation time series and power spectra, from which the ranging parameters τ and Δt, the wing-beat frequency f0, as 
well as other observation parameters are extracted. Top: insect signal with a waveform matching close-range simulation (see Fig. 1d). The insect 
appears in all four detector segments, as expected due to their FOV overlapping at close range, and insertion into Eq. 1 yields a predicted range r̂  of 
21 m. Middle: signal from an insect entering the FOV with an inclination, appearing in the upper, lower and western detector segments. The wave-
form matches mid-range simulation, and insertion into Eq. 1 yields a predicted range r̂  of 81 m. Bottom: insect signal with a waveform matching 
far-range simulation, appearing in the eastern, western, and upper detector segments. Insertion into Eq. 1 yields a predicted range r̂  of 120 m. The 
wing-beat frequency f0 is marked in the power spectrum in all three cases, and can be used for target classification

Fig. 7  Scatterplot of observations against predicted range and maxi-
mum body intensity, shown together with isoparametric curves of 
the inverse-square law. The noise level is marked in the figure. A trend 
of decreasing maximum body intensities with range can be noted 
among the insect observations
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observations with a short transit time had a strong fun-
damental frequency; see Fig. 8.

Insect transit times are range dependent due to the 
diverging FOV. The FOV cross-section warps from a 
circle with a 30-cm diameter at the aperture to a square 
with a 35-cm side at termination. This implies that the 
insect transit time is affected by cruise altitude at close 
range but not at far. The effective FOV diameter at each 

range can be calculated from a linear combination of the 
geometrical center-of-mass of a circle and a square. Fig-
ure  9 shows a scatterplot of insect observations against 
predicted range r̂ and transit time Δt. A flight speed iso-
curve is also plotted based on the calculated effective 
FOV diameter.

As seen in Fig. 9, no insect observations at far ranges 
go below the 15 m/s line, whereas at closer ranges they 
do. This is an effect of the warping nature of the probe 
volume. The flight speed is calculated from the effective 
FOV diameter, which is a center-of-mass approxima-
tion. At short range, some insects transit the FOV with 
a shorter trajectory than the effective diameter, thereby 
ending up below the line. These insects do not necessar-
ily fly faster than the ones at far range, but remain in the 
probe volume for a shorter time due to the shorter tra-
jectory. It is also noted that insects with a high incident 
angle remain longer in the FOV. Therefore, their flight 
speed cannot be accurately gauged without knowledge of 
their heading. Presumably, a majority of the observations 
did not have a flight heading perpendicular to the FOV, 
and therefore only the shortest transit times are indica-
tive of actual flight speed.

Aside from the presented ranging method, other useful 
information regarding insect flight in relation to weather 
and topography can be extracted from quadrant detec-
tors. Figure  10 shows the statistical distribution of τew 

Fig. 8  Fractions of four sample observations. Two are in agreement with the proposed heading model, and two are in disagreement. For each 
observation, three wing-beat periods are shown together with the frequency contents of the signal up to 1 kHz. Top left: short insect observation 
with a strong first overtone, similar to what would be expected from an insect entering the FOV at a normal angle. Top right: long insect observa-
tion with a strong first overtone, in disagreement with the proposed heading model. Bottom left: short insect observation with a strong fundamen-
tal frequency, in disagreement with the proposed model. Bottom right: long insect observation with a strong fundamental frequency, similar to 
what would be expected from an insect entering the FOV at a large angle and flying along it

Fig. 9  Scatterplot of insect observations, with predicted range r̂  
and transit time Δt on the axes. As seen in the figure the transit time 
increases with predicted range, as expected due to the diverging FOV
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and τud, and the average wind speed and direction during 
the study period is presented.

Discussion
In this work, we demonstrated a novel method for 
extracting range information from insect observations in 
passive dark-field quadrant measurements. The derived 
ranging equation was applied to field observations of 
insects and validated. The range-dependent system sen-
sitivity was investigated. A previously suggested  model 
using modulation spectroscopy was proven insufficient 
for determining insect flight headings. Insect transit 
times at different ranges were compared to discreet flight 
speeds. The insect flight headings were also investigated 
using time-lag correlation, demonstrating the method’s 
capability of profiling vertical and horizontal insect 
fluxes. It was shown that most insects transiting the 
probe volume during the study period were flying later-
ally with the wind.

The obtained ranging Eqs.  1 and 1.1 depend on the 
dimensionless quotient τ/Δt and are therefore independ-
ent of the shape of the probe volume. This quotient is 
equal to 0 at the aperture due to the FOV overlap, and 
scales linearly with range to 1/2 at the termination. As 
such, both circular and quadratic sensors and apertures 
can be utilized without affecting the ranging properties.

In order to properly evaluate the system sensitivity with 
range, the insect flight headings have to be known. Due 
to their elongated shape, insects display different opti-
cal cross sections when observed and illuminated from 

different angles. Target classification can be accomplished 
through modulation spectroscopy, and would also aid in 
the evaluation of the system sensitivity. Observing the 
same insect species at the same angle but at different dis-
tances will allow calibration of the system, which in turn 
would aid in the quantification of insect sizes.

The heading investigation through modulation spec-
troscopy yielded both confirmative and non-confirmative 
results in this study. It has been observed in a labora-
tory setting that the specular, polarization-maintaining 
reflexes from insect wings contribute in particular to the 
higher harmonics of f0, but also contribute significantly 
to the lower harmonics. Depending on the relative phase 
between the specular components and the diffuse wing 
beats, this contribution can interfere either construc-
tively or destructively. The phase of specular reflexes in 
the wing-beat cycle depends on the angle of illumination. 
This angle will shift throughout the day in passive meas-
urements, but is constant in lidar measurements.

Obtaining flight heading information from insects 
transiting the probe volume would also enable the quanti-
fication of insect flight speeds. In the present study, it was 
demonstrated that a circular probe volume cross section 
introduces uncertainties in flight speed estimations. This 
can be overcome by utilizing a quadratic aperture, yield-
ing a quadratic FOV cross section along the entire probe 
volume. Using a circular detector would yield a circular 
FOV at the termination, reintroducing the uncertainty at 
far ranges. Therefore, quadratic sensors and apertures are 
preferable to circular ones in this application.

There are a number of possible uses for the presented 
method. It can be implemented horizontally to profile 
insects in active or passive mode along transects across 
the landscape. By utilizing an infrared laser with a wave-
length where the atmosphere does not scatter sunlight, 
the method can also be implemented vertically. Another 
approach to vertical profiling would be to fix the aim of 
the setup at the Polaris star, which would ensure sun-
light impinging on the probe volume at an approximately 
normal angle at all times. The setup could then be imple-
mented vertically in passive mode. Detection schemes 
with multiple wavelength- or polarization bands could 
also be envisioned in both active and passive mode.

Conclusions
We conclude that quadrant sensors can be used to deter-
mine the range to organisms or particles transiting the 
probe volume, and that fluxes can be quantified. We also 
conclude that the previously suggested model for deter-
mining insect flight headings using modulation spectros-
copy is insufficient and needs further work. In particular, 
the effect of specular reflexes on the strength and phase 
of lower harmonics of f0 needs to be investigated.

Fig. 10  Histograms of the east–west and up–down time delays, 
τew and τud. The east–west distribution is bimodal, indicating that 
the observed insects transit the probe volume laterally, whereas the 
up–down distribution is single-modal and centered around 0 ms, 
indicating that vertical movement is limited. Throughout the study 
period, the wind was mostly blowing westward, with an average 
wind speed of 1.6 m/s
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The demonstrated ranging method has the potential to 
become a widespread tool for monitoring insect abun-
dances and fluxes, particularly in farming environments. 
Similar to DOAS, which is a widespread method for 
monitoring gas concentrations in urban environments 
[33], the demonstrated method is inexpensive and sim-
ple to implement. Despite its ease of use and low power 
requirements, it yields rich information on insect obser-
vations. By retrieving range information, insect concen-
trations and fluxes are resolved in space and time and can 
be correlated to weather and topography. The method 
also yields modulation spectra that have a demonstrated 
capability of species classification. Our method can be 
adapted and scaled to other geometries where objects, 
organisms, or particles transit the probe volume. It can 
also be employed with active illumination, making it a 
versatile technique that can be used in many different 
fields of research.
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