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Abstract

The alarming decline in global insect populations and diversity calls for improved
monitoring methods with species specificity. Conventional trapping techniques are
labor-intensive and fail to provide real-time in situ data on species composition. In
response, novel remote and automated monitoring methods have emerged, offering
the potential for high-resolution and efficient data collection. However, existing
remote sensing techniques, which primarily focus on wingbeat frequencies or direct
insect imaging, have inherent limitations. These include the overlap of wingbeat
frequencies between species and image challenges of focusing on rapid-moving
free-flying insects.

To address these challenges, our research group has developed an entomological
lidar, using the Scheimpflug principle to acquire signals across various distances.
This approach captures detailed spectroscopic and dynamic features. Lidar could be
a realistic photonic solution for monitoring the state of insect populations and
diversity. My Ph.D. research investigates how the unique optical properties of
insects, as characterized through infrared hyperspectral imaging, can enhance their
identification in situ through lidar with multiple spectral bands or photonic
methodologies. Specifically, I'm exploring how wing reflectance, interference
patterns, surface roughness, and polarimetry can improve insect species
differentiation. This research also investigates promising methodologies like dual-
band and hyperspectral lidar, which could identify insects in flight by their micro-
and nanoscopic features.

Entomological Lidar, combined with innovative photonic techniques, could
complement or transform insect monitoring. This transformation can enhance pest
control strategies, strengthen biodiversity studies, and deepen our knowledge of
these crucial organisms.



Popular Science

Gotta Catch 'em All: A Real-Life Pokédex for Insect Identification

Does the iconic Pokémon slogan spark a sense of adventure? What if there was a
tool that could instantly identify insects like a real-world Pokédex? Scientists are
working to turn this dream into reality, and it all starts with understanding the
challenges we face.

Conventional methods of insect study can be time-consuming, intrusive, and
impractical to scale up. That's why we need new tools to quickly identify these vital
creatures without disturbing their natural behaviors. New technologies like
automation, remote sensing, and machine learning are being implemented to
identify insects. However, challenges exist — insects in flight are hard to track and
identifying them using wingbeat frequencies alone has limitations. With millions of
insect species on Earth, the task is complex!

To overcome these challenges, our team has developed a specialized tool:
entomological lidar. This system uses laser light to monitor insects in flight over
distances in the landscape. We can then analyze backscattered light to differentiate
species and collect vast amounts of data—imagine recording up to 100,000 insect
observations in a single day! This is about 1,000 times more than a standard insect
trap can manage. Our technology could be used to track changes in biodiversity and
understand insect migration patterns.

Despite the potential, even lidar has trouble pinpointing the exact identity of every
insect. That's where my Ph.D. research comes in. I'm exploring how the unigue ways
in which insect wings interact with light can help with identification. Imagine each
species having invisible "fingerprints" on their wings — patterns of color and
reflection that hold the key to who they are. Even seemingly dull moth wings exhibit
surprising colors and shine when viewed at specific wavelengths. Transparent
wings, like those of a fruit fly, display vibrant, soap-bubble-like colors due to a
phenomenon called thin-film interference. My research focuses on understanding
how the thickness and structure of insect wing membranes scatter light. By
enhancing the properties of the light reflected from insect wings, we can improve
our systems' ability to detect and identify these insects even at longer ranges.

Our team is actively developing specialized lidar systems to detect these patterns.
This tool could transform how we study insects, with far-reaching impacts on
precision pest control and conservation efforts and, ultimately, helping us better
understand and protect these essential creatures.



Popularvetenskaplig sammanfattning pa Svenska

Maste fanga fler: En riktig Pokédex for att identifiera insekter

Forestall dig ett verktyg som kan identifiera levande insekter direkt i falt, precis som
en Pokédex i verkligheten. Ny teknologi kan gora denna drom till verklighet, och
borjar med att forsta de utmaningar vi star infor.

Konventionella metoder for att studera insekter kan vara tidskravande, svara att
skala upp och ger sallan realtidsinformation, ofta kraver de att vi fangar in eller till
och med avlivar individer. Darfor behdvs nya verktyg for att snabbt identifiera dessa
viktiga varelser utan att stora deras naturliga beteende. Banbrytande teknik som
automatisering, och fjarranalys, samt datorseende, och maskininlarning utvecklas
for att Overvaka och identifiera insekter. Men utmaningar finns — insekter i flykt &r
svara att fokusera pa, och identifiering baserad pa vingfrekvens har begransningar.
Med miljontals insektsarter pa jorden ar snabb bedémning av biologisk mangfald
och 6vervakning av insekter en komplex uppgift.

For att mota behovet av mindre arbetskravande, kostnadseffektiva, icke-invasiva
och storskaliga metoder for langsiktig insektsovervakning, har vart team utvecklat
ett specialiserat verktyg: entomologisk lidar. Detta system anvéander en laserstrale
for att rakna insekter pa avstand i luften. Vi kan sedan analysera det reflekterade
ljuset for att skilja arter och samla in enorma dataméngder — tank dig att registrera
100 000 insektsobservationer pa en enda dag! Det ar 1 000 ganger mer &n en vanlig
insektsfalla klarar. Var teknik ger en enorm fordel for att mata forandringar i
biologisk mangfald och forsta insektsmigrationsmaonster.

Awven lidar har svart att exakt identifiera varje insekt. Har kommer min forskning in.
Jag undersoker hur insektsvingar sprider ljus for att forbéattra identifieringen. Tank
dig att varje art har osynliga "fingeravtryck” pa sina vingar — monster av farg och
ljusreflektion som avsl6jar deras identitet. Till och med bruna nattfjérilsvingar visar
overraskande farger med skimmer vid specifika vaglangder. Genomskinliga vingar,
som hos bananflugor, uppvisar skiftande farger som paminner om sapbubblor pa
grund av tunnfilmsinterferens. Min forskning fokuserar pa hur vingmembranens
tjocklek paverkar dessa ljusinteraktioner. Genom att forsta vingars ljusspridning kan
vi forbattra identifieringen av insekter pa avstand i falt.

Vart team utvecklar specialiserade lidarsystem for att detektera dessa monster. Detta
verktyg kan revolutionera insektsstudier med langtgdende effekter pa
skadedjursbekampning, bevarandeinsatser och var forstaelse av dessa avgdrande
varelser.
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Paper I: Bark Beetles as Lidar Targets and Prospects of Photonic Surveillance

M. Li, S. Jansson, A. Runemark, J. Peterson, C. Kirkeby, A.M. Jonsson, M.
Brydegaard, Journal of Biophotonics (2020) (Front page feature).

In this paper, we investigated the potential of entomological lidar for monitoring
free-flying bark beetles, a destructive pest posing a significant threat to spruce
forests and the timber industry. By studying light scattering characteristics, optical
properties, wing thickness, and wingbeat frequency of captured beetles, we
demonstrated lidar's potential for monitoring both insects and pheromone plumes in
a Swedish forest. Specific polarimetric- and spectral properties for pinned bark
beetles are presented.

My contributions to this paper included participation in the lidar field campaigns,
preparing the samples for scanning, capturing ex vivo and in vivo data using the
entomological chamber, goniometer, and hyperspectral camera, assisting in the
analysis of in situ data, creating data visualizations, and drafting the manuscript.

Paper Il: Lidar as a Potential New Tool for Monitoring Migratory Insects: A
Field Case Study in Sweden

H. Chent, M. Lit, H. Manefjord, P. Travers, J. Salvador, L. Mdiller, D. Dreyer, J.
Alison, T. T. Haye, G. Hu, E. Warrant, M. Brydegaard, iScience (2024).

7 These authors contributed equally as the first authors.

In this study, we evaluated the feasibility of using lidar technology to monitor
migratory insects. We conducted continuous lidar observations in southern Sweden
from May to July, coinciding with the insects' yearly northward migration. These
observations provided detailed information on insect heights, flight directions, size,
and vertical velocities. By implementing polarization bands, we could successfully
differentiate moths from other insects despite the challenge of low wingbeat
frequencies and short transit times. The challenges and opportunities for our lidar to
study their nocturnal flight patterns near the ground are outlined.

My contributions to this paper included designing and conducting the field
experiment, helping set up the lidar, developing analysis code, visualizing data, and
drafting the manuscript.

Paper I11: Stratification of Insect Diversity and Daily Activity Patterns in Tai
Virgin Forest assessed by Entomological Lidar
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H. Manefjord, A. S. D. Yamoa, Y. A. Gbogbo, L. Miiller, A. Runemark, B. K.
Kouakou, R. Boateng, A. A. Huzortey, I. K. Badu, N. Wahlberg, M. Brydegaard, J.
T. Zoueu, B. Anderson, M. Li (Manuscript in preparation) (2024).

In this paper, we conducted a study in the Tai forest of Cote d'lvoire to investigate
the crucial role of virgin rainforests in supporting insect diversity and the
effectiveness of the lidar application to assess this. We employed a lidar system and
insect trapping to study the distribution and abundance of insects within the forest
canopy, revealing distinct activity patterns across different layers. This approach
enabled us to monitor insect populations and identify a variety of species based on
their optical properties. Multiple beam elevations were employed to decouple lidar
range biasing from height over ground preferences. Our findings highlight the
ecological significance of undisturbed forests and lidar's potential to assess insect
diversity non-intrusively in challenging conditions.

I proposed and obtained a research grant to conduct this expedition. This grant
covered participation in the field experiment, instrumentation, and upgrades to the
Ivorian lidar, traps, and field equipment. | was responsible for planning the field
campaign, proposing several experiments, and participating in the campaign with
responsibility for trap sampling, mounting, and documenting species. | calibrated,
analyzed, and clustered entomological lidar data, contributed visualizations, and
directed and drafted the manuscript together with the first author.

Paper 1V: Insect Diversity Estimation in Polarimetric Lidar

D. Bernenko, M. Li, H. Manefjord, S. Jansson, A. Runemark, C. Kirkeby, M.
Brydegaard (Submitted) (2024).

In this study, we developed an unsupervised method for estimating insect diversity
using lidar observations. We applied hierarchical clustering (HCA) and Gaussian
Mixture Models (GMM) to group observations based on modulation power spectra
derived from retrieved entomological lidar waveforms. To estimate diversity, we
propose a criterion based on HCA linkage and use instrument noise as a negative
control. Additionally, we explored the potential benefits of incorporating
polarization for improved specificity. We investigate to what extent distinct signals
are encountered at distinct ranges and hours of the day.

My contributions to this paper included collaborating on the project's planning,
participating in the field experiment, supervising an MSc student, and actively
engaging in discussions and manuscript contributions.

Paper V: Dual-Band Lidar and Statistical Moment-Based Assessment of Insect
Diversity and Abundance in the Tai Virgin Rainforest
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D. Dreyer, M. Li, H. Ménefjord, A. S. D. Yamoa, Y. A. Gbogbo, L. Mdller, A.
Runemark, B. K. Kouakou, R. Boateng, A. A. Huzortey, J. T. Zoueu, B. Anderson,
M. Brydegaard (Manuscript in preparation) (2024).

In this study, we investigated a robust and straightforward method for interpreting
lidar signals to directly reflect the biological properties of target insects. We used
statistical moments to analyze the behavior and trends within lidar observations,
with specific examples provided. Our study employed a dual-band lidar at 980nm
and 808nm. We provide reflectance values for wild ensembles of insects,
confirming that while melanization explains body reflectance, coherent scatter is
necessary to explain wing scatter.

My contributions to this paper included participating in the project's planning,
obtaining the grant to conduct an expedition, taking part in the field experiment,
assisting with insect trapping, and contributing to manuscript development.

Paper VI: 3D-Printed Fluorescence Hyperspectral Lidar for Monitoring
Tagged Insects

H. Manefjord, L. Maller, M. Li, J. Salvador, S. Blomqgvist, A. Runemark, C.
Kirkeby, R. Ignell, J. Bood, M. Brydegaard, IEEE Journal of Selected Topics in
Quantum Electronics 28 1-9 (2022).

In this paper, we developed and field-tested a compact, inexpensive hyperspectral
fluorescence lidar system designed for studying insect dispersal. Unlike coherent
scatter methods, our system relies on fluorescence to identify tagged insects. Our
3D-printed system successfully identified auto-powder-tagged honeybees and free-
flying mosquitoes (which had fed on fluorescent-dyed sugar water) under field
conditions. This technique offers efficiency and broad applicability, allowing for
parallel monitoring of multiple insect groups and facilitating novel ecological
experiments.

My contributions to this paper included collaborating on project planning,
participating in the field experiment, assisting with insect capture by CO; traps,
handling and releasing, and contributing to the manuscript.

Paper VII: A Biophotonic Platform for Quantitative Analysis in The Spatial,
Spectral, Polarimetric, and Goniometric Domains

H. Manefjord, M. Li, C. Brackmann, N. Reistad, A. Runemark, J. Rota, B.
Anderson, J. T. Zoueu, A. Merdasa, M. Brydegaard, Review of Scientific
Instruments 93 (2022).

In this paper, we describe the development of BIOSPACE (Biophotonics, Imaging,
Optical, Spectral, Polarimetric, Angular, and Compact Equipment), a low-cost,
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versatile biophotonic instrument. Designed to be accessible for hands-on learning
in education and research in low-income countries, BIOSPACE uses multiplexed
light-emitting diodes and a synchronized camera for high-quality quantitative
analysis of biological targets. We detail the instrument's construction, calibration,
evaluation, and diverse functionalities.

My contributions to this paper included participating in planning, assisting with
time-of-flight measurements, and writing the manuscript.

Paper VIII: Potential for identification of wild night-flying moths by remote
infrared microscopy

M. Li, C. Seinsche, S. Jansson, J. Hernandez, J. Rota, E. Warrant, M. Brydegaard,
Journal of the Royal Society Interface (2022) (Featured by National Geographic
Society and Nature).

In this paper, we investigated the specular infrared reflectance spectra of moth
species using polarimetric hyperspectral imaging in the short-wave infrared region.
We found that wings exhibited glossy and specular properties at longer
wavelengths, revealing distinct optical signatures between species. Our
comprehensive modeling and parametrization demonstrated that microscopic wing
surface features could be inferred from these infrared properties. These findings
hold the potential to significantly improve remote identification of free-flying
moths, possibly enabling sensing over considerable distances.

My contributions to this paper include acquiring hyperspectral images during a trip
to Norsk Elektro Optikk, Oslo. | also developed analysis and statistical code,
visualized data, and drafted the manuscript.

Paper 1IX: Feasibility of Insect Identification Based on Spectral Fringes
Produced by Clear Wings

M. Li, A. Runemark, N. Guilcher, J. Hernandez, J. Rota, M. Brydegaard, IEEE
Journal of Selected Topics in Quantum Electronics 29 1-8 (2022).

In this paper, we explored the potential of differentiating insects based on spectral
fringes, or interference signals, reflected from their clear wings. We conducted a
survey study focusing on 87 common pollinator species in Skane, Sweden. Using a
hyperspectral camera to capture wing interference patterns, we accurately
determined wing thickness. Our results demonstrate that distinct modulation
patterns and wing thickness can significantly improve species identification using
photonic sensors.

My contributions to this paper included designing and collecting hyperspectral data
in Norway, visualizing data, and drafting the manuscript.
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Paper X: Discrimination of Hover Fly Species and Sexes by Wing Interference
Signals

M. Li, A. Runemark, J. Hernandez, J. Rota, R. Bygebjerg, M. Brydegaard,
Advanced Science (2023) (Front page feature).

In this paper, we investigated the potential of spectral approaches for remote and
automatic insect species identification. We analyzed unique light patterns, known
as wing interference signals (WISs), generated by the wings of free-flying insects
that could be used for this purpose. Our extensive study of 600 wings from 30
hoverfly species revealed that factors such as wing thickness and heterogeneity,
influenced by factors like larval diet and mimicry, could differentiate between
species and sexes. Using just five parameters, we achieved 91% accuracy for the
differentiation of sexes and closely related species. This highlights the potential of
WIS-based surveillance for enhancing our ability to identify and protect insect
diversity.

My contribution to this paper included remoistening, spreading, and mounting
hundreds of museum specimens. | also traveled to Oslo to acquire infrared
hyperspectral data, developed the analysis code, visualized statistics, and drafted the
manuscript.

Paper XI: The Deadliest Animals with the Thinnest Wings — Near-Infrared
Properties of Tropical Mosquitoes

H. Manefjordt, M. Lit, J. Hernandez, L. Miiller, C. Brackmann, A. Merdasa, C.
Kirkeby, M. D. Bulo, R. Ignell, M. Brydegaard, Laser & Photonics Reviews
(Submitted) (2024).

7 These authors contributed equally as the first authors.

In this study, we employed photonic monitoring via hyperspectral imaging and laser
multiplexing to investigate the spectroscopic properties of mosquitoes. We
developed models that could deduce nanoscopic- and microscopic features like
wing thickness and absorption paths of melanin and water. The investigation
revealed extremely thin mosquito wings of 174 nm with high precision, which could
be implemented for lidar and remote sensing of wild insects.

In this paper, my contributions included participating in the hyperspectral imaging,
preparing and mounting sub-micron wings of dead mosquitoes as well as
immobilizing fresh specimens for scanning. | contributed to the manuscript text and
figures.
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Paper XII: Remote Nanoscopy with Infrared Elastic Hyperspectral Lidar

L. Maller, M. Li, H. Manefjord, J. Salvador, N. Reistad, J. Hernandez, C. Kirkeby,
A. Runemark, M. Brydegaard, Advanced Science (2023) (Featured by NKT).

In this paper, we explored the potential of infrared hyperspectral lidar, a type of laser
remote sensing, for long-distance insect monitoring and species identification. We
developed an infrared hyperspectral lidar system with 64 spectral bands, capable of
detecting unique, species-specific wing interference patterns in free-flying insects.
As a proof of principle, we successfully retrieved coherent scatter from a damselfly
wing, accurately determining its membrane thickness. We also captured signals
from free-flying insects, estimated their wing thickness, and detected their wingbeat
frequency, demonstrating the potential of this method for differentiating insect
species.

My contributions to this paper included participating in fieldwork, preparing
samples for scanning, visualizing hyperspectral imaging data, and contributing to
manuscript figures and text. MSc student supervision.

Paper XIII: Resolving fast Wingbeat Flashes in situ with Entomological Lidar
M. Li, H. Manefjord, M. Brydegaard, IEEE IPC Proceedings (Accepted) (2024).

In this study, we evaluated the necessary sampling frequency to accurately capture
wing modulation across various insect species using a kHz entomological lidar
system. By systematically increasing the sampling rate, we assessed the resolution
improvements in wing modulation measurements. Additionally, we collected data
on environmental factors to understand their impact on the activity patterns of each
classified insect group.

My contributions to this paper included discussing the planning, setting up the field
experiment, acquiring the experimental data, visualizing and illustrating the figures,
and drafting the manuscript.
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Abbreviations

BIOSPACE Biophotonics, Imaging, Optical, Spectral, Polarimetric, Angular, and
Compact Equipment

DolLP Degree of Linear Polarization

eDNA Environmental DNA

EHSL Elastic Hyperspectral Scheimpflug Lidar
FPA Focal Plane Array

HCA Hierarchical Cluster Analysis

HSI HyperSpectral Imaging

LED Light-Emitting Diode

Lidar Light Detection and Ranging

NBC Naive Bayes Classifier

NIR Near-Infrared (in this thesis: 700-1000 nm)
SEM Scanning Electron Microscope

SWIR Short-Wave InfraRed (in this thesis: 1000-2500 nm)
ToF Time-Of-Flight

uv UltraViolet (in this thesis: 200-400 nm)
VIS VISible (in this thesis: 400-700 nm)

WBF WingBeat Frequency

WIS Wing Interference Signal
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1.Introduction

A single bumblebee, its fuzzy body dusted with pollen, might not seem remarkable,
yet its tireless flights from flower to flower are vital for the reproduction of countless
plant species. But the bumblebee is just one of millions of insect species, each
playing a crucial role in the intricate dance of life. From pollinating our crops to
recycling nutrients, these tiny creatures are the unsung heroes of our planet, quietly
working to maintain the delicate balance of our ecosystems.

1.1.  Insects in Ecosystems

1.1.1. Insects’ ecological significance

Insect, known as the most abundant and diverse animals on Earth [1-3], and are
often overlooked despite playing an undeniably crucial role in the ecological
processes that sustain our natural world [4]. Animal pollinators, particularly insects
like wild bees and hover flies, are essential for ensuring global food supply. These
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Fig. 1.1: Global map of pollination benefits (2000). The figure is adapted from ref [5].
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pollinators underpin the reproduction of roughly 75% of the world's leading food
crops [6, 7]. Among them, bees are the most vital group, visiting over 90% of the
leading 107 global crop types [8]. This pollination activity has a direct impact on
our diets, with 5-8% of our intake by volume being attributable to their work [9].
The global map of pollination benefits shown in Fig. 1.1 highlights the far-reaching
economic stability derived from robust pollination services.

As decomposers, insects break down organic matter, which releases essential
nutrients into the soil, boosting plant growth [4, 10] and forming the base of food
chains [11, 12]. Additionally, many insects are natural pest control agents.
Parasitoid wasps, for example, lay eggs inside other insects, controlling populations
of crop-damaging pests [13].

However, the relationship between insects and humans is not always mutually
beneficial. Some insects are considered serious agricultural and forestry pests,
causing significant crop [14-17] or tree farm [18, 19] damage and economic
hardship [20]. The spruce bark beetle (Ips typographus) is a major pest in European
forests, capable of killing millions of trees during outbreaks. This destruction
impacts both the forest ecosystem and the timber industry [21-23]. Others, like
mosquitoes and disease-carrying flies, represent major public health threats. As
illustrated in Fig. 1.2, where the mortality caused by insect-transmitted diseases far
exceeds that caused by larger, more traditionally feared animals such as crocodiles
or lions. Mosquitoes alone stand out as the world's deadliest animals due to diseases
like malaria, dengue, and Zika. Malaria alone caused approximately 627,000 deaths
in 2020 [24], disproportionately affecting poorer regions like Africa and Southeast
Asia [24-26].

Humans
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Fig. 1.2: Top 17 of the deadliest animals in the world based on the number of human
deaths as of 2016. In the ranking of animals by annual human fatalities, the mosquito
holds the grim title. Data is adapted from ref [27].
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1.1.2. Biodiversity monitoring and conservation challenges

The monitoring of insect biodiversity is crucial for both the purposes of pest and
disease vector control and pollination conservation, yet it faces numerous
challenges. Insects are under-represented in general in biodiversity assessments
compared with birds, mammals, and plants [29]. This is likely due to insects’ small
size and the high degree of knowledge necessary for identification often requiring

‘S &
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Fig. 1.3: Global map of invertebrate studies. The figure is adapted from ref [28].

experts with a narrow focus on a single insect order or family [30]. Flies and
parasitoid wasps, for example, are often overlooked in biodiversity assessments
despite their ecological importance [31, 32], simply due to the difficulty of
identifying them. These challenges in accurately monitoring insect populations and
diversity likely contribute to the significant lack of biodiversity data from highly
biodiverse regions such as Africa and South America (as shown by the heterogeneity
in research effort depicted in Fig. 1.3. A lack of comprehensive and long-term
monitoring policies and methods further hinders conservation efforts [33].

1.2.  Existing Approaches to Insect Detection and
Identification

1.2.1. Conventional monitoring methods

Conventional methods, long considered the gold standard for monitoring and
managing insect populations, often rely on various trapping systems to capture
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insects under diverse environmental conditions. In our field campaigns, we utilized
several conventional trapping systems to capture insects (see Fig. 1.4).

While conventional insect monitoring systems provide valuable data, they possess
inherent limitations. These systems frequently result in insect mortality and offer
restricted catching capacities [34]. Additionally, they necessitate specialized
taxonomic knowledge for analysis, which is both time-consuming and expensive.
Consider the case of a comprehensive study conducted in the San Lorenzo Forest,
Panama [35-37], which sought to quantify arthropod species richness within a
tropical rainforest. This collaborative effort involved 102 taxonomists and a total of
24,354 trap- (or person-) days of sampling. A total of 300,000 US$ was spent solely
on fieldwork to acquire the sample. Despite substantial investment, only 23.7% of
the 129,494 arthropods collected from a 0.48-hectare site could be identified to the
species level after an 8-year interval, resulting in the identification of 6144 species
[37]. This highlights the urgent need for more efficient collection and identification
methods, as the time and cost of traditional taxonomy methods severely hinder our
ability to develop timely management plans.

Fig. 1.4: Overview of
conventional insect
trapping methods used
in our field campaigns.
a-b) Malaise traps: a -
canopy, b - ground-
based. c) Sweep netting.
d) Window trap with
soapy water collection
box. €) Pheromone trap
for bark beetles. f-h) Pan
traps in three colors to
attract pollinators. i) UV
light moth trap. )
Rotational light trap for
various timeslots. k)
CO; and light bait traps
for catching blood-
sucking insects. I-m)
Mosquito traps with
CO; generation from
yeast I) and dry ice m).
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1.2.2. Insect identification using wingbeat frequency

Acoustic [38] or electronic traps (E-traps) [39] offer a non-invasive way to capture
and identify insects. These devices use sensors to detect and analyze the wingbeat
frequencies (WBFs) of flying insects [39-42]. However, a significant challenge for
both methods is their limitation in analyzing only one insect at a time, potentially
causing bottlenecks in data collection. Additionally, there is considerable overlap in
WBFs among different insect species, which can complicate species identification.
As shown in Fig. 1.5, The 50 to 200 Hz range is crowded for WBFs, with significant
overlap across various orders. This overlap is even more pronounced when
considering species-level variations. Environmental factors such as temperature
[43-45] and humidity [45, 46], along with biological factors like age [47, 48] and
weight loading [49, 50], can also influence WBFs. Even within controlled
laboratory environment, individual insects of the same species can display up to
25% variability in their WBFs [51], further complicating the analysis.
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Fig. 1.5: Distribution of WBFs across major insect orders. This data was compiled
through a massive literature review by Noélie Guilcher. See the accompanying Excel
sheet for data sources and values [52].

1.2.3. Machine vision identification

Machine vision offers a practical solution to the challenges of manual insect
identification. It can be a non-invasive method that captures images of insects
without causing them harm. Camera traps, some equipped with light bait [53] and
others without [54], are strategically placed in natural habitats to capture detailed
images of insects in their environment. The images are then analyzed using a trained
convolutional neural network (CNN) for accurate identification. An example of a
camera trap with light bait is shown in Fig. 1.6. CNNs have shown the capability to
identify insects down to the family level [55-57] and even species level [58, 59].
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These systems can distinguish insects with remarkable precision. However, direct
image-based machine vision systems face limitations: image clarity suffers with
subject movement or focus issues, and light baits can introduce behavioral bias.
These challenges underscore the need for continued refinement of detection
techniques, potentially be those aimed at mitigating motion artifacts and reducing
reliance on bait, to achieve accurate and unbiased insect identification.

Fig. 1.6: Operation of a machine vision-equipped moth light trap [53]. a) Weather-
resistant system with UV light ring, camera, and white sheet. b) Operated at night for

optimal moth attraction. c) Attractions of many moths, demonstrating effectiveness. d)
Captured high-resolution image.

1.2.4. Genetic methods

Genetic-based techniques are revolutionizing insect biodiversity assessment,
providing researchers with powerful new tools and insights.

eDNA analysis involves detecting traces of insect DNA present in their environment
[60-62], as animals naturally shed traces of DNA, by collecting samples of air, soil,
or even flowers, researchers can identify related species without the need for direct
observation. This non-invasive method enables efficient biodiversity surveys,
cataloging a wide range of species from environmental samples [60]. However,
eDNA degrades quickly [63], and its concentration does not always reflect organism
abundance. Contamination risks present additional challenges.

DNA barcoding offers another approach, using a short, standardized DNA sequence
from a specimen and comparing it against a reference database [64] to accurately
identify the species. Metabarcoding extends this approach to identify multiple
species within a mixed sample [65-67]. However, metabarcoding often lacks
detailed population-level information, while individual DNA barcoding [68, 69],
provides more precise abundance and diversity data while being labor-intensive.
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The effectiveness of both techniques relies heavily on the availability of
comprehensive and accurate reference databases [64]. Additionally, the DNA
extraction process destroys part of the sample. Importantly, neither eDNA nor DNA
barcoding directly measures species biomass, a crucial metric for understanding
ecological dynamics, abundance, distribution, and the effects of environmental
changes. Therefore, integrating these genetic techniques with other methods and
continued innovation are crucial to fully utilize their potential for understanding and
conserving insect populations.

1.2.5. Radar & Lidar

Since the mid-20th century, radar technology has been used to track the migration
patterns of birds, revealing valuable insights into their movements and behaviors
[70]. Decades later, this technology was adapted and applied to the study of insect
migration [71]. Radar systems, such as the one illustrated in Fig. 1.7, operate by
emitting radio waves and analyzing their reflections to detect and monitor large
insect swarms within a range of several kilometers [71-77]. This method provides
data on migration routes, swarm sizes, and the altitudinal distribution of flying
insects, enriching the understanding of their ecological impact. However, traditional
radar has difficulty differentiating between insect species and generally works best
for larger insects with a substantial radar cross-section [78]. A newer technology,
Frequency-Modulated Continuous-Wave (FMCW) radar, allows for even more
detailed monitoring of insect movement at lower altitudes (between 0 and 150 m)
[79, 80]. FMCW radar's potential for insect detection is promising, but its full
capabilities and limitations remain to be seen, as it has not yet been widely deployed
in field testing.

Fig. 1.7: Examples of radar and lidar in field research. a) Radar at Stensoffa field
station in Sweden generates data on bird migration patterns. b) Lidar in the Tai virgin
rainforest, Ivory Coast, provides insights into insect behavior and populations.
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While radar technology has proven effective for tracking insect swarms, its
limitations in species identification and the detection of smaller insects have spurred
the development of alternative remote sensing techniques. Entomological lidar [81-
86], a specialized form of Light Detection and Ranging (Lidar), offers a unique and
powerful remote sensing approach for detecting insects with improved sensitivity
and accuracy [87, 88]. By measuring backscattered laser light, entomological lidar
gathers detailed biometric data such as WBF, wing size, and body size. This data
provides valuable insights for insect identification [87, 89-91]. The Scheimpflug
configuration developed for lidar systems expands their capabilities, enabling the
monitoring of insects throughout diverse habitats and over long distances (see Paper
I and reference [92]). Additionally, ongoing enhancements like polarimetric
capabilities (see Paper II-1V) and dual-band features (see Paper V) are significantly
improving precision, allowing us to better estimate diversity indices [92] and gain
detailed biological information about the insects.

However, entomological lidar does face certain challenges. The narrow beam can
limit its effectiveness for tracking large insects or their swarm migrations.
Additionally, pinpointing observations down to the species level remains difficult,
as insects can intersect the lidar beam at various angles (see Papers | and VII). To
address this, laboratory systems are used to develop a database of reference signals
from insect specimens (see Paper | and VII-XI). Studies demonstrate that insect
features like melanin absorption, body size (affected by gravidity), surface
roughness, and nanoscopic wing thickness can aid identification (see Paper VII-XI
and references [93, 94]). Variables like changes in water and chitin levels reveal
valuable information about an insect's state, potentially helping to determine
species, sex, gravidity, and age (see Paper XI). Multiband lidar can differentiate
between these features, and by carefully selecting the correct wavelength for a
specific insect species, lidar can maximize the signal reflected from their wings.

Hyperspectral lidar offers a complementary and promising approach for advancing
entomological lidar in species identification (see Paper VI and XII and reference
[95]). By capturing spatial, temporal, and spectral characteristics simultaneously,
this technology enables the utilization of spectral data, such as wing interference
signals, for more accurate species identification of in-flight targets. In addition,
ongoing exploration of higher sampling frequencies in lidar systems, as shown in
Paper XIIl, coupled with continuous advancements in hardware and analytical
methods, promises to further enhance the capabilities of entomological lidar. This
multifaceted approach holds the potential to unlock valuable insights into insect
populations, behaviors, and their essential roles within ecosystems.
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1.3.  Thesis Outline

Paper | lays out the foundational techniques for using entomological lidar to track
and monitor insects. It outlines the basic setup and early methodologies developed
to differentiate insects based on their biometric data such as body and wing size, as
well as wingbeat frequency. This paper sets the stage for subsequent enhancements
and applications of lidar technology.

Papers I1-1V focus on integrating polarimetric capabilities into entomological lidar
systems. These papers explore how polarization enhances detection specificity and
identification accuracy across diverse habitats and distances.

Paper V explores the implementation of dual-band features in lidar systems. It
enhances the detection of insect biometrics by leveraging different wavelengths to
maximize signal reflection from insect wings.

Paper VI introduces the use of fluorescence lidar for detecting specifically tagged
insects, expanding the scope of lidar applications in tracking and monitoring
ecological behaviors of marked targets.

Paper VII presents BIOSPACE, a cost-effective biophotonic instrument designed
to empower research and education in low-resource settings. Demonstrate how
BIOSPACE can be used to build a comprehensive insect database, directly
enhancing the accuracy and capabilities of our lidar insect identification ability.

Papers VIII-XI explore how stable features such as melanin absorption, surface
roughness, and nanoscopic wing thickness enhance species identification for lidar
technique. Additionally, variable properties like changes in water and chitin provide
valuable information about an insect's state, aiding in the determination of species,
sex, gravidity, and age.

Paper XII introduces hyperspectral lidar technology, capturing spatial, temporal,
and spectral data simultaneously. This paper focuses on how hyperspectral data can
be utilized for detailed species identification, particularly through the analysis of
wing interference patterns related to wing thickness.

Paper XIIl extends the capabilities of lidar by incorporating high sampling
frequencies, pushing the boundaries of detection and analysis of rapid and subtle
changes in insect wing modulation.
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2.Light-Insect Interactions

Light plays a crucial role in insect behavior and physiology, influencing everything
from thermoregulation and signaling to camouflage and warning. When light
interacts with insects, it undergoes a complex interplay of reflection, absorption, and
scattering. These interactions can be categorized as either incoherent or coherent
interactions. Incoherent interactions randomize light's properties, while coherent
interactions preserve properties such as directionality and phase to some extent. A
deep understanding of these light-insect interactions is essential for developing
advanced remote sensing technologies such as entomological lidar. In this chapter,
we delve into how the properties arising from the interaction between light and
insects can be used to assist in the development of species-specific detection
methods.

2.1. Incoherent Phenomena

Imagine shining a flashlight through your hand - you see a reddish glow, but not the
details of your bones. This is due to incoherent light-matter interactions. As light
passes through your hand, it scatters and diffuses, losing its original direction,
polarization, and phase. This randomization of light properties is caused by
absorption and scattering within a medium. The interplay of incoherent interactions
enables the development of systems that can either reduce unwanted incoherence
for improved signal strength or leverage these unique scattering characteristics for
a variety of applications, such as differentiating insect species based on their water
content and scattering coefficients.

2.1.1. Absorption

Insects are primarily defined by their exoskeleton, a crucial external structure that
provides support and protection and facilitates movement [96]. This exoskeleton,
composed mainly of chitin, a biopolymer, exhibits a strong absorption band around
280 nm in the ultraviolet spectrum [97, 98] (Fig 2.1a). This absorption decreases
towards the visible and infrared ranges, where it becomes transparent.
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In addition to chitin, melanin (eumelanin) is a key factor component influencing the
varied coloration of insects. It is the predominant pigment in the animal kingdom
[99] and plays a significant role in determining the colors seen in insects [100],
especially within the visible spectrum. Melanin exhibits broad absorption, and it is
responsible for dark coloration in animals, see Fig. 2.1b. In the case of insects,
melanin is generally highly concentrated in the dark spots of the eyes, legs, or
patches on the body [100]. For butterflies, melanin helps thermoregulation by
absorbing solar radiation across a wide range of wavelengths [101, 102]. Melanin
also provides protection against UV light to mitigate the harm it potentially does to
DNA [103].
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Fig. 2.1: Optical properties of Insect. a) Absorption spectrum of chitin, data originally
from reference [98]. b) Absorption spectra of melanin (eumelanin) and water, data
originally from references [104, 105]. c) Reflectance spectrum of live mosquitos
measured with a hyperspectral camera, revealing strong melanin and water absorption
features, highlighted by brown and blue arrows in the graph (adapted from Paper XI).

Another strong absorber within insects is water, which is also a dominant absorber
within most biological tissues [104]. Water is a major component of the insect body,
particularly concentrated in the thorax. This high water content greatly affects an
insect's overall weight, as demonstrated in a study [106] where wet insects were
found to be 2.1 times heavier than their dry mass. In the NIR wavelength region,
water displays strong absorption bands around 1450 nm due to the vibrational modes
of the water molecule [105]. This 1450 nm water absorption is evident in the
hyperspectral reflectance scan of live mosquitoes, see Fig. 2.1c. The water
characteristic has been used as a critical factor in remote sensing before, such as in
environmental monitoring for detecting water content in leaves [107] or used in
radar cross-section measurements of birds and insects to estimate their weight [108,
109]. Additionally, variations in water content can serve as indicators of different
physiological states of insects, such as dehydration or feeding status [110], aiding
in ecological studies and pest management strategies.

27



The Beer-Lambert Law, a fundamental principle in spectroscopy, quantifies the
relationship between light absorption and the path length through an absorbing
medium. It states that the transmitted light intensity decreases exponentially with
increasing path length and concentration of the absorber,

I(A) = Iy(A)e HD*E (2.1)

where /(2) is the intensity of the transmitted light, lo(Z) represents the initial light
intensity, u(4) is the wavelength-dependent absorption coefficient, and ¢ is the
effective path length. To take into consideration the absorption caused by both the
water and eumelanin, the term ‘Absorbance’ A(4) was introduced into the study to
describe the absorption in the insects,

AQ) = Ch,0UH,0 T Cmel. Bmel. (22)

where 120 and {mer are the equivalent water and melanin path lengths. z20 and gmel
is the wavelength-dependent absorption coefficients for water [111] and melanin
[112].

Insects have evolved to leverage these absorption characteristics for camouflage,
mating signals, and mimicry, enhancing their survival [113] and reproduction [114,
115]. Insect absorption characteristics are key to developing tools and models that
quantify and predict their properties. For example, dual-band lidar systems utilizing
wavelengths differentially indexing the melanin absorption (e.g., 808 nm and 980
nm) enable remote estimation of melanin content (see Paper V). Additionally,
models can be developed to describe and estimate the effective path lengths of
melanin and water within insects (Fig. 2.1 ¢ and Paper XI).

2.1.2. Incoherent scattering

Incoherent scattering occurs when light is randomized, losing its dependence on
direction, phase, and polarization prior to target interaction. When absorption is
absent, this often results in a white matte appearance. This suggests that the white
parts of an insect, such as the body or legs, or in the case of a gravid mosquito, the
eggs within its abdomen, likely result from incoherent scattering of light (Fig. 2.2a).
Polarimetric studies offer another way to investigate the origin of incoherent
scattering. The image in Fig. 2.2b, showing de-polarized incoherent light signals
from a pinned dried specimen, reveals that these signals predominantly originate
from its veins and body.

The scattering coefficient is used to quantify the degree of scattering caused by the
insect. The scattering properties of insects vary with several factors. For example,
the amount of light scattered by mosquitos varies when they are gravid [94].
Additionally, insects with more water in their bodies scatter light differently than
dehydrated insects. The scattering properties of insects can also change significantly
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in their early development during the first few days after hatching, gradually
stabilizing as the insect ages [116].

Fig. 2.2: Examples of incoherent scattering sources. a) An image of a pregnant
mosquito, with its abdomen and setae on the body and legs displaying white colors
(originally from reference [117]). b-c) False color polarimetric image of a hover fly
(Eristalis arbustorum male), highlighting incoherent (de-polarized) signals originating
from the veins and body. De-polarized component amplified 2x (1x Copol) for clarity.

To model light transport within a scattering medium like an insect body, the
Kubelka-Munk theory was employed for diffuse reflectance (equation 44 from
reference [118]). This theory is particularly suitable for ‘thin specimens of poorly
scattering material.” In biological tissue, scattering is generally described
sufficiently by a power law [119, 120]. In analogy with the term Absorbance the
term ‘Scatterance’ S¢1) was introduced, to represent the spectral dependent
scattering:

SQ) = (2)° (2.3)

Here, Dy, is the wavelength at which half of the light is reflected without absorption
or transmission, acting as a gain factor for diffuse reflectance. The dimensionless
parameter o. governs the spectral shape of the scattering, allowing for adjustments
in the spectral response. Based on Kubelka-Munk theory, the total diffuse
reflectance from an insect can be described by the formula Rgir,

S
Rairr (D) = 7 (2.4)

where A denotes the absorbance, as previously defined in equation 2.2. R
approaches 100% as S becomes very large and R approaches 0% as A becomes
very large. Additionally, Raitis O when S is 0. This model effectively describes the
spectral signal in Fig. 2.1c, with the resulting parameter values shown in the same
figure.

The diffuse reflectance equation was simplified by setting A=0 to investigate the
white spots present on the yellow fever mosquito (Aedes aegypti) in Paper XI. White
coloration in thin objects is an unusual phenomenon, primarily because photons tend
to escape before undergoing multiple scattering events [121-123]. Moreover,
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nanostructures that strongly scatter visible light typically scatter less in the infrared
range when their size is smaller than the wavelengths. Through the analysis, the
reflectance characteristics of these white spots of Aedes aegypti can be accurately
described using a short-pass filter function.

1
1+(DL1/Z)

In Paper Xl, the parameter Dy, is found to be 1215 nm, and the parameter a is
determined to be 4.2. This model confirms that the white spots on the Aedes aegypti

mosquito exhibit high reflectance within the visible range (below 600 nm) and a
gradual decline in reflectance at longer wavelengths.

Rspot(l) = (2.5)

2.1.3. Anisotropy factor g and phase function

When considering insects as lidar targets, it is essential to analyze how an insect as
a whole interacts with and scatters light. This involves determining whether more
light is scattered forward (in the original direction of travel) or backward (towards
the light source). The anisotropy factor g is a useful parameter for quantifying the
directional preference of scattered light from an object. It ranges from -1 (pure
backward scattering) to 1 (pure forward scattering), with O indicating isotropic
scattering (equal scattering in all directions). Larger objects typically exhibit
forward scattering (g > 0), while smaller particles may show backward scattering (g
< 0). The anisotropy factor g is defined [124] as:

g =J, p(6)cos (6)do (2.6)

where p(0) represents the phase function, describing the angular distribution of
scattered light, and @ is the scattering angle. The anisotropy factor summarizes
scattering behavior, but directly measuring the phase function is more informative.
This function reveals the precise pattern of light scattering at various angles. In
Papers | and VII, the phase function of examined insect species was recorded using
a goniometric system.

An example of a phase function measurement is shown in Fig. 2.3. This figure
illustrates how light scatters off a target insect, with the resulting patterns for co-
polarized and de-polarized light indicating whether scattering is predominantly
forward or backward. In this specific case, strong forward scattering is observed for
co-polarized light at the given wavelength, even when wings and elytra are removed
(Fig. 2.3j, k). This persistent forward scattering might be attributed to the relatively
small size of the bark beetle body, resulting in fewer scattering events that would
otherwise randomize the light's direction. For de-polarized light, when the insect is
turned sideways, the strong forward scattered signal is reduced (Fig. 2.31, m). Insects
with strong forward or backward light scattering are best studied using experimental
setups with detectors positioned accordingly. Forward scattering is suited for
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extinction measurements (e.g., eBOSS system in the study [106]) while
backscattering benefits from single-ended systems such as entomological lidar [125,
126]. This matched configuration maximizes signal capture while using lower-
intensity light sources for eye safety.
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Fig. 2.3 illustrates the scattering phase function of a bark beetle, with and without
wings and elytra, under co- and de-polarized light (808 nm). The experiment involved
rotating the illumination source around the mounted sample, capturing images at various
angles with the camera, including backscatter a), side scatter d), and near-extinction g).
Images b, e, h) show the beetle illuminated along its transverse plane at positions a), d),
and g) respectively, while images c, f, i) show illumination along the sagittal plane at the
same positions. The recorded phase functions for two specimens at different anatomical
planes are shown, differentiating between co-polarized j, k) and de-polarized I, m) signals.
Data adapted from Paper I.

2.2.  Partially Coherent Phenomena

Random organized biological tissues lack a dominant spatial frequency and thus
primarily contribute to incoherent scattering [104, 124]. The organized, periodic
structure of biological tissue with dominant spatial frequencies leads to
contributions to coherent scattering [127-129], which can result in various optical
effects depending on the symmetry and orientation of these frequencies, including
iridescent [130], non-iridescent [131], grating [132], or thin-film [133, 134]
patterns.

This relationship between structural organization and light scattering behavior in
biological tissue is revealed through 2D Fourier analysis [135]. Fig. 2.4 illustrates
this relationship between structural color and the arrangement of collagen fibers in
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birds. Examples in Fig. 2.4a-d show the highly organized arrangement of fibers
within green caruncles, producing a Fourier transform with distinct peaks. This
frequency pattern indicates a clear, repeated structure in certain directions,
demonstrating the regular spacing and alignment of the collagen fibers, see Fig.
2.4d. In contrast, less organized but still patterned fibers within light blue caruncles
in Fig. 2.4e-h result in a ring-shaped transformation. Broader peaks in the 1D
Fourier power spectra in Fig. 2.4h reflect this less defined structure, resulting in a
spread in spatial frequency and some diffuse signal from the non-organized parts.
In the case of diffuse white tissue Fig. 2.4i, lacking organized structure, the Fourier
transform power spectra are characterized by a continuous distribution of spatial
frequencies with a gradual decrease in power at higher frequencies. While 2D
Fourier analysis is informative, this approach can be extended to 3D using electron
tomography, albeit at a higher computational cost.[128].
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Fig. 2.4: Structural coloration in birds, arising from the organization of collagen
arrays within their caruncles. Shown are: a,e) Philepitta castanea (green caruncles) and
Neodrepanis coruscans (light blue caruncles) with their respective structurally colored
caruncles; b,f) Transmission electron micrographs of color-producing collagen arrays
from these caruncles; ¢,g) Corresponding 2D Fourier power spectra, revealing the spatial
organization of the collagen; and d,h) Normalized radial averages of single quadrants of
the power spectra. (All figures from a-h) adapted from reference [135]) i) Illustration of
Fourier power spectra differences between organized (structural color) and unorganized
(diffuse white) tissues.
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Fig. 2.5: Scanning electron microscope (SEM) study of the surface structure of a
brown moth (Agrius convolvuli) wing scale. The 2D Fourier power spectrum reveals
multiple periodicities across the surface, with each corresponding periodicity pattern
marked.

Just as the structural organization of collagen in birds affects how it scatters light,
the same principle applies to the varied colors found in insects. The composition of
chitin, water, and melanin, along with the arrangement of biological structures,
gives rise to both incoherent (diffuse) [122, 136] and coherent (specular) reflectance
[125, 137]. In those studies (Papers Ill, VII, VIII, X, XI), BIOSPACE and a
polarimetric hyperspectral camera were utilized to separate incoherent and coherent
signals from insect wings. In Paper VIII, the repetitive patterns on rough brown
moth wing scales were investigated using 2D Fourier power spectra analysis of SEM
images (one example is shown in Fig. 2.5, examining the lateral, XY frequencies
across the surface.). The dominant spatial frequencies identified in the Fourier
transform of the SEM images were then correlated with the spectroscopic features
deduced from the infrared properties of the wing scales, highlighting the
relationship between surface structural arrangement and infrared reflectance
properties.

2.2.1. Surface roughness

The wings of both clear-winged and diffuse-winged insects can exhibit a rough
surface, particularly evident at visible wavelengths [138, 139]. While insect wings
may appear as a thin, flat layer of chitin, their uneven surfaces arise from various
factors. For instance, the clear wings of the female mosquito (Aedes aegypti), as
shown in Fig. 2.6, have veins and hair-like structures [140] that scatter light, leading
to a reduction in the specular signal [141]. Other factors contributing to the
roughness of clear wings include refractive indices gradient within the membrane
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[132] leading to anti-reflection. The deformation during downstrokes [142], further
reduces specular scattering and enhances diffuse reflectance. In Lepidoptera, the
wings are covered in scales see Fig. 2.6¢, d, which are chitinous biological structures
with micro and nano-scale features [139, 143, 144]. These scales can significantly
increase surface roughness, leading to incoherent scattering if they lack organized
structures.

Fig. 2.6: Both clear and
diffuse wings do not have
a flat, perfect membrane
chitin surface. a, b)
e - N Microscopic images of the
Ae. aegypti Aedes aegypti female
mosquito wing. A strong
wing interference pattern is
visible when the wing is
placed against a black
background. ¢) Photograph
of a Biston betularia. d,e)
SEM image of the

' microstructure  on  the
B. betularia TR WY \ surface of the moth wing.

The perceived roughness of insect wings can decrease as the wavelength of light
used to observe them increases. If the wavelength is not short enough to resolve the
lateral (XY) micro and nano-scale structures, the wings could appear specular
(smooth) at certain wavelengths. Imagine illumination with a short wavelength as
ping-pong balls scattering randomly off a rough surface (diffuse reflection), while
longer wavelengths, like basketballs, bounce predictably (specular reflection), see
Fig.2.7.
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Fig. 2.7: Wavelength influences light reflection on a rough surface. a) short
wavelengths scatter diffusely off a rough surface (like ping-pong balls bouncing off an
uneven floor). b) longer wavelengths exhibit more focused, specular reflection (like
basketballs maintaining a predictable trajectory on the same surface).

This wavelength-dependent scattering phenomenon has implications for lidar
detection of insects, particularly those with rough wing structures like Lepidoptera.
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A wing with low roughness makes a flash in lidar during wingbeat when the surface
normally aligns with the beam. Therefore, smooth wings produce many harmonics.
By translating lidar to mid- or long-wave infrared wavelengths, the apparent
roughness of these wings can be reduced, as shown in Paper VIII, which can
effectively mitigate the reduction in specular reflection caused by wrinkles, scales,
or index gradients. This results in a stronger and more focused backscatter signal,
enhancing detection capabilities and enabling species identification through the
analysis of unique scattering patterns and resonant backscattering bands with lidar.
This approach has been used in optical engineering and metrology since the
invention of the CO, laser at 10.6 um used to make unpolished surfaces appear
specular [145, 146].

2.2.2. Bidirectional reflectance distribution function

The Bidirectional Reflectance Distribution Function (BRDF) was used to
investigate how the perceived roughness of insect wings changes with varying
wavelengths of incident light [147, 148]. The BRDF quantifies light reflection from
a surface, considering incident and reflected light directions and wavelength, as the
ratio of reflected radiance to incident irradiance. The BRDF has found applications
in various fields, including digital imaging of heritage sites [149] and satellite
imaging [150]. This function follows the principles of reciprocity and energy
conservation [151],

Ry(65, 94, 6r, ) = o 2 @7)
here, I+(0:,¢:) is the reflected light intensity within solid angle dwr, and li(;, i) is the
incident light intensity within solid angle dwi, see Fig. 2.8.

Fig. 2.8: The relationship
between the reflected light
intensity I+(@¢r) and the incident
light intensity li(@i,¢i). The figure
is adapted from ref [151].

To model diffuse reflectance using the BRDF [149], the standard model is
Lambertian scattering. In a Lambertian distribution, the BRDF, denoted as
R.(6:, 61,6, ¢r), as the surface appears equally bright from all viewing angles. To
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account for surfaces that deviate from ideal Lambertian behavior, this model can be
modified with a 1/r term.

1
I = Iycost(8) = Iy\/cos O (2.8)

where r represents surface roughness. Here, r = 1 is a perfect Lambertian diffusor,
and r = 0 is a perfect mirror. Note that conservation of brightness prevents the
exponent from being less than 1, so r must always be between 0 and 1. The
relationship between the BRDF definition of surface roughness and the angular
spread of the scattered light lobes is illustrated in Fig. 2.9 with examples of different
surface roughness.
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Fig. 2.9: How the bidirectional reflectance distribution function (BRDF) defines
surface roughness. a) BRDF definition of surface roughness (r1 < r< rs<ry), the smaller
the r is, the less rough the surface is. b) The angular scatter lobe for different degrees of
surface roughness. The figure is adapted from ref [152].

The specular reflectance model builds upon the diffuse model in equation 2.8. To
capture the dependency of specular reflectance lobes on incident light, a symmetric
link function, Fiin(6, 6o), with the property Fiink(, —6) = 0° (maximum of the cosine
function) was incorporated. This guarantees that incident and reflected light angles
are symmetrical. Moreover, 6, was scaled by 1 —r, ensuring that the reflectance lobe
of a perfect diffuser aligns with the surface normal, thus becoming equivalent to
Lambertian reflectance:

/r
10,9) = I (c0s (Fiue 6,1 = 1)Bp)cos (Fiu (0,1 = 1)) (29)

reon..1
—1;)5; (2; —log (2}0
Fiok (6,0) = 90° | (L2 Youl5™) _ (L—0)ee55) | (2.00)

8,6, € —90°...+90°
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S 106, 9)d0de = 1 (2.12)

The BRDF model was used to calculate the 180° backscatter from a moth using a
vertically positioned polarization lidar in Paper VIII. The dynamic wing roll and
pitch were adopted from a previous study [153]. The backscattered reflectance
during the wingbeat was multiplied by the ventral projected wing area during the
wingbeat, and the optical cross-section was obtained as a function of time. The de-
polarized signal is modeled with r = 1. This model does not account for light
diffraction and directional reflectance caused by the grating-like structures on the
scales. These periodic features likely vary in alignment across the wing.

The BRDF model was also employed to investigate the surface roughness of clear
wings in a recent master's project [152], to examine the relationship between the
surface roughness of clear wings and the spectral fringes (calibrated as an optical
cross-section in this example), see Fig. 2.10. The project revealed an inverse
correlation between surface roughness and spectral fringe characteristics,
specifically the intensity and spacing, especially in visible wavelengths. Wing veins
were identified as the primary contributors to diffuse scattering, while wing
membranes were mainly responsible for specular reflection.
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Fig. 2.10: Relationship between the estimated surface roughness and reflectance of
hover flies clear wing. a) Estimated surface roughness on the dorsal (top) side of the
wing. b) Estimated surface roughness on the ventral (bottom) side of the wing. c)
Reflectance spectra from the dorsal side of the wing. d) Reflectance spectra from the
ventral side of the wing. Surface roughness increases off-resonance. The figure is
originally from [152].
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2.2.3. Specular and diffuse reflection

Insect reflectance can be separated into incoherent (diffuse) reflectance, Raitr, and
coherent (specular) reflectance, Rspec. Diffuse reflectance arises from light
undergoing multiple scattering events within the insect's body, such as within the
abdomen or eggs. Specular reflectance, on the other hand, occurs when light
interacts minimally with the insect's body, as in reflections from the thin membrane
wings or tiny legs. Although specular reflection from insect surfaces is rare, it can
far exceed diffuse reflection when the surface normally aligns with the light source
and detector. Notably, while average insect reflectance in the NIR is around 20%
[137, 154], specular components can be partially collimated, enabling detection over
greater distances than diffuse reflectance [98, 155]. All work included in this thesis
primarily focused on the NIR and SWIR regions, where melanin [112, 156] and
water [111, 157] are the main absorbers in insects.

To quantify both specular and diffuse reflectance, a Kubelka-Munk model was
previously employed [118], where Absorbance A (equation 2.2), Scatterance S
(equation 2.3), and total reflectance (combining specular and diffuse components)
are expressed as:

Rspec. = |Rcopol. @D — Rdepol. (/1)| median (212)
~ S
Rbody (/1) = Rspec. + Rdiff (’1) = Rspec. + m (213)
: Eol
Rbody (/1) = Rspec. + A (2-14)

1+(%)a+‘€H20ﬂH20(2.)+‘gmel Hmel (1)

where Dy, is the wavelength of 50% reflectance, o adjusts the spectral shape, £n20
and £mel represent absorption in water and melanin respectively, and un20(4) [111]
and ume(7) [112] are the respective absorption coefficients, all of which were fitted
to the measured diffuse reflectance using a numerical search algorithm.

2.2.4. Surface roughness vs lidar signal harmonics

Surface roughness determines whether reflected light is incoherent (diffuse) or
coherent (specular), directly impacting the number of harmonics observed in
entomological lidar signals [98, 125, 158].

The glossy wings of certain insects exhibit specular reflectance, producing bright
flashes of light as their wing surface normal coincides with the source-detector
midpoint. These specular flashes, captured as spikes in lidar observations, contribute
to a greater number of harmonics compared to rough surfaces [87, 94, 137, 159], as
illustrated in Fig. 2.11a, b. This is because spike signals contain higher frequencies,
requiring more harmonics to accurately represent the waveform.
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Fig. 2.11: Comparison of lidar signals from insect wings with varying surface
roughness. a, b) Specular (glossy) wing generates a significantly larger number of
harmonics compared to ¢, d) Diffuse (rough) wing. The laser used for these observations
was an 808 nm continuous wave laser with co-polarized light.

Modulation spectra (Fig. 2.11 b and d) are composed of a non-oscillatory body
contribution, a fundamental tone fo, and multiple overtones. These spectra have been
utilized for species recognition through modulation spectroscopy [42, 160-164]. The
first few harmonics are particularly informative for identification as they relate to
wing shape, dynamics, and observation aspects [165]. However, challenges arise
due to the fundamental tone's variability with insect weight and temperature [43, 44,
166, 167], and its inconsistent signal strength [82, 158, 168]. To address these
challenges, Scheimpflug lidar offers a promising solution. Its flexible band selection
[88, 169, 170], ability to capture spectral fringes [171, 172], and integration with
modulation spectroscopy [87] capture both modulation properties and spectroscopic
properties. Instruments can be built with sensitivity to features such as surface
roughness, wing thickness, and signal modulation. Improvements can be made to
Scheimpflug lidar to reduce reliance on WBF, enabling the identification of a
broader range of insect species.

2.2.5. Insects as polarimetric lidar target

Polarization describes the orientation of a light wave's oscillating electric field and
its relationship with the magnetic field [148, 173]. This oscillation can be linear,
circular, elliptical, or random, with the electric field's amplitude (E) indicating
strength and its angle denoting direction. The relative phase between the electric
and magnetic fields determines the handedness (right- or left-hand circular) of the
polarization.
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Polarization is used in various biomedical studies to gather detailed information
about tissue [174-176]. It enhances imaging techniques, improving contrast for
detailed tissue analysis [177, 178], such as separate superficial and deeper scatter
contributions in biomedical imaging [176]. Animals use polarization for various
functions [148, 179], including communication and vision [180-182]. Mantis
shrimp possess specialized eyes that detect polarized light, aiding in hunting and
social interactions [183]. Insects like field crickets [184] and dung beetles [185] use
polarized light patterns for navigation [185-187]. Certain beetles reflect circularly
polarized light [188-190], which enhances color and contrast, benefiting their
communication and camouflage [148].

In entomological lidar studies, polarization was utilized to aid in insect
identification based on the degree of polarization (DoLP) of backscattered light.
Polarization lidar has previously been developed for atmospheric measurements
[191]. Other research groups have also explored polarization lidar for insect studies
[192, 193]. In the laboratory setting, polarization has been successfully applied to
differentiate between gravid and non-gravid mosquitos [94].
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Fig. 2.12: Contributions to backscattered polarimetric signals from insect
anatomical features. H and V represent horizontal and vertical polarization. The first
letter in each combination (HV, VV) denotes the transmitted polarization, while the
second letter denotes the detected polarization. The image is inspired by the reference
[194].

The polarization of light reflected from various insect species was investigated in
the laboratory (see references [106, 170] and Papers I, IIl, VII-XII). The
experimental observations and measurements show that co-polarized and de-
polarized backscatter can differentiate between coherent reflection (mainly due to
thin-film interference [93, 195]) and incoherent scattering (originating from random
photon migration in tissue [174, 176, 177]).
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When linearly polarized light (Fig. 2.12) interacts with an insect in flight, the
backscattered signal contains both co-polarized and de-polarized components. Co-
polarized backscatter results from coherent specular reflections, while de-polarized
backscatter arises from incoherent diffuse reflections. The lidar signal includes an
oscillatory component resulting from wing flapping and a non-oscillatory
component from the insect's body. The non-oscillatory signal generally resembles
the lidar beam's transit envelope. Thin-film interference with insect membranes
results in backscattered co-polarized light, maintaining a high DoLP. The DoLP is
defined as the ratio of light maintaining its original polarization I, to the total light
intensity I + lge, ranging from 50% (completely unpolarized) to 100% (fully
linearly polarized), although instances below 50% were observed, suggesting
additional de-polarization mechanisms to be detailed in the following section. The
equation for DoLP is given by

DoLP = —o (2.15)

Ieotlde

Veins, scales, and abdomen tissue display low DoLP due to the random walk and
photon migration of light entering these structures, leading to a loss of polarization,
phase, and direction. Other factors like changes in scattering and absorption by
melanin and water also contribute to this DoLP drop, as de-polarized photons
undergoing longer migrations are more likely to be absorbed (time-of-flight
phenomenon [120, 174]). The same insect can exhibit a DoLP change before and
after consuming water/blood or becoming engorged with eggs [94] due to this.
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Fig. 2.13: Example of insects displaying different specularity and polarization and
their lidar signal. a) An insect with a less specular surface and higher DoLP, and its
corresponding power spectrum b). ¢) An insect with a more specular surface and lower
DoLP, along with its power spectrum d).
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Typical polarization lidar signals are shown in Fig. 2.13. The insect signal is
separated into co-polarized and de-polarized components. The insect in Fig. 2.13a
exhibits greater overall de-polarization and a less specular wing signal compared to
the insect in Fig. 2.13c. This difference could potentially be attributed to a rough
wing texture in a) and a glossy wing texture in ¢). The power spectra in Fig. 2.13b
and d show that the rough-winged insect signal with lower overall DoLP has less
pronounced overtones in the co-polarized component, consistent with rough
surfaces leading to fewer harmonics. The glossy-winged insect's co-polarized signal
instead shows many overtones. In both cases, the de-polarized signal in the power
spectra exhibits oscillation, indicating that it contains both body signal and de-
polarized wing signal, contributing to the oscillatory behavior.

2.2.6. Brewster angle at the air-chitin interface

The Brewster angle, calculated as #=56° for an air-chitin interface, assumes a step-
function change in the refractive index using the formula below,

05 = tan~? ("n’ﬂ) (2.16)
The Fresnel equations (to be discussed in Section 2.3.3) are used to calculate the
reflectance for s- and p-polarized light at this interface, as shown in Fig. 2.14,
illustrating their dependence on the incidence angle. When light strikes the chitinous
surface at the Brewster angle, the p-polarized component is fully transmitted into
the insect's exoskeleton, while the s-polarized component is partially reflected
[173]. The transmitted p-polarized light undergoes multiple scattering events within
the insect, leading to de-polarization and a mixed s- and p-polarized signal upon re-
emergence. Analyzing this reflected light reveals the properties of the insect's
exoskeleton structures.

a) 1 ) Incident ray Reflected ray
—Rs (unpolarized) (polarized)

0.8f |—Rp
oo} b)
= 3
< 0.6 n
G air
< 0.4
o

0.2

Nehitin
00 100 Refracted ray

(slightly polarized)
Incident angle (°)

Fig. 2.14: Fresnel reflection coefficients and Brewster angle effects at an air-chitin
interface (nair = 1, nehitin = 1.53). a) Reflectance differences for s- and p-polarized
light. b) Behavior of incident light at Brewster angle (56°), no p-polarized light is
reflected.
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2.2.7. Polarization and surface roughness

Polarization has been used to study surface structure in radar [196, 197], microwave
remote sensing [198], infrared [199, 200], and photometric [201]. Surface roughness
influences the backscattering coefficients of electromagnetic waves, with the degree
of influence depending on the incidence angle, frequency, and polarization of the
waves [198, 201].

The relationship between surface roughness and polarization is most pronounced
near the Brewster angle [198]. Smooth surfaces at this angle primarily reflect s-
polarized light, yielding a high polarization ratio (p-polarized to s-polarized light),
see Fig. 2.14. However, surface roughness disrupts this, causing increased p-
polarized reflection, making the polarization ratio a sensitive indicator of even slight
roughness changes.

The surface roughness of insect wings was investigated at the Brewster angle (in
Paper VIII-X). For instance, the specular reflectance of a matte butterfly wing
(illustrated in Fig. 2.15) can be modeled using a long-pass function.
a

Rspec. = Riong oo (2.17)
where Riong represents the asymptotic maximum reflectance, Ao the cut-on
wavelength or surface roughness, and o the slope steepness of the spectrum. This
model is valid for specular reflectance at large incident angles. As shown in Fig.
2.15 (specular wing pixel and entire wing), specular reflectance typically increases
and plateaus towards the infrared region. However, in a previous study (Paper VIII),
it was observed some moth species with reflectance that continued increasing
without reaching a plateau within the 900-2500 nm spectral range, suggesting their
surfaces were too rough for accurate assessment with the SWIR hyperspectral
camera with wavelength range 900-2500 nm. The wavelength-dependent
polarization changes for specific regions or the entire matte wing can be expressed
using the following formula:

Y
I 1+e~(2p/2)
DoLP = —°— =
Ico+de 2

(2.18)

where I, and lg represent co-polarized and de-polarized reflected intensities. The
wavelength at which wings become co-polarized is denoted as 4,, and the spectral
dependence of DoLP is given by y. A higher 4, indicates a more diffuse wing (see
the comparison between the specular and diffuse wing pixel in Fig. 2.15f), while a
higher y means DoLP increases with wavelength more rapidly. The matte body in
Fig. 2.15 exhibits a DoLP below 50%, suggesting factors beyond simple diffuse
reflection. Moth scales and hairs may trap specular co-polarized light, leaving
primarily de-polarized light to escape, thus lowering the observed DoLP.
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Fig. 2.15: Example of hyperspectral polarimetric imaging used to study surface
roughness in matte-winged insects. a) A commercial camera image of a European
peacock butterfly (Aglais io) under normal diffuse sunlight. b) Co-polarized false-color
image of the same butterfly under specular illumination with Brewster angle. ¢) De-
polarized false-color image of the butterfly under specular illumination with Brewster
angle. d) False-color image under diffuse illumination. Red and blue arrows in b-d) show
illumination and detection configurations. Polarization is denoted as HH, HV, or UH,
with the first letter indicating transmitted and the second received polarization. e)
Reflectance of selected specular wing pixel, diffuse wing pixel, and body pixel from b)
under three different illumination and detection configurations (HH, HV, UH). f) DoLP
calculated for all three pixels from the matte wing, showing their polarization ratio to
wavelength. g) Reflectance from the entire wing under three different illumination and
detection configurations (HH, HV, UH). h) DoLP of the entire wing over wavelength. i,
j) DoLP images of the same butterfly at two wavelengths, showing increased linear
polarization at higher wavelengths.
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2.3. Coherent Phenomena

Coherent interactions preserve the original optical properties of light: direction,
phase, and polarization. For instance, when light reflects off a thin insect membrane,
which essentially acts like a mirror, it changes direction but maintains the light's
initial phase and polarization.

2.3.1. Refractive index

The refractive index n of a material quantifies how light interacts with it by altering
its group velocity v and wavelength 2 compared to a vacuum (¢ and 4): v = ¢/n and
A = lo/n. The refractive index varies with wavelength, a phenomenon called
dispersion, leading to the separation of different wavelengths. Materials commonly
found in insect structures, such as chitin [202], melanin [203], or water [157],
exhibit dispersion in the visible wavelength range, see Fig. 2.16a. The Cauchy
equation models dispersion as:

n(d) = ko + 3 (2.19)

Where n(7) is the refractive index at a specific wavelength /. ko and ki are constants
specific to the material. Typical values in the case of insect chitin are ko=1.517 and
ki = 8800 nm2 [202]. When developing models to quantify insect microscopic
features and structures, it is important to consider the changes in refractive index
with wavelength, as different values could lead to varying results.

To add complexity, insect microscopic surface structures can have complex
compositions resulting in a gradient refractive index. For example, when
considering light interacting with a membrane as shown in Fig. 2.16b, an air-chitin-
air interaction is simplified, assuming a step function change in refractive index.

However, the complex composition of the membrane, with its uneven surface and
varying density, results in refractive index gradients. Calculations [132] reveal that
transitioning from a step function refractive index profile to a gradient profile
reduces reflectance, especially in the shorter wavelength region where photons
experience a smoother gradient in relation to their wavelength (see Fig. 2.16c).
Furthermore, the gradient profile flattens the spectral fringe modulation (potentially
suppressing spectral fringe production in biological films). This can lead to low
overall reflectance across the visible spectrum. This phenomenon is also observed
in the Papilio ulysses butterfly, which appears "blacker than black" due to
structurally enhanced blackness [151]. The cuticle spike structure in Fig. 2.16g not
only efficiently scatters incident light towards the diffusely distributed pigmentation
[151] but also creates a gradient surface refractive index, as illustrated in Fig. 2.16h,
leading to exceptional light absorption.
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Fig. 2.16: Refractive indices of common insect materials and the impact of structure
on gradient refractive index surface. a) Refractive index of melanin [203], chitin [202]
and water [157]. Data were extracted from the corresponding references. b) Scanning
electron micrograph of a section of Hetaerina americana damselfly wings, the photo is
cited from [132]. ¢) Calculated transmittance and reflectance spectra for a thin film with
an average thickness of 1000 nm. The refractive index was assumed to change linearly in
surface layers with thicknesses h = 0, 100, 200, and 300 nm; the figure is cited from [132].
d) Image of Papilio ulysses butterfly. e) SEM image of the surface of a single scale from
the matte black region of the butterfly shown in d). f) TEM image of the cross-section of
a single scale from the matte black region of the butterfly shown in d). g) Zoomed-in view
of one of the spikes shown in f). h) Sub-wavelength structures lead to a gradient refractive
index surface. Images e-g) are from reference [151].

2.3.2.Snell’s law

Snell's law describes the change in direction of light as it passes from one medium
to another with a different refractive index. This change in direction, known as
refraction, is caused by the mismatching of refractive indices of the two media and
the angle at which the light strikes the interface. Snell's law is expressed as:
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n,sin (6;) = n,sin (6;) (2.20)

where n; and n; are the refractive indices of the two media, 6; is the angle of
incidence, and &; is the angle of refraction.

Some beetles and weevils possess intricate multilayer structures within their
exoskeletons, composed of thin parallel layers of chitin with distinct refractive
indices [127, 204, 205]. When light interacts with these multilayered structures, it
undergoes refraction at each interface according to Snell's law. This repeated
refraction, combined with subsequent interactions between the refracted light
waves, can produce vibrant colors.

2.3.3. Fresnel equations

While Snell's Law describes how light changes direction at an interface due to
refractive index mismatch, the Fresnel equations gquantify the amount of light that
is reflected and transmitted at this boundary [206]. For a single thin film, the analysis
is simplified compared to the matrix formalism typically employed for multilayer
structures [132, 207]. Importantly, the Fresnel equations distinguish between the
light's polarization, whether it is p-polarized (parallel) or s-polarized (perpendicular)
to the plane of incidence. The equations for a single thin film are [173]:

nqcos (8;)—nycos (6¢) 2

Rs = nycos (8)+ncos (6)1 ’ Ts=1-Rs (2.21)
__|nzcos (8;)—n4cos (6;) 2 4
Rp = Inycos (8)+nqcos (B)] TP =1 Rp (222)

here, Rs and R, is the reflectance of s-polarized and p-polarized light, respectively,
while Ts and T, represent the corresponding transmittance values, ni and n; is the
refractive index of the first medium (from which the light is coming), and the second
medium (into which the light is going), 6 is the angle of incidence, and 6 is the
angle of transmission, which can be found using Snell's law. In the case of lidar with
normal incidence (the light beams perpendicular to the surface), the angles of
incidence and refraction are zero. The Fresnel equation for an air-chitin interaction
then simplifies to:

2 2
ni—n; Nair—MNchi.

Nair+Nchi.

RFresnel -

(2.23)

nitn,

where Reresnel represents the reflectance determined by the refractive indices of air
(nair, typically approximated as 1) and chitin nei. The refractive index of chitin, nei,
is wavelength 4 dependent, as described in equation 2.19.

While the Fresnel equations provide the magnitudes of reflected and transmitted
light separately, they do not directly give us the combined effect, as this depends on
the complex interaction (interference) between the reflected and transmitted waves.
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To account for the effective reflectance, the Fresnel equations need to be combined
with thin-film equations [130], which will be discussed in a later section.

2.3.4. Kramers-Kronig-relation

The refractive index of a material is a complex quantity consisting of a real part &,
which determines the degree of refraction, and an imaginary part 2, which signifies
absorption. The Kramers-Kronig (KK) relations [208] reveal a fundamental
connection between these components: a material's absorption characteristics
directly shape its refractive properties, and vice versa. This connection is rooted in
causality, the principle that a material's response to light must adhere to the cause-
and-effect relationship inherent in physical phenomena [209].

Mathematically, the KK relations are expressed as integral transforms,
demonstrating the interdependence of the real and imaginary parts of the refractive
index:

g(@)=1+20 [ C2@) gy (2.24)

0 w2—u2

£r(w) = —22p [ 2l g,y (2.25)

0 w22

where P denotes the Cauchy principal value. At frequencies much higher than the
material's resonance (w >> '), the real part of the dielectric function (e:(w))
approaches 1, indicating negligible dispersion. However, at resonance (o = '), the
real part of the dielectric function (¢:(w)) approaches infinity, necessitating the use
of the principal value method. This signifies a strong coupling between the real (:)
and imaginary (ez) components of the dielectric function, resulting in significant
absorption and pronounced changes in the refractive index, see example in Fig.
2.17. Water shows strong absorption peaks in the infrared spectrum and refractive
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Fig. 2.17: The complex refractive index of water. Data from reference [111]. The

figure is inspired by reference [212].
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index derivation. Fig. 2.17 demonstrates that the refractive index of water remains
relatively constant in the visible and NIR spectrum (before 2000 nm) due to the
absence of strong water absorption lines in the range. However, significant
variations in the refractive index are observed in the NIR (above 2000 nm) and
SWIR regions. Applying the same logic, the refractive index of chitin is relatively
flat in the NIR to SWIR range because its only absorption band peaks at 280 nm.

To maintain the cause-and-effect relationship described by the KK relations, the real
and imaginary parts of a material's refractive index must be related. Dispersion,
which refers to the dependence of a material's refractive index on the wavelength of
light, results in changes in the phase velocity of light as it propagates through the
material. This means that the speed of light varies with wavelength, leading to
phenomena such as the separation of white light into its constituent wavelengths.
Dispersion is crucial for comprehending the complex phenomenon of structural
coloration in insects, where intricate nanoscale structures interact with light to
produce vibrant colors [210, 211].

2.3.5. Thin film interference

Constructive Destructive
Interference Interference

nalr

Fig. 2.18: Hlustration of thin film interference conditions of uniform thickness. a)
Showcasing angle of incidence &, angle of transmission @, refractive index of the
medium n, and film thickness d. b-c) In constructive interference, waves with aligned
phases amplify each other. In destructive interference, waves with opposite phases cancel
each other out.

Thin-film interference, illustrated in Fig. 2.18, is a phenomenon arising from the
interaction of light waves reflected at the upper and lower boundaries of a thin-film
[173]. This interference can result in the selective amplification or attenuation of
specific wavelengths, producing iridescent colors often observed in nature [132,
213, 214]. A 180° phase shift occurs when a wave reflects from a medium with a
higher refractive index (n; > ny), while no phase shift occurs with a lower refractive
index (n2 < ni). The resulting colors depend on film thickness, refractive index
contrast, and incident light angle.
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Consider a thin chitin layer forming an insect's clear wing, surrounded by air. Since
the refractive index of chitin neniin is greater than that of air n at the top surfaces
of the wing, reflections at these boundaries induce a 180° phase shift. For
constructive interference to occur, the optical path length difference (twice the wing
thickness) must equal an odd multiple of half the wavelength within the chitin:

Zdnchi. COS(et) = (m - %) /‘{max;m eEN (226)

2dngy; |1 - Sir:;h;ea = (m=2) Amarm €N (2.27)

Destructive interference occurs when the optical path length difference equals an
integer multiple of the wavelength within the chitin:

2dn;p; cos(6;) = m Ay, mEN (2.28)

Zndcp;, /1 - S”:;& = MAmin,m €N (2.29)
chi.

where d is the wing thickness, neni. is the refractive index of chitin, 4 is the
wavelength, 6; is the angle of incidence, 4 is the angle of transmission, and m is an
integer. For lidar measurements, the angle of incidence 6; is zero (like the
hyperspectral lidar measurement in Paper XII), so the entire square root factor in
equations 2.27 and 2.29 can be omitted. However, for hyperspectral scan
measurements performed in Papers I, VIII, IX, X, and XII in a laboratory, an angle
of incidence is present and must be considered to adjust for the resulting spectral
shift. For example, due to the increasing incidence angle, a spectral peak at 600 nm,
captured at a 56° incident angle (n=1.53), would exhibit a blue shift to 505 nm when
corrected to normal incidence. Such compensation is thus crucial to ensure
comparability between laboratory hyperspectral and field lidar observations.

2.3.6. Fringe model

A fringe model was developed to express the spectral fringes observed in clear
insect wings. This model incorporates a thin-film equation, derived from previous
research on iridescence from pigeon neck feather [130], and Fresnel equations to
account for the reflection and interference of light.

2 in2
. Nepi“—sin® 6
4Rpresnel Sin? <21‘[d 7>

A

nepi2-sin? 6
2nd —m———

(1-Rpresnel)?+4Rpresnel Sin? ( 2

F(A,d) =

(2.30)
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where F(4,d) is the fringe, A is the wavelength of light that interacts with the wing,
and d is the wing's chitin layer thickness. Reresner is from equation 2.23, and the
refractive index of chitin varies with wavelength, as shown in equation 2.19

While the model F(,d), incorporating thin-film interference effects, addressed
scaling and material dispersion issues, it still could not account for the overall
change in reflectance over varying wavelengths due to the heterogeneous nature of
the wing's chitin layer thickness [132]. To address this issue, an approach (first
appearing in Paper X) utilizes a long-pass function for amplitude and a short-pass
function for bias to weigh the spectral fringe. This leads to the evaluation of spatial
thickness heterogeneity across each wing by adjusting the fringe amplitude a and
bias b relative to a specific cut-off wavelength o,

o~ afF(A,d)AK+bak
Rwing(l) = A§+—Ak 0 (2.31)

The exponent k in these functions influences how reflectance changes with
wavelength. In the hover fly study from Paper X, it was found that k = e = 2.311 to
best describe all effective fringes. However, in Paper XI, due to thinner wings and
observing only a single fringe period, k could not be determined and was set to zero.
The use of short- and long-pass functions is analogous to the use of electronic filters
in signal processing to selectively pass specific frequency ranges [215]

For wings that do not produce fringes, the F(4, d) term vanishes, and the reflectance
of the wing with no spectral fringe is thus described solely by the bias term of the
fringe model from equation 2.31:

P b
Rwing(/'l) R (2.32)
1

Ao

How the amplitude and bias terms address the increasing fringe modulation towards
infrared wavelengths, and decreasing modulation towards visible wavelengths is
illustrated in Fig. 2.19. It also shows examples of thick and thin wing pixel spectral
fringes. The effective fringe was obtained by XY spatially integrating all wing pixel
spectral profiles. The differing degrees of modulation in these fringes can be
described by the modulation depth, M, calculated using the following equation:

_ 9R)-m(FAD)
B oA(FAd)-ua(Ra) (2.33)

where R, denotes measured reflectance, F denotes the computed fringe, A is the
wavelength, o, denotes standard deviation in the spectral domain, and p; is the
spectral mean value.

Thicker wing regions exhibit narrower fringes, more susceptible to dephasing with
neighbor regions (XY destructive interference, not XZ which is related to thickness)
in the VIS spectrum due to the chirped nature of fringe periodicity. For a thin film,
the periodicity of the interference fringes is constant in the frequency domain; the
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Fig. 2.19: Characterization of structural coloration in hover fly (Episyrphus
balteatus) wings. a) Photograph of a hoverfly wing exhibiting structural coloration. b)
False color image highlighting the wing's interference pattern. ¢) Wing thickness map
derived from the interference signal. d) Fringe modulation depth map, revealing
variations in the intensity of the interference signal at each wing pixel. ) Example of
spectral fringes from thin and thick wing regions, as well as the effective fringe formed
by spatially integrating the spectral profiles of all wing pixels within the SWIR
hyperspectral camera detection range window. The fringe is weighted by the long and
short pass functions to evaluate the heterogeneity of the wing; amplitude a and bias b are
also illustrated in the same figure for the effective fringe. f) 2D histogram depicting the
distribution of wing thickness and modulation depth across the wing surface. g, h)
Demonstration that the resolved effective thickness and modulation depth are not simply
the mean of all thickness or modulation values from the wing.

frequency f is directly proportional to the order m [132, 156]. Therefore, the fringes
occur at regularly spaced frequencies, leading to non-uniform (chirped) spacing in
the wavelength domain due to the inverse relationship between frequency and
wavelength. As a result, fringes are more closely spaced at shorter wavelengths,

52



increasing the likelihood of dephasing with neighbor regions in the VIS compared
to the SWIR range. Consequently, thicker wing membranes contribute less to the
overall modulation of the effective fringe, as seen in Fig. 2.19c and d. While thinner
wing regions exhibit higher modulation depths.

The effective fringe, formed by XY spatially integrating the spectral profiles of all
wing pixels, has a final appearance determined by the interaction between spectral
fringes from areas with varying thicknesses (XZ). When the wing is dominated by
thin regions with high modulation fringes, their cumulative contribution results in
the effective fringe converging towards the characteristic spectral patterns of these
thinner regions. Notably, the effective thickness does not directly correspond to the
mean of all wing thicknesses and fringe modulations due to the disproportionate
influence of these thinner, highly modulating regions with different thicknesses.

Capturing spectral fringes using lidar is a promising method for performing remote
nanoscopy and retrieving wing thickness characteristics from in-flight insects. Wing
thickness has been shown in recent studies to be a feasible feature for identifying
species, sex, and gravidity (Papers IX, X, XI, XII) and is more reliable than
modulation spectra [40, 159, 160]. The wing interference pattern and signal are
thermally stable [216], and consistent over time [93]. Lidar systems can be
implemented with various laser bands. In Paper XlI, in-flight insect fringes were
successfully captured and retrieved wing thickness using hyperspectral lidar with a
single flash. Spectral fringes can also be captured with passive lidar systems
utilizing sunlight [158, 171, 217]. Additionally, employing several laser bands [88,
169, 170, 218] enables the extraction of biologically relevant nanoscale features,
such as melanin content ratio in the body and wings, which can be used for insect
identification with dual- or multi-band lidar systems (Paper V). If the chosen laser
band is resonant with the insect wing's interference fringes, as demonstrated in
Papers I- 111, the degree of flash polarization can be utilized for insect identification.
Furthermore, in Paper Xl, the speed required to capture specular flashes was
analyzed, enabling remote nanoscopy for improved insect identification.
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3.Research Methodology

3.1.  Hyperspectral camera

Hyperspectral imaging (HSI) is a technique where a camera collects detailed image
data across a wide spectrum of light, extending beyond the capabilities of standard
cameras, which capture images only in the three specular bands: red, green, and
blue. HSI records hundreds of narrow spectral bands across a wide range of
wavelengths, from UV [219, 220] to SWIR wavelengths [221, 222].

In remote sensing, satellites equipped with HSI sensors collect detailed spectral
profiles [223], enabling the mapping of land cover, tracking changes in vegetation
[224], identifying specific minerals based on their unique spectral signatures [225],
and estimating water quality [226]. The ability of HSI to differentiate between
materials based on their spectral characteristics is also being utilized in medical
diagnostics. The spectral reflectance of skin tissues provides a non-invasive method
for estimating optical parameters [227] or use as a diagnostic tool [228, 229]. In
combination with lidar for tree height identification, the distinct spectral reflectance
of different tree species results in accurate identification and classification using
HSI [230, 231]. In the field of entomology, intricate details of wing patterns, body
pigmentation, and physiological states can be captured and analyzed using HSI for
accurate species identification and classification [232].

In all the studies included within this thesis, two different push-broom hyperspectral
cameras: a visible-extended InGaAs camera (Norsk Elektro Optikk) with a spectral
range of 900-1600 nm and a sterling-cooled HgCdTe SWIR camera (MCT) [221]
(Norsk Elektro Optikk) covering 900-2500 nm were used. These cameras collect
light through an objective lens, focusing it onto a narrow slit that acts as a spatial
line selector. The transmitted light is then collimated and spectrally dispersed by a
diffraction grating before being re-imaged onto a two-dimensional focal plane array
(FPA). The FPA material determines the spectral range of each camera: for example,
Si-CMOS FPAs typically cover 350-1100 nm, InGaAs FPAs cover 900-1700 nm,
and HgCdTe FPAs cover 900-2500 nm. Different spectral filtering is also
implemented to achieve the desired spectral ranges for specific experiments and to
eliminate second-order effects. A fiber-coupled tungsten halogen lamp
(Mumination Technologies model 2900) and a standard Philips tungsten bulb were
used as light sources, both of which exhibit a blackbody-like spectrum.
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Each hyperspectral image forms a 3D data cube, see Fig.3.1, with two spatial
dimensions and one spectral dimension. Each camera exposure captures a
continuous spectrum (288 spectral bands for the HgCdTe camera, 382 spectral
bands for the extended InGaAs camera) for each pixel along the swath width. A
complete hyperspectral image is built up over time by scanning the imaging scene.
Typically, the camera is fixed in a stationary position, while the sample is placed on
a motorized translation stage that moves it across the camera’s field of view. This
creates a hyperspectral data cube, a 3D dataset consisting of a 2D spatial image at
each wavelength.

Spatial NIR
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Spectral image Pixel Spectrum of selected pixel

Fig. 3.1: Detailed hyperspectral data cube of a dried Bogong moth specimen. Data
was acquired using a push-broom hyperspectral camera with an extended InGaAs sensor
(450-1700 nm wavelength range). The cube's x-axis represents the spatial distribution,
the y-axis represents the line-scan acquisition sequence, and the z-axis represents spectral
profiles. Each pixel (x;, y;) contains a full spectrum across contiguous bands. Analysis of
a selected pixel spectrum reveals a strong melanin presence in the wing scale, with
intensity decreasing towards the infrared region.

Time

Reflectance calibration is necessary due to the influence of factors such as the
illumination source's spectral output, grating efficiency, detector quantum
efficiency, and the angles of illumination and collection. This is accomplished by
converting raw intensity into reflectance using a reference image. A standard
Lambertian diffuse surface, typically Spectralon® with 50% diffuse reflectance, is
used as the calibration target. However, the calibrated reflectance may sometimes
exceed 100%. This is because a potentially specular signal is being calibrated
against a Lambertian diffuse reference target, resulting in reflectance values that can
exceed the expected range.

The visible-extended InGaAs camera is particularly suited for capturing features
like melanin and water absorption bands, providing insights into insect body and
wing melanization, thickness, and water content. The extended range into the
infrared of the SWIR camera enables the investigation of surface roughness and
polarization changes at longer wavelengths.
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3.2.  Polarimetric goniometry

A polarimetric goniometer is used to examine how light interacts with a target,
particularly insects, by analyzing changes in light's polarization after reflection or
scattering [137]. This involves precise control of illumination angles and detailed
measurement of the scattered light, providing insights into the target's optical
properties. Using different polarizations helps interpret how an insect's structure
alters light polarization depending on the viewing angle.

Fig. 3.2: Polarimetric goniometry
analysis of an insect sample
under varying conditions. a) CAD
model of the SPOTIG system
(image from reference [137]). b, ¢)
Polarization changes in a bark
beetle with progressively removed
structures (wings intact, wings
removed, wings and elytra
removed) and viewed from
different angles within anatomical
planes. Due to the flat wing
positioning, high  polarization
l specular reflection is visible only in

";@w the frontal plane from ventral or
2\ R: Depol. .
¢ ‘ dorsal views.

Two polarimetric goniometers have been developed to study the optical properties
of insects. The first, SPOTIG (Spectral Polarimetric Optical Tomographic Imaging
Goniometer) [137], features three motorized rotation stages, facilitating the
manipulation of polarization filters, the camera, and the target specimen, see Fig.
3.2. This flexible setup provides insights into insect optical cross-sections and how
anatomical features with varying optical properties influence lidar signatures.
SPOTIG was notably employed to document the optical parameters of bark beetles
in Paper | in detail, capturing backscattering and extinction cross-sections, along
with the phase function, from three anatomical planes. The backscatter optical cross-
sections were further parameterized using spherical harmonics to efficiently
represent the target's complete features for lidar applications.

Building on SPOTIG's foundation, the BIOSPACE (Biophotonics, Imaging,
Optical, Spectral, Polarimetric, Angular, and Compact Equipment) polarimetric
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goniometer was created. Constructed primarily from LEGO components to facilitate
adaptability and distribution for educational purposes due to its affordability,
BIOSPACE boasts adjustable illumination spectral bands achieved through LED
multiplexing, enabling the study of polarimetric signatures across diverse
wavelengths. Its modular design, having free rotation of the polarization filter and
either the insect sample or light source, enhances flexibility in measurement angles.
BIOSPACE's wider spectral range and enhanced flexibility compared to SPOTIG
have been instrumental in generating comprehensive reference databases of insect
optical signatures, particularly through measurements of museum specimens. These
findings have been presented in Papers Il VII, and XI.

3.3. Lidar

Scheimpflug lidar leverages the Scheimpflug principle, a 19™-century photographic
technique [233, 234], to achieve an extended depth of field. Unlike traditional time-
of-flight (ToF) lidar, relying on pulsed lasers [235], Scheimpflug lidar employs one
or more continuous wave laser diodes, often multiplexed, and a line sensor to
capture backscattered light from an illuminated air volume [169, 236, 237].
Scheimpflug lidar range resolution is achieved through the Scheimpflug criterion
and Hinge rule [169, 238], resulting in infinite focal depth where each sensor pixel
corresponds to a specific section of the laser beam.

3.3.1. Light detection and ranging

Lidar, also known as laser radar, measures distances by emitting pulses of laser light
toward a target and measuring the time it takes for the light to return to the sensor
[235]. The conventional ToF lidar measurement calculates distances using the
following formula:

R=—2%YE (3.1)

2Nmedium

Where R is the distance to the target, t is the time difference between the transmitted
and received light pulses, and c is the speed of light. The resolution of a lidar system,
which determines the level of detail captured in the measurements and the minimum
resolvable distance between two objects (range resolution, AR), is crucial. Higher
resolution systems can distinguish between closely spaced objects and provide more
accurate distance measurements [235]. It is calculated using the formula:

TpC

AR = (3.2)

2Nmedium

where 7, is the pulse duration. ToF lidar is used in environmental monitoring (forest
mapping [239, 240], biomass assessment [241]), atmospheric science (aerosol
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concentration [235, 242], cloud height [243]), and pollution tracking [244]. Recent
research comparing ToF and Scheimpflug lidar found them comparable in
performance for aerosol sensing [245], with Scheimpflug lidar offering a more cost-
effective and simpler solution.

3.3.2. Scheimpflug principle
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Fig. 3.3: Comparative focus mechanisms in three different camera systems: a, d)
Conventional camera with limited depth of field; b, €) Pinhole camera with broad depth
of field but motion blur; ¢, f) Scheimpflug camera with extended depth of field for
simultaneous capture of near and far objects but with image distortion. Image inspired by
work [194].

The Scheimpflug principle, popularized by Austrian Captain Theodor Scheimpflug
[234] but discovered by Jules Carpentier [233], provides a unique approach to
manipulating depth of field in photography. In conventional cameras, the lens and
image sensor are parallel, limiting the range of sharp focus (as shown in Fig. 3.3a,
d). Pinhole cameras (Fig. 3.3b, e) offer an extended depth of field due to their tiny
aperture but often require long exposure times, causing motion blur. The
Scheimpflug principle involves tilting the lens relative to the image sensor (Fig.
3.3c, ). This tilts the plane of focus and results in both near and far objects being in
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sharp focus simultaneously. This technique offers greater control over depth of field
compared to conventional photography, though it can introduce some distortion.
The Scheimpflug principle finds applications in various fields, such as structural
displacement monitoring [246].

3.3.3. Scheimpflug lidar

The application of the Scheimpflug principle to lidar systems is a relatively recent
development [81, 169]. It has been used in atmospheric detection, [170, 191, 238,
247] and flame diagnostics [194], and entomology in insect study [88-91, 126, 154,
237, 248]. Fig. 3.4 illustrates the Scheimpflug condition, which requires the plane
of the detector and the plane of the lens to meet at a point on the object plane. The
Hinge condition further specifies that the tilted lens plane parallel to the detector,
also intersects the front focal plane of the lens at this same point on the object plane.
The range r to a target, can be approximated by considering the chip-normalized
pixel positions (pr and p,), the baseline length (fs. = 0.814m), the slant angle
between the optical axes (@siant), and the receiver field of view (&kov):

7(prp2) = €LCOt (Pyjant + OpovDr) (3.3)

This formula is originally from Paper XII. For a basic entomological lidar system,
such as the one used in Paper I, one wavelength band is used and multiplexed to
capture both background and laser signal reflections from in-flight insect targets,

Scheimpflug
Object (laser) plane condition <
. “;“ -

Fig. 3.4: Scheimpflug and Hinge configuration in an entomological lidar system.
Varying observations along the laser beam are detected at distinct locations on the tilted
detector, with each pixel corresponding to a unique distance from the lidar. The figure is
based on references [86, 249] with minor modifications.
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it measures the backscattered intensity as a function of range and time. This type of
lidar data contains information on insect time of detection, range, optical cross-
section (in mm?2), and apparent size (in mm) [125]. The optical cross-section is
calibrated using a fixed target of known distance and reflectance. Typically, a
neoprene flat board serves as the lidar termination and is also used for calibration.
The insect signal is then calibrated to optical cross-sections based on the neoprene
reference. Apparent size, derived from the pixel footprint and telescope
magnification, provides an estimate of the insect’s dimensions (see detailed
explanation in Paper I1). Captured lidar time series data generally reveal wingbeats
of in-flight insects. Power spectral analysis via Welch’s method of these
modulations provides wingbeat frequency, characteristics, and surface roughness at
the illumination wavelength. Depending on the insect body’s orientation, the
fundamental frequency may not be the strongest signal in the power spectrum [158].
For a detailed discussion of calibration and sizing calculations, see a recent study
[89].

3.3.4. Backward-lasing with Scheimpflug lidar

Backward propagating lasers in lidar are desirable to circumvent the range
attenuation of the signal. This can be accomplished through atmospheric lasing and
filamentation. Atmospheric lasing manipulates the atmosphere itself to amplify the
returning light signal, offering increased signal strength and longer detection ranges,
but requires specific conditions and sophisticated systems [250-255]. Filamentation,
using high-intensity femtosecond laser pulses, creates a waveguide in the
atmosphere, enhancing sensitivity and probe volumes, but also necessitates complex
and expensive technology [256-258]. By capturing the specular reflections from flat
membranes, it is possible to achieve “backward-lasing” from atmospheric insects.
The lasing approach based on optical breakdown in the medium is not feasible for
insect monitoring as it is destructive. The use of flat targets presents a simpler and
more practical approach to backward-lasing. This method involves directly
reflecting the outgoing laser beam backward off a flat surface, maintaining its
collimation, polarization, and phase while propagating in the backward direction
[98, 259, 260]. This approach has found applications in gas sensing [261] and has
been instrumental in achieving the longest lidar-ranging distances [262].
Snowflakes [259, 263] and insect wings [247] are naturally occurring structures that
act as flat targets for lidar. The reflective properties of insect wings can be optimized
by selecting a laser wavelength that resonates with the wing thickness or aligns with
a specific infrared spectral band where the wing surface is most specular and
reflective. This approach enhances insect wings’ reflectivity for lidar systems,
leveraging their natural flatness for coherent backscatter and polarization analysis.
This enables specularity estimation, remote nanoscopy via thin-film interference,
see Paper XIlI, and enhanced flatness in the infrared.
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3.3.5. Polarization lidar

Polarization lidar was first developed for atmospheric studies utilizing a linearly
polarized pulsed laser to distinguish between ice and water clouds [264]. Due to
their spherical shape, liquid water drops preserve the polarization of backscattered
light, only changing its propagation direction. In contrast, non-spherical ice crystals
induce a change in the polarization of the backscattered light through multiple
scattering events. By analyzing the polarization of the backscattered light, the lidar
can thus effectively differentiate between ice and water clouds [265]. This
technology has since found further applications in atmospheric research [191, 263,
266] and ecological studies [192, 193, 267].
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Fig. 3.5: Schematic of a polarization lidar, showcasing the key components and their
function. The laser transmitter itself is integrated with two 3W TE-polarized 808 nm laser
diodes. One of these laser beams is then rotated 90 ° using a wide-angle polymer half-
wave plate. A polarization beam splitter combines these beams for transmission.
Backscattered light is collected and passed through a polarization analyzer, separating the
orthogonal components for detection and subsequent analysis of the target’s de-
polarization characteristics. Figure inspired by lecture slide from Biophotonics course and
reference [194].

Polarization lidar for insect study (an example of the schematic is shown in Fig. 3.5)
utilizes a laser module with two polarized laser diodes multiplexed into de-
polarized, co-polarized, and background bands. The receiver telescope projects the
collected light through a linear polarizer onto a linear detector array, enabling
analysis of the backscattered light’s polarization. As previously discussed, the DoLP
observed in the backscattered signal from insect is influenced by several factors,
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including the location of light scattering on the insect [98, 137], absorption of light
by melanin, blood, or water [120, 174], and scattering effects related to the insect’s
body size and the influence of gravidity [94]. The differences in polarization
signatures in lidar observations are effective in separating glossy wing and diffuse
wing signals, as shown in Paper 1I-1V, the dependence of signal range on flash
coherence and the frequency content of specular flashes was investigated, knowing
that de-polarized incoherent scatter attenuates by the squared range. The findings
demonstrate that the glossiness of an insect’s wings directly impacts how easily it
can be detected using lidar. The most detailed information about wing glossiness is
obtained by analyzing the harmonic content within the co-polarized power spectra.

The polarization characteristics observed in lidar signals can be compared to a
reference library of polarization signatures associated with specific insect species.
This library, as demonstrated in Papers Ill, VII, and XI, can be generated using
BIOSPACE scans by analyzing the varying scattering profiles produced when
wavelengths and polarization are adjusted. By comparing lidar signals to this
established reference library, it is possible to identify insect species in the field. This
database should store quantitative data in Sl units to ensure compatibility and enable
meaningful comparisons across different instruments and research groups. This
approach fosters an accurate understanding of light scattering from insects and
allows retrieval of quantitative measures in metric units, ultimately aiding in insect
species identification.

3.3.6. Dual-band lidar

Previous research has demonstrated the feasibility of retrieving kHz modulation
wingbeat from free-flying insects and simultaneously retrieving dual-band signals
[159]. This has enabled the separation of mosquito species and sex based on dual-
band signatures. Other optical sensors using dual wavelengths have also proven
effective in separating insect species [51, 162, 163]. Building upon this concept,
dual-band lidar was developed and has proven valuable in various fields, including
atmospheric [170, 268] and ecological research [88].

A typical dual-band lidar system, similar in configuration to polarization lidar but
with a modified laser transmitter module [88], transmits superimposed laser beams
at 808 nm and 980 nm with multiplexing (Fig. 3.6). Dual-band illumination enables
estimation of insect melanization and wing thickness. By analyzing differences in
backscattered light due to both differential absorption and thin-film interference,
increased diffuse reflectance at the longer wavelength is correlated with a higher
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.
Acquisition PC

Fig. 3.6: Photos of a dual-band lidar. a-b) Lidar system and its components. ¢) Laser
transmitter module; in this instance, there is no half-wave plate since no altering the
polarization plane. Instead, combining a 980 nm and 808 nm laser beam together. BS:
beam splitter.
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Fig. 3.7: Diffuse reflectance from a dried bark beetle abdomen, showcasing
variations in wavelengths and their impact on insect specificity. a-b) Reflectance dips
before 1200 nm indicate melanin presence, with a model provided to show melanin path
length at the chosen pixel. ¢) Generally observation using dual-band LiDAR demonstrates
that 980 nm is less affected by melanin, thus providing a stronger signal for body and
wing analysis compared to 808 nm. d) Specific instances where the 808 nm wing signal
exceeds that of 980 nm during certain wingbeats, indicating wing membrane resonance
with 808 nm, a crucial clue to insect specificity.
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degree of melanization [104], and wavelength-dependent variations in the intensity
of specular flashes provide insights into the insect’s wing thickness. An example of
Dual-band lidar observations (Fig. 3.7) reveals that the 980 nm wavelength, being
less absorbed by melanin, generally results in a stronger lidar signal from both the
insect’s body and wings compared to 808 nm. However, Fig. 3.7d shows that during
certain wingbeats, the 808 nm wing signal surpasses that of 980 nm, suggesting that
the wing membrane resonates more with the 808 nm wavelength at specific roll
pitches. The varying response between 808 and 980 nm during different wingbeats
highlights how wing structure, such as wing thickness, influences wavelength-

specific interactions, potentially enabling more accurate species-specific
identification.

3.3.7. Hyperspectral lidar
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Fig. 3.8: Example of Elastic Hyperspectral Scheimpflug Lidar (EHSL). a)
Scheimpflug and hinge conditions were applied twice on a hyperspectral lidar. The figure
is based on references [86, 249] with minor modifications. b) Photo of the EHSL setup.

Hyperspectral lidar offers detailed spectral profiles across numerous narrow bands.
With the capability to operate across various wavelength ranges, including visible
(VIS) [172, 230, 269], NIR [231], and SWIR [231], hyperspectral lidar has found
diverse applications. In environmental monitoring, for instance, hyperspectral lidar
has been utilized for remote sensing of vegetation or forests [230, 231, 270].
Additionally, it is also used to differentiate rock in geological studies and mining
operations [271, 272]. Beyond terrestrial applications, hyperspectral lidar has also
extended its reach to aquatic studies [172]. Other promising applications involve
monitoring powder-tagged insects, where the fluorescence of an applied powder is
measured [273], and induced fluorescence [274-276].
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Existing hyperspectral lidar systems typically offer around 8 spectral bands and a
detection range of 20 to 30 meters [270, 272], providing valuable insights into the
composition of objects and environments. A new hyperspectral lidar system (Paper
XII) has been developed that utilizes 64 bands and achieves a detection range of up
to 100 meters. The 100 meters range limitation is due to the test site meadow size,
not the lidar system itself. Paper XII’s hyperspectral lidar system (Fig. 3.8) achieves
spectral dispersion and maintains focus across scene depth and the SWIR spectral
range by applying Scheimpflug and hinge conditions twice. The object plane is
projected onto a tilted entrance slit, then dispersed light is projected onto a tilted 2D
array detector. The system uses a supercontinuum light source with a long-pass filter
to minimize insect disturbance. This unique combination of lidar and hyperspectral
imaging enables the collection of detailed spectral reflectance and interference
signals (Fig. 3.9) from insects, showing the potential for remote identification of
insect species and advancing entomological research through remote insect studies.
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Fig. 3.9: Hyperspectral lidar signals from free-flying insects (figure originally from
Paper XI1). a) Large insect (85m): spiky waveforms, glossy wings, precise fringe model
fit. b) Spectral reflectance with fringe model fit. ¢) Smaller insect (58m): less precise
fringe model fit. d) 430 nm fringe difference.
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4.Computational data processing

4.1.  Scheimpflug lidar data analysis

4.1.1. Raw data visualization and initial signal identification

Entomological lidar offers flexibility for various upgrades or adjustments. It can be
adapted to operate in various modes, including polarimetric, dual-band, multi-band,
fluorescence, or hyperspectral. To illustrate lidar data processing, this section is
focused on polarization lidar data only. Note that lidar settings are also highly
customizable, the camera exposure, lines of exposure, offset, and laser module
choice can all be adjusted [88, 169, 170, 236-238, 245]. Therefore, it is important to
maintain careful documentation of these settings.

In polarization lidar, the laser alternates between de-polarization, co-polarization,
and background modes. The lidar was set to capture 30,000 exposure lines per file.
Each file takes approximately 4 seconds to record and reaches 120MB in size
(sampling frequency at 9kHz). Continuous 24-hour data collection would generate
approximately 2.47 TB of data. Given this volume, an initial overview of the data
is crucial to monitor data quality. To create this overview, plots are generated that
color-code the maximum de-polarized, co-polarized, and background readings
within each file. These plots offer insights into temporal and spatial variations in
insect presence (appearing as bright green dots) while also revealing atmospheric
changes, such as increased cloud echoes under humid conditions.

Consider frame 3991, recorded on June 6, 2022, at 22:46:08 (Fig. 4.1a). Zooming
in on this timeframe (Fig. 4.1b) shows distinct signals (later classified as insects)
along with persistent aerosol plumes (clouds). Fig. 4.1c details intensity counts for
this frame, including pixel-wise median and maximum values. Insect signals are
isolated using a threshold defined as the median plus five times the interquartile
range (IQR), or SNR=5. This SNR ratio is configurable, but it has proven effective
for visually highlighting insect observations while suppressing cloud/mist signals.
Fig. 4.1d illustrates how the threshold adapts based on each pixel’s median and IQR,
for separation of rare, localized events (insects) from continuous aerosol signals.
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4.1.2. Observation extraction

When visualizing frame 3991 around one of these observations (Fig. 4.2a), the raw
data reveals stripes due to the lidar laser’s multiplexed operation. This cycling of
de-polarized, co-polarized, and background modes is illustrated in Fig. 4.2b. The
data was extracted for each band. The insect observation appears as shown in Fig.
4.2c-e for the different bands. After acquisition, background subtraction was
performed on both the co-polarized and de-polarized signals (Fig. 4.2c, d). To
isolate insect signals from noise, a detection threshold was applied, retaining only
signals with an SNR of 5 or higher (Fig. 4.1d and 4.2f). Finally, the insect signals
were isolated and cropped using methods detailed in previous work [125].
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Fig. 4.2: llustration of raw data acquisition and processing. a) and b) show the raw
data captured with the laser multiplexed to de-polarized, co-polarized, and background
bands. c) and d) depict the subtraction of de-polarized and co-polarized signals from the
raw data, respectively. f) shows the detection mask applied to retain only signals
exceeding a defined threshold of SNR=5, effectively isolating insect signals from
background noise.

The data shown in Fig. 4.2f is presented as a 2D false-color image in Fig. 4.3a. This
visualization employs color coding to differentiate signals: red represents de-
polarization, green signifies co-polarization, and blue indicates background. This
approach enables the observation of the insect’s movement and heading direction
within the brief period captured by the lidar. The height and apparent size of the
insect were derived using lidar processing methodologies established in previous
work [89, 125]. Fig. 4.3c sums all intensity pixels from Fig. 4.3a, revealing the
insect’s wingbeat pattern. For further calibration of the optical cross-section (mm?),
a reference target range and its corresponding optical cross-section is required. A
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base calibration method involves placing a flat neoprene board in the lidar beam to
serve as a reference target and termination.
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Fig. 4.3: An example of an insect observation obtained using polarization lidar
technology (figure originally from Paper I1). a) A false-color spatiotemporal display
showcases the insect’s presence. b) A single-camera exposure highlights the insect echo.
¢) The time series for both polarization bands reveal an oscillatory component due to wing
movement, along with a biased envelope caused by the insect’s body. d) The
corresponding power spectrum identifies the fundamental frequency as the highest tone
in this specific observation.

4.1.3. Hierarchical clustering & biodiversity assessment

Entomological lidar, while highly effective at quantifying insects passing through
its laser beam [87, 89, 125, 277], faces challenges in associating these echoes with
specific, verified taxa. This difficulty is similar to the challenge of identifying
insects exclusively by their WBFs, as various factors can influence an insect’s flight
orientation and WBF. Both environmental conditions (temperature [43-45],
humidity [45, 46]) and individual insect characteristics (age [47, 48], weight loading
[49, 50]) can influence WBFs. These variations can lead to misidentification, as
different insects may exhibit similar oscillatory signals and be grouped together, or
the same insect may be identified as a different species due to changes in its WBF
in response to environmental factors.

Despite these limitations, field data analysis using unsupervised hierarchical cluster
analysis (HCA) reveals numerous distinct signal types [51, 87, 92, 277]. It is
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anticipated that a diverse insect assemblage would exhibit a similarly diverse range
of signals, whereas a less diverse group would display fewer distinct signals. This
deterministic approach, previously applied to photonic sensors and lidar [51, 87, 93,
287], has successfully grouped observations into many groups of clusters. Some of
these clusters have been associated with specific insects, like male and female
mosquitoes [87, 277]. While a perfect match between the number of clusters (NoC)
and species richness is unlikely, an increase in NoC is generally expected as species
richness increases. A study [51] found a 67% correlation between photonic-sensed
insect signals and insect families identified in Malaise traps, and the algorithm
estimated higher insect diversity than was revealed by family-level trap
identifications. However, malaise trap catches vary significantly depending on
deployment location and time, potentially capturing vastly different species and
resulting in poor correlation between individual deployments [34], suggesting that
the limitations of the Malaise trap itself may be hindering a more accurate
assessment of insect biodiversity.

HCA is well-suited for lidar data due to its ability to handle inconsistencies and
group data points based on relative similarities rather than absolute distances or
predefined labels [278]. By analyzing the power modulation spectra and calculating
pairwise similarities using Euclidean distances [279], HCA organizes observations
into a hierarchical structure (Z). This structure serves as a foundation for deriving
clusters by setting distance thresholds or specifying the desired number of clusters.
This approach enables the exploration of natural groupings within the data, aiding
in the determination of distinct signal types representing different species based on
their unique power modulation spectra.

An example of how this method was applied is described below. The data used in
the following examples is from an unpublished study related to dual-band lidar
signals (Related Work B). In this experiment, a dual-band lidar system was deployed
to measure the population and diversity of a Swedish meadow over three
consecutive days. To minimize bias and provide a negative control for biodiversity
assessment, background noise captured by the lidar system was processed in the
same manner as the lidar signals themselves, see Fig. 4.4. Both the lidar data and
noise were normalized and compensated for slope using the data processing pipeline
described in [92]. The number of compensated clusters exceeding the threshold
provides an estimate of the number of species/clusters. To calculate compensated
clustering, we employ a multi-step process involving the Pwelch method, logged
Euclidean distances, and median slope detrending. The detailed formula and
implementation can be found in the reference [92]:

NoC = I8 [Zoampr > (Zeompon) |y + Zeomp. (p)|,QR)] (4.1)
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Fig. 4.5: Spatiotemporal patterns of insect activity and biodiversity across the
experimental period. Heatmaps a, e, i) illustrate the spatial and temporal distribution of
insect activity based on lidar observations for each experimental day, with brighter colors
indicating higher activity levels within 15-minute intervals. Line graphs b, f, j) depict the
overall temporal pattern of insect activity throughout each day. Heatmaps ¢, g, k) reveal
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the variation in insect biodiversity across the three experimental days, with each decade
representing the number of unique insect clustering groups within specific time and range
intervals. Line graphs d, h, ) illustrate the overall temporal variation in biodiversity
throughout each day. A combined line graph m) displays the total lidar-detected insect
counts across the entire transect for each day, highlighting areas of higher abundance.
Finally, a line graph n) shows the variation in biodiversity across the entire transect for
each day, illustrating differences in group activity with respect to range.

The analysis of insect biodiversity in a Swedish meadow over three consecutive
days reveals intriguing patterns in insect activity, species richness, and spatial
distribution. Utilizing equation 4.1, a total of 153 unique insect species was
estimated to present across the three days of observation. Heatmaps (Fig. 4.5)
illustrate distinct patterns in insect activity and diversity distribution throughout the
day and across different spatial zones within the meadow. Notably, the 60-100 meter
range consistently demonstrated high insect activity, suggesting this area may offer
favorable conditions or resources for insect populations.
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Fig. 4.6: Temporal and spatial distribution of clustering groups. Different colors
represent distinct clusters

Additionally, specific clustering groups exhibited unique preferences for particular
time intervals and spatial ranges, with some groups exclusively active in the late
afternoon and evening, see Fig. 4.6. These findings highlight the complex dynamics
of biodiversity within ecosystems and emphasize the value of advanced remote
sensing techniques to visualize population and diversity distribution, enabling the
possibility to correlate species distribution with habitat characteristics, activity
patterns, and resource availability.
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4.2.  Hyperspectral data analysis

4.2.1. Reflectance calibration of hyperspectral image

The unprocessed spectral data acquired by a hyperspectral system is influenced by
several instrumental factors. These encompass the spectral irradiance of the
illumination source, the diffraction efficiency of the grating, the quantum efficiency
of the detector, and the specific geometries of illumination and collection.
Calibration using known reference standards is required to compensate for these
effects. Reflectance calibration is performed using an equation derived from
measurements of the sample, dark current, and a white reference. The dark current,
measured in the absence of light, is important for subtracting electronic noise. In
hyperspectral cameras with integrated shutters, the equation often simplifies to (Fig.
4.7):

Is
Riyzy = —22 (4.2)

The choice of reference material is important. Both Teflon (approximately 99%
reflectance) and a Lambertian gray Spectralon® references are good options. Note
that calibrating a specular surface against a diffuse reference can result in reflectance
values exceeding 100%.

o W(y.A\)

Spectralon
Lambertian
reference

Mounted insect specimens with spread wings

Fig. 4.7: Hyperspectral scan scenario where the sample and reference are placed on
the same plane. This configuration ensures close pixel-by-pixel matching between the
camera's Y pixels and the reference.

4.2.2. Effective fringe and membrane thickness

Earlier discussions established that clear insect wings produce fringes due to thin-
film interference. This phenomenon was elaborated upon using equations
introduced in chapter 2; resonance backscatter conditions were addressed by
equation 2.27, and non-resonance conditions by equation 2.29. Furthermore, each
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fringe was described through equation 2.30 in conjunction with the Fresnel
equations (equation 2.23) and the refractive index of chitin (equation 2.19). The
method of modulation for each fringe was characterized by a formula where R
represents measured reflectance, F signifies the computed fringe, 4 is the
wavelength, o, denotes the standard deviation in the spectral domain, and p, is the
spectral mean value,

The model in equation 2.30, F (4, dpix) Was used to calculate fringes based on
membrane thickness d,ix.. Fringe modulation was estimated using equations 2.31
and 2.33 (see equation 2.19 for examples from thick, thin, and effective
thicknesses). To do this, 1000 fringes with realistic membrane thicknesses (ranging
from 350 nm to 4000 nm as used in Paper X) were computed to ensure accurate
numerical fitting within the limits of the hyperspectral camera's spectral range (950
nm to 2500 nm as used in Paper X). To model fringes across entire wings (including
those with single thickness, dwing, the function F (4, dpix) from equation 2.30 was
expanded into equation 4.3. The measured fringes, R; were compared with
computed fringes, F (A, dpi), using the correlation coefficient C and quality
parameter Q. Taking derivatives of Q helped disregard slopes and squared factors
that could introduce calculation complexities. Finally, this model was applied to
each wing pixel to determine membrane thicknesses and modulation depths, for
example fringes.

Joas <Fl,dpix_MA(FA,dpix))(R/l_HA(RA))

C(R,F) = (4.3)

2
2| 25 25 2
\/IO.QS (F/Ldpix_ﬂ).(Fl,dpix)> aA f0.95 (R)._U'A(Rl)) oA

Q) = c® P (c (2,25)) (4.4)

This enhanced model accounts for fringe modulation behavior, which increases with
infrared wavelengths and decreases with visible wavelengths. Long-pass and short-
pass functions were used to model modulation amplitude and bias. Parameters such
as amplitude «, bias £, and heterogeneity Ao were fitted numerically across all
recordings, ultimately parameterizing the fringe into just four values.
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5.Conclusions and Outlook

This study builds upon advancements made during campaigns at the HySpex
hyperspectral camera lab. We have conducted several field campaigns using
entomological Scheimpflug lidar, progressively enhancing the system's capabilities
with each endeavor. The development and validation of the polarimetric kHz lidar
system enhances measurement specificity while preserving lidar's inherent ability
to provide precise temporal and spatial information on detected insects. The
introduction of dual-band lidar has proven invaluable in assisting with insect
identification, leveraging the relationship between backscatter signals with insect
membrane thickness and degree of melanization. Furthermore, the recent
advancement in hyperspectral lidar technology has enabled detailed spectral
analysis of insect membrane characteristics. This technology also captures detailed
temporal and spatial data while still allowing for the detection of wingbeat patterns.

After examining thousands of specimens, we discovered that features such as
membrane thickness, surface roughness, and polarization hold the potential for
accurately identifying species and sex across diverse insect groups. Moreover,
variations in melanin, chitin, and water content were found to enhance the
capabilities of photonics-based systems to distinguish between gender, species, and
life stages of insects.

Building upon these findings, we developed a novel, unsupervised biodiversity
assessment algorithm that utilizes lidar data. Similar to acoustic indices used in
ecological research, this algorithm clusters signals based on similarity, eliminating
the need for a training dataset. This innovative approach enables rapid, large-scale
biodiversity assessment and provides preliminary estimates of species richness
without the need for time-consuming species identification. However, the accuracy
of these estimations is contingent upon the algorithm and lidar instrument's ability
to differentiate between the expected number of groups within a given habitat. If
this criterion is not met, the accuracy of the richness estimation will be limited by
the capabilities of either the algorithm or the instrument itself. The prerequisite for
species differentiation is that differences in physical properties exceed within-
species variation. We have established this to be true and have successfully
extracted multiple quantitative micro-features from free-flying insects. This
confirms that this approach can accurately and efficiently assess biodiversity using
lidar technology.
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Our work on the 'Farfetched Flatness' of rough-surfaced wing insects like brown
moths has demonstrated the capability of longer wavelengths to enhance backscatter
signal strength, effectively minimizing the loss of specular reflection caused by
surface features like wrinkles, scales, and refractive gradient, potentially broadening
the use of long wavelengths in ecological studies for insect detection. The future
could benefit from a much larger database that utilizes tools like BIOSCAPE to
augment lidar observations with scanned species data based on spectral and
polarization properties. This could be achieved through parallelization, citizen
science initiatives, and engaging high schools in data collection [280]. The
collection of quantitative optical properties data of insects in standardized metric
units is essential for building universally applicable and interpretable entomological
databases.

Advancements in entomological lidar, combined with spectroscopy and
polarimetry, offer transformative potential for insect identification and monitoring.
This technology provides detailed insights into insect behavior and ecology, leading
to improved strategies for pest control, pollination, and disease prevention.
Ultimately, gaining a deeper understanding of insect populations and their
interactions with the environment promises a more sustainable future.

Looking ahead, several promising directions for this research are evident. One such
direction is to enhance the lidar system's capabilities by exploring the use of
carefully selected laser bands to resolve insect wing thickness, potentially
eliminating the need for complex setups like supercontinuum light sources.
Furthermore, incorporating DNA sampling [65-67] along the lidar beam path could
validate the lidar index monitor changes in insect abundance and diversity and be
more cost-effective. This will enable the assessment of the correlation between
captured insect species richness and lidar data, providing valuable insights into
ecological dynamics. Additionally, integrating lidar with machine learning
algorithms [55, 281, 282] has the potential to expand its applications in long-term
ecosystem monitoring.

In the field of sustainable agriculture, lidar technology could prove invaluable. By
assessing biodiversity changes under different farming systems, it could
revolutionize landscape management practices. Similarly, in forestry, lidar could be
utilized to monitor pest populations and their ecological impact, leading to more
effective management strategies.

The future of entomological research lies in advancing these monitoring
technologies and integrating them into broader ecological frameworks. A critical
challenge remains in making these technologies accessible. By making lidar
technology affordable and user-friendly, global biodiversity assessment can be
empowered, ensuring its reach on a worldwide scale. As knowledge expands, a path
is charted toward a more informed and sustainable coexistence with the natural
world.
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solid foundation for my growth. Grandpa, you taught me how to treat others with
kindness and patience. | have benefited greatly from your words and deeds, and |
will pass on these valuable qualities. Grandma, you are my mentor in life. You have
watched over my growth with love and companionship. Your wisdom and strength
are my lifelong role models, and your kind smile and warm embrace are my most
cherished childhood memories. Niuniu, you little cheeky, you've grown up so much!
Your company, tenderness, and support have always warmed my heart. Thank you,
caring boy. Uncle and Aunt, thank you for your care and concern. Your love and
support are also indispensable to my growth. Thank you all, you are the most
important people in my life. You have taught me to love and be loved, and have
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My deepest gratitude goes to the most important person in my life, my love, Karl
Bastos. We've been together a long time, and every day, you shower me with care
and support. From late-night pizza deliveries during my bachelor's thesis to ice
cream runs after 4 am lab sessions for my master's degree, you've always been there.
When | had to drive 2 hours at midnight to some middle-of-nowhere place for field
work, | was very scared, but you would come with me and sleep on the floor of the
Lumbo while | was operating the lidar. Whether I'm abroad or in the field, you take
over at home, making sure everything runs smoothly and caring for Ace. You tell
me you love me constantly, and while I playfully try to quiet you sometimes, it never
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stops you from expressing your affection. You have an uncanny ability to sense my
emotions, always offering solutions when I'm down and a safe haven during storms,
literally and figuratively. Your strength and caring nature are a constant source of
comfort. | apologize for neglecting you and Ace at times when | was consumed by
work. Thanks to you, I've learned the true importance of family, especially during
Ace's illness. You're my rock, my ADC, tank, and healer in games — roles you
effortlessly fulfill in real life. You shield me from worries, mend my sadness, and
always give your all. Karl, your unwavering support is my pillar of strength. You've
made countless sacrifices to ensure my well-being, and I'm eternally grateful. Your
love is my guiding light, leading me through dark times and towards a brighter
future. Your kindness, compassion, and dedication are unmatched. | am beyond
lucky to have you by my side. Thank you for everything, my love.
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Appendix

Guide to pinning insects for optical scanning

Here's a detailed guide on how to pin insects for the BIOSPACE scan. Remember,
we need the wings flattened out to get the best normal incidence reflection when
scanned at the right angle. For more visual help, we have a lot of videos on insect
pinning and lidar assembly on our group YouTube channel, @biophotonicslund653.
To the new Ph.D. and PostDoc of the lidar group, please help keep this channel alive
after we leave. If you need the logins, contact me.

Fig. S1: Example of a finished pinning board. When borrowing samples from a
museum, it is important to carefully track which individual specimen is which.
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Acquisition:

Obtain insect specimens from museums, or catch them yourself, or acquire them
from insect breeders. If your specimens are dry, you need to soften them in a wet
chamber first.

Preparation of a Wet Chamber:

1. Build a wet chamber using a box with a lid, wet tissue paper, plastazote
foam, pins, scissors, and a knife.

2. Add water to the box and place tissue paper inside. Pin the specimen onto
the plastazote foam, and place the insect and flastazote foam in the box,
ensuring it does not touch the water of the wet tissue paper. Close the lid
and let it sit for a day.

Softening the Specimen:

After a day, check the specimen’s flexibility. If it has been moistened sufficiently,
the specimen will be flexible enough for further handling.

Building a Pinning Board:

1. Cut two long rectangles from plastazote foam and place them parallel to
each other on a larger piece of foam.

2. Position the specimen between these rectangles, leaving a gap
approximately the width of the insect's body.

3. Fix the two long rectangles with insect pins, and then push the specimen
into the gap and leave the wing outside the gap and on the same plane as
the two rectangle boards upper surface.

Pinning the Wings:

1. Use wing-setting tape (preferably made from baking paper) at least double
or triple the size of the wing area.

2. Gently move the wings onto the side of the rectangle board and secure them
with the wing-setting tape and pins. Ensure the pins do not pierce the wings
themselves.

Drying:

Place the board in a dry, stable location away from direct sunlight. Allow at least
two days for the specimen to dry in the desired position. This drying period ensures
the wings remain in the desired configuration permanently.

Handling Beetles with Elytra:

1. Place beetles in a wet chamber for a day. No direct touch of water or wet
tissue.
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Use a needle or tweezers to gently open the elytra (hardened wing covers)
to expose the wings underneath.

Follow the same wing-pinning procedure as with other insects.

When pinning beetle wings, extra care is needed due to the complex folding
within the elytra, requiring patience to avoid damaging the wings.

Re-pinning for Different Scans:

1.

For most museum specimen collection, the pin is through the specimen's
thorax.

For scans requiring the frontal plane view, remove the pin from the thorax
and re-pin the specimen through its anteroposterior.

Handling Fresh Specimens:

1.
2.
3.
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Freeze fresh or live insects for at least half a day.
After freezing, place them on dry tissue to prevent moisture absorption.

Since these specimens do not require a wet chamber, proceed with pinning
directly.
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