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Optical multiband polarimetric modulation sensing
for gender and species identification
of flying native solitary pollinators
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SUMMARY

Native pollinators are crucial to local ecosystems but are under threat with the introduction of managed
pollinators, e.g., honeybees (Apis mellifera). We explored the feasibility of employing the entomological
lidar technique in native pollinator abundance studies. This study included individuals of both genders of
three common solitary bee species, Osmia californica, Osmia lignaria, and Osmia ribifloris, native to North
America. Properties including optical cross-section, degree of linear polarization, and wingbeat power
spectra at all three wavelengths have been extracted from the insect signals collected by a compact
stand-off sensing system. These properties are then used in the classification analysis. For species with
temporal and spatial overlapping, the highest accuracies of our method exceed 96% (O. ribifloris &
O. lignaria) and 93% (O. lignaria & O. californica). The benefit of employing the seasonal activity and
foraging preference information in enhancing identification accuracy has been emphasized.

INTRODUCTION

The employment of managed pollinators in agricultural applications can be traced back to ancient times. Honeybees, the most
famous managed pollinators, were introduced to North America nearly 400 years ago.’ Although they are still the most widely used managed
pollinators in North America, recent studies have shown that pollinator diversity is beneficial in crop yield outcomes.”™ For certain pollinator—
dependent crops, it is visitation and pollination of wild bees, not honeybees, that increases crop yield.>” Possible negative consequences of
the massively introduced managed pollinators, e.g., honeybees, include competition with native pollinators for floral resources, competition
for nest sites, and co-introduction of natural enemies, particularly pathogens.' The large foraging distance of honeybees intensifies its compe-
tition with native pollinators over floral resources.® Moreover, the preference that some nonnative bees have to pollinate nonnative forbs
helps invasive weedy species outcompete native wildflowers for pollination services.”

The identification and monitoring of potentially, several interacting species of pollinators is urgently needed as a first task for a clear un-
derstanding of this important process. The three most-used passive sampling techniques are bowl traps (or pan traps), netting, and nonlethal
observation. Despite the increasing number of research works employing bowl trapping in recent years, it has intrinsic drawbacks, e.g., taxo-
nomic bias and an inability to provide reliable estimates of population abundance.” Netting and nonlethal observation are labor intensive and
entail a strong interference with the insects.

Efforts have been made toward automatic insect monitoring. Automated Insect identification based on its properties is the first step.
Wingbeat frequency, the most apparent and readily available property of any flying insects, has been used to distinguish among different
species of insects. Based on the methods of picking up the signal, wingbeat frequency measurement techniques can be divided into opto-
electronic and acoustic approaches.'®"'? It has been proposed that the difference in the wingbeat frequency obtained from acoustic signals of
bees in flight can be used to distinguish Africanized honeybees from European honeybees, '” however, the detection range of this method is
rather limited. And it has been shown that the performance of optoelectronic methods is comparable to the acoustic-sensing approach while
less vulnerable to ambient noise."’ When multiple similar species of insects are included in a study, the precision of wingbeat frequency-
based species identification decreases.'” The wingbeat frequency of insects from different species could be very close, as shown in the table
of wingbeat frequency of different homopterous species.'® Insect identification based on image processing can be considered a digital
version of the traditional morphological taxonomy. With the development of Internet of Things (loT) techniques, image processing applied
to trapped insects can improve the temporal resolution of trapping and avoid time—consuming, manual classification of trapped insects.'
Artificial intelligence aided image processing has been proven to be powerful in distinguishing bees and bee mimics.'” Techniques such
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Figure 1. Images of the solitary pollinators used in the study: O. ribifloris, O. lignaria, and O. californica

as computer vision and deep learning have also been employed in real-time insect tracking and monitoring.'® Spectral information has also
been employed in hyperspectral image analysis for fruit fly infestation detection in mango.!” However, limitations such as bias in trapping
constrain its application in biodiversity studies. In scenarios such as pest control where only the families or orders of pests are of interest, sil-
houettes of the flying pests could be enough for the purpose.'®'? Then, techniques such as in-line holography can be employed and a large
probing volume with a reasonably good probing distance could be expected.”” Vertical-looking insect radars are an important tool to
monitor insects in migration. It has been shown that special-purpose insect radar has the potential to distinguish 23 species of migratory in-
sects with an identification accuracy higher than 80%.”" But these techniques are less helpful in monitoring similar non-migratory insect spe-
cies. Recently-developed optical sensing methods have proven to be powerful in distinguishing similar moths and mosquito species, and
even gravid and nongravid individuals.?** With the newly—proposed fluorescence hyperspectral lidar, the conventional, time-consuming,
mark-recapture process can now be conducted in a very efficient manner, which greatly facilitates the monitoring of the behavior of social
insects.”

Solitary pollinators, unlike their social relatives, do not live in large colonies but instead raise their offspring on their own. Nests are con-
structed in existing holes. With the spread—out nests of solitary bees, the mark-recapture process would be very time-consuming. To measure
the abundance of solitary pollinators, a system should be capable of distinguishing similar species in the field. In this article, we will explore
how optical and polarimetric properties together with the wingbeat frequency can help in the identification of three commercially available
native Osmia bee species of both genders.

RESULTS AND DISCUSSION

Raw data presentation and interpretation

The classification of each species shown in Figure 1 starts by analyzing the raw data of each insect’s transient events recorded in the six chan-
nels from the setup shown in Figure 2. Information, i.e., wingbeat power spectra, the optical cross-section of the insect body, and degree of
linear polarization (DoLP), were extracted from these raw data and used for classification. With least absorption from melanin and highest
responsivity of the InGaAs detectors, signals at 1320 nm have the highest SNR. The time window for each insect transient event at all three
wavelengths was determined based on the signal at 1320 nm. The threshold for selecting the insect signals from the raw data was set based on

the static median (Ineqian) and the interquartile range (/jgr), ~2.3 times the symmetric Gaussian readout noise amplitude:*®

lih = Imedian +8 X lior (Equation 1)

Any part of the raw data whose intensity exceeds the threshold was selected for further study.

Multiband polarimetric signals recorded when an O. californica passed through the FOV are shown in Figure 3. The signal intensity was
calibrated by randomly dropping a quarter inch (6.35 mm) diameter Teflon ball into the FOV and calculating the average intensity of the re-
corded Teflon ball signals. The starting and ending moments of signals at different wavelengths are different, showing a mismatch of the
boundaries of different laser beams. This indicates that special attention should be paid if the spectral ratio is to be obtained from the signals.
Optical cross-section of the O. californica in this transit is highest at 1320 nm and lowest at 915 nm, presenting a strong wavelength depen-
dence, as shown in Figure 3A. Wing beats are clear in the signals at all three wavelengths in the co—polarization channel while unexpected dips
can be seen in both co- and de-polarization channels. Body contribution for each signal was calculated by using asymmetric least squares
(AsLS), shown in Figure 3B, which is commonly used in Raman spectroscopy.”” This method avoids the artificial kinks seen in previous studies
when the body contribution was estimated from the local minima of the signal.”*?® Efforts have been made to explore power spectral prop-
erties, see Figure 3C Zero-filling has been used to increase the apparent frequency resolution to 1 Hz in the fast Fourier transform (FFT) while a
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Figure 2. Schematic diagram of the indoor stand-off sensing setup for collecting lidar-like signals containing optical multi-band polarimetric properties
of flying solitary pollinators (not to scale)

Hamming window of 120 sample points (40 ms) with 50% overlap was used for Welch's power spectral density (PSD).?’ The fundamental wing-
beat frequency of the O. californica male signal is 184 Hz, as can be seen from the FFT result. Two large sidebands can be observed in the FFT
result while there is only one large and broad band in the result of Welch’s method, covering the range of several strong peaks around the
fundamental frequency in the FFT curve. While Welch's method (with a narrow window and low-frequency resolution) is widely used in the
recent insect wingbeat signal analysis, it is worth knowing that the relatively long signals may contain information regarding the flying status
of the insects. It is advisable to explore more of it. We believe a better understanding of the insect signal can help establish the connection
between the observation aspects and the properties of the wingbeat signal.

Specular reflection accounts for the strong peaks in the insect signal and such sharp peaks are rarely observed in the de—polarization channel.
This is also the reason that wingbeat modulation is weak in the de—polarization signals. However, the sharp dips in Figure 3B indicate an inter-
esting mechanism behind this unusual phenomenon. The wingbeat signals in both co— and de—polarization channels are shown in Figure 4D.
Dips in both polarization channels overlap with high consistency. A reasonable hypothesis is that part of the laser irradiating the insect was
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Figure 3. Multiband polarimetric signals of an O. californica male passing through the FOV
The signal at three wavelengths in the co—polarization channel and the de-polarization channel is shown in (A), and the signals at 1320 nm in both polarization
channels with body fitting are shown in (B). The power spectral density (PSD) of the signal at 1320 nm in co—polarization channel is demonstrated in (C).
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Figure 4. Detailed analysis of wingbeat signals from the O. californica male

Hypothesis for the dips in both co—polarization and de—polarization channels (A) bottom of the insect body will be partially blocked by the wing, (B) no blocking
from the wing as it is parallel to the laser beam, and (C) top of the insect body will be partially blocked by the wing. The optical cross-section of wingbeat
modulation in both co-polarization and de-polarization channels are shown in (D), where we can see a clear overlap of the dips in both polarization
channels. The duration of different numbers of wingbeat periods (ten for the bottom numbers and three for the top) has also been given in (D).

reflected away by the specularreflection on the wings, and thus the transparent wing can lead to a sharp dip in the insect signal. When the wing of
theinsectisinthe position shownin Figure 4A, part of the insectbody is blocked by the wing, asillustrated by the shadow. Similar blocking canbe
seen when the wings are in the position in Figure 4C. No blocking will be seen when the wings are parallel to the laser beam, as in Figure 4B. We
cansee from Figure 1 that the wings of Osmiabees grow near the top of their back, which helps explain why there is only one dip in each wingbeat
period. The origin of side peaks in Figure 3C can be seen from Figure 4D. Ten periods of wingbeat that last ~54.3 ms suggests a wingbeat fre-
quency of ~184 Hz, the fundamental frequency. Ten periods of wingbeat that last 58.3 ms indicate a wingbeat frequency of ~170 Hz, the side
peak on the left in Figure 3C. Three periods that count ~15.6 ms should result in the side peak of higher frequency at ~191 Hz.

As discussed above, special care is needed when calculating the spectral ratio of the insects. In a previous article, the optical cross-section of
the insects was falsefully reported to start from 0 mm?.%* This is because the body of the insect was not in the FOV. With the aid of the mirror—
camera pair in our stereo setup, we can describe the trajectory of the insect in the FOV, which helps confirm when the insect is in the FOV. The
coordinate system was established by placing the y—axis along the optical axis of the camera lens, the x-axis in the horizontal plane perpen-
dicular to the y-axis, and the z-axis in the vertical direction. The position of the insect at each moment was described by the 3D coordinates
obtained from the center—of-mass points of its images recorded by the camera. The O. californica male was observed to change its flight di-
rection while inthe FOV, as shown in Figure 5A. This is partly because Osmiabees fly fast, and the flight chamber is small. As shown in Figure 5B,
the three wingbeat periods, starting from 88.6ms, that contribute to the higher wingbeat components, occurred when the insect decreased its
speed and was about to start moving upward; ten wingbeat periods, starting from 130.3ms, that attributed to a lower wingbeat frequency,
occurred when the insect kept a relatively constant vertical speed but started to gain horizontal speed. The time-frequency analysis of the wing-
beat signal can be further aided by for example the spectrogram approach.”®*" More efforts should be made to find the connection between
the insect posture (or flight status) and these side frequency components that can be detected with our stand-off systems. The boundary of the
system FOV is shown as blue dashed lines in Figure 5B. From Figure 5B, we can tell when the O. californica male is fully in the FOV.

The minimum value of the body contribution when the insect trajectory is considered in the FOV is set as the threshold for determining
which part of the signal will be used for the spectral ratio and optical cross-section discussion. This is because the insect images were affected
by the frame of the flight chamber. Partially blocked insect images can lead to wrong coordinates, and thus mislead our conclusion whether
the insect was in the FOV. This issue needs to be adjusted for. The region at each wavelength that exceeds the corresponding threshold is
marked by the shaded area, and the intersection of these three regions will be used. The spectral ratio will only be meaningful when the in-
sects are in the intersection. Signals at 915 nm are the worst affected by the blocking issue due to the smallest beam size. Signals with the
average body cross-section of the intersection region lower than the threshold we set in Equation 1, were screened out and not used for
the analysis later. In the case shown in Figure 6, this period starts from ~31ms and ends at ~214ms.

Extracted optical properties of insects in flight

The optical cross-section is the average of the body contribution in the selected period shown in Figure 6. DoLP is defined in the way later in
discussion and the median value is used to represent the polarimetric property of the insect.

Ibodye, (1)

DolP(t —
O] = o () +loay (O

(Equation 2)
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Figure 5. Trajectory and its projection of the O. californica male in the FOV

Trajectory of the O. californica male in the FOV with its projection in the X-Z and Y-Z planes (A) and its relation to the boundary of the FOV of the system (B).

Ibody_co @nd Ipody_de are the body signal intensity at each moment in the co—polarization channel and de—polarization channel respectively.
Itis shown in Figure 7 that the average body optical cross-sections are highest at 1320 nm, and lowest at 915 nm. This is consistent with the
result shown in Figure 3. The body cross-section at 1320 nm is comparable to the geometric cross-section of the insects, showing a high
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Figure 6. Region of the signal when the O. californica male is considered in the FOV at different wavelengths, marked by the shaded area
The overall region that the O. californica male is considered in the FOV is marked by the vertical red dash-dotted lines.
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reflectance of these black insects at 1320 nm where melanin has little absorption. Optical cross-sections of females tend to be larger than that
of males, which is in good agreement with their actual size. But this difference tends to vanish at 915 nm where strong absorption of melanin
can be observed. It also indicates that more light is absorbed by melanin at 915 nm for the females, suggesting a higher amount of melanin in
the female individuals. Even though itis hard to observe by the naked eye, our measurement shows that the females are darker than the males,
indicating a higher surface concentration of melanin, and thus are less vulnerable to bacteria and fungi, which helps explain the higher survival
rate of females in this study.

The DoLP is shown in Figure 8. DoLP is a typical dimensionless quantity that is not significantly affected by laser intensity variation in time
and space and is claimed to display little variance among mosquito signals.”* The highest DoLP is observed at 915 nm, where scattering is
expected to be strongest among the three wavelengths used in this study, and the lowest DoLP occurs at 1320 nm, where the scattering co-
efficient is expected to be the smallest. Considering the absorption of melanin in the multiple scattering process, this phenomenon reveals
that absorption dominates the light-melanin interaction in the insects studied in this work. This conclusion agrees with a study on a well-
solubilized eumelanin solution.*

To explore the origin of the different DoLPs among the same group of insects, two signals at 1320 nm with the lowest and highest DoLP
from O. californica males are plotted in Figures 9A and 9B with the insect image taken while passing through the FOV in Figures 9C and 9D.
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The time windows that the insects are considered in the FOV are marked with the shaded regions in (A) and (B). The silhouettes of the insects are marked by the
white line in (C) and (D) with different parts of the insects annotated.

The transit that caused the highest DoLP involved an insect that flew toward the lasers and detectors with its furry pubescence facing the laser.
And indeed, it has been shown that tiny structures such as hairs display a significantly enhanced co—polarized component, namely, a higher
DolP.** In contrast, the transit showing the lowest DoLP happened when the whole hairless abdomen of the O. californica male was exposed
to the laser beam when the insect’s body was perpendicular to the laser. This finding shows that the insect DoLP is still orientation dependent.

Efforts have also been made to extract wingbeat information. As discussed above, due to the limited size of the flight chamber, the insects
had to change their flight direction, accelerating, and decelerating often, which leads to sidebands and makes it hard to tell the true funda-
mental wingbeat frequency in many cases. We used the PSDs from Welch’s method for the analysis. Strong deviation can be observed in all six
categories of Osmia bees, as illustrated in Figure 10. The deviation is relatively small in O. californica individuals, which may relate to the
impact of the fresh dandelions used in the measurement. A larger flight chamber may help alleviate this strong deviation. The constant
change in velocity is analogous to the behavior in the field when the bees are foraging around flowers, which raises the concern that the
PSDs can be different between bees heading toward the flowers and flying among them.

Optical cross-sections in the co-polarization channels, DoLP at all three wavelengths, their ratios, and the scores of the first 15 principal
components of each wingbeat power spectral density in co-polarization at all wavelengths are used for classification. 75% of the data
were used for training the model while the remaining 25% were used as the test set. Results of linear discriminant and four support vector
machine (SVM) algorithms installed in the classification learner in MATLAB are shown in Table 1. The highest average accuracy, 86.9%, is
achieved with the data of O. lignaria females under Median Gaussian SVM. This accuracy may be attributed to its higher optical cross-section
and lower DolLP at 915 nm compared to female individuals from the other two species. The lowest classification accuracy is observed in
O. ribifloris males, partly because of the limited number of individuals surviving for the measurement and of relatively large individual differ-
ences. The standard deviation of accuracy is relatively large, which could be attributed to the smaller amount of data collected and the sig-
nificant individual variance in this study.

However, in the real field applications, we don't necessarily need to distinguish insects among both genders of all three species. As dis-
cussed in Sec. 2.1., O. ribifloris hatches the earliest in spring while O. californica hatches the latest. Plants in the family Ericaceae are generally
taller than plants in the family Asteraceae. With the aid of machine learning and multispectral imaging techniques, plant species can be iden-
tified in the remote sensing manner.** Combining the high spatial resolution of lidar techniques and the typical flight pattern of foraging
behavior, pollinators preferring different plants can be distinguished directly by their spatial isolation. It is rational to conclude that
O. ribifloris and O. californica should have little to no overlap in their foraging behavior since they are temporally and spatially isolated.
Even though female and male individuals from O. ribifloris imbibe nectar, and O. ribifloris males can be active throughout the adult activity
period, the visitation of male O. ribifloris to the flowers is described as "rare" or "substantially less."**~** We may ignore them when the prob-
ing volume is set close to the flowers of target plants. Although the male individuals of O. lignaria tend to hover around the nest waiting for
mating, they are also reported to visit blooms.>”*° Based on the discussion above, it is reasonable to divide the three species into two groups,
i.e., O. ribifloris & O. lignaria and O. lignaria & O. californica but excluding the O. ribifloris males in the classification.

iScience 26, 108265, November 17, 2023 7
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Figure 10. The average PSD of each category of Osmia bees at 1320 nm is shown with the central, thick curve, while the standard deviation is marked
with two thinner curves of the same color in each subplot

Itis shown in Tables 2 and 3 that the classification accuracy of each group of Osmia spp. increased has increased compared to the results
shown in Table 1. For instance, the classification accuracy of O. lignaria males increased more than 10%. It illustrates the importance of consid-
ering the natural behavior of the insect of interest in insect classification and biodiversity studies. The classification accuracy of Osmia lignaria
males in Table 2 is higher than the other two categories of female Osmia spp., which indicates that the difference between individuals of
different genders of the same Osmia species is larger than that between the individuals of the same gender but different species. The clas-
sification accuracy of female Osmia californica and female Osmia lignaria is higher than that of the males in Table 3, which may originate from
the relatively less variation in their optical properties such as optical cross-section and degree of linear polarization at different wavelengths.
The correlation between the PSD curves and the classification appears dim, which may require more detailed studies.

Conclusion and discussion

This experiment demonstrates the first effort made toward using optical methods to study native pollinator identification and abundance.
Relatively good results for a study focused on similar species in one genus have been achieved, with the highest average accuracy of iden-
tification exceeding 96% and 93% on pollinators with overlap in time and space. We also reveal the connection between optical properties
measured in this stand-off measurement and the insect biological features. It has been shown in this study that not only the spectral ratio and
wingbeat pattern but also the DoLP are orientation-dependent, so that it is beneficial to have the heading direction information counted in
the classification. The measurement of insects’ heading direction in the field has been preliminarily explored in.*' When the flight velocity in

Table 1. Average classification accuracy of all Osmia spp. (with standard deviation in bracket)

CSVM (%) LD (%) LSVM (%) MGSVM (%) QSVM (%)
O. californica ¢ 78.8 (3.7) 76.4 (4.8) 75.9 (3.5) 70.3 (4.2) 79.6 (3.0)
O. californica & 72.1 (3.6) 75.0 (4.2) 75.8 (3.8) 73.8(3.2) 75.2(3.2)
O. lignaria ? 79.9 (2.4) 81.9(4.2) 83.3(3.0) 86.9 (2.3) 81.3(3.0)
O. lignaria 8 60.9 (5.1) 56.5(1.8) 68.3 (3.1) 71.0(2.1) 65.4 (5.1)
O. ribifloris ¢ 76.9 (4.4) 75.7 (4.1) 78.0 (4.2) 76.6 (3.5) 79.3 (3.9)
O. ribifloris 8 47.9 (5.8) 41.8 (3.6) 36.7 (4.9) 39.9 (3.5) 46.0 (5.5)

*CSVM: Cubic SVM; LD: Linear discriminant; LSVM: Linear SVM; MGSVM: Median Gaussian SVM; QSVM: Quadratic SVM.
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Table 2. Average accuracy classification of O. ribifloris & O. lignaria (with standard deviation in bracket)

CSVM (%) LD (%) LSVM (%) MGSVM (%) QSVM (%)
O. lignaria ¢ 84.8 (2.2) 86.9 (1.5) 85.8 (2.2) 89.0(1.8) 86.7 (2.4)
O. lignaria 8 96.5(1.3) 95.4 (2.4) 96.7 (2.0) 91.7 (2.5) 96.7 (1.5)
O. ribifloris ? 86.6 (2.4) 84.5 (4.1) 86.1(2.9) 83.2 (5.1) 86.4 (3.3)

3D is available, the direction of the insects’ flight can be interpreted in the field measurement, and thus a higher accuracy in identification can
be expected. It is worth pointing out that measuring scattered light from pinned insects is a promising approach to establishing a compre-
hensive dataset for any insects of interest. However, since the angle between the insects and the horizontal plane is not fixed in flight, we
would need to change the way of pinning the insect or scanning at different planes to cover the possible angle range between the insect
body and the horizontal plane. Attention should also be paid if “remoisturizing the dry insect” could fully restore the inner structure of insect
tissue when measuring the insects with relatively transparent cuticles. If not, fresh samples would be highly preferred in the measurement.

Limitations of the study

Shortcomings of the experiment are also obvious: limited number of insect samples, fixed temperature, imperfect illumination, and a small
flight chamber size, which should be improved in future studies. The effects of ambient temperature and relative humidity on Osmia bees
should also be addressed in future studies. The flight chamber size is constrained in part by the limited depth of field of the surveillance cam-
era, which can be overcome by using the in-line digital holography setup demonstrated in.”° For further study of Osmia bees, our efforts
should be made toward utilizing their wingbeat signals since their body can be covered with pollen and the reflectance and polarimetric prop-
erties shall be vastly changed. To further study the impact of invasive species, classification work on native Osmia bees together with the inva-
sive species that emerge at the same time, use similar floral resources, and have similar nesting habits, e.g., O. lignaria with O. taurus and
O. cornifrons, should be further explored.”
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw data Current paper Mendeley Data, V1, https://doi.org/10.17632/tt328cbvmw. 1

Experimental models: Organisms/strains

Osmia californica NativeBees.com N/A
Osmia lignaria NativeBees.com N/A
Osmia ribifloris NativeBees.com N/A

Software and algorithms

MATLAB https://matlab.mathworks.com MATLAB_R2022b

LabVIEW https://www.ni.com/en-us.html Version July 2021

Asymmetric Least Squares (AsLS) This paper’ (DO not found)

Welch's method This paper”’ https://doi.org/10.1109/TAU.1967.1161901.
Classification learner https://www.mathworks.com/help/stats/ Installed App in MATLAB

classification-learner-app.html

RESOURCE AVAILABILITY
Lead contact

Requests for further information and resources can be directed to and will be fulfilled by the lead contact of this manuscript, Yiyun Li (yiyunli@
tamu.edu).

Materials availability

This study did not generate any new unique materials or reagents.

Data and code availability
e The original datasets for this manuscript have been deposited at Mendeley Data (Mendeley Data, V1, https://doi.org/10.17632/
tt328cbvmw.1).
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Solitary native bees used in this study are in the genus Osmia, of the family Megachilidae. Osmia bees strictly have one generation in a year
and are among the earliest emerging bees in spring. Males emerge earlier than females. Some days after mating, females start to forage
for pollen and nectar.”* Images of three species of Osmia bees of both genders measured in the laboratory are shown in Figure 1. The
total number of individuals we hatched and the number of cocoons we prepared are listed in the bottom right corner. Cocoons of
O. ribifloris were first kept at room temperature, ~ 73 °F (~ 22.8°C), in the lab with humidity between 62% and 67% (buffered with satu-
rated NaCl solution) for emergence for three days and then switched to ambient lab conditions. Cocoons of O. lignaria and O. californica
were kept for emergence in lab conditions. No special effort was made to regulate the humidity in the lab in this study since Osmia spp.
are known to be good foragers in damp, cool spring weather as well as dry spring weather. More details about the three species can be
found below.

O. ribifloris, also known as the blueberry bee, is native to western North America. They normally gather pollen from plants in the family
Ericaceae, with Arctostaphylos (manzanita) being a preferred host in the wild. Berberidaceae serve as important alternative pollen hosts if
ericaceaeous species are unavailable.*” O. ribifloris has been developed successfully as an efficient pollinator of blueberries in the southern
USA.* They hatch in the early spring and adult O. ribifloris begin foraging at air temperatures as cool as 9°C. The foraging peaks at air tem-
peratures near 21°C — 26°C*

O. lignaria, also known as the blue orchard bee, is native to the Pacific Northwest and has become established throughout much of the US
due to shipment for pollination.”” They appear first in early— to mid-May and show a 30 to 35-day activity period.”> As their nickname
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suggests, female individuals of O. lignaria are excellent pollinators of apple, pear, and cherry trees and efficient pollinators of fruiting bushes
such as blueberries and almonds.*” They have also been reported collecting pollen from Arctostaphylos and the family Asteraceae.*"’

O. californicais considered oligolectic with a strong preference for Asteraceae pollens.*” They hatch a bit later than O. lignaria and fly into
July.®®

As shown in Figure 1, O. ribifloris individuals are generally metallic-bluish-to—greenish; O. lignaria individuals are dark blue and become
greenish on the vertex, dorsum of the thorax, and abdominal terga for females and greenish tints on the face, vertex, and dorsum of thorax for
males;"® and O. californica individuals are generally black. Males have furry mustaches while females have a dense and elongated scopa on
the ventral side of the abdomen for pollen carrying. Per the scale bars, the female individuals tend to be larger than the males.

The survival rate of females was higher than that of males in this study. This indicated that females were less vulnerable to environmental
threats, which can be partially explained by the optical information we will discuss later. The extremely low survival rate of O. ribifloris males is
likely the consequence of initial improper hatching conditions.

METHOD DETAILS
Light-insect interaction

The cuticle is the outer covering of arthropods and is important in shaping the insects’ optical properties. It is primarily made of chitin fibers
imbedded in a protein matrix."” Coloration in insects originates from pigments, cuticular surface structures, or their combination.”®>"

Melanin is the most common biological pigment and is the only kind of pigment that can be found in the cuticle.”””* Melanin reinforces the
cuticle through afiller effect.*” Eumelanin (black to brown) is the main kind of melanin found in insects. Recently, with the help of Raman spec-
troscopy, pheomelanin (chestnut or yellowish colors) has also been found in insects and later chemically identified.>® Though, unlike in ver-
tebrates, no melanosomes can be found in insects (invertebrates), it has been reported that melanin granules can be found in insects.>°°
Melanin pigments contribute to both an insect’s coloration and immunological defense. For instance, melanic morphs of Galleria mellonella
are more resistant to fungal infection than non-melanic ones.”’

Eumelanin absorbs broadband visible light, and its absorbance decreases rapidly as the wavelength gets longer.”® Eumelanin absorption
does not affect the bands beyond 1200 nm.?* The refractive index of eumelanin is high (1.7-1.8 in the visible wavelength range).”® In a quan-
titative scattering measurement of a well-solubilized eumelanin solution, people found that the scattering from eumelanin with an effective
radius of ~38 nm was less than the minimum sensitivity of their instrument at relatively longer wavelengths (325-800 nm).*? This study suggests
that scattering from eumelanin can be neglected when no large melanin granules are formed in the insects. However, the high refractive index
of eumelanin still expands its role beyond pure strong absorber. Multilayer structure created by a layered deposition of melanin in a chitin
matrix is the cause of the blue wing vein coloration of Calopteryx japonica male individuals.” The metallic color of O. ribifloris and
O. lignaria should be an outcome of the multilayer reflectors in the insect cuticle. The color reflected depends on the refractive index of
the component layers and their periodicity.”” In a lidar-like remote sensing system, the observation angle is close to normal incidence,
and the reflected light from the cuticle would shift towards longer wavelengths.*'*® Thin—film iridescence of flying insects has been discussed,
and the iridescence from the morphological structure on the wings is thought to be the cause of the difference between static reflectance and
in—flight spectra of lepidopteran insects.””*’

Besides the multilayer reflectors, two other mechanisms also lead to structural color: three—dimensional photonic crystals and diffraction
gratings.®” Structural coloration was also reported from other species. The recently—reported specular reflection from moth wings could be
interpreted as a form of diffraction grating consisting of ridges and cross—ribs on the wing.®’ The well-known, circularly polarized light pro-
duced by the chiral symmetry of chitin arrays in the cuticle of insects occurs predominately in Rutelinae, Scarabaeinae, and Cetoniinae.”
Chitin arrays lacking high chirality have a lower impact on the polarization rotation (circular birefringence) process.

The form of eumelanin distribution in the Osmia bees and its role in the laser-insect interaction will be partially revealed in the experi-
mental results discussed later. More detailed discussion, e.g., the equivalent absorption pathlength of melanin in the insect body will be re-
ported when we have a better understanding of the laser-insect interaction, e.g., when the structure of Osmia bees’ cuticle is measured with
the scanning electron microscope (SEM), as has been done in.%!

Experimental setup

The experimental arrangement for optical, multiband, polarimetric modulation, stand-off sensing was inspired by the work of Gebru et al.”*
The scheme of the experimental setup is shown in Figure 2. A flight chamber of size 200%x300%400 mm? (Wx HxX L) was built with plexiglass.
Two openings of about 55%55 mm? were made on both the front and back side to let the laser beams pass through the flight chamber. Multi-
mode lasers at three wavelengths—915 nm (0.42 W, Sheaumann Laser), 1064 nm (0.38 W, Sheaumann Laser), and 1320 nm (0.47 W,
SemiNex)—were employed, modulated at a 3 kHz carrier frequency and a duty cycle of 25%. The lasers were vertically polarized and super-
imposed by a set of two dichroic beam splitters from Semrock. Lasers were collimated by a 25 mm diameter, {300 mm NIR I (750 to 1550 nm)
coated achromatic lens from Edmund Optics. The collimating lens was about 2.8 m away from the flight chamber and the laser beams were
terminated on black aluminum foil from Thorlabs another ~3.4 m away from the flight chamber.

Backscattered light from flying insects was collected by a 50 mm diameter, 200 mm C-coated achromatic lens from Thorlabs and colli-
mated by a 25 mm diameter, 100 mm lens to pass through the polarizing beam splitter (PBS253, Thorlabs), where the co— and de—polarized
backscattered light was separated, and then focused on the detection unit of InGaAs detectors (PDA20CS2, Thorlabs) by 25 mm diameter,
f30 mm C-coated achromatic lenses from Thorlabs separately. The photosensitive area of InGaAs detectors is 2 mm diameter, and its
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responsivity covers 800 nm to 1700 nm. Since the InGaAs detectors are not sensitive to visible light, no long-pass filters are required in this
LED-illuminating indoor measurement. The detectors were imaged on the far side of the flight chamber and the detectors' field of view (FOV)
was around 40%x40 mm?. The laser beam profiles of the three lasers were scanned in the horizontal and vertical directions, and the full width at
half maximum (FWHM) of the beam profile was used to define the boundary of the FOV at each wavelength. The FOV of the system was
defined by the intersection of the FOVs at the three wavelengths, which turned out to be 23 mm horizontally and 27 mm vertically on average.
Since the beam of the laser at 915 nm was of the smallest size, the system FOV was mostly determined by the 915 nm beam. The detectors
worked at a 60 dB gain setting with a bandwidth of 9 kHz to achieve a balance between a high signal-to-noise ratio (SNR) and a minimized
signal residual from the previous time slot. The data from the two InGaAs detectors were collected by a DAQ device (USB 6346, National
Instruments) simultaneously. A 12 kHz system clock was generated by a 30 MHz synthesized function generator (DS345, Stanford Research
System) and split into four channels with a Johnson decade counter (74HC4017), in the time series of 1320 nm, 915 nm, 1064 nm, and the
time slot for background measurement, similar approach has been used in the previous work.”® The data from the USB 6346 were transferred
and saved to a computer by a program written in LabVIEW.

A white LED lamp was mounted on top of the flight chamber to simulate daylight for the bees. A camera (acA1920-155um, Basler) and a
26.1 ° angled mirror, as shown in Figure 2, were introduced for 3D stereo vision, which can help us describe the bees’ flight trajectory. Lateral
scattered LED light from the insects was collected by an f35 mm lens from Edmund Optics and imaged onto the camera. When an insect was in
the FOV, the camera was triggered by the LabVIEW program to operate at a frame rate of 100 fps. In each frame, the center-of-mass pixel
numbers were calculated for the insect and its image in the mirror. The center—of-mass pixel coordinates were then converted into 3D co-
ordinates, which were used to represent the insect’s position in the FOV. Fresh dandelion flowers were used to stimulate the flight of
O. californica.

QUANTIFICATION AND STATISTICAL ANALYSIS

The signal intensity was calibrated by randomly dropping a quarter inch (6.35 mm) diameter Teflon ball into the FOV and calculating the
average intensity of the recorded Teflon ball signals.

In the average classification accuracy estimate, the training data set (75% of the whole data) and the test data set (25% of the whole data)
were chosen randomly. The model training and testing process based on the randomly chosen data sets has been repeated 10 times. The
average classification accuracy and its corresponding standard deviation were reported based on the result of these 10 rounds of training—
testing process. The training and testing were conducted with the installed Classification Learner app in MATLAB.
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