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Optical sensing has been used to monitor the physiological responses of plants noninvasively and in real-time. In
this study, we developed a low-cost plant sensor that performed a spectroscopic measurement at eight wave-
lengths in the visible region. The sensor head of the system was attached directly to the underside of the leaf, not
blocking the light, and eliminating correction work because of the constant distance between the sensor head and
the sample. The collected data was shared in the cloud via a network, thereby enabling remote monitoring. The
characteristics of the plant sensor as a spectral photometer were validated, with major wavelengths also showing
good correlations with those of a conventional spectrometer. The reflectance of 620 nm in this sensor detected
plant aging indicator chlorophyll, and 550 nm detected stress indicator xanthophyll. In the field test, these plant
physiological responses, seasonal leaf color changes and environmental stresses, were observed remotely. The
results indicate that the novel spectroscopic measurement from the underside of the leaf is effective to realize
accurate and stable measurement of the plant leaf. The plant sensor can be a powerful tool in the field of

agriculture and ecological study by realizing simultaneous, multi-point and remote monitoring at a low cost.

1. Introduction

Real-time monitoring of plant health is useful in ecological obser-
vation and agriculture. Plants, being sessile, must constantly respond to
changing external conditions, such as light, temperature, and water
[1-3]. Phenological day length and temperature changes significant
influence plant aging [4,5]. Since the soil water content is not uniform,
even when irrigated, plant-based monitoring is necessary [6,7].
Furthermore, information about the local weather and environment is
particularly important in agriculture [8]. A high demand exists for spot
observations of temperature, light intensity, humidity, and soil mois-
ture, among many others [9-11]. Developing technology for monitoring
environmental stresses noninvasively, remotely, and in real-time could
collect information useful to various research fields.

As a modern response to these demands, “smart agriculture” and
“precision agriculture,” which employ various sensors combined with
the Internet of Things technologies, have swiftly developed to improve

food profitability and economic profit. The data measured by sensors on
local terminals is integrated via a network, enabling remote monitoring,
which makes the technology highly suitable for agriculture [12,13].
Sensors that directly measure plants using the same strategy are called
“wearable plant sensors”. Such technology for monitoring plants by
attaching sensors to leaves or stalks has been reported [14 -18]. Accu-
rate information about plants through direct sensing can help signifi-
cantly in advancing smart agricultural technology.

In addition to physical information about plants, which most wear-
able plant sensors provide, numerous optical indices that reflect the
biochemical state of plants can be utilized. For instance, photosynthetic
pigments in plants that adjust chemically to changes in the external
environment can be measured noninvasively using spectroscopy [19].
Soil Plant Analysis Development (SPAD) is widely used in agriculture as
a useful index corresponding to chlorophyll levels [20]. It is calculated
from differences between two transmission spectra, the 650 nm region,
where chlorophyll absorbs the most of light, and the near-infrared
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region, where little absorption occurs. Although the SPAD device can
perform measurements within a few seconds, measurements are made
by inserting a leaf into the measuring head, which requires personnel to
be on-site to use the device.

In contrast to on-site spectroscopic sensors, remote sensing using
reflectance spectroscopy can assess multiple plants simultaneously from
a distance. Several optical indices can be measured by reflectance
spectroscopy to detect physiological changes in plants based on chem-
ical changes in photosynthetic pigments. Normalized Difference Vege-
tation Index (NDVI) is the most common index of plant reflectance, a
detection strategy similar to the SPAD [21]. The indicator normalizes
the absorption region at 680 nm to the strongly reflective near-infrared
region to determine whether a plant is green or not. NDVI contributes to
the development of smart agriculture technologies, such as farm moni-
toring via satellite [22]. The photochemical Reflectance Index (PRI)
detects xanthophyll pigments, which are measured at 530 nm and 570
nm [23]. Under environmental stresses such as excess light or drought,
xanthophylls, such as violaxanthin (Vx), chemically change to zeax-
anthin (Zx) [24 -26]. These changes are not visible, making the PRI an
effective stress indicator [7,27].

Optical remote sensing is also widely used to monitor plants
remotely and noninvasively using Unmanned Aerial vehicles (e.g., air-
planes or drones). Although these are excellent tools, the sensor probe
and target are far apart, and corrections must be made in response to the
changing light environment [28,29]. In the remote sensing using a
spectral camera, corrections are required for each test using a reflector,
which makes management of the large data and analytical processing
difficult. Therefore, a method that can easily and directly measure many
plants simultaneously and allow instantaneous access to data could
solve these problems.

In this study, we developed a stand-alone spectroscopic plant sensor
that could perform remote, real-time plant health monitoring in the
field, specifically changes in color, for over a month. The plant sensor
detected changes in seasonal leaf colors and plant stress responses,
measuring and collecting such data from the research site. The sensor
head was attached directly to the underside of the leaf, which eliminated
any correction work between sensor and target since the distance be-
tween the sensor head and sample remained constant. Another advan-
tage is that changes in the same position can be observed. The collected
data were shared to the cloud via a network. The plant sensor is
demonstrated as a potentially valuable management tool in agricultural
and environmental applications.
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2. Material and methods
2.1. Measurement system

Our measurement system consists of a sensor head and controller
connected by a flexible cable (Fig. 1A). The structure of the sensor head
is shown in Fig. 1B. The sensor board (SEN0364, DFRobot, Shanghai,
China) was enclosed with a cable connector board in an outer case. A
multi-channel spectral sensor (AS7341, ams-OSRAM AG, Premstaetten,
Austria) on the sensor board was used. In addition, two white LEDs
(1SC3014W31A0WEL1, Xmbirghtek Optoelectronics Co., Ltd., Xiamen,
China) also mounted on the sensor board were used as light sources in
this study. The wavelength and the color temperature of the LEDs were
about 400-800 nm and 5500-6500 K, respectively. It should be noted
that the light source (LEDs) does not contain NIR light, thus the reflec-
tance at NIR region cannot be obtained in this study. The luminous in-
tensity of the LEDs was controlled by the spectral sensor at about 2.4 Im
each. For outdoor measurements, an outer case was fabricated using a
stereolithography 3D printer (Form3, Formlabs Inc., MA, USA). A
homemade magnet holder and double-sided adhesive tape were used to
attach the sensor head for short-term and long-term measurements,
respectively.

Figure 1C shows the structure of the controller. A microcontroller
(M5 stamp pico, M5Stack Technology Co., Ltd., Shenzhen, China)
combined with a homemade shield board, lithium batteries (CR2,
Panasonic Corp., Tokyo, Japan), and a voltage regulator (LXDC55,
Murata Manufacturing Co., Ltd., Kyoto, Japan) were enclosed in an
outer case. The outer case of the controller was fabricated using a fused
deposition modelling 3D printer (L-Devo F300TP PLUS, Fusion Tech-
nology Co., Ltd., Tokyo, Japan). Both outer cases of the sensor head and
controller were sealed with a silicone-based sealant for field use. The
fabrication cost of the system was a few tens of dollars.

The measurement program used is developed in the Arduino Inte-
grated Development Environment application (Arduino Software, Santa
Fe, Argentina) and uploaded to the microcontroller. The microcontroller
communicates with the sensor board to collect the spectroscopic data,
which are then transferred to a cloud storage (Google Drive, Google LLC,
CA, USA) via a Wi-Fi connection. The transferred data could be shared
by users immediately.

2.2. Measurement principle

The concept of the measurement is shown in Fig. 2. The sensor head
was attached to the abaxial side (underside) of a plant leaf (Fig. 2A), this
is to avoid blocking light in the adaxial (upper side) The procedure of the
measurement is as follows: (1) The LEDs in the sensor head were turned
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Fig. 1. (A) Illustration of the measurement system consisting of a sensor head and a controller unit. Configuration of (B) the sensor head and (C) the controller.
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Fig. 2. Concept of the measurement. (A) The sensor head was attached to
underside of the leaf. (B) Reflection from the underside of the leaf (LED turned
on) and (C) ambient light (LED turned off) were measured. Under the light, the
reflection spectrum of the leaf was obtained by subtracting LED-off from
LED-on.

on, and a spectrum was recorded (Fig. 2B); (2) The LEDs were turned off,
and a spectrum was measured to obtain background light through the
leaf (Fig. 2C). The reflection spectrum of the leaf was obtained by sub-
tracting measurement 2 from measurement 1. The reflection spectrum
was then converted to reflectance using a reference spectrum of white
standard. Here, nine channels of AS7341 were used, eight of which were
used to collect the reflection spectrum at 410, 440, 470, 510, 550, 583,
620, and 670 nm. R410, R440, R470, Rs10, Rs50, Rsg3, Re2o, and Rezo
indicate the reflectance at each eight wavelengths, respectively. Note
that these channels were tuned at each center wavelength by optical
filters; thus, each channel has a broad sensitivity with full width at half
maximum (FWHM) of tens of nanometers depending on the channel.
Specifically, the FWHMs for channels at 410, 440, 470, 510, 550, 583,
620, and 670 nm are 29, 33, 36, 40, 42, 44, and 53 nm, respectively. The
ninth channel was a broadband channel devoid of these filters to cover
the entire range of the other eight channels. The broadband channel was
used to estimate the intensity of ambient light through the leaf.

2.3. Plant materials

To collect spectral information by leaf color, approximately 90
variously colored leaves from 30 species were collected around the
Hongo Campus of the University of Tokyo and at the Botanical Garden of
the Ichimura Foundation in Atami City, Japan (Table 1, and Table S1).
These leaves were measured immediately after picking. This experiment
was conducted in the autumn season of 2022 to obtain leaves of various
colors. Arabidopsis thaliana plants (accession Ws-02, and low ATP syn-
thase mutant [30]) were grown in a growth chamber for 4-5 weeks
under a 12-h light period (100 mmol photons m? s™1) at 22 °C in Jiffy
Mix (Sakata Seed Corporation, Japan).

2.4. Collection of library spectra

The library spectra were collected using two methods. The first
reference spectrum was measured using a commercial spectrometer
(FLAME-S-VIS-NIR-ES, Ocean Insight Inc., Orlando, FL, USA). The sec-
ond reference spectrum was measured using the plant sensor. Both the
spectrometer and sensor head were carefully attached to the sample to
measure exactly the same position. The white LEDs mounted on the
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Table 1
Plant species used in the analysis.
No. Species
1 Acer palmatum
2 Ardisia crenata
3 Ardisia japonica
4 Begonia Semperflorens
5 Betula ermanii
6 Camellia japonica
7 Camellia sinensis
8 Cerasus x yedoensis (Matsum.)
9 Coffea arabica
10 Cornus florida
11 Cornus kousa subsp. kousa
12 Dioscorea japonica
13 Diospyros kaki Thunb.
14 Enkianthus perulatus
15 Euonymus sieboldianus var. sieboldianus
16 Ginkgo biloba
17 Helianthus annuus
18 Hibiscus makinoi
19 Hydrangea macrophylla
20 Ilex pedunculosa
21 Liquidambar styraciflua
22 Malus domestica
23 Photinia x fraseri
24 Pieris japonica subsp. Japonica
25 Polygonum cymosum
26 Pseudocydonia sinensis
27 Rhododendron dilatatum
28 Rhodotypos scandens
29 Sarcandra glabra
30 Zelkova serrata

sensor board of the plant sensor were used as the light source.
2.5. Chlorophyll quantification

Leaf chlorophyll contents were measured using a SPAD instrument
(SPAD-502 Plus, Konica Minolta, Japan). Furthermore, the chlorophyll
content was assessed using the sensor unit by measuring reflectance at
620 nm (Re20)- Re2o was measured according to the procedure described
above. The suitability of Rgyy as a wavelength for quantifying chloro-
phyll content was evaluated by correlating it with SPAD values.

2.6. Xanthophyll quantification and calculation of the de-epoxidation
state

Xanthophylls, photosynthetic pigments, regulate light energy ab-
sorption through the xanthophyll cycle, converting Vx to Zx. Under
stable conditions, Vx is predominant, but environmental stresses cause
Vx to convert to Zx due to thylakoid lumen acidification [31]. To mea-
sure xanthophyll pigments, a leaf disk was ground in liquid nitrogen
using a pestle and mortar and extracted with an equal volume of 82 %
acetone. Samples were separated by high-performance liquid chroma-
tography as described previously [7]. The de-epoxidation state (DEPS),
which is the conversion rate of xanthophyll from Vx to Zx, was calcu-
lated using the following equation.

DEPS = (0.5 X A) + Z/V+A+Z.

where V, A, and Z represent the violaxanthin, antheraxanthin, and
zeaxanthin contents, respectively. An absorption coefficient in these
xanthophylls was adjusted as previously described [32].

2.7. Long-term monitoring

Potted golden birch trees (Betula ermanii), approximately 1 m in
height, were long-term monitored every two hours for two weeks in the
experimental garden of the University of Tokyo (Bunkyo-ku, Tokyo).
Sensor units were attached to green leaves before they turned color, and
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the changes in leaf color to yellow or brown were tracked for approxi-
mately 2 weeks. The leaves of the plants were photographed with a
camera every day. SPAD measurements were also performed. Spectro-
scopic measurements by the sensor were programmed every 2 h and
automatically transferred to the cloud storage. The collected data were
analyzed at Tohoku University (Sendai, Japan) using the stored data in
the cloud storage.

3. Results and discussion
3.1. Validation of the plant sensor as a spectral photometer
To validate the capability of the plant sensor, the reflective spectra of

gold birch measured by the plant sensor and spectrometer were
compared. Fig. 3A and B show the upper side and underside leaves of
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gold birch, respectively, which are yellow in autumn. The reflective
spectra were collected at four stages of color, from mature leaves to
senescing and dying leaves: green, yellow-green, yellow, and brown.
Since the pigment composition of the leaves is heterogeneous, leaf color
varies widely depending on the position of a leaf. This is particularly
evident during the fall foliage season when the components of photo-
synthetic pigments change drastically. Therefore, data were collected
using both the plant sensor and spectrometer at the same leaf positions
and the same spot on the underside of the leaves to compare the dif-
ferences. In both measurements, the white LEDs were used as the light
source.

In four-color leaves, the eight reflectance values collected by the
plant sensor were compared with the continuous spectrum collected by
the spectrometer in the visible region of 400-800 nm. Most of the eight
values aligned with the continuous spectrum line, indicating that our
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Fig. 3. Correlations of measurement using the plant sensor and a hyperspectral photometer at the same position on the leaf. (A-B) Images of the upper side and the
underside of gold birch leaves in different stages, from maturity to senescence; scale bars = 3 cm. (C—F) Merged images of spectral data obtained from eight points by
the plant sensor (410, 440, 470, 510, 550, 583, 620, and 670 nm), and a hyperspectral photometer from 400 to 800 nm. Four colors of lines and square points
indicate the leaf colors evaluated (green, yellow-green, yellow, and red). These data were obtained at the same position on the underside of the leaf. (G-N) Cor-
relation of the plant sensor (R sensor) and the hyperspectral data (R spectrometer) was plotted by wavelength. The same eight points measured by the plant sensor
were extracted from the spectrometer data. Colored circles indicate leaf colors (green, yellow-green, yellow, and red). Red open circles indicate minor leaf colors such
as brown or violet. The black lines indicate X = Y. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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plant sensor accurately reflected the expected reflectance. However,
some discrepancies were observed with brown leaves, suggesting that in
certain cases, additional calibration may be necessary for the accurate
detection of dying leaves (Fig. 3C-3F). As photosynthetic pigments, such
as chlorophyll, decompose in leaves during senescence, light absorption
decreases, and reflectance intensity increases [33]. Expectedly, the
reflectance was higher with yellow-green and yellow leaves than green
ones (Fig. 3C-3E). Furthermore, as the leaf withered, and the water
content of the leaf decreased, the reflectance decreased (Fig. 3F).
Although signals that did not check were observed around the longer
wavelengths at 600-700 nm in the withering brown leaf, the plant
sensor detected most of the spectral features.

3.2. Reliability of the individual channels of the plant sensor

To verify the accuracy of the plant sensor, leaves of various colors
were measured. Approximately 90 leaves from 30 plant species were
examined (Table S1). The eight wavelengths corresponding to the
channels of the plant sensor were extracted from the continuous spectra
collected with the spectrometer and correlations were plotted by
wavelength (Fig. 3G-1N). Red open circles indicate minor colors, such
as orange, brown, and violet. The reflectance at 440, 470, 550, 583, and
620 nm were highly correlated (Fig. 3H-I and K-M). Slight deviations
were observed in the reflectance at 510 and 670 nm (Fig. 3J and N). No
correlation was observed in the reflectance at 410 nm (Fig. 3G). Com-
mon to the 410, 510, and 670 nm wavelengths is the weak intensity of
the LED light source, especially at 410 nm. The nonuniformity in the
light source at certain wavelengths reduced the sensor signal and the
correlations. However, the reflectance at 510 and 670 nm can be easily
corrected because they are regular, and the statistical difference is small,
even though no complete match with X = Y was observed.

Extremely high correlations were observed at major wavelengths,
indicating that the plant sensor can perform spectroscopic measure-
ments of leaves at comparable sufficiency as the conventional spec-
trometer. In other words, the transition from green to yellow leaf color
during senescence can be accurately detected. Conversely, if the color of
the leaf sample was brown, the measurements tended to deviate from
the X = Y line, even at highly correlated wavelengths.

3.3. Estimation of chlorophyll content

We estimated the chlorophyll content using the plant sensor. Chlo-
rophyll is an essential molecule in plants that serves a light-harvesting
function in photosynthetic reactions. Meanwhile, the amount of chlo-
rophyll in plants is highly correlated with the amount of nitrogen, a
protein component [34]. Therefore, measuring it indicates an estimate
of plant health. SPAD is a well-known chlorophyll detector of the handy
type [35]. The value is obtained as a difference in transmittance between
the red (650 nm) wavelength, which chlorophyll absorbs, and near-
infrared (940 nm) wavelength, which is not absorbed. Since the light
source of this plant sensor has no near-infrared region, we considered
using only the red region (620 nm or 670 nm), which shows the ab-
sorption of chlorophyll. As shown in Fig. 3C-F, the reflectance gradually
increases from 620 nm to 650 nm during chlorophyll decomposition.
Based on the results in Fig. 3, we decided to use 620 nm for estimating
chlorophyll content due to its higher correlation coefficient (Fig. 3M and
N).

We evaluated the correlation between reflectance at 620 nm (Rgz0)
and SPAD values (Fig. 4). While a strong correlation was observed be-
tween SPAD and Rgop, greater scatter was noted for yellow, red, and
other minor colors as SPAD values decreased, where chlorophyll had
completely degraded. This suggests that it may be necessary to consider
the broader reflectance spectrum when assessing leaf color. Conversely,
a better correlation was observed for yellow-green and green samples,
indicating that Reyg reflects chlorophyll content to some extent. Notably,
changes in the chlorophyll degradation process were accurately
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Fig. 4. Correlations between Rga9 and SPAD values. Colored circles indicate
leaf colors (green, yellow-green, yellow, and red). Red open circles indicate
minor leaf colors such as brown or violet. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)

captured. These findings suggest that Reyp can be used to monitor
changes in chlorophyll content.

3.4. Monitoring of environmental stresses using chemical changes in
photosynthesis pigments

Changes in reflectance can confirm chemical alterations in photo-
synthetic pigments. Xanthophylls regulate the amount of light energy
absorbed through a chemical conversion from Vx to Zx (known as the
xanthophyll cycle) [31]. During photosynthesis, when the absorption
and consumption of light energy are in balance, the state remains as Vx.
However, when this balance is disrupted by environmental stresses (e.g.,
excess light, drought, high temperature, or chilling), Vx is converted to
Zx due to acidification of the thylakoid lumen. Zx has a reduced ability
to transfer light energy to the photosystem, thereby preventing excessive
light absorption and suppressing the generation of reactive oxygen in
the chloroplast. When Vx is converted to Zx, the reflectance around
500-600 nm decreases [26]. Given that our sensor can measure at 550
nm, we investigated whether changes in xanthophylls could be detected.

We used an Arabidopsis mutant with a reduced amount of ATP syn-
thase, which causes a high accumulation of Zx under growth light
conditions [30], for analysis. ATP synthase synthesizes ATP using the
energy of the proton gradient formed across the thylakoid membrane.
Under low ATP synthase levels, the protons accumulated in the thyla-
koid lumen are not efficiently effluxed to the stroma, thereby acidifying
the lumen. The lumen acidification activates the xanthophyll cycle; thus,
Zx is highly accumulated in this mutant under light. In contrast, in the
wild type, the conversion from Vx to Zx is not observed under growth
light conditions. Sensors were attached to the underside of the leaf and
performed measurements every 2 h in a growth chamber Fig. 5A shows
the reflection patterns at the end of the night and day at the same po-
sition on the leaf. At around 550 nm, the reflectance in the mutant was
downshifted compared with that in the wild type. Furthermore, the
difference in the shift at 550 nm (ARs59) was more extensive in the
mutant than in the wild type (Fig. 5B). The leaf disc was sampled at the
end of the day and the end of the night, and the photosynthetic pigments
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Student’s t-test). Data are expressed as mean =+ standard deviation (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

were quantified. DEPS, which is the conversion rate from Vx to Zx, was
calculated. The difference in DEPS between the day and night (ADEPS)
measurements was significantly larger in the mutant compared to the
wild type (Fig. 5C).

The most appropriate wavelength to detecting xanthophyll cycles is
reflectance at 530 nm (Rs3p), and PRI is known to normalize Rs3g by Rsyo
[7]. Since the sensor does not perform measurements at 530 nm, we only
used 550 nm and did not normalize. This is probably why the change in
ARsso cannot completely reproduce the significant change in ADEPS.
Given that this sensor can detect changes in xanthophylls even at 550
nm, it is expected to be effective for evaluating plant stress.

3.5. Remote observations of leaf phenology and environmental stresses

In the field, we monitored the color changes in Gold birch leaves for
2 weeks in the fall, and extracted and evaluated the changes in chloro-
phyll content and intensive light response based on the data. Fig. 6A
shows the time course of reflectance at the eight wavelengths, with a
black arrow indicating defoliation. The sensor head was fixed to the leaf;
thus, the collection of data did not stop even after the leaf fell.

One advantage of this sensor is its capability to automatically repeat
data collection at the same position on the leaf, thereby eliminating the
need for normalization techniques such as NDVI or PRI. Additionally,
the sensor can provide approximate estimates of local sunlight in-
tensities. Fig. 6B presents the time course of the signal from the sensor’s
broadband channel, reflecting relative solar illumination. The sunlight
piercing through the leaf was detected as ambient light (see Fig. 2C). It is
possibly affected by the leaf color. However, the signal of the broadband
channel is an integration of the wide wavelength and color changes that
occurred over a week; thus we assumed that the plot of Fig. 6B reflects
the intensities of local sunlight. Fig. 6C shows images captured during
the measurement.

The leaf color changed from green to yellow on Day 7, then dark
yellow, and then brown at the end of the measurement period. Reflec-
tance increased as the green color increased, which indicates a decrease
in chlorophyll content (Fig. 6A). As the pigment faded and the leaf
withered, the reflectance decreased. The spectrum patterns at each stage
matched the catalog data for typical leaf colors (Fig. 6D and Fig. 3C-3F).
As seen on Days 1-3, the spectrum with a broad peak at 500 nm is the
typical reflectance pattern of a green leaf, whereas the spectrum with
enhanced reflectance at 600 nm corresponds to a yellow color. The
spectrum obtained on Day 13 of a dead leaf showed an overall decrease
in reflectance. A relative increase in reflectance was observed from 583
to 670 nm, which is characteristic of dead leaves.

Based on these, the correlation between Rgog and SPAD value shown
in Fig. 4, the amount of chlorophylls of Gold birch was also estimated by
the reflectance at 620 nm. A high correlation was observed between the
change in reflectance at 620 nm and the actual SPAD value (Fig. 6E).
These results demonstrate that estimating changes in chlorophyll con-
tents in real-time is possible through remote observation. However, the
data after defoliation was removed in Fig. 6E because SPAD is unable to
measure accurate values in browned and dead leaves. The spectral
pattern in detecting chlorophyll using Rgoo should also be confirmed.

In addition, we verified whether the photosynthesis response could
be monitored based on changes in Rsso. The changes in Rssg with the
light conditions (with dark as 0) were plotted against the ambient light
intensities (Fig. 6F). A significant correlation was observed between the
amount of sunlight and Rssg in leaves that maintained their green color
until day 6. Furthermore, the amplitude of the ARss5¢ under intense light
was large. By contrast, no correlation was observed between Rssg and
the amount of sunlight for leaves that turned yellow after day 7. These
results demonstrated that monitoring the response to light in leaves that
retained sufficient pigment is possible based on changes in Rsso, whereas
photosynthetic reactions could not be tracked in yellowed leaves.

3.6. Sensor scalability and future challenges

The plant sensor detected responses to long-term phenological aging
and transient defense responses to intense light by detecting photosyn-
thetic pigments such as chlorophylls and xanthophylls. However, the
current measurements could not evaluate the photosynthetic ability of
plants. To determine the exact photosynthetic rate, the functionality of
chlorophyll fluorescence analysis must be implemented. Since chloro-
phyll fluorescence can be detected from signals within 680-780 nm
[36], our plant sensors may be modified to do the evaluation.

As a fast physiological change, it is known that chloroplasts move in
the cell to avoid excess light [37]. In this study, we observed relatively
slow responses occurring over several hours to days; thus, the chloro-
plast movement was not a concern. When measuring short-term re-
sponses, chlorophyll movement and the detection of photosynthetic
responses on the underside of the leaf should be considered.

The sensor head was directly attached to the underside of the leaf
using double-stick tape. Contact between the leaf and a gas-permeable
polyester film using a silicone-based adhesive did not damage the leaf
during long-term measurements and did not affect the plant’s responses.
However, the chamber between the leaf and sensor head is a semi-
enclosed space. A relationship exists between wind speed on the leaf
surface and the rate of photosynthesis [38]. The measurement of
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Fig. 6. Remote observations of leaf color changes in gold birch in the field. (A) The observation was performed for 13 days in December 2022. The gray and white
background indicates night and day. The black arrow indicates the point of defoliation. (B) Ambient light intensity. The relative intensity was detected by the
broadband channel. (C) Images of leaf color changes. (D) Reflectance patterns from Days 1-13. The line colors indicate the actual leaf colors evaluated. (E) Cor-
relations between Rgyo and Soil Plant Analysis Development (SPAD) before the defoliation. Data for Rgpo was measured at the same point as the SPAD measurements.
(F) Correlations between ARssg and relative light intensities. Green circles indicate data until Day 6 when leaves were still green. Light yellow circles indicate data
after Day 7, at which point leaves turned from yellow to brown. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

photosynthetic processes, such as gas exchange, must be verified for
accuracy if performed.

In Fig. 3, reflectance patterns of 90 colored leaves were obtained.
These data enabled the assessment of wavelength detection capabilities
of the plant sensor, but also provided a catalog for evaluating the rela-
tionship between color and reflectance patterns. PCA analysis or

machine learning utilizing these data would enable the prediction of leaf
color based on the newly acquired patterns.

In this study, we demonstrated that the plant sensor holds significant
potential for various applications. For further advancement in field ap-
plications, it is essential to carefully consider both the advantages and
limitations of the plant sensor. Table S2 presents a comparison with a
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conventional spectrometer, highlighting that the plant sensor offers
benefits in terms of cost, size, and Wi-Fi connection. However, the fixed
wavelength and limited resolution represent notable drawbacks. In
addition to the technical specifications of the plant sensor, improving
the usability of the sensor system from a practical standpoint is also
critical.

4. Conclusions

In this study, we described the development of a small and low-cost
spectral sensor, which could be directly attached to the underside of the
leaf, for detecting real-time physiological changes in plants in response
to environmental changes. The sensor facilitated data collection by
enabling connectivity to the cloud via Wi-Fi encased in a waterproof
package containing a battery. The colors and light responses of plants
were monitored in real-time using the information obtained through a
sensor at a remote experimental field. The plant sensor can collect in-
formation at eight wavelengths in the visible region that is comparable
to that of the commercial spectrometer. This paper demonstrates that
changes in chlorophyll content and plant stress responses can be
detected with high precision at 620 nm (Rgz0) and through the differ-
ence between dark and light measurements at 550 nm (ARssp). The
ability to detect changes in xanthophylls at 550 nm also suggests that
this sensor can effectively evaluate plant stress. Additionally, the sensor
offers the advantage of automatic collection of data at the same position
on the leaf, thereby eliminating the need for normalization techniques
such as NDVI or PRI. Moreover, it can provide rough estimates of local
sunlight intensities. We obtained catalog data from the colors of 90 leaf
samples. The catalog data could be used as training data in predicting
leaf color remotely. The plant sensor can be a powerful tool for agri-
cultural and ecological observation.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.sbsr.2024.100688.
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