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A B S T R A C T

Plant foliage is known to respond rapidly to environmental stressors by adjusting leaf orientation at different
timescales. One of the most fascinating mechanisms is paraheliotropism, also known as light avoidance through
leaf movement. The leaf orientation (zenith and azimuth angles) is a parameter often overlooked in the plant
and remote sensing community due to its challenging measurement procedures under field conditions. In this
study, we investigate the synergistic potential of uncrewed aerial vehicle (UAV)-based mutlispectral imaging,
terrestrial laser scanning (TLS) and radiative transfer model (RTM) inversion to identify the paraheliotropic
response of two distinct soybean varieties: Minngold, a chlorophyll-deficient mutant, and Eiko, a wild variety.
We examined their responses to drought stress during the boreal summer drought in 2022 in western Germany
by measuring average leaf inclination angle (ALIA) and canopy reflectance. Measurements were taken in the
morning and at midday to track leaf movement. Our observations show significant differences between the
paraheliotropic response of both varieties. Eiko’s terminal and lateral leaves became vertically erect in the
midday (54 → 61◦), while Minngold’s ALIA remained largely unchanged (52 → 57◦). Apart from the vertical
leaf movement, we also observed leaf inversion (exposing the abaxial side of the leaf) in Eiko under extreme
water scarcity. The red edge band at 740 nm showed the strongest correlation with ALIA (𝑟2 = 0.52 − 0.76)
The ratio of the far red edge to near infrared (RE740/NIR842) vegetation index compensated for varying light
levels during morning and afternoon measurements, exhibiting strong correlations with ALIA when considering
only sun-lit leaf spectra (𝑟2 = 0.72). The retrieval of ALIA with PROSAIL varied based on ALIA constraints and
the spectra used for retrieval (full spectrum or the combination of bands 742 and 842), resulting in a root mean
square error (RMSE) of 7.7-12.9◦. PROSAIL faced challenges in simulating the spectra of plots with very low
LAI due to the soil background. This study made the first attempt to observe different paraheliotropic responses
of two soybean varieties with UAV-based multispectral imaging. Proximal sensing opens up the possibilities to
observe early stress indicators such as paraheliotropism, at much higher spatial and temporal resolution than
ever before.
1. Introduction

Monitoring crop biophysical parameters has gained increased im-
portance due to the challenges arising from extreme climatic and biotic
events (Intergovernmental Panel on Climate Change (IPCC), 2023).
Water, heat and light stress are primary contributors to crop yield
reduction (Fahad et al., 2017). Plants exhibit various adaptations to
combat these stressors, including chloroplast movement (Haupt and
Scheurlein, 1990), changes in chlorophyll concentration (Murchie and
Horton, 1997), non-photochemichal quenching (NPQ) (Müller et al.,
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2001) and paraheliotropism also known as light-avoidance through
leaf movement (Pastenes, 2004; Ludlow and Björkman, 1984). Para-
heliotropism involves changes of turgor pressure at the base of lam-
ina (Nilsen and Forseth, 2018), causing leaves to align parallel to the
incident light. This way plants avoid high leaf temperature, high evap-
otranspiration (Ehleringer and Forseth, 1980; Forseth and Ehleringer,
1982), and photoinhibition during drought (Ludlow and Björkman,
1984).
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Paraheliotropism is commonly seen in legumes such as soybean
Meyer and Walker, 1981; Oosterhuis et al., 1985; Kao and Forseth,

1992). Owing to its significance as an essential source of protein for
both humans and animals (Liu et al., 2020), monitoring the health
tatus of soybean in the face of adverse environmental events, such

as drought, is important. Drought is the condition of water scarcity
aused by insufficient precipitation and/or increased evaporation, often
esulting from higher-than-normal temperatures characteristic for the

specific area (DWD, 2024). An early indicator of water scarcity in soy-
eans is the paraheliotropism (Meyer and Walker, 1981). Typical leaf

movement patterns involve erecting leaves vertically during midday as
well as leaf inversion (exposing the abaxial side) in the presence of
extreme drought.

Leaf movement can be characterized by leaf orientation parameters,
ne of which is the average leaf inclination angle (ALIA). ALIA is
escribed as an angle between leaf normal and the zenith. It influ-
nces light interception, photosynthesis efficiency, competition in plant
anopies and acts as an early stress indicator (Yang et al., 2023).

Despite its importance, ALIA has been relatively overlooked due to
the challenges associated with in-situ measurements being laborious
and error-prone. Many studies opt for indirect retrieval methods in-
stead of in-situ ones, which include photographic (Zou et al., 2014;
Müller-Linow et al., 2015) and laser scanning approaches, (Bailey and

ahaffee, 2017) allowing diurnal and almost instantaneous measure-
ments of ALIA under field conditions. While these systems deliver good
esults, they face limitations in scalability due to their labor-intensive

measurement procedures. The efficiency of these systems diminishes as
he study area expands. The challenge arises from the rapid changes in
eaf orientation parameters over time, making the measurement process
ore difficult for larger areas. An alternative, yet under-explored,

pproach to measure ALIA involves radiative transfer models (RTMs)
sing optical data acquired from airborne platforms. This method offers
aster and easier data acquisition compared to traditional methods,
olding significant potential for wider application.

Together with leaf area index (LAI), ALIA is an important parameter
for radiation transfer within the canopy and significantly contributes
to the signal detected by optical sensors. While a substantial research
attention has been given to LAI as a proxy for physiological processes
retrieval of ALIA using RTMs has been understudied (Berger et al.,
2018). RTMs simulate absorption, transmittance and reflectance of
single leaves or plant canopies. Due to their physical nature, RTMs can
e universally applied, which eliminates the need to calibrate the model
o specific sensor, crop or geographical location. The most widely used
TM, PROSAIL, which is a coupled leaf- (PROSPECT) (Jacquemoud

and Baret, 1990) canopy (SAIL) (Verhoef, 1984) model, employs ALIA
as one of the main structural input parameters. ALIA exhibits high
sensitivity in the red edge and near-infrared (NIR) regions and shares
his sensitivity with LAI (Jacquemoud et al., 2009; Zou et al., 2014).

Given their similar impact on the reflectance spectrum, prior knowl-
edge of ALIA should be incorporated as a constraint (Jacquemoud,
1993), highlighting the importance of field-based ALIA measurements.

RTMs have primarily been applied to satellite data, which often
acks the necessary spatial and temporal resolution to be effective in
igh-throughput field phenotyping applications. In contrast, uncrewed

aerial vehicles (UAVs) deliver both the required spatial and temporal
esolution.

Rapid developments in UAV technology opened up ways for re-
trieving crop parameters at centimeter-level spatial scales (Berni et al.,
2009; Yang et al., 2017). UAVs are versatile in terms of sensor payloads
nd flight parameters (altitude, direction, etc.) which in turn enables

exploring parameter retrieval using various flight configurations. Addi-
tionally, UAV images allow to discriminate between different canopy
constituents (soil, shaded leaves, sun-lit leaves) and study them sepa-
ately. UAVs have been used to retrieve crop parameters using para-
etric (Berni et al., 2009; Kanning et al., 2018), machine learning (Du

et al., 2022) and physical models (Verger et al., 2014; Chakhvashvili
 b

2 
Table 1
Flight times during summer season of 2022. SZA - solar zenith angle; DAS - days after
sowing.

Date Time of the day Flight time SZA DAS Illumination
conditions

June 14 Afternoon 12:37–12:56 29 42 Sunny

July 13 Morning 9:00–9:20 60 71 Sunny
Afternoon 14:00–14:20 29 Sunny

August 10 Morning 8:30–8:40 70 98 Sunny
Afternoon 13:05–13:15 35 Sunny

et al., 2022). While there is a considerable research on the retrieval
of LAI from UAV-based multispectral or hyperspectral imaging, only
a few studies have explored ALIA retrieval (Zou and Mõttus, 2015),
articularly in the context of paraheliotropic response of the plants.

This study aims to explore the paraheliotropic response of two
soybean varieties by quantifying ALIA using terrestrial laser scanning,
multispectral imaging, and RTM inversion. We employed TLS and high-
resolution multispectral UAV imagery along with the PROSAIL RTM.
Measurements were conducted at three time points during the vegeta-
tion period. Morning and afternoon measurements were taken on two
occasions to track diurnal leaf movement. PROSAIL was parameterized
with field-collected data, and ALIA was retrieved using a LUT-based
nversion approach.

2. Materials and methods

2.1. Study area

The study area is situated at the agricultural research station Cam-
us Klein-Altendorf, within the state of North Rhine-Westphalia, (lat-
tude 50◦37′N, longitude 6◦59′E, elevation 176 m) in Germany. The
nnual average precipitation is 603 mm, while the average annual
emperature over the long term is 9.4 ◦C. A soybean experiment,
onsisting of two varieties (Eiko and Minngold) was sown in two
ensities (30 and 60 seeds∕m2) in 1.5 × 3 m plots (Fig. 1). Minngold
University of Minnesota) is a chlorophyll-deficient mutant character-
zed by lower chlorophyll content in the upper leaves compared to
he lower leaves (Campbell et al., 2015). Several studies have assessed

the photosynthetic performance of this mutant (Sakowska et al., 2018;
Genesio et al., 2020). Meanwhile, Eiko (Asgrow, USA) is a commercial
oybean cultivar.

2.2. UAV data collection

Image data was acquired from a DJI Matrice PRO 600 UAV platform
SZ DJI Technology Co., Ltd., Schenzhen, China). A 10 channel Micas-
nse multi-camera array system (AgEagle Sensor Systems Inc., Wichita,
S, USA), was mounted on a Ronin MX gimbal attached to the UAV.
he images are captured synchronously for each band as separate files.
mages were obtained at 20 m above ground level, resulting in a ground
ampling distance (GSD) of 1.39 cm. The flight altitude was optimized
o balance high spatial resolution with proper scene reconstruction.
he UAV was flown at a velocity of 3 m/s, resulting in a front-lap
f 80% and side-lap of 70%. For more details on flight and camera
etup see Chakhvashvili et al. (2021). Afternoon flights were conducted

between 12:00–13:00 h local time on days with stable illumination
conditions. Morning flights were conducted at 8:00–9:00 h (Table 1).
 set of nine near-lambertian panels (Mankiewicz Gebr. & Co. GmbH &
o. KG, Hamburg, Germany) with different reflectance factors, ranging

rom dark (2%) to bright (63%), was placed within the experiment on
are soil during each flight.
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Fig. 1. Experimental design of soybean density experiment and measurement locations (A); RGB image of two soybean varieties taken from UAV (B); 3D point cloud of a soybean
plot (C).
2.3. Image processing

Image data was processed in Agisoft Metashape Professional (Ag-
isoft LLc, St. Petersburg, Russia). Images were stitched and georef-
erenced using ground control points that were evenly distributed in
the field. At sensor radiance orthomosaics were generated by applying
the Micasense radiometric calibration model using a python script
within Metashape and exported for reflectance calibration as described
in Chakhvashvili et al. (2021). To remove soil pixels from the UAV
orthomosaics, we calculated the Excess Green (ExG) index (Woebbecke
et al., 1995) and used adaptive manual thresholding to separate soil
from plant pixels (range of 0.01–0.03). A manual threshold (range of
0.015–0.025) was used on the blue band to remove shaded pixels and
to account for different lighting conditions.

2.4. Reference measurements

For the parametrization of the PROSAIL model, LAI and SPAD mea-
surements were taken directly before or after the overflights Appendix.
LAI was sampled non-destructively using a SunScan canopy analysis
system (Delta-T Devices, UK). Destructive samples of both varieties
were taken in selected plots in 2021 and 2022 after the overflights to
validate SunScan measurements. Four plants were randomly selected in
each plot and leaf area was measured with a leaf area meter (LI-3100C
Area Meter, LI-COR Biosciences, Lincoln, USA). Prior to derivation
of LAI from destructive samples, the number of plants per plot was
manually counted. For the non-destructive measurements, the SunScan
rod was placed diagonally to the crop rows into the canopy seven times
in each plot (see Fig. 1) and the result was averaged. Consolidated data
from 2021 and 2022 can be seen in Fig. A.10. The largest uncertainties
were found in plots with heterogeneous distribution of soybean plants.
For SPAD measurements, two plants were randomly selected in each
plot. Measurement procedure differed for Minngold and Eiko. For Eiko
three upper leaves were measured, each leaf four times. For Minngold
the three upper and three lower leaves were measured, each leaf four
times to account for variability in chlorophyll content in Minngold
canopy layers.
3 
2.5. TLS measurements

Terrestrial laser scanning (TLS) measurements were taken prior to
the UAV flights at two different times on the same day. For data acqui-
sition, five Leica tilt-and-turn targets were positioned at the specific
locations in the field (Fig. 1). Scans were performed with a Leica
ScanStation P50 (Leica Geosystems, Heerbrugg, Switzerland) with a
spatial resolution of 6.3 mm at 10 m distance to the scanner. In order
to scan the entire field at a sufficiently high resolution, the TLS was
placed at 15 different positions in and around the field. These scans
were spatially registered to each other by a target-based registration
using the software Leica Cyclone. The result is a 3D point cloud, which
contains x, 𝑦 and z components. The whole measurement with the 15
positions took 3 h.

2.6. ALIA estimation

To estimate ALIA values from TLS measurements, a surface repre-
sentation of the plants in each plot was reconstructed, using a fully
automated pipeline implemented in Open3D (Zhou et al., 2018). A
statistical approach was used that removes points that are farther away
from their neighbors compared to the average point distance of the
entire point cloud. In empirical experiments it was shown that five
neighbors and a standard deviation of 1.0 are suitable parameters. To
reduce the computation time, the point cloud is uniformly sub-sampled
which reduced the point number 𝑃 to 𝑃∕𝑘. The down-sampling param-
eter k was determined directly from the data set by choosing a point
density of 40 points per 1 cm2. The surface was reconstructed using
the Ball-Pivoting algorithm (Bernardini et al., 1999), which creates a
triangular mesh from the point cloud. A virtual ball with a radius 𝜌
is placed onto the point cloud, with the radius determined based on
the average point distance. This process is repeated three times with
a scaling factor of 10 to ensure connectivity. Finally, any remaining
holes in the mesh are detected, extracted, and filled with a flat surface,
identified by being surrounded by boundary edges. To correct only the
holes within the surface, the threshold value of the boundary edges 𝑒
is set to 𝑒 ≤ 30. All holes with a lower number of boundary edges than
𝑒 are filled with flat triangles, resulting in an almost completely closed
surface model.
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Table 2
PROSAIL variable ranges used in the construction of LUT.

Variable Description Range Distribution

PROSPECT-5

N Leaf structure index 1.2–1.8 Uniform
Cab∕LCC [μg∕cm2] Leaf chlorophyll content 0–70 Gaussian
Ccx [μg∕cm2] Leaf carotenoid content – –
Cbp [unitless] Brown pigments 0–0.5 Fixed/Uniform
Cm [g∕cm2] Dry matter content 0.004–0.0075 Uniform
Cw [g∕cm2] Leaf water content – –

4SAIL

LAI [m2∕m2] Leaf area index 3 Fixed
ALIA [◦] Average leaf inclination angle 0–90/35–70 Step of 1
Hot Hot spot parameter 0.01–0.5 Uniform
𝜌soil [%] Soil reflectance Extracted from image –
SZA [◦] Sun zenith angle Different for each date –
OZA [◦] Observer zenith angle 0 –
rAA [◦] Relative azimuth angle 0 –
m
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f
i
o
2

m

a

After generating the meshed surface of joined triangles, this repre-
sentation was used to calculate the 𝐴𝐿𝐼 𝐴 values for each experimental
plot. First the normal vectors 𝑛 =

(

𝑛𝑥, 𝑛𝑦, 𝑛𝑧
)

of the triangles were
alculated and aligned in one direction. Afterwards, the different com-
onents of the normal vectors were used to determine the distribution
f the leaf inclination angles 𝜃 using 𝜃 = ar ccos (𝑛𝑧

)

. The median value
f the resulting distribution than is calculated to get the 𝐴𝐿𝐼 𝐴 value
s 𝐴𝐿𝐼 𝐴 = 𝜃.

2.7. Environmental data collection

Environmental data (precipitation, temperature and soil water con-
tent) were collected at the study site. A weather station (Wilmers
Messtechnik GmbH, Hamburg, Germany) was located 200 m away
from the experiment recorded temperature, precipitation and other
parameters every 10 min. SoilNet (Bogena et al., 2010) sensors that
measure soil water content (SWC) were installed within the same field
at three different depths (10, 20 and 50 cm). The sensor was logging
SWC at 15 min intervals.

2.8. PROSAIL parametrization and inversion

PROSAIL parametrization was done partly based on the reference
easurements (Table 2) and partly using the parameter ranges avail-

able in the literature (Berger et al., 2018). The leaf optical depth
N-parameter) was calculated using PROSPECT-PRO (Féret et al., 2021)
nd the leaf optical measurements (leaf reflectance and transmittance
easured with a field spectrometer) acquired during the SoyFlex cam-

paign in 2016 (SoyFlex 2016). N-parameter was sampled using uniform
distribution. A range of leaf chlorophyll content (LCC) with Gaussian
distribution (mean 30 [μg/cm2], standard deviation 5) was used to
construct the look-up table (LUT). LAI was fixed to avoid confounding
effects on ALIA. Two ALIA scenarios were simulated: (a) no constrain
of ALIA, (b) ALIA constrained to the values that were observed (±
5 added to upper and lower limits) in the field. Soil reflectance was
extracted from the bare soil areas in the multispectral orthomosaics.
Solar zenith angles were calculated for each date and time. A global
sensitivity analysis was performed to confirm the sensitivity of ALIA
and LAI in the red edge and NIR bands of the multispectral sensor.

The Look-Up-Table (LUT) inversion scheme was used to retrieve
ALIA. For this purpose, 10.000 simulations were selected out of every
possible combination, using latin hypercube sampling. The full spec-
trum was used for the model inversion with 2% of Gaussian noise added
to the spectra. To find the best match between simulated and measured
reflectance we used simple RMSE (root-mean square error) as a cost

function. o

4 
3. Results

3.1. Hydrometeorological conditions at the study site

The Fig. 2 displays environmental data, including weekly tem-
perature and precipitation measurements, as well as continuous SWC

easurements at three different depths. The summer of 2022 exhibited
exceptionally dry conditions, as evident from the climate diagram.
There was little to no precipitation in the months of June (26.9 mm),
July (4.2 mm) and August (0.6 mm). For reference, the long term
average precipitation (1961–1990) recorded at DWD station (Deutscher
Wetterdienst), located 30 km northeast from the study site at Cologne-
Bonn Airport for the months June, July and August are 86, 84 and
77 mm, respectively (Deutscher Wetterdienst, 2023). The mean daily
temperatures during June, July, and August (18 ◦C, 19 ◦C, and 20 ◦C,
respectively) exceed the corresponding long-term averages of 16 ◦C,
8 ◦C, and 18 ◦C (Deutscher Wetterdienst, 2023). Due to an extended

period of drought, the soil water content (SWC) in the soil profile, ex-
tending to a depth of 50 cm, remained exceptionally low throughout the
entire summer. Specifically, in the 10 cm layer, the SWC percentages
were 12%, 12%, and 10% for the months of June, July, and August,
respectively. In the 20 cm layer, the corresponding values were 16%,
14%, and 14%, while in the 50 cm layer, they were 22%, 19%, and
19%.

3.2. ALIA measurement results

The results of TLS measurements can be found in Fig. 3 repre-
ented as distribution plots with median values marked with vertical
ines. Minngold and Eiko exhibited different diurnal patterns of leaf

movement during every measurement. On the 14th of June a strong dif-
erence between ALIA of Minngold (51◦) and Eiko (60◦) was observed
n the afternoon. The plants were still very small (BBCH stages (Bi-
logische Bundesanstalt, Bundessortenamt und CHemische Industrie)
2–26) as can be seen on the RGB images.

On the 13th of July both varieties show similar ALIAs in the
orning: 52◦- Minngold and 54◦ Eiko. This trend changed in the

afternoon measurement: Eiko’s ALIA increased to 61◦, while Minngold’s
remained stable at 54◦. On the 10th of August, ALIA values of Eiko
were higher (57◦) compared to previous measurements, but increased
further towards the afternoon (63◦). In comparison, Minngold’s leaf
ngle increased only slightly.

3.3. Relationship between ALIA and spectral bands

The results of global sensitivity analysis (Fig. 4) confirm the impact
f ALIA on red edge and NIR regions (740–842 nm, light blue). ALIA
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Fig. 2. Soil water content (upper plot) during January–October timespan and climate diagram (April–October) of the CKA study site in 2022.
shares this sensitivity with LAI (purple). Simulated reflectance of two
spectral bands (742 and 842 nm) with changing sun zenith angle
(morning and afternoon) displays that the canopy reflectance is not
affected by the SZA.

To illustrate the relationship between ALIA and the visible/near-
infrared bands of the multispectral camera, reflectance of each spectral
band with soil and shaded pixels removed was compared to the median
morning and afternoon TLS-derived ALIA measurements for both vari-
eties (see Fig. 5). Morning measurements showed no correlation in the
spectral bands that are expected to be sensitive to ALIA, specifically
at 740 nm (𝑟2 = 0) and 842 nm (𝑟2 = 0.2). Minngold exhibits a
generally higher correlation in the green (531 and 560 nm), red (650
and 668 nm) and red edge bands (705 and 717 nm) compared to Eiko.

The afternoon measurements show strong correlation in visible and
red edge bands. For Minngold, the 𝑟2 values range from 0.51 to 0.88,
while for Eiko, they are between 0.47 and 0.74. Correlations are still
higher for Minngold than Eiko. Compared to morning measurements
correlations are much higher for both varieties, especially at 560 nm.
Correlations are low for the bands located at 740 and 842 nm. For
Minngold 𝑟2 are 0 and 0.36, and for Eiko 𝑟2 0.35 and 0.16 calculated
for the bands at 740 and 842 nm, respectively.

To see the effect of plots with low LAI on the relationship with
bands 740 and 842 nm, the June measurement was removed (Fig. 6).
The correlation between band 740 (𝑟2 = 0.5 − 0.7) and ALIA improved
significantly for the afternoon when removing June measurement, but
did not change for the morning measurement and band 842. In order to
differentiate the effects of LAI on spectral signature compared to ALIA,
LAI was plotted against 740 and 842 nm bands. We observed higher
correlations between LAI and the two bands (𝑟2 = 0.4 − 0.7) in the
morning compared to ALIA and no correlation in the afternoon.
5 
Since the anticipated correlations of ALIA with the reflectance data
at 740 nm and 842 nm were not observed, we explored the ratio
of the two bands. The results are depicted in Fig. 7. We examined
the relationships using different image processing approaches: (a) av-
eraging spectra per plot using every pixel (soil, plants, and shade),
(b) averaging spectra without soil pixels (but including shade), and
(c) averaging spectra without soil and shade (pure plant pixels). The
highest correlation was found for approach (c) using pure plant pixels,
with an 𝑟2 value of 0.72. The relation between LAI and the RE/NIR ratio
was also tested to rule out the influence of LAI on the ALIA RE/NIR
ratio relationship. The lower row in Fig. 7 shows the low correlations
(𝑟2 = 3.55 − 0.44) determined for the three approaches.

3.4. ALIA retrieved using PROSAIL

The results of ALIA retrieved with PROSAIL using the full spectrum
are depicted in Fig. 8. In Panel (b) and (d) in Fig. 8 the measurements
recorded on the first data acquisition day (16 June) were removed from
the analysis as uncertainties associated with PROSAIL simulations of
very low LAI canopies was high. ALIA for the non-constrained case are
significantly underestimated (Fig. 8 a, b; RMSE 13◦), compared to the
constrained case (Fig. 8 c, d; RMSE 7.7 and 3.8 degrees, respectively).
ALIA estimation based on PROSAIL worked significantly better for
Minngold than Eiko. The PROSAIL simulation for Eiko having high
ALIA does not match well the ALIA reference measurements.

Results depicting only selected bands (740 and 842 nm) and June
measurements removed without constraining the model is displayed on
Fig. 9. Compared to the full spectrum method the RMSE here is lower
(6.68◦), but 𝑟2 is higher (0.64). There is a significant underestimation
of the Minngold July measurement.
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Fig. 3. (L) ALIA distributions of Minngold and Eiko varieties derived from TLS measurements acquired on 15th June, 13th July and 10th August in the morning and afternoon;
(R) Example RGB images of soybean plots recorded during the morning and afternoon overflights at the respective days. The left subplots within each image had 30 kernels per
square meter, the right subplot - 60.

Fig. 4. Left plot: Results of the global sensitivity analysis (GSA) applied to reflectance spectra simulated with PROSAIL having the spectral resolution of the MicaSense Dual camera
system. SI stands for Sobol Index. The sobol index helps to identify the importance of input variables, in this case crop parameters, on the model output. Right plot: PROSAIL
simulated reflectance representative for morning (SZA 60–70◦) and afternoon data acquisitions (SZA 30–35◦) of the MicaSense dual red-edge (740 nm) and NIR (842 nm) spectral
bands. SZA: sun zenith angle. (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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Fig. 5. Relationship between LIDAR-based ALIA and spectral bands from the UAV image data of Eiko and Minngold recorded during the morning and afternoon data acquisitions.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. (l) Correlations between ALIA, LAI and bands 740 and 842 nm with the June measurements removed during the morning; (r) correlations between ALIA, LAI and bands
740 and 842 nm during the afternoon with June measurements removed. The legend for color coding can be found in Fig. 5. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
4. Discussion

4.1. Paraheliotropic response of soybean varieties

Environmental variables collected at the study site strongly indicate
drought during the boreal summer (Fig. 2). The area experienced an ab-
normal summer precipitation deficit of 215 mm and high temperature
7 
anomalies (>1.5 ◦C). Data from the German Drought Monitor (Zink
et al., 2016) also confirm extreme drought throughout most parts of
Germany by the end of August (reference period 1951–2015).

Leguminous plants are known to exhibit paraheliotropism when
exposed to water scarcity and high temperatures (Meyer and Walker,
1981; Kao and Forseth, 1992). Diurnal TLS measurements revealed
a notable discrepancy in the paraheliotropic response between Eiko
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Fig. 7. Scatter plots showing the relationship of ALIA (A–C) and LAI with the Red Edge (740 nm) - near infrared (840 nm) ratio (D–F) using the three different image processing
approaches. (A and D) soil and shaded pixels included in the image data (B and E) soil pixel removed but shaded pixels included in the image data; (C and F) soil and shaded
pixels removed from the image data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Retrieval of ALIA using different approaches: (a) ALIA not constrained, data from 06.14 included; (b) ALIA constrained and 06.14 measurements removed; (c) ALIA’s lower
limit constrained and 06.14 data included; (d) ALIA’s lower limit constrained and 06.14 data removed. Only the sunlit spectra were used for validation. Retrieval is based on the
full spectrum; A stand for afternoon and M for morning measurements.
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Fig. 9. ALIA retrieved using only bands 740 and 842 nm without constraining ALIA
to the observed values.

and Minngold. In the mornings (8:00–9:00 AM local time), their leaf
angles were similar (Fig. 3). However, in the afternoon, Eiko’s leaves
became vertical, while Minngold’s remained largely unchanged. This
response in Eiko is a classical example of paraheliotropism, documented
in prior studies (Meyer and Walker, 1981; Oosterhuis et al., 1985;
Kao and Forseth, 1992), but has not been tracked before using remote
sensing methods. As the drought persisted throughout the entire boreal
summer, we observed the gradual impact of water scarcity on Eiko.
Our measurements revealed that the paraheliotropic response in June
and July was characterized by terminal and lateral leaves becoming
vertical in the afternoon. By August, when SWC was at its lowest,
Eiko’s leaves were already vertical in the morning. In the afternoon,
we observed the inversion of the leaves, exposing the abaxial side
(see images in Appendix). This phenomenon has been documented and
various explanations have been proposed by Kao and Forseth (1992).
The higher reflectance of the abaxial side, attributed to reflective
trichomes, allows plants to reduce the thermo-radiative load, thereby
lowering temperature and evapotranspiration rates and minimizing the
inhibition of photosystem II.

In contrast to Eiko, Minngold exhibited a less pronounced para-
heliotropic response. In fact, diurnal morning and afternoon measure-
ments throughout the boreal summer showed minimal variation (range
51–58◦). This subdued response in Minngold can be attributed to an
additional defense mechanism against high light intensity and water
scarcity. The genetic mutation causing the upper leaves to appear
more yellow allows Minngold to reduce evapotranspiration rates by
receiving a lower thermo-radiative load compared to the dark-leaved
Eiko. Less chlorophyll content leads to decreased absorption of pho-
tosynthetically active radiation (APAR), thus more light is transmitted
and reflected. Consequently, the paraheliotropic response in the upper
leaves of Minngold is less evident. Previous studies have proposed
that chlorophyll-deficient mutants, characterized by a higher surface
albedo, could lead to significant water savings and help mitigate the
effects of future heatwaves (Drewry et al., 2014; Sakowska et al., 2018),
further highlighting the importance of breeding climate-resilient crop
varieties.

Together with photosynthetic activity, variations in leaf tempera-
ture, and changes in the xanthophyll cycle, leaf movement serves as
an important early stress indicator (Yang et al., 2023). Unlike leaf-
level measurements of photosynthetic activity, which are often labor-
intensive, possess limited spatial coverage, or lack sufficient resolution,
tracking leaf movement using proximal multispectral imaging can be
promising to be used in breeding applications to identify varieties
better adapted to higher temperatures and lower water availability.
This characteristic makes ALIA particularly compelling as one of the
parameters to investigate early stress responses in various crops.
9 
4.2. Effect of changing ALIA on the spectral reflectance of different soybean
varieties

The red-edge and NIR part of the spectrum are most sensitive to
changes in ALIA, as evident from the sensitivity analysis of the PROSAIL
model (Jacquemoud, 1993)(Fig. 4). This sensitivity is shared with LAI,
particularly in the NIR, creating challenges in disentangling the mag-
nitude of the effects these two variables have on canopy reflectance.
Zou et al. (2014) have demonstrated a negative correlation between
canopy reflectance at 748 nm and ALIA across various crops, by using
a hyperspectral image dataset acquired at a single time point.

In our results (Fig. 5), the interaction between ALIA and the sin-
gle spectral bands differed with the time of the measurement. The
high correlation coefficient observed for Minngold in both morning
and afternoon, specifically in the visible range, can be attributed to
variations in leaf chlorophyll content (LCC) throughout the summer.
This variation was manifested by the increase of LCC of the upper and
lower leaves in the canopy from July to August (Table A.3). In contrast,
Eiko showed minimal changes in LCC during the same period. This
leads us to infer that the correlation across most visible bands is driven
by variations in LCC rather than by ALIA. This explanation does not
hold true in the blue bands (444 and 475 nm), where a lower 𝑟2 was
observed for Minngold compared to Eiko. A possible reason for this
discrepancy could be the significant reflectance of the blue light by the
Minngold canopy, attributed to its transparent upper leaves and high
light penetration rates, in contrast to Eiko.

Afternoon measurements reveal distinct trends in the correlation
patterns between ALIA and single spectral bands. Both Eiko and Min-
ngold exhibit high correlations in the visible range up to the red edge
(740 nm) driven possibly by LCC variation rather than ALIA. Both
varieties show lower correlations in the blue bands, albeit higher than
those observed during the morning measurements. This discrepancy
can be attributed to variations in photosynthetically active radiation
(PAR) intensity between morning and afternoon, with the latter period
providing higher PAR for plant canopies to redistribute energy. The
varying correlations observed between 650 and 668 nm and ALIA for
both varieties can be explained by differences in LCC between two
varieties and light penetration, rather than disparities in ALIA.

At first glance in Fig. 5, the low 𝑟2 at 740 nm and 842 nm in
the afternoon appears inconsistent with the literature. However, these
instances involve outliers, specifically plots with very low LAI values
measured in June. When these extremely low LAI plots were removed
from the analysis, the 𝑟2 increased significantly for both varieties
(Fig. 6). These results align with the findings of Zou et al. (2014),
where the authors established a similar negative relationship between
ALIA and the far red edge band (748 nm). The reflected light from
the low LAI plots do not provide sufficient information on canopy
architecture as reflectance is mostly from soil and only a small number
of plant pixels are left after removing the soil background. The strong
correlation does not extend to the NIR band, where a more substantial
spread is observed. However, when combining data from both varieties,
a general negative trend becomes apparent (Fig. 6).

Since no similar trend in relationship was found in the morning
and afternoon between ALIA and the spectral bands at 740 nm and
842 nm, respectively, in comparison to the visible bands, it is sug-
gested that the relationship is influenced by environmental factors, in
this case difference in light intensity. Vegetation indices, compared to
individual spectral bands, exhibit more pronounced sensitivity to veg-
etation parameters. This is due to the normalization of spectral bands
as part of a vegetation index, which enhances the data and removes
environmental effects (Holben and Justice, 1981). These effects, includ-
ing different sun-target-sensor geometries, have been demonstrated by
multiple studies to be mitigated with the help of ratioing (Kriegler,
1969; Vincent, 1972). Since the main difference between morning
and afternoon measurements was the difference in sun-target-sensor
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geometry, using the RE and NIR bands ratio, which is sensitive to ALIA
(Fig. 7), seemed reasonable.

Differences in paraheliotropic mechanisms are also evident in Fig. 7
(panel C). The afternoon measurement for Eiko on 08.10 (represented
by dark red dots) shows the highest leaf angles measured and the
RE/NIR ratio is significantly lower than for other measured time-points.
 possible explanation for this is the leaf inversion observed in Eiko on

hat day. The abaxial sides of the leaves have a higher albedo, that
educed the RE/NIR ratio.

Using the RE-NIR band ratio also helped in identifying whether
hanges in canopy reflectance were driven by ALIA or LAI. Fig. 7 shows

that variability of RE/NIR cannot be explained by variability in LAI.
he RE/NIR ratio remains constant during one measurement (either

morning or afternoon) while the LAI changes.

4.3. ALIA retrieval

A limited number of studies have explored the retrieval of ALIA
using imaging spectroscopy data, making the comparison of results
ather challenging. Zou et al. (2014) and Zhou et al. (2018) used a
yperspectral imaging sensor to retrieve ALIA of various crops (faba

beans, narrow-leafed lupin, turnip rape, oat, barley and wheat) in
combination with PROSAIL modeling. The authors used a single band
(748 nm) to retrieve ALIA (range 18–62◦) with a reasonable accuracy
root mean squared error = 11.4◦).

In our study we used ten wide spectral bands across the visible-near
nfrared range to explore PROSAIL’s capability in retrieving ALIA, while
ixing the LAI to 3. One notable challenge was simulating reflectance
f low LAI value plots, particularly in the June data, where plants
ere still relatively small and surrounded by large soil areas (Fig. 3).

Our assumption here is that after soil removal, little vegetation spectra
was left, resulting in noisy data during the early growth stage. After
removing the June date (Fig. 8), the outliers that remained were mostly
lots with extremely low LAI values from the remaining two days,
alidating our initial assumption. Since we found correlations of ALIA
ith the spectral bands at 740 and 842 nm, it is also reasonable to
ssume that these two bands are sufficient for ALIA retrieval (Fig. 9).

In the future different PROSAIL simulation configurations and retrieval
algorithms should be explored to optimize ALIA retrieval. For example,
hybrid approaches that combine RTMs with machine learning, can
provide estimation uncertainties and provide parameter importance.

There was a discrepancy between the retrieval of ALIA of both
soybean varieties. Eiko’s ALIA retrieved from August 10 data exhibits
lmost no variation in predictions between morning and afternoon. This
bservation can be explained by the leaf inversion that was recorded
n that day. Since the percentage of inversed leaves were much higher

in the afternoon measurement, it had significant impact on the spectral
signature (high reflectance over the entire visible-near infrared spec-
trum) of the whole canopy. This in turn made it difficult to simulate
reflectance using PROSAIL, as it does not account for leaf inversion and
assumes uniform distribution of plant pigments.

5. Conclusion and future perspectives

With this study, we present a novel approach to observe the
drought-induced paraheliotropic response of two distinct soybean va-
ieties, using multispectral imaging and terrestrial laser scanning. We
emonstrate that UAV-based imaging sensors can be used to track
eaf movement, covering large areas and eliminating the need of time
nd labor-intensive TLS measurements. The extremely dry summer in
he study area in 2022 unveiled differences in response mechanisms
etween the chlorophyll-deficient mutant Minngold and the wild vari-
ty Eiko. Eiko exhibited increased leaf angle and leaf inversion under
xtreme drought, while Minngold showed minimal paraheliotropic
esponse due to its low chlorophyll content. In the face of future
10 
extreme drought events predicted by climate models, it becomes in-
creasingly important to study the defense mechanisms of crop varieties
for breeding purposes.

We found a strong relationship between reflectance in the red edge
(740 nm) and near-infrared (842 nm) bands and ALIA, particularly in
afternoon measurements. The ratioing of these bands helped to combat
variation in illumination condition between morning and afternoon
data, revealing a correlation with ALIA. Even though a simple para-
metric model using a ratio index was sufficient to retrieve ALIA, further
research is needed if the same correlations are valid for other crops and
sensors. In this regard, RTMs like PROSAIL offer a transferable solution
to the retrieval problem and should not be underestimated.

ALIA retrieval using PROSAIL showed reasonable accuracy, but
reliability decreased for plots with very low LAI values. Constraining
ALIA to observed values improved prediction accuracy. Future studies
should explore the impact of other parameters, such as leaf chlorophyll
content, and consider hybrid methods to enhance retrieval accuracy
and efficiency.
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Table A.3
Statistics of leaf area index (LAI) and leaf chlorophyll content (LCC) field measurements collected for Eiko and Minngold
soybean varieties at CKA throughout the growing season; n—number of plots; Stdev—standard deviation, CV—coefficient
of variation. Separation in LCC Minngold values marks the measurements of upper (left) and lower (right) leaves.

Variable Soybean variety Stat 06.14 13.07 03.08

LCC [μg/m2]

Eiko

n 12 8 12
Min 44.1 42.3 43.6
Max 50.8 49.9 52.1
Mean 47.6 45.8 49.3
Stdev 2.3 2.5 2.7
CV 0.04 0.04 0.05

Minngold

n 12 12 12
Min 6.2 | 12.6 5.5 | 14.2 10.6 | 24.0
Max 8.6 | 23.4 8.5 | 20.6 21.1 | 32.8
Mean 7.7 | 17.2 7.7 | 16.2 14.1 | 28.2
Stdev 0.8 | 3.3 0.9 | 2.1 3.2 | 2.8
CV 0.10 | 0.19 0.11 | 0.12 0.23 | 0.09

LAI [m2∕m2]

Eiko

n 12 12 12
Min 0.5 1.5 2.1
Max 1.6 3.7 5.0
Mean 0.9 2.9 3.5
Stdev 0.3 0.8 0.8
CV 0.37 0.27 0.22

Minngold

n 12 12 12
Min 0.5 2.0 1.9
Max 0.7 3.3 4.6
Mean 0.5 2.5 3.5
Stdev 0.1 0.5 0.9
CV 0.18 0.21 0.24
Fig. A.10. Validation of SunScan measurements with destructive samples. Destructive sampling was conducted in 2021 and 2022 for both soybean varieties.
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