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Abstract: Current rapid technological improvement in optical radiometric instrumentation provides
an opportunity to develop innovative measurements protocols where the remote quantification
of the plant physiological status can be determined with higher accuracy. In this study, the leaf
and canopy reflectance variability in the PRI spectral region (i.e., 500–600 nm) is quantified using
different laboratory protocols that consider both instrumental and experimental set-up aspects,
as well as canopy structural effects and vegetation photoprotection dynamics. First, we studied
how an incorrect characterization of the at-target incoming radiance translated into an erroneous
vegetation reflectance spectrum and consequently in an incorrect quantification of reflectance indices
such as PRI. The erroneous characterization of the at-target incoming radiance translated into a
2% overestimation and a 31% underestimation of estimated chlorophyll content and PRI-related
vegetation indexes, respectively. Second, we investigated the dynamic xanthophyll pool and intrinsic
Chl vs. Car long-term pool changes affecting the entire 500–600 nm spectral region. Consistent spectral
behaviors were observed for leaf and canopy experiments. Sun-adapted plants showed a larger
optical change in the PRI range and a higher capacity for photoprotection during the light transient
time when compared to shade-adapted plants. Outcomes of this work highlight the importance of
well-established spectroscopy sampling protocols to detect the subtle photochemical features which
need to be disentangled from the structural and biological effects.

Keywords: proximal sensing; spectroscopy; protocols; irradiance; reflectance; vegetation index;
sun-/shade-adapted leaves; xanthophyll cycle

1. Introduction

Plant photosynthesis is a key carbon sink process of the Earth’s terrestrial carbon
cycle, which is strongly controlled by abiotic factors including water, nutrients and light
availability. Monitoring these photosynthesis-related processes with remote sensing at
various scales (i.e., leaf, canopy and eventually global) is highly relevant for detecting
an early stress phenomenon and improving climate course forecasting [1]. Current novel
spectroradiometers with a high spectral resolution allow for enhanced retrieval of plant
biophysical parameters, such as canopy water content [2], nitrogen content [3], pigment
composition [4], chlorophyll (Chl) fluorescence [5–8], or proxies for the light use efficiency
of vegetation at multiple spatial scales [9]. The latter two are strongly driven by the amount
of absorbed photosynthetic active radiation (APAR, 400–700 nm), i.e., the energy fueling the
plant photosynthesis mechanisms inside leaves. De-excitation of the APAR energy, received
by the photosynthetic antenna, takes place under steady-state conditions through three
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pathways: (1) a final charge separation leading to photosynthesis, (2) a radiative loss of
photons by Chl a fluorescence (F) and (3) a non-radiative energy loss by regulated thermal
energy dissipation. To infer an estimate of the instantaneous photosynthesis remotely, the
spectral detection has to focus on dynamic processes related to the changes in harvesting
the photosynthetically active radiation.

The photochemical reflectance index (PRI), calculated from the reflectance at
531 and 570 nm, is sensitive to the photochemical changes induced by the photopro-
tective xanthophyll cycle, acting upon light saturation of the chlorophyll antenna [10,11].
Over past years, it received significant attention across all spatial scales, starting from the
leaf [12,13] up to the global scale [14]. Diurnal or short-term changes in PRI observed at
the leaf or canopy scale have been linked to the non-photochemical quenching, referred to
as NPQ [12,15–19], which is associated with quick xanthophyll pool variations. Under a
light excess, the spectral changes in the 500–570 nm region promptly follow the quick con-
version of the violaxanthin to antheraxanthin and further zeaxanthin pigments, according
to the xanthophyll-related underlying spectral behavior [20]. Apart from the short-term
xanthophyll pigment acclimation to excessive light, seasonal or long-term changes in the
overall chlorophyll vs. carotenoid (Car) pool are triggered by a slower acclimation to the
specific (seasonal) light exposure [4,21] providing overall adaptation flexibility for light
harvesting and photoprotection [22,23]. This intrinsic or constitutive pool variation in both
Chls and Cars, i.e., their respective ratio, is also known to drive the seasonal variation in
pigment-related spectral indices including PRI [24,25]. The ∆PRI is the change of PRI value
in time due to different light exposition or physiological plant status. The measurement of a
dark-state PRI and further deduced normalized ∆PRI have been used to better distinguish
the difference between the rapidly changing (facultative) or xanthophyll-driven and slowly
changing (constitutive) Car/Chl pool driven effects [25–27]. Higher ∆PRI has been detected
for sun-adapted than for shade-adapted leaves [25] but also species-dependent variation in
∆PRI and the effect of prior photoinhibition has been observed [28].

Hence, several drivers of PRI variability remain to be clarified, pointing at the need
for accurate and comprehensive measuring protocols that allow for an accurate signal
interpretation at both leaf and canopy scales. The effect of canopy structure in combination
with an apparent illumination and viewing angles have been pointed out as a concern for
the correct interpretation and general use of PRI as an indicator of photosynthetic light
use efficiency [9]. There are studies using radiative transfer models (RTM) [29] to correct
from an erroneous irradiance, or others focusing on the development of corrections based
on the BRDF [30,31], or using reference surfaces adjacent to the vegetation surfaces to
develop a correction model [32]. The small changes in the APAR and PRI region due to
changes in light use efficiency, influenced by photoprotection dynamics, are, moreover,
inferior to the overall effects on the APAR at canopy level. Canopy structure effects related
to leaf area, leaf angle distribution and clumping may imply a deviation between the
photosynthetic active radiation (PAR) measured at the top of the canopy (TOC) and the
incidental PAR, and consequently APAR, reaching individual leaves. The radiation arriving
to lower canopy layers consist of two components: unfiltered solar radiation, both direct
and diffuse, which has passed through gaps in the vegetation, and filtered, which has been
attenuated by the optical processes of absorption, reflection, and scattering [33]. In the
PAR region of the electromagnetic spectrum, Chl molecules present a strong absorption
in the red and blue wavelengths, with a maximum absorbance between 660 and 680 nm
and maximum reflectance in the green spectral region (560 nm). Consequently, the light
spectrum in lower canopy part is characterized by a low blue and red photon flux with
a small peak in the green and a large peak in the far-red region [33,34]. Additionally,
shade-adapted leaves have often higher Chl content and tend to be larger and thinner than
sun-adapted leaves [35]. Hence, both leaf biophysical and structural leaf traits, as well
as the quantity-and-quality of PAR at the top and bottom of canopies differ, leading to
different leaf reflectance and light spectral behaviors. This phenomenon has been identified
as a problem for upscaling radiometric measurements from leaf to canopy level [36] and
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these scale discrepancies represent an error source for the calibration and validation process
of remote sensing products.

In this study, we present new leaf and canopy spectral measurement protocols that
focus on the variability in the target reflectance, especially in the PRI region. Both canopy
(structural) and leaf (physiological) effects on the PRI region were investigated to obtain a
complete set of possible drivers and sources of errors in the optical range of interest. We
studied in detail the incorrect characterization of the at-target incident radiance, as well
as the PRI dynamics triggered by quick xanthophyll pool variations and/or Chl vs. Car
long-term pool changes on beech saplings grown under three different light conditions: full
shade, sun exposure and intermediate (transitional) sun and shade exposure. Moreover, two
different measurements protocols were proposed and tested. With the current availability
of high-spectral resolution imaging sensors, light interaction and light propagation within
the canopy can be studied with unprecedented detail. Therefore, for the first measurement
protocol, we used a high-resolution hyperspectral camera to study the differences between
the vegetation reflectance factor based on the TOC measured incoming radiance versus the
at-target (i.e., leaf) incoming radiance where the leaf orientation and location within the
canopy were fully taken into the account. For the second measurement protocol, conducted
at both leaf and canopy level, we applied dark-to-high light transients to examine the
reflectance variations at the PRI spectral region related to quick or constitutive pigment
pool changes driving the LUE of leaves.

2. Materials and Methods
2.1. Plant Material and Growing Conditions

From April to July (spring to summer) 2017, in total 12 4-year-old beech saplings
(Fagus sylvatica L.) were grown outdoors at the CzechGlobe facilities (Brno, Czech Republic)
where the experiment took place. The saplings were grown in 30 cm-diameter pots and
acclimated during its early seasonal leaf development and growth to three different light
conditions: full-day shade adaptation (SH, n = 4), full-day sun exposure (SU, n = 4) and
intermediate half-day sun and half-day shade adaptation (SS, n = 4). By acclimating the
saplings to different light conditions, we were able to establish distinct intrinsic composi-
tions of the chlorophyll and carotenoid pigment pools. All replicates were well-watered
during the experiment. At the end of July, the saplings were about 50 cm in height and
differences in pigment pools could be distinctively observed from visual differences in leaf
colors between the treatments. Importantly, to dark-adapt the light-responsive xanthophyll
pools, the evening before the experiment, the plant material was brought in a dark room.
All experimental measurements were carried out indoors, in the dark spectroscopy room
of the CzechGlobe research institute.

2.2. Hyperspectral Imaging and Non-Imaging Set-Up

Inside the dark spectroscopy room, a push-broom hyperspectral HySpec VNIR scan-
ning system (Photon System Instruments, s.r.o., Drásov, Czech Republic) was installed on a
metallic frame structure with a scanning capability (Figure 1a–c).

The HySpec VNIR camera system has a spectral range of 350–900 nm and a FWHM
of 0.8 nm. Its CMOS sensor is a 12-bit chip with a resolution of 1920 × 1000 pixels and a
pixel size of 5.86 µm. The camera lens has a field of view angle of 66◦, a F-number of 1.8,
and focal length of 4.8 mm. With a distance of 50 cm between the camera and a target, a
single scan covers an area of 50 cm in width and the number of sampled along-track lines
is 420 pixels. This set-up provides images with a spatial resolution of 2 mm (at the sensor
distance of 50 cm). During the scanning, the target was illuminated by a tungsten-halogen
lamp attached solidary to the camera. Additionally, a second light source, a white LED
panel (LED Fyto-Panel, Photon System Instruments, s.r.o., Drásov, Czech Republic), was
used for an additional canopy experiment (see Section 2.3). For each image scanning, two
potted saplings grown under equal illumination conditions (SU, SS or SH) were placed
next to each other to simulate the natural structure of a beech canopy (Figure 1c).
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Figure 1. Instrument experimental set up: (a) frame supporting the hyperspectral camera mounted
on the scanning mechanism with the tungsten-halogen lamp illumination, the control system, and
the horizontal white reference panel (covered by the protection plate); (b) detail of the hyperspectral
scanner with the halogen lamp; (c) Nadir view of the set-up showing plants with small white reference
panels on the leaves, and the horizontal white reference panel; (d) FluoWat leaf clip set-up in front of
the white LED panel, using of a short-pass filter to filter out incoming radiance above 650 nm.

Selected leaves of investigated beech saplings were also measured with a non-imaging
full solar range high-resolution spectroradiometer FieldSpec 4 Hi-Res (ASD Inc., Boulder,
CO, USA). The leaf measurements were carried out using a custom-build FluoWat leaf clip
with the white LED panel (Figure 1d) or in a Labsphere integrating sphere equipped with a
tungsten-halogen illuminator (Labsphere Inc., North Sutton, New Hampshire, NH, USA),
respectively.

2.3. Spatial and Temporal Reflectance Monitoring: Protocols
2.3.1. Spatial Scanning Protocol

The aim of the first protocol experiment was to measure the effect of the canopy
structure on light propagation within the canopy, and its impact on the retrieved traits
based on the measured reflectance spectrum. A large (5 × 40 cm2) rectangular horizontal
white reference panel (HW, horizontal white reference) was placed at the distance of 40 cm
from the imaging spectrometer in a fixed position perpendicular to the sensor optical plane
and covering the entire sensor field of view (FOV) (Figures 1c and 2a).
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Figure 2. Details of the canopy and leaf spectral measurement protocols carried out with the hy-
perspectral HySpec VNIR imaging systems and the point spectroradiometer. (a) Canopy imaging
system with the target white (TW) references placed on top of the leaves and the horizontal white
reference (HW) panel at the beginning of the scanning trajectory. (b) Imaging temporal acquisition
protocol, where the grid lines represent a measurement for each sample line under a sudden exposure
of strong light produced by the LED panel (2000 µmol m−2 s−1). In this protocol, the halogen
lamp was switched off. (c) Point temporal acquisition protocol at the leaf level, measurement by a
spectroradiometer optical fiber inserted in the top port (nadir looking) of the FluoWat leaf clip (the
leaf clip figure was adapted from [36]).

In order to expose the TOC leaves with the same illumination intensity as the HW
panel, the pots were placed on a height-regulated tray and leveled to the same height.

The HW spectral measurement represents the TOC incoming radiance (LTOC-H), which
implies the assumption of having the same illumination conditions over all plant leaf
surfaces, regardless of their orientation or position within the canopy. To estimate the
real incoming radiance arriving at each leaf-target surface (LLeaf-T), small 1 × 1 cm2 and
1.5 mm thin white ODM-98 (GigahertzOptik GmbH, Türkenfeld, Germany) reference
panels (TW, target white reference) were attached with double-sided tape to several leaves
with contrasting orientations, located at different depths of the canopy vertical profile, but
always visible in the sensor nadir FOV.

The scanning protocol began with switching off the halogen lamp to measure the dark
current of the scanning instrument (n = 5), followed by switching on the halogen lamp and
measurement of the scanning area including the HW panel and the canopy with TW panels
placed onto the leaves. This experimental set-up implies some particularities regarding the
illumination and observation geometry. Due to the nadir-positioned halogen lamp and
hyperspectral camera system arrangement, for all the scans, the camera FOV points to the
plant surface exposed to direct illumination.

2.3.2. Canopy Temporal Acquisition Protocol

The second scanning protocol was developed for characterizing the dynamic variabil-
ity in reflectance independently of the canopy structure and leaf orientation but instead
focusing on the pigment dynamics upon photoprotection. For this protocol, we used the
illumination panel composed of cool white LEDs providing a broadband 400–780 nm
spectrum at a maximum intensity of 2000 µmol m−2 s−1 (Figure 2b). The panel with
dimensions of 27 × 81 cm was placed on one side of the metallic frame under an angle of
45◦ pointing to the canopy. To measure the dynamic response in reflectance induced by
the adaptation of the leaves to saturating light, we exposed the 2 h dark-adapted beech
saplings to the saturating LED panel illumination for 25 min, recording the transition from
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dark-to-light. For this, the HySpec VNIR camera was fixed above the center of the canopy
and the continuous recording of a single-pixel line happened at a rate of 45 fpm (Figure 2).
This protocol was repeated for the beech saplings grown under the different illumination
conditions (i.e., SU, SS and SH). We defined the beginning of the transient as t = 0 min and
the end as t = 24.5 min and calculated the ∆ Reflectance for the course of the transient by
subtracting the reflectance at t = 0 min for each measurement.

2.3.3. Leaf Temporal Acquisition Protocol

A similar experiment as the one described in the previous section was designed for
capturing rapid reflectance and PRI changes at the leaf level. Here, we inserted a dark-
adapted leaf inside the FluoWat leaf clip [37] with the leaf clip illumination opening towards
the saturating light of the LED panel (Figures 1d and 2b). The protocol was applied only
for SU leaves, to verify the leaf spectral changes in parallel to the different xanthophyll
pool changes. We followed a protocol described in [38], using a spectral integration time of
136 ms to record single spectra continuously for 20 min. At the end of the measurements, a
white ODM-98 (GigahertzOptik GmbH, Türkenfeld, Germany) reference panel was inserted
and measured inside the leaf clip. By using a short-pass filter, cutting off the incoming light
beyond 650 nm, we could also observe changes in emitted Chl a fluorescence, indicative of
changes in light-harvesting antenna during the so-called Kautsky effect [39].

2.4. Integrating Sphere Leaf Reflectance and Pigment Analyses

To obtain a reference value of leaf reflectance under standard illumination conditions
for each sapling treatment (SU, SS and SU), the sampled leaves were measured also inside a
Labsphere integration sphere RTC-060-SF (Labsphere Inc., North Sutton, New Hampshire,
NH, USA) illuminated by a Koehler illuminator KI-120. Hemispherical reflectance and
transmittance measurements were taken for leaves randomly sampled from the canopies
by using the integrating sphere with a FieldSpec spectroradiometer (ASD Inc., Boulder, CO,
USA) through an optical fiber [40]. The leaf reflectance measured in the integrating sphere
is referred to as RLeaf-S. To show the spectral variability due to the biological variation
within each treatment, we calculated the spectral standard deviation.

After measuring RLeaf-S the leaf samples were punched as leaf disks of 1 cm2 in diame-
ter and immediately frozen at −80 ◦C. Chlorophyll a and b and total carotenoid pigment
pools were chemically extracted with acetone solvent and analyzed by spectrophotometry
using a UV-VIS absorption spectrophotometer (UV/VIS, Unicam, UK) according to the
protocol described by [41]. Samples for the analysis of the dynamic xanthophyll pigments,
i.e., violaxanthin (Vio), antheraxanthin (Ant) and zeaxanthin (Zea), were collected and ana-
lyzed from overnight dark-adapted plants and light-exposed leaves. For the sun-adapted
leaves, samples were also collected at different time intervals of light exposure (in 4, 8, 12,
16 and 20 min), to investigate the conversion rate of the dynamic xanthophyll pool. Content
of individual xanthophyll pigments was quantified with HPLC analyses of the samples,
carried out using an Agilent 1200 HPLC-DAD system (Agilent, Santa Clara, CA, USA),
equipped with a LiChroCART RP-18 (250 4 mm, 5 mm) chromatographic column (Merck,
Germany), according to the protocol described in [42].

2.5. Spatial Scanning: Image Pre-Processing

Before extracting the desired information from the spatial scanning protocol, the im-
ages taken during this protocol experiment required a specific pre-processing. In particular,
the images’ specular reflection and multiple scattering were characterized. The image pro-
cessing, data quality assessment, and data analysis were performed using Python version 3.6
(Python Software Foundation, Beaverton, OR, USA) and ENVI version 5.0 (Exelis Visual
Information Solutions, Boulder, CO, USA). Employed python modules were: Spectral
Python v. 0.19, Numpy v. 1.14, Pandas v. 0.23 and Matplotlib v. 3.0 [43].

First, the camera electronic noise was corrected by subtracting the dark current (DC)
image from each hyperspectral image. This process was done by calculating an average of
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five DC scanning lines acquired in total darkness and executing a line-by-line subtraction
of the average DC spectrum from the entire image.

Second, to assess the impact of the specular reflection and multiple scattering in the
images, the spectral angle mapper (SAM) function [44] was applied to classify the image in
vegetation and non-vegetation pixels. The applied threshold value to distinguish vegetated
and non-vegetated pixels was 0.41 radians. For the filtered vegetated pixels, we applied
the Normalized Difference Vegetation Index (NDVI) [45] to quantify the specular reflection
(Equation (1)). To reduce the impact of random noise in the index retrieval, reflectance
values were obtained by averaging the neighboring spectral bands as follows:

NDVI =
(

R800−803 − R670−673
)(

R800−803 + R670−673
) , (1)

The inherent wavelength characteristics used to compute the NDVI made this index
useful to detect leaf specular reflection effects. NDVI is to a large extent insensitive to
changes in light intensity, i.e., similar spectral signatures but with different overall spectral
intensities produce similar NDVI values. However, because the leaf spectrum has a low
red reflectance with respect to the near infrared (NIR), opposed to the white light source,
it results in a good proxy to sense the specular reflection within the image. Based on this
approach, an NDVI threshold range was established to separate the leaf surface affected
(NDVI 0.66–0.82), and unaffected by specular reflection (NDVI 0.82–1). Figure 3 presents
the result of applying the NDVI threshold, with the yellow color indicating the image pixels
affected by the specular reflection that were filtered out for further analysis.

Figure 3. Specular reflectance classification for four studied beech canopies. The green area corre-
sponds to the surface not affected by specular reflection and the yellow area represents the foliage
surfaces with significant specular reflection (estimated by a NDVI range of 0.66–0.82). Red polygons
indicate the regions of interest of the evaluated leaves and the corresponding at-target white (TW)
references. The figures correspond to the images of four canopy scans: (a) 28SH; (b) 31SU4; (c) 26SS;
(d) 31SU5.
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2.6. At-Target and Horizontal White Reference Comparison

The white reference panels placed on top of selected leaves (TW) aim to quantify the
actual at-target illumination conditions (Figure 4).

Figure 4. Color images of several beech canopies with numbered at-target white references in the top
of canopy view. In red color the ROIs of both the leaf surface and TW surface used for the calculation
of RLeaf-T are shown.

By comparing the incoming radiance measured using the TW and HW we were able
to evaluate the spectral differences between both protocols. To quantify the offset in
illumination conditions, due to the different orientations/positions of the leaves inside the
canopy, the difference between both reference panels was computed based on the average
value of their respective areas as shown in Equation (2):

Di f f erence respect to the HW =
DNTW − DNHW

DNHW
, (2)

where DN are digital numbers of the light reflected by the measured reference panels.

2.7. Top of Canopy and At-Target Leaf Reflectance and Their Derived Vegetation Indices

To obtain the at-target-leaf reflectance (RLeaf-T) in the range of 400–800 nm, ENVI’s
region of interest (ROI) toolbox was used to select a representative number of pixels for
each leaf of the same orientation as the attached TW. Then, dividing the averaged spectrum
of the leaf ROI (with an average of 35 pixels per ROI) by the TW ROI (with an average of
50 pixels per ROI), the RLeaf-T was calculated for 5–10 leaves per image (Figure 4).
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The TOC reflectance for the complete image (RTOC-H) was computed, omitting the
regions with specular reflectance, dividing the entire image line-by-line by the HW average
spectrum. In order to compare the leaf target reflectance with the TOC reflectance spectra,
the same leaves’ ROIs used to compute RLeaf-T were applied to the RTOC-H images, extract-
ing the ROI’s pixel-averaged reflectance spectrum of each leaf (RLeaf-H) from the image.
Finally, for individual leaves of each beech canopy, the reference reflectance was obtained
with the integrating sphere measurements (RLeaf-S), as described in Section 2.3.

In summary, four different reflectance spectra, listed in Table 1, were evaluated in this
study to analyze (1) the structural and biological effect, and (2) the spectral variability in
their reflectance shapes.

Table 1. Reflectance measurements compared in this study.

Definition Target Incoming Radiation
Characterization

RLeaf-T At-target leaf reflectance Leaf Target white reference

RTOC-H
Top of canopy

reflectance Top of canopy Horizontal white
reference

RLeaf-H

Leaf reflectance
extracted from the

computed TOC
reflectance

Leaf Horizontal white
reference

RLeaf-H
Reference leaf

reflectance Leaf Integrating sphere

Besides the aim of highlighting the variability of the entire reflectance spectrum due
to biophysical and architectural effects on at-target incident light, two vegetation indices
(VI) were additionally computed using RLeaf-H and RLeaf-T.

The first VI is the Meris terrestrial chlorophyll index (MTCI), calculated from Equation
(4), which shows the sensitivity to the actual canopy chlorophyll content [46]:

MTCI =
(

R752−754 − R707−709
)(

R707−709 + R680−682
) , (3)

The second VI is the photochemical reflectance index (PRI), according to Equation
(5), which was traditionally used as a proxy of the dynamic xanthophyll transformation
induced by an excessive light exposure [10,11]:

PRI =
(

R529−531 − R568−571
)(

R529−531 + R568−571
) , (4)

To reduce the instrumental noise effects in the index computations, the average re-
flectance values used for MTCI and PRI calculation were obtained by averaging the neigh-
boring bands.

2.8. Statistical Analysis and Intercomparison Methods

Depending on the type of data, two different approaches were applied to evaluate the
results of this study. The Fligner’s test was computed to discern between different types
of data variance. Subsequently, data with the same variance were compared using the
common Student’s test. The Welch’s t-test was used when analysis of variance assumptions
(i.e., normal distribution and homogenous variance of data) were violated. All these calcu-
lations were made with Python’s library Scipy version 1.1. The analyses were applied to as-
sess the statistical equality of data pairs in each image with and without specular reflection,
and of data pairs referred to vegetation index values obtained per light growing treatment.
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With the aim of spectrally quantifying the difference between the white reference (HW
and TW) used to compute reflectance, the absolute reflectance difference between RLeaf-H
and RLeaf-T was calculated:

Absolute re f lectance di f f erence =
∣∣∣RLea f−H − RLea f−T

∣∣∣, (5)

where RLeaf-H and RLeaf-T are the reflectance spectrum obtained with the horizontal and
target panel respectively.

Spectral variability due to structural, biological, and photochemical effects were
studied based on the variability (either by standard deviation or reflectance differences
measured) within each dataset, for each treatment.

The PRI trend values obtained during the TOC light transient were compared among
treatment. During the transient phase, the reflectance spectral shape changes over time.
In order to evaluate not only the differences in the (dark-adapted) PRI value but also
the photoprotection dynamics, we applied a t-test for the first PRI value upon sudden
illumination, and for the ∆PRI value for each treatment. The ∆PRI was calculated with the
first (t = 0 min) and last (t = 24.5 min) measurement of each transient (Equation (6)).

∆PRI = PRI(t = 0)− PRI(t = 24.5), (6)

where PRI(t = 0) and PRI(t = 24.5) are the PRI values obtained respectively at the begin-
ning and end of the transient.

3. Results

We first present results on leaf and canopy reflectance variability in the PRI region
caused by an incorrect characterization of the at-target radiance (Sections 3.1–3.3). Approx-
imately 85% of samples presented a negative difference value, indicating that the light
arriving at HW is higher than the light reaching TW. Second, the PRI dynamics triggered
by quick xanthophyll pool variations and/or Chl vs. Car long-term changes are evaluated
(Sections 3.4 and 3.5). When comparing vegetation index values computed from RLeaf-H
and RLeaf-T, we observed a mean overestimation of 2% for MTCI-HW for all treatments.
For PRI an average underestimation of 31% was detected for PRI-HW. Finally, we compare
the shape and magnitude of spectrum variations due to the studied factors (Section 3.6).
The largest spectral variability is due to the structural affection, followed by the biological
and quick photochemical effects. Giving the instrumental noise the smallest variability in
the reflectance spectrum.

3.1. Difference in Leaf Reflectance for Target vs. Horizontally Placed White References (RLeaf-T,
RLeaf-H)

The specially proposed set-up allowed us to evaluate the reflectance differences due to
illumination conditions reaching the target and horizontal white reference panels (Figure 5).

Our results revealed that for all treatments and leaves shown in Figure 4 the difference
between TW and HW measured reflected radiance consistently increased with increasing
wavelength. The difference showed a slight peak at the PRI region and a notable rise at the
red-edge region of the spectrum (~700 nm), with maximum values between 800–900 nm.
Approximately 85% of samples presented a negative difference value, indicating that
the light arriving at HW is higher than the light reaching TW. There was no evidence of
grouping the results by treatment. The difference was dependent only on the relative
location of TWs.

When analyzing the leaves, reflectance computed with the TW and HW (Figure 6)
a consistent pattern was found for all treatments and leaves. In the PRI spectral region,
64% of sampled leaves presented similar reflectance patterns. In contrast, for the red edge
and near-infrared region of the spectrum, 57% of samples presented higher values when
TW was used. For the remaining 43%, reflectance computed with HW showed higher
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values. Interestingly, samples 1 and 21 present similar values along the entire spectrum,
demonstrating differences between TW and HW close to zero. On the other hand, samples
12, 13, 17 and 23, having a value of −60% and −80%, present the highest discrepancies
between TW and HW computed reflectance spectrum. Consequently, a mistake introduced
by a wrong incoming irradiance measurement affects the full VNIR spectral range of a
vegetation surface reflectance.

Figure 5. Difference between the horizontal and at-target white reference reflected radiance for each
sample and light growth treatment, i.e., shade-adapted (SH), sun-adapted (SU) and intermediate half
sun and half shaded adapted beech saplings.

Figure 6. Comparison of leaf reflectance computed with at-target and horizontal white reference
panels. Green spectral curves correspond to those obtained with the horizontal white reference (HW),
while the red signatures to those obtained with the at-target white references (TW). (*) Indicates
samples with all pixels affected by the specular reflection.

3.2. Impact of Specular Reflection on Canopy Reflectance (RTOC-H)

When plotting an image average TOC reflectance computed using HW (RTOC-H) with
and without a specular reflection (Figure 7), SU replicates presented a higher absorption in
the PRI region, as well as a higher reflection in the rest of the visible and near-infrared part
of the spectrum than SS-SH plants.
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Figure 7. Assessment of the impact of specular reflection on the top-of-canopy reflectance (RTOC-H).
Blue and orange lines represent the entire image mean value including and excluding those pixels
affected by specular reflection, respectively. Shaded areas indicate the two-sided standard deviations.
Top-of-canopy reflectance was computed using the horizontal white reference panel.

For all study cases, specular reflection slightly increased the overall reflectance value
at the PRI region and red-edge part of the spectrum. However, two different patterns
were observed in the near-infrared region. On the one hand, similar mean values were
observed between corrected and not corrected images for SS and SH. On the other hand,
the corrected image present higher mean values than the non-corrected for SU4, while an
opposite pattern was found for SU5. Overall, statistical differences between the dataset
with and without specular reflection were found with 95% of confidence. Henceforth, from
now until the end of the manuscript, all results will refer to the reflectance corrected for the
specular reflection.

3.3. Vegetation Indices Computed from Leaf Reflectance (RLeaf-T, RLeaf-H)

Using the reflectance spectrum without the specular reflection, MTCI and PRI indices
were calculated. When comparing MTCI values computed from RLeaf-H and RLeaf-T, we
observed a mean overestimation of 2% for MTCI-HW when compared to MTCI-TW for all
treatments (Figure 8).
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Figure 8. Comparison of (a) Meris terrestrial chlorophyll index (MTCI) and (b) photochemical
reflectance index (PRI) obtained using horizontal white (HW) and at-target white (TW) references.
The results are grouped by light growth conditions, as described in the capture of Figure 5. The
dashed line of the boxplot represents the mean value, continuous line represents the median value.

In contrast, an average underestimation of 31% was detected for PRI-HW over PRI-
TW. Similar results were found for MTCI and PRI indices retrieved from RTOC-H (data not
shown).

MTCI values revealed a higher chlorophyll concentration for SH and SS plants com-
pared to SU. MTCI values showed significant differences in chlorophyll concentration
between SU and both SS and SH light treatments, with a confidence probability of 95%.
However, the difference between SS and SH light growth conditions was statistically
insignificant.

The PRI index indicated the highest photoprotection for SU and the lowest for
SH plants. The SS samples had intermediate PRI values, fitting in-between the above-
mentioned. Differences in PRI for all three light growth treatments were statistically
significant with a confidence level of 95%. Additionally, SH had positive index values,
whereas SS and SU demonstrated exclusively negative PRI values.

3.4. Pigment Pools for Different Treatments and Effect on PRI Measured in Integrating Sphere

Consistent differences between the studied growth light exposure treatments SH/SS
and SU were observed also in pigment composition. The SU leaves contained a lower pig-
ment concentration per surface area, especially a lower Chl a and Chl b content (Figure 9a).

Due to its lower Chl content, SU leaf reflectance spectrum measured in the integration
sphere showed lower absorption in the blue and red regions, but higher reflectance in the
green region (where the PRI bands are located, Figure 9b—top). SU samples were clearly
differentiated from the other two treatments. Figure 9b—bottom shows the difference
considering the pigment pool and photoprotection level. Consistently, SU leaves showed a
larger relative xanthophyll pool to Chl a pool (Figure 9c). When SU leaves were exposed to
a saturating light, the impulse converted most of the violaxanthin to zeaxanthin within 4
min.
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Figure 9. (a) Leaf contents of chlorophyll a, b and carotenoids for sun-adapted (SU, n = 48), in-
termediately sun-shaded adapted (SS, n = 24) and shade-adapted (SH, n = 4) beech saplings;
(b) reflectance measured in the integrating sphere (RLeaf-S) for the sets of SU, SS and SH leaves
(left), and the relationship between the PRI and the Chl/Car ratio (right); (c) dark and saturating
light-adapted pools of the xanthophyll pigments (violaxanthin, antheraxanthin and zeaxanthin)
normalized to the Chl a pool for SU, SS and SH leaves.

3.5. Quick Dynamic Reflectance Changes and Their Effect on PRI

At leaf level, quick photochemical reflectance changes in the PRI region appear within
the first minutes after light exposure (Figure 10).

During this fast adaptation to excessive light, PRI shows a quick decrease together
with the xanthophyll pool transformation of violaxanthin to zeaxanthin (Figure 10b,c).

The reflectance change pattern showed consistent with our observations at the canopy
level. Figure 11 shows the temporal trends of the reflected signal for a light-exposed pixel
in the line scan of respectively the SU, SS and SH canopy, recorded as illustrated by the
protocol in Figure 2b.
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Figure 10. (a) The calculated reflectance showing the changes during the first 3 min of the temporal
recording of the dark-to-high-light transient (protocol illustrated in Figure 2c); (b) the PRI decrease
during that range of time; (c) the xanthophyll pool changes normalized over the total recorded
xanthophyll pool (VAZ) of 3 SU leaves (mean ± SD) sampled every 4 min during the acclimation to
saturating light from the LED panel.

Figure 11. Canopy level temporal acquisitions of reflected light with the hyperspectral imager
recording a single-pixel line (locked on the same position without scanning) of the dark-adapted SH,
SS and SU canopies suddenly exposed to a saturating light intensity of 1200–1500 µmol m−2 s−1.
(a) Column graphs: the average reflectance obtained from five selected canopy pixels of the line-image
from the scanner locked on the same position for 20 min of the light exposure. (b) Column graphs:
the transient for the PRI bands extracted from the reflectance spectrum. (c) Column graphs: the
PRI index calculated for the 20 min illumination (purple shade represents a double-sided standard
deviation calculated from five pixels).
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The temporal reflectance dynamics of the plant canopy surface were recorded as time
series of the reflected signal during 20 min after a sudden light exposition of dark-adapted
canopies (Figure 11a) and from the PRI bands (Figure 11b) the index was subsequently
calculated (Figure 11c).

To compare transients between the treatments, we selected pixels from the line scans
that were exposed to comparable light intensities. This was done based on comparable
reflectance values within the line recordings. All cases show a decreasing trend in the
500–600 nm range of a reflected signal until an equilibrium state is reached. In the red and
far-red regions, the signal showed the effect of the decreasing fluorescence as well (results
not shown). The largest decrease of the reflected signal change occurred within the first
minutes of the protocol, indicated by purple color.

All three cases show a similar signal decrease in the 500–600 nm region, but with
slightly different behavior in PRI bands. For the SS case, one can see first a large decrease
of the PRI bands, followed by a slow increase over the experiment time. The band at 531
nm has a more remarkable decrease within the first phase. The same occurred for the SU
canopy, where the differences are even larger. The 570 nm band decreased notably over the
first two-thirds of the time and only slightly after a stabilization, while the 531 nm band
decreased only during the first three minutes. As a result, the PRI trends calculated from
these bands reveal slightly different dynamics per treatment. First, it can be noticed that
the starting PRI value at t = 0 for the dark-adapted starting point is higher, following the
order SU > SH > SS. This difference between all the treatments was statistically significant
at 95% interval confidence. Further, the difference in PRI during the transition (i.e., ∆PRI)
also increases in this order, with the SU case showing the largest difference over time. In
contrast with the ∆PRI from SU and SS which show no statistical differences between
them, the SH case showed statistical differences between the other both at 95% interval
confidence. The SU case also shows, besides the lowest PRI values, a gradual slow increase
of the PRI values in the second half of the transient. This can be attributed to a further
decrease of reflectance at the 570 nm band.

3.6. Spectral Variability of Structural, Pigment and Photochemical Effects

In the last step we verified the spectral behavior of the structural and biological, both
intrinsic and dynamic, effects on the reflectance signal for the different treatments. The
results of the different spectral variability sources in the signal are compared in Figure 12.

The associated spectral variability has a different magnitude depending on the effect.
The structural effect as illustrated in Figures 6 and 7 strongly affects the reflectance variabil-
ity, up to a difference of 5% in the 500–600 nm region for the SU and SS treatments. The SH
canopy differences in reflectance remained below 2% for the 500–600 nm region.

At the leaf level itself, the effect of intrinsic pigment contents showed a clear effect on
the reflectance (Figure 9b), resulting in a reflectance variability illustrated in Figure 12b.
The maximal variability in reflectance is shown for the sun-adapted leaves, showing a
standard deviation of 0.035 at 570 nm. The sun-shade and shade-adapted leaves show
standard deviation values around 0.01 or 1% reflectance in this region.

The third source of variability ordered by magnitude is shown by the variability due
to the dynamic photochemical responses. In Figure 12c, the reflectance change is presented
showing the variability recorded during the transient experiment at canopy level. The
magnitude of this variation is small, around 1–1.5% of the reflectance, and similar for
all the treatments, with a higher standard deviation for the SU treatment. The subtle
remarkable difference concerning the previous shape variabilities, due to the structure
and intrinsic pigment contents, can be seen from the position of the peak of these spectral
difference shapes.
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Figure 12. Spectral variability due to structural, biological (or seasonal-like) and quick photochemical
effects. (a) The first row is related to the structural effects and indicates the absolute difference in
the reflectance value for the data illustrated in Figure 6. (b) The second row (RLeaf-S STD) shows
the reflectance’s standard deviation from the measurements acquired with the integrating sphere,
representing the intrinsic variability inside the plant. (c) The difference in reflectance between the
beginning and the end of the transient during light adaptation, indicative for the quick photochem-
ical changes, calculated as the difference between the first (t = 0 min) and the last (t = 24.5 min)
measurement of each transient.

The last source of variability for this experiment was instrumental behavior. The
instrumental noise of the radiometric measurements from the TOC measurements was
evaluated obtaining an error in the spectral range of 500–600 nm of less than 0.02% in
reflectance (data not shown).

4. Discussion

When a remote sensing study aims to monitor the vegetation dynamics, it must con-
sider external factors that can create a bias between the actual plant status and the estimated
physiological parameters retrieved through spectroscopy methods. This is challenging
in natural environments, where the complexity of characterizing all confounding factors
(i.e., light reabsorptions, multiple scattering by surrounding objects, and fast variation in
light intensity among others) is not trivial. These complexities impose necessities for a trade-
off between the need of characterizing each driving variable and the capability to measure
them with a required accuracy using standardized protocols. The objective of this study
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is to investigate the variability of the PRI spectral region caused by: (1) protocol-related
incorrect incoming radiance characterizations, (2) intrinsic Chl and Car pools induced by
long-term (seasonal) adaptations, and (3) quick xanthophyll pool dynamics induced by
short-term light adaptations.

Traditionally, for both indoor and outdoor experiments, the incoming radiance reach-
ing the monitored plant is characterized using a large-size white horizontal panel placed
near the studied target [47,48]. However, the results of this study show that the place-
ment of the white reference impacts quantification of the at-target incoming radiation and
consequently the computed vegetation reflectance spectrum and derived spectral indices.
Depending on the leaf orientation and leaf location inside the canopy, different spectral
signatures were found when comparing TW- and HW-measured incoming radiance. On
the one hand, a similar spectral signature was found between the TW and HW protocols
for fully illuminated leaves, resulting in wavelength-independent differences. On the
other hand, for leaves located deeper inside the canopy and/or with a high inclination
angle, different spectral signatures were observed between TW- and HW-based reflectance
(Figure 5). Two main processes could explain that within the PRI region difference in
reflectance between the TW and HW protocols was around 5%, while the near-infrared
region showed differences up to 10–20% (Figures 5 and 12a). First, top-canopy leaves
absorb most of the incident visible light, in contrast to the NIR photons that are highly
scattered and penetrate [49]. Second, according to the inverse-square law, the light intensity
decreases with the distance from the illumination source. This effect is corroborated by
a direct relationship between the TW vs. HW values and the at-target white panel TWs
fully exposed to light (e.g., SH-2 and SH-3, Figure 5). These had a positive difference
value, meaning that a higher amount of light reached TWs compared to HWs targets. In
contrast, incoming radiance measured from TW samples located deeper inside the canopy
(e.g., SH-4), showed high negative difference values, reaching nearly −80%.

At 531 nm, 57% of the samples presented higher reflectance values when the vegetation
spectrum was computed using the TW with respect to the HW protocol. This resulted
in an underestimation of the reflectance factor derived by the HW panel protocol. The
consistency found for all replicates and treatments points out that the main driver of
reflectance differences is not the difference in leaf pigment composition (induced by the
imposed illumination growing conditions) but rather a change in the reference illumination
throughout the canopy. The minor spectral variability, observed in the samples of the
SU-5 canopy (Figure 6, samples 24–28), was caused by the arrangement of the studied
leaves, since all of them had a similar position and orientation in the canopy, resulting
in a high exposure to direct illumination. In concordance with other studies [26,50,51],
the deviation in the computed reflectance spectrum using incorrect values of incoming
radiance introduced an error in derived vegetation indices. Consequently, depending
on used spectral wavelengths, it is possible to underestimate or overestimate the index-
assessed plant physiological status. In the case of PRI interpretation, for instance, a general
overestimation of the photoprotection status (underestimation of PRI values) was observed
(Figure 8b, samples 24–28), caused by the arrangement of the studied leaves, since all of
them had a similar position and orientation in the canopy, resulting in a high exposure to
direct illumination. In contrast, the leaf chlorophyll content estimated with the MTCI index
was generally overestimated (Figure 8a). These results are in concordance with studies
based on RTM where wrong assumptions on actual target irradiance reach up to 32% for
the PRI obtained in [49]. PRI is slightly underestimated by up to 5% in [52].

Plants rely on flexible physiological and structural patterns of growth that allow them
to adapt to different environmental conditions, including temperature, nutrients-water
availability, and irradiance [53]. In this study, different light-growth treatments were
inferred to simulate the various light growing conditions, to which plants are exposed
in natural environments at the seasonal scale. This translated into different adaptative
responses occurring on a diurnal and seasonal cycle. The set of protocols showed the
distinctive effects of both Chl versus Car ratio (constitutive responses), as well as the xan-
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thophyll pool (facultative responses) on the reflectance and PRI for SU, SH, and SS adapted
leaves. These results are consistent with [11,24]. SH and SS leaves presented a higher
chlorophyll versus carotenoid ratio and a lower relative xanthophyll versus Chl a pool,
when compared to SU leaves (Figure 9b,c) indicating a stronger photoprotection capacity
of the SU leaves. The observed chlorophyll versus carotenoid differences and xantho-
phyll pool among treatments are due to the plant’s adaptation to the light environment.
From winter to summer, the prevailing illumination conditions are changing and plants
are adapting the size of their photosynthetic light-harvesting complexes accordingly [54].
Furthermore, top-canopy leaves will also develop a higher photoprotection than shaded
bottom-canopy leaves [25]. These long-term adaptations, in combination with slow and fast
pigment adaptations (Figure 9), translate into a different Car/Chl and xanthophyll pigment
pools, and consequently in a different canopy reflectance spectrum [55]. Larger Car/Chl of
the SU-adapted leaves translates into a higher reflectance within the 500–600 nm spectral
range (Figure 12), when comparing specific treatments, resulting in lower PRI values for SU
compared to SH and SS samples. While the reflectance variability due to intrinsic Chl versus
Car pools is strongly pronounced for the SU leaves (Figure 12b), reflectance variability
due to xanthophyll behavior is more similar between the treatments (Figures 11 and 12c).
During the light transients for all three treatments, the PRI changes appeared nearly
simultaneously with the VAZ pool changes indicating a conversion of violaxanthin to
antheraxanthin and zeaxanthin (Figure 10c). Nonetheless, a statistically probed larger ∆PRI
observed for SU-adapted leaves further indicated a larger xanthophyll pigment pool size
(Figures 9c and 11). As pointed by Gamon and Berry [25], when comparing the light
transient curves, the PRI offset at the dark-state indicates different constitutive pigment
pool sizes between treatments, whereas the PRI kinetics illustrate the facultative effects of
the xanthophyll pool conversion. Because the facultative and constitutive effects on PRI are
strongly interrelated, it is challenging to differentiate between the short-term xanthophyll
conversion and the long-term pool’s size effects based on only a two-band index such as
PRI. In this regard, the quantification of the leaf pigments’ pools and their specific spectral
behavior in time and space is crucial before using PRI as a proxy of NPQ [20]. At the
leaf level, we found similar spectral behavior in the PRI region, while the observations
at canopy level showed some minor shape variability (Figures 10 and 12c). Within the
canopy, variability found may be higher than 1% in the PRI region due to the additional
confounding effects of the structure (Figure 5). Despite these large variability and devia-
tion effects to overcome, the optical changes in the PRI region due to xanthophyll-related
energy distribution (Figure 10a) have been designated to specific spectral underlying be-
havior [20]. As showed in Section 3.5, the exposure of a dark-adapted plant to intense
light, produces quick changes in the measured reflectance spectrum shortly after a sudden
strong light exposure. Regarding the time frame, main spectral changes occurred during
the first 3 min, independent of the leaf or canopy spatial scales [11,20]. Therefore, unin-
tentional high-intensity illumination could lead to erroneous conclusions regarding the
plant physiological status.

To properly propagate the dynamic physiological regulation processes taking place at
leaf level towards remotely sensed canopy level measurements, one has to include in the
protocol sampling strategies the characterization of the vegetation spatial and temporal
heterogeneity. Here, we would like to highlight that in order to quantify a dynamic
parameter as photoprotection, it is important to measure under light conditions similar to
the plant light growing conditions and use a stable light source.

The benefit of leaf level measurements is not only an accurate characterization of the
at-target incoming radiance but also characterization of full leaf optical properties, i.e., the
reflectance-transmittance-and-absorption temporal dynamics. For non-destructive optical
measurements of top canopy leaves, where the direct light is the main component of their
illumination, we recommend the use of a leaf clip system coupled with a spectroradiometer
(Figure 1d). The design of the FluoWat leaf clip, used in this study, allows for measuring
each leaf under the same illumination and observation angles, which makes the measure-
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ments fully comparable. The main shortcoming of such leaf-level measurements is the time
constraint. Since a single measurement might take up too few minutes, it limits the number
of leaves that can be measured within a given period (e.g., ~1 h of stable environmental
conditions would result in no more than 20–30 sample measurements when considering
the time needed for displacement and leaf clip operations).

In case of top-of-canopy measurements, both point-based and image-based spectral
optical systems could be used to monitor the vegetation. Point-based systems provide an
integrated value for a specific field of view. These instruments have been widely applied for
continuous temporal measurements over a limited area. In order to characterize the surface
spatial variability is necessary to mount the point sensor in a mobile platform [56,57]. In
contrast, image-based systems provide an opportunity to differentiate spatially components
covered by the camera or imaging scanner field of view. This strategy allows to disentangle
spectral artefacts introduced by non-photosynthetic surfaces (i.e., bare soil, branches cov-
ered by bark, etc.) and illumination effects (i.e., sunlit vs. shadow leaves, specular reflection,
etc.) impacting the overall canopy signal. Moreover, by mounting an image-based sensor on
a mobile platform, it is possible to map a larger area of interest or to create canopy 3D digital
surface models using a photogrammetry approach applied on overlaying parts of images
captured from two different viewing directions [58,59]. The main limitation of canopy-level
measurements is the proper characterization of the incoming reference radiance and a
light distribution inside the canopy. The use of small white reference panels attached to
the leaves is, obviously, unfeasible for continuous measurements over large study areas.
However, thanks to technical advances in the radiometry instrumentation, use of small
radiometers (e.g., SpectraPen mini from the Photon Systems Instruments, Drásov, Czech
Republic) distributed within the canopy might facilitate quantification of the incoming
light at different canopy surfaces. A proper characterization of the radiation distribution
within the canopy is crucial for an accurate estimation of the plant physiological status
when using optical remote sensing techniques. In this regard, the use of computer-based
radiative transfer models, that consider the interaction between the canopy and the direct,
diffuse, and scattered light, is an efficient alternative to characterize and simulate the overall
vegetation canopy complexity. Parameterizing the canopy leaf angle distribution (LAD)
function, leaf area index (LAI), leaf clumping, fractional vegetation cover (FVC) and other
structural features of these models is, however, necessary to simulate propagation of the
light interactions from leaf to canopy measurements and to model a canopy photon escape
probability. Two main radiative transfer approaches are used to model these interactions:
(1) a “big leaf” approach (i.e., SCOPE model, [60]), which represents the vegetation surface
as a unique horizontal layer (or vertical succession of layers) characterized by established
turbid medium optical properties, and (2) a more detailed “3D heterogeneous architecture”
of the studied vegetation (i.e., DART model, [61]), bringing the opportunity to distinguish
different light interactions and leaf light adaptations inside the modelled canopy [62,63]. It
is important to note that computational cost of the 3D canopy radiative transfer modelling
could be challenging, especially for large study areas.

Finally, this study highlights the importance of setting appropriate observation and
illumination conditions at canopy level when conducting an experiment to resolve pigment-
related absorption properties, both intrinsically and dynamically. A wrong experiment
design can increase the impact of specular reflection, mainly at the canopy level. The
results of this study show the importance of confounding factors impacting the average re-
flectance factor starting from: (1) specular reflection, (2) reference of incoming illumination,
(3) intrinsic leaf pigment pools, and (4) dynamic xanthophyll pools. The dynamic PRI
optical changes measured at leaf level were observed in a consistent order also at the top of
the canopy, which represents the xanthophyll conversion of the top-canopy leaves. Further
work should focus on enhancing spectral decomposition techniques to disentangle specific
drivers of canopy PRI.
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5. Conclusions

Various vegetation canopy variables are affecting the light reaching a target surface.
Our results corroborate the hypothesis that the horizontal white reference panel, commonly
used to estimate the at-target surface incoming radiance, produces a bias between the real
photosynthetic plant surface reflectance factor and the remotely estimated top-of-canopy
reflectance factor. This discrepancy originates from differences in illumination spectral
characteristics, as well as the intensity between the light arriving at a horizontal panel
and the actual light reaching the leaves’ surfaces. The discrepancies captured in this work
due to an incorrect irradiance estimation show this source of deviation as the highest bias
compared with the biological, photochemical and instrumental variability. The differences
in absolute terms between RLeaf-H and RLeaf-T reach up to 6% in 500–600 nm reflectance
values. Photon multiple scattering from adjacent leaves, branches, and soil under the
canopy causes a different wavelength-dependent spectral behavior. Due to the foliar
pigments’ absorption, the radiation of wavelengths shorter than the red edge is absorbed
more than the one of longer wavelengths, and these absorptions are dynamic, changing
faster or slower depending on the local plant pigment pool adaptations.

Plants are adapting their pigment pools to maximize photosynthetic efficiency under
changing environmental conditions and dissipate excessive energy. They have actively
developed intrinsic long-term changes of the Chl and Car pools and quick xanthophyll
pool dynamics as the photoprotection mechanism. The spectral variability in the PRI
range due to the pigment pool is higher on leaves from SU and SS, showing reflectance
standard deviation rounding the 3%. The analysis comparing the ∆PRI revealed statistical
differences between the plants adapted to shadowed growing conditions and the other
two growing conditions exposed to sun. Vegetation indexes, widely used to determine
the vegetation’s physiological status, can be heavily affected by a wrongly measured
incoming light characterization. In this study, we employed different protocols to improve
the accuracy of remote sensing methods for characterizing the vegetation status. These
improvements let to compare leaf and canopy scale measurements, disentangling between
the spectral distortions of the spectrum. This approach evidences the vegetation PRI spectral
dynamics, both at leaf and at canopy level, and facilitates the understanding of the structural
and biophysical variability inside the canopy. Further characterization of these specific
spectral behaviors through improved bottom-up approaches may help to understand and
disentangle light-driven changes from the canopy reflectance impacts. Current (field) and
future-planned (airborne) operational sensors aim to characterize the vegetation reflectance
shape at high spectral and spatial resolutions, giving new opportunities to unravel the
spectral dynamics given by structural, biological and photochemical drivers.
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