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ABSTRACT

Protein-rich soybean crops have a strategic importance for food production worldwide. Initiatives to increase
their yield without compromising the environment include the use of remote sensing technologies to monitor
their cultivation using spectral data. The red edge position (REP) is among the most used spectrally-derived
information in this area. It is strongly correlated to the plants’ chlorophyll contents and it can provide a reliable
indication of changes in their nutrient status. Besides the availability of nutrients, the plants’ photosynthetic
capacity is also affected by other abiotic factors, notably light exposure. Variations in the red to far-red (R/FR)
ratios of light impinging on soybean leaves are believed to trigger shade-avoidance responses that contribute to
their photosynthetic efficiency. To date, the extent of possible connections between variations in the REP and
R/FR ratios of soybean leaves remains unclear. In this paper, we address this open question using available
measured spectral reflectance and transmittance data obtained for two groups of soybean specimens characterized
by distinct chlorophyll contents. More specifically, we examine the impact that their distinct pigmentation levels
have on their respective REP and R/FR ratios. The potential ramifications of our findings include not only
the enhancement of the procedures employed in the monitoring and management of soybean crops through
the combined use of these indices, but also the strengthening of the current knowledge about the intertwined
physiological processes responsible for these plants’ highly adaptive photosynthetic apparatus.

Keywords: soybean, reflectance, red edge position, red to far-red ratio, photosynthetic capacity, shade avoid-
ance, precision agriculture, remote sensing.

1. INTRODUCTION

Soybean (Glycine maz (L.) Merr., Soja hispida') crops have substantially increased in importance for food pro-
duction in the last decades.? Besides their high protein content, these C3 legumes can fix atmospheric nitrogen
for their own growth, which minimizes the use of inorganic fertilizers in their cultivation.®> Due to the high
demand for soybean crops worldwide, a diverse array of monitoring (remotely and in situ) and management pro-
cedures have been proposed the increase their yield while mitigating detrimental effects (e.g., the contamination
of freshwater supplies due to the excessive use of fertilizers) to the surrounding ecosystems.*

These procedures are often associated with the use of spectral features relating the plants’ foliar radiometric
parameters (e.g., reflectance and transmittance) to their nutrient (e.g., nitrogen) status. Arguably, one the most
employed of these spectral features is the red edge: the characteristic increase in foliar reflectance in the 680 to
800 nm region of the light spectrum. This feature was first described by Collins,® and it is directly associated
with the combined effects of light absorption by pigments, notably the chlorophylls, and scattering by internal
foliar structures (e.g., cells and organelles).

The red edge is a relatively broad spectral feature. Thus, to facilitate comparisons of reflectance measure-
ments obtained under different conditions and involving distinct species, it is often characterized in terms of the
wavelength, termed the red edge position (REP), associated with its maximum slope.® This, in turn, corresponds
to the peak value of the first derivative of the reflectance curve in the spectral region from 680 to 800 nm.

A noticeable decrease in chlorophyll contents is usually an indicator of nutritional stress, reduced photosyn-
thetic capacity or senescence of plant leaves. It has been noted”® that the REP and the leaves’ chlorophyll
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contents are strongly correlated. Accordingly, the REP can be employed, for instance, in the evaluation of crop
nutrient status, which can prompt in-season adjustments of fertilizer applications.’

Besides nutrient stress,? the photosynthetic capacity of soybean leaves may also be significantly affected
by other abiotic factors such as distinct light exposure conditions.'®'2 Even though shade-tolerant soybean
cultivars can be grown for commercial and scientific purposes,'? soybean is a shade-avoiding species.'® More
specifically, variations in the red to far-red (R/FR) ratios of light impinging on shade-sensitive soybean leaves
can trigger shade-avoidance responses (e.g., petiole and internode elongation) with the purpose of increasing light
capture.'% 14716 Since leaves that develop under shade tend to present a reduced photosynthetic capacity,'? 16
this trait of soybean plants further contributes to the efficiency of their photosynthesis apparatus.

It has been stated that as light propagates through leaves forming soybean canopies, the R/F R ratios are
decreased'® 7 and the resulting low R/F R ratios act as shade-avoidance signals.® %18 We note that, although
the REP and R/F R ratios of the light propagated (reflected and transmitted) by soybean leaves may be affected
by changes in their chlorophyll contents, a possible connection between these features has not been quantitatively
investigated to date. If such a connection exists, it can have relevant implications for the monitoring and
management of soybean crops. In this paper, we assess this possibility through the analysis of the REP and
R/F'R ratios of soybean leaf specimens with different biochemical characteristics.

The values for these indices were obtained using measured spectral reflectance and transmittance data ac-
quired for different soybean leaf specimens. Details about the employed spectral datasets along with the formu-
lation used to obtain the specimens’ REP and R/FR ratios are provided in the next section. In section 3, we
present our preliminary findings and elaborate on their practical ramifications. Finally, in Section 4, we conclude
the paper and outline directions for future investigations on the REP and R/F R ratios of plant leaves.

2. MATERIALS AND METHODS

The measured spectral reflectance and transmittance datasets employed in our investigation have been made
available to the scientific community by the multidisciplinary LOPEX (Leaf Optical Properties Experiment)
project.'® This project involved spectral, morphological and biochemical measurements conducted on 120 leaf
specimens representative of more than 50 woody and herbaceous species. These specimens were collected from
trees and crops near the Joint Research Centre in Ispra, Italy, during periods of high phenological activity.

The LOPEX spectral reflectance and transmittance files used in this work are listed in Table 1. They consist in
directional-hemispherical reflectance and transmittance curves from 400 to 2500 nm (with a resolution of 1 nm),
which were measured considering an angle of incidence of 8° (with respect to the specimens’ normal vector).
These files were acquired for two groups of soybean leaf specimens, henceforth referred to as batch 1 and batch 2,
characterized by markedly distinct chlorophyll contents. For the specimens in batch 1, the measured average
chlorophyll a and b contents per fresh weight were 2.9 mg/g and 0.8 mg/g, respectively. For the specimens in
batch 2, these contents were 0.09 mg/g and 0.05 mg/g, respectively. In Figs. 1 and 2, for illustrative purposes,
we present the reflectance and transmittance data of two representative specimens, Bld and B2d, of batches 1
and 2, respectively.

Batch 1 Batch 2

Leaf Reflectance | Transmittance Leaf Reflectance | Transmittance
Specimen | Spectral File | Spectral File | Specimen | Spectral File | Spectral File

Bla opex0219 opex0220 B2a opex1549 opex1550

B1b opex0221 opex0222 B2b opex1551 opex1552

Blc opex0223 opex0224 B2c opex1553 opex1554

Bid opex0225 opex0226 B2d opex1555 opex1556

Ble opex0227 opex0228 B2e opex1557 opex1558

Table 1: LOPEX spectral reflectance and transmittance files employed in our investigation. The batch 1 files
correspond to soybean leaf specimens with typical chlorophyll contents, while the batch 2 files correspond to
soybean leaf specimens with low chlorophyll contents.
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Figure 1: Reflectance data for two representative specimens, Bld and B2d, of batches 1 (characterized by typical
chlorophyll contents) and 2 (characterized by low chlorophyll contents), respectively. Left: full spectra (400-2500
nm). Right: Zoom-in of the spectral region of interest.
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Figure 2: Transmittance data for two representative specimens, Bld and B2d, of batches 1 (characterized by
typical chlorophyll contents) and 2 (characterized by low chlorophyll contents), respectively. Left: full spectra
(400-2500 nm). Right: Zoom-in of the spectral region of interest.

To obtain the REP of the examined soybean leaf specimens, we computed the first derivative of their
respective reflectance curves in the red region using a three point numerical differentiation formula.?° More
precisely, we employed the following expression to compute the first derivative at a given wavelength (\):

P'(A) = (p(A + 10) — p(A — 10)) x 0.05, (1)

where p(\) denotes the reflectance (at the wavelength \) sampled from the specimens’ reflectance curves. Also
for illustrative purposes, we present in Fig. 3 the first derivatives computed for the reflectance curves (depicted
in Fig. 1 right) of two representative specimens, Bld and B2d, of batches 1 and 2, respectively.

The light reaching the leaves of a soybean plant in a cultivated field can have a direct (sunlight) and an
indirect component.'® The latter may have been propagated, for instance, by the soil underneath the plants
or by other leaves (belonging to the same plant or adjacent plants). To quantify the ratios of red to far-red
propagated light, researchers often use as sampling references the wavelengths that correspond to the absorption
peaks of chlorophyll (within the red and far-red bands of interest) obtained under in vitro conditions,'® namely
660 nm and 730 nm respectively. Accordingly, we employed the following formula to quantify the red to far-red
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Figure 3: First derivatives of the reflectance curves (depicted in Fig. 1 right) of two representative specimens,
B1d and B2d, of batches 1 and 2, respectively.

ratios of the light reflected by the selected specimens:

R/FR, = p(660)/p(730). (2)

It has also been observed that the chlorophyll absorption peaks are shifted under in vivo conditions to 645 nm
and 735 nm, respectively.!* Hence, for completeness, we also computed the red to far-red ratios of the light
reflected by the selected specimens considering these wavelengths:

R/FR;, = p(645)/p(735). (3)

Similarly, for the quantification of the red to far-red ratios of light transmitted by the selected specimens,
we also used two formulas. In this case, the ratios, denoted R/F R, and R/F R%, are expressed by replacing the
reflectance values by transmittance (7(\)) values in Egs. 2 and 3, respectively.

3. RESULTS AND DISCUSSION

In Table 2, we present the values computed for the the red edge position and red to far-red ratios of light
reflected by the soybean leaf specimens belonging to batches 1 (characterized by typical chlorophyll contents)
and 2 (characterized by low chlorophyll contents). Recall that the REP and the chlorophyll contents are strongly
correlated.”® Accordingly, as expected, the REP values computed for the batch 2 specimens were noticeable
lower than the values computed for the batch 1 specimens.

On the other hand, the R/FR ratios of reflected light computed for the batch 2 specimens were noticeable
higher than the values computed for batch 1 specimens. As, it can be observed in Table 3, the same trend was
apparent with respect to the red to far-red ratios of transmitted light.

It is worth noting that among specimens belonging to the same batch, and thus characterized by similar
chlorophyll contents, such a connection between the REP and the R/FR ratios could not be established as
it can also be verified in Tables 2 and 3. For example, examining the values presented in Table 2, we notice
that, while the REP of specimens Blc, Bld and Bla increase monotonically (707, 709 and 710, respectively),
their R/F R, ratios (0.1285, 0.1332 and 0.1122, respectively) and R/FR} ratios (0.1430, 0.1499 and 0.1210,
respectively) do not follow the same behaviour.

To the best of our knowledge, the observed inverse relationship between the REP and the R/FR ratios of
light propagated by groups of soybean leaves with markedly distinct chlorophyll contents has not been reported
in the literature to date. Although a larger number of measurements will be required to confirm this putative
relationship, our preliminary findings suggest that a significant reduction in the chlorophyll contents of soybean
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Batch 1 Batch 2

Leaf Specimen | REP | R/FR, | R/FR; | Leaf Specimen | REP | R/FR, | R/FR;
Bla 710 | 0.1122 | 0.1210 B2a 690 | 0.7740 | 0.7759

Bib 707 | 0.1282 | 0.1399 B2b 686 | 0.7860 | 0.7301

Blc 707 | 0.1285 | 0.1430 B2c 685 | 0.7808 | 0.6987

B1d 709 | 0.1332 | 0.1499 B2d 689 | 0.8089 | 0.8062

Ble 709 | 0.1364 | 0.1479 B2e 688 | 0.6619 | 0.5604
| Average [ 7084 [ 0.1277 | 0.1393 [  Average [ 687.6 | 0.7623 | 0.7142 |

Table 2: Values computed for the red edge position (REP) and red to far-red ratios (R/F' R, and R/F R}) of light
reflected by the soybean leaf specimens belonging to batches 1 (characterized by typical chlorophyll contents)
and 2 (characterized by low chlorophyll contents).

Batch 1 Batch 2

Leaf Specimen | R/FR,; | R/FR; | Leaf Specimen | R/FR, | R/FR;
Bla 0.0836 | 0.1298 B2a 0.7814 | 0.7741

Blb 0.1044 | 0.1544 B2b 0.7882 | 0.7676

Blc 0.0782 0.1167 B2c 0.7861 0.7265

Bld 0.0651 | 0.0966 B2d 0.7690 | 0.7640

Ble 0.0749 | 0.1140 B2e 0.7450 | 0.6796
[ Average [ 0.0812 | 0.1223 [  Average [ 0.7739 | 0.7423 |

Table 3: Values computed for in wvitro red to far-red ratios (R/FR, and R/FRX) of light transmitted by the
soybean leaf specimens belonging to batches 1 (characterized by typical chlorophyll contents) and 2 (characterized
by low chlorophyll contents).

leaves leads not only to an expected reduction in the REP, but also to an increase in R/F R ratios of light
propagated through their canopies.

We remark that low R/FR ratios may act as shade-avoidance signals for soybean leaves.!®> Consequently,
a substantial reduction of their chlorophyll contents followed by an increase in their R/F R ratios can diminish
these plants’ shade avoidance responses. This aspect, in turn, can be prejudicial to the plants’ photosynthetic
capacity and significantly reduce the yield of shade-avoiding soybean crops.?: 16

Recall also that the REP is being routinely employed as an indicator of a number of factors affecting crop
productivity. Its putative connection with the R/FR ratios, upon confirmation, may potentially extend its
scope of applications to the monitoring of alterations in the plants’ shade avoiding capabilities brought about by
significant changes in their chlorophyll contents. Conversely, noticeable variations in the R/F R ratios of reflected
light could potentially assist the detection of significant reductions in the plants’ chlorophyll contents. We note
that the calculation of the R/F'R ratios requires fewer spectral samples (two) than those (three or four) usually
used in REP estimations.®

Another aspect that can contribute to the reduction of soybean crops’ yield is weed competition (interfer-
ence).?'22 For many weed species, the breaking of seed dormancy tends to be inhibited by low R/FR ratios
and stimulated by relatively high R/FR ratios.?>2* Again, if the observed connection between the REP and
the R/FR ratios of light propagated by groups of soybean leaves with markedly distinct chlorophyll contents
can be statistically confirmed, significant variations in the plants’ REP can also be used to provide additional
supporting data for weed management strategies.??

The ramifications of our preliminary findings may be also extended to intercropping cultivation systems.
Soybeans are often intercropped with C4 grains such as corn (Zea mays L., maize).'>25 These systems are
implemented to increase land-use efficiency and crop yield.> However, intercropped/partner species tend to
affect each other’s light exposure conditions in ways that may be adverse to those purposes.?’? For instance, it
has been pointed out through predictive simulations supported by measured data®* that the R/F R ratios of light
propagated by corn leaves increase as their chlorophyll contents decrease, notably as a result of nutrient stress.
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Thus, light propagated by chlorophyll-depleted corn leaves may exacerbate the reduction of shade avoidance
responses of neighbour soybean plants under nutrient stress.

Lastly, we also note that neighbour/partner crops, such as soybean and corn, can have distinct mechanisms
of adaptation to stress factors. Accordingly, we believe that a deeper understanding about the circumstances
in which their REP values can correlate with their R/F R ratios should be pursued. It would strengthen the
foundation required for the design of more cost-effective procedures to evaluate (remotely and in situ) the crops’
aggregated and individual health status.

4. CONCLUDING REMARKS

In this work, we have examined a possible connection between the REP and the R/FR ratios of soybean leaves.
Our findings suggest that such a connection may be established when one considers the spectral responses of
specimens with markedly distinct chlorophyll contents. Given the potential implications of such putative en-
tanglement for the monitoring and management of mono- and intercropped crops, future laboratory and field
experiments are warranted to obtain a comprehensive assessment of its photobiological basis. Furthermore, con-
sidering the ever-increasing demand for high-yield and environmentally-friendly crops, it would also be beneficial
to extend such experiments to other cultivated plant species.
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