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Abstract
Non-invasive comparative analysis of the spectral composition of energy absorbed by crop species at leaf and plant levels 
was carried out using the absorption coefficient retrieved from leaf and plant reflectance as an informative metric. In leaves 
of three species with contrasting leaf structures and photosynthetic pathways (maize, soybean, and rice), the blue, green, 
and red fractions of leaf absorption coefficients were 48, 20, and 32%, respectively. The fraction of green light in the total 
budget of light absorbed at the plant level was higher than at the leaf level approaching the size of the red fraction (24% green 
vs. 25.5% red) and surpassing it inside the canopy. The plant absorption coefficient in the far-red region (700–750 nm) was 
significant reaching 7–10% of the absorption coefficient in green or red regions. The spectral composition of the absorbed 
light in the three species was virtually the same. Fractions of light in absorbed PAR remained almost invariant during grow-
ing season over a wide range of plant chlorophyll content. Fractions of absorption coefficient in the green, red, and far-red 
were in accord with published results of quantum yield for  CO2 fixation on an absorbed light basis. The role of green and 
far-red light in photosynthesis was demonstrated in simple experiments in natural conditions. The results show the potential 
for using leaf and plant absorption coefficients retrieved from reflectance to quantify photosynthesis in each spectral range.
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Introduction

Green leaves of land plants absorb a substantial fraction of 
incident light in the green part of the spectrum (McCree 
1971; Inada 1976; Gates 1980; Terashima et  al. 2016). 
Although fractions of blue and red light in the total light 
absorbed by a leaf are larger than that of green light due 
to the presence of chlorophylls (Chl) which have absorp-
tion peaks in the blue and red regions, once absorbed by 
leaves, green light drives photosynthesis with a high effi-
ciency (Inada 1976; McCree 1971; Marosvölgyi and van 
Gorkom 2002). The quantum efficiency of carbon fixation 
on an incident light basis under illumination with green light 
has been shown to be similar to blue light and slightly less 
than red. On the basis of absorbed light, the quantum yield 
under green light surpasses blue, but still remains smaller 
than red (Hogewoning et  al. 2012). One reason for the 
lower efficiency of photosynthesis calculated on the total 
light absorbed at the leaf level compared to blue light is the 
presence of photoprotective pigments such as flavonoids and 
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photosynthetically uncoupled secondary carotenoids (Laisk 
et al. 2014).

Red and blue light are strongly attenuated in the upper 
layers of the leaf, whereas green and far-red light penetrate 
more deeply into the leaf (Cui et al. 1991; Terashima and 
Saeki 1985; Vogelmann 1993; Kume 2017; Terashima et al. 
2016; Wolf and Blankenship 2019). It is noteworthy in this 
regard that the maximum rates of carbon fixation under 
white light are observed in the cell layers located deep in the 
leaf and not in the cell layers close to the leaf surface (Nishio 
et al. 1993) which suggests that significant light absorption 
occurs in the middle layers of the mesophyll (Sun et al. 
1998). While blue and red light drive most of the carbon 
fixation that occurs in the upper cell layers of spinach leaves, 
green light drives  CO2 fixation deeper within leaves (Sun 
et al. 1998). More specifically in spinach leaves, green light-
driven carbon fixation expressed on a chlorophyll content 
basis peaks at a depth of ca. 200 µm, whereas blue- or red 
light-driven carbon fixation peaks just below the epidermal 
cell layer (Sun et al. 1998). The same study also reported 
that, at depths of 200–700 µm below the adaxial surface, 
the green light-driven carbon fixation is 1.3- to 2-fold higher 
than that driven by blue or red light.

Light in the far-red region (700–750 nm) is known to 
accelerate photosynthesis by energizing photosystem I; there 
are also reports that it can also drive leaf-level photosynthe-
sis under certain conditions (Pettai et al. 2005; Laisk et al. 
2014; Zhen et al. 2019; Kono et al. 2020). This process may 
involve specialized far-red chlorophylls associated with pho-
tosystem II analogous to the well-known far-red chlorophylls 
associated with photosystem I (Pettai et al. 2005). Chloro-
phyll absorption in this region may also be used by plants to 
balance the stoichiometry of electron transport through PS 
II and PS I thus increasing the overall efficiency of photo-
synthesis since blue and green light may overstimulate PS 
II (Hogewoning et al. 2012; Zhen et al. 2019). However, the 
proportion of light in the far-red region of the spectrum in 
the actual budget of light captured by leaves and canopies 
has scarcely been investigated so far.

Summarizing the findings mentioned above, the capabil-
ity of green light, and to some extent of far-red light, to 
drive photosynthesis is well-established at the leaf level but 
only for a few species. By contrast, a significant gap exists 
in quantification and understanding of the contribution of 
radiation in these spectral ranges in leaves with contrasting 
structures and photosynthetic pathways. To the best of our 
knowledge, there have been no systematic studies on this 
conducted at the plant level excepting a few works using 
modelled canopy characteristics inferred from leaf-level data 
(e.g., (Paradiso et al. 2011).

The primary goal of this study was to quantify absorption 
of radiation by leaves and plants in blue, green, red, and far-
red spectral regions using absorption coefficient retrieved 

from leaf and plant reflectance. By this, we demonstrate the 
potential of reflectance as a sufficient source of informa-
tion about the energy that can be potentially intercepted by 
plants in different parts of the spectrum and to analyze its 
balance at the level of plant stand or canopy in the field. 
Towards this end, we compared the light absorption coeffi-
cient (Gitelson et al. 2021) in three contrasting crop species 
(maize, soybean, and rice) at both leaf and plant levels. Then 
we tentatively assessed the contributions of each spectral 
region to the budget of light energy absorbed by leaves and 
plants. We sought to address the paucity of information on 
the potential efficiencies of radiation both in the green and 
far-red ranges as potential source of energy for leaf- and 
plant-level photosynthesis.

Conceptual framework

In Kubelka–Munk theory (Kubelka and Munk 1931), the 
ratio of the absorption coefficient (α) to the scattering coef-
ficient (β), α/β, was introduced to characterize a layer of 
infinite thickness. This ratio (called the remission function 
or the Kubelka–Munk function) is a function of the infi-
nite reflectance (ρinf) of a layer in which further increase in 
thickness results in non-noticeable differences in reflectance 
(Kortum 1969; Wendlandt and Hecht 1966):

Kubelka and Munk underlined that f(ρinf) depends exclu-
sively on the ratio α/β “but not on the absolute numerical 
values of these constants” (Kubelka and Munk 1931), see 
also (Kortum 1969). While the remission function is based 
on a hypothetical optically thick layer a leaf or plant has 
limited optical depth and its reflectance may differ from ρinf. 
The relationship between the measured reflectance ρ0 and 
ρinf may be retrieved from the equation (Kortum 1969):

where ρ0 and T0 are the reflectance and transmittance of a 
leaf or plant, respectively.

To find f(ρinf) the relationship ρinf vs. ρ0 for leaves of dif-
ferent species in a wide range of chlorophyll content ([Chl]) 
was evaluated (Gitelson et  al. 2003). The numerator of 
Eq. 2, (1 + ρ0

2 – T0
2), was close to unity (Fig. S1A) and, 

thus, f(ρinf) ≅ (ρ0)–1. For leaves with ρ0 ranging from 0 to 
50% ([Chl] varying from 40 to 810 nmol/cm2) the relation-
ship between f(ρinf) = α/β and reciprocal reflectance, ρ0

–1 was 
linear, with R2 > 0.99 (Fig. S1B).

Plant reflectance and transmittance depend on many bio-
chemical and structural factors (e.g. (Naus et al. 2017)) and 
are also affected by irradiation conditions and the geometry 
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(sun–viewer–object) of the measurement. Therefore, it is 
practically impossible to collect all the data required, espe-
cially plant transmittance, as different hybrids and cultivars 
or even different plants of the same species often have vastly 
differing canopy structures that change during the growing 
season. At the plant level such measurements were car-
ried out with upward- and downward-looking radiometers 
affixed with cosine diffusers and positioned at ground level 
and above the canopy, although they may not be reliably 
obtained at low to moderate vegetation fractions (Hanan 
et al. 2002). Thus, to find the relationship between α/β and 
plant reflectance ρ0 the results of transmittance and reflec-
tance measurements of maize and soybean plants with veg-
etation fractions above 70% were used (Viña 2004). As at 
the leaf level, at plant level the relationship between f(ρinf) 
and reciprocal reflectance, ρ0

–1 was linear, with R2 > 0.99 
(Fig. S2).

The close linear relationships between the Kubelka–Munk 
remission function and reciprocal reflectance found at both 
leaf and plant scales (Figs. S1 and S2) laid a solid foundation 
for the retrieval of the canopy absorption coefficient from 
reflectance spectra in the form:

where (ρλ)–1 is the plant reciprocal reflectance, αpigm is the 
absorption coefficient of the photosynthetic pigments, α0 is 
the absorption coefficient of non-photosynthetic pigments, 
and β is the scattering coefficient. The leaf absorption coef-
ficient is governed mainly by pigment content and compo-
sition and the scattering coefficient by leaf structure and 
thickness. The plant absorption coefficient depends on leaf 
biochemistry, leaf area index (LAI) and canopy architec-
ture—leaf angle distribution (LAD). The scattering coef-
ficient of plant is a function of plant structural properties as 
plant density, LAD as well as leaf structure.

A characteristic feature of the plant (ρλ)–1 spectrum is 
positive values in the near infrared (NIR) region, beyond 
760 nm, where neither Chl a nor b absorb light (Gitelson 
et al. 2003). The absorption of healthy leaves in the NIR 
region is negligible (Merzlyak et al. 2002), while that of 
plants is sizeable due to either apparent absorption (i.e., 
fraction of light transmitted through the canopy) and/or 
due to the presence of other absorbers such as ’brown’ pig-
ments produced upon the oxidation of polyphenols during 
leaf damage or senescence (Merzlyak et al. 2004). Thus, 
the plant absorption coefficient estimated via (ρλ)–1 (Eq. 3) 
may be biased when αpigm is comparable to α0, specifically 
in the green and red edge, and at the beginning and at the 
end of the growing season when total absorption is small-to-
moderate. Subtraction of reciprocal reflectance in the NIR, 
ρNIR

−1, eliminates or at least significantly decreases a0 in the 
numerator of Eq. 3:
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The absorption coefficient, αpigm, retrieved from Eq. 4, 
for leaves and plants having the same pigment content but 
different densities (e.g., leaf structure, thickness, LAI, bio-
mass) may be biased due to different values of the scattering 
coefficient, β, in the denominator of Eq. 4. For example, a 
crop in the vegetative stage may have the same total pigment 
content as in the reproductive stage but different LAI and 
foliar pigment content (i.e., higher foliar pigment content 
and smaller LAI in vegetative stage and vice versa in repro-
ductive stage). As a result, for the same plant pigment con-
tent, in accord with Eq. 4, the retrieved αpigm would be larger 
in the vegetative stage (due to smaller LAI and thus plant 
scattering coefficient β) than in the reproductive stage. This 
effect may be reduced, if not eliminated, using reflectance 
that roughly represents a plant scattering coefficient but is 
not affected by pigment absorption. Reflectance in the NIR 
region, where chlorophylls do not absorb, is closely related 
with plant structural properties (e.g., LAI—Fig. S3). Higher 
NIR reflectance in soybean than in maize is due to the differ-
ence in canopy architecture of these crops (i.e., planophile 
vs. spherical leaf angle distributions). Thus, to decrease the 
effect of differential scattering in plants with the same [Chl] 
and isolate αpigm, ρNIR is introduced in Eq. 4:

The model-derived absorption coefficient allows for the 
derivation of absorption coefficient spectra across the photo-
synthetically active radiation and the far-red spectral regions, 
as well as accurate estimation of plant chlorophyll content 
in three crops with contrasting leaf structures, canopy archi-
tectures and photosynthetic pathways: maize, soybean, and 
rice (Gitelson et al. 2019). This model also was used for the 
remote estimation of plant physiological and phenological 
status, and the plant-level primary productivity (Peng et al. 
2011; Viña et al. 2011; Gitelson et al. 2021).

Materials and methods

The study used multiple datasets of the three crop species 
evaluated (i.e., maize, soybean and rice) acquired for differ-
ent studies (Ciganda et al. 2009; Gitelson et al. 2005, 2006, 
2008, 2016, 2018, 2019; Inoue et al. 2016; Peng et al. 2017; 
Viña et al. 2011) in separate sites, across different years and 
at scales ranging from individual leaves to entire plants. The 
following paragraphs summarize the procedures employed. 
For more details on the different data collection procedures, 
the reader should consult the cited papers.
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Study sites

Maize and soybean data collection campaigns were carried 
out during the growing seasons (from May to September) 
of 2001–2005 in three AmeriFlux sites (US-Ne1, US-Ne2, 
and US-Ne3), located near Mead, Nebraska, USA. Sites 1 
and 2 were equipped with a center-pivot irrigation system; 
site 1 was under maize continuously, while site 2 was under 
a maize-soybean rotation (with maize in odd and soybean in 
even years). Site 3 was also under a maize-soybean rotation 
but relied entirely on rainfall (Verma et al. 2005). Maize 
canopy-level transmittance was measured in 2010 at the 
same three AmeriFlux sites. Maize and soybean canopy-
level transmittances were also measured in test fields located 
on East Campus, University of Nebraska-Lincoln, Lincoln, 
Nebraska, USA.

Rice data collection campaigns were carried out dur-
ing the growing season of 2009 in ten experimental plots 
in Tsukuba, Japan. To induce a wide range of canopy 
responses, four different nitrogen levels (2, 6, 14, and 
16 g  m−2) were applied (Inoue et al. 2016).

Reflectance and transmittance at plant scale

In maize and soybean fields, canopy reflectance was meas-
ured using two inter-calibrated radiometers (USB2000, 
Ocean Optics, Dunedin, FL)—Table 1. One radiometer 
was equipped with a 25° field-of-view optical fiber pointing 
downward to measure upwelling radiance within a 2.4  m2 
sampling area by placing the fiber at a height of approxi-
mately 5.5 m above the top of the plants. The other sen-
sor was equipped with an optical fiber and a cosine diffuser 
pointing upward to measure downwelling irradiance. Percent 
plant reflectance was calculated as the ratio of upwelling 
radiance to downwelling irradiance (Viña et  al. 2011; 
Rundquist et al. 2004). Plant reflectance for each date was 
calculated as the median value of 36 reflectance measure-
ments collected along access roads into each of the fields.

In the rice fields, reflectance measurements were taken 
using a portable spectroradiometer (ASD FieldSpec-Pro, 
Analytical Spectral Devices, Inc., Longmont, CO) with a 

25° field-of-view at a nadir-looking angle from 2 m above 
the plants (Table 1). Percent plant reflectance was calculated 
as the ratio of the upwelling radiance to that of a Spectralon-
Labsphere white reference (Inoue et al. 2016). More than 30 
spectra were averaged for each plot to derive the representa-
tive reflectance spectrum.

Absorption coefficient in the PAR region was calcu-
lated as αpar = [ρNIR/ρpar] – 1, where ρNIR is the average of 
reflectance values in the NIR spectral region (780–900 nm), 
while ρpar is the average of reflectance values in the PAR 
spectral region (400–700  nm). Absorption coefficients 
in the blue, green, red, and far-red regions were calcu-
lated as αblue = [ρNIR/ρ400–500] – 1, αgreen = [ρNIR/ρ500–600] 
– 1, αred = [ρNIR/ρ600–700] – 1, αfar-red = [ρNIR/ρ700–750] – 1, 
where ρ400–500, ρ500–600, ρ600–700, and ρ700–750 are average of 
reflectance values in blue, green, red, and far-red regions, 
respectively.

Canopy transmittance (14 field campaigns in July and 
September 2010) was collected using two inter-calibrated 
radiometers (USB2000, Ocean Optics, Dunedin, FL) as 
used for reflectance measurements. Each radiometer was 
equipped with an optical fiber and a cosine diffuser point-
ing upward; one of them measured downwelling incident 
irradiance and another downwelling irradiance inside the 
canopies. Downwelling irradiance inside the maize cano-
pies was measured at the level of one leaf above the ear 
leaf (about 1.2–1.5 m below the top of the canopy), ear leaf 
level, and first, second, third and sixth leaves below ear leaf. 
Maize plant heights ranged from 2.5 to 3.0 m and the row 
spacing was 0.69–0.79 m. Downwelling irradiance inside 
the soybean canopies was measured at half plant height and 
the whole plant canopy just above the soil surface place in 
the middle of the rows. Soybean heights ranged from 0.71 to 
1.12 m and row spacing was 0.66–0.89 m. Canopy transmit-
tance was calculated as a ratio of downwelling irradiance 
inside the canopy to incident downwelling irradiance.

Green leaf area index (LAI)

Green LAI of maize and soybean plants was determined 
destructively from samples collected in six small plots 

Table 1  Summary of experimental data sets

Crops Year Plots Sensor, spec-
tral range, 
nm

Distance, FOV Leaf [Chl] LAI Plant type

Rice (Oryza sativa L. 
japonica variety)

2009 64 ASD
350–2500

2 m, 25° Analytical Destructive Erectophile, narrow 
leaves

Maize (Zea mays L.) 2003–2005 118 USB2000
400–900

5.5 m, 25° Non-destructive and 
analytical

Destructive Plagiophile, long broad 
leaves

Soybean (Glycine max 
(L.) Merr.)

2002, 2004 73 USB2000
400–900

5.5 m, 25° Non-destructive and 
analytical

Destructive Planophile, round leaves
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(20 m × 20 m) established within each sampling site, rep-
resenting major soil and crop production zones within each 
site (Verma et al. 2005). In the laboratory, green leaf sam-
ples were run through an area meter (LI-3100, Li-Cor, Inc., 
Lincoln NE) to calculate leaf area per plant. This area was 
then multiplied by the plant population (assessed in each 
plot) to obtain green LAI for each of the six plots, which 
were then averaged to obtain a site-level green LAI value 
(Viña et al. 2011).

In the rice fields, five hills per plot were sampled ran-
domly for destructive measurements and analysis in the lab. 
Green LAI was determined using an area meter (LI-3100, 
Li-Cor, Inc., Lincoln NE) after carefully removing all senes-
cent leaf parts (Inoue et al. 2016).

Green LAI values in three crops are presented in Table 2.

Leaf and plant chlorophyll content

The Chl content ([Chl]) of maize and soybean leaves (ear 
leaf in maize plants and the top-most fully expanded leaf 
in soybean plants) was measured in the laboratory, concur-
rently with spectral reflectance measurements of the same 
leaves using an Ocean Optics radiometer equipped with a 
leaf clip (Ciganda et al. 2009). Foliar reflectance measure-
ments were used to calculate the red edge chlorophyll index 
(Gitelson et al. 2003):

where ρNIR is reflectance in the NIR range 780–800 nm and 
ρ720–730 is reflectance in the red edge range 720–730 nm. 
 CIred edge was linearly related with the destructive lab meas-
urements of leaf [Chl]. The relationship [Chl] vs.  CIred edge, 
calibrated on a per-year basis, was then used to retrieve leaf 
[Chl] (Ciganda et al. 2009; Gitelson et al. 2005, 2006). Plant 
[Chl] was then calculated as a product of leaf [Chl] and 
green LAI.

In rice, five hills per plot were randomly sampled for 
obtaining a measure of leaf [Chl] using a chemical analysis 
in the laboratory. Canopy [Chl] was then obtained by mul-
tiplying leaf [Chl] by the biomass of green leaves per  m2 of 
ground area (Inoue et al. 2016).

CIred edge =
[(

�NIR
/

�720−730
)

−1
]

Leaf and canopy chlorophyll contents are presented in 
Table 2.

Results and discussion

Leaf‑level analysis

Absorption coefficient spectra taken in a wide range of pig-
ment content (Table 2) display distinct spectral features 
of green plants—maxima in the blue (400–500 nm) and 
the red (around 670 nm) as well as minimal values in the 
green (around 550 nm; Fig. 1a). In green leaves (the top 
spectra), the ratio of the absorption coefficient at 550 nm 
to that at 670 nm α550/α670 approaches 0.3 which is a more 
than fourfold larger than the green/red or the green/blue 
ratios of the leaf specific absorption coefficient of chloro-
phyll determined by experimental data and used in radiative 
transfer models (Féret et al. 2017). This also demonstrates 
a 20-fold larger chlorophyll absorption by leaves in the 
green region as compared to that in vitro, where it does not 
exceed 0.01–0.015 (Lichtenthaler 1983). Therefore, leaf αλ 
exhibits an important source of variability that cannot be 
described by variation in the chlorophyll specific absorp-
tion coefficient assumed to be invariable from one species 
to another (Feret et al. 2008) or the spectroscopy of this 
pigment in vitro. Also notable is the quite high-absorption 
coefficient in the far-red region. In the wavelength range 
705–720 nm, the ratio αfar-red/αred reaches 0.3 decreasing 
toward longer wavelengths.

Absorption coefficients increased along with an increase 
in leaf Chl]—Fig. 2. In leaves of all species studied, the 
blue fraction of the absorption coefficient was the highest 
followed by the red fraction and the green fraction with a 
pronounced drop in αΔλ sensitivity to [Chl] > 500 mg  m–2 
especially in the blue and the red regions.

The fraction of the absorption coefficient expressed on a 
[Chl] basis, αΔλ/[Chl], represents an efficiency of the pig-
ment in capturing light in the corresponding spectral range 
(Gitelson et al. 2016). The values of αΔλ/[Chl] dropped along 
with an increase in [Chl] regardless of the spectral range 
Δλ under consideration (Fig. 3). In leaves with [Chl] above 

Table 2  Minimum (Min), maximum (Max), mean (Mn), and median (Md) leaf total (a + b) chlorophyll content (in mg  m−2) and canopy chloro-
phyll content (in g  m−2), and green leaf area index (in  m2  m−2) in the maize (N = 124), soybean (N = 73), and rice (N = 64) sites sampled

Maize Soybean Rice

Min Max Mn Md Min Max Mn Md Min Max Mn Md

Leaf [Chl] 231 800 567 581 80 623 358 362 152 584 322 294
Canopy [Chl] 0.07 3.61 2.04 2.13 0.03 2.69 1.07 0.97 0.01 2.13 0.63 0.53
LAIgreen 0.17 5.52 3.49 4.04 0.16 5.45 2.59 2.62 0.08 6.73 2.13 2.14
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500 mg  m−2 Chl efficiency decreased threefold in the blue 
range, twofold in red, and 1.6-fold in green.

Relationships of fractions of absorption coefficient in 
spectral regions Δλ, αΔλ/αpar versus leaf [Chl] (Fig. 4) bring 
information about the contribution of radiation absorbed in 
each spectral region to the total absorption by leaf in the 
PAR region (400–700 nm). In each spectral region the dif-
ferences in the αΔλ/αpar vs. [Chl] relationships between the 
three species were very small (Fig. 4).

The absorption coefficient in the far-red region 
(700–750 nm) was closely related to leaf [Chl] (Fig. 5). 
αfar-red values were close in maize and soybean and smaller 

Fig. 1  Absorption coefficient spectra of maize leaves (a) and cano-
pies (b). Absorption coefficient at wavelength λ was calculated as 
α = (ρNIR/ρλ – 1) where ρNIR and ρλ are reflectances of leaf and plant 
in the NIR and at wavelength λ, respectively. Leaf color changes 
from yellow (bottom spectrum) to dark green (top spectra). Canopy 
absorption coefficient was retrieved from canopy reflectance spec-
tra measured across the growing season. Bottom spectra represent 
the beginning of the vegetative stage with low vegetation cover and 
senescence at the end of the season. The top spectra correspond to 
maximal crop green leaf area

Fig. 2  Leaf absorption coefficient αΔλ in blue, green, and red spec-
tral ranges plotted versus leaf chlorophyll content in a maize, b 
soybean, and c rice. αΔλ were calculated as αblue = [ρNIR/ρ400–500] 
– 1, αgreen = [ρNIR/ρ500–600] – 1, and αred = [ρNIR/ρ600–700] – 1, where 
ρ400–500, ρ500–600, ρ600–700 are average of leaf reflectance values in 
blue, green, and red regions, respectively
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in rice. The far-red fraction, αfar-red/αpar, at maximal [Chl] 
values was highest in maize (3%) followed by soybean 
(2%) and smallest in rice (1.5%). The ratio αfar-red/αred var-
ied from 10% in maize, 6% in soybean and to 5% in rice.

Fig. 3  Leaf absorption coefficient αΔλ in blue, green, and red spectral 
ranges calculated on [Chl] basis vs. canopy Chl content in a maize, b 
soybean, and c rice

Fig. 4  Fraction of blue, green, and red light (αΔλ) in total PAR 
absorption by the leaf (αpar) plotted vs. leaf [Chl] in maize, soybean, 
and rice

Fig. 5  Absorption coefficient in the far-red region αfar-red plotted ver-
sus leaf chlorophyll content in maize, soybean, and rice. αfar-red was 
calculated as αfar-red = [ρNIR/ρ700–750] – 1, where ρ700–750 is average of 
leaf reflectance values in far-red region
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Plant‑level analysis

Spectra of the absorption coefficient at the plant level 
retrieved from maize reflectance measured throughout 
a growing season (Fig. 1b) illustrate the main features of 
absorption by chlorophylls (in the red) and the combined 
absorption of carotenoids, phenolic compounds, and chlo-
rophylls (in the blue). Notably, the ratios αfar-red/αpar and 
αgreen/αpar were at least 25% higher than at the leaf level 
(Fig. 1a) illustrating an increasing contribution of green and 
far-red light to total absorption at the plant level. The α val-
ues in the blue-violet region of the spectrum recorded at a 
plant level were higher than those recorded at a leaf level (cf. 
Fig. 1a and b). This effect can be explained by the backscat-
tering of light by cuticle and other superficial structures of 
the leaves increasing individual leaf reflectance and decreas-
ing absorption towards shorter wavelengths.

All studied species displayed linear αΔλ vs. [Chl] rela-
tionships (Fig. 6), which were stronger than in the leaves 
(Fig. 2). The sensitivity of the plant absorption coefficient to 
[Chl] remained almost invariable over a wide range of [Chl] 
from the early vegetative phase to senescence comprising 
a distinct feature of the absorption documented at leaf and 
plant levels. These results support the results of modeling 
carried out by Paradiso et al. (2011) showing that spectral 
variations of photosynthesis at the plant level are smaller 
than those at the leaf level.

The relationships αΔλ/αpar vs. plant [Chl] for each frac-
tion of the PAR absorption coefficient in all three crops 
were quite similar (Fig. 7). Comparable sizes of the green 
and red fractions as well as their considerably more stable 
behavior throughout the vegetation season are the specific 
features observed at the plant level but not at the leaf level. 
Notably, the green fractions averaged over the season were 
1.5–2.5% higher than the red fractions (Table 3). However, 
for moderate-to-high [Chl], the red fractions were higher 
than the green fractions. 

To understand how the environment inside a canopy 
affects the spectral composition of the absorbed light (in 
terms of the red, green, and blue fractions of the absorp-
tion coefficient), we measured spectra of maize and soybean 
canopy transmittance. For maize canopies, the spectra were 
measured just above the ear leaf and at several heights below 
it (Fig. 8a). With an increasing number of leaf layers above 
the sensor, transmittance decreased and, notably the magni-
tude of the peak in the green region decreased about twofold 
from the ear leaf to the sixth leaf below the ear leaf. At the 
height of the ear leaf the ratio αΔλ/αpar, averaged across the 
season, was comprised of 49% blue, 26% green, and 25% red 
(Fig. 9a). At moderate-to-high [Chl] > 1 g  m–2, the αΔλ/αpar 
in the red was higher than in the green (Table 3, Fig. 9a). 
The far-red fraction inside the canopy significantly increased 
reaching 3.6% of αpar and exceeding 10% of αred (not shown). 

Fig. 6  Canopy absorption coefficient αΔλ in blue, green and red spec-
tral regions plotted versus canopy chlorophyll content in maize (a), 
soybean (b), and rice (c). αΔλ was calculated as αblue = [ρNIR/ρ400–500] 
– 1, αgreen = [ρNIR/ρ500–600] – 1, and αred = [ρNIR/ρ600–700] – 1, where 
ρ400–500, ρ500–600, ρ600–700 are average of canopy reflectance values in 
blue, green, and red regions, respectively
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The spectral change of transmittance in soybean meas-
ured at a plant half-height level (Fig. 8b) was more pro-
nounced than in maize (Fig. 8a) and thus the green and 
especially the far-red fractions of the absorption coefficient 

Fig. 7  Fractions of blue, green, and red light in total PAR absorption 
(αΔλ/αpar) plotted vs. canopy [Chl] in a maize, b soybean, and c rice

Table 3  Average quantum yield on an incident light basis and on an 
absorbed light basis and per cent fractions of canopy absorption coef-
ficients, aΔλ/apar, in the blue (Δλ = 400–500  nm), green (Δλ = 500–
600 nm), red (Δλ = 600–700 nm) and far-red (700–750 nm) averaged 
for Chl content (in g  m−2) across the growing season (from minimal 
to maximal values) and for moderate-to-high Chl content (> 1 g  m−2). 
The quantum yield values calculated per absorbed light basis are 
shown in bold

The quantum yield was calculated using the Supplemental Table  2 
(relative basis) from (Hogewoning et al. 2012)

[Chl]
g  m−2

Blue Green Red Far-red

QY on an incident light basis 61.2 65.2 74.0 11.0
QY on an absorbed light basis 64.3 82.8 82.6 14.3
αΔλ/αpar—Maize 0–3.6 50.5 24.0 25.5 3.9
Soybean 0–2.7 51.5 25.0 23.5 2.7
Rice 0–2.1 52.5 25.0 22.5 4.8
αΔλ/αpar—Maize 1–3.6 50.0 23.0 27.0
Soybean 1–2.7 47.5 23.5 29.0
Rice 1–2.1 49.0 21.0 29.0

Fig. 8  a Transmittance of maize canopy at the level of the leaf above 
the ear leaf (about 1.2–1.5 m below the top of the canopy), ear leaf 
level, and first, second, third and sixth leaves below the ear leaf. b 
Transmittance of soybean canopy at half plant height and the whole 
plant
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increased significantly. For moderate-to-high [Chl] > 1 g  m–2 
the blue fraction was 41.0%, the green 31.5%, and the red 
27.5% (Fig. 9b).

In the far-red range, the absorption coefficient increases 
substantially with an increase in total canopy [Chl] (Fig. 10), 
ranging between 2.7 and 4.8% of αpar. Notably, αfar-red is 
around 7% of αred and about 9% of αgreen. In the middle of 
the plant, the far-red absorption coefficient increased sig-
nificantly reaching 3.6% of αpar in maize and 8.7% of αpar in 
soybean (not shown).

To understand how absorbed light in four spectral regions 
related to quantum yield for  CO2 fixation we compared 
our findings with the results of a study of quantum yield 
in cucumber leaves (Hogewoning et al. 2012). In Table 3 
fractions of absorbed light and average relative values of 
quantum yields on an incident light basis and on an absorbed 
light basis in four spectral regions are presented (see Sup-
plemental Table 2 in (Hogewoning et al. 2012). Average 

quantum yield on an incident light basis evaluated in cucum-
ber leaves was maximal in the red; in the green it was 12% 
smaller than in the red. At the same time, the quantum yields 
calculated on an absorbed light basis in the green and the 
red were equal. If these results are relevant for the crops 
studied and considering that fractions of absorption coef-
ficients in the green and the red averaged across the season 
are close (Table 3), it means that in three contrasting crops 
CO2 fixation driven by green light across the growing season 
is potentially commensurate to that driven and/or acceler-
ated by red light.

Furthermore, the ratio αfar-red/αred was 15.3% for maize, 
14.5% for soybean and 21.3% for rice; the ratio of quantum 
yield in the far-red to that in the red, QY(far-red)/QY(red) was 
17.3%. If quantum yield calculated on the basis of absorbed 
light for cucumber leaves (Hogewoning et al. 2012) is appli-
cable for the crop plants, then the size of the far-red fraction 
in the light available to photosynthesis in the crop plants 
constitutes at least 14% of the size of light absorbed in red.

Concluding remarks

Collectively, the findings outlined above suggest that the 
spectral behaviors of light capture at the leaf and plant levels 
display a large degree of similarity. In each spectral region 
(i.e., blue, green, and red), the differences between the three 
species in the αΔλ/αpar vs. [Chl] relationships were very small 
either at leaf (Fig. 4) or plant levels (Fig. 7) despite contrast-
ing differences in leaf structures and canopy architectures. 
However, a considerable difference exists between spectral 
compositions of light absorbed by plants at leaf and plant 

Fig. 9  a The fractions of PAR absorption coefficients in blue, green, 
and red ranges in total PAR absorption (αΔλ/αpar) in maize canopy at 
the ear leaf height plotted vs. canopy Chl content. b The fractions of 
blue, green, red light in soybean canopy at a half canopy height (αΔλ) 
plotted vs. canopy Chl

Fig. 10  Canopy absorption coefficient in the far-red spectral region, 
αfar-red, plotted versus canopy [Chl] in three crops. αfar-red was calcu-
lated as αfar-red = [ρNIR/ρ700–750] – 1, where ρ700–750 is average of can-
opy reflectance values in far-red region
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levels. The contribution of green light (500–600 nm) to the 
total budget of the light absorbed in PAR region is much 
higher at the plant level than at the leaf level; for the plant 
it approaches the size of the contribution of red light. This 
pattern was evident in the crops with disparate organiza-
tion of their photosynthetic apparatuses, leaf structure, and 
canopy architecture.

An increase in leaf [Chl] led to a significant decline in the 
efficiency of light capture of this pigment; this effect was 
more pronounced in the bands of the Chl absorption maxima 
(blue and red) and much less evident in the green region 
where Chl absorption is relatively weak. In the blue and 
the red spectral regions, the incident radiation rapidly gets 
absorbed within the first layers of the mesophyll below the 
epidermis, while the inner layers of the mesophyll remain 
shaded. As a result, the basic assumption of independent 
light absorption by pigment molecules contained in the leaf 
is not fulfilled. Consequently, the αλ vs. [Chl] relationship 
departs from linearity in these spectral regions (e.g., Gitel-
son et al. 2020; Naus et al. 2017). In the green region with 
lower absorption coefficients, light is less attenuated by the 
near-surface cell layers, and therefore, penetrates deeper into 
the leaf (Terashima et al. 2009). Thus, the αλ vs. [Chl] rela-
tionship becomes linear and Chl efficiency is almost invari-
ant in a wide range of its variation (Merzlyak and Gitelson 
1995).

In contrast to leaves, the efficiency of Chl light absorp-
tion at the plant level remained almost invariant suggesting 
a uniform spectral composition of light supplied for pho-
tosynthesis throughout the growing season. This observa-
tion highlights the importance of canopy architecture for 
the balancing of light energy input to photosynthesis across 
developmental stages and different designs of photosynthetic 
machinery at the leaf level versus the whole-plant level 
(Zhang et al. 2021).

Furthermore, the results of this study have important 
implications for the role of green light in driving photosyn-
thesis in dense crop stands and under volatile illumination 
conditions. It is debated that the green gap in the absorption 
spectrum of plants is merely a consequence of chemical and 
photophysical properties of chlorophylls, the ubiquitous pri-
mary photosynthetic pigments of terrestrial plants. Results 
presented above suggest that the energy supply by green 
light can be commensurate to that of red light. At the same 
time, the quantum yield of green light, calculated on the 
basis of absorbed light, is comparable with that of red light, 
and greater than that of blue light (e.g., (Hogewoning et al. 
2012)). The important role of green light is conclusively 
supported by the estimations of the contribution of radia-
tion in the green range (500–600 nm) to the total absorbed 
energy budget as discussed above. It is important to note 
that action spectra of leaf photosynthesis have been meas-
ured with weak monochromatic light (Oguchi et al. 2011; 

Inada 1976) while absorption properties of crops have been 
measured in strong light where the quantum yield of green 
light exceeds those in blue and red ranges (Wu et al. 2019). 
Terashima et al. (2009) found that differential quantum 
yield of green light in a sunflower leaf in moderate to strong 
white light was greater than in red light. Thus, fractions of 
absorbed radiation and quantum yield of photosynthesis may 
be even closer than presented in Table 3.

Green light has a quantum efficiency higher or equiva-
lent to that of blue light, and it is transmitted through the 
leaf and to underlying leaves where it can actively drive 
photosynthesis. The significant decrease of transmittance 
in the green region with an increasing number of leaf layers 
(Fig. 8) clearly demonstrates the utilization of green light 
deeper in the canopy. This can be especially important in the 
case of plants encountering very high fluxes of solar radia-
tion when leaves in the upper layers of the canopy become 
rapidly inhibited by the radiation in the red and blue parts of 
the spectrum (Oguchi et al. 2021). In such situations, most of 
the carbon fixation is done by the shaded leaves lower in the 
canopy powered predominantly by green light. This might be 
the rationale for large metabolic investments of many plant 
species, including the studied crop plants, in growing dense 
canopies and retaining green leaves deep within the canopy.

The canopy absorption coefficient in the far-red region is 
not negligible: αfar-red was around 7–10% of the absorption 
coefficient fractions in the green and red regions. Still, the 
role of far-red light is underexplored. The results of our anal-
ysis of the light energy budget show that a sizeable portion 
of light available deep in the canopy (as in lower leaf layers) 
consists of radiation in this range. To date, a large body of 
evidence has been accumulated supporting the feasibility 
of using this spectral range as an energy source, mostly to 
ensure proper unloading of the chloroplast electron transport 
chain and thus avoid photooxidative damage (Kono et al. 
2020; Allakhverdiev 2020; Wolf and Blankenship 2019). 
The combination of a considerable proportion of the energy 
in this spectral range and the capability of plants to absorb 
radiation in this range further supports an important role 
of far-red radiation in supplementing the energy budget of 
plants and maintaining their acclimation to high light fluxes 
(Wu et al. 2021).

Finally, it is important to underline that the role of 
green light in photosynthesis was demonstrated here in 
simple experiments in natural conditions (e.g., crops in 
the field) as absorption properties were retrieved from 
remotely measured reflectance. This approach allowed 
the quantification of different fractions of light absorbed 
by vegetation and highlighted the role of green light in 
photosynthesis. An important extension of this idea is the 
experimental support for the role of radiation in the far-
red region of the spectrum as an energy source for shaded 
leaves located deep within plant canopies. While this study 



 Photosynthesis Research

1 3

is more proof-of-concept than finalized product, the results 
suggest the potential for using leaf and plant absorption 
coefficient retrieved from reflectance to quantify potential 
photosynthesis in each spectral range.
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