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Summary

Leaf chlorophyll content provides valuable information about physiological status of plants. Reflec-
tance measurement makes it possible to quickly and non-destructively assess, in situ, the chloro-
phyll content in leaves. Our objective was to investigate the spectral behavior of the relationship
between reflectance and chlorophyll content and to develop a technique for non-destructive
chlorophyll estimation in leaves with a wide range of pigment content and composition using ref-
lectance in a few broad spectral bands. Spectral reflectance of maple, chestnut, wild vine and
beech leaves in a wide range of pigment content and composition was investigated. It was shown
that reciprocal reflectance (Ry)™ in the spectral range A from 520 to 550 nm and 695 to 705 nm
related closely to the total chlorophyll content in leaves of all species. Subtraction of near infra-red
reciprocal reflectance, (Ryir)™, from (R))™ made index [(Ry)™-(Rnir) ™Y linearly proportional to the
total chlorophyll content in spectral ranges A from 525 to 555 nm and from 695 to 725 nm with coef-
ficient of determination r? > 0.94. To adjust for differences in leaf structure, the product of the latter
index and NIR reflectance [(Ry)*-(Rnir) *1*(Rnir) Was used; this further increased the accuracy of
the chlorophyll estimation in the range A from 520 to 585 nm and from 695 to 740 nm. Two inde-
pendent data sets were used to validate the developed algorithms. The root mean square error of
the chlorophyll prediction did not exceed 50 pmol/m? in leaves with total chlorophyll ranged from 1
to 830 umol/m?.
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Introduction

The chlorophylls, Chla and Chlb, are virtually essential pig-
ments for the conversion of light energy to stored chemical
energy. The amount of solar radiation absorbed by a leaf is a
function of the photosynthetic pigment content; thus, chloro-
phyll content can directly determine photosynthetic potential
and primary production (Curran et al. 1990, Filella et al. 1995).
In addition, Chl gives an indirect estimation of the nutrient sta-
tus because much of leaf nitrogen is incorporated in chloro-
phyll (Filella et al. 1995, Moran et al. 2000). Furthermore, leaf
chlorophyll content is closely related to plant stress and
senescence (Hendry 1987, Merzlyak and Gitelson 1995,
Pefiuelas and Filella 1998, Merzlyak et al. 1999).

Traditionally, leaf extraction with organic solvents and
spectrophotometric determination in solution is required for
pigment analysis with wet chemical methods (e.g., Lichten-
thaler 1987). Recently, alternative solutions of leaf pigment
analysis (i.e., chlorophyll, carotenoids and anthocyanins) with
non-destructive optical methods have been developed.
These newer methods are non-destructive, inexpensive,
quick and now possible in the field (Buschmann and Nagel
1993, Gitelson and Merzlyak 1994 a, b, Markwell et al. 1995,
Gamon and Surfus 1999, Gitelson et al. 2001, 2002).

Transmittance and reflectance spectroscopy is applied
extensively for non-destructive estimation of leaf Chl (Adams
and Arkin 1977, Aoki et al. 1986, Curran et al. 1990, Gitelson
and Merzlyak 1994 a, b, 1996, 1977, Markwell et al. 1995, Gitel-
son et al. 1996, Blackburn 1998, Datt 1998, Gamon and Sur-
fus 1999, Richardson et al. 2002). Relationships between ref-
lectance in the visible range and leaf Chl content are essen-
tially nonlinear (e.g., Buschmann and Nagel 1993, Gitelson
and Merzlyak 1994 a). First-difference transformation of the
apparent absorbance, the logarithm of reciprocal reflectance
(R)™, was found to be the best predictor for nitrogen and
chlorophyll in fresh bigleaf maple leaves (Yoder and Pettig-
rew-Crosby 1995). Gitelson and Merzlyak (1994 a and b) have
found that reflectances in the spectral bands located quite far
from the main absorption bands of pigments near 550 nm and
700 nm were closely hyperbolically related to Chl for a variety
of plant species and in a wide range of pigment content and
composition. Indices based at these spectral bands were
proposed and used to estimate Chl content in the leaves of
various plant species (Chappele et al. 1992, Gitelson and
Merzlyak 1994 a, b, 1996, 1997, Gitelson et al. 1996, Lichten-
thaler et al. 1996, Gamon and Surfus 1999).

Richardson et al. (2002) evaluated both non-destructive
absorbance and reflectance methods for Chl assessment.
They compared the performance of two commercially avail-
able hand-held Chl absorbance meters with that of several
reflectance indices for the estimation of leaf-level Chl and
found that some indices based on reflectance in the red edge
region (Gitelson and Merzlyak 1994 a) were much better indi-
cators of Chl content than some of the more commonly used
indices. The best reflectance indices were found to be better

indicators of Chl compared with those based on absorbance
measurements (Richardson et al. 2002).

Sims and Gamon (2002) examined hundreds of leaves of
non-related plant species and proved that reflectance in the
spectral channel around 700 nm was the most sensitive indi-
cator of Chl and that indices R7s50/R7g0 and (Rzso—R7os)/
(R750+R705), Gitelson and Merzlyak (1994 a), could be used as
a measure of Chl content. However, the correlation of these
indices with Chl was weaker when applied across a wide
range of species. The modified indices (Rzso—R445)/(R700—
Rass) and (Rnir—R70s)/(Rnir +R70s—2Ra4s), which were devel-
oped to eliminate the effect of variability in surface reflec-
tance between species by incorporating reflectance at
445 nm, Rys, produced substantially better correlation with
total Chl content.

Although a leaf consisting of cuticula, epidermis, palisade
and spongy parenchyma, etc. with numerous boundaries and
containing high amounts of pigments is very complicated
from an optical point of view (Gates et al. 1965, Heath 1969,
Fukshansky 1981, Vogelmann 1993, Richter and Fukshansky
1996), it was found that reciprocal reflectance alone at certain
wavelengths could be used for chlorophyll quantification (Gi-
telson et al. 1996). Based on that finding, algorithms for non-
destructive estimation of carotenoids (Gitelson et al. 2002)
and anthocyanins (Gitelson et al. 2001) were developed in
which reciprocal reflectances at 550 nm and 700 nm were
used to eliminate the Chl contribution in spectral ranges with
overlapping absorption by Chl and other pigments. However,
the mechanisms responsible for close relationships between
reciprocal reflectance and pigment content needs more de-
tailed investigations.

The indices for chlorophyll estimation based on reflectan-
ces in narrow spectral bands (usually 1 to 2 nm wide) at
550 nm and/or around 700 nm have been tested (Aoki et al.
1986, Gitelson and Merzlyak 1997, Datt 1998, Gamon and
Surfus 1999, Carter and Knapp 2001, Richardson et al. 2002,
Sims and Gamon 2002) and showed good performance in
Chl estimation. However, to provide sufficient sensitivity to a
small variation of Chl, broad spectral range is required. It is
also desirable to use an algorithm that is minimally sensitive
to the differences in leaf structure to avoid species-specific
calibration if the estimation of absolute Chl content is desired.
We are not aware of any studies that have attempted to as-
sess how the accuracy of Chl estimation depends on the
width of spectral bands and how wide spectral bands must
be to provide the required accuracy.

The goal of this research was to investigate the spectral
behavior of the relationship between reflectance and Chl con-
tent and to develop a technique for Chl estimation in leaves
with a wide range of pigment content and composition using
reflectance in a few broad spectral bands. The first step was
to find spectral ranges where Chl related closely to reciprocal
reflectance (R,)™ for all species studied. We found that recip-
rocal reflectances in narrow bands in the green and red edge
spectral regions were sensitive and closely related to the Chl
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content. Subtraction of (Ryg)™ from (Ry)™ made index (Ry) -
(Rnir) ™ linearly proportional to the total Chl content in wide
spectral bands 525 to 555 nm and 695 to 725 nm. To correct
for differences in leaf structure, we suggested the product of
the above index and NIR reflectance [(R))-(Rnir)™] * R
This algorithm made it possible to reach a high accuracy of
Chl estimation with Root Mean Square Error (RMSE) <
40 umol/m? in broad spectral bands (520-585nm and 695-
735 nm). Finally, algorithms were validated by independent
data sets.

Materials and Methods

Juvenile, mature and senescent leaves of Norway maple (Acer plata-
noides L.) and horse chestnut (Aesculus hippocastanum L.) were col-
lected in a park at Moscow State University in the spring, summer and
fall of 1992-2000. Second-flush beech leaves (Fagus sylvatica L.)
grown on the University of Karlsruhe campus were taken in August
and September 1996 and in August 2000, and wild vine shrub (Par-
thenocissus tricuspidata L.) leaves were collected in August and Sep-
tember 1996. Leaves were visually selected according to their differ-
ence in color. Leaves healthy and homogeneous in color without
anthocyanin pigmentation or visible symptoms of damage were used
in the experiments.

The leaf pigment content was determined from the same leaf sam-
ples used for reflectance measurement. Circular pieces were cut from
the leaves and extracted with 100 % acetone or methanol using a mor-
tar. The pigment extracts were centrifuged for 3-5min in glass tubes
to make the extract fully transparent. The resulting extracts were im-
mediately assayed spectrophotometrically. Specific absorption coeffi-
cients of Chla, Chlb and total carotenoids reported by Lichtenthaler
(1987) were used. The accepted molecular weight of carotenoids was
570.

Adaxial reflectance (R) and transmittance (T) spectra of the leaves
were taken in a spectral range between 400 and 800 nm with a
spectral resolution of 2nm with a Hitachi 150-20 spectrophotometer

Table 1. Pigment content and composition in leaves used for model
development and model validation. Pigment content in umol/m?, n is
the number of leaves in each data set.

Data Set n Total Chlorophyll Carotenoids

Model development

Beech — 1996 38 97-832 53-240
Wild Vine 19 47-530 21-180
Maple — 92-98 65 1-570 29-170
Chestnut 20 10-470 53-170
142 1-832 21-240

Model validation
Maple — 1999 23 1-460 16-120
Beech - 2000 34 14-670 36-210
57 1-670 16-210
Total 199 1-832 16-240
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Figure 1. (A) Mean Chl content in four leaf groups used for model de-
velopment. (B) Median reciprocal reflectance spectra for each leaf
group. Maximal reciprocal reflectance in the range from 500 nm to
700 nm was in beech leaves with maximal Chl content, and minimal
reciprocal reflectance was in chestnut leaves with minimal Chl. In the
blue range, reciprocal reflectance depends on both chlorophylls and
carotenoids content.

(measurements of maple and chestnut leaves) and a Shimadzu 2101
PC spectrophotometer (measurements of beech and wild vine leaves)
equipped with an integrating sphere. Leaf reflectance spectra were
recorded against barium sulphate as a standard; black velvet was
used as a background.

Four data sets containing 140 leaves (maple 1992-1998, chestnut,
beech 1996 and wild vine) were used for model development. Two in-
dependent data sets (23 maple-1999 and 34 beech-2000 leaves)
were used to validate the models. Relationships between the devel-
oped indices and Chl content obtained for the model development
data sets were inverted, and reflectance data from the model valida-
tion data sets were used to calculate the predicted Chl content. Fi-
nally, the predicted Chl content was compared with analytically meas-
ured Chl values, and the RMSE of the Chl prediction was determined.

Results

Pigment content and composition

Pigment content and composition in the leaves varied widely
(Table 1). Carotenoids were the dominant pigments in leaves
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with a total pigment content (chlorophylls + carotenoids) of
less than 50 pumol/m?; they constituted more than 97 % of the
total pigment content. With an increase in total pigment con-
tent, the carotenoids fraction decreased sharply; Chl pre-
sented the major portion of pigments in the leaves with a total
pigment content > 200 umol/m?. With a further increase in leaf
greenness, the ratio of carotenoids to total pigment content
decreased only a little: from 30 % in slightly green leaves to
20 % in dark-green leaves. The relationship between carot-
enoids and total Chl was linear with a coefficient of determi-
nation r? = 0.87.

Leaves of four plant species, used for model development,
were quite different with respect to total Chl content. Mean
Chl content ranged from a little bit higher than 120 pmol/m? in
chestnut leaves to more than 400 umol/m? in beech leaves
(Fig. 1A).

(Ry)* and total Chl content for four leaf group
studied (Table 1: model development data
sets).

650 700

Spectral characteristics of leaves and their relations
with total Chl content

The difference in mean Chl content in the four leaf groups
studied manifested itself in different reciprocal reflectance,
(R)™, spectra (Fig. 1B). In the blue range from 400 to 500 nm,
(R)™ was the highest in beech and wild vine leaves and
slightly lower in chestnut and maple. In this range, (R)™ was
affected by both Chl and carotenoids. Considerable changes
of (R)™* occurred in the range between 500 and 700 nm. With
an increase in Chl content, both green edge (around 530 nm)
and red edge (around 700 nm) shifted toward longer wave-
lengths and the reciprocal reflectance increased. The highest
reciprocal reflectance was in beech leaves with maximal
mean Chl, and the lowest one was in chestnut leaves with
minimal mean Chl.
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To find spectral bands where reciprocal reflectance was
sensitive to total Chl content, we studied the spectral behav-
ior of the coefficient of determination, r?, and the slope of the
linear relationship (Ry) vs. total Chl content (Fig. 2). In the
blue (400-500nm) and red (around 680 nm), r> was minimal
(Fig. 2 A). In these spectral ranges, the relationship (Ry)™ vs.
total Chl was essentially non-linear (Fig. 3 A). For Chl <
100 umol/m?, the sensitivity of (R,)™* to Chl was high; for Chl >
150 pmol/m?, the relationship leveled off, and (R))™ became
virtually insensitive to Chl. In the spectral range between 510
and 620 nm and near 700 nm, the function (R,)™ vs. Chl was
linear for all species with r> > 0.9 (Figs. 2A and 3B).

The slope of the relationship (R))™ vs. Chl reached max-
imal values around 510-520 nm, at 650 nm and at 690-
695 nm, spectral ranges located far from main peaks of Chl
absorption (Fig. 2B). In the blue range, the slope depended

Total chlorophyll content, |.Lmol/m2

upon the content of Chl and carotenoids and varied widely
between species with a minimal slope for beech, which had a
maximal mean Chl content. In the orange and red ranges, the
slopes were inversely related to mean Chl content: the higher
Chl content, the lower the slope; so, the absorption per Chl
unit was higher for species with lower Chl than for species
with higher Chl. In the green (between 520 and 580 nm) and
red edge (around 700 nm), the slopes of the relationships
(Ry) vs. Chl remained fairly similar for different species.

The high linear correlation between Chl content and (Ry)™
in a wide range from 510 to 650 nm and in a narrow range
around 700nm (Figs. 2A and 3B) suggested the use of (R))™
as a measure of total Chl content. However, to be applied for
variety of species, relationship (R,)™ vs. Chl should have min-
imal variation in the slope between species. The coefficient of
variation of the slope between species was the highest (more
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than 45 %) in the blue range between 400 and 490 nm and in

the red range near 675 nm (Fig. 4). It reached minimal values

(below 10 %) in the green range between 520 and 580 nm,

and in the red edge around 700 nm; in these spectral ranges,

the RMSE of Chl estimation had minimal values (50 to

60 pmol).

Thus, the relationship (Ry)™ vs. Chl showed several no-
table spectral features.

1. In the main bands of pigment absorption, the blue and the
red, the relationships were essentially non-linear. (R))™
was sensitive to Chl < 150 pmol/m?, but insensitive to mod-
erate-to-high Chl.

. In the blue and the red, the slopes of the relationship (R))™
vs. Chl varied widely between species. In the green and
red edge, the slopes remained nearly the same for all spe-
cies studied. In these spectral ranges, reciprocal reflec-
tance was a measure of Chl content, and the RMSE of the
Chl estimation had its minimal values.

Algorithm development and validation

For leaves containing trace amounts of Chl, reciprocal reflec-
tance remained significantly above zero (Fig. 3 B). In the
range beyond 550 nm, the intercept (R,)™ vs. Chl was almost
equal to (Ryr) ™ (not shown). Thus, we subtracted the recip-
rocal reflectance in the NIR range, (Rnr)™>, from (Ry)™ to
make the index

[(R)(Runir) ™

linearly proportional to total Chl. At 700 nm, the intercept of
the relationship [(R700) *-(Rnir) ] vs. Chl dropped 16-fold and
became very close to zero. The intercept [(Rsso) -(Rnir) ] vs.
Chl also decreased significantly (six-fold), but nevertheless,
remained positive (Fig. 5 A); it became negligible beyond

RMSE of Chl estimation by reciprocal reflec-
tance (left axis) for the four species studied.

550 nm. Remarkably, the subtraction of (Ryr)™* made it pos-
sible to extend significantly the spectral range of an accurate
Chl estimation. It was especially evident in the wide ranges
from 525 to 555 nm and 695 to 735nm. The RMSE of Chl esti-
mation by indices

[(Rs25-555) - (Rnir) ]
[(Ress—725) ~(Rnir) ']

was below 50 pmol/m? (Fig.5B).

A further increase in the accuracy of Chl estimation was
achieved by using the product of the index [(Ry)™(Rnir) ]
and Ryr:

[(RY)™(Rnir) 1+ Ruir = (Rnir/Ry)-1.

This algorithm is slightly different from Ryr/Rsso and Ryir/R700,
suggested by Gitelson and Merzlyak (1994 a, b). Importantly,
however, the intercept of the function (Ryir/Ry)™ vs. Chl was
quite close to zero, which made the index linearly propor-
tional to the Chl content. The main differences in the spectral
behavior of all three indices, (Ry)72 [(Ry)™-(Rnr)™] and
(Rnir/Ry)-1, were in the green and red edge ranges (Fig. 6).
The RMSE of Chl estimation by the indices

(Rnir/Rs20-585)-1
(Rnir/Regs-740)-1

was minimal among indices, remaining below 50 umol/m?,
Validation of the proposed technique has been carried out
for two independent data sets: maple-1999 and beech-2000
with a wide variation of pigment content (Table 1). The rela-
tionship index vs. Chl obtained for model development data
sets was inverted, and reflectance data from the model vali-
dation data sets were used to calculate the predicted Chl
content. The predicted Chl content was compared with ana-
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lytically measured Chl, and the RMSE of the Chl prediction
was determined (Table 2). For all 57 leaves examined, the
RMSE of the total Chl prediction by index (Ryr/Ry)-1 in
spectral ranges A from 520 to 585 and from 695 to 740 nm
was less than 49 umol/m2,

Discussion

In the blue and red spectral ranges, specific absorption coef-
ficients of pigments are very high (e.g., Heath 1969, Lichten-
thaler 1987) and the depth of light penetration into the leaf is
very low (Kumar and Silva 1973, Cui et al. 1991, Vogelmann et
al. 1991, Vogelmann 1993, Fukshansky et al. 1993, Merzlyak
and Gitelson 1995). As a result, even low amounts of pig-

500 550 600 650 700 750

Wavelength, nm

ments are sufficient to saturate absorption. When Chl
exceeded 150 umol/m?, total absorption reached maximal val-
ues (more than 90 %), the depth of light penetration drasti-
cally decreased, and a further increase in pigment content
did not cause an increase in total absorption. Thus, the rela-
tionship (Ry) vs. total Chl leveled off, and (R,)™ became vir-
tually insensitive to Chl (see also, Thomas and Gausman
1977, Gausman 1982, Chapelle et al. 1992, Buschmann and
Nagel 1993, Gitelson and Merzlyak 1994 a, b, 1997, Gamon
and Surfus 1999). In the spectral regions located closer to the
main absorption bands, the slope (R))™ vs. Chl depended
strongly on mean pigment content in leaf group (Fig. 2B). The
closer the spectral band was to the main absorption band of
pigments, the lower the Chl content at which saturation of
(Rt vs. Chl relationship appeared.



278 Anatoly A. Gitelson, Yuri Gritz, Mark N. Merzlyak

1.0

o
%

i (Rx)-l'(RNIR)-l Ry /Ry -1

0.6 -

0.4 -

r’{Index vs. total Chl}

400 450 500 550 600 650

700 750

150 oo

§ ‘ -1
3 " P ) §
- (R '(RNIR) ——————————— / ———————— o

10O - s

RMSE of total Chl estimation, pmol/m’

Rz /Ry) -1
50_ . e N N O
: Figure 6. (A) The coefficient of determination r?
i ‘ d (B) RMSE of total Chl estimation by th
520 nm 585 nm 695nm 740nm| "9 ©) o} fotal - esimation by fre®
0 : : indices proposed for Chl assessment: (R))™,
: : i . i : : o o
400 450 500 550 600 650 700 750 [RV7-Rur)7] and  (Ryr/Ry)-1. Spectral
ranges where RMSE of Chl assessment

Wavelength, nm

Table 2. Root mean square error of leaf chlorophyll prediction (in pmol/
m?) for model validation data sets: beech—2000 and maple-1999. The
relationship index vs. Chl obtained for model development data sets
was inversed, and reflectance data from the model validation data
sets were used to calculate the predicted Chl content. Then, the pre-
dicted Chl content was compared with analytically measured actual
Chl values, and the RMSE of Chl prediction was determined. Note: Chl
content in beech leaves ranged from 14 to 670 umol/mz; whereas, it
ranged from 1 to 460 umol/m? in maple leaves.

Waveband A (nm)  Index Beech-2000 Maple-1999
520-550 (GNES 63 59
525-555 RN -Rnr)™r 59 49
520-585 (Rnir/Ry) -1 48 35
695-705 (GNEE 64 58
695-725 RN -(Ruwr)™r 61 49
695-740 (Ruir/Ry) -1 49 33

dropped below 50 pmol/m? are shown.

In the green and in the red edge (around 700 nm), specific
absorption coefficient of chlorophylls in extract is very low; it
does not exceed even 6 % of that in the blue and red (e.g.,
Heath 1969, Lichtenthaler 1987); however, green leaves ab-
sorb more than 80% of incident light in these spectral ranges
(e.g., Moss and Loomis 1952, Heath 1969, Gausman et al.
1969, Gausman and Allen 1973, Gitelson and Merzlyak
1994 a). In these spectral ranges, depth of light penetration
into the leaf was found to be four- to six-fold higher than in the
blue and red (e.g., Fukshansky et al. 1993, Fig. 2 in Merzlyak
and Gitelson 1995). Therefore, in the green and red edge ab-
sorption of light is high enough to provide high sensitivity of
(Ry)~* to Chl content and much lower than in the blue and red
to avoid saturation of the (R,)™ vs. Chl relationship for moder-
ate to high Chl.

The Kubelka-Munk remission function, which is propor-
tional to the ratio of the absorption coefficient, k, to the scat-
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Figure 7. Reflectance spectra of leaves with almost the same total Chl content (indicated as numbers near the curves) and different NIR reflec-
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tering coefficient, s (e.g. Wendlandt and Hecht 1966) relates
very closely to leaf reciprocal reflectance (Appendix 1).
Therefore, in the green and red edge ranges, the ratios (k/
S)green and (K/S)red edge Were closely and linearly related to the
total Chl content (Fig. 3B). The k/s ratio per total Chl units
(specific ratio in m?/umol) remained virtually invariant (0.0129
+ 0.003m?/umol) in leaves with Chl from 1 to 830 umol/m? and
a wide range of pigment composition.

In an attempt to understand why the indices (Rynr/Rss0)-1
and (Rnir/R700)-1 were effective in improving the accuracy of
Chl assessment, we compared reflectance spectra of leaves
with almost the same Chl content but different Ryr. We found
with no exception that the higher the reflectance in the NIR
range, the higher the reflectances in the range around 550 nm
and 700 nm (Fig. 7). The processes that govern behavior of
reflectance in the NIR range and the visible spectrum are
very different. In the NIR range, an increase in reflectance
might be caused by an increase in leaf thickness or/and den-
sity; in the visible range, an increase in reflectance indicates
a decrease in pigment content (surface reflectance of adaxial
surface for all leaves studied was virtually the same). In
leaves with the same Chl content, an increase in leaf thick-
ness might lead to an increase in Ryr and to a decrease in
Chl concentration (per volume); the latter caused an increase
in reflectances in the green and red edge that was observed
(Fig. 7). A decrease in leaf thickness might cause a decrease
in Ryr and an increase of Chl concentration, which caused
a decrease in reflectance in the green and red edge. With
a variation in leaf thickness, reflectances (Rszo-sss)™,

(Ress_740) %, and Ryir varied in the same direction, and, thus,
indices (Rnir/Rs20-570)-1 and (Rnir/Regs_735)-1 became less
sensitive to this factor. As a result, these indices correlated
with total Chl much more closely than (Rspo_s70) ™~ and (Rzgo) ™
(Fig.6).

Leaf surface reflectance virtually did not change in leaves
studied, so, indices worked accurately across the species. In
the case when surface reflectance varies, incorporating ref-
lectance in the blue range makes it possible to eliminate the
effect of surface reflectance (Sims and Gamon 2002). We re-
commend using the reflectance in the range between 430
and 470 nm in modified indices:

[(Rs20-555—Ra40-480) -(RnIR—Ra40-480) ']
[(Rees-725—Ra0-480) *-(Rnir-Ra40-480) ']

and
[(Rnir-Ra40-480)/(Rs20-580—R440-480)]-1

[(Rnir-Ra40-480)/(Re9s-740—Ras0-480)]-1

Comparison with previously developed indices

Using our data sets, we tested the accuracy of the indices
that had been previously developed for Chl estimation and
compared it with the performance of the indices proposed in
this paper. In Figure 8, relationships between total chlorophyll
content and the following indices are presented:
(Rgoo—Reg0)/(Rgoo + Rego) — Blackburn 1998,

(Rgoo/Resgo) — Blackburn 1998,



280 Anatoly A. Gitelson, Yuri Gritz, Mark N. Merzlyak
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Figure 8. Scatter plots indicating the relationship between various reflectance indices and total Chl content.

(Re7s/R700) — Chappelle et al. 1992,

(Rsoo—R700)/(Rgoo + R700) — Gitelson and Merzlyak 1994 a and b,
(Rgso/R708* Rs50) — Datt 1998,

(R750-800)/(Regs-740)-1 — this paper.

Indices that used reflectance in the red range around
680 nm were sensitive to only very low Chl and non-sensitive
to moderate to high Chl. Thus, the index (Rggpo—Rego)/
(Rgoo +Rego) became invariant with respect to Chl > 100 pmol/
m? (Fig. 8A), and the index (Rgoo/Rego) became insensitive to
Chl > 200 pmol/m? (Fig. 8 B).

The index Rgzs/R709 decreased sharply with an increase in
total Chl up to 70 pmol/m?, then, it was almost invariant with
respect to Chl between 70 and 200 pmol/m? and had a quite
linear relationship with Chl higher than 200 pmol/m?. The indi-
ces [Reoo—R700)/[Reoo+R700], [Reso/R70s * Rsso] and [(Rzso-s00)/
(Rgos5-740)-1] were much better indicators of Chl content. The
index [Rgoo—R700)/[Reoo+R700] Was shown to be a good pre-
dictor of Chl for a variety of plant species (Gitelson and
Merzlyak 1994 a, b, Gamon and Surfus 1999, Richardson et al.

2002, Sims and Gamon 2002), however, the sensitivity of the
index to high total Chl (more than 400 pmol/m?) was four-fold
lower than to low-to-moderate Chl. In the range of total Chl
variation from 1 to 830 umol/m?, indices [Rggo—R7ool/
[Reoo+R700] @and [Rgeo/R70s * Rss0] provided estimation of total
Chl with a RMSE < 80 pmol/m?. Indices with broad spectral
bands [(R750-800)/(Regs-720)-1] and  [(R7s0-800)/(Rs20-585)-1],
proposed in this work were the best Chl predictors with a
RMSE < 39 umol/m? (Table 3).

Three spectral bands, either 550 + 20 nm or 715 + 20 nm,
450 + 20nm, and NIR band above 750 nm were found to be
sufficient for non-destructive Chl estimation. For anthocyanin-
containing leaves (see Gitelson et al. 2001), spectral bands
715 = 20nm, 450 = 20nm and a NIR band above 750 nm are
recommended. The use of wide band filters in reflectometers
for Chl estimation allows for a significant increase in sensitiv-
ity and the signal-to-noise ratio and decreases the cost of the
reflectometers.



Non-destructive chlorophyll assessment in higher plant leaves

281

Table 3. Root mean square error of total Chl, Chla and Chlb estimation calculated for 142 maple, chestnut, beech and wild vine leaves included
in the model development data set. Total Chl content ranged between 1 and 832 pmol/m?, Chla from 1 to 620 pmol/m? and Chlb from 1 to 210

pmol/m?.

RMSE (Reoo—Reso0)/ R780/Reso Re75/R700 (Reoo—R700)/ Rgso/ (R750-800/
(Rgoo *+Reso) (Reoo*+R700) (R708*Rss50) Reos—740)-1

Chla +b 168 139 63* 80 60 39

Chla 123 102 49* 58 47 29

Chib 46 39 20* 24 16 14

* The RMSE of Chl estimation in the range of total Chl >200 pumol/m?, Chla >148 umol/m?and Chlb >60 pmol/m?.
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Figure 9. Remission function f(R.,) plotted versus reciprocal reflectance (Ro)™. Linear best-fit function describes this relationship with r> > 0.9998.
In insert: numerator of equation 2 (Appendix 1) is very close to unity in a wide range of total Chl. Both R? and T? decrease virtually synchronously

with an increase in Chl content.

Appendix 1

The relationship between the infinite reflectance of an ideal
layer, R, in which a further increase in thickness results in no
noticeable difference, and inherent optical properties (ab-
sorption coefficient, k, and scattering coefficient, s) is as fol-
lowing (e.g., Kortiim 1969):

f(Rw) = (1 - Ru?)/2Rs = kis (M)
To find the relationship between reflectance of a real leaf and
its inherent optical properties, one should find a relationship
between f(R.,) and the measured leaf reflectance. In our
work, a leaf was placed on a black velvet background, and
the reflectance was measured using an integrating sphere. In
terms of the Kubelka-Munk theory, the measured reflectance
is defined as R, where the index <0> is used to designate the
ideal black background with reflectance of the background
equal to 0. The relationship between Ry and f(R.,) may be ret-
rieved from the equation (Kortiim 1969, p. 120):

f(Re) = (1 + Ro?—T2)/2R, — 1 2)

where T is leaf transmittance.

The numerator (1 + R,2 — T2) is very close to unity (insert in
Fig. 9), and f(R.) is the hyperbolic function of R,, therefore,
f(Ra) O (Ry) ™. For R, ranging from 0 to 50 %, the relationship
between f(R.,) and (Ry)* is linear, f(R.,) = 0.4874*(R)™*-0.707
with r> = 0.9998 (Fig. 9).
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