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ABSTRACT

An analysis of the composition and concentration of pigments — both chlorophyll (Chl) and other protective pigments, is often critical,
when analyzing the reaction of plants to the effects of abiotic conditions. Therefore, a rapid non-destructive method for determining
pigment concentrations accurately would be an advantage. The chlorophyll (Chl) concentrations in the leaves, sepals and bracts from
Hibiscus rosa-sinensis and the leaves from Chrysanthemum x morifolium were determined in vivo by applying two different algorithms to
the reflectance and transmittance data obtained from a spectrophotometer with an integrating sphere. As sepals and bracts from Hibiscus
are small, a modification was needed using a mask. When measuring reflectance, a mask has been combined with a properly focused
sample beam, to avoid direct illumination of the mask. The transmittance spectra are achieved by a combination of a lens setup and an
attachment of the sample to the entrance port. Two different models have been used for the calculation of Chlorophyll concentration. The
first model is based on an empirical relationship between reciprocal reflectance and Chl concentration, whereas the second model is based
on the optical characteristics of the leaf. Our aim with the experiments was to improve the methods for non-invasive detection of Chl in

ornamental plant species and leaf types.
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INTRODUCTION

The possibility of estimating the Chlorophyll (Chl) concen-
tration non-destructively is an attractive alternative to the
cumbersome process of chemical extraction (Arnon 1949).
Being able to determine a pigment concentration quickly in
vivo provides access to the content of secondary pigments
such as carotenoids or anthocyanins, which moreover can
provide valuable information about the physiological status
of a plant in relation to light stress (Smillie and Hethering-
ton 1999; Gitelson ef al. 2009). Nutrient deficiencies will
also be reflected in the pigment composition of a leaf, espe-
cially with respect to nitrogen (Fritschi and Ray 2007). As
an example, an anthocyanin reflectance index, with reflec-
tances in the green and red edge spectral bands (525 to 555
nm and 695 to 735 nm) and a modified anthocyanin reflec-
tance index, employing in addition the near-infrared (NIR)
band, have been used to accurately estimate leaf anthocya-
nin (Gitelson et al. 2009).

Two principally different kind of methods based on
either reflectance or transmittance data (Gitelson et al.
2003; Gitelson and Merzlyak 2004) or on reflectance and
transmittance data (Yamada and Fujimura 1991) can be
used to evaluate the pigment concentrations in leaves non-
destructively. The first kind of method is based on only the
reflectance or transmittance values obtained at selected
wavelengths and an empirical relationship between the
reflectance or transmittance and the Chl concentration. This
kind of method will be termed the R/T-EMP method. In the
algorithms of the simplest R/'T-EMP method, the Chl con-
centration is approximately proportional to the ratio of two
reflectance values obtained at two selected wavelengths (or
transmittance values), where the choice of wavelength de-

pends on the plant species (Carter and Knapp 2001; Carter
and Spiering 2002). The R/T-EMP method can moreover be
made applicable to a larger number of different plant spe-
cies by basing the choice of the distinct wavelengths on a
larger statistical plant material and by developing the algo-
rithms further by incorporating the reflectance or transmit-
tance values from more wavelengths (Gitelson et al. 2003;
Gitelson and Merzlyak 2004; Gitelson et al. 2009). Com-
mercial equipment used for estimating the Chl concentra-
tions of plants in the field are based on the R/T-EMP
method, e.g. FieldScout CM 1000 (FieldScout CM 1000
Chlorophyll Meter, Operation Manual 2009) and SPAD
(SPAD 502 Plus Chlorophyll Meter Product Manual 2009).

The second kind of method is based on selected reflec-
tance and transmittance values combined with a theoretical
modeling and knowledge of the optical characteristics of a
leaf. This method will be termed the RT-MOD method.

The aim of the present paper is threefold: a) To ac-
curately and reproducibly determine the pigment concen-
tration in absorbing and scattering samples of varying size,
such as the sepals, bracts and leaves from Hibiscus based on
reflectance and transmittance data obtained on a research
spectrophotometer equipped with an integrating sphere; b)
To address the pitfalls existing, when determining the Chl
concentration in small samples of plant material by mea-
suring the reflectance and transmittance with an integrating
sphere; ¢) To compare the calculations of the Chl concen-
tration in the sepals, bracts and leaves from Hibiscus per-
formed with the R/T-EMP and RT-MOD methods based on
the accurate reflectance and transmittance data.

The optimized measurements of reflectance and trans-
mittance, which enables an accurate calculation of the Chl
concentration, performed on the research spectrophotometer
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Fig. 1 A schematic drawing of the integrating sphere, which is placed in the sample compartment of the spectrophotometer. Besides, are shown the
introduction of a lens setup in the sample beam and the mask and sample in the sample port P, which is applicable for reflectance measurements. The lens
system consists of lenses L; and L,, the focal length of these are -50 mm and 100 mm, the distance between these is 106 mm and the distance between the

lens L, and the port P; of the integrating sphere is 10 cm.

combined with an integrating sphere may serve the purpose
as reference concentration instead of the results obtained by
chemical extraction (Arnon 1949).

The R/T-EMP method considered in this paper is based
on an algorithm (Gitelson and Merzlyak 2004; Gitelson et
al. 2009), while the RT-MOD method is originally deve-
loped by (Yamada and Fujimura 1991) for determination of
the Chl concentration in dicotyledonous leaves. We have in
the study included different leaf types from a Hibiscus rosa-
sinensis, i.e. sepals, bracts and leaves from Chrysanthemum
x morifolium with varying size and tissue composition and
different expected concentrations of Chl and carotenoids. In
spectroscopy, transmittance is the fraction of incident light
at a specified wavelength that passes through a sample
(either a solution or in this case an object (a leaf)), while
reflectance is an expression of the ratio of the total amount
of radiation, as of light, reflected by a (leaf) surface to the
total amount of radiation incident on the (leaf) surface and
both these values are included in the models used. The ref-
lectance and transmittance data must be obtained by using
the most optimal setup with respect to accuracy and repro-
ducibility (Jernshej and Hassing 2009).

MATERIALS AND METHODS
Measurements

The spectrophotometer used to perform the measurements is a
stationary double beam spectrophotometer (Perkin Elmer, Lambda
900) with a Labsphere integrating sphere option (LabSphere PELA
1000). The integrating sphere, which is 150 mm in diameter, is
equipped with 25 mm circular port apertures, for reflectance and
transmittance measurements, respectively. This means that sam-
ples smaller than the port apertures necessitates a modification of
the experimental setup. The spectrophotometer covers the wave-
length range 185-3300 nm. In the ultraviolet and visible range the
signal is detected by a photomultiplier and in the near infrared
range by a lead sulfide detector (PbS). The use of an integrating
sphere ensures diffuse illumination of the sample and collection of
diffuse reflected or transmitted light.

A schematic drawing of the principles behind the reflectance
measurements is shown in Fig. 1 and behind the transmittance
measurements in Fig. 3. The spectrophotometer is a scanning ins-
trument, which measures the diffuse reflectance as well as the
transmittance of a sample versus wavelength, R(4) and 7(4). The
procedure of the reflectance measurement is as follows: the
sample is placed in the port P; of the sphere and the light intensity
backscattered by the sample into the solid angle 27 is collected by
the sphere and captured by the detector. The ratio between this
intensity and the intensity scattered from a reference standard
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placed in the port P, is monitored at every wavelength in the cho-
sen region. Before the measurement the instrument must be calib-
rated by measuring the same ratio with the exception that the sam-
ple in port P, is replaced with the standard. The reflectance of the
sample R(%) is then given as the ratio between the result of the
measurement performed on the sample and the calibration mea-
surement. The principle of the transmittance measurement 7(4) is
the same as for the reflectance measurements, except that the sam-
ple is placed in the port P; and the reference is in this case air.
Further details can be found in the integrating sphere manual
(LabSphere PELA 1000), and in the Jernshej and Hassing (2009)
reference.

Plants were obtained from a commercial nursery in salable
size and had been grown according to normal practice and fully
fertilized so leaves could be picked at random for measurements.
Hibiscus rosa-sinensis 'Cairo' (Malvaceae) and Chrysanthemum %
morifolium Ramat 'Yoauburn' (Asteraceae) were used as they
represent a high light plant species and an adaptive species. One of
the primary goals was to obtain reflectance and transmittance
spectra of the bracts and sepals of Hibiscus. These are too small to
fit the apertures of the sphere, while Chrysanthemum leaves are of
sufficient size. The plant parts were removed from the plants just
before measurement and placed at entrance port P; or at the sam-
ple port P;. Since the plant material was fresh and each measure-
ment took place over a very short period, the effect of the amount
of secondary metabolites should not be of importance as no deg-
radation took place. Leaves could have remained on the plants
making the measurements both non-destructive and non-invasive,
but for flower parts the measurements were only non-invasive.

Since the size of the bracts and sepals of Hibiscus are smaller
than the apertures of the sphere (i.e. the ports P, and P3) and since
the beam provided by the spectrophotometer has a larger cross
sectional area than the size of these samples, some modifications
have to be made. The simplest of these modifications is to use a
mask to hold the samples in place, thereby reducing the aperture of
the ports (Perkin Elmer, Lambda 900; LabSphere PELA 1000).
The mask used in the reflectance measurements performed in this
paper is made of 0.19 mm thick brass foil, which is painted a mat
black and the aperture of the mask is chosen, so that the smaller of
the samples just fills the aperture (Fig. 2). The aperture is therefore
rectangular with the dimensions 2 x 6 mm? Due to the large cross
sectional area of the sample beam, the mask is directly illuminated,
which as shown in reference (Jernshej and Hassing 2009) leads to
the first pitfall, namely wavelength- and sample-dependent scat-
tering phenomena. These phenomena result in very large mea-
suring errors, which depend on the structure and the optical pro-
perties of the sample. It is therefore not possible to find a both uni-
versal and accurate way to correct the reflectance data, which
leads to an inaccurate calculation of the Chl concentration. To
obtain the most accurate reflectance values of the small samples,
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Fig. 2 The first subfigure in this figure shows a leaf and the mask placed in the sample port P, (reflectance measurements). The schematic drawing
is made in order to illustrate the illumination of the mask, which also takes place during the transmittance measurements in port P; as shown in the other

subfigure.
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Fig. 3 A schematic drawing of the integrating sphere, which is placed in the sample compartment of the spectrophotometer. Besides are shown the
introduction of a lens, L, in the sample beam and the mask/suspension of the sample in the entrance port Ps;, which is applicable for transmittance
measurements. The focal length of the lens L3 is 50 mm and the distance to the integrating sphere is 4 cm.
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Fig. 4 A schematic illustration of how the sample has been suspended
in the entrance port P; of the sphere during the transmittance mea-
surements. The suspension consists of two clamps, which secures the
sample and makes the use of a mask superfluous.

the measurements should satisfy the following requirements. First
of all any illumination of the mask must be avoided. This is en-
sured by inserting focusing optics in the sample path as shown in
Fig. 1 combined with a careful adjustment of the mask. Secondly,
the ratio between the mask aperture (which has been defined by

the bracts) and the beam area should be chosen as large as possible.

The data for the removable lens system, designed for the reflec-
tance measurements performed in the present paper, is given in the
caption of Fig. 1. The size of the focused beam in the reflection
sample port P; with the lens system inserted is approximately 1 X
4 mn?’.

Considering the transmittance measurements on small samples,
it was found in (Jernshgj and Hassing 2009) that the accuracy of
these is in general much higher than that of reflectance measure-
ments. This may be ascribed to the nature of the transmittance
measurements, where the low transmittance of the mask ensures
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that only a small amount of the light illuminating the mask will
enter the integrating sphere directly. Despite this, the most optimal
way to obtain accurate transmittance spectra was concluded to be a
combination of a focusing lens and an attachment of the sample to
the entrance port P3. The attachment, which is shown in Fig. 4, is
done by means of two thin (3 X 1 mm) rigid non-illuminated
clamps. This measuring setup renders the use of the mask un-
necessary, since the sample is freely suspended in the entrance
port. The data of the removable lens is mentioned in the caption of
Fig. 3. The size of the focused beam in the port P; with the lens
inserted in the beam path is approximately 0.5 x 4 mm?.

Molecular and phenomenological absorption and
scattering coefficients, Kubelka-Munck theory

The free molecules of plant pigments such as Chl, carotenoids and
anthocyanins have characteristic absorption (UV/Visible, IR and
NIR) and Raman spectra, which may be used to obtain informa-
tion about the structure and chemical properties of these molecules.
The spectra are typically measured on diluted solutions of the pig-
ment molecules, where it is reasonable to assume that the mole-
cules interact independently with the light with the result that the
absorption and the scattering from the solution is proportional to
the molar concentration of the pigment molecules. This is the basis
for the Lambert-Beer law. In molecular spectroscopy performed
on diluted solutions it is convenient to describe the absorption and
scattering processes by an absorption cross section 6, and a scat-
tering cross section g, . G4 and o, have the unit [area] and each
of them defines an effective area of each pigment molecule as seen
by the incoming beam of photons interacting with the molecule.
Thus o, and o, are measures of the probability that a molecule
either absorbs or scatters a photon with a particular wavelength
and polarization. Theoretically the absorption and scattering cross
sections may be expressed in terms of fundamental molecular
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parameters through the application of quantum mechanics and a
theoretical modeling of the molecules.

In the case of absorption measurements on a diluted solution
of pigment molecules the absorption cross section is related to the
macroscopic absorption coefficient associated with a volume ele-
ment of the solution, o, in a simple manner following from the
derivation of the Lambert-Beer law, 6., =10° (N,C) " 0,,, Where
N,is Avogadro’s constant and C is the molar concentration of the
absorbing pigment.

However, when the pigments are in their natural environment
in the leaves or in other parts of the plant, the relations between
6.5 and oy, and the macroscopic counterparts, ey, and O, Will
be much more complex due to the interactions among the pigment-
molecules (e.g. formation of aggregates) and interactions between
the pigment molecules and the molecules forming the matrix of
the host material. The modeling of these interactions and how they
should be incorporated in the theory of absorption and scattering
processes requires a detailed knowledge of the system under
investigation. This complexity is partially circumvented in the
Kubelka-Munk (KM) theory (Kortiim 1969).

The KM theory is a phenomenological, two-flux theory which
describes the transfer of radiation in a semi-homogeneous (or tur-
bid) material consisting of light-scattering and light-absorbing par-
ticles imbedded in a homogeneous background material. The basic
KM theory assumes diffuse illumination of the material, isotropic
scattering distribution, infinite penetration depth, that scattering
dominates over absorption and that the absorption is independent
of the scattering. The two first conditions are met by using an in-
tegrating sphere when measuring reflectance (Kortiim 1969).

Several extensions of the original KM theory have been made,
to cover also collimated illumination (Murphy 2006) and that the
absorption may be a function of the scattering (Yang and Miklav-
cic 2005). The main advantage of the original KM theory is that it
provides a simple relation between phenomenological absorption
and scattering coefficients and the available experimental para-
meters, the diffuse reflectance and transmittance. The theory has in
many cases of practical interest proven to be of sufficient accuracy,
i.e. it is widely applied within areas such as color printing industry,
textile and paint fabrication and in biological and medical physics.

The geometry in the KM theory is illustrated in Fig. 5. The
figure shows a layer of a freely suspended turbid medium, which
is diffusely illuminated. The radiation inside the material is as-
sumed to consist of two isotropic diffuse fluxes propagating in op-
posite directions. The forward flux is termed /(x), while the back-
ward is termed J(x).

The relations for the diffuse reflectance R(4) and transmit-
tance 7(4) for the material, that can be derived from the KM theory,
describes the optical properties of the turbid material by an effec-
tive scattering coefficient S and an effective absorption coefficient
K and the material thickness.

The coefficient K determines the attenuation of the diffuse
light flux due to absorption, whereas S describes the net scattering
of the flux between the forward (/(x)) and backward (J(x)) direc-
tions. The basic differential equations are given in Eq. (1) and (2).

_ (K4 S)I(x)+ SI(x) M
X

Yk« S)J (x) + SI(x) @

dx

The following relationship between the ratio between K and S
and the reflectance (R(%),,) of a material with infinite thickness can
be derived (Kortiim 1969),

K (1-R).)y
RAERA) _ pg) ©)
S 2R(A)
where F(R,) is called the Kubelka-Munk function. When Eq. (3)
is applied to a sample with finite thickness (d) the reflectance
R(4) ., is typically approximated by the reflectance measured on a
stack of the samples in question. Eq. (3) may be rewritten as,

K _(1+R(A)’ -T(A)?*)
B 2R(2)

S ).
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Fig. 5 The nomenclature used in the KM theory is shown in this figure
for a single layer, which in this case is a leaf.

The R/T-EMP methods

The R/T-EMP methods are based on either the reflectance or trans-
mittance values obtained at selected wavelengths and an empirical
relationship between the reflectance or transmittance and the Chl
concentration, which is determined by considering a statistically
large number of plant material, including a variety of plants spe-
cies. A discussion of some R/T-EMP methods can be found in
(Cordon and Lagorio 2007) together with a discussion of the dif-
ferent correction methods that can be used to account for light re-
absorption processes in leaves. The R/T-EMP method we have
used in the calculation of the Chl concentration is the one derived
in Gitelson et al. (2009). According to Gitelson et al. (2009) the
Chl concentration in the unit nmol/cm’ can be calculated as fol-
lows,
Con= ((RA) ™' = [Rnir] ) — 0.001)/0.0018)  (5)
where [Ryr] is the average reflectance in the NIR spectral region
and where it has been assumed that the Chl found in the leaves is
mainly of the type a and b, hence the molar weight is M = 1801
g/mol. Eq. (5) may be rewritten to give the Chl concentration in
the unit pg/cm?,
Ca=10" (R() '~ [Rae] H -1 (6)
Eq. (5) and (6) are found to be valid for reflectance values in
the following spectral regions, 525 to 555 nm and 695 to 735 nm
of the reflectance spectra. The average reflectance [Ryr] is used to
correct the data for differences in the leaf thickness and structure.
Specifically the average of the reflectance values in the wave-
length region 750 nm to 800 nm has been used i.e. [Rar] ™" = [R50,
Rgoo] . In the calculations presented in Tables 1 and 2 the Chl
concentrations have been calculated as the averages of the values
obtained from Eq. (5) with A = 550 nm and 700 nm. In the case of
leaves with similar properties as the leaves used to define Eq. (5)
and (6) the accuracy of the Chl concentration can be estimated
from Gitelson et al. (2009). The result is: + 7 pg/cm?. Notice,
however, that in cases, where the part of the plant considered
behaves optically different, the uncertainty of the Chl concentra-
tion may be arbitrary.

Table 1 In the table are shown the calculated chlorophyll concentrations,
in pg/cm?, of the leaves from Hibiscus and Chrysanthemum using the two
discussed models and the destructive method. The root mean square error
(RMSE) of both methods is + 7 pg/cm” (Yamada and Fujimura 1991;
Gitelson et al. 2003). The estimated uncertainty of the destructive method
is = 6% (Arnon 1949).

Species RT-MOD R/T-EMP Destructive
Hibiscus 43 72 -
Chrysanthemum 53 52 44

Table 2 The chlorophyll concentrations in pg/cm? of Hibiscus sepals and
bracts are calculated from the reflectance and transmittance spectra.

Leaf type RT-MOD R/T-EMP
Hibiscus sepals, U; =0, V;, =0 15 15
Hibiscus sepals, V; # 0 13 15
Hibiscus bracts, U; =0, V; =0 35 42
Hibiscus bracts, V; # 0 41 42
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The empirical relation between the Chl concentration and in-
verse reflectance given in Eq. (6) may partially be explained in
terms of the KM theory discussed in the preceding section.

First the leaf is considered as a single layer, which may be
characterized by the phenomenological absorption and scattering
coefficients K and S. When Eq. (4) is applied to the leaf, both the
leaf and the background material contribute to the measured ref-
lectance. In order to obtain the reflectance from the leaf alone,
R(4), the reflectance is measured with the leaf placed in front of an
ideal black, non-reflecting background or by having a light trap
placed behind the leaf as is the case for the integrating sphere used
in this paper. As seen in Fig. 1 a chamber with a non-reflecting
coating on the inner walls is placed behind the port P;.

In Gitelson ef al. (2003) the nominator in Eq. (4), (1+ R())* —
7(1)), was plotted against the Chl concentration, determined by
chemical methods, for a very large statistical material, including
different types of plants i.e. maple, chestnut, wild vine and beech
leaves. It was found that (1+ R(2)* — T()?) is approximately equal
to 1 in the following spectral regions, 525 to 555 nm and 695 to
735 nm in cases, where 0 < R(2) < 50. It then follows from Eq. (4)
that the ratio between the phenomenological absorption and scat-
tering coefficients for the leaf becomes proportional to the recip-
rocal reflectance. In order to relate this result to the empirical rela-
tion in Eq. (6), the ratio between K and S must be proportional to
the Chl concentration. This indicates that the scattering and ab-
sorption processes in the leaf must have different origins. It fol-
lows from the results obtained in Gitelson et al. (2003) that it is
possible to correct for differences in the leaf thickness and struc-
ture by incorporating the reflectance from the near-infrared region,
i.e. [Rys0, Rgoo] ', into the model.

The RT-MOD methods

The RT-MOD methods are based on selected reflectance and trans-
mittance values combined with a theoretical modeling of a leaf.
Various models, which in a more or less complex way models bio-
logical processes and chemical content in leaves, have been deve-
loped (Yamada and Fujimura 1991; Jacquemoud and Ustin 2001).
These models enable a non-destructive estimation of both Chl,
carotenoid and anthocyanin concentrations. The different models
are based on compromises between incorporating the leaf structure
to a high degree of accuracy with a lot of parameters as a conse-
quence and modeling the structure with only a few variables and
the following faster method, which, however, may suffer from a
lower degree of accuracy.

The RT-MOD used in the present paper is based on a model
developed by Yamada and Fujimura (1991). In this model a leaf is
considered a multilayered object, where each layer is approxi-
mated by a turbid medium, in which the absorption and scattering
of light is described within the KM theory, discussed above.

The model therefore comprises two parts; the first part models
the scattering and absorption of the single layers of the leaf,
whereas the other part models the interaction between the layers,
each characterized by different optical properties. Matrix calcula-
tions have been used to relate the model parameters of the dif-
ferent layers to the four quantities that can be obtained by expe-
riment, namely the reflectance and transmittance measured by
illuminating adaxial and abaxial sides of the leaf, respectively
(Cordon and Lagorio 2007). The reflectance and transmittance
measured, when the adaxial side is illuminated, are termed R,(1)
and T,(4), respectively, while those referring to the abaxial side of
the leaf are called R,(4) and Tj(7), respectively. In order to reduce
the number of parameters some simplifying assumptions for the
different layers are invoked (see below) and finally the Chl con-
centration in the leaf is calculated by solving the matrix equations
numerically. In the following a brief discussion is given together
with the different assumptions that have been made with respect to
the absorption and scattering properties of the tissues. A more tho-
rough description can be found in (Yamada and Fujimura 1991).

The basic differential equations, which are similar to Eq. (1)
and (2) but now valid for a single layer k of a leaf, are as follows,

=—(v, +u ), (x)+u,J,(x)
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d_xk =—(v, tu)J (X)) +u,d, (%) ®

where v, and u; denote the phenomenological absorption and scat-
tering coefficients related to the Chl molecules present in the layer
k, respectively, with the notation adopted from (Yamada and Fuji-
mura 1991). Eq. (7) and (8) may be solved in terms of the reflec-
tance and transmittance coefficients, 7, and #,. When assuming that
the Chl molecules in each volume element of the leaf absorb and
scatter the light independently, then the Chl concentration becomes
proportional to a; and oy, which are the absorption and scattering
cross sections associated with the Chl molecule bound in the parti-
cular tissue. Notice, that these cross sections are principally dif-
ferent from the cross sections for the free molecule discussed pre-
viously. If the Chl concentration m is calculated in pg/cm?, then v,
and u; can be expressed as

©)
(10)

Vi = My O
Uy = My * Oy

where a; and oy, are the scattering cross sections in cm*/pg. It is
convenient to introduce the dimensionless phenomenological ab-
sorption and scattering coefficients V), = v; - d, and U, = u;, - dj ,
where d is the thickness of the layer, which means that the Chl
concentration M, is now given in pg/em® Eq. (9) and (10) are
replaced by

V=i M- o + Vo
Uk =k - My - o + Upye

(1
(12)

where the absorption and scattering coefficients V;, and U, ac-
count for the absorption and scattering from other molecular spe-
cies in the layer k. The factor #; describes the degree of collima-
tion of the scattered light, where the subscript 1 indicates perfectly
diffuse light and 1/2 collimated light. The differential equations,
Eq. (7) and (8), may be expressed in terms of the dimensionless
absorption and scattering coefficients, and the equations may be
solved according to KM with respect to 7, and ;.

Since, as already mentioned, the leaf is modeled with more
layers, a system of coupled equations similar to Eq. (7) to (12) is
obtained. When the Chl concentration and the optical parameters
introduced above are known, the system of coupled equations can
be solved numerically with respect to R,(A), T,(2), Ry(4) and Ty(4).
Unfortunately, the coupled equations must be solved in reverse
order, since it is the Chl concentration that is sought, which is
more complicated. The complexity of the problem depends on the
number and type of layers considered. Fig. 6 shows the cross
section of a leaf and illustrates the modeling and relevant para-
meters of a typical leaf with six layers.

The input to the model is the reflectance and transmittance
values R,(4), T,(4) and Ry(%), T)(7) obtained in three narrow (< 1
nm) bands at Ay = 880 nm, A; = 720 nm and A, = 700 nm. The band
at Ap = 880 nm is chosen in a region, where only scattering is
present. The choice of the bands at A; and A, has the effect that
only scattering and absorption from Chl are accounted for in the
calculations and hence the possible presence of scattering and ab-
sorption from other pigments is taken into account; see Eq. (8) and
Eq. (10).

The novel idea of this model is that it can be used on leaves
from different species, which is expected to contain different pig-
ment compositions and concentrations.

When performing the actual calculation of the Chl concentra-
tion, a distinction must be made between the type of leaves, as
they may differ with respect to the number and type of layers and
the morphology/composition of the individual layers of tissue. The
modeling of the interaction with light depends on the morphology
and composition of the individual layers and the interaction be-
tween these. The model must therefore reflect if a layer is very
dense due to a high number of highly packed chloroplasts, if the
layer has a high concentration of one or multiple pigments or whe-
ther the layer contains only a limited number of scattered chloro-
plasts with a low concentration of pigments, such as the petals. A
layer containing a high concentration of pigments has the same
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Fig. 6 The figure shows the cross section of a leaf, which is shown with permission from The Optical Society of America, and illustrates the modeling and
relevant parameters of a typical leaf with six layers, besides, the nomenclature used in the KM theory is shown in this figure. When applying suitable
knowledge about the optical characteristics of each tissue layer, this results in an optical/mathematical model of the leaf consisting of four layers.

effect as a dense layer, optically seen, that is, it results in a low
penetration depth of the light. A tissue layer containing only highly
scattered organelles (thus potentially a low concentration of pig-
ments) will result in a high degree of scattering of the light. The
type of scattering caused by the tissue depends on the size of the
scattering organelles compared to the wavelength of the light.

Leaves are as a rule of thumb composed of up to six layers, i.e.

the cuticula, epidermis, palisade and spongy mesophyll, epidermis
and cuticula. The palisade layer may, however, consist of two or
more layers depending on the species, or reflect differences in
shade adaptation. For simplicity, the epidermis, which does not
contain Chl, have been considered a part of the palisade and
spongy mesophyll layer, respectively (Yamada and Fujimura
1991). That leaves the following layers to be incorporated into the
model of a leaf:

e Layer no. 0, upper cuticula

e Layer no. 1, palisade mesophyll

e Layer no. 2, spongy mesophyll

e Layer no. 3, lower cuticula

Furthermore the upper and lower cuticula do not contain any
pigments and hence do not exhibit any absorption. Thus, the sum
of the reflectance and transmittance coefficients equals one for
these tissues. The above numbering, i.e. 0 - 3, of the different type
of tissues will be used, when specifying the different tissue para-
meters of the model.

The sepals and bracts from Hibiscus are considered to be
composed of only three layers, i.e. the cuticula, epidermis, meso-
phyll, epidermis and cuticula. This means that when considering
the modeling of the leaf, the sepals and bracts are composed of
only three layers, namely the following:

e Layer no. 0, upper cuticula
e Layer no. 1, mesophyll
e Layer no. 2, lower cuticula

The modeling of the leaves follows hereafter, where the
nomenclature used in Yamada and Fujimura (1991) has, for the
most important parameters relevant for this short introduction,
been given below.

o 7ry=r;=0.05and?) =3 = 0.95, where ry, ¢y and r;, ; are the
reflectance and transmittance from the upper and lower cuticular
tissue, respectively.

e It is used in the calculations that U; = 0, since the palisade
tissue is densely packed and V(4,) = 0 since no absorption occurs
at this wavelength.

e 7 describes the degree of collimation of the scattered light,
where the subscript 1 indicates perfectly diffuse light and 1/2 col-
limated light. It is used in the calculations that 5 ; = 1/2, 5 y(4g) = 1
e the Chl concentration for the leaf M is given in the unit
pg/enr’, the relation between this concentration and the concen-
trations for each layer m; is the probability P of finding Chl mole-
cules in each layer

The model has been implemented in MatLab with the above
assumptions, which are based on knowledge about the optical pro-
perties of the different leaves. This program can be required by
contacting the corresponding author.
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RESULTS AND DISCUSSION

The reflectance and transmittance spectra have been ob-
tained from a leaf (Fig. 7), a sepal (Fig. 8) and a bract (Fig.
9) from a Hibiscus rosa-sinensis and from a leaf from Chry-
santhemum (Fig. 7). These are the spectra used in the pre-
diction of the Chl concentration, when using the optical
model (Yamada and Fujimura 1991). The transmission mea-
surements from each side of a leaf should be identical if this
is not the case the average transmission values are used.
Figs. 4-7 contain the transmittance measurements, where
both the raw data and the corrected values are shown. It is,
besides, inherent for the optical model, that for the wave-
length characterized by no absorption, the reflectance val-
ues from each side of the leaf should be identical. If this is
not the case, the values should be scaled or corrected in
order to achieve this (Yamada and Fujimura 1991). The up-
ward facing side of the leaf is termed the a-side and the
other side the b-side. With respect to the sepals, the side
facing away from the bud is termed a and the other b. When
the Chl concentration is predicted using the semi-empirical
method (Gitelson ef al. 2003), only the reflectance spectra
are used, these are shown with the appropriate wavelengths
marked (Figs. 8, 9). For the Chrysanthemum the results ob-
tained by using the two methods have been compared to the
Chl concentration estimated destructively as well. In this
case the Chl extraction has been carried out as described by
Arnon (1949) under cold and dark conditions. The concen-
tration has been calculated by using a standard method as
described in Arnon (1949). When calculating the Chl con-
centrations, Eq. (9) has been used for all Hibiscus leaves
and Eq. (10) has been used for Chrysanthemum. Comparing
the two types of leaves the appearances are very different,
the Chrysanthemum being hairy and fragile and the Hibis-
cus strong and leathery. The Chl concentrations of the Chry-
santhemum leaf (Table 1) show good agreement between
the two methods, i.e. the optical model and the semi-empi-
rical method (Fig. 10). The Chl concentration determined
destructively is lower, but within the uncertainty of the
methods.

To recap, the calculation of the Chl concentration using
the R/T-EMP model, which is based on an empirical rela-
tionship between reciprocal reflectance and Chl concentra-
tion, has been calculated as the averages of the values ob-
tained from Eq. (1) with A = 550 nm and 700 nm for each
type of leaf, i.e. leaf, bract and sepal. The calculation of the
Chl concentration of these leaves using the RT-MOD, which
is based on KM and the optical characteristics of the leaf,
has been programmed in MatLab.

Based on these calculations it is found that the sepals
contain a significantly lower concentration of Chl compared
to the bracts and leaves, which contain approximately the
same amount of Chl. The Chl concentrations calculated for
the leaves of Chrysanthemum and Hibiscus show that the
optical method yields consistent results, whereas it is likely
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that the Hibiscus leaf (Fig. 11) does not fall within the sam-
ple space given by the semi-empirical method. The model
proposed by Yamada and Fujimura (1991) remains valid for
sepals from Hibiscus, provided that the parameters ac-
counting for absorption and scattering with respect to the
missing tissue layer are set equal to zero. This means, that
with respect to the sepals and bracts from Hibiscus, the
following assumptions are used U; = 0, V;= 0 and #; = 0.
With respect to the Chl concentration of the Hibiscus leaves,
the optical method yields a result that is of the same order
of magnitude as the Chrysanthemum leaf (Fig. 12), while
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the result from the semi-empirical method is much higher
and far beyond the limits defined by the RMSE of the two
methods. It should be noted that one of the important as-
pects of making the optical model, was to make a model
that captures the diversity in Chl concentration exhibited by
the different plant species (Yamada and Fujimura 1991).
One of the pioneers of the field of non-destructive deter-
mination of pigment concentrations, Gitelson et al. (2003),
has as already discussed developed the semi-empirical
method, which is based on a very large statistical material,
but comment in the conclusion that the applicability to other



Floriculture and Ornamental Biotechnology 4 (Special Issue 1), 53-62 ©2010 Global Science Books

1000

60 I T T
r uncorrected -
69,50_—rbl.ln00rrected s e B g L
- —— r_corrected
H a A |
8 40 —r corrected
S
30 9
8
— 20 al
()]
c 10 e
0 1 | I |
400 500 600 700 800 900
60 I T
t_ uncorrected
0 a
°” 50 — t._ uncorrected .
@« — t corrected
[$]
c 40
1]
= 30
£
W 20
G
= 10} : :
& N :
0 1 | 1

500 600

700

900 1000

Wavelength, nm

Fig. 9 Reflectance and transmittance spectra from the bracts of Hibiscus. The wavelengths Ao= 880 nm, A; = 720 nm and A, = 700 nm are marked, at
which the reflectance/transmittance values are used in the calculation of the Chl concentration with the RT-MOD method. Corrected and uncorrected

values are shown.

60 1 T i T E T
r, uncorrected : i :
5\9‘ 50H rb uncorrected | i ““":__' -
o — r_corrected i
H a R AP 4
8 40 — corrected I3
% -
30 -
°
© ool 4
o .
O :
o o ]
0 1 1 1 : | 1
400 500 600 700 800 900 1000
60 I T T T T
t_ uncorrected : ; :
= a i
©~ 501 — t, uncorrected -
@ — t corrected i
] ; .
b 40 "
1]
£ a0f -
£
m 20 e - -
@
e o S T T A T _
0 | i | |
400 500 600 700 800 900 1000

Wavelength, nm

Fig. 10 Reflectance and transmittance spectra from the leaves of Chrysanthemum. The wavelengths Ao= 880 nm, A; = 720 nm and A, = 700 nm are
marked, at which the reflectance/transmittance values are used in the calculation of the Chl concentration with the RT-MOD method. Corrected and

uncorrected values are shown.

plant species, than the ones used, remains to be verified. In
papers by Gitelson ef al. (2003) and Gitelson and Merzlyak
(2004), Hibiscus plants are part of the statistical basis, upon
which the calculation of the Chl concentration is calculated
for three different plant species. The concentration is, how-
ever, not calculated for Hibiscus, which could suggest devi-
ating results. The conclusion seems to be that the Hibiscus
leaf does not fit into the sample space given by the type of
plants investigated in the semi-empirical method.
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The values listed for the Hibiscus sepals and bracts in
Table 1 are calculated by using the earlier discussed as-
sumption, namely that the sepals and bracts consist of only
one tissue, which contain pigments, i.e. U; = 0 and V; = 0.
For comparison purposes, the values obtained, if these leaves
were considered to have a palisade tissue as well, are also
calculated. This comparison gives an estimate of how sensi-
tive the optical model is to such an assumption.

The results in Table 2 show that the model and method
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Fig. 12 The reciprocal reflectance of the leaves from Chrysanthemum
with the different wavelengths (550, 700, 750 and 800 nm) marked, at
which the reflectance values are used in the calculation of the Chl con-
centration with the R/T-EMP method.

render consistent results. The Chl concentration of the
Hibiscus sepals calculated with the optical model together
with the assumption that the leaf has got only one pigment
containing tissue is consistent with the result obtained with
the semi-empirical method, where the number of tissue lay-
ers is not a parameter.

A comparison of the results for the bract obtained from
the optical and semi-empirical methods indicate that the
bract has probably the same number of tissue layers as the
leaf. It should be noted that the results obtained for one and
two tissue layers are both within the estimated RMSE,
which implies that further investigations are necessary in
order to verify the exact number of tissue layers containing
Chl. One way is to examine the cross sections by optical
microscopy.

Note, that the measurements done in our previous paper
showed that if the measurements were carried out with only
a mask, the error would be of such dimensions that an esti-
mation of the Chl concentration of the sepals and bracts
would not have been possible (Jernshej and Hassing 2009).
In the long run, combinations of different methods with op-
timally chosen spectral bands might be used to estimate
anthocyanin and Chl non-destructively and allow the deve-
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lopment of handheld instrumentation enabling the estima-
tion of pigment composition and concentration of fresh pro-
ducts (Merzlyak et al. 2002).

CONCLUDING REMARKS

We present a calculation of the Chl concentrations in dif-
ferent types of leaves from Hibiscus rosa-sinensis and
Chrysanthemum based on non-destructive, optical measure-
ments. We analyzed leaves, sepals and bracts from the
Hibiscus and leaves from the Chrysanthemum, which rep-
resent samples from different species with a varying size.

Since the smaller sepals and bracts are too small to phy-
sically fit the aperture of the spectrophotometer, reproduci-
ble and accurate reflectance spectra of these leaves have
been obtained by combining a mask with a properly focused
sample beam, which has been adjusted so that no direct
illumination of the mask takes place. The ratio between the
mask aperture and the beam area has been chosen as large
as the smallest samples allow, i.e. the bracts. With respect to
the transmittance measurements a combination of a lens
setup and an attachment of the sample to the entrance port
have been used.

Two different models are used in the calculation of the
Chl concentrations. The first model is based on an empirical
relationship between reciprocal reflectance and Chl concen-
tration. The second model incorporates the optical charac-
teristics of the leaf structure into a mathematical model of
the leaf.

The Chl concentrations calculated for the leaf of Chry-
santhemum and Hibiscus show that the optical method
gives consistent results, whereas it is believable that the
Hibiscus leaf does not fall within the sample space defined
by the semi-empirical method.

We have shown that the sepals contain a significantly
lower concentration of Chl than both the bracts and the
leaves and that the number of pigment containing tissue lay-
ers are assumed to be different in the sepals compared to the
leaf and the bracts.
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