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[1] Leaf pigment content and composition provide
important information about plant physiological status.
Reflectance measurements offer a rapid, nondestructive
technique to estimate pigment content. This paper describes
a recently developed three-band conceptual model capable
of remotely estimating total of chlorophylls, carotenoids and
anthocyanins contents in leaves from many tree and crop
species. We tuned the spectral regions used in the model in
accord with pigment of interest and the optical
characteristics of the leaves studied, and showed that the
developed technique allowed accurate estimation of total
chlorophylls, carotenoids and anthocyanins, explaining
more than 91%, 70% and 93% of pigment variation,
respectively. This new technique shows a great potential for
noninvasive tracking of the physiological status of
vegetation and the impact of environmental changes.
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1. Introduction

[2] Pigment content and composition are related to the
leaf physiological status. Chlorophylls (Chl) absorb solar
light energy and provide mechanisms for its utilization in
photosynthetic reactions. Carotenoids (Car) contribute to
light-harvesting and also play a photo-protective role,
preventing damage to the photosynthetic systems [e.g.,
Chappelle et al., 1992; Dawson et al., 1998; Gitelson et
al., 2002, 2003; Merzlyak et al., 2003]. The red pigments,
anthocyanins (Anth), protect leaves from excess light
[Gitelson et al., 2002; Merzlyak and Chivkunova, 2000].
[3] Traditional methods of wet chemical pigment analysis

are time consuming and expensive. They require destruction
of the measured leaves and thus do not permit measurement
of changes in pigments over time in a single leaf. In
contrast, spectral reflectance measurements provide a non-
invasive, rapid technique that can be used at different spatial
scales. Despite development of good theoretical models
relating Chl, water content, and structure with leaf reflec-
tance [e.g., Jacquemoud and Baret, 1990; Dawson et al.,
1998], needed information about leaf structure may not be

available. To the best of our knowledge, there is no model
that includes anthocyanin and carotenoid contents thus
preventing prediction of content for these pigments.
[4] To date, relationships between leaf reflectance and

pigment content have been derived empirically. While the
many models relating Chl content to reflectance [e.g.,
Gitelson and Merzlyak, 1994a, 1994b, 1997; Sims and
Gamon, 2002; Richardson et al., 2002; Gitelson et al.,
2003; le Maire et al., 2004, and references therein]
are quite robust in Chl prediction, only few models support
anthocyanin and carotenoids content retrieval [e.g.,
Chappelle et al., 1992, Gitelson et al., 2001, 2002; Sims
and Gamon, 2002].
[5] Recently, a conceptual three-band model has been

developed and successfully used to relate reflectance with
Chl content in leaves [Gitelson et al., 2003]. In this study
we investigated the applicability of this model to noninva-
sive quantitative estimation of content for various pigments
(total chlorophyll, carotenoid and anthocyanin) in the leaves
of different tree and crop species.

2. Methods

[6] For calibration of theChl andCarmodels, anthocyanin-
free juvenile, mature and senescent leaves collected from
1992 to 2005 were used; Norway maple and horse chestnut
leaves were from a park at Moscow State University
(Russia), beech leaves from the University of Karlsruhe
campus (Germany), maize, soybean and dogwood leaves
were collected at Mead Nebraska (USA). For calibration of
the Anth model, Anth-containing leaves from Norway
maple and dogwood were used. The leaf total Chl, Car
and Anth content was determined analytically from the
same leaf samples used for reflectance measurement [see
Gitelson et al., 2001, 2002, 2003]. Anth content was
determined after extract acidification with concentrated
HCl [see Gitelson et al., 2002]. Pigment content was
expressed on a leaf area basis.
[7] Adaxial reflectance (R) spectra of leaves were taken

in a spectral range between 400 and 800 nm with (a) a
Hitachi 150–20 spectrophotometer (maple and chestnut),
(b) a Shimadzu 2101 PC spectrophotometer (beech), and
(c) a clip with a 2.3-mm diameter bifurcated fiber-optic
attached to both an Ocean Optics USB2000 radiometer and
to an Ocean Optics LS-1 light source (dogwood, soybean,
and maize). Leaf reflectance spectra were recorded against
BaSO4 as a standard. The reflectance spectrum was calcu-
lated as a ratio of leaf radiance to standard radiance at
wavelength l.
[8] Nine data sets containing 306 leaves (beech, chestnut,

dogwood, maple, maize and soybean) were used for Chl
model calibration (Table 1). Six data sets containing 234
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