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Hyperspectral remote sensing of leaf biochemicals is critical for understandingmany biochemical processes. Leaf
biochemical contents (e.g., protein, cellulose and lignin) in fresh and dry leaves have been quantified from
hyperspectral data using empirical models. However, they cannot be retrieved for fresh leaves by inverting radi-
ative transfer models. We demonstrated the applicability of PROSPECT leaf optical properties model in the sepa-
ration of specific absorption coefficients for protein and cellulose+ lignin following a newly proposed algorithm,
and evaluated the feasibility in estimating leaf protein and cellulose + lignin content through model inversion.
Assessment was performed across a large variety of plant species benefiting from the Leaf Optical Properties
Experiment (LOPEX) dataset. To alleviate ill-posed problems, inversion was performed over different spec-
tral subsets. The PROSPECT model with newly calibrated specific absorption coefficients was able to accu-
rately reconstruct leaf reflectance and transmittance. Leaf protein and cellulose + lignin were estimated
at moderate to good accuracies for both fresh and dry leaves. The spectral subset of 2100–2300 nm yielded
the most accurate estimation of leaf cellulose + lignin (R2 = 0.70, RMSE = 5.21E−04 g/cm2) and protein
(R2 = 0.47, RMSE = 2.75E−04 g/cm2) in fresh leaves, which were comparable with those obtained from
stepwise multiple linear regressions (protein: R2 = 0.83, RMSE = 3.91E−04 g/cm2; cellulose + lignin:
R2 = 0.66, RMSE = 2.02E−04 g/cm2). Our results confirm the importance of selecting a proper spectral
subset that contains sufficient information for a successful inversion. For the first time, we provide promis-
ing estimations of leaf protein in fresh leaves through inversion of a radiative transfer model, which can be
applied at canopy level for regional mapping if coupled with a canopy reflectance model and air- or space-
borne hyperspectral imaging.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Leaf protein, cellulose and lignin provide critical information about
many biochemical processes, such as photosynthesis, respiration, and
litter decomposition (Peterson & Hubbard, 1992). Proteins are the main
nitrogen-containing biochemical constituent in plants (Kokaly, Asner,
Ollinger,Martin &Wessman, 2009), and nitrogen is often a limiting factor
for plant growth and important in terrestrial ecosystem carbon dynamics
(Ollinger & Smith, 2005; Smith, Ollinger, Martin, Aber, Hallett & Goodale,
2002). Cellulose and lignin (hereafter referred to as “cellulose + lignin”)
is highly correlated with the total carbon in leaf (Jacquemoud, Ustin,
Verdebout, Schmuck, Andreoli & Hosgood, 1996), and play a significant
role in forest litter decomposition and nutrient cycling (Aber & Federer,
1992; Steudler, Bowden,Melillo &Aber, 1989). Therefore, remote estima-
tion of leaf protein and cellulose + lignin is essential in producing an
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equivalent ratio of carbon/nitrogen (C/N), which will further improve
the understanding of biogeochemical processes.

Two different techniques have been investigated for retrieving leaf
protein and cellulose + lignin using hyperspectral data. Empirical
methods have been the dominant techniques used to estimate the leaf
parameters, focusing on building statistical regression models from
the high correlations between their content and reflectance or its deriv-
atives (Curran, 1989; Kokaly & Clark, 1999; Skidmore, Ferwerda,
Mutanga, Van Wieren, Peel, Grant, et al., 2010; Zhao, Valle, Popescu,
Zhang &Mallick, 2013). However, it proved difficult to transfer the em-
pirical relationships across species or sites (LaCapra, Melack, Gastil &
Valeriano, 1996; Martin & Aber, 1997). Moreover, the wavebands se-
lected by statistical analysis from different studies have, on occasion,
been inconsistent depending on using reflectance or transmittance,
dry or fresh leaves, and have deviated from known absorption bands
of leaf compounds (Curran, Dungan & Peterson, 2001; Huang, Turner,
Dury, Wallis & Foley, 2004; Jacquemoud, Ustin, Verdebout, Schmuck,
Andreoli & Hosgood, 1996).

Radiative transfer models (RTMs) describe the interaction of solar
radiation in leaves based on laws of optics, thus offer advantages in
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Table 2
Ranges of the input parameters used in the recalibrated PROSPECT-5 model.

Parameter Unit Min Max

Leaf structure parameter (N) – 1 3
Equivalent water thickness (EWT) a cm 0.001 0.05
Equivalent water thickness (EWT) b cm 0.00001 0.001
Protein g/cm2 0.0001 0.002
Cellulose + lignin g/cm2 0.0001 0.005

a and b were for parameters in fresh and dry leaves, respectively.

Table 1
Statistics of the LOPEX dataset used in this study.

Parameter Unit Min Max Mean Std.

Equivalent water thickness
(EWT) a

cm 0.0046 0.0405 0.0114 0.0067

Equivalent water thickness
(EWT) b

cm 1.85E−05 0.0009 0.0002 0.0001

Protein g/cm2 2.92E−04 0.0020 0.0010 0.0003
Cellulose + lignin g/cm2 1.47E−04 0.0046 0.0013 0.0010
Leaf mass per area (LMA)a g/cm2 0.0019 0.0137 0.0053 0.0024
Leaf mass per area (LMA) b g/cm2 0.0024 0.0165 0.0059 0.0026

a and b were for parameters in fresh and dry leaves, respectively.
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robustness and transferability compared to empirical models
(Darvishzadeh, Atzberger, Skidmore & Schlerf, 2011; Jacquemoud &
Baret, 1990; Schlerf & Atzberger, 2006). RTMs have beenwidely applied
to retrieve several leaf biochemical parameters (e.g., leaf chlorophyll,
dry matter and water content) from remotely sensed data (Baret &
Fourty, 1997a; Darvishzadeh, Skidmore, Schlerf & Atzberger, 2008;
Feret, Francois, Asner, Gitelson, Martin, Bidel, et al., 2008; Omari,
White, Staenz & King, 2013), but they have not been well developed
for leaf protein and cellulose + lignin. Several studies (Fourty,
Baret, Jacquemoud, Schmuck & Verdebout, 1996; Jacquemoud,
Ustin, Verdebout, Schmuck, Andreoli & Hosgood, 1996) attempted
to incorporate leaf protein, cellulose + lignin into the absorption
and scattering processes in radiative transfer models, such as the
PROSPECT leaf optical properties model (Jacquemoud & Baret,
1990). Leaf protein and cellulose + lignin for dry leaves could be
moderately well estimated (R2 = 0.49–0.84) through PROSPECT
model inversion (Fourty, Baret, Jacquemoud, Schmuck & Verdebout,
1996; Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli & Hosgood,
1996), but so far, these parameters have not been successfully estimat-
ed for fresh leaves using the PROSPECTmodel (Botha, Zebarth & Leblon,
2006; Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli & Hosgood,
1996; Kokaly, Asner, Ollinger, Martin & Wessman, 2009). On fresh
leaves, leaf reflectance and transmittance are insensitive to protein be-
cause of its small percentage in the leaf mass (Baret & Fourty, 1997b;
Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli & Hosgood, 1996).
Moreover, the high covariance with water and other nitrogen-
containing compounds, such as chlorophyll, has led to inconsistencies
in retrieving leaf protein via PROSPECT inversion (Jacquemoud &
Baret, 1990; Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli &
Hosgood, 1996; Kokaly, Asner, Ollinger, Martin & Wessman, 2009).
The idea of incorporating leaf protein, and cellulose + lignin into the
PROSPECT model was therefore abandoned in the 1990s (Jacquemoud
& Baret, 1990; Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli &
Hosgood, 1996), and they were represented by a more general param-
eter of “dry matter content” (Fourty, Baret, Jacquemoud, Schmuck &
Verdebout, 1996).

The retrieval of leaf parameters (e.g. protein and cellulose + lignin)
in fresh leaves by inversion of PROSPECT remains challenging. The first
issue needed to be resolved is the determination of specific absorption
coefficients of leaf biochemicals, whichdescribes the absorption proper-
ty of a leaf, together with the content of these biochemicals
(Jacquemoud & Baret, 1990). The specific absorption coefficients are
considered to be inherent properties, which are constant across samples
and species (Feret, Francois, Asner, Gitelson, Martin, Bidel, et al., 2008).
It is difficult to determine these coefficients for the model; the coeffi-
cient for pure liquid water and chlorophyll has been well investigated
(Buiteveld, Hakvoort & Donze, 1994; Kou, Labrie & Chylek, 1993;
Wieliczka, Weng & Querry, 1989), but gaps still exists for leaf pigments
(i.e. chlorophyll a and b) and other cell wall constituents (i.e. protein,
cellulose + lignin) (Feret, Francois, Asner, Gitelson, Martin, Bidel,
et al., 2008). The obstacles lie in measuring the coefficients in vivo, as
well as extracting each biochemical constituent for its measurement
in vitro (Porra, 2002). Therefore, the in vivo specific absorption
coefficients are normally calibrated from intact leaves via model inver-
sion using the measured spectra and biochemical contents (Feret,
Francois, Asner, Gitelson, Martin, Bidel, et al., 2008; Fourty, Baret,
Jacquemoud, Schmuck & Verdebout, 1996; Jacquemoud & Baret, 1990;
Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli & Hosgood, 1996).

The “ill-posed” inverse problem of radiative transfer model is the
second challenge in the retrieval of leaf protein and cellulose + lignin.
Different combinations of leaf parameters can generate similar leaf
spectra. And the leaf parameters which make greater contribution to
leaf reflectance, such as leaf structure parameter and leaf water, bring
more uncertainties in the retrieval of protein and cellulose + lignin.
Several studies have demonstrated that selecting spectral subsets will
return a higher accuracy than using full wavelengths in inverting radia-
tive transfer models (Darvishzadeh, Skidmore, Schlerf & Atzberger,
2008; Meroni, Colombo & Panigada, 2004; Schlerf & Atzberger, 2006).
The reasons for this can be poorly measured spectra, somewavelengths
may not be well described in the model (Schlerf & Atzberger, 2006), or
extra bands may add noise without adding significant information
(Weiss, Baret, Myneni, Pragnère & Knyazikhin, 2000). In addition,
higher accuracies could be obtained for estimating leaf parameters
if the inversion approach would consider a specific merit function
assigned for each parameter and incorporate sensitive spectral bands
determined by sensitivity analysis (Li & Wang, 2011; Zhao, Guo,
Huang, Reddy, Lee, Fletcher, et al., 2014).

The radiative transfer model PROSPECT has been recalibrated with a
newly proposed algorithm which can simulate leaf optical properties
with a higher accuracy than previous versions (Feret, Francois, Asner,
Gitelson, Martin, Bidel, et al., 2008). In their study, the incidence angle
of incoming radiation was reassessed, and the specific absorption
coefficients of leaf constituents and the refractive indexwere recalibrated
for two new versionmodels (PROSPECT-4 and PROSPECT-5). PROSPECT-
5 is the same as PROSPECT-4 except the separation of total chlorophylls
and total carotenoids in the visible range of 400–750 nm. The algorithm
has been tested for accurate simulation of leaf reflectance (Li & Wang,
2011;Ma, Chen,Wang, Li & Jiapaerl, 2012), and has been further adapted
to incorporate tannin as an input parameter for assessing the quality of
tea in Tea-PROSPECT (Bian, 2013). However, to our knowledge, the
newly proposed algorithm has not been evaluated for determining the
specific absorption coefficients for leaf constituents, such as protein,
cellulose, hemicellulose, and lignin. And the potential of PROSPECT-5
for retrieving leaf constituents through model inversion needs to be fur-
ther explored.

The estimationof leaf constituents (e.g. protein and cellulose+ lignin)
using fresh leaf spectra through the radiative transfer model PROSPECT
has not been studied extensively (Botha, Zebarth & Leblon, 2006;
Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli & Hosgood, 1996),
probably because of the notion that there may be little sensitivity of
leaf optical properties to the leaf constituents. The aim of our study
was therefore to evaluate the most recent PROSPECT model (version
5) for estimating leaf protein, cellulose + lignin by recalibrating their
specific absorption coefficients, using the calibration algorithm pro-
posed by Feret, Francois, Asner, Gitelson, Martin, Bidel, et al. (2008).
Our specific objectives were: (1) to test if the specific absorption
coefficients could be robustly estimated across species from a model
calibration procedure; (2) to test if the PROSPECT model with the
recalibrated coefficients could successfully simulate leaf reflectance



Table 3
Selected spectral subsets for model inversion to estimate leaf protein and cellulose +
lignin content based on absorption features from the literature, global sensitivity analysis
and stepwise multiple linear regressions.

Spectral
subset

Wavelengths (nm)

1 1100–2500
2 1600–1800, 2100–2300
3 2100–2300
4 1020, 1510, 1730, 1980, 2060, 2130, 2180, 2240, 2300
5 1120, 1200, 1420, 1450, 1490, 1540, 1780, 1820, 2100, 2270, 2280, 2340
6a 1345, 2120, 2295, 2300
6b 1320, 1450, 2015, 2290
7a 1150, 1185, 1220, 1295
7b 2000, 2150, 2170, 2255

Spectral subset 2 and 3 are selected based on global sensitivity analysis. 4 and 5 are
associatedwith protein absorption features and cellulose+ lignin absorption features, re-
spectively. See (Curran, 1989; Fourty, Baret, Jacquemoud, Schmuck & Verdebout, 1996). 6a

and 7a are selected spectral subsets for protein and cellulose + lignin, respectively, based
on stepwise multiple linear regressions on fresh leaves. 6b and 7b are selected spectral
subsets for protein and cellulose + lignin, respectively, based on stepwise multiple linear
regressions on dry leaves.
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and transmittance in forward mode; (3) to evaluate if selected spectral
subsets could improve the estimation accuracy of leaf protein and
cellulose + lignin, when compared to using the full wavelengths of
1100–2500 nm; and (4) to compare the accuracy of estimated leaf pro-
tein and cellulose + lignin from PROSPECT model inversion and step-
wise multiple linear regression.
2. Materials and methods

2.1. Description of the dataset

The Leaf Optical Properties Experiment (LOPEX) dataset was
established by the Joint Research Center (JRC) of the European Commis-
sion (Ispra, Italy) in 1993. The dataset includes 50 woody and herba-
ceous species, representing a large variety of leaf internal structure,
biochemical composition and spectra. Hemispherical reflectance and
transmittance over 400–2500 nm were measured with a Perkin Elmer
Lambda 19 Spectrophotometer equipped with an integrating sphere.
Spectralon references were used for calibration. For each sample, reflec-
tance and transmittance from five leaves were obtained, and averaged
after calibration. The fresh weight (FW, g) of a 4.10 cm2 (leaf area, LA)
disk taken on each leaf using a cork borer was measured first, and
reweighed for dry weight (DW, g) after the disk was placed in a drying
oven at 85 °C for 48 h. Leaf mass per area (LMA, g/cm2) and equivalent
Fig. 1. Recalibrated specific absorption coefficients of protein (a) and cellulose+ lignin (b) dete
tures of protein (a) and cellulose + lignin (b) (see details in Tables 4 and 5).
water thickness (EWT, cm) were then calculated as: LMA = DW / LA,
and EWT = (FW − DW) / LA. The biochemical constituents, including
protein, cellulose, lignin and starch, were determined by two indepen-
dent laboratories in France and Belgium. Standardwet chemistry analy-
sis were performed for measuring protein using Kjeldahl method
(AOAC, 1970), cellulose (Van Soest & Wine, 1991; Weende, 1985), lig-
nin (Van Soest & Masson, 1967; Van Soest & Wine, 1991) and starch
(Ewerts, 1985). Measurements from the two laboratories were quite
consistent for protein and the sum of cellulose and lignin, and the data
from the French laboratory were used.

In this study we only considered protein, cellulose and lignin, since
starch is aminor constituent. Protein, cellulose and ligninwere expressed
as grams per unit fresh leaf area (g/cm2). In total, 63 fresh leaf samples
and 49 dry leaf samples were studied. The statistical characteristics of
these samples are presented in Table 1, and details of the dataset used
and their measurements can be found in Hosgood, Jacquemoud,
Andreoli, Verdebout and Schmuck (1995) and Jacquemoud, Ustin,
Verdebout, Schmuck, Andreoli and Hosgood (1996).

2.2. Calibration of the PROSPECT model

The PROSPECT leaf optical properties model was developed to simu-
late leaf directional–hemispherical reflectance and transmittance over
the optical domain from 400 nm to 2500 nm (Jacquemoud & Baret,
1990). The PROSPECT model considers the leaf as a stack of elementary
homogeneous layers, with each layer as an element with absorbing and
scattering properties (Jacquemoud & Baret, 1990). The scattering pro-
cess is described by the number of stacked elementary homogeneous
layers, leaf structure parameter N and the refractive index n(λ). The ab-
sorption process is described by the absorption coefficient of one ele-
mentary layer k(λ). The directional–hemispherical reflectance Rmod(λ)
and transmittance Tmod(λ) at each wavelength λ can be simulated as:

Rmod λð Þ; Tmod λð Þ½ � ¼ PROSPECT N; k λð Þ;n λð Þð Þ ð1Þ

where k(λ) is linear combination of the content of leaf constituents Ci
(e.g., chlorophyll, water, and dry matter), and their corresponding spe-
cific absorption coefficients ki(λ):

k λð Þ ¼
X
i

ki λð Þ � Ci

N
: ð2Þ

Then Eq. (1) can be simplified as follows by using only four input
parameters:

Rmod λð Þ; Tmod λð Þ½ � ¼ PROSPECT N;Chl; LMA;EWTð Þ ð3Þ
rmined on fresh leaves. The vertical dashed lines correspond to published absorption fea-



Fig. 2.Recalibrated specific absorption coefficients of protein (a) and cellulose+ lignin (b) determinedondry leaves. The vertical dashed lines correspond to published absorption features
of protein (a) and cellulose + lignin (b) (see details in Tables 4 and 5).
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where the refractive index and specific absorption coefficients are fixed
as constant values from the model calibration. The parameters are leaf
chlorophyll content (Chl, μg/cm2), LMA (g/cm2), and EWT (cm), respec-
tively. Note that Eq. (1) differs from Eq. (3), because the influences of
Chl, LMA and EWT on leaf optical properties were represented by the
parameter k(λ), using Eq. (2).

The improved (1-nm resolution) and recalibrated version,
PROSPECT-5, which was published in 2008 (Feret, Francois, Asner,
Gitelson, Martin, Bidel, et al., 2008), is used in this study.We performed
the recalibration in three steps following the algorithm presented in
Feret, Francois, Asner, Gitelson, Martin, Bidel, et al. (2008). The first
step was to determine the leaf structure parameter through inversion
of the PROSPECT model using the “three wavelengths method” (Feret,
Francois, Asner, Gitelson, Martin, Bidel, et al., 2008; Jacquemoud,
Ustin, Verdebout, Schmuck, Andreoli & Hosgood, 1996). The maximum
incident angle αwas set to a more realistic value of 400 in this study, as
suggested by PROSPECT-5 (Feret, Francois, Asner, Gitelson, Martin,
Bidel, et al., 2008). In the second step, we calculated the absorption co-
efficient of one elementary layer k(λ) and the refractive index n(λ) by
inverting the model for a second time and using the leaf structure
parameter determined in the first step. The derived refractive index
in this study was close to that in PROSPECT-5, and therefore the re-
fractive index from PROSPECT-5 was adopted for later analysis, as
Fig. 3.Recalibrated specific absorption coefficients of protein (a) and cellulose+ lignin (b) deter
features of protein (a) and cellulose + lignin (b) (see details in Tables 4 and 5).
that calibration involved more comprehensive datasets (Feret, Francois,
Asner, Gitelson, Martin, Bidel, et al., 2008).

In the third step, we deduced the specific absorption coefficients of
leaf protein and cellulose+ lignin from Eq. (2). using the absorption co-
efficient of one elementary layer k(λ) computed in the second step, to-
gether with themeasured leafwater, protein, cellulose+ lignin content
from the LOPEX dataset. As suggested by Feret, Francois, Asner, Gitelson,
Martin, Bidel, et al. (2008), the specific absorption coefficient of water
did not need recalibration, so we used the values in PROSPECT-5. In
this step, we divided the dry matter into protein, cellulose and lignin,
and chose to study the 800–2500 nm region, because water, protein,
cellulose and lignin absorb solar radiation mostly in this range (Baret
& Fourty, 1997a; Curran, 1989; Feret, Francois, Asner, Gitelson, Martin,
Bidel, et al., 2008). We combined the cellulose and lignin as one constit-
uent (“cellulose + lignin”). Different combinations of leaf constituents
were tested as input parameters to PROSPECT by Jacquemoud, Ustin,
Verdebout, Schmuck, Andreoli and Hosgood (1996), who found that
the combination of water, protein, and cellulose+ lignin best explained
the variation in leaf optical properties in the 800–2500 nm range
(Jacquemoud, personal communication).

The inversion was performed using a bounded optimization pack-
age, FMINSEARCHBND.M in MATLAB (The MathWorks, Inc.). The
MATLAB code is available online provided by (D'Errico, 2012). The
mined on fresh+dry leaves. The vertical dashed lines correspond to published absorption



Table 4
Absorption peaks of protein reported in Curran (1989) and Fourty, Baret, Jacquemoud, Schmuck and Verdebout (1996), and in recalibrated specific absorption coefficients (SAC) from
fresh, dry and fresh + dry leaves.

Wavelength (nm)
Literature

Wavelength (nm)
SAC from fresh leaves

Wavelength (nm)
SAC from dry leaves

Wavelength (nm)
SAC from fresh + dry leaves

Absorption mechanisms

1020 – – – N\\H stretch
1510 1520 1510 1520 N\\H stretch, 1st overtone
1730 1750 1730 1730 C\\H stretch
1980 – 1980 – N_H asymmetry
2060 – 2060 – N_H bend, 2nd overtone, N_H bend, N\\H stretch
2130 – – – N\\H stretch
2180 2165 2180 2170 N\\H bend, 2nd overtone, C\\H stretch, C\\O stretch, C_O stretch C\\N stretch
2240 – – – C\\H stretch
2300 2295 2300 2300 N\\H bend, C_O stretch, C\\H bend, 2nd overtone

209Z. Wang et al. / Remote Sensing of Environment 168 (2015) 205–218
solution method only guarantees a local minimum, but after extensive
tests with sets of initial values it was concluded that a global minimum
had been found. The calibration process was performed separately for
fresh, dry and fresh + dry leaves. The recalibrated specific absorption
coefficients of protein, and cellulose + lignin from each group were
compared with previous results reported by Jacquemoud, Ustin,
Verdebout, Schmuck, Andreoli and Hosgood (1996).

2.3. Sensitivity analysis

Sensitivity analysis (SA) helps to identify the contribution of the var-
iability in input parameters to the variability in the output reflectance or
transmittance. Two types of SA have been listed in literature, local SA
and global SA. Local SA provides information on how the variation of
each input parameter individually explains the variation in the model
output and ignores the interactions between model parameters
(Asner, 1998; Saltelli, 1999), while global SA provides information of
how the variation of each input parameter individually and their inter-
actions with each other accounts for the variation of model output.
Global SA is required when searching the full range of model parameter
space, including the simultaneous variations of model parameters
(Bowyer & Danson, 2004), therefore, a global SA was adopted in this
study.

SA calculates the fractional contribution of a given input variable X to
the variance of Y. Supposing a model with three input parameters
(Ceccato, Flasse & Grégoire, 2002), then the total variance V(Y) of the
model output is decomposed as follows

V ¼ V1 þ V2 þ V3 þ V12 þ V13 þ V23 þ V123 ð4Þ

where V1 is the variance of input parameter 1, V12 is the variance of in-
teraction between parameters 1 and 2, and V123 is the variance of inter-
action between parameters 1, 2 and 3, and so on.
Table 5
Absorption peaks of cellulose+ lignin reported in Curran (1989) and Fourty, Baret, Jacquemoud
from fresh, dry and fresh + dry leaves.

Wavelength (nm)
Literature

Wavelength (nm)
SAC from fresh leaves

Wavelength (nm)
SAC from dry leaves

Wavelength
SAC from fre

1120 – – –
1200 1200 1200 1200
1420 – – –
1450 1450 1450 1460
1490 – 1490 1470
1540 – 1540 –
1780 1760 – –
1820 – – –
2100 2100 2100 2100
2270 – – –
2280 – – –
2340 2340 2340 2340
The first-order sensitivity index S1 for parameter 1 is defined as

S1 ¼ V1=V : ð5Þ

Similarly, the second-order sensitivity index S12 can be calculated
from

S12 ¼ V12=V : ð6Þ

And the total-order indices ST for parameter 1 is measured as
follows

ST ¼ V1 þ V12 þ V13 þ V123ð Þ=V : ð7Þ

The first-order sensitivity indices represent the independent effect
of the corresponding parameters while the second and higher order
terms give the interaction effects of each parameter with others. The
Fourier amplitude sensitivity test (FAST) method calculates the contri-
bution of each input parameter to the variation in the output efficiently
(Saltelli & Bolado, 1998; Xiao, Zhao, Zhou &Gong, 2014),which refers to
first-order sensitivity indices. The method of Sobol (Sobol, 1993) was
superior to FAST in computing the higher interaction terms (DeJonge,
Ascough, Ahmadi, Andales & Arabi, 2012; Xiao, Zhao, Zhou & Gong,
2014). A Matlab software tool (GSAT) (Cannavó, 2012) was applied in
this study to perform global sensitivity analysis, in which both FAST
analysis and Sobol's analysis were implemented to calculate first order
sensitivity coefficients and joint global sensitivity coefficients for
model parameter combinations. The global sensitivity analysis was
separately performed for fresh and dry leaves using the ranges of
input parameters presented in Table 1.
, Schmuck and Verdebout (1996), and in recalibrated specific absorption coefficients (SAC)

(nm)
sh + dry leaves

Absorption mechanisms

C\\H stretch, 2nd overtone
O\\H bend, 1st overtone
C\\H stretch, C\\H deformation
O\\H stretch, 1st overtone, C\\H stretch, C\\H deformation
O\\H stretch, 1st overtone
O\\H stretch, 1st overtone
C\\H stretch, 1st overtone, O\\H stretch, H\\O\\H deformation
O\\H stretch, C\\O stretch, 2nd overtone
O_H bend, C\\O stretch, C\\O\\C stretch, 3rd overtone
C\\H stretch, O\\H stretch, CH2 bend, CH2 stretch
C\\H stretch, CH2 deformation
C\\H stretch, O\\H deformation, C\\H deformation, O\\H stretch



Fig. 4.Mean and variability of the recalibrated specific absorption coefficients of protein and cellulose + lignin from 100 repetitions of k-fold cross-validation (fresh leaves).
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2.4. Validation of the recalibrated PROSPECT-5 model in forward mode

The k-fold cross validation was performed due to the limited
number of samples, which enables independent data set used in the cal-
ibration and validation. The commonly used 10-fold cross-validation
was adopted in this study. Detailed descriptions are presented as
follows.

(1) The original samples were randomly partitioned into k equal size
subsamples (k = 10).

(2) The k− 1 subsamples were used in the calibration to determine
the specific absorption coefficients of protein, and cellulose +
lignin (see Section 2.2).

(3) The remaining one subsamplewas retained as the validation data
for testing the performance of the recalibrated model in forward
modeling leaf reflectance and transmittance, by using the cali-
brated specific absorption coefficients from the previous step,
the measured content of constituents (e.g., water, protein,
cellulose + lignin) and estimated leaf structure parameter in
the calibration.

(4) The cross-validation procedure was then repeated k times with
each one of the k subsamples used once as the validation data,
after which the modeled leaf reflectance and transmittance of
all samples can be obtained.

The k-fold cross validation (steps 1–4) was repeated 100 times to
avoid biased results (Schlerf, Atzberger & Hill, 2005). We used the
Fig. 5.Mean and variability of the recalibrated specific absorption coefficients of protein
measured content of constituents (e.g., water, protein, cellulose +
lignin), their corresponding recalibrated specific absorption coeffi-
cients, and the estimated leaf structure parameter to simulate the re-
flectance and transmittance in the forward mode. Simulated leaf
reflectance and transmittance were also obtained by using the spe-
cific absorption coefficients presented by Jacquemoud et al. (1996).
For comparison, this simulation was also implemented using the
measured content of constituents (e.g., water, dry matter), their spe-
cific absorption coefficients in PROSPECT-5, and the estimated leaf
structure parameter.

The root mean square error of prediction (RMSEP), the bias (BIAS),
and the standard error of prediction corrected from the bias (SEPC)
between the modeled and measured reflectance and transmittance
were calculated for each wavelength. The averaged RMSEP, BIAS,
SEPC of the 100 repetitions were used to evaluate the model perfor-
mance using calibrated specific absorption coefficients from this
study. Let yj and yj ' be the measured and estimated values, respec-
tively, y be the mean of the measured values, and n be the number
of measurements:

RMSEP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1
yj

0−yj

� �2

n

vuut
ð8Þ

BIAS ¼
Xn

j¼1
yj

0−yj

� �

n
ð9Þ
and cellulose + lignin from 100 repetitions of k-fold cross-validation (dry leaves).



Fig. 6. RMSEP, BIAS and SEPC of themodeling of the reflectance and transmittance of fresh leaves by this study, Jacquemoud,Ustin, Verdebout, Schmuck, Andreoli andHosgood (1996) and
PROSPECT-5. RMSEP, BIAS and SEPC of this study were averaged values from 100 repetitions of k-fold cross validation.
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SEPC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1
yj

0−yj−BIAS
� �2

n

vuut
: ð10Þ

2.5. Estimation of leaf parameters

2.5.1. PROSPECT model inversion
The input model parameters included leaf structure parameter (N),

EWT, protein content (Cp), and cellulose + lignin content (Ccl). The in-
version process was to find the parameter vector θ= [N, EWT, Cp, Ccl]T,
which minimizes the merit function:

J θð Þ ¼
Xλ2

λ1

Rmes λð Þ−Rmod λ; θð Þð Þ2 þ Tmes λð Þ−Tmod λ; θð Þð Þ2 ð11Þ

where λ is the wavelength, Rmes and Tmes are respectively themeasured
reflectance and transmittance, and Rmod and Tmod are the modeled
Fig. 7. RMSEP, BIAS and SEPC of themodeling of the reflectance and transmittance of dry leaves
PROSPECT-5. RMSEP, BIAS and SEPC of this study were averaged values from 100 repetitions o
values. The ranges of the input parameters were determined based on
the dataset used in this study (Table 1) and are given in Table 2. The pa-
rameters were estimated through model inversion using an iterative
optimization algorithm. Specific absorption coefficients of protein, and
cellulose + lignin determined by the pooled samples were utilized to
involve the variations of leaf optical and biochemical properties across
species.

To alleviate the “ill-posed” inverse problems, a specific merit func-
tionwas assigned for each parameter defined on its own sensitive spec-
tral bands, which has been proved to improve the performance of
inversion results (Li & Wang, 2011; Wang et al., 2015; Zhao, Guo,
Huang, Reddy, Lee, Fletcher, et al., 2014). Thus, we performed the
model inversion for retrieving leaf parameters not only over the full
wavelength range (1100–2500 nm, subset 1), but also over another
six spectral subsets (Table 3). Subset 2was the sensitive wavelength re-
gion for protein and cellulose + lignin, according to the global sensitiv-
ity analysis for fresh leaves (see Section 2.3). Subset 3 was also defined
for protein and cellulose + lignin, but based on the global SA for dry
leaves. Subset 4 was a collection of protein absorption bands from
by this study, Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli and Hosgood (1996) and
f k-fold cross validation.



Fig. 8. Contribution of water, protein and cellulose + lignin to the total leaf absorption (800–2500 nm) in fresh (a) and dry (b) leaves.
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previous findings (Curran, 1989; Fourty, Baret, Jacquemoud, Schmuck &
Verdebout, 1996). Subset 5was a collection of cellulose+ lignin absorp-
tion bands (Curran, 1989; Fourty, Baret, Jacquemoud, Schmuck &
Verdebout, 1996). Subset 4 and 5 were involved to assess the plausibil-
ity of the calibrated specific absorption coefficients of protein and
cellulose + lignin, and to test whether the subsets could achieve an
equal or even improved estimation accuracy of leaf protein and
cellulose + lignin compared to using the full wavelengths.

2.5.2. Stepwise multiple linear regression
We also applied a classical statistical technique, stepwise multiple

linear regression (SMLR) to select sensitive spectral subsets for protein
and cellulose + lignin, and to compare its performance of estimation
with that of PROSPECT model. Though a number of limitations have
been pointed out for SMLR (Majeke, van Aardt & Cho, 2008), it serves
as a straightforward way for comparison with inversion models. The
stepwise multiple linear regression relates the protein or cellulose +
lignin content with the reflectance or transmittance. The model starts
with no independent variables (e.g. reflectance), adds the variable
which was the best statistical predictor, and adds the second variable
which gives the best fit together with the first variable. Further variable
was added to provide an optimal fit in a recursive way (Jacquemoud,
Verdebout, Schmuck, Andreoli & Hosgood, 1995). The SMLR was per-
formed using MATLAB (The MathWorks, Inc.) over the 1100–2500 nm
Fig. 9. Results of FASTfirst order sensitivity coefficients and interactions to leaf reflectance for glo
is given in (b), where N is the leaf structure parameter, EWT is the equivalent water thickness
in order to compare resultswith those fromPROSPECT inversion.We re-
stricted the number of selected wavelengths to four to have a simple
model and avoid over-fitting. Subsets 6 and 7 in Table 3 were deter-
mined on the selected wavelengths by SMLR for predicting protein
and cellulose + lignin, respectively.

The accuracies of the retrieved parameters (EWT, Cp, Ccl) via
PROSPECTmodel inversion and SMLRwere evaluated by the coefficient
of determination (R2), the root mean square error (RMSE), and the nor-
malized RMSE (NRMSE = RMSE / range) between the estimated and
measured values.

3. Results

3.1. Recalibrated specific absorption coefficients for protein and cellulose+
lignin

The recalibrated specific absorption coefficients for protein and
cellulose + lignin over 800–2500 nm determined on fresh leaves, dry
leaves, and fresh+dry leaves are shown in Figs. 1, 2, and 3, respectively.
For dry leaves, most of the absorption peaks of protein and cellulose +
lignin were well represented (Fig. 2), and are consistent with findings
by Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli and Hosgood
(1996). For fresh leaves, fewer absorption peaks were displayed (see
dashed vertical lines in Fig. 1), and discrepancies were found between
bal sensitivity analysiswith PROSPECTmodel in (a) fresh leaves, (b) dry leaves. The legend
, Cp is the protein content, and Ccl is the cellulose + lignin content.



Table 6
Validation of equivalent water thickness (EWT), protein and cellulose + lignin content retrieval for fresh leaves using recalibrated PROSPECT-5.

Spectral subset EWT (cm) Protein (g/cm2) Cellulose + lignin (g/cm2)

R2 RMSE NRMSE R2 RMSE NRMSE R2 RMSE NRMSE

Subset 1 0.95 0.0015 0.04 0.45 3.16E−04 0.19 0.40 8.66E−04 0.20
Subset 2 0.89 0.0022 0.06 0.26 3.81E−04 0.23 0.44 9.19E−04 0.21
Subset 3 0.91 0.0020 0.06 0.47 2.75E−04 0.17 0.70 5.21E−04 0.12
Subset 4 0.94 0.0017 0.05 0.44 3.11E−04 0.19 0.46 7.77E−04 0.18
Subset 5 0.96 0.0014 0.04 0.48 3.12E−04 0.19 0.42 8.24E−04 0.19
Subset 6a 0.83 0.0030 0.08 – 8.13E−04 0.49 0.33 9.51E−04 0.22
Subset 7a 0.91 0.0029 0.08 – 8.68E−04 0.52 0.61 8.48E−04 0.19
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the absorption peaks in specific absorption coefficients and absorption
features in literature (Tables 4 and 5). Generally, absorption positions
were consistent for coefficients determined on fresh leaves, dry leaves
and fresh+dry leaves, except for thosemasked by the strongwater ab-
sorption at 1800–2000 nm. 100 repetitions of k-fold cross-validation
generated quite consistent specific absorption coefficients for protein
and cellulose + lignin (Figs. 4 and 5). The coefficients of protein and
cellulose + lignin for dry leaves display minor differences with results
in a previous study (Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli
& Hosgood, 1996). However, the recalibrated specific absorption coeffi-
cient of protein for fresh leaves yielded significantly different results.
The coefficients of protein for fresh leaves in this study are much higher
(with a peak value of over 80 cm2/g) than results reported by
Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli andHosgood (1996).
3.2. Validation of the performance of recalibrated PROSPECT model in for-
ward mode

The modeling of leaf reflectance and transmittance as performed in
this study is clearly more accurate than that with the original
PROSPECT-5 (Figs. 6 and 7), despite the fact that the sum of protein
and cellulose + lignin occupied two-thirds to three-quarters of
the dry leaf mass, which was also confirmed by Jacquemoud, Ustin,
Verdebout, Schmuck, Andreoli and Hosgood (1996). The spectral
RMSEP's were generally less than 0.03, which confirms the capability
of the PROSPECT model when recalibrated for simulating leaf optical
properties using only a few parameters (Jacquemoud & Baret, 1990;
Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli & Hosgood, 1996).
For fresh leaves (Fig. 6), the recalibrated specific absorption coefficients
greatly improved the performance of modeling leaf optical properties
over the range of 1400–1800 nm and 2100–2500 nm. The modeled
fresh leaf spectra using coefficients from Jacquemoud, Ustin, Verdebout,
Schmuck, Andreoli and Hosgood (1996) gave the least accurate estimate
in the range of 2100–2500 nm.
3.3. Contribution of different constituents to the total leaf absorption

The contribution of each constituent to the total leaf absorption co-
efficient was computed as (Baret & Fourty, 1997a; Fourty, Baret,
Table 7
Validation of equivalent water thickness (EWT), protein and cellulose + lignin content retriev

Spectral subset EWT (cm) Protein (g/

R2 RMSE NRMSE R2

Subset 1 0.51 9.67E−05 0.11 0.50
Subset 2 – 4.96E−04 0.56 0.37
Subset 3 – 5.16E−04 0.58 0.57
Subset 4 0.32 1.06E−04 0.14 0.52
Subset 5 0.27 1.55E−04 0.18 0.43
Subset 6b 0.32 1.43E−04 0.16 0.57
Subset 7b 0.49 1.18E−04 0.13 0.11
Jacquemoud, Schmuck & Verdebout, 1996):

ki λð Þ � Ci= ∑iki λð Þ � Ci

� �
ð12Þ

where Ci is the average content of the constituent i, and ki(λ) the corre-
sponding specific absorption coefficient. This can provide information
on identifying the sensitive bands for each constituent used inmodel in-
version. Fig. 8 demonstrates the contribution of water, protein and
cellulose+ lignin to the total leaf absorption coefficient. It was not sur-
prising to see the largest contribution of water content in fresh leaves
over the whole range, and two peaks were located around
1400–1600 nm and 1800–2000 nm. Protein and cellulose + lignin
have a relatively larger contribution over 1600–1800 nm and
2100–2300 nm. The contribution of protein was generally larger than
that of cellulose+ lignin. The protein and cellulose+ lignin contributed
approximately 40% to the total leaf absorption in these spectral ranges.
For dry leaves, the contribution of water showed similar trends (in
terms of spectral regions), but was generally lower (less than 50% con-
tribution to total leaf absorption) than that of the other two constitu-
ents. Cellulose + lignin contributed most to leaf absorption over
1300–1800 nm, while protein contributed more after 1900 nm, which
is consistent with reports by Fourty, Baret, Jacquemoud, Schmuck and
Verdebout (1996).

3.4. Global sensitivity analysis

Fig. 9 demonstrates the results of FAST first order sensitivity coeffi-
cients and interactions to leaf reflectance for global sensitivity analysis
with PROSPECT model. Global sensitivity analysis showed that the
sum of FAST first order sensitivity coefficients (N, EWT, Cp, Ccl) was
close to 100% for both fresh and dry leaves, which indicated that a
minor contribution was from interactions of these parameters to the
leaf reflectance variability. For fresh leaves, leaf structure parameter N
had the greatest contribution, followed by EWT. In contrast, the influ-
ence of cellulose + lignin and protein was limited, and was relatively
greater in the spectral ranges of 800–1300 nm, 1600–1800 nm and
2100–2300 nm. Compared to fresh leaves, the influence of both protein
and cellulose+ lignin on the leaf spectra for dry leaveswasmuch great-
er in wavelengths longer than 2100 nm, and the sum of their contribu-
tions amounted to around 40% (Fig. 9(b)). Leaf structure parameter still
al for dry leaves using recalibrated PROSPECT-5.

cm2) Cellulose + lignin (g/cm2)

RMSE NRMSE R2 RMSE NRMSE

3.96E−04 0.20 0.59 6.81E−04 0.13
4.83E−04 0.25 0.41 8.24E−04 0.15
3.55E−04 0.18 0.79 5.05E−04 0.09
3.90E−04 0.20 0.68 5.72E−04 0.11
4.84E−04 0.25 0.21 1.11E−03 0.21
3.71E−04 0.19 0.62 6.88E−04 0.13
7.61E−04 0.39 0.74 7.23E−04 0.14



Table 8
Validation of protein and cellulose+ lignin content retrieval for fresh and dry leaves using
stepwise multiple linear regression.

Protein (g/cm2) Cellulose + lignin (g/cm2)

R2 RMSE NRMSE R2 RMSE NRMSE

Fresh leaves 0.66 2.02E−04 0.12 0.83 3.91E−04 0.09
Dry leaves 0.74 2.32E−04 0.12 0.79 4.50E−04 0.08
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acted as the dominant role in driving the leaf reflectance variability, but
the influence of water was only noticeable in 1880–2000 nm. Similar
features were observed for transmittance in global sensitivity analysis
(results not shown).
3.5. Accuracy of estimated leaf parameters

The accuracy of the estimation for EWT, protein and cellulose + lig-
nin content using the recalibrated PROSPECT-5 inversion is shown in
Table 6 (fresh leaves) and Table 7 (dry leaves). For fresh leaves, EWT
was estimated well by all seven spectral subsets, with an R2 around
0.90, and RMSE of 0.0020 cm. Spectral subset 3 gave the most accurate
estimation of cellulose+ lignin (R2=0.70; RMSE=5.21E−04 g/cm2),
followed by subset 7a (R2 =0.61; RMSE= 8.48E−04 g/cm2). The esti-
mation of protein based on spectral subset 5 yielded the highest R2

value of 0.48 and a RMSE of 3.12–04 g/cm2, followed by that based on
the subset 3 (R2 = 0.47; RMSE = 2.75E−04 g/cm2). For dry leaves,
EWT was generally not well assessed using all the spectral subsets,
and cellulose + lignin values were estimated with a higher accuracy
than protein values. Subset 3 with the region of 2100–2300 nm
Fig. 10.Measured versus estimated protein content (Cp, g/cm2) and cellulose+ lignin content
tion coefficients and stepwise multiple linear regression (SMLR).
provided the most accurate retrieval for both cellulose + lignin (R2 =
0.79; RMSE = 5.05E−04 g/cm2) and protein (R2 = 0.58; RMSE =
3.55E−04 g/cm2). The subset 7 based on selected wavelengths for
predicting cellulose + lignin using SMLR, gave a robust estimation for
both fresh and dry leaves when applying the subset inmodel inversion.
The selected subset 6b for protein based on SMLR on dry leaves also pro-
vide robust estimation in model inversion, but it was not valid for the
subset 6b on fresh leaves. Table 8 presents the accuracy of predicted
protein and cellulose+ lignin using stepwisemultiple linear regression.
Generally, the stepwisemultiple linear regression outperformed in esti-
mations of protein and cellulose + lignin over PROSPECT inversion, es-
pecially for protein in fresh leaves (Figs. 10 and 11).
4. Discussion

The leaf protein and cellulose + lignin content were moderately
well estimated for both fresh and dry leaves with the recalibrated spe-
cific absorption coefficients when PROSPECT-5 was inverted. Compara-
ble accuracies were obtained for estimating cellulose + lignin on fresh
and dry leaves through PROSPECT model inversion and stepwisemulti-
ple linear regression, irrespective of the water content. Despite of the
low amount of leaf protein in fresh leaves, it can still be retrieved via
model inversion at promising accuracies. Estimating leaf protein in
fresh leaves, using inversion of a radiative transfermodel, has been con-
sidered impossible since the 1990s (Jacquemoud, Ustin, Verdebout,
Schmuck, Andreoli & Hosgood, 1996), although empirical methods
have achieved relatively good accuracies (Kokaly, 2001; Kokaly, Asner,
Ollinger, Martin & Wessman, 2009; Kokaly & Clark, 1999; Martin,
Plourde, Ollinger, Smith & McNeil, 2008). To our knowledge, this is the
(Ccl, g/cm2) for fresh leaves using PROSPECT-5 inversion with recalibrated specific absorp-
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first study to prove the feasibility of estimating leaf protein and
cellulose + lignin in fresh leaves at a moderate to good accuracy using
a radiative transfer model.

The specific absorption coefficients of leaf protein and cellulose +
lignin determined on fresh, dry and fresh+dry leaves displayed similar
magnitudes (Figs. 1, 2 and 3). The coefficientswere also quite consistent
across species (Figs. 4 and 5) which can be noted from a repetitive 10-
fold cross validation, in each repetition a different data set of species
was randomly selected. The findings demonstrated the robustness of
the recalibrated specific absorption coefficients, which holds great po-
tential in the development for PROSPECT model given the difficulties
in measuring in vivo coefficients. Absorption peaks found in the coeffi-
cients were in good agreement with known absorption features from
literature regardless of the leaf water status (Figs. 1, 2 and 3, Tables 4
and 5). This holds promise for building a general model across a large
variety of species and leaf water. Most of known absorption peaks of
protein and cellulose+ lignin were displayedwell in coefficients deter-
mined on dry leaves, while fewer absorption features were found in
those determined on fresh leaves. The stronger absorption of leaf
water on fresh leaves masks some absorption features of protein
and cellulose + lignin, such as 1940, 1980 and 2060 nm. And it also
led to the off-center wavelength (5–20 nm) of absorption peaks in
coefficients from known absorption features in literature, such as
1510, 1730, 2180 nm for protein, and 1780 nm for cellulose + lignin
(Tables 4 and 5).

The recalibrated specific absorption coefficients showed similar
features for protein (in dry leaves) and cellulose + lignin (in both
fresh, dry and fresh + dry leaves) to a previous study (Jacquemoud,
Ustin, Verdebout, Schmuck, Andreoli & Hosgood, 1996). However, our
Fig. 11.Measured versus estimated protein content (Cp, g/cm2) and cellulose+ lignin content (
coefficients and stepwise multiple linear regression (SMLR).
results showed great differences in the behavior of the coefficient of
protein for fresh leaves to those reported by Jacquemoud, Ustin,
Verdebout, Schmuck, Andreoli and Hosgood (1996). The difference
lays not just in the shape of the coefficient curve but also in itsmagnitude.
Our absorption peaks of protein reached approximately 80 cm2/g rather
than their value of 20 cm2/g. This new insight for protein in fresh leaves
provides a solid foundation for estimating leaf protein via model inver-
sion. Such improvements can be largely attributed to the new calibration
algorithmproposed by Feret, Francois, Asner, Gitelson,Martin, Bidel, et al.
(2008). The improvements of the coefficients were further confirmed
when applying them in PROSPECT model for forward simulating leaf
reflectance and transmittance. The leaf optical properties for fresh
leaves were more accurately modeled, especially over the ranges
1400–1800 nm and 2100–2500 nm. This means the constituents of
protein and cellulose + lignin could explain the variations observed
in leaf optical properties, although they only contribute a relatively
small proportion to the dry matter. For dry leaves, a small improve-
ment was noted when modeling leaf reflectance, however, the per-
formance deteriorated when transmittance was modeled. This
might be due to the limitation of the PROSPECT model in terms of dry
leaves,whichdoes not consider inter-correlations betweenmodel param-
eters (Jacquemoud, Ustin, Verdebout, Schmuck, Andreoli & Hosgood,
1996). For example, as a leaf dries, the leaf structure changes with the
lower water content.

The selected spectral subsets generally provided equally ormore ac-
curate estimation of cellulose + lignin and protein, compared with
using full wavelengths of 1100–2500 nm. This confirmed that selected
spectral subsets often present better results than using full wavelengths
(Darvishzadeh, Skidmore, Schlerf & Atzberger, 2008; Meroni, Colombo
Ccl, g/cm2) for dry leaves using PROSPECT-5 inversionwith recalibrated specific absorption
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& Panigada, 2004; Schlerf & Atzberger, 2006). However, the spectral
subset (Subset 4) defined based on known absorption features of pro-
tein did not guarantee more accurate estimation for protein than
cellulose + lignin, and the same phenomenon was observed for a spe-
cific spectral subset (Subset 5) for cellulose + lignin. This can be ex-
plained by the overlapping absorption features due to their common
C\\H and O\\H bonds (Curran, 1989; Fourty, Baret, Jacquemoud,
Schmuck&Verdebout, 1996), and their overlapping absorption features
with other secondary compounds (e.g. hemicellulose, starch) which
may be in high content for some plant species. The subset 3 of
2100–2300 nm proved to be the most effective spectral range for esti-
mating cellulose + lignin and protein on both fresh and dry leaves.
This can be attributed to the less influence caused by water absorption,
aswell as the high values of specific absorption coefficients in this range.

The performances of PROSPECT model inversion and stepwise mul-
tiple linear regression were comparable in retrieving cellulose + lignin
for both fresh leaves and dry leaves. However, less accurate estimations
were obtained for protein when using model inversion other than
SMLR. A reason could be the greater abundance of cellulose + lignin
than protein in leaves. The relationship between estimated and mea-
sured values from model inversion appeared to be less linear than that
from SMLR, which indicated larger uncertainties when retrieving pa-
rameters using PROSPECT. The uncertainties can be partly explained
by the inherent differences lying in radiative transfer models and statis-
tical models. All parameters were simultaneously retrieved through
model inversion, thus the parameters making greater contribution to
leaf optical properties, such as leaf structure parameter and EWT, inev-
itably affects the parameters having less influence, namely cellulose +
lignin and protein. In contrast, the statistical model was developed ex-
clusively for one parameter, which is less sensitive to other parameters.

We made efforts to alleviate the “ill-posed” inverse problem and
uncertainties in estimation by selecting specific spectral subsets for
cellulose + lignin and protein, but the improvement for retrieving pro-
tein was limited. Li and Wang (2011) proposed an approach of retriev-
ing parameters in the order of their contributions to leaf reflectance,
which is leaf structure parameter, leaf chlorophyll content, equivalent
water thickness and leaf mass per area. In that study, one parameter
was retrieved at each step by assigning a specific merit function using
its own sensitivewavelengths. They first retrieved leaf structure param-
eter, then estimated the next parameter using the computed values
from previous steps as fixed, and continued until all parameters were
obtained. The “step-by-step” inversion approach improved the accura-
cies of estimated leaf chlorophyll content, equivalent water thickness
and leaf mass per area, compared to simultaneously determining all pa-
rameters using a single merit function (Li & Wang, 2011; Zhao, Guo,
Huang, Reddy, Lee, Fletcher, et al., 2014). However, the approach did
not work well for estimating cellulose + lignin and protein in this
study. Different spectral transformation methods have been used to
minimize the influence of water on estimating leaf biochemical constit-
uents in statistical studies, such as first or second derivatives, contin-
uum removal (Curran, Dungan & Peterson, 2001; Huang, Turner,
Dury, Wallis & Foley, 2004; Kokaly & Clark, 1999; Mutanga &
Skidmore, 2004; Mutanga, Skidmore, Kumar & Ferwerda, 2005),
and water removal through spectral matching (Gao & Goetz, 1994;
Ramoelo, Skidmore, Schlerf, Mathieu & Heitkönig, 2011; Schlerf,
Atzberger, Hill, Buddenbaum, Werner & Schueler, 2010). It is worth-
while to investigate such techniques specifically for inversion of a ra-
diative transfer model.

From a practical perspective, the estimation of leaf biochemical con-
tent for fresh leaves could havewide applicationwhen using airborne or
satellite platforms for sensing green canopy foliage (Jacquemoud, Ustin,
Verdebout, Schmuck, Andreoli & Hosgood, 1996). So far, there has been
a long-held perception, based on the results of Jacquemoud, Ustin,
Verdebout, Schmuck, Andreoli and Hosgood (1996), that leaf protein
cannot be retrieved from fresh green leaf spectra when using radia-
tive transfer models. Our results validate one radiative transfer
model, i.e. PROSPECT, for estimating leaf biochemical content for
fresh leaves, which confirms the statistical models (Asner, Martin,
Knapp, Tupayachi, Anderson, Carranza, et al., 2011; Martin, Plourde,
Ollinger, Smith & McNeil, 2008; Mutanga & Skidmore, 2004; Skidmore,
Ferwerda, Mutanga, VanWieren, Peel, Grant, et al., 2010) that have con-
sistently demonstrated leaf biochemical content being successfully re-
trieved from hyperspectral imagery. The ability to model leaf protein,
and ipso facto leaf nitrogen content, holds the promise that eventually
global maps of foliar nitrogen content could be generated when
hyperspectral satellites such as Sentinel (Malenovsky, Rott, Cihlar,
Schaepman, Garcia-Santos, Fernandes, et al., 2012), EnMAP (Kaufmann,
Segl, Guanter, Hofer, Foerster, Stuffler, et al., 2008) and HyspIRI (http://
hyspiri.jpl.nasa.gov/) become operational. In turn, such monitoring
would support the development and demonstration of Essential Biodi-
versity Variables (EBVS), which are used for assessing biodiversity
(Pereira, Ferrier, Walters, Geller, Jongman, Scholes, et al., 2013).

5. Conclusions

This study demonstrates, for the first time, that leaf protein and
cellulose+ lignin can be successfully estimated in fresh leaves at amod-
erate to good accuracy through inversion of a radiative transfer model.
The specific absorption coefficients developed for PROSPECT-5 were
recalibrated specifically for protein and cellulose + lignin using the
new calibration algorithm proposed by Feret, Francois, Asner,
Gitelson, Martin, Bidel, et al. (2008). The recalibrated coefficients
were robustly estimated across species and showed a greater accura-
cy when reconstructing leaf reflectance and transmittance. Absorp-
tion peaks in coefficients correspond well with known protein and
cellulose + lignin absorption features regardless of the leaf water
status. The accuracy of retrieved protein and cellulose + lignin
from PROSPECT model inversion was comparable with that from
stepwise multiple linear regression. The selected spectral subsets
improved the accuracy of estimating leaf protein and cellulose+ lignin
compared with using full wavelengths.

The use of a radiative transfer model offers a robust approach that
should be transferable across species and test sites when compared
with empirical methods (Darvishzadeh, Skidmore, Schlerf & Atzberger,
2008). The LOPEX dataset tested in this study contained plant species
with a large variety of leaf structure, leaf biochemistry and leaf optical
properties, further confirming the robustness and transferability of
this approach. The statistical models can be used to support the devel-
opment of radiative transfer models in selecting spectral subsets,
which provided robust estimations in model inversion. This study was
conducted at leaf level, which could be applied at the canopy level for
regional or global mapping if coupled with a canopy reflectance model
and suitable hyperspectral satellite imagery. However, the confounding
factors, such as canopy structure, solar and viewing geometry, and soil
background need to be fully considered before upscaling. Canopy level
protein (equivalent to nitrogen) (Jacquemoud, Ustin, Verdebout,
Schmuck, Andreoli & Hosgood, 1996) and cellulose + lignin (approxi-
mation of carbon)would not only yield valuable information about pho-
tosynthesis and net primary production, but would also allow the C:N
ratio to be estimated, which can be used for evaluating the nutrient
cycle.
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