
Investigation of Leaf Biochemistry by Statistics 

type of sample 

individual leaves 

S. Jacquemoud*, J. Verdebout, G. Schmuck, G. Andreoli, B. Hosgood, S.E. Hornig 
Joint Research Centre / Institute for Remote Sensing Applications 

Unit for Advanced Techniques - TP 272 
21020 Ispra (Va), Italy 

tel: (39)-332-785 18 1 fax: (39)-332-785469 email: stephane.jacquemoud@cen.jrc.it 

water spectra type of spectrum 
status 
fresh 63 R, T, Rm 

Abstract 

The biochemical content (total proteins, cellulose, lignin, and 
starch) of about seventy plant leaves has been related to their optical 
properties through statistical relationships. Both fresh and dry plant 
material, leaves or needles, were used in this study. Stepwise multiple 
regression analyses have been performed on reflectance, 
transmittance, and absorptance values (individual leaves) as well as on 
infinite reflectance values (stacked leaves + needles), on rough values 
and on transformations of them such as the frst derivative or the 
logarithm of the inverse reflectance. They underscored good 
prediction performances for protein, cellulose, and lignin with squared 
multiple correlation coefficients (R2) higher than 0.8 using ten 
wavelengths. Starch whose concentration in the leaf was smaller 
compared to the other components was retrieved with less accuracy. 
As expected, dry material and optically thick samples provided 
respectively better results than fresh material and individual leaves. 
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INTRODUCTION 
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Estimating leaf biochemistry with remote sensing data is a 
challenge for the years to come. In the framework of the Global 
Change Program, it should provide interesting information about the 
functioning of terrestrial ecosystems by extending ecological models 
to different scales (Ustin et al., 1991). It has also implications in 
agriculture to follow crop development and yield predictions. The 
biochemical constituents of interest are lignin, nitrogen, starch, and 
cellulose. As leaves are the most important surfaces of a plant canopy, 
relating their optical properties to these constituents is a priority. 
Surprising as it may seem, many references on this subject concern 
experiments performed on dry leaves or needles, and the results 
provided sometimes ensue directly from vegetation powders (Card et 
al., 1988; Wessman et al., 1988, Gastellu-Etchegony et al., 1994). 
Only a few studies deal with fresh and green leaves (Curran et al., 
1992). Moreover, if we except the recent paper from Cone1 et al. 
(1993) who used a two-stream radiative transfer model, only 
statistical analyses have been performed to retrieve leaf biochemical 
components from leaf reflectance. We intend here to investigate the 
retrieval of protein, cellulose, lignin, and starch by statistics both on 
fresh and dry material, on individual leaves and on optically thick 
samples (stacked leaves + needles). 

THE EXPESMENT 

A laboratory experiment has been organized in the Joint 
Research Centre during the summer of 1993: we have undertaken to 
build a unique data set associating VIS-IR spectra of vegetation 
elements (leaves, conifer needles, stems, bark) both with physical 
measurements (blade thickness, water content, equivalent water 
thickness, specific leaf area) and biochemical analyses (photosynthetic 
pigments, protein, cellulose, lignin, and starch concentration). In 
order to have a wide range of variation of leaf intemal structure, 
pigmentation, water content and biochemical components, plant 
species with different types of leaves have been collected outdoors. 
About 40 species of woody and herbaceaous plants were obtained 
from trees and crops in the area of the JRC. Total proteins, cellulose, 
lignin, and starch were measured by two specialized European 
laboratories (French and Belgian) using standard wet chemical 
analyses: the comparison between the concentration values provided 
by the two laboratories gave us an idea of the precision of these 

RESULTS AND DISCUSSION 

Each chemical component (protein, cellulose, lignin, starch) 
was treated independently of the others, and so each yields an 
independent set of regression coefficients. Goodness of fit is 
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Table 2. Results of stepwise regression on leaf spectral characteristics: [chemical concentration] = ao+ai.R(h) +a2 R(h) +... +ahr.R(h) 
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measured by R2, the squared multiple correlation coefficient which 
can be interpreted as the fraction of total sum of squares explained by 
the regression. The root mean square error rmse is calculated as: 

where C and C* are respectively the measured and estimated 
concentrations, and n is the number of individuals. Let us take the 
case of total proteins: Figure 1 shows the variation of RZ as terms are 
added to the regression equation; curves are very similar to that 
obtained by Card et al. (1988). One can note a strong increase of R2 
for the frst five wavelengths and a saturation effect when the number 
of wavelengths approaches ten. The other constituents present the 
same trends (results not shown). 
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Figure 1. 
Multiple squared correlation coefficient Rz versus the number of 

terms in the regression equation for the stepwise regression of protein 
concentration. Plots at the top represent the individual leaves [o 

reflectance, * transmittance, + absorptance, - raw values, ... first 
derivative], plots at the bottom the optically thick samples (stacked 

leaves + needles) [o infinite reflectance, - raw values, ... first 
derivative, - - log(l/R)]. 

Table 2 details statistical outputs of the stepwise multiple 
regression analysis for total proteins and lignin. We chose these two 
constituents because, according to Wessman (1994), the lignin / 
nitrogen ratio which drives the decomposition rates of forest litter is 
an indicator of ecosystem processes. From a general point of view, 
correlations are better for optically thick samples than for individual 
leaves, and better for dry samples than for wet samples. Best RZ and 
rmse values are obtained for first derivatives. As for individual leaves, 

thick samples, log(l/R~) which can be considered as a measure of 
absorptance, is surprisingly a worse predictor of leaf biochemistry 
than the raw infinite reflectance. In general, total proteins, cellulose, 
and lignin are reasonably estimated with R2 higher than 0.70 with 5 
wavelengths, and R2 higher than 0.85 with 10 wavelengths. Starch 
whose content in the leaves is very small (40% of dry matter) is 
retrieved with more difficulty. 

aR/a3r, dT/aA, and awd3r provide very similar results. for optically 
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Figure 2. 
Reflectance and transmittance spectra of a typical fresh leaf. 

Wavelengths selected by the stepwise multiple regression analysis to 
explain protein are represented by circles. 
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The distribution of the wavelengths stemming from the 
stepwise multiple regression analysis is quite amazing. To illustrate it, 
we have plotted the reflectance and transmittance spectra both of a 
typical fresh and dry leaf together with the position of the first, 
second, third, until tenth wavelength selected in the estimation of 
protein (Figures 2 and 3). First, one can notice great differences from 
one case to another: in particular for fresh leaves, spectral regions 
sensitive to the protein concentration are completely independent. 
One can also notice groups of wavelengths very close together. 
According to Card et al. (1988), it is Micult to associate particular 
chemical bonds with the wavelengths selected by stepwise regression 
since the latter depend on many factors such as the kind of data 
chosen (reflectance, transmittance, or absorptance). Moreover, leaves 
contain several constituents each with a number of absorption peaks, 
causing peak broadening and shifting, and so selected wavelengths do 
not always occur precisely at known stretching frequencies: by 
simulating the effects on spectral reflectance of hypothetical mixes of 
protein, cellulose, lignin and starch, Conel et al. (1993) underscored 
such effects which complicate the interpretation of leaf optical 
properties in terms of leaf biochemistry. 
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Figure 3. 
Reflectance and transmittance spectra of a typical dry leaf. 

Wavelengths selected by the stepwise multiple regression analysis to 
explain protein are represented by circles. 

Nethertheless, Figure 4 shows potential for predicting 
chemical concentrations over a wide range of conditions: the plots all 
indicate a good distribution for the biochemical components and a 
low bias in the regression as shown by symmetry of points about the 
45' line through the origin. 

CONCLUSION 

This investigation of leaf biochemistry by statistics provided 
results which are in good agreement with the literature; the analysis of 
the optical properties of fresh individual leaves contributes to the 
originality of this study. We have shown that information on leaf 
biochemistry was attainable with only a few selected wavelengths. 
Proteins seem to be the biochemical component that come out the 
best. However, the calibration equations previously established are 
not directly usable with remote sensing data. On the fringe of this 
study, we have also simulated AVIRIS equivalent spectra and 
repeated the multiple stepwise regression analyses with a set of 
wavelengths carefully chosen outside the atmospheric absorption 
regions. Althought a plant canopy cannot be assimilated to a pile of 
leaves, relationships obtained with fresh optically thick samples 
(stacked leaves + needles) might be used on semi-infiite vegetated 
areas. Finally, in the future, we intend to analyse plant biochemical 
content by using models. The extension of present leaf optical 
properties models to important constituents other than chlorophyll or 
water, which are potentially attainable by remote sensing as a result of 
specifc absorption bands observed in the middle infrared (cellulose, 
lignin, sugar, nitrogen ... etc), should help us to understand their 
specific effects on the radiometric signal. 
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Figure 4. 
Protein, cellulose, lignin, and starch predicted concentrations (fresh 

individual leaves, &/&, 10 wavelengths) versus concentrations 
according to wet chemical analyses. 
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