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Abstract: The research evaluated the information content of
HyMap data for the estimation of chlorophyll (C,g) nitrogen (Cy)
and water (Cy) concentration in Norway spruce (Picea abies L.
Karst.) needles. The aims were to find predictive models to
estimate chemical concentrations and to systematically compare
different types of derivatives of spectral reflectance regarding the
accuracy of prediction. The results of the analysis showed that
Cagp can be well estimated from laboratory and canopy
reflectance data. The best predictive model to estimate C,p at the
laboratory level yielded a cross-validated R’ of 0.81 and a relative
rmse of 8.7 % (n=78). The best model to estimate C,p at the
canopy level was achieved using band depth normalised spectra
with a cross-validated R? of 0.90 and a relative rmse of 2.8 %
though the small sample size (n=13) is critical. We observed
weaker relations between reflectance and the concentration of
nitrogen (canopy level: R*=0.57, rel. rmse = 4.6 %). For water,
poor results were obtained on the canopy level. The wavebands
selected in the regression models to estimate C,p were typically
located in the red edge region and along the edge of the
chlorophyll absorption feature. This result coincides with a
general understanding that the maximum correlations occur on
the edge of absorption features as the central wavelengths
become saturated. For Cy, additional wavebands related to
known protein absorption features at 1730 nm, 2180 nm, and
2350 nm were selected. The portion of selected wavebands
attributable to known absorption features strongly depends on
the type of derivative spectra used. A method called “derivative
of water removed spectra” (DWRS) produces the largest
percentage of wavebands directly or indirectly related to known
absorption features. Larger values of chlorophyll occurred over
soils with large base saturation (formed of basalt and colluvium)
whereas poorly base saturated soils over sandstone showed lower
C,p values. However, in order to assess the spatial variation of
photosynthesis, a larger variation of nitrogen has to be
considered by extending the study to other ecosystems, such as
deciduous forest, vine yards, orchards or grassland.

1. Introduction

Many of the biogeochemical processes in terrestrial
ecosystems are related to the content of foliar nitrogen in
leaves (Vitousek, 1982; Waring & Running, 1998). Recently,
foliar nitrogen or chlorophyll has been increasingly assessed
from hyperspectral remote sensing data (Serrano et al., 2002;
Mutanga & Skidmore 2004; Zarco-Tejada et al. 2004).

In previous studies, different types of derivatives of spectral
reflectance have been used in combination with stepwise
multiple regression (SMR, Curran, 1989) to estimate foliar

chemical concentrations, such as first-derivative of reflectance
(Demetriades-Shah et al., 1990), continuum-removed (CR)
spectra and band-depth normalised (BDN) spectra (Kokaly &
Clark, 1999) among others. These derivatives aim to enhance
the absorption feature present in vegetation spectra in the first
step and SMR in the second step tries to find wavebands
located in these absorption features that are related to the
investigated chemicals. CR and BDN spectra were most often
applied to reflectance spectra of dry leaf samples (Curran et al.,
2001) or to absorption features that are not masked by water,
for instance the chlorophyll features. Estimation of nitrogen
from fresh leaf reflectances in mid-IR wavebands suffers from
the disturbing effect of leaf water. To overcome problems
associated with leaf water this research combines the strategy
of least-squares spectral matching (LSM, Gao & Goetz, 1994;
1995) that attempts to remove the influence of leaf water from
a fresh vegetation reflectance spectrum with SMR.

The overall aim of the work was to evaluate the information
content of hyperspectral remote sensing data for the estimation
of leaf chemical concentrations in forests. More specific
objectives were to

e find predictive models by stepwise multiple linear
regression technique using characteristic absorption
features to estimate concentrations of total chlorophyll
(Cap), nitrogen (Cy), and water (Cy)

e systematically compare different types of derivatives
of spectral reflectance regarding the accuracy of the
predictive models and

e cxamine the effects of sensor bandwidth and sensor
noise on the estimations of chemical concentrations
from laboratory reflectance data to assess the
transferability of the techniques to remote sensing data

Derivatives of spectral reflectance that were used in
combination with SMR to estimate foliar chemical
concentrations: Spectral reflectance (RFL), First-difference of
spectral reflectance (DRFL), Continuum-removed (CR)
spectra, Band-depth normalised (BDN) spectra and First-
difference of water removed spectra (DWRS).

2. Method

At Gerolstein test site (Eifel, Germany) 13 stands of
Norway spruce were identified that cover the whole range of
nutrient availability in the soil (poor sandstone to rich



limestone) in order to achieve a maximum variability in leaf
biochemical content. Foliar samples were obtained according
to standardised procedures from the upper part of the crown of
3 randomly selected trees within each stand. Foliage from the
sampled branches were removed separately by age class and
randomly selected subsamples were subjected to routine
biochemical analysis for chlorophyll a and b (Lichtenthaler,
1987), water, and nitrogen (Wilson, 1990) concentration. In
total, 39 first-year needle samples and the same number of
third-year needle samples were obtained. 3™ year samples from
poor sandstone sites showed significantly lower values of
chlorophyll and nitrogen concentration then the other medium
or rich sites.

Needle reflectance (stacked layer) was measured using a
high spectral resolution spectroradiometer (Field-Spec-II).
Three sets of reflectance were used for further analysis: a) 1 nm
spectral resolution, b) degraded to HyMap spectral bands, and
¢) HyMap spectral bands with a normally distributed noise
component added (standard deviation: 0.002). Following
approaches by Kokaly & Clark (1999) and Curran et al. (2001),
we included the chlorophyll absorption feature at 670 nm and
the water absorption feature at 1200 nm, and three absorption
features related to protein at 1800 nm, 2100 nm, and 2300 nm
into the regression analysis in order to estimate biochemical
concentrations. Calculation of the derivatives involved either
computation of the derivative followed by an extraction of the
features (RFL, DRFL) or extraction of the features followed by
the computation of the derivative (CR, BDN). Computation of
DWRS is described below. The five features of a single type of
derivative were then re-combined into one single data set,
normalised band wise to mean of zero and standard deviation
of one, and subjected to regression analysis. SMR was run
separately for 1% year, 3" year, and both 1% and 3" year needle
samples. The idea was that each data set contained all
information necessary to estimate all of the three chemical
substances and to see if the appropriate wavebands were
selected from the available bands. Forward SMR was used to
develop relationships between chemical concentration and a
measure of reflectance for certain wavebands. Cross-validation
was employed to assess the accuracy and validity of the
regression models. SMR was run under controlled conditions
to avoid overfitting of the models to
the calibration data.

HyMap was flown over Gerolstein
test site at July 14 2003. Radiometric
pre-processing consisted of an across
track illumination correction to
remove the view angle effect, and a
combined sensor calibration and

canopy-measured reflectance. For this purpose, chemical data
that had been obtained on leaf level was aggregated to stand
level by computing the stand mean of year 1 and year 3
needles.

The approach of least-squares spectral matching (LSM;
Gao & Goetz, 1994) was modified to enhance the information
about protein (one of the major nitrogen bearing leaf
constituents) available in fresh leaf material. The spectral
reflectance of water Rym.a(4) was modeled from the spectral
absorption coefficients of liquid water ky/(4) as:

RWmod (A’) = (A + Bﬂ’)ei(CWkW ) (l)

where Cy represent the concentration of water and the term
(A+B4) represents the background level of the calculated
spectrum. Absorption coefficients of leaf water were obtained
from Dawson et al. (1998). 4, B, and Cy were iteratively
adjusted in such a way that the sum of the squared differences
between the measured reflectance Rppyes(Z) and the modeled
reflectance Rpmoa(4) for each given waveband was minimized.
The residual spectrum (Residual of Spectral Matching, RSM)
was calculated which is defined as the difference between the
measured fresh needle spectrum Ry, and the modelled
spectrum Rppoq OF Rpymeq divided by the measured spectrum
Rrmes and the first difference of RSM spectra (DWRS) were
subjected to the SMR procedure. It was assumed that the
residual in the 2.1-2.3 um spectral region may contain relevant
information about protein.

3. Results

A summary of the results is given in Table 1. The analysis
of laboratory spectra revealed that C,g was well estimated and
just slightly affected by a decrease of the spectral resolution or
adding of noise, Cy was moderately well estimated and just
slightly affected by a decrease of the spectral resolution or
adding of noise and Cy, was well estimated with 1-nm data and
resampled-to-HyMap data but strongly affected by noise
addition. The results also demonstrated that the models used to
estimate nitrogen concentration employed wavebands related to

TABLE I. Determination of chemical forest attributes using laboratory and HyMap data and
three types of spectral derivatives; DWRS = First-difference of water removed spectra, RFL =
Reflectance spectra, BDN = Band-depth normalised spectra; relative rmse: % of mean;
percentage of attributable bands: directly or indirectly related to the variable of interest, directly
related: + 30 nm of the chemical of interest, indirectly related: + 30 nm of a chemical with
which the chemical of interest was correlated, approach adapted from Curran et al. (2001)
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Figure 1. Estimated against measured leaf total chlorophyll
concentration (Cap) (left) and estimated against measured leaf
nitrogen concentration (Cy) (right).

chlorophyll and protein absorption features. Using DWRS
spectra, 73 percent of the selected wavebands by SMR were
directly or indirectly related to nitrogen absorption features,
whereas with BDN spectra just 50 percent of the wavebands
and with RFL none of the wavebands had such a relationship.
The wavelengths selected from DWRS spectra are close to
protein features at 1730 nm, 2180 nm, and 2350 nm and have
been repeatedly selected in previous studies (Johnson et al.,
1994; Curran et al., 2001; Serrano et al., 2002). From Field-
Spec-II data resampled to HyMap spectral bands plus noise
component added, cross-validated rmse for chlorophyll atb
was 0.32 mg g dry matter (’=0.75, 3 wavebands, mean: 3.21
mg g dm) and for nitrogen 0.083 % of dry matter (*=0.47, 2
wavebands, mean: 1.19 % dry matter).

On stand level, chlorophyll concentration (Cag) was well
estimated by all methods except reflectance spectra (RFL). The
best predictive model to estimate C,p was achieved by band-
depth normalisation (BDN) with a cross-validated coefficient
of determination (R?) of 0.90 and a cross-validated relative
rmse of 2.8 percent. Continuum-removed spectra (CR)
performed less accurate (relative rmse: 4 percent), but used
only 2 instead of 3 wavebands in the model. Nitrogen
concentration was moderately well estimated by first-
difference of water removed spectra (DWRS), CR and first-
difference of reflectance spectra (DRFL) wusing three
wavebands with a relative rmse below 5 percent. The results
are comparable to accuracies obtained in other studies. For
instance, Mutanga & Skidmore (2004) mapped nitrogen
concentrations in savanna grass with an rms error of 8.3
percent of the mean observed nitrogen concentration using
continuum-removal. The portion of selected wavebands
attributable to known substance absorption features strongly
depends on the type of derivative spectra used. A method
called “derivative of water removed spectra” (DWRS)
produces the largest percentage of wavebands directly or
indirectly related to known absorption features with laboratory
and canopy spectra. Using band depth normalised spectra
(BDN) the portion of wavebands attributable to known
absorption features was relatively large with laboratory data
but very low with HyMap spectra. Possibly, DWRS better than
BDN preserves its ability to enhance absorption features during
the upscaling from leaf to canopy spectra.

Predictive models obtained on the stand level (Figure 1)
were applied on the HyMap image to compute maps of
chlorophyll concentration and nitrogen concentration (not
shown). Results of map overlay operations revealed coherence
between Cap and zones of stand development stage and
between Cap and zones of soil type. Larger values of Cyp
occurred over soils with large base saturation (formed of basalt
and colluvium) whereas poorly base saturated soils over
sandstone showed lower C,p values. However, the large
variation in base saturation present in the soils at Gerolstein
area is not equalled by corresponding variations in leaf nitrogen
concentrations. From the low variation of nitrogen
concentration present in Norway spruce needle at Gerolstein
area no statement about the spatial variation of photosynthesis
can be made. To increase variation in foliar nitrogen, the study
has to be extended towards other ecosystems, such as
deciduous forest, vine yards and orchards or grassland.
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