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Summary
Investigations of temporal and spatial variation of chemical properties of ecosystem
components on a landscape level are hampered by the need to analyze large numbers
of samples. Near infrared reflectance spectroscopy (NIRS) might provide a useful tool
to overcome this problem. Here we investigated the possibilities and limitations to
quantify the chemical composition of different plant parts and ecological properties
with the help of NIRS. For this, we addressed the following questions:
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Can NIRS-models be used to quantify different primary compounds (nitrogen,
fibre), groups of secondary compounds (condensed tannins, total phenolics) as
well as specific phenolic components (e.g., salicin) in leaves, twigs and litter of
Salix phylicifolia?
(2)
 Can NIRS be used to predict ecological properties such as moose browsing on
willow or the decomposition rate of leaf litter?
NIRS predicted the different primary compounds and grouped secondary
compounds in different plant material with high accuracy. Results were inconsistent
for specific phenolics. For ecological properties (moose browsing, litter decomposition
rate) NIRS-models had high coefficients of determination. But tests of the models with
a second independent set of samples (independent-data-set-test: IDS-test) showed
that the predicted values were too low even though they were ranked correctly.

Based on these results, the application of a second independent test is
recommended. In the present study this second validation indicated inconsistencies
in the NIRS-models that had not been revealed by the conventional validation
procedures used to develop the models (test-set and cross-validation). According to
ellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
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the present results NIRS represents a suitable and cost-effective tool to measure
primary and groups of secondary components of plant material. Application to specific
phenolic compounds requires more elaborate testing. The successful reconstruction of
moose browsing and the prediction of litter decomposition rate show that NIRS offers
new possibilities for ecological applications.
& 2005 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.

Zusammenfassung
Die Erfassung zeitlicher und räumlicher Unterschiede von chemischen Eigenheiten der
Komponenten eines Ökosystems wird durch die Notwendigkeit der Analyse großer
Probenzahlen erschwert. Dies gilt insbesondere für Untersuchungen auf ökosyste-
marer Ebene. Nah-Infrarot-Spektrometrie (NIRS) könnte bei der Überwindung dieses
Problems helfen. In dieser Arbeit wurden die Möglichkeiten und die Grenzen sowohl
bei der Erfassung von chemischen Inhaltsstoffen in unterschiedlichen Pflanzenteilen
als auch bei der Erfassung von ökologischen Parametern mit NIRS untersucht. Hierzu
wurden folgende Fragen bearbeitet:
(1)
 Kann NIRS zur quantitativen Erfassung verschiedener primärer (Stickstoff,
Rohfaser) und sekundärer Inhaltsstoffe (kondensierte Tannine, Gesamtphenole)
genutzt werden, und ist es zudem möglich, spezifische Phenole mit NIRS in
unterschiedlichem Pflanzenmaterial zu erfassen?
(2)
 Können mit Hilfe von NIRS ökologische Parameter bestimmt werden? Ist es z.B.
möglich, den Elchverbiß an Weiden zu rekonstruieren oder die Kompostierungs-
rate von Laub vorherzusagen?
Zur Untersuchung dienten Blätter, Zweige und Laub der Weide Salix phylicifolia.
Mit hoher Genauigkeit konnte der Gehalt an primären und sekundären Inhalts-

stoffen (kondensierte Tannine, Gesamtphenole) mit NIRS vorhergesagt werden. Die
Ergebnisse zur Bestimmung von spezifischen Phenolen waren jedoch widersprüchlich.
Die entwickelten NIRS Modelle zur Bestimmung ökologischer Parameter wiesen einen
hohen R2-Wert auf, jedoch lagen die Ergebnisse bei der Anwendung dieser Modelle auf
einen unbekannten Datensatz zu niedrig. Aufgrund unserer Ergebnisse wird die
Verwendung eines zweiten unabhängigen Tests (independent-data-set-test) zur
Evaluierung der NIRS Modelle empfohlen. In der vorliegenden Untersuchung wurden
durch diesen Test Unzulänglichkeiten der entwickelten NIRS Modelle aufgedeckt.
Diese waren durch die üblichen Validierungsmethoden zur Methodenerstellung (Kreuz-
und test-set-Validierung) nicht ersichtlich. Aufgrund der vorliegenden Ergebnisse kann
NIRS zur effektiven und kostengünstigen Analyse von primären und sekundären
Pflanzenstoffen in unterschiedlichstem Pflanzenmaterial eingesetzt werden. Die
Verwendung von NIRS zur Bestimmung spezifischer Phenole bedarf weiterer Versuche.
Die erfolgreiche Rekonstruktion von Elchverbiß und die Vorhersage der Kompostier-
ungsrate von Weidenlaub zeigen, dass NIRS neue Anwendungsmöglichkeiten bei
ökologischen Fragestellungen bietet.
& 2005 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
Introduction

Quantification of spatial and temporal variations
in plant productivity and chemical quality are
prerequisites for a better understanding of the
composition and dynamics of ecosystem processes,
such as plant–herbivore interactions (e.g., Ostfeld
& Keesing, 2000; contr. to Brockman & van Schaik,
2005). Plant characteristics and changes in these
characteristics due to herbivory can affect indivi-
duals at the same trophic level or spread to trophic
levels above and below with subsequent changes of
community processes (reviewed, e.g., by Dicke &
Hilker, 2003; Rostás, Simon, & Hilker, 2003; contr.
to Tscharntke & Hawkins, 2002). Analyses of these
processes on an ecosystem or on the landscape
level are rare (e.g., Eber, 2001). Primarily, this is
due to the complexity of possible interactions. In
addition, extrapolations from case studies to land-
scape level require enormous numbers of analyses
to account for individual variation within species.

Near infrared spectroscopy (NIRS) provides a tool
that allows processing and quantifying chemical or
ecological properties of large sample numbers
(Foley et al., 1998). NIRS has been used successfully
in agricultural studies to estimate diet quality, the
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composition of diets, or digestibility (deBoever,
Vanacker, & deBrabander, 2003; Leite & Stuth,
1995; Lyons & Stuth, 1992; Pearce, Lyons, & Stuth,
1993; Stolter, Ball, Julkunen-Tiitto, Lieberei, &
Ganzhorn, in press; Walker, Clark, & McCoy, 1998;
Xiccato et al., 1999, 2003), and to assess properties
of decomposition (Bouchard, Gillon, Joffre, &
Lefeuvre, 2003; Gillon, Joffre, & Ibrahma, 1999).
It is an accepted standard method in the Pharma-
copöä Europaea (1997) and the USP (United States
Pharmacopeia, 2002) for the determination of the
quality of pharmaceutical products. It has been
successfully used for the determination of soil and
peat properties (Chang, Laird, Mausbach, & Hur-
burgh, 2001; McTiernan, Garnett, Mauquoy, Ineson,
& Couteaux, 1998) and in paleolimnological and
limnological studies for sediment and water ana-
lyses (Korsman, Nilsson, Öhman, & Renberg, 1992;
Korsman, Nilsson, Landgren, & Renberg,1999; Mal-
ley, Rönicke, Findlay, & Zippel, 1999; Nilsson,
Dabakk, Korsman, & Renberg, 1996; Rosén, Dabakk,
Renberg, Nilsson, & Hall, 2000). However the
use of NIRS in studies on a landscape level
has been restricted to study food selection criteria
and chemical habitat patchiness for marsupial
folivores in Australian eucalyp forests (Lawler,
Foley, Eschler, Pass, & Handasyde, 1998; Lawler,
Foley, & Eschler, 2000; McIlwee, Lawler, Cork, &
Foley, 2001). Similar analyses are lacking for other
ecosystems.

In the present paper we investigate the possibi-
lities and limitations to quantify chemical proper-
ties of plant parts relevant at various trophic levels
with the help of NIRS. The analyses were performed
with items from the willow Salix phylicifolia
growing in the northern Taiga. Description of the
chemical properties of plants as bases for commu-
nity processes on the landscape level seems
promising at higher latitudes due to the reduced
species diversity and thus a reduced set of possible
animal plant interactions (Bryant & Kuropat 1980;
Bryant 1981).

S. phylicifolia is an abundant plant in riparian
areas, mires and wetlands of the Swedish taiga.
Willows are important food plants for moose (Alces
alces) as one of the major herbivores (Stark, 2001)
as well as for other mammalian herbivores and
folivorous insects (Elmqvist, Ericson, Danell, &
Salomonson,1987; Nyman & Julkunen-Tiitto, 2000;
Tahvanainen, Julkunen-Tiitoo, & Lavola, 1985;
Tahvanainen, Helle, Julkunen-Tiitto, & Kettunen,
1985; Zvereva, Kozlov, Niemelä, & Haukioja, 1997).
Changes in plant chemistry lead to changes on
different trophic levels, influencing herbivores,
their predators (Sipura, 1999; Suomela, Suominen,
& Törvi, 1997; Zvereva & Rank, 2003) and decom-
posers (Bardgett, Wardle, & Yeates, 1998; Hät-
tenschwiler & Vitousek, 2000; Suominen, Danell, &
Bergström, 1999).

Using twigs and leaves from S. phylicifolia we
investigated the utility of NIRS to address questions
concerning distinct chemical concentrations or
general ecological properties of items.
(1)
 Distinct chemical concentrations:
� Is it possible to quantify different primary

compounds (nitrogen, fibre), groups of sec-
ondary compounds (condensed tannins, total
phenolics) in leaves and twigs of S. phylici-
folia by NIRS? As a new application for NIRS
analyses we tried to quantify specific phe-
nolic components in plant material of S.
phylicifolia.
� Can NIRS be used to quantify concentrations

of different chemicals in litter of S. phylici-
folia before and after decomposition?
(2)
 General ecological properties:
� Can the browsing degree (feeding damage) in

the previous winter by moose (Alces alces)
be reconstructed based on NIR spectra of the
plant parts (twigs) grown in the subsequent
vegetation period?
� Since litter decomposition (mass loss) should

be different in plants with different chemical
characteristics: Can NIRS-models predict the
decomposition rates?
Materials and methods

Study site

The study was carried out in northern Lapland
(Abisko, Sweden, 681210N, 181490E) from 2002 to
2003. The area is located in the northern Taiga
vegetation zone (tree line about 600m a.s.l. with
an annual mean temperature of �1.1 1C). The study
area comprises an area of 50 km2 with altitudes
ranging from 389 to 408m a.s.l. Willow thickets at
lower elevations consist of S. phylicifolia. The
willows chosen for analyses, had been sampled
from different areas (wetlands, mires, riparian
areas, lake shore). In different willow thickets
61 individuals of S. phylicifolia were marked,
damage due to browsing by moose was determined
and they were sampled for chemical and NIRS
analyses as well as for decomposition studies.
In all cases the samples were taken from the upper
part of the willows (top shoots or high side
branches).
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Sampling of plant material
(1)
 Foliage and twigs

Sampling 1: Shortly after the snowmelt in 2002
(6–11 June 2002) browsed
(leftovers) and unbrowsed twigs
from the previous winter (2001/
2002), and new leaves from June
2002 were sampled. The leaf
samples were divided into leaves
from browsed and unbrowsed
twigs.

Sampling 2: In summer (18–22 July 2002) we
sampled newly grown twigs and
leaves from these twigs. Samples
were also divided into new growth
from browsed and unbrowsed
twigs (browsing in winter 2001/
2002).

Sampling 3: In autumn (15–23 October 2002)
twigs grown in 2002 were sampled.
(2)
 Samples for the determination of the browsing
intensity
At the beginning of October 2002 we collected
annual top shoots (new growth, sampling 3) of
browsed twigs from different willows with
known browsing intensity (measured in spring
2002).
(3)
 Litter samples
Litter was collected from the ground under the
different willows shortly after leaf fall at the
beginning of October 2002. Damaged leaves
(e.g., by folivorous insects) were avoided.
Chemical analyses

The samples were dried at 30 1C in a drying
chamber and ground with a water-cooled mill to a
fine, homogenous powder. Samples were analysed
for nitrogen (Kjeldahl), condensed tannins (buta-
nol-method; Oates, Swain, & Zantovska, 1977), and
total phenolics (Folin & Ciocalteau, 1927). Fibre
contents (neutral-detergent-fibre [NDF] and acid-
detergent-fibre [ADF]) were determined with an
ANKOM Fibre Analyser.

Specific phenolic compounds (including flavo-
noids and phenolic glycosides) of twigs and leaves
of S. phylicifolia were analysed with RP-HPLC
(reversed phase high performance liquid chromato-
graphy; Julkunen-Tiitto, Rousi, Bryant, Sorsa et al.,
1996; Stolter et al., in press; Tegelberg, Veteli,
Aphalo, & Julkunen-Tiitto, 2003). The following
components were identified and used for the
development of NIRS-models: ampelopsin, galloca-
techin, myricetin-galactoside and glucoronide,
(+)catechin for twigs and leaves combined. Addi-
tionally to these compounds, salicin, disalicortin,
picein, and triandrin were analyzed for twigs. For
models referring only to leaves we used ampelop-
sin, myricetin-glucoronide and (+)catechin. Con-
centrations of the components were expressed
relative to standards used previously (Julkunen-
Tiitto & Sorsa, 2001; Stolter et al., in press;
Tegelberg et al., 2003).

Browsing intensity

The extent of winter browsing (browsing degree)
was measured in 2002 shortly after snow melting as
the percentage of twigs affected by browsing per
individual tree at heights between 90 and 180 cm
(Stolter et al., in press). Trees browsed by
mountain hares (Lepus timidus) and trees, which
showed morphological signs of hybridization (e.g.
hairy leaves), were excluded.

Litter decomposition

The method of sample preparation and litter bed
set up followed that of Cornelissen (1996) modified
by Quested et al. (2003). The litter used consisted
of undecomposed leaves of S. phylicifolia. Litter
bags (size 10� 7 cm; mash size 0.3mm) contained
0.6970.01 g of dried litter. Every leaf used was cut
into halves and put into two different litter bags.
This resulted in two litter bags per willow. Each
litter bag contained leaves from only one willow.
These bags were placed in two separate litter beds,
so that both litter beds contained bags of all
willows. The litter beds (wooden frames on a layer
of grid stones; depth: 10 cm) were installed in a
fenced tree nursery at the Abisko Scientific
Research Station. The litter bags were covered
with a layer of litter from a willow stand, mainly
consisting of willow and birch leaves (Betula pub-
escens) and watered at the beginning. A 2 cm mesh
was fixed over each litter bed to prevent disturbance
by vertebrates. Incubation started in October 2002.
The bags were removed after 1 year and the litter
samples were extracted from the bags. After removal
of extraneous materials the samples were dried at
max. 30 1C and weighed. The decomposition rates (%
mass loss) of the paired samples from the two litter
beds were highly correlated (Spearman correlation:
rS ¼ 0:78, Po0:001, n ¼ 61).

Near infrared spectroscopy (NIRS)

The results of the wet chemistry were used to
calibrate NIRS as described by Foley et al. (1998).
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For the NIRS the milled, homogenous samples were
dried at 30 1C overnight and kept in an exsiccator to
ensure that each sample had the same moisture
content. NIR spectra were measured with a FT-NIR
Spectroscope Vector 22/N (Bruker GmbH, Ger-
many). Spectra were scanned for each sample in
duplicate (NIR-wavelength: 2500–800 nm E wave
numbers: 12,500–4000 cm�1) (Bruker Analytik GmbH,
1998).
Distinct chemicals

NIRS-models were developed for the concentra-
tions of NDF, ADF (both fibre fractions only for
leaves and twigs), nitrogen, total phenolics and
condensed tannins in twigs, leaves and litter, as
well as in decomposed litter. For leaves and twigs
so-called ‘‘mixed’’ models were developed. These
Complete Sample
(Samples with known characteri

NIRS-models

Validation - 
Samples (x) 

Calibration 
Model 

Validation -
Procedure 

NIRS-MODE

IDS confirms model 

retain NIRS Model  

Figure 1. Diagram for the dev
models included spectra from leaves and twigs.
NIRS-models for specific phenolics were developed
for leaves and twigs separately.

Ecological properties

The browsing degree was linked to NIR spectra of
the willows using twigs sampled in October 2002.
The decomposition of leaf litter (mass loss) was
correlated with the NIR spectra of the correspond-
ing litter sample.

Developing NIRS-models

NIRS-models were generated with the Quant
2-method using partial least squares (PLS) re-
gression with the software Opus NT Version 2.02
(Bruker GmbH, Germany). Spectral data were not
 Set (n) 
stics for developing  
) 

Calibration - 
Samples (n-x) 

-

 

L
IDS-Samples

(Samples with known 
characteristics)

IDS-Test 

IDS-Test does not confirm 
model

reject NIRS Model  

elopment of NIRS-models.
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transformed prior to model development. For the
models we selected samples in a way to maximize
the variation of chemical and ecological properties
in the samples used to generate the models.

We used two different validation methods to test
the accuracy of the developed NIRS-models (Fig. 1;
Beyer, 2003; Chang et al., 2001; McIlwee et al., 2001):
(1)
Tab
test
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C
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bRM

of th
cOpt
of li
Cross-Validation ‘‘c’’ (jack-knifing, internal va-
lidation)
To do this, one sample, the validation sample x,
was removed from the data set at a time, while
the remaining samples were used for calibra-
tion. This procedure was repeated for the
whole data set until each sample had been
removed once.
(2)
 Test-Set-Validation ‘‘ts’’ (external validation)
The complete data set was divided in two sets
(this was done automatically and at random by
the computer software Quant 2, Bruker Optics).
le 1. Abbreviations for the description of NIRS-models (op
s

reviation

Validation of the NIRS model by test-set v
Validation of the NIRS model by cross valid
Number of calibration samples
Number of validation samples
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k Number of partial-least-squares-factors us
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field measurements. Results from standard
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ght scatter from the spectrum; for details see Bruker Optik (1998).
One set was used to develop the model (cali-
bration set x). The other samples ( ¼ validation
samples n�x) were used to validate the model
generated by the calibration set.
Optimization of models

We developed several models for the prediction
of the chemical and ecological properties of the
samples. All models were developed with test-set
and cross-validation, and afterwards optimized in
an iterative way, using the software Quant 2
(Bruker Optics). Of the various models we used
the model with the highest coefficient of determi-
nation (R2) between the analyzed and predicted
concentrations in the samples (Table 1). Outliers in
concentration or spectral outliers identified as such
by the program Quant 2 were eliminated from the
development of the model.
timization procedures and validation) and associated

alidation
ation

veloping procedure
ped NIRS-models
ed for describing the spectrum
iction based on the test-set validation
iction of cross validation
r NIRS-models

pendent data-set (IDS)
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ltiple coefficient of correlation for partial least squares (PLS)
ween results of NIRS-models and the results of the IDS-test
ðyi � ymÞÞn100 with ymeas

¼ value measured with standard
¼ mean value.

re values of the test-set, for RMSECV ymeas, ypredict are values

compensate for particle size effects by removing the effect
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Evaluation of the models

During the optimization different calculation
procedures were applied to achieve the best fit of
the model (highest R2). To test the accuracy of our
models we used an independent set of samples with
known characteristics (‘‘Independent-Data-Set’’
IDS; Fig. 1). Samples of the IDS had not been used
neither for calibration nor for validation of the
original model. Samples used for the IDS test were
within the range of concentrations of chemical or
ecological properties of our models.

The samples were scanned and their character-
istics were predicted with the NIRS-models devel-
oped as described above. The properties of this IDS
sample (concentrations of chemicals, ecological
properties) predicted by the NIRS-models were
compared with the properties measured by stan-
dard chemical analyses or actual field measure-
ments. Since samples were scanned in duplicate
resulting in two predicted values per sample, we
took the mean of these values for the IDS test. The
goodness of fit (IDS-test) was evaluated using linear
regression and subsequent F-test (ANOVA) [Sigma
Stat 2.0].

The match between the values predicted by NIRS
and conventional analyses was also expressed as
the difference in % (%Diff) between the results
obtained by NIRS and the results from standard
methods (chemicals) or field measurements (brows-
ing, litter decomposition). For the IDS-test we used
only NIRS-models with R240:62 (for abbreviations
see Table 1). Even though this threshold is very low
and should have low or qualitative predictive
power, we included those models, because the
purpose of the IDS-test was to test the power
of the models and to identify their limits or
inconsistencies.
Results

Numbers of spectra used for the development of
the models ranged from 24 to 70 for the calibra-
tion-set when using test-set-validation ( ¼ 12–35
samples) and from 38 to 114 for the calibration-set
when using cross-validation ( ¼ 19–57 samples).
Test-set validations resulted more often in higher
R2 values for the models than cross-validations.
Therefore test-set validation was used more often
(18 models) than cross-validation (11 models).
Twenty-four of the 29 models reached R240:62.
For four specific phenolics in twigs of S. phylicifolia
(gallocatechin, myricetin-galactoside, (+)catechin,
disalicortin) and for myricetin-glucoronide in
leaves of S. phylicifolia, we could not develop
models beyond our threshold of R240:62. These
models were not tested any further. The results of
four IDS-tests were negative (three models using
cross-validation, one model using test-set-valida-
tion) for the determination of specific phenolics in
plant material.

Subsequently we first report the tests of NIRS
applications for chemical components and then
describe the results for the tests of NIRS applica-
tions for ecological properties. A summary of the
number of samples used and their chemical or
ecological properties is given in Table 2.

Primary plant chemicals and groups of
secondary components in twigs and leaves
(‘‘mixed’’ models)

Models for NDF, ADF, nitrogen, total phenolics
and condensed tannins were developed in ‘‘mixed’’
models which combined spectra for twigs and
leaves of S. phylicifolia in one data set. For all
compounds test-set-validation delivered the best
results (Table 3, Fig. 2), with the highest R2 for the
nitrogen model (R2

¼ 0:99).
The tests of the models with an independent

data-set (IDS) showed that the prediction by NIRS
was significantly correlated with the results from
the chemical analyses for all models (po0:001).
The best match with the IDS was obtained for ADF
with r2 ¼ 0:99, a slope of 1.00, and a mean
difference between predicted and measured values
of 0.29%.

Specific phenolics in different plant parts
(‘‘mixed’’ models and separate models for
twigs and leaves)

For the prediction of specific phenolic com-
pounds in S. phylicifolia, ‘‘mixed’’ models (consist-
ing of twig and leaf samples) as well as separate
models for both plant parts (‘‘twig’’ models, ‘‘leaf’’
models) were developed.

‘‘Mixed’’ models (twigs and leaves) for
specific phenolics

We used five different specific phenolics (phe-
nolic glucosides, flavonoids) occurring in S. phyli-
cifolia for the development of ‘‘mixed’’ models
with NIRS (Table 4, Fig. 3). Consistent results with
high qualitative value were achieved for ampelop-
sin (R2

¼ 0:97). For myricetin-galactoside and
myricetin-glucoronide NIRS-models had lower pre-
dictive values (R2

¼ 0:67 and 0.74, respectively).
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Table 3. ‘‘Mixed’’ model performance of NIRS-models for different compounds in leaves and twigs of Salix phylicifolia

NIRS-models IDS-tests

Compound Optim., valid. R2, rank RMSEP nc nv OL ni %Diff. R2 Slope F P

NDF D1+MSC 0.97 3.07 25 24 1 30 1.91 0.98 0.97 617.35 ***
ts 4

ADF D1+MSC 0.98 1.91 25 24 1 30 0.29 0.99 1.00 1778.10 ***
ts 4

Nitrogen D1+VN 0.99 0.09 25 23 2 30 1.47 0.97 0.93 432.15 ***
ts 6

Phenolics D1 0.98 0.31 25 25 - 30 1.59 0.96 0.96 293.91 ***
ts 8

Tannins D1+MSC 0.89 0.41 25 23 2 30 0.44 0.83 0.61 64.10 ***
ts 3

Spectra were scanned for each sample in duplicate. Statistics for the IDS data sets are based on linear regression and F-test (ANOVA:
*pp0:05, **pp0:01, ***pp0:001). The slope b is based of the equation y ¼ aþ bnx (where y is the NIRS predicted and x is the measured
value). For abbreviations see Table 1.
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In this case the regressions calculated with the IDS
were significant but not convincing because of the
low slopes 51. The model for gallocatechin
reached only R2

¼ 0:64 with the test-set validation,
the IDS-test was not significant. For (+)catechin
cross-validation was used because of the small
number of samples (n ¼ 19) resulting in R2

¼ 0:83.
As for gallocatechin the IDS-test was not
significant.
‘‘Twig’’ models for specific phenolics

We developed NIRS-models for nine different
phenolic compounds of willow twigs (Table 5,
Fig. 4). No acceptable models could be developed
for four components (gallocatechin, myricetin-
galactoside, (+)catechin and disalicortin). These
models were not tested further (best models for
these compounds are shown in Table 5). The model
with the highest R2 was achieved for ampelopsin
using cross-validation (R2

¼ 0:80). Even though the
IDS-test was significant the difference between the
concentrations predicted by the NIR model and the
actual measurements (% Diff) for this model was
very high.

For myricetin-glucoronide, picein, and triandrin
NIRS-models with R240:62 could be developed
using test-set or cross-validation. The IDS-tests of
these three models were highly significant even
though the slopes were low. The results for salicin
were inconsistent. Cross-validation resulted in an
R2 value of 0.78, but the IDS-test was not
significant.
‘‘Leaf’’models for specific phenolics

We developed models for three different specific
phenolics (ampelopsin, myricetin-glucoronide, and
(+)catechin) of leaves (Table 6, Fig. 5). For
ampelopsin and (+)catechin the validation of the
models was high (ampelopsin: R2

¼ 0:88; (+)cate-
chin: R2

¼ 0:92). The IDS tests for these two models
were significant for ampelopsin but not for (+)ca-
techin. We could not develop models with high
accuracy for myricetin-glucoronide.
Analysis of the chemical composition of
fallen (fresh) and decomposed leaves of S.
phylicifolia used for decomposition
experiments

The results of the NIRS applications for nitrogen
and groups of phenolic components (‘‘phenolics’’
and ‘‘tannins’’) in fallen leaves of S. phylicifolia
(Table 7, Fig. 6) as well as in the leaf material after
decomposition (Table 8, Fig. 7) match the results
obtained for leaves and twigs for the same
components (Table 3). NIRS-models provide robust
models for all three components. Models for
‘‘tannins’’ were not developed for the decomposed
leaf material because tannin concentrations in
decomposed leaf material were too low.
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Table 4. ‘‘Mixed’’ model performance of NIRS-models for different phenolic compounds of leaves and twigs of Salix
phylicifolia and their test with an independent data-set (IDS-test)

NIRS-models IDS-tests

Compound Optim., valid. R2, rank RMSEP, RMSECV nc nv OL ni %Diff. r2 Slope F P

Ampelopsin VN 0.97 11 19 20 — 13 0.86 0.95 0.77 106.88 ***
ts 6

Gallo-catechin D1+VN 0.64 0.36 35 34 1 30 19.76 0.26 0.17 2.03 -
ts 2

Myricetin-galactoside VN 0.67 0.34 18 20 — 21 0.80 0.63 0.45 12.63 **
ts 2

Myricetin-glucoronide D1+VN 0.74 1.35 18 20 — 21 11.27 0.73 0.43 21.89 ***
ts 1

(+)Catechin D1+MSC 0.83 0.45 19 — 1 19 4.3 0.11 0.05 0.19 -
C 3

For further explanations see Tables 1 and 3.
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In addition we developed models for nitrogen and
total phenolics of ‘‘fresh’’ and decomposed litter
resulting in R2

¼ 97:5, RMSEP ¼ 0.06 for nitrogen
and R2

¼ 96:31, RMSEP ¼ 0.359 for phenolics with
n ¼ 98 (2 outliers). Best results were obtained with
test-set-validation.
Analyses of ecological properties: browsing
degree

NIRS-models were developed for the determina-
tion of the browsing damage caused by moose on
willows in the previous winter. Therefore we
estimated the degree of browsing damage in winter
2002 and sampled these willows in the subsequent
autumn using the new growth of browsed twigs.
The browsing degree was used to calibrate the NIR-
spectra. We used test-set and cross validation.
Test-set validation resulted in a higher coefficient
of determination (R2

¼ 0:93; Table 9, Fig. 8 ). Thus,
the standard NIRS validation indicated high pre-
dictive power. Based on the calculation of the
linear regression between NIRS predictions and
the actual measurements the second validation
with IDS confirmed the general suitability of the
NIRS model to reconstruct browsing damage.
Figure 2. Results for ‘‘mixed’’models for different primary an
Salix phylicifolia. Results of the validation procedure (left si
laboratory assays or field studies, and those predicted by usin
an independent sample set with known chemical characteris
laboratory assays or field studies and values predicted by usi
not significant (p40:05), solid lines indicate significant relat
However, the slope was very low, and the %Diff
was high.

Analyses of ecological properties:
decomposition rate

NIRS-models were developed for the deter-
mination of the decomposition rate (measured
as mass loss over 1 year) of S. phylicifolia using
25 samples from both litter beds. The models
were tested with test-set and cross-validation.
Thirty-five samples were used for the IDS-test.
The highest coefficient of determination was
achieved by test-set-validation (R2

¼ 0:70; Table
10, Fig. 8). The IDS-test was significant, though the
slope of the regression line was very low
(slope ¼ 0.23).
Discussion

Distinct chemicals: primary compounds and
groups of secondary compounds

Suitable NIRS-models could be developed for
the concentrations of different fibre fractions,
d pooled secondary compounds in the twigs and leaves of
de): relationships between values measured by standard
g NIRS-models. Results of the IDS-test (right side) testing
tics: relationships between values measured by standard
ng NIRS-models. Dotted lines indicate trends which were
ionships (pp0:05).
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Figure 3. Results for ‘‘mixed’’models for different specific phenolics in the twigs and leaves of Salix phylicifolia.
Results of the validation procedure are shown on the left side, results of the IDS-test shown on the right side. For
further details see Fig. 2.
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Table 5. ‘‘Twig’’ model performance of NIRS-models for different phenolic compounds of twigs of Salix phylicifolia
and their test with an independent data-set (IDS-test)

NIRS-models IDS-tests

Compound Optim., valid. R2, rank RMSEP, RMSECV nc nv OL ni %Diff. r2 Slope F P

Ampelopsin COE 0.80 0.79 20 — — 15 48.94 0.79 0.77 21.44 ***
c 9

Gallo-catechin D1+SG 0.62 0.36 25 24 1 — — — — — —
Ts 1

Myricetin-galactoside MMN 0.55 0.16 28 — 2 — — — — — —
c 4

Myricetin-glucoronide VN 0.77 0.05 24 25 — 14 2.97 0.84 0.59 27.65 ***
ts 3

(+)Catechin SL 0.60 0.74 20 — — — — — — — —
c 7

Salicin COE 0.78 0.38 43 — 7 24 8.66 0.03 0.01 0.02 —
c 7

Disalicortin VN 0.34 0.28 24 25 — — — — — — —
ts 9

Picein D1+SL 0.63 1.14 57 — 3 25 1.72 0.75 0.56 30.15 ***
c 10

Triandrin VN 0.75 4.80 35 — — 17 12.88 0.75 0.63 19.65 ***
c 7

For further explanations see Tables 1 and 3.
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nitrogen, total phenolics and condensed tannins in
leaves, twigs, and litter of S. phylicifolia. The
accuracy of the models was confirmed by an
additional test with an independent dataset (IDS-
test). These analyses revealed the high potential of
near infrared spectroscopy to substitute conven-
tional analyses. This has been illustrated before
with samples from eucalypt forest, samples of
bamboo or willows (Lawler et al., 1998, 2000;
McIlwee et al., 2001; Ortmann in press; Stolter
et al., in press).

From an economic point of view the models could
be achieved with relatively small data sets used for
the calibration. Thus, NIRS offers a suitable and
efficient tool for the measurements of these
primary and some groups of secondary plant
components. McIlwee et al. (2001) estimated that
application of NIRS-models reduced the time
requirements by about 80% compared to standard
analyses when applied to a single component. Since
we were able to develop useful models for
five components (two fibre fractions, nitrogen,
total phenolics and condensed tannins) with two
spectra per sample (time for scanning: 90 s), the
savings in terms of chemicals and time are
substantial.

Distinct chemicals: specific phenolics

Phenolics are secondary plant components
known to play important roles in ecosystem
processes such as defence against herbivory (Bry-
ant, 1981; Karban & Baldwin, 1997; Stolter et al.,
in press), or they can act positively as feeding cues
for leaf beetles (Kohlemainen, Julkunen-Tiitto,
Roininen, & Tahvanainen, 1995). Changes in phenolic
composition of the plant due to herbivory, damage or
changes of abiotic factors (e.g. UV-radiation) might
have effects across trophic levels, such as on other
herbivores, soil chemistry and decomposers (Suomi-
nen et al., 1999; Tegelberg et al., 2003). Instead of
using time and cost intensive HPLC, NIRS could offer
a tool for rapid analyses of plant material, which
could allow intensive monitoring on a landscape
level.

Our results for the specific phenolics were in-
consistent. Promising (though not always satisfying)
models could be achieved for certain components
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Figure 4. Results for ‘‘twig’’models for different specific phenolics in the twigs of Salix phylicifolia. For further details
see Fig. 2.
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Table 6. ‘‘Leaf’’ model performance of NIRS-models for different phenolic compounds of leaves of Salix phylicifolia
and their test by using an independent data-set (IDS-test)

Compound NIRS-Models IDS-tests

Optim., valid. R2, rank RMSEP, RMSECV nc nv OL ni % Diff. r2 Slope F P

Ampelopsin D1+VN 0.88 19.90 19 — — 15 3.78 0.83 0.78 29.05 ***
c 3

Myricetin-glucoronide COE 0.57 1.26 15 14 1 — — — — — —
ts 5

(+)Catechin SL 0.92 0.29 37 — — 11 40.54 0.47 0.57 2.60 —
c 6

For further explanations see Tables 1 and 3.
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Figure 5. Results for ‘‘leaf’’models for different specific phenolics in the leaves of Salix phylicifolia. For further details
see Fig. 2.
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in some plant parts, such as ampelopsin, myricetin-
glucoronide and (+)catechin. But the models failed
for other components, such as gallocatechin or
salicin.
Reasons for the inconclusive results could be
unspecific responses to the NIR-wavelengths by
these molecules, or interferences by attached
molecules. The procedures of the software used
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Table 7. Performance of NIRS-models for different compounds in fallen leaves of Salix phylicifolia used for
decomposition experiments

Compound NIRS-models IDS-tests

Optim., valid. R2, rank RMSEP, RMSECV nc nv OL ni %Diff. r2 Slope F P

Nitrogen MMN 0.98 0.04 15 30 — 11 2.62 0.97 1.00 149.05 ***
ts 10

Phenolics SL 0.97 0.32 42 — 1 15 7.43 0.90 0.77 57.52 ***
c 6

Tannins D1+MSC 0.92 0.35 43 — 1 15 6.64 0.98 0.95 372.52 ***
c 7

For explanations see Tables 1 and 3.
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for model development selected frequencies which
were either different for ‘‘mixed’’, ‘‘leaf’’, and
‘‘twig’’ models for the same component or they
covered almost the whole spectrum, indicating
that there were no prominent differences between
spectra. This was a striking difference to the
models developed for the primary components
or the groups of secondary components listed
above. Furthermore, some of the frequences
chosen by the procedures of development were
on the ‘‘edge’’ of NIR, close to MIR (mid infrared).
MIR-spectroscopy had been used successfully to
determine total phenolics in wine (Edelmann,
Diewok, Schuster, & Lendl, 2001). Another possibi-
lity could be that the concentrations of some of the
components were simply too low or not variable
enough to produce significant signals. For exa-
mple, the concentrations for ampelopsin varied
between 0.4 and 186.5mg/g dry weight. For
this component models could be achieved, while
this was not possible for gallocatechin which
ranged only from 0 to 0.26mg/g dry weight.
Furthermore, the additional drying of the samples
prior to the NIRS analyses might have destroyed
some of the phenolics (Julkunen-Tiitto & Tahvanai-
nen, 1989).

General ecological properties: browsing
degree and decomposition

One of the advantages of working with NIRS is,
that the spectrum covers a wide range of wave-
lengths and therefore has the potential to discover
hidden information, which might be useful for
answering ecological questions, such as the
percentage of different plant species in mixed
plant samples (Coleman, Christiansen, & Shenk,
1990).
In our studies the degree of browsing as well
as the decomposition rate was reflected in the
NIR-spectra. In both cases the second independent
test of the model did reconstruct or predict
the response variable correctly only qualitatively
(i.e., the samples were ordered correctly ac-
cording to the response variable but the absolute
values deviated from the measured values by
up to 50%). This might be due to low accuracy
of the original measurements (such as mea-
suring the degree of moose browsing on a specific
willow in the field) or small number of samples
used to develop the model. In contrast to our
results Gillon et al. (1999) were able to pre-
dict litter decomposition in a standardized micro-
cosm experiment for different litter. Thus, the
lack of precision might be due to field conditions
rather than due to the NIRS per se. Neverthe-
less, our results show that mass loss can be
predicted from the initial quality of the litter to
some extend.

Despite the general applicability of the models
generated by the commercial software provided
with NIR equipment, additional tests of the models
with independent datasets are recommended, to
reveal inconsistency in the developed models. For
instance some of the models had a higher R2-value
(e.g. model for (+)catechin), but their predictive
power was lower, than models with lower R2 (e.g.
model for myricetin-galactoside). High R2 can be
linked to other criteria (e.g. a high number of PLS-
factors ( ¼ rank) needed to describe the spec-
trum). In our study a high rank number sometimes
lowered the predictive quality of the models (see
Table 3) though this was not consistent for all
models (see results for specific phenolics). Addi-
tional statistical tests have been described to
examine this problem (Chang et al., 2001). In our
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Figure 6. Results for ‘‘litter’’models for nitrogen and pooled secondary compounds in litter of Salix phylicifolia. For
further details see Fig. 2.
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study test-set validation resulted in reliable models
with high accuracy.

In conclusion, NIRS can be an economically inter-
esting and an appropriate substitute for detailed
chemical analyses and for the analyses of general
properties of plants in an ecosystem context.
Certainly, the NIRS-models cannot be more accurate
than the data used for their calibration and testing.
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Table 8. Performance of NIRS-models for different compounds in decomposed leaves of Salix phylicifolia used for
decomposition experiments

Compound NIRS-models IDS-tests

Optim., valid. R2, rank RMSEP, RMSECV nc nv OL ni %Diff. r2 Slope F P

Nitrogen SL 0.97 0.07 16 29 — 15 1.27 0.97 0.94 213.49 ***
ts 5

Phenolics D1+VN 0.92 0.152 16 29 — 15 1.89 0.96 0.86 161.27 ***
ts 8

For explanations see Table 1 and 3.
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Figure 7. Results for ‘‘decomposed litter’’ models for nitrogen and total phenolics in decomposed litter of Salix
phylicifolia. For further details see Fig. 2.

Table 9. Performance of the NIRS-model for predicting the browsing damage on Salix phylicifolia caused by moose
and their test by using an independent data-set (IDS-test)

Compound NIRS-models IDS-tests

Optim., valid. R2, rank RMSEP nc nv OL ni %Diff. r2 Slope F P

Browsing degree COE 0.93 8.75 13 12 — 15 56.98 0.71 0.34 13.00 **
ts 3

For explanations see Tables 1 and 3.
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Figure 8. Results for models testing general ecological properties (browsing degree and decomposition rate (mass
loss)) of Salix phylicifolia. For further details see Fig. 2.

Table 10. Performance of the NIRS-model for predicting the decomposition rate [% mass loss] of Salix phylicifolia and
their test by using an independent data set (IDS-test)

Compound NIRS-models IDS-tests

Optim., valid. R2, rank RMSEP nc nv OL ni %Diff. r2 Slope F P

Mass loss COE 0.70 2.02 12 13 — 35 11.55 0.49 0.23 10.29 **
ts 3

For explanations see Tables 1 and 3.
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Stark, C. (2001). Fraßpräferenzen von Elchen (Alces
alces) unter besonderer Berücksichtigung der Weide.
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(1997). Delayed induced resistance and increase in
leaf fluctuation asymmety as responses of Salix
borealis to insect herbivory. Oecologia, 109, 368–373.

Zvereva, E. L., & Rank, N. E. (2003). Host plant effects on
parasitoid attack on the leaf beetle Chrysomela
lapponica. Oecologia, 135, 258–267.


	Application of near infrared reflectance spectroscopy (NIRS) to assess some properties of a sub-arctic ecosystem
	Introduction
	Materials and methods
	Study site
	Sampling of plant material
	Chemical analyses
	Browsing intensity
	Litter decomposition
	Near infrared spectroscopy (NIRS)
	Distinct chemicals
	Ecological properties
	Developing NIRS-models
	Optimization of models
	Evaluation of the models

	Results

	Primary plant chemicals and groups of secondary components in twigs and leaves (
	Specific phenolics in different plant parts (
	bm_st9
	bm_st8
	bm_st7
	Outline placeholder
	Analysis of the chemical composition of fallen (fresh) and decomposed leaves of S. phylicifolia used for decomposition experiments
	Analyses of ecological properties: browsing degree
	Analyses of ecological properties: decomposition rate

	Discussion
	Distinct chemicals: primary compounds and groups of secondary compounds
	Distinct chemicals: specific phenolics
	General ecological properties: browsing degree and decomposition

	Acknowledgments
	References


