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Abstract

In this study, parallel factor analysis (PARAFAC) was applied to fluorescence excitation emission matrices (EEM)
of chlorophylls and pheopigments dissolved in acetone:water (9:1). The excitation wavelength range was from 350 to
500 nm and the emission was recorded from 600 to 730 nm. Nine standards, comprising mixtures of six analytes, were
decomposed into a six-component PARAFAC model. Each component resembled the corresponding EEM of the
pure analyte, demonstrating the uniqueness properties of PARAFAC. The score matrix obtained from the model was
used for calibration and prediction of an independent set of standards and for eleven samples collected in the Baltic
proper. The results obtained by the proposed method were compared to classical least squares (CLS) and to
predictions by reference methods (HPLC and visible spectroscopy). For the independent set of standards the proposed
method and CLS performed equal well in terms of predictive ability. But for the samples the proposed method yielded
results that were in good agreement to the reference methods, whereas CLS failed. Also the so-called ‘‘second-order
advantage’’ was examined, showing that not all constituents must be included in the calibration set. The concentra-
tion range was for chlorophyll a varied between 10 and 75 mg l−1, and similar for the other analytes. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The determination of chlorophyll a (chl a) is
routinely performed in marine investigations. The
chlorophyll concentration is correlated to the phy-
toplankton concentration and is thus used to esti-
mate the primary productivity and biomass in the

oceans. Besides the chl a in marine samples,
chlorophyll b (chl b), and chlorophyll c (chl c) are
also present, together with their respective degra-
dation products; pheophytin a (phe a),
pheophytin b (phe b) and pheoporphyrin c (phe
c). Knowledge of the accessory pigments (chl b
and chl c) and degradation products provides
useful information concerning taxonomic compo-
sition and the status of the algal community.

The original fluorimetric method for determina-
tion of chl a and phe a in marine environments
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dates back to the 1960s [1,2]. This method does
not take interference from accessory pigments
into account. The fluorescence intensity is mea-
sured at a given pair of excitation and emission
wavelengths, before and after acidification. This
accounts for interference from phe a. The con-
temporary standard fluorescence method is
based on the same principle [3]. The susceptibil-
ity of the standard method to interference has
been investigated by various approaches. The es-
timated concentrations have been compared with
known concentrations of sets of prepared stan-
dard solutions. Gibbs [4] and Lorenzen and Jef-
frey [5] reported that the interference from chl b
is severe. Gibbs [4] found that chl a is underesti-
mated by an amount equivalent to 30% of the
chl b concentration when not corrected for
pheopigments. However, when this correction is
applied, the chl a concentration is underesti-
mated by 100% of the chl b concentration. It
was also reported that phe a is overestimated by
an amount corresponding to 2.5 times the chl b
concentration. When the fluorimetric method
was compared with HPLC analysis, large devia-
tions appeared [6–8]. Trees et al. [7] found that
chl a is underestimated by 39% on average, and
Vernet and Lorenzen [8] reported an average
38% overestimation for phe a in the presence of
chl b.

The cause of the interference problem is that
the excitation and emission spectra are similar
for the different chlorophylls and pheopigments.
Upon acidification, whereby the chlorophylls are
converted to their corresponding pheopigments,
the phe b emission coincides with the phe a
emission. The acidification factor i.e., the ratio
of fluorescence intensity before and after acidifi-
cation, is lower than unity for chl b, meaning
that the fluorescence intensity increases when chl
b is acidified.

There are several refined versions of the stan-
dard method. Loftus and Carpenter [9], for ex-
ample, have developed a method applying three
emission filters and registration of one excitation
emission intensity for each of the chlorophylls.
After acidification, phe a could be determined.
Boto and Bunt [10] used a narrow bandpass

spectrofluorimeter and five emission and excita-
tion wavelength pairs, whereby the six key ana-
lytes (chl a, chl b, chl c, phe a, phe b and phe
c) could be quantified. Deviations of up to 30%
were obtained for chl b under certain condi-
tions. Neveux and Panouse [11] have described a
method where the fluorescence was measured at
six emission and excitation wavelength combina-
tions. Their method was based on the assump-
tion that the fluorescence intensity for each
combination is the sum of all contributing spe-
cies. However, it was concluded that this
method is only valid if no other pigments are
present. Neither phe b nor phe c could be deter-
mined. Similar, refined strategies have been re-
ported [12], designed to improve the selectivity
for the various analytes. Welschmeyer [13], for
instance, presents a fluorimetric method, utilising
different lamps and interference filters, aiming to
improve selectivity for chl a. For the chosen op-
tical configuration, it is reported that this
method overestimates chl a by 10% in the pres-
ence of chl b, at 1:1 molar ratios. The interfer-
ence from phe a is similar to that obtained with
the acidification technique employed in the stan-
dard method.

Drawbacks common to all these methods are
that they provide no diagnostics, such as outlier
detection, and do not allow the reliability of the
concentration estimates to be evaluated. Fur-
thermore, if species with fluorescent properties
are present in samples that are not present in
the calibration set, these samples will be erro-
neously predicted with respect to chlorophyll
and pheopigment concentrations.

In this work, excitation emission matrices
(EEMs) were recorded with a spectrofluorimeter
for six component standards (chl a, chl b, chl c,
phe a, phe b and phe c). These EEMs were then
decomposed and evaluated by parallel factor
analysis (PARAFAC), a multi-linear analogue to
the bilinear method, principal component analy-
sis (PCA). The PARAFAC results were then
used in the identification of constituents and
prediction of validation samples. Similar
PARAFAC approaches have been reported pre-
viously for other applications [14,15].
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2. Experimental

2.1. Preparation of stock solutions

The contents of an ampoule containing 1 mg
chl a, and one containing 1 mg chl b (SIGMA, St.
Louis, MO) were dissolved in acetone:water, 9:1
(v/v) and diluted to 100 ml in separate volumetric
flasks. The acetone was of pro analysi grade
(MERCK, Darmstadt, Germany) and the water
was deionised. Phe a and phe b stock solutions
were prepared by drawing a portion of approxi-
mately 15 ml from each of these chl a and chl b
stock solutions. These portions were each aci-
dified with 10 droplets of 1 mol l−1 HCl. After
acidification, a portion of 10 ml of diethyl ether
was added to each of the resulting pheophytin
solutions. After shaking, the aqueous phase was
discarded and the diethyl ether phase was washed
with water five times. Then acetone:water was
added and the diethyl ether was evaporated under
nitrogen. Tabulated extinction coefficients were
used to determine the concentration of these neu-
tralised phe a and phe b stock solutions, which
were kept in a freezer at −20°C.

The chl c stock solution was prepared from the
brown macroalga, Fucus 6esiculosus, collected at
Torö in the northern Baltic proper, basically fol-
lowing published procedures for large scale prepa-
ration of chl c1 and chl c2 [16]. This involved
boiling, cooling, extraction (with acetone), evapo-
ration in vacuo and separation by open column
chromatography (cellulose). However, chl c1 and
chl c2 were not crystallised and separated from
each other, so the two species were treated as a
single compound. The crude chl c1 and chl c2

fraction was re-chromatographed and the result-
ing fraction, in diethyl ether, was evaporated in
vacuo, diluted with acetone:water and, finally,
evaporated under nitrogen. Phe c was obtained in
the same manner as phe a and phe b, but several
portions of diethyl ether were used in order to
transfer all the phe c from the acetone:water
phase to diethyl ether. The purity of the resulting
chl c and phe c stock solutions was verified by
comparing spectra obtained from them with those
published by Jeffrey [17]. A high degree of confor-
mity was observed for both analytes, and pub-

lished specific extinction coefficients were used for
quantification [18].

2.2. Preparation of standards

The stock solutions were serially diluted to 0.5
mg l−1 and used as running solutions. Three sets
of standards were prepared. The first set (N1–
N9), prepared for model calculations, contained
all six analytes. The concentrations in the nine
standards were prepared at four concentration
levels for each of the six components. The concen-
trations were varied in a factorial design manner
to avoid covariance between the analytes. The
second set, including four standards, was pre-
pared with chl a and phe a at two concentration
levels (N10–N13). Finally, a third set of five
standards was prepared as an independent valida-
tion set (V1–V5). Table 1 presents a summary of
all the standards. Also, EEMs were recorded for
pure constituents. Concentrations refer to the
chlorophyll and pheopigment species in
acetone:water.

2.3. Samples

Eleven samples were collected from the Baltic
proper during spring 2000 in amber bottles (1 l)
and the biomass present in each was harvested by
filtration onto Whatman GF/F filters. These were
stored at −20°C prior to analysis. Finally, the
filters were ground and extracted with 10 ml
acetone:water (9:1).

2.4. Instrumentation

An Aminco-Bowman series 2 spectrofluorime-
ter (Spectronic Instruments, NY) was used for
measuring the EEMs. Excitation was performed
in the visible range, from 360 to 500 nm with an
increment of 2 nm, and the excitation monochro-
mator bandpass was 4 nm. The emission intensity
was recorded from 600 to 730 nm, with an incre-
ment of 2 nm, emission bandpass 8 nm. Scan rate
was set to 20 nm s−1, hence an EEM was ac-
quired in approximately 8 min. Consequently,
each sample or standard is represented by a ma-
trix with 4686 elements. The instrument detector
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was operated in a ratio mode, i.e., the fluores-
cence intensity was related to the lamp source
signal in order to minimise the effect of lamp
fluctuations. The data obtained were exported in
ASCII format from the instrument software to
The Matlab program for further manipulation
(The MathWorks Inc., MA).

HPLC reference analysis was performed with a
LaChrom (Merck KgaA (Hitachi), Darmstadt)
instrument equipped with a diode array detector.
The column used was a LiChrospher® RP-18,
packed with 5 mm particles. The HPLC was oper-
ated as described by Wright and Jeffrey [19].

2.5. Parallel factor analysis

The obtained data can be arranged as a cube
(with excitation, emission wavelength and samples
as the axes) constituting a third-order array
(three-way data). PARAFAC decomposes higher
order arrays (nth order or nth way) into multi-lin-
ear (tri-linear in this case) components. This is
analogously to the decomposition of bilinear data
(two-way data) by PCA. Instead of obtaining one

score and one loading matrix for each model, as
in PCA, PARAFAC produces two loading ma-
trices corresponding to excitation and emission
spectra of the different species and a score matrix
for the samples. PARAFAC is thoroughly de-
scribed by Bro [20,21], both from a theoretical
viewpoint and with respect to model evaluation
and validation.

Algorithms used to calculate PARAFAC mod-
els by The Matlab program were obtained from
http://newton.foodsci.kvl.dk/foodtech.html [22].

3. Results and discussion

Fig. 1 shows an EEM for a standard (V1) with
equal concentrations of the six analytes (50 mg
l−1). Arrows in the figure indicate the peak max-
ima position for each species, except for phe c
(which cannot be visually distinguished at these
concentration ratios). As can be seen in the figure,
the signals from the different analytes overlap.
Chl c is the analyte least affected by interference,
while the signals from phe b and chl a coincide.

Table 1
Design of standards, concentrations in mg l−1

AnalyteStandard

Phe cPhe bPhe aChl cChl bChl a

10 10 10 75 10 4.8N1
25 10 50N2 25 5 28.8

3025 28.850 10 10N3
50 30 9.675N4 10 5
50 10 28.825N5 5 30

4.8302530N6 3010
50 5 64N7 3050 10

50 10 30N8 10 50 64
641050 25N9 550

70 0N10 0 10 0 0
10 0 00 0N11 10
70 0 0N12 70 0 0
10 0 0N13 70 0 0

50 50V1 50 50 50 48
9.6101001010100V2

30 5 5V3 100 30 9.6
V4 040 40 0 20 20

03030060V5 28.8
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Fig. 1. The EEM for standard V1, in which all six analytes are present at the same concentration, 50 mg l−1.

The peak maxima for chl a is at lex=431; lem=
670 nm and the corresponding wavelengths for
phe b are lex=435; lem=659 nm, according to
EEMs of the pure analytes. The peak maxima for
the overlapping peaks, chl a and phe b, is found
at lex=432; lem=665 nm. No data pre-process-
ing, such as scaling and centering, was applied
prior to model calculations. The first four excita-
tion wavelengths (360, 362, 364 and 366 nm) were
omitted due to second-order Rayleigh scattering
since this type of scattering does not conform with
a trilinear PARAFAC model [21].

3.1. Decomposition

The model calculations were based on the nine
standards (N1–N9). To determine the appropri-
ate number of PARAFAC components, the
model was fitted repeatedly, 10 times, using up to
seven components to yield the residual sum of
squares and the so-called core consistency values.

For a description of core consistency, see Ref.
[21]. When the core consistency drops from a high
value, above approximately 60%, to a low value,
this indicates that an appropriate number of com-
ponents have been attained. Applying this tech-
nique, five or six components were found to be
appropriate for use in the analysis, while seven
components showed a significantly lower core
consistency. For five components, the model con-
verged to a core consistency above 97%. For six
components the algorithm converged to core con-
sistency equal to 94% for a majority of the runs,
when random initialisation was used. The same
results were obtained when initialisation through
eigenvalue-based estimates was performed. The
PARAFAC components obtained could be physi-
cally interpreted for both the five- and six-compo-
nent models. This means that the PARAFAC
components resemble the EEMs of the pure ana-
lytes. The sixth component resembled phe c, but
the signal originating from phe c is weak. It has
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Table 2
RMSEP for different models, based on predictions of V1–V5

Model Analyte

Chl b Chl c Phe aChl a Phe b Phe c

0.45 1.41PARAFAC (6) 7.562.02 2.77 2.47
CLS 2.01 0.77 1.85 8.27 2.56 6.96

– –PARAFAC (2) 2.962.69 – –

previously been shown that chl c has the highest
acidification factor [10]. The results from the de-
composition, the six- component model, are pre-
sented for two analytes in Fig. 2(a) and (b),
showing the EEMs for pure standards (lower
panels) together with the PARAFAC components
(upper panels). As can be seen, the PARAFAC
components are very similar to the EEMs, indi-
cating that the model is adequate. For all ana-
lytes, but phe c, the correlation coefficients
between true and PARAFAC components (un-
folded matrices) were found to be higher than
0.97; the corresponding correlation coefficient for
phe c was 0.79.

The concentration ratios were set to levels not
always resembling natural conditions in standards
N1–N9, in order to obtain sufficiently high signal
contributions from each individual species. Since
it is possible to extrapolate results from second-
order data, which is not the case for first-order
data, it is more important to prepare standards
giving rise to sufficiently high signals for each
individual analyte. This is in contrast to first-or-
der calibration for which the main objective is to
span the entire experimental domain, covering all
possible variations in future samples.

3.2. Regression and 6alidation

Different strategies can be used to perform
regression based on PARAFAC models for this
analytical problem. Firstly, the validation stan-
dards, V1–V5, were predicted from a model
based on the nine standards, N1–N9. After de-
composition, the known concentrations of these
nine standards were regressed onto the obtained
score matrix, in a similar manner to principal

component regression. The obtained loading ma-
trices were then used to calculate the score matrix
for the five validation standards and the analyte
concentrations were predicted. A common mea-
sure of the predictive ability for a regression
model is the root mean square error of prediction
(RMSEP). Table 2 shows RMSEP values calcu-
lated for the validation standards, V1–V5, using
this procedure. PARAFAC (6) in the table de-
notes that the regression model is based on six
PARAFAC components. All analytes are pre-
dicted with high accuracy and precision. The com-
pounds known to severely interfere with standard
methods do not affect the chl a prediction. The
results from this PARAFAC decomposition fol-
lowed by regression were compared with classical
least squares (CLS) regression (Table 2). For
CLS, the wavelength pairs adopted here were
approximately the same as those employed by
Neveux and Panouse [11]. When all constituents
in the standards were regarded as known con-
stituents, both methods perform equally well in
terms of predictive ability for the validation stan-
dards (V1–V5). Applying the second PARAFAC
strategy, V1–V5 were decomposed together with
standards N10–N13, containing only chl a and
phe a. From the scores matrix, N10–N13 were

Table 3
RMSEP for different models, based on predictions of eleven
samples

Model Analyte

Chl a Chl b Chl c

3.95PARAFAC (6) 13.82 1.41
2.92CLS 22.66 5.68
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Fig. 2. EEMs for pure analytes and retrieved PARAFAC components, (a) chl a and (b) phe b.
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used for calibration followed by prediction of
V1–V5. The results are also shown in Table 2.
PARAFAC (2) in the table denotes that the re-
gression model is based on two PARAFAC com-
ponents. The analytes, chl a and phe a, are
satisfactorily predicted while assuming that chl b,
phe b, chl c and phe c are unknown interfering
substances. Obviously, the so-called second-order
advantage [23] applies here, i.e. quantification is
possible even though unknown interfering species
are present in the sample. The implication of this
second-order advantage is that if one wishes to
determine, say, only chl a and phe a, the presence
of other pigments will not interfere. Other pig-
ments might include not only those considered in
this study, but also recently identified pigments,
such as the divinyl chlorophylls [24].

The proposed method was externally validated
with eleven samples. The extracted samples were
divided into two aliquots, one for fluorescence
analysis and one for analysis by HPLC. Since the
fluorescence method is more sensitive than HPLC,
the aliquots to be analysed by fluorescence were
diluted tenfold. The predictive ability (RMSEP)
for chl a and chl b obtained by comparing the
proposed method (PARAFAC (6)) with the
HPLC analysis data is given in Table 3. For chl a,
the RMSEP value is approximately six times
larger than the corresponding values in Table 2.
This could be explained by the fact that the values
obtained by the HPLC method were consistently
lower than the values predicted by the proposed
method. For chl b, shown in Table 3, it was not
possible to quantify the amount in eight of the
samples, since the signals were lower than ten
times the signal-to-noise ratio. However, the pro-
posed method successfully predicted the low con-
centrations of chl b in these samples. For chl c,
quantification by HPLC was not possible for any
of the samples, due to co-eluting carotenoids. To
obtain quantitative data for chl c, visible spectra
were used for prediction, according to a previ-
ously published multivariate approach [25]. The
RMSEP value for chl c is presented in Table 3.
Phe a could not be accurately determined by the
HPLC system since several peaks appeared in the
chromatograms with spectra identical to that for
phe a. Phe b was not detected in any of the

samples by HPLC and the concentrations pre-
dicted by the proposed method were low, in the
range 0–7 mg l−1. The chosen HPLC system does
not separate phe c from carotenoids and thus
could not be detected. In Table 3, RMSEP values
obtained by using CLS for predictions of the
eleven samples are given. The CLS results gave
overestimates of, an average, 20 mg l−1 towards
higher values. For chl b the same trend could be
observed, but with low precision. The CLS predic-
tions for chl c were in good agreement with the
results obtained by the method described in Ref.
[25]. Phe a concentration was compared to results
from the proposed method and the correlation
coefficient was found to be 0.78. The results for
phe b and phe c were unreasonably high, which
confirms the results in Ref. [11].

During the course of the validation, it was
observed that the residuals, i.e. the part of the
experimental data not described by the model,
were high for some initially analysed samples. The
residuals also exhibited structure, that was influ-
enced by the acetone:water ratio. By diluting the
sample solutions with solutions of different ace-
tone:water ratios, it was observed that not only
the fluorescence intensity, but also the wave-
lengths of the peak maxima changed. The result-
ing differences in acetone:water ratios are due to
variations in the original moisture content in the
filters. To circumvent this problem, several strate-
gies were tested. In the first approach, the samples
were diluted with acetone:water (9:1) to cancel out
the acetone:water ratio differences, and thus the
high residuals.

As with all spectrophotometric and fluorescence
methods, where no separation is applied, the pro-
posed method distinguishes neither chlorophyl-
lides from chlorophylls nor pheophorbides from
pheophytins. However, since most of the chloro-
phyllides and pheophorbides are formed during
sample handling this is not regarded as a serious
problem [26].

3.3. Detection limits and linearity

The light detection device of the fluorescence
spectrometer is a photomultiplier tube. The detec-
tor response, E, of a photomultiplier tube changes
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Fig. 3. Experimental data of logarithm of emission/concentration quotient log10(E/c) versus logarithm of photomultiplier voltage
log10(V) together with linear modelling line of slope b. Experimental data in the linear region are marked by (× ) symbols, data
outside the linear region with (�) symbols.

in relation to the supply voltage, V, and the
analytical concentration, c, according to E=
cAVb where A and b are parameters that must be
determined experimentally. This was done in a
simple experiment. The maximum excitation and
emission peaks of chl a were measured in the
concentration range 0.5–50 mg l−1 at various
voltages between 550 and 1275 V. Experimental
data are presented in Fig. 3 together with the
modelling line with slope b. Usable voltages are in
the region 550–900 V, above which the relation-
ship E=cAVb is no longer valid. For an un-
known sample, the supply voltage, Vsample, is
selected so that most of the emission scale on the
fluorescence spectrometer is utilised. In the
PARAFAC quantification step, the unknown
sample is compared with reference samples mea-
sured at a different supply voltage, Vref, and pre-
liminary concentrations can be calculated. By

multiplying the preliminary concentrations by the
factor (Vref/Vsample)b the compensated concentra-
tions are obtained. Chl a can easily be quantified
at a concentration of 1 mg l−1 with either 850 or
900 V supply voltages, at which approximately
15% and 25% of the emission intensity scale is
used, respectively.
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