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Abstract. Time dependent patterns of amino acid concen-
trations have been studied by HPLC for different lakes of
the Berlin area. Data analysis has been performed by con-
ventional principal component analysis as well as by its
more recent N-way extension. It turns out that lakes mainly
differ by their general amino acid production as a function
of time and season. Apart from this, in a single case there
occurs a specific pattern which might be related to an ex-
terior influence. This pattern, although clearly detected,
has been not stable over time. Measurements are repro-
ducible with respect to time (comparison of two succeed-
ing years) and to position (comparison of isolated parts of
a lake).

Introduction

In the late sixties first papers have been published with the
goal to analyze concentrations of various amino acids in
different lakes or rivers in order to get an indirect measure
for their biological balance and state [1-4]. This seemed
to be reasonable, because amino acids play a key role in
synthesis and decomposition of organic matter and for life
in natural systems. It could be expected, that the essential
amino acids form different concentration patterns for dif-
ferent organisms (e.g. invertebrates [5], bacteria [6],
plankton [7], algae [8]). Besides, they might serve as an in-
dicator for the type and the ‘health’ of natural waters. De-
viations from typical patterns would be referable to stress
by human and industrial influence. For the determination
of amino acids in natural waters high performance analyt-
jcal procedures are necessary and have been described in
the literature [9-12]. Among them, HPLC holds a domi-
nant position [13-22]. A great problem is, that amino acid
concentrations change quickly in time, depending on the
competition of synthesis and decomposition within the
multiplicity of biological processes, which are subjected,
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for instance, to changing light and temperature. Conse-
quently, for the purpose of comparability and representa-
tivity, samples from different lakes should be taken simul-
taneously, be mixed from different sampling sites of any
lake and be soon sterilized and freezed [23-25]. This
makes evident, that characterization of rivers is yet more
difficult. But even in the easier case of lakes the resulting
data structure is rather complex. The extraction of inter-
pretable hypotheses from multidimensional observations,
which are interfered with noise due to the described com-
plications, requires tools from multivariate data analysis
[26].

Experimental

The investigated lakes are typical for the nearer and further sur-
rounding of Berlin: Miiggelsee, Dimeritzsee, Langer See, Flaken-
see, Werlsee, Peetzsee, Mollensee (Fig.1a) and Grofer Vitersee,
Déllnsee, Stechlinsee, GroBe Fuchskuhle (Fig. 1b). Grofie Fuchs-
kuhle is a small clean lake which, for experimental purposes, was
divided by foils into four equally sized and isolated sectors without
water exchange. The sectors were given different initial condi-
tions.

Water samples from the lakes to be investigated were provided
by the ‘Institut fiir Gewisserdkologie and Binnenfischerei’ (Berlin
and Neuglobsow), where other chemical and biological parameters
are monitored over long periods. Sampling was carried out under
defined conditions and at fixed times. Depending on area, depth
and velocity of flow of the respective lakes, parallel samples from
different sites were mixed to give a representative average. These
were immediately separated from suspended organic and inorganic
matter by filtration (0.2 pwm cellulose acetate) and sterilized by the
addition of mercury chloride solution to stop further processes, in
particular the decomposition of amino acids by microorganisms.
100-ml-samples of water were evaporated by freezing and vac-
uum. The residue was dissolved in 1 ml of buffer solution (19.6 g
sodium citrate and 50 ml mercapto-ethanol in 800 ml H,O, pH ad-
justed to 2.2 by HCl, addition of 30 mi mercapto-ethancl and filled
up to 1000 ml). For derivatization, 10 ul of this solution were
mixed with 10 ul of OPA-reagent (60 mg o-phthalic acid aldehyde,
5 ml methanol, 45 ml borate buffer solution, I ml mercapto-
ethanol adjusted to pH = 10 with NaOH; the borate buffer con-
tained 30.9 g H;BO; in 500 ml H,O, pH = 9.5 adjusted by NaOH).
Separation was achieved on a 250 x 4 mm Hypersil ODS (Octade-
cylsilane), 5 wm column at 50°C with gradient elution. The com-
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Fig.1a,b. Map of a the region of investigated lakes and b the
Berlin area enlarged

position varied from 95% phosphate buffer (2 g NaH,PO, - 2 H,0,
2250 ml H,O, 250 ml methanol, adjusted to pH = 8 with NaOH)
and 5% eluent solution B (97% methanol and 3% tetrahydrofuran)
to 10% phosphate buffer and 90% eluent solution B [27, 28]. The
order of retention time of the 15 amino acids separated is listed to-
gether with the abbreviations used: asparagic acid (asp), glutamic
acid (glu), serine (ser), histidine (his), glycine (gly), threonine
(thr), arginine (arg), alanine (ala), tyrosine (tyr), methionine (met),
valine (val), phenylalanine (phe), isoleucine (ile), leucine (leu), ly-
sine (lys). The fluorimetric detection was carried out at 330 nm
(excitation) and at 455 nm (emission). Figure 2 shows typical
chromatograms of samples taken at different seasons from lake
Miiggelsee as well as a standard solution of the 15 amino acids
used for calibration (e.g. 5 nmol/ml).
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Fig.2a—c. Chromatograms of samples from the lake Miiggelsee
taken a in April and b in July as well as of a standard solution used
for calibration

Results and discussion

The investigations result typically in data tables for each
lake where rows correspond to the sampling times and the
columns represent the amino acids measured. Table 1
shows a very small part of such measured data for the pur-
pose of illustration. The values recorded are always aver-
ages of three paralle! estimations. It becomes evident even
from this small table, that the total data variation splits
into temporal changes and differences in magnitudes be-
tween amino acids. From this it follows, that the differ-
ences in magnitudes should be removed by appropriate
scaling (see below) in order to get time-dependent pat-
terns which are equally influenced by all amino acids. As
a first step of evaluation one could trace the time depen-
dent concentrations of each single amino acid, as it is de-
picted in Fig. 3 for the lake Miiggelsee (based on 73 sam-
pling times from October 92 to December 94). Not sur-
prisingly, some periodical behavior can be observed with-
in the whole family of curves (see e.g. the peaks at current
weeks 30 and 80 in a one year distance). On the other
hand, not all of the amino acids show a similar depen-

Table 1. Small part of a typcial data table obtained. Concentration
in ng/l

Sampling date  asp ser arg met
7/12/92 3546 16473 1049 304
21/12/92 9086 15701 563 170
18/1/93 7025 8369 384 37
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Fig.3. Concentrations of 15 amino acids in the lake Miiggelsee as
a function of time

dence on time, as one can see from the lys-curve in Fig.3.
Furthermore, each of the curves is quite noisy due to un-
avoidable experimental errors. This, altogether, makes it
hard to recognize the essential data structures.

Principal component analysis (PCA) is a well known
tool of multivariate data analysis which allows an effi-
cient noise reduction and a quick extraction of some main
relations contained in the data table. Details of the method
can be obtained from standard textbooks as [29, 30]. Al-
though many other methods could be additionally applied,
the data evaluation will be restricted to conventional PCA
and to its N-way extension (see below). Roughly speak-
ing, PCA explains a major part of correlating data varia-
tion by a minor part of independent principal components
(PCs). In a PC1 vs. PC2 diagram, these components allow
an effective representation of the rows (here: sampling
times) and columns (here: amino acids) of a data table. An
example is given in Fig.4 for the lake Stechlinsee. As
usual in multivariate data analysis, appropriate scaling is
done beforehand. This results in each column of the data
table getting equal mean zero and equal variance one.
Such scaling prevents some amino acids with high con-
centrations and great dispersion over the sampling period
to dominate the data structure (compare the magnitudes of
concentration in Table 1). As a consequence, the samples
will be centered around the origin (which is interpretable
as an average sample) in all PC-plots. Sometimes it is
convenient to discuss PC-plots according to each axis. Ac-
cordingly, almost all amino acids (except arg) get positive
weights on the PCl-axis in Fig.4 (top). Hence, one can
speak of a general factor of amino acid production. Dis-
cussing PCl-coordinates of the consecutively numbered
sampling times — which are not equidistant — one recog-
nizes that early times (1-7) result in values in the general
factor which are below the average while a sharp maxi-
mum occurs at sampling time 11 (recall data scaling). For
better visualization the PCl-coordinates can be plotted
versus the real sampling time (current week) as in Fig.4
(bottom). The resulting curve may be understood as an
image of the seasonal development of the general amino
acid production in the lake Stechlinsee. The vertical axis
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PC2 in Fig.4 (top) is clearly dominated by high weights
of arg and, to a smaller degree of tyr. This means that,
apart from the general factor of the amino acid produc-
tion, there exists an independent specific factor which is
mainly determined by an arg peak at sampling times 4 and
9. Similar to PC1 one could plot the PC2 values over the
sampling times.

The PC-plot of Fig.4 is somehow typical for all the
lakes investigated: the main data variance, described by
PC1, is due to a temporal dependence of concentrations
which is common to amino acids as a whole, but will dif-
fer, of course, between the lakes. Besides, there fre-
quently occurs a ‘pattern’, i.e. an independent function of
time for some subgroups. Whether such patterns are typi-
cal and reproducible for a fixed lake can only be con-
firmed by long-term observations. In the present study the
maximum range of observations has been recorded for the
lake Miiggelsee over a period of two years (Fig.3). The
resulting PC-plot in Fig.5 comprises amino acids only,
since the set of 73 sampling times would yield an nonin-
terpretable cloud of points. Instead, the time dependence
corresponding to both PCs was plotted directly in Fig. 6.
Again, all amino acids have a positive weight on the PC1
axis although with some stronger differentiation com-
pared to Fig. 4. The time dependence of this general factor
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Fig.4. PC-plot of amino acids and sampling times for the lake
Stechlinsee (fop) and representation of PC1 coordinates of time
points versus the sampling times themselves (bottom)
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Fig. 5. PC-plot of amino acids for the lake Miiggelsee

of amino acid production is shown together with measure-
ment points in Fig.6 (top). The position of the horizontal
axis reflects the average value over the considered period.
Not surprisingly, there are clear differences between the
lakes Stechlinsee and Miiggelsee (Fig.4 (bottom)). While
the first one shows a single pronounced maximum in the
late summer (current week 45), several maxima with dis-
tinct intensities are observed for the latter. It is well
known from monitoring of microorganisms and other pa-
rameters [31, 32], that the Miiggelsee has a maximum ac-
tivity in early spring and, to a lower degree, in late sum-
mer. This is in loose coincidence with the given curve
(current week 25 = April 93, current week 40 = August
93). However, it can be recognized form the picture, that
the amino acid production shows some more oscillating
behavior with a roughly estimated period of about five
weeks. Not only a major part of peaks in the curves is sup-
ported by a sufficient number of measurement points to be
distinguished from noise, but also the peaks themselves
are reproducible one year later. To make this more evi-
dent, in Fig.6 (center) the right part (1994) of the curve
above is shifted towards the left by 52 weeks (dashed
line). In relation to the measurement error to be expected
here, one gets quite a good reproduction, particularly of
the monotone decrease from November to March (current
weeks 1-20) and of the three peaks occurring in spring
time (current weeks 20-35). Concerning the summer and
autumn period (current weeks 35-60) the intensities differ
significantly but still the correlation is remarkable.
Looking back to Fig. 5, there is a pattern related to the
vertical axis PC2. It consists of met, lys, (arg) on the one
hand and, negatively correlated, tyr, ala on the other.
Time dependence of this pattern, which is independent of
the general amino acid production, is illustrated in Fig.6
(bottom). A clear maximum can be detected at the spring
time of the first year (current week 30) while rather a mini-
mum is detected one year later (current week 80-95). While
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Fig.6. PC1 coordinates of time points for the lake Miiggelsee ver-
sus sampling time (top), same plot with the right part (second year)
shifted into the left part (first year) (center) and corresponding plot
of PC2 coordinates (bottom)

the indicated pattern is not reproducible after one year —
and therefore cannot be interpreted as a typical pattern of
the lake Miiggelsee — its occurrence in the first year is
supported by more than 10 measurement points, which
precludes it from being some measurement artefact. Per-
haps it indicates some exterior influence, but an explicit
explanation is not yet known.

Up to now PCA was performed by considering fixed
lakes over differing sampling times. Analogously one
could fix the sampling time and look for differences of
amino acid patterns between the lakes. Then, the lakes
rather than the sampling times become the rows of the
data tables and a PC-plot should yield, apart from amino
acids, a point set corresponding to the lakes. Unfortunately,
measurements of a major fraction of lakes was available
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only for a restricted set of sampling times. Figure 7 con-
tains the PC-plot relating to the data from April, July,
August and September. The following fraction of investi-
gated lakes was considered (with abbreviations in paran-
theses): Flakensee (fla), Werlsee (wer), Peetzsee (pee),
Méllensee (mol), Stechlinsee (ste), Miiggelsee (mug) and
the four parts of Grofle Fuchskuhle — northeast (fune),
northwest (funw), southeast (fuse), southwest (fusw). In
any case, almost all amino acids result in equal signs on
the first axis confirming PC1 to be a factor of the general
amino acid production. Accordingly, the PC1 coordinates
of the lakes give a distinction with respect to this factor.
As a matter of fact, Stechlinsee and GroBe Fuchskuhle
differ from the other lakes by lower concentrations in all
amino acids. On the other hand, the arrangement of lakes
and amino acids along the PC2 axis is rather unstable
making it complicated to detect interpretable patterns,
Anyhow, the vertical position of the Miiggelsee is distin-
guished from the others by differing concentrations in
met, lys and some others.

A discussion of separate PC-plots as in Fig.7 is quite
difficult since it is hard to detect factors which are stable
over time. The reason is, that the very data arrangement of
the present study is not a table, as for a fixed lake or for a
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fixed sampling time, but rather something like a data
cube, as depicted in Fig.8. Instead of a single table, one
deals with several tables which occur as different slices in
a threedimensional array. A simple method to get a joint
analysis of all these slices would be to piece them together
along one of several possible directions. Then, the appli-
cation of conventional PCA to this large data table is di-
rectly possible. However, while such procedure is suffi-
cient in special cases as for data from image analysis [33],
it makes PC diagrams generally hard to interpret due to
generating so-called combination modes, the elements of
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which could be in the present study of the type ‘lake A at
time 1°, ‘lake B at time 5° etc. For getting separate PC-
representations of amino acids, lakes and sampling times,
a so-called N-way PCA is required which may. be under-
stood as a non-trivial extension of conventional PCA. It is
based on a model by Tucker [34] and on a solution algo-
rithm proposed by Kroonenberg and De Leeuw [35]. A tu-
torial on this topic can be found in [36]. Taking the data
which the plots in Fig.7 were based on, but separately
evaluated there, one can arrange them in a three dimen-
sional array corresponding to Fig. 8 with 4 rows (sampling
times), 15 columns (amino acids) and 10 slices (lakes).
The resulting N-way PC-plot is shown in Fig. 9. This plot
may be considered as an extraction of the main data struc-
ture present in that part of the whole data collection with
coinciding elements (constant set of lakes, amino acids
and sampling times). It allows convenient interpretation
of amino acids both with respect to lakes and to sampling
times. Again, all amino acids get an equal sign along the
horizontal axis making it interpretable as a general factor
of amino acid production. All sampling times have prac-
tically equal weight on the horizontal axis, this factor is
demonstrated to be stable over time. It distinguishes the
lakes along their horizontal positions in the growing order
Stechlinsee, GroBe Fuchskuhle (four parts) < Miiggelsee
< Werlsee, Peetzsee, Flakensee < Mollensee and in good
accordance with their geographical positions (see Fig. 1).
The close positions of the four parts of GroBe Fuchskuhle
confirm a good reproducibility of experimental data {from
all amino acids over all sampling times. The vertical axis
in the plot is a specific factor which reflects the already
mentioned (lys, met, arg)-peak in April (compare the ver-
tical positions of the respective points). It becomes clear
from the picture that in the considered range of sampling
times the major fraction of lakes is distinguished by the
degree of the overall amino acid production. Lake Miig-
gelsee is the only one to show a differing pattern which,
however, is not stable over time. Therefore it remains an
open question whether anthropogenic influences lead to
patterns which are characteristic for different lakes. At

Jeast, there seem to exist reflections of short-term fluctua-
tions. To understand the reasons of different amino acid
patterns, especially for the lake Miiggelsee, and their
changes in time more detailed investigations are neces-
sary, e.g. of amino acid patterns of different solutions of
artificially cultivated different species of algae. Results
will be reported later.
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