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ABSTRACT

A 39-year series (1957 – 1995) of data on fourteen physical, chemical and biological variables from
the Austrian section of the River Danube west of Vienna – Nußdorf was analysed statistically to
detect long-term trends of the variables in relation to human activities (represented by time),
discharge and water temperature.

Principal component analysis distinguished four main components explaining 72 % of the total
variance: PC1 contains total phosphorus, soluble reactive phosphorus, ammonium and potassium
permanganate values, PC2 contains nitrate-N, chloride and oxygen, PC3 contains BOD5 and nitri-
te-N, and PC4 contains numbers of bacteria. Trends in time were most pronounced for variables
in PC1, but also occurred in PC2; variables in PC3 and PC4 had no trends. Seasonal patterns were
marked for variables in PC2, slightly less in PC1, and least in PC3 and PC4. Concentrations were
minimal in summer and maximal in winter, inversely related to discharge (maximal in summer).
Following reductions in point-source nutrient inputs to the Danube, in both Germany and Austria,
mean concentrations in the river have fallen by at least half since the 1980s. Chloride and nitrate-
N also show trends towards lower concentrations. The Danube is well-oxygenated, with concen-
trations near air saturation values.

A mathematical relationship between concentrations of the variables and river discharge (Q),
water temperature (T) and time (t), was established to determine mean trends and predictions
against a background of considerable seasonal and stochastic variability; for the single variables Q
explained 0–20% and T explained 2–58% of the variation in the concentrations. The relationship
was highest for variables in PC2 and lowest for those in PC3 and PC4, where Q and T had little or
no influence.

Reasons for rising and falling long-term trends with time are discussed in detail. Austria now
contributes only minor proportions to the nutrient load of the Danube, which is causing eutrophi-
cation of the Black Sea downstream, and water quality of the Austrian section of the river is good.

The advantages and problems of statistical process analysis are discussed in relation to envi-
ronmental monitoring programs and the different specific requirements of compliance monitoring.
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Introduction

When a major anthropogenic event occurs, there is often a short-term “impact-
study” to discover if the factor has had any harmful effects on a particular system.
Unfortunately, a short-term “impact-study” will rarely be of value because it usual-
ly tests the null hypothesis of “no change” against an implicit alternative of a “detect-
able change”, usually assumed to be for the worse. Such an approach is often use-
less because of the problem of assessing the significance of any change when little is
known about the spatial and temporal variations in the “base-line” from which the
change occurred. Therefore, “impact effects” must be tested against a null-hypo-
thesis error term representing between-years variation in the absence of the
“impact”.

One major objective of long-term investigations therefore must be to provide
reliable estimates of the base-line variation. To ensure that the degrees of freedom
for the between-years error term are adequate for statistical tests, regular samples
must be taken over many years. Another objective should be to detect any long-
term trend in the mean level of the base line. Long-term investigations are also
essential for the detection of rare but important events, and for the formulation of
meaningful, testable hypotheses. In a multivariate problem, a long-term study is
often required to provide the necessary degrees of freedom for statistical analyses
(Strayer et al., 1986; Elliott, 1990).

A 39-year series (1957–1995) of data on fourteen physical, chemical and biol-
ogical variables is now available for the Austrian part of the River Danube west of
Vienna-Nußdorf (river-kilometre 1934.7) and the purpose of the present statistical
analysis is to detect the long-term trends of these variables in relation to human
activities (represented by time), discharge and water temperature.

The Danube, with a length of c. 2850 km, is the second largest river in Europe.
It rises in the Black Forest (Germany), discharges into the Black Sea (Romania,
Ukraine) and crosses six other countries: Slovak Republic, Hungary, Croatia, 
FR Yugoslavia, Bulgaria and Moldova. The area of the river basin consists of
796 250 km2 (Gleick, 1993). These figures show the extraordinary international
importance of this river.

Changes in the concentration of the measured variables of the River Danube
near Vienna, stream-order 9 (Wimmer and Moog, 1994), are inevitably dependent
on events occurring in the catchment above a particular water gauge. For the
catchment area of the Danube at Vienna-Nußdorf, approximately 55% lies in the
south of Germany (Baden-Württemberg and Bavaria), and only 26% of the human
population in the catchment actually lives in Austria (Table 1).

In the Austrian part of the catchment, in 1968, about 25% of the population’s
sewage was discharged into the main river via canalised watercourses and only
about 3% passed through waste-water treatment plants. In 1988, in connection with
the completion of the series of hydro-electric power plants on the Danube, sewage
treatment was improved along the river, and about 70% of the sewage was treated
before discharge. Similarly, in Germany the treatment of sewage increased from
30% to 85% of the population (Table 1). Furthermore, legislation has stepwise
decreased polyphosphates from washing powders (Germany in 1980, Austria in
1984) and has improved the technology of cellulose production. Now, legislation has
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been passed in both Germany and Austria to oxidise ammonia and reduce the nitro-
gen content of treated water.

The effects of these measures will be evaluated in the present study, where a time
series analysis has been applied for the first time, especially to detect correlations
between fourteen physical, chemical and biological variables and their trends relat-
ed to time, and simulations of trends related to time, discharge and temperature. 
An attempt will be made to discuss the sources of inputs into the Danube-system,
what caused the trends and what will the future trends be. Furthermore the results
should give answers for optimising the monitoring of the river system and indicate
if and when given water quality values will be met.

Material and methods

Sampling site and data

About 96% of the Austrian area is drained by the River Danube (BMLF, 1996) and
the river shows a complex flow regime with high discharge in early summer and a
second short discharge peak in winter (Mader et al., 1996). From Germany up-
stream, the river enters Austria with a mean discharge of 1430 m3/s at Achleiten
(river-km 2223) and leaves Austria with a mean discharge of 2210 m3/s at Wolfsthal
(river-km 1873) (IWG, 1996). Downstream to Vienna, the Danube is a hypo-
rhithral/epipotamal zone (sensu Illies, 1961; Humpesch, 1989), stream-order 9
(Wimmer and Moog, 1994). From the source of the Danube down to Vienna, 
52 power plants in Germany and Austria interrupt the continuum of the river.

In 1995 the biological water quality of the Austrian Danube, measured at the 
borders with Germany upstream and Slovakia downstream, was in both cases 
b-mesosaprobic (class II sensu “Münchener Methode” – Liebmann, 1959), al-
though downstream of both Linz and Vienna the water quality index value was 
b- to a-mesosaprobic (class II–III), with higher bacterial numbers caused by waste-
water inputs (BMLF, 1996). In 1996 about 73% of the Austrian population was

Table 1. Summary of information on the numbers of people living in different political regions of
the catchment areas of the River Danube in Germany, Italy, Switzerland and Austria, in 1968 and
1988 (Humpesch, 1992; Fleckseder, 1994). Also given are the numbers (approximate) of inhabi-
tants connected to canalised sewage systems (CS) and waste-water treatment plants (WTP)

Political region Catchment- 1968 (millions) 1988* (millions)
area (km2)

Population CS WTP Population CS WTP

Baden-Württemberg 7580 1.5 0.9 0.3 1.6 1.5 1.4
Bavaria 48690 7.2 4.1 2.7 7.7 6.6 6.4
Italy/Switzerland 2180 <0.1 – – <0.1 – –
Austria 43250 3.1 0.8 0.1 3.2 2.1 1.9

Total at water gauge 
“Vienna-Nußdorf” 101700 11.8 5.8 3.1 12.5 10.2 9.7

* More recent estimates are not available, because values are given for the areas of the counties
and not for the catchment area of the Danube (Fleckseder, pers. comm.).
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connected to biological waste-water treatment, 40% of which incorporated the
removal of phosphorus. But concentrations of the measured variables at the 
Vienna-Nußdorf water gauge are highly influenced by inputs from Germany, be-
cause it occupies a large proportion of the upper catchment area and has a large
population (Fleckseder, 1994).

The sampling site Vienna-Nußdorf is located at river-kilometre 1934.7 on the right
bank where the Danube is entering Vienna (48°16¢ N, 16°22¢ E, altitude 164 m a.sl.),
not influenced by the waste water of the city. Upstream at river-kilometre 1937.6 
there is a waste water treatment plant of Klosterneuburg (40 000 population equiva-
lents). Since 1957, a range of physical, chemical and biological variables have been
taken at Vienna-Nußdorf by the Institute of Water Quality (Federal Ministry of Agri-
culture and Forestry). Datasets analysed in this paper span a period of 39 years, from
1957 to 1995. For the period 1957 to 1977, samples were taken once or twice a year, in
spring and autumn. In 1978 (1981 for bacteria) to 1995, sampling was usually month-
ly at comparable daytime. Details of the number of samples, arithmetic mean values
and standard deviations of the data, are given in Appendix I. Table 2 lists the 16 vari-
ables and abbreviations used for statistical analysis.

Explorative data analysis

Descriptive parameters were calculated for each year and month: arithmetic means,
standard deviations for annual values (1957 onwards, Appendix I), plus coefficients
of variation and 95%-confidence intervals for monthly values (1978 onwards, see
Appendix II). Shapiro-Wilks’-W test was used for testing the hypothesis of normal
distribution; non-normally distributed data were log10-transformed. Outliers were
determined by applying Grubbs-test (Hartung et al., 1993). In all statistical tests the
level of significance a was 0.05.

Table 2. Sixteen variables from the River Danube, used for statistical analysis. “Data available”
indicates the first year in which measurements began. CFU = colony-forming units

Variable Y (units) Abbreviation Data available Observations

Discharge (m3/s) Q 1957 252
Temperature (°C) T 1957 253
Chloride (mg/l) Cl 1957 243
Nitrate (mg N/l) NO3 1957 245
Nitrite (mg N/l) NO2 1957 238
Ammonium (mg N/l) NH4 1957 240
Soluble reactive phosphorus (mg P/l) SRP 1957 245
Total phosphorus (mg P/l) TP 1978 219
Potassium permanganate (mg/l) KMnO4 1957 246
5-day biochemical oxygen demand (mg O2/l) BOD5 1971 231
2-day biochemical oxygen demand (mg O2/l) BOD2 1957 243
2-day biochemical oxygen demand (%) BOD2% 1957 243
Dissolved oxygen (mg O2/l) O2 1957 247
Dissolved oxygen (% saturation) O2% 1957 241
Heterotrophic saprophytic bacteria (CFU/ml) HB 1957 203
Faecal coliforms (CFU/ml) FC 1957 202
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Explorative multivariate analysis was done by principal component analysis
(PCA) with normalised varimax-rotation (Backhaus et al., 1993). The criterion for
extracting a principal component was an Eigen-value greater than 1.

Trends related to time

Independent variable time t was treated as: t = (metric year – 1900). For initial iden-
tification of the chronological sequences of observations, the following models were
used.
Polynomial model for smooth trends (S) in time:

YS = b0 1 + [b1 t] + [b2 t2] (1)

Sinusoid model incorporating a cyclic component (C):

YC = b0 2 + [b3 sin (2pf)] + [b4 cos (2pf)] (2)

Combined model for trends in time (Tr):

YTr = YS + YC (3)

where f is the sampling date calculated as: (days of the year)/365, b0 1 … b5 are esti-
mated coefficients (Appendix III and IV), and Y is a dependent variable.

The coefficients for all models were estimated by multiple linear regressions,
least squares method. The measure of goodness-of-fit was the coefficient of deter-
mination R2. Initially the time series were fitted to model (1). To make the time
series stationary for applying model (2), significant smooth components were re-
moved from data and residuals from 1978 onward were processed in Fourier (spec-
tral) analysis to detect cyclic fluctuations. Periodogram values were smoothed by
symmetric Tukey-Hanning-window for 5 points (Schlittgen and Streitberg, 1994).
The final time-trend model (3) is a combination of models (1) and (2).

Simulation of trends related to time, discharge and temperature

For attaining fast information from easily measurable variables, variables (Y) were
individually regressed against two independent environmental variables, discharge
(Q) and temperature (T), using quadratic equation (1). The variables were also
related to these easy measurable variables combined in a multiple polynomial equa-
tion:

Y = b0 4 + [b1 t] + [b2 t2] + [b3 T] + [b4 T2] + [b5 Q] + [b6 Q2] (4)

where b0 4 … b6 are estimated coefficients; the coefficients of determination (R2)
were estimated by multiple regressions (Appendix V).

“Optimised” models were calculated for equations (1) to (4); significant coeffi-
cients were found by stepwise regression (pin = 0.05, pout = 0.10).
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Results

Data structure

All variables (Table 2) except discharge, temperature and soluble reactive phos-
phorus (SRP) were log10-transformed (lg). A preliminary PCA including two inde-
pendent variables (discharge and temperature) and 14 dependent variables, was
employed to reduce the number of the latter in further analyses. Six principal com-
ponents (PC) explaining 59% of total variance were extracted, in which temperature
was negatively associated with chloride, nitrate and oxygen. Variable discharge as
well as oxygen (%) did not fit any of the extracted components. PC2 showed that 
5-day and 2-day biochemical oxygen demand (BOD5, BOD2 and BOD2 (%)) are
highly correlated. Consequently, three variables – oxygen (%), BOD2, and BOD2
(%) – were removed from further analysis to reduce variability and redundancy.

A second PCA with the remaining 11 dependent variables showed four main
components explaining 72% of total variance (Table 3, Fig. 1). Group PC1 con-
tains total phosphorus (TP), KMnO4 (oxidation of dissolved organic carbon by
potassium permanganate) and SRP, PC2 contains nitrate, chloride and oxygen, PC3
contains BOD5 and nitrite, and PC4 contains bacteria. Ammonium and nitrite are
not explained satisfactorily (for each group < 50%) but have their main proportions
in PC1 and PC3, respectively.

Trend analyses

Except for ammonium, variables in PC1 show a high affinity to trend in time during
the 39-year period 1957 to 1995, explaining 36 to 58% of individual variation 
(Table 4). The time-trends of these variables may be represented by quadratic cur-
ves, rising from low values in the 1950s and 1960s to peak during the 1970s and
1980s, followed by steady declines through the early 1990s (for mean values see
Appendix I). The most pronounced curve was for SRP (Fig. 2). Similarly, variables

Table 3. Results from PCA after normalised varimax-rotation, showing four groupings of 11
selected measured variables from the River Danube (for abbreviations see Table 2). PC1 to PC4
are principal components 1 to 4 (see Fig. 1). Bold numbers indicate loadings > 0.6

Variable PC1 PC2 PC3 PC4 Communality

Total phosphorus 0.935 0.091 0.143 0.057 90.7
KMnO4 0.801 – 0.064 – 0.304 0.271 81.2
SRP 0.759 0.260 0.409 0.021 81.1
Ammonium 0.625 0.460 0.109 – 0.100 61.8
Nitrate 0.161 0.862 0.189 0.062 80.8
Chloride 0.309 0.829 0.167 – 0.088 81.9
Dissolved oxygen – 0.072 0.787 – 0.357 – 0.073 75.2
BOD5 0.010 0.083 – 0.821 0.027 68.1
Nitrite 0.129 0.126 0.641 0.093 45.2
Heterotrophic bacteria 0.137 0.182 0.073 0.788 67.8
Faecal coliforms 0.035 – 0.249 0.006 0.754 63.1

Variance explained % 24.1 22.4 14.3 11.8 72.5
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Figure 1. PCA on 11 selected variables from the River Danube. Axes PC1 and PC2 represent prin-
cipal components 1 and 2, bold numbers (1 to 4) indicate variable-clusters (for abbreviations see
Table 2)

Table 4. Model equations for trends in time, applied to physical, chemical and biological variables
of the River Danube (for abbreviations see Table 2): polynomial smooth-trend model (1), sinus-
oid cycle (2) plus minimal and maximal values (Min, Max; Appendix II) and a combined total time-
related model (3). R2 is the adjusted coefficient of determination, with levels of significance
(Sign.) *** p < 0.001, ** p < 0.01, * p < 0.05, o p ≥ 0.05. “Optimised” values were obtained from
model (3) using significant coefficients only (see Methods)

PC Variable Model

(1) Trend S (2) Cyclic C (3) “Optimised” Tr

R2 Sign. R2 Sign. Min Max R2 Sign.

– Discharge 0.000 o 0.313 *** Nov Jun 0.313 ***
– Temperature 0.000 o 0.909 *** Jan Aug 0.912 ***
1 Total phosphorus 0.579 *** 0.140 *** Jul Mar 0.638 ***
1 KMnO4 0.421 *** 0.036 ** Nov Oct 0.442 ***
1 SRP 0.365 *** 0.418 *** May Jan 0.632 ***
1 Ammonium 0.149 *** 0.247 *** May Feb 0.361 ***
2 Nitrate 0.222 *** 0.587 *** Jul Feb 0.686 ***
2 Chloride 0.127 *** 0.681 *** Jul Feb 0.726 ***
2 Dissolved oxygen 0.086 *** 0.573 *** Aug Feb 0.618 ***
3 BOD5 0.001 o 0.075 *** Nov Apr 0.075 ***
3 Nitrite 0.014 o 0.033 ** Apr Nov 0.033 ***
4 Heterotrophic bacteria 0.000 o 0.049 ** Aug Jan 0.045 **
4 Faecal coliforms 0.000 o 0.096 *** May Oct 0.096 ***
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in PC2 showed weaker but significant trends over the same time-period, whereas
those in PC3 and PC4 did not (Fig. 2 and Table 4).

All analysed variables have significant cyclic fluctuations, and for most of them
spectralplots revealed a periodicity of 12 months, indicating seasonal variation. In
fact, sinusoid model (2) showed that an annual cyclic component explained 57 to
68% of the variability for group PC2, and 4 to 42% for group PC1 (Table 4); mini-
mum concentrations occurred in summer and maximum values occurred in winter.
Variables in PC3 and PC4 also have significant though weak relationships to annual
cycles. The annual cyclic components around long-term trends for the 11 selected
variables and discharge are illustrated in Figure 2.

When fourteen measured variables were individually regressed against the two
independent variables, discharge (Q) and temperature (T), values for the coeffi-
cients of determination (R2) obtained from polynomial model equation (1) showed
that Q explained only 0 to 20%, whereas T explained 2 to 58% of the variation in
concentrations (Table 5, Appendix IV). The relationships for both variables over
the 39-year study period were highest for group PC2, and they were lowest for
groups PC3 and PC4 with minor or no influence of temperature and discharge.

For simulations using the combined model (4), which includes the independent
variables discharge, temperature and time, the values for R2 ranged from 42 to 72%
for groups PC1 and PC2, and 60% or more of the variances were explained for five
variables (TP, KMnO4 , SRP, NO3 and Cl) using model (4) (Table 5). By comparison
with values of R2 obtained from model (1) in Table 4 it is evident that the main pro-
portion of the variance (i.e., variation in concentrations) for group PC1 was related
to time, whereas for variables grouped in PC2, variation was mainly related to tem-
perature (model (1) in Table 5).

Table 5. Values of the adjusted coefficient of determination (R2) with significance (Sign.: ***
p < 0.001, ** p < 0.01, * p < 0.05, o p ≥ 0.05), for 11 selected variables from the River Danube in four
PC groupings (for abbreviations see Table 2). R2 was obtained from polynomial model (1), with
discharge and temperature as separate independent variables, and from multiple polynomial
model (4) with three variables combined (time, discharge and temperature). “Optimised” values
were obtained from model (4) using significant coefficients only (see Methods)

PC Variable Model (1) Model (4)

Discharge Q Temperature T Combined “Optimised”

R2 Sign. R2 Sign. R2 Sign. R2 Sign.

1 Total phosphorus 0.003 o 0.091 *** 0.693 *** 0.693 ***
1 KMnO4 0.072 *** 0.069 *** 0.598 *** 0.600 ***
1 SRP 0.132 *** 0.202 *** 0.630 *** 0.629 ***
1 Ammonium 0.021 * 0.271 *** 0.421 *** 0.419 ***
2 Nitrate 0.144 *** 0.507 *** 0.689 *** 0.681 ***
2 Chloride 0.204 *** 0.576 *** 0.720 *** 0.720 ***
2 Dissolved oxygen 0.031 ** 0.383 *** 0.470 *** 0.477 ***
3 BOD5 0.000 o 0.018 o 0.007 o 0.020 *
3 Nitrite 0.016 o 0.043 ** 0.065 ** 0.041 **
4 Heterotrophic bacteria 0.050 ** 0.034 * 0.087 *** 0.094 ***
4 Faecal coliforms 0.000 o 0.030 * 0.038 * 0.035 **
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Figure 3. Concentrations of SRP in the River Danube during the period 1957 to 1995: a) Smooth-trend model (1), b) Time-trend model (3) for all
values, c) Time-trend model (3) for sampling twice a year (spring and autumn), d) “Optimised” multiple polynomial model (4) incorporating time,
discharge and temperature with 95%-confidence intervals (broken lines)
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The concentrations of SRP are taken as an example for the conclusion of the 
statistical analysis (Fig. 3) and plotted against the “optimised” models (1), (3), and
(4). Model (3) used for monthly values explains 63% of the variance (Fig. 3b), but
two values a year (spring and autumn) give an even better explanation of 70% of
the variance (Fig. 3c). Model (4) generated annual cyclic fluctuations in SRP, close-
ly resembling those generated by the time-trend model (3). The interesting point is
that the calculation according to model (4) gives a very good prediction after 1986,
and the reason for this will be discussed later.

The usefulness of the models is illustrated in Figure 4, which presents a 2-year
plot of SRP concentrations obtained each month in 1994 and 1995, together with
“optimised” time model (3) and “optimised” model (4). Model (3), with indepen-
dent variable time only, gives a reasonable description of annual fluctuations in
SRP. However, model (4), which incorporates discharge and temperature as well as
time, gives a better description of single outlying and stochastic events for concen-
trations of SRP, which implies a good predictive capability.

Figure 4. Concentrations of SRP obtained monthly from the River Danube in 1994 and 1995, 
with “optimised” curves and 95%-confidence intervals: a) Time-trend model (3) and discharge 
(Q, broken line), b) Multiple polynomial model (4)



Discussion

River Danube in Austria

In the present study seven out of eleven variables at Vienna-Nußdorf were extract-
ed by PCA into two main components or groups with different causes.

The first group (PC1) of four variables (total phosphorus, soluble reactive phos-
phorus, ammonium and potassium-permanganate) predominantly represents
“point-source inputs” that are strongly influenced by corrective measures in the
catchment, and time series analysis shows the results of successful waste-water
management. Thus, the second order (quadratic) polynomial model (1) reveals pro-
nounced increasing long-term trends in concentrations of all four variables from the
1950s up to the 1970s. These were followed by decreasing trends in the 1980s and
1990s (Fig. 2), corresponding to a reduction of phosphate-use in detergents and
improved waste-water treatment in the catchment (Petto et al., 1991a). For exam-
ple, for the whole of Austria, estimated inputs of phosphorus derived from the use
of detergents fell from 5300 t P in 1981 to only 525 t P in 1992. In the same period,
total inputs of phosphorus derived from waste-water after treatment in Austria, fell
from 8740 t P to 3700–4300 t P, whereas the nonpoint phosphorus input from 
agricultural areas remained constant at 8400 t P (Fleckseder, 1987; IWA, 1997),
indicating a shift from point-sources to nonpoint-sources.

The overall effect of these management measures since the 1980s has been to
reduce the average concentrations of TP and SRP by more than half in the Austrian
section of the Danube, and NH4 and KMnO4 are currently about half the peak con-
centrations of the 1980s (Appendix I).

Three variables in the second group (PC2) also exhibit increasing long-term
trends in concentrations during the 1950s to 1970s, but those for the variables nitra-
te and chloride levelled off from the beginning of the 1980s onwards (Hadl and
Kreitner, 1991); they now begin to show decreasing trends in the 1990s. Nitrogen
inputs to the Danube are mainly from agricultural fertilisers and fuel incineration
(Fleckseder and Zeßner-Spitzenberg, 1994); about 60% is from atmospheric depo-
sition and agriculture (Schwaiger, 1994). In 1992 compared to 1988, 5% lower load-
values were assumed for nitrogen caused by reduced fertiliser-application (IWA,
1997). The oxygen content of the river has steadily increased since the 1950s 
(Fig. 2), indicating an improving water quality in spite of trendless chlorophyll-a
concentrations (Rodinger, 1991). In contrast to group PC1, variables in group PC2
appear to be more strongly related to river discharge and temperature (Model (1),
Table 5), suggesting they are more directly influenced by seasonal (annual) patterns
of Q and T.

However, the overall mean monthly concentrations of all variables in both PC1
and PC2, except oxygen, reached maxima in winter and minima in summer, when
concentrations were approximately halved (Appendix II). On the other hand, river
discharge reached maximal values in summer and minimal in winter, when values
were approximately half those of mid summer. Therefore dilution in summer and
concentration in winter must account for a large part of the pronounced annual
cycle of fluctuations in the variables of PC1 and PC2; Figure 4 illustrates an 
example of the annual inverse relationship between SRP concentrations and Q. The
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exception is oxygen, because its solubility in water is strongly temperature-depen-
dent. Thus annual fluctuations in oxygen concentration (mg/l) related to T would be
expected, being high in winter and low in summer. In contrast, mean monthly values
for % oxygen varied little throughout the year (Appendix II), indicating that the
river is fully saturated with oxygen at all temperatures, even during mid summer
when, in fact, the river is slightly super-saturated. Variability in concentrations of
the other variables in PC1 and PC2 is partly dependent on T through the latter’s
dominating effect on metabolic processes, both within the river and on the
catchment.

Variables in group PC2, even chloride in winter, may be considered as mainly
“nonpoint-sources or diffuse inputs”, ruled or driven by seasonal factors induced by
different mechanisms; for nitrate these are mainly leaching losses from soil, as dis-
cussed in MacDonald et al. (1994). Long-term trends for further reductions in chlo-
ride and nitrate will depend on management decisions made in Austria, but also
upstream in Germany. Nitrate concentrations in particular may continue to fall as
de-nitrification processes are introduced at waste-water treatment plants.

The third and fourth PCA components are characterised as groups of variables
that do not exhibit smooth trends in time, i.e. concentrations of the variables did not
change over the 39 years of study, although there are weak annual cycles around the
mean values. Bacteria form a single component (PC4) as in other studies of the Aus-
trian part of the River Danube (Petto et al., 1991 b; Humpesch, 1991). Surprisingly,
anthropogenic BOD5, as well as the numbers of faecal bacterial, seem to remain
constant throughout the study period, despite the introduction of several biological
waste-water treatment plants along the Austrian section of the Danube, e.g., the
starting of the biological waste-water treatment at Klosterneuburg in 1989 at 
river-km 1937.6, only a few kilometres above the sampling site at Vienna-Nußdorf.
BOD5 does not show any quality changes in the River Danube. Descriptive values
for faecal bacteria indicate a shift to lower numbers in the period 1989 to 1994, simi-
lar to KMnO4, but for analysis this fact is overwhelmed by the high values at high
discharges in 1995 (Appendix I).

From the results presented in this study, it is clear that the following measures
had a significantly positive effect on the water quality of the Danube in the last ten
years: improvements in waste-water treatment, increasing from 3% biological
treatment in 1968 to 73.5% in 1995 (Emde, 1970; BMLF, 1996); substitution of
phosphate in detergents begun by the industry in 1974 (Müller, 1996), was accom-
panied by stepwise governmental threshold-values in Switzerland (1977), Germany
(1981 and 1984), and Austria (1985 and 1987); reduction in emissions of pulp and
paper mills; intensive and widespread monitoring (e.g., Austrian water quality
monitoring system, Chovanec et al., 1996) accompanied by governmental laws such
as the revision to the Austrian Water Act 1959 (Republik Österreich, 1959 and
1990) and threshold values. Furthermore, by introducing the term “ecological capa-
bility” into the Austrian Water Act a sensible approach was made to maintain the
natural functioning of an aquatic habitat (Chovanec et al., 1994).
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Statistical process analysis and general implications for monitoring water quality

In the past, objectives of an assessment were not always exactly defined (Chapman,
1996) and variables were sometimes taken arbitrarily (Meybeck et al., 1989). Thus
the currently available multivariate datasets usually contain much information that
is useful but also some that is redundant. The application of statistical methods is
necessary in order to abstract and present the information concisely or, as stated in
Green and Montagna for benthic communities (1996), the “design of a monitoring
study and statistical approaches to interpretation of results are inseparable”, which
is true for all monitoring studies. 

The ordination of datasets by PCA helps to uncover underlying factors (compo-
nents) and groups of related variables. Each group contains variables with similar
patterns, related to a “ruling” or “driving” factor, inferring that the variables have
or may have the same background influence or interdependencies. Therefore a par-
ticular variable in a group that is of interest can be chosen as a so-called “key-varia-
ble” to represent the whole group, and thus reduce the dataset of the monitoring
program to a minimum of requirements. For example, group PC1 for the Danube
contains variables that are considered to be strongly influenced by a combination of
“point-source inputs” and “successful management”, and currently this group can
be represented by concentrations of the key-variable “soluble reactive phosphorus
(SRP)”. Of course one has to keep in mind that, as in this study variables with dif-
ferent causes and mechanisms may be combined in a single group so one has to be
very careful when excluding variables for further monitoring. However, as shown
here, it is possible to omit some, e.g. BOD2, without loss of information. In general,
environmental programs with enhanced datasets need additional analysis by ordi-
nation to detect underlying processes or relationships. Carefully considered reduc-
tions of a given set of variables can improve the sampling strategy for monitoring in
a cost-effective manner. The money saved may be used to increase the number of
measurements made on interesting “key-variables”, and this leads to both higher
precision and higher accuracy of estimates, descriptions and predictions obtained
from mathematical and statistical models.

Monitoring has to provide basic information about temporal and spatial varia-
tions of values (base-line limits) and should be able to detect changes within set
limits and, if possible, identify their causes (Parr, 1996). The first thing to do when
searching for pattern in time is to view descriptive plots of the variables of interest
in order to get a first idea of temporal variation. Time series analysis now constitu-
tes a powerful tool for identifying phenomenona such as trends and cycles, and it
reveals “the invisible present” (Magnuson, 1995). The detection of underlying pat-
terns requires sampling periods that are regular or equally spaced in time, e.g.,
biweekly or monthly as in this study since 1978. As shown, it is possible to relate
annual fluctuations of single variables, or even groups of variables, to internal and
external processes on the catchment or in the river. Identified base-line values for
each variable make it possible to reveal sudden or progressive changes in the values,
or violation of established concentration limits, or to predict expectation of seaso-
nal maxima and minima. 

At the start of a routine monitoring program, sampling should be very intensive
for both time intervals (frequency) and even sampling size (numbers of samples and
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(preferably) several subsamples from the river). Once the base-line for each variable
has been properly established, normally it should then be possible to reduce the 
sampling frequency (but not necessarily the number of samples at each visit). 
An example is given in Figure 3c, where only the values for SRP in March and 
September were employed for comparison with the analysis of all monthly values,
shown in Figure 3b. This was done to exclude high or low concentrations of SRP
associated with irregular disturbances on the catchment and in the river, such as 
snowmelt in early summer and stochastic spates mainly in late autumn or winter. Al-
though the greatly reduced dataset produced (as expected) more pronounced cyclic
variations around the mean (Fig. 3c), regression analysis with model (3) explained
70% of the total variance, compared with 63% for all monthly values (Fig. 3b).

Problems may arise when establishing a regression model over a long time 
period: On one hand it should cover the whole data-set and on the other hand it
should remain as simple as possible. The conflict is shown in Fig. 4, where real
values keep on the same low level but modelled values become negative, which is a
tribute to the second order polynomial model.

Environmental fluctuations naturally cause periodic, seasonal and annual varia-
tions in measured variables (e.g., Webb and Walling, 1992), but some may result
from other changes within and between years. If monitoring programs would gen-
erally consider more fundamental patterns in variation, the gain could be better
information about the system being studied (Hakanson and Peters, 1995). Only
trend and spectral analysis of long-term data can give answers to the following 
questions: do the measurements represent a long-term development, and is there a
local input or were measurements done at unfavourable times? A further important
point for specific monitoring programs is the number of measurements required for
analysing data against a certain threshold: did the monitoring program actually pro-
vide the opportunity to detect violation of certain limits (Type II error)? A suffi-
cient number of measurements can be attained only by prior determination of the
accuracy and power of the statistical test that is to be applied for evaluating speci-
fied differences between monitored values.

Reliable statistical models provide forecasts of expected concentrations or other
values, and the observed values can be compared with predictions. This procedure
can be used to assess the sufficiency and efficiency of management programs or
indicate requirements for immediate corrective measures. Statistical analyses are
not a sophisticated luxury but necessary tools for the identification of base-lines –
in this study, means, seasonality and long-term trends – which can be applied to opti-
mise the sampling strategy required for routine monitoring, to identify important
“ruling” or “driving” components, and for further prognosis. Consequently the ana-
lyses provide policymakers with both strategic and tactical decision support.
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Appendix I. Statistics for yearly values of 16 variables sampled in the River Danube during the period 1957 to 1995. For abbrevia-
tions see Table 2; ∑ = sum, avg = arithmetic mean, std = standard deviation, n = number of observations.
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Appendix I (continued)
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Appendix II. Statistics for 16 variables sampled in the River Danube, based on calculated mean values for the period 1957 to 1995, where
measurements are combined into months of the year (mon 1 = January to mon 12 = December). For abbreviations see Table 2; avg = arith-
metic mean, std = standard deviation, n = number of observations without outliers, CV = coefficient of variance, CI = 95%-confidence inter-
val, ∑ = overall statistic.
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Appendix II (continued)
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Appendix IIIa. Trends related to time, models (1) – (3): lg = log10-transformation; R2 = adjusted
coefficient of determination; p = probability; bo …b4 = estimated coefficients (lin = linear, quad =
quadratic, sin = sine, cos = cosine – coefficient). For abbreviations see Table 2.
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Appendix IIIb. Trends related to time, models (1) – (3): lg = log10-transformation; R2 = adjusted
coefficient of determination; p = probability; bo …b4 = estimated coefficients (lin = linear, quad =
quadratic, sin = sine, cos = cosine – coefficient). “Optimised” model is the final model with signifi-
cant coefficients only (analysis with residuals when there is a trend!). For abbreviations see Table 2.
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Appendix IV. Trends related to discharge (Q) and temperature (T), model (1): lg = log10-transformation; R2 = adjusted coefficient
of determination; p = probability; b0…b2 = estimated coefficients (lin = linear, quad = quadratic – coefficient). “Optimised” model
is the final model with significant coefficients only. For abbreviations see Table 2.
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Appendix V. Trends related to time t, discharge Q and temperature T, combined model (4): lg = log10-transformation; R2 = adjusted coefficient of
determination; p = probability; b0 …b6 = estimated coefficients (lin = linear, quad = quadratic, sin = sine, cos = cosine – coefficient). “Optimised”
model is the final model with significant coefficients only. For abbreviations see Table 2.


