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Effects of reduced load in the River Danube
on nutrients and phytoplankton dynamics in the
flood-relief channel New Danube (Vienna, Austria)
· M. T. Dokulil and K. Teubner1
With 11 figures in the text

Abstract: Spatio-temporal distributions of plant nutrient concentrations, turbidity, chlorophyll-a and phytoplankton biomass are evaluated for a 10-year dataset from both impoundments of the New Danube flood-relief channel at Vienna, including measurements from
the main River Danube. Concentrations of phosphorus primarily are influenced by groundwater transfer of water and nutrients from the main river into the two impoundments,
percolating through the gravel substratum of a newly constructed island separating the
Danube from the New Danube. Variations of phosphorus input in mm affect the amounts
of chlorophyU-a and phytoplankton developing in the impoundments. In the Danube,
turbidity depends mainly on discharge, but in the New Danube, although influenced by
wind and wave action, turbidity is basically associated with direct inputs from the river
wben flood-gates are opened. Wben the channel was first filled with water, all variables
bad concentration gradients down its 21-km length. Over time, trophic levels have fallen
considerably, from hypertrophic to oligo-mesotrophic, witb a concurreut reduction of
phytoplankton biomass. Species composition of algae has changed to a lesser extent.

lntroduction
In some respects the New Danube is a relatively unique water body. Designed
and constructed primarily to prevent the city of Vienna from flooding by the
River Danube, after construction in the 1980s the two oarrow (ca. 200 m wide)
but long (21 km overall) upper and lower impoundrnents of the flood-reJjef chanuel rapidly became a recreational attraction for local citizens, because there is
easy access, 42 km of shoreline and reasonable water quality. For most of the
year the irnpoundments are supplied by groundwater which percolates through
the gravel of the newly constructed, narrow Danube Island which separates the
New Danube from the River Danube flowing alongside (H UMPESCH et al. 2000).
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Fig.1. Contour plots for years versus months in the pe1iod 1987- 1996 for the River Danube at st.ream-km 1938.0. Top Jeft: Total suspended solids (TSS) in mg 1- 1• Top right:
Total pbosphorns (TP) in µg r 1 • Bottom centre: Chlorophyll-a (Chl-a) in µg 1- 1 • Dots indicate the sampling schedule.
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Even so, the functional dynamics of this unusual freshwater ecosystem are also
of general interest, because elsewhere many floodplain lakes lying close to the
banks of rivers also receive most of their water from groundwaters seeping
through the hyporheic zone (VANEK 1987, 1991; Gn.BERT et al. 1990; SMILAUER
et al. 1996). Simi1ar situations are found in water bodies along river dams (e. g.
NACHTNEBEL 1989; WALKER et al. 1992) .
This study focuses on the causes and consequences of nutrient input by
groundwater seepage and floods, and their effects on nutrient dynamics and
phytoplankton cbanges associated witb long-term reduction in nutrient Ioading
from the River Danube.

Material and methods
The results preseuted here cover the 10-year period from 1987 to 1996. Tb.roughoüt this
period, samples were taken at several locations and time intervals differing from year to
year. Sampling frequency each year is indicated by the sampling dors shown in Fig. l. A ll
samples were surface samples taken from either the right or left bank, because cross-sectional aud depth gradients proved to be raudom and statistically were not significant (DoKuu1. & TEUBNER 1999).
All chernical analyses follow Standard medJods (MACKERETH et al. 1989) . CblorophyU-a was estimated spectrophotometrically from hot eilianol extracL~, modifyiag the
technique proposed by NuscH ( 1980). Abundance and biomass of phytoplankton was
assessed using die inverted rnicroscope technique (UTERMÖHL 1958). Counting was perfonned with dJe plankton enumeration program, version 3.18, by HA1'DLTON (1990). Biomass was calculated from size measurements using the image analysis system LUCIA V
3.51 a, Lab. Imag. Ltd., interfaced to a NIKON Diaphot inverted microscope.
Contour plots of time resolution (years vs. months) were created by KRIGTNG with
modified search radius to allow for abmpt data changes using SURFER 5.0 (Golden Software Inc.). The gooduess of fit is exemplified for the adopted interpolation strategy, using
phytoplankton biomass data from km 21.1 (Fig. 8, bottom panel).
Seasons are averaged according to: spring March-May. summer June- August, autumn September-November, winter December-Febmary. Data were transformed and
scandardized for principal component analyses (PCA) of limnological parameters and phytoplankton composition using dJe computer program STATGRAPHICS plus 2.0 (STSC
Inc., USA).
Triangular diagrarns (Fig. 6) showing the relation between dJe three main macroelements - nin·ogen, phosphorus and silica - were created in GRAPHER 4.0 (Golden Software, Inc.). To show the relative availability of d1ese plant nutrients, concentrations of
total nitrogen (TN), total phosphorus (TP) and the soluble fraction of silicon (SRSi) are
considered bere. In contrast to the conservative element silicon which is recycled at longer
intervals (SOMMER 1988; BARKER et al. 1994), phosphorus and nitrogea are rapid ly recycled. Moreover, these two elements may be stored intracellularly (e. g. in polyphosphate
bodies and cyanophycin granules). Therefore, the total concentrations are better estimators
of ilie nutrient pool for algal growth than the dissolved fractions of either phosphorus or
n:itrogen (compare THOMPSON & RHEE 1994).
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For clearer preseutation of the points withln the areas available on the diagrams
(Fig. 6), the concentrations were normalized by relating tbe concentration of each element
to its sum over tbe entire datasec:
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The normalization is based on the entire dataset for three years (1988, 1995 and 1996),
but for clarity the results are showa in three displays (Fig. 6A- C). The intersection point
of the three lines (a, b, and c in Fig. 6) shows the molar optimum ratio of TN :TP: SRSi. =
16: 1: 17. Tbe liaes indicate the constant ratios of TN: TP = 16: 1 for variable SRSi (a),
SRSi:TN 17:16 for variable TP (b), and SRSi:TP
17:1 for variable TN (c). For
further explanation, normalization and calculation of lines for coustant ratios, refer to
T'EOBNER (1996) and T'EUBNER et al. (2000).
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Results
In the River Danube, concentrations of total phosphoms (TP) declined continuously from 1987 to 1996 (Fig. 1, top right panel). Values over 200 µgr' are
associated with large amounts of total suspended solids (TSS) during floods
(Fig. l, top left panel). Higher loads of suspended matter in March 1988, July/
August 1991 (a 100-yea.r fl.ood) and July 1993, are clearly ma.nifested in the TP
1
contours (Fig. 1). From 1992 onwards, concentrations of TP fall below 100 µg r
for most of the year. Higber values are only observed occasionally, again linked
to higher values of TSS. Chlorophyll-a (Chl-a) in the river exceeds 20 µg 1- 1 in
the first half of each year, successively declining to less than 5 µg 1- 1 thereafter.
Highest concentrations are observed in March and May, particularly in 1993.
Plant nutrients enter the New Danube by groundwater seeping througb the
aquifer of the nruTow island separating it from the River Danube. Although
chemically aJtered and largely precipitated (KREUZINGER & MATSCHE 2000),
concentrations of both TP and total soluble phosphorus (TSP) in the New
Danube conelate significantly with those in the main river (Fig. 2).
Within the two impoundments of the flood-relief channel, TSS concentrations
are patchy throughout the seasons at all stations, but higher vaJues usually occur
during autumn and winter (Fig. 3). Amouots decrease markedly from north
(upper end) to south (lower end), but do not show a tendency to reduce over
time. During the period of maximum dischru·ge in the 100-year flood in July/
August 1991, and during the opening of the channel's flood-gates in March
1988, high river levels and flows caused turbidity and TP concentrations to iocrease dramatically (Figs. 3 and 4). Similarly, two floods in March and (especiaJly) October 1996 appear in the graphs of TSS at all sampling stations
(Fig. 3), while elevated TP values also sbow up more distinctly in October
(Fig. 4). Concentrations of TP were not sufficiently high in March to be represented in the contour plots.

,...

Effects of reduced load in the River Danube

1000 ~ - - -- -- -Pearson Korr. Koeff.
r = 0.58, n = 126

- - - - --

- ---,

•

•

. . ,• .• .

-~
':l)_t.,• .
•

100

43

•

-.~-- ..

-~._/. :1 • • •

10 + - - - ~ -~ ~ ~ ~~.....--- ~ - ~ ~~ ~--.-.~
10
100
1000
Total phosphorus (TP), Danube km 1938.0 [J.lg.r1J

100 - , - - - - -- -- - -- - ••• - - - - - - ,

•

Pearson Korr. Koeff.
r=0.61 , n=125

•

•

•

•
10

100

1000

Total soluble phosphorus (TSP), Danube km 1938.0 [µg.r1J

Fig. 2. Scatter plot of total phosphoms (TP) in the River Danube at km 1938.0 versus TP
in the New Danube at km 21.1 (top panel), and total soluble phosphorus (TSP) at both
localio ns (bottom pauel). AU values are in µ g r 1.

Total phosphorus in the New Danube decreases over time from 1987 to
1996, corresponding with a reduction of TP in the main river and along the 21km Stretch of the channel. Values above 50 or even 100 µg 1- 1 are typical for
tbe upper impoundment in years prior to about 1992. In later years, such concentrations occur only during floods. Total nitrogen concentrations (not shown
here) range from < 1 mg 1-1 to > 4 mg r 1, with no signi:ficant trend of a reduction over time.
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Fig. 3. Contour plots for years versus months in the period 1987- 1996 for total suspended
solids (TSS, mg 1- 1) in the New Danube at km 21.1 and km 10.5 in the upper impoundmenr, and at km 9.0 and km 3.5 in the lower impoundment. Dots indicate the samp·ling
schedule.
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Fig. 4 . Cootour plots as in Fig. 3, for total phosphorus (TP, µg 1-1).
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Fig. 5. Contour plots as in Fig. 3, for chlorophyll"a (Chl-a, µ.g r').
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As an indicaror of phytoplankton biomass, CW-a (Fig. 5) largely resembles
the distribution of TP. Concentrations much greater than J0-20 µg r 1 occur in
spring and sununer of the fust four years of the observation period. Values during autumn and winter are usually below 5 µg r'. Sh011-lived puJses of P-input
by flooding are followed by sbort-lived concentration increases of Chl-a at all
Stations (e. g. early August 1991, March 1996). An overal1 gradient of decreasing Chl-a concentrations from north to south (i. e. frorn km 21.1 to km 3.5) is
. detectable in all plots, with less Chl-a in the lower impoundment except for
1995, where elevated concentrations occur in September (Fig. 5). Like TP, the
general trend of Chl-a concentrations over time is towards more moderate values below 5 µg 1- 1•
Relationships between TN, TP and SRSi at all sites and between investigated
years (1988, 1995 and 1996) do not vary markedly (Fig. 6). The Jack of points
on the right-hand side of line A in Fig. 6 indicates that seasonal averaged
TN: TP ratios are always much above the optimum molar ratio of 16: l. The
arrangement of points below the line SRSi: TN = 17 : 16 (line B in Fig. 6), but
not below tbe line SRSi : TP = 17 : 1 (line C), shows that in all three years the
average seasonal concentrations are at low ratios of SRSi : TN and high ratios
of SRSi : TP at the same time. The optinnun ratio of TN: TP: SRSi = 16: 1 : 17
is never achieved; points do not coincide with the intersection of Jines A, B,
and C.
An lncreasing variability of seasonal TN: TP ratios, from 1988 ro 1996, is
indicated in Fig. 6. The enlargement of the range encountered is due to the
long-term reduction of TP Jevels at highly seasonal - but not interannual - tluctuating concentrations of TN.
The relationships between twelve limnological variables are shown in Fig. 7.
The PCA vectors for organic, inorganic and total suspended solids, and TP, lie
close together, indicating that inorganic and organic solids are loaded in a more
or less constant ratio: the concentrations of TP increase at higher loads of suspended solids (compare Figs. 3 and 4). Thus TP is closely coupled to the suspended solids while available-P (i. e. PO4-P) is inversely related to Chl-a, as are
nitrate (NO 3) and silicate (SRSi).
The PCA vectors for Chl-a, pH and temperature also lie close together. Tue
largest concentrations of Chl-a therefore occur at high temperatures in sumrner,
when concentrations of available nutrients are at low levels. However, the development of algal biomass (determined as Chl-a) and concentrations of soluble
nutrients are largely independent from the loading of suspended solids, as indicated by the triangular arrangement of the PCA vectors for Cbl-a, a group for
NO3 + SRSi + PO4 , and a third group for suspended solids (Fig. 7). The seasonal TN concentrations are closely related to NO3 but independent from TP. Seasonal changes in conductivity do not intluence the development of Chl-a and
soluble nutrient concentrations.
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Phytoplankton biomass data, which have been sampled and analysed less frequently, closely resemble Chl-a concentrations at km 21 .1 in the upper impotmdment (Fig. 8, top left panel), with the exception of October 1995 when
small Cyanobacteria low in chlorophyll content were dominant (Fig. 9, top left
panel). In the lower impoundment, at km 9.0, results for phytoplankton biomass
are available from 1992 onwards, and again these largely confinn results from
chloropbyll analyses (Fig. 8, top right panel). At km 21.1 phytoplankton biomass was high in 1988. The three major peaks in March- April, June-July and
September- October (Fig. 8, top left and bottom panel) exceed 10,000 µg 1- 1
1
fresh weigbt (max. 24,000 µg r ) . The spring period is dorninated by a mixture
of diatoms (Bacillariophyceae, Fig. 9, top right panel). The sununer season
starts with conspicuous green-algal development, declining tbereafter into early
autumn (Fig. 9, bottom left panel). Chrysopbyceae and Cryptopbyceae are codorninating groups in late summer and early autumn (Fig. 9, top and bottom
centre panels). Finally, Cyanobacteria and dinoflagellates co-dominate in the
September- October development, accompanied by diatoms (Fig. 9, top left and
bottom right. panel).
A somewhat similar pattern is repeated at a much lower level of biomass
(average ca. 700 µg 1- 1 fresh weight) in the years 1992 to 1996. Diatoms are
present in small amounts all year round, peaking in sp1ing and occasionally
during summer after flooding (e.g. August 1991), and producing maxima in the
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autumn (e. g. 1992 and 1993). Chrysopbyceae and Cryptophyceae bave the
largest biomasses during the summer season, wbile Cyanobacteria are cbaracteristic components of the autumn pbytoplankton biomass, especially in October
1995 (Fig. 9, top left panel).
PCA-analysis of the biomass data indicates that changes in the plankton are
mainly due to quantitative and not to qualitative shifts (Fig. l 0, top panel), because the arrangement of data-points along the axis of tbe first principal com. ponent primruily shows differences in size (HENRION et al. 1988). The large
reduction of phytoplankton biomass from 1988 to tbe period 1992-1996 is a
result of the proportional decline of all dominant algal classes (see diatoms,
chryso-, crypto- and chloropbycean vectors along the first PCA axis) (compare
Fig. l 0, bottom panel, and Fig. 9). Biomass developments of Cyanobacteria,
Euglenophyceae and Dinopbyceae are less important, as indicated in Fig. 10 by
tbe number of points scattered around tbe respective vectors along the axis of
tbe second principal component. Tue rectangular orientation of these vectors
relative to those of the dominant algal classes implies tbat the three groups
mentioned are unrelated to the otbers.

Discussion
Initial Situation
In early 1987 wben this investigation began, construction of the flood-relief
channel was still unfinished. At that time the average concentrations of most
variables, including Chl-a as a measure of algal biomass, indicated that conditions in tbe New Danube were hypertrophic (FLECKSEDER et al. 1987; DoKULIL
1988), as had already been the case in previous measurements (LÖFFLER 1986).
Most of the variables had significant concentration gradients in the upper impoundment, decreasing from high values near the intak.e weir at km 21.1 to low
values further down (DOKULIL 1989; DOKULIL & JANAUER 1989, 1990; DOKULIL
et al. 1988). In general, the southern impoundment had lower concentrations, no
such gradients, and was covered by dense stands of macropbytes.
The observed nutrient concentrations in the impoundments were caused primarily by high total concentrations of phosphorus and nitrogeo (224 µg P r 1
and 1.79 mg Nr', respectively) which were present at tbat time in the River
Danube (WEll.GUNI et al. 2000) and were transported into the new channel by
groundwater seepage through the artificial Danube Island separating the two
watercourses (DoKULTL 1988; HUMPESCH et al. 1994).
A variety of factors and processes influence and alter the dissolved phosphorus components during their passage through the aquifer of Danube Island
(see KREuz1NGER & MATSCHE 2000). The interrelationships between
phosphorus concentrations in the river and in the two impou11dments are further
obscured by rapid turnover of tbe element. The calculated con-elations for total
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phosphorus (TP) and total soluble phosphorus (TSP) therefore are not very high
but statistically significant (Fig. 2 ).
Direct input of rrullients from the Danube when the flood-gates are opened
are of relatively minor importance for the overall nutrient budgets of the impoundments, because these inputs are only occasional and of short duratioo
(HUMPESCH 1992). However, phytoplankton growth is certainly affected by
these shmt-term pulses (Figs. 5 and 8). Other inputs from precipitation and recreational activities are comparatively unimportant (P1CHLER 1994; HuMPESCH
1997).

Oligotrophication
The gradual reduction of nutrient load in the main river (PETTO et al. 1991;
WEILGUNI et al. 2000) led to diminisbed transfer in groundwater (KOLROSER
1994), ultimately resulting in reduced nutrient concentrations in the New Danube
(DoKULIL & JANAUER 1990; DOKULIL 1993). Differences between fluctuating
water levels in the river and relatively static water levels of the impoundments
has complicated the input and output of groundwater. As a result of spatially
different inputs and processes in the channel, such as the uptake of nutrients,
sedimentation and precipitation, north to south gradients of the measured variables developed in the upper impoundmeut (DoKULIL & FRISK 1993; KREUZINGER & MATSCHE 2000). Noticeable gradients were not observed in the southem
irnpoundment because of smaller inputs, shorter distan.ces and massive submerged macrophyte cover. The functional effects of these stands of plants is of
decisive irnportance for the nuui ent balance and development of the phytoplankton (D0KULIL & JANAUER 2000 ; JANAUER & WYCHERA 2000; KREuzrNGER &
MATSCHE 2000).
Assuming that the TN: TP: SRSi ratio of 16: 1: 17 is a rough estimator for
the optimum ratio of these three nutrients in different seasons in the New Danube (Fig. 6), algal growth does not appear to be limited by nitrogen or silica,
but apparently is limited by the availability of phosphorus. Throughout the investigation period, phosphorus remained the driving variable.
The quantitative reduction of nutrient concentrations in the impoundments is
accompanied by a very marked decrease of chlorophyll-a concentrations and
p hytoplankton biomass. The ratios of the three measured nutrients, however,
remained invariable over time. The TN: TP: SRSi ratios at high biomass in
1988 resemble those of years with low biomass development. Sirnilarly, the
large reduction of algal biomass from 1988 to 1992- 1996 was n ot accompanied
by major compositional changes of the phytoplankton (Figs. 9 and 10).
Speci.es assemblages are, and bave been in the past, mainly a combination of
small centric diatoms preferring high SRSi/P ratios, small green algae typical of
shallow turbulent situations (C-species, REYNOLDS 1988), and motile fäst-grow-
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Fig. 11. Meao annual chlorophyll-a versus total phosphorus cooceotrations for the New
Danube in the period 1987- 1996. Concentrations of both are in µg 1-L, plorted on logarithmic scales; lines connect consecutive years. Top panel: upper impoundment (northern
basin) at km 21. l. Bottom panel: lower impoundment (southem basin) at km 9.0. The regression equations and r2 values are given at top left in each panel; regression lines (solid
straight lines) and 95 % c. l. (dasbed curves) are given for the ten yearly data points, aod
are compared with a VOLLENWEIDER equation taken from OECD (1982).

ing flagellates (trausitional species, ÜLRJK 1994). Disturbance (R-species) or
stress-tolerant species (S-species) have always played a rninor role and, in fact,
they have become even less i.mportant recently (Fux 199 I; DoKULIL & TEuBNER 1999).
Long-term changes

Comparison of annual average TP with mean annual Chl-a reveals the noticeable
degree of oligotrophication which has taken place in the impoundments over the
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10 years of study (Fig. 11). Both variables are highly correlated for both the
upper and lower impoundments (r2 = 0.74 and 0.83, respectively). The equations
of botb regressions (Fig. 11) are not statistica]]y different from VOLLENWEIDER's
equation: Chl-a = 0.08 TP1.27 (OECD 1982). Apart from this long-term decrease,
short-term effects from nutrient pulses affect the phytoplankton biomass and the
Chl-a concentrations. These pulses do not show up in the statistical evaluations,
because the peaks are smoothed out by seasonal averaging (Figs. 7 and 10). The
reduction of TP over time is not accompanied by a decrease in TN, both in the
river andin tbe New Danube, because phosphorus input is derived primariJy from
point sources in the catchment whereas nitrogen originates from diffuse runoff
(FLECKSEDER 1990). As a result, TN : TP ratios have increased from 1988 to 1996
(Fig. 6; compare also DOKULTL & TEUBNER 1999).

Conclusions
The flood-relief channel New Danube has undergone considerable changes during the 10-year study period from 1987 to 1996, associated with decreasing nutrient inputs from the River Danube, enbancement of water throughput and hence
a reduction in retention times (WEiLGUNl 2000). Changes in trophic status are
substantially manifested by the concurrent decline of phytoplankton biomass.
The moderate compositional changes in algae are atti.ibuted to nutrient i-atios remaining at similar levels, apparent limitation by phosphonis and, in particular, to
the shallow, mixed conditions and variable but relatively short retention times of
the two impoundments. Pulses of nutrient inputs by floods of sbort duration lead
to peak events in algal growth and biomass.
In general, the tJ.·ophic status of groundwater seepage systems is entirely dependent on hyporheic inputs. Tue amount and quality of the inputs, however. is
largely dependent on the biogeochemical nature of the subterraneau substratum.
Any quantitative or qualitative changes in chemical content of tbe groundwater,
resulting from changes in the parent system, are in such cases ultimately reflected in the receiving water.
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