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ABSTRACT

The study was carried out during four years that span a gradient in hydrological connectivity between the Danube and its side-
arm system at Regelsbrunn (Austria). We evaluated the influences of distinct periods of hydrological connectivity on the
phytoplankton community structure itself, but also interferences with biotic processes (including community succession, competition
and zooplankton grazing) that may take place within the constraints set by the hydrological disturbance regime. Algal biomass was
highly related to the hydrological regime. lowest amounts were detected either during flood events or at long-lasting periods of
isolation; on the other hand intermediate connection led to maximum concentrations. During floods and throughout the cold season,
Bacillariophyceae were dominating the algal community. Summer and elongated periods of isolation favoured Chlorophyta.
Cryptophyta occurred in early autumn after two months disconnection from the main channel, Dinophyta and Cyanoprokaryota were
only of minor importance. Multivariate statistical analyses showed that water age was the primary determinant of phytoplankton
community structure in the side-arm system. Cluster analyses revealed 7 groups that were characterized by 169 indicator taxa.
Groups were dominated by Bacillariophyceae (Nitzschia, Navicula, Cymbella, Fragilaria and Diatoma), while species belonging to
the Chloro-, Eugleno- and Dinophyta were less abundant. Non-metric Multidimensional Scaling was used for a comparison of
community similarity between the main channel and the side-arm system. During high connectivity temporal trends of phytoplankton
similarity in the side-arm tracked closely the community patterns of the Danube which indicated a major influence of the main
channel on phytoplankton community structure. During low connectivity the temporal trends of the communities from both sampling
stations were less coupled. A Canonical Correspondence Analysis explained 89.7% of the variance of the species-environment
relation. Water age, particulate inorganic matter and dissolved inorganic nitrogen compounds were strongly coinciding with the first
axis, whereas particulate nitrogen was mainly related to the second axis. A phytoplankton succession model was developed for the
side-arm system. This model emphasizes increased phytoplankton community similarity during high connectivity and short isolation
periods and a site-specific community development during low connectivity between the Danube and the side-arm. During prolonged
isolation, seasonality gained importance in structuring the plankton community. Biotic interaction (intraguild competition and
zooplankton grazing) played an important role in the shifts between successional stages, suggesting that these effects should not be
neglected in ecological studies of disturbance-dependent floodplain ecosystems.
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for floodplain productivity and aquatic habitat diversity

1. INTRODUCTION (Bayley 1991, 1995). However, many ecological aspects

Floodplains are among the most dynamic, diverse
and productive ecosystems of the world (Tockner &
Stanford 2002), and they provide a series of ecosystem
services to humans and wildlife (e.g., flood protection,
breeding and foraging habitat, biodiversity stores; Mid-
dleton 1999). Despite their high environmental value,
different forms of anthropogenic stress posed a serious
threat to the ecological integrity of floodplains, and by
extension, whole riverine ecosystem during the last
century.

The lateral dimension of fluvial ecosystems has long
been ignored by limnologists (Vannote et al. 1980), but
found special recognition in the Flood Pulse Concept
(Junk et al. 1989; Johnson et al. 1993; Junk & Wantzen
2004), which highlights the importance of flood events

of the lateral connectivity between rivers and their side-
arms are only poorly understood and complicated by the
environmental stochasticity underlying the hydrological
disturbance regime. Some studies documented the
effects of flood pulses on the abiotic and biotic envi-
ronment (e.g., Van den Brink ef al. 1993; Baranyi et al.
2002; Hein et al. 2003; Jenkins & Boulton 2003; Hein
et al. 2004a; Gruberts et al. 2007) but phytoplankton
communities have been less well studied in these fre-
quently connected sub-systems (Limberger ef al. 2004).
A structural characterisation of phytoplankton is an
important first step towards our understanding of its
functional role in riverine ecosystems. Much of our
cherished wildlife, including amphibians and birds, may
rely on the productivity of the aquatic food web base in
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Fig. 1. Map of the floodplain system National Park Donauauen (grey area). Points indicate sampling sites D (Danube main channel)

and R (Regelsbrunn r-km 1895). Insert: location within Austria.

floodplains (Jenkins & Boulton 2007). Because phyto-
plankton has rapid growth and turnover rates, it may be
an ideal candidate to study biological responses to the
hydrological disturbance regimes over relatively small
temporal scales.

Wetland ecologists have traditionally focused on
hydroperiods and flood frequency to define relatively
broadly the hydrological disturbance regime of wetlands
(Mitsch & Gosselink 2000). However, riverine wetlands
and backwaters are often characterised by permanent
hydroperiods, yet the frequency and interval of flood
pulses determines the degree of connectivity which in
turn influences water residence time (here called water
age) in side-arms. The water age could therefore serve
as a good predictor of the influence of hydrological
disturbance on backwater plankton communities (e.g.,
Baranyi et al. 2002).

This study was carried out during four years that
span a gradient in hydrological connectivity between the
Danube and its side-arm system at Regelsbrunn (Aus-
tria). We hypothesize that short water age in the side-
arm system leads to a dominance of r-strategists like
centric diatoms, which are also prevailing in the main
channel. During periods of higher water age biotic
interactions gain in importance and therefore a more
diverse phytoplankton community will be found,
including many K-strategists. The marked differences of
hydrological connectivity between years allowed evalu-
ating the role of hydrological fluctuation on phyto-
plankton community structure itself, but also the influ-
ence of potential biotic processes (including community
succession, competition and zooplankton grazing)
within the constraints set by the hydrological distur-
bance regime.

2. METHODS
2.1. Study site

The side arm of Regelsbrunn is located 25 km
downstream of Vienna on the southern bank of the river
Danube. It is part of the "Nationalpark Donauauen",

which protects the biggest remnant backwater system in
middle Europe. During the last 120 years the hydrologi-
cal disturbance regime of this backwater has been
severely altered. River channelisation resulted in a 60%
disconnection of the side arm from the main stream and
drainage practises caused a 23% loss of riverine forests
(Tockner et al. 1999).

In the course of the 'Danube Restoration Project’ the
side-arm system of Regelsbrunn was reconnected to the
Danube in 1997 (Hein et al. 1999; Schiemer et al. 1999;
Tockner et al. 1999). While the backwater system was
connected at mean water levels of +0.5 m prior to resto-
ration, surface flood pulses from the Danube onto the
wetland system are nowadays guaranteed beyond mean
mainstream water levels of -0.5 m. The restorative
intervention increased the lateral connectivity between
the river and the side arm which lasts on average 220 d
y'. It also affected hydrogeomorphological dynamics
and increased the availability of semi-aquatic habitats
(Baranyi et al. 2002).

During this research, we sampled one site (R) in the
backwater system at the weir of Regelsbrunn during
periods of high, medium and low connectivity. To com-
pare phytoplankton dynamics with the main-channel we
sampled an additional point close to the right bank (D;
Fig. 1).

2.2. Sampling design

Data from the R-sampling site were obtained in
1997 (March to December), 1998 (May to September),
1999 (April to July), and 2003 (March to October). D-
point data were available for 1999 and 2003. Samples
were taken usually at intervals of two weeks (around 17
times per year) following the methods described by
Wittmann (2001), Hein et al. (2004b), and Schagerl et
al. (2004). Briefly, temperature, electrical conductivity,
dissolved oxygen (mg L™ and relative saturation in %)
and the vertical profile of light intensity (umol photons
PAR m” s") were measured in the field (WTW Cond
330i, WTW Oxi 330i, Licor LI 1000). Water samples
were collected 20 cm below the surface in 10 L poly-
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ethylene bottles. In the laboratory, part of the sample
was immediately filtered through pre-combusted
Whatman GF/F filters. The filters were used for deter-
mination of particulate matter (PM) and particulate
inorganic matter (PIM). Particulate organic matter
(POM) was calculated by subtraction of PIM from PM.
Using standard methods (Strickland & Parsons 1972;
Goltermann et al. 1978; A.P.H.A. 1995), total alkalinity,
pH and inorganic nutrient concentrations (chloride, sil-
ica, dissolved fractions of nitrogen and phosphorus)
were analyzed in the filtrate. Total nitrogen (TN) and
phosphorus (TP) were measured in unfiltered samples;
particulate fractions were calculated from total minus
dissolved components.

Part of the sample was filtered through Whatman
GF/C filters for pigment analysis. Subsequently, filters
were frozen at -20 °C. For extraction, filters were
ground in cold 90% acetone and stored at 4 °C for 12 h.
After centrifugation, part of the supernatant was used
for determination of chlorophyll-a (Chl-a; Lorenzen
1967; spectrophotometer Hitachi U-2100). Additionally,
pigments were separated using HPLC (Merck-Hitachi
HPLC System; column: Merck-Superspher RP-18
250/4; precolumn: Merck-Lichrospher RP-8 encappped;
ternary gradient with distilled water, acetone and ace-
tonitril; prederivatisation with tetrabutylammoniahy-
droxide) (Wright et al. 1991). Peaks were detected at
440 nm (Schagerl 1993; Schagerl et al. 1996). For esti-
mation of the algal class contribution to total Chl-a, we
used ratios of Chl-a to class specific pigments (Bacil-
lariophyceae and Chrysophyceae: fucoxanthin; Cyano-
prokaryota: echinenone; Chlorophyta, Euglenophyta +
Prasinophyceae: Chl-b, Dinophyta: peridinin, Crypto-
phyta: alloxanthin). Ratios were obtained from pure
cultures at different light and nutrient conditions in pre-
vious investigations (Wilhelm et al. 1991; Soma et al.
1993; Schagerl & Donabaum 2003; Schagerl et al.
2003). The contribution of each algal class to total Chl-a
was determined and finally the relative abundance on a
basis of total Chl-a of each class was calculated.

Two types of phytoplankton samples were taken at
both sites for quantitative and qualitative analyses. For
phytoplankton biomass estimations, water was collected
in brown-glass bottles and preserved with Lugol's solu-
tion. Using an inverted microscope (Nikon), phyto-
plankton taxa were identified to the lowest possible
taxonomic level, counted and cell dimensions were
measured (Utermohl 1958). Biovolume was calculated
using geometric shapes (Hohn et al. 1998) and con-
verted into algal fresh mass (1 pm’ = 10° mg fresh
mass). For identification of living material, phyto-
plankton samples were taken with a plankton net (mesh
size 30 um). For diatom determination, part of the sam-
ples was treated by either dry combustion (burning off
organic matter from dried samples on cover slides) or
with acids (first in concentrated HCI for 24 h, then in a
mixture of concentrated H,SO, and HNO; acid = 3:1 for
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24 h). After rinsing with distilled water, specimens were
embeded in Naphrax. Taxa were identified with a Poly-
var microscop (Reichert-Jung) using the identification
keys of Geitler (1932), Anagnostidis & Komarek
(1988), Komarek & Anagnostidis (1999) (Cyanopro-
karyota), Bourelly (1970) (Cryptophyta), Starmach
(1985) (Chrysophyceae), Krammer & Lange-Bertalot
(1986, 1988, 1991a, b) (Bacillariophyceae), Huber-
Pestalozzi (1955), Kusel-Fetzmann (2002) (Eugleno-
phyta), Popovsky and Pfiester (1990) (Dinophyta), Ettl
(1983) and Komarek & Fott (1983) (Chlorophyta s.1.).
Relative abundances were estimated on an arbitrary
scale from 1 (sporadic) to 5 (very abundant).

Water age at the R-site was calculated using a
hydrological model which has been developed for the
side-arm system of Regelsbrunn (Baranyi et al. 2002).
Water age is a parameter for the average residence time
of the waterbody in the backwater system, water of the
main channel is set to 0. Daily changes of the flood-
plains waterbody were calculated considering both
inflow and outflow. Daily water levels of the main
channel were provided by the Federal Waterway
Agency.

2.3. Statistical analyses

A principal components analysis (PCA) with Vari-
max factor rotation was carried out for interpreting the
abiotic environment. PIM was used as a surrogate of the
underwater light conditions due to its strong relationship
with the light attenuation coefficient (+* = 0.7; p <0.01,
n = 50). PIM, POM, particulate nitrogen (Npart), par-
ticulate phosphorus (Ppart), dissolved inorganic nitro-
gen (DIN), dissolved phosphorus (DP), conductivity,
water age and Chl-a were used for analysis. PIM, POM,
water age and Chl-a were In-transformed.

Phytoplankton samples were classified using cluster
analysis (CA). Relative species abundance estimations
were used in the analysis because they provided a
higher taxonomic resolution compared with biomass
data. This allowed taking species into account that
would otherwise be unidentifiable in fixed sample enu-
merations. A dissimilarity matrix was calculated using
Serensen Distance, which is an effective distance meas-
ure for community data (Mc Cune & Grace 2002).
Flexible beta linkage (8 =-0.25) served as group linkage
method. We used an Indicator Species Analysis (ISA) to
determine the optimum number of groups (Mc Cune &
Grace 2002). After clustering the sites, indicator values
for each species were calculated for various numbers of
groups. The average of the significance values of all
species was calculated. The level of grouping resulting
in the lowest average p-value was interpreted as the
most meaningful number of groups and used for subse-
quent analyses.

ISA was carried out to identify species that are char-
acteristic of the groups revealed by CA (Dufréne &
Legendre 1997; Limberger et al. 2004; Mc Cune &
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Tab. 1 Means, minima (min) and maxima (max) of environmental variables measured at sampling site R. Water age,
Temperature, Conductivity, pH, Alkalinity, O, (dissolved oxygen), PM (particulate matter), POM (particulate organic
matter), PIM (particulate inorganic matter), Ppart (particulate phosphorus), DP (dissolved phosphorus), P-PO,
(phosphorus of PO,4), DOP (dissolved organic phosphorus), Npart (particulate nitrogen), N-NOjs (nitrogen of NO3), N-NO,
(nitrogen of NO,), N-NH, (nitrogen of NH,), DIN (dissolved inorganic nitrogen), DON (dissolved organic nitrogen), Cl

(Chloride), Chl-a (chlorophyll-a).

1997 1998 1999 2003

mean min max mean min max mean min max mean min max
Water age (d) 9.7 0.1 52.6 3.9 0.2 23.0 0.3 0.3 0.8 30.4 1.2 89.7
Temperature (°C) 13.6 35 21.8 15.8 0.3 21.5 14.4 14.4 20.0 17.3 6.1 26.8
Conductivity (uS cm™) 420 293 495 384 309 571 366 366 420 460 397 513
pH 8.4 8.2 8.8 8.3 7.8 8.6 8.4 8.4 8.6 8.4 8.3 8.6
Alkalinity (meq L™) 3.2 1.1 4.0 2.9 2.3 3.6 2.9 2.9 34 3.6 3.0 4.5
0, (mg LY 11.6 8.2 15.8 10.6 8.1 15.5 10.3 10.3 11.8 11.8 8.8 16.6
PM (mg L") 23.4 8.0 171.1 25.2 8.5 50.6 58.3 583 172.8 12.9 2.8 27.6
POM (mg L") 5.5 2.9 18.5 5.1 33 8.8 5.7 5.7 11.5 4.5 1.2 9.7
PIM (mg L) 17.9 3.2 152.6 20.1 4.9 454 52.6 52.6 1633 8.4 1.5 25.1
Ppart. (ug L) 473 3.0 284.0 449 17.0 62.0 73.9 73.9  146.0 37.6 10.0 77.0
DP (ug L™ 17.1 4.0 54.0 22.3 6.0 40.0 20.9 20.9 33.0 11.0 6.0 29.0
P-PO, (ug L™ 11.6 0.0 54.0 16.1 0.0 38.0 17.4 17.4 29.0 4.0 0.0 27.0
DOP (ug L) 5.5 0.0 32.0 6.2 1.0 12.0 3.5 3.5 5.0 7.0 2.0 11.0
Npart. (ug L) 182 35 558 151 2 256 208 208 433 228 9 637
N-NO; (ug L™) 1066 98 3152 1051 69 1771 1647 1647 2181 600 44 2350
N-NO, (ug L) 15.6 1.7 39.0 18.0 0.8 31.9 24.9 24.9 334 17.6 0.4 70.0
N-NH, (ug L™") 55 0 188 100 20 196 90 90 133 256 0 148
DIN (ug L™ 1136 116 3310 1169 154 1825 1736 1736 2263 643 523 2391
DON (ugL™) 132 44 269 102 38 164 180 180 241 222 147 276
Cl(mgL™ 12.7 6.0 17.0 12.3 10.0 18.0 13.4 13.4 13.4 16.8 14.0 19.0
Chl-a (ungL™) 229 0.8 62.5 19.9 5.7 57.7 17.0 17.0 51.0 21.8 3.0 57.0

Grace 2002). A species is regarded as highly indicative
of a particular group when it is mainly found in that sin-
gle group and is present in a large number of its sample
units. The mean abundance of that species in a particu-
lar group compared to all groups is calculated as a
measure of specificity. The proportion of sites in this
group which contain that species serves as a measure of
fidelity. Multiplication of the two values gives the indi-
cator value; the result is expressed as a percentage. The
significance of the indicator values was tested using a
Monte Carlo test with 1000 permutations. Here, the
probability of type I error is the proportion of times that
the highest indicator value from the randomized data set
equals or exceeds the highest indicator value from the
actual data set. The null hypothesis is that the highest
indicator value is not larger than would be expected by
chance (i.e. that the species has no indicator value).

To test the relationship between phytoplankton
community structure and environmental conditions in
the side arm, a canonical correspondence analysis
(CCA, lengths of gradients longer than two times of
standard deviation) was run using indicator species of
each group that showed the highest indicator level and
the seven significant environmental variables out of the
9 variables which were used for PCA. A manual forward
selection and a Monte Carlo test with 499 permutations
was used to test for significance of the first four axes.

Non-metric multidimensional scaling (MDS) analy-
ses with 500 permutations were used to display commu-
nity similarity and temporal dynamics of both sampling

stations during two hydrological contrasting years (1999
with a high connectivity and 2003 with a low connec-
tivity) in multivariate ordination space. This multivari-
ate technique also allowed assessing the degree of influ-
ence of the phytoplankton community of the main chan-
nel on the structure of phytoplankton in the backwater
system. A dissimilarity matrix using Bray-Curtis dis-
tances was calculated from the relative species abun-
dances for each station. This nonlinear method ranks
points such that distance in ordination space represents
community similarity (ter Braak 1995). The correspon-
dence of the ordination diagram to the similarity dis-
tances is described by a stress value where 0 is a perfect
fit. The NMDS analyses used two ordination axes to
track time trends in ordination space. All data were
fourth root transformed prior to analysis to down-weight
the importance of species from dominant abundance
classes. To reveal environmental effects on community
dissimilarity, we used Pearson correlation analysis to
relate NMDS dimensions to water quality variables. The
relative importance of selected indicator species was
superimposed to the ordination to discern environmental
situations based on biotic indicators.

PCA and correlation analyses were performed using
SPSS 12.0 for windows, CA and ISA were calculated
with PC-ORD for Windows 4.0 (Mc Cune & Mefford
1999) and CCA was carried out with CANOCO for
Windows 4.5 (ter Braak & Smilauer 2002). NMDS
analyses were run using the Primer 6 software (Primer-
E Ltd, Plymouth, UK).
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Fig. 2. (a)-(f) Temporal trends of conductivity (Cond), particulate nitrogen (Npart), dissolved inorganic nitrogen (DIN), dissolved
phosphorus (DP) & particulate phosphorus Ppart), particulate organic (POM) & inorganic matter (PIM) and water age at
Regelsbrunn (R). (na) no analyses (g) Water level of the River Danube at Orth. Dashed line shows meanwater — 0.5 m.

3. RESULTS
3.1. Environmental variables

During the years 1997 - 1999 and 2003 the side-arm
of Regelsbrunn was connected to the main channel of
the Danube on 643 days which is equivalent to 44% of
the period. However, the time of connection varied
between years (Fig. 2g). 1997 showed distinct periods
of connection lasting for up to 71 days and included
three flood pulses between March and July. The rest of
the year was characterised by only a few periods of
short connections (max 6 d). 1998 was characterized by
some periods of connection from the middle of March
until the end of the year. Highest connectivity was
observed in 1999 after restoration measures took place.
The backwater was connected to the mainstream for 162
days without interruption and received 4 flood pulses.
2003 showed no flood pulses and was characterized by
a long period of disconnection (max 85 d).

Means, minima and maxima of abiotic variables for
each year are listed in table 1, temporal variability of
selected abiotic variables is shown in figure 2. Connec-
tivity and water age strongly influenced nutrient avail-
ability, conductivity and PM amounts. High connec-
tivity during flood pulses led to low conductivity (min
293 puS cm™), high concentrations of DP (max 54 pg
L"), DIN (max 3310 pg L") and PM (max 172.8 mg
L', PIM max 163.3 mg L', POM max 18.5 mg L"). By
contrast, electrical conductivity increased to 571 puS cm-
1 during periods of isolation while DP (min 4.0 ug L™),
DIN (min 52.5 pg L") and PM decreased (min 2.8 mg
L, PIM min 1.5 mg L, POM min 1.2 mg L"). For
Ppart and Npart, patterns were more complicated. The
concentrations of these compounds were highest during
flood pulses but decreased during connectivity phases
when water age increased. During isolation phases,
Npart and Ppart rose again, but declined after isolation
periods exceeding 37 d.
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Fig. 3. Temporal trends of chlorophyll-a and algal class distribution (HPLC) at sampling site R.

PCA led to a 3-factor model (Tab. 2) that explained
80% of the total variance. 70% of environmental varia-
tion was described by the first two axes. The first axis
was highly correlated with POM, PIM, Npart and Ppart,
and thus reflects turbidity. DIN and water age represent
the second axis "hydrology", while DP (negative corre-
lation) and Chl-a define the third axis that indicates
"algal biomass".

Tab. 2. Principal component analysis using 9 envi-
ronmental variables. Factor loadings of PCI1-3
exceeding 0,6 are bold. Variance of data explained
by components are shown in brackets.

PC1 (42.5%) PC2(27.5%) PC3 (10.3%)

POM 0.888 -0.039 0.050
PIM 0.788 0.244 -0.450
Npart 0.725 0.097 0.556
In Ppart 0.671 0.484 0.120
DIN 0.051 0.958 -0.053
In water age -0.239 -0.823 0.407
In Chl-a 0.184 -0.075 0.866
DP 0.016 0.568 -0.661
Cond -0.287 -0.470 0.581

3.2. Phytoplankton

The course of Chl-a showed a complex pattern that
was strongly related to hydrology (Fig. 3). Lowest val-
ues <10.0 pg L were measured during flood events and
periods of high connectivity with water age <0.3 d (min
0.8 pg L") and during periods of long-lasting isolation
(6.8 ug L', water age 77.1 d). Highest values >40 g
L were observed at intermediate water age (max 57.0
ng L', water age 38.1 d) or several days after isolation
phases (max 57.7 pg L™, water age 1.2 d).

The contribution of major algal groups to the phyto-
plankton community is shown in figure 3. Results were
taken from HPLC data which are significantly corre-
lated with counting data for the classes Bacillariophy-
ceae (* = 0.59), Cryptophyta (#* = 0.51) and Chloro-
phyta (> = 0.38). Diatoms were the dominant algal class
with maxima during flood events, spring, autumn and

winter (max 91%). From May to autumn, Chlorophyta
became important in 1997 and 2003 with a maximum in
summer 2003 during a long phase of isolation (max
35%). In 1999, the development of Chlorophyta did not
reach these values because of high connectivity during
the whole summer. Cryptophyta showed their maxima
in September after a longer period of isolation in 1997
(max 51%, 16 d of isolation) and 2003 (max 79.9%, 82
d disconnection). Dinophyta only appeared in spring
(max 13%). Cyanoprokaryota were rarely found and
showed a maximum value of 3% during a period of
isolation.

CA using relative species abundance estimations
resulted in 7 groups of sampling dates (Fig. 4). 2003
was divided into two groups that differed mainly in sea-
son. Group | comprised sampling dates from March to
May, and group 2 from July to October. 1999 was indi-
cated as group 3. All dates of 1997 and 1998 were
splitted into groups 4 to 7 with different periods of con-
nectivity and season: group 4 comprised sampling dates
mostly from May to July and showed connection of the
backwater to the main channel. Sampling dates of group
5 were dominated by similar conditions but had their
emphasis during July and August. Group 6 displayed
sampling dates of isolation during August and Septem-
ber, group 7 during autumn and winter.

In total 169 significant indicator species were identi-
fied by ISA, 50 for group 1, 52 for group 2, 46 for group
3, 5 for group 4, no one for group 5, 12 for group 6 and
4 for group 7. Species with high and significant indica-
tor values are listed in table 3. These 29 species were
related to 7 environmental variables in the CCA (Tab. 5,
Figs 5, 6). Most groups were dominated by taxa
belonging to the Bacillariophyceae (Nitzschia, Navicula,
Cymbella, Fragilaria and Diatoma), while species of
the Chloro-, Eugleno- and Dinophyta were less present.
A comparison with correspondence analysis showed a
very similar pattern of the species distribution indicating
that most important variables were considered in the
constrained ordination (data not shown).
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Fig. 4. Dendrogram based on relative species abundance estimations (Serensen Distance, flexible beta linkage). Numbers on the left
indicate groups of sampling dates.

Tab. 3. Indicator values of 29 indicator species determined by Indicator Species Analysis.
The five most indicative species for each group are shown. For group 7 only four and for
group 5 no indicator species could be identified. Indicator values range from 0 to 100%.

Species Abbreviation Group Indicator value
Cyclotella radiosa (Grunow) Lemmermann Cyclradi 1 87.0
Cymbella silesiaca Bleisch Cymbsile 1 76.3
Stephanodiscus medius (Hakansson 1986) Stepmedi 1 71.4
Stephanodiscus minutulus (Kiitzing) Cleve & Moller Stepminu 1 69.4
Peridinium sp. Ehrenberg Perispec 1 67.2
Navicula pseudanglica Lange-Bertalot Navipseu 2 90.6
QOocystis marsonii Lemmermann Oocymars 2 80.0
Pediastrum tetras (Ehrenberg) Ralfs Peditetr 2 76.0
Actinocyclus normanii (Gregory ex Greville) Hustedt Actinorm 2 72.1
Achnanthes minutissima Kiitzing 1833 Achnminu 2 70.8
Nitzschia fonticola Grunow ex Cleve & Moller Nitzfont 3 100.0
Nitzschia recta Hantzsch ex Rabenhorst Nitzrect 3 100.0
Nitzschia dissipata (Kiitzing) Grunow Nitzdiss 3 92.9
Nitzschia linearis (Agardh) W.Smith Nitzline 3 92.0
Nitzschia sublinearis Hustedt Nitzsubl 3 85.7
Chlamydomonas sp. Ehrenberg Chlaspec 4 44.7
Nitzschia fruticosa Hustedt Nitzfrut 4 36.9
Pandorina morum (O.F.Miiller) Bory Pandmoru 4 35.0
Schroederia setigera (Schroder) Lemmermann Schrseti 4 24.0
Schroederia robusta Korsikov Schrrobu 4 23.6
Acanthoceras zachariasii (Brun) Simonsen Acanzach 6 48.9
Euglena oxyuris Schmarda Eugloxyu 6 40.0
Navicula sp. Bory de St. Vincent Navispec 6 39.6
Euglena tripteris (Dujardin) Klebs Eugltrip 6 353
Euglena acus Ehrenberg Euglacus 6 343
Cyclotella sp. Brebisson Cyclspec 7 40.2
Aulacoseira sp. Thwaites Aulaspec 7 39.5
Cymbella sp. Agardh Cymbspec 7 25.0
Asterionella formosa Hassall 1850 Asteform 7 21.2
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Tab. 4. Summary statistics of the DCCA.

Axis 1 Axis 2 Axis 3 Axis 4
p-value 0.002 0.002 0.002 0.240
Eigenvalues 0.411 0.322 0.230 0.087
Species-environment correlations 0.835 0.775 0.707 0.652
Cumulative % variance of species-environment relation 36.7 65.49 85.9 93.7
Species data 11.9 21.2 27.8 30.3
Sum of all eigenvalues 3.463
Test of significance of all canonical axes: p-value 0.002
10 1.0 °
]
@]
4
05 Npart 0.5 [} A
ivi 00 A
Ppart conductivity % -
PIM 9, © O T X
IV DIN IqV o] c% a [ ]
@2 001 - 2 00 0. .0° - =
X > o]
< DP Chia waterage < ® groupla , ﬁAO o™
POM N ©
group A
-0.5 0514 group4 ADDO
O group5 RS
B group 6
& group 7
-1.0 \ \ -1.0 \ \ T
-1.0 -0.5 0.0 1.0 -1.0 -05 0.0 0.5 1.0
Axis 1 Axis 1

281

Fig. 5. CCA ordination diagram of environmental variables (left) and sample units (right). Groups identified by cluster analysis are

indicated with symbols.
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Tab. 5. Standardised environmental optima of the 29 indicator species as determined by CCA. Values
higher 0.4 and lower -0.4 are bold for a better visualization of high loadings. Abbreviations of
environmental factors and species see table 1 and 3, respectively.

Taxon Group POM PIM Npart DIN Cond Inchla Inwaterage
Cyclradi 1 0.19 -0.46 13.39 0.00 0.65 0.50 0.56
Cymbsile 1 0.16 -0.35 11.16 -0.01 0.82 0.53 0.44
Perispec 1 -0.12 -0.53 0.88 -0.33 0.93 0.29 0.86
Stepmedi 1 -0.07 -0.48 0.96 -0.12 11.27 0.30 0.83
Stepminu 1 0.34 -0.13 11.56 -0.03 0.73 0.48 0.37
Achnminu 2 -0.41 0.24 -0.29 -0.36 0.48 -0.78 0.44
Actinorm 2 -0.96 -0.34 -0.89 -0.98 0.85 -0.95 11.90
Navipseu 2 -10.89 -0.38 -0.88 -0.92 0.72 -10.96 10.58
Oocymars 2 -1.00 -0.42 -0.90 -13.13 0.96 -0.85 13.65
Peditetr 2 -0.67 -0.17 -0.52 -0.89 0.48 -0.54 0.87
Nitzdiss 3 0.00 1.00 0.21 10.91 -0.66 -0.14 -11.43
Nitzfont 3 0.21 12.69 0.25 0.97 -0.79 -0.27 -11.59
Nitzline 3 0.02 10.28 0.12 10.58 -0.75 -0.28 -11.53
Nitzrect 3 -0.07 0.92 0.11 11.22 -0.62 -0.19 -11.29
Nitzsubl 3 0.10 11.58 0.10 10.56 -0.74 -0.34 -11.88
Chlaspec 4 -0.22 -0.35 -0.19 0.08 -0.37 0.16 -0.10
Nitzfrut 4 0.03 0.02 -0.11 0.11 -0.46 0.13 -0.27
Pandmoru 4 0.01 0.16 -0.07 0.36 -0.63 -0.09 -0.49
Schrrobu 4 -0.42 0.09 -0.51 0.48 -0.97 -0.62 -0.70
Schrseti 4 -0.13 -0.32 -0.24 0.26 -0.59 0.27 -0.29
Acanzach 6 -0.27 -0.17 -0.05 -0.63 0.02 -0.15 0.40
Euglacus 6 -0.01 -0.05 0.06 -0.26 0.06 0.27 0.28
Eugloxyu 6 -0.07 -0.21 -0.19 -0.94 0.50 0.09 0.89
Eugltrip 6 0.02 -0.28 -0.26 -0.41 0.32 0.27 0.57
Navispec 6 -0.01 -0.19 0.01 -0.45 0.03 0.36 0.44
Asteform 7 0.13 -0.03 0.07 0.01 0.00 0.04 -0.05
Aulaspec 7 0.05 -0.29 -0.52 -0.10 0.10 -0.11 0.06
Cyclspec 7 0.22 -0.28 -0.23 -0.27 0.17 0.30 0.22
Cymbspec 7 0.89 -0.55 -0.23 -13.16 1145 0.94 0.95

The first 3 CCA axes were significant (p <0.002)
explaining 85.9% of the variance of the species-
environment relation and 27.7% of the species variance,
respectively (Tab. 4).

Water age, DIN, and PIM is strongly correlating
with the first axis, whereas Npart is mainly related to
axis 2 (Fig. 5). Along the first axis groups can be
arranged in three categories. Group 3 indicates the first
category with very low water age and high amounts of
PIM, Npart, Ppart, DIN and considering axis 3 (not
shown) also DP. Category 2 comprises groups 1 and 4
to 7, which are related to intermediate water age. Group
1 is characterized by high amounts of Npart whereas
group 4, 6 and 7 show medium concentrations of Npart.
Group 5 is very similar to group 4 and cannot be sepa-
rated by the environmental variables used for CCA. On
an average, group 6 is coinciding with higher water age,
increased conductivity and lower concentrations of PM
and nutrients. Group 2 indicates the third category with
high water age, conductivity and low amounts of DIN,
DP, PIM, POM and Chl-a.

The NMDS analyses of 1999 and 2003 data outline
temporal trends of phytoplankton community similarity
in the main channel D and the Regelsbrunn side-arm R
(Fig. 7). During the high connectivity year 1999, tempo-
ral trends of phytoplankton similarity in the side-arm
tracked closely the community patterns of the Danube.
This suggests that the main channel had a major influ-

ence on phytoplankton community structure during this
year. In agreement with ISA analyses, the dominance of
Nitzschia fonticola in the community throughout the
sampling period suggests high connectivity between the
main channel and the side-arm and a low water age at
station R. Despite high connectivity, Pearson correlation
between environmental variables with NMDS dimen-
sions revealed different living conditions during this
period (Tab. 6). NMDS 1 was negatively correlated with
temperature and pH and positively related to con-
ductivity, O,, alkalinity, and DIN fractions (Tab. 6).
NMDS 2 correlated almost exclusively with fractions of
PM, thus reflecting a turbidity gradient. The variable
water age did not correlate significantly with either
NMDS dimension (p >0.05).

During 2003, when the side-arm was more isolated
from the main channel, the temporal trends of the com-
munities from both sampling stations were less coupled.
The ordination reflects three environmentally distinct
periods which were dominated by different species (Fig.
7). The sampling periods with dominance of Cyclotella
radiosa suggest intermediate water age, and therefore
similar community dynamics at both sampling points
were revealed as a result of hydrological disturbance.
The phytoplankton succession was interrupted by a
flood pulse that resulted in a shift of the community
structure to a dominance of Nitzschia. After this event,
the Danube community returned to its previous commu-
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Stress: 0.16

Fig. 7. Non-metric multidimensional scaling ordinations of phytoplankton communities from the Danube (full lines) and the
Regelsbrunn backwater (dotted lines) for two years with contrasting connectivity (high in 1999 and low in 2003). Superimposed to
the temporal trends are selected indicator species that reflect different environmental situations. The bubble plot option in Primer 6
has been used to highlight these species. The size of the bubbles reflects the relative abundance of these indicator species.

Tab. 6. Results form Pearson correlation analyses relating NMDS
dimensions to environmental variables. Listed are the correlation
coefficients and significance levels (* p <0.05, ** p <0.01, *** p

<0.001)

1999 2003
Variables NMDS 1 NMDS 2 NMDS 1 NMDS 2
Temperature -0.82* -0.53*
pH -0.58* 0.65%*
Conductivity 0.49*
SiO, -0.65%*
0, 0.57* 0.49* 0.52%*
Alkalinity 0.43*
N-NO; 0.61*
DON 0.58*
DIN 0.61*
N-part 0.63* 0.74%%*
P-part 0.55* 0.63**
POM 0.57*
RELPOM 0.59*
PM 0.54*
PON 0.57*
PIM 0.53*
Chl-a 0.70%%%

nity state, while the side-arm plankton diverged to a
situation characterised by elevated isolation and water
age, dominated by Navicula pseudanglica. The different
environmental situations have also been captured by the
correlation analysis (Tab. 6). NMDS 1 was positively
correlated with pH, alkalinity and chloride concentra-
tions. NMDS 2 was correlated negatively with tem-
perature and SiO,, and positively with pH, PM and
Chl-a. Again, the variable water age did not correlate
significantly with either NMDS 1 or NMDS 2 (p >0.05).

4. DISCUSSION

4.1. Environmental variables

Hydrological disturbances have major influence on
both abiotic and biotic processes in riverine wetlands

(Mitsch & Gosselink 2000). The restoration measures in
the Regelsbrunn area, undertaken in 1998, led to an
increased connectivity between the side-arm system and
the main channel, which is reflected in contrasting
lengths of isolation and connection phases (Hein et al.
1999; 2004a). Today, flood pulses cause an increased
import of DIN and DP which on one hand improves the
nutrient supply for phytoplankton but on the other hand
contributes to a deterioration of the light climate as a
result of elevated turbidity. The decrease of PIM during
short isolation periods suggests a loss from the water
column due to sedimentation, while decreasing amounts
of POM are most likely caused by zooplankton grazing.
With regard to the latter, similar observations have been
made in other studies of the Danube and other temperate
rivers (Van Den Brink ef al. 1993; Tockner et al. 1999;
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Fig. 8. Model of phytoplankton development showing the main factors controlling phytoplankton community of a temperate side-
arm system. (sp) spring, (su) summer, (a) autumn, (w) winter, numbers indicate algal groups of CA and CCA.

Hein et al. 1999; 2004a; 2004b), which suggests that
biotic feedback mechanisms can influence processes of
ecosystems that otherwise, underlie strong abiotic
regulation. Even though our study does not provide
direct evidence for zooplankton control over water
quality and phytoplankton, the influence of biotic proc-
esses in structuring communities is increasingly recog-
nised in wetland ecology (Hanson et al. 2005; Scheffer
et al. 2006), and may have even potential for manage-
ment (Angeler ef al. 2003).

4.2. Phytoplankton biomass

Due to the potential influence of many variables
(light climate, nutrients, hydrology, competition and
predation) on potamoplankton growth (Basu & Pick
1996; Chetelat et al. 2006), algal biomass may express a
complex pattern. In our study, Chl-a showed low
amounts during flood events because of dilution (Fig.
3). Likewise suboptimal light supply may also have
constrained algal growth. During initial stages of isola-
tion (up to 27 d of disconnection), algae were able to
grow vigorously. Prolonged water age led to a decrease
of algal biomass, probably as a result of zooplankton
grazing (Gosselain et al. 1994). Keckeis et al. (2003)
have highlighted that top-down control of zooplankton
grazing increases after isolation periods of 10 d and
peaks at water ages of approximately 17 d leading to a
collapse of phytoplankton standing stock in Danubian
backwaters. Additionally, nutrient limitation and sedi-
mentation processes may have contributed to a decrease
of algal biomass.

4.3. Phytoplankton community structure

The multivariate analyses showed that low water age
is a primary determinant of the phytoplankton commu-
nity structure in the side-arm system of Regelsbrunn,
leading to a dominance of Bacillariophyceae, a typical
component of temperate river potamoplankton (Descy
1993; Rojo et al. 1994; Gosselain et al. 1994). How-

ever, during phases of moderate connection or isolation
seasonality gained importance, as could be found in
temperate lakes (Sommer et al. 1986; Lampert & Som-
mer 1999), and allowed other algal groups to increase
(e.g.: Chloro-, Dino- and Cryptophyta). Cyanopro-
karyota are usually not well represented in the potamo-
plankton because of their low metabolic flexibility
which limits acclimation to rapidly and strongly chang-
ing conditions (Gosselain ef al. 1994).

Despite the importance of water age for structuring
the phytoplankton community in this channel - side arm
system, this variable was not significantly related to the
temporal patterns of similarity in the NMDS analyses.
Because our aims were to track phytoplankton commu-
nity similarity between both sampling sites, we also
included water age from both the side arm and the river
channel in the subsequent correlation analyses. Because
the values for the Danube were low throughout the
study, they may have swamped the effect of this vari-
able from the backwater, leading to insignificant corre-
lations. Notwithstanding, the hydrology mediated
changes in the environmental variables were well cap-
tured by the correlation analyses, highlighting the
importance of hydrology, albeit indirectly, for phyto-
plankton dynamics in this system. This is also reflected
by the distribution of indicator species in the ordination
during different environmental situations for each study
year.

Based on taxa occurrences, seven groups with con-
trasting environmental characteristics and community
composition could be found (Fig. 4), for which we
developed a model (Fig. 8). Group 3 (1999 data)
showed typical abiotic and biotic properties of large
temperate rivers (Descy 1993; Rojo ef al. 1994; Gosse-
lain et al. 1994) with very low water age, high nutrients
and PIM concentrations, and impoverished light condi-
tions. 88 % of the species indicative for this group were
represented by Bacillariophyceae (Nitzschia, Navicula,
Cymbella, Fragilaria and Diatoma). Some species with
the highest indicator values (Nitzschia dissipata, N. fon-
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ticola, N. linearis, N. recta and N. sublinearis) are typi-
cal benthic species which are resuspended during flood
pulse events. Already Liepolt (1961) pointed out, that
benthic flora may act as a seed bank for phytoplankton
communities of large rivers. These species are appar-
ently well adapted to low irradiances caused by high
turbidity and they can cope with disturbances that lead
to a decrease of population density. With maximum
metabolic rates and short generation times, these r-
strategists (Reynolds 1994; Garcia de Emilani 1997,
Schagerl et al. 2004) gain maximum growth rates by
optimizing resource use (Lampert & Sommer 1999;
Reynolds 1988).

Group 2 (summer 2003) displays features character-
istic of floodplain lakes (Van den Brink et al. 1993)
with enduring isolation, elevated water age, increased
electrical conductivity, and low concentrations of DOM,
POM and phytoplankton biomass (Tab. 5). The low
phytoplankton standing crop may be due to sedimenta-
tion, competition for nutrients, and zooplankton grazing
(Keckeis et al. 2003). Zooplankton biomass usually
increases during prolonged isolation (Basu & Pick
1996) as a result of their slower colonization and repro-
duction times (Baranyi et al. 2002). Among the indica-
tor species, around 40% Chlorophyta contributed to
group 2. Almost all of them are euplanktic and show
growth optima at high water age, coupled with low
nutrient concentrations and decreased algal biomass. As
K-strategists, they seem to be able to optimize resource
use at lower nutrient concentrations (Lampert & Som-
mer 1999). Several planktonic species (Scenedesmus
and Pediastrum) typically form coenobia with long
appendices or gelatinous sheaths which serve as a mor-
phological protection mechanism against zooplankton
grazing (Lampert & Sommer 1999).

Group 6 (summer to autumn 1997 and 1998) is also
typical for isolated side-arms, but differs from group 2
by a shorter period of isolation and increased values of
phytoplankton biomass. Two thirds of group 6 indicator
species were euplanktic members of Chlorophyta (Pedi-
astrum  duplex), Bacillariophyceae (Acanthoceras
zachariasii) and Euglenophyta (E. acus, E. oxyuris, E.
tripteris). These species share the same environmental
requirements as members of group 2; however, they are
less adapted to sedimentation and zooplankton grazing
that increase with prolonged water age (Keckeis et al.
2003).

Groups 1, 4, 5 and 7 are connecting groups 2 and 3.
They are characterised by a moderate change of con-
nection and isolation. Rather than being separated by
environmental characteristics, these groups are split on
the basis of seasonality. Common features are their sen-
sitivity against high turbulences and impoverished light
climate and a higher nutrient demand for growth. More-
over, intermediate disturbances are needed to avoid
zooplankton-inflicted mortality (Keckeis et al. 2003).
The importance of seasonality in these groups is
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reflected in the first appearance of group 1 in early
spring when phytoplankton densities are generally low.
This group comprises 50% of planktonic centric dia-
toms (e.g., Cyclotella radiosa, Stephanodiscus minutu-
lus, S. medius) and dinophyceaen (Peridinium sp.,
Gymnodinium sp.), chlorophyceaen (Chlamydomonas
sp.) and chrysophyceaen flagellates (Synura sp.). Also
some benthic diatoms could be found during this period.
Group 4 occurring from May to July contained plank-
tonic members of the Chlorophyta (Chlamydomonas sp.,
Pandorina morum, Schroederia robusta, S. setigera)
and diatoms (Nitzschia fruticosa). Sampling dates were
characterized by highest population densities. During
this time, r-strategists lost their importance and were
replaced by species with lower maximum growth rates,
but more efficient nutrient uptake (compare Lampert &
Sommer 1999). Because some occurring species were
not edible for zooplankton, grazing apparently had not
played a major role during this period.

Group 7 is typically found in autumn and winter;
this period is characterised by lower concentration of
POM and Chl-a compared to group 4. However, the
indicator species (4sterionella formosa, Aulacoseira sp.,
Cyclotella sp.) had a low specificity and these taxa were
also found in several other groups at intermediate to
high water age.

5. CONCLUSIONS

While hydroperiods and flood frequency have
received much attention from wetland ecologists for
characterising hydrological disturbance regimes and
their influence on biotic and abiotic processes (Mitsch
& Gosselink 2000), our study highlights the relevance
of water age, which depends on, but is not necessarily
equivalent to, the aforementioned features, as a major
factor regulating phytoplankton communities in flood-
plains of large rivers (Fig. 8). Flood pulses control
phytoplankton composition strongly due to hydrological
disturbance and linked changes in the abiotic environ-
ment. During very long periods of connection, season-
ality has hardly any effect on phytoplankton which is
dominated by benthic forms and fast-growing r-strate-
gists that are resuspended from the sediment. During
situations of moderate connection and higher water age,
other algal classes gain importance and the phyto-
plankton is increasingly dominated by euplankton and
flagellates, and K-strategists that differ in community
composition according to water age. Thus shifts in
community structure due to succession are an important
factor to consider in studies of floodplain plankton ecol-
ogy. Biotic interaction (i.e., the competition for nutri-
ents and/or zooplankton grazing) could play an impor-
tant role in inducing shifts between successional stages
during prolonged periods of isolation. Although biotic
interaction has been hardly considered in the study of
disturbed ecosystems, there exists increasing evidence
about their feedback effects on structural and functional
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wetland properties. Future research should consider
these effects to better understand biological processes
within the constraints set by riverine disturbance
regimes.
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