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Abstract In this paper, we describe the influence of
flooding on nutrient conditions and phytoplankton Chl-a
concentrations in a hydrologically dynamic Danube flood-
plain in North–Eastern Croatia. Based on hydrological
typology, the connectivity gradient extends from the main
river stream (Eupotamal) to the backwater channels and
side-arms (Parapotamal) to the edge of the floodplain
(Paleopotamal). A spatial gradient of phytoplankton Chl-a
occurred during low water levels, while uniformity of Chl-a
across wetland habitats was observed during high water
levels. Nutrient enrichment assays indicated that inorganic
nutrients in Eupotamal waters (N/P ratio 16–22) could
support a higher growth rate of the assay alga Chlorella
kessleri, while potential N limitation was found in Para-
potamal and Paleopotamal waters (both with N/P ratios<14).
Spatial expansion of N limitation toward the main river was
observed as inundation continued. Lateral flood pulse
connectivity along with the duration of inundation period
affects the input and the retention of nutrients, especially of
nitrogen. Understanding of the relationship between spatial
(location of the floodplain waterbodies regarding the river)
and temporal (hydrological connectivity between the river and
its floodplain) dimensions contribute to the importance of
healthy floodplains for the maintenance of water quality and
environmental conditions in the Danube River.

Keywords Chlorella kessleri . Chlorophyll-a
concentrations . N limitation . Nutrient enrichment assay.

Spatial heterogeneity

Introduction

Algal biomass and overall ecosystem productivity may be
controlled by both nutrient composition and nutrient
availability. In freshwaters, phosphorus (P) has been
regarded as the most probable limiting nutrient for
phytoplankton growth (Wetzel 2001), but co-limitation by
P and nitrogen (N) is not uncommon (Elser et al. 1990;
Jannson et al. 1996). Nitrate is the most common dissolved
nitrogen form in rivers and agricultural runoff and it is often
used to assess water quality and ecosystem ecological
integrity (Smith et al. 2007). For example, in the Danube
floodplain restoration project in Austria, nitrate is used as a
kind of “hydrological tracer” (Tockner et al. 1998).
Although nutrient limitation of algal growth is common in
aquatic ecosystems, it is difficult to carry out its quantifi-
cation. Evaluating the growth response of algae after
nutrient additions in laboratory conditions makes quantifi-
cation of nutrient limitation possible and comparable across
studies (Downing et al. 1999; Horvatić et al. 2006; Peršić et
al. 2009). The use of green algae Chlorella kessleri in
bioassay approaches is suitable since it belongs to a group
of ubiquitous species. It is a unicellular alga whose growth
can be monitored accurately and rapidly and is amenable to
laboratory cultivation (Lukavský 1992). Also, the algal
growth potential of C. kessleri varies widely for various
freshwater environments (Peršić et al. 2005; Horvatić et al.
2006; Peršić et al. 2009).

Floodplain-river ecosystems are natural fragmented
systems with periodic hydrological connections (Thoms et
al. 2005). The overall value of floodplain production is
difficult to assess and is likely to vary greatly depending on
the variations of river flow and flood pulses (Schemel et al.
2004). Physical and chemical conditions within the flood-
plain are affected by the size and position of floodplain
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waterbodies and their hydrological connectivity with the
parent river (Junk and Furch 1993; Junk and Wantzen
2004). Hydrological connectivity greatly contributes to the
exchange of nutrients and organic matter between the river
and its floodplain (Tockner et al. 1999) and plays a crucial
role for species that require different habitat conditions
during their life-cycle (Amoros and Bornette 2002). Spatial
heterogeneity of water chemistry and phytoplankton bio-
mass appears with decreasing water levels and is acceler-
ated by the subsequent surface separation of water bodies
(Pithart et al. 2007). Therefore, spatial variability of
limnological characteristics is one of the main features of
river-floodplain system and is largely determined by the
fluctuations in water level. However, considerably less is
known about spatial patterns of floodplain productivity and
what controls these patterns (Ahearn et al. 2006).

Therefore, riparian floodplains are among the most
valuable, but unfortunately also the most degraded ecosys-
tems in Europe. Based on the World Wide Fund for Nature
(WWF 1999) for the Danube River Pollution Reduction
Program, 80–90% of the original floodplain area in the
Danube basin has been lost. The remaining areas along the
Danube River are characterized by reduced hydrological
exchange between the main river channel and its floodplain
area. In fact, one of the last and the largest transboundary
floodplains in the Middle Danube consists of a natural
complex of more than 70,000 ha and embraces three
protected areas: the Kopački Rit Nature Park in Croatia,
the Danube-Drava National Park in Hungary, and the
Gornje Podunavlje Special Nature Reserve in Serbia.

The main objective of this study was to describe and
explain the effect of hydrological connectivity with the
parent river on algal growth (chlorophyll-a concentrations)
and nutrient concentrations in a river-floodplain system. We
intended to identify spatial variability of potential nutrient
limitation in the Danube floodplain in relation to hydrolog-
ical connectivity. To determine the limiting nutrients of
algal growth in different floodplain waterbodies, we used
nutrient enrichment assays in laboratory conditions. The
importance of measuring algal growth potential in nutrient
enrichment assays is the differentiation between nutrients
determined by chemical analysis and nutrients that are
actually available for algal growth.

Methods

Study Area and Hydrological Classification
of the Floodplain Waters

The Danube River is the second longest river in Europe
with a length of 2,778 km and watershed that forms the
largest international river basin (817,000 km2). It rises in

Germany and flows through ten countries (Germany,
Austria, the Slovak Republic, Hungary, Croatia, Serbia,
Bulgaria, Romania, Moldova and Ukraine) to its mouth on
the Black Sea. The present study was conducted in a 37 km
long river-floodplain section of the Danube River in North–
Eastern Croatia (r. km 1,426–1,389). In the investigated
section of the Danube River the altitude ranges from
78.08 m (Aljmaš) to 80.64 m above sea level (Batina/
Bezdan). Its width here is about 250–880 m, the depth of
the bed when water is in the middle is 3–6 m and the
oscillation of water level over last 50 years is from 78.70 to
87.08 m asl with the range of 8.38 m (Tadić et al. 2003,
Maričić 2005). Land configuration and low slope (0.055‰)
are typical characteristics of lowland fluvial rivers and
provide adequate conditions for meandering. The average
current velocity in this river section is about 0.4 ms−1. The
Danube discharge is mainly influenced by alpine flow
conditions and peaks in spring and early summer due to
snowmelt. The average discharge at Batina/Bezdan gauge is
2268 m3 s−1 (the mean flow of 30 years course), with the
mean minimum and mean maximum values varying
between 742 and 8360 m3 s−1 (Maričić 2005). Hydrological
measurements for this study were conducted on a daily
basis at the Apatin gauging station (r. km 1404) and were
provided by Croatian Water Management Authority.

The Danube floodplain area in North–East Croatia
covers approx. 53,000 ha, of which the protected area of
the Nature Park Kopački Rit includes 23,000 ha and is a
worldwide known wetland in the region of Slavonia and
Baranja, Croatia. The Nature Park Kopački Rit is situated at
the confluence of the Drava and Danube Rivers (45° 37′
51″ N, 18° 53′ 31″ E), which forms the inland delta where
the rivers meet. An inland delta is not known among other
European rivers and it makes this area globally important
(Schwarz 2005). The aquatic environments of the Kopački
Rit floodplain include floodplain lakes, occasionally
flooded areas and recesses with flowing water, as well as
relict oxbow lakes and backwater channels (Schwarz 2005).
The Nature Park Kopački Rit has been selected as the
Ramsar Area protected by the Ramsar Convention (Con-
vention on internationally important wetland areas) and
included in the Important Bird Area (IBA) list. Never-
theless, the Nature Park Kopački Rit has recently been
subjected to some degradation and therefore included on
the ‘Montreux record’ - the list of designated Ramsar
sites where substantial changes in ecological character
have occurred. Also, a recent war left behind nearly
3,000 ha of floodplain contaminated with mines and
unexploded ordnance.

In our investigation 13 sampling sites were established.
Three sites are located along the main river channel and 10
sites are located in the lateral dimension from the main river
stream towards the floodplain (Fig. 1, Table 1). Along the
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main river channel three sampling sites (within the same
water body) were chosen along the main transport ways of
Danube floodwater into and out of the investigated
floodplain. Based on hydrological connectivity among the
chosen sites and the river, we have distinguished five types
of aquatic habitats along the flooding gradient (Table 1).
The typology was made according to existing approaches
of Ward and Tockner (2001), Ward et al. (2002) and
Schwarz (2005). Similar approaches are regularly used in
Danube River catchments (Šporka 1998; Illyová and
Némethová 2005; Chovanec et al. 2006; Schwarz 2006;
Ot’ahel’ová et al. 2007). The sites within the floodplain
were chosen based on the connectivity patterns of a river-
floodplain system. The water flow in the Kopački Rit
floodplain is directed from the north to the south towards
the lower part of the floodplain. To the north of the present
park's boundaries lay important, but still unprotected parts

of the Danube floodplain (Fig. 1) that extend to the
Danube-Drava National Park in Hungary (Schwarz 2005).

Analytical Methods

Water samples were collected monthly from March to July
2004. Water temperature (WT, °C), water depth (WD, m),
Secchi depth (SD, m), pH, and conductivity (EC, μS cm−1)
were measured at each site. Dissolved oxygen (DO, mg l−1)
was determined using the Winkler method (APHA 1995).
Samples for chemical and phytoplankton pigment analysis
were collected in plastic bottles previously rinsed with
sampling water, stored in containers with ice and analyzed
the same day. The following nutrients were assayed:
ammonium (NH4, mg Nl−1); nitrate (NO3, mg Nl−1); nitrite
(NO2, mg Nl−1); Kjeldahl nitrogen (mg Nl−1); total
nitrogen (TN, mg Nl−1); orthophosphate (o-PO4, mg P l−1);

Fig. 1 The map of the investi-
gated area. The study sites are
shown, coding as in Table 1
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and total phosphorus (TP, mg P l−1), using standard
methods (APHA 1995). Water samples (0.5–1 l) for
phytoplankton pigment analyses were filtered through
Whatman GF/C filters, extracted with acetone and were
kept for 2–4 h in darkness in a refrigerator at 4°C
(Komárková 1989). Chlorophyll concentrations (Chl-a,
Chl-b and Chl-c) of the prepared samples were determined
spectrophotometrically and calculated according to equa-
tions of Strickland and Parsons (1968). To reveal how
habitat types respond to physical disturbance (flooding),
spatial heterogeneity was indicated by site-specific coef-
ficients of variation (CV) of phytoplankton Chl-a and N-
NO3 concentrations based on mean monthly level. Vari-
ance rather than mean environmental value is a valuable
parameter for understanding how patterns and processes
are linked in floodplain systems (Palmer et al. 1997;
Tockner et al. 2000).

Homogeneity of variances was tested using Levene’s test
and data, apart from pH values, were log transformed, if
necessary, to reduce heterogeneity of variances. Signifi-
cant differences in water quality parameters among the
investigated sites were calculated by one-way analysis of

variance (ANOVA) and Tukey Unequal N HSD tests.
Relationships among physical and chemical parameters
were determined by Pearson correlation. Regression
analysis was used to model Danube water level through
time (separately for each month). A significance level of
p<0.05 was used for all tests. Statistical analysis of data
was performed using Statistica for Windows 7.0 (StatSoft,
Inc. 2005).

Algal Bioassays

Algal growth potential was evaluated in microplates with a
suspended culture of Chlorella kessleri Fott et Nov. strain
LARG/1 by the laboratory miniaturized growth bioassay
method according to Lukavský (1992) and Horvatić et al.
(2006). Cultures were incubated in the Bold’s basal medium
(BBM) in a 25°C controlled temperature room and
illuminated by fluorescent tubes (Tungsram, Hungary) that
provided continuous daylight (PAR, 400–700 nm) at
approximately 140 μmol photon m−2 s−1. Due to prior
uptake and possible storage of nutrients, it was necessary to
starve C. kessleri cells before experimental use (Lukavský

Table 1 The locality and description of sampling sites assigned to specific aquatic habitat types

Site Locality Potamal type
(aquatic habitat
type)

Description

D1 Danube River (1426 r. km)
- shore

Eupotamal A Site located north of the Danube floodplain.

D2 Danube River (1407 r. km)
- central part

Eupotamal A Located at the confluence of the Vemelj Channel to the Danube River.

D3 Danube River (1389 r. km)
- central part

Eupotamal A Located at the confluence of the Hulovo Channel to the Danube River.

C1 Zmajevac Channel - shore Eupotamal B Side-arm with an active flow connected with the Danube River upstream at 1422 r.
km and downstream at 1418.2 r. km.

C2 Vemelj Channel - central
part

Eupotamal B Active side channel (upstream connected with the Danube River at 1407 r. km, and
downstream at 1392 r. km), transports Danube waters in and out of the Nature
Park Kopački Rit.

C3 Monjoroš Channel - shore Parapotamal A Backwater channel permanently connected with the Danube River only at the
downstream end (1413.2 r. km).

C4 Hulovo Channel - central
part

Parapotamal A Side-arm only downstream permanently connected with the Danube River (1389 r.
km), transports Danube waters in and out of the Nature Park Kopački Rit.

C5 Site near the pump station
Tikveš - central part

Parapotamal B Backwater prone to inundation and located further from the main channel. Receives
flood waters from the Vemelj Channel and represents entry point of meliorated
waters from the surrounding agricultural fields into the floodplain.

C6 Csonakut Channel - central
part

Parapotamal B Permanent water link within the wetland which receives water from connected
higher side arm system (Hulovo Channel).

L1 Kopačko Lake - central
part

Paleopotamal Large shallow floodplain lake connected with the Danube River with Hulovo
Channel.

L2 Sakadaš Lake - central part Paleopotamal The deepest floodplain lake located in the marginal part of floodplain (some 10 km
away from the main Danube flow).

L3 Sakadaš Lake - near the
dam

Paleopotamal Site situated near dam of the Drava-Danube flood-dyke.

C7 Kopačevo canal - central
part

Paleopotamal Artificial canal hydrologically connected with Sakadaš Lake through the dam,
situated on the right side of Drava-Danube flood-dyke, represents entry points of
waters from the surrounding agricultural fields into the floodplain.
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1992; Horvatić et al. 2006). If algae are cultivated in dilute
media, the amount of growth from nutrient carry-over in
subsequent test waters is negligible (Shoaf 1978). The algal
culture in its exponential phase was washed from the
nutrient medium with sterile distilled water and cultivated
for 3–5 days in sterile distilled water. The algal cell density
in this solution was determined using Bürker-Türk counting
chamber (Karl Hecht KG, Sondheim, Germany) under a
light microscope (Axiovert 25, Carl Zeiss, Inc., Göttingen,
Germany). The initial cell density in the inoculum solution
was 8×105 cells ml−1. Water samples from the investigated
sites were filtered through Whatman GF/C glass fibre filters
to eliminate particles. Bioassays were carried out in
polystyrene 96-well microplates (TPP, Switzerland) with
well volume of 300 μl. The miniaturized growth bioassays
were conducted with six pseudo replicates of control
samples (250 μl tested water sample from each site and
month+50 μl algal inoculums in distilled H2O), N enriched
samples (250 μl tested water sample+50 μl algal inoculums
with added nutrient N as KNO3 in final concentration of
0.16 gl−1), and P enriched samples (250 μl tested water
sample+50 μl algal inoculums with added P as K2HPO4 in
final concentration of 0.02 gl−1). High concentrations of
nutrients ensured that enrichments would not be depleted
during the experiment (Horvatić et al. 2006). Prior to
adding algal inoculum solution, the uncovered microplates
with water samples from the investigated sites were
exposed to UV light for sterilization. The microplates were
covered with lids, placed in a glass incubation chamber and
exposed to cultivation conditions (temperature of 25°C,
continuous daylight (PAR, 400–700 nm) at approximately
140 μmol photon m−2 s−1, and CO2 ca. 2% v/v). The
growth of C. kessleri was determined by measuring the
optical density at 750 nm every day, for approximately
14 days (until the stationary phase of growth), using an
automated microplate reader (Multiskan MS, Labsystem,
Finland) controlled by GENESIS II software (Windows™
Based Microplate Software). The results were plotted as
growth curves. The average specific growth rate for
exponentially growing culture of C. kessleri (μ day−1)
was quantitatively determined from the measured absor-
bance using the exponential model y=ea+μx (where y = the
population estimate, x = time, a = integration constant and
μ = slope or growth rate) during its exponential growth
period (up to the 7th day). Growth rate was calculated from
six parallels, with respect to time (for each day of
exponential phase). The difference in the average specific
growth rate of C. kessleri in the enriched (μE) and control
water samples (μC) is expressed as the degree of algal
response to nutrient enrichment (Δμ) was calculated using
the method in Downing et al. (1999). The bioassay
experiments were used to determine whether nutrient
addition stimulates C. kessleri growth relative to the control

and thereby ascertain the limiting nutrient in the original
water sample. The differences between treatments and the
control growth with respect to time were tested with
ANOVA. Dunett's test was used as a post hoc test to
identify treatment growth rates that were significantly
different from the control growth rate. If no significant
difference in the C. kessleri growth rate was determined
between the control and the treatments - no limitation was
inferred. An increase in the growth rate of C. kessleri
following the addition of N or P alone was inferred as N or
P limitation. To test statistically significant differences
between habitat types, a one-way ANOVA design was used
with Tukey's HSD post hoc test.

Results

Hydrology

Spring and early summer flooding of the Danube
floodplain started at the end of March and lasted until
the beginning of August 2004. The flooding had two
flood pulses. The first flood pulse started at the end of
March and the second one started in June, both with
amplitude of 2.4 m, and total duration of 55 and 74 days
(Fig. 2). When the Danube water level (Dwl) reaches
2.5 m above the Apatin gauge zero point (1404 r. km),
floodwaters enter channels that fill the lakes of the
floodplain. Furthermore, when the Danube water level
reaches 4 m, water in the floodplain channels starts to
overflow into surrounding lowland areas.

An overbank flooding of the Danube floodplain in
March was caused by the rapid increase in the Danube
water level when Dwl ranged from 1.05 to 4.94 m above
gauge zero point (mean 2.40 m, with coefficient of
variation 60%). Linear regression analysis also indicated
ascending water level of the Danube in March (R2=0.84,
F=70.2, p<0.001). On the other hand, a slow decrease in
the water level resulted in the receding of floodwaters to
channels and lakes by the end of April (descending water
level with R2=0.87, F=88.6, p<0.001) and Dwl ranged
from 2.85 to 4.58 m above gauge zero point, mean 3.56 m
with CV=14%. During May, water levels stagnated (R2=
0.28, F=2.4, p>0.05) ranging from 2.28 to 3.28 m above
gauge zero point, with mean water level 2.86 m and CV=
10%, while another rapid increase in water level (from 2.50
to 4.88 m above gauge zero point, mean 4.0 m, CV=19%)
caused an overbank flooding in June (ascending water
level, R2=0.53, F=11.1, p=0.002). Finally, by the end of
July floodwaters receded to floodplain channels and lakes
and the main river channel (descending water level (R2=
0.91, F=147.3, p<0.001) ranging from 2.5 to 4.22 m above
gauge zero point, mean 3.3 m and CV=17%).
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Physical-Chemical Characteristics and Phytoplankton Chl-a
Concentrations

Table 2 summarizes the mean values and ranges of physical
and chemical parameters as well as of phytoplankton Chl-a
at five investigated habitat types across the river-floodplain

transect. Nitrogen concentrations (N-NO3, TN) were sig-
nificantly higher (Tukey HSD, p<0.05) in Eupotamal
waters (the Danube River and its side-arms) than in the
Parapotamal A, Parapotamal B, and Paleopotamal waters
(floodplain). Habitat types significantly differentiated also
in WD, SD, DO, EC, Kjeldahl nitrogen, and N/P ratios

Fig. 2 Mean monthly water
levels with average daily course
in 2004 of the Danube River,
1404 r. km (in m above Apatin
station gauge zero point). Hori-
zontal line represents the
threshold level of the Danube
floodwaters flow into/out of the
floodplains of Nature Park
Kopački Rit. The hydrograph
data were provided by Croatian
Water Management Authority

Table 2 Physical and chemical parameters and phytoplankton chlorophyll concentrations at five investigated floodplain habitat types during
5 month long inundation period (n is the number of sampling sites and dates; mean values with minimal and maximal values in parentheses)

Eupotamal A (n=15) Eupotamal B (n=10) Parapotamal A (n=
10)

Parapotamal B (n=
10)

Paleopotamal (n=20)

WD (m) 4.8a (1.0–8.6) 3.0ab (0.5–4.7) 2.3b (1.4–3.1) 2.8ab (1.2–4.3) 4.0ab (1.6–6.9)

SD (m) 0.8ab (0.6–2.2) 0.6a (0.4–0.8) 1.0b (0.5–2.1) 1.0b (0.5–2.0) 1.1b (0.4–2.5)

WT (°C) 16.8a (7–21) 16.3a (6–21) 17.3ab (7.5–22) 17.2ab (7–22) 17.6b (7–23)

DO (mg O2 l
–1) 10.3a (1.3–17.2) 10.1a (1.3–16.9) 7.7ab (1.3–13.5) 8.3ab (1.3–17.7) 6.2b (1.4–13.5)

pH 8.0a (6.6–8.8) 8.0a (7.1–8.8) 7.9a (6.8–8.4) 7.7a (6.3–8.8) 7.6a (6.6–8.4)

EC (μS cm–1) 410a (330–637) 369a (326–462) 390a (338–492) 455ab (323–736) 505b (362–780)

o-PO4 (μg l–1) 65.3a (35.4–117.7) 49.7a (9.8–84.4) 57.1a (8.2–91.5) 36.2a (10.2–69.2) 49.3a (6.9–198.4)

TP (μg l–1) 117.3a (35.2–243.5) 134.9a (68.3–351.3) 188.2a (57.3–724.0) 103.7a (45.4–184.0) 118.4a (58.4–246.0)

N-NH4
+ (μg l–1) 38.9a (1.9–84.8) 34.6a (2.1–53.8) 35.9a (10.9–114.2) 63.6a (21.7–190.7) 46.9a (10.7–143.6)

N-NO3
–(μg l–1) 1493.2a (183.5–

2596.4)
1391.7a (212.5–
2503.6)

903.8b (199.1–
1787.9)

852.2b (217.7–
1575.4)

804.9b (237.9–
1400.0)

N-NO2
–(μg l–1) 25.6a (5.6–73.1) 21.6a (6.2–38.3) 17.3a (6.0–30.4) 21.5a (6.3–38.7) 13.8a (1.5–36.9)

Kjeldahl N (μg l–
1)

297.3a (172.7–87.0) 281.4ab (99.2–467.4) 267.8ab (107.8–
481.3)

324.3ab (117.7–
501.3)

374.1b (62.6–544.9)

TN (μg l–1) 1713.0a (376.0–
2915.7)

1575.2a (420.4–
2729.2)

1113.9b (404.9–
2026.6)

1102.7b (339.4–
1822.3)

1057.1b (452.3–
1666.2)

TN/TP 22a (3–77) 16ab (4–38) 9b (3–25) 12b (3–20) 11b (3–25)

DIN/TP 20a (2–73) 14ab (2–36) 8b (2–24) 10b (3–18) 9b (2–22)

Chl-a (μg l–1) 55.4a (15.6–130.2) 64.3a (14.8–151.0) 39.3a (23.1–86.3) 44.4a (5.3–92.9) 46.8a (4.9–130.8)

Chl–b (μg l–1) 1.5a (0.01–9.4) 2.1a (0.1–9.4) 3.2a (0.1–12.8) 3.5a (0.3–13.6) 4.3a (0.01–18.5)

Chl-c (μg l–1) 11.1a (0.7–25.3) 12.9a (0.2–28.0) 9.8a (0.6–28.8) 10.4a (1.6–32.2) 9.2a (0.1–45.2)

Letters in superscript following values indicate statistical significance at p<0.05 (ANOVA and Tukey Unequal n HSD test). Different letters
indicate significant differences among different habitat types

938 Wetlands (2011) 31:933–944



(Table 2). Although phosphate concentrations did not differ
significantly among different floodplain habitat types, they
reflected the same decreasing spatial trend.

Awide range of parameter values were found at all sites
during the investigation period. For example, minimal
values of DO concentration (from 1.3 to 1.4 mg O2 l−1)
and WT (from 6 to 7.5°C) were measured in March at all
sites. Dissolved oxygen concentration increased rapidly
after the first flood pulse in April and stayed high during
May when maximal values were determined at all habitat
types (from 13.5 to 17.7 mg O2 l

−1). A similar pattern was
found for the N-NO3 and TN concentrations.

A strong positive correlation occurred between Dan-
ube water level (Dwl) and N-NO3 concentrations (r=
0.82, p<0.001), as well as between Dwl and TN (r=0.82,
p<0.001). Also, a significant positive correlation oc-
curred between Dwl and EC (r=0.38, p=0.008), as well
as between Dwl and DO (r=0.50, p<0.001). On the other
hand, a significant negative correlation was determined
between Dwl and phytoplankton Chl-a concentrations
(r=-0.57, p<0.001).

To reveal how habitat type responded to physical
disturbance (flooding), habitat heterogeneity was measured
as the coefficients of variation (CV) of phytoplankton Chl-a
and N-NO3 concentrations (Fig. 3a and b). The CV of
phytoplankton Chl-a (CV=87%) peaked at stagnating water
level in May (Fig. 3a). In May, maximal values of
phytoplankton Chl-a concentration were found in the
Eupotamal waters (Danube River and its side-arms), while
a decrease of phytoplankton Chl-a concentration was
observed in lateral dimension from the main stream
(Eupotamal) towards the floodplain (Parapotamal and
Paleopotamal, Fig. 4a). On the other hand, uniformity of
river-floodplain habitat types with low CV was observed
during ascending water level in March (CV=24%), and in
June (CV=22%). In March, an increase of phytoplankton
Chl-a concentration was determined in the lateral dimen-
sion from the main stream of the Danube (Eupotamal A)
towards the marginal part of the floodplain (Paleopotamal)
(Fig. 4a). In addition, high concentrations of phytoplankton
Chl-b and Chl-c were determined in March (at the
beginning of an early spring inundation period) at all
investigated habitat types (from 9.4 to 18.5 μg l−1 Chl-b
and from 25.3 to 45.2 μg l−1 Chl-c, Table 2).

Unlike phytoplankton Chl-a, spatial heterogeneity of
N-NO3 concentrations increased significantly with in-
creasing water level (Fig. 3b). At the beginning of the
flood period in March 2004 (mean Danube water level
2.4 m), nitrate concentrations were uniformly low in all
habitat types (CV=12%). A concentration gradient (CV=
36%) first formed after the first flood pulse in March
(Figs. 3b and 4b). By the end of April, as floodwaters
receded to floodplain channels and lakes, mean nitrate

concentrations differed by a factor of 2 between
Eupotamal A (2549.1 μg N l−1) and Paleopotamal waters
(1256.7 μg N l−1). The highest spatial heterogeneity (CV=
41%) for nitrates was determined during the highest mean
monthly water level of the River Danube in June (Fig. 3b),
with mean nitrate concentrations in Eupotamal Awaters of
1764.4 μg N l−1 and in Paleopotamal waters of
789.3 μg N l−1 (Fig. 4b).

Nutrient Enrichment Bioassay

The algal growth potential in original water samples from
the investigated sites of the river-floodplain system was
investigated up to the stationary phase of C. kessleri
growth, which was usually established by the 14th day of
incubation. The average specific growth rate of C. kessleri
was the highest in the control water samples of Eupotamal
waters (μ=0.337 d−1 in Eupotamal A, μ=0.356 d−1 in
Eupotamal B) (Fig. 5). A decreasing trend in the growth
rate of C. kessleri was observed from the main river
channel towards the floodplain. This pattern was similar to
that of nitrate concentrations and the N/P ratio (Fig. 5,
Table 2).

Fig. 3 a Phytoplankton Chl-a concentrations (mean values±standard
deviations) and habitat heterogeneity measured as the coefficient of
variation of Chl-a concentrations; b N-NO3 concentrations and habitat
heterogeneity measured as the coefficient of variation of N-NO3

concentrations across different mean monthly water level of the
Danube River during the study (March-July 2004), number of
replicates per sampling date: 13
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A quantitative index of nutrient limitation was calculated
from the difference in the growth rate of the control
samples and the growth rate of treatment samples (N, P)
and was expressed as the degree of nutrient limitation
(Fig. 6). A significant degree of N limitation (Tukey HSD,
p<0.01) occurred in water samples from Parapotamal A
(ΔN=0.180 d−1), Parapotamal B (ΔN=0.206 d−1), and
Paleopotamal (ΔN=0.213 d−1) habitat types. A significant
degree of P limitation (ΔP=0.116 d−1) was only determined
in water samples from Parapotamal A habitat type (Fig. 6).
Table 3 summarizes the main findings of the nutrient
enrichment assay. A significant N limitation was deter-
mined at all sites of the Paleopotamal habitat type over the
entire 5 month inundation period.

Discussion

The Effect of Hydrological Connectivity on Nutrients
and Phytoplankton Chl-a Concentrations

The characteristic ecology of floodplain channels and lakes
in the investigated river-floodplain area strongly relates to
variations in frequency and duration of inundation. Based
on hydrological records, high water levels in the Danube
floodplain of Kopački Rit are characteristic for spring
(March/April) and the beginning of summer (June/July)
(Mihaljević et al. 1999). Spring and early summer flooding
started at the end of March and lasted until August 2004.
Without these natural flood disturbances, the floodplains of

Fig. 4 Mean values ± standard
deviations of phytoplankton
Chl-a concentrations (a) and
mean values ± standard devia-
tions of N-NO3 concentrations
(b) during the inundation period
(horizontal axis represents
months indicated by numbers
3,5,7,4,6 for March, May, July,
April, June, respectively, and
mean monthly water level for
each month) at five investigated
river-floodplain habitat types

Fig. 5 Mean, mean ± standard
error (box) and mean ± standard
deviation (whisker) values of the
growth rate of C. kessleri and
nitrate concentrations in the wa-
ter samples from each habitat
type (number of samples per
habitat type: 10–20)
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the Danube River have a tendency towards geographical
and temporal uniformity with a resulting reduction in
biodiversity (Tockner et al. 1998; Ward and Tockner
2001). Based on hydrological typology, the connectivity
gradient extends from the main river stream (Eupotamal A)
to the edge of the floodplain (Paleopotamal). Among the
investigated sites, a gradient was observed in physical and
chemical conditions from the main channel (Eupotamal A)
towards the marginal part of the floodplain (Paleopotamal).

At the beginning of the inundation period when
phytoplankton Chl-a concentrations were high, the average
oxygen saturation indicated under-saturation. The possible
continuous input and decomposition of allochthonous
organic matter could have had an influence on decreased
oxygen concentrations, even in periods of autotrophy.
These results emphasize the general heterotrophic condi-
tions that prevailed at the investigated habitat types.
Moreover, Palijan and Fuks (2006) found a higher number
of oligotrophic and eutrophic bacteria in the surface waters
of the Csonakut Channel and Lake Sakadaš (in this paper
classified as Parapotamal and Paleopotamal waters) during
March 2004, thus indicating heterotrophic conditions.
Therefore, the low nitrogen concentrations occurring in

March could be the consequence of nutrient uptake by
phytoplankton (Hein et al. 2003) or bacterioplankton
(Palijan and Fuks 2006).

Chlorophyll-a concentration was inversely related to the
mean monthly water level. March, which included both the
pre-flood low flow and the rising limb of the hydrograph,
had the lowest mean flow during the study and also had the
highest mean Chl-a concentration. The high March Chl-a
concentration was consistent with an annual spring phyto-
plankton bloom (Vidaković et al. 2008). The March bloom
was dominated by diatoms (Mihaljević et al. 2009), which
is consistent with the high Chl-a, Chl-b, and Chl-c
concentrations. The highest mean monthly flow during the
study occurred in June, when Chl-a concentration was
lowest. The June sampling occurred 3 weeks after the start
of flooding and, because the floodplain retention capacity
was already filled, the June flood pulse had less effect on
connectivity and water exchange. That could explain why
habitat heterogeneity concerning nitrogen (high CV) was
highest during that time. The March bloom and the low
June Chl-a concentrations were consistent across sites, as
indicated by the accompanying low Chl-a coefficients of
variation (low CV).

Fig. 6 Mean, mean ± standard
error (box) and mean ± standard
deviation (whisker) values of the
degree of nutrient limitation (Δ
N d-1, Δ P d-1) for the growth
rate of C. kessleri in the water
samples from each habitat type
(number of samples per habitat
type: 10–20). “*” and “**”
represents statistically signifi-
cant nutrient limitation at p<
0.05 and p<0.01, respectively

Table 3 Summary of the results of nutrient enrichment bioassay
conducted in water samples from the investigated habitat types in river
floodplain ecosystem. Categories of nutrient status include nitrogen

limitation (N), nitrogen and phosphorus limitation (N, P) and no
limitation (p>0.05), a significant type and degree of nutrient limitation
is indicated by p values (one-way ANOVA and Tukey HSD test)

Sampling time (Month and water level) Eupotamal A
(n=3×6)

Eupotamal B
(n=2×6)

Parapotamal A
(n=2×6)

Parapotamal B
(n=2×6)

Paleopotamal
(n=4×6)

March 2004 ascending water level no limitation
(p>0.05)

no limitation
(p>0.05)

no limitation (p>0.05) no limitation (p>0.05) N (p=0.008)

April 2004 descending water level no limitation
(p>0.05)

no limitation
(p>0.05)

no limitation (p>0.05) N (p<0.001) P
(p=0.008)

N (p<0.001)

May 2004 stagnating water level N (p=0.002) no limitation
(p>0.05)

N (p<0.001) P
(p=0.02)

N (p<0.001) N (p<0.001)

June 2004 ascending water level no limitation
(p>0.05)

N (p<0.001) N (p=0.02) N (p<0.001) P
p=0.04)

N (p<0.001)

July 2004 descending water level N (p<0.001) N (p=0.002) N (p=0.002) N (p<0.001) N (p<0.001)
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The stagnating water flow occurred in May and is
consistent with high spatial heterogeneity in phytoplank-
ton Chl-a (high CV). At that time, the clear water phase
occurred in Paleopotamal waters (Mihaljević et al. 2009),
in contrast to the high planktonic production phase in
Eupotamal waters. The maximal development of phyto-
plankton in floodplain waters occurred after floods
(Mihaljević et al. 2009). Therefore, phytoplankton
responded slower to the reduction in water flow than
water chemistry. According to Tockner et al. (2000), the
relationship between habitat heterogeneity and the river
stage, which has a major influence on biodiversity
patterns, is a functional characteristic of a river-
floodplain system.

Throughout the study nitrate concentrations decreased
with the distance from the main river channel. This gradual
decrease towards the floodplain could have been a result of
N uptake by macrophytes, algae, or bacteria (Hamilton and
Lewis 1987; Knowlton and Jones 1997; Unrein 2002; Olde
Venterink et al. 2003). Since the highest N-NO3 concen-
trations occurred in Eupotamal waters (River Danube and
its active side-arms), it seems that the floodwaters of the
Danube River are the source of nutrients, especially
nitrogen. High amounts of nitrogen brought by the over-
bank flooding waters or sediment resuspension related to
the inflow of flooding waters, could have supported the
abundant macrophyte development recorded during the
study period (Vidaković and Bogut 2007; Čerba et al.
2009; Bogut et al. 2010).

Spatial Distribution of Nutrient Limitation

Understanding the nutrients essential for phytoplankton
growth is important in the successful control of eutrophi-
cation (Smith et al. 1999). Such control efforts must be
directed toward the limiting nutrient(s), which promote
algal growth. The limiting nutrient can be determined using
different methods, for example, by measuring ambient
nutrient concentration and nutrient ratios based on intracel-
lular nutrient concentrations (Redfield 1958; Järvinen et al.
1999) or by enrichment assays (Levine and Whalen 2001;
Dzialowski et al. 2005; Horvatić et al. 2006; Peršić et al.
2009). Using a single-species assay may or may not reflect
nutrient limitation of the entire phytoplankton community,
because a single species may not always be representative
of algae in the investigated waters and may respond to
nutrients differently from the complete community. For
example, freshwater cyanobacteria often dominate at N/P
ratios from 5 to 10, while a high N/P ratio (> 29) stimulates
growth of green algae (Schindler 1977; Smith 1982). In our
study, the growth rate of green algae C. kessleri increased
when the N/P ratio was greater than 14 (mass ratio)
observed in Eupotamal waters.

In our enrichment assays, the highest specific growth
rate of C. kessleri in water from Eupotamal habitats and the
gradual decrease in the growth rate of C. kessleri in waters
from the main river channel towards the floodplain are
consistent with physical and chemical features of the river-
floodplain system. Inorganic nutrients present in Eupotamal
waters were sufficient to support the higher growth rate of
C. kessleri. Potential N limitation of the growth rate of C.
kessleri was determined in Parapotamal and Paleopotamal
waters that had N/P ratio<14. Furthermore, a spatial
expansion of N limitation was observed as inundation
continued. For example, in March, N limitation was
determined only in Paleopotamal waters, while at the end
of the inundation period N limitation was determined along
the lateral dimension from the main stream of the Danube
River (Eupotamal A) towards the edge of floodplain
(Paleopotamal). As explained earlier, the water level during
sampling in June was high but the hydrological action was
probably low. Therefore, Danube water was not entering the
floodplain. This could have enabled biota to deplete nitrate
imported during the flooding making the floodplain N
limited.

The abiotic and biotic characteristics (e.g., N-NO3

concentrations, lower transparency, higher Chl-a concen-
trations) of the Danube River and its active side-arms
(Eupotamal waters) suggest that the light limitation is a
more probable growth regulator than nutrient limitation. As
reported by Hamilton and Lewis (1990) and Knowlton and
Jones (1997), light limitation of algal growth prevails in
floodplain waters with high connectivity. On the other hand,
higher transparency, lower depth, and lower N-NO3 con-
centrations in Parapotamal and Paleopotamal waters are
consistent with potential N limitation of algal growth.
Therefore, the long inundation periods along with the
pulsing connectivity controls the input of nutrients in
particular nitrates and greatly influences spatial heteroge-
neity (Amoros and Bornette 2002). Distribution of nutrients
in different habitat types of the Danube River floodplain
strongly depends on the retention time of the floodwaters
and nutrient uptake by phytoplankton, bacterioplankton,
and macrophytes. Therefore, this approach to the typology
of Danube River floodplain habitat types should be further
developed using other biological, geomorphologic, and
hydrodynamic parameters, in addition to hydrological
connectivity.

In conclusion, nutrient availability decreased with the
hydrological connectivity gradient. Furthermore, a spatial
gradient of phytoplankton Chl-a was observed during
stagnating water flow, while uniformity of Chl-a among
habitat types followed the increase of water level. Conse-
quently, the increase in the degree of N limitation was
observed from the Eupotamal waters towards the edge of
floodplain and N limitation expanded spatially as inunda-
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tion continued. According to Thoms et al. (2005), for
nutrient dynamics in river-floodplain systems the most
important factors are the location of the floodplain water-
bodies regarding the river (spatial dimension) and its
hydrological connectivity (temporal dimension).
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