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Floodplains have been degraded in Central Europe for centuries, resulting in less

dynamic and less diverse ecosystems than in the past. They provide essential ecosystem

services like nutrient retention to improve overall water quality and thus fulfill naturally

what EU legislation demands, but this service is impaired by reduced connectivity

patterns. Along the second-longest river in Europe, the Danube, restoration measures

have been carried out and are planned for the near future in the Austrian Danube

Floodplain National Park in accordance with navigation purposes. We investigated

nutrient retention capacity in seven currently differently connected side arms and

the effects of proposed restoration measures using two complementary modeling

approaches. We modeled nutrient retention capacity in two scenarios considering

different hydrological conditions, as well as the consequences of planned restoration

measures for side arm connectivity. With existing monitoring data on hydrology, nitrate,

and total phosphorus concentrations for three side arms, we applied a statistical model

and compared these results to a semi-empirical retention model. The latter was originally

developed for larger scales, based on transferable causalities of retention processes

and set up for this floodplain with publicly available data. Both model outcomes

are in a comparable range for NO3-N (77–198 kg ha−1 yr−1) and TP (1.4–5.7 kg

ha−1 yr−1) retention and agree in calculating higher retention in floodplains, where

reconnection allows more frequent inundation events. However, the differences in the

model results are significant for specific aspects especially during high flows, where

the semi-empirical model complements the statistical model. On the other hand, the

statistical model complements the semi-empirical model when taking into account

nutrient retention at times of no connection between the remaining water bodies

left in the floodplain. Overall, both models show clearly that nutrient retention in the

Danube floodplains can be enhanced by restoring lateral hydrological reconnection
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and, for all planned measures, a positive effect on the overall water quality of the Danube

River is expected. Still, a frequently hydrologically connected stretch of national park is

insufficient to improve the water quality of the whole Upper Danube, and more functional

floodplains are required.

Keywords: floodplain, lateral hydrological connectivity, Danube, restoration, reconnection, inundation, nutrient

retention, modeling

INTRODUCTION

Rivers and their adjacent floodplain ecosystems are essential for
human life and biodiversity, but are among the most threatened
ecosystems globally (Tockner et al., 2008). One very important
characteristic increasingly recognized by society and politics is
also the floodplains’ tendency to retain floodwater and nutrients
when inundated, which nowadays happens only very rarely
during high floods in regulated river systems (Schober et al.,
2015). Pressures on floodplains are high, especially around
large rivers and in the vicinity of large cities or areas with
intensive agriculture. Reduction of river length, cutting-off of
side arms, bank stabilization, and the establishment of groins
and reservoirs has led to a functional decoupling of river and
floodplain, further intensified by resulting riverbed incision.
Restoring lateral hydrological connectivity between rivers and
their floodplains could bring back ecological functionality and
the provision of several ecosystem services, including nutrient
retention (Opperman et al., 2010; Thorp et al., 2010; Funk et al.,
2019).

Floodplains are seen as important nutrient sinks (Spieles
and Mitsch, 1999; McClain et al., 2003; Hoffmann et al., 2011;
Hopkins et al., 2018), with a higher retention potential than in
the main channel (Saunders and Kalff, 2001; Venterink et al.,
2003). For nutrients to be retained more efficiently, the supply
to floodplains needs to be assured (Amoros and Bornette, 2002;
Hein et al., 2004; Noe and Hupp, 2005). Only dissolved nutrients
are transported, dependent on oxic conditions and particles’
adsorption affinity, via groundwater seepage. Whereas in times
of higher water levels suspended particles and inorganic nutrients
are transported into side arms or inundated areas, during periods
of no or low supply, internal nutrient cycling prevails (with low
concentrations of inorganic forms) (Hein et al., 2004). Once
arrived, the retention of these nutrients in floodplains depends
on a variety of abiotic and biotic processes. In the case of
phosphorus (P), suspended particles can deposit, as well as
dissolved forms precipitated with metal oxides or adsorbed to
clay particles (Behrendt and Opitz, 2000; House, 2003; Hoffmann
et al., 2009). Inorganic nitrogen (N), on the other hand, is
most commonly removed through biotic processes, mainly
denitrification (accounting for up to 63% TN retention according
to Saunders and Kalff, 2001) as a permanent removal (Boyer
et al., 2006) and together with phosphate through autotrophic
and heterotrophic uptake (Fisher and Acreman, 2004; Venterink
et al., 2006; Jordan et al., 2011).

The quantification of the filtering function of floodplains in
terms of nutrients is a challenge that scientists have addressed

through different approaches, on various temporal and spatial
scales. Mass balances operate on a reach scale and use black
box approaches for total nutrient retention or release (Venterink
et al., 2003; Hoffmann et al., 2011, 2012). Other approaches
quantify single nutrient compartments and consider implicit
processes, like sedimentation, denitrification, or uptake by biota
(e.g., Kronvang et al., 2002, 2007; Forshay and Stanley, 2005;
Noe and Hupp, 2005; Venterink et al., 2006; Hoagland et al.,
2019). Yet other approaches attempt to assess this function
through empirical causalities with predictors on a larger scale
(e.g., Behrendt and Opitz, 2000; Venohr et al., 2011; Natho
et al., 2013). Only a few studies have investigated the role of
large river floodplains for nutrient balances (Venterink et al.,
2003, 2006; Natho et al., 2013; Theriot et al., 2013) and the
impact of their hydro-morphological restoration (Newcomer
Johnson et al., 2016) on different temporal and spatial scales. To
optimize the restoration success and plan ecologically oriented
floodplain reconnection, it is essential to gain an understanding
of the relationship between hydrological connectivity, spatial and
temporal nutrient retention, and biogeochemical processes of the
floodplain ecosystem (Pywell et al., 2003; Reckendorfer and Steel,
2004). Models are essential to improve this understanding at
different spatial and temporal scales, and can be used as a tool
to better predict the transfer of nutrients from the river to the
floodplain for planned side arm restoration projects.

Nutrient retention in restored floodplains is reported to
behave differently for N and P. For N, higher denitrification
rates (Gumiero et al., 2011; Hoffmann et al., 2011) and increased
deposition of particulate N (Brunet et al., 1994; Keizer et al.,
2018) are reported. Regarding P, uptake of phosphate by primary
producers can be enhanced (Hein et al., 2004) and trapping of
suspended P in restored reaches is reported to increase (Noe
et al., 2019), while remobilization of soluble P is frequently
found (Venterink et al., 2002; Hoffmann et al., 2011; Noe et al.,
2019) especially shortly after restoration in former agricultural
areas (Aldous et al., 2007). Restoration of lateral hydrological
connectivity is known to reestablish ecological functions in
floodplains (Gumiero et al., 2013; Reckendorfer et al., 2013)
and a combination of measures may increase restoration success
(Newcomer Johnson et al., 2016). This underlines the potential
of side arm reconnection as a feasible measure for reducing
nutrients in river water and at the same time improving
ecological conditions in floodplains.

In this paper, we explore the efficiency of nutrient retention
due to side arm reconnections in a case study of the Danube River
by applying two modeling techniques. We therefore formulate
the following research questions:
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1. How do different scaled modeling approaches (semi-
empirical, statistical) depict nutrient retention in the
Danube Floodplain National Park (DFNP) under different
hydrological conditions?

2. How do different connectivity levels in a former braided river
floodplain affect N and P retention and what is the effect of
reconnection measures?

3. Are these measures sufficient to identify a reduction in river
nutrient load, or what extent of restorationmeasures is needed
to observe a significant reduction of the overall riverine
loads (>1%)?

Thus, we analyzed how the reconnection of seven floodplain
side arms in an ∼30-km stretch of the DFNP east of Vienna
affect nutrient retention primarily in the range of restored
connectivity levels, excluding very high floods (<1% exceedance
in 30 years), and applied a statistical model to quantify
nutrient retention during phases of surface water connection
and disconnection. To generate a more comprehensive picture
across different scales, we compared the outcomes with a
mesoscale semi-empirical retention model (Venohr et al.,
2011), based on transferable denitrification and sedimentation
causalities as the main processes for nitrogen and phosphorus
retention, respectively (Behrendt and Opitz, 2000; Zessner and
Gils, 2002; Venterink et al., 2006; Mölder and Schneider,
2011). Based on proposed management plans, we calculated
scenarios considering current conditions (CUR) and complete
floodplain reconnection (ALL), and the effect of increased lateral
hydrological connectivity on the reduction of the total nutrient
load in the Danube. Accounting for a wet and a dry hydrological

year, we wanted to show for the first time the range of nutrient
loads that could be retained in floodplains of the DFNP. Finally,
we analyzed the similarities and differences between the two
modeling approaches to depict relevant drivers and limitations
of nutrient retention and the relative contributions of high floods
and average discharge conditions.

METHODS

Study Site
The DFNP east of Austria’s capital Vienna (Figure 1) is, with
96 km², the largest natural floodplain landscape of its kind in
central Europe, where the Danube River still has the dynamic
character of a mountain river. To ensure navigation and reduce
flood hazards, extensive channelization, regulation through rip-
raps and groins, as well as active disconnection of the floodplain
through levees, have been conducted since the nineteenth
century. Additionally, heavy damming since the 1950s has further
impacted natural dynamics, with the DFNP being the longest
remaining free flowing stretch of the Austrian Danube (36 km)
(Habersack et al., 2016).

Starting in 1996, the first side arm in Haslau-Regelsbrunn (3)
was partially reconnected, followed by two floodplain systems
in Orth (2) and Schönau (1) 5 years later, connected at
lower water levels but still in a technical manner (Figure 1,
Supplementary Figure 1, Supplementary Table 3). To increase
natural dynamics while ensuring navigation, a pilot project by
the Austrian waterway administration (viadonau, http://www.
viadonau.org) (2012–2014) successfully tested a combination of

FIGURE 1 | Location of study site with the seven side-arm systems along the Danube River in Austria.
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river engineering measures including the complete reconnection
of a side arm (Johler Arm−5), optimization of groins, removal
of rip-raps, and river bed improvement to counteract riverbed
incision. The remaining side arms (Petronell−4, Spittelauer
Arm−6, Roethelstein−7) are solely groundwater fed until the
Danube discharge reaches >2,600 m3 s−1, well above mean
discharge (MQ).

We consider these seven side arm systems in the DFNP with
different degrees of connectivity to the Danube flow regime
(Table 1) and different sizes (here as length of branch and
maximum flooded area) to model retention of nitrate and total
phosphorus for wet, dry, and average hydraulic years. The
considered river stretch belongs to the Upper Danube Catchment
with a nival flow regime influenced by snow melt from the Alps.
Hainburg is the representative gauge for the study site. Here,
the catchment has a size of 104,727 km² and the MQ is 1,930
m3 s−1. At the study site, the Danube River transports between
about 119,015 t (dry year 2003) and 199,000 t (wet year 2002) of
dissolved inorganic nitrogen (DIN), with NO3-N being the main
component. The annual load of TP ranges between 2,699 t (dry
year 2003) and 6,700 t (wet year 2002) (ICPDR, 2002, 2003).

Management Scenarios
To detect the effect of river restoration, nutrient retention
was modeled in the current state (CUR) and in a scenario of
complete implementation of all proposed restoration measures
(ALL), according to the management and restoration plan of
the Austrian waterway authority. This scenario includes the
complete reconnection of seven side arms and the maintenance
of stable riverine water levels due to sediment addition to the river
channel. CUR and ALL were calculated for a hydrograph of an

extremely wet (2002) and an extremely dry year (2003) as defined
by Weigelhofer et al. (2015).

Data
Hydrological variables of the Danube were obtained by the
hydrological portal of Austria (https://ehyd.gv.at/, last download
15th of July 2019) and water quality data on nutrients from the
federal ministry of sustainability and tourism database (https://
wasser.umweltbundesamt.at/h2odb/, last download 15th of July
2019). Water quality data in the side arms was gathered from
monitoring and research projects of past reconnection measures
in the systems of Regelsbrunn (2) (Heiler et al., 1995; Hein
et al., 1999, 2002), Orth (2) (Hein et al., 2003), and Johler Arm
(5) (Viadonau, 2015). Water quality was measured at discharges
of the Danube River up to 5,130 m3 s−1 in the vicinity of
the respective inlets and outlets. To ensure comparability, we
included only data sets where sampling and nutrient analysis
were conducted with standardized methods. The degree and
duration of surface water connection of the side arms was
approximated in all scenarios by linearly interpolating the flow
between the topographical point of inflow and a discharge of
5,130 m3 s−1. The latter value was obtained from the simulation
output of a one-dimensional hydraulic model (HEC-RAS).

Information on DFNP borders was obtained from EEA
(2018, https://www.eea.europa.eu/data-and-maps/data/natura-
10/natura-2000-spatial-data). Wetted area and water depth at
three discharges were obtained by intersecting surface and
groundwater tables with the DEM (Hohensinner et al., 2008). For
higher discharges, a flood hazard map of a frequent HQ30 flood
(9,290 m3 s−1) for the DFNP (https://maps.wisa.bmnt.gv.at/
hochwasser, last download 15th of July 2019) was georeferenced

TABLE 1 | Summary of connectivity-related hydro-morphological characteristics of the side arms in the current state for wet/dry years.

Side arm

system

Max

length

Start of

connection

Days of

connection

Connectivity

class*

Average water

depth

Average

Q

Q at

HSQ**

Average

area

Max flooded

area at HQ***
30

Average

HL

(ID number) [m] [m3 s−1 of Danube

discharge]

[d a−1] [m] [m3s−1] [m3s−1] [ha] [ha] [m yr−1]

Schönau

(1)

3,637 1,994 235

/72

Medium 1.7

/0.8

199

/66

692 50

/41

172 11,569

/5,096

Orth

(2)

5,454 1,758 289

/125

Medium 1.5

/0.8

63

/24

222 81

/46

551 2,392

/1,565

Regelsbrunn

(3)

6,430 2,100 208

/52

Low 1.7

/1.0

114

/46

377 166

/130

631 1,706

/935

Petronell

(4)

7,709 2,689 98

/16

Low 2.0

/1.3

116

/108

377 174

/144

524 2,037

/2,456

Johler Arm

(5)

1,283 917 365

/311

High 2.3

/1.5

52

/22

138 5

/2

59 37,544

/31,356

Spittelauer Arm

(6)

2,717 3,618 33

/7

Low 1.7

/1.0

239

/57

323 419

/165

957 952

/486

Röthelstein

(7)

2,798 3,518 41

/8

Low 1.2

/0.4

251

/45

375 116

/51

305 4,643

/1,768

Q, discharge; HL, hydraulic load.

*Width at inflow/average width of side arm and days of surface water connection during an average hydrological year; for details, see Supplementary Information.

**5,130 m3s-1 at the Hainburg gauge (highest navigable discharge).

***Within the borders of flood hazard map; HQ30 and hydrological basins derived from 1 m—digital elevation map.
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and intersected with DFNP borders, showing that the entire
floodplain is inundated at this discharge. To estimate the extent
of each side arm system, we delineated watersheds on the
basis of a digital elevation 1m grid (provided by viadonau,
tiles 78, 89, and 81) using the ESRI ArcGIS “Hydrology” tool
(Figure 1). Shortwave radiation data on a monthly mean basis
was downloaded from EUMETSAT (http://www.cmsaf.eu/pum)
to consider additional nitrate uptake by macrophytes following
the method described in Venohr et al. (2011).

Statistical Model
Mass balances for the statistical model were deduced from
concentration measurements and the hydraulic model in
investigated side arms. During surface water connection,
longitudinal concentration differences (dc, in g m−3 m−1)
were calculated (Equation 2), and during isolation, changes in
concentration over time (1c, in g m−3 d−1) (Equation 3).
Therefore, the available dataset was divided accordingly, resulting
in pairwise observations in upstream and downstream parts of
the side arm in the connected state (n = 54) or uninterrupted
periods between measurements in the disconnected state (n
= 125).

Statistical models were developed for TP and NO3-N, each
following independent routines on the basis of concentration
measurements in all three side arms. For TP, identified
significant relationships (Figure 2) were used to calculate
nutrient retention by applying a multiple adaptive spline
regression model (Millborow, 2015). However, because dc and
1c differed considerably between the three side arm systems
(Figure 2, Supplementary Table 1), three different connectivity
classes were assigned (Supplementary Table 2). The connectivity
classes, indicating three different TP retention potentials, were
used to extrapolate nutrient retention to side arms without
concentration measurements based on the average surface water

connection (d a−1) and the ratio of the inlet opening to
the side arm width (Table 1). Assuming that the maximum
retention equals the load entering the side arm, we modeled
the longitudinal TP concentration decline as a logistic growth
function (Equation 1). TP input from the Danube River was
computed according to an adapted exponential discharge-
dependent TP concentration model from Zessner and Kroiss
(1999). During periods of isolation, concentration differences
were not significantly different from zero and therefore not
considered in further calculations for TP (one-sample Wilcox-
test, p > 0.1).

For nitrates, no correlation with any measure-specific
parameters could be detected, but retention values significantly
exceeded zero (one-sample Wilcox-test, p < 0.01, n = 179).
Therefore, mean retention values in connected (9 × 10−7 g m−3

m−1, n = 54) and isolated (718 × 10−5 g m−3 d−1, n = 125)
conditions were used to calculate retention. By multiplying the
resulting TP andNO3-N retention rates (gm−2 d−1) by the factor
10 and the days under consideration, commonly used rates in kg
ha−1 month−1 or kg ha−1 yr−1 were calculated.

total TP retention (dc) =
dc
m · cin

dc
m +

(

cin−
dc
m

)

· e−a·(L−1)
(1)

dc = concentration difference of TP between inlet and outlet
[g m−3]
dc/m= system-specific retention rate per m [g m−3 m−1]
cin= inlet concentration [g m−3]
a = concentration-dependent retention rate (connectivity
class) [–]
L= length of the side arm [m]

FIGURE 2 | Significantly increasing measured concentration differences (n = 54) of total phosphorus with increasing incoming total phosphorus concentration (A) and

discharge (B) along the three differently connected side arm systems: Johler Arm (high connectivity, n = 17), Orth (medium connectivity, n = 16), and Regelsbrunn

(low connectivity, n = 21). Positive values indicate net retention and negative value release of TP between two sampling points. For details on the deduction of the

statistical approach, please refer to the Supplementary Information.
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During connection:

Ret =
Q · dc

A
(2)

During isolation:

Ret =
A · d · c

A
= d · c (3)

Ret= retention [g m−² d−1]
Q= discharge in side arm [m3 d−1]
dc= concentration difference between inlet and outlet [g m−3]
1c= concentration change over time [g m−3d−1]
A= area [m²]
d= water depth [m].

Semi-Empirical Mesoscale Model
This semi-empirical mesoscale model is based on two submodels.
The first submodel calculates incoming load and inundated
floodplain area considering the statistical relationships between
the given discharge ratios and the incoming discharge and
inundated area on a daily basis for each side arm system
(Natho et al., 2013; Natho and Venohr, 2014). With this data
given, the nutrient retention was calculated for nitrates and
total phosphorus on a monthly basis for each side arm system
following the approach of Venohr et al. (2011).

The incoming nitrate and total phosphorus load was
calculated on a monthly resolution according to ICPDR (2017).
On the basis of the discharge-flooded area relationship, three
parameter sigmoidal functions were derived (SIGMAPLOT
version 13.0 Notebook, Systat Software Inc.) to describe
the proceeding inundation of floodplains of each side arm
system with increasing discharge (Supplementary Figure 2).
This key parameter represents the degree of lateral hydrological
connectivity of each side arm system and was developed
successfully for rivers in Germany (Natho and Venohr, 2012,
2014; Natho et al., 2013).

As flood waves normally occur over a short period, the
incoming nutrient load was calculated on a daily basis with daily
average discharge. In line with seasonal dependencies of NO3-
N concentrations found by Zweimüller et al. (2008), Venohr
(2006), and Venohr et al. (2011) and complex patterns of TP
fluxes during high discharges (Zessner et al., 2005; Bowes et al.,
2008; Chen et al., 2013), concentration proxies for NO3-N and TP
were applied (Supplementary Tables 4, 5). The incoming daily
load was calculated with an average nitrate concentration for
each month and with an average TP concentration considering
winter and summer seasons and discharge levels below or above
MQ. Based on the daily loads and the known inundated area, the
retention model (Equations 4, 5) developed on the mesoscale was
applied at a monthly resolution (Venohr et al., 2011):

Nret% =
1

(

1+ (a · a1 · R) · eb·T ·HL−1
) · 100 (4)

Nret%= retention in % of incoming nutrient load [%]
R= short wave radiation [W m−²]
T= temperature [◦C]

HL= hydraulic load [m yr−1]
a= 5.7 [–], a1 = 0.025 [–], and b= 0.067 [–]

Pret% =
1

(

1+ c ·HL−1
) · 100 (5)

Pret%= retention in % of incoming nutrient load [%]
HL= hydraulic load [m yr−1]
c= 15.91 [–]
Both Equations (4) and (5) consider hydraulic load (HL) as
an equivalent for retention time (see Venohr, 2006 for details),
meaning lower areal retention in case of high HL. For nitrogen,
temperature and shortwave radiation have also influenced the
metabolic rate of denitrification and plant uptake (Venohr et al.,
2011).

RESULTS

Model Comparison Under Current
Conditions (CUR)
Current Annual Nutrient Retention Rate in the Study

Area
As for the mean area-specific retention rates on an annual basis,
both models were in a comparable range and predicted higher
retention rates in the wet year (Supplementary Figures 3, 4).
For NO3-N, the statistical model amounted to 170 kg ha−1 yr−1,
the semi-empirical model 161 kg ha−1 yr−1 and for TP, 5.7 and
4 kg ha−1 yr−1, respectively. In the case of both nutrients, the
statistical model showed a higher variation. In the dry year,
retention rates were lower than in the wet year, with 77 or 88 kg
NO3-N ha−1 yr−1 and 1.4 or 2 kg TPha−1 yr−1 for the statistical
and semi-empirical models, respectively. When considering the
very high discharges in the wet year, the retention rate calculated
by the semi-empirical model increased to 198 kg NO3-N ha−1

yr−1 and 4.8 kg TP ha−1 yr−1 (Table 2).

Current Monthly Retention Rates in Two Differently

Connected Side Arm Systems
Both models agreed in calculating higher monthly nitrate and
total phosphorus retention with increasing discharges in the side
arms and days of surface water connection (Figure 3). According
to the statistical model, nutrient removal in the connected
state was considerably higher than in the disconnected state.
The contribution to nitrate reduction in the disconnected state
quickly became insignificant when the side arm was connected
longer than∼2 days a month (Figure 3).

Johler Arm (5, Figure 1, Supplementary Figure 3) was
permanently connected to themain river channel, but inundation
of the floodplain occurred only during high flows. In Regelsbrunn
(3, Figure 1, Supplementary Figure 3), inundation occurred less
frequently, but only if the inundated area was relatively large. As
a consequence, HL was low for Regelsbrunn and extremely high
for Johler Arm especially in August (high floods). On a monthly
basis, both models represented the occurrence of floods (<5,130
m3 s−1) differently. Due to the dependence of the semi-empirical
model on HL, it showed areal retention peaks (in kg ha−1 yr−1)
after floods when the entering nutrient load was still high, but the
inundated area was lower than during the flood peak. In contrast,
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TABLE 2 | Resulting nutrient retention calculated by the semi-empirical and statistical models for three hydraulic conditions in the study sites.

NO3-N retention in kg ha−1 yr−1 TP retention in kg ha−1 yr−1

Wet Dry Wet Dry

Statistical model 170 ± 172 77 ± 115 5.7 ± 11.1 1.4 ± 3

Semi-empirical model 161 ± 138 (198 ±145)* 88 ± 130 4 ± 3.2 (4.8 ± 3.4)* 2 ± 2.5

Difference in % of statistical model 5 −14 30 −42

For the semi-empirical model, the wet year is also calculated considering the very high discharges indicated in brackets with asterisks.

FIGURE 3 | Changes in NO3-N retention with increasing connectivity (Q < 5,130 m3 s−1) in the current state. Exponential increase as calculated by the two models

and linear decrease of the fraction retained during disconnection in the stored floodplain water (R2
wet = 0.64, R2

dry = 0.55, p wet,dry <0.001). By fitting an exponential

function [y = b*exp(a*x)], the mean errors of the linear models (R2 = 0.39–0.62, p < 0.001) could be further reduced.

the statistical model calculated the highest retention rates during
floods reflecting the hydrograph (Figure 4), since discharge and
dependent nutrient transport were the only variables in the
statistical retention model. The biggest difference between the
models was visible for TP in Johler Arm for a wet hydrograph
(Figure 4). Here, the semi-empirical model predicted low TP
retention rates due to high HL, but the statistical approach
modeled high rates, due to high measured TP retention in Johler
Arm and its increase with rising discharge (Figure 2).

Effect of Reconnection Measures on
Nutrient Retention
Due to the dependence on connectivity in both models
(Figure 3), reconnection of all side arms (ALL scenario) was
predicted to considerably improve nutrient retention capacity in
the DFNP. According to both models, the calculated absolute
NO3-N retention in the DFNP doubled in the wet year and
even rose by a factor of 3.75–5 in the dry year (Figure 5).
For TP retention, the trend was similar to NO3-N according
to the semi-empirical model. For the statistical model, TP
retention after restoration was higher than the NO3-N retention
in absolute terms. Generally, the reconnection effect was most
visible for large side arms with low connectivity under current
conditions [Regelsbrunn (3), Petronell (4), and Spittelauer Arm
(6); Figure 6]. In the current state, NO3-N and TP load
reduction in the floodplains accounted for between a marginal

0.01 and 0.03% for both models and hydrographs. Considering
the complete implementation of all restoration measures, load
reduction may increase to 0.05–0.07% according to the semi-
empirical model. The statistical model resulted in 0.04–0.06%
reduction of NO3-N load and an unlikely high 1.8–3% reduction
of TP load in the dry and wet hydrographs, respectively.

Nutrient Retention in the Range of
Restoration Compared to Flooding Events
In the wet year 2002, the hydrograph exceeded the highest
navigable discharge (HSQ) at 14 days (March, August and
November), of which 12 days exceeded an annual flood. The
semi-empirical model was found to adequately illustrate these
events (Table 3). By including these events, the annual retention
(t a−1) increased by a factor of 1.6 for TP (0.04% river load
reduction) and even 1.9 for NO3-N (0.06% reduction) compared
to discharges <5,130 m3 s−1. However, if all side arms were
completely reconnected (ALL scenario), the annual retention
<5,130 m3 s−1 would still exceed the current state including
flooding events by a factor of 1.14 for both TP and NO3-N. If
the 14 flooding events were then included in the ALL scenario,
the factor would even rise to 1.9 (0.07% river load reduction) and
2.1 (0.1% river load reduction) for TP and NO3-N, respectively,
compared to the current state. This finding supports once more
the importance of frequent inundations for the efficient removal
of nutrients from floodplains.
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FIGURE 4 | Model comparison of monthly areal NO3-N (A) and TP (B) retention values below 5,130 m3 s−1 for the selected side arms Johler Arm (high connectivity)

and Regelsbrunn (low connectivity), in which water quality data was available, as well as monthly discharge sums of the Danube River (C). More detailed figures for all

side arm systems, scenarios, and model years can be found in Supplementary Figures 2, 3.

DISCUSSION

Model Validation: Comparison of
Calculated Retention Values With the
Literature
A detailed model validation in terms of observable nutrient
retention was not possible because there was no data available
suitable for this purpose. Instead, we compared our model
results in selected systems and with the literature values
presented in Supplementary Tables 6, 7. Whereas, for TP our
model results (CUR: 1.4–5.1 kg P ha−1 yr−1) lie rather in
the lower to mean range of values, our calculated NO3-N
retention (CUR: 65.5–114.5 kg NO3-N ha−1 yr−1) is in the

mid- to upper range of values found. The variation in published
areal retention rates is great, even though only floodplain
systems in temperate areas were selected. Reasons for this
may be attributed to differences in floodplain size, hydrological
conditions, nutrient loading, vegetation type, sampling design, or
retention mechanisms (Fisher and Acreman, 2004). In the case
of TP, retention is partly a temporary process of sedimentation
(Fisher and Acreman, 2004; Venterink et al., 2006) and a
highly variable transport with increasing discharge. Noe et al.
(2019) found positive net retention when sedimentation inputs
of P were high and leaching rates were low, e.g., processes
described by Hoffmann et al. (2012) and (Schönbrunner et al.,
2012).
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FIGURE 5 | Comparison of absolute NO3-N (A) and TP (B) retention in the national park between statistical and semi-empirical models before and after restoration.

For reasons of clarity, no bars for TP retention in the ALL scenario of the statistical model are displayed.

Modeled Drivers for NO3-N and TP
Retention and Resulting Model Limitations
Discharge, Nutrient Load, HL, and Nutrient

Concentration
Both models consider discharge to be an important driver
affecting nutrient loads and hydrological connectivity, but in
different ways. The discharge determines how much nutrient
load enters the floodplain area, as well as the duration and areal
extent of the connected floodplain area, which is considered

in the semi-empirical model (Supplementary Figure 2). In the
statistical model, discharge explains reductions in nutrient
concentrations (Figure 2). Nutrient loads (Saunders and Kalff,
2001) and hydrological connectivity, both are reported to be
among the most important factors for nutrient retention in
riparian wetlands found in the literature (Fisher and Acreman,
2004). P and N concentrations in the Danube (0.02–2.1mg TP
L−1, mean 0.06mg TP L−1 and 0.8–4.2mg NO3-N L−1, mean
2.0mg NO3-N L−1) were low in comparison to other large
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rivers in central Europe. This might explain the relatively low
TP retention rates modeled in this study. Discharge also acts as
a surrogate for water residence time (Behrendt and Opitz, 2000),
explaining how long the hydraulic load lasts on the system (Natho
et al., 2013). On amonthly basis, both models depict brief periods
(hot moments according to McClain et al., 2003) that frequently
account for a high percentage of the denitrification activity or
total phosphorus retention (Table 3).

TP and its main component, particulate P, are transported
at the highest concentration during high flows only for a short
period during the year. Regarding the retention, a decrease is
calculated according to the semi-empirical model due to very
high HL, which does not allow sedimentation to occur even
though the TP load is very high. Due to the dependence of the
semi-empirical model on HL, it shows areal retention peaks (in
kg ha−1 yr−1) after floods when the entering nutrient load is
still high, but the HL is lower than during the flood peak. No
correlation between HL (m d−1) and TP and NO3-N retention

(mg m3 m−1) was detected (R² < 0.02, p > 0.05) in the
statistical model and is therefore not used as a predictor. TP
retention is very likely to be overestimated by the statistical
model for the ALL scenario, because higher retention with
increasing connectivity and discharges is assumed. This severe
overestimation stems from the use of the maximal retention rate
measured and calculated in the smallest and highly connected

Johler Arm (5) for all side arms after complete reconnection.
Even though the impact of connectivity on retention efficiency
was clearly visible, transfer to other side arms was only possible
by assigning connectivity classes and upscaling systems of
different scales.

The semi-empirical model uses area and nutrient loads as
input data, which is also done by Kronvang et al. (1999) and
Hoffmann et al. (2011). Both TP and NO3-N retention in the
Regelsbrunn and Petronell side arms (3 and 4, Figure 1) is
probably overestimated by the semi-empirical approach. Only
four measurements of discharge-area pairs for each side arm
system were available to calculate the sigmoidal relationship
between discharge and connected area (specifically between
Q/MQ = 2 and 5.2, Supplementary Figure 2). The inundation
area, as a sigmoidal relationship reflecting the lateral hydrological
connectivity, is crucial for calculating HL in the semi-empirical
model. The larger the area, the smaller the HL and the
more time needed for denitrification, as well as for total
phosphorus to settle (Saunders and Kalff, 2001; Venterink et al.,
2003). The statistical approach was developed independently
of the area but based on a measured reduction in nutrient
concentration with increasing distance from the inlet, as also
reported by others (Kronvang et al., 1999; Saunders and Kalff,
2001; Venterink et al., 2003; Reckendorfer et al., 2013 in
an isolated floodplain in the DFNP). Although the model

FIGURE 6 | Contribution of each side arm system to NO3-N and TP retention in the wet year 2002 for the scenarios CUR and ALL. Numbers are given instead of side

arm system names and explained in the text.
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TABLE 3 | Floodplain characteristics of two differently restored floodplains for July and August 2002 (wet year).

Wet year (2002) CUR Regelsbrunn (3) Johler Arm (5)

July August August* July August August*

Days of inundation 3 17 24 31 24 31

Average inundated area [ha] 148 197 298 2 6 15

Average inundated area [%] 23 32 48 4 10 26

Average discharge [m3 s−1] 52 131 398 28 60 98

Hydraulic load [m yr−1] 1,118 4,884 3,225 42,130 55,406 20,584

Incoming NO3-N load [t month−1 ] 19 260 879 97 170 366

Incoming TP load [t month−1 ] 1 10 33 4 6 14

Statistical: NO3-N retention [kg ha−1 month−1 ] 1 20 28 42

Semi-empirical: NO3-N retention [kg ha−1

month−1 ]

5 10 33 56 20 44

Statistical:

TP retention [kg ha−1 month−1]

0.0 0.0 0.5 4.6

Semi-empirical:

TP retention [kg ha−1 month−1]

0.1 0.2 0.5 0.6 0.3 0.7

August* considers all discharges (including flood events) and is calculated by the semi-empirical model only, whereas July and August consider exclusively average daily discharges

<5,130m3 s−1. Highest values of each line and side arm are bold.

does not consider favorable redox conditions in sediments
or vegetation processes (Fennessy and Cronk, 1997; Fisher
and Acreman, 2004; Venterink et al., 2006), it gives reliable
estimations for TP retention in the range of the measurements.
This is because TP is mainly transported in the particulate
form; discharge and concentration are the main factors driving
TP removal. However, concentrations or loads considered as
the basis for retention can show inverse patterns (Natho and
Venohr, 2014) because of the different behavior of nutrient
concentrations with increasing discharge. This is also visible
for the Johler Arm (5, Figure 1), where the decline of nutrient
concentration was highest, although the semi-empirical model
calculated the highest HL of all investigated side arms (Table 1,
Supplementary Figure 2).

Due to insufficient data on nutrient concentrations at
high water levels, the statistical mass balance approach lacks
applicability to large flooding events (Q > 5,130 m3s−1),
an essential period for nutrient transport, load and retention
(Kronvang et al., 2007). TP concentrations in floodplains at
very high Danube discharges are hardly measured, and thus
information about retention in floodplains is very uncertain
(Zessner et al., 2005). Venterink et al. (2003) showed that with
an increasing share of discharge entering the floodplain of two
Rhine tributaries, P retention tended to increase in absolute
numbers, as also found by our statistical approach. However,
retention efficiency is reported by the same authors to decrease
when more than 15% of the main channel discharge enters
the floodplain. Generally, pairwise measurements in times of
surface water connection are rare, resulting in only 16 [Orth
(2)] to 21 [Regelsbrunn (3)] data points on which the statistical
model is built (Figure 2). The semi-empirical model, based
on causalities at larger scales, shows more reasonable values
for the ALL scenario and flood events than the statistical
model. It is therefore more robust to model nutrient retention
in other large river floodplain systems independent of water
quality data in differently connected side arms. However, without

comprehensive water quality data for the project area, the semi-
empirical model cannot be sufficiently validated.

Contribution of Connectivity vs. Isolation to Nutrient

Retention
In the initial phase of disconnection, inorganic nutrients decline
rapidly, but with increasing duration of disconnection internal
nutrient cycling processes dominate as organic forms prevail,
leading to very low nutrient removal rates in the side arms (Hein
et al., 2004; Forshay and Stanley, 2005). Whereas, NO3-N is
removed in both disconnected and connected states to different
extents, no storage of TP is detected during periods of isolation,
as transport depends on hydraulic connection (Noe and Hupp,
2005). Low levels of connectivity and low discharges lead to a
net release of TP, whereas higher discharges result in increasing
absolute TP storage (Figure 2). This lower connectivity can lead
to alternations between periods of desiccation and inundation,
which enhances phosphorus release upon re-wetting, and in
turn could enable eutrophication processes (Schönbrunner et al.,
2012). However, in the long run a decrease in phosphorus release
after restoration may occur (Noe et al., 2019). This stresses once
more the importance of nutrient inputs for system functioning,
either through high flows or more frequent inundation following
reconnection. Reflecting the results from the statistical model,
we conclude for the semi-empirical model that on the yearly
basis NO3-N retention might be negligible on the decoupled
floodplain, whereas at finer temporal resolutions a proxy is
needed that considers ongoing nutrient retention and release
during the (initial) phase of reconnection.

Seasonality
Apart from the HL and nutrient concentrations mentioned
above, denitrification is influenced mainly by temperature and
oxygen concentrations, whereby the former is also included in the
semi-empirical model. In opposition to TP, the higher modeled
NO3-N retention can be attributed to seasonality. This was
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considered by taking the water temperature into account, which
serves as a proxy for increased biological activity of denitrifying
bacteria at higher water temperatures and higher nutrient loads
in summer. Consequently, lower NO3-N concentrations in
summer were observed in the Danube as reported for other
rivers at higher water temperatures (Behrendt and Opitz, 2000;
Saunders and Kalff, 2001; Venohr, 2006; Zweimüller et al.,
2008). The semi-empirical model considered denitrification
as the dominant removal process for nitrates in the DFNP,
which is supported by mesocosm experiments by Welti et al.
(2012).

An increase in water temperature is concurrent with a
decrease in water column oxygen concentration, which in
turn promotes denitrification rates (Groffman et al., 2009).
In 2002, higher water temperatures of the summer floods
outbalanced the high HL because metabolic rates of denitrifiers
allow rapid turnover in the case of NO3-N availability at
the sediment water interface (Forshay and Stanley, 2005;
Craig et al., 2008). Therefore, it can be concluded that the
semi-empirical model is more reliable when predicting hot
moments for nitrogen removal. In contrast, the statistical model
calculates the highest retention rates during floods reflecting
the hydrograph (Figure 4), since discharge and dependent
nutrient transport are the only variables in the statistical
retention model. Nutrient concentrations in side arms were
investigated in different projects scattered along a timespan
of two decades, and measurements were not taken in the
months of January and February, meaning that the annual
temperature range was not represented in the data set and
summer was overrepresented. In order to eliminate error sources
of this kind, continuous concentration measurements in the
remaining side arms in the DFNP and at high discharges
are required.

Answering our first research question, we can summarize
that the two models calculate similar trends in nutrient
retention regarding yearly values for the whole area. Considering
biogeochemically hot moments, the models depict different
patterns due to their different consideration of driving factors.
Consequently, both models complement each other. We suggest
the semi-empirical model when considering the national park
as a whole. When evaluating the effect of small-scale restoration
measures, like single side arm reconnections, the statistical model
can complement the estimation with more detailed outcomes
during phases of isolation and reconnection.

Effect of Side Arm Reconnection and
Flooding on Nutrient Retention
The results of both models clearly show that the effect of
restoration in the study region is the improvement of lateral
hydrological connectivity and thus more frequent inundation,
so-called “hot moments” (McClain et al., 2003). In our models,
more frequent and thus higher nutrient input into floodplains
leads to higher absolute nutrient retention (Newcomer Johnson
et al., 2016; Noe et al., 2019) because of higher accumulation
rates of N and P (Noe and Hupp, 2005) and greater removal
of reactive nitrogen with increasing load (Jordan et al., 2011).

Frequent inundations with less destructive power are important,
because N removal efficiency (%) is reported to decrease with
higher N load (Fisher and Acreman, 2004; Bernot and Dodds,
2005; Venohr, 2006; Jordan et al., 2011). Similar findings, though
less pronounced, are described for TP retention (%) in wetlands
(Reddy et al., 1999; Fisher and Acreman, 2004). Because of its
ability to be released, not only with increasing incoming load,
but with increasing duration of input, phosphorus retention
efficiency in floodplains may decline (Fisher and Acreman, 2004).

In combination with connectivity and nutrient load inputs,
Newcomer Johnson et al. (2016) showed in an extensive
review that nutrient retention in floodplains could be enhanced
through restoration, leading to increased water surface area and
increased hydraulic residence time. In both models, discharge
is a determinant for inundated area, days of inundation and
incoming nutrient load. The highest retention in the statistical
model is found in frequently connected areas with high nutrient
load inputs, following rising patterns of the hydrograph. On
the other hand, the highest retention rates found by the semi-
empirical model occur in flat topographies with high input loads
[e.g., Regelsbrunn (3)], where area increases disproportionately
faster compared to the discharge, hence reducing HL and
flow velocity. Maaß and Schüttrumpf (2019) also model more
effective sedimentation in restored, lowered floodplains than
in restored, elevated rivers. Saunders and Kalff (2001) and
Craig et al. (2008) confirm that low flow velocities increase
retention through longer water-sediment contact time, which is
responsible for denitrification and sedimentation. Under current
conditions (CUR) inundation happens less frequently, but if it
does happen, the area is larger on average. In contrast, under
higher connectivity levels, inundation happens more frequently,
leading to reduced average areas but longer inundation periods of
far more days. This indicates the importance of small inundation
events with low HL for effective nutrient retention and further
underlines the importance of improved lateral hydrological
connectivity of the whole floodplain, not only selected side
arms, as the main goal of floodplain restoration. Furthermore,
prioritizing reconnection of larger side arm systems creates
synergies of high retention potential with the provision of habitat
for protected and endangered rheophilic communities (Funk
et al., 2013, 2019).

In summary, increasing connectivity and its consequences
for retention is estimated differently by the two models, but
generally leads to higher retention, in answer to our second
research question.

How Much Connected Floodplain Area Do
We Need to Reduce Nutrient Loads in the
Upper Danube River by 1%?
We considered a total of 3,200 ha of floodplains that can be
inundated with a probability of once every 30 years, making up
one-third of the DFNP. This is the lowest probability found in
Flood Hazard Maps showing inundation of all the floodplains
already considered. With an average inundation area of 481 ha
(wet) and 282 (dry), which we would call a very well-connected
floodplain, the semi-empirical model calculated for the ALL
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scenario a river load reduction of 0.07–0.1% for NO3-N and
0.05–0.07% for TP. This seems to be very little and would not
be detectable in the river. However, we analyzed a stretch of
only 30 km and argue that the floodplain area is very small
compared to the river size. Thus, we ask the question: Howmuch
well-connected floodplain area would be needed to achieve a
nutrient retention of 1% of the yearly transported river load? A
one-percent decrease in river load would already be detectable
and within an achievable range in the light of our modeled
retention efficiencies.

From our model results, we can conclude an areal retention
rate of up to 334 (dry)−400 (wet) kg NO3-N ha−1 yr−1 and 7
(dry)−9 (wet) kg TP ha−1 yr−1. A river load of 199,000 t dissolved
inorganic nitrogen and 6,700 t TP is reported by ICPDR (2002).
To achieve a retention of 1% of the river load in a wet year, we
would need 4,975 ha for NO3-N and 7,444 ha for TP. As we stated
above, only 15% of the DFNP is flooded on a regularly basis,
which would then result in a floodplain area 10.4 and 15.5 times
larger than the DFNP. Alternatively, on a 100 km river stretch we
would need a floodplain that is 0.5 kmwide on each side for NO3-
N and 0.75 km for TP. In the dry year, the Danube transported
119,015 t DIN and 2,699 t TP (ICPDR, 2003). The area required
to remove 1% of this load is 3,563 ha for NO3-N and 3,856 ha for
TP. Considering an average inundated area of only 9%, an area of
about 12.6 and 13.7 times the DFNP is required for a 1% removal
of NO3-N and TP.

We suggest increasing reconnection not only through side
arm connection but also by allowing overbank flow, which
inundates the entire floodplain complex during frequent floods
with lower water levels (annual floods). This increases river-
floodplain interactions and might lead to higher sedimentation
and phosphorus and N-enriched sediment deposition (Maaß and
Schüttrumpf, 2019; Noe et al., 2019). Despite the clear evidence
that the re-establishment of hydrological pulsing increases
denitrification and decreases emissions of greenhouse gases
(Mitsch et al., 2008; Welti et al., 2012), we are aware that nutrient
retention in restored floodplain areas is a complex topic and
that the potential for phosphate release from soils of floodplains
with restored wetland hydrology is a large concern. Although
some PO4-P release processes might occur after floodplain
reconnection (Figure 2; Aldous et al., 2007; Schönbrunner et al.,
2012), over the long run positive net retention after restoration
will appear (Owens and Walling, 2002; Noe and Hupp, 2005;
Venterink et al., 2006; Wassen and Olde Venterink, 2006;
Anderson and Mitsch, 2007; Noe et al., 2019).

Based on these considerations, we can answer our third
research question and confirm that the measures planned in
the ALL scenario will not be enough to retain a significant
amount of nutrients (1% threshold). Only when reconnection
at low flow conditions leads to very frequent inundation of the
floodplain area as a whole could a significant amount of river
nutrient load be retained in the DNFP. Finally, knowing that
floodplain restoration may increase the multi-functionality of
these ecosystems worthy of protection, it should still be ourmajor
goal to manage water quality primarily through reduction of
punctual and diffuse nutrient emissions into river systems rather
than filtering out pollutants afterwards.

CONCLUSION

So far, only four side arm systems in the DFNP were
partially reconnected to different degrees, resulting in no
noticeable reduction of nutrients transported in the Danube
River. Even though the two models were built upon different
backgrounds, hydrological connectivity has shown to be the
common main driver determining the amounts of nutrients
to be retained by the floodplains. From our results, we
conclude that if more area were frequently inundated by
reconnecting all proposed side arms, an increased reduction
in transported nutrient load could be achieved. To achieve
a retention of 1% of the total load, 10–15.5 times more re-
connected floodplain area is necessary. Frequent inundations are
a prerequisite not only for effective nutrient retention through
denitrification and sedimentation, but also for typical floodplain
habitat provisioning, and could positively influence the multi-
functionality of floodplains.

By applying two fundamentally different models, we were
able not only to generate a more comprehensive understanding
by elucidating common driving factors, but also to point
out general or specific limitations to modeling nutrient
retention, including reduced data availability and the detailed
description of extreme events. Whereas, the strength of
the semi-empirical model is the calculation of nutrient
retention on a larger scale and during a wider range of
discharges, the statistical approach is able to represent the
current retention functions in more detail on a smaller
scale. Overall, it was our aim to quantify the current
state and the achievable potential of the DFNP in light of
nutrient retention and floodplain restoration. We could show
for the first time that the effect of complete reconnection
of side arms leads to higher nutrient retention than sole
flooding events in an extreme wet year without better
connectivity—but the investigated floodplain stretch is still
too small to considerably reduce nutrient loads in the
Upper Danube.

Due to the complexity of river floodplains, quantification
of nutrient retention potential remains challenging, but is an
important management issue. With our results, we contribute
to a better understanding of this ecosystem service, which helps
to tailor future restoration programs to the needs of nature
and society.
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