
ECOSYSTEM SERVICES OF WETLANDS

Simple modelling for a large-scale assessment of total phosphorus
retention in the floodplains of large rivers

Christiane Schulz-Zunkel1 & Martina Baborowski2 & Thomas Ehlert3 & Hans D. Kasperidus1 & Frank Krüger4 &

Peter Horchler5 & Bernd Neukirchen3
& Holger Rupp6

& Mathias Scholz1 & Lars Symmank5 & Stephanie Natho7

Received: 8 October 2020 /Accepted: 6 May 2021
# The Author(s) 2021

Abstract
Floodplains provide a multitude of ecosystem functions and services with water purification being one of them. For this study we
modelled the retention of total phosphorous (TP) in the floodplains of the river Rhine and the river Elbe, looking at sediment
deposition as the main process responsible for removing TP from rivers during inundation events. We applied two different
approaches: a proxy-based approach (PBA) and a one-dimensional model based approach (MBA).We used both to calculate the
yearly TP retention and compared it with the annual TP load in the rivers. Compared to the transported river load the Elbe
floodplains investigated retained approx. 4.9% TP resp. 1.4% (PBA vs. MBA) while in the floodplains of the river Rhine about
1.8% vs. 0.3% TP was retained. We found that the greatest difficulty in quantifying TP retention in floodplains is due to the lack
of spatial detail on the hydrological connectivity between rivers and their adjacent floodplains and that a sound validation of the
results is absolutely necessary. Long-term monitoring data for floodplains, especially on hydrological connectivity, are of crucial
importance in this respect.
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Introduction

Nutrient pollution is one of the major pressures on European
riverine ecosystems (Grizzetti et al., 2016, EEA 2000).
Grizzetti et al. (2021, pre-print) summarises that currently
more than half of the water bodies in the EU are not in good
ecological status, with nutrients being one of the main causes
of degradation. They further note that many marine ecosys-
tems suffer from hypoxia and eutrophication, and in estuaries
and coastal waters nutrient availability from river loads is
increasing sharply, causing eutrophication here too. For ex-
ample, the imbalance of nitrogen and phosphorus relative to
silica may be responsible for the proliferation of harmful algal
blooms (Billen &Garnier, 2007). Furthermore, eutrophication
affects water quality and alters the condition and functioning
of freshwater and marine ecosystems. As a result, their ability
to provide important ecosystem services and sustain economic
activities is severely impaired (e.g. Grizzetti et al. 2016,
Liquete et al. 2016, Piroddi et al. 2017, Culhane et al. 2019).
As water purification is one of the most important ecosystem
services that floodplains provide, they significantly support to
achieve the objectives of the EU Water Framework Directive
(EU WFD) (EEA 2020). There is an urgent need for nutrient
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control, and an important part of this is sediment and total
phosphorous (TP) control. The retention of TP is strongly
related to the process of sedimentation. Thus particulate P is
the largest fraction of TP and flood events with river water are
the main source for the deposition of sediments and TP in
floodplains (EEA 2018, pre-print). However, floodplains are
strongly influenced by various human activities, which often
lead to severe degradation (EEA 2016, Schindler et al. 2016).
It is often the case that lateral connectivity in particular is
disturbed (e.g. Hein et al. 2016), negatively affecting the dy-
namic connections between the floodplain and the main river
channel (Amoros & Bornette 2002) and even leading to a
permanent change in the ecosystem functions provided, such
as sediment and TP retention (Funk et al. 2019). Indeed, it is
more important now than ever to quantify the functionality of
the remaining ecosystem functions in floodplains, since in
Europe and North America up to 90% of former floodplains
along main rivers have become functionally extinct (Tockner
& Stanford 2002).

There are various methods to measure sedimentation rates
in floodplains (e.g. Noe & Hupp 2005, Baborowski et al.
2007, Kiedrzynska et al. 2008, Gonzalez-Sanchis et al.
2015). Most of these studies refer to single case studies, small
catchments or river sections, meaning that an up-scaling of TP
retention rates that were obtained like this is hardly viable
(Gelbrecht et al. 2005). This is also because the sedimentation
process is extremely variable and depends on changing hy-
drology and the amounts of transported sediments (e.g. Rusjan
et al. 2008, Oeurng et al. 2010). Moreover, TP retention rates
were found to depend on the transported load in the river (Noe
& Hupp 2005), residence time (Hoffmann et al. 2009), flow
velocity (Venterink et al. 2006), vegetation type, age of the
wetland, as well as geomorphological features (Steiger &
Gurnell 2002), land use (Venterink et al. 2006), distance to
the river and elevation (Kiedrzynska et al. 2008).
Accordingly, different modelling approaches to determine
TP retention do exist. Mander & Mauring (1994) built a re-
gression model based on the assumption that TP retention in
wetlands can be described as a relationship that depends on
differently combined or single parameters such as nutrient
load, wetland area and/or residence time or the so-called hy-
draulic load (HL). Other approaches combine averaged values
or available landscape data with a given constant floodplain
extent to calculate TP retention (e.g. Kronvang et al. 2004a
and b) or to derive information on ecosystem functions direct-
ly from land use data and habitat maps (e.g. Burkhard et al.
2009, Kienast et al. 2009, Vihervaara et al. 2010, Haines-
Young et al. 2012). According to Maes et al. (2012) such
approaches may be feasible on large scales and for areas
where data availability is limited.

All of the approaches described above are usually not able
to narrow inundation areas and integrate retention processes as
a function of riverine flooding. However, suitable methods are

urgently needed to determine the current status of floodplain
functioning with respect to TP retention. Such methods must
take into account that rivers and floodplains that are discon-
nected by dikes and cut-off side-arms, are affected by trans-
verse structures such as weirs and that land use changes lead to
shifts in the functionality of riverine landscapes.

We developed two simple modelling approaches for the
large-scale assessment of TP retention in floodplains.
Various stakeholders urgently need such information, espe-
cially for future management activities such as restoration
measures and land use within these landscapes, and
alternatives to these simple approaches are currently not
available. We integrated information about the frequency
and duration of flood events as well as TP input and
sedimentation patterns by using indicators that provide
indirect information about hydrological connectivity and TP
retention in floodplains. Here we follow Amoros & Bornette
(2002) who refer to the gradient of lateral connectivity as the
degree of connectivity between the various water bodies of the
floodplain and the main river channel. The indicators used
were the ‘status of floodplains’ (Brunotte et al. 2009), the
‘TP concentration in rivers’ (Natho et al. 2020) and the ‘hy-
draulic load’ (Behrendt & Opitz 2000).

By using these we hypothesized that simple models can be
used to estimate TP retention in floodplains and provide reli-
able results even with imperfect data. We tested this hypoth-
esis by implementing a model-based approach (MBA) and a
proxy-based approach (PBA) to quantify TP retention in
floodplains and compared the results with data from a field
study. We discussed the credibility of our results and even
introduced model adaptations.

METHODOLOGY.

Study sites

The floodplains under investigation are located along the riv-
ers Elbe and Rhine (Fig. 1). Both are among the largest rivers
in Germany, experiencing winter and/or early spring floods.
Data about length, load and TP concentration of the two rivers
are given in Table 1. The remaining active (regularly flooded)
floodplains along the river Elbe account for 56,978 ha
(19.4%) and similarly along the Rhine 45,384 ha (20%) of
active floodplains remain (Brunotte et al. 2009). The ‘status
of floodplains’ along the Elbe is predominantly classified as
‘slightly modified’, whereas along the Rhine it ranges from
‘slightly modified’ to ‘totally modified’ (Brunotte et al. 2009).
We selected one case study for each floodplain to test the two
different modelling approaches: ‘Schönberg Deich, (SbD)’
(215 ha) − an active Elbe floodplain that is regularly flooded
every spring and ‘Kühkopf-Knoblochsaue’ (KkK)’ (2318 ha)
− a Rhine floodplain that used to be partially dammed but was
completely reconnected to the Rhine in 1983.
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Only for the case study SbD (Elbe) data on sedimentation
and TP input were available for the years 1997/98, 1998/99
and 2005, corresponding to flood events (Rupp et al. 2000,
Büttner et al. 2006, Baborowski et al. 2007, Krüger 2015).
Fifty-four sediment traps were installed prior these flood
events at different locations and with varying distances to
the Elbe. Sediment weight was measured after each flood
and TP input was analysed as TP in g kg−1 sediment

(data 2000, unpublished). For the analysis we divided the
active floodplain into two sections. In the first section highest
TP input was found near the river, within a 45 m strip (buffer
1, approx. 21 ha) with an average inundation duration per
flood event of approx. 23 days. The second section lies behind
this virtual line up to the dike (buffer 2 approx. 197 ha). This is
additionally influenced by pressurised water and has an aver-
age flooding duration per flood event of up to 51 days. From

Fig. 1 Study sites along the river Elbe (right) and the river Rhine (left) (MBA:River length is indicated by the used gauges, PBA: river length according
to Brunotte et al. (2009), for the Elbe river without the tidal Elbe)
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the event-related TP input at the traps, a mean TP input per
hectare and year was determined for the respective spatial
sections (buffer 1, buffer 2).

Model-based approach (MBA)

TheMBA calculates TP retention rates based on the inundated
area (submodel 1) (Natho et al. 2013), the water volume and
the TP load (runoff and concentration from measuring points
upstream) entering this area (submodel 2). It therefore takes
into account different hydrological conditions on a monthly
and annual basis. The MBA combines the TP retention model
developed by Behrendt (1996) and applied in Venohr et al.
(2011) (submodel 3, described in Fig. 2 as RTP% of total
transported river load) with submodel 1 (for inundated areas)
and submodel 2 (for discharge and load entering the inundated
floodplain). This data is derived from the 1D hydrodynamic
numeric Software model SOBEK by Delft Hydraulics imple-
mented in the software FLYS 2.1.3 (BfG 2017). FLYS serves
as a quick visualising tool for discharges given at official
gauges along Federal Waterways. Modelled FLYS results of
selected smaller floods were plotted against the inundated area
(percent of the total available floodplain area). Sigmoidal
functions were found to best describe the relation between

discharge and inundated area as a percent (submodel 1).
Additionally, static water volume for discharges given from
gauge data were calculated for the floodplains and the rivers
individually. The discharge given from gauge data was then
plotted against the discharge entering the floodplain as a per-
centage of the entire discharge from the floodplains and the
rivers (submodel 2). With the information about the amount of
discharge entering the floodplain as a percentage, incoming
nutrient loads and incoming discharges for any discharges
given by discharge data in the study period were calculated
(Natho et al. 2013). These steps were necessary to identify
smaller floods that are of greater relevance for nutrient reten-
tion (Natho & Venohr 2014). The final selection was made
with quite a few events occurring statistically during different
time periods to obtain enough data for the relationships be-
tween the discharge given by gauges and inundated area. In
the end, we used eleven events that statistically occur on
45 days per year, up to floods that statistically only occur once
in five years (see Fig. 2 and Natho & Venohr 2012). In the
floodplains in our investigation water depths (FLYS, BfG
2017) and land use (Corine Land Cover 2006) as well as daily
average discharge at the upstream and downstream gauge
were known (Fig. 2). Flow velocity was considered by apply-
ing roughness values (Kst) and the Gauckler-Manning-

Table 1 TP retention calculated for the floodplains of the rivers Elbe and Rhine

PBA

Modelling
approach

Relevant model-input data Unit Elbe floodplains Rhine floodplains

PBA Floodplain area1 ha 56,979 45,384
River length1 km 590 808
Long term average TP river load2,3 t a−1 2509 6701
Long term average discharge4 m3 s−1 750 2201
TP concentration5 mg l−1 0.112 0.091
PBA calculations long term average long term average
TP retention potential t a−1 123 120
TP retention potential kg ha−1a−1 2.2 2.6
TP retention potential % of long term average

TP river load
4.9 1.8

MBA
MBA Relevant model-input data 2002 (wet) 1998 (mean) 2004 (dry) 2002 (wet) 1998 (mean) 2004 (dry)

River length km 322 500
Floodplain area ha 11,576 6518 1702 6562 4819 4846
Theoretical river width m 360 202 53 131 96 97
Annual average TP river load2 t a−1 6270 3536 50 15,319 11,757 9605
TP incoming load ta−1 5346 1476 970 11,791 6869 2936
Long term average discharge4 m3 s−1 1137 649 511 2774 2165 1961
Duration of flood [median] days 233 94 77 248 99 67
MBA calculations 2002 (wet) 1998 (mean) 2004 (dry) 2002 (wet) 1998 (mean) 2004 (dry)
TP retention t a−1 286.6 50.6 9.8 105.0 34.8 16.8
TP retention kg ha−1a−1 24.8 7.8 5.7 13.8 7.2 3.0
TP retention % of annual TP river

load
4.6 1.4 0.3 0.7 0.3 0.2

1Brunotte et al. 2009, 2 Fuchs et al.2010,
3 gauge Elbe: Neu Darchau, gauge Rhine: Emmerich,
4 last gauge along considered river stretch Elbe: Neu Darchau, Rhine: Emmerich,
5 source: UNDINE, http://undine.bafg.de/servlet/is/12102/index.htm#Q_akt
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Strickler algorithm to calibrate the calculated share of dis-
charge leaving and entering the floodplain (Natho et al.
2013). In the TP retention model sedimentation as the main
process was expressed by a function depending on the hydrau-
lic load (HL) which is equal the water depth divided by resi-
dence time of the load (here sediment) respectively discharge.
HL is used as the essential parameter for calculating TP reten-
tion (Behrendt 1996, Venohr et al. 2011) and calculated as the
average height of a water column flowing above an area
(Behrendt & Opitz 2000). It is derived from the monthly/
yearly sum of daily average (submodel 2) divided by the in-
undated floodplain area (submodel 1). To account for TP re-
tention during flood events it is assumed that sediments and
thus TP are equally distributed within the water column.
Based on these calculations in FLYS (BfG 2017) and based
on long term average discharges (MQ) we identified:

( i ) a we t y e a r (MQR h i n e Emm e r i c h = 131 m3s− 1 ,
MQElbeNeuDarchau = 160 m3s−1),

( i i ) a d r y y e a r (MQR h i n e Emm e r i c h = 83 m3 s− 1 ,
MQElbeNeuDarchau = 72 m3s−1) and

(i i i) a mean year (MQRhineEmmer ich = 101 m3s−1,
MQElbeNeuDarchau = 91 m3s−1).

Proxy-based approach (PBA)

The PBA calculates TP retention potential and was developed
for 79 German rivers and their adjacent floodplains with a

catchment area greater than 1000 km2 (Schulz-Zunkel et al.
2012). It estimates retention on basis of following input data:

& the extent of the active floodplain area by using 1 km
floodplain segments according to the national setting for
floodplains (Fig. 3) (Brunotte et al. 2009, GeoBasis-DE/
BKG 2009)

& area-specific land use data (7 classes: cropland, grass-
land, waters, urban areas, forest, wetlands, other),
summarised from a digital land use map, scale 1:25,000)
(GeoBasis-DE/BKG 2009–2012),

& roughness values derived from land use data (Mehl et al.
2012, Supplement 1).

The estimation procedure is based on 1 km floodplain seg-
ments, which individually collect information about rivers,
active floodplains and inactive floodplains (Fig. 3).

To calculate the potential TP retention in active floodplain
areas, roughness (Mehl et al. 2012) was used as a substitute for
flow velocity during flood events. The TP sedimentation was
estimated by TP retention proxies derived from published data
(see Schulz-Zunkel et al. 2012). The calculated roughness
values per land use class (Supplement 1) were area-weighted
averaged for each 1 km floodplain segment. The averaged
roughness values were grouped into five classes and TP reten-
tion proxies were assigned to them. These proxies were also
averaged values ranging between 0.5 kg ha−1a −1 and
5 kg ha−1a−1 (Fig. 4). Measured data on TP retention in flood-
plains are rarely available in the literature; moreover, these
datasets often show large variations among each other (see
Schulz-Zunkel et al. 2012). Thus we decided to use the value

Fig. 2 Flowchart to describe the MBA
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of 1 kg ha−1a−1 as an anchor point for an averaged TP reten-
tion proxy in floodplains, according to Trepel (2009), who
specifies a TP retention by sedimentation of 1 kg TP ha−1

a−1 for the construction of new floodplains. This value should
be regarded as conservative for an average roughness and
already takes into account the uncertainty that the frequency

of flooding and the amount of the recent inundated floodplain
is not known in detail. This conservative value also considers
the fact that floodplains can be a source of TP as sediments can
also be remobilised during extreme floods. Thus measured
values for individual events are in some cases significantly
higher than this value (Schulz-Zunkel et al. 2012).

Fig. 3 Map section of the 1 km floodplain segments with river, active and
inactive floodplain areas (Data sources: Brunotte et al. 2009, GeoBasis-
DE/BKG 2009), The 1 km floodplain segments were selected along the

length of the river. A segment is then 1 km long in relation to the
longitudinal course of the river)

Fig. 4 Flowchart to describe the PBA and its further adaptation. The PBA
workswith database queries, e.g. if ‘roughness’ = 1 or 2 or 3 and ‘status of
floodplains’ = 1 or 2 or 3 and TP concentration = mean, then level 8
should be assigned, otherwise a value from levels 1–5 should be assigned.
Behind the latter (levels 1–5) lies a similar database query. This results in

the assignment of one level per 1 km floodplain segment. This query
brings ‘roughness’, ‘status of floodplains’ and ‘TP concentration in the
rivers’ together and generates TP retention via allocated proxies into the
levels 1–9)
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Comparable to the procedure according to Trepel (2009), rath-
er conservative assumptions are made for all levels; based on
the anchor value (level 3); the allocation of the levels 1 and 2
was carried out in −0.25 steps each, of the levels 4 and 5 in
steps of +1.5 and + 2.5, respectively. Due to its special impor-
tance for TP retention, the land use class ‘water’ was given an
individual proxy and was not averaged per segment. This was
defined at 3 kg ha−1 a−1 (see Kronvang et al. 1999) and is
supposed to reflect, again, the fact that phosphorus can be
expected to be reabsorbed in floodplain waters (Kronvang
et al. 2009, Wagenschein 2006).

For this study we further developed the PBA (Schulz-
Zunkel et al. 2012) described above by including the param-
eters ‘status of floodplains’ (Brunotte et al. 2009) and ‘TP
concentration in rivers’. The characterisation of the ‘status of
floodplains’ is part of a German-wide data set based on the
same 1km floodplain segments. It quantifies the spatial extent
of rivers, active and inactive floodplains and thus the loss of
floodplain area, the morphological condition, the nature con-
servation areas, and the land use intensity within the entire
area delineated as floodplains for each of these segments.
Based on this data it was possible to derive the ‘status of
floodplains’ for 79 rivers in Germany with a catchment area
of more than 1000km2 (Brunotte et al. 2009). Therefore we
assumed that an overall good status of floodplains (class1
(very slightly modified) to class3 (moderately modified)) gen-
erally indicates good hydrological connectivity between a riv-
er and its adjacent floodplains which could result in a good
performance of the floodplain functions over such stretches
(Supplement 2). Combined with low flow velocities (high
roughness) this may lead to a higher potential of sediment
and TP deposition in these segments. We then combined this
information with data about ‘TP concentration in rivers’. This
is decisive for TP retention in floodplains because high dis-
charge might decrease TP retention efficiency (Gordon et al.
2020). If, during flood events, the flooded area is large enough
to retain a low HL, it indicates a very well hydrologically
connected floodplain as a whole and high TP retention is
possible (Natho et al. 2020, Podschun et al. 2018).
Therefore, if the floodplain area is large enough, this can lead
to higher TP retention and could therefore indirectly reflect the
hydrological connectivity between a river and its floodplains.
For this purpose, we divided the 79 German rivers investigat-
ed into three classes based on their TP concentrations accord-
ing to officially accessible monitoring data (Supplement 3).
This meant that if information about the ‘status of floodplains’
and the ‘TP concentration in rivers’ was available three new
levels could be added to the existing PBA: level 7:
5 kg ha−1a−1, level 8: 7.5 kg ha−1a−1, and level 9:
10 kg ha−1a−1. For this adapted PBA we followed the same
rule and assigned conservative proxies in steps of +2.5. Level
7 corresponds to level 5 in the original PBA, again to avoid
overestimation. The adjustments are also in the lower range of

the values given in the literature (Schulz-Zunkel et al. 2012).
Therefore, the former TP retention classes’ level 4:
2.5 kg ha−1a−1 and level 5: 5 kg ha−1a−1 could be adjusted into
level 9: 10 kg ha−1a−1, level 8: 7.5 kg ha−1a−1 and/or level 7:
5 kg ha−1a−1 (the same as level 5). Level 1 to 3 were assumed
to be unchanged resp. constant, as here the roughness values
ranged from ‘average’ to ‘very low’ indicating high flow ve-
locities and thus lower sedimentation rates (Fig. 4). However,
we were still not able to include data on site-specific flood
events and flood durations, as such data were not available
on the national level. Nevertheless, the method can be applied
to individual case studies within the German study area.
Therefore, we were able to extract results for the case studies
‘Schönberg Deich’ (SbD, Elbe) and ‘Kühkopf-Knoblochsaue’
(KhK, Rhine) and to compare themwith collected field data at
least for SbD (Elbe).

Results

Large-scale assessment of TP retention in the
floodplains of the Elbe and Rhine

The PBA calculates a slightly higher TP retention within the
floodplains of the Rhine (2.6 kg ha−1 a−1) compared to the
Elbe floodplains (2.2 kg ha−1 a−1). Both values rather lie in
the category of a dry year calculated by the MBA (Rhine:
3.0 kg ha−1 a−1, Elbe: 5.7 kg ha−1 a−1). By contrast, TP reten-
tion determined using the PBA are not confirmed by theMBA
for wet years. Here TP retention even increases up to
13.8 kg ha−1a−1 for the Rhine and 24.8 kg ha−1a−1for the
Elbe floodplains. The MBA calculates an annual average TP
load and the actually inundated floodplain areas within the
active floodplain. Therefore, the annual percentage TP reten-
tion rates between the studied years show ranges between
1.4% to 4.9% for the Elbe floodplain and 0.3% to 1.8% for
the Rhine floodplain (Table 1).

TP retention in the two case studies ‘Schönberg Deich,
SbD’ (Elbe) and ‘Kühkopf-Knoblochsaue, KbK’ (Rhine)

The results of the modelled TP retention are not too different
for the two case studies and for the different approaches
(Table 2). The PBA yielded an average TP retention of
1.13 kg ha1a−1 (Elbe) and 0.88 kg ha−1a−1 (Rhine), whereas
the MBA calculated TP retention for dry to wet years between
2.6–20.5 kg ha−1 a−1 (Elbe) and 0.4–3.5 kg ha−1a−1 (Rhine).
To understand the latter flood characteristics of the hydrolog-
ical conditions analysed with data from the years 2002 (wet
year), 1998 (average year) and 2004 (dry year) are given in
Table 3. For each of these years, there are more flood events in
KkK (Rhine) than in SbD (Elbe). However, except for 2002,
the total number of days with floods are higher in SbD (Elbe)
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than in KkK (Rhine). In the wet year flood duration differs
between 219 (SbD, Elbe) and 248 (KkK, Rhine) days, where-
as in the dry year it ranges between 77 (SbD, Elbe) and 67
(KkK, Rhine) days. The year 1998 represents an average hy-
drological year for both rivers (SbD, Elbe: 92, KkK, Rhine:
90 days).

For SbD (Elbe) we also analysed existing field data about
TP input for the years 1997/98, 1998/99 and 2005. This data
set shows a strong relationship between sediment and TP in-
put (Fig. 5). The averaged event-related TP input during the
three flood events was 73.4 kg TP ha−1 a−1 for buffer1 and
15.8 kg TP ha−1 a−1 for buffer 2. By summing both an event-
related TP retention in the entire SbD (Elbe) case study of
approx. 90.4 kg ha−1 a−1 can be expected. These rates clearly
surpass the modelled results.

Integrating the parameters ‘status of floodplain’ and
‘TP concentration in rivers’ into the existing PBA

TP retention changed for all Elbe and Rhine floodplains as
well as in both case studies between the current and the
adapted PBA (Fig. 6). The adjusted proxies (see Fig. 4) lead
to higher TP retention overall. Both, in the entire Elbe

floodplains and in the SbD (Elbe), the gain is about 50%. In
the Rhine floodplains and in the KkK (Rhine) the increase is
about 14%. Also the distribution of the potential TP retention
before and after the further development of the PBA changed
(Fig. 6). This illustrates an increasing amount of 1 km flood-
plain segments in both the entire floodplains and the case
studies with higher TP retention potentials.

Discussion

How beneficial are field data for verifying the
modelled results?

Both models provide reasonable results about TP retention.
However, field data measured for SbD (Elbe) give much
higher TP retention values. Only the modelled values for
the wet year using MBA show comparable results to the
SbD (Elbe) case study, while the calculated results of the
PBA are even calculated as 80 times lower. This general
underestimation of both models indicates that a transfer of
single event-related, measured values to entire floodplains,
investigated active floodplains or even along other river-

Table 2 Calculated TP retention for the case studies ‘Schönberg Deich, SbD (Elbe)’ und ‘Kühkopf Knoblochsaue, KkK (Rhine)’

PBA

Unit Case study ‘Schönberg Deich, SbD (Elbe)’ Case study ‘Kühkopf-Knoblochsaue, KkK (Rhine)’

PBA calculation long term average long term average

Floodplain area ha 215 (HQ100) 2318 (HQ100)

TP retention potential kg a−1 243 2047

TP retention potential kg ha−1a−1 1.13 0.88

MBA

MBA calculation 2002 (wet) 1998 (mean) 2004 (dry) 2002 (wet) 1998 (mean) 2004 (dry)

Average inundated floodplain area ha 106 64 32 360 309 259

TP retention kg a−1 2168 461 83 802 1069 98

TP retention kg ha−1a−1 20.5 7.2 2.6 2.2 3.5 0.4

Table 3 Flood characteristics for the case studies ‘Schönberg Deich, SbD (Elbe)’ und ‘Kühkopf Knoblochsaue, KkK (Rhine)’

Flood characteristics Units Case study ‘Schönberg Deich, SbD
(Elbe)’

Case study ‘Kühkopf-Knoblochsaue, KkK
(Rhine)’

2002 (wet) 1998 (mean) 2004 (dry) 2002 (wet) 1998 (mean) 2004 (dry)

Flood event: Q>MQ Quantity 5 5 1 12 8 8

Flood event: Q>MQ Quantity of days 219 92 77 248 90 67

Maximum discharge during flood events m3 s−1 3788 2160 1145 4080 3590 3725

Average, yearly discharge m3 s−1 931 513 428 2413 1850 1556

(Q = daily average discharges, MQ= long term average discharges, gauge Elbe: Tangermünde, gauge Rhine: Worms, reference time span= 1930–
2002)
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floodplain-ecosystems is not possible. Due to the lack of
spa t i a l de ta i l o f the da ta on the te r ra in and the
hydrogeological conditions (Bouwman et al. 2013), our
models do not allowus to distinguish between siteswith high
and low TP retention. This shows that measured values can-
not be fully represented by the models and the presence of
flood and TP retention gradients from the river to the flood-
plain cannot be taken into account (seeKronvang et al. 1999,

Gonzalez-Sanchis et al. 2015) as the approaches consider the
active floodplain as an averageunit (PBA)or theTP retention
is averaged based on the incoming and hydraulic load (HL)
(MBA), with the latter one known to be positively correlated
toTPmass retention (Gordon,2020).Moreover, bothmodels
are based on empirical relationships and do not consider sed-
imentation processes in detail, such as the further
remobilisation of floodplain sediments (including P) as

Fig. 5 Relationship between
sediment and TP input for the
measured data from ‘Schönberg
Deich, SbD (Elbe)’

Fig. 6 Calculated TP retention in the floodplains of the Elbe (left) and the
Rhine (right) and the assigned TP retention rates for two scenarios: (A)
status quo = PBA without model adaptation and (B) adapted PBA. (The

two case studies ‘Schönberg Deich, SbD (Elbe)’ (left) and ‘Kühkopf-
Knoblochsaue, KkK (Rhine)’ (right) are shown within the rectangles
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inherent source (Krüger 2015, Wijnhoven et al. 2006). The
PBA uses vegetation roughness as a substitute for flow ve-
locity during inundation events while the MBA uses it to
calculate flow velocities. Hence, the transferability of the
findings fromSbD (Elbe) to larger scales needs to be ensured
at least through a higher number of monitoring sites exposed
tovarious flooding conditions (Baborowski et al. 2007) since
a large proportion of TP is particle bound and therefore TP
deposition is strongly related to sediment deposition (Steiger
& Gurnell 2002, Noe & Hupp 2005). We also proved this
with the SbD (Elbe) data set (Fig. 5). Based on this, we also
equated the measured TP input with the TP retention for the
purpose of comparing field data with modelled data, in the
knowledge that we are ignoring the underlying processes of
TP retention. The SbD (Elbe) data set indicates that even
narrow floodplain areas can have a high relevance for TP
input and thus retention in event-related observations (e.g.
Gericke et al. 2020). However, the used field data show a
high variation within and between the investigated years
and imply that different flood events influence the deposition
of transported sediment and the amount of deposited partic-
ulate P differently (Baborowski et al. 2007). More field data
are needed and should provide data on all known multiple
processes influencing TP retention in floodplains
(Trentmann et al. 2020) including a detailed description of
the experiment and the environment so that meta-analyses
can be carried out successfully (de Groot et al. 2010). Only
field studies that provide such data, including in-depth sta-
tistical analysis, enable cautious attempts to upscale mea-
sured data (Steiger & Gurnell 2002).

Credibility of the modelled results of TP retention
along large rivers

We calculated that 4.9% (PBA, long term average) and 4.6%
(MBA, annual average wet year) of the transported TP load
(long term average, PBA vs. annual average, MBA) in the
river can be retained in the Elbe floodplains. This is in line
with TP retention values reported in other, similar, European
and American river-floodplains (van der Lee et al. 2004, Noe
& Hupp 2005, Venterink et al. 2006). The calculated retention
values for the Rhine floodplains are distinctly less; ca. 1.8%
(long term average, PBA) and 0.7% (MBA, annual average
wet year). It is remarkable that the results between the two
approaches are not that different. This is because the assumed
inundated floodplain area, which forms the basis of the calcu-
lations, should be almost the same for both approaches in
terms of long-term average and wet years. Moreover, the cal-
culated TP retention in both case studies illustrates very clear-
ly that a comparison of TP retention (kg ha−1 a−1) derived by
both models is reliable allowed. These values are averaged
and do not come from congruent areas, but nevertheless reflect

a trend of TP retention in the floodplains of the two rivers and
eliminate non-comparability through the spatial reference.

And of course the differences between the two approaches are
obvious. The PBA calculates the TP retention for the entire active
floodplain area and thus determines a high TP retention for KkK
(Rhine) of 2047 kg a−1. The MBA only considers the actually
inundated floodplain area and thus determines a maximum TP
retention for KkK (Rhine) of 1069 kg a−1. Ultimately, the area-
weighted TP retention of both approaches in kg ha−1 a−1 yields
comparable results and shows the potential of applying the PBA.
However, instead of the PBA, the MBA includes hydraulic in-
formation and data about the incoming load. Both factors reflect
hydrological connectivity, which is crucial for sediment dynam-
ics, including high spatial variability of sediment deposition in
floodplains (Noe & Hupp 2005, Baborowski et al. 2007,
Gonzalez-Sanchis et al. 2015). Thus a higher TP retention calcu-
lated by the MBA for the overall floodplains of the Elbe com-
pared to the overall floodplains of the Rhine is also appropriate
due to differences in the existing river morphology and ‘status of
floodplains’ (Brunotte et al. 2009). The higher flow velocity in
the main channel means that the exchange of water and nutrients
between the river and the floodplain is lower in straight sections
of the river, which is true for most of the Rhine under consider-
ation, compared to themoremeandering sections of the Elbe (see
Chen et al. 2020). As a result, a comparatively smaller amount of
the nutrient load transported in the river reaches the Rhine flood-
plains. Additionally, more natural river banks (and floodplains)
along the Elbe enable inundation events during rather small
floods, which are important for the nutrient cycle (Natho &
Venohr 2014). Additionally, more diverse land use pattern and
thus a wider range of roughness values (Mehl et al. 2012,
Brunotte et al. 2009) are prevail for the active Elbe floodplains.

All these explanations support the findings obtained and
the assumption that the results of the MBA are preferably
more scientifically sound. This further indicates that it should
be examined whether the MBA could provide the opportunity
to validate the TP retention rates (see Fig. 4) used in the PBA.
Here, the indicated TP retention rates are between 0.5 and
10 kg ha−1a−1 (including the levels of the adapted PBA), while
the MBA generates values between 0.4 and 20.5 kg ha−1a−1.
The potential to use the MBA for the validation of the PBA is
possible in principle and seems tomakemuchmore sense than
the use of field data. However, a corresponding post-
processing is urgently required, especially since both models
use simplified roughness values for the calculation and it is
generally known that there are different conclusions about the
influence of vegetation on flow velocity. Venterink et al.
(2006) described highest deposition rates in areas with re-
duced flow velocities due to dominant vegetation structures
such as reedbeds or reduced surface elevation e.g. ponds.
Furthermore, the effectiveness of grasslands for TP retention
seems to be highly variable and sometimes only temporary if
several floods occur successively over a limited period
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(Gordon et al. 2020, Naiman & D’ecamps 1997). Steiger &
Gurnell (2002) described sedimentation during flood events as
being mainly dependent on elevation regardless of the man-
aged vegetation cover.

Reliable adaptations of the PBA and application of the
current PBA in practice

The PBA in particular calculates TP retention in floodplains
on the basis of well-known relationships in landscape ecology.
Based on the results of the MBA, which includes hydrological
connectivity over the incoming load and the size of the actual
inundated area, we know that hydrological connectivity is
crucial to obtain scientifically sound results in terms of TP
retention. By integrating the parameters ‘status of floodplains’
and ‘TP concentration in rivers’ into the PBA we were able to
gain indirect information about the hydrological connectivity
here, too. This is still different from the MBA, as the PBA
does not contain hydraulic data or information about the in-
coming or transported load. However, as a result of the further
development of the PBA, TP retention has doubled for the
entire floodplains of the Elbe and SbD (Elbe) and increased
by a factor of 1.15 for the entire floodplains of the river Rhine
and the KkK (Rhine). Especially for the case studies, it be-
comes apparent that the improvement of the PBA has a sig-
nificant impact. In KkK (Rhine) the further development of
the PBA clearly shows that the integration of the ‘status of
floodplains’ and the consideration of the low ‘TP concentra-
tion of the river’ Rhine have both a positive effect in the
assessment. However, the ‘status of flooplains’ is already im-
portant in the original PBA since KkK (Rhine) is characterised
by the land use type forests. Thus, the original PBA was al-
ready able to provide a reliable TP retention for KkK (Rhine).
For SbD (Elbe) it becomes evident that the high ‘TP concen-
tration in the rivers’ are taken into account and that the inte-
gration of the ‘status of floodplains’ is an essential factor. Here
grassland is the prevailed land use class, which does not re-
ceive the highest TP retention values in the former PBA. By
adding the ‘status of floodplains’ SbD (Elbe) is obviously
recognised as a well-connected floodplain that can retain TP
to a higher degree. With this further development, we believe
that the PBA is much better suited for the evaluation of TP
retention on a large scale, and that it can lead to better results
especially when data are limited or little scientific expertise is
available (see also Maes et al. 2012). We therefore went be-
yond describing the presence of ecosystem functions and
services and also attempted to quantify TP retention. The
development of a cascade framework with entry points for
the inclusion of values from case studies, which offer the
possibility to apply field or modelled data to validate the
results, is already in line with the proposal of Maes et al.
(2012) for such PBAs. We were careful not to over-simplify
our approach (Seppelt et al. 2011) even though we would like

to provide a tool for making some preliminary estimations
about the quantification of TP retention open to further vali-
dation and advancements. The value of additional information
therefore comes with the understanding of the complexity and
the variation of social-ecological systems, and the necessity to
include this in future research projects (Renard et al. 2015).

Several studies have already used the original, not the
further developed, PBA in their studies, mainly to assess
the effects of different management options for TP reten-
tion in floodplains. For example Symmank et al. (2020)
implemented the PBA to calculate changes in TP retention
as an effect of the use of bioengineering techniques in
riverbank protection instead of fixed riverbanks along
the river Weser, Germany. The results show a significant
gain in TP retention through changes in environmental
conditions. Assuming a change in land use (reed beds)
and inundation frequency due to a levelling of the slope,
the bioengineering bank stabilization measure can exhibit
approximately 40 times higher TP retention than conven-
tional technical bank fixations. In conclusion, the PBA
could show that bioengineering bank stabilizations can
help to improve the ecosystem functioning of riverbanks
in order to retain TP. Horchler et al. (2015) investigated
the effects of riverbed erosion processes in the Lower
Rhine and determined the TP retention with the help of
the PBA. For this study the PBA was extended and pa-
rameters such as ‘the average flood duration’ (2002–
2010) was calculated (INFORM, e.g. Fuchs et al. 2012)
and incorporated into the PBA. In addition, areas where
no effective TP retention (selected by visual examination)
were eliminated and thus excluded from the analysis. As a
result the PBA calculated TP retention for the studied area
(3506 ha), excluding zones of settlement, of approx.
29.2 t TP per year (8.3 kg TP ha−1 a−1). The highest TP
retention was found in vegetation zones near the river-
banks. According to these results, the loss of TP retention
amounts to 0.2% per year with a riverbed erosion of about
2 cm a−1 and a subsequent decrease in water levels. Both
approaches support our finding that the PBA has possible
entry points at which further information might be includ-
ed to obtain more accurate results. The level of detail can
be improved by implementing flood duration information
and eliminating areas that might not be effective for TP
retention. Further developments of the PBA, e.g. the inte-
gration of spatial proxies for TP retention such as buffer 1
and buffer 2 (see section 2.1) could further improve the
results significantly.

Uncertainties

Our study introduces two approaches that enable TP retention
to be modelled in floodplains at landscape scales. Both the
MBA and the PBA deliver reasonable results. However, there
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are still uncertainties that should ideally be confirmed with
field data in the future. Initially, the calculated TP retention
is based on land use classes and thus on the roughness values
derived from them at the landscape level with a spatial reso-
lution of 25 m (Schulz-Zunkel et al. 2012, Natho et al. 2013).
These are considered irrespective of seasonal differences and
thus their seasonal importance for flow velocity and sedimen-
tation (see Kiedrzynska et al. 2008) is overlooked. In addition,
different woodland types are not distinguished. Thus, different
capacities for sediment deposition caused by heterogeneous
topography, changing hydrological connectivity and altered
roughness values are also excluded (e.g. Kretz et al. 2020).
In the case of the Rhine floodplains, in particular, where many
woodlands consist of commercial forests, often without a
dense herb layer, the calculated TP retention may be partially
overestimated (see Bernhart 2010). Hence, the actual proxies
in the PBA for the TP retention rates per roughness class have
been made rather conservatively, so that the overall assess-
ment across the 79 floodplains in Germany is not
overestimated. It is therefore likely that some of the actual
values will be considerably higher. This is also true for the
MBA; each land use class is represented by a conservative
estimate of roughness, which generalises e.g. different types
of more or less dense forest or grassland. Furthermore, the
most important factor for sediment deposition and thus TP
retention in floodplains, namely ‘hydrological connectivity’,
could also only be considered indirectly: in the PBA with the
parameters ‘status of floodplains’ and ‘TP concentration in
rivers’. For the MBA, hydrological connectivity forms the
basis for the underlying functions, such as the differentiation
of flooded areas and nutrient input into floodplains during
certain discharges. Finally, these data are also generalised
for entire river stretches, without being able to take into ac-
count specific characteristics of certain river sections due to
the spatial resolution of the approach. Consequently, the re-
sults are only valid for long river stretches and not for detailed
observations within the considered river stretch. Therefore, at
this point in time, the proxies can only be adjusted qualitative-
ly, since generally valid field monitoring data is not available
at present.

Conclusion

In this study we modelled TP retention in floodplains using
sediment deposition as the process mainly responsible for re-
moving TP from rivers and thus for improving river water
quality. Two different approaches (i) based on proxies
(PBA) and (ii) a one-dimensional model (MBA) were applied.
For the PBA we showed that hydrologically connected flood-
plains can be indirectly identified with the parameters ‘status
of floodplains’ and ‘TP concentration in rivers’. The MBA is
able to identify the actual flooded area and the incoming load

by using the hydraulic load. We were able to show that hy-
drologically connected floodplains are able to retain remark-
able amounts of TP along large rivers. However, we found
that the greatest difficulty in making substantial progress in
quantifying these ecosystem functions is a lack of spatial de-
tail in the data. Therefore, a robust validation of these ap-
proaches is required, but not possible in the absence of long-
term field monitoring data for floodplains. Thus, the calcula-
tion of TP retention in floodplains remains a major challenge,
and the simplicity of the PBA and the MBA presented here do
not solve these problems, even if they do offer two extendable
approaches to model TP retention in floodplains on the land-
scape scale. In 2021, twenty one years after the WFD of the
EU was formed, its targets have still not been achieved and
therefore such approaches can tremendously increase the im-
portance of floodplains for improving river water quality.
Nevertheless, it must be emphasized that water quality must
be achieved primarily by reducing point and diffuse nutrient
emissions in river systems, and retention in floodplains must
only be considered as an emergency solution.
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