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Abstract

The concept of ecosystem service (ES) identifies benefits that people 
obtain from ecosystems with contributions to human well-being. One 
important ES under external pressure is “flood regulation” that describes 
an ecosystem’s capacity to reduce flood hazards.
Several related studies estimate current flood regulation ES. However, 
regional climate projections indicate a shift in precipitation patterns. 
Therefore, Climate and land use changes make it necessary to assess 
future supply in order to test functionality and adaptation measures. This 
study focuses on surface retention ES. We used two methods to show the 
relevance of different landscape scenarios and climate information for 
flood regulation ES supply: 1) hydraulic simulations with the model HEC-
RAS 2) the flood retention capacity indicator suggested by the German 
MAES-Working group. We simulated two events: the historic flood of 
2013 and future hypothetically 10% higher water levels. Furthermore, 
three land use change scenarios were evaluated.
The model results indicate water accumulation by vegetation. Higher 
water levels of future climate scenarios lead to an increase in flooded 
areas and higher water volumes. To evaluate flood regulation capacities, 
an approach solely based on 2D retention areas, such as the MAES-
indicator, is not sufficient. Modelling approaches deliver the opportunity 
for future scenario simulations. 

Keywords:
MAES, Indicator, HEC-RAS, Scenarios, Nature-based Solutions 

Modelling flood regulation ecosystem services dynamics based 
on climate and land use information
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1 Introduction

The loss and degradation of biodiversity and eco-
systems is one of the main global risks (WEF 2019). 
Changes in land use, climate conditions and matter 
fluxes are key pressures for biodiversity loss (Bae-
ssler and Klotz 2019). However, the supply of eco-
system services (ES) must be ensured in order to 
safeguard the direct and indirect contributions of 
ecosystems to human well-being (MEA 2005; Bur-
khard and Maes 2017; TEEB 2010). The concept of 
ES links social and environmental systems to achieve 
a sustainable use of natural resources (Engel and 
Schaefer 2013; Burkhard and Maes 2017) and helps 
to discover synergies and trade-offs between differ-
ent ES (Liu et al. 2013; Engel and Schaefer 2013).

To assess one of the most important pressures (“ […] 
pressure […] as a result of a driver-initiated mech-
anism (human activity/ natural process) causing an 
effect on any part of an ecosystem that may alter the 
environmental state” (Oesterwind et al. 2016, p. 11) 
for local and regional loss of biodiversity, increase in 
natural disasters and extreme events, it is becoming 
increasingly important to focus on changing climate 
parameters (WEF 2019). These changes influence 
many components of the water cycle and thus, flood 
characteristics. Because of a worldwide observed 
rise in flood events that also increasingly impacts 
people (Swiss Re Institute 2019), flood regulation 
ES are becoming more important (Paprotny et al. 
2018; WEF 2019). Regional climate information can 
provide significant information (Jacob et al. 2014) to 
support the assessment of flood regulation ES. 

1.1 Flood regulation ES and related indicators 
„Flood regulation ES supply “addresses the ecosys-
tem’s capacity to lower flood hazards caused by 
heavy precipitation events by reducing the runoff 
fraction” (Stürck et al. 2014, p.198) and thus re-
duces potential economic and social damages (Val-
lecillo et al. 2019; Müller et al. 2016). Usually, it is 
determined by the water retention function of ter-
rain, soil or vegetation. Main pressures for flood 
retention loss are changes of land use and climate 
conditions. With regard of these pressures, the re-
duction of retention areas and the modification of 
water-related functions such as evapotranspiration, 

vegetation-soil interactions and surface roughness, 
and with that flow rates and flow velocity, are impor-
tant varied processes. As a consequence, the annual 
water availability changes which can lead to periods 
of water scarcity and an increase in flood risk and 
water pollution (Engel and Schaefer 2013). 

To quantify ecosystem service supply, indica-
tor-based approaches are commonly applied, us-
ing different parameters and dimensions (Vigerstol 
and Aukema 2011; Stürck et al. 2014). The initiative 
“Mapping and Assessment of Ecosystem and their 
Services” (MAES) has gained increasing importance 
in the context of the EU Biodiversity Strategy 2020 
(European Commission 2011). In Germany, the na-
tional MAES working group has developed an ar-
ea-based indicator for the evaluation of the surface 
flood retention capacity of floodplains (Grunewald et 
al. 2016; Albert et al. 2015), which was analysed for 
the practicability compared to results from hydraulic 
models in this study. De Groot et al. (2010) proposed 
a water volume-based assessment that considers 
the water storage capacity including the retention 
capacity in the soil or at surface depressions. Logs-
don and Chaubey (2013) used a three-component 
function to estimate flood regulation, based on the 
flood duration [days], the number of flooding events 
per time period and the average magnitude [m³/s] 
of the flood. In the past, model-based approaches 
of various complexity have become more common, 
for example to improve the consideration of com-
plex physical processes. While hydrological models 
deliver more detailed results related to the involved 
processes, special ES tools (e.g. InVEST (Sharp et al. 
2018) and ARIES (ARIES n.d.) are more accessible also 
to non-experts and can reflect trade-offs between 
ES (Vigerstol and Aukema 2011). Another method 
is to combine hydrological parameters of model re-
sults (e.g. infiltration, surface runoff, peak flow) with 
landscape information (e.g. land use, soil types) for 
spatial analysis (Nedkov and Burkhard 2012). Most 
of the studies analyse the flood regulation capacities 
for current climate conditions. Gaglio et al. (2019) 
have considered climate change with InVest, refer-
ring to the increasing drought in a catchment area in 
Portugal. With regard to the mentioned pressures, it 
is necessary to include regional climate projections 
for the next decades to estimate ES functionality in 
the future.
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1.2 Climate change as pressures of ES 
changes
The carbon emissions, caused by human activities 
such as fossil fuel burning or land use change, have a 
high impact on the global climate that affect ecosys-
tem condition and ES supply (IPCC 2013, 2019). Fu-
ture climate projections are based on ensembles of 
dynamic and statistic regional climate models with 
different emission scenarios (Representative Con-
centration Pathways (RCP)), driven by anthropogenic 
radiation propulsion (Moss et al. 2010; Bender and 
Jacob 2016; Bender and Bülow 2018). Three classes 
of pathway emission scenarios are commonly used: 
RCP2.6 (“climate protecting”) low emission scenario, 
reduction of the greenhouse gas emissions; RCP4.5 
(“moderate emission scenario”); RCP8.5 (“busi-
ness-as-usual scenario”) increasing emissions (Moss 
et al. 2010; DKRZ n.d.; van Vuuren et al. 2011). 

Results of regional climate projections indicate a 
robust and significant temperature increase for all 
scenarios in continental Europe until the end of the 
21st century (RCP4.5: +1.6 °C to +3.2 °C; RCP 8.5: 
+3.7 °C to +5.2 °C) (Bender and Bülow 2018; Jacob 
et al. 2014). As a result, there is a higher potential 
evaporation (IPCC 2013). Furthermore, an inter-an-
nual shift towards more precipitation and runoff 
during winter and decreasing summer precipitation 
months is to be assumed (IPCC 2013; Bender and Ja-
cob 2016) causing higher flood risks in winter sea-
son. Regional climate projections for Germany show 
a local, robust and significant increase of heavy pre-
cipitation frequency by about 25 % for the RCP 8.5 
(period 2071-2100, reference period 1971-2000) 
for autumn and winter. For RCP 4.5, no significant 
changes are obvious (Jacob et al. 2014). 

1.3 Objectives of the study
Our study focused on the derivation of flood regu-
lation ES by hydraulic modelling for extreme flood 
events. Hydraulic modelling delivers information on 
the extent and depth of flooding and therefore on 
the surface retention capacity of a floodplain. With 
this method, we investigated the importance of 
flood regulation ES due to changing climate and land 
uses. To classify the model results, a simple retention 
area based indicator of the German MAES-working 
group was used. The two methods and their results 

were compared and the limitations and advantages 
were identified. Following research questions were 
answered by this study:
 x Is HEC-RAS suitable to model flood regulation ES?
 x What does the assessment of future flood regula-

tion ES show?
 x What are the advantages of flood regulation ES 

modelling compared to retention area-based in-
dication?

2 Research area

The research area (24 km²) is located in the Bio-
sphere Reserve Lower Saxonia Elbe Valley, close to 
the city of Schnackenburg (Figure 1). The area was 
chosen because it was flooded several times in the 
past years. The land use types pastures or grassland 
(36%) and farmland (32 %) are dominant. Forest ar-
eas cover 13 % and only 2.5 % of the area belong 
to settlements. The remaining area includes, for ex-
ample, water bodies. In the entire floodplain, flood 
deposits of alluvial clay and sands can be found. The 
main soil types are gleys and pseudogleys (LBEG 
n.d.; BGR 2013).

The region is characterized by continental and mari-
time climate conditions. The annual mean tempera-
ture (1951-1980) is 8 °C. The maximum temperature 
is 17 °C in July and the minimum is -0.3 °C in January. 
The mean annual precipitation at the Station Dömitz 
amounts to 564 mm (1961-1990). Precipitation 
decreases from west to east (BrNE-Management 
2009). In winter, snow melting and heavy rainfalls 
can cause surface water run-offs and river floods. 
In summer, prolonged precipitation periods lead to 
high water levels in the Elbe river (Meyer 2017; NL-
WKN 2017). For the end of the century (2070-2099) 
relative to 1971 - 2000, regional climate projections 
show a significant increase of annual temperatures: 
0.2 - 2.0 °C (RCP2.6), 1.2 - 3.1 °C (RCP4.5), and 2.6 
- 5.0 °C (RCP8.5) for the region of the Biosphere Re-
serve Lower Saxonia Elbe Valley. For the projected 
annual mean precipitation amounts, changes range 
between -9.9 and +7.4 % (RCP2.6), -1.7 and +17.2 
% (RCP4.5), and -7.0 and 27.9 % (RCP8.5). These 
changes are not significant, but show an increasing 
tendency (Pfeifer et al. 2015). This trend can be at-
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tributed to projected higher precipitation amounts 
in the winter half year. While no clear trend can be 
discerned in summer (Bowyer et al. 2020).

3 Materials and Methods

3.1 Hydraulic Modelling with HEC-RAS
Hydraulic models simulate the flow, amount and 
availability of surface water on different scales. They 
can assess effects of changes, like topography, veg-
etation and land use or meteorological variations 
(Sitterson et al. 2017). We used the HEC-RAS model 
(Hydrologic Engineering Centre - River Analysis Sys-
tem), developed by the U.S. Army Corp of Engineers. 
It provides different possibilities for water run-off 
simulations, for instance two-dimensional unsteady 
flow simulations. For detailed information see Brun-
ner (2016d, 2016b, 2016a, 2016c).

Basic input data are the geometry of the area (chan-
nel cross sections or a digital elevation model (DEM)), 
the roughness coefficient by Manning derived from 

land use data, and discharge information. The setup 
of the modelling with HEC-RAS follows three main 
steps (Figure 2): 1) setting the geometry, 2) adjust-
ing the unsteady flow analysis, and 3) defining the 
time steps for the computation and runoff simula-
tion. The boundary conditions of the inlet and outlet 
as well as the other edges of the research area are 
shown in Figure 1. The upstream and downstream 
boundary conditions were based on the discharge 
measurements of the flood of 2013 at gauge Witten-
berge (chapter 3.3; Figure 1). To ensure a flow gra-
dient the water level of the outflow was lowered by 
1 m. The future flooding scenario was based on the 
water levels from the flood of 2013 elevated by 10 %, 
according to projections of future runoff scenarios 
(Nilson et al. 2014). To consider a high groundwater 
level because of rainfall and previous high discharge 
values, the initial water level conditions were set to 
16 m above sea level in the whole research area. For 
the given computed time steps, single raster data 
sets were exported to 1) visualize the temporal de-
velopment of water depths and flooded areas and 2) 
further processing in GIS. Besides the flood extent 

Figure 1. Location and land use of the research area in the Biosphere Reserve Lower Saxonia Elbe Valley in Germany. Also the tested 
land use scenarios and the boundary conditions for the hydraulic modelling with HEC-RAS are shown.
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The delimitation of the floodplain area was carried 
out using the DEM and the dyke line from the land 
use dataset. 

3.3 Database
A DEM, land use data and runoff data are needed for 
the methodological application. Table a in the annex 
gives a detailed overview of the used data for both 
approaches, including information about the type of 
data, spatial resolution and data sources. The model-
ling with HEC-RAS require a DEM and land use data. 
The land use data is used to derive the Manning n 
value as a roughness coefficient (see Table 1). In ad-
dition, the model needs a run-off dataset. For this 
study, the discharge data from the summer flood 
2013 at the Wittenberge gauge, a few kilometres 
upstream of Schnackenburg, were used (Figure 3). 
The event lasted 57 days, from May 5th to July 20th, 
with the maximum discharge on July 10th (discharge: 
4250 m³/s; water level: 780 cm) (IKSE n.d.). For the 
future flood scenario, the summer flood event of 
2013 was elevated by 10% to consider a potential-
ly higher extreme event in future. With this adjust-
ment, the maximum discharge on June 10th reaches 

and water depth for estimating the retention capac-
ity, it is also possible to export runoff velocities and 
sediment transportation from the model. 

3.2 MAES-DE-Indicator: Ecosystem service 
“Water regulation by floodplains” 
The MAES-DE working group has a focus on floods 
caused by rivers and therefore developed the ES-in-
dicator “water regulation by floodplains” for the na-
tional scale. It describes the capacity of floodplains to 
absorb surface water, using an simplified area-based 
retention approach (Grunewald et al. 2016).

The indicator “area for flood retention” (Ger.: “Fläche 
für Hochwasserretention” (FHR)) is calculated based 
on the inundation area, that is not protected from 
flooding by dikes or other measures (equation 1). 
Only non-artificial land areas (e.g. areas with pas-
tures, forests, shrubs and wetlands) are taken into 
account, whereas settlements and other sealed 
surfaces are subtracted from the floodplain area 
(Grunewald et al. 2016; Albert et al. 2015):

FHR = recent floodplain- settlements & traffic area 
(Equation 1)

Figure 2. Schematic representation of the workflow in HEC-RAS.
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4700 m³/s. This value complies with the assumption 
of Alexy (2014), who used a climate change-caused-
caused extreme scenario runoff value of 5000 m³/s 
for another study next to our research area. Other 
studies such as Nilson et al. (2014) used a projected 
bandwidth of an annual mean discharge in the Elbe 
between -20% and +5% until the end of the 21st cen-
tury towards the reference period of 1961-1990. Re-
gardless of land use changes and engineering meas-
ures in the upstream part of the Elbe catchment, 
which also have a high impact on the discharge be-
haviour, our approach represents a “potential future 
flood scenario”.

The indicator-based approach requires respective 
land use data and topography data to delimit the 
floodplain area.

3.4 Land use scenarios
To compare the effects of different types of land use 
and land use changes on retention capacity and riv-
er discharge, three scenarios were investigated (Fig-
ure 1, Table b). All scenarios can be classified as na-
ture-based solutions (NBS) (WWAP 2018). NBS are 
nature- and ecosystem-based adaptation measures 
that are inspired or supported by the characteristics 
and processes of nature and/or copy, use or imitate 
these (European Commission 2015; WWAP 2018). 
The land use scenarios are abbreviated as NBS in the 
following.

The current use of the floodplain is listed as NBS 0. 
The first land use scenario (NBS 1) is a floodplain for-
est. All areas within the floodplain except the water 
bodies are changed to forests. The second scenario 
(NBS 2) is a dike relocation on the southern site of 
the Elbe river. Detailed information and effects of 
the different scenarios can be found in Table b.

4 Results

4.1 HEC-RAS modelling
Water volume and water area as valuation parame-
ters for the retention capacity

For the valuation of the surface retention capacity 
derived from the modelling, an area-based and vol-
ume-based assessment was made for the study area. 
Figure 4 shows the comparison of the flooded area 
(x-axis) and the water volume (y-axis), determined 

Land use Roughness 
coefficient by 

Manning n

Land use Roughness 
coefficient by 

Manning n
Settlement 0.016 Forest 0.1
Farmland 0.037 Grove 0.06
Pasture 0.03 Water 0.045

Table 1. Land use in the case study area and their roughness 
coefficients by Manning (Brunner 2016c).

Figure 3. Water level of the summer flood 2013 at the Elbe river near Schnackenburg (IKSE n.d.) and theoretical future flood 
conditions for the year 2100 (IKSE n.d.; Nilson et al. 2014).
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from the water depth and the area in the floodplain 
for selected days of the flood event. Three phases 
can be identified. After the area is filled with water 
and the volume increases, the water spreads more in 
area than in depth. A constant volume is reached. At 
a certain point, the water depth and also the volume 
increases. This means there is a non-linear relation 
between the flooding area and flooding volume. 

The flooded area and the water volume vary in the 
extent of coverage of the potential floodplain reten-
tion capacity (Figure 5). The utilisation of the flood-
plain area for water retention ranges between 63 % 
and 80 %. In relation to that, the average exploita-
tion of the floodplain volume is between 37 % and 
54 % and is generally lower than the area exploita-
tion. The volume exploitation is higher only on the 

Figure 4. Comparison of the flooded area and the water retention volume for certain days of the simulated flood event in 2013.

Figure 5. Exploitation of the floodplain area and volume capacity for chosen days of the simulated flood event in 2013.



Landscape Online – supported by the International Association for Landscape Ecology and its community

Wübbelmann et al. Landscape Online 88 (2021) - Page 8

peak day (June 10th) in comparison to the other days 
and it is only on this day that the volume exploita-
tion is higher than the area one.

Effects of different land uses

In order to analyse the impact of different land uses 
on the flood regulation, the parameters of flood area 
and water depth are examined in Figure 6. The per-
centage of the simulated mean water depth towards 
the total water depth is given in green. The percent-
age of the extent of the flooded area towards the 
total flooded area for each land use in the floodplain 
on June 10th 2013 is given in orange. As expected, the 
highest water columns (6.31 m) and largest flooded 
area (2.5 m) occur over the land use type ‘water’, 
where the surface elevation is low (middle elevation 
of the riverbed is about 13.7 m above sea level). The 
second highest water columns (2.81 m) and second 
extensive flooded area (2.25 m) are above the pas-
ture areas. After the land use type ‘water’, these are-
as account for the largest share of flooded areas and 
greatest water depths. Groves have a mean water 
depth (2.7 m) which is comparable to the pastures. 
Figure 6 shows, that the percentage of the flooded 
area is higher than the water depth above the land 
uses pasture and water. In contrast, the percentage 
of the flooded depth is higher above the land use 
types forest and groves.

Impact of extreme future flood scenarios

The effects of a possible future higher runoff, caused 
by changing climate patterns, was considered for the 
three land use scenarios with HEC-RAS. Again, both 
the inundation area and the volume were evaluat-
ed (Figure 7). The green points depict the volume, 
while the flooded area is mapped in orange trian-
gles. The bright symbols display the present scenar-
ios and the dark ones show the future scenario with 
a 10% higher discharge compared to 2013. The HEC-
RAS model results indicate a decrease of the flooded 
area under current flood runoff conditions for the 
NBS1 and NBS2 compared to NBS0 (light orange tri-
angles). However, an increase in forest areas result 
in a higher water volume at the current run off lev-
el (light green). In contrast, the dike relocation and 
thus the increased floodplain area not only reduces 
the flooded area, but also the volume. 

A flood event with 10% higher amounts of discharge 
(dark coloured symbols) causes both increasing wa-
ter volumes and higher flood area extensions. For all 
three scenarios, a flooded area of ~4.9 km² and a 
water volume of ~0.03 km³ is estimated. The differ-
ences of the water amount between the scenarios 
is very low compared to the current discharge. Only 
the dike relocation leads to a larger extension of 
flooded area. Furthermore, the animations indicate 
that in the assumed future discharge scenario, the 
water overflows the dikes.

Figure 6. Water depth and flooded area by different land uses at the day with the highest water level during the simulated flood 
event in 2013.
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4.2 FHR-Indicator
For each land use scenario, the FHR-Indicator of the 
German MAES-working group was calculated in or-
der to classify and evaluate the model results and 
the method. Table 2 lists the results. Derived from 
land use, the current retention area of the floodplain 
is 2.54 km². According to the indicator values, a land 
use change from pasture to forest does not lead to 
a change of the flood retention area capacity com-
pared to the current land use scenario. The indicator 
value remains at 2.54 km². Only the proportion of the 
land use shifts to more forests than pasture. Howev-
er, this is not represented by a respective change in 
the indicator value. The selected scenario “dike re-
location” increases the flood retention area by 0.62 
km² to 3.16 km². This means, that the FHR-Indicator 
increases by 24% in this scenario compared to the 
other scenarios. 

5 Discussion

The comparison results of area and volume by the 
hydraulic model show that besides the consideration 
of processes that influence flood regulation, the se-
lection of the evaluation parameter and dimension 
for flood retention service play an important role. 
The result of the HEC-RAS simulations show that 
water retention capacity cannot only be expressed 
by the flooding area, because the relation to the re-
tained volume of water is not linear (Figure 4, Figure 
5). With regard to the floodplain characteristics, the 
simulations confirm that at a certain point in time, 
the water level and with that, the water volume ris-
es faster than the spread of water in an area. This 
means that there are different retention capacities 
between an area-based and a volume-based analy-
ses approach (Figure 4), which is not considered by 
the approaches that use the FHR-indicator for exam-
ple. In addition, the schematic representation in Fig-
ure 8 shows that the same area can store different 
amounts of water depending on the slope. de Groot 
et al. (2010) have already proposed a water volume 
based assessment that consider depressions and soil 
storage.

Land use is another aspect that is considered differ-
ently in both approaches. The model results support 
the findings of Karabulut et al. (2016) in which land 
cover has a high impact on flood formation. Above 
forest and groves the percentage of the water depth 

Scenarios Current 
situation

Forest Dike 
relocation

Total [km²] 2.54 2.54 3.16
Changing to current 
situation [%]

+ 0 + 24.4

Table 2. Results of the FHR-indicator for the three scenarios..

Figure 7. Flood volume and area for a high water level in 2013 and in the future with a 10 % higher water level.
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is higher than the percentage of flooded area (Fig-
ure 6). Higher surface roughness by forests or groves 
decrease the velocities of water runoff and conse-
quently, retain water (Figure 6, Figure 7) (Promny et 
al. 2015; Karabulut et al. 2016; LFU-Bayern 2018). 
Simoultaniously they provide an important water 
retention capacity to mitigate flood risks by slowing 
down the velocities (de Groot et al. 2010; Vallecil-
lo et al. 2019). In contrast, pasture areas usually re-
duce the water level while increasing surface runoff 
and spreading (Karabulut et al. 2016; Promny et al. 
2015). The ratio of retention in water depth is lower 
than by the flooded area (Figure 6).

Future flood scenarios were tested with HEC-RAS. 
The results confirm that flood regulation is driven by 
climate information. Climate affects the water cycle 
and so the temporal and spatial course of the flood. 
In this study, a future potential extreme flood event 
was simulated based on literature review (Alexy 
2014; Nilson et al. 2014). However, the bandwidth 
of possible discharge rates is large and the resulting 
outcomes are often not robust (Nilson et al. 2014; 
EEA 2017). Nevertheless, the historical observations 
from 1980 to 2010 show an increase of the number 
of severe floods in Europe (EEA 2017). Alexy (2014) 
assumes a maximum discharge of 5000 m³/s for fu-
ture runoff simulations for a study in Lenzen flood 
plain of the Biosphere Reserve Lower Saxonia Elbe 
Valley, which is directly connected to our research 
area. Alexy’s value is comparable to our flood event 
peak that is 10 % higher than the peak of 2013 (4700 
m³/s). Projected changes of precipitation by EU-
RO-CORDEX and ReKliEs-DE (Jacob et al. 2014) show 
an increasing number of days with precipitation 
more than 20 mm/day in the Biosphere Reserve Low-
er Saxonia Elbe Valley. The annual change is expect-

ed to be between -1 and 2 days/year (RCP2.6), 0 and 
2 days/year (RCP4.5) and 0 and 3 days/year (RCP8.5; 
significant) (Bowyer et al. 2020). This results altered 
surface runoff values and illuminate the necessity 
to consider climate information in flood regulation 
ES assessments. On the other hand, climate change 
brings greater and longer drought periods with it 
in contrast to extreme flood events (Bowyer et al. 
2020). Their impact on ecosystem services must also 
be considered in the future (Gaglio et al. 2019).

When considering climate change impacts on the 
water cycle especially on higher flood peaks, the sim-
ulation of an intensified flood event shows a higher 
extension of the flooded area and higher water col-
umns over parts of the flooded land (Figure 7). The 
current retention capacity in the research area is not 
sufficient to handle flood events in this dimension. 
Concerning the chosen NBS, both selected flood 
regulation measures fail if a limit water level is ex-
ceeded. As a result, areas and settlements behind 
the dikes would be flooded. In addition, the small 
variation in flooded area and volume with higher 
water levels between the different NBS also shows 
that the effect of the measurements, compared to 
the current landscape situation, is very small. 

Besides the considered processes in the hydraulic 
modelling (surface water storage in depressions and 
regulation by the roughness of land use) other land-
scape functions and processes also play an important 
role for flood regulation. The interception capacity 
and imperviousness are land use characteristics that 
affect surface runoff (Burkhard and Maes 2017). Ter-
rain and slope are essential landscape features that 
influence water flow paths and velocities (Nedkov 
and Burkhard 2012). The dike relocation demon-
strates the change in flow conditions due to altered 

Figure 8. Schematic presentation of different volume capacities by the same area with a width of 1 m.
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terrain conditions. Technical and morphological flow 
barriers (in this case dikes) are important flood reg-
ulating factors that influence water flow path, veloc-
ity and direction (Niedersächsischer Landesbetrieb 
für Wasserwirtschaft, Küsten- und Naturschutz (NL-
WKN) 2017; NLWKN 2017). Terrain also influences 
infiltration capacities. Steeper slopes lead to a fast-
er runoff by higher elevation differences and so to 
a smaller time period for infiltration (Burkhard and 
Maes 2017), while being able to absorb higher wa-
ter columns in depressions (Figure 8). Another im-
portant limiting factor for flood regulation ES supply, 
which was not considered in this study, is the water 
holding capacity of soils (Liu et al. 2013). Infiltration 
and permeability are two of the main processes that 
influence the soil water storage capacity and reten-
tion function (Nedkov and Burkhard 2012). In addi-
tion, flood hazards and associated flood regulation 
ES supply depend on the type of rainfall, the inten-
sity, the location, the duration as well as the spatial 
distribution (Nedkov and Burkhard 2012; Stürck et 
al. 2014).

Both methods have some limitations that should 
to be mentioned. Hydraulic modelling can simulate 
flood area and water volume retention and offers 
the possibility to test different scenarios and input 
data sets such as land use change or climate-induced 
change (Grizzetti et al. 2015; Grizzetti et al. 2016). 
Burkhard and Maes (2017, p.100) mention, “for reg-
ulating services, modelling is sometimes the only 
option in order to quantify actual ecosystem service 
flows”. Nedkov and Burkhard (2012, p.71) add to this 
“[…] hydrologic models can be used to quantify indi-
cators that represent the flood prevention function 
of ecosystems”. However, due to limited data availa-
bility and the complexity of nature and physical pro-
cesses, simplifications must be made in general and 
also for the specific research area.

For example, during the flood of 2013, areas be-
hind the dike were also flooded. This may have 
been caused by high groundwater levels, exceeding 
the water absorption capacity, or by high precipita-
tion rates (Rannow and Warner 2016; Mosbrugger 
et al. 2012). The applied hydraulic HEC-RAS model 
does not consider these processes and only indi-
cates the surface runoff. With the assumption of a 
high groundwater level and a negligible unsaturated 

zone, which is typical for river flood plains, infiltra-
tion is of minor importance. In view of the research 
questions, a more complex approach is not useful. 
This requires a more comprehensive and not availa-
ble data basis. Furthermore, the applied area based 
FHR-indicator of the MAES-DE working group refers 
also to the surface based retention performance. 
Therefore, the exclusive focus on surface runoff with 
the HEC-RAS simulation covers the main hydrau-
lic effects of surface flood retention and allows the 
comparison with the FHR-indicator.

In contrast, the area based FHR-indicator provides 
an easy method to estimate the availability and de-
velopment of floodplain areas on the national scale. 
Advantage are the low data requirements and the 
simple calculation process. However, the method 
misses some crucial flood retention functions as veg-
etation roughness and volume surface water storage 
capacity. Functionality and sufficient capacity under 
future climate conditions cannot be tested by this 
approach (Table c). 

When comparing these two methods, it must be 
mentioned that both were developed for different 
scales and to answer different questions. While the 
modelling approach is best suited for local to re-
gional scales and can generate detailed output, the 
FHR-indicator by the MAES-working group was de-
signed for the national scale (Grunewald et al. 2016). 
However, we applied the indicator on the local level 
in our study. Flood retention is particularly relevant 
locally and serves to protect the population. The re-
tention area of the floodplain can be calculated by 
the approach of the FHR-indicator and was used in 
this study to classify and evaluate the results by the 
hydraulic modelling approach.

The pressure climate change on flood regulation ES 
is used indirectly as a time variable input by run-
off values. Changed precipitation patterns indicate 
a change in the local water cycle, which influences 
runoff. If a preceding hydrological model (e.g. HEC-
HMS) is used, climate data are used as drivers to cal-
culate discharge parameters as input for the hydrau-
lic model. Changed climate conditions must be taken 
into account in the assessment of flood-regulation 
ES. The FHR-indicator represents the current flood 
area capacity. Climate as pressure of insufficient ca-
pacity can not be considered.
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6 Conclusions and outlook

Flood regulation ES supply is complex and deter-
mined by many natural and anthropogenic drivers 
and processes. Land use, climate change, terrain and 
soil are some of the main influencing factors. With 
the hydraulic Model HEC-RAS, surface retention ES, 
can be determined for current and future discharge 
scenarios. In contrast, the FHR-indicator is merely 
based on the area regardless of other locally de-
tailed factors and cannot provide estimations about 
future functionality of the floodplain.

This study focus on hydraulic surface retention func-
tions and the water spreading in the area and vol-
ume. The application of hydrological models in a 
continuative research approach offers the possibility 
to consider infiltration and interception processes 
more effectively to estimate temporal and spatial 
variations of runoff. This is an interesting and impor-
tant approach to increase the knowledge of flood 
regulation ES and to investigate the importance of 
soil and vegetation retention. Through this extended 
approach, regional climate information could also be 
directly included in the analysis. 

The results of this study already show the impact of 
climate information via the water cycle. This infor-
mation is necessary to estimate future flood regula-
tion ES potentials and capacities, for example, to test 
land use scenarios for future suitability. With respect 
to climate change, the importance of ES that regu-
late the effects of flooding will increase in the future 
due to expected changes of all water cycle compo-
nents. To cover as many future flood scenarios as 
possible and to test the functionality of the flood 
regulation ES, it is useful to consider a bandwidth of 
climate simulations.
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Appendix

Data Type and spatial resolution Used for 
indicator

Used for 
HEC-RAS

Sources

Digital elevation 
model (DEM)

Raster; 1 m x Biosphere reserve management (2018)

Land use Vector; ATKIS-Basis DLM (AdV 2018) x x Biosphere reserve management (2018) 
(AdV 2018)

Run-off data Historical measurements of a gauge 
nearby (57 days, daily resolution); 
future projections of the discharge 
behaviour

x (IKSE n.d.; Nilson et al. 2014)

Roughness coefficients 
(Manning) 

Look-up table (see Table 1) x (Chow 1959; Brunner 2016c)

Table a. Overview of the used dataset.

Scenario Description
Reference scenario: 
current situation (NBS 0)

Current situation with pastures and water bodies as main land uses within the floodplain.

NBS 1 – floodplain forest A land use change from pastures to forest changes the roughness and so the velocity and water 
balance. It is a typical natural measure in run-off management (WWAP 2018; WWF 2016). The 
areal extension of the floodplain does not change by this measure.

NBS 2 – dike relocation A dike relocation on the southern site of the Elbe river increases the recent floodplain from 5.13 
km² to 7.32 km². The additional area is used as pastures. It is a common method to recover old 
floodplain areas (WWAP 2018; WWF 2016). This measure is supposed to improve natural processes 
and to increase the resilience against flooding of the surrounding areas.

Table b. Description of the land use scenarios.

Ecosystem service FHR-indicator Hydraulic modelling with HEC-RAS

Ad
va

nt
ag

es

Easy-to-communicate values Including crucial parameters and processes such as: terrain elevations, 
hydrographs (observation and future assumptions), land cover for 
roughness, dike location and other barriers with heights

Simple and easy to calculate Simulation of long time periods as well as single events
Small data set required Easy-to-use hydraulic model with little input data

Li
m

ita
tio

ns

Misses some crucial factors such as soil 
conditions (infiltration), additional land cover 
characteristics (roughness and interception), 
terrain conditions, climate information

More complex in handling and in data requirements (in comparison to the 
FHR-indicator). Not all boundary conditions are available

Based on used data, no conclusion is possible 
regarding to the limits of retention capacity

Comparison of results is more complex because more analysis and 
calculations are needed
No input of soil and geology data (e.g. type, thickness of the unsaturated 
zone, groundwater levels) and so no modelling of infiltration

Table c. Advantages and limitations of the methods (FHR-indicator and hydraulic modelling with HEC-RAS) to estimate flood 
regulation services.


