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Abstract Manifold anthropogenic influences are the main cause of river habitat degradation and extensive
regeneration needs to be conducted to achieve the aims of the Water Framework Directive in Europe. As the
outcome of river and stream rehabilitation measures is sometimes difficult to foresee, a GIS-based approach
consisting of an eco-hydrologic, a hydraulic and a GIS mapping submodel is suggested for creating an
integrated catchment and an in-stream modelling system to dynamically depict the influence of abiotic
changes on the habitat quality. The Driver—Pressure—State—Impact—(Response) concept is utilised to depict
the complex cause—effect chain of hydromorphological changes on macroinvertebrate habitats in lowland
streams. A first application of the three submodels has been conducted in the North German Kielstau
catchment and first results of modelling and mapping the impact on selected habitat parameters are
displayed. Further work needs to be done in linking the submodels and in assessing the impact of the altered
state on the macroinvertebrate fauna by parameter functions derived from a knowledge-based database and
sampling schemes.
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INTRODUCTION

Dominant characteristics of flowing waters are the discharge regime, the currents and the
interrelated sediment dynamics. Together with the properties of the ecoregion (Omernik, 2004) in
which the catchment is located, and the anthropogenic influence, these parameters mainly define
hydromorphology and stream biota (Frissell et al., 1986; Lorenz et al., 2004). Discharge regime,
water quality and fine sediment input into the river are factors acting on the catchment scale. A
variety of (eco-)hydrological models exist that are capable of depicting these processes (Abbott &
Refsgaard, 1996; Singh & Woolhiser, 2002; Schmalz et al., 2008). Current patterns and substrate
dynamics in the stream are affected by catchment scale processes, but are also highly dependent on
cross-sectional river features on the micro-scale. Nowadays these processes can be successfully
depicted with hydraulic computer models (Zanke, 2002; Tate, 2006). This intertwined influence of
catchment and stream properties on the aquatic habitat stresses the necessity for an integrated
approach where a joint view on catchment and stream processes is indispensable.

Throughout history, cultural development induced continuous changes in attitude towards the
environment. This had a decisive influence on how river management is carried out and is
perceived in our society (Gregory, 2006). In the late 1980s for example, awareness was focused
mainly on water quality while currently the river morphology is a major concern
(Umweltbundesamt, 2007). The human influence on catchments and rivers is manifold (Surian &
Rinaldi, 2002; James & Marcus, 2006) and can be well described by the Driver—Pressure—State—
Impact—(Response) (DPSI(R))-concept (EEA, 1999). Applying the DPSI(R) conceptual model on
flowing waters, the following cause—effect chain can be derived: the general drivers behind river
degradation were, and still are, an increasing industrial and agricultural production caused by
population and economic growth. The drivers induce numerous hydrological, water quality and
hydromorphological pressures affecting physical conditions of the rivers. The resulting state
defines the impact on the aquatic habitat. The response is an external feedback parameter from the
society and only occurs if impacts lead to political responses (Kristensen, 2004) and it is thus not
possible to consider it for a habitat modelling system. In Europe, a major political response to
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water quality and habitat degradation resulted in the Water Framework Directive (WFD; EC,
2000) making the current approach on river management operational: the rehabilitation of aquatic
habitats in order to restore good ecological status by 2015 (EC, 2000). As anthropogenic influence,
which has driven the degradation of aquatic habitats, still puts a number of pressures on water
bodies, failing of achieving the aims of the WFD within the considered time frame seems
inevitable (Moss, 2008). It is thus necessary to optimize rehabilitation measures. Therefore, human
constraints have to be discussed together with the ecological demands and aims in order to
improve river ecological status. Both degradation and restoration of rivers cause a complex impact
chain with positive and negative feedbacks (Wang et al., 2008). The overall impact can not always
be directly foreseen (Reichert et al., 2007) as, for example, changing the drivers can reduce one
pressure but increase another pressure, therefore unintentionally causing a degradation of the state
(Nedeau et al., 2003) and thus negatively impacting habitat quality.

The following points are hence important for successfully modelling aquatic habitats and
biota based on the DPSI(R) concept: (1) an integrated approach is needed for considering stream
and catchment processes so that it is possible to depict the major drivers with the model input data;
(2) the main pressures on the system need to be defined and be represented in the model
algorithms; (3) based on the multiple pressures, it then has to be possible to dynamically assess the
changes of the state of habitat parameters with the model output; (4) in the final step, the impact of
the state on the aquatic habitat and biota needs to be evaluated, which closes the complex cause
effect chain from the drivers to the impact.

The WFD generally defines fish, macroinvertebrates, macrophytes and phytoplankton as
target organisms for improving the aquatic habitat. This study is restricted to macroinvertebrates,
as they are considered the most appropriate organism group due to the generally good response to
a multitude of stressors (Rawer-Jost et al., 2004; Sandin & Hering, 2004), and beyond that,
lowland streams have a relatively species-poor fish and macrophyte community, which narrows
the scope even more on macroinvertebrate species (Hering et al., 2006).

The motivation for this work is the lack of an integrated modelling system that is capable of
optimizing catchment and in-stream rehabilitation measures in regard to their influence on the
aquatic habitat. The aim of this paper is the description of a methodology to model
macroinvertebrate habitats in lowland streams from driver through impact, based on the DPSI(R)-
concept using a hydrological and a hydraulic model, GIS mapping techniques and the development
of parameter functions for selected species.

MODEL DESCRIPTION

In order to model a dynamic DPSI-system from driver through impact it is important that the
drivers are adequately accounted for by the model input data. Table 1 shows the representation of
the drivers though the corresponding data and the submodels used.

The input data are necessary for applying the following submodels in the ArcGIS (ESRI,
1997) environment: an integrated hydrologic and hydraulic model and GIS mapping techniques.
The 2005-version of the Soil and Water Assessment Tool (SWAT; Arnold ef al., 1998) is used as
the eco-hydrologic model. The physically-based model can simulate the water balance, nutrients
and pesticides, erosion, plant growth cycles, management practices and water bodies on a daily
time step for continuous simulations over long time periods (Neitsch et al., 2005). The SWAT
model is applied on the catchment scale and is used to simulate the hydrological cycle and to
assess the sediment input from fields and artificial drainages. As displayed in Table 1, the model
requires spatially distributed data on GIS maps, climate data and physical information for a
relational database. For calibration and validation, daily measured discharge, suspended sediment
and water quality data is needed.

The ADaptive Hydraulics modelling system (ADH; Berger & Tate, 2007) is used as the
hydraulic model. Model features are the automatic adaption of the numerical mesh to improve
model accuracy and the rapid convergence of flows to steady state solutions. ADH’s 2-D



26 Jens Kiesel et al.

Table 1 The drivers of the system, data to depict the drivers and corresponding submodel.

Driver Data Submodel

Agriculture Climate data Eco-hydrologic model SWAT
Land use map
Soil map
Drainage map
Topography
Management information

Physical vegetation and soil
parameters

Urbanisation Land use map Eco-hydrologic model SWAT
Soil sealing ratio
Point discharge data

Riverbed and Hydraulic model ADH
bank material GIS mapping
Flood control Channel topography Hydraulic model ADH

Hydraulic structures
River course

Flow obstructions Hydraulic model ADH

(stones, debris) GIS mapping

In-stream vegetation Hydraulic model ADH
GIS mapping

shallow water equations and the sediment transport module are applied for stream reaches up to
1 km length for regions of particular interest, e.g. rehabilitation measures. In order to solve the
hydrodynamic equations, the model requires flow boundary conditions, surface roughness values
and topographic data to construct a numerical mesh with triangular elements. The element size is
chosen to be in the range of < 1 m” within the stream to be capable of depicting boulders, dead
wood and other flow obstructions, and > 1 m” in the flood plains. As Light Detection and Radar
(LiDAR), which is not penetrating the water surface, is used to depict the flood plain topography
and the river course, the stream bathymetry needs to be refined with additional topographic data.
For modelling sediment transport and substrate stability, the model requires information on
substrate grain size and distribution.

GIS mapping techniques are used to refine the available structural river data that have been
recorded on digital maps within the scope of the WFD status report (DAV-WBV/LAND SH,
2006). The river section of interest therefore has to be visited in order to capture substrate and
small scale morphological features on digital GIS sketches.

METHODOLOGY

Figure 1 schematically explains the structure of the proposed modelling system which is being
developed for lowland rivers. The drivers of the system are agriculture, urbanisation and flood
control. Although flood control is necessary and somewhat caused by the needs of productive
farming and to maintain the standard of living, it is listed here as an individual driver due to the
unique pressures it causes. The three drivers need to be implemented in the modelling system by
the input data (Table 1).

The pressures on the habitat are grouped according to the submodel which has to be capable
of depicting the relevant processes. Important pressures on the macroinvertebrate habitat are:
hydrologic stress (Li et al., 2008) defined as events exceeding a certain threshold in discharge and
duration, fine sediment intake (Berry et al., 2003), hydraulic stress (Van Broekhoven et al., 2006),
profile alteration and straightening (Horsak et al., 2008), substrate stability (Lorenz et al., 2004),
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substrate degradation (Hering et al., 2004), river cleaning (Aldridge, 2000) and bank and bed
fixation (Horsak et al., 2008). It is important to note that there has to be a connection between the
submodels, emphasised by the wide black arrows in Fig. 1: the output hydrograph and sediment
load graph of the hydrological model are used as input for the hydraulic model, thus linking
catchment to in-stream processes. This is of particular importance for the sediment, as aquatic
habitats are affected differently by the fine sediment input from fields and agricultural drains with
high carbon content and the desired erosion of river banks which creates new flow patterns and
increases river dynamics. The GIS mapping submodel needs to be connected with the hydraulic
model as substrate degradation, river cleaning and bank and bed fixation influence the flow
characteristics.

The state is the actual condition of the habitat parameters and represented by the output from
the submodels. The output time series of the hydrological model is analysed and the duration of
extreme events, like minimum and maximum discharge periods, are recorded. The hydraulic
habitat parameters velocity, water depth and information about the substrate silt and clay, sand and
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Fig. 1 Implementing the DPSI concept in the habitat modelling system.
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gravel calculated by the hydraulic model are recorded on maps. These maps are dynamic over
time, meaning that depending on the hydrological and hydraulic regime the parameters change
over time, resulting in one map for one time step. Changes of catchment properties and stream
structure are thus causing an alteration in the hydraulic habitat parameters. Depending on the time
period of interest and the type of the rehabilitation project, the output time step can be daily up to
yearly. The state of stones, wood debris, bed and bank material and in-stream vegetation is
directly derived from the GIS maps, thus allowing an easy implementation of potential in-stream
rehabilitation scenarios.

The term impact describes the consequences of the altered state, in particular changes in
substrate and flow properties on the macroinvertebrate fauna. In order to depict the current state of
the macroinvertebrate fauna with the modelling system, parameter functions have to be derived
(Van Broekhoven et al., 2006; Li et al., 2008) for species regularly occurring in the stream. Two
data sets of macroinvertebrate samples are available (Brinkmann, 2002; LANU, 2006) listing
several species occurring in the study stream. Parameter functions (O, — @) between resilience to
extreme discharge events, current patterns, substrate composition and species abundance are
derived from a knowledge based database (Euro-Limpacs, 2009) and from data collected in
comparable lowland streams (Kramm, 2002; Wenikajtys, 2004). The parameter functions define
the suitability for certain substrates and current velocity classes for each species. The functions
will be weighed and interconnected by a decision tree diagram for each species. Each decision tree
is then implemented in the GIS and applied on each time step map. The result of each decision tree
is the habitat suitability (@), which leads to a dynamic habitat description for each species.

A validation of the knowledge-based parameter functions and the overall model results is
necessary. Based on substrate and flow specific macroinvertebrate samples, the model
performance will be evaluated by assessing how well the model is capable of reproducing the
status quo of the aquatic habitat.

STUDY AREA AND DATA

The modelling system will be tested in the 50 km® Kielstau catchment. The catchment is located in
Northern Germany in the state of Schleswig-Holstein as part of a lowland area (Fig. 2(a)). The
mean annual precipitation and temperature are 893 mm and 8.3°C, respectively (DWD, 2007).
Land use is dominated by arable land and pasture. There are only few small villages and detached
farms (Fig. 2(b)). From the source to the catchment outlet, the Kielstau has a total length of
16.2 km and a mean gradient of 1.2%o. The topography in the catchment ranges from 78 m to 27 m
a.m.s.l., is flat but relatively uneven with rolling hills and numerous depressions (Fig. 2(c)). The
prevailing soils are Haplic and Stagnic Luvisols, while the river valleys are characterised by peat
soils (Fig. 2(d)). About 5 km downstream of its origin, the Kielstau flows through Lake Winderatt,
which has a surface area of 0.24 km®. Downstream of Lake Winderatt two large tributaries, the
Moorau and the Hennebach, and various drainage pipes and open ditches discharge into the
Kielstau. The location and extent of drained areas within the catchment has been estimated by
Fohrer et al. (2007) using a GIS-based methodology. The fraction of drained area in the catchment
is estimated to be approx. 38% (Fohrer et al., 2007; Fig. 2(d)). Close to the catchment outlet the
gauging station Soltfeld is located, which is part of the official gauging network of the Federal
State Schleswig-Holstein.

The hydrology is characterised by agricultural drainage, near surface groundwater, low
hydraulic gradients and thus a high interaction between groundwater and surface water. Many
parts of the Kielstau have been changed markedly during the reallocation of land from its natural
course. In these areas, the river has been straightened, incised and thus disconnected from its flood
plains. Here, hydromorphological variety and value is relatively low, while near-natural river
sections still exist and can act as reference points (DAV-WBV/LAND SH, 2006). The overall
morphological state of the stream is assessed as “poor” to “moderate” (Olbert et al., 2006)
according to the standard hydromorphological river survey method in Germany (LAWA, 2000)
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Fig. 2 (a) Location of the Kielstau catchment in Germany (Jose, 2006; LVA); (b) land use (DLR,
1995); (c) topography (LVA); (d) soil (BGR, 1999) with drained areas (Fohrer et al., 2007), the grey
arrow marks the location of the hotspot.

and is typical for many streams in northern Germany. Nevertheless, the Kielstau is part of the flora
fauna habitat protection area (FFH-directive; EC, 1992) and 175 ha of land along the river and
around Lake Winderatt are owned by two nature conservation foundations, which increases the
potential for river rehabilitation measures within and beyond the scope of the WFD.

The macroinvertebrate assemblage of the Kielstau was assessed by Brinkmann (2002) and
LANU (2006); further data have been generated in the framework of the present study. The
macroinvertebrate community is mainly composed of generalists inhabiting lakes and lentic zones
of streams, in particular snails (Gastropoda), mayfly larvae (Ephemeroptera), beetles (Coleoptera),
caddis larvae (Trichoptera) and midges (Chironomidae). Dominant feeding types are grazers
(mayfly larvae and snails), filter feeders (several caddis larvae and mussels) and shredders
(Amphipoda). More specialised species include various caddis larvae feeding on dead wood (e.g.
Lype reducta).

The data described above are available for the whole catchment. A 300-m stream section was
chosen where in-stream measures to improve the aquatic habitat will be tested. For this hotspot,
additional data has been gathered in order to apply the modelling system (grey arrow in Fig. 2(d)).
Here, channel topography data has been surveyed (soilAQUA, 2009), discharge rating curves have
been established and a morphological river mapping campaign including a sediment analysis has
been conducted (Thiemann, 2008). The following 10 substrates have been recorded and their
distribution has been digitised on GIS maps: fascines, alder trees, water plants, dead wood, coarse
particulate organic matter, clay, sand, gravel, cobbles and stones.

To evaluate model performance, macroinvertebrate sampling was carried out in spring 2008
and spring 2009. Within the first sample campaign, each substrate has been sampled eight times,
resulting in 80 sampling sites. Additionally, actual flow velocity and water depth has been
measured on all sites. Oxygen concentration, water temperature, electrical conductivity and pH
have been recorded on all sampling days and daily continuous measurements of the nitrogen and
phosphorous fractions were conducted at the stream section since 2006.
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RESULTS

The data representing the drivers has been gathered and implemented in ArcGIS and the
submodels (Table 1). The hydrological model SWAT has been applied to depict the pressures
hydrologic stress and fine sediment intake on the catchment scale. The modelled and measured
daily discharge hydrographs for the 5-year calibration period show a very good fit. Moriasi et al.
(2007) suggested performance tests which are all passed by the model: Nash Sutcliffe efficiency of
0.80, Percent bias of 6.34 and a Root Mean Square Error of 0.19 (Fig. 3(a)). In order to achieve a
good model performance it was of particular importance to consider the two lowland
characteristics landscape depressions and agricultural tile drains. Therefore, the surface water
storage potential has been derived from high quality topographic data and has been implemented
in the model together with the distributed drainage map. The tile drain parameters have been used
within plausible ranges for model calibration.
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different time scale.
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Sediment input in the lowlands mainly consists of three sources: fields, agricultural drains and
the river banks. It is possible to depict sediment input from agricultural fields, but so far no model
can account for sediment input from tile drains. Due to this, a GIS-based methodology has been
developed to estimate the sediment entry pathway share in the Kielstau catchment resulting in
sediment input of 15% from fields, 15% from drains and 70% from river banks (Kiesel et al.,
2009). Based on this estimation, a drainage flow sediment concentration has been derived and
implemented in SWAT. Suspended sediment data are available since September 2006 and thus the
model has been applied to the time period displayed in Fig. 3(b). The graph shows an underestima-
tion of modelled sediment concentration to measured sediment concentration (Fig. 3(b)) because
the model considers sediment input from fields and drainages only, while the samples are
conducted with the total sediment concentration of the stream which comprises the bank entry
pathway. Including the separated depiction of the bank erosion processes with the hydraulic model
will improve the result.

The GIS mapping took place at a 300 m section of the Kielstau where the substrate
degradation and bank and bed fixation have been mapped (Thiemann, 2008). River cleaning is not
occurring within that stream reach. The resulting digital map shows the distribution of 10 different
substrates (Fig. 4(a)).

The hydraulic model ADH has been applied on this stream section. Figure 4(b) and (c) show
the resulting depth and velocity distribution of a steady state run for a high discharge value. As the
stream reach bathymetry needs to be further refined with the aid of the digital GIS map, and the
SWAT hydrograph and sediment load graph has not yet been linked, these are only preliminary
results. Especially for the time-dependent simulation of the current patterns and the substrate, it is
necessary that the hydrological discharge regime is linked to ADH.

The parameters descriptively shown in Fig. 4 form the base for the proposed simulation of the
macroinvertebrate habitat on the micro scale.
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Fig. 4 GIS mapping of observed morphology and substrates (a); ADH model results (from October
2008): water depth (b) and flow velocity (c) distribution.

DISCUSSION

A methodology has been introduced on how the impact of anthropogenic changes of catchment
and river properties on the macroinvertebrate habitat can be assessed. The first step is the depiction
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of the status quo, while the strength of the modelling system is the capability of assessing the
influence of changes on the catchment scale and also the effect of in-stream measures on potential
indicator species. Therefore, the DPSI concept (EEA, 1999) is utilised within a GIS-based
modelling system on the example of a 300 m river section located in a German lowland catchment.
Three submodels are used to depict the current state of necessary habitat parameters by
incorporating the drivers into a hydrological and a hydraulic model, and GIS maps. The results
show that the hydrological discharge simulation performs well in comparison to the measured data
and is capable of depicting the scale and duration of extreme events that can cause hydrological
stress. Considering, that the fine sediment input from fields and agricultural drainages accounts for
about 30% of the total sediment contribution, the model results show a reasonable depiction of fine
sediment intake. The preliminary results of the steady state hydraulic model application emphasize
the need for a dynamic link of catchment and in-stream processes so that the change in flow
characteristics and substrate is based on the hydrological regime. In order to depict the current
status of the stream, field mapping of the morphology is necessary. The natural seasonal variation
of stream properties, especially the vegetation, can be considered, and is the only possibility to
include important small scale habitats like wood debris, water plants, stones and artificial
structures into the modelling system. Furthermore, the influence of habitat upgrading measures can
be conveniently assessed by modifying the digital morphological GIS maps.

Concerning the evaluation of the parameter functions, different demands of a species during
its life cycle have to be extracted from the database and have to be considered in the decision tree
for each particular species. The emphasis on constructing the GIS-based modelling system lies: (1)
on a smooth data handling between the hydrological and the hydraulic model; (2) the direct
usability of the GIS maps for the hydraulic model by linking roughness values to the surface type;
and (3) to keep the data transfer within a manageable size by simplifying long-term daily
hydrographs to time-dependent flow classes for computing quasi-steady model runs.
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