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Abstract: Eco-hydrological water quality modeling for integrated water resources management of
river basins should include all necessary landscape and in-stream nutrient processes as well as
possible changes in boundary conditions and driving forces for nutrient behavior in watersheds.
The study aims to assess possible impacts of the changing climate (ENSEMBLES climate scenarios)
and/or land use conditions on resulting river water quantity and quality in the large-scale Elbe
river basin by applying a semi-distributed watershed model of intermediate complexity (SWIM)
with implemented in-stream nutrient (N+P) turnover and algal growth processes. The calibration
and validation results revealed the ability of SWIM to satisfactorily simulate nutrient behavior
at the watershed scale. Analysis of 19 climate scenarios for the whole Elbe river basin showed
a projected increase in temperature (+3 °C) and precipitation (+57 mm) on average until the end of
the century, causing diverse changes in river discharge (+20%), nutrient loads (NO3-N: —5%; NHy-N:
—24%; PO4-P: +5%), phytoplankton biomass (—4%) and dissolved oxygen concentration (—5%) in the
watershed. In addition, some changes in land use and nutrient management were tested in order to
reduce nutrient emissions to the river network.

Keywords: Elbe river basin; water quality modeling; in-stream processes; nutrients; SWIM; climate
change impact assessment; ENSEMBLES; management change impacts

1. Introduction

Changes of the world’s and Europe’s climate and increased anthropogenic pressure on natural
resources have already been detected in the past, and this development is likely to continue in the
future [1-6].

Looking at the climate aspect, a global rise in mean temperature, change in precipitation pattern
as well as an increase in intensity and frequency of extreme events can be recognized [1,2,7], impacting
the water cycle [8-10], vegetation and biodiversity [11-14] as well as human health [15,16] and
economy [17,18]. The potential warming in Europe could reach values from +1 to +6 °C by the end of
this century [19], depending on the location. The annual mean precipitation is expected to increase in
Northern Europe and decrease in most parts of Southern Europe and Mediterranean regions up to
+20% [20]. The catchment of the Elbe river, mainly located in Germany and the Czech Republic in
Central Europe, is already experiencing changes in climate conditions as well as changes in extreme
temperature and precipitation values, and this trend is expected to continue. During the last century
(1882-2013) the average temperature in Germany increased by 1.2 °C, whereas the precipitation
amounts rose by 10.6% on average with a high spatial and temporal variability [21]. Application of
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ensembles of climate scenarios shows increasing trends in floods for the Elbe basin in Germany [22]
as well as in the Czech Republic [23], especially in wintertime.

Climate change will have direct and indirect impacts on river water quantity and quality [24-28].
With the rising temperature, water availability will decrease due to increased evapotranspiration,
and a reduced discharge will facilitate algal growth and reduce dilution of point source pollutants.
Higher temperatures and lower flow velocities would additionally stimulate turnover processes and
increase system respiration rates, causing oxygen deficits in river reaches. All these processes lead
to the degradation of water quality and ecological status of a waterbody connected with a higher
probability of algal blooms [24,29,30] and increasing problems for water supply and treatment [25].

As phytoplankton growth is a key factor for water quality in lowland river ecosystems [31],
the algal processes should be included in evaluating impacts of global change on water quality. Light
and nutrients are generally deemed to be the most important external drivers of phytoplankton
dynamics in rivers, along with temperature which also has a positive relationship with phytoplankton,
and discharge which has a negative relationship [29-31].

Additionally, climate change would influence nutrient turnover and transport processes
(denitrification, nitrification, volatilization and leaching) in the catchments, due to altered temperature
and precipitation [32-34], and the terrestrial processes will also influence the final river water quality at
the outlet of the basin. River systems are also affected by anthropogenic impacts (land use composition,
population and industry) causing nutrient pollution from point (factories, sewage treatment plants)
and diffuse sources (agricultural fields), which lead to eutrophication processes and a decrease in river
water quality [35-38].

Due to the high pressure of rising population, growing industry and increasing transport demand
on landscapes and natural vegetation, many changes in land use could be recognized in Europe in
the past. The current tendencies include a decreasing trend in crop and pasture acreages in Spain,
Czech Republic and Northern Germany, slowly growing forested areas in Northern Europe and
Portugal, and notably growing urban areas in France and Western Germany [5,39]. It is expected that
these trends will continue in the coming 10-20 years.

Population density and human activities are important underlying factors for point and diffuse
nutrient pollution entering rivers [40]. During the last decades, many efforts to reduce nutrient
inputs to the rivers by construction and improvement of sewage treatment plants and optimization of
fertilizer application on cropland were undertaken in Europe. They resulted in a remarkable reduction
of phosphorus emissions (mainly from point sources), but only a small decrease of nitrogen inputs
(mainly from diffuse sources) due to the lag time of diffuse nutrients in soils [41-43]. It is widely
recognized that the control of diffuse source emissions is much more difficult. So it is expected that the
inputs of nutrients from households and industry will be further reduced in the future, and diffuse
inputs from fertilizers and manure will become the main sources of nutrient pollution in Europe [42].

Climate as well as land use change impacts on river water quality superimpose each other and
create a very complex system of interactions and feedbacks [27,44,45]. The nitrate loads in the rivers,
for example, are climate-dependent, and were likely influenced by former climate variations, so it is
difficult to define and interpret the pure effects of management changes in the past [41]. Furthermore,
adaptation measures and policy responses to projected climate change, e.g., subvention for bio-fuels
or control of greenhouse gas emissions, affect freshwater quality as well [24]. A combined land use
and climate change impact assessment would be an important step facilitating an integrated river
basin management. The system characteristics and variable boundary conditions should be taken into
account by default in modern management strategies [31] to support the implementation of adaptation
measures in river basins.

The process-based eco-hydrological watershed models driven by climate and land use parameters
can be useful for assessing potential future developments in a changing world. Watershed models
including both landscape and in-stream nutrient processes, which are able to simulate nutrient
turnover processes in a catchment and river network, may represent effective tools for the evaluation
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of river water quality at the basin scale [46,47]. However, it should be kept in mind that current water
quality modeling at the watershed scale still has more weaknesses and uncertainties compared to pure
hydrological modeling due to the higher complexity of modeled processes and the requirement to
include more input data and parameters.

In former applications of the semi-distributed eco-hydrological Soil and Water Integrated Model
(SWIM) [48] for water quality modeling in river basins in Germany, it was observed that nutrient
retention and decomposition solely in the soils of the watershed is not sufficient for tackling nutrients
coming from different sources, especially in larger basins [49]. Therefore, SWIM was extended by
a new module representing nutrient and oxygen turnover processes and algal growth in rivers, which
was already tested for the mesoscale Saale river, a sub-catchment of the Elbe river with an area of
about 25,000 km? [50]. The aim of this study is to apply the new SWIM version for a combined climate
and land use change impact assessment on the entire Elbe basin including the upstream part in the
Czech Republic and the lower part in Germany (total drainage area about 150,000 km?). This can
support the development of management strategies and adaptation measures to potential changes in
the future in this large-scale river basin.

In particular, the following objectives were pursued in this study:

o  Testing the in-stream SWIM module for the large scale by modeling water quality parameters
(nitrate nitrogen (NO3-N), ammonium nitrogen (NH4-N), phosphate phosphorus (PO4-P),
dissolved oxygen (DOX), and chlorophyll a (Chla)) at the basin outlet and at confluences of
the large Elbe tributaries in the historical period;

e  Analysis of climate scenarios for the region provided by the European ENSEMBLES project [51],
and climate change impact assessment on water quantity and quality for two future periods
(2021-2050 and 2071-2100) with unchanged management;

e  Simulation of selected land use change and management scenarios aiming at the reduction of
point and diffuse nutrient loads in the basin; and

e  Analysis of the combined climate and land use change impacts on water quantity and quality to
derive ideas for suitable measures for adaptation to climate change.

The model-based assessments of climate and land use change impacts on water quality are rare in
literature so far compared to impact assessments on the hydrological cycle, especially at the large scale.
The recently implemented in-stream module enables a more realistic representation of all interrelated
processes for the impact study. Therefore, this study is an important step forward to large-scale
application of water quality models with distributed calibration for impact studies in general, as well
as towards a fully integrated water resources assessment in the Elbe catchment in particular.

2. Study Area: The Elbe Catchment

The Elbe river (1094 km) originates at 1386 m a.s.l. in the Giant Mountains located between
Poland and the Czech Republic, drains an area of 148,268 km? and flows into the North Sea [52].
The Elbe has the fourth largest catchment area among the European rivers [31]. 65.5% of its catchment
belongs to Germany, 33.7% to the Czech Republic, 0.6% to Austria and 0.2% to Poland (see Figure 1).
The discharge regime (861 m>-s~! on average) usually shows high water levels in winter and spring
and low water levels in summer and autumn. In total, 24.5 million people live in the Elbe basin, which
also includes the large cities Berlin, Hamburg and Prague [52].

Table 1 gives an overview of the main characteristics of the Elbe basin until the gauge
Neu Darchau, and its six main tributaries, covering catchment areas above 5000 km?Z. In this table some
topography-specific differences can be detected between the tributary subbasins, namely in regard
to climate parameters, soil conditions and, as a consequence, land use distribution, which also affect
nutrient concentrations in the rivers. So, in the sub-catchments with dominating agricultural land
use due to fertile loess soils (e.g., Saale and Mulde) the nitrate and nitrogen concentrations are higher
(see Table 1), resulting from fertilizer application and leaching. In contrast, the catchment of the Havel
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river has the highest share of low fertile soils consisting of almost two-thirds of sandy grained particles
(about 70% of the total area) and shows the lowest nitrogen pollution but the highest phosphorus level.
The high phosphate concentrations of the Havel river can be mainly explained by desorption from
historically polluted sediments [53].
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Figure 1. Location and digital elevation model of the Elbe river basin and six catchments of its main
tributaries, as well as location of the observation gauges used for calibration.

According to the German classification of water quality [54], which uses the 90th percentile for
nutrients and the 10th percentile for dissolved oxygen to compare with certain water quality thresholds,
the highest nitrate level results in water quality class III (Mulde and Saale), the highest ammonium
value belongs also to class III (Vltava), the maximum phosphate phosphorus level represents water
quality class II-1II (Vltava and Havel), and the lowest dissolved oxygen concentration results in water
quality class II (Havel). There is quite high diversity between the rivers in this respect, and no river
exists which has the worst or best status for all components.
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Table 1. Characteristics of the Elbe river catchment and its main tributaries of second (classical) order for the time period 2001-2010.
River ]I%Zf Vltava Ohfte Schwarze Elster Mulde Bad Calbe- G?‘?;:Zne [Grofs Havel Unit
gauges (dischargelwater quality) DarchaulSchnackenburg VratianylZel¢in LounylTerezin ~ Loben/Gorsdorf  Diiben/Dessau Rosenburg Havelberg/Toppel
Length ! 907 430 305 179* 314 434 334 km
Mean discharge ! 711 145 38 21 67 117 114 m3s~!
Catchment area ! 131,950 28,090 5614 5705 7400 24,079 23,858 km?
Average altitude 281 523 507 131 394 287 74 ma.s.l
Average temperature 2 8.9 7.8 7.6 9.7 8.9 9.2 9.6 °C
Average sum of precipitation 2 698 713 771 652 822 680 616 mm-y~!
Agriculture 51.3 49.7 422 48.1 53.3 63.0 38.6
3 Forest 31.7 36.8 37.7 35.0 28.8 23.3 38.2 o
Land use Grassland 8.4 7.8 13.6 7.2 6.9 46 1.1 °
Settlements 6.3 4.3 3.9 59 9.4 7.6 7.9
clay 16.2 20.3 221 8.5 171 20.0 9.0
Soil texture 4 silt 38.2 374 39.6 29.8 47.9 54.9 26.3 %
sand 45.6 423 38.3 61.7 35.0 25.1 64.7
. 5 TN 22318 4704 570 183 1673 3557 2768 fy—1
Point sources TP 1870 564 73 29 155 357 167 Yy
NO3-N av. 3.17 3.73 2.38 231 4.35 4.68 0.82
NOs-N 4.60 491 3.20 4.30 6.10 6.15 1.56
90-perc.
. 6 NHy-N av. 0.16 0.31 0.08 0.20 0.16 0.21 0.10 1
Nutrients NH.-N mg-L
4 0.33 0.94 0.11 0.53 0.36 0.46 0.23
90-perc.
POy4-P av. 0.07 0.12 0.03 0.02 0.06 0.09 0.13
PO4-P 90-perc. 0.11 0.22 0.05 0.03 0.09 0.13 0.24
DOX av. 11.7 11.7 10.6 9.7 10.6 10.3 10.6
DOX 10-perc. 9.7 9.4 8.0 7.8 8.5 7.8 6.7
CHLA av. 77.1 36.7 8.0 9.3 10.7 21.8 37.6
6 11
Chlorophyll CHLA 90-perc. 184.0 96.1 14.2 18.0 285 61.7 73.0 mgL

Notes: * Wikipedia. Data sources: 1 [55], 2 DWD/PIK, 3 Corine2000, Germany: BUK1000, Czech Republic: [56], > Germany: [57], Czech Republic: [58], 6 German gauges: FIS,

Czech gauges: IKSE.
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The Elbe river is the most important river draining the eastern part of Germany. The natural flow
regime is influenced by reservoirs and regulation of small rivers, drainage of wetlands and brown
coal mining [59]. Due to former political and socio-economic conditions, the Elbe was one of the most
polluted rivers in Europe with a low ecological potential. The water quality improved after the German
reunification in 1990 due to closure or upgrading of sewage treatment plants and industrial enterprises
in the basin, as well as to a substantial decrease in fertilization rates on agricultural land [58,60].
However, contamination problems still exist, especially looking at sediments, which are characterized
by a high adsorption of heavy metals and other polluting substances [61]. There are also no significant
improvements regarding chlorophyll a concentrations in the Elbe river [60].

In general, the Elbe river is characterized by a strong phytoplankton growth in the free-flowing
section due to inputs from the reservoirs of the upper Elbe and Vltava and high nutrient loads
from tributaries [62]. The high primary productivity leads to substantial differences in nutrient
concentrations along the river with remarkable intra- and interannual variations [62], and the season
of main biological activity is between March and October [31]. Low flow velocities in the lowland
tributaries with many natural lakes in the river course (e.g., Havel) and in rivers influenced by
weirs and barrages (e.g., Vltava, Saale) facilitate good conditions for algal growth and cause high
concentrations of chlorophyll a.

The middle course of the Elbe river in Germany contains several protected natural areas with
a high diversity of flora, fauna and landscape types. Large parts of the river in Germany are free-flowing
and not influenced by barrages. However, the original floodplain areas have often been cut off by flood
protection measures for settlements, agriculture and industry during the last centuries. Approximately
84% of the floodplain along the Elbe river course in Germany is protected by dikes [63]. The reduced
flooding area not only causes problems in times of very high water levels (e.g., during the last decades
when immense flood events and damage occurred), but also hinders the natural nutrient retention
capacity of the river ecosystems. This induces an intensification of nutrient pollution problems in the
river waters.

3. Materials and Methods

3.1. Soil and Water Integrated Model (SWIM)

The Soil and Water Integrated Model (SWIM) is an eco-hydrological model of intermediate
complexity simulating the hydrological cycle and vegetation growth integrated with nutrient turnover
processes within a river basin driven by climate parameters and taking soil conditions and land use
management into account. SWIM was developed on the base of the Soil and Water Assessment Tool
(SWAT ) [64] and the MATSALU model [65] specifically as a tool for the analysis of climate and land use
change impacts on hydrological processes, agricultural production and water quality at the regional
scale. More details can be found in [48].

Being a spatially semi-distributed dynamic model working with a daily time step, SWIM calculates
all hydrological, vegetation and nutrient processes on a hydrotope level (set of elementary units in
a subbasin with the same land use class and soil type). Lateral fluxes (surface, subsurface and
groundwater flow with associated nutrients) are summarized at the subbasin level and routed through
the river network to the outlet of the catchment.

Hydrological processes on the hydrotope level are based on the water balance equation, taking
precipitation, evapotranspiration, percolation, surface and subsurface runoff, capillary rise and ground
water recharge into account.

The available water content in soil is influenced by crop and vegetation types, which are
parameterized in a database connected to SWIM [48]. The crop database is the same as in SWAT [66],
and only some parameters were adapted during calibration. The vegetation affects nutrient turnover
as well, as plants are important nutrient consumers as well as sources (from plant residue).
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The nitrogen module of the applied SWIM version (compare Hesse et al. [50]) calculates nutrient
processes in the soil profile and includes several pools: nitrate and ammonium nitrogen, active and
stable organic nitrogen, and organic nitrogen in plant residues. They are influenced by fertilization,
mineralization, volatilization and (de-)nitrification processes, plant uptake, wet deposition, wash-off,
leaching and erosion. Leaching is calculated differently for nitrate and ammonium nitrogen, as the
latter has much higher bonding capacity to soil particles.

The soil phosphorus module includes labile phosphate phosphorus, active and stable mineral
phosphorus, organic phosphorus and phosphorus in the plant residue. The phosphorus pools
are influenced by fertilization, (de-)sorption, mineralization, plant uptake, erosion, and leaching.
The equation applied to calculate leaching of phosphate phosphorus through the soil profile can be
found in Hesse et al. [49].

Processes related to diffuse source nitrogen and phosphorus flows to the river network are surface
runoff, subsurface runoff, groundwater flow, wash-off, leaching, erosion and retention of nutrients
in the landscape. After simulating all nutrient-specific processes in the soil profile, nitrogen and
phosphorus are transported with surface, subsurface and groundwater flows to the rivers. During
their passage through the basin, nutrients are subject to retention and transformation processes in
soils, wetlands and in the river system. These processes and model equations, as well as the testing of
different retention methods, were described in detail in previous publications [50,67,68].

Additional information about the general SWIM model concept, necessary input and output data,
calibration parameters, process equations as well as the GIS interface for model setup can be found in
the User Manual [48].

3.2. Data Preparation and Model Setup for Calibration

SWIM model setup requires spatial and temporal data sets as well as major water and land use
management information. The spatial maps include a digital elevation model (DEM), a soil map
with soil parameterization, a land use map and a subbasin map. The temporal data sets include the
daily historical observed or projected future climate parameters (temperature, precipitation, solar
radiation and relative air humidity) as external drivers of the model. The observed river discharge and
nutrient concentrations, at least close to the catchment’s outlet, are necessary for the model calibration
and validation. Additional monitoring data at intermediate gauges and tributaries allow a multi-site
calibration, which is more reliable, especially for large-scale catchments. Necessary management data
include water abstraction, storage or transfer, major crops with their planting and harvesting dates, as
well as fertilization rates and dates and effluents from industrial sites or waste water treatment plants.

The model setup for the Elbe river was based on spatial maps with a 250 m resolution. The DEM
map was resampled from the data provided by the NASA Shuttle Radar Topographic Mission
(SRTM). The general German soil map “BUK1000” delivered by the Federal Institute for Geosciences
and Natural Resources (BGR) was combined with the soil map and soil parameterization of the
Czech Republic [59] and the European Soil Database (ESDB) provided by the Joint Research Centre of
the European Commission to cover the entire Elbe river catchment. The land use map was obtained
from the CORINE land cover (CLC2000) data set of the European Environment Agency (EEA) and
reclassified to the 15 SWIM land use classes required by the model. The subbasin map was combined
from the standard maps of the Federal Environment Agency (UBA) for Germany and the T.G.M. Water
Research Institute for the Czech Republic, and included 2268 subbasins.

The historical climate data of 348 climate observation stations located within and 20 km around
the Elbe catchment were used to interpolate the climate parameters to the centroids of all subbasins
by an inverse distance method for calibration and validation of the SWIM model, taking climate
information of at least one to maximum four neighboring stations into account. The station density
with available climate data was higher in the German than in the Czech part of Elbe river catchment.
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The observed discharge and water quality data for selected gauges located at the Elbe river and
its main tributaries in Germany originated from the Data Information System (FIS) of the River Basin
Community Elbe (FGG-Elbe) and were downloaded in December 2012. The Czech monitoring data
with a monthly time step were taken from the publications of the International Commission for the
Protection of the Elbe river (IKSE). In case the observed nutrient concentrations were indicated to be
below the detection limit, the minimum detectable concentration was halved and assumed for this
day. Data on nutrient inputs from point sources at the German part of the basin were taken from
FGG-Elbe [60]. For the Czech part, assumed data on nutrient emissions from point sources were
derived from a report of the IKSE for the year 2000 [58]. As there were only temporally aggregated
data available, the point source emissions were implemented in the model as daily constant values.

The standard SWIM does not consider crop rotation management on agricultural fields so that
only one main crop type could be assumed on the entire arable land. According to data in the statistical
yearbooks of the German federal states in Germany considerably overlaying with the Elbe basin
(Thuringia, Saxony-Anhalt, Brandenburg, Saxony and Mecklenburg-West Pomerania), winter wheat
was selected to be the main crop. Assuming some nutrient storage in the soils, 100 kg N/ha and
12 kg P/ha were assumed as an average fertilization level in accordance with recommendations of the
federal agriculture agencies. However, fertilization is recommended to be increased with increasing
yield expectations [69]. To implement this option, arable land was classified according to the expected
yield as simulated by SWIM (as a function of soil quality, water availability and climate conditions
under constant fertilization). Then the medium yield class received the average fertilization, and
fertilization of the low /high yield classes was reduced/increased by 20%.

In order to better represent specific behavior of vegetation in lowland areas with its connection
to groundwater and the increased evapotranspiration potential, the simpler of two approaches for
wetland simulation as described in Hattermann et al. [70] was used in SWIM. In total, 22.6% of the entire
Elbe river basin belongs to wetlands, with especially high shares in the Schwarze Elster catchment
(41%), the lower Elbe reaches (40%), and the Havel river catchment (33%). In the catchments of the
other large tributaries (Saale, Mulde, Ohte and Vltava), wetlands make up 10%—-16% of their total areas.

The model calibration and validation for the whole basin was performed for five years, each
within the period 2001-2010, considering observed data at the last gauges at Neu Darchau (discharge,
Elbe, km 536.4) and Schnackenburg (water quality, Elbe, km 474.5), which are undisturbed by
tidal influences. The nutrient loads at the gauge at Schnackenburg were calculated as products
of concentration and discharge using the discharge of the gauge at Wittenberge (km 453.9) with the
correction factor 1.001 [71].

The calibration of water discharge (Q) and nutrient loads was done by adjusting the main
model calibration parameters described in the SWIM manual [48], and listed in former SWIM model
applications [49,50,68,72,73]. During the model calibration it was realized that a global calibration
parameter set was not sufficient to represent the basin- and river-specific water and nutrient processes
for the several catchments of the Elbe tributaries, which can be highly variable due to different
combinations of elevation, soil, land use and river characteristics. Therefore, it was decided to use
the most important calibration parameters spatially distributed for the seven large river catchments,
which were calibrated individually. Table 2 lists and describes those parameters for water quantity
and quality calibration used in a distributed mode within the Elbe river basin.
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Table 2. SWIM calibration parameters applied spatially distributed in the Elbe river basin.

Module Parameter Description Unit
bff baseflow factor used to calculate return flow travel time -
Hydrology delay time needed for water leaving root zone to reach shallow aquifer  day
roc2/roc4 coefficients to correct the storage time constants for surface and -
subsurface flows
ret retention times of nitrate nitrogen (NO3-N), ammonium nitrogen day
(NH4-N) and phosphate phosphorus (POy4-P) in the lateral
. subsurface and groundwater flows (6 parameters)
S(.nl deg degradation rates of NO3-N, NH4-N and PO4-P in the lateral day~!
nutrients
subsurface and groundwater flows (6 parameters)
deth soil water content threshold for denitrification of NO3-N %o
dad/dkd ratios of adsorbed NHy-N and PO4-P to that in soil water -
mumax maximum specific algal growth rate day !
tempo optimal temperature for algal growth °C
lio optimal radiation for algal growth ly
pr20 predation rate in the reach at 20 °C day~!
In-stream ail/ai2 fractions of algal biomass that is nitrogen and phosphorus mg- mg_1
processes sl local algal settling rate in the reach at 20 °C m- day~!
rs2/rs3 benthic source rates for PO4-P and NH4-N in the reach at 20 °C mg-(mz- clayf1
rs5 organic phosphorus settling rate in the reach at 20 °C day~!
rk2 oxygen reaeration rate in the reach at 20 °C day~!
bc3 rate constant for hydrolysis of organic nitrogen to NH-N at 20 °C ~ day ™!
bc4 rate constant for mineralization of organic phosphorus to POg-P  day ™!

at20°C

3.3. Evaluation of Model Results

The ability of SWIM to simulate water and nutrient processes in the Elbe catchment and to
reproduce the observed monitoring values was evaluated in different ways for water quantity
and quality.

The simulated daily and/or monthly discharges were assessed using the Nash-and-Sutcliffe
efficiency (NSE, [74]) as well as the deviation in water balance (DB) (compare [49]). The non-dimensional
NSE is a measure to analyze the squared differences between the observed and simulated values, and
DB describes the long-term differences of the observed values against the simulated ones for the whole
simulation period in percent.

The model’s efficiency to represent the water quality parameters was evaluated at the long-term
average monthly basis using three criteria, Ay, Ao and 1, according to Gudmundsson et al. [75]. Here
A is a balance measure defined as the relative bias of the mean annual observed and simulated values.
Criterion Ao evaluates the amplitude or the spread from the lowest to the highest monthly values of
the mean annual cycle by comparing the relative difference in standard deviations of the observed
and the simulated values. Also, the usual Pearson’s correlation coefficient r, which is sensitive to
differences in the shape as well as in the timing of the mean annual cycle, was applied.

Table 3 lists the possible ranges, optima and aspired results of the different performance criteria
used in this study.
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Table 3. Description of performance criteria used in this study to evaluate model results.

Criterium Range Optimum  Aim in This Study
NSE —o0tol 1 >0.65
DB —o0 to +00 0 >—20% to <20%
An —o0 to +0 0 >—0.2% to <0.2%
Ao —0 to +00 0 >—0.2% to <0.2%
r —1to1 1 >0.5

3.4. Description, Evaluation and Processing of Climate Scenario Data

The ENSEMBLES project [51] delivered projections for a possible climatic future of Europe by
running an ensemble of different Regional Climate Models (RCMs) using the boundary conditions
produced by several General Circulation Models (GCMs). All models assumed the A1B emission
scenario with a balanced use of fossil and non-fossil fuels in a world with a rapidly growing economy,
population growth until 2050 and a decline afterwards, and fast development of new and effective
technologies [76]. According to this scenario an average global temperature rise of 2.8 °C (with a range
between 1.8 and 4.4 °C) is estimated [1] until the end of the 21st century.

The resulting ENSEMBLES climate scenarios differ in resolution (25 or 50 km grids) and simulation
period (1951/1961-2050/2100). For our study, 19 scenarios covering the period until 2100 were chosen
(Table 4). As climate data necessary for SWIM modeling were not available for all scenarios until 2100,
only data until 2098 were considered in all cases. A scenario-specific number of grid cells with data
were treated as virtual climate stations for climate interpolation to the centroids of the 2268 subbasins
within the Elbe basin using an inverse distance method.

Table 4. Numbering of the chosen climate scenarios as combinations of General Circulation Models
(GCMs) and Regional Climate Models (RCMs), the responsible institute, resolution [km], starting year,
and number of grid cells used for interpolation of the projected climate in the Elbe catchment.

ID Institute GCM RCM Resolution Start Year Nu.m ber of
Grid Cells
1 SMHI HadCM3Q3 RCA 25 1951 316
2 HC HadCM3Q0 HadRM3Q0 25 1951 316
3 HC HadCM3Q3 HadRM3Q3 25 1951 316
4 HC HadCM3Q16 HadRM3Q16 25 1951 316
5 C41 HadCM3Q16 RCA3 25 1951 316
6 ETHZ HadCM3Q0 CLM 25 1951 316
7 KNMI ECHAMS5-13 RACMO 25 1951 316
8 SMHI BCM RCA 25 1961 316
9 SMHI ECHAMS5-13 RCA 25 1951 316
10 MPI ECHAMb5-13 REMO 25 1951 316
11 CNRM ARPEGE_RM5.1 Aladin 25 1951 300
12 DMI ARPEGE HIRHAM 25 1951 316
13 DMI ECHAMb5-r3 DMI-HIRHAMS5 25 1951 316
14 DMI BCM DMI-HIRHAM5 25 1961 316
15 ICTP ECHAMS5-13 RegCM 25 1951 282
16 KNMI ECHAMb5-r1 RACMO 50 1951 79
17 KNMI ECHAMS5-12 RACMO 50 1951 79
18 KNMI ECHAMS5-1r3 RACMO 50 1951 79
19 KNMI MIROC RACMO 50 1951 79
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To analyze the projected trends of single climate scenarios, climate change signals were calculated
for two future periods for temperature, precipitation and solar radiation. Climate change signals
describe the differences between the mean climate parameter values in a future period and in the
reference period of the same scenario. The signals were derived taking all scenario grid cells into
account and were evaluated for the annual mean climate parameter values as well as for their
seasonal dynamics.

The 19 climate scenarios were used to drive the calibrated SWIM model, each for the reference
period 1971-2000 (p0) and the two future periods 2021-2050 (p1) and 2071-2098 (p2).

It is very important which downscaling approach is used to generate climate scenarios, and
whether it is statistical or dynamical. The choice of a hydrological model is less important in terms
of its contribution to uncertainty, especially when only the long-term mean annual changes are
compared [77]. Often it was detected that results achieved with one hydrological model under two or
more climate scenarios differ more than the results of different hydrological models achieved by using
only one climate scenario [78,79]. Hence, many authors suggest using an ensemble of climate change
scenarios to get the full range of uncertainty between the different scenario projections [22,80,81].
The last two authors also mentioned that there is no direct link between the climate model performance
in the historical period and the robustness of trends in the future, and thus the application of a smaller
number of best fitting scenarios could not be recommended. Therefore, in our study we did not try to
find the most probable future climate scenarios by their comparison with the historical measurements.

The observed climate data are also often used for bias correction of climate scenarios before
applying them for impact assessment in order to avoid unrealistic simulations of runoff or nutrient
loads. However, there is no consistent opinion on the usefulness of bias correction for impact
assessments. While Teutschbein and Seibert [82] recommend an application of bias correction, other
authors complain about the lack of physical justifications of corrections damaging the physical
consistency between the variables [77,83]. The latter do not appreciate this method as a “valid
procedure”, and complain that an additional uncertainty is added to the model chain. In our study
it was decided not to use bias correction and to simply compare the simulations driven by 19 RCMs
between periods to detect trends and the relative changes caused by climate change.

3.5. Processing of Socio-Economic Change Experiments

In addition to climate change simulations, five land use change experiments were applied
for testing the effects of specific socio-economic measures aimed at reducing point or diffuse
nutrient emissions.

The applied land use change scenarios are listed in Table 5 together with the description of
the changes implemented in model input data. Two scenarios are dealing with the direct reduction
of nutrient emissions (“Point sources” and “Fertilization”) by 10% or 20%. The decrease of point
source emissions was assumed with different percentages for the two nutrients, as it was supposed
that phosphorus reduction potential in sewage treatment is higher. The third scenario (“Retention”)
indirectly tested the effects of a possible increase of the retention potential and decomposition rate in
the soils of the Elbe catchment by 10%. This could be achieved by different measures, for example by
extension of wetland areas around the watercourses or intensified cultivation of plant communities
with a high nutrient intake rate (mycorrhiza, legumes). In addition, two such measures were tested
directly in the model (“Buffer” and “Slope”) by changing the land use composition in the catchment.
Due to the spatial resolution of the SWIM project with 250 x 250 m raster maps, water courses
in agricultural areas were converted to 250 m raster cells in the “Buffer” experiment, containing
extensive meadows without fertilization. In the “Slope” scenario, all agricultural areas with a slope
>4% were converted to extensively used meadows to study the effects on water quantity and quality
in the catchment (see e.g., [84] where hillsides with slopes >4% are considered as being a risk of
facilitating erosion).
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Table 5. Description of applied land use change experiments in the Elbe river catchment.

Scenario Name Description
Point sources Reduction of emissions from point sources (nitrogen —10%, phosphorus —20%)
Fertilization Reduction of N and P fertilizers on agricultural land by 20%
Retention Increase of nutrient retention time and decomposition rate in soils by 10% each
Buffer Conversion of all agricultural lands around water courses to extensive meadow
Slope Conversion of agricultural lands to extensive meadows on hillsides with slopes >4%

The socio-economic experiments were run under the 19 ENSEMBLES climate scenarios to allow
evaluation of the combined climate and land use change impacts on water quantity and quality in
addition to the land use change impacts only. As 19 climate scenarios were applied with specific
climate conditions, the results were different, not only for the combined impacts, but also for the land
use change impacts. To show the possible effects of scenarios, the 19 single percental changes of the
model outcomes were analyzed regarding their medians and 25th/75th percentile values, representing
the most probable 50% range of all scenario results.

4. Results

4.1. SWIM Model Calibration and Validation

A successful calibration of a model for water quality requires a well-calibrated hydrological model.
During the hydrological and water quality calibration, the observed and simulated values at the most
downstream Elbe gauges, at the gauges located close to the German-Czech border, as well as at the
main tributaries were compared and statistically evaluated for the period of 2001-2010.

Figure 2 presents the observed and simulated daily discharges for the 10-year period (left), and the
long-term daily averages (right) at the two main Elbe gauges Schona and Neu Darchau. The discharge
dynamic is well reproduced, reaching the good to very good performance ratings. The performance
criteria for the daily model results are better at the downstream gauge Neu Darchau. The long-term
seasonal dynamics are reproduced well at both gauges.

However, not all simulation results at the tributaries reach the same model performance (Table 6).
The most difficult river to simulate was the Schwarze Elster, which is highly influenced by human
activities and regulation (opencast lignite mining, discharge regulation and stream straightening), so
that the hydrological processes are no longer natural. As these site-specific management measures
were not implemented in the model, the model does not perform well enough at the Loben gauge.
Similar problems apply to the lowland catchment of the Havel river, which is characterized by a high
number of wetland areas and stream lakes, and is also highly affected by lignite mining in its upper
course, all this leading to lower NSE values at gauge Havelberg.
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Figure 2. Calibration results for the Elbe river discharge at the most downstream gauge Neu Darchau
and the intermediate Elbe gauge Schona (Czech/German border) for the time period 2001-2010,
separated into calibration and validation sub-periods.

Table 6. Model performances for four discharge gauges of the Elbe river and six gauges of its main

tributaries from the upstream to downstream location of tributaries.

River Gauge Time Period NSE (-) DB (%)
Daily Monthly
Elbe Nymburk 11/2002-10/2010 0.75 -13.5
Vitava Vranany 11/2002-10/2010 0.64 -10.5
Ohte Louny 11/2002-10/2010 0.86 -0.3
Elbe Schona 2001-2010 0.69 0.77 -5.1
Schwarze Elster Loben 2001-2008 0.25 0.60 134
Mulde Bad Diiben 2001-2010 0.74 0.88 1.7
Saale Calbe-Griezehne 2001-2010 0.61 0.84 15
Elbe Magdeburg 2001-2010 0.82 0.86 1.1
Havel Havelberg 2001-2010 0.54 0.68 -15
Elbe Neu Darchau 2001-2010 0.83 0.86 -05

Only monthly measurements for a shorter time period were available for the three gauges located
in the Czech part of the Elbe basin. The best results here could be achieved for the smaller and
mountainous river Ohfe. The upper part of the Elbe river (gauge Nymburk), as well as the largest
Elbe tributary, Vltava, show a slight underestimation of discharge. This could be explained by water
regulation measures in the water course of these rivers, with a high number of barrages and dams
to ensure water availability for shipping and for flood protection, which were not implemented in
the model. However, the hydrological model performance in terms of NSE and DB for the Elbe and
its tributaries mostly meet the aim (compare Table 3), so that it was used for the subsequent water

quality calibration.
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Figure 3 presents the results of water quality calibration for two main gauges in the Elbe
river: Schmilka at the Czech-German border and the most downstream Elbe gauge Schnackenburg.
The long-term average daily observed loads were calculated based on interpolated values between
biweekly measurements and have some degree of uncertainty. The calibration was aimed at visually
and statistically matching the inner-annual dynamics and minimizing the deviation in balance of the
mean annual nutrient loads for the 10-year period of 2001-2010.
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Figure 3. Long-term average daily observed and simulated loads of nitrate nitrogen (NO3-N),
ammonium nitrogen (NHy-N), phosphate phosphorus (PO4-P), chlorophyll a (Chla) and dissolved
oxygen (DOX) at the two Elbe gauges Schmilka (corresponds to the total Czech loads) and
Schnackenburg (most downstream gauge) for the time period 2001-2010.

In Figure 3, a specific annual cycle of the three nutrients can be observed, which is reproduced
quite well by the SWIM model. The nitrate nitrogen loads (mainly coming from diffuse sources)
generally follow the discharge curve with a spring peak and low values in summer. Ammonium
nitrogen and phosphate phosphorus are more algae-influenced. The periods with high concentrations
of chlorophyll a especially result in ammonium depletion in the river due to the high ammonium
preference factor of the algae defined in the model. Algal influences on the phosphate loads are less
significant, but also obvious, especially during the spring algal bloom. The dissolved oxygen loads are
highly connected to the water amounts and are simulated very well. The balance measure Ap is low in
all cases and is located within the aimed range, also reflecting sufficiently good calibration results.

Figure 4 and Table 7 show results on water quality for the main tributaries of the Elbe river and
for selected Elbe gauges. Figure 4 plots the simulated versus observed long-term average monthly
values and illustrates the variation of the long-term seasonal cycle ratios around a diagonal of perfect
fit, and Table 7 analyzes the model’s performance statistically.
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Table 7. Model ability to simulate the long-term monthly average loads of water quality variables for six main tributaries as well as three selected Elbe water quality
observation gauges in the time period 2001-2010 after spatially distributed model calibration. The model performance variables were calculated according to [75] and
are described in Section 3.3.

Vltava Ohie Elbe Schwarze Elster Mulde Saale Elbe Havel Elbe
Zel¢in Terezin Schmilka Gorsdorf Dessau Grof8 Rosenburg Magdeburg  Toppel Schnackenburg
Time period 2001-2004 2007-2010 2001-2010 2004-2010 2001-2010 2001-2010 2001-2010  2001-2010 2001-2010
NO3-N
Ap —0.01 —0.09 —0.01 -0.13 0.04 0.10 0.09 —0.01 —0.01
Ao -0.11 -0.23 —0.04 -0.27 —0.20 0.18 0.03 —0.42 —0.07
r 091 0.93 0.93 0.96 0.93 0.94 0.93 0.97 0.95
NH;-N
Ap 0.02 0.12 0.13 0.17 —0.08 —0.01 0.17 0.05 0.01
Ao 0.17 —-0.25 —0.23 0.02 —0.31 —0.19 0.08 0.13 0.26
r 0.64 0.74 0.68 0.53 0.85 0.97 0.92 0.94 0.95
PO4-P
Ap —0.01 0.11 0.12 0.12* 0.03 —0.11 0.10 —0.10 —0.06
Ao —0.40 0.01 —0.02 0.39* -0.37 —0.03 0.00 -0.19 —0.03
r 0.73 0.70 0.87 0.13* 0.87 0.93 0.92 0.24 0.94
Chla
Ap 0.08 —0.02 0.05 0.03 —0.08 0.04 0.06 0.12 0.20
Ao 0.06 0.12 —0.07 0.05 0.17 0.04 —0.07 0.18 0.00
r 0.95 0.82 0.94 0.82 0.80 0.82 091 0.78 0.97
DOX
Ap —0.06 -0.12 -0.12 0.02 —-0.01 0.06 0.04 0.03 —0.02
Ao —0.28 —0.39 —0.30 —0.50 -0.37 0.08 —0.02 -0.25 0.02
r 0.85 0.95 0.98 091 0.95 0.97 0.96 0.98 0.98

Note: * 2008-2010.
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Figure 4. The long-term average monthly observed and simulated discharge and loads per
tributary and at two selected Elbe gauges in the period 2001-2010 (diagonals: black—perfect fit,
grey—=+ 50% intervals).

As already detected in the hydrological calibration, the largest discrepancies between the observed
and simulated values can be seen for the Schwarze Elster river. The intensive human activities within
this catchment (e.g., surface water management due to lignite mining) influence nutrient processes but
are not fully implemented in the model, resulting in model outputs different from observations. Some
problems can also be seen for the Havel and (partly) the Mulde tributaries. The largest dispersion
around the diagonal of perfect fit is obvious for ammonium nitrogen, which is difficult to model as it
is highly influenced by point source emissions involving input data uncertainty as well as by algal
consumption processes (parameter uncertainty). The latter, due to their complex behavior influenced
by many physical, chemical and biological interactions, are difficult to model, especially in large basins.
The results in terms of statistical criteria (Table 7) with mostly high r and low Au and Ao confirm the
visual impression.

Generally, the calibrated SWIM model for the large-scale Elbe river basin matches observations
well, and can be used for climate and land use change impact assessment.

4.2. Climate Change Signals of the ENSEMBLES Scenarios

Before applying the 19 ENSEMBLES climate scenarios to the Elbe basin, they were analyzed
for their trends in temperature, precipitation and solar radiation averaged over the whole basin by
comparing two future scenario periods, pl and p2, with the reference period p0. The comparison was
done for the long-term average annual values as well as for the long-term average monthly values of
all scenarios and periods.
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The climate change signals per scenario can be found in Table 8. The results show an increase
in temperature by 1.3 °C for the first period and by 3 °C for the second period on average, as well as
an increase in precipitation by +41/+57 mm on average for all 19 climate scenarios. The increase in
2 on average, probably
due to increased cloudiness with higher precipitation amounts. There is a wide spread in signals

precipitation is accompanied by a decrease in solar radiation of —15/—27 J cm™

between the scenarios, which is increasing in the second period. Regarding temperature, all scenarios
agree on increasing trend, but the increase in period p2 ranges between 2 and 5 °C depending on the
scenario. The agreement of the single scenarios with the overall trends is lower for precipitation (15
of 19 scenarios agree with the trend) and solar radiation (14 scenarios agree). However, a majority of
scenarios correspond to the average trends.

Table 8. Climate change signals for temperature, precipitation and radiation of 19 analyzed
ENSEMBLES climate scenarios and on average for the two future periods 2021-2050 (p1) and 2071-2098
(p2) compared to the reference period 1971-2000 (p0) for the Elbe basin.

. Temperature (°C) Precipitation (mm) Radiation (J-cm—2)
Scenario
p1-p0 p2-p0 p1-p0 p2-p0 p1-p0 p2-p0
S1 1.5 29 67 95 —26 —76
S2 2.1 4.0 -2 16 27 28
S3 1.7 34 34 17 8 7
S4 22 5.0 48 —49 1 43
S5 1.8 4.1 104 94 —57 —67
56 1.7 35 24 13 —-22 -12
S7 0.9 2.6 35 110 -12 -20
S8 0.7 1.9 63 86 -30 —48
S9 0.8 24 47 112 -29 —65
S10 0.9 2.6 14 47 -18 —42
S11 1.1 2.8 —4 —68 5 36
S12 0.9 2.0 14 -31 —16 —111
S13 0.6 2.0 57 157 -21 -73
S14 0.9 2.5 37 99 -29 —47
515 0.9 2.6 29 87 1 7
516 1.0 3.1 52 63 -12 -5
517 1.4 3.3 65 54 —22 -11
S18 0.9 2.6 36 99 —16 —20
519 1.8 39 50 76 —26 —40
meang) 1.3 3.0 41 57 —15 —27
stdev,y 0.5 0.8 26 60 18 42

The seasonal climate change signals are visualized in Figure 5. Looking at the changes per month,
it is obvious that the value as well as the spread of the climate change signals is higher in the second
period. The increase in temperature is confirmed for the entire course of the year, and it is lowest in May
and highest in winter months (December—February) and in August. The changes in precipitation and
solar radiation vary around the zero-line and show an opposite behavior (probably due to connection of
precipitation and cloudiness). In the first period precipitation is slightly decreasing in July and August,
and in the second period negative changes in precipitation are projected from June to September.
The changes in solar radiation show almost the opposite trends. In general, the 19 ENSEMBLES climate
scenarios project a warmer and wetter climate with less sunshine hours from autumn to spring, but a
warmer, dryer and sunnier climate in the summer months for the region.
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Figure 5. Ranges of seasonal climate change signals for temperature, precipitation and solar radiation
of 19 ENSEMBLES climate scenarios for the two future periods compared to the reference period of
the same scenario for the Elbe basin. The plots represent median (line), 25th /75th percentiles (box),
min/max values (whiskers) and the average (dots) change of all 19 scenarios.

4.3. Climate Change Impacts

The projected changes in climate lead to changes in simulated water quantity and quality variables
in the Elbe basin in future periods. The results are shown Figure 6 for the two Elbe river gauges Schéna
and Neu Darchau. They present changes in the long-term average seasonal dynamics comparing the
average and the 25th/75th percentile ranges of six variables from simulations driven by 19 climate
scenarios in the future and the average of the reference period 1971-2000.
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Figure 6. The long-term average monthly values of simulated discharge (Q), nutrient and chlorophyll
a loads (NO3-N, NHy4-N, PO4-P, Chla) and dissolved oxygen concentrations (DOX) with uncertainty
ranges (25th/75th percentiles corresponding to 19 simulations) at the two Elbe gauges Neu Darchau
(full lines) and Schona (dashed lines) for the future periods 2021-2050 (p1, a) and 2071-2078 (p2, b) in
comparison to the corresponding average values of the reference period 1971-2000 (p0).

Following the increasing trend for precipitation in the Elbe basin, the discharge is projected to
increase as well, both at the last Elbe gauge and at the gauge of the Czech-German border. The increase
can be observed during almost the whole year, with the highest values in winter months (due to
higher rainfall) and the lowest values, or even negative changes in the p1 period, in April (due to
lower or missing snow melt peaks). Though a decrease in precipitation is projected in the summertime
(compare Figure 5), the projected discharge in summer months is higher than in the reference period,
probably due to the capability of soils to retain additional winter and spring water causing delayed
subsurface and groundwater flows. However, the uncertainty ranges for the projected discharge are
quite high, especially at the most downstream gauge.

The nitrate nitrogen load performs similarly to the discharge, as nitrate nitrogen comes to the
river mainly dissolved in water from diffuse sources. A moderate increase can be observed in the first
winter months, followed by some decrease in spring, whereas the second half of the season shows only
minor changes on average compared to the reference period (due to higher retention time of nitrate
nitrogen compared to water as well as impacts of vegetation).

The ammonium nitrogen loads are higher on average in the upstream part of the Elbe (gauge
Schona) than downstream (gauge Neu Darchau) due to higher loads in the Czech part of the
catchment as well as to progressively increasing phytoplankton concentration downstream of the Elbe.
The decrease in ammonium load caused by changes in climate conditions is obvious in the first half of
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the season (especially during spring flood). The decrease in NH4-N loads is probably connected to the
rising temperatures, as mineralization processes and the emergence of leachable ammonium in soils
are temperature-related and occur mainly within a certain temperature range. The uncertainty ranges
around the ENSEMBLES average, representing the most probable 50% of the 19 scenario results, are
quite narrow.

The average phosphate phosphorus load shows a slight and almost constant increasing trend
throughout the season, but the uncertainty ranges are the largest for this nutrient, caused by the high
uncertainty and climate-dependence of phosphorus-related processes in the Havel catchment (compare
with Figure 7). The increase in loads is probably connected to increasing erosion and leaching processes
with higher precipitation in the future, washing more phosphorus from sandy and highly permeable
soils. It could also be a result of less ingestion by a decreasing algae population in the future.
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Figure 7. Ranges of the percental changes of 30-year-average river discharges, nutrients and chlorophyll
a loads, as well as dissolved oxygen concentrations in the Elbe river and its main tributaries simulated
with SWIM driven by 19 ENSEMBLES climate scenarios (in future periods p1 (light) and p2 (dark)
compared to the reference period p0 of the same scenario). The plots visualize the following ranges:
min/max (whiskers), 25th /75th percentiles (boxes), median (line) and average (dots) changes of all
19 scenarios.

The chlorophyll a load is projected to decrease in the spring blossom time, when warmer
temperatures (temperature stress) and lower solar radiation (below the optimum value) may hamper
phytoplankton growth and less ammonium is available for algae consumption.

The dissolved oxygen concentration in the Elbe river is projected to decrease, and the changes
remain almost constant throughout the season. This is probably connected to the increasing water
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temperature, resulting in lower values of oxygen saturation in the water. The uncertainty ranges for
future dissolved oxygen concentrations are higher upstream, probably due to the generally higher
ammonium loads modeled in the upper river reaches, where oxygen is used for nitrification in the
water column.

In addition to the temporal analysis of climate impacts, Figure 7 illustrates some spatially
distributed results for the Elbe and its tributaries. For that, average percental changes were calculated
for six main tributaries of the Elbe and two Elbe gauges (the same as in Figure 6).

The overall trend for the entire basin can be generally detected regarding different variables in
Figure 7, though there are some outlying sub-catchments. For all gauges an increasing discharge is
projected, which becomes higher in the second period. Also, the uncertainty ranges increase in p2.
The differences between gauges are small.

The nitrate nitrogen load decreases on average for the entire Elbe river basin (Neu Darchau).
The decrease is largest for the Saale catchment, which is characterized by the highest share of
agricultural areas due to very fertile soils with a high nutrient retention capability. There are also some
sub-catchments where a small increase (or no change) in nitrate load on average is simulated. This is
probably connected to an increased diffuse pollution with increased precipitation in these sub-areas.

The impacts on ammonium nitrogen loads are almost all negative, and show a high diversity
between the sub-catchments. The uncertainty ranges are highest in the Vltava and Schwarze Elster
sub-catchments, where ammonium pollution is generally at its highest level, and have more space for
variability due to climate change impacts.

Except for the Saale sub-catchment with its fertile soils and high nutrient retention potential,
the climate change impact on phosphate phosphorus shows increasing loads due to increased leaching
and erosion processes. The uncertainty ranges are extremely high in the Havel sub-catchment, where
phosphorus contamination is the highest in the Elbe drainage area, and a high share of permeable and
sandy soils causes a high phosphorus leaching potential with higher precipitation amounts.

Chlorophyll a demonstrates a decreasing trend on average almost everywhere. The uncertainty
ranges, especially in the upper tributaries, are quite high, due to the high complexity of algae processes
simulated in the model, which are influenced by many system-internal and external drivers.

Changes in the dissolved oxygen concentrations have a very small uncertainty range and show
a decreasing trend on average for all gauges due to increased temperatures and lower oxygen saturation
capacity. The highest range in average changes can be observed for the Schwarze Elster sub-catchment,
which is quite heavily polluted with ammonium nitrogen. The latter is highly sensitive to climate
change impacts and is connected to the oxygen processes in the river water.

4.4. Socio-Economic Change Impacts under Climate Change

In addition to the climate change impact assessment, five land use change experiments were run
to test the model’s reaction on certain management measures aimed at reducing nutrient inputs to
the river network. The aim was to check whether such measures are able to be reversed, intensify
or revoke climate change impacts. The land use change experiments were run 19 times, driven
by the 19 ENSEMBLES climate scenarios for the near future period 2021-2050 (p1), and the results
were compared with the results achieved under the reference management conditions for the period
1971-2000 (p0) of the same scenarios (combined impacts) as well as with the climate scenario-driven
results with the reference management for period p1 (land use change impacts only).

The single and combined impacts were analyzed for the two Elbe gauges Schona (Czech/German
border) and Neu Darchau (Elbe outlet) as well as for the outlets of the two selected tributaries Saale
and Havel (Figure 8). The results are shown as median values with a 25th/75th percentile range.
In some cases, even the single land use change impact shows some range of relative changes caused by
different behavior of temperature- and water-dependent nutrient processes under different climate
conditions used as an external driver.
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Figure 8. Impacts of socio-economic changes and combined climate and socio-economic changes on
the average water discharge (Q), nutrient (NO3-N, NHy4-N, PO4-P) and chlorophyll a (Chla) loads and
dissolved oxygen concentrations (DOX) of the Elbe river at two stations and at two main German
tributaries. The dark grey bars and white dots show the median of 19 percental changes together with
their 25th /75th percentile ranges (light grey ranges and black whiskers).

The socio-economic changes related to nutrient inputs to the river network (experiments “Point
sources” and “Fertilization”) and an increased nutrient retention potential in soils (experiment
“Retention”) have no influence on water discharge. Only the combined impacts show an increase
in discharge of about 10% due to climate change. The solely socio-economic impacts of a changed
land use composition (“Buffer” and “Slope”) on river discharge show a decrease (due to increased
evapotranspiration of the enlarged grassland areas), but it is quite low, and cannot compensate
the increase in Q caused by the projected climate change, so that all combined impacts for these
experiments have a positive direction.

The reduction of point source emissions has the highest influence on phosphate and ammonium
loads, as these nutrients mainly originate from anthropogenic inputs of water treatment plants or
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industrial units. The projected climate change even intensifies the reduction of ammonium nitrogen
loads in the rivers, whereas the decrease of phosphate phosphorus is reduced by climate change
impacts (except for the Saale basin). The sole reduction of point source emissions predominantly
results in a decrease of chlorophyll 2 loads in the rivers due to less available ammonium and phosphate
as algal food.

The decrease in fertilizer application causes lower nitrate loads in all analyzed river parts, as this
nutrient originates mainly from diffuse sources (predominantly from agricultural fields). The reduction
is only marginally influenced by climate change. A decrease in fertilization affects NH4-N only partly,
and causes decreased ammonium loads, particularly in the upper part of the Elbe basin. As the changes
in NHy4-N and PO4-P loads are less distinct under the “Fertilization” experiment, chlorophyll a loads
are only marginally influenced. The on-average-increasing chlorophyll a trend caused by climate
change impacts in the upper Elbe and Saale catchments cannot be reversed by a simple reduction of
fertilization in the combined experiments.

An increased nutrient retention and decomposition potential in the soils of the landscape
(“Retention”) has the highest impact on nutrient loads. Especially the diffuse nitrate nitrogen loads are
affected, but also ammonium and phosphate show some reactions, though with different magnitudes
for the four analyzed gauges. The diversity in the magnitude of changes for the river parts can be
explained by the heterogeneity and distribution of land use patterns and point sources as well as by the
diversity in projected climate change within the catchment. As NH4-N and/or POy4-P are remarkably
reduced under the retention experiment, chlorophyll a shows a decreasing trend due to a lack of
nutrients. This reduction is even able to reverse the increasing trend in chlorophyll a caused by climate
changes in the upper Elbe and Saale sub-catchments.

Two experiments dealing with a changed land use composition (“Buffer” and “Slope”) result
in more meadows and less agricultural areas in the sub-catchments and show similar results in the
different river parts. Nitrate nitrogen is reduced most in the majority of cases due to less agricultural
area with fertilizer application and hence lower total fertilizer loading under the experiments.
The highest diversity of changes can be seen under the “Slope” experiment in the upper Elbe and Saale
sub-catchments, which are characterized by a high share of mountainous areas, where the share of
transformed land use areas is higher than in the lowland sub-catchment of the Havel river. For the
latter, the “Slope” experiment has nearly no impact on the model outputs, and the combined changes
result only from the climate scenario impacts.

The concentrations of dissolved oxygen are not visibly influenced by the changes in land use
or management. The decreasing trend due to increased water temperature is more obvious in the
upper part of the Elbe basin (gauge Schona), probably due to less oxygen production with decreasing
chlorophyll 4 loads in the river.

In general, the shares of cropland and distribution of point sources, as well as the distribution
of soils with their specific nutrient retention potentials, are very important factors influencing the
nutrient loads coming with the rivers. However, in the model application presented here, it is often
difficult to distinguish between the single impacts on nutrient loads caused by certain land use or
management changes and the secondary impacts due to altered chlorophyll a concentrations and a
resulting change in nutrient uptake in the water body. The in-stream processes include a complex
behavior of nutrients with a high number of interactions and feedbacks with the algae population.
Chlorophyll a, for example, increases with decreasing NHy-N availability and vice versa, causing
increase (or decrease) of PO4-P due to less (or more) algal uptake. Therefore, the resulting impacts
are not only directly caused by land use changes, but are also indirectly caused by the subsequently
changed conditions in the river water.
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5. Discussion

A comparison of obtained results with the results of previous studies dealing with global change
impacts in the Elbe river catchment is sometimes difficult, as different scenarios and downscaling
methods were used by different authors. The whole range of model outputs illustrates a high
uncertainty in climate change impact assessment.

The majority of published studies for the Elbe basin deal with climate change impacts on the
hydrological cycle. The simulated effects of climate change on water cycle and river discharge
presented in literature are diverse and differ in intensity and even in direction of change, resulting
mainly from the diversity of precipitation change signals projected by different climate scenarios.
Studies using 100 realizations of the Statistical Analogue Resampling Scheme (STARS), with a distinct
decrease in summer precipitation and a moderate increase of precipitation in winter, project lower
river discharge in the Elbe basin [85-88]. However, we have to note that recently the STARS model
was critically discussed [89,90] regarding its suitability for producing climate scenarios. Model
runs using the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) climate scenarios [91]
for the Elbe basin also project a decreased discharge on average, but the magnitude of changes is
less pronounced [85]. Huang et al. [92] report diverse results depending on the driving climate
model: the projections driven by the empirical-statistical model WETTREG (WETTerlagen-basierte
REGionalisierungsmethode) produce negative trends in flood occurrence, whereas the projections
forced by the two dynamical regional climate models REMO (REgional MOdelling) and CCLM
(COSMO-Climate Limited-area Modelling) show various results with the prevalence of increasing
trends in flood occurrence for this region. Applications of the ENSEMBLES scenarios for assessing
future risks of floods and droughts in Germany showed an increasing trend of floods but no significant
increase in droughts for the Elbe basin [22]. This is also reflected in our study, where under the same
ENSEMBLES climate scenarios” higher discharges are projected on average (compare Figure 7).

There are some studies on the management change impacts on river water quality for often only
small parts of the Elbe region (e.g., [93-95]), but only a few publications exist covering water quality
issues under climate change. So, Quiel et al. [62] used the outputs of a model chain driven by selected
realizations of the statistical model STARS as boundary conditions to run the river model QSim for a
700 km reach of the Elbe river. Soluble phosphorus concentrations decrease in all tributaries under
all scenarios compared with the reference period for the same scenario. This results in an increased
phytoplankton growth along the studied river reach and a shift of the chlorophyll 2 maximum under
the dry and medium scenarios, but in a decrease in chlorophyll a concentration under the wet scenario
conditions [62]. The latter is in accordance with the results for chlorophyll a presented in our study
(compare Figure 7), as the ENSEMBLES climate projections produce a wetter climate in the future
as well.

It seems that the projected nutrient loads presented in literature often correspond to the
precipitation change signals, especially when eco-hydrological models using a simple routing of
nutrients through the river network are applied. The increased precipitation causes higher nitrogen
leaching through soils as well as higher phosphorus erosion rates with surface flow to the river network.
Both processes increase nutrient loading to the river waters. Therefore, statistically downscaled climate
scenarios with a negative trend in precipitation (e.g., STARS) mostly project decreasing nutrient loads
in the Elbe catchment, whereas dynamic climate scenarios (e.g., REMO or the wet years of ISI-MIP
scenarios) mostly result in increasing nutrient loads in the river due to positive precipitation change
signals (e.g., [96,97]). This simple relationship between precipitation change signals and final nutrient
load projections can be disturbed by including in-stream and algal processes in the eco-hydrological
models, due to included transformation and ingestion of nutrients in the river network.

Nevertheless, the same conclusion as for river discharge is valid for the water quality impact
assessment: a wide range in projections can be found in literature (as well as in our study). However,
the diversity in discharge and water quality projections may not necessarily be the result of the
application of different model approaches or climate scenario sets. Even with one scenario and one
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model, a high spatial variability can be observed, and some sub-regional trends can actually be
opposite to the overall average trend of a large-scale basin, or local effects can be masked by large-scale
aggregation [78,79]. This could also be seen in our study, where changes of model outputs due to
climate impact differ in magnitude and intensity or even in the direction of change when comparing
several tributaries of the Elbe (Figure 7).

In climate and socio-economic impact assessments in addition to the general (and often large)
uncertainty associated with climate scenarios as drivers, there is also uncertainty connected to applied
watershed models. The so-called structural and parameterization uncertainty is related to the ability
of eco-hydrological models to represent the interrelated processes in landscape, vegetation and river
network. The parameterization uncertainty can be especially large in a model with a high number
of calibration parameters influencing each other, as in the SWIM model with implemented in-stream
processes. Often several calibration parameter combinations exist, delivering the same or very similar
model performance, so that it could happen to be “right for the wrong reasons” [98,99]. In general, such
uncertainty rises with the rising model complexity, and goes along with a rising need in calibration
efforts [68], and this should be taken into account when the model is extended by adding new processes.
To overcome the limitations and weaknesses of a single eco-hydrological or climate model approach, it
is useful to apply several models with the same input parameter sets (model intercomparison) and
ensembles of climate scenarios for a more comprehensive assessment of uncertainties and elicitation of
robust outputs [91,100].

The land use change experiments applied in this study do not represent the “full” set of potential
future land use scenarios in the Elbe region, which could be elaborated considering options of future
socio-economic development. For example, changes in urbanization or forest patterns could also have
effects on the environment and the water resources [101,102]. In our study only the effects of single
measures connected to nutrient sources and agricultural practices (which are currently considered
in the planning of land/water management) on water quantity and quality were tested, also in
combination with climate change. This could be regarded as a first step to finding suitable methods
for adaptation to climate change impacts. However, for further studies it is recommended to apply a
combination of different measures under consideration of the future socio-economic development for
a more realistic land use change impact assessment. As climate change can strengthen, revoke or even
inverse the land use change impacts, this aspect should always be included in such studies.

6. Summary and Conclusions

The SWIM model supplemented by an in-stream module was successfully calibrated and validated
for the entire Elbe river basin, and applied for climate and land use change impact assessment in
the region. For that, the commonly used technique was applied, using 19 climate scenario data sets
provided by the ENSEMBLES project to drive an eco-hydrological model for 30-year periods in order to
evaluate changes in water quantity and quality for the two future periods of 2021-2050 and 2071-2098
in comparison to the reference period of 1971-2000.

The calibration and validation of the extended SWIM for the Elbe region was complicated due to
the high number of calibration parameters and the spatial variability within the catchment. Satisfactory
model results could be still achieved by applying spatially distributed calibration parameter sets
to capture variability in soil type distribution, land use pattern and economic development in the
sub-catchments.

The analysis of a potential future climate, as projected by 19 scenarios for the Elbe catchment,
indicates increasing trends in temperature and precipitation, but a decreasing trend in solar radiation
on average. However, looking at the climate change signals of the 19 scenarios separately, differences
can be seen in the intensity and—for precipitation and solar radiation—also in the direction of change
signals. The standard deviation of the whole set of climate change signals increases in the second
future period.
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The results of the climate change impact assessment on water quantity and quality show a high
spatial variability within the catchment according to the individual characteristics of the tributaries
within the basin. For the entire Elbe catchment, river discharge is projected to increase by 11% and
20% on average for the two future periods. Dissolved oxygen concentration is projected to decrease by
2% and 5%, mainly due to the increased water temperature. The projected changes in nutrient loads
do not show the same change direction. While NOs3-N loads slightly decrease on average (—1% and
—5%), and NHy-N shows a distinct decreasing trend (—11% and —24%), PO4-P loads are expected to
increase by 6% and 5% on average. The simulated reaction of nutrient loads to climate change is always
influenced by the phytoplankton population, and vice versa. The chlorophyll a concentrations decrease
slightly under the future conditions, by 3% and 4% on average, at the last downstream Elbe gauge.

Five simulation experiments dealing with possible changes in nutrient emissions were applied in
the study, also in combination with climate change scenarios. Water discharge was mainly influenced by
climate change impacts, and land use change measures had little or no influence on runoff. A reduction
of agricultural area or fertilizer application mainly influenced the resulting nitrate nitrogen loads in the
Elbe, whereas the reduction of point source emissions had the highest impacts on ammonium nitrogen
and phosphate phosphorus loads. The chlorophyll a concentrations reacted to a changed food supply
in the river, and would be reduced with a reduced nitrogen and phosphorus availability. An increase
in nutrient retention and decomposition potential within the catchments would certainly be beneficial
to reduce all types of nutrient loads in the river waters.

Nevertheless, the model application in the Elbe basin comes along with a certain degree of
structural, parameterization and scenario uncertainty. Due to the lack of more detailed information on
the case-specific observations and processes, not all possible methods to reduce uncertainties could be
applied in this study, and the climate scenario-related uncertainty is unavoidable. The climate change
impact assessment and land use change simulation experiments presented here deliver the first results
and rough estimation on probable future developments in the Elbe river basin under climate change.
For future research, in order to diminish and better assess (but not to eliminate) uncertainty, it could be
recommended to apply two to three eco-hydrological models, as well as a “full” set of socio-economic
scenarios, for a more reliable combined climate and land use change impact assessment. It could be also
advantageous to additionally include management measures neglected in this model application so
far (e.g., reservoirs or different crop types and rotations). These methods would help to identify future
risks and threats more realistically, and to virtually test possible adaptation measures, as efforts to cope
with the future climate conditions and their impacts are generally needed. Watershed models offer a
suitable tool to guide decision-making on water quantity and quality for a sustainable management of
water resources to match the requirements of the European Water Framework Directive (WFD).
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