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Abstract: Measure plans are currently being developed for the Water Framework
Directive (WFD) by European water authorities. In Sweden, such plans include measures
for good ecological status in the coastal ecosystem. However, the effect of suggested
measures is not yet known. We therefore experimented with different nutrient reduction
measures on land and in the sea, using a model system of two coupled dynamic models for
a semi-enclosed bay and its catchment. The science question was whether it is worthwhile
to implement measures in the local catchment area to reach local environmental goals, or if the
status of the Bay is more governed by the water exchange with the Sea. The results indicate
that by combining several measures in the catchment, the nutrient load can be reduced by
15%–20%. To reach the same effect on nutrient concentrations in the Bay, the concentrations
of the sea must be reduced by 80%. Hence, in this case, local measures have a stronger impact
on coastal water quality. The experiment also show that the present targets for good ecological
status set up by the Swedish water authorities may be unrealistic for this Bay. Finally, we
discuss when and how to use hydro-ecological models for societal needs.
Keywords: eutrophication; nutrients; coupled models; remedial measures; Baltic Sea;
water exchange; coastal zone; environmental quality objectives; science in practice
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1. Introduction
Water pollution is widespread and at the same time highly complex, as it originates from the
interaction between natural processes and human activities. Many cause–effect relationships are
affecting the water simultaneously, with various extensions in time and space e.g., [1–3]. Soluble
chemical components are being caught and carried by water, an aggressive liquid on continuous move,
following shallow, intermediate or deep pathways from the land surface to the sea. Nutrients and
oxygen are the best-documented water quality determinants e.g., [4,5], with major impacts downstream
and on the coast [6–8]. During the last decades, this evidence base from monitoring has supported the
development of a large flora of dynamic models that numerically describe the coupling between water
and nutrients during the movement through the landscape. The models include interactions with sources
and sinks, both within single catchments e.g., [9] and across continents in multi-basins e.g., [10].
Such models are normally developed by scientists but when used in practical applications, together
with stakeholders, they may serve as platforms for communication and bridge the gap between science
and practice e.g., [11–13].
The problems with water pollution have led to great efforts worldwide to detect deterioration and to
achieve more sustainable, holistic and integrated water management. In Europe, the Water Framework
Directive (WFD, 2000/60/EC) for integrated river basin management was adopted in year 2000 [14].
The environmental objectives are the core of this directive and the definition of “good ecological
status” is essential. Each member state decides how to implement the WFD and in Sweden five water
districts are responsible for the characterization of ecological status, setting up objectives for each
water body, providing management and measure plans, and the implementation and continuous
monitoring.
In 2008, the European Union also adopted the Marine Strategy Framework Directive (MSFD,
2008/56/EC) which, just as the WFD, applies an adaptive management approach in a six years cycle.
The MFSD addresses four marine regions surrounding Europe, where Sweden is part of the Baltic Sea
region and the North-East Atlantic Ocean.
The Baltic Sea is one of the largest brackish water systems in the world and it is enclosed except
from the narrow connection with the North-east Atlantic Ocean at the Danish straights and Öresund.
The drainage basin is home to 85 million people and the sea suffers from pressures like eutrophication,
overfishing, industrial waste, and heavy traffic by ships. International agreements, also addressing
nutrient load reductions from each country surrounding the sea, have been made within the Helsinki
Commission (HELCOM) Baltic Sea Action Plan, BSAP [15–17]. The BSAP is a substantial part of the
implementation of the MSFD in the region, although local marine targets have been suggested
as well [18]. The coastal zone along the Baltic Sea is highly affected by the increased load of nutrients,
and just as for the sea as a whole, the problems are especially severe in semi-enclosed basins, where
the water exchange is reduced. Such coasts are more affected by riverine nutrient loads from land and
suffer from eutrophication and oxygen depletion. Hence, the ecological status in the coastal zone is
affected by decisions taken both with reference to the WFD and the MSFD.
In the present study, we coupled a hydrological and an oceanographic model to simulate the effects
of suggested measures and management plans from the two different directives for a semi-enclosed
Bay in South-Eastern Sweden, called Slätbaken Bay (Figure 1). The catchment model Hydrological
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Predictions for the Environment, HYPE [19], which calculates water and nutrients on a daily time-step,
was used to estimate effects of land-based measures. The effects in the bay itself were estimated using
the Coastal Zone Model, CZM [20], which is an oceanographic ecosystem model with nine
biogeochemical variables calculated with a ten minutes time-step. The hypothesis is that measures both
in the coastal drainage basin and in the Baltic Proper will affect the nutrient status of the Bay, as it is
semi-enclosed.

(a)

(b)

Figure 1. The Baltic Sea catchment area and the location of the semi-enclosed Slätbaken
Bay (a), catchment and land cover of the major river, and monitoring sites (b).
An experiment was set up to quantify the effects from various combat measures in relation to the
environmental targets set up by the water authorities for Slätbaken Bay. Local land-based measures in
the catchment were compared with remote measures for the total sea, to evaluate the influence of the
two different EU directives on this specific coastal environment. The aim was to explore whether it is
worthwhile to implement measures in the local catchment area to reach local environmental targets, or if
the status of the Bay is more governed by the water exchange with the Sea. The paper thus shows how
coupled hydro-ecological models can assist water authorities in practical water management issues.
2. Materials and Methods
2.1. The Study Site and Environmental Quality Targets
This study explores different ways to improve the nutrient status in Slätbaken Bay (Figure 1). The
bay has an area of 15.5 km2, is of fjord-like character and further enclosed by the St. Anna archipelago,
which is part of the Baltic Proper. The major river inflow to the bay is the Söderköpingsån River,
which has a catchment area of 880 km2, where 9% are lakes, 64% forests, 26% agricultural land and
1% urban areas. About 16,000 inhabitants live permanently in the catchment area and, in addition,
there are 900 summer cottages.
In accordance with the WFD, the local water authorities have defined targets for good environmental
status in Slätbaken Bay. These are winter concentrations of total nitrogen (N) < 29 µmolN/L and
phosphorus (P) < 0.61 µmolP/L. Targets for summer concentrations are <30 µmolN/L and <0.46 µmolP/L.
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The MSFD, on the other hand, prescribes reductions, relative to current conditions, in summer
concentrations of −3% for N and −27% for P for the Baltic Proper as a whole, according to the
BSAP [15]. The status of the Slätbaken Bay is thus affected by implementation of both EU directives.
2.2. Catchment Modelling with HYPE
The HYPE model [19] is a process-based hydrological model that simulates the flow and turnover
of water and nutrients in the soil, rivers and lakes. Catchments are divided into subcatchments, which
are further divided into hydrological response units, i.e., combinations of soil type and land use.
Agricultural land is further divided into main crop types. The soil profile is normally divided into three
layers. The turn-over and flow of water, N and P is simulated daily for each computational
element. The model simulates concentrations of inorganic and organic N, as well as dissolved and
particulate P. The HYPE model code is continuously developed and released in new versions at
http://hype.sourceforge.net/. For this study, the version HYPE3.5.3 was used.
For Sweden, the HYPE model is set up according to the resolution decided by the water authorities
to support the WFD work across the whole country e.g., [21,22]. This set-up is called S-HYPE and the
latest version can be found for inspection and be downloaded at http://vattenwebb.smhi.se/. The
national model system covers more than 450,000 km2 and produces daily values of nutrient
concentration and water discharge in 37,000 catchments since 1961. The latest version has an average
Nash and Sutcliffe [23] Efficiency (NSE) for water discharge of 0.7 and an average relative error of
5%, including both regulated and unregulated rivers with catchments from 1 to 50,000 km2 and various
land-uses across the country. The modelled long-term flow weighted concentrations of nutrients generally
fall within ±10% for N and ±20% for P compared to observations (http://vattenwebb.smhi.se/).
For this study, the requested input data [22] such as land cover, topography, soil types, emissions,
and forcing data (precipitation and temperature) were obtained from the S-HYPE version 2010. The
Söderköpingsån River catchment was then divided into 43 subcatchments and calibrated separately for
this experiment. In addition to the river, calculations of water and nutrient inflow from adjacent coastal
land near the Bay were included in the simulation. Observations of N- and P-concentrations were
available at 4 sites and water discharge at 3 sites (Figure 2). The model was calibrated simultaneously
for all observation sites in the specific catchment, using a step-wise iterative procedure [22]. The
parameters in the model are linked to soil type and land use; hence the set of parameters for a
subcatchment is determined by the distribution of these characteristics.
2.3. Coastal Zone Modelling with CZM
The Coastal Zone Model (CZM) [20] is a coupled one-dimensional hydrodynamic and
biogeochemical model where the hydrodynamic part is based on the Program for Boundary Layers in
the Environment, PROBE model [24]. PROBE is a general equation solver including, among other
things, heat exchange, a two-equation turbulence model and a parameterization of deep sea mixing.
The water exchange in the model is driven by baroclinic pressure gradients, i.e., density differences.
The model has been set up for the whole Baltic Sea divided into thirteen subbasins in an application
called PROBE-Baltic [25], for examining salinity and temperature variations.
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The CZM also solves for nine biogeochemical variables described within the Swedish Coastal and
Ocean Biogeochemical model, SCOBI model [26]. The variables solved for are nitrate, ammonium,
phosphate, oxygen, phytoplankton, zooplankton, detritus and benthic detritus as N and as P. For every
time step of 10 min, the CZM generates vertical profiles of both the hydrodynamic and the
biogeochemical variables. Every subbasin is considered as horizontally homogenous and thus the
horizontal resolution is determined by the division into subbasins. The vertical resolution is 0.5 m in
the upper 4 m, then 1 m down to 70 m and then sparser [20]. The model is applied along the whole
Swedish coast in approximately 630 subbasins, with water exchange between neighboring subbasins.
The CZM for Slätbaken Bay comprises 12 coupled basins and 15 sounds (represented by
double-headed arrows in Figure 2). The Slätbaken Bay has a maximum depth of 47 m and a water
exchange time of about 6 months, while the basin Trännofjärden, which is less enclosed, has an exchange
time of only 20–30 days. The mean surface salinity in the bay is 4 practical salinity units (psu) compared to
the Baltic Proper which has a mean surface salinity of 6–8 psu and a bottom salinity of 11–13 psu.

Figure 2. The CZM set-up in the St Anna archipelago, showing the Slätbaken Bay and the
water exchange with surrounding basins and eventually the Baltic Proper.
The CZM is coupled to S-HYPE so that is receives input of freshwater and nutrients generated from
land to each grid connected to the shoreline. The daily values from HYPE are linearly interpolated to fit
with the higher temporal resolution of CZM. In addition, the CZM receives input regarding the state of
the Baltic Proper, which is calculated with a data-assimilated version of the PROBE-Baltic model [25].
The boundary conditions from land and the Baltic Proper are then combined with meteorological
forcing (temperature, wind velocity, cloud cover, relative humidity and precipitation) at every third
hour to drive the CZM model.
The CZM has been calibrated against available oceanographical data in the area, received from the
SHARK database http://vattenwebb.smhi.se/, which is the national host of marine environmental
monitoring data. The calibration was mostly done by studying the correlation between observed and
simulated salinity, temperature and oxygen conditions since these reflect if the transports and mixing
in the model are described correctly.
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2.4. Model Experiment
After the calibration, the models were run for the time period 2000–2009 with consideration to
various measures for nutrient reduction. The models were then used as laboratories, experimenting by
changing model input while keeping all other variables constant. The model response was explored by
changing one factor at a time and then with combined factors. In all, 10 different scenarios of land-based
reduction measures were simulated. The measures were suggested by the local water authorities at the
County Board as means to fulfil the environmental status targets of the Slätbaken Bay. Remedial
measures to reduce nutrient emissions were addressing several societal sectors (Table 1).
Table 1. Scenarios of reduced nutrient contribution from land-based sources and sea
concentrations, respectively, which were used in the experiment on effects on water quality
in the Skälderviken Bay.
Societal Sector

Scenario No.
1

Waste Water Treatment
Plants (WWTP)

2
3

Rural households
Wetlands
Agriculture

4
5
6
7
8
9

Combined measures

10

International agreements on
measures for the Baltic Proper

11
12
13
14

Description
Removal of N by 80% and maximum
concentration of P by 0.2 mg/L
Removal of N by 80% and maximum
concentration of P by 0.1 mg/L
Complete removal of the two largest WWTP by using a pipe to
a nearby town with discharge to another bay
200 rural households connected to WWTP
All present (1882) rural households connected to WWTP
56 constructed wetlands of 1 ha each
56 constructed wetlands of 0.5 ha each
Protection zones along the river wherever possible
Reduced total load from arable land by 10% P and 20% N
Combination of the most efficient land-based measures in (i.e.,
scenario No: 3 + 5 + 6 + 8 + 9) and the BSAP targets for the
Baltic Proper (−3% N and −27% P).
Reduction in sea boundary conditions by −10% of N and P
Reduction in sea boundary conditions by −20% of N and P
Reduction in sea boundary conditions by −40% of N and P
Reduction in sea boundary conditions by −80% of N and P

A combined scenario was tried, using the most efficient land-based measures for each sector, i.e.,
complete removal of waste water treatment plants (WWTP), connection of all rural households,
56 wetlands of 1 ha each, reduced load from agriculture, and BSAP [15] target levels for the Baltic
Proper. The latter corresponds to reduced concentrations in the sea boundary conditions by −3% N and
−27% P, respectively. Finally, the impact from only reducing concentrations in the boundary conditions
of the sea was tested by reductions of concentrations in the Baltic Proper (i.e., scenario 11–14).
3. Results and Discussion
The modelled spatial pattern of nutrient concentrations in surface water clearly reflects the influence
of land cover in the catchment and dilution by sea water in the Archipelago (Figure 3). River water
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from forested areas show much lower concentrations than the agricultural rivers (cf. Figure 1) and the
influence of lakes as nutrient traps is significant. The more dark green areas are all found down-stream
of lakes, which illustrates the low travel-times and rapid transport from land to sea from these areas. The
semi-enclosed Slätbaken Bay is greatly affected by the inflow from the Söderköpingsån River, showing
much higher concentrations than the nearby more open coastal basins to the right in each figure.

(a)

(b)

Figure 3. Spatial distribution of modelled surface-water concentrations of total N (a) and
Total P (b) in the Söderköpingsån catchment, the Slätbaken Bay and St. Anna Archipelago
(average values for all depths are shown).
The coupled models thus clearly illustrates going from low concentrations in the head waters to
higher concentration in agricultural and more populated lowlands, leading to high coastal
concentrations, which are being rapidly decreased with distance from the shore towards the sea.
3.1. Model Performance
The model performance of water discharge in the three sites, using the HYPE model, gave an
average NSE of 0.72 (best = 0.83 and poorest = 0.62). Model results for river flow and nutrient
concentrations showed similar level of agreement with observations during the calibration and
validation periods (Table 2). Although the same set of parameters was used in the whole catchment,
the model captured the very different characteristics between the small agricultural catchment
(Ryttarbacken) and the larger catchment close to the outlet with a high lake percentage (Figure 4).
At all sites, however, the model underestimated the highest peaks. The simulations for N agreed better
with the observations than those for P. The model underestimates the highest P peaks implying that the
description of processes concerning P needs to be improved. To address these problems, the HYPE
model has been further developed and the next model version includes a new process description of
organic nutrient turnover, which results in particulate P also in soil water. This will give P
concentrations of particulate P that are more in agreement with observations.
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Table 2. HYPE model performance in the Söderköpingsån catchment (cc = correlation
coefficient, re = relative error; all in %). Cal. = calibration period: 2000–2009 and
Val. = validation period: 1990–1999.
Variable, Station
Q, Hälla
Q, Ryttarbacken
Q, Söderköping
Mean, Q
N, outlet Byngaren
N, outlet Strolången
N, inlet Hällerstadsjön
N, Söderköping
Mean, N
P, outlet Byngaren
P, outlet Strolången
P, inlet Hällerstadsjön
P, Söderköping
Mean, P

cc, Cal.
85
83
91
86
46
62
45
59
53
25
32
65
37
40

re, Cal.
8
−8
−1
0
−6
−1
−8
12
−1
14
9
−16
9
4

cc, Val.
90
79
86
85
48
56
56
51
53
20
31
53
40
36

re, Val.
10
−9
−10
−3
−15
−2
5
0
−3
−15
−1
−4
10
−2

Figure 4. Daily averages of HYPE simulations vs. monthly averages of observations for
water discharge, total N and P concentrations for Ryttarbacken, a small subcatchment
dominated by arable land, and in Storån River, close to the outlet (1–12 in x-axis indicates
the months January to December).
The coastal zone model was evaluated in the surface layer in two subbasins; Slätbaken Bay and
Kärrfjärden. The model performance shows a good correlation for salinity in both subbasins (Figure 5).
For Slätbaken Bay, the simulations for N and P are well correlated although the highest peaks are,
most prominently for P, underestimated which is a reflection of the underestimation in the modelled
load from land. In the outer basin, Kärrfjärden, the simulations match observation rather well
concerning the range, although the dynamics are not totally described by the CZM. However, the
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relative error is less in this basin. The CZM in the Archipelago is more influenced by boundary
conditions from the outer sea, which are determined by using a three dimensional sea model including
data assimilation. Hence, the model performance at this observation point is biased by data in the
model results.

Figure 5. Daily averages of CZM simulations vs. bi-monthly observations of salinity, total
N and P concentrations in the surface layer for Slätbaken Bay and Kärrfjärden (1–12 in
x-axis indicates the months January to December).
Overall, the model shows the same seasonal dynamic as the observations, which reflect the
biogeochemical cycle in the ecosystem; phytoplankton consume nutrients during spring and summer,
they grow and are grazed by zooplanktons, until they die during autumn and are decomposed to nutrients
again and create the large winter storage of soluble nutrients, which is to be digested during next spring
by phytoplankton growth again. This is described in the model and confirmed by observations.
3.2. Source Apportionment and Mass Balance
Long-term mass-balance of all sources and sinks in the model are compiled along the flow paths to
estimate the contribution from each sector and catchment at the river outlet. This is done by book
keeping of all emissions and transformations in the model storages, assuming that equal part from all
sources is transformed in each storage and time step. When knowing the rate of transformation in each
sink, the origin of the load at the outlet can be traced through the flow paths upstream. Modelled
contributions from various inland sources to the Slätbaken Bay indicate that 75% or more of the
riverine nutrients originates from arable land in the catchment (Figure 6). Waste Water Treatment Plants
(WWTP) emissions correspond to 8% of the total N and 2% of the total P river inflow to the coast.
Simulated long-term annual means in the Slätbaken Bay show that about equal nutrient
contributions were received from land and sea (Figure 7). The removed amounts of nutrients refer to
sedimentation processes of P and sedimentation or denitrification of N. Approximately 90% of the
N removal in the Slätbaken Bay refers to denitrification and thus leaves the water as atmospheric N gas.
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In return, the atmospheric deposition to the water surface is about 10 tons of N/year and 0.1 tons P /year.
During winter, almost no biomass remains in the water storage.

Figure 6. Long-term source apportionment for total N and total P in the Söderköpingsån
River calculated with the HYPE-model.

Figure 7. Long term annual means for total N and total P fluxes in the Slätbaken Bay
calculated with the coastal zone model.
3.3. Scenario Results
The numerical experiments for reduced emissions from WWTP show that the suggested reduction
levels reduced the total load by 3%–6% for N and 2% for P (bars 1–3 in Figure 8). However, reduced
emissions from rural households gave higher impact on P, up to 4% (bar 5 in Figure 8). Protection
zones did not give any significant impact, while reducing arable land leaching by 20% gave 15%
reduction on riverine N load and 8% reduction on P load at the outlet (bar 9 in Figure 8). The lower
effect at the outlet than at the sources is due to processes taking place within the river system and on
the land surface, such as N denitrification in discharge areas and surface water, and sedimentation and
absorption processes in bottom sediments. The combination of reductions of both WWTP emissions
and arable land leaching gave the highest effect in land-based reductions and is illustrated in bar 10 in
Figure 8. The resulting concentrations in the Slätbaken Bay was then reduced by 8% for P and
almost 15% for N.
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The corresponding reductions in Slätbaken Bay of either land-based measures or measures in the
Baltic Proper were lower due to dilution and biological processes taking place within the coastal zone
(lower panel of Figure 8). It was notable that 80% load reduction in the Baltic Proper sources
corresponded to 15%–20% load reduction from land-based sources, to achieve about the same effect
on nutrient concentrations in Slätbaken Bay. Hence, it is much more efficient to reduce the load of the
river to improve the status of the Slätbaken Bay.

Figure 8. Simulated effect of various remedial measures in total nutrient load from
land-based sources (a) and reduction in the Baltic Proper (b) and their corresponding effect
on concentrations in the Slätbaken Bay (c) and (d). Bars correspond to Scenarios No. 1–14
in Table 1.
Comparing the modelled reductions with the reduction targets set-up by the local water authorities
to fulfil the WFD, it was found that no measures reached the goals, neither for N nor for P (Figure 9).
The achieved effect reached only half the summer target value for the concentration of N and one
fourth for the concentration of P, whereas for the winter target values, they were only reached by 1/3
for N and 1/5 for P. It should be noted that some scenarios (Nos. 1, 3 and 11) actually resulted in
increased P concentrations due to a shift in the internal biogeocycling of nutrients in the Bay (Figure 8).
This can happen if one nutrient is reduced more than the other so that the algae up-take is restricted or
if the bottom sediments start to leach due to changes in redox potentials.
The combined scenario (No. 10) was used to explore the integrated effect of the BSAP target and
the best composite of land-based actions. This resulted in about 30%–50% achievement of the desired
reduction of nutrients in the Slätbaken Bay (Figure 10). The land-based measures accounted for the
largest part of this reduction. The reduction was still only about 1/3 of the goal for P, although all the best
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land-based actions were combined. It seems unrealistic to achieve roughly three times as much reduction
on the contribution from land than what is already included in the combination of best land-based
actions. It can thus be questioned whether the selected local environmental goal for Slätbaken Bay is
realistic and if this definition of “good ecological status” for this Bay will ever be reached.

Figure 9. The effect of remedial measures on summer and winter concentrations of total N
(a, b) and total P (c, d) in the surface water of Slätbaken Bay during summer (June to
August) and winter (December to February). The x-axis corresponds to scenario No. 1–14
in Table 1. Horizontal lines indicate present conditions and the target for good ecological
status according to the WFD.

Figure 10. The effect when combining the BSAP target for the Baltic Proper and the most
efficient land-based actions as found in this study. The simulated concentrations of total
N (a) and P (b) are compared to the present state and the target for good ecological status
(horizontal lines) according to the WFD.
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3.4. Implications of Findings and Uncertainties
The numerical experiment clearly shows the importance of good decision-support before
implementing remedial measures and environmental quality targets. The coupled hydro-ecological
models indicate that the present targets may actually be unrealistic to be achieved for the Slätbaken Bay.
It also shows that local land-based measures can be important for semi-enclosed bays. However, exact
values from the experiment results should be taken with caution. All models are based on assumptions,
both in the model structure itself, in input data generation, and in estimation of model coefficients,
constants and parameters. For instance, Arheimer et al. [21] examined some major uncertainties when
using HYPE at various scales. The most uncertain part of the catchment modelling is processes
concerning soil leakage, how agricultural practices vary in time, and the assumptions on soil and
sediment storages. The overall results mainly reflect the water budget of the Slätbaken Bay, for which
the results are considered to be rather robust. Just analysing the mass balance of water gives a clear
picture of dominating fluxes; in this case the exchange with the Baltic Proper is relatively small as
there are many basins to cross with potential for denitrification and sedimentation before the water and
nutrients from the sea reaches the Slätbaken Bay. Thereby, locally generated load from land will have
a larger impact.
According to the experiment, local measures for the arable land gave the largest effect on nutrient
reduction. Nevertheless, it should be recognised that 20% reduction of total load from the arable land
may exceed the potential for reduction. A large part of the soil leaching is natural and the agriculture in
the region is not very intensive. In previous studies of southern Sweden with much more intensive
agricultural production, the potential reduction for the anthropogenic load from this sector was
estimated to at most 15% [27,28]. It can thus be suspected that the suggested reduction of 20% by the
regional authorities is too optimistic. According to HELCOM, most effort ought to be put on the
agricultural sector as it is supposed to increase with the recent expansion of the European Union in the
South-Eastern part of the Baltic basin. On the other hand, Humborg et al. [29], showed that an
improvement of sewage treatment in these countries may compensate for the larger nutrient load from
agriculture, at least as far as P is concerned.
When simulating the scenarios with reduced load from the Baltic Proper, it was not taken into
account by which measures this could be achieved. Gren et al. [30] showed that a reduction in nutrient
load to the Baltic Sea by 50% would bring its status back to what it was 1960 before the high
increment in loads. The 80% reduction scenario thus seems unrealistic but was included to test the
sensitivity of sea concentration on the semi-enclosed bay. For credibility, it is also important to
recognise additional on-going changes, for instance climate change. Arheimer et al. [31] found that the
BSAP targets on reductions from land-based sources may be reached in a future climate for the Baltic
Proper if emissions from both agriculture and WWTP are reduced. In fact, impact from climate change
may be beneficial for N reduction due to increase in denitrification by higher temperatures and longer
residence times of water in the southern part of the region. However, there were large differences
between the climate projections in this respect, which show the large uncertainties in climate
impact assessments.
Even though there are uncertainties involved when experimenting with hydro-ecological models, it
clearly shows that local analyses of mass-balance are important when improving the status of
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semi-enclosed bays. Although uncertain, the models are capable of separating between large and small
fluxes. According to the results for the Slätbaken Bay, neither the efforts according to WFD nor the
MSFD will improve the water quality as much as the local authorities wish to achieve “good
ecological status”. This conclusion is probably valid in spite of model uncertainties, and can be
justified by examining the mass balance and exchange between different parts of the system.
The modelling should thus serve as a platform for knowledge transfer and understanding of dominant
pressures for a specific site, more than providing exact numbers for planning.
3.5. On the Practical Use of Hydro-Ecological Models for Societal Needs
Water authorities are currently asking for hydro-ecological information across administrative
borders e.g., [32] while most model developers claim that their models should be used in practice, also
for water pollution management e.g., [33–35]. There is a contemporary movement in the hydrological
research community to emphasise societal needs and practical applications, pointing out “Science in
Practice” as one major target for the up-coming scientific decade e.g., [11,36]. However, it is not yet
clear which role the scientists aim at towards societal actors, and as Pielke [37] argued, it can be as a
(i) pure scientist out of decision context; (ii) science arbiter answering inquiries without interfering
with the questions; (iii) issue advocate providing solutions; or (iv) honest broker trying to explain
several cause-effect in relation to the broader context. The latter is probably appealing for many
scientists but it is not easy to achieve as it requires good understanding of the stakeholders knowledge,
setting and commission. There is a need for a common learning process, which may take long time and
much efforts, before the practitioner and the scientist fully understand the vocabulary and actual needs.
For instance, the coupled model system HYPE-CZM described in this study was in an early
version [38] embedded in a graphical user interface and provided to the Swedish water authorities.
They were asking for a model tool to help them plan nutrient reduction measures on a catchment scale.
However, although the tool fulfilled all the user requirements and regular training courses were
arranged, they did not use the model as it was far too complex and slow for everyday work at the
authorities. It was an expert system delivered to infrequent users in a multi-task environment. Ten
years later, they received a simple web-based tool at http://vattenwebb.smhi.se/ with an emulated
model for catchment analysis that is not as precise and with very little functionality. Nevertheless,
it gives a rough estimate, it is easy and quick to use, and it is much appreciated. The results differ only
by some 10% compared to the more complex role-model (S-HYPE). So, for practical use, a simple
model was preferred and the more complex model is nowadays used only by experts to provide new
data, assessments and for research.
The HYPE-CZM model system (and its earlier versions) has also been applied to facilitate
dialogues and participatory processes among various stakeholders to elaborate on management
plans [12,13,39]. The model then served as a platform for the establishment of a common view of
present conditions and the causes behind these conditions. The benefits were found to be twofold: it
increased the willingness to carry out remedies or necessary adaptations to a changing environment,
and it increased the level of understanding between the various stakeholder groups and therefore
ameliorated the potential for future conflicts. Compared to traditional use of model results in
environmental decision-making, the experts’ role was transformed from a one-way communication of
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final results to assistance in the various steps of the participatory process. Hence, to use the vocabulary
from Pielke [37], the scientists evolved from the role of science arbiters to honest brokers. The
participatory process, however, is time- (and cost-) consuming and may thus not be feasible to
implement at the large scale.
It was interesting to note that model performance, which is so much in focus in the discussions
among scientists, was less important for model credibility among the stakeholders. The use of local
input data was essential for confidence [40] and giving explanations for discrepancies was more
convincing than the “best fit” between models and measurements [39]. Another way to improve
confidence among practitioners is to present results from an ensemble of models. This is the common
procedure at operational forecast institutes, where results from several models are considered before
warnings of floods and droughts are issued e.g., [41–43]. To sum up, based on our experience, we
recommend the following for practical use of hydro-ecological models when addressing societal needs:
1. Simple scenario tools (based on emulated hydro-ecological models) for rough and quick results
on the web for water authorities working with WFD and MSFD;
2. Participatory modelling involving experts and stakeholders in critical conflict areas;
3. Hydro-ecological models should primarily be used for research to provide new knowledge on
process interactions and dominant drivers under specific conditions, which is the basis for
simplified models;
4. An ensemble of different models should be used for more reliable decision support.
4. Conclusions
This paper illustrates the societal relevance of hydro-ecological modelling as the study shows how
coupled models can be used to evaluate environmental targets and improve policy making for complex
systems. Two hydro-ecological models were coupled in a case study to experiment with various
nutrient reduction measures and to explore the effect in a semi-enclosed Bay vs. local environmental
targets set-up by water authorities. In addition, the practical use of such models was discussed based
on previous experience. The study shows that:
1 For nutrient concentrations in the Slätbaken Bay, the reduction of land-based load by 15%–20%
corresponded to 80% reduction of concentrations in the Baltic Proper. Local measures are thus
recommended for this semi-enclosed Bay, as they have the largest potential to being implemented.
2 The best effect was achieved when combining measures for WWTP and agriculture, both locally
(in the river catchment) and internationally (for the Baltic Proper). However, implementation of
both the MSFD (BSAP targets) and the most efficient combined land-based actions suggested
by the WFD, is not enough to achieve the locally established environmental quality targets for
this bay. The present water quality targets thus seem unrealistic.
3 To overcome problems when using hydro-ecological models in practice for societal needs, we
recommend the following: (i) emulate hydro-ecological models into simple scenario tools for
water authorities working with WFD and MSFD; (ii) involve both experts and stakeholders in
participatory modelling of critical conflict areas; (iii) use hydro-ecological models by experts only;
(iv) use an ensemble of different models for more reliable decision support.
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