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• We analysed uncertainties in future
projections of the state of aquatic eco-
systems.

• We decomposed and ranked the indi-
vidual sources of uncertainties.

• Uncertainties were future land use N

eco-hydrological models N climate
models.

• Future projections should be based on
an ensemble of models and scenarios.
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To analyse the potential future ecological state of estuaries located in the temperate climate (here exemplified
with the Odense Fjord estuary, Denmark), we combined end-of-the-century climate change projections from
four different climate models, four contrasting land use scenarios (“Agriculture for nature”, “Extensive agricul-
ture”, “High-tech agriculture” and “Market driven agriculture”) and two different eco-hydrological models. By
decomposing the variance of the model-simulated output from all scenario and model combinations, we identi-
fied the key sources of uncertainties of these future projections. There was generally a decline in the ecological
state of the estuary in scenarios with a warmer climate. Strikingly, even the most nature-friendly land use sce-
nario, where a proportion of the intensive agricultural area was converted to forest, may not be enough to coun-
teract the negative effects of a futurewarmer climate on the ecological state of the estuary. The different land use
scenarios were the most significant sources of uncertainty in the projections of future ecological state, followed,
in order, by eco-hydrological models and climate models, albeit all three sources caused high variability in the
simulated outputs. Therefore, when projecting the future state of aquatic ecosystems in a global warming con-
text, one should at the very least consider to evaluate an ensemble of land use scenarios (nutrient loads) but
Keywords:
Climate change
Land use change
Model ensemble
Uncertainty
Aquatic ecosystems
ent of Bioscience, Vejlsøvej 25, 8600 Silkeborg, Denmark.

. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2018.12.055&domain=pdf
https://doi.org/10.1016/j.scitotenv.2018.12.055
trolle@bios.au.dk
Journal logo
https://doi.org/10.1016/j.scitotenv.2018.12.055
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


628 D. Trolle et al. / Science of the Total Environment 657 (2019) 627–633
ideally also include multiple eco-hydrological models and climate change projections. Our study may set prece-
dence for future attempts to predict and quantify uncertainties of model andmodel input ensembles, as this will
likely be key elements in future tools for decision-making processes.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

During thepast century, freshwater andmarine ecosystemshave been
under pressure from a growing and increasingly prosperous human pop-
ulation. This has caused increased abstraction of freshwater and increased
nutrient export from land to the aquatic environment through intensive
agricultural land use anddischarges of urban sewage (EEA, 2012). In tem-
perate regions, climatic change is now inducing further deterioration of
aquatic ecosystems through warming and increase in runoff (Moss
et al., 2011). Numerous studies suggest that long-term future climate
change (e.g., end-of-the-century) will have detrimental effects on both
freshwater (e.g., Jeppesen et al., 2010; Trolle et al., 2011; Moss et al.,
2011) and marine ecosystems (Bendtsen and Hansen, 2013; Skogen
et al., 2014) by further enhancing eutrophication processes. A key aspect
in restoring water quality has been the targeting of reductions in the ex-
ternal nutrient loading to aquatic ecosystems (Jeppesen et al., 2005).
However, recent studies suggest that warming effects on water quality
may counteract the impacts of reduced nutrient loading (Jeppesen et al.,
2010; Trolle et al., 2011; Nielsen et al., 2014), implying that further nutri-
ent load reductions are required to maintain the present-day water qual-
ity in a future warmer climate. The ability to project the combined effects
of climate and land use change is therefore critically important in the
decision-making processes for environmental managers as is the under-
standing of key uncertainties associated with such projections.

Several studies have quantified the effects of a particular future cli-
mate regime on the water quality in freshwaters (e.g., Trolle et al.,
2015) and inmarine systems (e.g., Scavia et al., 2002). However, the un-
certainty relating to these projections is only rarely quantified. This un-
certainty may originate from multiple sources, including different
greenhouse gas emission scenarios, use of different climate models to
project the future climate, potential changes in future land use and the
different eco-hydrological modelling tools applied (Olesen et al.,
2007). Based on previous experience with application of climate change
and land use scenarios through different ecological models (e.g. Bucak
et al., 2018), we hypothesize that climate and land use scenarios, as
well as different ecological models, may contribute importantly to vari-
ations in simulated ecological responses. With the aim of quantifying
the most important sources of uncertainty in projecting the future
state of aquatic ecosystems in the far future, we combined multiple fu-
ture land use and climate change scenarios, two different eco-
hydrological models and a statistical ecological estuary model.

2. Methods

2.1. Study site

The Odense Fjord estuary is located on the Island of Funen in
Denmark (Fig. 1) (latitude: 55.45N, longitude: 10.46E). In the mid-
1700s, the estuary covered an area of approximately 80 km2; however,
due to land reclamation, the estuary was reduced to an area of about
60 km2. The estuarine catchment has an area of 1046 km2 and is domi-
nated by intensive agriculture (approximately 68%). About half of the
agricultural area is tile drained, which influences the transport dynam-
ics of water and nutrients to streams, lakes and ultimately the estuary.
Our catchment study area is the catchment of the Odense River, up-
stream of the Kratholm monitoring station (Fig. 1), which represents
the most important single river inflow to the Odense Fjord estuary.
The Kratholm station provides one of the most comprehensive and
long-term time series observations of water and nutrient runoff in
Denmark, providing a good basis for model evaluations.

2.2. Model chain

Two eco-hydrological model complexes, comprising the linked
Daisy-MIKE SHE model and the SWAT model, were set up to represent
the present-day hydrology and nutrient export properties of theOdense
River catchment.

The Daisy-MikeShe model complex is a coupling between the soil-
water-crop-atmosphere model Daisy (Hansen et al., 1991; Abrahamsen
and Hansen, 2000) and the fully distributed MIKE SHE hydrological
model (Abbott et al., 1986). In this model complex, Daisy simulates
crop and soil processes as affected by environmental conditions and
the resulting nitrate leaching from the root zone. This nitrate flux is pro-
vided at a daily time step and released in the MIKE SHE model as parti-
cles that each carry 0.5 kg of nitrate for routing and potential reduction
during the transport through groundwater aquifers and finally to the
river systems within the Odense River catchment. The extent of nitrate
reduction is determined from the proportion of particles that pass
through a groundwater redox interface, below which it is assumed that
all nitrate is lost through denitrification, following the approach of
Hansen et al. (2014).

The SWAT (The Soil and Water Assessment Tool) model is a semi-
distributed, physically-based eco-hydrological model that describes
surface, root zone, groundwater and stream processes (Arnold et al.,
1998). The main building blocks of SWAT are the HRUs (Hydrologic Re-
sponse Units) that define areas with a unique combination of surface
slope, land cover and soil type. The model divides the catchment into
sub-basins, each containing a river segment for water, nutrient and sed-
iment routing. SWAT may also be applied in a fully distributed applica-
tion (as SWAT-MODFLOW, Bailey et al., 2016), but in this studywe used
the semi-distributed approach where areas of the unique HRUs are
lumped into one calculation unit for each individual river segment in
the model set up.

Both eco-hydrological model complexes can simulate stream dis-
charge and nitrate transport as well as agricultural crop dynamics and
yield. As part of the CRES project (Center for change in the Earth Sys-
tem), the models have previously undergone rigorous calibration and
validation against observed data from the Kratholmmonitoring station.
Further details on themodel concepts and calibration procedure can be
found in Karlsson et al. (2016); redox interface calibration in MIKE SHE
was conducted based on the concept of Hansen et al. (2014); evaluation
of different calibration approaches is further discussed in Molina-
Navarro et al. (2017) and assessment of sensitivity to fertilization of
crops of these models by Özturk et al. (2017); Özturk et al. (2017,
2018). In the present study, we utilized the calibrated and validated
models for running a range of climatic and land use scenarios.

Forced by scenarios for future climate and land use, the two models
were used to provide projections of the future nutrient export toOdense
Fjord (represented in this case by NO3 export from the catchment to
surface waters). The relative change in nutrient export between base-
line and future scenarios for the area was assumed representative of
the changes in the entire Odense Fjord catchment. Nutrient loads and
air temperature for baseline and future projections were subsequently
fed to two empirical (statistical) models representing the ecological
state of Odense Fjord. These empirical models (Hinsby et al., 2012;
Timmermann et al., 2014) relate the phytoplankton concentration
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Fig. 1. Odense Fjord and its catchment and the location of the Kratholm monitoring station on the Odense River.
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(quantified as chlorophyll a concentration, Chl a, μg l−1) andwater clar-
ity (quantified as the diffuse light attenuation coefficient, Kd, m−1) of
the estuary to water surface temperature and nutrient loads, respec-
tively, based on data derived from observations through a 21-year
time series of monitoring within the framework of the Danish monitor-
ing program of the aquatic environment (Conley et al., 2002;
Christensen et al., 2017). In this study we utilized empirical models de-
scribing the average Kd and Chl a for the summer period (July to Sep-
tember):

Chl a ¼ 0:33 � Nload þ 0:13 �wind speed3 þ 0:11 � Temp n ¼ 21;R2 ¼ 0:49
� �

Kd ¼ 0:49 �Nload þ 0:25 �wind speed3−0:08 � Temp n ¼ 21;R2 ¼ 0:59
� �

where N-load is the total land-based N-load to the estuary from April to
July (average, Mg N month−1), wind speed3 is the average cubed wind
speed (m3 s−3) fromDecember toMarch, and Temp is the surfacewater
temperature for the period April to July. These empirical models were
originally developed for consultancy purposes, where relations to nutri-
ent loads were key targets. Hence, the models were optimized to give a
good quantitative description of the relationship between nutrient
loads and water quality measures, while also taking variations in cli-
mate related variables into account. Therefore, there is not necessarily
a direct casual explanation between climate variables and quality mea-
sures in the resulting empirical relations. In this case, the winter wind
speed3, for example, is most likely also a proxy for warm and wet win-
ters and hence winter nutrient and organic loadings.
2.3. Scenarios

Weused the 20-year time period of 2080–2099 in the future scenar-
ios. The future scenarios were comparedwith a 20-year baseline period,



Table 2
Summary of the variability in simulated changes in key attributes of climate, hydrology
and nutrient export between the baseline (1990–2010) and future (2080–2099) periods
based on four different climate models, four different land use scenarios and two different
eco-hydrological modelling concepts.

Key indicator of change Changes in future scenarios
relative to baseline

Annual mean air temperature 2.0 to 3.8 °C increase
(median 2.1 °C increase)

Total annual precipitation 13% decrease to 20% increase
(median 7% increase)

Annual mean nitrate-N export to surface waters 30% decrease to 532% increase
(median 29% increase)
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1990–2009. Four land use scenarios were designed for the future period
to represent agricultural management of contrasting future storylines
(Table 1). The four scenarios covered: 1) “Agriculture for nature”,
where a portion of the agricultural area is converted into forest and fer-
tilization rates are generally reduced; 2) “Extensive agriculture”, where
some of the intensive farm types (with high fertilization rates) are con-
verted to less intensive farm types (with less fertilization); 3) “High-
tech agriculture”, where the productivity of crops is assumed to in-
crease, represented by a slight decrease in the needed fertilizer inputs;
4) “Market driven agriculture”, where forest and some extensive farm
types are converted into intensive farm types and fertilization rates
are increased to reach optimal production (Table 1).

For the climate change projections, we used four projections of the
IPCC A1B scenario, calculated with four different coupled global-
regional climate models (GCM-RCM) at 25 km grid scale for the
European region, developed in the EU ENSEMBLES project (http://
ensembles-eu.metoffice.com/). The models were chosen based on
their contrasting projections for the Danish area (Seaby et al., 2013)
and included: 1) “ECHAM5-HIRHAM5”, representing a wet future with
higher precipitation; 2) “ECHAM5-RCA3”, representing the median of
the future climate projections analysed in the ENSEMBLES project;
3) “ARPEGE-RM5.1”, representing a dry futurewith lower precipitation;
4) “HadCM3-HadRM”, the warmest of the climate scenarios. Climate
model projections were further downscaled and bias corrected from
the 25 km climate grid to a 10 km grid scale using a double gammaDis-
tribution Based Scaling method (DBS) for precipitation and a bias re-
moval method for temperature and reference evapotranspiration
(Karlsson et al., 2016; Piani et al., 2010; Seaby et al., 2013). The bias-
corrected changes in air temperature, assumed to be equivalent to
changes in surface water temperature, and changes in N runoff were in-
cludedwhen applying the regressionmodels to project the futurewater
quality of the fjord.

All possible combinations of the land use and climate scenarios, in-
cluding a baseline (for each GCM-RCM) using 1990–2009 climate and
land use data, were analysed using the two eco-hydrological models,
resulting in a total of 80 scenarios (five land uses including baseline ×
4 climate scenarios × 2 time periods (baseline and future) × 2 eco-
hydrological models). For each individual scenario, the resulting water
qualitywas derived through the empirical regressionmodels for chloro-
phyll and light attenuation by using the future scenario outputs for tem-
perature and nitrogen loads as input (Table 2).

2.4. Decomposition of output variance

The effects and variability of the array of different scenarios were
analysed using simulated scenario output as input to the empirical
models describing the ecological state of Odense Fjord. The variability
of the ecological states was subsequently analysed by performing a de-
composition of variance following the approach of Déqué et al. (2007).
This has been applied within the domain of hydrological models and
land use change scenarios before (see examples in Seaby et al., 2013,
Bosshard et al., 2013 and Karlsson et al., 2016), and hereby we could
rank the variability in chlorophyll a andKd causedby climatemodel rep-
resentations, land use scenarios and choice of eco-hydrological model,
respectively. For each of these potential sources of uncertainty, their in-
dividual variance fraction was determined along with the variance at-
tributed to interactions between sources and then computed as
Table 1
Key land use and management details of simulated baseline and four future scenarios.

Baseline Agriculture for nature (1) Exte

Agricultural area (%) 62 40
Livestock density (LU/ha) 0.9 0.7
N input change on agricultural land (%) – −40
Straw for energy production (%) 30 0
individual percentages relative to total variance. Moreover, the full
part of variance (the variance term) for each source, including interac-
tions between the given source and other sources of uncertainty, was
calculated as a percentage relative to total variance. For the example
with three different contributors to variance/uncertainty indexed A, B
and C, the full part of variance caused by each of the contributors can
be summarised as: V(A) = A + AB + AC + ABC. Note that total vari-
ance, V, is not the sum of the three terms V(A), V(B) and V(C) as they
include interaction terms like AB or ABC (and the sumof individual con-
tributor variance termsmay thus add up to N100%). However, the mag-
nitude of the three terms indicates the importance of each source in the
total uncertainty (Déqué et al., 2007).
3. Results

3.1. Impacts of future scenarios on the nitrogen transport to Odense Fjord

The two eco-hydrological model complexes generally agreed well
on the direction and level of change in N transport relative to the base-
line produced by the different land use scenarios (Fig. 2, left panel),
while the Daisy-MIKESHE model showed a somewhat larger variation
in N transport in response to the future climate scenarios (i.e., wider
percentiles). The level of change when evaluating the effects of future
climate scenarios (Fig. 2, right panel) was generally greater than the
variations created by the two eco-hydrological model complexes
(i.e., almost no overlap in baseline percentiles versus the future climate
scenarios of the different land use scenarios).
3.2. Impacts of future scenarios on the ecological state of Odense Fjord

The future climate, irrespective of which climate model was used as
a basis for projections, resulted in higher chlorophyll a concentrations
and light attenuation, both of which represent a deterioration of the
ecological state of Odense Fjord (Fig. 3). The estimated chlorophyll a
concentrations increased in all climate scenarios, and even when com-
bined with the most nature friendly land use scenario, the projected
chlorophyll a concentrations were still higher than under present-day
conditions (today's climate and land use). For light attenuation, the
combination of future climate scenarios and the lowest nutrient loss,
land use scenario number 1 (agriculture for nature) resulted in an eco-
logical state that was similar to the baseline (present-day) state.
nsive agriculture (2) High-tech agriculture (3) Market-driven agriculture (4)

60 50 70
0.4 1.0 1.3
−60 0 +20
0 75 75

http://ensembles-eu.metoffice.com/
http://ensembles-eu.metoffice.com/


Fig. 2. Projected variations in future nitrogen transport, represented by percentile boxplots, and the variation grouped into eco-hydrological model complexes (i.e., the percentiles repre-
sent variation caused by the different future climate scenarios run through the individualmodel complex, left panel) and the future climate (i.e., the percentiles represent variation created
by the twodifferent eco-hydrologicalmodel complexes combinedwith the future climate scenarios, right panel). Plotswere generatedusing Python and the Seabornpackage using default
settings, where the boxes represent the distance between the 25-percentile and 75-percentile, i.e., the interquartile range (IQR), and whiskers represent 1.5 times the IQR (and where
potential values outside the 1.5 × IQR whiskers are marked individually).
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3.3. Decomposition of variance

There was considerable variability in the ecological state projected
for Odense Fjord based on the 80 different scenarios. Bearing in mind
that the variance term for the eco-hydrological models is established
on calculations with only one degree of freedom, the eco-hydrological
models and the land use scenarios were the most important sources
of uncertainty, the land use scenarios being slightly more important
(Table 3).

Strong interactions were found between the eco-hydrological
models, climate model projections and different land use scenarios
(see Section 2.4 for an explanation of the variance terms). The effects
of the interactions on the variability of the projected ecological state of
Odense Fjord were more significant than any of the individual influ-
ences of the eco-hydrological models, climate model projections and
different land use scenarios.

4. Discussion

4.1. Projected future state of Odense Fjord

We found that all four climate scenarios, despite their contrasting
nature, projected a deterioration of the ecological state of Odense
Fjord relative to the baseline climate. This effect of a warmer climate is
consistent with the conclusions drawn in the studies, experiments and
paleoecological investigations of freshwater ecosystems reviewed by
Jeppesen et al. (2014). Our study along with these other investigations
points to a deteriorating effect of a warmer climate, whichwill enhance
eutrophication symptoms in both estuaries and lakes. Hence, a result of
Fig. 3. Projected effects of future climate and land use scenarios on the phytoplankton concentra
Kd). 1: Agriculture for nature, 2: extensive agriculture, 3: high-tech agriculture, 4:market driven
different climate model outputs and the two different eco-hydrological models.
increased temperatures will be an intensification of eutrophication
symptoms, in particular harmful cyanobacterial growth and blooms in
both freshwater and marine ecosystems (Paerl and Paul, 2012). On
top of this, the future climate scenarios also predict increased N loss to
aquatic ecosystems. Therefore, climate change is a key challenge for
managers of water quality, water supply and fisheries. While the future
climate may cause deterioration of the ecological state of aquatic eco-
systems, such as Odense Fjord, our scenarios also indicate that the
land use within the catchment area will influence the magnitude of
this impact and may potentially even compensate for the negative ef-
fects of climatic change. This is consistent with the results of earlier
model-based studies on freshwater and marine systems (e.g., Trolle
et al., 2011; Nielsen et al., 2014; Rolighed et al., 2016; Christensen
et al., 2017), indicating that a reduction in external nutrient loads may
mitigate the effects of future warming. In our study, the land use sce-
nario with the lowest nitrogen loss (“Agriculture for nature”) resulted
in a decrease of nitrate exports to surface waters of up to 30% in the fu-
ture scenarios. It may be argued that the land use scenario resulting in
the lowest nitrogen loss is not in extreme contrast to the present-day
conditions as, for example, agricultural land use still characterised 40%
of the landscape. Other alternative land use changes may also be imple-
mented to obtain the targeted reductions of the nitrate loadings to
Odense Fjord (Hashemi et al., 2018).

4.2. The most important sources of uncertainty

Our study focused on the uncertainty of model projections arising
from different eco-hydrological model structures and from using differ-
ent input data for future climate forcing and land uses. The results
tion (represented by chlorophyll a) andwater clarity of thewater column (represented by
agriculture. Error bars represent the standarddeviation resulting fromvariation among the



Table 3
Decomposition of variance in the projected Chl a and Kd (light attenuation) as influenced
by the different eco-hydrologicalmodels, climatemodel projections and different landuse
scenarios.

Individual part of variance
excluding interactions

Variance term
including interactions

Variance
contributor

% of variance % of variance

Chl
a

Eco-hydrological
models

20.9 56.4

Climate models 10.4 43.4
Land use
scenarios

30.2 59.4

Interactions 38.5 .
Kd Eco-hydrological

models
22.7 61.1

Climate models 3.0 38.7
Land use
scenarios

32.7 64.3

Interactions 41.7 .
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supported our original hypothesis that climate and land use scenarios,
as well as ecological models, contribute importantly to the variation in
simulated output. However, additional sources of uncertainty, which
should also be acknowledged, may exist. Modelling uncertainties are
typically classified into five categories (Walker et al., 2003;
Refsgaard et al., 2007) comprising 1) context and framing,
i.e., defining the boundaries of the system to be modelled, 2) model
structure, i.e., conceptual uncertainty due to incomplete understand-
ing and simplified descriptions of the modelled processes, 3) model
technicalities, i.e., uncertainty arising from computer implementa-
tion of a model, 4) model parameters, i.e., uncertainty related to
assigning parameter values, and 5) input data, i.e., external driving
forces and data used for calibration and validation. It is highly cum-
bersome to estimate the uncertainty related to all of these sources.
However, we have arguably addressed the key sources of uncertainty
in the modelling process (model structure and input data) and our
conclusions are supported by Poulin et al. (2011), who found that
structural uncertainties dominate over parameter uncertainties in
the hydrological modelling of future climate scenarios.

Bearing in mind that incorporation of an expanded set of eco-
hydrologicalmodels or changing the choice ofmodel(s)may potentially
alter the model structure uncertainty, we found that the choice of land
use scenario contributed the most to the uncertainty in the simulated
future ecological state of Odense Fjord, followed by the uncertainty
due to eco-hydrological model structure and climate models, respec-
tively. This contrastswith the results of Karlsson et al. (2016), who dem-
onstrated that the choice of climatemodel followed by eco-hydrological
model contributedmost to the uncertainty when evaluating the hydro-
logical properties, including mean discharge, low and high flows, in the
Odense river. Therefore, one must carefully consider which response
variables are relevant before assumptions are made about the key
sources of uncertainty. When making projections of the future state of
aquatic ecosystems, one should at the very least consider evaluating
an ensemble of land use scenarios (i.e., nutrient load scenarios), but ide-
ally also include multiple eco-hydrological models and climate projec-
tions, as we also found strong interactions between these and the
variability of simulated outcomes.

4.3. Plausibility of future scenarios

The climate change projections analysed were based on the IPCC
A1B storyline, developed in the EU ENSEMBLES project. However, the
present trajectory of greenhouse gas emissions surpasses this scenario,
and a more extreme warming by the end of the century is becoming
more and more likely (Drews and Christensen, 2015). Despite our use
of contrasting climate change projections derived from different
global-regional climatemodels, our future climate scenarios may there-
fore be considered conservative rather than belonging to an extreme set
of possible outcomes. But we also acknowledge that we estimated the
future water temperature in Odense Fjord based on the assumption
that changes in water temperature would be equivalent to the changes
in air temperature, and thiswould likely slightly overestimate the future
water temperature in our scenarios. The differences in the magnitude
of changes between our future land use scenarios also represent
plausible outcomes. In light of these observations, the library of sce-
narios produced in the present study, and the variability between
these, could serve as support for decision makers dealing with the
consequences of various policies and management options before
their actual implementation.

4.4. Balancing agricultural production and the integrity of aquatic ecosys-
tems and water resources

Models can help point at potential solutions for best management
practices of the landscape to preserve water quality in a future
warmer climate, but conflicts may arise. Thus, the most nature
friendly land use scenario reduces agricultural production, partly be-
cause land is taken out of production, and partly because agricultural
intensity (e.g., fertilization) declines. Hence, there is a potential con-
flict of interest between agricultural production and the integrity of
aquatic ecosystems, at least if the present type of agricultural prac-
tice is maintained. Similarly, increased nitrate leaching will result
in enhanced nitrate load of the groundwater bodies used for water
supply (Troldborg et al., 2016), creating a conflict between agricul-
tural production and domestic water supply. Since the suitability of
land for agriculture will deteriorate in other parts of the world,
there may be pressure for maintaining or even increasing agricul-
tural land use and intensity in Denmark, thus potentially enhancing
nitrogen loads delivered to the aquatic ecosystems (Olesen et al.,
2011).

4.5. Relevance for policy makers and environmental managers

The most important legislation, relating to the state of aquatic eco-
systems, is currently the EU Water Framework Directive (WFD). The
most recent “state of the environment” report for Denmark (MFE,
2014) revealed that N70% of Danish lakes and N90% of Danish coastal
waters currently do not meet the requirements of the WFD. Hence, to
fulfil these requirements, a wide range of mitigation measures will be
implemented and models play a key role in identifying maximum al-
lowable input targets for external pressures, such as nutrient loads,
and thus the extent of which a mitigation measure should be imple-
mented in individual aquatic ecosystems. For example, current model-
based estimates (Timmermann et al., 2015) suggest that a reduction
of 45%, relative to the present day nitrogen loading level, is necessary
in order to achieve good ecological status for Odense Fjord, thus meet-
ing the targets of the WFD. As demonstrated in this study, the choice
of models has a large impact on the predictions, and the next important
step is to identify how best to convey uncertainties to policy makers, so
that they are able to make informed decisions. Making predictions and
quantifying uncertainties based onmodels andmodel input ensembles,
as done in our study, may well be key elements in future advances in
tools used in decision-making processes, offering also a science-based
foundation for communication between stakeholder groups having
conflicting interests and stakes.

4.6. Conclusions

When projecting the future ecological state of an estuary, we found
that the variation caused by different future land use scenarios were the
most significant source of uncertainty, followed, in order, by eco-
hydrological models and climate models. When projecting the future
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state of aquatic ecosystems in a global warming context, and using such
projections as part of a decision-making process, one should at the very
least consider evaluating an ensemble of land use scenarios (nutrient
loads) but ideally also includemultiple eco-hydrologicalmodels and cli-
mate change projections.
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