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Abstract: Environmental managers must make decisions about complex 
problems that have a high degree of uncertainty such as, which nutrient 
abatement measure optimally improves the condition of an ecosystem. 
Although data and models that provide information on this subject exist, their 
knowledge may be fragmentary and difficult to interpret. We present a  
user-friendly modelling tool that integrates results of different models and  
data-analyses. It can be used by decision-makers for assessing the probabilities 
of different nutrient abatement scenarios for achieving specific targets set by 
the Water Framework Directive for Finnish coastal waters in the Gulf of 
Finland. The results suggest that significant reductions in nutrient loads are 
required to achieve good ecological status in Finnish coastal waters, and in the 
event of increased precipitation these targets may be less likely to be attained. 
Moreover, different approaches to the status classification lead to very different 
conclusions. 
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1 Introduction 

Environmental management issues are multifaceted and require the adoption of a  
long-term perspective (Sigel et al., 2010). A common problem is that the knowledge 
available for environmental managers is often fragmentary, non-systemised and even 
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inconsistent. Hence, there is a need to develop scientific decision support methods that 
are capable of integrating available knowledge in a way that enables the evaluation of 
impacts of different management policies in a user-friendly manner. Furthermore, such 
support methods should address the different types of uncertainties that arise from 
various management policies in a systematic and transparent way in order to give the 
decision-makers realistic pictures of those uncertainties (Burgman, 2005; Power and 
McCarty, 2006; Sigel et al., 2010). Even though this need is widely recognised, the 
proposed solutions are scarce. 

Ecological status classification (ESC) of the Water Framework Directive (WFD)  
(European Commission, 2000) aims for the harmonised evaluation and management of 
inland and coastal watersheds of Europe. The target state of, ‘good ecological status’ by 
the year 2015, provides a clear minimum objective. If the state of the watershed is judged 
moderate or worse, remedial actions should be taken to improve the state. A ‘good’ 
classification status of an ecosystem is defined in terms of certain measurable indicators. 
The member states of the European Union are independently responsible for the planning 
and implementation of the directive, and only general guidance documents are provided. 
The differences between national approaches can cause problems especially regarding 
coastal waters, where the state of the ecosystem depends on the whole catchment area, 
which may be shared by several countries. Consequently, it is essential to attain a 
consensus between neighbouring states about the current status of any shared area of 
coastal waters. In addition, the clear, measurable definition of the concurrent and target 
ESCs between neighbouring countries must be harmonised to be able to agree upon the 
necessary restorative actions. A powerful decision analysis tool would be useful for 
estimating the ecosystem responses that the implementation of certain policies would be 
likely to produce. The analysis tool should also be capable of detecting the origins of 
differences in the results, and also be able to evaluate the uncertainties related to each 
issue. 

We present a user-friendly solution that integrates information about complex 
processes. More specifically, this solution is a prototype of a decision analysis tool that 
can be used to assess the probabilities of reaching certain ecological objectives set by the 
WFD in Finnish coastal waters of the Gulf of Finland (GoF) by the target year of 2015. 
The model is a Bayesian network (BN) that integrates results from nutrient load and 
ecosystem models and data-analyses, for a range of alternative nutrient abatement 
scenarios in Finland, Estonia and Russia. Thus, the BN is used as a meta-model that 
integrates knowledge from several sources. The climate change input component of the 
model is ‘a change in precipitation’ and was included as an external, uncontrollable factor 
(Fenton and Neil, 2001), which causes additional uncertainty about the system. 

The multi-criteria aspect of the model reflects the ecological status of the coastal 
waters. The multiple criteria are defined in terms of the number of indicators that 
represent the physical, chemical and biological components of the system. Each indicator 
has five states that range from ‘bad’ to ‘high’. The current classification practices handle 
these states as known and without any uncertainty in their boundary values (Vuori et al., 
2009). We present both the indicator-specific and general statuses as probability 
distributions. We also studied different approaches to define the general WFD ESC of the 
area, and discuss the magnitude of the uncertainties related to different aspects of the 
criteria under various settings. 
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2 Materials and methods 

2.1 Study area 

The GoF is the easternmost basin of the brackish Baltic Sea and it is surrounded by the 
land masses of Finland, Estonia and Russia. Today the GoF is one of the world’s most 
stressed sea areas. The nutrient loading is two to three times higher than the mean loading 
per area of the whole Baltic Sea (HELCOM, 2005). The shallowness and slow water 
exchange make the GoF especially vulnerable to the adverse effects of eutrophication. 
The GoF is widely studied, and several long-term monitoring data sets exist (Elken et al., 
2003) in addition to flow and ecosystem models developed for the same area (Kiirikki  
et al., 2001, 2006; Soomere et al., 2008). The Finnish coastal waters of the GoF were 
divided according to the implementation of the WFD into four zones for these analyses 
(Figure 1). 

Figure 1 The Finnish WFD areas in the GoF (see online version for colours) 

 

Notes: South-Western inner archipelago (area 1), GoF inner archipelago (area 2), 
South-Western outer archipelago (area 3) and GoF outer archipelago (area 4). 

2.2 BNs and influence diagrams 

BNs are models that are used for reasoning under conditions of uncertainty. The networks 
compute updated beliefs about (unobserved) events on the basis of prior observations of 
other events (Kjærulff and Madsen, 2005). They have been used for modelling complex 
environmental questions and interactions that contain large uncertainties (Reckhow, 
1999; Borsuk et al., 2004; Lehikoinen et al., 2013). They have also been used for decision 
analysis under conditions of uncertainty (Varis et al., 1990; Kuikka and Varis, 1997; 
Uusitalo et al., 2005). 

A BN consists of a finite set of variables and a range of probabilistic dependencies 
between those variables (Jensen, 2001; Kjærulff and Madsen, 2005). In the graphical 
representation of a BN, the variables are denoted by nodes and the conditional 
dependencies by arrows. More detailed information on BNs can be found, e.g., in Jensen 
(2001). 
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There are several alternative ways to specify and compile a BN that range from 
simulations and data-analyses (Gilks et al., 1994; Mäntyniemi, 2006; Dorner et al., 2007) 
to interviews about the degrees of belief of one or more experts (Uusitalo et al., 2005; 
O’Hagan et al., 2006; Lehikoinen et al., 2013; Mäntyniemi et al., 2013). In this study, the 
conditional probabilities are specified by using existing simulation models described 
below and learning the dependencies from the simulated datasets. 

The BNs that are used for decision-making under uncertainty are called Bayesian 
influence diagrams (BIDs) (Kjærulff and Madsen, 2005). These are BNs augmented by 
decision variables including alternative actions to take, and utility functions that specify 
certain preferences regarding the output. A BID computes the expected utilities of all 
combinations of the decision options under a specified state of uncertainty at the time of 
the decision. The objective is to identify the combination of the actions that produce the 
maximum expected utility (MEU). MEU can be regarded as the fundamental idea of 
decision theory. In order to achieve MEU, a decision is rational only when the selected 
action is the one that yields the highest expected utility averaged over all the possible 
outcomes of the action (Dorner et al., 2007). 

BIDs have been applied in the context of many environmental issues (Varis, 1997; 
Borsuk et al., 2004; Aguilera et al., 2011; Chen and Pollino, 2012). BNs and BIDs are 
also accessible to use by non-specialists because they are clear, understandable and their 
interpretation is relatively easy to convey to decision-makers who have no modelling 
experience (Cain et al., 2003; Aguilera et al., 2011). They enable the integration of the 
information sets of different forms and with different levels of precision into a single 
analysis and the assessment of the origin, type and magnitude of the uncertainties related 
to the cause-and-effect relationships and decisions (Bromley et al., 2005; Lehikoinen  
et al., 2013). Their efficiency and speed in scenario exploration are found to be 
unchallenged (Dorner et al., 2007). 

Fenton and Neil (2001) have reviewed the use of BNs specifically for multi-criteria 
decision analysis (MCDA) purposes and stated that BNs enable users to overcome some 
critical limitations that conventional MCDA techniques have. For example, BNs allow 
users to handle the criteria as uncertain and facilitate linking them with each other when 
the corresponding real world dependence actually exists (Fenton and Neil, 2001). Despite 
these positive attributes and BN MCDA frameworks suggested by Watthayu and  
Peng (2004) and Sedki et al. (2010), we managed to find only two actual published 
management applications (Dorner et al., 2007; Pinheiro et al., 2008) by using the 
keywords BNs and MCDA. 

2.3 Structure of the model 

The main aim of our present study was to create a probabilistic decision analysis  
model, which combines results from separate loading model, ecosystem model and  
data analyses. We used BN software (Hugin Expert®, Madsen et al., 2005) to build a 
meta-model that can be used as a decision support tool. This tool was designed to assist 
in the evaluation of the expected utilities ascribed to a range of different decisions about 
nutrient abatement measures that could be implemented in coastal countries of the GoF. 
The utility function was defined in terms of the WFD objectives: whether they will be 
attained or not. 

 



   

 

   

   
 

   

   

 

   

    Evaluating the impact of nutrient abatement measures 119    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 2 (a) The structure of the main BID for Finnish coastal waters (b) The area sub-model  
(c) The F. vesiculosus sub-model (see online version for colours) 

 
(a) 

 
(b) 

 
(c) 

Notes: Area 4 (GoF outer archipelago) is used as an example, the sub-model structures 
are identical between the areas (area 2 for which Ptot is not used as indicator is  
the only exception). Decision variables are depicted by pink rectangles, random 
variables by yellow oval nodes and utility function is shown as a green diamond. 
In sub-models, the input and output nodes are labelled with dashed (input) or solid 
grey (output) edges. 
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The model includes a decision node for each of the three neighbouring countries with 
coasts that surround the GoF (Figure 2). The alternative states are the selected nutrient 
abatement scenarios. The fourth input node for the network is the random variable of 
‘climate change’ and it has two alternative states for precipitation (‘current’ and 
‘increased’). Two additional decision nodes enable a comparison of the different water 
zones and alternative valuation approaches (described below) with a single model. 

Each area/zone has its own sub-model, which includes information on the likely 
ecosystem response and the following WFD status given the decisions made. The 
variables of interest include total nitrogen and total phosphorus in the surface layer of 
water in winter (January-March) and chlorophyll-a (chl-a) concentration and Secchi 
depth in late summer (July-August). In addition, each area has a separate sub-model that 
describes the maximum growth depth of the macroalgae Fucus vesiculosus. These 
variables are used as indicators of ecological status in the Finnish approach to meeting 
WFD ESC requirements (Vuori et al., 2009). All the indicator variables have five 
possible states: ‘high’, ‘good’, ‘moderate’, ‘poor’ and ‘bad’. For discretising the 
variables, the area-specific class boundaries provided in the Finnish WFD classification 
guidelines were used as each area has unique boundaries that are based on their different 
natural conditions and reference values. The reference values are based on historical and 
present-day data (chl-a and Secchi depth), literature and expert knowledge (the maximum 
growth depth of F. vesiculosus) and frequency distribution data (nutrients) (Vuori et al., 
2009). 

2.4 Management scenarios and load modelling 

The modelling was based on nine different nutrient loading abatement scenarios in the 
GoF: four for Finland, three for Russia and two for Estonia (Table 1). In the future, 
precipitation is predicted to increase over the Baltic Sea area due to anthropogenic 
climate change (BACC Author Team, 2008), thus a scenario that represents the increased 
precipitation, was constructed by using data obtained from two exceptionally rainy  
years: 2000 and 2005 (Lindén et al., 2008). Eventually, the total number of scenario 
combinations was 48. The current state for Finland was based on riverine discharges and 
coastal point sources for the years 2000–2006, and the three water protection scenarios 
were formed basing on the work of Rekolainen et al. (2006). In the case of Estonia, the 
current loading was based on that found for the years 2000–2003 (data provided by the 
Estonian Marine Institute, University of Tartu), whereas the future scenario was proposed 
by Pitkänen and Tallberg (2007). In the case of Russia, data that represent the year  
2000 was used as a current state (Pitkänen and Tallberg, 2007), and the scenarios were 
designed by using expert judgment. 

The catchment model PolFlow was used to approximate the future load to the GoF. 
The PolFlow model (De Wit, 2001) describes sources, transport and loads of nutrients in 
large drainage basins. It comprises a hydrological component, a description of nutrient 
sources, a description of their pathways to the surface waters and transport of nutrients to 
the river mouths. The increased precipitation was simulated by running the model with 
the combined loads measured during the rainy years of 2000 and 2005. 

It is noteworthy that in addition to the assumption of increased nutrient loads from 
agriculture the Estonian scenario ‘increased agricultural load’ (EST1) includes an 
evaluated decrease in phosphorus load that has resulted from the ongoing improvements 
in manure handling. This makes the estimated phosphorus load of 47 tons/year lower in 
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this scenario than in the current state (EST0). For more detailed information on the 
scenarios formed and the PolFlow runs executed, see Lindén et al. (2008). 
Table 1 Nitrogen (N) and phosphorus (P) loading scenarios used as mutually exclusive policy 

alternatives in the country-specific decision nodes 

Finland Russia Estonia 
Current state (FIN0) Current state (RUS0) Current state (EST0) 
Business as usual:  
–15% reduction in the  
P and N loads (FIN1) 

Current treatment facilities  
increase purification efficacy  

for P to 80% (RUS1) 

N and P loads increase by 10% 
due to increased agricultural 

production (EST1) 
Realistic: –30% 
reduction in the  
P and N loads (FIN2) 

All municipal waste waters treated 
with purification efficacy of 75% 

for N and 80% for P (RUS2) 

- 

Optimistic: –40–50% 
reduction in the  
P and N loads (FIN3) 

- - 

2.5 Ecosystem models 

The EIA-SYKE ecological model (Kiirikki et al., 2001, 2006) simulates dissolved 
nutrients and algal biomass. It was used for modelling the state of the indicator variables 
under different loading scenarios. The model was run for the same five-year period 
(1995–1999) for which it was calibrated and validated. Total nutrients were estimated 
from the modelled dissolved nutrients at the end of March by assuming stable,  
scenario-specific loading during those five years. Total phosphorus was not used for the 
inner archipelago area 2 (Vuori et al., 2009). 

The EIA-SYKE is a deterministic 3D-model, and it simulates spatial point estimates 
for the specified grid cells. Scenario-specific areal probability distributions of the 
indicators were produced by using the spatial variability within a specified area as a 
source of uncertainty. A simulation data file was created, whereby the surface value of 
each of the 5 × 5 km squares in the ecosystem model grid within the area in question was 
treated as a possible observation. Therefore, as the numbers of data points varied from  
25 in area 1 to 125 in area 4, the variability in the resulting distributions corresponded to 
the size of the area. The conditional probability tables (CPTs) of the indicator variables 
were acquired from these datasets by using the batch learning method provided by  
Hugin software (EM-algorithm, Lauritzen, 1995). This method enables estimating the 
conditional probability distributions based on a data set when only the graphical BN 
structure is given. 

2.6 Modelling the maximum growth depth of Fucus vesiculosus 

The brown alga Fucus vesiculosus L. (bladder wrack) is the only single species indicator 
used in the Finnish ESC approach. The ESC of F. vesiculosus is based on the maximum 
growth depth of the species compared with reference values. Based on a literature review, 
the most fundamental environmental elements affecting the occurrence of the species 
were found to be salinity (e.g., Serrão et al., 1996) and light (e.g., Bäck and Ruuskanen, 
2000). The maximum growth depth of F. vesiculosus has distinct class boundaries and 
reference values for the different areas, in addition to those of the exposed and sheltered 
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sites within them (Vuori et al., 2009). The definition of wave exposure of the site is based 
on the Baardseth-index (Ruuskanen and Bäck, 1999). 

Data on F. vesiculosus growth depth from the years 1977–2005 and the 
corresponding water quality data was provided by the Finnish Environment Institute. The 
correlation of growth depth and underwater light conditions was assessed through the 
Secchi depth, which is closely correlated with eutrophication via algal base production. 
The Baardseth (1970) wave exposure indexes were determined for the F. vesiculosus 
observation sites on the map. 

Simplified F. vesiculosus BN structures were included in the areal BNs as  
sub-models. The sub-model consists of the input node ‘Secchi depth’ from the areal 
model and the areal salinity node that provides information for two separate maximum 
growth depth nodes: one for exposed locations and another for sheltered shores  
(Figure 2). The compiled data were used to acquire the CPTs by using the batch learning. 

2.7 Definition of the general WFD status 

According to the WFD, the definition of the general status class of a certain area of water 
is based on the results of its biological, physical and chemical indicators. In Finland, the 
status estimation is based on the ‘averaging rule’ (Vuori et al., 2009) but, e.g., in Estonia 
the ‘one out-all out’ (OoAo) principle is used. The latter entails that an area is classified 
according to the indicator that gives the worst result. Furthermore, the method of 
averaging can produce different results depending on which statistic (mean or median) of 
the central tendency is used. 

We wanted to compare the differences in the general picture that different methods 
produce. Therefore, we included all three of the above-mentioned approaches in the BN 
tool, so that the user can choose which one to use with the decision variable ‘valuation 
approach’ (Figure 2). This feature allows us to consider how likely the varying 
approaches lead to different management needs within the same area. 

In the valuation approaches that were based on using means and medians the 
indicators were averaged by first assigning each status class a numerical value, which are 
provided in Vuori et al. (2009). These common factors (CF) describe the relative status of 
a class compared with the highest class, being 0.9 for ‘high’, 0.7 for ‘good’, 0.5 for 
‘moderate’, 0.3 for ‘poor’ and 0.1 for ‘bad’. The definition of the general status of an area 
was based on the mean (approach A) or the median (approach B) of the CFs of all 
indicators according to following intervals: ‘high’ > 0.8, ‘good’ ≤ 0.8, ‘moderate’ ≤ 0.6, 
‘poor’ ≤ 0.4 and ‘bad’ ≤ 0.2 (Vuori et al., 2009). In the third approach (approach C), the 
general status of the water area follows the OoAo rule. For example, in the case that one 
indicator is in the ‘poor’ state and the others are classified as ‘good’, the general status of 
the area is classified as ‘poor’. Thus, the CFs are not needed in this case. 

2.8 Valuation of the end results 

The objective of the WFD is to attain at least a good ecological status. In the utility 
function of the BID, values for all the possible outcomes of the model have to be given. 
In this case, we did not use any monetary valuations, so we simply assigned the value 1 
for all the cases for which the WFD objectives were fulfilled, i.e., the general status of the 
selected area (or the statuses of all the areas, if the alternative ‘all areas’ is selected) were 
either ‘high’ or ‘good’. All the other possible outcomes were given the value of 0. In this 
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way, the resulting expected utilities can actually be interpreted directly as probabilities 
and the objective of our BN model is to find the strategy that maximises the probability 
of success in reaching ‘good’ or ‘high’ status. 

3 Results 

In this section, we present selected outputs of the BN as results of selected scenarios for 
area 4 (GoF outer archipelago) in addition to BN outputs for the whole Finnish coastal 
area. Different approaches that determine the general WFD status, i.e., approaches A, B 
and C are compared and the optimum routes for meeting the WFD objectives by the year 
2015 are examined. 

3.1 Example scenarios 

The six scenarios presented are: 

1 current nutrient loading and precipitation (Sc0) 

2 current nutrient loading with increased precipitation (Sc1) 

3 current nutrient loadings for Estonia and for Russia but an abatement scenario FIN3 
for Finland (Sc2) 

4 current nutrient loadings for Finland and for Russia but the scenario EST1 for 
Estonia (Sc3) 

5 current loadings for Finland and for Estonia but an abatement scenario RUS2 for 
Russia (Sc4) 

6 the ‘best case scenario’ (Sc5), where the decision variables are set to the states that 
produce the MEU, i.e., all three countries implement maximal nutrient abatement 
(Table 2). 

Table 2 Settings used in the six example scenarios for Finland, Estonia and Russia 

Scenario Precipitation 
National nutrient abatement scenarios 

Finland Estonia Russia 

0 Current level Current level Current level Current level 

1 Increased Current level Current level Current level 

2 Uniform distribution FIN3 Current level Current level 

3 Uniform distribution Current level EST1 Current level 

4 Uniform distribution Current level Current level RUS2 

5 Uniform distribution FIN3 EST1 RUS2 

Note: Uniform distribution for precipitation means that both alternative states of the 
variable are handled as equally likely. 



   

 

   

   
 

   

   

 

   

   124 A. Lehikoinen et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

3.2 GoF outer archipelago (area 4) 

With the current state scenario (Sc0) and averaging by mean (valuation approach A),  
the most likely general WFD status for area 4 is ‘moderate’ (p = 79.82%) (Table 3, 
Figure 3). The state ‘good’ has the majority of residual probability mass (19.31%). The 
probability for reaching the objective, i.e., the state of ‘good’ or ‘high’ (p = 0.01%) by 
2015, is 19.32%. 

Figure 3 Probability distributions of the predicted general WFD status for area 4 (GoF outer 
archipelago) under scenarios 0–5 with three alternative valuation approaches A–C,  
(a) Approach A (means) (b) Approach B (medians) (c) Approach C (OoAo) 
(see online version for colours) 

 
(a) 

 
(b) 

 
(c) 

Note: Each probability distribution sums up to 100%. 
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Table 3 Probability distributions of the ecological status classes and the single indicators for 
area 4 (GoF outer archipelago) by using scenarios Sc0 and Sc5 and averaging by 
mean 
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It seems that the separate indicator variables can give highly variable pictures of the 
status of the area in addition to the uncertainties related to it (Table 3). In practice, 
nutrients and Secchi depth are used only as supporting indicators (Vuori et al., 2009). For 
instance, if their results were to contradict the results of biological indicators such as  
chl-a, F. vesiculosus and benthic index (not included in this analysis tool so far), the 
biological indicators would determine the final status class. Of the total nutrients, 
phosphorus is used as the dominant factor in defining the general status. In the case of 
Sc0 (Table 3), total nitrogen lay out with the general line by having the majority of its 
probability mass in the state ‘good’ (p = 81.60%), whereas total phosphorus, Secchi 
depth and F. vesiculosus all indicate the state ‘moderate’. Chl-a, in turn, has the greatest 
probability mass in the ‘poor’ state (p = 55.20%) although the probability for the 
‘moderate’ state is quite high as well. 

In this model, the status of F. vesiculosus is clearly the most uncertain, i.e., it has the 
widest probability distribution. It is also noteworthy that when it comes to the indicators 
Secchi and Fucus, all the differences between the scenarios seem to disappear within the 
class boundaries. This can be observed by comparing their distributions for Sc0 and Sc5 
in Table 3 and could be seen as an artefact of the uninformative discretisation. The 
prevailing ESC approach with fixed class boundaries is discussed later in the text. 

When examining the scenario-specific probability distributions for the general WFD 
status in area 4 (Figure 3), the state ‘moderate’ still remains the most likely outcome for 
scenarios 1–4 whereas ‘good’ is ranked second. The effect of increased precipitation can 
be studied by comparing the scenarios Sc0 and Sc1. Increased precipitation moves the 
probability mass slightly towards lower status classes. In the light of the uncertainty 
about the future development of the precipitation, the effects of even the most optimistic 
Finnish (Sc2) or Estonian (Sc3) abatement measures seem to be quite small in 
comparison with the present situation. In contrast, the effect of the most potent Russian 
actions (Sc4) is clearly shown. Still, the only scenario that produces a higher probability 
for the ‘good’ state over that of the ‘moderate’ state in area 4 is Sc5 for which all three 
countries implement maximal abatement efforts (Table 3, Figure 3). However, if the 
precipitation for this scenario is set to the increased state, the status ‘moderate’ is again 
the more likely outcome (p = 56.83%) than ‘good’ (p = 42.76%). 

The results with valuation approaches B and C differ from those of the A approach 
presented above. When averaging by median (approach B), ‘moderate’ is clearly the most 
probable state for all the scenarios (Figure 3). Moreover, the OoAo principle (approach 
C) gives quite different results compared with averaging (approaches A and B), as under 
this condition the probability distribution of the general status is skewed towards the 
worse states (Figure 3). For example, in scenario Sc0 describing the current state, the two 
most likely states are ‘poor’ (p = 60.18%) and ‘moderate’ (p = 34.21%). As only one 
indicator can turn the general state of an area to ‘bad’, a constant probability of around 
5.60% for this state appears in each scenario. 

3.3 Expected utilities and the probability of not meeting the WFD objectives 

When considering all the areas together, the model produces highly variable results 
depending on the valuation approach used. With approach A (averaging by mean), 
fulfilling the objectives of the WFD is much more attainable in western areas (1 and 3) 
than in eastern areas (2 and 4) (Figure 4). Area 4 has the greatest probability of not 
reaching the goal. Even with the best case scenario (Sc5), the likelihood of reaching the 
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target in area 4 is 55%, meaning that the chance of failing is 45%. The probability of 
reaching good ecological status by the year 2015 in the whole Finnish coastal area of the 
GoF seems very low, the probability of failing being almost 80% even in the best case 
scenario. The probabilities to reach the target are even smaller when averaging by median 
(approach B) (Figure 4). It also seems that the probability of failure is higher in the outer 
areas of the archipelago than in its inner areas. 

Figure 4 Expected utilities (EU, scale 0–1) for separate areas and for all four areas together given 
six scenarios (0–5) when using the valuation approaches A and B, (a) Approach A 
(means) (b) Approach B (medians) (see online version for colours) 

 

(a) 

 

(b) 

Notes: In this case, the EU value is proportional to the probability of reaching the 
objectives of the WFD by the year 2015 in each case. Note the different scales on 
y-axes. 
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The results of the valuation approach C (OoAo) differ substantially from the outcomes 
produced by A and B methods. The probability of attaining the objective for the best case 
scenario (Sc5) in area 4 is 5.6 × 10–5% the probability of failing thus being close to 
100%. For the whole coast (areas 1–4), with the best case scenario, the probability  
is as low as 2.26 × 10–11%. With this approach, the goal of WFD seems to be nearly 
impossible to reach. 

4 Discussion 

We have described a prototype of a decision analysis tool, which can be used to assess 
the probability of attaining the WFD objectives in the Finnish coastal waters of the GoF 
under certain selected national nutrient abatement scenarios (Lindén et al., 2007). The 
tool uses multiple indicators to enable the assessment of uncertainties related to an 
ecosystem’s state and calculates the likely effects of alternative decisions on nutrient 
abatement made for that ecosystem. The results suggest that very significant reductions in 
nutrient loads would be required to achieve a good ecological status in the coastal waters 
of the GoF, and with increased precipitation and run-off the target may be even more 
difficult to achieve. 

The current version of the model indicates that the goals of the WFD in Finnish 
coastal waters of the GoF being reached by 2015 is very unlikely. Even with the very 
roughly defined abatement measures considered here, it is evident that much co-ordinated 
effort will be needed by all countries surrounding the gulf to improve the state of the 
coastal waters. In practice, annual nutrient loads of total nitrogen and total phosphorus 
from Finland have not shown any clear trends or consistent changes after the early 2000s. 
Although point-loads of nitrogen decreased by about 1,000 t/a, no actual trends can be 
seen in total loading due to substantial year to year variation in riverine loads that are 
strongly affected by variations in precipitation and diffuse loading (HELCOM, 2011). 
However, phosphorus loading from the St. Petersburg region decreased by about 1,700 
t/a after the early 2000s (Vodokanal of St. Petersburg, 2013). This decrease is clearly 
more than that calculated for the ‘all treated scenario’ for Russia (RUS2) in our model 
and has evidently caused a decreasing trend in the total Russian phosphorus load into the 
GoF. 

Our study demonstrates that diverse approaches to evaluating WFD ESC produce 
highly varying results. The model clearly illustrates differences between the averaging 
and ‘OoAo’ principles as valuation approaches. Averaging by mean gives the most 
positive picture of the ecosystem state under varying conditions, mainly because of the 
high status classes in the case of nitrogen, whereas the OoOa approach gave the most 
pessimistic outcomes. The current Finnish classification system is based on averaging by 
median (Vuori et al., 2009), which in our study resulted in classifications between the 
other two approaches. 

Different methods that integrate the knowledge about variables considered in the 
WFD ESC have been studied in freshwater ecosystems (Søndergaard et al., 2005; 
Alahuhta et al., 2009; Rask et al., 2011), but studies conducted in coastal environments 
are scarce. It is important to note that different approaches not only produce different 
absolute values but also alter the order in which the Finnish WFD areas changes relative 
to each other, when the effectiveness of nutrient abatement scenarios is considered 
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(Figure 4). Therefore, our study demonstrates that the choice of the WFD classification 
approach should be done carefully and in a well-researched way. 

The modelling approach used in this study has many advantageous features. The 
model combines knowledge from several complex models, the results of which may 
otherwise be too difficult for decision-makers to interpret or to use in an interactive 
manner. The model allows ‘what if’ type of questions to be used and it is also easy and 
quick to use. As the model structure is fairly simple, some might consider it as an 
oversimplification of the ecosystem. Consequently, we stress that the focus of this article 
is not to present a detailed nutrient drift model but simulation models of that kind were 
used for teaching a BN the dependencies between the variables. We wanted to develop a 
decision analysis tool for studying our possibilities to gain the objectives of the WFD. 
This tool had to take into account such uncertainties as the unknown future development 
of precipitation and also the inherent variability in the observations encountered for the 
same area. As a whole, the model is a representation of expert knowledge and also 
considers events that are possibilities that have not yet happened. Thus, direct validation 
against existing objective data is not possible. However, it would be possible to examine 
the internal consistency of the model (O’Hagan et al., 2006; Pitchforth and Mengersen, 
2013). It would also be possible to recognise other issues that are believed to exist in the 
real world but which are not accounted for in the current model. We highlight these in the 
following paragraphs. 

The model does not perfectly mimic the WFD status classification in practice. One 
clear imperfection is the absence of the benthic index (Perus et al., 2007; Vuori et al., 
2009), which is one of the biological and thus principal weighted indicator quantities 
used in Finland. Oxygen depletion and the consequent death of benthic fauna are major 
problems in many parts of the GoF (Pitkänen et al., 2003). Therefore, adding a benthic 
index to the model would probably improve its predictions. In addition, it is important to 
note that the presented model in its current form has been developed to predict the 
computational WFD status classifications. In reality, the classification in Finland is done 
by a more case-specific approach. When defining the ecological status of a coastal  
water zone the result only partly depends on the computational standard values. In 
addition, the status is evaluated by experts including the evaluation of reliability and 
representativeness of the monitoring data used (Vuori et al., 2009). This has not been 
taken into account in the present model, although the characteristics of the BNs would 
enable us to complement the approach in that direction. However, the current version 
offers a likely indication of the future situation under alternative circumstances. 
Therefore, decision-makers and researchers working with the classification of coastal 
waters will also be able to use it as a supporting tool. 

The WFD requires monitoring results to provide acceptable levels of confidence and 
precision, taking into account the inherent seasonal and spatial variability (Irvine, 2004). 
Irvine (2004) emphasises that monitoring that fails to factor in seasonal and spatial 
variation is useless. He also states that too little effort has been put on the analyses of 
regional variation in many programmes, as the process of collecting and analysing the 
samples is costly. In our model, the uncertainties in the indicators arise from the spatial 
variability in the simulation model results, and also by precipitation. Our model could be 
further developed to be utilised for making inferences about the likely spatial and 
temporal variability in the indicators. 

Using a deterministic simulation model as the EIA-SYKE model for teaching a BN 
the conditional dependencies between the variables is quite tedious. Each of the possible 
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scenario combinations that the network structure produces needs to be simulated one by 
one. Dorner et al. (2007) converted a process model of erosion and sedimentation into a 
BN format. Those authors reported that the resulting model produced the same outputs as 
the original model with the same input data. They recommend this type of approach  
to be used for those cases in which the objective of the modelling is for decision  
support purposes, rather than on the detailed analysis of physical processes.  
Compared with the computationally laborious simulation model, the efficiency and speed 
of the BN for scenario exploration is unchallenged. The user can also interact directly 
with the BNs, as the results are almost immediately available. We think that models such 
as the one presented in this paper can be also used as the basis when planning larger 
simulation series. They provide useful guidelines when searching for the best sets of the 
model runs such as when predicting the likely effects of more detailed management 
action plans. 

One interesting aspect from the decision analysis point of view is the uncertainties 
related to the criteria, i.e., the target states in this study. We applied the class  
boundaries that are currently in use (Vuori et al., 2009), and thus we did not add any 
uncertainty to the classification system. However, there are no absolute ways to 
determine the boundary values, and in reality the limits between the classes are vague. A 
recent review of assessment methods related to the WFD in Europe, was carried  
out by Birk et al. (2012). Those authors pointed out that the majority of classifications  
in Europe are based on statistical approaches instead of ecological principles, thus the 
boundaries may not correspond to biologically meaningful changes in ecosystems. 
Further, Fernandes et al. (2012) studied the probabilities to achieve the ‘good’ state  
for nutrients and chl-a in the GoF simultaneously, and concluded that the weak 
dependency between the studied metrics may result from a non-harmonised  
target-setting, which does not allow for dependencies, variability and uncertainty. Our 
results suggest that the inclusion of uncertainty in the present classifications may be 
justified. 

According to Irvine (2004), the fixed-boundary classification schemes are found to be 
insensitive to the realities of spatial and seasonal variance. That author called for the 
incorporation of the risk of misclassification when designing and evaluating the results of 
WFD monitoring programmes. BNs provide one possible method to do that. We should 
be especially interested in the limit between ‘good’ and ‘moderate’ states, since the 
difference of only one unit may move a watershed from the acceptable state to one 
needing costly restoration operations. In practice, with the current version of our model, 
all the uncertainty in the indicators can be seen to arise from the spatial variability of 
those values within the areas when all the decision variables and precipitation scenario 
are set to ‘known’ states. Thus, we could also use our model for analysing the risk of 
misclassification by which the uncertainty that arises from the spatial variability in the 
monitoring data is likely to produce. 

To conclude, the model presented in this paper offers one possible solution to the 
widely recognised problem about the challenges to decision-making when available 
information is complex and the uncertainties high. Although the nutrient reduction 
scenarios in our model are fairly coarse, the idea can also be applied to more realistic and 
elaborate management options, which enables the comparison of potentially conflicting 
measures. At its best, this type of application could serve as a support tool for the  
trans-border cooperation in the research planning and conservation of the coastal waters. 
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