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Sakari Kuikka, Jarno Vanhatalo, Samu Mäntyniemi, Kirsi-Maaria Hoviniemi

Abstract Understanding and managing ecosystems
affected by several anthropogenic stressors require meth-
ods that enable analyzing the joint effects of different
factors in one framework. Further, as scientific knowledge
about natural systems is loaded with uncertainty, it is
essential that analyses are based on a probabilistic
approach. We describe in this article about building a
Bayesian decision model, which includes three stressors
present in the Gulf of Finland. The outcome of the inte-
grative model is a set of probability distributions for future
nutrient concentrations, herring stock biomass, and
achieving the water quality targets set by HELCOM Baltic
Sea Action Plan. These distributions can then be used to
derive the probability of reaching the management targets
for each alternative combination of management actions.

Keywords Baltic Sea � Bayesian networks �
Probabilistic model � Uncertainty �
Environmental management � Integrated risk analysis

INTRODUCTION

In 2007, the Helsinki Commission (HELCOM) launched
the Baltic Sea Action Plan (BSAP) which, by focusing on
eutrophication, hazardous substances, biodiversity, and
maritime activities, aims at restoring the good ecological
status of the Baltic marine environment by 2021. The aims
of the BSAP are supported by the EU Strategy for the
Baltic Sea region, which addresses the environmental
challenges of the sea through intensifying cooperation in
the region and implementing the Integrated Maritime
Policy in the Baltic (CEC 2009). The focus of the Inte-
grated Maritime Policy is in the coordination of interrelated
issues: for instance, the relationship between improvements

to the sea quality and increased employment in terms of
better marine business potential using the EU green growth
initiative as catalyst.

Achieving good environmental status calls for the incor-
poration of the latest scientific knowledge and innovative
management approaches into strategic policy implementation.
This requires an understanding on the components, dynamics,
and interactions of the complex ecosystem, and how it reacts to
anthropogenic pressures. In addition to understanding the past
and present state of the ecosystem, information is needed for
managing the future state of the system. In large scale envi-
ronmental problems, the management targets are typically set
for 10–20 years. Consequently, predictions are of paramount
importance, but they will be uncertain because of the sto-
chasticity of natural systems and limitation of the current
knowledge. As the Baltic Sea ecosystem is altered by several
stressors at the same time, integrated analyses are needed.

The cause–effect relationships between the anthropo-
genic stressors and harmful environmental effects should be
analyzed in a manner enabling decision makers to consider
the risk level of the decisions made. Technically risk is
defined as the product of a probability of something envi-
ronmentally harmful happening and the consequence of such
event. Thus, if the research community provides a single
estimate, decisions will essentially be based on overconfi-
dent information. For instance, the prediction may indicate
that given an action, policy target will not be met since the
predicted value is below the target value. In contrast, if
decision makers are provided results in the form of a prob-
ability distribution, they get more honest information
(Mäntyniemi et al. 2009). If a probability distribution is
provided instead of a single estimate, then this can, for
example, indicate 60 % chance for meeting the target.
Probabilities are highly useful when alternative actions are
ranked in a decision analytic framework.
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There are two approaches to produce statistical infer-
ence: the classical frequentist and the Bayesian. The key
difference between them in the context of environmental
problems is: (1) because the frequentist approach deals
only with the uncertainty about potentially observable data,
it does not allow assessing uncertainty about states of
nature, but (2) Bayesian approach explicitly includes
knowledge in the form of a probability statement about
states of nature. We advocate the Bayesian approach since
it enables the use of existing information that can be
updated with new information. Bayesian Belief Networks
(BBNs) also are flexible in combining different risk per-
spectives. The technical risk definition can be effortlessly
combined with the economic perspective of agents aiming
at utility maximization and/or sociocultural risk definition
according to which social groups assign meaning to an
environmental harm (Renn 2008).

Bayesian belief networks are graphic models that enable
linking several risk factors and their management options
in one model, and the examination of their impact on

variables of management interest (Jensen 2001). In studies
aiming at solving the Baltic Sea environmental problems,
BBNs have been applied to oil spill and other environ-
mental risk assessments (Kuikka et al. 1999; Helle et al.
2011; Lecklin et al. 2011), to fish stock assessments
(Mäntyniemi et al. 2013a), and for decision analyses (Varis
and Kuikka 1999; Levontin et al. 2011; Lehikoinen et al.
2013), also involving human perspectives (Haapasaari
et al. 2007; Haapasaari and Karjalainen 2010). The prob-
abilistic knowledge used in BBN models has been based on
the estimation of probabilities with various statistical
methods and expert knowledge (Uusitalo et al. 2005). Also,
participatory modeling has been facilitated by BBNs
(Haapasaari et al. 2012, 2013; Mäntyniemi et al. 2013b).

The IBAM project (Integrated Bayesian risk analysis of
ecosystem management in the Gulf of Finland) studied
several anthropogenic pressures that affect the ecosystem
of the Baltic Sea, using an integrative Bayesian decision
model. The project focused especially on the Gulf of Fin-
land. In this article, we describe two subcomponents of the

Fig. 1 The stylized structure of the Bayesian decision model for the GoF management advice. Rectangles and ellipses represent decision and
random variables, respectively. The green variables are inputs from other models to the population dynamic model for herring. The influence of
the actions depends on the environmental stochasticity, uncertainty in knowledge, and on the strength of the dependencies between actions and
response. The full submodel related to oil spills has 16 variables, and submodels related to eutrophication 3–9 variables, depending on the area of
interest in the GoF
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policy point of view should be a specific concern. Bayesian
inference describes uncertainty by probability distributions,
which we regard as intuitively understandable expression
of ambiguity. Thus, we strongly advocate using probabi-
listic approaches in risk assessment and management
modeling, albeit it may be more time-demanding than the
more traditional methods.

The model described in this article and other similar
kinds of BBNs can assist managers in taking management
decisions related to complex environmental problems. It
can also be used for prioritizing future research topics
through a value-of-information (VoI) analysis. This means
that the posterior distributions of the model built in the
IBAM project could be used to analyze whether efforts
should be directed to research focusing on eutrophication,
oil spills, or the fisheries management. Such a VoI analysis
shows where uncertainty can be reduced with least costs
(e.g., Mäntyniemi et al. 2009).

Although we find BBNs to be a flexible tool to integrate
different types of knowledge and submodels, there were
also some issues to be solved during the project. The major
challenges were related to developing the population
models, and to combine several modeling techniques
coherently, e.g., the use of deterministic modeling results
in a probabilistic context. Regarding the population mod-
els, a large number of prior probabilities needed to be
elicited from the literature and expert knowledge, and
several computational problems needed to be solved.

It is also important to notice that major uncertainties
exist not only within natural systems but also on the
human-side of the management, i.e., the behavior of people
and their commitment to management decisions is difficult
to predict (e.g., Nichols et al. 1995; Haapasaari et al. 2007;
Fulton et al. 2011; Levontin et al. 2011). The relevant
aspects in human behavior include stakeholder involve-
ment, their attitudes and values, communication of
knowledge and uncertainties, empowerment, and develop-
ment of trust and commitment. For improved management
evaluations, there is a need for models taking into account
a number of aspects in human behavior.
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