@ PLOS|ONE

Check for
updates

G OPEN ACCESS

Citation: Bicking S, Burkhard B, Kruse M, Miiller F
(2019) Bayesian Belief Network-based assessment
of nutrient regulating ecosystem services in
Northern Germany. PLoS ONE 14(4): e0216053.
https://doi.org/10.1371/journal.pone.0216053

Editor: Stoyan Nedkov, National Institute of
Geophysics, Geodesy and Geography, BULGARIA

Received: November 1,2018
Accepted: April 14,2019
Published: April 30, 2019

Copyright: © 2019 Bicking et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: The work of M.K. was financially
supported by the project SECOS (03F0666A),
funded by the German Federal Ministry for
Education and Research. The ESMERALDA project
has received funding from the European Union
Horizon 2020 research and innovation programme
under Grant Agreement No 642007. The funders
had no role in study design, data collection and

RESEARCH ARTICLE

Bayesian Belief Network-based assessment of
nutrient regulating ecosystem services in
Northern Germany

Sabine Bicking®'?*, Benjamin Burkhard?2, Marion Kruse', Felix Miiller'

1 Institute for Natural Resource Conservation, Department of Ecosystem Management, Kiel University, Kiel,
Germany, 2 Institute of Physical Geography and Landscape Ecology, Leibniz Universitat Hannover,
Hannover, Germany, 3 Leibniz Centre for Agricultural Landscape Research ZALF, Miincheberg, Germany

* sbicking @ ecology.uni-kiel.de

Abstract

This study aims to assess the potential supply of the ecosystem service (ES) nutrient regula-
tion on two spatial scales, the federal German state of Schleswig-Holstein (regional) and the
Bornhoved Lakes District (local), exemplarily for the nutrient nitrogen. The methodology
was developed using the ES matrix approach, which can be applied to evaluate and map
ES at different geospatial units such as land use/land cover classes. A Bayesian Belief Net-
work (BBN) was constructed in order to include additional spatial information on environ-
mental characteristics in the assessment. The integration of additional data, which
describes site-specific characteristics such as soil type and slope, resulted in shifted proba-
bility distributions for the nutrient regulation ES potential. The focal objective of the study
was of methodological nature: to test the application of a BBN as an integrative modelling
approach combining the information from the ES matrix with additional data sets. In the pro-
cess, both study areas were assessed with a regional differentiation with regard to the pre-
dominant landscape types. For both study areas, regional differences could be detected.
Furthermore, the results indicate a spatial mismatch between ES demand and supply of the
nutrient regulation potential. Land management and agricultural practices seem not to be in
harmony with the spatial patterns of the environmental characteristics in the study areas.
The assessment on the local scale, which comprised higher resolution input data, empha-
sized these circumstances even more clearly.

Introduction

Research on the interrelations between human activities and the environment is of key impor-
tance for our society. Increased understanding of the environment and of the effects of our
behaviour on the environment will support sustainable policy and decision making. In particu-
lar, decision making with regard to spatial planning, land and resources management and agri-
cultural practices has to be founded on precise information in order to support sustainable
land use. In this regard, the concept of ecosystem services (ES) is a valid assessment approach.
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The concept commonly differentiates between three ES categories: regulating, provisioning
and cultural ES, all of which contribute to human well-being (i.e. [1-6]) ES analyses can be
used to support spatial planning and attaining sustainable land management [7,8]. The rele-
vance of this approach is consolidated also in European policy. Through the Biodiversity Strat-
egy 2020, the European Union called upon its member states to map and assess the states of
their ecosystems and the services they provide (Target 2 Action 5 of the Biodiversity Strategy;
see [9]). This demand emphasizes the need for simple and applicable methods for ES assess-
ment and mapping. In several previous studies, the assessment and mapping of the ES supply
and demand has been based on the ES matrix approach by Burkhard et al. ([2,10] also in [11-
13]). The ES matrix has been used to distinguish, amongst others, ES supply for different land
cover types. CORINE land cover data [14] from the European Union has often been selected
as underlying data set [10,15].

When using land use land cover (LULC) data such as CORINE, the spatial ES modelling is
dependent on the prevailing land cover types, which usually are strongly related to vegetation
and land use patterns. Based on that, ES can be qualitatively mapped based on expert knowl-
edge and on the matrix values provided by Burkhard et al. [10] related to the CORINE land
cover classes. The previous ES assessment based upon the ES matrix approach by Burkhard
etal. [2,10,16] aimed to assess potential ES supply based on the CORINE land cover classes.
The land cover classes were used as proxies for ES potentials based on simple causal relation-
ships such as food supplied by agricultural land uses, timber by forests and freshwater by rivers
or lakes. Additionally, Burkhard et al. [2,10,16] included normalized quantitative as well as
qualitative data into the ES matrix in order to come up with a valuation of ES potentials for the
land cover classes on a relative scale from zero to five.

This so called ‘tier 1” ES mapping approach [17] has been proven to be efficient to raise
awareness and for gaining an overview of ES in study areas [2,15,18,19]. However, it is ques-
tionable whether ES allocation solely based on one spatially explicit data set (such as land
cover) is sufficient in order to represent local ecosystem conditions [10,15]. As most study
areas are not homogenous, but differ, e.g., in geomorphology, soil type and texture, it is rea-
sonable to suppose that ES supply differs spatially throughout the study area, for instance also
within one land use class [20].

This study therefore aims at assessing the influence of several site-specific characteristics
and properties on the potential supply of a selected ES. The research was executed for the ES
nutrient regulation, which is defined as the ability of an ecosystem to recycle nutrients [10].
We refer here to ES potential, which has been defined by Burkhard et al. [10] as the hypotheti-
cal maximum yield of selected ES. ES potential is different from ES flow, which describes ES
that are actually used in a specific area and time, driven by demand for ES [21].

The assessment was tested on two spatial scales: regional and local. The northern German
federal state of Schleswig-Holstein (regional scale) and the Bornhéved Lakes District (local
scale) were selected as study areas. A Bayesian Belief Network (BBN) was developed for the
analysis. BBNs are multivariate statistical models which feature a probabilistic modelling
approach [22,23]. Casually speaking, BBNs represent causal graphs, including arcs connecting
variables. The arcs depict the direct causal influences of the variables they connect [23]. The
conclusions one can draw from a BBN are probabilistic [24]. BBNs have only recently been
introduced into ecological modelling [25]. A few studies have applied BBNs in the context of
ES assessments (e.g. [5,24,25]), mainly using landscape structures to predict the probability of
ES supply [22,26-28]. Thereby one focal advantage arises from the possibility to integrate data
and knowledge from different fields and origins and to link quantitative and qualitative infor-
mation. These applications seemed promising and roused our interest to apply the approach
in ES research and in our study.
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The BBN was constructed based on the ES matrix approach by Burkhard et al. [10]. The
goal of the research was to come up with a more differentiated ES classification for the nutrient
regulation ES potential. The approach integrated additional data on site-specific social-eco-
logical system properties with the original nutrient regulation ES potential based upon the
matrix approach which uses CORINE LULC as proxy for the ES potential. Thus, the BBN has
been set up to combine further relevant environmental data sets, which describe the spatial dis-
tribution of significant site-specific characteristics, such as soil texture and slope and the
results of the ES matrix approach by Burkhard et al. [10] into one assessment. By using BBN
approach, it is possible to incorporate regional spatial differentiations within the study areas
into the ES assessment and increase the study’s comprehensiveness.

The study can be understood as an attempt to test the convenience of integrating various
data sets and information by means of a BBN in the two study areas. The aim was not to com-
pile a model that describes reality in a complete and all-embracing manner. Instead we wanted
to test the influence of integrating additional data in the evaluation of the nutrient regulation
ES potential. Special attention was paid to the assessment of regional differences within the
two study areas which were examined based on the prevailing landscape types. The BBN was
used in both study areas to examine the assumption that the site-specific characteristics of the
prevailing landscape types strongly influence the nutrient regulation ES potential. Besides, the
issue of spatial scale was explored with regard to data mining, implementation and running of
the BBN and interpretation of the results.

Resulting from the issues described above, the following hypotheses were tested in this
study:

1. The inclusion of data on site-specific properties for the assessment of the nutrient regula-
tion ES potential results in a more scattered distribution of the ES potentials compared to
the ES matrix values provided by Burkhard et al. [10].

2. The assessment of the nutrient regulation ES potential results in a regional differentiation
in Schleswig-Holstein.

3. The probability distribution of the nutrient regulation ES potential in the Bornhéved Lakes
District resembles the distribution for Schleswig-Holstein.

2 Background information

This section comprises information on the study areas followed by some general knowledge
about nutrients focusing on nitrogen and the ES nutrient regulation.

2.1 Physical features of the study areas

In the following two paragraphs, the two study areas are described and their characteristics are
depicted.

2.1.1 Schleswig-Holstein. The federal state of Schleswig-Holstein is located in Northern
Germany and has a spatial extent of 15’802 km?* [29]. The adjacency of the North Sea to the
West and the Baltic Sea to the East of the study area (Fig 1) leads to maritime and humid cli-
matic conditions, with an annual mean temperature of around 8°C and a precipitation average
of approximately 840 mm [30]. The Pleistocene, the last glacial period, played an important
role in the creation and formation of today’s landscapes. Especially the last two glaciations of
the Pleistocene, the Saalian and the Weichselian glaciation, highly influenced the geological
and geomorphological conditions of Schleswig-Holstein [31]. Particularly, the varying
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Fig 1. Schleswig-Holstein study area, showing the differentiation between main landscape types and the location of the local case study Bornhéved Lakes
District (based on data from Landesamt fiir Landwirtschaft, Umwelt und lindliche Riume and Natural Earth).

https://doi.org/10.1371/journal.pone.0216053.9001

expansions of the glaciers during the Saalian and the Weichselian glaciation led to the regional
natural conditions within the study area [31,32]. As a consequence, the landscapes of Schles-
wig-Holstein reveal three main landscape types [32,33]: Hiigelland, Geest and Marsch (Fig 1).

Contrary to the Saalian glacier, the Weichselian glacier only covered the Eastern part of
Schleswig-Holstein. During that time, the area of the Geest embodied the outwash plains of
the glacier [31,33]. Therefore, the area of the Geest is characterized by poorer, sandy soils
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[31,33]. Due to erosion, the landscape of the Geest features only little relief. The landscape of
the Hiigelland demonstrates the impact of the Weichselian glaciation on the area, as rolling
hills formed by the moraines and small lakes as well as deep embayments prevail [31-33].
Resulting from the geological history, the soils of the Hiigelland are rather fertile. The area of
the Marsch, in the Western part of Schleswig-Holstein, is also characterized by fertile soils.
Unlike the Geest and Hiigelland, the Marsch originates from Holocene marine sediments and
is thus the youngest of the three landscape types [32,34].

The diversity of the varying landscape types within the study area is of great relevance for
this research, because the influence of site-specific properties, originating from these differ-
ences, on the nutrient regulation ES potential was assessed. The distribution of several site-spe-
cific characteristics, e.g. soil types, correlates with these main landscape types [35].

2.1.2 Bornhdved Lakes District. The study area representing the local scale is called
Bornhoved Lakes District. It is located within the federal state of Schleswig-Holstein, more
precisely around 30 kilometres south of the state capital city Kiel. The area has been selected as
case study area for several previous research and monitoring projects [4,36,37]. The case study
area that was selected for ES research has an extent of 60 km? [4,38]. The Northern and the
central parts of the study area belong to the Hiigelland, the Southern part to the Geest (Fig 1).
Thus, great influences of the Weichselian glaciation can be seen in the landscape [37]. There
are six glacially-formed lakes surrounded by forests and agricultural areas in the Bornhéved
Lakes District, which has been characterized by Franzle et al. [37] and Fohrer and Schmalz
[39] as a representative landscape for Northern Germany.

2.2 Ecochemical features of the investigated nutrients

Nutrients are chemical elements that plants and animals require for growth, reproduction and
survival [40,41]. On Earth, there are constant and natural cycles of nutrients [42,43]. The cycles
depicts how nutrients enter the ecosystem, how they are transferred within the ecosystem and
how they eventually leave the ecosystem. Nutrients can be divided into two categories: mineral
and non-mineral elements [44]. Non-mineral elements, which are used in large quantities by
all organisms, are carbon, hydrogen and oxygen. However, also mineral elements are indis-
pensable for life to exist. For agroecosystems and plant growth in general, the following nutri-
ents are of great relevance: nitrogen, phosphorus, potassium, calcium, magnesium and sulphur
[45]. Nutrients move within an ecosystem through the biosphere, hydrosphere, lithosphere
and atmosphere [46]. Plants take up nutrients from the soil. Subsequently, the plants are con-
sumed by animals or human beings. After physical ingestion processes, the nutrients are
excreted. Otherwise they return to the environment as soon as the organism dies. The organic
matter is broken down in the soil by microorganisms which transform the nutrients back to
their original mineral form [46]. However, this cycle varies for the different nutrients because
of their biogeochemical properties.

2.2.1 Nutrient regulation. Nutrient regulation has been defined by Burkhard et al. [10] as
the ability of an ecosystem to recycle nutrients. Other studies, which focused on the ES pro-
vided by soils, referred to filtering, absorption and retention of nutrients in this context [47-
49]. The ES nutrient regulation is highly relevant for agricultural practices and land manage-
ment. Under natural conditions, a steady-state is reached with regard to the nutrient pool [43].
This means, that in- and outputs are in balance [43,50,51] and the cycle is almost closed [44].

Agricultural practices generate vast changes in the natural nutrient cycles [52,53]. The
usage of fertilizers and the demand for high yields result in an artificial opening of the nutrient
cycle [43,44]. As a consequence of the opened nutrient cycle, affected areas may suffer from
nutrient deficiency or nutrient oversupply. Both of these circumstances degrade the
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environment and jeopardize biodiversity and human health. The nutrient regulation ES com-
bats both of these issues, ensuring a functioning and sustainable nutrient cycle [43]. Nutrient
regulation varies for different ecosystems. Especially natural ecosystems such as forests and
grasslands have a high potential for nutrient regulation [10,20]. Besides LULC, other factors
are of relevance for determining the nutrient regulation ES potential, such as slope [20], soil
conditions and climatic conditions. As summarized by Bicking et al. [15], the beneficiaries of
the ES nutrient regulation are diverse. On the one hand, the society as such strives for a clean
environment [48,54]. In consideration of the quantity of the associated directives and regula-
tions arising from national as well as European legislation, also politics as such can be defined
as a beneficiary. On the other hand, according to Power [55], agriculture provides and con-
sumes ES at the same time. Amongst others, agriculture provides crops for fodder and food
production. In order to ensure this provision of ES, the agricultural system is dependent on
other ES, such as nutrient regulation [2,55].

The biogeochemical properties of different nutrients vary and thus associated processes in
the environment differ. For reasons of simplification, we analysed the nutrient regulation ES
potential exemplarily for the element nitrogen alone.

2.2.2 Nitrogen. Nitrogen occurs naturally in inert as well as in reactive forms on our
planet [56]. The elementary nitrogen which makes up approximately 78% of our atmosphere
is the inert nitrogen gas (dinitrogen, N,) [44,57]. Due to natural processes as well as anthropo-
genic activities, reactive forms of nitrogen are created from the inert nitrogen gas [44,58]. The
natural processes are biological nitrogen fixation and lightning [44]. The anthropogenic activi-
ties which create reactive nitrogen comprise fossil fuel combustion and the creation of syn-
thetic fertilizer through the Haber-Bosch process [44,57]. Reactive forms of nitrogen are [59]:
nitrate (NO3"), ammonia (NH;), ammonium (NH,"), nitric oxide (NO), nitrous oxide (N,O)
and organic bound nitrogen (N,,). All organisms are dependent on reactive nitrogen as a
building component for proteins and their hereditary materials [58]. Plants are dependent on
that essential nutrient for growth, reproduction and survival. The nitrogen cycle is influenced
by biological processes and varies according to climatic conditions and depends on soil prop-
erties (both physical and chemical) [46,53]. There are several sources for nitrogen inputs into
an ecosystem, including biological fixation, atmospheric fixation (lightning) and nitrogen
deposition, industrial fixation (mineral fertilizer), from soil organic matter, crop residues and
animal manures [60,61]. Generally speaking, nitrogen is available to plants as ammonium or
nitrate [53,60,62]. Other nitrogen sources must be converted before being taken up by plants.
Nitrogen in soils undergoes several transformations [53,60,63,64] (Fig 2):

1. Nitrogen fixation: The conversion of atmospheric nitrogen to a plant available form.

2. Mineralization: Organic nitrogen in the soil is converted into inorganic nitrogen (ammo-
nium) by microbial activity.

3. Nitrification: The biological transformation from ammonium to nitrate.

4. Denitrification: Bacterial transformation from nitrate to gaseous nitrogen which is trans-
ferred to the atmosphere.

5. Immobilization: The conversion of inorganic nitrogen to organic nitrogen by i.e. micro-
organisms.

Alongside biological transformations, physical processes, such as leaching, are also relevant
for the nitrogen cycle. Leaching describes the downward movement of soluble nitrate in the
soil with soil water as transport medium [47,60]. Leached nitrate enters either the ground or
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Fig 2. Simplified nitrogen cycle (after [64]).
https://doi.org/10.1371/journal.pone.0216053.9002

surface water and degrades the quality of water bodies through eutrophication [20,47-49,65].
Thus, eutrophication results from the excess input of nitrate or other nutrients into a water
body [66]. All in all, leaching, denitrification, volatilization, crop removal and soil erosion and
runoff can possibly lead to nitrogen losses in a soil system. Sustainable management of nitro-
gen is of great importance, as insufficient nitrogen availability in our soils decrease crop pro-
duction and excess quantities pollute our environment. When excess nutrients are introduced
to the ground or surface water, eutrophication processes occur and endanger the ecological
status of our water bodies.

3 Materials and methods
3.1 Bayesian Belief Networks

Bayesian Belief Networks (BBNs) are multivariate statistical models. They feature a probabilis-
tic modelling approach [22-24] and are characterized by a high model transparency [22]. The
model as such consists of two parts: a direct acyclic graph (DAG) and conditional probability
tables (CPTs) [22,23,67,68]. The DAG depicts the dependencies between the different variables
which are included in the BBN. The DAG illustrates the structure of the probabilistic domain
[23]. The CPTs on the other side store the strength of the links in the graph [69]. Within the
DAG, dependencies are depicted as arrows representing cause-effect relations between the var-
iables or more precisely so-called nodes [22,23]. Within the acyclic graph, arrows lead from
parent nodes to child nodes [22,67,70,71]. The development of the DAG can be based on dif-
ferent techniques, e.g. system understanding by experts or learning from empirical observa-
tions [22,71]. All variables which are included in the BBN contain a limited number of states.
Their realized value must belong to one of these states [22]. The BBN features the ability to
consider uncertainties as the realized value of a particular variable can be allocated to multiple
states using probabilistic methods. The CPTs store the conditional probabilities indicating the
strengths of the causal relations between the different nodes [22]. The BBN can be used as an
integrated modelling framework bridging the gap between quantitative and qualitative data
[22,68,70,72]. To obtain quantitative model outputs, Bayesian inference is used to propagate
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these probabilities through the network [69,71]. Bayesian inference is based upon the Bayesian
theorem [73,74]:

Pr (A|B) — Pr (B|A)Pr (A)
Pr (B)

The formula indicates that the conditional probability, or posterior probability, of an event
A after event B (Pr(A|B)) is observed in terms of the prior probability of A (Pr(A)), the condi-
tional probability of B given A (Pr(B|A)) and the prior or marginal probability of B (Pr(B)),
which acts as a normalizing constant. In other words, the BBN is composed of a set of inter-
connected nodes. Each node represents one variable within the model. For each variable/node,
there are different possible states. The causal relationship between the variables is depicted in
the form of arcs. The probability of the individual states of the nodes is determined from the
probability of each possible state of all connected nodes and their causal relationship.

In summary, BBNs represent causal graphs and each arc within the graphs represents a
direct causal influence between the nodes that it connects [23]. The structure and the numeri-
cal probabilities can be derived from diverse sources, among which measurements, objective
frequency data, expert evaluation or a mixture of these sources [23] can play an important
role.

Landuyt et al. [5] applied the BBN approach in 2012 in order to predict multiple ESs deliv-
ered by a catchment area. They included different scenarios in order to evaluate alternative
ecosystem management practices. Information from existing models, literature and expert
evaluation was used to set up the BBN. In 2014, Landuyt et al. [27] developed a BBN to assess
the soil organic carbon (SOC) storage as an indicator for the ES global climate regulation. The
BBN was based upon data from an empirical study on SOC storage. The DAG was structured,
and the CPTs filled according to the results of the empirical study. Additional information was
derived by Landuyt et al. [27] from further literature studies. Barton et al. [26] used a BBN to
assess preferred combinations of trees in live fences and on pastures in silvopastoral systems
and the corresponding provision of ESs. They developed the BBN based upon local farmer
knowledge, the farmers’ expressed needs and aspirations, and scientific knowledge from litera-
ture analysis and fieldworks.

For this study, we used the Software GeNIe Modeler developed by BayesFusion LLC.
GeNle is a graphical user interface to SMILE (Structural Modeling, Inference, and Learning
Engine). The software allows for interactive model building and learning [23].

3.1.1 Structuring the BBN and finding cause-effect relations. We built the DAG by
aligning our knowledge of the analysed social-ecological system to the data available for this
research. The model development was based on the protocol by Cain [75]. In the first step, we
developed a general network structure including three nodes:

1. the predominant landscape types,
2. the preliminary nutrient regulation ES potential (based upon the ES matrix approach), and
3. the new nutrient regulation ES potential.

In general, the DAG of the BBN was developed based upon system understanding by an
interdisciplinary group of experts. The group of experts consisted out of ten experts from dif-
ferent research domains, e.g. agricultural sciences, forestry, soil sciences, (physical) geography
and biology. Further variables (nodes), representing environmental characteristics, and con-
nections were added to the network which seemed relevant according to various literature
sources and our general system understanding. The preliminary DAG was evaluated by the
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group of experts in a roundtable discussion where several nodes and dependencies have been
adjusted according to the general census. Thus, the DAG was constructed based on literature
knowledge, regional information and on the experts’ understanding of the causal relations
between the relevant variables in the model.

In addition to the nodes aiming to describe the nutrient regulation ES potential, further
nodes/variables were added, as another aim of this study was to assess ES budgets based on ES
supply and demand balances. Therefore the following variables were added to the network:
nutrient regulation ES demand, reclassified nutrient regulation ES potential and nutrient regu-
lation ES budget. The ES demand has been defined by Jones et al. [76] as the quantity of benefi-
ciaries and their ES needs. As described in Chapter 2.2.1, the beneficiaries of the nutrient
regulation ES are diverse. For this modelling exercise, the nutrient surplus (exemplarily for
nitrogen) which has been calculated as indicator for the nutrient regulation ES demand by
Bicking et al. [15], was added to the BBN.

Bicking et al. [15] investigated the nutrient regulation ES demand in Schleswig-Holstein.
They defined the nutrient regulation ES demand as the nutrient surplus and performed the ES
assessment for the nutrient nitrogen. In order to obtain data on the nutrient surplus, they cal-
culated nutrient budgets, subtracting nutrient outputs from nutrient inputs. The following
parameters were included in the calculation [15]: organic fertiliser (from livestock) and min-
eral fertiliser with corresponding losses, compost, biological fixation, atmospheric nitrogen
deposition, yield, digestate from biogas plants and sewage sludge. Bicking et al. [15] performed
the calculation on two different spatial scales. For the whole area of Schleswig-Holstein
(regional scale), the ES demand was calculated on the level of municipalities and in the area of
the Bornhoved Lakes District (local scale), the ES demand was calculated for the correspond-
ing CORINE LULC polygons.

The ES budget assessment, aiming to provide information on sustainable or unsustainable
conditions, was included as a very rough estimation in order to give an idea of areas of nutrient
regulation ES over, respective undersupply. In the next step, we incorporated the available data
sets (see Chapter 3.2 below) and assessed the correlation directions (positive or negative) and
degrees (strengths) where possible in order to derive the CPTs. In these cases, the numerical
probabilities were completely derived from the input data sets using the automatic learning
function of the BBN software (learn parameters of an existing network). However, several
cause-effect relations of our BBN (CPTs) remained open and could not be determined statisti-
cally based on the input data sets. In that case, literature evaluation in combination with expert
knowledge was harnessed. The above-mentioned group of experts was consulted. The expert
evaluation was executed in several rounds of valuation and all results were reviewed repeatedly.
The format of the expert evaluation rounds were roundtable discussions and the debates were
conducted openly in several rounds until a general approval was obtained concerning the
degree of correlation (0-1) between the corresponding nodes. The results were filled into the
respective CPTs.

Fig 3 indicates which nodes, more precisely the CPTs of the nodes, are based on quantita-
tive and qualitative approaches.

The model consists in total of 14 nodes (Fig 3). The variables can fall into different states for
each node. Table 1 gives an overview on the possible states for each of the nodes. The number
of states for each node is dependent on the available data and the general assertion of the
respective node. If possible and reasonable, we tried to define three states for each node. Fur-
thermore, we tried to conform to classifications and evaluations of the original input data sets
(see Chapter 3.2). An exception is the definition of the states of the node slope, where we used
a quantile classification.
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Fig 3. Structure of the BBN. Colours are indicating quantitative (red) /qualitative approach (green).
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3.1.2 Validation of the BBN. For model validation, we chose different types of validation
processes: expert-based, sensitivity analysis and k-fold cross validation. In a first step, in order
to validate the structure and validity of the model, experts were consulted. Concerns were
related to oversimplification of the model structure and subjectivity which comes along with
the generation of the CPT table. In a next step, a sensitivity analysis was executed for the target
variable nutrient regulation ES potential (Fig 4). Such a sensitivity analysis determines the
influence of the other variables on the target variable [23,71], indicating the effect of minor
changes on the probability of a state on the probability distribution of the target variable [69].
Thus, these variables affect the results more significantly. Within the BBN software GeNle, an
algorithm by Kjaerulff and van der Gaag [77] is implemented which performs the sensitivity
analysis. The algorithm calculates for one or more target nodes, derivatives of the posterior
probability distributions over the target nodes over each of the numerical parameters. The
higher the derivative for a variable, the larger is the influence on the respective posteriors [23].
The sensitivity analysis (Fig 4) reveals that the target variable, which is the nutrient regulation
ES potential, is most sensitive to the variables landscape type, soil texture, field capacity, nitrate
leaching potential and preliminary nutrient regulation ES potential.

When learning and evaluating a model with the same data set, cross-validation is an appro-
priate evaluation method [23]. Cross-validation divides the data set into subsets for training
and testing. The k-fold cross-validation, which is included in GeNle, divides the data set into
k-parts. Each data set is of equal size. K — 1 subsets are used for training and last kth subset is
used for testing. This procedure is repeated k times [23]. The performance measure of the
model is the average of all individual performances [69]. Thus, the whole data set can and has
been used for training and testing [69].

3.2 Input data for the BBN

The quality of the input data is key for the applicability of BBN-based assessments. Data sets
for the two study areas were collected in the form of digital maps (ArcGIS shape files). The
data were extracted from the shape files using a pre-defined grid in the ArcMap 10.3 GIS soft-
ware. The grid size was approximately 200 m, resulting in more than 300’000 data points for
the study area of Schleswig-Holstein and around 1’500 data points for the Bornhéved Lakes
District area. Table 2 gives an overview of the data sets which were used for this research in
both study areas. The data sets have been cleaned, processed and discretized in order to fulfil
the input requirements of the BBN. All relevant information has been combined in one data
set for each of the two BBNs—for Schleswig-Holstein and for the Bornhoved Lakes District.
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Table 1. Nodes and corresponding states.

Node States Description
Landscape type Hiigelland Landscape region: Hiigelland
Geest Landscape region: Geest
Marsch Landscape region: Marsch
Soil texture sand Predominant soil texture: sand
peat Predominant soil texture: peat
silt_clay Predominant soil texture: silt/clay
other Predominant soil texture: other
Slope low Slope: 0-0.2039°
medium Slope: 0.2039-0.6581°
high Slope: 0.6581-13.4431°
Field capacity low Field capacity: < 200 mm
medium Field capacity: 200-300 mm
high Field capacity: > 300 mm
Wind erosion no No wind erosion
low Low wind erosion
medium Medium wind erosion
high High wind erosion
Water erosion no No water erosion
low Low water erosion
medium Medium water erosion
high High water erosion
Natural nutrient availability low < 300 kmol./ha
medium 300-600 kmol./ha
high > 600 kmol./ha
Nitrate leaching potential low Low nitrate leaching potential
medium Medium nitrate leaching potential
high High nitrate leaching potential
Erosion low Low erosion potential
medium Medium erosion potential
high High erosion potential
Preliminary nutrient regulation ES P_no No relevant potential
potential P 1 Low relevant potential
P2 Relevant potential
P 3 Medium relevant potential
P_4 High relevant potential
P_5 Very high relevant potential
Nutrient regulation ES potential P_no No relevant potential
P 1 Low relevant potential
P2 Relevant potential
P_3 Medium relevant potential
P 4 High relevant potential
P_5 Very high relevant potential
Reclassified nutrient regulation ES low Low potential supply of nutrient regulation
potential medium Medium potential supply of nutrient regulation
high High potential supply of nutrient regulation
(Continued)
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Table 1. (Continued)

Node States Description
Nutrient regulation ES demand low Nitrogen surplus: < = 40 kg N/ha
medium Nitrogen surplus: 41-60 kg N/ha
high Nitrogen surplus: > 60 kg N/ha
Nutrient regulation ES budget sustainable | Potential higher than demand for nutrient regulation
ES
unsustainable | Potential lower than demand for nutrient regulation
ES

https://doi.org/10.1371/journal.pone.0216053.t001

In addition to these data sets, the values for the nutrient regulation ES potential published
in the ES matrix by Burkhard et al. [10] were adopted.

The ES matrix approach has been developed based upon the assumption that ES are spa-
tially and temporally explicit and therefore can be linked to units in space and time [78]. As
stated in the introduction, the ES matrix links individual ES to appropriate geo-biophysical
spatial units. The approach allows to asses ES potential, flow and/or demand on a relative
scale. Commonly, a relative scale ranging from zero to five is used, representing no relevant ES
and very high ES, respectively [2,10,12,13,16,78]. The normalized scale supports the compara-
bility of different services and assessments. In general, the approach allows for the incorpo-
ration of different input data. This fact makes the approach convenient for the application in
both data-rich and data-scarce study areas. Burkhard et al. [10] applied the ES matrix and
assessed several ES potentials and demands based upon qualitative and quantitative data.
Some ES potentials were valued basing upon a detailed analysis of the Leipzig-Halle research
area of Kroll et al. [79], using regional statistics, thematic maps, regional information and
empirical data on flows and demands of the ES [80].

Burkhard et al. [10] selected the CORINE LULC data as the underlying spatial reference
data set. The different land cover classes of the data set served as geo-biophysical spatial units.
Thus, using different quantification methods and qualitative expert evaluation, which has been
based upon experiences from case study ES assessments [79,80], they linked individual ES
potential and demand values to each land cover class.

The values range from 0 (no relevant ES potential) to 5 (highest ES potential) and were
joined to the CORINE LULC data set using ArcMap 10.3 in order to come up with the corre-
sponding distribution of the nutrient regulation ES potential within the study areas.

The colours of the nodes within the BBN were selected in order to support the understand-
ing of the BBN structure. The nodes of all data sets which were used to predict the nutrient reg-
ulation ES potential are blue, with the exception of the grey-coloured node landscape types.
The predicted node nutrient regulation ES potential as well as the reclassified nutrient regula-
tion ES potential are greenish in order to visually represent the supply side of the ES, whereas
the nutrient regulation ES demand is red in order to represent the opposite. The nutrient regu-
lation ES budget is orange.

4 Results
4.1 Nutrient regulating ecosystem services in Schleswig-Holstein

From the BBN assessment, the following structure and corresponding probability distributions
resulted for Schleswig-Holstein (Fig 5): The states no relevant, low relevant and relevant of the
variable nutrient regulation ES potential share a probability of more than 80%, whereby no rel-
evant and low relevant make a contribution of 32% and 35%, respectively. The figure also
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depicts the overall probability distributions of the nodes depicting further environmental char-
acteristics of the study area as well as the nutrient regulation ES demand and budget nodes.
With regard to the nutrient regulation ES budget, the state sustainable is most probable (more
than 50%). The width of the arcs distinguishes the influence of the parent node on the corre-
sponding child node. The influence between the landscape types on the preliminary nutrient
regulation ES potential node is notably weak. Contrary to that, strong influences can be
detected between landscape types and natural circumstances such as soil texture and slope.

4.1.2 Altered distribution. Through the integration of additional data into the assessment
of the nutrient regulation ES potentials, the probability distribution became diffused. Fig 6
presents this alteration for the former low relevant (left) and high relevant (right) nutrient reg-
ulation ES potentials. The shifted probability distributions still peaked at the corresponding
former state, but only with around 40 percent. The probability was scattered among neigh-
bouring states.

Table 2. Input data.

Data set Description | Resolution/ Scale Source

CORINE LULC Vector 10 ha Bundesamt fiir Kartographie und Geodisie (BKG, eng.: Federal Agency for Cartography and
Geodesy) (http://www.geodatenzentrum.de/); European Environment Agency/ Copernicus
(https://land.copernicus.eu/pan-european/corine-land-cover/clc-2012/)

Nitrate leaching potential Vector 1:250 000 Landesamt fiir Landwirtschaft, Umwelt und lindliche Raume (LLUR, eng.: State Agency for
Agriculture, the Environment and Rural Areas) (http://www.umweltdaten.landsh.de)

Nutrient availability in the Vector 1:250 000 LLUR (http://www.umweltdaten.landsh.de)

effective root zone

Field capacity in the effective Vector 1:250 000 LLUR (http://www.umweltdaten.landsh.de)

root zone

DEM Raster 200 m BKG (http://www.geodatenzentrum.de/)

Soil texture Vector 1:250 000 LLUR

Landscape types Vector - LLUR (http://www.umweltdaten.landsh.de)

Water erosion Vector 1:250 000 LLUR (http://www.umweltdaten.landsh.de)

Wind erosion Vector 1:250 000 LLUR (http://www.umweltdaten.landsh.de)

Nutrient regulation ES demand | Vector Municipalities [15]

—Schleswig-Holstein

Nutrient regulation ES demand | Vector See CORINE LULC | [15]

—Schleswig-Holstein data set

https://doi.org/10.1371/journal.pone.0216053.t002
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Fig 5. BBN for Schleswig-Holstein. The width of the arcs indicates strength of influence.
https://doi.org/10.1371/journal.pone.0216053.9005

4.1.3 Regional differentiation. Both, the Hiigelland and the Marsch (Figs 7 and 8), were
featured with highest probabilities for silty/clayey soils. This distribution was also reflected in
the probability distributions of the other site-specific characteristics, in particular natural
nutrient availability, field capacity and nitrate leaching potential. As a result, the probability
distribution of the nutrient regulation ES potential is highest for low relevant nutrient regula-
tion ES potential. Also the class relevant nutrient regulation ES potential scores a relatively
high probability. The probability distribution of the node slope differs most between the
Hiigelland and the Marsch (Figs 7 and 8). While the Marsch was characterized with lower than
average slopes, the opposite was true for the Hiigelland. This difference was also reflected in
the probability distributions of the child node water erosion.

Preliminary nutrient
regulation ES potential

Fig 6. Excerpt of the BBN for Schleswig-Holstein focusing on changing nutrient regulation ES potential level, exemplarily for original low potential (1, left) and

high potential (4, right).

https://doi.org/10.1371/journal.pone.0216053.9006
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Fig 7. BBN for Schleswig-Holstein, landscape type Hiigelland set as evidence.
https://doi.org/10.1371/journal.pone.0216053.9007

For the Geest, the BBN indicated highest probabilities for sandy soils which was in turn also
reflected in the probability distributions of the other site-specific characteristics (Fig 9). The
probability distributions of the nodes slope and water erosion roughly resembled the average
distributions for Schleswig-Holstein. In contrast to that, the probability distribution of the
node wind erosion indicated higher wind erosion risks in the Geest than in the rest of the
study area. Altogether, the probability distribution of the node (overall) erosion indicated
highest risks for erosion in the Geest. Furthermore, the probability distributions indicated gen-
erally lower natural nutrient availability and higher nitrate leaching potentials in the Geest
compared to the other landscape types. Altogether, this resulted in a probability distribution
for the node nutrient regulation ES potential which indicates a lower than average potential
nutrient regulation in the Geest area. In addition, the nutrient regulation ES demand in the
area was higher than average. With regard to the nutrient regulation ES budget, unsustainabil-
ity was more probable in the Geest than for the other two landscape types.

4.2 Nutrient regulation in the Bornhoved Lakes District

The results from the assessment of the Bornhéved Lakes District scale resemble the outcomes
on the scale of the federal state. As described in section 2.1.2, the Bornhéved Lakes District is
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Fig 8. BBN for Schleswig-Holstein, landscape type Marsch set as evidence.
https://doi.org/10.1371/journal.pone.0216053.g008
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Fig 9. BBN for Schleswig-Holstein, landscape type Geest set as evidence.
https://doi.org/10.1371/journal.pone.0216053.9009

located at the border of the two landscape types Hiigelland and Geest. The Marsch area is not
part of the Bornhéved Lakes District which can be recognized in the probability distribution of
the corresponding states of the variable landscape types.

In the Bornhoved Lakes District, the probability distribution for the variable slope differed
from the distribution for Schleswig-Holstein (Fig 10). Higher probabilities could be found for
the states medium and high. The probability distribution of the nutrient regulation ES demand
differed most from the distribution for Schleswig-Holstein. The highest probability was attrib-
uted to the state medium instead of low. As consequence, the probability distribution of the
nutrient regulation ES budget shifted somewhat resulting in a share of 51% for the state unsus-
tainability (Fig 10).

When differentiating between the landscape types Geest and Hiigelland within the Born-
hoved Lakes District, differences were found with regard to the demand as well as the supply
side of the nutrient regulation ES (Figs 11 and 12). Selecting Geest as evidence, the states
medium and high both featured probabilities of 37%. In combination with a somewhat lower
nutrient regulation ES potential, the state unsustainable of the variable nutrient regulation ES
budget reached 70%. The shift on the supply side resulted from many marginal differences in
the probability distributions of the environmental conditions, notably soil texture and depen-
dent child variables.
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Fig 10. BBN for Bornhéved Lakes District. The width of the arcs indicates strength of influence.
https://doi.org/10.1371/journal.pone.0216053.g010
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Fig 11. BBN for Bornhoved Lakes District, landscape type Hiigelland set as evidence.
https://doi.org/10.1371/journal.pone.0216053.9011

5 Discussion
5.1 Findings

According to the outcomes of the BBN, around one third of Schleswig-Holstein had no rele-
vant nutrient regulation ES potential. More than 50% of the area was characterised by (low)
relevant ES potentials. The remaining portion was distributed between medium, high and very
high relevant ES potentials. Comparing these values with the original distribution of nutrient
regulation ES potential based on the matrix values provided in the ES matrix by Burkhard
etal. [10], a broader distribution could be identified (Fig 13). The original distribution peaked
more extremely at low relevant ES potentials (with more than 70%). This alteration was also
demonstrated for the distribution of low and high relevant nutrient regulation ES potentials
separately (Fig 6).

The study revealed a regional differentiation of nutrient regulation ES potentials in Schles-
wig-Holstein. While the areas of the Hiigelland and Marsch obtained higher probabilities for
higher ES potentials compared to the whole federal state, the results for the Geest turned out to
be considerably lower. The incorporation of the data on site-specific properties was reflected
in the outcomes. Regional differences with regard to the probability distributions of the envi-
ronmental conditions such as slope and soil texture corresponded to the background
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Fig 12. BBN for Bornhdved Lakes District, landscape type Geest set as evidence.
https://doi.org/10.1371/journal.pone.0216053.g012
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information of the study areas. For instance, the area of the Geest was characterized by poor,
sandy soils (see study area for more information) which are susceptible to wind erosion and
nitrate leaching. These soils have relatively low field capacities and natural nutrient availability
rates. These circumstances led to the obtained outcomes.

Considering the nutrient regulation ES budget, the results highlighted this regional issue.
The Geest obtained high probabilities for an unsustainable nutrient regulation ES budget, as
the area is featured by a low potential ES supply and a relatively high ES demand. The Hiigel-
land obtained highest probabilities for a balanced ES budget as the area is featured by an aver-
age potential supply and a relatively low nutrient regulation ES demand.

Setting up the BBN for both study areas, the following conclusions can be made with regard
to the issue of spatial scales: The time used for setting up the BBN for the study areas did not
depend on the size of the study area. While training the BBN nodes, the elapsed time differed
for the two different data sets in relation to the amount of data points. This difference can,
however, be summed up to minutes only. In our case, different resolution input data had the
greatest chance to provoke differences related to the issue of scale. This was the case in our
BBN for the node nutrient regulation ES demand. The underlying data sets, which were
adopted from Bicking et al. [15], differ in resolution. For Schleswig-Holstein, the demand was
specified on the level of municipalities. The data set for the Bornhéved Lakes District was spa-
tially more explicit, based on the polygons of the CORINE LULC shape file. As result, the
probability distribution of the variable nutrient regulation ES budget differed considerably
from the results on the Schleswig-Holstein scale. This alteration became even more distinct
when the BBN for the Bornhoved Lakes District was assessed for the different landscape types.
These findings indicate that the analysis on a larger scale and with a lower resolution underes-
timated the issue.

5.2 Strengths vs. limitations and uncertainties

Within this research, we combined quantitative data sets with information from expert evalua-
tion in order to include as much valuable information as possible into the BBN. Based upon
our and the experts’ system understanding, we aligned the DAG of the BBN. Thus, the
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structure of the BBN is solely elicited from experts. However, only four out of the fourteen
nodes (the CPTs) have been filled in manually based on expert knowledge. For the remaining
ten nodes, the BBN was trained by input data from other sources. Thus, more than 70% of
the nodes in the BBN were based upon spatial data sets. However, the target node (nutrient
regulation ES potential) can be found under the four nodes with expert-based constructed
CPTs. Expert evaluation generally comes along with a range of uncertainties [12,81]. Experts
tend to base their evaluations strongly on their personal experience, knowledge, living condi-
tions and attitude [11,12]. As proposed in recent literature [11,82], we aimed to limit the
uncertainties with regard to the expert evaluation as we consulted experts from different rele-
vant research fields. However, the number of experts was limited and contributed consider-
ably to the uncertainties of this study. Besides, the expert evaluation was executed by using
roundtable discussions. The involved experts stated that this format, which supports knowl-
edge-exchange, enhances the incorporation of an interdisciplinary perspective in the deci-
sion making process. Experts were satisfied by the general consent on the cause-effect
relationships between the nodes. However, they question the accuracy of the precise proba-
bilities which are inserted into the CPT. Considering the general objective of the study, this
uncertainty seems to be tolerable.

We assessed the nutrient regulation ES potential exemplarily for the nutrient nitrogen. As
different nutrients vary with regard to chemical as well as physical properties, the processes in
the environment differ and thus the structure of the BBN as well as its relations need to be
adapted in order to obtain realistic results. Besides, the nodes included in a BBN contain a lim-
ited number of states. The data which served as model input were reclassified in order to fit
this requirement. Defining different states and/or using a different reclassification scheme
alters the distribution of the data, which in turn could result in the delivery of different out-
comes with regard to the nutrient regulation ES potential analysis and eventually shift the sus-
tainability decision. One needs to keep in mind that the ES budget node has been included
into the network in order to allow for a rough estimation with regard to the balance of the ES
demand and supply. That was why the resulting probability distributions should not be over-
interpreted but only be regarded as a rough approximation.

The focal objective of the study was to test the application of a BBN as an integrative
modelling approach combining the information from the ES matrix with additional data
sets. The BBN model did not attempt to compile a complete network resembling complex
reality as elaborately as possible. Altogether, we only used a limited number of variables to
describe the nutrient regulation ES potential. The complexity of the environmental system
was not entirely reflected in the constructed BBN which can be seen as a basic overview. On
the one hand, we chose to keep it simple, as it fitted the target of our study. On the other
hand, data availability could be identified as major constraint. If an environmental system is
to be simulated as much as possible, further site-specific characteristics, such as information
on soil organic matter content, landscape structures and precipitation, should be included in
the BBN.

According to Hou et al. [81], ecosystem services evaluation on the landscape scale involves
various uncertainties. These uncertainties can be associated with issues concerning the initial
data and the preferences of respondents (regarding expert evaluation), technical problems,
methodological uncertainties and the general complexity of natural systems. All of these
issues represent constraints identified in ecosystem service research [81,83] and are valid for
the practical implementation of this study. A further constraint arises from the implementa-
tion of a rather abstract concept to a specific approach involving particular methodologies
and data sets.
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6 Conclusions
6.1 General conclusions

Summing up the outcomes obtained from this study, the hypotheses put forward in the intro-
duction were evaluated:

1. The inclusion of data on site-specific properties for the assessment of the nutrient regu-
lation ES potential results in a more scattered distribution of the ES potentials com-
pared to the ES matrix values provided by Burkhard et al. [10].

Yes, the probability distribution for the nutrient regulation ES potential based on the BBN
was found to be wider than the original distribution based on the ES matrix values, which eval-
uated the nutrient regulation ES potentials for CORINE LULC types. The inclusion of more
data on site-specific properties resulted in a more diverse pattern in regard to the probabilities
of the nutrient regulation ES potentials.

1. The assessment of the nutrient regulation ES potentials results in a regional differentia-
tion in Schleswig-Holstein.

Incorporating site-specific properties into the nutrient regulation ES potential assessment
revealed the different potentials of the three main landscape types. The probability distribution
of the Hiigelland and Marsch peaked for low relevant potentials, whereas the Geest was featured
with the highest probability for no relevant ES potentials. This regional differentiation became
even more obvious concerning the estimated nutrient regulation ES budget (potential supply vs.
demand). The area of the Geest unified relatively high probabilities for low nutrient regulation
ES potentials and remarkably higher probabilities for high demand for nutrient regulation ES.

1. The probability distribution of the nutrient regulation ES potential in the Bornhoved
Lakes District resembles the distribution for Schleswig-Holstein.

In general, the two BBNs delivered similar probability distributions. The greatest difference
existed between the nutrient regulation ES demand. The Bornh6ved Lakes District was charac-
terized by higher demands compared to Schleswig-Holstein. This was reflected in the probabil-
ity distribution of the nutrient regulation ES budget which identified higher probabilities for
an unsustainable ES budget in the Bornhoved Lakes District. Similar to the BBN for Schleswig-
Holstein, the BBN for the Bornhéved Lakes District also identified the Geest as an area with
high probabilities for relatively low nutrient regulation ES potentials and relatively high nutri-
ent regulation ES demand. However, minor differences became apparent with regard to the
magnitude of the mismatch. The mismatch at the scale of the Bornh6ved Lakes District
depicted an even clearer picture.

It is striking that in spite of the distinct spatially varying distribution of the environmental
conditions, land management with regard to agricultural practices has not been adapted to
these circumstances. Land management aiming to adjust practices in accordance with the
regional environmental conditions would result in more sustainable agriculture. Such a site-
specific agriculture would help to save resources while at the same time safeguard the environ-
mental conditions and biodiversity of our ecosystems.

In summary, it can be stated that the BBN is an appropriate method in order to integrate
additional data to the spreadsheet matrix approach for assessing ecosystem services. The possi-
bility to include both qualitative and quantitative data to the network emphasizes the conve-
nience of the approach. After the execution of this study, we share the belief that the use of
BBNs to model ecosystem services using both empirical data and expert knowledge is promis-
ing [22,68].
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This fact increases the value of the BBN for ES research as data from the different research
domains (environmental, socio-cultural and economic) can easily be integrated. The added
value of this BBN approach compared to the original ES matrix assessment by Burkhard et al.
[10] is the consideration of environmental data other than CORINE land use/land cover. The
influence of several natural conditions on the nutrient regulation ES potential has been incor-
porated. In our case, the integration of further spatially explicit data resulted in a distinct
regional pattern with regard to the ES nutrient regulation.

Outcomes which are based on higher resolution input data emphasised the unsustainable
situation with regard to agricultural practices.

6.2 Future research

If data on cultivated crop types and their properties in the study areas would be incorporated
into the BBN, more elaborate conclusions could be drawn on sustainability with regard to the
nutrient regulation ES potential. In this context, the integration of land management options
into the BBN would be an interesting approach. Land management options such as tillage are
crucial for the determination of the nutrient regulation ES potential of agricultural grounds.
The timing as well as the tillage technique employed influence the potential for soil loss
through erosion and simultaneously the potential for nutrient loss in the system. Especially in
combination with scenario assessments, this integration could deliver highly interesting
results. In the future, it would be interesting to include further ES into the BBN. We find it
exciting to assess whether one can come up with one pervasive network which could be applied
for ES assessments on top of the matrix approach by Burkhard et al. [10].

Supporting information

S1 Table. Processed data BBN—Schleswig-Holstein.
(CSV)

S2 Table. Processed data BBN—Bornhoved Lakes District.
(CSV)

Acknowledgments

We thank BayesFusion, LLC for the provision of software (GeNle 2.2; http://www.bayesfusion.
com/). Besides, we want to thank Angie Faust for double-checking the English language.

Author Contributions

Conceptualization: Sabine Bicking, Benjamin Burkhard, Marion Kruse, Felix Miiller.
Formal analysis: Sabine Bicking.

Methodology: Sabine Bicking.

Supervision: Benjamin Burkhard, Felix Miiller.

Visualization: Sabine Bicking.

Writing - original draft: Sabine Bicking.

Writing - review & editing: Sabine Bicking, Benjamin Burkhard, Marion Kruse, Felix Miiller.

References
1. Burkhard B, Maes J. Mapping Ecosystem Services. Sofia: Pensoft Publishers; 2017.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216053  April 30, 2019 21/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216053.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216053.s002
http://www.bayesfusion.com/
http://www.bayesfusion.com/
https://doi.org/10.1371/journal.pone.0216053

@ PLOS|ONE

Assessment of nutrient regulating ecosystem services in Northern Germany

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Burkhard B, Kroll F, Nedkov S, Mdller F. Mapping ecosystem service supply, demand and budgets.
Ecological Indicators 2012; 21:17-29. https://doi.org/10.1016/j.ecolind.2011.06.019

De Groot R, Alkemade R, Braat L, Hein L, Willemen L. Challenges in integrating the concept of ecosys-
tem services and values in landscape planning, management and decision making. Ecological Com-
plexity 2010. https://doi.org/10.1016/j.ecocom.2009.10.006

Kandziora M, Burkhard B, Miller F. Interactions of ecosystem properties, ecosystem integrity and eco-
system service indicators: A theoretical matrix exercise. Ecological Indicators 2013; 28:54—78. https://
doi.org/10.1016/j.ecolind.2012.09.006

Landuyt D, Bennetsen E, D’Hondt R, Engelen G, Broekx S, Goethals PLM. Modelling ecosystem ser-
vices using Bayesian belief networks: Burggravenstroom case study. IEMSs 2012—Managing
Resources of a Limited Planet: Proceedings of the 6th Biennial Meeting of the International Environ-
mental Modelling and Software Society 2012:2251-8.

Millennium Ecosystem Assessment. Ecosystems and Human Well-Being: Synthesis. 2005. ISBN: 1-
56973-590-5.

Cortinovis C, Geneletti D. Mapping and assessing ecosystem services to support urban planning: A
case study on brownfield regeneration in Trento, Italy. One Ecosystem 2018. https://doi.org/10.3897/
oneeco.3.e25477

Smith R, Dick J, Trench H, van Oijen M. Extending a Bayesian Belief Network for ecosystem evaluation.
Conference of the Human Dimensions of Global Environmental Change on Evidence for Sustainable
Development 2012:12.

Maes J, Egoh B, Willemen L, Liquete C, Vihervaara P, Schagner JP, et al. Mapping ecosystem services
for policy support and decision making in the European Union. Ecosystem Services 2012; 1:31-9.
https://doi.org/10.1016/j.ecoser.2012.06.004

Burkhard B, Kandziora M, Hou Y, Mller F. Ecosystem service potentials, flows and demands-concepts
for spatial localisation, indication and quantification. Landscape Online 2014; 34:1-32. https://doi.org/
10.3097/LO.201434

Jacobs S, Burkhard B, Van Daele T, Staes J, Schneiders A. “The Matrix Reloaded”: A review of expert
knowledge use for mapping ecosystem services. Ecological Modelling 2015; 295:21-30. https://doi.org/
10.1016/j.ecolmodel.2014.08.024

Campagne CS, Roche P. May the matrix be with you! Guidelines for the application of expert-based
matrix approach for ecosystem services assessment and mapping. One Ecosystem 2018; 3:e24134.
https://doi.org/10.3897/oneeco.3.e24134

Stoll S, Frenzel M, Burkhard B, Adamescu M, Augustaitis A, BaeBler C, et al. Assessment of ecosystem
integrity and service gradients across Europe using the LTER Europe network. Ecological Modelling
2015; 295:75-87. https://doi.org/10.1016/j.ecolmodel.2014.06.019

European Environment Agency. Corine Land Cover 2012. https://wwwEeaEuropaEu/Data-and-Maps/
Data/External/Corine-Land-Cover-2012 2016.

Bicking S, Burkhard B, Kruse M, Milller F. Mapping of nutrient regulating ecosystem service supply and
demand on different scales in Schleswig-Holstein, Germany. One Ecosystem 2018; 3:22509. https://
doi.org/10.3897/oneeco.3.e22509

Burkhard B, Kroll F, Mdiller F, Windhorst W. Landscapes’ capacities to provide ecosystem services—A
concept for land-cover based assessments. Landscape Online 2009; 15:1-22. https://doi.org/10.3097/
LO.200915

Weibel B, Rabe S-E, Burkhard B, Grét-Regamey A. On the importance of a broad stakeholder network
for developing a credible, salient and legitimate tiered approach for assessing ecosystem services. One
Ecosystem 2018. https://doi.org/10.3897/oneeco.3.e25470

Sohel MSI, Ahmed Mukul S, Burkhard B. Landscape’s capacities to supply ecosystem services in Ban-
gladesh: A mapping assessment for Lawachara National Park. Ecosystem Services 2015; 12:128-35.
https://doi.org/10.1016/j.ecoser.2014.11.015

Kandziora M, Burkhard B, Miller F. Mapping provisioning ecosystem services at the local scale using
data of varying spatial and temporal resolution. Ecosystem Services 2013; 4:47-59. https://doi.org/10.
1016/j.ecoser.2013.04.001

Fu B, Wang YK, Xu P, Yan K. Modelling nutrient retention function of ecosystem—a case study in Baox-
ing County, China. Procedia Environmental Sciences 2012; 13:111-21. https://doi.org/10.1016/j.
proenv.2012.01.011

Syrbe RU, Schréter M, Grunewald K, Walz U, Burkhard B. What to map? In: Burkhard B, Maes J, edi-
tors. Mapping Ecosystem Services, Sofia: Pensoft Publishers; 2017, p. 374.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216053  April 30, 2019 22/25


https://doi.org/10.1016/j.ecolind.2011.06.019
https://doi.org/10.1016/j.ecocom.2009.10.006
https://doi.org/10.1016/j.ecolind.2012.09.006
https://doi.org/10.1016/j.ecolind.2012.09.006
https://doi.org/10.3897/oneeco.3.e25477
https://doi.org/10.3897/oneeco.3.e25477
https://doi.org/10.1016/j.ecoser.2012.06.004
https://doi.org/10.3097/LO.201434
https://doi.org/10.3097/LO.201434
https://doi.org/10.1016/j.ecolmodel.2014.08.024
https://doi.org/10.1016/j.ecolmodel.2014.08.024
https://doi.org/10.3897/oneeco.3.e24134
https://doi.org/10.1016/j.ecolmodel.2014.06.019
https://wwwEeaEuropaEu/Data-and-Maps/Data/External/Corine-Land-Cover-2012
https://wwwEeaEuropaEu/Data-and-Maps/Data/External/Corine-Land-Cover-2012
https://doi.org/10.3897/oneeco.3.e22509
https://doi.org/10.3897/oneeco.3.e22509
https://doi.org/10.3097/LO.200915
https://doi.org/10.3097/LO.200915
https://doi.org/10.3897/oneeco.3.e25470
https://doi.org/10.1016/j.ecoser.2014.11.015
https://doi.org/10.1016/j.ecoser.2013.04.001
https://doi.org/10.1016/j.ecoser.2013.04.001
https://doi.org/10.1016/j.proenv.2012.01.011
https://doi.org/10.1016/j.proenv.2012.01.011
https://doi.org/10.1371/journal.pone.0216053

@ PLOS|ONE

Assessment of nutrient regulating ecosystem services in Northern Germany

22,

23.
24,
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Landuyt D, Broekx S, Rob D, Engelen G, Aertsens J, Goethals PLM. Environmental Modelling & Soft-
ware A review of Bayesian belief networks in ecosystem service modelling. Environmental Modelling
and Software 2013; 46:1-11.

BayesFusion LLC. GeNle Modeler—User Manual. Genie 2017;Version 2.
Charniak E. Bayesian Networks without Tears. Al Magazine 1991;12:pp.50-63.

Aguilera PA, Fernandez A, Fernandez R, Rumi R, Salmerdn A. Bayesian networks in environmental
modelling. Environmental Modelling and Software 2011; 26:1376—-88. https://doi.org/10.1016/j.envsoft.
2011.06.004

Barton DN, Benjamin T, Cerdan CR, DeClerck F, Madsen AL, Rusch GM, et al. Assessing ecosystem
services from multifunctional trees in pastures using Bayesian belief networks. Ecosystem Services
2016; 18:165-74. https://doi.org/10.1016/j.ecoser.2016.03.002

Landuyt D, Broekx S, Van der Biest K, Goethals P. Probabilistic Mapping With Bayesian Belief Net-
works: An Application On Ecosystem Service Delivery In Flanders, Belgium. 7th International Congress
on Environmental Modelling and Software (IEMSs 2014) 2014.

Gonzalez Redin J, Luque S, Poggio L, Smith R, Gimona A. Spatial Bayesian belief networks as a plan-
ning decision tool for mapping ecosystem services trade-offs on forested landscapes. Environmental
Research 2015; 144. https://doi.org/10.1016/j.envres.2015.11.009 PMID: 26597639

Statistische Amter des Bundes und der Lander Deutschland. Gebietsflache in gkm—Stichtag 31.12
2018. https://www.regionalstatistik.de/genesis/online/data;jsessionid=394E27C73C8CD432379DD
28A35C296FE.reg1?operation=abruftabelleBearbeiten&levelindex=2&levelid=1540288100110&aus
wahloperation=abruftabelleAuspraegungAuswaehlen&auswahlverzeichnis=ordnungsstruktu
(accessed July 22, 2018).

Climate Data Center. Zeitreihen fur Gebietsmittel fir Bundeslander und Kombinationen von Bundeslan-
der 2018. ftp://ftp-cdc.dwd.de/pub/CDC/regional_averages_DE/annual/precipitation/regional_
averages_rr_year.txt (accessed February 14, 2018).

Schott C. Die Naturlandschaften Schleswig-Holsteins. Neuminster: Karl Wachholtz Verlag; 1956.

Stewig R. Landeskunde von Schleswig-Holstein. Geocolleg 5. Berlin, Stuttgart: Gebrider Borntraeger;
1982.

Bahr J, Kortum G. Schleswig-Holstein. Sammlung Geographischer Flhrer 15. Berlin, Stuttgart: Gebri-
der Borntraeger; 1987.

Hoffmann D. Holocene landscape development in the marshes of the West Coast of Schleswig-Hol-
stein, Germany. Quaternary International 2004. https://doi.org/10.1016/S1040-6182(03)00063-6

LLUR. Die Béden Schleswig-Holsteins—Entstehung, Verbreitung, Nutzung, Eigenschaften und Gefahr-
dung. Schriftenreihe LLUR SH—Geologie Und Boden 2012; 11.

Mdiller F, Schrautzer J, Reiche EW, Rinker A. Ecosystem based indicators in retrogressive successions
of an agricultural landscape. Ecological Indicators 2006. https://doi.org/10.1016/j.ecolind.2005.08.017

Frénzle O, Kappen L, Blume H-P, Dierssen K. Ecosystem Organization of a Complex Landscape—
Long-Term Research in the Bornhéved Lake District, Germany. Ecological. Berlin, Heidelberg:
Springer; 2008.

Kandziora M, Dérnhéfer K, Oppelt N, Miller F. Detecting land use and land cover changes in Northern
German agricultural landscapes to assess ecosystem service dynamics. Landscape Online 2014;
35:1-24. https://doi.org/10.3097/L0O.201435

Fohrer N, Schmalz B. Das UNESCO Okohydrologie-Referenzprojekt Kielstau-Einzugsgebiet—nach-
haltiges Wasser- ressourcenmanagement und Ausbildung im l&ndlichen Raum. Hydrologie Und Was-
serbewirtschaftung 2012; 56. https://doi.org/10.5675/HyWa_2012,4_1

Baveye PC, Baveye J, Gowdy J. Soil “Ecosystem” Services and Natural Capital: Critical Appraisal of
Research on Uncertain Ground. Frontiers in Environmental Science 2016; 4:1-49. https://doi.org/10.
3389/fenvs.2016.00041

Jorgensen SE. Introduction to Systems Ecology. Boca Raton: CRC Press; 2012.

Chapin FS, Matson PA, Vitousek PM. Principles of terrestrial ecosystem ecology. 2012. https://doi.org/
10.1007/978-1-4419-9504-9

Tivy J. Nutrient cycling in agro-ecosystems. Applied Geography 1987. https://doi.org/10.1016/0143-
6228(87)90044-0

Chapin FS, Matson PA, Mooney HA. Principles of Terrestrial Ecosystem Ecology. New-York: Springer
Verlag; 2002.

Uchida R. Essential Nutrients for Plant Growth: Nutrient Functions and Deficiency Symptoms. In: Silva
JA, Uchida R, editors. Plant Nutrition Management in Hawaii’s soils, approaches and application to trop-
ical and subtropical agriculture, 2000, p. 31-55.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216053  April 30, 2019 23/25


https://doi.org/10.1016/j.envsoft.2011.06.004
https://doi.org/10.1016/j.envsoft.2011.06.004
https://doi.org/10.1016/j.ecoser.2016.03.002
https://doi.org/10.1016/j.envres.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26597639
https://www.regionalstatistik.de/genesis/online/data;jsessionid=394E27C73C8CD432379DD28A35C296FE.reg1?operation=abruftabelleBearbeiten&levelindex=2&levelid=1540288100110&auswahloperation=abruftabelleAuspraegungAuswaehlen&auswahlverzeichnis=ordnungsstruktu
https://www.regionalstatistik.de/genesis/online/data;jsessionid=394E27C73C8CD432379DD28A35C296FE.reg1?operation=abruftabelleBearbeiten&levelindex=2&levelid=1540288100110&auswahloperation=abruftabelleAuspraegungAuswaehlen&auswahlverzeichnis=ordnungsstruktu
https://www.regionalstatistik.de/genesis/online/data;jsessionid=394E27C73C8CD432379DD28A35C296FE.reg1?operation=abruftabelleBearbeiten&levelindex=2&levelid=1540288100110&auswahloperation=abruftabelleAuspraegungAuswaehlen&auswahlverzeichnis=ordnungsstruktu
ftp://ftp-cdc.dwd.de/pub/CDC/regional_averages_DE/annual/precipitation/regional_averages_rr_year.txt
ftp://ftp-cdc.dwd.de/pub/CDC/regional_averages_DE/annual/precipitation/regional_averages_rr_year.txt
https://doi.org/10.1016/S1040-6182(03)00063-6
https://doi.org/10.1016/j.ecolind.2005.08.017
https://doi.org/10.3097/LO.201435
https://doi.org/10.5675/HyWa_2012,4_1
https://doi.org/10.3389/fenvs.2016.00041
https://doi.org/10.3389/fenvs.2016.00041
https://doi.org/10.1007/978-1-4419-9504-9
https://doi.org/10.1007/978-1-4419-9504-9
https://doi.org/10.1016/0143-6228(87)90044-0
https://doi.org/10.1016/0143-6228(87)90044-0
https://doi.org/10.1371/journal.pone.0216053

@ PLOS|ONE

Assessment of nutrient regulating ecosystem services in Northern Germany

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Golubyatnikov LL, Mokhov Il, Eliseev A V. Nitrogen cycle in the earth climatic system and its modeling.
Izvestiya, Atmospheric and Oceanic Physics 2013; 49:229—43. https://doi.org/10.1134/S000143381
3030079

Dominati EJ. Natural capital and ecosystem services of soils. Ecosystem Services in New Zealand—
Conditions and Trends 2013:132—42.

Jénsson JOG, Davidsdéttir B, Nikolaidis NP. Valuation of Soil Ecosystem Services. Advances in Agron-
omy 2016; 142:353—-84. https://doi.org/10.1016/bs.agron.2016.10.011

Jénsson JOG, Davidsdéttir B. Classification and valuation of soil ecosystem services. Agricultural Sys-
tems 2016; 145:24—38. https://doi.org/10.1016/j.agsy.2016.02.010

Ghaley BB, Porter JR, Sandhu HS. Soil-based ecosystem services: A synthesis of nutrient cycling and
carbon sequestration assessment methods. International Journal of Biodiversity Science, Ecosystem
Services and Management 2014; 10:177-86. https://doi.org/10.1080/21513732.2014.926990

Hedin LO, Armesto JJ, Johnson AH. Patterns of nutrient loss from unpolluted, old-growth temperate for-
ests: Evaluation of biogeochemical theory. Ecology 1995; 76:493-509.

Vitousek PM, Mooney HA, Lubchenco J, Melillo JM, Series N, Jul N. Human Domination of Earth’s Eco-
systems Peter. Science 1997; 277:494-9.

Sauerbeck D. Funktionen, Gute und Belastbarkeit des Bodens aus agrikulturchemischer Sicht. Materia-
lien zur Umweltforschung herausgegeben vom Rat von Sachverstandigen fir Umweltfragen. Stuttgart,
Mainz: Verlag W. Kohlhammer GmbH; 1985.

Villamagna AM, Angermeier PL, Bennett EM. Capacity, pressure, demand, and flow: A conceptual
framework for analyzing ecosystem service provision and delivery. Ecological Complexity 2013;
15:114-21. https://doi.org/10.1016/j.ecocom.2013.07.004

Power AG. Ecosystem services and agriculture: Tradeoffs and synergies. Philosophical Transactions
of the Royal Society B: Biological Sciences 2010; 365:2959-71. https://doi.org/10.1098/rstb.2010.0143
PMID: 20713396

Umweltbundesamt (UBA). 75/2017 Die planetare Stickstoff- Leitplanke als Bezugspunkt einer nationa-
len Stickstoffstrategie. Dessau-RoBlau: 2017.

Manning P. The Impact of Nitrogen Enrichment on Ecosystems and Their Services. In: Wall D.H., Bard-
gett RD, Behan-Pelletier V, Herrick J., Jones T., Ritz K, et al., editors. Soil ecology and ecosystem ser-
vices, Oxford University Press; 2012.

Umweltbundesamt (UBA). STICKSTOFF—ZUVIEL DES GUTEN? Dessau-Roflau: 2011.
Umweltbundesamt (UBA). Reaktiver Stickstoff in Deutschland. Dessau-RofBlau: 2014.
Lamb J, Fernandez F, Kaiser D. Understanding nitrogen in soils. 2014. 10.1007/s10578-018-0792-x.

Evans CD, Bonn A, Holden J, Reed MS, Evans MG, Worrall F, et al. Relationships between anthropo-
genic pressures and ecosystem functions in UK blanket bogs: Linking process understanding to eco-
system service valuation. Ecosystem Services 2014; 9:5-19. https://doi.org/10.1016/j.ecoser.2014.06.
013

Pidwirny M. The Nitrogen Cycle. Fundamentals of Physical Geography, 2nd Edition 2006. http://www.
physicalgeography.net/fundamentals/9s.html (accessed October 22, 2018).

Robertson GP, Groffman PM. Nitrogen Transformations. In: Paul EA, editor. Soil Microbiology, Ecology
and Biochemistry, Academic Press; 2015, p. 598.

Johnson C, Albrecht G, Ketterings Q, Beckman J, Stockin K. Nitrogen Basics—The Nitrogen Cycle
Agronomy Fact Sheet Series. Cornell University—Department of Crop and Soil Sciences 2005: 2.

Welte E, Timmermann F. Diingung und Umwelt. Materialien zur Umweltforschung herausgegeben vom
Rat von Sachverstandigen fir Umweltfragen. Stuttgart, Mainz: Verlag W. Kohlhammer GmbH; 1985.

Chislock MF, Doster E, Zitomer RA, Wilson AE 0. Eutrophication: Causes, Consequences, and Con-
ttrols in Aquatic Ecosystems. Nature Education 2013.

Haines-Young R, Barton D, Smith R, Madsen A. Bayesian Belief Networks, a cross-cutting methodol-
ogy in OpenNESS: Briefing note version 2.2. 2013.

Smith R, Madsen AL, Haines-young R, Barton D. WP3 Methodological Guidelines for Bayesian Belief
Networks—OpenNESS Project EP7 2013:9.

Aguilera PA, Fernandez A, Fernandez R, Rumi R, Salmerdn A. Bayesian networks in environmental
modelling. Environmental Modelling and Software 2011; 26:1376-88. https://doi.org/10.1016/j.envsoft.
2011.06.004

Dang KB, Windhorst W, Burkhard B, Miiller F. A Bayesian Belief Network—Based approach to link eco-
system functions with rice provisioning ecosystem services. Ecological Indicators 2018:0-1. https://doi.
org/10.1016/j.ecolind.2018.04.055

PLOS ONE | https://doi.org/10.1371/journal.pone.0216053  April 30, 2019 24/25


https://doi.org/10.1134/S0001433813030079
https://doi.org/10.1134/S0001433813030079
https://doi.org/10.1016/bs.agron.2016.10.011
https://doi.org/10.1016/j.agsy.2016.02.010
https://doi.org/10.1080/21513732.2014.926990
https://doi.org/10.1016/j.ecocom.2013.07.004
https://doi.org/10.1098/rstb.2010.0143
http://www.ncbi.nlm.nih.gov/pubmed/20713396
https://doi.org/10.1016/j.ecoser.2014.06.013
https://doi.org/10.1016/j.ecoser.2014.06.013
http://www.physicalgeography.net/fundamentals/9s.html
http://www.physicalgeography.net/fundamentals/9s.html
https://doi.org/10.1016/j.envsoft.2011.06.004
https://doi.org/10.1016/j.envsoft.2011.06.004
https://doi.org/10.1016/j.ecolind.2018.04.055
https://doi.org/10.1016/j.ecolind.2018.04.055
https://doi.org/10.1371/journal.pone.0216053

@ PLOS|ONE

Assessment of nutrient regulating ecosystem services in Northern Germany

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Jensen FV, Nielsen TD. Bayesian Networks and Decision Graphs. Berlin Heidelberg NewYork Hon-
gKong London Milan Paris Tokyo: Springer; 2007.

Landuyt D, Gret-Regamey A, Haines-Young R. Bayesian belief networks. In: Burkhard B, Maes J, edi-
tors. Mapping Ecosystem Services, Sofia: Pensoft Publishers; 2017, p. 374.

Statisticat LLC. Bayesian Inference 2004; 19:475-81. https://doi.org/10.1016/j.tree.2004.07.002 PMID:
16701310

Morgan JD, Hutchins MW, Fox J, Rogers KR. A Methodological Framework focused on integrating GIS
and BBN Data for Probabilistic Map Algebra Analysis. GIScience 2012:1-14.

Cain J. Planning improvements in natural resources management water sector and beyond 2001; 44.

Jones L, Norton L, Austin Z, Browne AL, Donovan D, Emmett BA, et al. Stocks and flows of natural and
human-derived capital in ecosystem services. Land Use Policy 2016; 52:151-62. https://doi.org/10.
1016/j.landusepol.2015.12.014

Kjeerulff U, van der Gaag L. Making Sensitivity Analysis Computationally Efficient. Proceedings of the
Sixteenth conference on Uncertainty in artificial intelligence, 2000.

Burkhard B. Ecosystem services matrix. In: Burkhard B., Maes J, editors. Mapping Ecosystem Ser-
vices, Sofia: Pensoft Publishers; 2017, p. 374.

Kroll F, Muller F, Haase D, Fohrer N. Rural-urban gradient analysis of ecosystem services supply and
demand dynamics. Land Use Policy 2012; 29:521-35. https://doi.org/10.1016/j.landusepol.2011.07.
008

Kroll F, Mller F. Can the principle of self-organized gradients be applied for human systems? A case
study on rural-urban interactions. International Journal of Design and Nature and Ecodynamics 2011;
6:342—60. https://doi.org/10.2495/DNE-V6-N4-342-360

Hou Y, Burkhard B, Muller F. Uncertainties in landscape analysis and ecosystem service assessment.
Journal of Environmental Management 2013; 127:S117-31. https://doi.org/10.1016/j.jenvman.2012.
12.002 PMID: 23291281

Schulp CJE, Landuyt D. Uncertainty measures and maps. In: Burkhard B, Maes J, editors. Mapping
Ecosystem Services, Sofia: Pensoft Publishers; 2017, p. 374.

Schulp CJE, Burkhard B, Maes J, Van Vliet J, Verburg PH. Uncertainties in ecosystem service maps: A
comparison on the European scale. PLoS ONE 2014; 9. https://doi.org/10.1371/journal.pone.0109643
PMID: 25337913

PLOS ONE | https://doi.org/10.1371/journal.pone.0216053  April 30, 2019 25/25


https://doi.org/10.1016/j.tree.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16701310
https://doi.org/10.1016/j.landusepol.2015.12.014
https://doi.org/10.1016/j.landusepol.2015.12.014
https://doi.org/10.1016/j.landusepol.2011.07.008
https://doi.org/10.1016/j.landusepol.2011.07.008
https://doi.org/10.2495/DNE-V6-N4-342-360
https://doi.org/10.1016/j.jenvman.2012.12.002
https://doi.org/10.1016/j.jenvman.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23291281
https://doi.org/10.1371/journal.pone.0109643
http://www.ncbi.nlm.nih.gov/pubmed/25337913
https://doi.org/10.1371/journal.pone.0216053

