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Quantification and mapping of the nutrient regulation ecosystem service
demand on a local scale
Sabine Bicking a, Bastian Steinhoff-Knopp b, Benjamin Burkhard b,c and Felix Müller a

aInstitute for Natural Resource Conservation, Department of Ecosystem Management, Kiel University, Kiel, Germany; bInstitute of
Physical Geography and Landscape Ecology, Leibniz Universität Hannover, Hannover, Germany; cLeibniz Centre for Agricultural
Landscape Research (ZALF), Müncheberg, Germany

ABSTRACT
In this study, the nutrient regulation ecosystem service (ES) demand was quantified and
mapped in an agriculturally-dominated landscape in the federal German state of North Rhine-
Westphalia. The demand was assessed in a case study area on an individual field scale. As an
indicator for the nutrient regulation ecosystem service demand, nitrogen budgets were
calculated. The assessment includes a comparison of an agriculturally calculated nitrogen
budget to an ecologically calculated nitrogen budget. The agricultural calculation is based on
legal regulations and considers volatile nitrogen losses from fertilizers, whereas the ecological
calculation incorporates the total amount of nitrogen and includes also the atmospheric
nitrogen deposition. Furthermore, the positive effects of additional agricultural practices on
the nutrient regulation ES demand were identified. The spatial distribution of the nutrient
regulation ES demand was compared to the distribution of the nitrate leaching and deni-
trification potential in order to analyse the relative vulnerability of individual fields to nutrient
oversupply. The findings of this study, which highlight in particular the suitability of enlarged
crop rotation systems, can be used to support sustainable agricultural practices and land
management strategies on the local sale.
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1. Introduction

The excess of nutrients in agricultural systems leads to
high nutrient losses, which pose a serious threat to the
environment. Lost nitrogen and phosphate degrade
ground and surface water quality and threaten biodiver-
sity as well as the climate (Dise et al. 2011; Erisman et al.
2013; Sutton et al. 2013; Leip et al. 2015; Kuhn 2017;
Taube 2018). The enrichment of nutrients inwater bodies
leads to eutrophication (Welte and Timmermann 1985;
Fu et al. 2012; Chislock et al. 2013; Dominati 2013;
Jónsson et al. 2016; Jónsson and Davídsdóttir 2016).
Through eutrophication processes, the ecological status
of water bodies is endangered, for instance through the
excessive growth of phytoplankton and macroalgae,
harmful algal blooms and especially the formation of
hypoxic zones (Selman and Greenhalgh 2009; Dise et al.
2011). In order to reduce these effects, the German
Fertilizer Ordinance (dt.: Düngeverordnung, DüV
2017) implements the EU Nitrates Directive 91/676/
EEC into national regulations, aiming to reduce nitrate
(NO3-) emissions from the agricultural sector into water
bodies (The European Council 1991; DüV 2017; Kuhn
2017). Initiated by infringement proceedings of the
European Commission against Germany concerning
the national nutrient situation, the DüV (2017) as well
as the German Fertilizer Law (2017) have recently been
revised. The modified DüV includes measures that limit

the amount of applied fertilizers, and that concern man-
agement and technical practices as well as sanctions for
violating these regulations (DüV 2017; Kuhn 2017;
Bundesanstalt für Landwirtschaft und Ernährung 2018).

The concept of ecosystem services (ES) has been
developed in order to increase the understanding of
the interrelations between human activities and the
environment. Ecosystem services are defined by
Burkhard et al. (2012a) as ‘[…] the contributions of
ecosystem structure and function – in combination
with other inputs – to human well-being’. ES analyses
aim, amongst others, to assess the capacity of ecosys-
tems to provide desired benefits. Thus, they are con-
venient to support sustainable land management
(Smith et al. 2012; Bachmann-Vargas 2013). This is
highlighted by the adoption of the ES concept in
policies addressing ecological threats. Within the
Biodiversity Strategy to 2020, the European Union
has asked its member states to map and assess the
states of their ecosystems and the services they pro-
vide (Maes et al. 2012). Thus, this study was executed
in a highly relevant framework integrating contem-
porary research and assessment approaches as well as
political requirements.

Generally, ES can be divided into three main cate-
gories; provisioning, regulating and cultural ES
(Kandziora et al. 2013; Burkhard et al. 2014; Sohel
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et al. 2015; Stoll et al. 2015; Haines-Young and Potschin
2017; Schneiders and Müller 2017). In the context of
this study, the regulating ES nutrient regulation was
assessed (for definition see Section 2.2). Within the ES
concept, the ES potential has been defined to refer to the
hypothetical maximum yield of selected ES (Burkhard
et al. 2014), whereas the ES flow describes ES that are
actually used in a specific area and time, driven by
a demand for ES (Villamagna et al. 2013; Syrbe et al.
2017). The potential and demand for the ES nutrient
regulation have been assessed in previous studies
(Barrios 2007; de Bello et al. 2010; Bicking et al. 2018,
2019). Thereby, the ES concept has been proven to be
a suitable approach for assessing the nutrient situation
within the agricultural context (Power 2010; Willemen
et al. 2017). The suitability of the ES concept is sup-
ported in particular by the strong dependence of agri-
cultural systems on ES on the one hand and the
provision of ES, e.g.in the form of crop production, on
the other hand (Power 2010; Gutierrez-Arellano and
Mulligan 2018).

In this study, the nutrient regulation ES demand
was quantified and mapped on the scale of individual
fields in the case study area Eversen. Based upon
literature research (Leip et al. 2011; Eurostat 2013;
Özbek and Leip 2015; DüV 2017; Bicking et al. 2018),
two different methodologies were developed for cal-
culating nutrient budgets as indicator for the nutrient
regulation demand; a budget from the agricultural
and a budget from the ecological perspective (for
more information see Section 2.3).

Nitrogen and phosphorus are the two nutrients
which mostly limit production in both natural and
agricultural systems (Vitousek et al. 2002). Therefore,
they are commonly applied to agricultural grounds in
vast amounts (Vitousek et al. 1997; Aulakh and Malhi
2005; Power 2010). Based upon its relevance for crop
production (Bruns 2012) and the contemporary dis-
cussions and the infringement proceedings of the
European Commission against Germany concerning
the national nutrient situation, the calculation was
executed exemplarily for the nutrient nitrogen.

The study includes an evaluation of the effects of
different agricultural practices on the nutrient regula-
tion ES demand. Different crop rotation systems, as well
as other management options, were considered in the
local assessment and their influence on the nutrient
regulation ES was evaluated. Subsequently, aiming for
a more holistic perspective, the spatial distribution of
the nutrient regulation ES demand was compared and
linked to the nitrate leaching and denitrification poten-
tial in order to perform a vulnerability analysis.
A vulnerability analysis evaluates the weakness of
a system with consideration to a potential threat
(Wisner et al. 2004; Weißhuhn et al. 2018). In this
study, the vulnerability of the system in regard to nutri-
ent surplus was assessed. The assessment aimed to

analyse the spatial distribution of the damage potential
of excess nutrient loads based upon the environmental
andmanagement constellations and could operate as an
early warning system and identify hotspot areas
(Weißhuhn et al. 2018). Thereby, the study integrates
the ecosystem service demand with aspects from eco-
system condition.

The overall target of this study was to generate
knowledge on the agricultural nutrient situation on
the local scale in the study area. Above all, the study
aimed to deliver findings which can support the
development of sustainable strategies for local land
management and agricultural practices. The study
was guided by the following three research objectives:

(1) Identification of differences between the eco-
logical and agricultural nitrogen budget.

(2) Assessment of the role of agricultural manage-
ment, in particular crop rotation, on the nutri-
ent regulation demand.

(3) Evaluation of the system’s vulnerability in regard
to nutrient surpluses using soil processes.

In the following section, background information on
the study area, the ES nutrient regulation, the investi-
gated crop rotation is given and the materials and
methods used in the study are introduced. Thereafter,
a description of the results is given. The findings of the
study are discussed and finally, conclusions are drawn
with regard to the research objectives outlined above.

2. Materials and methods

Subsequent to the information on the research objec-
tives of the study, the study area, the ES nutrient
regulation, as well as the potential influences of crop
rotation, are introduced in the following section
which provides insights into the applied methods
and underlying datasets. The differences between
the agricultural and ecological nitrogen budgets are
outlined in detail with regard to the considered para-
meters and their calculations.

2.1. Study area

The study area is located in the countyHoexter in the federal
state of North Rhine-Westphalia (NRW), Germany (Figure
1).The studyarea ispart of thenatural regionsLippeUplands
(dt.: Lipper Bergland), Oberwälderland, Warburger Börde
and Egge region (dt.: Egge). The annual mean temperature
and precipitation in the area are 9.9°C and 918 mm
(DeutscherWetterdienst 2019), respectively. The agricultural
grounds of the cooperating farmer are located close to the
village Eversen. Due to its proximity to the village, the study
area is calledEversen throughout this paper.The study area is
situatedbetween135and231mabovesea level.The soil types
Luvisol and Cambisol dominate the landscape, which is
primarily used as agricultural land (Geologischer Dienst
NRW2016a, 2016b). Structural elements, such as hedgerows
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and trees, divide the agricultural fields and increase the diver-
sity and heterogeneity of the landscape (UIH Ingenieur- und
Planungsbüro 2016). Geologically, the area contains lower
and middle Keuper materials from the Triassic period
(Geologischer Dienst NRW 2016a). The focal study area
around Eversen is located at the southern border of the
Lippe Uplands, a part of the German Central Uplands
(Andres 1989; von Zezschwitz 2001; Bundesamt für
Naturschutz 2012). The case study area is situated within
the Lippe Uplands, in the Steinheimer Börde, a fertile loess
region (Andres 1989; UIH Ingenieur- und Planungsbüro
2016).

2.2. Untangling nutrient regulation in the
ecosystem service framework

Due to intensive agricultural practices, natural nutrient
cycles have been altered (Vitousek et al. 1997). For
instance, through the application of vast amounts of
fertilizers, the naturally closed nutrient cycles have
opened up (Tivy 1987; Chapin et al. 2002). This
means that in and outputs of nutrients are getting out
of balance. As a result, areas might suffer from either
nutrient deficiency or nutrient oversupply (Sutton et al.
2011a, 2011b, 2013; Özbek and Leip 2015). The over-
supply of nutrients leads to high nutrient loses which
pose a serious threat to the environment. Nitrogen and
phosphate degrade the ground and surface water qual-
ity and threaten biodiversity and the climate (Sutton
et al. 2013; Kuhn 2017; Taube 2018). Enrichment of

nutrients in water bodies leads to eutrophication (Welte
and Timmermann 1985; Fu et al. 2012; Chislock et al.
2013; Dominati 2013; Jónsson et al. 2016; Jónsson and
Davídsdóttir 2016). Besides, high groundwater nitrate
concentration can pose a significant risk to human
health (Follett and Follett 2001; Townsend et al. 2003;
Galloway et al. 2004; Umweltbundesamt 2018a).

Therefore, the ecosystem service nutrient regulation,
the ability and magnitude of an ecosystem to recycle
nutrients (Burkhard et al. 2014), is a major concern
when it comes to agricultural practices and land manage-
ment as it ensures a functioning and sustainable nutrient
cycle (Tivy 1987). The ecosystem service nutrient regula-
tion has triggered quite some discussion within the eco-
system service research domain. In the context of nutrient
regulation, studies also refer to the capacity of ecosystems
to provide filtering, absorption and retention of nutrients
(Dominati 2013; Jónsson et al. 2016; Jónsson and
Davídsdóttir 2016). Within the Common International
Classification of Ecosystem Services (CICES) nutrient
regulation is not specifically mentioned (Haines-Young
and Potschin 2018). Nevertheless, it can be classified
under class 2.2.4.2 decomposition and fixing processes
and their effect on soil quality (Haines-Young and
Potschin 2018). Some of the ecosystem service classifica-
tion schemes defined nutrient regulation as a supporting
service (Millenium Ecosystem Assessment 2005; Wilcke
et al. 2013; Ghaley et al. 2014; Brockerhoff et al. 2017).
Arguments for this classification have mainly been based
upon the general understanding of supporting ecosystem

Figure 1. Location of the study areas Eversen incl. investigated fields (base maps: OpenStreetMap, 2019 and GeoBasis-DE/BKG, 2019).
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services. Supporting services have been understood as
services necessary for the provision of all other ecosystem
services, e.g. biomass production, soil formation and
water cycling (UNEP 2008).

Looking into most recent literature from the field
of ecosystem service research, it is striking that
a conceptual shift is taking place. There seems to be
more consent that ecosystem services can be subdi-
vided into only three main categories (Kandziora
et al. 2013; Sohel et al. 2015; Stoll et al. 2015;
Brockerhoff et al. 2017; Haines-Young and Potschin
2017; Schneiders and Müller 2017), as outlined in the
introduction. Within these frameworks, the cate-
gories provisioning, regulating and cultural services
cover all individual ecosystem services. Furthermore,
an agreement has been reached on the relevance of
ecosystem properties and conditions. In lieu of the
concept of supporting ecosystem services, they are
understood as the functional base for an ecosystem
to deliver certain ES (Müller and Kroll 2011; Müller
and Burkhard 2012; Brockerhoff et al. 2017; Syrbe
et al. 2017; Maes et al. 2018). Ecosystem properties
correspond to biophysical structures and processes
(Maes et al. 2014; Burkhard and Maes 2017; Syrbe
et al. 2017), whereas the ecosystem condition repre-
sents an ecosystem’s general functionality (Müller
and Burkhard 2012; Schneiders and Müller 2017). It
is determined by the physical, chemical and biological
characteristics, structures and quality features of an
ecosystem (Maes et al. 2014, 2018; Erhard et al. 2017).
Abiotic factors, e.g. soil texture, as well as biotic soil
components, such as fauna and micro-flora, are
responsible for certain ecosystem functions and in

turn influence ecosystem service potentials through
e.g. the supply of nutrients, biological control and
maintenance of the soil structure (Gupta et al. 2010;
Sandhu et al. 2010; Ghaley et al. 2014). Ecosystem
functions are also defined as the ecological mechan-
isms supporting ecosystem condition and maintain-
ing ecosystems (Brockerhoff et al. 2017), resulting
from the interactions of ecosystem properties, thus
between ecosystem structures and processes (Truner
et al. 2000; Ansink and Hasund 2008; Banerjee et al.
2013; Brockerhoff et al. 2017). Therefore, the evalua-
tion of ecosystem’s properties and conditions are
highly relevant for a comprehensive ES assessment
(Müller and Kroll 2011; Müller and Burkhard 2012;
Syrbe et al. 2017).

In Figure 2, the ecosystem service concept including
ecosystem’s properties and conditions is untangled
focussing on nutrient regulation. The conceptional
scheme illustrates the interdependencies between the
individual aspects and outlines the role of this study in
the task of developing a comprehensive and holistic
understanding of the ecosystem service nutrient
regulation.

Within the holistic ecosystem service concept, the
ecosystem service nutrient regulation can be subdivided
into ecosystem service potential, flow and demand,
whereby the potential is directly based upon an ecosys-
tem’s properties and conditions (Figure 2). Thus, the
potential of ecosystems to provide nutrient regulation
differs. Ecosystem properties which are highly relevant
for the ecosystem service nutrient regulation involve
ecosystem processes with regard to nutrient flows and
pools (Schneiders and Müller 2017). The deduced

Figure 2. Diagram showing the relations between ecosystem structures, processes, functions and services with relation to the
ecosystem service nutrient regulation (based upon Haines-Young and Potschin (2010), Bachmann-Vargas (2013) and Schneiders
and Müller (2017)).
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ecosystem condition refers to functions such as nutrient
cycling, which are determined by soil processes such as
nitrate leaching and denitrification. These directly influ-
ence the potential of ecosystems to provide nutrient
regulation. More natural ecosystems have in general,
based for instance on higher biodiversity, more stable
structures and functions and therefore higher potentials
to provide multiple regulating ES, including nutrient
regulation (Fu et al. 2012; Burkhard et al. 2014).

Policy and the society as such, striving for a clean
environment and compliance with regulations, can be
defined as beneficiaries with a certain demand for the
ecosystem service (Villamagna et al. 2013; Bicking et al.
2018). Power (2010) mentions a different perspective
and states that the agroecosystem provides and con-
sumes ES, simultaneously. In order to ensure for
instance a stable supply of the provisioning ES crop
production, agroecosystems are strongly dependent on
other (mainly regulating) ES, such as nutrient regula-
tion (Power 2010; Burkhard et al. 2012b; Gutierrez-
Arellano and Mulligan 2018). In that sense, the excess
amount of nutrients entering the environment has been
defined as the indicator for the ecosystem service nutri-
ent regulation. When the nutrient surplus entering the
environment is lowered by means of certain land man-
agement practices, such as reduced fertilization or
adapted crop rotation, the demand for the ecosystem
service is minimized. The flow of the ecosystem service
nutrient regulation describes the actual nutrient regula-
tion which is taking place (Burkhard et al. 2014; Syrbe
et al. 2017). The flow is driven by the demand, thus
driven by the surplus of nutrients which enter the
environment (Syrbe et al. 2017).

Another aspect worth mentioning is the fact that
livestock farmers need to dispose the manure and
slurry produced on their farms. Therefore, the appli-
cation of organic fertilizer onto agricultural fields
often has two targets, disposing manure and slurry
on the one hand and supplying nutrients to the
agricultural grounds on the other hand. Usually,
other intensive agricultural practices are performed
alongside the application of nutrients, e.g. monocul-
ture or short-term crop rotations, intensive tillage
and application of plant protectants (Power 2010).
All of these measures aim to increase one single ES,
crop production. However, these practices can
degrade the environment and decrease the condition
of the ecosystem and thereby the potential supply of
other ES (Baulcombe et al. 2009; Power 2010; Bruns
2012). Additionally, these circumstances also decrease
the future potential of an ecosystem to provide the ES
crop production (Power 2010). Thus, even though the
application of vast amounts of nutrients can increase
a single ES in the short run, the long term provision
of multiple ES is diminished (Power 2010). In order
to guarantee for long term food security and thus
human health, it is of great importance to ensure

sustainable nutrient conditions, where in and outputs
of nutrients are in balance (Baulcombe 2009;
Vitousek et al. 2009). The ES nutrient regulation
supports these targets, securing sustainable nutrient
cycles (Tivy 1987). As outlined in the introduction,
the federal republic of Germany has more nutrient
surplus conditions rather than nutrient deficiencies.
The spatial distribution of the nutrient surplus in
Germany exhibits regional differences with the high-
est nitrogen surpluses in the Northwest and Southeast
of the country (Klement and Bach 2017).

As a consequence of the vast applications of both
organic and mineral fertilizer onto the agricultural
grounds in Germany, the nutrient concentration of
a large share of the ground and surface waters is dra-
matically high. According to the Umweltbundesamt
(2018b), 27,1% of the 1200 groundwater bodies in
Germany were in a bad chemical condition with refer-
ence to nitrate (>50 mg N/l) in 2017. Also, the ground-
water body located in our study area was defined to be
in a bad chemical state in regard to nitrate concentra-
tions in 2017 (Umweltbundesamt 2018b). Therefore,
there is a high demand for the ES nutrient regulation.

Concurrent to the biogeochemical properties of
different nutrients, the corresponding processes in
the environment differ. In that respect, it needs to
be considered that this study only deals with the
nutrient nitrogen as one of the most important nutri-
ents in our environment.

2.3. Nitrogen budget

The method utilized to calculate the nitrogen budget
was guided by the DüV (2017) (fertilizer ordinance).
As stated in the introduction, the DüV (2017) is the
German legislation regulating fertilisation in the agri-
cultural sector, implementing regulations specified in
the EU Nitrates Directive (The European Council
1991). In the following section, relevant aspects of
the DüV (2017) are summarized, focussing on infor-
mation on fertilizer application planning and the
calculation of the nutrient balance that emphasize
all matters related to nitrogen.

In regard to the obligatory fertilizer application
planning, the DüV (2017) defines default nutrient
requirements for agricultural plants. In this context,
also certain corrective values related to the yield are
specified (DüV 2017; Kuhn 2017; Bundesanstalt für
Landwirtschaft und Ernährung 2018). Considering
the N requirements, thresholds for mineral fertilizer
applications are dependent on N delivery from the
soil and from organic fertilizers. For the N delivery
from organic fertilizer, only a specified share of the
original N application has to be considered. Certain
circumstances, such as specific weather conditions,
may allow for a correction of the calculated limit
(DüV 2017; Kuhn 2017; Taube 2018). Nutrient
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contents of manure may be measured or default
values from the DüV (2017) may be used for fertilizer
planning. The Nitrates Directive limits the applica-
tion of manure N to 170 kg per hectare and year. The
DüV (2017) maintains the threshold but considers
additional (plant-based) nutrient sources, such as
digestate from biogas plants and compost, and lowers
default loss factors considering potential losses in the
stable and during application. However, the threshold
is calculated on farm level and does not need to be
met on each individual plot (The European Council
1991; DüV 2017; Kuhn 2017; Bundesanstalt für
Landwirtschaft und Ernährung 2018; Taube 2018).

The DüV (2017) specifies regulations concerning
the calculation of nutrient balances, covering the
methodological approach, surplus thresholds and
sanctions. The nutrient balance is calculated as
a surface balance for nitrogen and phosphorus,
whereby the nutrient removal through harvest is sub-
tracted from the nutrient inputs via organic and/or
mineral fertilizers (DüV 2017; Kuhn 2017;
Bundesanstalt für Landwirtschaft und Ernährung
2018; Taube 2018). For nutrient inputs via manure,
default loss rates referring to NH3 losses in the stable
and during storage and application are subtracted.
Again, default values for nutrient contents for man-
ure and harvested products are specified in the DüV
(2017). The calculated multi-year average surplus
needs to comply with a certain threshold. Farmers
may calculate the nutrient surplus at the farm-level or
aggregate the calculation from an individual plot-
level to farm level. Thus, the nutrient surplus refers
to the average of the farm and not to single plots.
Besides, only farms with a specific size and intensity
characteristics need to calculate nutrient balances
(DüV 2017; Kuhn 2017). The DüV (2017) specifies
sanctions for violating the regulations concerning the
nutrient surpluses. In addition, the DüV (2017) con-
tains regulations concerning fertilizer blocking peri-
ods, respective manure storage capacities and manure
application techniques (DüV 2017; Kuhn 2017;
Bundesanstalt für Landwirtschaft und Ernährung
2018). The DüV (2017) authorises the federal states
to require farmers to submit their nutrient balance to
the responsible institutions and the DüV (2017) spe-
cifies additional measures to be considered in so-
called pollution hotspot areas.

Consistent with the research objective, a method
to calculate spatially explicit nitrogen budgets was
developed. Next to the DüV (2017), additional litera-
ture (Leip et al. 2011; Bach et al. 2014; Özbek and
Leip 2015; Taube et al. 2015; Bicking et al. 2018) was
used for the development of the calculation methods.
The nitrogen budgets were calculated on the scale of
individual fields in the study area.

According to Taube (2018), the share of organic
fertilizer which is accounted for in the nutrient balances

according to the DüV (2017) is too low, considering the
technological development of the last 20 years aiming to
increase the nutrient utilization rate. The DüV (2017)
specifies the remaining share that can be considered to
be lost, whereas Taube (2018) claims, the values are well
below the technical recommendations of the federal
state authorities and also lower compared to the regula-
tions in other countries (e.g. Denmark). He argues that
a necessary and technically meaningful differentiation
of the values according to crop types or time of applica-
tion was omitted and that altogether the DüV (2017)
has no effect with regard to better utilization of organic
fertilizers and thus a reduction of nutrient losses into
the environment. Another amendment of the DüV is
currently in negotiation and is expected to enter into
force in spring 2020. The amendment is to be included
amongst others field specific nutrient surplus limits and
reduced fertilizer requirements (Bundesministerium
für Ernährung und Landwirtschaft 2019;
Landwirtschaftskammer Schleswig-Holstein 2019).

Beside the above criticism, from the ecological per-
spective, the priority of the nitrogen budgets should be
the generation of knowledge on the genuine nutrient
situation and not to maximize crop production which
should only be a secondary target. Only then, can the
nutrient budgets support sustainable agricultural prac-
tices. Therefore, two different calculations have been
performed; an agricultural nitrogen budget, which con-
siders the loss factors for the application of fertilizers, in
line with the specifications in the DüV (2017), and an
ecological nitrogen budget which considers the total
amount of fertilizer applied (Leip et al. 2011). In addi-
tion to that, the ecological nitrogen budget also consid-
ers atmospheric N-deposition as a nitrogen input
parameter. Table 1 gives an overview of the parameters
considered in the two different approaches.

Table 2 summarizes the different parameters which
have been considered for the calculation of the nitrogen
budgets, the respective methods and specific data
sources that have been used. Most information was
provided by the farmer, either from his field record
system or through personal communication. The crop
type related agricultural practices considered in the

Table 1. Parameters considered for the agricultural and eco-
logical nitrogen budget calculation.

Parametera
Agricultural nitrogen

budget
Ecological nitrogen

budget

Mineral fertilizer x x
Organic fertilizer from
livestock

x x

Digestate from biogas
plants

x x

Biological nitrogen
fixation

x x

Atmospheric
N-deposition

x

Yield x x
Fertilizer loss rates x

aNo compost and sewage sludge have been applied onto the investi-
gated fields in the considered timeframe.
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nitrogen budgets on the field scale are summarized in
crop type specific profiles (Appendix A).

2.3.1. Crop rotation
Crop rotation refers to the sequence of specific crops
planted on one field, whereby the succeeding crop
belongs to a different family than the previous crop
(PAN Germany 2010). Crop rotation is crucial in sup-
porting the long-term productivity of crop cultivation
and thereby the provisioning ecosystem service crop
production. In general, crop rotation affects different
highly relevant environmental issues, such as species
diversity, biodiversity at the landscape level, soil fertility
and soil health, water and climate change (European
Commission – DG ENV 2010; Bruns 2012). Proper
crop rotation influences even more ecosystem services,
as it reduces weed and disease pressure, preserves soil
fertility and biodiversity and at the same time secures
economic viability (Bruns 2012; Bayerische
Landesanstalt für Landwirtschaft 2016). The additional
advantages which can be gained using crop rotation
(European Commission – DG ENV 2010; PAN
Germany 2010; VALERIE 2017) can be linked to the
following provisioning and regulating ecosystem ser-
vices: drinking water, groundwater recharge/water flow,
local climate regulation, global climate regulation, air
quality regulation, erosion regulation, nutrient regula-
tion, water purification, pest and disease control and
pollination. Of course cultural ecosystem services, such
as landscape aesthetics and recreation will be also
influenced.

As crop rotation is such an integral part of sustainable
land management, it is addressed in different policies at
EU level. The 2003 Common Agricultural Policy (CAP,
European Commission 2019) requires farmers to main-
tain their fields in a Good Agricultural and
Environmental Condition (GAEC). One of the defined
standards of the GAEC deals with crop rotation. The

Agri-Environmental Measures (AEM) aim to encourage
farmers by offering financial means to apply agricultural
production methods, which sustain and/or enhance
environmental conditions (European Commission
Agri-environment measures 2005; The European
Council 2005). The financed AEMs may include mea-
sures on crop rotation. In addition to that, the European
policy on organic farming (The European Council 2007)
considers crop rotation as a keystone for holistic sustain-
able farming management. Crop rotation was included
within the Nitrate Directive (The European Council
1991) in the form of enhanced crop management (e.g.
intercropping, soil covers) and crop-specific guidelines.
The significance of crop rotation within EU policies
underlines the high relevance of this agricultural practice.
Therefore, management options with regard to crop
rotation have been considered in this study. In order to
identify the effects of different crop rotation systems on
the nutrient regulation demand, the nitrogen budgets
were calculated for different crop rotation systems.
Table 3 gives an overview of the crop rotation systems,
which have been considered in this study. The 4-year
cycle crop rotation systems listed in the table have for-
merly been employed in the case study area. Nowadays,
the farmer changed to the 5-year crop rotation systems,
including grass/clover cultivation.

2.4. Nitrate leaching and denitrification potential

The denitrification potential, represented by the denitri-
fication rate in kg NO3-N/ha/a, was evaluated and made
available by the Geologischer Dienst (Geological Service)
NRW (2017a). The Geologischer Dienst NRW (2017a)
based the evaluation on information on a broad set of soil
parameters including soil texture, soil-water condition
and soil organic carbon. The dataset is provided as part
of the soil map of North Rhine Westphalia on the scale
1:50ʹ000 (Geologischer Dienst NRW 2017b). The nitrate

Table 2. Overview of methodologies and data sources used for the parameters considered for the calculation of the nitrogen
budgets.
Parameter Indicator with quantification unit Quantification methods and data sources

Nutrient input Mineral fertilizer (kg N/(ha*year)) Data on application from field record system (von Ruschkowski 2018)
Organic fertilizer from livestock
(kg N/(ha*year))

Data on application from field record system (von Ruschkowski 2018);
data on N-content of organic fertilizer from field record system (von
Ruschkowski 2018) and from laboratory reports by
Landwirtschaftliche Untersuchungs- und Forschungsanstalt NRW
(Landwirtschaftliche Untersuchungs- und Forschungsanstalt 2018)

Digestate from biogas plants
(kg N/(ha*year))

Data on application from field record system (von Ruschkowski 2018)

Biological nitrogen fixation
(kg N/(ha*year))

Data on cultivation (grassland and legumes) from field record system
(von Ruschkowski 2018); data on specific efficiency of nitrogen
fixation derived from Landwirtschaftskammer Niedersachsen (2016)
and other sources (a.o. Loges et al. 1998; Sächsische Landesanstalt
für Landwirtschaft 2007; Loges 2013)

N-deposition (wet, dry and occult)
(kg N/(ha*year))

Data on nitrogen deposition in Germany in 2009 for different land use
types from the Umweltbundesamt (UBA 2009; Stickstoffdeposition.
PINETI-2 (Pollutant INput and EcosysTem Impact). Personal
communication)

Nutrient output Yield (crop and grassland)
(kg N/(ha*year))

Yield estimated by the farmer; data on average N-content of grass/crop
type from DüV (2017)

Stable, storage and application loss rates (%) Specific deduction rates based upon specification in field record system
(von Ruschkowski 2018) according to DüV (2017)
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leaching potential is represented by the soil water
exchange rate in %/a. For the quantification of the soil
water exchange rate, a method by Müller and Waldeck
(2011) was applied, considering soil depth, texture, plant
available water, yearly evapotranspiration and precipita-
tion as well as the groundwater level. Soil data was
obtained from the soil map of North Rhine Westphalia,
climate data was provided by the Climate Data Center of
the GermanMeteorological Service (DWDClimate Data
Center 2018a, 2018b).

Data of the individual spatial components were
mapped using the GIS software ArcGIS and QGIS.
Besides, a statistical comparison of the maps was
performed using R. For that matter, the map com-
parison statistic was adopted (Hagen-Zanker 2006;
Schulp et al. 2014). The map comparison statistic
summarises the relative differences of the compared
maps (Schulp et al. 2014) and is calculated for each
pair of maps based upon the following formula:

MCS ¼
PN

n¼1
a�bj j

max a;bð Þ
� �

N
(1)

Where MCS is the map comparison statistic, and a
and b correspond to the normalized values of the
assessed indicators (nitrogen budget, nitrate leaching
potential and denitrification potential). The statistical
analysis aims to identify the average difference
between each pair of compared datasets (Hagen-
Zanker 2006; Schulp et al. 2014; Ma et al. 2019).

2.4.1. Vulnerability analysis
Subsequently, the datasets were used for performing
an ecosystem vulnerability analysis. As outlined in the
introduction, vulnerability analyses aim to assess the
weaknesses of a certain system in regard to
a potentially harmful threat (Wisner et al. 2004;
Weißhuhn et al. 2018). In our case, the potentially
harmful threat is the surplus of nutrients, causing
eutrophication. Vulnerability is commonly outlined
as a function of exposure, sensitivity and adaptive
capacity (Turner II et al. 2003; Füssel 2007; Frazier
et al. 2014; Weißhuhn et al. 2018). Thereby, the expo-
sure stands for the probability of the specific hazard,
the sensitivity describes the susceptibility to the hazard
and the adaptive capacity measures the ability of the
system to deal with the hazard (Weißhuhn et al. 2018).
Translated to the datasets of this study, the nitrogen

budget (nutrient regulation ES demand) was used as
exposure to the hazard of nutrient oversupply. The
nitrate leaching potential measures the sensitivity of
an ecosystem and the denitrification potential assesses
the adaptive capacity of an ecosystem to cope with the
potential nutrient surplus. The spatial representation
of an ecosystem’s vulnerability allows for the identifi-
cation of hotspot areas. Specific land management
plans with regard to for instance protection can be
developed for and implemented in these hotspots
areas (Zurlini et al. 1999; Aretano et al. 2015). The
relative vulnerability of the individual fields was esti-
mated based on a GIS analysis. Therefore, the datasets
of the nutrient regulation ES demand, nitrate leaching
and denitrification potential were normalized and
combined, weighted evenly (Appendix B). Both the
nutrient regulation ES demand and the nitrate leach-
ing potential increase the relative vulnerability
whereas the denitrification potential reduces the rela-
tive vulnerability (Formula 2).

Relative vulnerability ¼ nutrient regulation ES demand

þ nitrate leaching potential

� denitrification potential

(2)

3. Results

The nitrogen budgets were assessed on the scale of
individual fields. Both the agricultural nitrogen bud-
get and the ecological nitrogen budget were calcu-
lated. On average, the ecologically calculated annual
nitrogen budget was higher by 49 kg N per hectare
than the agriculturally calculated annual nitrogen
budget. The assessment includes an evaluation of
different crop rotation systems (see Table 4). Both
nitrogen budgets were calculated for the different
crop rotation systems. The average agricultural prac-
tices of the season 2017/2018 in terms of fertilizer
application were used for the calculation.

Table 4 presents the calculated average annual
nitrogen budgets for the assessed crop rotation sys-
tems. Generally, the agricultural budgets delivered
lower values. The findings demonstrate the differ-
ences in the two calculation methods. According to
the agricultural nitrogen budgets, for both the 4- and

Table 3. Crop rotation systems considered in the calculation of the nitrogen budgets.
Crop rotation cycle Crop types Note

4 years Rapeseed/Silage maize/Field bean Former systems
Wheat
Triticale
Barley

5 years Rapeseed/Silage maize/Field bean Current systems
Grass/clover
Wheat
Triticale
Barley
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5-year cycle, the crop rotation systems including
maize deliver the lowest budgets. According to the
ecological budget calculation, the respective crop
rotation systems including field beans result in the
lowest annual nitrogen budgets. Crop rotation
including rapeseed delivers the highest nitrogen bud-
gets for all considered rotation systems and calcula-
tion methods. Generally, the 5-year crop rotation
system results in lower annual nitrogen budgets com-
pared to the 4-year crop rotation system. On average,
these nitrogen budgets are 10% lower compared to
the 4-year crop rotation system. In addition to the
fertilizer application and the crop rotation system,
additional management options have been imple-
mented to prevent soil erosion and surface runoff
and to support nutrient regulation. Since 2017,
some field margins have been left fallow and flower
strips have been cultivated. The implementation of
these measures decreased the annual average nitrogen
budget by 3%.

As outlined in Section 2.3, the share of nutrients
which should be considered in the budget according to
the DüV (2017) is under criticism. According to Taube
(2018), these specifications and regulations have no effect
in terms of improving the use of organic fertilizers and
thus reducing nutrient losses to the environment.
Therefore, the ecological nitrogen budget has been
defined as themost appropriate indicator for the nutrient
regulation ES demand. The nutrient regulation ES
demand has been quantified and mapped for the indivi-
dual fields in the case study area Eversen (Figure 3).

The findings indicate a spatial variation of the
nutrient regulation ES demand. Generally, the annual
average nitrogen budget of the individual fields ran-
ged between 14 and 52 kg N per hectare, with an
overall average of around 32 kg N per hectare. As
explained in the introduction, in order to guarantee
a more holistic ES assessment, underlying relevant
ecosystem processes were assessed. We examined
two soil processes, which are highly relevant for the
ES nutrient regulation, namely the nitrate leaching
and denitrification potential (Figure 4).

As outlined in Section 2.4, the nitrate leaching and
denitrification potential are based on different soil
properties and the climatic conditions. Thus, the differ-
entiation in the study area originates from the spatial

distribution of these environmental characteristics.
Therefore, the underlying spatial patterns of the two
potentials resemble each other. Nevertheless, both
potentials have a distinct spatial distribution
(Figure 4). Overall, the study area is characterized by
rather low nitrate leaching potentials. However, scat-
tered patches with higher nitrate leaching potentials are
spread throughout the whole study area. Additionally,
these patches feature low denitrification potentials
(denitrification rates: < 10 kg NO3-N/(ha*a)). These
areas correspond to the soils with the lowest field capa-
cities in the study area. The largest part of the study area
is characterized by medium denitrification potentials
(denitrification rates: 10–30 kg NO3-N/(ha*a)). Areas
with higher than average denitrification rates rarely
coincide with the location of the fields which have
been investigated. A visual comparison of the spatial
distribution of the nitrate leaching and denitrification
potential to the nutrient regulation ES demand (Figures
3 and 4) showed no distinct correlation. These findings
are supported by the map comparison statistics which
deliver the following results (Table 5).

The map comparison statistics indicate a moderate
randomness between each pair of maps. This supports
the assumption that each dataset contributes auxiliary
information to the assessment. Taking this into consid-
eration, a vulnerability analysis was performed which
combines the spatial distribution of the nutrient regula-
tion ES demand with the respective datasets of the
nitrate leaching and denitrification potential. Thereby,
the ecosystem’s vulnerability to the oversupply of nutri-
ents was assessed. The nutrient regulation ES demand,
in the form of the ecological nitrogen budget, has been
defined as the exposure to the hazard of nutrient over-
supply. The nitrate leaching and denitrification poten-
tial served as sensitivity and adaptive capacity of the
ecosystems, respectively.

The qualitative vulnerability assessment identified hot
and cold-spots of relative vulnerability (Figure 5) in the
case study area Eversen. A large number of the fields
located in the cross section from Northwest to
Southeast was characterized by a very high vulnerability.
In addition, three fields in the Northwest fall into the
same category. In these areas, the soil processes and
agricultural practices led to the most unfortunate combi-
nation. Another aspect, which should be considered with

Table 4. Annual average nitrogen budget for the 4-year and 5-year crop rotation system. The green shading highlights the
lowest budget within the respective crop rotation system.

Crop rotation (ø 2017/2018)

4-year cycle 5-year cycle

Rapeseed Silage maize Field bean
Rapeseed Silage maize Field bean Grass/clover Grass/clover Grass/clover
Wheat Wheat Wheat Wheat Wheat Wheat
Triticale Triticale Triticale Triticale Triticale Triticale
Barley Barley Barley Barley Barley Barley

ø budget (agri) in kg N/(ha*a) −5 −27 −11 −4 −21 −8
ø budget (eco) in kg N/(ha*a) 53 34 26 45 30 24
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Figure 3. Nutrient regulation ES demand on the individual fields in the case study area Eversen based on the average annual
ecological nitrogen budget from 2008 to 2018. The frequency distribution refers to the number of fields in the respective
categories (base map: OpenStreetMap, 2019).

Figure 4. Nitrate leaching potential and denitrification potential (Geologischer Dienst NRW 2017a) in the case study area Eversen
(please consider the respective color schemes of the two potentials). The frequency distribution refers to the number of
polygons in the respective categories.
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respect to the vulnerability of the area, is the proximity of
the fields to water bodies and nature protection areas
(Figure 5). The case study area is surrounded by both.
This proximity should be perceived as an additional
incentive to implement a sustainable nutrient manage-
ment concept.

4. Discussion

4.1. The discrepancy between ecology and
agriculture

The ecosystem service demand assessment was primarily
based on the farmer’s field record system, which includes
data for the years 2008–2018 (von Ruschkowski 2018).
The annual average nitrogen budgets (in kg N/(ha*a))

were calculated using two different approaches. Firstly,
an agricultural nitrogen budget was calculated which has
been developed based on the DüV (2017) and other
agricultural literature (a.o. Leip et al. 2011; Bach et al.
2014; Özbek and Leip 2015; Taube et al. 2015). It con-
siders nitrogen deduction rates for fertilizer application.
Secondly, an ecological nitrogen budget was calculated
which considers the whole nitrogen cycle. Therefore, no
deductions were applied and additionally the atmo-
spheric N-deposition was considered as an input para-
meter. Expectedly, the agricultural nitrogen budget was
lower than the ecological nitrogen budget. The investi-
gated fields delivered ecological annual nitrogen budgets
up to 52 kg N per hectare.

4.2. Plant championship

The fertilization practices were compared to the defined
N requirements according to the fertilization planning
of the DüV (2017). For each agricultural crop type, crop
profiles were compiled which refer to agricultural prac-
tices related to fertilization and residual management
and the estimated yield (Appendix A). The comparison
refers to the general N requirements of the agricultural
crop (DüV 2017 Appendix 4). Exceptions of the
N requirements, due to, for example, specific N soil
contents, were not considered. However, the compar-
ison indicates that the fertilization practices were well

Table 5. Map comparison statistics (MCS) of nutrient regula-
tion ES demand, nitrate leaching and denitrification potential.
Identical maps result in a MCS of zero, a MCS of 0.5 indicates
that the pair of maps are random and a opposing pair of
maps produce a MCS of 1.

Relevant
datasets

Nutrient
regulation ES
demand

Nitrate
leaching
potential

Denitrification
potential

Nutrient
regulation ES
demand

(0) 0.47 0.47

Nitrate leaching
potential

(0) 0.56

Denitrification
potential

(0)

Figure 5. Location of water courses, nature protection areas and estimated relative vulnerabilities with respect to the ES nutrient
regulation on the individual fields in the case study area Eversen. The relative vulnerability accounts for the nutrient regulation
ES demand (ecological), the nitrate leaching and the denitrification potential. The frequency distribution refers to the number of
polygons in the respective categories (base map: OpenStreetMap, 2019).
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below the defined N requirements according to the
DüV (2017). The fertilization practices for rapeseed
were closest to the N requirements defined by the
DüV (2017). The comparison of the different crop
rotation systems for both the annual agricultural budget
and the annual ecological budget corresponds to our
expectations. The annual average nitrogen budget is
generally lower in the 5-year crop rotation system,
compared to the 4-year crop rotation system. These
findings are in line with the literature (European
Commission – DG ENV 2010; PAN Germany 2010;
Bruns 2012; VALERIE 2017). Furthermore, the com-
parison also supports the above outlined findings on the
differences between the agricultural and ecological bud-
gets. The agricultural calculation identifies the lowest
nitrogen budgets for the crop rotation system including
maize. However, according to the ecological calculation,
the crop rotation system including field beans performs
best. As the agricultural budget allows for nitrogen
deduction and only the ecological budget delivers inte-
gral insights into the total amount of nitrogen intro-
duced into the environment, the crop rotation system
including field beans can be considered as a best prac-
tice method. These findings support the conception of
the different calculation methods (agricultural and eco-
logical) outlined above. The crop rotation including
rapeseed delivers highest nitrogen budgets for all con-
sidered crop rotation systems. Next to the relatively
high fertilizer application rates for rapeseed, the high
product-to-residue ratio, which implies relatively high
amounts of nitrogen remaining on the field after har-
vest, explains these findings.

According to the agricultural calculation, even nega-
tive nitrogen budgets occurred in the case study area,
which might cause nitrogen deficiency in the long run.
Nevertheless, as discussed in Section 2.3, the loss values
considered in the calculation of the agricultural nitrogen
budget are subject to criticism (Taube 2018). According
to Taube (2018), the nutrient share which is considered
in the budgets is too low from an ecological and also
technical perspective. Thus, it is most likely that the
calculated agricultural nitrogen budgets deliver an incor-
rect impression of the nutrient situation. Therefore, the
ecological nitrogen budget has been selected as the indi-
cator for the nutrient regulation ES demand in the case
study area. Considering themanagement implications, in
particular the extended crop rotation system including
grass/clover should be highlighted as an efficientmeasure
for reducing the nitrogen budgets and therefore the
demand for nutrient regulation.

4.3. Putting ES demand into perspective

By embedding the analysis in the ES framework
a comprehensive assessment of the nutrient situation
was possible. The major focus of this study was the
calculation of nitrogen budgets as an indicator of the

ES demand. As proposed by recent literature, the eco-
system properties and conditions are fundamental for
an ecosystem’s ES supply capacity (Power 2010; Müller
and Kroll 2011; Müller and Burkhard 2012; Syrbe et al.
2017;Maes et al. 2018). Therefore, the study included an
assessment of some fundamental ecosystem processes
with regard to the ES nutrient regulation: Nitrate leach-
ing and denitrification potential. Both of these soil pro-
cesses influence the nutrient cycle within the ecosystem
and thereby account for the ES potential of nutrient
regulation. However, more information is necessary to
ensure an integral assessment of the nutrient regulation
ES supply. The available data allowed performing
a spatially explicit vulnerability assessment. The find-
ings of the nutrient regulation ES demand were com-
pared to the spatial distribution of the nitrate leaching
and denitrification potential. All information was com-
bined in order to assess the relative vulnerability of the
area to nutrient oversupply. The consideration of adja-
cent nature protection areas and watercourses next to
the agricultural fields increased the significance of the
evaluation. Of course, land management and agricul-
tural practices of the entire corresponding catchment
area are of relevance for the quality of water bodies.
Nevertheless, the impact factor in particular with refer-
ence to the lag time increases with increasing proximity.
In addition to surface water, also groundwater bodies
should be considered in an integrated assessment. As
the spatial representation of an ecosystem’s vulnerability
allows for the identification of hotspot areas (Weißhuhn
et al. 2018), the evaluation can serve as a foundation to
detect areas where special attention needs to be paid
with respect to land management strategies or agricul-
tural practices (Zurlini et al. 1999; Aretano et al. 2015).
The spatially explicit vulnerability evaluation can serve
in particular as a base for designating additional envir-
onmental conservation measures. Measures, such as the
establishment of flower strips, fallow land or the cultiva-
tion of green infrastructure such as hedgerows, can be
implemented in areas which are identified to exhibit
high or very high vulnerability to nutrient oversupply.
In the case study area, the fields located in theWest and
in the cross-section from Northwest to Southeast were
characterized by (very) high vulnerability. In particular,
these fields should be given special attention in regard to
balanced nitrogen in- and outputs.

4.4. Reality check

The calculations of the nitrogen budgets were primarily
based on data and information that were obtained
directly from the farmer. Information such as the appli-
cation of fertilizers on the fields was recorded in his field
record system (2018). The information was available and
specified with regard to the quantity as well as to the date
of application. In regard to the average yield per hectare,
the informationwas of a different quality. The yield of the
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different crop types was not weighted and recorded
accordingly. The farmer had estimated the average yield
for the different crop types. Next to the general uncer-
tainty of this approach, the information on the average
yield was static and no annual variation was included.

Crop rotationwas considered in this studywith regard
to the calculation of the nitrogen budgets. The calculation
was based on a summation of the in and outputs of the
different crop types during the considered period of time
(4 and 5 years). This summation included aspects related
to biological nitrogen fixation through legumes.
However, it did not include other crop type-specific
aspects such as vegetation period (including winter soil
coverage), root mass and tillage practices, which influ-
ence the nutrient cycle (Jacobs et al. 2009; Bruns 2012; Jie
et al. 2013; Busari et al. 2015). Amore complexmodelling
approach, which considers these aspects, would most
likely result in even more significant differences between
crop rotation systems (Power 2010). Another limitation
of the assessment is that all calculations were based on
total nitrogen quantities and no differentiations were
made between organic and inorganic nitrogen (Smith
et al. 2013). Themobility and plant availability of organic
and inorganic nitrogen (Smith and Hadley 1989; Smith
et al. 2013) were not considered. Thus, no differences
were made between biologically-fixed nitrogen (e.g.
through the cultivation of field beans), organic and
mineral fertilizer application.

In addition to the specific uncertainties and limitations,
which originate from the methodological approach, also
general uncertainties of ES research need to be considered
(Hou et al. 2013). General uncertainties come from the
complexities of ecosystems and human-environmental
interactions. Therefore, the ES concept is of multi, inter
and transdisciplinary nature (Burkhard 2017; Maes 2017),
incorporating, in particular, the ecological and socio-
economic research domains. Besides, challenges arise
from the terminology within the ES concept. For instance,
the differentiation between ES potential, flow and demand
need to be taken into account (Burkhard et al. 2012b,
2014; Schröter et al. 2014; Dunford et al. 2017; Bicking
et al. 2018). Additionally, for the interpretation of results,
input data, applied methodologies and in particular, the
employment of proxies need to be considered. In this
study, the nitrogen budgets were used as a proxy for the
nutrient regulation ES demand. The careful consideration
of all these issues is essential for the interpretation of ES
assessments in order to safeguard the comprehension of
the results (Dunford et al. 2017).

4.5. The road ahead is golden

A promising approach for further assessments is the
development of an elaborated model for the calculation
of nitrogen budgets on the field scale. This model
should be developed for a case study area in order to
enable the inclusion of further temporal and spatial

explicit variations. The highly elaborated model pack-
age RAUMIS-GROWA-DENUZ-WEKU (Heidecke
et al. 2014; Ackermann et al. 2015; Wendland et al.
2015) could serve as an example for a methodological
approach which allows for integral assessments on local
scales. Just as the package RAUMIS-GROWA-DENUZ
-WEKU, this model should integrate an assessment of
further relevant nutrients, in particular phosphorous,
and contain a comprehensive hydrological model. In
particular, general aspects concerning seasonality and
other agricultural practices such as tillage should be
included. The model should also allow for temporal-
explicit specifications with regard to fertilizer applica-
tion and other agricultural practices. The model should
generate profound knowledge on the processes and
functions which play crucial roles in agro-ecosystems.
Eventually, the insights can be used in order to increase
the integral understanding of ecosystems as parts of
complex social-ecological systems.

5. Conclusions

This study contributes to the contemporary debate on
nutrient management, surplus and nitrate groundwater
concentrations. The nitrogen budget was defined as an
indicator for the nutrient regulation demand, which
was quantified and mapped. Furthermore, the assess-
ment included an evaluation of other agricultural prac-
tices and a vulnerability assessment incorporating
information on soil processes. Summing up the results
obtained in the study, the following can be stated in
regard to the research objectives:

(1) Identification of differences between the eco-
logical and agricultural nitrogen budget.
The assessment of the nutrient regulation ES
demand shows that high nitrogen budgets are
common practices. A strong variation was dis-
covered between the agricultural and ecological
budget. The agricultural budget even showed
nutrient deficiency situations. However, accord-
ing to recent literature, the share of nutrients
which are considered in the agricultural budget
is too low and not in line with current scientific
and technological development. The ecological
budget, on the other hand, considered all nutrient
inputs, even atmospheric deposition. From the
ecological perspective, this budget has the greater
significance.

(2) Assessment of the role of agricultural man-
agement, in particular crop rotation, on the
nutrient regulation demand.
The assessment identified the effects of different
agricultural practices on the nutrient regulation
ES demand. The comparison of different crop
rotation systems revealed that the assessed
5-year crop rotation systems result in lower
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average annual nitrogen budgets than the 4-year
crop rotation system. Generally, the crop rotation
including field beans leads to lowest nitrogen
budgets within their respective system. Besides,
the effect of additional agricultural measure-
ments aiming to reduce surface runoff, prevent
erosion and increase nutrient regulation on the
nutrient regulation ES demand was identified
through the calculation of the nitrogen budgets.

(3) Evaluation of the system’s vulnerability in regard
to nutrient surpluses using soil processes.
The ES concept indicates that the capacity of an
ecosystem to provide ES is based on the ecosys-
tem properties and conditions, corresponding to
structures, processes and functions of an ecosys-
tem. One aspect of ecosystem condition, which is
highly relevant for the capacity of an ecosystem to
provide the ES nutrient regulation, is nutrient
cycling. In this study, two soil processes (nitrate
leaching and denitrification), affecting an ecosys-
tem’s nutrient cycling, have been assessed. Thus,
even though there were no direct measurements
on the actual nutrient regulation ES potential and
ES flow available for this study, the incorporation
of the nitrate leaching and denitrification poten-
tial already increased the scope of the ES assess-
ment. The combination of the nutrient regulation
ES demand with the nitrate leaching and denitri-
fication potential was used in order to estimate
the relative vulnerability of the case study area in
the context of the ES nutrient regulation.
Commonly, a vulnerability assessment incorpo-
rates information on the exposure, sensitivity and
adaptive capacity with regard to a specific hazard.
In this study, the nitrogen budget, nitrate leach-
ing and denitrification potential were used as
indicators for these parameters. The assessment
identified hot and cold spots of vulnerability in
the study area and can, therefore, be used to
support sustainable land management policies
and agricultural practices concerning fertilization
strategies. For instance, the information on the
spatial distribution of the relative variability on
the field scale can support a farmer to make
decisions on crop rotation and fertilization
plans. Besides, a farmer can commission soil
nutrient analysis on fields, which are identified
to have a high nutrient regulation demand and/or
install conservation measures aiming to prevent
unsustainable nutrient conditions, safeguarding
the environment and concurrently securing
his/her own future prospects

Generally, this study investigated the contemporary
nutrient issue which originates from conventional

agricultural practices and intensive land management.
The study identified the reducing effects that agricul-
tural practices such as specific crop rotation systems
have on the nitrogen budget. Next to these findings,
also the spatial assessment of the nutrient regulation ES
demand and the spatial vulnerability assessment deliv-
ered valuable results. The study area is an agriculturally
dominated landscape. Therefore, sustainable agricul-
tural practices and land management strategies are
essential in order to safeguard the production of food
and fodder on the one hand and to prevent environ-
mental pollution and consequential degradation of soils
and water bodies on the other hand. The findings of this
study can serve as a foundation for the development of
land management policies and agricultural practice
plans aiming to decrease nitrogen budgets and thereby
reducing the nutrient regulation ES demand.
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Appendix B. Classification scheme of nutrient regulation ES demand, nitrate leaching and
denitrification potential as input data for the assessment of the relative vulnerability and
calculated vulnerability values/index and respective relative vulnerability classes

Nutrient regulation ES demand Nitrate leaching potential Denitrification potential Relative vulnerability

In kg N/(ha*a) Reclassified In %/a Reclassified In kg NO3-N/(ha*a) Reclassified Calculated index Reclassified

< 20 1 < 80 1 < 10 1 < 3.4 Very low
20 to
< 30

2 80 to
< 100

2 10 to
< 30

2 3.4 to
< 4.8

Low

30 to
< 40

3 100 to
< 120

3 30 to
< 50

3 4.8 to
< 6.2

Moderate

40 to
< 50

4 120 to
< 140

4 50 to
< 150

4 6.2 to
< 7.6

High

≥ 50 5 ≥ 140 5 ≥ 150 5 ≥ 7.6 Very high
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