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a b s t r a c t

Ecosystem accounting is receiving increasing interest as a way to systematically monitor the conditions
of ecosystems and the ecosystem services they provide. A critical element of ecosystem accounting is
understanding spatially explicit flows of ecosystem services. We developed spatial biophysical models of
seven ecosystem services in a cultural landscape (Limburg province, the Netherlands) in a way that is
consistent with ecosystem accounting. We included hunting, drinking water extraction, crop production,
fodder production, air quality regulation, carbon sequestration and recreational cycling. In addition, we
examined how human inputs can be distinguished from ecosystem services, a critical element in
ecosystem accounting. Model outcomes were used to develop an ecosystem accounting table in line with
the System of Environmental-Economic Accounting - Experimental Ecosystem Accounting (SEEA EEA)
guidelines, in which contributions of land cover types to ecosystem service flows were recorded.
Furthermore we developed spatial accounts for single statistical units. This study shows that for the case
of Limburg spatial modelling for ecosystem accounting in line with SEEA EEA is feasible. The paper also
analyses and discusses key challenges that need to be addressed to develop a well-functioning system
for ecosystem accounting.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The importance of protecting ecosystems and the services they
provide to sustain human livelihoods is increasingly recognised
(MA, 2005; TEEB, 2010; United Nations, 2012) and there is a high
demand from policy makers for sound information on ecosystem
services (ES) (Larigauderie et al., 2012). A crucial step in meeting
the information needs of policy makers is measurement and
monitoring of the current status and trends in the delivery of ES.
While it is widely recognised that ES contribute to human well-
being (MA, 2005), and supports economic activities in multiple
ways (e.g. Barbier, 2007; Boyd, 2007; TEEB, 2010), they have not
yet been systematically monitored in national accounts. National
accounts comprise a system for measuring economic activity,
and have been developed over the course of the last half century
into a comprehensive statistical standard, that is now widely
applied across the world (United Nations et al., 2009). Ecosystem
accounting is a promising method to integrate ecosystems and ES
into national accounts (Boyd and Banzhaf, 2007; Edens and Hein,

2013). A first guideline for ecosystem accounting was recently
developed under auspices of the UN Statistics Commission: the
System for Environmental Economic Accounts Experimental Eco-
system Accounting guidelines (SEEA EEA) (European Commission
et al., 2013).

Ecosystem accounting measures and monitors the conditions of
ecosystems, their capacity to provide services and the ES flows
from the ecosystem to society. A key element in the development
of methodologies for ecosystem accounting is understanding how
ES can be connected to economic activity, and how flows of ES can
be quantified at large spatial scales, with an accuracy sufficient for
accounting purposes (Boyd and Banzhaf, 2007; Edens and Hein,
2013; Mäler et al., 2008). Ecosystem accounting takes a spatial
approach towards analysing ecosystems and ES. The SEEA EEA
guidelines recognise that ecosystems and ES are spatially hetero-
geneous, and that this spatial variability needs to be captured in
ecosystem accounting (European Commission et al., 2013). Devel-
oping spatially explicit ecosystem accounts is thus a specific policy
application of spatial ES modelling.

Spatial ES modelling is a research field which has progressed
rapidly in recent years (e.g. Burkhard et al., 2012; Maes et al.,
2012; Nelson et al., 2009; Raudsepp-Hearne et al., 2010; Schröter
et al., 2014a; Serna-Chavez et al., 2014; Willemen et al., 2010).
It addresses a wide range of ES at different spatial scales with a
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variety of services modelled with different spatial methods
(Crossman et al., 2013b; Martínez-Harms and Balvanera, 2012;
Nemec and Raudsepp-Hearne, 2013). For ecosystem accounting
spatial modelling approaches that use quantified data could be
used (e.g. Kareiva et al., 2011; Petz and van Oudenhoven, 2012;
Sumarga and Hein, 2014). ES mapping studies that rely on proxy
indicators for ES (Eigenbrod et al., 2010), or on expert judgement
(Burkhard et al., 2012; Seppelt et al., 2011) are less suitable for
ecosystem accounting. Spatial modelling of ES for ecosystem
accounting calls for a definition of ES that is aligned with the
national accounting framework (European Commission et al.,
2013), measuring ES flows with quantifiable (spatial) indicators,
high resolution, accurate output at large spatial scales (e.g.,
provinces, nations), and understanding the level of error involved.

The objective of this study is to assess how multiple ES can be
spatially modelled and analysed in a way that is consistent with
ecosystem accounting, at a large spatial scale. In particular, we test
if and how the spatial approach outlined in the SEEA EEA for
measuring ES flows from ecosystems to society can be applied at
the scale of the Dutch province of Limburg. We test which models
would be appropriate to model key ES provided by ecosystems in
this province, and discuss what the main challenges and bottle-
necks are for further developing ecosystem accounting. We
selected Limburg province because it is a data-rich environment,
comprising a diversity of landscapes and generating a range of
different ES typical for North Western Europe. We analysed seven
ES: hunting, drinking water extraction, crop production, fodder
production, air quality regulation, forest carbon sequestration and
recreational cycling.

2. Conceptual framework and definition of ES

Current conceptualisations of the ES concept (cf. Haines-Young
and Potschin, 2010a; further refinements by van Oudenhoven et al.
(2012) and van Zanten et al. (2014)) have described the emergence
of an ES as a “cascade” from ecosystem properties to ES values.
In accounting, ES are “the contributions of ecosystems to
benefits used in economic and other human activity” (European
Commission et al., 2013). In this definition it is recognised that
human contributions, in the form of labour and manufactured
capital, are necessary for humans to benefit from many services

(Bateman et al., 2011; Boyd and Banzhaf, 2007; Haines-Young
and Potschin, 2010b; TEEB, 2010), and that the processed goods
(e.g. milk, processed wood or bread) themselves are not the ES
(Schröter et al., 2014b).

Disentangling human and ecosystem contributions in the gene-
ration of an ES is not straightforward. In line with van Oudenhoven
et al. (2012) and Edens and Hein (2013) we argue that two types of
human contributions can be distinguished, namely (i) historic and
current management of the ecosystem state and (ii) the extraction
or use of the ES (Fig. 1). The magnitude of these human contribu-
tions depends on the respective ecosystem and ES, but is espe-
cially noticeable in cultural landscapes. The current ecosystem
state is determined by a combination of ecological properties and
human management which often has evolved over the course of
centuries. For example, besides ecological properties, the current
state of a cropland is determined by current management prac-
tices (fertilizer application, irrigation), as well as by the past
conversion of a natural ecosystem to cropland. Within an account-
ing context, past anthropogenic changes to ecosystem properties
are reflected in the current state of the ecosystem. Recurrent
inputs may be required for generating ES (as in the case of
fertilizer inputs required for crop production), and they need
to be measured and included in the account as intermediate
human input.

For humans to benefit from ES a flow is necessary from the
ecosystem to society. For most regulating ES this flow can be fully
attributed to the ecosystem, i.e. there is no or hardly any human
contribution. For example, forests may sequester carbon without
human intervention. For most provisioning and cultural ES, how-
ever, a human contribution is necessary for society to benefit.
This benefit emerges as a result of the contributions of both the
ecosystem and humans, for instance in the form of extraction or
other forms of active use (Fig. 1, Bateman et al., 2011; Böhnke-
Henrichs et al., 2013). Hence, in accounting there is a need to
conceptually describe the contribution of the ecosystem for
specific services. In this paper we propose the following. For
provisioning services the benefit is a consumable or marketable
good, such as harvested crops or logged timber, while the ES
would be the standing crop prior to harvest, or the standing stock
of trees that will be logged. For provisioning services a human
contribution in the form of labour and manufactured capital
is necessary to transform an ES into a benefit (“mobilisation”

Fig. 1. Framework for conceptualization of human contributions to the emergence of an ecosystem service. Both historic and current management influence ecosystem
properties and functions, which in turn has an impact on the ecosystem service. Human and manufactured capital is often needed to realise the benefits that society and
economy derives from ecosystems. Indicator choice in empirical ecosystem service assessments often reflects the benefit instead of the contribution of ecosystems to this
benefit.
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through investments, cf. Spangenberg et al. (2014)). In the case of
cultural ES a human contribution in the form of an activity is
needed. For example, for the ES cycling recreation a cycling trip
(time, bicycle) is required. The ES can be described as the provision
of attractive landscapes that make the cycling trip enjoyable, while
the benefit is the cycling trip itself. In Table 1 we conceptually
explain the differences between the ES and the benefit for each ES
that was modelled in this study. The notion of ES as “contribu-
tions” has consequences for an ES assessment for cultural land-
scapes, in particular for the choice of biophysical indicators.
In cultural landscapes, where ecosystems and ES are the result of
combined influences of natural processes and human manage-
ment, contributions of ecosystems are difficult to separate in a
meaningful way, given current data and knowledge restrictions.

When measuring ES in biophysical terms, in some cases there is
little difference between a suitable indicator for the ecosystem
contribution and the benefit, as, for example, between the indicators
tons of wheat standing in the field (the ES) and the harvested wheat
(the benefit). The wheat example also shows that disentangling the
ecosystem contribution is challenging and hardly feasible as human
contributions (agricultural knowledge, fertilizer) have already influ-
enced the absolute amount of the ES. Practical empirical endeavours
of ecosystem accounting have to face information costs in indicator
choice. Much available data on ES indicates a benefit, which is why
a “realistic” choice of indicators (Fig. 1) often does not allow for
disentanglement. For more intangible ES such as cycling recreation
the contribution of the ecosystem (an attractive landscape) is even
more challenging to measure than the benefit (the cycling trips).
ES indicators in this study were preferably chosen to reflect the
ecosystem contribution, by trying to measure a flow that is most
directly related to the ecosystem (Table 1) (cf. Edens and Hein, 2013;
Schröter et al., 2012). However, in many cases this was not possible
because data for ES indicators were not available. For those ES an
indicator which represents the benefit was chosen, as explained in
Section 3.3.

3. Methods

3.1. Study area

Limburg province is situated in the south-eastern part of the
Netherlands, covering approximately 2200 km2 (Fig. 2). The pro-
vince has a varied and fragmented cultural landscape, which has
been managed for many centuries (Berendsen, 2005; Jongmans
et al., 2013). The area is densely populated (522 people km�2 in
2012) (Statistics Netherlands, 2012) and competition for land for

agricultural, nature and urban purposes is high (Vogelzang et al.,
2010). Similar to many other regions in the Netherlands, most
natural ecosystems have been converted and most areas are now
highly managed, which has led to landscape fragmentation
(Jongman, 2002). The province is nationally renowned for the
attractive hilly landscape in the southern part of the province.

3.2. Ecosystem accounting units

We used three types of spatial accounting units that are aligned
with those proposed in the SEEA EEA (European Commission et al.,
2013). The largest unit was the ecosystem accounting unit (EAU),
which was delineated by the administrative boundaries of Lim-
burg province. The second unit type was the land cover/ecosystem
functional unit (LCEU). Eight types of LCEUs, aligned with the main
land cover class types, were distinguished for the analysis of ES
flows (Fig. 2). These LCEUs were compiled from the specific land
cover classes of the Dutch land cover map LGN6 (Landelijk
Grondgebruiksbestand Nederland version 6) (Hazeu, 2009). The
category pastures includes agricultural grasslands. Cropland
includes all arable crops, as well as horticulture, nurseries, bulb
fields and orchards. Forest includes all non-urban forested areas
and water all open water bodies. The category urban and infra-
structure includes all urban areas, including green areas, buildings
in rural areas, glasshouses, large roads and railways. Heathland
includes only heath and peatland includes only peat. The category
other nature includes natural grasslands, reed vegetation, swamp
vegetation, and drift sands. The smallest unit type was a basic
spatial unit (BSU). BSUs are grid cells (25�25 m grain) that
together make up a LCEU. A BSU is used to assess local variation
in ES flows.

3.3. Modelled ES

In this study seven ES have been modelled, chosen to reflect the
diversity of services in the provisioning, regulating and cultural
categories from the frameworks of The Economics of Ecosystems
and Biodiversity (TEEB) and the Millennium Ecosystem Assess-
ment (MA) (MA, 2003; TEEB, 2010). The chosen ES include four
provisioning services (crop production, fodder production, drink-
ing water extraction and hunting), two regulating services (air
quality regulation and carbon sequestration) and one cultural
service (recreational cycling) (Table 2). The ES were chosen based
on expert judgement and feedback from provincial policy makers,
in combination with the criterion of data availability. The ES list is
not exhaustive but it does cover key economic sectors (agricultural
services), cultural aspects (cycling as a main form of recreation,

Table 1
The modelled ES, human management practices in ecosystems and the relation between ecosystem contribution and benefit.

Ecosystem service
name

Examples of human management of ecosystem Ecosystem service Benefit as used by
humans

Ecosystem service
indicator

Hunting National parks, ecological corridors Animals that are shot Game meat Game meat

Drinking water
extraction

Groundwater protection zones, extraction zones Extracted groundwater Drinking water Extracted groundwater

Crop production Crop choice, fertilizer application, drainage and
irrigation

Standing crop (at the time of
harvest)

Harvested crop Harvested crop

Fodder Production Fertilizer application, drainage and irrigation Standing grass (consumed by
animals)

Milk, meat Harvested or grazed
fodder

Air quality regulation Tree planting PM10 capture Health benefits Captured PM10

Carbon sequestration Tree planting Carbon sequestration Reduced climate change Carbon sequestered

Recreational cycling Cycling paths Scenic beauty along cycling paths Cycling trips Number of cycling trips
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and to a lesser extent hunting) and human health aspects (air
quality regulation and clean drinking water) as well as an ES of
international interest (carbon sequestration).

A specific spatial model was developed for every ES. Spatial
modelling was done using ESRI ArcGIS 10 and Geospatial Model-
ling Environment (version 0.7.1.0) software. The ES models were
generally developed at a fine resolution using the LGN6 land cover
map (Hazeu, 2009). The year 2010 was used as base year for the ES
models, unless indicated otherwise in the model descriptions. The
models are described below.

3.3.1. Hunting
The ES hunting was modelled for 43 hunting districts in Limburg

based on two game species: wild boar (Sus scrofa) and European
roe deer (Capreolus capreolus). For this ES we used consumable
meat (kg km�2 yr�1) from hunted game as an indicator. For
modelling hunted wild boar a spatially explicit dataset was used
(Faunabeheereenheid Limburg, 2011), except for National Park De
Meinweg, for which aggregated annual statistics were available for
the hunting season 2010–2011 (Faunabeheereenheid Limburg,
2012b). For roe deer, statistics were available per hunting district
for 2010 (Faunabeheereenheid Limburg, 2012a). The consumable
meat is equal to the dressed carcass weights, which was assumed to
be 0.75 of the body weight for wild boar (Grubešić et al., 2011). The
mean weight of all wild boar (40 kg) was assumed for wild boar
shot inside De Meinweg national park, because data on dressed
weight was not available. For European roe deer an estimate of
13 kg was used (Faunabeheereenheid Groningen, 2012). The weight

of the game meat was calculated per hunting district and averaged
over the area of the district, excluding urban areas, infrastructure
and water bodies, which were extracted using the LGN6 land
cover map.

3.3.2. Drinking water extraction
Groundwater is an important source of drinking water in

Limburg, constituting about 75% of the total drinking water
extraction (Waterleiding Maatschappij Limburg, 2013). Although
the availability of groundwater for extraction can be attributed to
(abiotic) geological processes for a large part, biotic processes are
also influential. Vegetation and soil fauna affect soil properties,
such as porosity, which influences the infiltration of groundwater.
Also, vegetation can have purifying effects on groundwater (e.g.
Elowson, 1999). Because of these biotic influences groundwater is
considered to be an ES. In this study the extracted groundwater
(m3 ha�1 yr�1) is used as indicator for this ES. Only drinking water
extraction from shallow groundwater (unconfined aquifers) was
modelled. Groundwater from unconfined aquifers is extracted for
the production of drinking water in 10 groundwater protection
zones throughout the province, ranging from 394 to 2386 ha in
size. These groundwater protection zones are located around the
extraction points and were assumed to be the areas to which the
ES can be attributed. The groundwater protection zones can be
considered as storage areas of drinking water that has infiltrated
locally or travelled there from other areas. It was assumed that all
areas of the protection zones contributed equally to the storage of
drinking water and therefore also to the extracted drinking water,
regardless of the assigned land cover type. The extracted volumes
of water (Provincie Limburg, 2010b) were divided evenly over the
groundwater protection zones to calculate the ES. Areas of two
groundwater protection zones extended across the border into
Germany. The contribution to groundwater extraction from those
parts of the protection zones were excluded from the model,
because that contribution should be attributed to ecosystems
outside Limburg.

3.3.3. Crop production
A third of the area of Limburg is used for crop production.

Crop production, especially in intensive agricultural areas, is to a
large extent determined by human input such as specific plant
breeds, fertilizers, groundwater management and insecticides.
Nevertheless, the ecosystem makes a valuable contribution in
the form of natural processes, such as soil biodiversity and
nutrient cycling. Ideally these natural processes should be quanti-
fied to determine the ecosystem contribution. However, disentan-
gling these processes from human contributions is difficult,
especially since human use has determined the state of the
ecosystem for centuries. Due to this complexity we used crop
production (kg ha�1 yr�1) as an indicator for the ES, noting that
this does not accurately reflect the ecosystem contribution. We
express all crops in terms of weight at harvest, but realise that the
value of the crops, both on a per kg and on a per ha basis, varies
considerably between crops. These differences in values can be
made apparent by the monetary component of the ecosystem
account (European Commission et al., 2013).

Spatial modelling of agricultural crops was done based on
spatial land cover data (Hazeu, 2009) and national statistics on
the annual average agricultural crop yield for 2010 (LEI and
Statistics Netherlands, 2011). The land cover dataset contained
data on four groups of crops: cereals, potatoes, sugar beets, and
other crops. For these groups aggregated statistics were used for
the two agricultural regions of the province (north and south); and
statistics for potatoes were divided according to agricultural
region and according to soil type (clay soils and sandy soils).

Fig. 2. Location and land cover of Limburg province. Source land cover data: Hazeu
(2009).
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3.3.4. Fodder production
In Limburg cattle rearing for dairy and meat is an important

economic activity (Statistics Netherlands, 2013b). We distinguish
the cattle that produce the meat and dairy as the benefit and the
production of fodder by pastures and maize as the contribution of
the ecosystem (the ES), consistent with Edens and Hein (2013).
In many other studies the livestock production for dairy and meat
is modelled as the ES (e.g. Maes et al., 2011; Naidoo et al., 2008;
Petz and van Oudenhoven, 2012), however, fodder is more closely
connected to the ecosystem than meat and dairy products. There-
fore annual production of dry matter (dm) from pastures and
maize was taken as the ES flow indicator.

The ES model was developed by considering two components,
dm frommaize and dm from pastures. For maize national statistics
for the average yield in 2010 was used [36 t ha�1 yr�1 (Statistics
Netherlands, 2013a)] for the entire province and a dm content of
30% was assumed. The calculations of fodder from pasture
were based on the findings of Aarts et al. (2005), where average
fodder yield was measured for four soil categories and four milk
production intensity categories of dairy cows (l ha�1), creating
16 fodder yield classes. These fodder yield classes were used in our
model. The four soil categories that were distinguished are
clay, peat, wet sand and dry sand. A soil map with these four
categories was created. The four milk production intensity cate-
gories were (1) less than 10,000 l ha�1, (2) 10,000–14,000 l ha�1,
(3) 14,000–18,000 l ha�1 and (4) more than 18,000 l ha�1. Each
municipality was classified into one of the four milk production
intensity categories based on the average production intensity in
the municipality.

The milk production intensity map was created based on milk
production figures for dairy cows per municipality. To incorporate
non-dairy cows into the model, milk production equivalents were
calculated. Calculations were based on the livestock units (LSU),
where a dairy cow is 1 LSU. The average LSU for non-dairy cows
was calculated based on all non-dairy cattle categories (Naeff et al.,
2011), being 0.67 LSU. The total LSU for each municipality was
calculated by adding that of dairy cows and non-dairy cows
together. The total LSU per municipality was multiplied with the

average annual milk production of a dairy cow (8000 l yr�1 (LEI
and Statistics Netherlands, 2012)) to calculate annual milk produc-
tion equivalents. Average milk production intensities were calcu-
lated per municipality based on the annual milk production
equivalents and total area of grassland per municipality (Naeff
et al., 2011). Therefore, to calculate the milk production intensity
for a municipality the following equation was used:

Cm ¼ ðdmþ0:67nmÞ8000
Am

ð1Þ

where Cm is the average milk production intensity in municipality
m, dm is the number of dairy cows in m, nm is the number of non-
dairy cows in m, and Am is the total ha of pasture in m. Using this
equation each municipality was categorised into one of the four
milk production intensity categories. A fodder production map for
pastures with 16 fodder yield classes was created by combining
the soil map and the milk production intensity map. For the final
fodder production map, fodder production from pastures and from
maize were combined.

3.3.5. Air quality regulation
Air pollution has detrimental effects on multiple aspects of human

health (Künzli et al., 2000), with a range of pollutants affecting air
quality. Particulate matter (PM10) is one of the best documented
pollutants in the Netherlands (Velders et al., 2012), and has therefore
been used as an indicator in this study. PM10 is detrimental to human
health, also at low concentrations (Künzli et al., 2000; Pelucchi et al.,
2009). The capture of PM10 by vegetation reduces atmospheric
concentrations, and indirectly decreases health risks that result from
direct exposure (Beckett et al., 2000). In our model the capture of
PM10 has been considered as the ES. The contribution of ecosystems
to air quality regulation was measured as the vertical capture of
(PM10) by vegetation. PM10 capture by vegetation (mg m�2) was cal-
culated according to the following function (Powe and Willis, 2004):

PM10 capture¼ AVdtC ð2Þ
where A is area, Vd is vertical deposition velocity for specific land
covers, t is the time step (one year), and C is the ambient PM10

Table 2
Modelled ES and information on input data.

Ecosystem service Dataset Spatial Data type Source

Hunting LGN6 land cover Yes Raster (25 m grain) Hazeu (2009)
Hunting districts Yes Polygon Faunabeheereenheid Limburg (2010)
Roe deer hunted No Provincial statistics Faunabeheereenheid Limburg (2012a)
Wild boar hunted Yes Points Faunabeheereenheid Limburg (2011)
Wild boar hunted in national park No Park statistics Faunabeheereenheid Limburg (2012b)

Drinking water extraction LGN6 land cover Yes Raster (25 m grain) Hazeu (2009)
Groundwater protection zones Yes Polygon Provincie Limburg (2010a)
Groundwater extraction 2010 No Provincial statistics Provincie Limburg (2010b)

Crop production LGN6 land cover Yes Raster (25 m grain) Hazeu (2009)
Soil map Yes Raster (50 m grain) Alterra (2006a)
Annual crop yield No National statistics LEI and Statistics Netherlands (2011)

Fodder production LGN6 land cover Yes Raster (25 m grain) Hazeu (2009)
Soil map Yes Raster (50 m grain) Alterra (2006a)
Groundwater table Yes Polygon Alterra (2006b)
Cattle numbers Yes Points Naeff et al. (2011)
Fodder yield No Empirical research Aarts et al. (2005)

Air quality regulation LGN6 land cover Yes Raster (25 m grain) Hazeu (2009)
PM10 ambient concentration 2011 Yes Raster (1 km grain) Velders et al. (2012)

Carbon sequestration LGN6 land cover Yes Raster (25 m grain) Hazeu (2009)
Gross primary production Yes Raster (1 km grain) NASA LP DAAC (2012)

Recreational cycling LGN6 land cover Yes Raster (25 m grain) Hazeu (2009)
Cycling paths Yes Line Fietsersbond (2012)
Population statistics Yes Polygon Statistics Netherlands and Kadaster (2009)
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concentration, which has been calculated based on the Dutch national
ambient concentration map for 2011. This map depicts average daily
ambient PM10 concentrations (mg/m3) at 1 km2 resolution (Velders
et al., 2012). Values for Vd were adapted from Powe andWillis (2004),
and are 0.0080 m/s for needle-leaved forest, 0.0032 m/s for broad-
leaved forest, 0.0010 m/s for heath, peatland, grassland, cropland and
other nature, and 0 m/s for water and urban and infrastructure land
covers.

3.3.6. Carbon sequestration
Carbon sequestration (tC ha�1 yr�1) was calculated based on a

look-up table approach, which assigns quantities of ES flows to
land cover units. Using classes from the LGN6 land cover map,
eight land cover categories were defined in the analysis. The
categorisation is linked to the land cover types in the academic
literature used, and therefore differs from the classification applied
for the LCEUs. Carbon sequestration rates in different land cover
types are based on the literature, as explained in Table 3.

3.3.7. Cycling recreation
Limburg is known throughout the Netherlands for its nature

recreation possibilities. Together with hiking, cycling is the most
popular nature recreation activity (Goossen, 2009). Annually 10
million recreational cycling trips of at least one hour are made
Limburg (NBTC-NIPO Research, 2012a, 2012b; Stichting Landelijk
Fietsplatform, 2009, 2013). This number excludes cycle racing and
mountain biking, for which sufficient data lacked. Modelling these
activities requires a different approach and we considered this to
be out of scope of our paper. Table 4 gives an overview of the
percentages of trip lengths of recreational cyclists. In our model
trips longer than 50 km (3% of all trips) or with unknown length
(6%) were not taken into account. All trips were assumed to take
place only inside the province.

A database for the national cycle path network (Fietsersbond,
2012) was used to develop an allocation model. The model
combines variables for cycling path density, landscape aesthetics
and population size to estimate the spatial distribution of recrea-
tional cycling in the province. The database contains information
on the length of cycling paths, surrounding land cover and the
attractiveness of a path, but no quantitative data on use frequency.

Cycling path density was calculated for each hectare by
calculating the length of path per ha (m ha�1). Information from
the database (Fietsersbond, 2012) on the surrounding land cover
along paths and a qualitative score for attractiveness of the paths
and surroundings, given by users of the cycling paths, were used.
In the database attractiveness scores were only assigned to 69% of
cycling paths in the province. To estimate attractiveness of all
cycling paths a connection between attractiveness scores and land
cover type was made. The attractiveness of cycling paths was
scored on a five point scale (Fietsersbond, 2012), with scores 4 and
5 being “attractive” and “very attractive”. These two categories
were used to derive the percentage of cyclists that find certain
land covers attractive. Based on the percentage of people that

found a certain land cover attractive an attractiveness factor for
the five land cover categories was derived from the cycling
database (Table 5). The least attractive land cover type (built-up
without green areas) was given a factor 1. Other land cover types
were given an attractiveness score, relative to the least attractive
land cover type. The attractiveness factor was given to the
corresponding land covers from the LGN6 dataset. For each
hectare which contains cycling paths the attractiveness factors of
the different land covers were averaged out, to obtain an average
attractiveness score per ha. This was multiplied with the cycling
path density to give each grid cell a single value which reflects
both accessibility and attractiveness (A&A score). These A&A
scores were later used for the final allocation of cycling trips
throughout the province.

Another factor determining the allocation of cycling trips was the
spatial distribution of the population. For this spatial population
statistics for 193 districts were used (Statistics Netherlands and
Kadaster, 2009). Recreational cycling trips were spatially modelled
according to these districts. The 10 million cycling trips were dis-
tributed equally over all inhabitants, resulting in approximately
9 cycling trips per person per year. Measured from the centre of each
district, rings with a radius of 2.5, 5, 10 and 25 km were created and
cycling trips were allocated according to the number of trips passing
through these rings. For example, all modelled trips (91%) passed
through or stayed within the 2.5 km ring and 80% passed through or
stayed within the 5 km ring.Within each ring recreational cycling trips
were allocated according to the A&A score, as a fraction of the total
score within each ring. For example, if a ring contained a total A&A
score of 1000 and a single BSU had an A&A score of 10,1% of all cycling
trips within this ring would be allocated to that specific BSU.

3.4. Accounting for ES

The model outcomes were used to set up basic ecosystem
accounting tables, for the three types of accounting units (EAU, LCEU
and BSU). Biophysical accounts were created for nine individual
BSUs, as an example for detailed ecosystem accounts that can
monitor spatial variability of ES at high resolution. For each example
BSU a separate account was created, in which land cover was
determined and quantities of the seven modelled ES were calculated.
Furthermore, at a provincial level the model outcomes were used to
account for the quantities of ES provided by each LCEU using an
overlay analysis in ArcGIS, as well as for the province as a whole (EAU
account). For this accounting table, the total annual flows, means and
standard deviations (SD) were calculated for each ES.

4. Results

4.1. Spatial ES models

Fig. 3 shows the spatial distribution of the annual flows of the
modelled ES in Limburg province. The spatial models show substantial

Table 3
Look-up table for carbon sequestration in Limburg.

Land cover category Carbon sequestration (tC ha�1 yr�1) References LGN6 land cover classes included

Grassland 0.18 Janssens et al. (2005) All types of grassland and heathland
Cropland 0 Kuikman et al. (2003) All arable and horticultural cropland
Permanent cropland 0.29 Schulp et al. (2008) Orchards
Forest 1.45 Nabuurs et al. (2008) All forest types
Peatland 0.20 Janssens et al. (2005) Peatland and wetland vegetation
Built-up areas 0 Schulp et al. (2008) Urban areas, buildings in rural areas, infrastructure, glasshouses
Sand 0 Schulp et al. (2008) Sand dunes and sandbanks
Water bodies 0 Coenen et al. (2012) All water bodies
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spatial variation of the different ES flows across the study area. The
differences in the spatial resolutions of the models can be explained
based on four different types of models that were used.

For the first model type administrative boundaries were used
to allocate statistical data. We quantified hunting and drinking
water extraction using this approach. Hunting districts were used
to delineate the service (Fig. 3a), resulting in a limited resolution
and therefore limited spatial variability. Similarly, drinking water
extraction is limited to the groundwater protection zones, cover-
ing a small part of the province (Fig. 3b). Second, three ES were
derived from land cover types using look-up table approaches:
crop production, fodder production and carbon sequestration
(Fig. 3c, d and f). The third model type couples environmental
conditions to land cover types. This model was used for quantify-
ing air quality regulation (Fig. 3e). The result of this approach is
that the model output roughly follows the spatial distribution of
land cover types, while the distribution of ES quantities relies
additionally on environmental input (in this case ambient PM10

concentration). The final model type can be considered as a socio-
ecological model, where the resolution and spatial distribution of
ES quantities depend on both social data and land cover data. This
model was used to quantify recreational cycling (Fig. 3g).

Hunting is highest towards the eastern borders of the province, in
districts with relatively large forest areas which serve as a habitat.
Drinking water provision is highest in the small extraction area in the
southeast of the province. Crop production shows large spatial
variation depending on the type of crop produced. It is highest in
the southern part of the province due to the fertile loess soils found
there. Fodder production has large spatial variation throughout the
province. Air quality regulation is highest in areas with large forests
and lowest in urban areas. Carbon sequestration is mostly concen-
trated in forest areas, because this land cover type has a substantially
higher sequestration rate than all other land cover types. Cycling
recreation is the highest in the more densely populated southern part
of the province. The highest values for cycling recreation are found in
non-urban land covers directly adjacent to large cities.

4.2. Ecosystem accounting at the level of BSUs

Nine adjacent BSUs with a variety of land covers were selected as
examples for setting up detailed spatial ecosystem accounts (Fig. 4).
The separate accounts for each BSU are shown in Table 6. This analysis
shows that at a very local scale there can be considerable variations
in number of ES available and also the quantity in which they are

available. Table 6 shows that even between adjacent BSUs from the
same LCEU ES flows differ. This can be explained by the spatial
variation in input variables of the different ES models, such as soil
type, groundwater tables, landscape attractiveness and ambient PM10

concentration. Spatial ecosystem accounts could be created for all
BSUs within the province in order to monitor changes in ES flows and
land cover over time.

4.3. Ecosystem accounting at the level of LCEUs

LCEUs that have the largest contribution to the total annual
flow of an ES do not necessarily have the highest mean annual
flow (Table 7). While the total annual ES flow is generally lowest in
the more natural LCEUs with a smaller extent (heath, peat and
other nature), the mean ES flow from these LCEUs is highest for
several ES. For instance, heath has the highest mean annual flow
for hunting and air quality regulation and other nature has one of
the highest mean annual flows for cycling recreation. Forest has
high mean as well as total values for the regulating and cultural
services. For drinking water provision the less natural LCEUs have
the highest mean annual flows (pasture, cropland and urban and
infrastructure respectively). SDs were relatively high for most
modelled ES. The presented SD reflects the spatial variation of
BSUs, and the SD is low for ES that use aggregated statistics as
input data.

5. Discussion

5.1. ES in cultural landscapes

The definition of ES as stated in the SEEA EEA makes a clear
distinction between ES and benefits, recognising that, apart from
ecosystem contributions, human contributions are often involved
in deriving benefits from ecosystems (European Commission et al.,
2013). We argue that in strongly modified cultural landscapes such
as Limburg and many landscapes of Europe it is challenging to
completely disentangle all human and ecosystem contributions,
given current data and knowledge limitations. Especially manage-
ment of the ecosystem can hardly be separated from ecological
properties and functions. Nearly all ecosystems in Limburg are
anthropogenically influenced; agricultural lands have been created
out of forested areas and have themselves been modified to
enhance production (e.g. by installing drainage systems). Forests
have been modified for timber harvesting, and the populations of
large mammals are managed. Since an ecosystem is often modified
by people, ES cannot be related to natural processes only (as
suggested in Boyd and Banzhaf (2007)), and ecosystem accounting
needs to be further developed on the premise that ecosystems in
cultural landscapes are the resultant of targeted, as well as
unintentional human modifications of once natural systems. Note
that, in less intensively managed systems the ecosystem contribu-
tion and human contribution may be more straightforward to
disentangle. For example, in Telemark county, Norway, sheep are
released to graze in natural areas (Schröter et al., 2014a). This
system requires little human involvement, and therefore for
fodder production there are very few processes that need to be
disentangled.

ES are measured at the last point in space and time where
ecological processes play a significant role (Schröter et al., 2012).
This would mean that extraction of matter (in the case of
provisioning services) constitutes a boundary at which one can
account. For crop production, for example, the last point where
ecological processes play a significant role is in the field, prior to
harvesting. At the moment the crops are harvested, they enter a
production chain that is part of a socio-economic system, and

Table 4
Percentages of cyclists taking recreational cycling trips of different lengths (NBTC-
NIPO Research, 2012a; Stichting Landelijk Fietsplatform, 2013).

Length of cycling trips (km) Percentage of trips (%)

0–5 11
6–10 18
11–20 32
21–50 30
Total 91

Table 5
Land covers, the percentage of recreational cyclists that find them attractive, and
their relative attractiveness factor.

Land cover Percentage Attractiveness factor

Built-up (no green areas) 7.0 1.0
Built-up (many green areas) 25.9 3.7
Agricultural land 52.0 7.4
Nature (non-forest) 74.6 10.6
Forest 87.1 12.4
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ecosystem processes do not contribute significantly anymore. The
interpretation of such an “ecosystem accounting boundary” results
in a measurable indicator, and is internally consistent with the way
other provisioning services are included in ecosystem accounting.

However, defining the last point where ecological processes
play a significant role is not always easy, and caution is needed. For
example, as discussed by Edens and Hein (2013), human influence
in livestock rearing is very high. Therefore, we argue that the last
significant contribution of ecological processes occurs in the
production of fodder. Hunting is another example where the

boundary is vague. We defined the last ecological contribution as
the game at the moment it is shot. Since the human influence on
the foraging and health of game is much smaller compared to
livestock, we argue that in this case the live game can be seen as
the last significant contribution of ecological processes – even
though populations of all hunted animals are managed by people.
These examples show that the last significant ecological contribu-
tion can be subject to debate. ES and their indicators need to
be well defined if they are to be incorporated in ecosystem
accounting.

Fig. 3. Model output of ecosystem service flows for 2010 in Limburg. For data sources see Table 2.
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5.2. Challenges of and uncertainties in spatial ES modelling for
accounting

The specific requirements we outlined for spatial ES models in
the context of ecosystem accounting included a specific definition
of ES for accounting, using quantifiable spatial indicators, high
resolution models, accurate output at large spatial scales and an
understanding of the level of uncertainty involved. More generally,
also an accurate understanding of the ecological conditions and
the use systems are necessary. These requirements were largely
met by the developed models. The 25 m grain we used for the
BSUs proved feasible for accounting at the scale of Limburg. Also,
multiple ES flows have been modelled at a resolution that is
representative for the variation in land cover. However, the
uncertainty of the developed models deserves more attention.
We developed an understanding of the uncertainties underlying
the models, but were unable to validate our models, due to lack of
suitable data to verify our results with. The lack of validated
models is a recurring issue in many ES assessments (Seppelt et al.,
2011). On the other hand, there are examples that show that
validation techniques for ES models are available (e.g. Schulp et al.,
2014; Sumarga and Hein, 2014). Recurring uncertainties in ES
mapping studies are generated by combining different types
of spatial and non-spatial data, data aggregation and scaling, and
the chosen indicators (Crossman et al., 2013b; Martínez-Harms
and Balvanera, 2012; Nemec and Raudsepp-Hearne, 2013).

These issues also caused uncertainties in our spatial models, which
we will discuss below.

The accuracy of the developed models varied, depending on the
available data. Many types of input data were used in the models.
Spatial ES models require data with a degree of spatial explicit-
ness, aggregated at a lower level than the unit of analysis, i.e. the
study area. A consequence is that this limits the data choices
(Nemec and Raudsepp-Hearne, 2013). However, much of the data
related to ES is not spatially explicit, and models are often built
using a combination of spatial and non-spatial information (e.g.
Chen et al., 2011; Petz and van Oudenhoven, 2012), ranging from
look-up tables, to statistical datasets, satellite data or field mea-
surements. Combining different data types, with different degrees
of spatial explicitness and spatial variation, increases errors in the
models, which cannot easily be quantified. It should be noted that
the LGN6 land cover map that was used in the development and
analysis of multiple models has inherent uncertainties and inac-
curacies (Hazeu et al., 2010; Schulp and Alkemade, 2011), which
affected model outcomes. For example, grassland statistics (Naeff
et al., 2011) indicate the total area of grassland to be 25% smaller
than in LGN6. These differences are the result of inaccuracies of
remote sensing based maps (Schulp and Alkemade, 2011), as well
as different interpretations of what constitutes a grassland.
Therefore, besides accurate spatial models, accurate and specific
definitions of land cover classes are also essential in ecosystem
accounting.

Fig. 4. The nine selected BSUs in northern Limburg. The numbers 1 through 9 correspond with the BSU numbers in Table 5.

Table 6
An ecosystem accounting table for the nine example BSUs (25 m grain) presented in Fig. 4.

Ecosystem service Unit Basic spatial unit number

1 2 3 4 5 6 7 8 9

Hunting kg/yr 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Drinking water extraction m3/yr 58 58 58 58 58 58 58 58 58
Crop production kg/yr 0 0 0 0 0 0 0 0 0
Fodder production kg/yr 935 935 0 935 935 0 681 0 0
Air quality regulation kg/yr 0.6 2.3 2.3 0.6 2.3 2.3 0.6 2.3 2.3
Carbon sequestration kg/yr 11 11 91 11 11 91 0 0 0
Recreational cycling trips/yr 0 4 4 0 4 4 4 1 1
Land cover – Grassland Grassland Forest Grassland Grassland Forest Cropland Cropland Cropland
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Static look-up table approaches such as applied in the carbon
sequestration model might not always be suitable for ecosystem
accounting. Such methods do not provide information on spatial
variability within land cover classes and can therefore only inform
on changes between land cover classes over time. Moreover,
different studies indicate different values of carbon sequestration
for land cover types. For example, for maize Dutch studies
show both relatively high sequestration (Hanegraaf et al., 2009;
Reijneveld et al., 2009) and emissions (Lesschen et al., 2012), as
well as a carbon neutral value (Kuikman et al., 2003), which we
chose to use in this case since we judged this study most
consistent with our approach, i.e. analysis at a large spatial scale
with temporal steps of one year.

The use of coarse resolution grid-based data involves loss
of spatial variability, and aggregation to a coarser resolution
(upscaling) further decreases heterogeneity (Schulp and Alkemade,
2011). For the air quality regulation model an upscaling strategy
was used, and high resolution data was adjusted to the coarse
resolution ambient PM10 concentration map (Velders et al., 2012).
This led to spatial uncertainty, as urban areas that theoretically
should not capture PM10 (Powe and Willis, 2004), did receive
positive values because of adjacent land cover types that do
capture PM10. Another type of uncertainty is associated with
indicators that are related to movements of beneficiaries, such as
cyclists in the case of recreational cycling. Such movements are
difficult to capture in (static) maps, which cannot record the
precise movements of stakeholders over time. In addition, indica-
tors for cultural services often reflect perceptions of stakeholders.
Changes in an ecosystem will affect behaviour of stakeholders and
thereby ES flows based on these perceptions, with associated
uncertainties in terms of linking ecosystem properties to services
(Daniel et al. 2012).

5.3. Further development of biophysical ecosystem accounts

A main goal of the ecosystem accounting is “the organisation of
information sets for the analysis of ecosystems at a level suitable
for the development, monitoring and evaluation of public policy”
(European Commission et al., 2013). Spatially explicit ecosystem
accounts provide multiple advantages for reaching this goal and
the need for a spatial approach has been mentioned in SEEA EEA
as important for ecosystem accounting (European Commission
et al., 2013). However, it seems that for accounting the full
potential of spatially explicit analyses of ecosystems is currently
underestimated; the SEEA EEA remains very general on the
contributions of spatial models to ecosystem accounting.

We have explored some possibilities that spatial accounting at
multiple scales provides. First, it allows for a broad overview of ES
flows at a large spatial scale that can be used in reporting systems.
Although this study was done at provincial level, we believe that
the methods that we followed would in principle also be appro-
priate at the national scale. Second, it provides the possibility to
compare flows from different classes (e.g. land cover), as was
demonstrated by the analysis of LCEUs. Third, it provides an
understanding of the underlying spatial variation of the ES flows,
relevant for local applications. Further refinement of spatial units
for ecosystem accounting could lead to a more comprehensive
information system. The smallest spatial units (i.e. the BSUs) could
be filled with information on both ecosystem flows and conditions
(e.g. land cover or soil type), as well as socio-economic character-
istics (e.g. population density and economic activities, land man-
agement). Such an approach would make it possible to monitor
ecosystems from more perspectives than land cover type, as was
done in this study. The BSU level can provide important account-
ing information that is relevant for assessing effects of local orTa
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sectoral policies, and monitoring trade-offs between ES and ES
bundles.

Further work is needed in order to distinguish ES flows and the
capacity of ecosystems to provide services. Both are essential
elements in ecosystem accounting, with the capacity representing
“ecosystem assets” under current ecosystem management. Map-
ping both flows of ES and capacities of ecosystems to sustain these
flows would also be an important method to analyse the sustain-
ability of ecosystem use: areas where flow exceeds capacity
indicate unsustainable ecosystem use (Schröter et al., 2014a).
In the context of ES research closer collaboration among scientists
from different disciplines and decision makers is needed
(Crossman et al., 2013a). Developing ecosystem accounts requires
collaboration between statisticians, policy-makers, land managers,
economists and ecologists, as well as the spatial modelling com-
munity. Closer involvement of the spatial modelling community in
the development of ecosystem accounts can lead to more accurate
models. Using novel spatial methodologies that incorporate both
information on capacity of ecosystems to provide services as well
as ES flows (e.g. Schröter et al., 2014a) and that more strongly
incorporate the spatial distribution of and use by beneficiaries (e.g.
Bagstad et al., 2013) could improve the information potential of
ecosystem accounting.

6. Conclusion

This study has shown that spatial modelling of selected ES for
ecosystem accounting in line with SEEA EEA is feasible for the
data-rich case of Limburg province, the Netherlands. We outlined
specific requirements for spatial modelling for the purpose of
ecosystem accounting, namely a clear definition of ES, quantifiable
spatial indicators, high resolution models, high accuracy output at
large spatial scales and an understanding of uncertainties. We
empirically tested seven spatial models of ES flows, that largely
met these requirements. In addition, the contributions of ecosys-
tems and the contribution of humans to benefits were concep-
tually assessed, which were often difficult to disentangle. In the
context of ecosystem accounting, in particular in cultural land-
scapes, it should be acknowledged that ecosystems are not fully
natural systems, and are a result of ecological processes and
historical human alterations that are often challenging to disen-
tangle. The developed models for seven provisioning, regulating
and cultural services were used to set up ecosystem accounting
tables for the spatially detailed BSU level and for LCEUs. The
models showed various uncertainties that need to be dealt with if
a spatial approach to ecosystem accounting is to be operationa-
lised. In a spatial accounting context a detailed system with BSUs
that contain information on ecosystem conditions, ES flows and
socio-economic characteristics would be more informative for
monitoring spatial changes than highly aggregated statistics. Such
a detailed system could be also be relevant in the context of spatial
planning and strategic environmental assessments. For further
development of spatial ES models for ecosystem accounting, a
primary focus should be to increase data availability and accessi-
bility, and developing models for ES that have been rarely
modelled, in particular cultural services.
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