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Abstract:

The predominant land use in Denmark is agriculture, which has had negative effects on the aquatic environment, both
marine and freshwater, due to excess nutrient runoff and resulting eutrophication. The current condition does not fullfill
the  European  Water  Framework  Directive’s  goal  of  ‘Good  ecological  condition’ in  all  aquatic  environments.  In
Denmark,  forests  only account  for  a  small  proportion of  the land use,  and  despite  an increase over  the past  two
centuries,  the currently small  forested area has  had negative consequences for biodiversity since a majority of the
species in Denmark are dependent on forests for habitat. The current efforts do not meet Denmark’s commitment to
fulfill the United Nations Convention on Biological diversity. Similar to other countries, Denmark is obligated to reduce
its carbon dioxide emissions according to the Paris agreement, with reduction goals of 40 % in 2030 and 80-95% in
2050. The aim of the present thesis, is to assess whether reforestation on agricultural land can ensure that Denmark
reaches the international obligations for water quality and biodiversity at the same time as reducing climate impact by
increasing carbon sequestration, without significant land use conflict between agriculture and forest. 

This aim is pursued through an analysis of spatial data using a Geographical Information System, where three
scenarios are created to assess differences in policy priorities. 

Based on the result of the spatial analysis, carbon sequestration estimates are calculated to assess the extent to
which  forests  could  contribute  to  reducing  the  Danish  climate  impact,  by  increasing  carbon  sequestration.  The
parameters used in the spatial analysis were found through a literature review, and the data for the spatial analysis were
accessed in official and university databases.

The main findings of the spatial analysis suggest that the areas with the highest potential agricultural value and
the areas with the highest  potential  for forest ecosystem services are not overlapping to a significant degree.  This
implies that the areas that would have the highest levels of trade-offs between these goals when transitioning to forest,
can continue the current land use without being needed for reforestation. The areas where agricultural value is low, and
where reforestation would provide high levels of forest ecosystem services, are best suited for land use change. These
areas were found to cover a substantial part of the study area, varying depending on three different scenarios, and are
estimated to have the potential to contribute greatly to Denmark’s international commitments for water quality and
biodiversity. The carbon sequestration estimates show that if an area of approximately 7 % of Zealand was reforested,
the sequestered amounts of carbon dioxide would correspond to a large portion of the emissions reductions necessary to
fulfill Denmark’s obligations in the Paris Agreement. 

Keywords: Sustainable Development, Geographic Information Systems, GIS, Ecosystem Services, Land Use Conflict,
Carbon Sequestration, Forest, Agriculture.

Marc Adam Feinberg, Department of Earth Sciences, Uppsala University, Villavägen 16, SE- 752 36 Uppsala, Sweden
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Summary:

The consequences of the large extent of intensive agriculture in Denmark, has been substantial negative effects on the
natural environment. One such effect has been the nutrient run-off (nitrogen and phosphorous) from the manure and
fertilizer spread on the fields, into the streams and lakes that ultimately drain into the ocean. This has led to a nutrient
surplus in the aquatic environments, and consequently to algal blooms and in some cases to a lack of oxygen in the
water, which is dangerous for life under water. Most terrestrial species in Denmark are adapted to forests and therefore
depend on forests for habitat. Agriculture and forestry production of timber, have kept untouched and ‘wild’ forests to a
minimum, which is part of the reason why biodiversity in Denmark is under pressure. Several regional and international
agreements, The European Water Framework Directive, the United Nation’s Convention on Biological Diversity (and
others), seek to solve these problems, and Denmark has agreed to pursue these conservation goals. In addition, the Paris
agreement  seeks to  limit  national  CO2  emissions  to  reach  a “low carbon emission  society”  in  2050,  to  avoid  the
dangerous consequences of climate change, and Denmark is also committed to reaching this goal. Forests can improve
water quality by retaining nutrients, improve biodiversity by providing habitat and decrease climate impacts of CO2

emissions, by storing carbon in roots, stems and branches. The aim of this thesis has been to assess how forests could
contribute to reaching these goals, and if Denmark can fulfill its obligations to the mentioned international agreements,
without land use conflict between forest and agriculture.  

To examine these issues, a Geographic Information System was used. This means that environmental data with
a spatial element, i.e. a location, was collected from Danish ministries and universities. Roughly speaking, the potential
for agricultural value for an area was compared with the potential benefits to nature and society (ecosystem services)
that could be derived from planting forest in the same place. Areas where high trade-offs were likely to occur during
such a change were seen as bad for land use change, while areas where agricultural value was low while forest benefits
were high, were seen to be good for forest establishment.  Three scenarios were explored, differing by some forest
benefits being prioritized over others.

The main findings suggest that the areas with high trade-offs, and therefore high risk of land use conflict, were
not that wide spread. Most of the high forest values and high agricultural values, were not overlapping. This result is
important, since it indicates that it is possible to increase the forested area to meet Denmark’s international obligations,
while maintaining a good agricultural production. In one scenario, the highest value for forest establishment covered
7% of the study area, and the carbon stored in that amount of forest, would correspond to a large part of the carbon
emissions that Denmark is supposed to reduce in the Paris Agreement.

Keywords: Sustainable Development, Geographic Information Systems, GIS, Ecosystem Services, Land Use Conflict,
Carbon Sequestration, Forest, Agriculture.

Marc Adam Feinberg, Department of Earth Sciences, Uppsala University, Villavägen 16, SE- 752 36 Uppsala, Sweden
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1. Introduction
Denmark is a nation with a long tradition of agricultural production, reflected by 62% of the total land area
being used for agriculture while the forested area takes up around 14,5% (Statistics Denmark, 2017a). This
relatively high degree of cultivated arable land has resulted in substantial negative effects on the natural
environment. Agriculture has caused nutrient leaching to the aquatic environments, and although the trend
has been improved significantly during recent  decades,  the  ecological  status  of  aquatic environments in
Denmark is still far from reaching satisfactory status (Ærtebjerg et al., 2003; Andersen et al., 2014; Styrelsen
for Vand- og Naturforvaltning, 2016). Loss of or threatening of species i.e. loss of biodiversity, is another
issue that has historically been driven by use of large areas for intensive agriculture, as well as intensified
forestry production of timber. A substantial part of Danish terrestrial species are dependent on or connected
to forest habitat (Johannesen et al., 2015; Petersen et al., 2016). 

Problems with loss of biodiversity and nutrient leaching from agriculture, are not problems that are unique to
Denmark, but are global challenges. The planetary boundaries (PB) framework identifies a set of global
thresholds  that  anthropogenic  impacts  should  not  cross  to  remain  within  a  “safe  operating  space  for
humanity”  (Rockström  et  al.,  2009).  The  updated  PB  framework  (Steffen  et  al.  2015),  identifies  two
boundaries  that  are  currently transgressed to  a degree where they constitute  a  “high risk” for  the  earth
system; genetic diversity (bio-diversity) and biochemical flows (nitrogen and phosphorous), in addition to
climate change which is classed as an “increasing risk”. 

Not  only  Denmark,  but  many  other  nations  are  facing  similar  challenges,  not  limited  to  the  planetary
boundaries.  Several  international  and  regional  agreements  have  been  made  to  deal  with  these  issues
collectively.  Three  notable  agreements  that  Denmark  has  signed  and  is  committed  to  are  firstly  the
Convention on Biological Diversity, that formulated the Aichi goals aimed at conserving biodiversity. This
includes goal 11 stating that at least 17% of a country’s terrestrial area should be effectively protected in
2020 (Convention on Biological Diversity, 2010). Secondly, the European Water Framework Directive, states
that  “Water is  not  a commercial  product  like any other  but,  rater,  a  heritage which must  be protected
defended and treated as such” and among the goals is to achieve “good ecological status” in marine and
terrestrial waters alike  (European Commission, 2000). Thirdly, Denmark is obligated to meet the carbon
emission reduction requirements of the Paris Agreement, which seeks to strengthen the response to the threat
of climate change (UNFCCC, 2015). The EU, and subsequently Denmark, submitted the Intended Nationally
Determined Contributions of carbon emission reductions to meet the Paris Agreement, with 40% reductions
in 2030 and 80-95% reductions in 2050, compared to the base year 1990 (European Union, 2015). 

Together  with  the  three agreements  mentioned above,  the  United Nations  2030 Agenda  for  Sustainable
Development (United Nations, 2015), contains seventeen Sustainable Development Goals. The goals “clean
water and sanitation” (Goal 6), “life below water” and “life on land” (Goal 14 and 15) and “climate action”
(Goal 13), are particularly important for land use decisions. The basis of the present thesis, is the awareness
that Denmark should fulfill these international agreements, and it is from this perspective that the potential
land use conflict between forest and agriculture is viewed. 

A transformation  of  current  agricultural,  economic  and  political  practices  is  needed  to  ensure  that  the
planetary boundaries are not transgressed further and international agreements fulfilled, to avoid far reaching
negative  implications  for  generations  to  come.  In  meeting  current  and  future  challenges,  forests  will
undoubtedly  play  a  role  due  to  their  importance  for  nature  conservation  and their  potential  for  carbon
sequestration. Since forests take a long time to grow it is imperative that the transformations be made now,
rather than later. However, meeting these goals entails difficult decisions on land uses that may be in conflict
with each other. For example, increasing forest area is likely to trade off with agriculture and food production
as well as urbanization. On the other hand, synergies may be achieved by planting forests where they fulfill
more than one purpose, e.g. where they benefit both biodiversity and water protection. 

Land use  conflict  in  the  present  project  is  defined  as  occurring  in  areas  where the  potential  for  forest
ecosystem services are high while also being of high agricultural value, as such constituting a trade off
between economic, environmental and other societal interests more broadly. Because goals have been set
internationally and regionally, and since Denmark has agreed to live up to the demands in order to reach the
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goals, the aim of this thesis is to assess whether changing the land use to achieve the mentioned goals is
possible with minimal conflicts between agriculture and forest.

Making informed decisions about changing the land use where important trade offs might exist, is important.
If meeting the goals for Denmark’s environmental and climate policies entails increasing the area of forest,
the new forests should be established where the highest societal benefit in terms of ecosystem services is
reached.

For this purpose, the following research questions were raised:

1) To which degree is agriculture in Denmark in conflict with achieving more sustainable land uses  
and resilient ecosystems, and what role can forests play in terms of biodiversity, decreasing nutrient 
leaching, recreation and carbon sequestration for climate mitigation?

2) Based  on  the  degree  and  location  of  land  use  conflicts,  how  can  areas  be  identified  where  
establishment of forest would provide multiple ecosystem services that outweigh the benefits of  
agriculture, while keeping trade-offs at a minimum?

These questions were addressed through a reading of the relevant literature and through a GIS (geographical
information system) analysis. Apart from providing an understanding of the topics, the literature review, will
provide parameters  to  be used in a  GIS analysis,  which constitutes the main method for answering the
research questions. It should be noted that the GIS analyses were made under the assumption that agriculture
is  valuable  for  Danish  society,  which  is  why  it  takes  a  central  role  in  the  GIS analysis,  as  a  base  of
comparison. As such, the author of the present thesis is aware, that the analysis “favors” agriculture, by
protecting  the  highest  value  agricultural  lands  from land use  change.  Should  e.g.  clean  drinking  water
become a higher priority than agriculture at some point in the future, the GIS analysis could be re-made with
clean drinking water as a base of comparison in stead.

Land use systems are complex and interconnected, and it is beyond the present project to analyze the entire
country, and therefore the study area was narrowed down to the Danish island of Zealand on which the
Danish capital  of  Copenhagen is  located.  This  includes some smaller  islands,  most  notably Amager,  on
which Copenhagen is partly located.

2. Background
The background contains a description of the study area, followed by the central concepts of the thesis. The
role of agriculture is described since it is important to the analysis in the present thesis. In this thesis, forest
ecosystem services include biodiversity, clean water, erosion control, recreation and carbon sequestration,
since these are important in the subsequent analysis. The backgrounds concludes with a brief description of
GIS, and its central concepts. 

2.1. Study Area
The study area is the Danish island Zealand, on which the national capital of Copenhagen is located. The
population of the island and the small islands surrounding it is around 2,5 million people, out of a national
total of 5,8 million (Statistics Denmark, 2019). The study area roughly corresponds to 16% of the national
total land area  (Statistics Denmark, 2017b), which means that roughly half of the population lives in this
sixth of the country.

The Zealand was largely formed by the withdrawal of the last ice age, and is dominated by sand mixed clay
soils, with sandy soils in the north-eastern parts, and clay heavy soils evenly dispersed over the remainder of
the area (Madsen et al., 1992). 
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2.2. Agriculture
Denmark has  been an agrarian society,  and still  has  a  high proportion of  agricultural  land.  Despite  the
decreasing economic role of agriculture, 62% of the land is still used for agricultural production (Statistics
Denmark, 2017a). This is a high proportion compared to other European countries, such as Germany and the
Netherlands that use around than half of the land for agriculture, and Sweden that has only 7% of its land
used for agriculture (ibid.). 

Crops used for fodder in animal production, is grown on approximately 80% of the agricultural land, while
only around 11% of the agricultural land is used for growing food for human consumption, such as grains
(for bread), potatoes, sugar beet, vegetables, fruits and berries, while the remainder is used for bio-fuels etc.
(Danish Society for Nature Conservation, 2018).

Differences in soil composition has an effect on the ‘fertility’ of the soil (in Danish: ‘bonitet’, from Latin
‘bona’, lit. good), to produce good yields while keeping the cost down (Madsen et al., 1992). For example,
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Fig. 1. The Danish island of Zealand, which is the Study Area for the present thesis. The map is based 
on data from the Agency for Datasupply and Efficiency at https://kortforsyningen.dk/. Copenhagen is 
comprised of the large urban cluster in the Eastern part of the study area. Other notable large urban 
areas include Helsingør, Roskilde, Hillerød, Næstved, Ringsted, Slagelse and Holbæk.



sandy  soils  can  be  water  demanding,  since  the  water  retention  capacities  are  poor  due  to  the  porous
characteristics of this soil type, while soils with high levels of clay in the soil may retain too much water
(ibid.). The best growing conditions would be found on clayey soils mixed with sand (i.e. mixed particle
sizes), areas where the slope is not too steep and where the soil is not waterlogged, thereby not needing
drainage (ibid.). Data on soil classification is an integral part of the GIS analysis in the present thesis (see
section 3.2.1. for details). 

It is important to keep in mind, however, that agricultural lands also contain biological life, providing habitat
for many species. This is particularly the case for extensively managed fields (i.e. not intensively managed),
such as pastureland, and the conservation of biodiversity in agrarian lands is especially important in a Danish
(and European) context due to the large extent of cultivated land across the continent (Kirstine et al., 2016).
Loss  of  biological  diversity  in  agricultural  settings  are  strongly  associated  with,  fertilization,  irrigation,
pesticide use, drainage and loss of extensively managed fields (ibid.). For this purpose a mapping of High
Nature  Value  (HNV)  has  been  made  for  agriculture  in  Denmark,  in  which  highly  beneficial  areas  to
biodiversity  are  identified  (ibid.).  High  HNV levels,  would  be  most  importantly  characterized  by  less
intensive management, low inputs of fertilizers and pesticides as well as fewer numbers of grazing animals
pr unit of area (ibid.). Inclusion of these HNV data into the GIS analysis of the present thesis, would have
improved its accuracy, but this data was unfortunately not available. 

2.3. Forest Ecosystem Services
The concept of Ecosystem services (ES), initially emerged as a means of addressing natural processes that
are beneficial to mankind i.e. those processes in ecosystems that sustain human well being (Costanza et al.,
1997, 2017; Daily, 1997). It is often described as the value of nature through its utility to society (Schröter et
al., 2017). Due to the concept’s relation to human well-being, it is naturally connected to the concept of
sustainability, as evidenced by the frequent co-occurrence of the two concepts (ibid.) Schröter and colleagues
(2017, p. 36) rephrase the oft used definition of sustainability from “the Brundtland Report” from 1987 as
“…  sustainability  represents  an  ideal,  non-fixed  state  that  meets  human  needs  of  current  and  future
generations within ecological limits”. In a similar way, ecosystem services can be seen as supporting this
goal of sustainability in that it helps provide for human needs related to natural (ecosystem) processes, and as
a consequence it  is often argued that e.g. biodiversity should be protected since it  provides a benefit  to
human well-being (ibid.). 

Although similar concepts have been around for a very long time, the concept of ecosystem services was first
introduced to the general public discourse in 1997 when the article  “The value of the worlds ecosystem
services and natural capital” (Costanza et al., 1997) and the book “Nature’s services” (Daily, 1997) were
published. These authors argued that nature’s or ecosystem’s services were vital to the earth’s life support
systems. Twenty years later, the following definition of ecosystem services was provided by Costanza  et al.
(2017)  and this  is  used  in  the  present  thesis:  “‘Ecosystem services’ are  the  ecological  characteristics,
functions, or processes that directly or indirectly contribute to human wellbeing: that is, the benefits that
people derive from functioning ecosystems”. It is crucial however, to keep in mind, the difference between
the ecosystem service that provides a good for society, and the ecosystem functions and processes that exist
irrespective of their usefulness to society. Therefore, ecosystem functions and processes only constitute an
ecosystem service insofar that they contribute to human wellbeing (ibid.).

To navigate the various aspects of ecosystem services and distinguish between the different types of services,
four broad classes of ecosystem services were identified in the Millennium Ecosystem Assessment (2005).
The  report  identified  four  categories  of  ecosystem  services:  Provisioning,  Regulating,  Cultural  and
Supporting ES.

Costanza  et al.  (2017) described each category as follows, and adds that these services often need human
input before the service becomes beneficial e.g. before provisioning of timber from the forest becomes a
benefit  to  society,  human  labor  and  social  structure  are  needed  as  inputs.  The  provisioning  ecosystem
services, are those services which ‘provide’ materials such as food, timber or fiber. The regulating ecosystem
services include services like flood control,  storm protection,  water purification,  pollination and climate
control, to name a few. The supporting ecosystem services constitute indirect services through maintaining
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the other categories (Provisioning, Regulating and Cultural). The supporting services are for example, soil
formation, primary production (through photosynthesis), nutrient cycling and provisioning of habitat among
many others. Finally, the cultural ecosystem services include recreational, aesthetic and similar experiential
benefits, that generally are non-material in nature unlike the three other categories. 

This classification scheme has, since the Millennium Ecosystem Assessment was published in 2005, been
improved  upon  in  several  ways.  The  United  Kingdom’s  National  Ecosystem  Assessment  (UKNEA)
distinguished between direct (usually provisioning) and indirect ecosystem services (Albon et al., 2014). The
more recent Common International Classification of Ecosystem Services (CICES) classification used by the
EU (Roy Haines-Young & Potschin, 2017) distinguishes three major sections or types of ecosystem services:

• Provisioning

• Regulation and maintenance

• Cultural

The  major  difference  between  the  newer  classification  in  CICES  and  the  old  Millennium  Ecosystem
Assessment (mentioned above), is that the categories regulating and supporting services have been combined
in CICES. This is mainly because these indirect services are usually impossible to distinguish in practice (Jan
Bengtsson, personal communication). 

The ecosystem services that are relevant to the present thesis are those that are connected to forests or that
could be strengthened by afforestation. These include several different services of which some particularly
relevant ones will be described in more detail in sections 2.3.1-5. 

For the scope of the present thesis it is not essential have a very “exact” definition of what constitutes a
forest. While a forest may be conceptualized in many different ways, there might not exist one that is correct
and always useful. I will use the following definition of forests as a “rule of thumb”. This definition is given
in the National Forest Inventory (for Denmark), that yearly reports the statistics on forest related metrics
(translated from Danish):  “A forest is an area larger than 0,5 hectares, that is wider than 20 meters, with
trees higher than 5 meters that have a crown cover of 10 per cent or more, or that have the potential to reach
these values at a given site.” (Nord-Larsen et al., 2018)

By this definition, for example trees planted along a river (riparian zone), would count as forest given that
the above conditions are met. For the sake of simplicity, forest refers to something along the lines of this
definition.  A stricter adherence to this definition would not add any deeper understanding to this thesis.
Generally speaking, the term  forest in the present thesis means that the tree cover should be continuous,
relatively dense, and have the potential to grow properly in a given location. 

Forest cover in Denmark

The existing forests in Denmark are not equally distributed (Fig. 2.). Some municipalities have close to no
forests (0-5%) while some have more than a fifth of the area (>20%) covered by forest. The study area, the
island of Zealand has almost no forest in the Copenhagen area, and lots of forest in the northern parts, where
some notable protected forests are located in what is now a national park.
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The largest portion of the growing stock (i.e. the above-ground volume of living trees) is made up of Beech
(lat. Fagus sylvatica) comprising 26% of the total (Figure 3). For this reason the present thesis uses Beech as
a representative species for Denmark. In addition, deciduous trees, particularly Beech, are the most common
species in the study area of the present thesis (Nord-Larsen  et al., 2018). However, Norway spruce is the
species that covers the largest area nationally (ibid.), but despite this it only comprises 17% of the growing
stock. The distribution of deciduous trees is heavily skewed to the east (including the study area), where the

growing conditions are better in terms of soil and climactic patterns (ibid.).

The current official goal for the expansion of Danish forests,  is to increase the forested area to 20-25%
before the end of the 21st century (Ministry of Environment and Food of Denmark, 2018). 
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Fig. 2. The percentage of forest cover in the Danish municipalities (Nord-Larsen et al., 
2018). Figure reprinted with permission from publisher.

Fig. 3. The distribution of the growing stock of Danish forest divided 
into tree species (Nord-Larsen et al., 2018). Figure reprinted with 
permission from publisher.



As seen in Fig. 3, other deciduous tree species than Beech are common in Denmark, including Oak (Quercus
robur), Ash (Fraxinus excelsior) and Birch (Betula pendula). Water tolerating species include, Willow (Salix
alba), Alder (Alnus glutinosa) and Ash (mentioned above).

2.3.1. Forest Biodiversity
Biodiversity  can  be  seen  as  a  supportive  ecosystem  service,  since  it  supports  the  functioning  of  any
ecosystem in such a way that, society can benefit from a variety of services. The ecosystem service that a
diversity of species provides,  is  therefore an indirect service,  since no tangible product or experience is
derived directly  from it,  and  yet  no functioning ecosystem can exist  without  a  community of  different
species, each performing its own task (see section 2.3. for ecosystems). Biodiversity is however, not only a
supportive ES, but  can also be seen as  a “good of its  own” since people wish biodiversity  a continual
existence (Mace et al., 2012). Due to perceived beauty of diverse ecosystems, it can be viewed as a cultural
ES, which in turn gives rise to biodiversity as a policy goal (Mace et al., 2012). 

For this reason, it is important that according to reports e.g. IPBES (Dziba et al., 2019), there exists a global
crisis of species extinction that needs to be addressed. This crisis is not only global, where currently around
one million species face extinction (ibid.), but is present in Denmark as well, as shown by the Danish survey
of  endangered  species  “the  Red  List”.  A species  can  be  red-listed  in  Denmark,  when  it  is  critically
threatened, moderately threatened or vulnerable, corresponding to an extremely high, very high or high risk
respectively, of being extinct regionally (Wind & Pihl (eds.), 2004).Additionally, two categories on the Red
List include  regionally extinct  species and  near threatened species, that denote species that are no longer
found in Denmark and species that are close to being threatened (i.e. fall into the categories above) or likely
to become threatened in the future (ibid.). For the Danish Red List, more than 8000 species were assessed,
and of  those approximately  2250 species  were found to be threatened (i.e.  red-listed)  according to  the
description given above, which means that 28% of the assessed species were found to be threatened ( ibid.).
Based on the same data Petersen and colleagues (2016), estimated that of the  ≈1350 threatened terrestrial
species  44% are  solely  dependent  on  forests  for  habitat,  meaning that  they  would  not  survive in  open
landscapes, agricultural environments or cities. It is furthermore estimated that the biodiversity in the Danish
forests  is  decreasing,  despite  the  efforts,  and  despite  halting  the  destruction  of  habitat  ( ibid.).  Further
underlining the importance of forests for biodiversity in a Danish context, they state that the majority of the
more than 30,000 animal and plant species in the country are adapted to forest as a habitat (ibid.).

The Convention on Biological Diversity

As mentioned, Denmark has committed to safeguard the biological diversity within it’s national borders by
signing the United Nations “Convention on Biological Diversity”. The goals of this convention were decided
and  agreed  upon  in  2010  in  Nagoya,  Japan,  the  result  being  known  as  the  Aichi  Biodiversity  Targets
(Convention on Biological Diversity, 2010), on which this thesis will focus.  

The rationale for safeguarding biological diversity, is in part formulated as a necessity, since biodiversity
underpins ecosystem functioning and thereby the provisioning of ecosystem services that are essential to
human well being (Convention on Biological Diversity, 2010). This safeguarding is in turn necessary since,
the scientific consensus states that the continuation of the currently global trends of habitat loss and species
extinction could lead to “drastic consequences” that could trigger certain “tipping points” that would have
damaging effects on human societies (ibid.). 

Based on these observations and conclusions, the Convention on Biological Diversity (2010), has set forth
five overall strategic goals (A-E), with twenty headline goals (1-20) defining the aim more in detail. For the
present thesis the focus was on the five overall strategic targets are and the respective relevant Aichi targets
(see Convention on Biological Diversity, decision X/2 (2010), p. 8-9, for full details). The targets chosen
here  have  direct  relevance  to  the  scope  of  the  present  thesis  i.e.  the  land  use  aspects  of  agricultural
production and establishment of forest. 
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Info box: Aichi Goals

The five overall strategic goals:

A. Address the underlying causes of biodiversity loss by mainstreaming biodiversity across 
government and society

B. Reduce the direct pressures on biodiversity and promote sustainable use

C. Improve the status of biodiversity by safeguarding ecosystems, species and genetic diversity

D. Enhance the benefits to all from biodiversity and ecosystem services

E. Enhance implementation through participatory planning, knowledge management and 
capacity building 

Selected Aichi goals/targets:

Target 5: By 2020, the rate of loss of all natural habitats, including forests, is at least halved and 
where feasible brought close to zero, and degradation and fragmentation is significantly reduced.

Target  7: By 2020 areas  under  agriculture,  aquaculture  and forestry are  managed sustainably,  
ensuring conservation of biodiversity.

Target 8: By 2020, pollution, including from excess nutrients, has been brought to levels that are 
not detrimental to ecosystem function and biodiversity.

Target 11: By 2020, at least 17 % of terrestrial and inland water areas, and 10 per cent of coastal
and marine areas, especially areas of particular importance for biodiversity and ecosystem services,
are conserved through effectively and equitably managed, ecologically representative and well
connected systems of protected areas and other effective area-based conservation measures, and
integrated into the wider landscapes and seascapes.

Target 15: By 2020, ecosystem resilience and the contribution of biodiversity to carbon stocks has 
been enhanced, through conservation and restoration, including restoration of at least 15 per cent of 
degraded ecosystems,  thereby contributing to  climate  change mitigation and adaptation and to  
combating desertification.

There  is  a  certain  flexibility  involved in  the  implementation  of  these  goals  (Convention  on  Biological
Diversity,  2010).  One  may  for  example  note  that  target  nr.  11,  states  that  17%  of  the  terrestrial  area
(including freshwater bodies) should be protected, a figure that seems rather inflexible, while in, e.g. target
nr. 4, there is an undefined target formulated as having “...taken steps to...”. At the time of writing (Spring
2019), one may wonder what the status of the Danish efforts for securing biodiversity are. The Aichi goals
are set to be fulfilled in 2020, but does it look like these goals will be met or not?

A report produced jointly by the World Wide Fund for Nature (WWF) and the Danish Society for Nature
Conservation (DSNC) (WWF & DSNC, 2017) has sought to assess the progress that has been made up until
2017. What has happened since the publishing of the report remains to be known, and an assessment of the
achievement of the Aichi goals will likely be made by 2020. 

The 2017 report estimates whether a target is expected to be met within the deadline of 2020, compared to a
baseline set at 2010 (the year of the agreement). Of the 20 targets, two targets are expected to meet the goal,
seven have shown improvement, but not enough to meet the goals in 2020, eight have shown no or little
improvement and lastly two targets have gotten worse  (WWF & DSNC, 2017). The conclusions of the
report,  with  regard to  the  relevant  Aichi  targets  specified earlier  (Nr.  5,  7,  8,  11  and 15),  can give  an
indication of the status and prospects for biodiversity in Denmark.

For Target 5, decreasing the rate of loss of habitat was estimated to have improved, but not enough to reach
the target of halving the rate of habitat loss by 2020. It is predicted that this will occur “long after 2020”.
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Also, reducing degradation and fragmentation of habitats were estimated to not have improved, and were not
projected to reach the goals for 2020 (ibid.).

For  Target  7,  it  was  assessed  that  the  sustainable  management  of  agriculture  and  forestry  has  seen
improvements, but not enough to reach the 2020 targets (ibid.).

Regarding Target 8, pollutive substances (e.g. pesticides), have decreased compared to the baseline (2010),
but not sufficiently to reach the target in 2020. Some of the worst pesticides have been taken out of use, but
the pressure on nature from pesticides remains as high as 15 years prior to the report. Reduction of excess
nutrients  to  a  level  where  they  cease  to  be  harmful  to  ecosystems,  is  assessed  as  having  seen  no
improvements, and therefore the goal is far from reached in 2020 (ibid.).

For Target 11, the general conclusion was that although there have been improvements in relation to the
baseline, these are not sufficient to reach the 2020 target of 17% protected area. With respect to the forests,
the report states that increased protection of forest habitat is highly needed since forest constitute 14,5% of
the terrestrial area of which only 6% has biodiversity as the primary goal.  With respect connectivity no
improvements have been seen (ibid.). 

Target 15 was assessed in two parts in the report. The first part, ecosystem resilience and the contribution to
carbon stocks through conservation and restoration,  was concluded to have seen no improvements.  The
second  part,  about  restoring  a  minimum of  15% of  damaged  ecosystems  is  seen  as  having  had  some
improvement, but not enough to reach the 2020 deadline. It was estimated that (current) plans to establish
more forest with biodiversity as the primary purpose, would improve the situation, but these effects will
occur long after 2020 (ibid.).

In sum, it can be concluded from the 2017 joint report, that among the targets relevant to the present thesis
work, none of the Aichi targets are expected to meet the deadline in 2020, although some things may have
changed since then. 

More protected forest

In keeping with the findings of the WWF and the DSNC (see above), Petersen et al. (2016) found that the
current  efforts  to protect  biodiversity seem too few and too poorly targeted.  Furthermore,  if  the loss of
biodiversity in Denmark is to be stopped or at least effectively reduced, Petersen and colleagues (2016) state
that it is necessary to increase the efforts significantly and to target the measures more efficiently. In their
analysis of the necessary efforts in the protection of Danish forest biodiversity, they conclude among other
things  that  75.000  ha  of  untouched  forest  (across  the  whole  country),  the  equivalent  of  1,7% nation’s
terrestrial area (or 13% of the forest area), would make a decisive difference in preserving biodiversity.

The study area in the present thesis is approximately one fifth of Denmark, and following an assumption that
the 75.000 ha mentioned above would be evenly distributed on average, the minimum protected forest area
within the boundaries of the study area would be 15.000 ha. However, since Danish biodiversity is more
strongly connected to deciduous forests than coniferous forests (ibid.), this rough estimate (of 15.000ha)
could be underestimating the need for forests in the study area, seeing that eastern Denmark (including the
study area) contains a higher proportion of deciduous forests than the rest of the country. It is in fact the case
that the distribution of species density varies across the country with the west of  Jutland (the mainland
peninsula of Denmark) having a relatively low number of species pr hectare, and the north of Zealand having
a distinctly high species richness (Petersen et al., 2016).

The figure of 75.000 ha is based on a scenario where all red-listed species are represented in at least three
different areas (ibid.). In another scenario, where the red-listed species should have at least five different
representations across the country, protected forest area (including the specific habitats) would have to be
112.500 ha (ibid.). A fifth of this area, roughly corresponding to the proportion of the study area, would be
22.500 ha. 
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Johannesen et al., (2015) produced a High Nature Value (HNV) map for forests, made publicly available as
GIS, with the purpose of finding the most valuable forest areas, so that the effort to preserve biodiversity
could be targeted at the most important areas. The map is in part based on data on the red-listed species and
in part on data about the quality and characteristics of their habitats ( ibid.). The total forest area taken into
account is larger than that reported in the National Forest Inventory (NFI), since the HNV-map includes
agricultural areas where the crop code suggests tree plantations (fruit plantations not included) and areas
where forest is being planted, but these areas generally score low on the HNV scale (ibid.). The map uses 11
proxies for habitat quality and 9 species-scores (based on the Red List), resulting in a spectrum of HNV
between 0-20 points for a given area. 

The HNV-map for forests (not the same as the HNV for agriculture mentioned earlier) in Denmark can be
seen in Fig. 4. above, and shows that the study area (Zealand) in the East, has the majority of the highest
nature values, particularly the North-east of the study area. In this thesis, the HNV map has been used as a
basis for the GIS layer on biodiversity (see section 3.2.2.). It is however important to note, as the authors
make clear, that although the map was made with the best available data, it should not be seen as a complete
representation of the actual  nature value since none of the indicators themselves are perfect  (ibid.). The
“potential  forest  biodiversity” layer in the GIS analysis in this thesis (see section 3.2.2.),  is  therefore a
mapping of potential for supply of biodiversity, by planting forest in a given area, while the biodiversity
scenario (see section 3.2.7) could be viewed as a mapping of political demand for this ES, due to the demand
for its supportive functions and the deep cultural interest in species richness.

2.3.2. Clean Water 
Following the definitions given in section 2.3., the clean water generated by forests, may be viewed as a
provisioning ecosystem service. 

The European Water Framework Directive (WFD) states that the member states should ensure that at least
“good  ecological  status”  is  achieved  in  streams,  lakes,  coastal  waters  and  ground  water  (European
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Fig. 4. Map of Denmark showing high nature value 
(HNV). The scale goes from green to red, where red 
represents the highest value (i.e. a HNV of 20) 
(Johannesen et al., 2015). Open access; permission to 
reprint for non-commercial purposes. 



Commission, 2000). The categories for the ecological state of the aquatic bodies are “high status”, “good
status” and “moderate status”, after which “poor” or “bad” statuses follow.

Generally, high status is defined as no or only very minor anthropogenic alterations to the water body. Good
status is defined as being a slight deviation from the undisturbed state and moderate status being a moderate
deviation from the undisturbed state (ibid.). Waters achieving a status below moderate are classified as poor
when they show evidence of major alterations from the undisturbed state, and classified as bad when they
show evidence of severe alterations compared to the undisturbed ecological state (ibid.).

Seeking to achieve the goal of good ecological status, the local river basin management plan for Zealand for
the period 2015-2021, is the official Danish plan for the study area, and contains the current status of the
aquatic ecosystems, including the relevant challenges for the area (Styrelsen for Vand- og Naturforvaltning,
2016). 

The issues with nutrient leaching and the resulting eutrophication and hypoxia, in the coastal marine waters
became an increasing concern in the 1970s and 1980s, and came to the public’s attention when dead lobsters
were found in the strait between Denmark and Sweden due to hypoxia (Kronvang et al., 2008). These trends
of high nutrient leaching due to large amounts of artificial fertilizer and manure use, were despite significant
reductions due to efficiency improvements, still among the highest in Europe at around 78 and 102 kg N ha -1

year-1 respectively, in 2004 (ibid.). 

The historical improvements from the 1990s until today have, however been significant, with a reduction in
N discharges  from  point  sources  (e.g.  sewage  treatment)  reduced  by  74%  from  1989  to  2003  (ibid.).
Additionally, in the same period (1989-2003), N leaching from the root zone (in agriculture) was reduced by
32% on the national  average,  with 30% reduction for  eastern Denmark (primarily  Zealand,  Falster  and
Lolland) and 42% for Northern Zealand (ibid.). However, since 2003 the rate of reductions has slowed down
for both N leaching from the root zone and from point sources (Styrelsen for Vand- og Naturforvaltning,
2016).

Currently, the nitrogen leaching to the aquatic environment is primarily coming from the agricultural sector
at 52% of the total, followed by 27% from point sources, meaning that loss from the agricultural areas by far
is the most significant source of N to the environment (ibid.). The poor ecological conditions in the marine
waters is mainly determined by the nitrogen load, meaning that phosphorous would have little influence on
eutrophication in the marine environment, whereas phosphorous loading could be an important factor in
estuaries and freshwater environments (Ærtebjerg et al., 2003).

Before the Danish law “The Food and Agricultural Package” was passed in 2015, the general restrictions on
fertilizer use were the same for all farmers, and fertilizer use was set at 20% under what the economically
optimal amount would be. The Food and Agricultural package did away with these generalized norms, and
introduced spatially determined restrictions instead, meaning that farmers fertilizer quotas would vary based
on the vulnerability of their area toward excess nutrients (Ministry of Environment and Food of Denmark,
2017). It can be argued that it is sensible to differentiate the use of fertilizer based on the conditions of an
area, rather than having the same rules for all  farmers irrespective of the variation in the environmental
impact  at  different  locations  (Nørring  &  Jørgensen,  2009).  Although  this  new  paradigm  of  spatially
differentiated environmental regulation for agriculture seems reasonable, the way in which it is implemented
will be of importance. While the reduction quotas have been removed already, currently the measures of
spatial  differentiation  are  still  not  implemented.  The  current  N-loadings  to  marine  waters  remains
significantly above what is acceptable cf. the Water Framework Directive and are expected to increase in the
future due to climate change (Hashemi et al., 2018). 

Despite  being  at  the  forefront  of  implementing  measures  to  decrease  nutrient  pressures  in  aquatic
environments,  the  goals of  the European Water  Framework Directive (WFD) is  not  yet  achieved in the
Danish  Aquatic  environments  in  general.  To  reach  the  WFD  goal  of  “good  ecological  quality”,  more
measures need to be taken, since Danish surface water bodies are often facing eutrophication that threatens
ecosystem functioning (Hoffmann et al., 2011). 
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As seen in Fig. 5, good ecological status with regard to eutrophication of coastal marine waters has not yet
been reached, the reason being that estuaries and upland catchments are dominated by agriculture, which in
turn  is  leaching  into  the  marine  waters,  causing  problems with  eutrophication  (Andersen  et  al.,  2014).
Andersen and colleagues, point out that, unsurprisingly, the attainment of good ecological status may take
longer  time  than  expected  for  coastal  waters  affected  by  nitrates  and  subsequent  eutrophication  from
agriculture. Since the major Danish rivers are mainly draining agricultural  areas into the coastal  marine
ecosystems, it is mainly N-flows from the streams, rivers, lakes etc. that are the source of N in the ocean,
rather than direct flows from the coastal areas to marine waters (Ærtebjerg et al. 2003).

Riparian zones 

One of the effective tools that watershed managers have used in Denmark (Jensen et al., 2017; Ministry of
Environment and Food of Denmark, 2017) and internationally (Ranalli & Macalady, 2010; Passeport et al.,
2012; González  et al.,  2017) have been riparian buffer zones, usually made up of mixed vegetation (see
figure 6) or wetland areas. The riparian zone i.e. vegetation adjacent to water bodies, are naturally occurring
in many types of landscapes, and when used as a managed buffer zone around streams, rivers and lakes, they
are widely regarded as “best-management” practices for restoring streams and rivers world wide (Passeport
et al. 2013). 
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Fig. 5. The eutrophication status of the Danish marine waters (from Andersen et al., 2014).The numbers refer to 
assessments on which the map is based. WDF stands for the European Union’s Water Framework Directive. Reprinted 
by permission from Springer Nature. 



As mentioned previously, coastal marine waters are mainly influenced by the N-content in the rivers draining
into them, making the riparian zone an effective measure to control not only the N-levels in the rivers and
lakes, but also in the marine waters. 

To effectively intercept the N-flow from an agricultural area, a three tiered zone has been proposed, with
untouched forest near the water to ensure bank stability and erosion control, followed by a managed forest
zone to ensure N uptake from subsurface flows and finished with a grassy area closest  to the fields to
attenuate nutrients in overland flows (Passeport et al. 2013). 

Although  recurring  harvest  of  fast  growing  tree  species  such  as  Poplar  and  Willow  can  significantly
contribute to the N-attenuation during the growing season, the vegetation is generally seen as temporary N
storage rather than the primary means of N-removal (Passeport et al. 2013). The actual N-removal process,
not  just  immobilization  in  vegetation  or  microorganisms,  is  carried  out  by  bacteria  by  the  process  of
denitrification, where nitrate (NO3

-) is converted under anaerobic conditions to gaseous forms primarily di-
nitrogen but also nitrous oxide (N2 and N2O respectively) (Ranalli & Macalady, 2010; Passeport et al. 2013). 

Estimates on the effectiveness of riparian zones differ, but Passeport et al. (2013) state that a 90% decrease
in nitrate concentration from subsurface flows can be achieved with buffer zones of 20 m or larger, while
sediments comprised of coarse sand and gravel may need 50 m or larger for similar effects. In general, N-
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Fig. 6. The concept of a riparian zone and their implementation (from Passeport et al., 2012). Issue: Nitrate from 
agricultural fertilizer use is flowing into the river. Installation: In this case, three tiered buffer zone with grass area 
closest to the field, managed forest in the middle and undisturbed forest closest to the river. Mitigation: N is attenuated 
by assimilation into vegetation and microorganisms or goes through a denitrification process by soil bacteria. The 
diffuse nitrate from the fields is intercepted by the buffer prior to reaching the stream or river. The three tiers are 
designed to effectively intercept surface and shallow to deep subsurface flows. Reprinted by permission from Springer 
Nature.



retention increases with buffer width, and riparian zones comprised of trees have greater N-attenuation than
grass buffers. It is important to note that, residence time of the water in the buffer zone i.e. how fast it flows
through (slower is better), and the organic content of the soil is important for effective denitrification (ibid.).
For wetlands riparian zones, the effect is more varied and dependent on the implementation with effects
varying from 0-100% effectiveness, with the mean being 40-44% (ibid).

Other efficiencies are given by Ranalli and colleagues (2010) that relate that 50%, 75% and 90% attenuation
efficiencies by riparian buffers are found at around 3m, 38m, and 112m respectively. Likewise they found
that loamy soils (sand mixed clayey soils with organic content) have much higher efficiencies than sandy
soils due to the increased hydraulic conductivity in the latter (ibid.). 

As such, wooded riparian buffer zones are an interesting tool to reduce the N-concentration in streams and
lakes, and consequently the ocean. Since they are situated at the interface between the aquatic and terrestrial
environments, they account for only a small fraction of the land, but contribute disproportionately to the
biodiversity and other ecosystem services due to the dynamics of this type of habitat (González et al., 2017).
For this reason, riparian zones will be used as an indicator for suitable areas to establish forest, in the GIS
analysis (see section 3.2.4). 

The GIS layers “current water quality” and “nutrient leaching vulnerability” (see methods), are based on the
understanding described above, and can therefore be seen as a mapping of societal demand for clean water,
better aquatic ecosystems etc. Rather than mapping supply of good water themselves, the layers show where
forests establishment would increase the likelihood of having the desired ES, i.e. clean water.

2.3.3. Erosion control
Due to the strong homogenization of land, brought about by the spread of intensive agricultural practices in
Denmark and abroad, the loss of trees, shrubs, grassy areas etc., in agriculture-dominated landscapes has
resulted in higher rates of erosion in the open landscape (Duru et al., 2015). 

The slope of an area can vastly influence its value for agricultural production, since steep slopes may make
an area unsuitable for agricultural machinery, limit the choice of crop or make irrigation difficult (Madsen et
al., 1992). Furthermore, the risk of erosion, i.e. movement of soil due to wind or water movements, increases
as the slope of the land increases, and can occur at 4°  slopes (over 12° is considered high erosion risk)
(ibid.). 

Apart  from  constituting  a  potential  economic  loss  for  farmers,  erosion  can  negatively  affect  the
environmental  condition of  watercourses  (Jackson  et  al.,  2013).  If  soil  particles  containing  nutrients  or
pollutants (e.g. nitrogen, phosphorous or pesticides) are loosened by wind or water erosion, and end in a
stream, the water quality could be affected (ibid.). This effect is most severe, where overland water flow
(form rain), in combination with topographical slopes, generates enough kinetic energy for the soil particles
to be loosened and end up in streams (ibid.). 

Due to extensive deforestation in the 1800s, Denmark experienced problems with sand erosion from the
beaches  onto  the  agricultural  fields,  which  was  remedied  by  strategically  reforesting  areas  of  interest
(Ministry of Environment and Food of Denmark, 2018). As such, there is historical precedent in Denmark,
for mitigating erosion by afforestation, particularly in the form of pine plantations (ibid.). 

2.3.4. Recreation
In the Danish national forest program, one of the main forest policies is to ensure that forests can be used for
recreation  (Ministry of Environment and Food of Denmark, 2018). A part of the official goals is to plant
more  forest  with  recreation  purposes,  close  to  population  centers,  since  forests  are  deemed  the  most
important  recreational  destinations  with  9  out  of  10  Danes  visiting  forests  every  year,  amounting  to
approximately 65-70 million visits yearly (ibid.).

Danish forest visitors tend to prefer a mix of species when visiting forests, and the majority of people prefer
mixed or broadleaved (deciduous) species over coniferous species (Agimass et al., 2018). In addition, it was
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found  that  even-aged  forests  were  less  interesting  to  visitors,  than  forests  with  a  larger  age  span,  but
generally older forests were preferred over younger ones (ibid.). 

There is a spatial element influencing the value of a forest in terms of recreation, which is the distance from
the users residential location and the forest’s location (ibid.). This distance is the most important factor for
deciding recreational trips, underlined by the statistic that 75% of visitors only visit forests that are within 10
km of their residence, irrespective of transportation, consequently leading to the observation that forests
close to urban areas are used extensively for recreation (ibid.). 

In  a  GIS study where spatial  distribution of  the  population,  socioeconomic characteristics  and the road
network (i.e. accessibility) were assessed, it was observed that traveling by car to a forest was less common
the closer the nearest forest was, and that higher income households tended to travel by car more often
(Termansen et al., 2013). In addition, the article showed, that increasing a small forest by a given area had a
higher positive impact on its recreational value, than increasing a larger forest with the same amount ( ibid.).
Importantly, the authors conclude that the use of recreational sites close to population centers is likely to be
vastly underestimated, due to the large numbers of people traveling by foot, thus evading many studies on
the topic (ibid.). 

2.3.5. Carbon Sequestration
As forests  accumulate  biomass  through photosynthesis,  a  large part  of  this  biomass  consists  of  carbon,
derived from the CO2 in the atmosphere. There are however differences in the rate of biomass accumulation
depending on different tree species and the way in which the forest is managed (Petersen  et  al.,  2016).
Generally, conifers have a faster growth rate than broadleaved species, while broadleaved species tend to
have a higher accumulated mass pr hectare (ibid.). Similarly, forest with production purposes tends to have
higher biomass accumulation rates than forest with biodiversity purposes, while biodiversity forest is able to
store a higher total amount of carbon than production forests (ibid.). Over time, it is estimated that a given
area of biodiversity forest will sequester an amount of carbon, in soil and woody tissues, corresponding to
double that area of production forest, however at a slower rate (ibid.).

Carbon sequestration, as such, can be achieved ‘passively’ while the forests can provide multiple ecosystem
services at once  (Petersen  et al.,  2016; Ministry of Environment and Food of Denmark, 2018), and may
potentially be enhanced if more tree species are present (Gamfeldt et al., 2013). 

Following the Paris Agreement, and other international efforts to reduce anthropogenic carbon emissions, the
EU submitted its Intended Nationally Determined Contribution of the EU itself and on behalf of its Member
States. The pledges were based on the reference year 1990 and were for an emission reduction of 40% by
2030 and by 2050 reductions between 80-95% (CO2 equivalents) in relation to the base year  (European
Union, 2015). These goals are therefore applicable to Denmark as well. 

A report from Statistics Denmark (2015) examining the greenhouse gas emissions in Denmark from 1990 to
2013, found that based on the elements included in the assessment the emissions varied substantially. If only
domestic economic activities are included in the assessment, the reductions from 1990 to 2013 constitute a
21% decrease, but if combustion of biomass and Danish economic operations outside of the national borders
are included, there has not been a reduction but a 23 % increase in greenhouse gases emissions (a 10%
increase  in  emissions  if  biomass  combustion  is  excluded).  Table  1.  shows  the  percentages  of  the  EU
reduction goals and the emissions statistics for Denmark in 1990. 

16



Table  1. Danish  emissions  (excluding  biomass  combustion)  in  1990  in  million  tonnes  (MT)  of  CO 2 equivalents
(Statistics Denmark, 2015) and the Danish emission reduction pledges for 2030 and 2050 (European Union, 2015). The
amount needed to reach the carbon reduction pledges, is the part that has been calculated/estimated here.  

All numbers are in 
million tonnes of CO2 

equivalents.

Danish emissions in 
1990

Amount of CO2-eq reduction needed to reach
emissions reduction pledges

40% by 2030 80-95% by 2050

Inside national 
borders

68,3 MT 27,3 MT 54,6 – 64,9 MT

Outside national 
borders

12,2 MT 4,9 MT 9,8 – 11,6 MT

Sum 80,5 MT 32.2 MT 64,4 – 76,5 MT

By 2030 Denmark needs to reduce it’s emissions by 32,2 MT of CO2, and by the year 2050 the reductions 
would need to reach 64,4 to 76,5 MT of CO2 depending of the ambition level. This corresponds to a yearly 
reduction of 0,805 MT CO2 per year from 1990 to 2030 or a yearly reduction of between 1,07 and 1,275 MT 
CO2 from 1990 to 2050 (cf. Table 1).

The yearly carbon uptake in the Danish forests has from 1990 to 2016, been equivalent to 1,4 million tonnes 
of CO2, or 2-3% of Danish total yearly emissions (Ministry of Environment and Food of Denmark, 2018).

As Figure 7. shows, the Jutland Peninsula (to the West in the map) has substantial carbon stocks relative to
the rest of the country, due to the large pine forests in its mid regions. In the study area of Zealand (in the
East), large areas around Copenhagen have relatively low carbon stocks due to the absence of large forests,
but the carbon stocks in the rest of the study area hare higher and are more similar to the rest of the county.
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Fig. 7. The distribution of carbon stocks in the Danish municipalities (Nord-Larsen 
et al., 2018). Figure reprinted with permission from publisher.



2.4. Geographic Information Systems
The software used in this thesis is ArcMap, provided by ESRI (license granted by the Swedish University of
Agricultural Sciences), and therefore the GIS tools described in this thesis refer to this specific software.
Details on each tool used in ArcMap works can be found on http://desktop.arcgis.com/en/arcmap/.

The coordinate system used is UTM ETRS89 32N (see Appendix A1 for details),  which is the standard
projection for download of data from the Danish ministries (https://kortforsyningen.dk/). 

All the basic concepts in this section, are based on the text book  “Geographic Information Science and
Systems” (4th ed.) by Longley et al. (2015), unless explicitly stated otherwise.

Geographic Information Systems are relevant to many decision making problems since most things happen
‘somewhere’,  meaning  that  it  can  be  given  a  geographical  coordinate.  Therefore,  GIS  can  help  solve
geographical problems i.e. problems that have a geographical coordinate, or plainly, a spatial element. The
present thesis is one such example since it assesses the suitability of an area for forest establishment, based
on the potential ecosystem services that can be attained in that area, compared with the agricultural value of
an area.

There are two main ways of representing geographic information, known as rasters and vectors. 

Rasters, or raster cells, are square cells arranged in grids, each with its own geographic coordinate. Each
raster, has its own attribute (or value), and can be understood as similar to a pixel on a computer screen that
is arranged in square cells in a grid, that each has its own attribute (i.e. color). Rasters can have very high
levels of detail, depending on the raster size, but can for this reason also be very demanding in terms of the
hard drive memory requirements. 

Vector representation,  or  polygons (in ArcMap also called features),  represent  points,  lines or polygons.
Polygons represent continuous fields, where a large area can be covered by just one polygon/vector with one
continuous attribute (or value). For example, an urban area can be represented by a single polygon with the
attribute “urban” which can be an advantage at times, instead of having thousands of raster cells each with
the attribute “urban”. For this reason, vector fields are usually less memory demanding in terms of data
storage.  

The present thesis uses a mix of both raster cells and vector fields (see methods and results). For example, in
the final maps of this thesis (see maps 1-6 in Results), the result values are in raster format, while the urban
areas and the study areas are represented by vector fields. 

Site selection 

Due to the capabilities of GIS to take existing data and modify them to create and visualize new data, it can
be an important tool for decision making or scientific inquiry, when the data have spatial elements. This is
the case for the present thesis, since the issues of biodiversity loss, water contamination etc. are taking place
somewhere in the landscape, meaning that they have a spatial element. 

Site selection, in the case of this thesis, means to determine the areas of interest to answer the research
questions. This means that identifying areas with trade-offs between potential agricultural value and potential
ecosystem services, is important so that sites suitable for forest establishment can be selected.

This is done by gathering “raw” data, creating data-layers, performing GIS operations, and then “overlaying”
(lit. laying them on top of each other) to discover the relations between the layers. An example could be
trying to find an area both close to a city and to a forest: This entails gathering raw location data on forests
and cities, and transforming them into data layers, e.g. polygons. Then a buffer zone of 1 km around both the
forests and the cities is created. Overlaying these two data layers, one can see if there are any overlapping
buffer zones, that are is within 1 km of both the forest and the city.

Reclassification and weighted sum

Two of the ArcMap toos, require a short introduction here. One is the “reclassification tool”, which takes a
set of unique values and reclassifies them onto a defined scale, giving them a new (chosen) value, so that
they may be compared with another similarly reclassified set of values. 
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For example, if there are a dataset of millions of raster values, one can reclassify them onto e.g. a 1-5 scale
for comparison with another large dataset (on which the same reclassification is done). One could choose the
classes for the reclassification to contain an equal number of raster values, thereby obtaining five groups of
values from 1-5 with 20% of the values in each class. Then it would be possible to compare the two very
large data sets on a simple 1-5 scale, which would otherwise have been very difficult. 

The other ArcMap tool is called “weighted sum”. Put simply, it is a tool that overlays two (or more) data-
layers  according  to  the  weight  that  the  user  determines.  For  example,  if  the  two  reclassified  datasets
mentioned above were to be compared, an overlay operation could be performed using the weighted sum
tool. If one wanted the resulting layer to represent the values of the two maps fully, one could set the weights
for both maps to 100%, meaning that the resulting values would be the sum of the two 1-5 values for a given
raster. If, however, one wanted to emphasize one data layer over the other, the weights in the weighted sum
tool, could be set to 70% for the first layer and 30% for the second layer. The resulting layer would have a
larger  imprint  from  the  first  data-layer,  and  thus  resemble  those  values  more,  since  the  weight  or
“importance” was assigned in that way.

In this way, it is possible to compare data from different sources (and with different units), by reclassifying
them onto the same scale, and afterward compare them with an overlay using selected weights. 

See section 3.2.1-7 and appendix A1-6, for the most important ArcMap tools used in the present thesis, and
find details about the tools at http://desktop.arcgis.com/en/arcmap/. 

3. Methods
Three approaches were used in the present thesis.

• A literature review

• Spatial analysis and mapping of proxies for land use and ecosystem services using GIS software

• Calculations estimating the potential for carbon sequestration based on the GIS analysis

The methods were used in the sequence indicated above, where the literature review laid the foundation for
the GIS analysis, which in turn laid the ground for the calculations. The primary work and the back-bone of
the present thesis project is the GIS analysis. All three methods were necessary to answer the questions posed
in this thesis.

Each respective method is described in more detail in the subsequent sections, but generally the methods aim
at comparing potential agricultural value (PAV) with potential ecosystem services (PES). 

3.1. Literature review
Two main topics of research has been examined for this thesis. The literature on ecosystem services related
to forest and water, and the literature related to the impact of agriculture on the environment, but also the
conditions under which agriculture is optimal. 

The main search words included:

Ecosystem services, forest, biodiversity, nutrient leaching, cultural ecosystem services, agriculture, 
soil types, GIS, spatial analysis, land use.

The literature study was crucial for determining the values and variables used in the GIS analysis, and it is
based  on  this  that  the  further  analysis  rests.  In  addition  to  the  scientific  literature,  a  range  of  policy
documents mainly from Danish ministries and the European Union have been reviewed, to select the GIS
layers that are relevant to the current issues that primarily Denmark (particularly Zealand) is facing. 

19

http://desktop.arcgis.com/en/arcmap/


3.2 Spatial analysis
The spatial analysis covers the GIS analysis itself, in that it seeks to locate the spatially determined overlaps
between agriculture and potential forest sites. 

See Appendix A1, for the preparation of the data, and Appendix B for an overview of the full models.

Six main indicators or layers have been created for the analysis (Table 2.). Each layer is produced using
several sub-indicators explained in detail in section 3.2.1. to 3.2.7. The first layer is potential agricultural
value, and is abbreviated PAV henceforth. The remaining five layers are combined in the later stages of the
analysis and when referred to collectively are called potential ecosystem services, abbreviated PES.

Table 2. Summary of the six layers (indicators) used in the GIS analysis. The name of each layer is shown in the left
column, and a short summary of the rationale behind the choice of indicator is given in the right column.

Name of Layer Main rationale 
Potential Agricultural Value
(PAV)

Mapping of Potential Agricultural Value, gives an indication of the most valuable 
areas for farming, and thus represents the current land use, against which the 
potential ecosystem services provided by forest is compared. 

Potential Forest 
Biodiversity
(PES)

A map of suitable areas for biodiversity forest was used to determine the areas 
that would be valuable to reforest, given the current negative situation of 
biodiversity related to forest habitat in Denmark. 

Nutrient Leaching 
Vulnerability
(PES)

Areas that are vulnerable to nutrient leaching from agriculture (primarily) are 
important in determining areas where reforestation, i.e. taking land out of 
agricultural production, is likely to have the highest effect on the quality of the 
groundwater.

Current Water Quality 
(PES)

The current water quality gives an indication of areas that are already under 
pressure in terms of their ecological status, combined with the status of the 
ground water. As such this layer does not say that these areas are particularly 
vulnerable, but rather that at present they are overly impacted.
 

Potential Erosion control
(PES)

Map of areas with slopes at risk of erosion. These areas are often but not 
exclusively found close to water bodies, where N and P may enter the water with 
the eroded soil particles. Erosion is seen as generally unwanted, and 
establishment of forest is given priority in erosion risk areas.

Potential Recreation
(PES)

Areas with a high degree of urban population. Since recreation in forests, is 
strongly influenced by distance from “home to forest”, areas closer to population 
centers are given priority for establishment of forest for recreation. Areas closest 
to many people are given priority over areas far from a lot of people.

Both PAV and PES, are later reclassified onto a 1-5 scale, based on equidistant 20% intervals or quintiles, so
that the lowest 20% will get value 1 and the highest 20% will get the value 5. These 1-5 scales of PAV and
PES,  allows  for  a  comparison  between  the  two,  which  is  otherwise  not  possible  due  to  the  inherent
differences between the two concepts. Areas where both PAV and PES are high, would be potential zones of
high land use conflict e.g. an N vulnerable area close to a stream with poor ecological status with a high
potential agricultural yield. This conflict is described in terms of a high level of trade-offs in Maps 1-3 (see
results). Subsequently, Maps 4-6 will show the PES values, on areas where the PAV is low. Lastly Map 7 will
show where the highest synergies between biodiversity and water protection occurs. 

There are two layers dealing with water; the “nutrient leaching vulnerability” and the “current water quality”
layers. This separation was made, since the former deals with nitrogen vulnerability irrespective of the land
use and the latter deals with the current water quality as a consequence of current practices, i.e., variations in
practices may change the water quality.
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A model was made for each indicator listed in Table 2., and these models are what produces each “layer”.
The layers are then combined to produce the final model, and are thus the final layers that are weighted
against each other, to produce the final maps presented in the results. 

3.2.1. Potential Agricultural Value 
The layer for Potential Agricultural Value (PAV) is the most important layer of this project. This is mainly
because it differs from the other layers in that it does not describe an ecosystem service, but describes the
potential value in terms of its ability to yield crops and subsequently income for the farmer. Ultimately, all
the other layers will be compared to the PAV. Areas that have a high PAV should remain in use for agriculture
if the level of ecosystem services are low for that area. Conversely, an area with a low PAV could be the
target for land use change if the defined ecosystem services in that area are high in comparison. 

“Potential” covers the aspect of uncertainty involved in farming. An experienced farmer might get a higher
yield than an inexperienced farmer would on the same patch of land, but common for them would be the
potential of the land itself to give yield. Generally, an area of low slopes, soils with good water retaining
capabilities and no need for drainage would be considered as having a higher PAV than if the opposite was
the case. The PAV, is comprised of six sub-indicators (or sub-layers), that can be seen in Table 3. below.

Table 3. Overview of the sub-indicators for potential agricultural value (PAV), giving the name, rationale, assigned
weight of each sub-indicator, and the source of the data. Note: Top soil and base soil are separate indicators but have
just one weighting (40%) due to the way the model is structured.

Sub-indicators Rationale Given 
Weight

Organization/ researchers behind the 
data and the source.

Top soil Top soil is important for crop yield, 
since the size of soil particles is 
influential for the root-available 
water for the crops. Generally, very
sandy soils have low value, due to 
its poor water retaining capacities, 
whereas soil with a better balance 
of clay, silt and sand is valued 
higher. 

    40%
(Madsen et al., 1992) by the Royal Danish 
Geographical Society

ArcMap shapefiles made available by the 
Department of Agroecology at Aarhus 
University. At:
http://dca.au.dk/forskning/den-danske-
jordklassificering/

Base soil Base soil in this case is the soil 
underneath the top soil and has 
effects on the water retaining 
capacities of the soil above it, 
although less specific generally 
speaking, since the data only 
contains two classes.

The base soil layer does not have 
its own weight, but is weighed 
together with top soil at 40%.This is
due to the way the model is 
structured.

      - (Madsen et al., 1992) by the Royal Danish 
Geographical Society

ArcMap shapefiles made available by the 
Department of Agroecology at Aarhus 
University. At:
http://dca.au.dk/forskning/den-danske-
jordklassificering/

Slope The slope of an area can influence 
the agricultural value, by making it 
inaccessible to machinery. Slopes 
of 0-6°, 6-12° and 12°+ was used, 
being good, medium and bad, 
respectively.

   
    20%

Slope thresholds from (Madsen et al., 1992)

Input:
DEM (see Appendix A1)

Solar radiation The aspect i.e. which side the field 
is facing, influences the amount of 
sunlight that will be available to the
crops. The “solar-radiation” tool 

  
    10%

Assessment based on the ArcMap algorithm 
for solar radiation, taking into account the 
aspect and height of the rasters, and the 
movement of the sun for the geographical 
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estimates the solar radiation 
energy per m2 for each raster cell, 
based on the DEM. High solar 
exposure is contributes to higher 
value. 

placement of the study area.

Input:
DEM (see Appendix A1)

Low lying areas Low lying areas here, are areas 
that were originally wetland areas, 
that have been made dry using 
drainage techniques. Without 
drainage they would likely return to
wetland, therefore drainage is an 
added cost for the farmer. Low 
lying areas contributes to lower 
value.

10% The Danish Business Authority, local plan 
data.

Files available at:
http://kort.plandata.dk

Current land use The current use of land can be 
indicative of its value. This indicator
separates intensively used land 
and extensively used land. If a 
piece of land cannot be farmed 
intensively, this is seen as a valued
judgment by the local land owner 
that it would not be “worth” the 
effort based on on-site knowledge. 
Intensively farmed fields are valued
higher than e.g. pastures.

20% European Union – Copernicus Land 
Monitoring Service, Corine Land Cover data

Files available at:
https://land.copernicus.eu/pan-european/
corine-land-cover

Figure 8., shows a simplified model of the flow for the PAV layer, where it can be seen how the inputs are
processed to arrive at the final layer. The full model can be seen in Appendix B., but the figure here sums the
main flows up in a way that is accessible without knowledge of the ArcMap software.

Fig. 8. A simplified model of the Potential Agricultural Value model. Own figure. For full model see Appendix B.

3.2.2. Potential Forest Biodiversity 
The forest biodiversity layer in this thesis is largely based on the High Nature Value (HNV) map for present
forests  made  by  Johannesen  et  al.  (2015),  that  combines  11  proxy  scores  for  habitats  in  the  forested
landscape and 9 “species scores” for geographic data on red-listed species, to give a detailed 20-point scale
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of HNV forest. This HNV forest map was available as a raster dataset from http://miljoegis.mim.dk, supplied
by the Ministry of Environment and Food of Denmark. 

Since the HNV map by Johannesen et al., (2015), is the only input to the Forest Biodiversity layer, the model
consisted of partitioning the various values on its 20-point scale, in order to reclassify them to a 1-5 scale and
then  creating  buffer  zones  with  the  new reclassified  values.  See  Appendix  A2,  for  details  concerning
reclassification.

After the reclassification, the data was converted into polygons based on the new value, to generate the
buffer zones around each value-polygon. The selected distances for the multiple ring buffers i.e. concentric
rings around a given polygon were 100m, 500m and 2000m, following a progression akin to a logarithmic
scale. This scale is crude and cannot capture all biodiversity, but 100m is a good measure for close proximity
in the case of e.g. a rodent, but very poor measure when assessing snails, migrating birds or fungal spores. As
such this must be kept in mind when assessing the final layer.

After creating the buffer zones, the polygons and their respective buffers were grouped together using the
“Mosaics to new raster” tool and converted back to raster format using the “Feature to raster” tool, for the
weighted sum. Values 1, 2, and 3 were grouped together and given a weight of 30% and values 4 and 5 were
grouped together and given the weight 70% (See Appendix A2, for details). 

The biodiversity map is designed to show areas with close proximity to HNV forest. Close proximity (within
100m) is given higher value than medium (500m) and long distances (2000m); and proximity to high HNV
(4 and 5) is weighted higher than proximity to low HNV (1, 2 and 3).

3.2.3. Nutrient leaching vulnerability
The layer for nutrient leaching, is essentially a map of areas that are vulnerable to N-leaching irrespective of
the source i.e. point sources or diffuse sources. This layer primarily has to do with ground water resources, as
shown in Table 4.

Table 4. Overview of the sub-indicators used in the Nutrient Leaching Vulnerability layer.

Sub-indicators Rationale Given Weight Organization/ researchers behind 
the data and the source.

Vulnerable 
extraction sites

This data covers areas that have 
vulnerable soil types in terms of 
N-leaching, pesticides etc. and 
have important drinking water 
interests. This data contains a 
single value i.e. vulnerable (or 

         50% Ministry of Environment and Food of 
Denmark

Files available at:
http://miljoegis.mim.dk/cbkort?
&profile=grundvand
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Fig. 9. Simplified model of the Potential Forest Biodiversity model. Own figure. 
For full model see Appendix B.
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not). These areas are given higher
priority for forest establishment 
than areas outside of these zones.

This data is part of 
“Vandforsyningsloven” §11a, in 
English: The Water Supply Law §11a.

N-vulnerable areas This data covers areas where the 
ground water is vulnerable to N-
leaching, without necessarily 
having great importance for 
drinking water currently. This data 
contains 3 values: low, medium 
and high vulnerability. These 
areas are given higher priority for 
forest establishment than areas 
outside these zones.

         50% Ministry of Environment and Food of 
Denmark

Files available at:
http://miljoegis.mim.dk/cbkort?
&profile=grundvand
This data, is part of the European 
Council directive 91/676/EEC 
concerning protection of water 
against nitrates from agriculture.

As shown in Table 4 above, this layer uses two datasets, and consists of a simple conversion of the vector
data into raster, followed by simple reclassifications and a weighted overlay using the “weighted sum” tool. 

The resulting layer is in essence a reclassification of existing values onto a common and comparable scale
seen in Table 4, with an equal weighting of the sub-indicators (Fig 10.). For details about the reclassification
see Appendix A 3.

3.2.4. Current water quality
Since the resolution in the GIS analysis was based on a raster cell size of 40 x 40 meters, the riparian buffer
zones modeled here, were limited to that extent. As such, the smallest possible buffer zone is 40 meters (on
both sides of a river).

The current water quality layer is the second layer to deal with water. It differs from the Nutrient Leaching
layer (see section 3.2.3.), in that it quantifies the current state of the water bodies and aquifers, rather than the
potential vulnerability of these. In addition this layer, attempts to capture the ecological status of the lakes
and streams. Like all other layers, high values indicate areas where reforestation would have a high positive
impact.
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Fig. 10. Simplified model of the Nutrient Leaching layer. Own figure. For full model 
see Appendix B
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Table 5. Overview of the sub-indicators used in the Current Water Quality layer.

Sub-indicators Rationale Given Weight Organization/ researchers behind 
the data and the source.

Ecological status of 
Streams

Streams that are in worse 
ecological status are assumed 
to be more affected by 
anthropogenic pressures such 
as agriculture, and are given 
higher priority for establishment 
of forest in close vicinity. See 
Appendix A4 for details.

          45% The Ministry of Environment and 
Food of Denmark

Files available at:
http://miljoegis.mim.dk/cbkort?
profile=vandrammedirektiv2-2016

This data is part of the Local Danish 
plan of the European Union’s “Water 
Framework Directive”
(Styrelsen for Vand- og 
Naturforvaltning, 2016)

Ecological status of 
Lakes

Lakes that are in worse 
ecological status are assumed 
to be more affected by 
anthropogenic pressures such 
as agriculture, and are given 
higher priority for establishment 
of forest in close vicinity. See 
Appendix A4 for details.

          45% The Ministry of Environment and 
Food of Denmark

Files available at:
http://miljoegis.mim.dk/cbkort?
profile=vandrammedirektiv2-2016

This data is part of the Local Danish 
plan of the European Union’s “Water 
Framework Directive”
(Styrelsen for Vand- og 
Naturforvaltning, 2016)

Chemical status of 
Ground Water 
(primarily Nitrogen 
and Phosphorous)

Areas where the ground water 
chemical status is bad are given
higher priority for forest 
establishment than areas where
the status is good. It is used as 
an indication of whether an area
has an influx of nutrients that 
exceeds its natural capacity.  

         10% The Ministry of Environment and 
Food of Denmark

Files available at:
http://miljoegis.mim.dk/cbkort?
profile=vandrammedirektiv2-2016

This data is part of the Local Danish 
plan of the European Union’s “Water 
Framework Directive”
(Styrelsen for Vand- og 
Naturforvaltning, 2016)

Details  about  what  indicators  the  ecological  states  of  streams  and  lakes,  and  the  chemical  status  of
groundwater is based on can be found in Appendix A4. Details about the reclassification values can similarly
be found in Appendix A4. 

The procedure outlined in Fig.11. shows that around the lakes, an 80m buffer zone is created, and around the
streams a 40m buffer zone (on both sides of the streams), was created.
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The size of the buffer was determined by the resolution of the raster cells in the present report, which is 40m.
Theoretically, there could be smaller buffer zones that would capture the N-leaching from agriculture more
accurately, but in this case the analysis is limited by the raster cell size (see section 2.3.2. for riparian buffer
zones).

After reclassification, the reclassified rasters were overlaid using the “Weighted Sum” tool.

3.2.5. Potential Erosion control
The erosion control (see section 2.3.3.)  layer is the simplest of all the layers, since its only input is the DEM
created in the preparation of the data (see Appendix A5). 

The model was kept separate from the two previous layers, although it is closely connected with erosion into
water  bodies,  and important  due to  the  risk of  nutrients traveling into the water with the detached soil
particle. However, erosion is not only unwanted near water bodies, but also influential on land value in
general. Therefore it is a separate indicator. Areas with slopes over 4° are known to be at risk for erosion
(Madsen et al., 1992), and therefore planting forest on these areas would be advisable.

As it can be seen in Fig 12., only a single input and a single operation is used in this model, which was to
give the slopes a 1-5 value by reclassification. Since the model is so simple, the full model is shown here as
it looks in ArcMap. The details for the reclassified values are shown in Appendix A5. No weighted sum was
performed since there was only one output. Priority for forest establishment i.e. higher reclassified value, is
given to steeper slopes. 
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Fig. 12. Full Model for soil erosion. Own figure. Blue is input, yellow is tool, and
green is output.

Fig. 11. Simplified model of the Current Water Quality layer. Own figure. For full model see Appendix B.



3.2.6. Potential Recreation
The recreation map is intended to cast light on the most optimal areas for planting forest, in terms of the
demand from the population in that area, and in terms of the proximity to the largest urban centers expressed
as multiple ring buffers. Table 6., outlines the weights and rationales for this layer. 

The input for this map is the Corine Land Cover data from the European Union, of which the land categories
111  and  112  were  used,  corresponding  to  “continuous  urban  fabric”  and  “discontinuous  urban  fabric”
respectively. In basic terms, this covers very dense and dense urban population, respectively. These codes
will be used throughout this section.

Table 6. Overview of the sub-indicators used for the Potential Recreation layer.

Sub-indicators Rationale Given Weight Organization/ researchers behind 
the data and the source.

Proximity to urban 
area

Areas that are close to populated 
areas are given higher priority for 
forest recreation than remote 
areas far from populated areas. 
This is based on the observations 
that distance is an important 
variable in relation to forest 
recreation, see section 2.2.4. for 
details.

          30% European Union – Copernicus Land 
Monitoring Service, Corine Land 
Cover data

Files available at:
https://land.copernicus.eu/pan-
european/corine-land-cover

Interpolation of 
urban areas

Interpolation using Inverse 
distance weighting (ArcMap tool), 
is used to create a value based on
a set of inputs, for areas that do 
not have values. Interpolation (i.e. 
a kriging method) can be 
performed if a phenomenon is 
spatially auto-correlated. 
In this case, the interpolation 
creates a continuous field of 
values, based on the size of the 
closest urban areas. The larger 
the urban area, the higher the 
likelihood of a high interpolation 
value close by. This imitates 
“demand” for forest recreation.
For example, Copenhagen will 
have high values in its vicinity 
following the interpolation, due to 
its large area. An area far from 
any city, will have a low value after
the interpolation. That is, high 
“demand” for recreation close to 
large populations, and low 
“demand” in sparsely populated 
areas.

          70% European Union – Copernicus Land 
Monitoring Service, Corine Land 
Cover data

Files available at:
https://land.copernicus.eu/pan-
european/corine-land-cover
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Because of a lack of more detailed data on the population in the urban areas from the Corine land cover data,
the type of land cover (111 or 112) and the size of the polygon is considered as indicative of the population
count. Only the populated areas have been used for this layer, meaning that the layer has excluded other
man-made  areas  like  industrial,  commercial,  infrastructure  (roads  +  railroads),  ports,  airways,  mine
extraction sites, dump sites, construction sites, green urban areas and sports areas. In short, all man-made
areas are excluded except those used for housing, referred to as urban fabric or urban residential areas here. 

See Kosztra et al., (2017) for details on Corine land cover classifications. 

A detailed description of the choice of buffer lengths, and reclassification values can be found in Appendix
A6.

Following  the  general  procedures  shown  in  Figure  13.,  above  the  values  were  reclassified.  After  the
reclassification, the sub-indicators were merged using the “weighted sum” tool.

3.2.7. The final maps
The final maps are the final result of the GIS analysis, while the different GIS-layers (described in section
3.2.1. to 3.2.6. and Appendices A1-A6) are intermediary.  There are six final maps, where Map 1-3 show the
trade-offs between PAV and PES i.e. potential conflicts, and Map 4-6 show PES values based on the areas
with the lowest PAV values. The purpose of the final maps are thus, to shed light on the distribution of
potential areas of conflict (Maps 1-3) and to suggest places where planting forest would be most beneficial
(Maps 4-6). The six final maps cover three scenarios.

The scenarios are the following: 

1. Baseline scenario

2. Biodiversity Scenario

3. Water Scenario

Throughout all three scenarios, the PAV will remain the same (see 3.2.1.), while differences in the internal
allocation of weight among the five different ecosystem service layers (PES) will determine the differences
between the scenarios. The weights used for the potential ecosystem service layer in each scenario are shown
in Table 7.
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Fig. 13. Simplified model of the Potential Recreation layer. For full model see Appendix B.



The first scenario is called “baseline scenario”. The baseline scenario is the only scenario that has an equal
weighting of all the ecosystem service layers, meaning that each layer has an equal “impact” on the outcome
of the baseline. This scenario was primarily included to have something to compare the other two scenarios
with. It could however also have a practical application in a policy making setting, if it was unclear which
ecosystem service to prioritize, i.e. an absence of choice, and therefore guide forest reestablishing with less
specific targeting.

This scenario is not a practical scenario, since no priorities are made on which ecosystem service is most
needed, but rather to have something to compare the other scenarios with.

The next scenario is called the biodiversity scenario, due to the high weight given to the forest biodiversity
layer in this scenario, as seen in table 7. This scenario reflects a situation where biodiversity is prioritized
over all the other ecosystem services, which will make the distribution of high and low PES values to be
more similar to that of the potential forest biodiversity itself.

The last scenario is the water scenario, where the two layers dealing with water are prioritized, thus being
weighted higher than the others (see table 7.).  Due to their higher weight,  the layers “nutrient leaching
vulnerability” and “current water quality” will have a larger imprint on the final maps of this scenario. 

The point of having three different scenarios, is to gain insight into how an explicitly chosen policy goal will
affect the spatial distribution of PES values and thus determine the various degrees potential conflicts and
thereby potential land suitable for forest re-establishment. 

Table 7. Table showing the internal weighting for the potential ecosystem service values used in the three scenarios.

Ecosystem Service Layers (PES) Scenarios

Baseline Biodiversity Water

Potential Forest Biodiversity 20% 60% 10%

Nutrient Leaching Vulnerability 20% 10% 40%

Current Water Quality 20% 10% 30%

Potential Erosion Control 20% 10% 10%

Potential Recreation 20% 10% 10%

As can be seen in Figure 14., a reclassification takes place after the weighted overlay of all the PES layers.
This reclassification (as in the former reclassifications) uses the “quintile” function with 5 specified classes,
resulting in a segregation of the lowest to the highest 20% of all values. 
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Fig. 14. Simplified model of the model used to make the final maps. For full model 
see Appendix B.



After the internal weighting of the PES seen in table 7 (above), and the reclassification to a 1-5 scale, the two
layers (PES and PAV) are overlaid using the weighted sum tool. This time however, both layers are given
100% weight, meaning that their full values in a given point will be summed, resulting in a 2-10 scale, here
named “Trade-Offs”. Higher trade-off values indicate higher risk of land use conflict.This makes it possible
to compare values that are not on the same scale i.e. agriculture and ecosystem services are both valuable but
very hard to compare due to their inherent differences. As such, it is not a comparison on an absolute scale
such as monetary value, but rather a comparison of the 20% most valuable agricultural land against the 20%
most valuable land for forest ecosystem services. 

This procedure produces an equidistant scale of high to low trade-off values, where the value at any point is
the sum of both layers. Therefore the highest value of 10 is the result of the highest value of both layers (5)
summed, and the lowest value of 2 is the sum of the lowest values from each layer (1), and so on.

Apart from the extremes in either end of the scale, it is not possible to know the contribution to the trade-off
level that each layer brings e.g a level of 6 could be 2 + 4 or 5 + 1. To deal with this problem, the function
“Greater than or equal to”, was used to make an “extracted” map of values. The extracted map is made for
each scenario, and serves as the basis on which the carbon sequestration estimates are calculated according to
section 3.3. 

The extracted maps (Map 4-6) are what could be termed decision making scenarios, since they show the PES
values on low value agricultural land i.e.  agricultural land that could be used for other things. The PES
values range from 1 to 5, and correspond to the PES values of the scenario in question, but are only shown
on the area where PAV is either 1 or 2. This is done since it is assumed that forest should only be established
where the potential agricultural land value is low, and where the forest ES values are high.

The values remain unchanged from the map they derive from, but only show the value for raster cells where
the PES value is higher or equal to the PAV value. As such, the extracted map is showing a 2-10 scale of
values, where only cells where the PES value is higher or equal to the PAV. This is done since it is assumed
that forest should only be established where it is of equal or higher value than agriculture. It is also based on
these maps that the carbon sequestration estimates are calculated.

This procedure effectually means that in case of high land use conflicts indicated by high trade-off levels,
agriculture (food production) is given higher priority than biodiversity, water quality. or carbon sequestration
(see  below).  (Note  that  this  can  be  reversed,  for  example  if  water  quality  and  nutrient  retention  was
considered more important than PAV, thus setting aside all areas with Potential Water ES-values of 5, or 4
and 5).

Synergy map

A map showing the synergies between the biodiversity scenario and the water scenario was made. It is an
overlay between the two scenarios, with 100% weight for each scenario, resulting in a 2-10 scale. The higher
the value the higher the potential for synergy i.e. forest which would have high potential for biodiversity and
for water protection. 

3.3 Carbon sequestration scenarios
The benefits of carbon sequestration (see section 2.3.5.), were not modeled using GIS, but were based on the
result of the GIS analysis. This means that the GIS maps, lay the foundations for the carbon sequestration
calculations by providing the numbers for land available to plant forest on (in hectares), to be used in the
calculations.

The carbon sequestration calculations in the present thesis are based on a dataset on biomass provided by
Researcher Thomas Nord-Larsen from the department of Geosciences and Natural Resource Management at
the University of Copenhagen (23.03.2019).  The dataset can be found in  “Skovbrugstabeller 1990” (lit.
“Forestry tables 1990”) (Madsen, 1990).  

Based on the land that will be afforested, the carbon sequestration potential is calculated for different points
in time (counting from the time of planting), to estimate the carbon sequestration that can be expected after
20, 40 and 60 years, for each respective scenario.
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The selected times, i.e. forest ages, were chosen to be 20, 40 and 60 years after planting. In the dataset 18
years is the youngest, 120 years is the oldest, where 60 years is half of that. For the present report, it was
decided that 120 years was too far off into the future to give any meaningful estimate given the uncertainties
that are introduced over time. 

In Figure 15. the yearly biomass increment rate for a Danish beech forest can be seen. As can be seen, the
curve  flattens  at  around  60  years  meaning  that  although  the  forest  keeps  accumulating  biomass,  the
increment  rate  ceases  to  accelerate.  This  observation was part  of  the  reason for  the  chosen forest  ages
mentioned above.

Relating to the following calculations, several assumptions were necessary to avoid too much complexity.
While growth rates are species specific, only the Beech (Fagus Sylvatica) biomass growth functions have
been used for the estimation, although in reality a wide range of deciduous and various coniferous trees
would be part of the forests (see section 2.3. for common tree species in Denmark). Beech was chosen for
this because it is the most prevalent deciduous tree in Denmark, and generally the biodiversity in the study
area is linked to deciduous forest rather than coniferous forests (see section 2.3.1.).

It is also assumed that soils are of equal quality for tree growth across the whole study area, and of the
highest type (site productivity class I, defined as soils where the 100 thickest beech trees in a population have
grown to an average height of 32 meters at 100 years; Thomas Nord-Larsen, University of Copenhagen,
personal communication). In reality the most common soil classes in the study area probably belong to site
productivity class 1 and 2 (Thomas Nord-Larsen, personal communication), but increasing the accuracy of
the calculations by distinguishing site classes was was not done for this thesis. It is also assumed that the
forest  will  be  thinned,  which  biodiversity  forests  may  not  be.  Furthermore,  all  estimates  of  carbon
sequestration are based on standing tree mass, and do not consider the soil compartment of the ecosystem.
This means that the estimated carbon sequestration values in this work is most likely to underestimate the
actual carbon sequestration in the future. 

In addition, it is assumed that beech wood has a uniform density for stem branches and roots. For beech in
Denmark,  stem  and  branches  have  similar  densities  at  573  kg/m3  (±  2,15)  and  575  kg/m3  (±  1,90)
respectively, whereas the density for the root system is considerably lower at 538 kg/m3 (± 5,06) (Skovsgaard
& Nord-Larsen, 2012). In the calculations a basic density of beech wood at 560 kg/m 3  was used, since this
has been used to estimate national biomass stocks previously (ibid.).  The biomass expansion factor, that is
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Fig. 15. Biomass increment rate for a generalized Danish beech forest, i.e. dB/dt, 
where B is biomass and t is time. The steeper the increment, the faster the rate of 
change in biomass from year to year. A horizontal tangent to a point would indicate 
no change in the rate of biomass accumulation from the previous year. The x-axis is
in years and the y-axis is in cubic meters pr hectare pr year. Data received by 
Thomas Nord-Larsen (see Acknowledgments).



used to convert above ground woody biomass to total woody biomass, similarly has variations based on the
age  of  the  tree  stand and the degree  of  thinning,  due to  differences  in  mass  allocation under  different
circumstances (ibid.). For the calculations in the present thesis a biomass expansion factor (BEF) of 1,2 has
been used, as has been done in former national biomass stock estimations (ibid.). As such, the calculations
estimated the total woody biomass of the trees, and the subsequent equivalent in CO2 stored in this mass,
excluding foliage.

The calculations

A full detailed explanation of the calculations including examples, can be found in Appendix C.

For the calculations, the desired year may not exist in the data set (e.g. year 40) and thus, the calculations
were made based on the 3rd order polynomial function of the curve seen in Figure 16. This can be done since
the function is fitting the data very well. As such, this function replaces the step in eq. 1 and eq. 2 explained
in Appendix C, since the function is based on the calculated values from those equations.

As seen in Fig. 16., the function used for the calculations is the following: 

y = -0,0002x3 – 0,0121x2 + 21,624x – 277,86

Where y is carbon sequestration in tonnes CO2 per hectare (as in eq. 2), and x is the age of the trees (in
years).

The final step is to multiply the result of the function by the total area in hectares, derived from the baseline,
biodiversity and water scenarios (as described in eq. 3). 

In Table 9. in result section 4.2.4., the annual averages of the carbon sequestration are calculated, by simply
dividing the age of the forest (in years) by the amount of CO2 sequestered. 

4. Results
The result section is comprised of three parts. Section 4.1. presents the maps where the land use conflict is
assessed, and section 4.2. shows the maps used for the carbon sequestration calculations and the results of
these calculations are presented. Section 4.3. contains all the maps presented in sections 4.1. and 4.2. in a
smaller format, to allow for comparisons more easily. Three scenarios are presented, i.e. a baseline scenario,
where all ecosystem services are given equal weight, a biodiversity scenario and a water scenario. Map 7,
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Fig. 16. Curve and fitted function, used to perform the calculations. The x-axis 
shows time in years and the y-axis shows the amount of carbon dioxide (in tonnes) 
per hectare per year. The polynomial function describes the data well, and can be 
seen in the bottom right corner.



shows the synergy map, where the biodiversity scenario and the water scenario are compared to identify
potential areas where high PES values might overlap.

On all maps, the thirty spatially largest towns and cities in the study area, are graphically represented, to
provide a frame of reference to the reader.  The eastern cluster of urban areas is the metropolitan area of
Copenhagen, that can be seen to extend onto the eastern island of Amager. The thirty largest urban areas
(excluding industrial areas),  are the same as the ones used for the recreation map (see section 3.2.6. for
details). 

As  mentioned,  section  4.3.  contains  a  figure  (Fig.  17)  of  all  six  maps  main  maps  (Map  1-6).  It  is
recommended for ease of understanding to refer to this figure while reading the results. 

4.1. Land use conflict
Maps 1-3 show the levels of land use conflict through a measure of the trade-offs between PAV and PES.
This means that an area with high levels of both PAV and PES would constitute a land use conflict, if the
land use were to change from agriculture to forest, since it would not be possible to have both at the same
time: you have to choose one or the other.

The measuring scale on the maps ranges from 2-10, where 10 is higher potential for conflict and 2 is lower
potential conflict, or seen in another way; high and low trade-offs (respectively) in relation to a change in the
land use from agriculture to forest. 

Here,  all  red-yellow-green areas in the color ramp corresponds to the agricultural land currently in use,
where red is the highest and green is the lowest. The gray areas show residential urban areas, while white
areas within the study area, indicate all other land uses including forests, lakes etc. These areas are not shown
to enhance the readability of the maps, but are shown in Figure 1 (section 2.1.).

Keep in mind that these trade-off maps, do not show the actual value of ecosystem services, but rather its
relation to the value of the agricultural land in the same area.

4.1.1. Baseline Scenario
The baseline scenario (see Method section 3.2.7.) is a scenario where the potential ecosystem service value
has been determined by assigning an equal weight to all five non-agricultural ecosystem services, i.e. 20%
weight to each. 

The values in Map 1 form an intermingled mosaic, but some clusters of high and low values can be observed.
For example, the northern-middle part of the map, shows a large area where both PES and PAV were low
(values from 2-4), whereas the eastern parts around the metropolitan area of Copenhagen and towards the
south show high trade-off values (7-10). Often, urban areas have an area around them where the values are
relatively high. This may be due to the fact that the baseline scenario has equally weighted ecosystem service
layers, which means that the recreation will be relatively impactful.
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Map 1. Trade-off levels associated with a possible land use change from agriculture to forest in the baseline
scenario. High levels of trade-offs indicate that both agricultural values and ecosystem values are high in 
that area. Grey shows urban residential areas, white areas include forests, rivers and other land uses.



4.1.2. Biodiversity Scenario

The biodiversity scenario, has a weighting of potential ecosystem services (PES) that prioritizes biodiversity
(cf. Table 7.).

Patterns similar to the baseline scenario (Map 1.) is shown in this scenario, with mosaics of values and clear
clustering of similar values. However, the high trade-off levels in the baseline map around the urban areas,
are less pronounced here. Instead, in the biodiversity scenario, there are sharp red bands around many of the
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Map 2. Trade-off levels with land use change in the biodiversity scenario. High levels of trade-offs 
indicates that both agricultural values and ecosystem values are high. See Map 1 for more details.



white areas in the map. This indicates that the trade-offs in the biodiversity scenarios seem occur around
forests with a high nature value. The biodiversity layer was produced, in such a way that it is expected that
higher trade-off values are found around existing forests, since these areas would be promising targets for
forestation when biodiversity is the highest prioritized purpose.  

The biodiversity scenario map also shows a lot of “spots” of yellow values (approx. 6 and 7) throughout, but
especially noticeable in the south-western part. The reason that these “dots” are not red, may be that small
forests have a lower nature value than larger connected forests. 

Northern Zealand, north of Copenhagen has very high levels of nature value for biodiversity but does not
show very high trade-off levels. This is because the sandy soils of the North-eastern parts of Zealand have
lower PAV values for agriculture in that region. This neatly highlights that these trade-off maps, do not show
the actual value of ecosystem services focused on biodiversity, but rather its relation to the value of the
agricultural land in that area. If PAV values are lower only medium trade-off levels are reached.

4.1.3 Water Scenario
This is a scenario in which current water quality and vulnerability to nitrate leaching is weighed highest
among the layers (cf. Table 7). As such, it maps demand for nutrient retention as a forest ecosystem service
vs. PAV.
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A difference from the other scenario maps is that nature of the data for the two water layers is more coarse,
for example, the groundwater data,  and therefore map 3.  appears “smoother” in some places e.g.  in the
western parts south of Copenhagen. 

The water scenario, similar to the baseline scenario, has some of the highest trade-off levels near to the urban
areas, especially just west of Copenhagen. 

As a result of the higher weights given to the water layers, the water scenario has more visible trade-off
values corresponding to the buffers around in the riparian zones along the rivers. This can be seen in the
North-west corner where yellow (medium values) “lines” can be seen to run through the otherwise green
areas (low values). 
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Map 3. Trade-off levels associated with land use change in the water scenario. High levels of trade-offs 
indicates that both agricultural values and ecosystem values are high. See Map 1 for details.



4.1.4. Comparing the areas
Here a simple table of the percentages covered by each value (2-10) is described, to indicate at which end of
the trade-off scale the conflicts would occur under the three scenarios. 

Table 8. The amount of land for each unique trade-off value, as a percentage of the agricultural area. Note that the real
values sum to 100%, but due to the number of decimals used, this may deviate slightly here. 

Trade-off
Level

Scenarios

Baseline - % of
agricultural land

Biodiversity - % of
agricultural land

Water - % of
agricultural land

2 4,6 3,0 4,1

3 9,7 9,0 9,0

4 14,2 15,9 15,5

5 18,7 19,0 21,5

6 21,5 22,7 20,2

7 15,7 16,5 13,9

8 9,5 9,6 9,5

9 4,8 4,2 4,7

10 1,5 1,2 1,7

The largest land area in the three scenarios, is found in the middle ranges of trade-offs (values 4-7). This
indicates that the best areas for agriculture, and the best areas for the selected ecosystem services do not
generally overlap. For example in the biodiversity scenario the highest values (PAV 8, 9 and 10) cover 15%
of the agricultural land, which is an indication that the majority of the agricultural land has a moderate level
of  trade-offs  between agricultural  value  and  ecosystem service  value.  This  pattern  is  similar  in  all  the
scenarios, and constitutes the main finding of the trade-off maps.

4.2. Potential ecosystem services in the different scenarios
It can be argued that areas with high PAVs should not be taken out of production, and this is assumed to be
the case in this thesis,  but  could be changed if the demands and values of society changes.  Hence,  for
estimating potential for carbon sequestration in the different scenarios the areas with PAV of 3, 4 and 5 (from
the 1-5 scale) were excluded when mapping potential carbon sequestration from conversion of agricultural
land to forests (Maps 4-6). These maps are based on the same data as Maps 1-3, but show only the values of
PES when areas with PAV values ≥ 3 have been excluded.

Since only the values for PES are shown, the scale is from 1-5, where 5 indicates that planting forest would
provide the highest level of ecosystem services based on the prioritized service for each scenario. The maps
4-6 only display PES values for areas with low agricultural value (PAV 1-2). 

These  maps  are  applicable  to  a  decision  making situation,  assuming that  only  the  low value  lands  for
agriculture are considered for planting forests, or at least that these lands should be used first. Using the PAV
values of 1-2 as a “mask” corresponds roughly to 40% of the total agricultural area (see section 3.2.). Based
on these PES values, the carbon sequestration calculations are shown in Table 9. The carbon sequestration
estimate is calculated for the land corresponding to each PES value 1-5, for all three scenarios. 
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4.2.1.  Baseline scenario
In the Biodiversity scenario, the PAV is high in the centre of the study area, as indicated by the now white
areas on Map 4. The PES values are only shown where the potential agricultural value is low (PAV 1-2), and
are high in the northern parts of Zealand, and along the south-western coast. 

The blue bands of land that in the middle of the study area coincide with some of the major streams and thus
low lying areas.  Low lying areas have lower PAV due to the need for drainage of the soil  and risks of
flooding. The area around Copenhagen in the east and north-east, shows high potential ecosystem service
values indicating a fairly high degree of high PES close to the urban areas, which can likely be attributed to
recreation having the same weight as other PES layers (cf. Map 1).
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Map 4. Potential ecosystem services (PES) values in the Baseline Scenario. The 30 largest urban 
areas (in terms of area) are shown in red. The values in the legend are the potential ecosystem 
service values. The urban cluster in the eastern part of the map is the danish capital Copenhagen



4.2.2. Biodiversity Scenario
The map of this scenario follows roughly the patterns of the baseline scenario, but deviates by having higher
values along the northern coast and lower values along the south-western coast. Generally the biodiversity
scenario has high PES values around and North of Copenhagen, which correlates well with the high nature
value of that area.
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Map 5. Potential ecosystem services (PES) values in the Biodiversity Scenario. The 30 largest urban 
areas (in terms of area) are shown in red. The values in the legend are the potential ecosystem service 
values. The urban cluster in the eastern part of the map is the danish capital Copenhagen.



4.2.3. Water scenario
The water scenario (Map 6) displays similar characteristics to the trade-off map for the water scenario (Map
3).

In Map 6 however, the rivers are much more visible, exemplified by the north-western areas where a high
value dark blue can be seen running through an otherwise low value light blue area. Note that it is not the
river itself that has a high PES value, but the riparian buffer zones around the river, which is 40 meters on
each side. The south-western part of the study area, corresponds with nitrogen sensitive soils, and likewise
with the sandy soils  in the north-eastern part  of  Zealand.  These,  are  however areas  that  are  considered
nitrogen sensitive while also being important for ground water extraction, that are not shown on Map 6, since
they do not coincide with the “mask” of low value agricultural soils.
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Map 6. Potential ecosystem services (PES) values in the Water Scenario. The 30 largest urban 
areas (in terms of area) are shown in red. The values in the legend are the potential ecosystem 
service values. The urban cluster in the eastern part of the map is the danish capital Copenhagen.



4.2.4. Calculations of carbon sequestration
The carbon sequestration associated with different PES-value areas in the three scenarios are shown in Table
9 below. The table provides data for CO2 -sequestration in total and per year for different time frames, 20, 40
and 60 years. Hence, in the baseline scenario, the PES value with the largest land area is 1 at 6,9% and the
value with the smallest land area is 3 at 4,9 %. The highest value, PES 5, has the second largest area at
45.156,3 hectares, which is 6,3% of the study area. After 60 years, the areas with PES-value 5 would have
sequestered 0,782 million tonnes CO2 per year on average, and the next highest PES value of 4 would have
sequestered by 0,654 million tonnes of CO2 per year.

Table 9. The extent of the areas (in ha) corresponding to potential ecosystem values (PES) in the three scenarios, the
percentage of these areas out of the whole study area, and estimated carbon sequestration in absolute total values for 20,
40 and 60 years and per-year. PES is potential ecosystem services (value) and SA is Study Area. The numbers in the
table corresponds to Maps 4-6.

Scenario
PES
value

Area (ha)
+

% of Study
Area

CO2 sequestration
 (million tonnes)

CO2 sequestration per year
(million tonnes ∙ year -1)

20 
years

40 
years

60 
years

20 
years

40
years

60
years

Baseline
(Map 4)

1 49725,1 (6,9%) 7,4 27,6 46,4 0,368 0,690 0,773

2 40425,9 (5,6%) 6,0 22,4 37,7 0,300 0,561 0,629

3 35369,8 (4,9%) 5,2 19,6 33,0 0,262 0,491 0,550

4 42086,1 (5,8%) 6,2 23,4 39,3 0,312 0,584 0,654

5 45156,3 (6,3%) 6,7 25,1 42,1 0,335 0,626 0,702

Bio-
diversity
(Map 5)

1 42407,7 (5,9%) 6,3 23,5 39,6 0,314 0,588 0,659

2 36211,5 (5,0%) 5,4 20,1 33,8 0,268 0,502 0,563

3 40605,6 (5,6%) 6,0 22,5 37,9 0,301 0,563 0,631

4 43270,2 (6,0%) 6,4 24,0 40,4 0,321 0,600 0,673

5 50268,2 (7,0%) 7,4 27,9 46,9 0,372 0,697 0,782

Water
(Map 6)

1 46757,4 (6,5%) 6,9 25,9 43,6 0,346 0,649 0,727

2 37463,5 (5,2%) 5,6 20,8 34,9 0,278 0,520 0,582

3 45349,9 (6,3%) 6,7 25,2 42,3 0,336 0,629 0,705

4 42396,8 (5,9%) 6,3 23,5 39,5 0,314 0,588 0,659

5 40795,5 (5,7%) 6,0 22,6 38,1 0,302 0,566 0,634

In the biodiversity scenario presented in Map 5., the PES value with the largest area is 5 at 7,0 % of the total
study area, which is the largest area out of all the scenarios. After 60 years, the areas for PES value 5, would
have sequestered 0,702 million tonnes CO2 per year on average, and the next highest PES value of 4 would
have sequestered by 0,673 million tonnes of CO2 per year.

For the last scenario, prioritizing water resources, the values correspond to Map 6. After 60 years, the areas
for the highest PES value of 5, would have sequestered 0,634 million tonnes CO2 per year on average, and
the next highest PES value of 4 would have sequestered by 0,659 million tonnes of CO2 per year.

All three scenarios in maps 4-6 are exactly the same size at 29,5 % of the total study area (which corresponds
to circa 40% of the agricultural area) due to the “mask” by which they were extracted (i.e. corresponding to
PAV 1-2).
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Table 10. The carbon sequestration attained by planting forests on the area with the highest potential ecosystem service
value (PES) of 5, and how this could contribute to the full Danish pledges for carbon emissions reductions (left side)
and the “reduced” pledges corresponding to the population in the study are (right side). Values for the PES 5 area in the
biodiversity scenario and in the water  scenario are shown (see text).  The two rightmost columns shows reduction
pledges proportional to the current population living within the study area. See also table 1. and table 9., for sources to
the numbers calculated here. 

Carbon
sequestr
ation in

area
covered

by
PES = 5

Age of
forest

Contribution from the study area to
carbon reduction pledges for Denmark

as a whole

Contribution from the study area to
carbon reduction pledges for Denmark
– Corresponding to population of the
Study Area (43.1% of total population)

32,2 MT CO2

reduction by 2030 
(40% cf. 1990)

64,4-76,5 MT CO2

reduction by 2050
(80-95% cf. 1990)

13.9 MT CO2

reduction by 2030 
(40% cf. 1990)

 27,8-33,0 MT CO2

reduction by 2050
(80-95% cf. 1990)

Biodiver-
sity 

20
years

23,0% 53,2%

40
years

36,5% – 43,5% 84,5 % - 100,3% 

Water 
20

years
18,6% 43,7%

40
years

29,5% - 35,1% 68,5% - 81,3%
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As Table 10. above shows, substantial proportions of the national carbon reduction pledges until 2030 and
2050 can be covered by the carbon sequestration associated with planting forest on the areas corresponding
to the highest PES values (5) in both the biodiversity and the water scenarios, given that the forests are
established this year or very soon. These areas correspond to 7% and 5,7% (cf. Table 9.) of the study area
respectively.  Because  20  years  and 40  years  from now would  correspond to  the  years  2039 and 2059
respectively, the percentages in the table are slightly overestimated, but at least the pledges can be reached
within the same decade. 

The  biodiversity  scenario  consistently  covers  a  larger  percentage  of  the  carbon pledges  than  the  water
scenario, which can be attributed to its larger area for PES 5. The area corresponding to the PES value of 5 in
the two scenarios is only based on the study area, Therefore the results in the table cover less of the carbon
emission reduction pledges for the whole country than would be the case if the reduction pledges were made
proportional to the population living in the study area. The population in the study area comprises 43,1% of
the  total  national  population.  In  the  biodiversity  scenario  the  forest  carbon  sequestration  surpasses  the
reduction requirement for the 2050 deadline, but only 84,5% of the reduction requirement if the strictest
reduction requirement is implemented. In the water scenario (for PES 5) the reduction pledges covered are
lower but still a substantial part of the reduction pledges.
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4.3. Comparing the scenarios
It is useful to compare the three scenarios by showing them all in one figure as done here. 
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Fig. 17. Compilation of the results from Map 1-6., to facilitate comparisons between the scenarios.



On the left side of Fig. 17, the trade-off maps can be seen, while the “decision-making” maps can be seen on
the right side. The top row shows the baseline scenarios, the middle row shows the biodiversity scenario
while the bottom row shows the water scenario. The point of making this figure, was to ensure that the reader
can see which areas “disappear” when going from the full agricultural area in maps 1-3 to only the area
corresponding to PAV 1 and 2 in maps 4-6.  Secondly,  it  may be easier  for the reader to see the broad
differences between the scenarios in this way, although one is referred to the individual full size maps for
details. 

4.4. Synergy map
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Map 7. Synergy map comparing PES values of the biodiversity and the water scenarios. Red areas have 
the highest potential for synergy.



The synergy map shows on a scale of 2-10 the areas where the values from the biodiversity scenario and the 
water scenario are overlapping. Therefore a value of 10 on the synergy map represents the overlap between 
the two highest scenario values (PES 5+5) and the synergy value of 9 represents the two highest values of the
scenarios (PES 4+5). The synergy values of 9 and 10 have been marked in red, as they contain all areas 
where the PES value 5 occurs. 

The synergy value of 10 covers 3,7 % of the study area and the value of 9 covers 4,2% of the area. If those 
two areas are combined that corresponds to 7,9 % of the study area. 

5. Discussion
The discussion covers the main findings from the results, the implications of the results for the aim and
research questions, the relation of the findings with the current literature, the limitations and assumptions of
the GIS model as well as its utility. 

5.1. Main findings
One of the most important findings of the present thesis is that the best areas for agriculture and the best
areas for ecosystem services do not seem to overlap to a large degree, as the trade-off maps suggest that only
between 1,2 % and 1,7 % of the agricultural area has the highest values for both PAV and for PES across all
scenarios. 

A similarly important finding is that of the three scenarios, the biodiversity scenario seems to have the largest
area for the PES value 5, at 7% of the total study area, and would therefore not only contribute to habitat
protection, but would also provide the largest area for carbon sequestration. Additionally, there seems to be a
fair amount of overlap between the two scenarios, as showed by the synergy map. Synergy areas containing
PES levels of 5, were synergy levels of 10 (only PES 5) and levels of 9 (PES 5 and 4), accounting for 3,7 %
and 4,2% of the study area respectively. Taken together these synergy areas are slightly larger than the PES 5
area in the biodiversity scenario of 7%, meaning that high multi-functionality of forests is possible.

A second main finding is that large areas of relatively low value agricultural land is found close to the largest
urban areas, and that the ecosystem services seem to be high in these areas, even when the recreation layer is
given a low weight. Similar to the first main finding, this indicates that high levels of multiple ecosystem
services could be achieved with minimal trade-offs with agricultural production. 

Another main finding is that low lying areas around rivers seem to be of low value for agriculture and at the
same time of high value for ecosystem services across all scenarios, making these areas suitable targets for
forest establishment. This is especially so in in the water scenario.

Finally, among the important results with respect to the scope of the present thesis concerns the large societal
benefit that forests can provide by sequestering carbon in their stems, branches and roots. The amounts of
carbon dioxide that according to the present analysis can be sequestered solely by using the area with the
highest  potential  ecosystems  value  (PES 5,  see  Table  10)  would  contribute  significantly  to  Denmark’s
international carbon emission reduction pledges. The results indicate that it would be possible, especially in
the  biodiversity  scenario,  to  cover  a  large  part  of  the  necessary  carbon  reductions  with  the  carbon
sequestration solely from the highest value PES land, particularly as the forests are given time to accumulate
biomass. At the same time, these forests can also provide other ecosystem services related to water and
recreational values. 

The land use conflicts are not extensive

The first main finding is particularly important for the scope of the present thesis, since it makes it clear that
most of the highest value areas for agriculture and the highest value areas for forest ecosystem services do
not overlap that much. Taking the two scenarios where an actual prioritization of ecosystem services were
made, i.e. the biodiversity and water scenarios, only 1,2 % and 1,7 % of the agricultural land has a trade-off
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value with ES of 10 (highest). This means that only on roughly 1,5 % of the land would the negative trade-
offs associated with changing from agriculture to forest be very high, and even if the two next highest values
are  included  (9  and  8),  they  would  still  only  cover  15  % or  15,9  % of  the  agricultural  land,  for  the
biodiversity and water scenarios respectively. 

Part of the importance of this finding is what this means for the “middle” trade-off values (6 is the middle of
the scale). The middle trade-off values of 6 and 7 seen in maps 1-3 cover an area of 39,2% and 34,1% for the
biodiversity and water scenarios respectively, i.e. a substantial part of the area. The trade-off values 6 and 7,
must necessarily cover all the PES 5 values seen in Maps 4-6, since those are based on the lowest two PAV
values (1-2), i.e. 1+5=6 and 2+5= 7. As such, the reason why the area covered by PES 5 is larger in the
biodiversity scenario than in the water scenario, in Maps 5-6, is because of a comparably larger area of the
“middle” trade-off values.  

The finding, is more broadly saying that the levels of trade offs are spatially distributed in such a way, that
only minor areas would have a high risk of land use conflict due to the trade-offs, in the case of a land use
change.

High potential for ecosystem services in close proximity to urban areas 

Many of the urban areas, which are the thirty largest urban areas in Zealand, are surrounded by low value
agricultural land, and much of the “white” area, indicating high PAV, is situated in the mid regions of the
study area are far from the largest population centers. Also, in all three scenarios the PES were found to be
high in the areas around the urban areas. It was not surprising that the baseline scenario had high PES values
close to urban areas, since the recreation layer (valuing proximity and size of urban area) was weighted at the
same level as the other layers. It was more unexpected that for both the biodiversity and water scenarios,
high PES values were observed around many of the urban areas as well, although not as clearly as in the
baseline scenario. This suggests that there is a large potential for multi-functionality by planting forest close
to the urban areas. Apart from the benefits of carbon sequestration, there may also be a large benefit  to
biodiversity and water quality by establishing forests there, but also for recreation since people would be able
to access them easily. As shown by the synergy map, Map 7, a lot of the highly synergistic areas were found
to be close to the urban ares, which underlines the potential for multi-functionality of ecosystem services by
planting forest in these areas. Due to this high potential for multiple benefits to society, these areas (synergy
levels 9 and 10) are likely to justify the land use change away from agriculture, which would outweigh the
economic loss for society at large. 

Biodiversity has the most land with high value PES

The second main finding was, that of the  three scenarios baseline, biodiversity and water, the biodiversity
scenario had the largest area of land covered by the highest PES value (5; Table 9 in section 4.2.4). Although
it is decision makers that ultimately decide what they believe the highest priority of society is, the scenarios
presented here suggest that areas with high potential biodiversity value are more often found on low value
agricultural soil, than are high PES values for protection of water resources. The degree to which high (5)
biodiversity and water interests overlap is not known presently, but by themselves they cover 7 % and 5,7 %
of the entire study area respectively. In a planning situation for multiple goals, the multi-functionality of
forest  ecosystem services  should  ideally  be  maximized,  in  this  case  biodiversity  protection  and carbon
sequestration. Whether these areas also produce high values for water services needs a separate analysis. In
any case, by choosing to plant forests where values for biodiversity is high, an area equivalent to 7% of the
study area would be utilized, which in turn implies that the potential for carbon sequestration may be high
(cf. Table 9 and Table 10).

Low lying areas have low agricultural value

The lowest two PAV values (1 and 2) roughly correspond to the 40% lowest values for agriculture. These
areas seem to partly overlap areas close to the rivers that exist in the low lying areas. The low lying areas
need to be drained in order to remain suitable for agriculture, which counts as an expense for a farmer,
leading  to  their  lower  PAV values.  In  the  present  thesis,  only  transformation  to  forest  is  discussed,  so
naturally Maps 4, 5 and 6 seem to suggest that these wetter areas would be suitable for forests. This may
however not always be the case for beech which has been the basis for this thesis, but maybe for willow, ash,
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alder or other water tolerating species (Jan Bengtsson, Swedish University of Agricultural Sciences, personal
communication). In any case, the areas around the rivers in the low lying regions would be obvious places
where a transformation from agriculture to forests can begin. This could be combined with reestablishing
wetlands on the lowest lying areas, which could also act as carbon sinks. Hence it  seems reasonable to
suggest  that  these  low-lying  areas  would  be  ripe  with  opportunities  for  achieving  multiple  ecosystem
services, which is also supported by the synergy map (Map 7). Establishment of forest here can be assumed
to benefit the water quality significantly, and also increase biodiversity. It seems, however, that many of
these areas may have a rather low value for recreation, since there are few large population centers in the mid
regions of the study area.

Reaching our goals with forests

The potential of forests for sequestering carbon was estimated for the land corresponding to all five levels of
potential ecosystem service values. The results show that by using just the land with the highest PES value,
forest establishment can contribute substantially in the efforts to meet the demands of the Paris agreement.
Although the carbon sequestration estimates are based on simple models, it is interesting that the 2050 goal
of  reducing  carbon  emissions  by  80%  compared  to  1990  could  be  completely  covered  by  the  carbon
sequestration of forests established on only the 7% of study area that had PES value 5 in the biodiversity
scenario. Although this was only the case when the carbon pledge was made proportional to the number of
inhabitants in the study area, it still suggests that if the 7% were scaled up to the national level, the effects
could be instrumental in mitigating climate change. This goal of 80% reductions must,  for a country as
affluent as Denmark be regarded as a moderate reading of its pledges, and the 95% reduction goal seems
more reasonable despite being more ambitious. Even when the estimated carbon sequestration achieved by
reforestation of 7% of the study area (Zealand), as in the biodiversity scenario,  was compared with the
emission reduction goals for the whole country, it still corresponded to 36,5 – 43,5 % of the 2050 reduction
goals (for the 95% and 80% reduction goals respectively). Based on these carbon sequestration estimates, as
long as only the highest PES value is used, the biodiversity scenario has better prospects than the water
scenario (see Table 10). Planting forests can in no way be a substitute for a genuine transition to a low carbon
society, but that being said, the fact that forests act as carbon sinks should not be overlooked but planned for
accordingly.  This is especially the case,  because protecting the biodiversity and the water quality in the
aquatic  environments  are  also  of  large  importance  for  Denmark,  and cannot  be  achieved without  more
forests.  Compared to the policy goal that Denmark should have 20-25% forest cover before the end of the
century  (Ministry of Environment and Food of Denmark, 2018), an increase in forest cover of 7% as the
biodiversity scenario suggests, in addition to the current  ~14% would bring the percentage of forest cover
into the 20-25% range that is the current goal. 

In addition to the carbon sequestration of the forests themselves taking 7% of the area out of agricultural
production could reduce the carbon emission in general. These reductions in direct greenhouse gas emissions
from agricultural machinery, fuel, fertilizer application, transport of produce etc. from changing the land use
from agriculture to forest, would therefore contribute to reaching the Paris agreement, although they were not
quantified in this thesis.

The research questions

What  are  the  answers  to  the  two fundamental  questions  of  this  thesis  (see  introduction)?  Do the  main
findings address these questions, and how so?

The aim of  this  thesis  was,  roughly,  to  be able  to  make  informed decisions  about  important  trade-offs
between agriculture and forest  ecosystem services,  so that  nature and consequently society,  can flourish
simultaneously.

The  first  research  question  deals  with  the  degree  of  conflict  between  status-quo  agriculture  and  the
achievement  of  resilient  and  sustainable  ecosystems,  and  the  role  of  forests  in  relation  the  goals  of
biodiversity, nutrient leaching, recreation and climate mitigation. 

The second research question, is more pragmatic, and asks how areas can be identified with the purpose of
reducing trade-offs, to arrive at the highest possible societal benefits. 
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The degree of conflict between agriculture and the natural environment is high (see section 2.3.1. and 2.3.2).
This is a natural consequence of the fact that roughly two thirds of the study area is being used for intensive
farming practices, leaving little room for continuous forests in areas, that are necessary for supporting the
biological diversity. Currently, the obstacle to planting more forests where they are needed is the economic
and social values related to agricultural production, which are high in Danish society. However, since the
obstacle  to  more  forest  is  agriculture,  and  since  so  many  of  the  red-listed  species  depend  on  forests,
agriculture can be seen as being in conflict with a resilient and sustainable ecosystem (or landscape) as a
whole. This point is further elucidated by the conditions of the aquatic environment that has suffered from
eutrophication,  due  to  a  high  nutrient  surplus  stemming  from agricultural  run-off.  For  these  two  chief
reasons, it is not so much agriculture as such, but rather the extent of agriculture, that is in conflict with
reaching the regional and international goals that Denmark has committed to.

On the other hand, establishing more forests and placing them strategically to deal with these two problems,
could help achieve the goals that Denmark is committed to, and help safeguard the vital role that forest
ecosystems play. Although recreation also requires strategic placement to be effective, this can be seen as
less vital, since Denmark is not legally bound at an international level to provide forests for leisure time.
However, it is of course a worthy goal to include where possible. Although there are differences in soil
fertility that would impact tree growth and thus carbon sequestration, generally speaking a forest would
sequester carbon regardless of its placement (in the study area), and therefore forest placement was not seen
as vital for estimating carbon sequestration, in this thesis.

So how do the main findings of the GIS analysis relate to the above analysis? First of all, they show that
while  there  is  a  high  conflict  between  agriculture  and  resilient  ecosystems  at  the  landscape  level,  as
evidenced by the poor conditions for biodiversity in Denmark  (Wind & Pihl (eds.), 2004; Convention on
Biological  Diversity,  2010;  Johannesen  et  al.,  2015;  Petersen  et  al.,  2016;  WWF & DSNC,  2017) and
unsatisfactory condition of Danish marine and terrestrial aquatic ecosystems (European Commission, 2000;
Ærtebjerg et al., 2003; Kronvang et al., 2008; Hoffmann et al., 2011; Andersen et al., 2014; Hashemi et al.,
2018). However, the conflicts between agricultural value (PAV) and ecosystem services (PES) is not that
high for the very best values of each indicator. In other words, the overlap between the best agricultural land
and the best land for forest (for both the biodiversity and the water scenario), is low as seen in Maps 1-3.
Seen in this way, the conflict between agriculture and establishment of new forest ecosystems is not so
severe, since the best forest areas and the best agricultural areas are spatially separate. The GIS analysis also
shows that for trade-off level 10 i.e. where both PES and PAV is 5, the biodiversity scenario has a smaller
area than the water scenario (meaning less conflict), but that in both scenarios less than 2% of the area shows
a high conflict (10). As such, identifying zones of high trade-off values to “stay away from”, and focusing on
areas with low agricultural value, suitable areas for forest establishment can be found.  

5.2. Assumptions and interpretations
It is crucial to ask to which degree any model is representative of reality, that is, how much confidence we
should have in a model. This is especially important if the model is intended for use in decision making, for
if the model gives a wrong prediction, the decision will be taken on a flawed basis and the outcome may not
reflect the intentions.

To  answer  how much  one  should  trust  the  results  of  the  present  thesis,  it  is  necessary  to  discuss  the
limitations of the GIS models, i.e. what they do not say and what one cannot conclude. These limitations are
mainly to be found in the assumptions made in the creation of the GIS layers and in the carbon sequestration
estimates. 

The GIS layers

It is important to remember what the PES and PAV values mean. When the values were reclassified onto a 1-
5 scale, so that they could be compared, all unique values were distributed into five quintiles containing as
close to an equal amount of cell values as possible for each 1-5 value. This means that roughly, the PES/PAV
value of 1 stands for the 20% lowest of all the unique values, and that conversely the PES/PAV value of 5
stands for the 20% highest unique values. As such, a cell with the value of 10 in the trade-off maps (maps 1-
3) would mean that this location contained both a value within the 20% best areas for forest (varying with
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scenarios) and a value within the 20% best areas for agriculture (constant in all scenarios). It is not possible
to say whether it was the top 1% best agricultural land or the top 19% agricultural land, but only that a cell
(40 x 40 meters) with a PAV of 5 had one of the 20% highest unique values before it was reclassified onto a
1-5 scale (the same goes for PES). 

In the production of the GIS layers, one basic assumption is that the data used as input to the GIS layers are
accurate. Several measures were taken to ensure that the quality would be as high as possible, meaning that
only data from the Danish ministries or from the Danish universities were used. A good example of the
uncertainties  despite  these  measures  is  the  “High  Nature  Value”  (HNV)  map,  that  is  the  basis  of  the
biodiversity  layer  in  the  present  thesis.  The  HNV map  was  made  by  researchers  at  the  University  of
Copenhagen, and despite being based on the best available data and the best practices, they themselves state
that the data coverage may be incomplete and may undervalue some biodiversity sites and overvalue other
areas. For example, threatened species may exist in areas without being registered, meaning that those areas
will have a lower HNV than they should. These uncertainties are incorporated into the present GIS analysis,
which could mean that biodiversity values may partly inaccurate, and the extent of such problems is not
known.

Further, it was assumed in the GIS analysis, that all crops can be described with the same PAV value, which
is obviously not the case,  since different crops vary in their  demand for water and other environmental
conditions, meaning that the “one-size-fits-all” value used here could be misrepresenting the land value for
agriculture. 

A central  problem,  which  was  the  reason  for  the  procedure  followed  in  the  present  thesis,  was  the
fundamentally different natures of the two contrasted central measurements, i.e. the potential agricultural
value (PAV) and the potential ecosystem services (PES) value. To measure agricultural value on the one hand
and five different ecosystem services on the other hand, is to measure “apples and oranges” . One (PAV) can
be directly related to a monetary value (of land), while the other (PES) is hard if not impossible to evaluate in
monetary terms since it involves determining the value of a living system that does not have a price on the
market. Therefore the approach of reclassifying all the different values onto a 1 to 5 scale, by making the
lowest quintile (20%) the value 1 and so forth, for both the PAV and the PES, was chosen to make it possible
to, e.g.,  compare the lowest fifth of forest for biodiversity with the lowest fifth of agricultural land, etc. The
point here is that it is assumed that the highest potential ecosystem service is as “valuable” as the highest
potential agricultural value. Whether this is really the case or not, will depend on the knowledge and world
view of the observer, but more practically it would depend on the demand (among many things) for one or
the other in society. For example, if there was hunger in Denmark, agricultural land would presumably be
very valuable. 

A similar method for modeling ecosystem services with GIS was followed by Burkhard et al., (2012), where
values were reclassified into a 0-5 non-monetary scale based on the authors expert assessments, rather than
applying commonly used monetary valuation techniques. In the study, CORINE land cover data (from the
EU) was used to rank different land cover classes according to their ability to supply a given ecosystem
service or function. In addition, the scale used in the study (ibid.) was based on supply and demand of
ecosystem services, and although their approach was different, the intent was similar to the one used in the
present thesis. 

One sub-optimal procedure in the method of this thesis has to do with the “current water quality” layer (see
section 3.2.5), where it would have been more sensible to give a value to the catchment area rather than only
to an 80 meter buffer around the river (40m on each side). While the 80 m buffer zone is very valuable in
determining  the  riparian  zone,  and  definitely  makes sense for  establishment  of  forest,  it  is  the  nutrient
leaching from the catchment area which primarily determines the quality of the river that it drains into. The
data for the catchments are available, but were not used in the analysis. So, while it is not wrong per se to use
the riparian zones as areas for establishing forest, it could have been better to include whole catchments in
addition to that, so that the benefits for forest could be reflected more across the study area, and not just
concentrated around rivers that are relatively narrow compared with the size of the study area.

One important thing to keep in mind, is that just because some area is of low potential agricultural value, this
does not mean that is bad or uneconomic per se. It is highly conceivable that production on low PAV land can
be profitable, and given a skilled farmer and a choice of suitable crop or land use like grassland for grazing,
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there might not be much of a problem. A high PAV value would as such, mean that the land is located on soil
that has good water retention capacities, negating the need for irrigation etc. PAV is therefore not a measure
of net yields per field, but rather the potential the land has for giving a high yield. If the whole country had
been included in the study area, the difference between high and low PAV might have been much larger,
since the south-western parts of Jutland has some very sandy soils making them water demanding (Madsen
et  al.,  1992),  which  would  thus  increase  the  span  from “good”  to  “bad”.  However,  there  is  no  exact
consensus among farmers, on what constitutes the best soil properties since the needs varies depending on
location,  but  important  soil  properties  include;  natural  disease  suppressiveness,  water  retention,  nutrient
retention, biodiversity and habitat functions etc  (Rutgers et al., 2012). This thesis accounted for some, but
not all, of these perceived benefits. 

This issue of assessing the value of agricultural land, has been done in several papers. One which inspired
the method for this thesis was Jackson et al. (2013), where GIS was used to map several ecosystem services
including, nutrient leaching, carbons sequestration and erosion risk, as well as agricultural value based on
slope,  soil  drainage  characteristics  and  when  available,  fertility  information  ( ibid.).  Another  GIS  study
compared the natural nutrient retention capacity of different soils and agricultural was done by Van Wijnen et
al. (2012), where factors such as soil type and current land use was used to assess the how well suited the
Dutch  arable  land  was  for  farming.  They  state  that  GIS  studies  that  assess  the  spatial  distribution  of
ecosystem services and agriculture to be of great importance, to inform and regulate land use. One goal they
(ibid.) mention, that supports the rationale of the present thesis is that GIS analysis should help differentiate
the land uses to match agricultural production with the soil types that are suitable for nutrient attenuation.  

A short comment on the concept of ecosystem services is also needed. The present thesis supports the view
put forth by  Costanza et al., (2017), who argue that the concept of ecosystem services is not merely an
‘anthropocentric’, instrumental or utilitarian view of nature that exists so that nature can be bound in service
of humanity. Rather, they argue, that the concept implies the human recognition of the inherent worth of
nature’s ‘gifts’ and recognizes human dependence on nature’s ecosystems for our well-being. The concept of
ecosystem services is therefore a way of viewing human beings as being embedded in nature, thus implying
the responsibility to safeguard these ecosystems, on which our own survival and all other species depend.
This is exemplified by the valuation of biodiversity in itself by society.

Carbon sequestration estimates

The main assumptions for the carbon sequestration calculations were mentioned in Methods (section 3.3.),
but the implications of these assumptions was not. What do the carbon sequestration estimates mean? First
off,  the estimates are based on the growth curves of beech wood on the highest  site productivity class,
meaning that trees are assumed to grow under ideal soil conditions. Based on personal communication with
Thomas Nord-Larsen (researcher from Copenhagen University, see section 3.3.), the soils in the study area
would mostly belong to site productivity class 1 and 2 (Danish nomenclature), corresponding to the highest
and the next highest out of five possible soil classes. It was however not possible to identify the conditions
under which an area would classify as site productivity class 1 or 2, so class 1 was chosen for all estimates.
This decision means that the estimated figures will most probably be a slight overestimation. Apart from the
soil class, the fact that one species is used as an estimate for all the others is also a source of uncertainty. In
the study area, it is likely that coniferous trees would play a very small role for biodiversity due to their low
natural occurrence (except in North-east Zealand), whereas species such as oak, birch, poplar, willow etc.
could be found naturally in the study area, but growth curves for all these species were not available. 

Another important thing for the carbon sequestration estimates is that the carbon storage of the soil was not
estimated. Although rather simple general estimates for soil carbon storage in Denmark can be found for
deciduous and coniferous trees (Petersen et al., 2016), these figures only use estimates in the top soil layer
(the organic layer or O-horizon), and do therefore not provide estimates of the carbon storage in deeper
layers. It was decided against any soil carbon estimates, in order to keep the estimates simple, and instead
focus on the carbon stored in the woody biomass of the trees (i.e. excluding foliage). As such, the total
capacity  for  carbon sequestration  per  ha  of  forest  land,  may be  underestimated.  Petersen  et  al.  (2016)
estimate that 69,1% of the total forest carbon stock is found in the soil compartment, but also note that
changes  to  this  carbon  stock  happens  very  slowly,  which  gives  it  a  smaller  role  in  short  term  carbon
sequestration considerations. 
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What happens to the forests after the 60 year time span, that this thesis operates with, will also have an effect
on the longer-term carbon sequestration. As shown in Figure 15, the biomass increment rate drops off for
beech between 60 to 70 years, but this does not mean that the biomass accumulation stops. On the contrary,
the accumulation of biomass in the forests can continue long after that, and if the forests are left untouched
as with biodiversity forests, their carbon stock could reach far higher levels than if it is managed for timber
production (Petersen et al., 2016).

Despite these assumptions and their implications on the results, I would argue that the results of the GIS
analysis and the carbon sequestration estimates are accurate enough to give a decent estimate of the location
of areas which would be in conflict due to high levels of trade-offs between forest and agriculture if the land
use were to change. This information can be used to select suitable areas with low trade-offs that maximize
the potential gain from forest ecosystem services, and these areas would most likely contribute significantly
to the national carbon emission reduction pledges (in the Paris Agreement). This means that the results are
suitable for selecting areas where local conditions should be studied as preparation for an actual decision to
change  the  land  use  of  a  given  area.  One  such  preparation,  would  be  to  validate  the  estimate  of  the
agricultural value by collecting yield statistics for the area, including the farmers’ knowledge of their most
valuable lands etc on the one hand, and likewise assessing the demand for the ecosystem services that forests
would provide. As such, the results of the present thesis are sufficient to locate areas of interest based on the
best available data, but they are as yet insufficient to be the sole basis of a “real world” decision concerning
land use change. 

To act

I believe that  the assumptions made in the methods are reasonable,  and that  they comprise a necessary
simplification of  a complex reality.  I  also suggest  that  the results  can be used as  described above.  The
mistake is not that there may be limitations to the application to the result of the present thesis; the mistake
would be to not be aware of the limitations. Keeping the limitations in mind, the results do suggest a course
of action, which is to replant forests in Denmark according to an informed prioritization of the most urgently
needed ecosystem services. Moreover, this thesis highlights that strong actions to reach Denmark's goals are
necessary, and the results of this thesis suggest how this could be done (i.e. where forests could be placed).
Based on the literature review and the commitments Denmark is  obliged to meet,  I  would suggest  that
biodiversity and carbon sequestration are the two top priorities, due to the risk of species extinction and
irreversible climate changes, respectively. However, water resources are also of crucial importance, and one
must not forget that the water scenario also covers the aquatic biodiversity in the present thesis to some
extent (see section 3.2.4.).

Not suggesting a course of action based on the results of the thesis, out of a fear for inaccuracies, may be
worse than planting forests and accepting some inaccuracies. The reason for this can be summed up by the
precautionary principle, which in essence means to act on vital knowledge whilst being aware of potential
flaws. The United Nation’s, 1992 “Earth Summit” in Rio de Janeiro, resulted in the “Rio Declaration” in
which the 15th principle states  “… Where there are threats of serious or irreversible damage, lack of full
scientific  certainty  shall  not  be  used  as  a  reason  for  postponing  cost-effective  measures  to  prevent
environmental degradation.”  (UNCED, 1992).  This principle, therefore urges us to use the knowledge we
have now to plan the forests that could be so important for securing biodiversity and climate mitigation,
without letting a lack of “full scientific certainty” be a hindrance. 

To determine how we should act, it can be helpful to relate the ecosystem services to the supply and demand
of the services, which in essence is what the GIS analysis does. In a way, the raw data and the GIS operations
performed on them, resulting in the individual ecosystem layers, constitutes some form of a map of “supply”
of  potential  forest  ecosystem services.  It  is  then  the  scenarios,  that  constitute  a  prioritization  of  which
ecosystems should be weighted the highest, i.e. which ecosystem services are in the highest demand for
society. As such, the five PES layers each depict a “neutral” measure of the supply in a given area, and the
scenarios determine which ecosystem service is most needed and therefore demanded, which results in the
differences in the final maps. Therefore, it can be seen that the best or right action plan, would depend on
what is assessed to be in highest demand. 

It is therefore argued that this thesis can be seen as a beginning of a process that aims at comparing potential
for agricultural value with potential for ecosystem services. In the light of the large task ahead, this thesis
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recommends that similar projects are repeated by researchers, institutions or ministries, that have access to
more  complete  data,  and  that  they  should  include  other  ecosystems  than  only  forests.  To  the  authors’
knowledge, this does not yet exist, but could prove a valuable tool in reaching the goals that are necessary for
a resilient and sustainable future. 

In order to improve the analyses, one could suggest that not only the highest value of PES should be used but
the  two  highest  values  (4  and 5).  This  would  mean that  13% and  11,6% of  the  study area  would  be
candidates for re-forestation for the biodiversity and water scenarios respectively (see section 4.2.4), and as
such bring Denmark closer to being able to fulfill the goals of the Convention on Biological Diversity (see
background), which states that 17% of the terrestrial landmass should be protected for habitats.

Agriculture  in  Denmark  is  currently  at  odds  with  a  sustainable  and resilient  ecosystem due  to  genetic
homogeneity  (Anderies  et al.,  2006; Altieri  et al.,  2015), and its large proportion of Danish land use (as
described in detail earlier). Denmark does not seem to meet its goals for The European Water Framework
directive with ease (Hashemi et al., 2018), neither does Denmark seem to meet the goals for the Convention
on Biological Diversity for the 2020 deadline (WWF & DSNC, 2017), with the current land use. However, if
the political will  exists,  there are ample possibilities to convert the lowest value agricultural land to the
highest value forest that will have multiple functions to society including but not limited to biodiversity,
water protection, recreational opportunities and climate mitigation. Therefore we should act now.

Another issue that requires further thought is what Denmark should eventually do with the planted forests
when they have become 60-100 years old. If we want reforestation to have any impact on climate change, we
should start planting forests now, and it can be argued that it is up to the next generation to decide what to do
when the forests have grown, since we don’t really know now what future society will look like anyway. For
these reasons,  I  strongly argue that  we plant  the forests now, and do it  where we think that  they could
contribute to Denmark’s sustainability and resilience the most.

Post scriptum

Personally, I had expected large areas of high trade-off values, i.e. significant land use conflict, however the
GIS analysis of the present thesis, did not support this expectation, which was a cause of great excitement
since it indicates that a positive transformation is possible. To me, this shows the necessity and the power of
structured analysis, despite the inaccuracies that it may contain.

6. Conclusion
While the current extent of agriculture in Denmark poses a problem for achieving sustainable and resilient
ecosystems,  as evidenced by the pressures  in aquatic and terrestrial  ecosystems,  the  re-establishment  of
forests may have the potential to remedy or mitigate this problem. 

The conclusions of the present thesis are that the agricultural land with the highest potential for good yields
are  not  overlapping  significantly  with  the  areas  with  the  highest  potential  for  forests  that  can  provide
multiple ecosystem services. In addition, the high values for the biodiversity and water scenarios have many
overlapping areas, indicating good possibilities for multi-functional forests. As such, forests can contribute
significantly to Denmark’s international obligations, without the areas with high trade-off values between
agriculture and forests being necessary for land use change. 

In addition, it is concluded that GIS is a useful and necessary tool in deciding the future location of these
forests, in order to make informed decisions with awareness of potential trade-offs. It is noted, that inclusion
of more ecosystems than just forests and more detailed data in general, would be necessary for a practically
viable implementation model. 
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Appendix A – Details concerning the GIS method

A1. Preparation of data
The study area was “cut out” from a topographical map of Denmark from https://kortforsyningen.dk/, that
uses  the  coordinate  system  UTM  ETRS89  32N,  that  stands  for  Universal  Transverse  Mercator  (the
projection) and European Terrestrial Reference System 1989, of which the zone 32N was used. This area
covers Denmark (among others).

Preceding the work on the layers, one step in particular was necessary; the creation of a digital elevation
model  (DEM) for  the  study area.  Although a  DEM was  available  at  0,4  x  0,4  meters  resolution  from
https://kortforsyningen.dk/, this data proved impossible to handle with the computational capacity at hand
due to its massive size (roughly 400 GB) and therefore it was necessary to create one of lower resolution, to
begin the work. 

Equidistant (2,5 meters) contour lines in vector format were downloaded from https://kortforsyningen.dk/.
They were converted into raster format with the cell size of each raster being 40 x 40 meters. These cells
were transformed into an elevation raster, and was used as DEM for the processes requiring elevation.

A2. Details for Potential Forest Biodiversity
The distribution of the forest area on the 20 point scale follows from Table 1A below.

Table 1A. Overview of the HNV forest from Johannesen  et  al (2015). Translated to English from Johannesen  et al.,
(2015).

HNV-Forest Score Sum area HNV-forest Per cent Sum area Forest Area Per cent

1000 ha % 1000 ha %

0-7 581 80 487 78

8-9 69 10 63 10

10-12 54 7 48 8

13-19 24 3 23 4

Total 729 100 621 100

The HNV-forest area is slightly larger than that of the sum area for forest reported by the National Forest
Inventory (to the right), which is due to an inclusion of areas under current afforestation and other forest
related areas (ibid.).

As can be seen in Table A1, 80% of the forest in the HNV map is under 7 points, and therefore the GIS layer
created in the present report used this as a border between relative low and high values. This is to say that
from 0-7 points account for the 80% lowest scores and 8-19 points account for the 20% highest values. 

The HNV values were reclassified onto a 5-step scale (for later comparison) using the “Reclassify” tool
according to table A2 below.
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Table A2. Reclassified HNV values onto a 1-5 scale in ArcMap. 

Old values (HNV) New values

1-2 1

2-4 2

4-7 3

7-11 4

11-19 5

NoData NoData

Note that in table A2. above, the value 0 is not included and therefore only 19 values are present i.e. only the
values for forest is used since the value 0 is given for non-forest areas.

A3. Details for Nutrient leaching vulnerability 
Table A3. The reclassified values of Vulnerable extraction areas and N-vulnerable areas.

Vulnerable extraction areas N-vulnerable areas

Old values New values Old values New values

0 (outside area) 0 Low 1

1 (inside area) 5 Medium 3

NoData NoData High 5

NoData NoData

A4. Details for Current Water Quality
The ecological status of the surface water, in the present thesis, covers the biological and chemical state of
lakes and streams. 

Table A4. The factors contributing to the Total Ecological Status.

Ecological status factors

For lakes For streams

Macrophytes Macrophytes

Fish Fish

Dangerous environmental pollutants Dangerous environmental pollutants

Chemical (Nitrogen and Phosphorous) Chemical (Nitrogen and Phosphorous)

Chlorophyll Insects 

Phytoplankton

The total ecological status, is a combination of the factors shown in table A4 and follows the “one out all
out” principle i.e. the worst indicator will be the “total” status for the lake or stream in question (Styrelsen
for Vand- og Naturforvaltning, 2016). This is useful since not all streams have been classified with all the
factors (particularly the smaller ones), which makes it possible to still have a measure of its status. 

The Chemical status of groundwater is a binary indicator i.e. it is classified as either good or bad condition. It
is further, divided into three types of aquifers; terrain-near, regional and deep. The two first, signify aquifers
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that have flows to and from surface waters (under 250 km2  and under 250 km2 respectively) and the last
signifies aquifers that do not have substantial contact to the surface waters due to the thickness of the clay
layer around them i.e. so not a measure of actual physical depth (Styrelsen for Vand- og Naturforvaltning,
2016). 

After buffering, the resulting polygons are rasterized and reclassified as shown in table A5 below. 

Table A5. Reclassified values. Note: Not all streams were classified in the dataset. Unknown streams were classified as
1, since their status is unknown and since it is assumed that only informed decisions are helpful, they are marked as low
priority for forest establishment. 

Ecological status Lakes Ecological status Streams Chemical status Ground Water

Old Values New values Old values New Values Old values New values

Very good status 1 Very good status 1 Good status 2

Good status 2 Good status 2 Bad status 4

Fair status 3 Fair status 3

Poor status 4 Poor status 4

Very poor status 5 Very poor status 5

NoData NoData Unknown 1

NoData NoData

A5. Details for Potential Erosion Control
Table A6. Overview of the reclassified values. Note that 15,1° was the highest slope recorded in the study area

Erosion Control reclassification

Old values New values

0-4° 1

4–8° 3

8-15,1° 5

NoData NoData

A6. Details for Potential Recreation

The first sub-indicator, “Proximity to urban areas” (see table 6, section 3.2.6.) is relatively simple and is
based on multiple buffer zones around a selection of 111 and 112 areas. All 111 areas were selected and the
largest 112 areas were selected until  30 polygons were selected out of a total of 352 urban (residential)
polygons in the data set.  In simpler terms, the 30 largest urban areas were selected. These were seen to
resemble well the heavily skewed demographic distribution of the study area with the eastern side of the
island containing the capital, Copenhagen and the associated settlements north and south along the eastern
coast. By including the 111 areas (continuous urban fabric i.e. densely populated), all very dense population
centers are assured to be represented, ensuring that buffers are created where the densest populations are
located. 

The chosen buffer distances are 3,5 km, 10 km and 30 km from the urban polygon border. Data on individual
homes is necessary for high resolution analysis, but was not available for this project. The distances are
based  on  Agimass  et  al.,  (2018) and  Termansen  et  al.,  (2013),  that  both  examine  forest  recreation  in
Denmark. The mean distance of all travels are found to be between 3,5 – 3,57 km and 97% of all forest
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recreation visits take place within 30 km irrespective of the mode of transport (Agimass et al., 2018). Travel
by car constitutes 49%, and 46% of these take place within 10 km of the domicile (Termansen et al., 2013).
Therefore 3,5 km, 10 km, and 30 km was chosen. It should be noted that the 30 km buffer covers the entirety
of the study area except for a few of the most “remote” areas.

The second sub-indicator is created using the tool “Inverse Distance Weighting” available in ArcMap. The
input data are all the code 111 and 112 urban polygons, affecting the tool according to their size. Since it is
assumed that a large polygon will have a larger population inside of it than a smaller polygon (of similar
population density), the input to the tool is the size of the polygon in ha. The tool will then interpolate the
values for areas outside the input polygons, so that a continuous field of values emerges. Values will be
higher near to large polygons and near areas with many polygons. As such coarse value-surface is created
indicating areas that “are close to the most people”, thus indicating where the demand for forest recreation is
highest, assuming that all people demand forest experiences equally. This layer does not take into account
areas that already have high recreation value forest nearby. 

Table A7. Reclassified values. The numbers for the interpolation has been rounded up for presentation. 

Proximity to urban area (buffers) Interpolation of urban areas

Old values New Values Old values New Values

3,5 km 5 52361 - 131711 5

10 km 3 131711 - 143713 4

30 km 1 143713 - 145528 3

145528 - 145803 2

145803 - 147618 1

NoData NoData
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In table  A7 above,  the  “old values” for the  interpolation,  is  a  unit  less value used by the interpolation
algorithm.  Since the input  was size  of  urban areas  in  ha,  the  unit  is  not  meaningful  in  itself,  but  says
something about the 

In  table  A7.  above,  the  “old-values”  for  the  interpolation  of  urban  areas,  is  based  on  the  input  to  the
algorithm, which was the size (in ha) of the urban areas, which was only used since actual population data
was not available. This means that the “old values” in themselves are unit less, and meaning less. The values
are only informative as a relative representation of how much “demand” for recreation there is. Since an
“inverse”  distance  weighting  method  was  used,  the  higher  “old  values”  here  imply  less  demand  for
recreation. Therefore the smallest “old-values” are reclassified to the highest “new values” and so forth. The
classes  for  the  reclassification  were made  using the  ArcMap function  “natural  breaks” which  identifies
suitable classes based on the distribution of the data. 

Appendix B – Full models for the GIS layers
The full models shown below, can be sent as higher resolution images upon request. Blue is input, yellow is
ArcMap tool  and green is  output  (uncolored circles exist  where  a tool  had unused functionalities).  The
models are ‘read’ from top to bottom. The figure for the Potential Erosion Control layer is shown in the main
text, section 3.5.2. due to its small size (Fig. 12.).
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Fig. B1. Full model of Potential Agricultural Value
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Fig. B2. Full model of Potential Forest Biodiversity



68

Fig. B3. Full model of Nutrient Leaching Vulnerability
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Fig. B4. Full model of Current Water Quality
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Fig. B5. Full model of Potential Recreation. IDW in the top left corner stands for Inverse Distance Weighting (see 
section 3.2.6. for short explanation).
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Fig. B6. Full model of the result maps 1-3 (see results). The same model produced all 
three maps, by changing the internal weighting of the PAV layer (see section 3.2.7.)



72

Fig. B7. Full model for the result maps 4-6 (see results). The last outputs are the ‘Zonal 
statistics’, which were used in the carbon sequestration calculations.



Appendix C– Explanation of calculations including examples
Standing stem volume and the accumulated volume of thinned stems (trees that have been cut down), per
hectare, are given for beech at different years of age pr hectare. All volumes are based on dried wood.

These are added together, then multiplied with the general density of beech wood and a species specific
biomass expansion factor (BEF) that converts stem volume to whole tree volume i.e. including branches and
roots. 

Equation 1:

Tree volume (Standing trees + thinned trees) ∙ Wood density ∙ BEF = Total woody biomass

Where standing trees and thinned trees (accumulated) are in unit m3∙ha-1 and where Wood density is in kg ∙ m-

3 (converted to tonnes by multiplying by 10-3). Where BEF is 1,2 (unit less) and where total woody biomass is
in tonnes ∙ ha-1.

The amount of CO2 that a given hectare of beech forest will sequester is estimated by converting the tonnes
pr hectare using a carbon-content of 47% for beech and a fraction of the molecular weights of CO2  to C of
44/12, meaning that a molecule of CO2  is roughly 3,66 times heavier than a carbon atom.

Equation 2:

Total woody biomass ∙ carbon content ∙ molecular weights ratio = CO2 sequestered pr ha

Where total  woody biomass  are  in  tonnes  ∙  ha-1.  Where carbon content  is  47% of  the  biomass.  Where
molecular weights fraction is 44/12 i.e. CO2 weighs 44 atomic units (12+16+16) and C weighs 12 atomic
units; note that the fraction is unit less. Where CO2 is in tonnes ∙ ha-1.

As such, the variables are the volumes of the standing trees and the thinned trees (eq. 1), that are dependent
on time, and the amount of land that can be used i.e. how many hectares. Put simply, a tree will have a larger
volume,  the  longer  it  is  allowed  to  grow  and  the  more  hectares  of  tree  growth,  the  higher  carbon
sequestration potential.

The last step needed for the sequestration scenarios, is to multiply the tonnes of CO2 pr hectare for the given
age with the number of hectares prescribed by the scenario.

Equation 3:

Sequestered CO2 pr ha (at a specified time) ∙ hectares of land = Total carbon sequestrations

Where CO2 is  tonnes ∙ ha-1. Hectares is in ha. Total carbon sequestration is in tonnes (of CO2).

Here is an example of how the carbon sequestration calculations, following the method described in section
3.3.

To give an example from the data, let us take a look at a hectare of 20 year old beech, and estimate the
carbon sequestration for this lot. 

For the time 20 yrs, the standing trees have a volume of 79 m3∙ha-1 and the thinned trees 19 m3∙ha-1 (from the
data). 

It then follows eq. 1:

Total woody biomass = (79 m3∙ha-1+ 19 m3∙ha-1) ∙ 560∙ 10-3 tonnes ∙ m-3 ∙ 1,2 (BEF) = 65,9 tonnes ∙ ha-1

Then following eq 2:

CO2 sequestered =  65,9 tonnes ∙ ha-1 ∙ 0,47 (percent) ∙ 44/12 =113,5 tonnes ∙ ha-1
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As seen above,  on a  hectare  of  20 year  old beech forest,  113,5 tonnes of  CO2 is  stored in  the  woody
components  of the trees,  those standing as well  as those harvested.  As a reference,  following the same
method, the same hectare of forest, at the age of 120 years, should have sequestered 1792,7 tonnes of CO2.

If  for example 1000 hectares of forest was planted, the amount of CO2 stored would follow from eq 3:

Total CO2 squestered= 113,5 tonnes ∙ ha-1 ∙ 1000 ha =113.567,7 tonnes

In this thought up example, 113.567,7 tonnes of CO2 would be stored in the biomass of the trees at age 20. At
age 120 the same forest would sequester 1.792.700 tonnes of CO2.

This procedure is performed for each scenario and each time, according to the description in the beginning of
this section, the result of which is seen in the result section. 
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