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Preface 

I remember starting this master study with the course Life Sciences, approximately four years ago. 

I directly started to be fascinated by one the first examples that was given: The symbioses between 

lupine and rhizobium. Rhizobium is able of fixating atmospheric nitrogen for the lupine and in return it 

receives sugars. This is astonishing. Let alone that this symbiosis is even far more complex.  

Now, I am at the end of the Environmental Sciences Master. In those four years I have met many 

people and I have learned a lot. I am grateful for this opportunity and still so pleased that I made the 

choice for Environmental Sciences. I cannot imagine a life without the knowledge that I acquainted. Or 

should I say the knowledge that I sequestrated, in analogy of this research. 

This research is not a personal product. It is a product of me, my supervisor Jikke van Wijnen, and 

my assessor Angelique Lansu. I want to thank both for their help and support. Special thanks to Jikke, 

because you had the patience to supervise me for more than one year. It was a pity that we had to bike 

in the rain during our field visit. It would have been so much better if it were sunny. However, we had 

the opportunity to gain insight in the study area and had good conversations with field experts.  

This research is executed in combination with artificial intelligence and more specifically the Land 

Change Modeler neural network from TerrSet. Neural networks offer great opportunities and I wonder if 

this research would have been able ten or fifteen years ago. The results show that there are many 

possibilities for neural networks and that it is an immensely powerful tool.  

The beauty of the neural network is that it is based on the neurons in a human brain in which signals 

can be transmitted. But signals than become numbers. With the use of computational power so much 

more can be accomplished than one human brain could ever do. However, we should always be careful 

by ascribing to much value to the output of neural networks. That one human brain should always be 

used in every situation to judge whether the result is useful, pragmatic and does not disturb but 

reinforces nature.  

At the end of the thesis, we have used over far more than 3,000 files and we are lucky that we did 

not see most of them. The software did that for us. The result is remarkably interesting, it is worth reading 

it and the results for 2050 are very insightful. I have worked on an area that contains many possibilities. 

I hope the area does look like the result in the 2050 scenario that contains many wetlands.  

Lastly, I should thank my lovely wife, Miranda. Thank you very much for letting me study all those 

hours. I hope you do not regret it, as do I.  

Luuk Timmer, Zwolle, June 2022 
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Summary 

Nature-based solutions (NbSs) offer an opportunity to mitigate climate change. These NbSs are for 

example forests and wetlands and contribute to a more resilient landscape that is better prepared for 

extreme meteorological weather conditions (storms, floods, and periods of drought). These NbSs cause 

land-use change (LUC) but also offer regulatory services like the sequestration of atmospheric carbon. 

This study models the changes in the landscape and applies carbon pool parameters that have been 

found in scientific literature to estimate the total carbon stocks. In a system analysis of the Dutch brook 

catchment the Aa of Weerijs in Noord-Brabant (147 km2, South of Breda, NL), spatio-temporal dynamics 

have been elucidated. To retrieve an accurate image of the landscape in 2050, the starting point is 1960 

because after 1960 the landscape changed drastically. To elucidate the historical dynamics of stored 

carbon and the landscape, the situation of 1960 has been compared to 2010. For 2050, two scenarios 

are used. Firstly, a Technical-physical scenario (in which a business-as-usual situation is assumed) is 

considered). Secondly, a NbSs/wetlands scenario is considered (This is an environmentally friendly 

scenario).  

The research question that is answered in this research is: What are the possible effects from land-

use change on the terrestrial carbon pools in the Aa of Weerijs brook catchment in the different land-

use categories for the timespan 1960 – 2050 when a technical-physical scenario and a NbSs/wetlands 

scenario is considered, and can the results be applied to other catchments? 

The landscape in 1960 and 2010 is classified through topographical maps and ArcGIS. The 

prediction of the landscape for both scenarios in 2050 has been done with TerrSet 2020 Land Change 

Modeler from IDRISI in which the land-use classification maps from 1960 and 2010 served as input. 

There are four different carbon pools considered for seven land-use categories in 1960, 2010, and 2050. 

A total carbon stock of 1.1 Mton has been found for 1960. In 2010, an increase in carbon stocks is 

assumed and the total carbon stock is 1.6 Mton. There is a clear trend in the landscape: increase of 

settlement area (+548 ha; +4% of the stream basin) and increase in tree nurseries (+1,301 ha; +8.9% 

of the stream basin). In the Technical-physical scenario for 2050, the carbon stock remains the same 

as in 2010. Increase of settlement continues (+645 ha; +4.4% of the stream basin) as does the 

expansion of the area of tree nurseries (+942 ha; +6.4% of the stream catchment area) and this is mainly 

at the expense of grassland (-1,301 ha; - 8.9% of the stream catchment area). In the NbSs/wetlands 

scenario, the total carbon stock is 1.8 Mton. The area of wetland compared to 2010 has increased (+778 

ha; +5.3% of the stream basin) at the expense of grassland (-2,964 ha; - 20.1% of the stream basin). 

This study presents an approach where a combination of tools - a land change modeler and ArcGIS 

- can be used for a rapid assessment of mitigating effects from climate adaptation measures. This offers

water professionals the opportunity to handle hydro-meteorological extremes and human-induced water 

demand with NbSs in brook/river basins.  
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Samenvatting 

Om klimaatveranderingen te verzachten kunnen oplossingen die op de natuur gebaseerd zijn een 

oplossing bieden. Deze nature-based solutions (NbSs), bijvoorbeeld bossen en wetlands, creëren een 

meer veerkrachtig landschap dat beter is opgewassen tegen extreme weersomstandigheden (stormen, 

overstromingen en droogte). Deze NbSs veroorzaken veranderingen in het landschap, maar bieden ook 

de mogelijkheden tot regulerende diensten zoals het opnemen van atmosferische koolstof.  

Deze studie modelleert landschapsveranderingen en past daarop in de wetenschappelijke literatuur 

gevonden koolstofparameters toe om de totale koolstofvoorraden te bepalen. In een systeemanalyse 

van het Nederlandse beekstroomgebied de Aa of Weerijs in Noord-Brabant (147 km2 ten Zuiden van 

Breda) zijn de tijd en ruimte dynamieken blootgelegd. Om een beeld te krijgen voor 2050 is 1960 als 

uitgangspunt genomen. Om de historische dynamieken van koolstofopslag en het landschap in kaart te 

brengen is de situatie van 1960 vergeleken met die van 2010. Voor 2050 zijn twee scenario’s opgesteld: 

een Technisch-fysisch scenario (waarin wordt verondersteld dat het landschap en de koolstofvoorraden 

zich ontwikkelen zoals dat historisch is gebeurd) en een NbSs/wetlands scenario (waar ruimte in het 

landschap komt voor NbSs als bossen en wetlands. De hoofdvraag die beantwoord is door middel van 

dit onderzoek luidt: wat zijn de mogelijke effecten van landschapsveranderingen en de impact daarvan 

op koolstofvoorraden in en op de bodem in de verschillende landstypen in het beekstroomgebied de Aa 

of Weerijs tussen 1960 en 2010 als er een Technisch-fysisch scenario en een NbSs/wetlands scenario 

worde uitgewerkt en kunnen de resultaten worden toegepast op andere beekstroomgebieden? 

Het vaststellen van het landgebruik voor 1960 en 2010 is gebeurd met topografische kaarten en 

ArcGIS. Het voorspellen van het landschap in 2050 is gebeurd met TerrSet 2020 Land Change Modeler 

van IDRISI waarbij het landgebruik van 1960 en 2010 als input diende. Er zijn vier verschillende 

koolstofvoorraden verondersteld voor zeven typen landschappen in 1960, 2010 en 2050.  

Voor 1960 is totale koolstofvoorraad vastgesteld op 1,1 Mton. In 2010 is er een toename in 

koolstofvoorraden: 1,6 Mton. In het landschap is er een duidelijke trend waar te nemen: verstedelijking 

(+548 ha; +4% van het beekstroomgebied) en toename van boomkwekerijen (+1.301 ha; +8,9% van 

het beekstroomgebied). In het Technisch-fysisch scenario voor 2050 blijft de koolstofvoorraad gelijk aan 

die van 2010. De verstedelijking zet door (+645 ha; +4,4% van het beekstroomgebied) evenals de 

uitbreiding van het areaal van boomkwekerijen (+942 ha; +6,4% van het beekstroomgebied) en dat gaat 

met name ten koste van grasland (-1.301 ha; - 8,9% van het beekstroomgebied). In het NbSs/wetlands 

scenario is de totale koolstofvoorraad 1,8 Mton. Het areaal aan wetland t.o.v. 2010 is gestegen (+778 

ha; +5,3% van het beekstroomgebied) en dit gaat ten koste van grasland (- 2.964 ha; - 20,1% van het 

beekstroomgebied).  

Deze studie presenteert een methodologie waarin een combinatie van beschikbare software – GIS 

and TerrSet – ingezet kan worden voor een snelle beoordeling van de mitigatie-effecten van 

klimaatadaptatie maatregelen. Dit biedt professionals in de werkgebieden van water en landschap de 

mogelijkheid om gefundeerd beslissingen te nemen om de vele uitdagingen in beek- en 

rivierstroomgebieden tegemoet te komen.  
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Preamble 

This research is a master thesis conducted at the Open University (Heerlen, NL) and is executed in 

cooperation with the following partners: Eiffel GEOSS applications for climate change and the Interreg 

Co-Adapt: Climate adaptation through co-creation. Both partners focus on climate adaptation measures 

as is the focus of this research. ‘ 

This document reflects a major part of this research. Additionally, to this document the 

Supplementary materials – Data associated information and calculations is available. In here, detailed 

data and calculations for each of the four scenarios can be found. For some scenarios there are some 

complementary tabs included which show associated data for that specific scenario.  

In chapter 1, from this document, the research is introduced by indicating the problem statement 

and the importance of this research. This starts with a general view on brook catchments, NbSs, and 

carbon sequestration. Then, the brook catchment Aa of Weerijs is introduced. The chapter ends with 

four sections that describe how the research has been designed.  

In chapter 2 the terrestrial carbon pool parameters are established. This starts with the definitions 

of the seven land-use categories and the four carbon pools that are used. Subsequently, the carbon 

pools for 1960, 2010 and for 2050 are presented.  

In chapter 3 the methodology of this research is illustrated. This is done in chronological sequence 

that starts with the Historic scenario of 1960, continues with the 2010 Recent past scenario, and ends 

with the 2050 Technical-physical scenario and 2050 NbSs/wetlands scenario. 

In chapter 4 the results are presented. The structure of this chapter is the same as the previous 

chapter.  

The discussion is shown in chapter 5. In here, important factors of each of the four scenarios are 

discussed. Also, the research validation and reliability are featured as well as the research limitations. 

Lastly, recommendations are written for potential future research.  

Finally, the conclusion can be found in chapter 6. Hereafter, the references and the appendices can 

be found.  

In addition to this research, a supplementary file has been created in which all the raw data can be 

found. This Excel-file is named: Supplementary material – Data associated information and calculations. 
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1 Introduction 

Land is subject to anthropogenic influences through which parcels of land change from one land-

use category to another. With land-use change (LUC) the amounts of stored carbon are also affected. 

This study focusses on the spatial and temporal long-term effects of LUC and related stored carbon. 

The objective of this study is to study changes in land-use as well as stored terrestrial carbon in the 

Aa of Weerijs brook catchment in the Netherlands in the years 1960, 2010, and 2050. Therefore, this 

chapter starts with a general introduction to brooks (1.1). Next, nature-based solutions (NbSs) with 

respect to brooks (1.2) are treated. In the following section (1.3) the storage of carbon is studied with 

respect to land-use change, NbSs, and wetlands. Hereafter, the study area in the province of Noord-

Brabant is described (1.4). Subsequently, the research fundamentals are presented (1.5). Finally, this 

chapter ends with the problem definition and research objective (1.6), research questions and sub-

questions (1.7), and the research model (1.8). 

1.1 Dutch lowlands brooks 

In the 18th and 19th century the flooding brooks were deployed for the benefit of agricultural lands. 

Inundation of agricultural parcels led to fertile sediment. However, the foundation of synthetic fertilizer 

made the fertile sediment obsolete. Hence, inundation became undesirable, and water should be 

drained as quickly as possible. Therefore, in the first half of the 20th century many of the Dutch brooks 

have been channelled (Eekhout & Hoitink, 2014). The brook that is central in this study, the Aa of 

Weerijs, is an example of a brook that has been channelled.  

Furthermore, morphodynamics also changed through the implementation of weirs and ditches. 

Consequently, the habitat pattern changed from a heterogenic to a more homogeneous pattern. In 

addition, the use of water from the brook in more dry periods for agricultural purposes also effected the 

hydrological conditions. The original structures of brook catchments have been lost due to these 

chances.  

The historic landscape as well as the nature values, biological conditions, and hydrological 

conditions, have been under huge pressure. Verdonschot & Nijboer (2002) estimate that only 4% of the 

low land streams in the Netherlands have not been anthropogenically effected. 

A growing awareness of these losses in the Netherlands led to a counter process of restoring historic 

landscape and conditions. These restoring activities started around 1970 (Eekhout & Hoitink, 2014). 

From 1970 onwards, hundred kilometres of brook are restored with small-scale and local interventions 

(R. Verdonschot et al., 2021). These interventions take place within a vision called building with nature. 

This concept of building with nature has similarities with the concept of NbSs. That leads to the following 

section which focusses specifically on NbSs.  

1.2 Nature-based solutions 

NbSs are “actions for societal challenges that are inspired by processes and functioning of nature” 

(Chausson et al., 2020). Examples of NbSs are wetlands, hedgerows, swamp corridors, additional 

places for water catchment adjacent to the brook, restore meandering character, and trap sludge to 

create a deeper brook course. Keesstra et al. (2018) conclude that NbSs can be a sustainable and 
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successful strategy in restoring and rehabilitating degraded ecosystems to create a more climate robust 

system. However, it may be that expectations should be tempered. NbSs have a great potential as a 

cost-effective long-term solution, but not all NbSs contribute in mitigating climate change and some 

NbSs even show a negative climate impact (Chausson et al., 2020).  

While in the Netherlands a growing awareness of NbSs can be seen from 1970 onwards, this 

awareness also landed around 2010 in the European Union (EU) (Maes & Jacobs, 2017). The EU 

considers NbSs as a solution towards climate change mitigation while maintaining economic growth. 

Therefore, implementing NbSs is promoted and subsidized. Also, scientific organizations like the 

Intergovernmental Panel on Climate Change (IPCC) (2019) are using the concept of NbSs as a 

framework and IPBES (2019) estimates that NbSs provide 37% of climate change mitigation needed to 

assure temperature rise will not exceed 2°𝐶. Taken together the potential of NbSs and the emphasis of 

a supranational organization as the EU and scientific organizations, this may explain the visibility of 

NbSs in the Nationally Determined Contributions (NDCs) from the Paris Agreement signatories. The 

Nature-based Solutions platform from the University of Oxford (https://www.nbspolicyplatform.org/) 

estimates that 66% of these signatories included NbSs in their Nationally Determined Contributions as 

a strategy to mitigating climate change.  

Thus, in general, NbSs can play an important role and are considered indispensable. However, their 

ability to contribute to reducing climate change is questioned. As a proxy for measuring the climate 

mitigating effects of NbSs, the amount of stored carbon in terrestrial pools is used. This process of 

storing carbon through nature is called carbon sequestration. Carbon sequestration is an example of an 

(regulating) ecosystem service. Also, other ecosystem services, e.g., species richness, species 

diversity, biodiversity, soil quality, and water quality, can be used as a proxy. However, in this study we 

focus on carbon sequestration because of its climate mitigation ability. In the next section the principle 

of carbon sequestration is further described in general and in relation to LUC and NbSs. 

1.3 Carbon sequestration 

Carbon sequestration is the natural process in which the atmospheric greenhouse gas carbon 

dioxide (CO2) is fixated into carbon pools like aboveground biomass (Trees, shrubs, or crops) or in the 

soil. Carbon dioxide sequestration is a greenhouse gas (GHG) mitigation strategy (Smith, 2004).  

Photosynthesis, litterfall, and increase of soil organic matter (SOM) are processes that contribute to the 

terrestrial organic carbon pools.  

The global soil carbon pool, which is 2,500 gigaton, is approximately 3.3 times bigger than the 

atmospheric pool which is approximately 760 Gigaton (Lal, 2004). From 1750 onwards, the tropospheric 

mixing ratio of CO2 increased from approximately 278 parts per million (ppm) up to around 391 ppm in 

2011 (Hartmann et al., 2013, pp. 166, 167). Moreover, the contribution of CO2 to the global mean 

radiative forcing is relatively high compared to other greenhouse gasses (e.g. methane and nitrous 

oxide) despite a much smaller global warming potential (Myhre et al., 2013, pp. 696, 697).  

Also, carbon sequestration with respect to LUC is important because LUC can have a severe 

influence on the carbon pools. The carbon flux from the soil to the atmosphere provoked by LUC is 

globally a net source according to Ciais et al., (2014) and in the past decades the land-to-atmosphere 
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carbon flux has even increased. Therefore, this flux, together with the emissions from fossil fuel burning, 

are seen as the main reasons for the increasing atmospheric CO2 concentration. 

Thus, mitigation strategies are needed to stop rising concentrations of atmospheric carbon dioxide. 

Eventually, carbon concentrations should be reduced to natural values.  

An initiative within the mitigation strategies is the so called four per 1000 initiative  

(https://www.4p1000.org/). This initiative is established on the 21st Conference of the Parties (COP21) 

which was held in 2015. The concept of 4 per 1000 means that an increase of 4 ‰ (0,4%) per year in 

the first 30 - 40 cm of the topsoil would significantly reduce the concentrations of atmospheric carbon 

dioxide. This 4‰ mitigation strategy is primary focussed on agricultural lands and plays an important 

role in limiting temperature increase above 2°𝐶. For the Netherlands this means an increase of 375 kg 

C ha-1 year-1 and Lesschen et al. conclude that this may locally be achieved but not for the whole country. 

(2016). Furthermore, it may as well be that the 4‰ mitigation strategy may be overestimated (Batjes, 

2019). Current management strategies and the impossibility of transforming all degraded lands with best 

management practices make this four per 1000 a best-case scenario.  

The Dutch government is also obligated to report on carbon stock changes. These reporting 

agreements have been written down and ratified in the Kyoto protocol from 1997 (UNFCCC, 1997) and 

are itself a sign of the growing awareness of the urgence of mitigation strategies. Research that lies at 

the basis of the Dutch government reports is done by Tol-Leenders et al. (2019). They show that carbon 

stocks in the top 30 cm of the Dutch soil have been significantly decreased from 6,85% in 1998 to 6,43% 

in 2018. In the lower soil layer from 30 – 100 cm the average organic carbon content declined with 

2.71%. Current trends of soil carbon sequestration in the Netherlands are not desired. 

Because LUC plays an important role with respect to carbon sequestration, we specifically focus on 

LUC in 1.3.1. Since NbSs offer the ability of carbon sequestration this is further analysed in 1.3.2. Finally, 

wetlands as a specific type of NbSs and its ability to sequestrate carbon is discussed in 1.3.3. The latter 

is important to discuss because in this study considers a 2050 NbSs/wetlands scenario.  

1.3.1 Carbon sequestration and land-use change 

LUC can have a severe influence on the terrestrial carbon pools. Furthermore, the land-use category 

has a strong relation with the SOM carbon pool (Post & Kwon, 2000). Most of the losses of SOM can 

be attributed to reduced inputs of organic matter, increased decomposability of crop residues, and 

tillage. For example, when a parcel with natural vegetation is transformed into an agriculture category 

this can lead to losses of soil organic carbon (SOC) up to 50% in the top 20 cm soil. This also implies 

that, when LUC occurs from an agricultural land-use category to, for example, forests or grasslands, the 

carbon pools can increase. This is also evident from the conducted literature review from Post and Kwon 

(2000) because, for LUC towards forestry SOC can increase in subtropical wet forest plantations with 

300 g carbon m-2 yr-1. However, small losses are also a possibility in more temperate climate zones. 

The average accumulation rate of soil carbon is approximately 34 g carbon m-2 yr-1. For LUC towards 

grasslands, SOC is likely to increase with sometimes small increases in more moderate climate 

circumstances and higher increases in more subtropical climate circumstances.  

In a more recent study, Schulp et al. (2008) made an assessment of carbon sequestration in Europe 

between 2000 and 2030 resulting from LUC for four IPCC Special Report on Emission Scenarios 
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(SRES). Through a high-resolution LUC model in combination with a carbon bookkeeping approach it 

is estimated that carbon sequestration rates will decrease in Europe with 4% in 2030 with respect to 

2000. In one SRES scenario there will be an additional sequestration decrease rate of 2%. In the other 

three SRES scenarios carbon sequestration rates will increase with 9 – 16% in 2030 relative to 2000. 

The main reason for this increase is the decrease of cropland area. This study emphasizes the 

importance of the relation between LUC and carbon sequestration rates.  

As described before, the Dutch carbon soil stocks are not increasing but decreasing between 1998 

and 2018. Thus, considering these several studies, carbon sequestration is possible through appropriate 

management strategies. However, today’s management strategies can be questioned and discussed. 

1.3.2 Carbon sequestration and NbSs 

There are studies which focussed on the GHG mitigation potential of NbSs. In a literature review of 

73 studies, 14 studies treated the ecosystem type streams, rivers and riparian. Part of this this 

ecosystem type is the brook ecosystem, which is also central in this study. Within these 14 studies there 

are two studies which reported on GHG mitigation (Chausson et al., 2020).  

In the first study, the ecosystem service approach is used to assess societal benefits of river 

restoration (Vermaat et al., 2016). Data has been retrieved through surveys. The provisioning, 

regulating, and cultural ecosystem services have been valued economically for eight pairs of restored-

unrestored reaches and floodplains in Europe. The regulating services like carbon sequestration is 

monetized through carbon accumulation in forest wood and marshland peat with a value of €19 ton-1. 

For six rivers the restored river reaches show a monetized value increase of the regulating service of 

carbon sequestration. However, in these six cases carbon sequestration is not once the main increasing 

component. The main components are nutrient retention and reducing flood risks. There is no explicit 

explanation for the minor monetized role of carbon sequestration in restored river reaches. However, for 

this research it is important to keep in mind that monetizing carbon sequestration will not necessarily 

lead to significant values. It should be noted that the €19 ton-1 is retrieved from a 2003 study. It could as 

well be that carbon sequestration is higher valued these days provoked by a higher urgence of climate 

impact mitigation.  

Secondly, Pires et al., (2017) studied the impact of forest restoration - as a NbS - on the resistance 

and resilience of the Rio Doce watershed (84,000 km2). They conclude that forest restoration can lead 

to a potential positive GHG mitigation effect of 14 gigaton carbon ha-1 yr-1 through carbon sequestration. 

For this study it is important to know that forest restoration has the potential to sequester more carbon. 

In addition, forest restoration contributes to an enhanced ecosystem through increased resilience and 

resistance.  

1.3.3 Carbon sequestration and wetlands 

LUC and NbSs are the main themes in this study. LUC occurs within a landscape of settlements, 

infrastructure, here and there a forest, and agriculture influences. When LUC is discussed in relation to 

NbSs in a brook catchment, the question rises whether wetlands can be deployed for GHG mitigation. 

Therefore, this section goes into detail if there can be spoken of so-called wetlands in the Aa of Weerijs 

study area and why this land-use category is important.  
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Wetlands are ecosystems at which standing water or saturated soil can be detected at least a part 

of the year (Bernal & Mitsch, 2012). According to the IPCC, the land-use category wetlands includes 

areas of peat extraction and land that is covered or saturated by water for all or part of the year  (e.g. 

peatland) and that does not fall into the land-use categories forest land, cropland, grassland or 

settlements (IPCC, 2006, p. 3.6). In the Netherlands this IPCC definition is also used (Arets et al., 2020). 

The application of the definition of Bernal & Mitsch and the IPCC learns that currently a wetland as 

meant in the definition cannot be located in the brook catchment. Although water is present, it is not the 

main determining factor for the area’s biogeochemistry and land that is otherwise classified. For the 

current land-use adjacent to the brook, anthropogenic influences are too much daily practice. The lack 

of wetlands in the brook catchment is also confirmed by the Dutch government. Although the 

Netherlands almost have the highest absolute area of wetlands in Europe (Rijksoverheid, 2020), the Aa 

of Weerijs catchment is not included in the wetland land-use category (Rijksoverheid, 2017).  

However, through LUC and progressive insights this process could be reversed in the future. 

Because formerly the catchment existed mainly out of wetlands. Currently, there are some kind of 

wetlands, called natuurparels (Beers et al., 2018). These are realized in the Kleine Beeks origin and in 

the Bijloop which are both smaller brooks located in the Aa of Weerijs catchment. These brooks are only 

a few meters wide and play therefore a minor role in their environment. These natuurparels or semi-

wetlands are not the wetlands as meant in the IPCC’s definition. Clearly, this does not mean that 

wetlands cannot be created in the area. In this research a prospect for 2050 is established and by then 

it could be that wetlands play a role in the landscape.  

A good reason to put wetlands central, is because wetland ecosystems offer the service of carbon 

sequestration because of their anoxic wet conditions (Bernal & Mitsch, 2012; Carnell et al., 2018). 

Concerns arise because of methane emissions from those wetlands, raising the question whether 

wetlands are net contributors to climate mitigation or climate change accelerators. Mitsch et al. (2013) 

showed with dynamic modelling of carbon flux with data from temperate and tropical wetlands that 

methane emissions become unimportant within 300 years. However, this time frame is questioned by 

Neubauer (2014) stating that wetlands may have a net positive warming effect on the climate for longer 

than 300 years. In another study in which a constructed wetland is central and carbon and nitrogen 

fluxes have been examined, the constructed wetland can be regarded as a net CO2 sink (de Klein & van 

der Werf, 2014). Thus, it remains uncertain when wetlands start to contribute to mitigating climate 

change through carbon sequestration.  
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1.4 Aa of Weerijs brook catchment 

The study area in this research is the brook catchment Aa of Weerijs which is located in the province 

of Noord-Brabant in the Netherlands which has a temperate oceanic forest (TeDo) (IPCC, 2006). The 

brook has its origin in Belgium and crosses the border on the south of Zundert and streams northwards 

on the right of Zundert and Rijsbergen towards the city Breda. In Breda, the brook flows out in the canals 

of the city. The etymological origin of “Aa” lies in the medieval where it was a generic name for flowing 

waters. Weerijs stems from Weeg(h)reyse which means 

braiding waterflow. This name was typical for the Aa of 

Weerijs because it was characterized by meandering. See 

also Figure 1.1. The catchment of the brook was 

characterized by a spacious marsh area which had a large 

sponge effect. This caused a constant drain of water. 

From the fourteenth century onwards, these grounds have 

been reclaimed and during the 19th century lands have 

been drained for agricultural purposes (Beers et al., 

2018). The latter took place between the period 1850 – 

1940. All these measurements led to the current 

appearance of the landscape. The  meandering 

characteristic is lost due to realignments that started 

around 1967 and where finished in 1971 (Heijden, 1993).  Thus, land-use as well as the brooks course 

has changed drastically.  

Nowadays, specific areas of this catchment, including the brook itself, are part of the Nature Network 

Netherlands (NNN; Dutch: Natuurnetwerk Nederland). This means that these areas are considered 

important when it comes to biodiversity and animal migration. However, Beers et al., (2018) concludes 

that this allocation is hardly contributing in restoring the brooks character with a continued stream.  

The Dutch part of the Aa of Weerijs catchment covers approximately 14,700 ha. The specific location 

of the brook catchment can be seen in Figure 1.2. The area of the Dutch part of the catchment can be 

divided into three main land-use categories: agriculture (65%), nature (23%) and settlements (12%). 

From these main land-use categories, agriculture can be further divided into subcategories as can be 

seen in Table 1.1 (Beers et al., 2018).  

Table 1.1 The distribution of the different land-use categories in the Aa of Weerijs catchment around 2010. Agriculture has 
been consecutively divided into separate land-use categories. 

Land-use Percentage Divided in percentage Divided in percentage 

Agriculture 65% 

Regular agriculture 
70% 

45% 

Grassland  
47% 

21% 

Beets, maize, potatoes, and cereals 
53% 

24% 

Intensive agriculture 
30% 

20% 
Mainly arboriculture with horticulture, 

and bulbs 
20% 

Nature 23%  23%  23% 

Settlements 12%  12%  12% 

Sum 100%  100%  100% 

 

 

Figure 1.1 Map from around 1850. The black line is the 
meandering course of the Aa of Weerijs brook. 
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Figure 1.2 Visualisation of the location of the study area starting on the left-top with the map of North-West Europe and then continues clockwise 
to the Netherlands, the province Noord-Brabant and finally on the lower-left the study area Aa of Weerijs brook catchment.  
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1.5 Research fundamentals 

This section describes the key fundamentals of this research. The study analysis three years: 1960, 

2010, and 2050. Within these years there are four scenarios considered (1.5.1). In these four scenarios, 

LUC as well as the carbon pools are determined. This is done through two types of software: ArcMap 

and TerrSet (1.5.2). Finally, a small introduction is given for the modelling structure in which land-use 

categories and carbon pools are used (1.5.3). The latter makes it easier to read subsequent paragraphs. 

1.5.1 Years and scenario’s 

There are three important years chosen: 1960, 2010, and 2050. 1960 has been chosen because 

large LUC occurred after 1960. 2010 has been chosen because of comparison reasons and it was 

necessary to have a recent year for which accurate data on carbon pools and aerial images or maps 

are available. For the future, the year 2050 has been chosen, because the outlook should not be too 

soon and not too far away. Therefore, we consider approximately four decades.  

The chosen years have all been named a specific scenario. 1960 and 2010 are named, respectively, 

a Historic and a Recent past scenario. For 2050 we consider two scenarios: A Technical-physical 

scenario and a NbSs/wetlands scenario. In the technical-physical scenario we assume a business-as-

usual strategy where the LUC develops as it has done between 1960 – 2010. In the NbSs/wetlands 

scenario we consider a special role for wetlands as a NbS. Thus, in summary: 

 

• A Historic scenario which represents the situation in 1960 

• A Recent past scenario which represents the situation in 2010 

• Two scenarios for two possible situations in 2050: 

o A Technical-physical scenario 

o A NbSs/wetlands scenario 

 

1.5.2 Software 

Future changes are divided in two ways. There are changes in the landscape and in the carbon 

stored. For mapping both changes, software is required. For mapping, estimating the changes in carbon 

pools, and determining the changes in LUC ArcMap Geographical Information System (GIS) developed 

by ESRI (https://www.esri.com/) is used. 

When a future map of 2050 must be established the TerrSet Land Change Modeler (TerrSet) is 

used. TerrSet is a product from Clark Labs (https://clarklabs.org/). TerrSet is used to predict land-use 

changes in the future. It is a module of a greater software package from Clark labs, Clark University 

which is also know from IDRISI GIS analysis. This software can predict future land-use change and 

produces a future map based on one or more explanatory variables (e.g., distance from cities) 

There are other studies that have a similar methodology. Here, these studies are only mentioned. A 

more extensive analysis of these studies can be found in Appendix 1-A. Pechanec et al. (2018), for 

example, uses TerrSet for a prediction of land-use for the Czech Republic for 2030, 2050, and 2090. 

Babber et al. (2021) used Terrset to produce a land-use map of a Tiger reserve in India for 2050.  
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1.5.3 Structure 

The IPCC provides a guide in modelling greenhouse gasses like carbon. The IPCC (2006) has 

established six main land-use categories: forest land, cropland, grassland, wetland, settlement, and 

other land. In this study the land-use categories forest, cropland, grassland, settlement, water, tree 

nursery, and wetland are used.  

The choice for these seven land-use categories is based on regional characteristics. The land-use 

category water has been chosen because this study focusses on the Aa of Weerijs brook catchment. 

The land-use category tree nursery has been chosen because arboriculture represents a large share of 

the area. See also Table 1.1. The land-use category other land can include bare soil, rock, ice, and all 

other land that does not fall in the other land-use categories. Since this category does not contain 

substantial amount of carbon (Arets et al., 2020) and does not appear in the landscape of the study area 

this category is not considered. 

The carbon pools that the IPCC works with are also used in this research. These pools are: 

Aboveground biomass, belowground biomass, dead organic matter, and soil organic carbon. It is 

assumed that by choosing the same carbon pools it will be more easily to find data. More details on 

these land-use categories and the chosen parameters for these four carbon pools are presented in 

chapter 2.  

 

1.6 Problem definition and research objective 

All the above leads to the following problem definition:  

In the Aa of Weerijs brook catchment, the effects on the amounts of terrestrial carbon from 1960 

(Historic scenario) to 2010 (Recent past scenario) and up till 2050 (Technical-physical & a 

NbSs/wetlands scenario) provoked by land-use change through realignment, anthropogenic 

influences, and implementation of wetlands as a NbS are unknown. 

 

This problem definition leads to the following research objective: 

Analyse the differences in four terrestrial carbon pools in the brook catchment Aa of Weerijs 

provoked by land-use change between 1960 – 2010/2050 

through  

[1] Classification of land-use maps of the study area with ArcGIS in 1960 and in 2010, [2] 

determination of four carbon pool parameters (in ton C ha-1) by desk research for the seven 

land-use categories in 1960 and in 2010, and [3] the use of TerrSet LCM software which predicts 

the land-use in 2050 based on land-use maps from 1960 and 2010. 
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1.7 Research questions and sub-questions 

In this section the central question, research questions and the sub-questions are outlined. There 

are three research questions which together lead to the necessary data and information to finally answer 

the central question. 

 

Central question:  

What are the possible effects from land-use change on the terrestrial carbon pools in the Aa of Weerijs 

brook catchment in the different land-use categories for the timespan 1960 – 2050 when a technical-

physical scenario and a NbSs/wetlands scenario is considered, and can the results be applied to other 

catchments? 

 

The first research question is: 

What are the total changes of stored terrestrial carbon in the Aa of Weerijs study area, and what are 

the changes in the four considered carbon pools (aboveground biomass, belowground biomass, 

dead organic matter, and soil organic carbon) between 1960 (Historic scenario) & 2010 (Recent 

past scenario)?  

 

The corresponding sub-questions to this first research question are: 

• What are the amounts of carbon in 1960 for all four carbon pools in the seven land-use 

categories? 

• What are the amounts of carbon in 2010 for all four carbon pools in the seven land-use 

categories?  

• What are the differences in stored terrestrial carbon in the study area within the timespan 1960 

(Historic scenario) – 2010 (Recent past scenario)?  

 

The second research question is: 

Considering LUC between 1960 and 2010, what is the predicted land-use in 2050 of the Aa of 

Weerijs study area in a Technical-physical scenario and a NbSs/wetlands scenario? 

 

The corresponding sub-questions to this second research question are: 

• How does a GIS raster file land-use map look like when it is based on a map of 1960? 

• How does a GIS raster file land-use map look like when it is based on a map of 2010? 

• What explanatory variables should be used and can serve as input for the Terrset LCM software 

to predict land-use in 2050 for a Technical-physical scenario and a NbSs/wetlands scenario? 

 

The third research question is: 

What are the total changes in stored terrestrial carbon in the study area, and what are the changes 

in the four considered carbon pools for the timespan 2010 - 2050 in a Technical-physical scenario 

and a NbSs/wetlands scenario? 
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1.8 Research model 

The research model is visible in Figure 1.3. It is separated into five main parts named A – E. Boxes 

which represent the same data have a matching color. Used software is in a dashed box. There are 

vertical and horizontal arrows. Vertical arrows represent the data and software that are confronted with 

each other. Horizontal arrows indicate the results that follows from the confrontation. In part A the data 

is acquired to estimate the terrestrial carbon pools in 1960 and 2010. First, a land-use map of 1960 and 

2010 is needed. Secondly, data on carbon for each land-use category and each carbon pool is needed. 

When this is combined with ArcGIS it will lead to the model results on carbon sequestration for the 

timespan 1960 – 2010. In part B the land-use map of 1960 and 2010 are, together with the explanatory 

variables, used in TerrSet LCM software. This will lead to a prediction of the land-use in 2050. This is 

done with respect to the two future scenarios. This result is used in part C together with the land-use 

map of 2010 and the data on carbon pools in 2010. When this is used as input in ArcGIS it will lead to 

the model results of the timespan 2010 – 2050 for the Technical-physical scenario and the 

NbSs/wetlands scenario. Finally, in part E, the analysis, discussion, and conclusion take place.  

 

 

Figure 1.3 The research model exists out of five parts. Part A, B, and C lead to model results in part D. Finally, in part E, the 
analysis, discussion, and conclusions take place. 
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2 Terrestrial carbon pools and land-use categories 

In this chapter the data on terrestrial carbon pools and the way in which this data is acquired is 

central. At first, terrestrial carbon pools are described in general and definitions of the carbon pools as 

well as land-use categories are given (2.1). Hereafter, carbon pools in the Historic scenario (1960) and 

in the Recent past scenario (2010) for each land-use category is presented (2.2). This section ends with 

a summarizing table showing the data on the four carbon pools for each land-use category for 1960 and 

2010. Finally, main developments and emerging trends that are of importance for the brook catchment 

are described for 2050 NbSs/wetland scenario (2.3).  

2.1 Definitions 

Carbon pools in this research are defined as: Terrestrials reservoirs of organic carbon located in the Aa 

of Weerijs brook study area with the capacity to accumulate or release carbon.  

For this research there are four carbon pools (reservoirs): Aboveground biomass, belowground biomass, 

dead organic matter, and soil organic matter. As discussed in chapter 1 the choice for the four carbon 

pools is based on IPCC standards. Therefore, the IPCC’s definitions are mostly maintained. 

Aboveground biomass (AGB) is defined as: All living biomass above the soil including stem, 

stump, branches, bark, seeds and foliage (IPCC, 2003, p. 557).  

This carbon pool is necessary and most important for the land-use category forest. For the other 

land-use categories the carbon stocks are lower and less important (Lesschen et al., 2012).  

Belowground biomass (BGB) is defined as: All living biomass of live roots. Fine roots of less 

than 2 mm diameter are sometimes excluded because these often cannot be distinguished 

empirically from soil organic matter or litter (IPCC, 2003, p. 558).  

Dead organic matter (DOM) consists out of (1) coarse woody debris which includes all non-

living woody biomass consisting out of wood lying on the surface, dead roots, and stumps larger 

than or equal to 10 cm in diameter. It also exist out of (2) litter which includes all non-living 

biomass with a size greater than the limit for soil organic matter (SOM) (2 mm) and less than 

the minimum diameter for dead wood which is 10 cm (IPCC, 2006, p. 1.9).  

Soil organic carbon (SOC) is part of SOM and it includes organic carbon materials within the 

first 30 cm of the soils matrix and is smaller than 2 mm (IPCC, 2006, p. 1.9).  

In this study several land-use categories are distinguished. For the land-use categories that are 

considered in this study a definition is given below.  
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Forest 

Forest is defined as: All land with woody vegetation, now or expected in the near future. The 

following requirements are not maintained in this research: (1) land exceeds 0.5 ha and is more 

than 30 m wide, (2) tree crown cover is at least 20%, and (3) tree height is at least 5 meters or 

is likely to achieve this (Arets et al., 2020).  

 

Cropland 

Cropland is defined as arable lands. Rotation between grassland and arable land is not 

accounted for. The current land-use determines the land-use category (Arets et al., 2020). Tree 

nurseries are normally included in this land-use category. However, because of the importance 

of this land-use category it is considered as a separate land-use category. 

 

Grassland 

Grassland is defined as land that is dominated by grassland vegetation. It includes rangelands 

and pasture lands that are not considered as croplands (Arets et al., 2020) 

 

Settlement 

This category includes all developed land, including transportation infrastructure and human 

settlements of any size (IPCC, 2006). 

 

Water 

Water is normally included in the land-use category wetlands. However, because of the central 

role of the brook Aa of Weerijs it is distinguished as a separate land-use category.  

 

Tree Nursery  

According to the IPCC tree nurseries can be attributed to cropland. However, in this research a 

distinction has been made between cropland and tree nurseries. This has been done to gain 

insight in the possible influence of a growing areal of tree nurseries on the total carbon stock. 

Tree nursery is thus a special kind of cropland where annual or perennial cultivation of woody 

vegetation like shrubs, small trees, and hedges takes place. 

 

Wetlands  

Wetlands are defined as areas of peat extraction and land that is covered or saturated by water 

for all or part of the year and cannot be classified in one of the other land-use categories (Arets 

et al., 2020).  
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2.2 Carbon pools: Historic and Recent past scenario 

For each land-use type the four carbon pools have been estimated for the Historic scenario (1960) 

and for the Recent past scenario (2010). The approach for the literature research in finding accurate 

data for the parameters is described in general in Appendix 2-A. The choices that have been made for 

the parameters as well as the literature that has been used are described in two other appendices. The 

data for the Historic scenario can be found in Appendix 2-B. The data for the Recent past scenario can 

be found in Appendix 2-C. 

The 1960 Historic scenario has been a while ago and this makes it difficult to retrieve accurate data. 

Whenever it was possible to acquire data this has been described and summarized in tables. When no 

data was available this has been described. Sometimes the acquired data for 2010 has been applied to 

1960. Thus, the data for 1960 comes with more uncertainty. However, conservative choices have been 

made to prevent final outcomes for overestimation. 

For the 2010 Recent past scenario acquiring data was easier because more data was available. 

The data that was applicable for this research has been listed. After explaining and listing the data 

choices for the parameters have been made. These choices are explained.  

A summary of the parameters for each carbon pool and for each land-use category can be seen in 

Table 2.1. All the parameters are in ton C ha-1 for the first 30 cm of the soil.  

The land-use categories forest, cropland, grassland, and settlements show an increase of the 

carbon pools. In the appendices it is explained that this is realistic due to carbon sequestration for 

example. The land-use category water represents some carbon stock albeit very small. Sequestration 

is not accounted for. For the land-use category tree nursery it remains difficult to find any data. In analogy 

of the land-use category cropland, tree nurseries is heterogenous. There is not one type of crop 

cultivated and there are several ways of harvesting shrubs and trees. Therefore, parameters for cropland 

also apply for the land-use category tree nursery. The parameters for wetland are the same for 1960 

and for 2010. This has a minor impact on the final outcomes for 1960 and 2010 because the land-use 

category represents a negligible area. 
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Table 2.1 Overview of the parameters (all in ton C ha-1 for the first 30 cm of the soil) for the four carbon pools and the seven used 
land-use categories in 1960 and in 2010. The total carbon pool for a land-use category in 1960 or 2010 can be seen below the four 
carbon pools in italics (AGB: Aboveground biomass; BGB: Belowground biomass; DOM: Dead organic matter; SOC: Soil organic 
matter; n.d.: No data). 

 Forest  Forest  
Pool 1960 Source 2010 Source 
     

AGB 38 (Nabuurs et al., 2003) 92 (Arets, 2018) 
BGB 11 (Nabuurs et al., 2003) 24 (Arets, 2018; IPCC, 2006) 
DOM 5 (Nabuurs et al., 2003) 6 (Schelhaas et al., 2014) 
SOC 86     (Nabuurs et al., 2003) 96 (Lesschen et al., 2012) 

 140  218  
     

 Cropland  Cropland  
 1960 Source 2010 Source/remark 
     

AGB n.d. - 3 Several sources 
BGB n.d. - 1 (Williams et al., 2013) 
DOM n.d. - 0 Assumption  
SOC 67 (Schulp & Verburg, 2009) 84 (Tol-Leenders et al., 2019, p.) 

 67  88  
     

 Grassland  Grassland  
 1960 source 2010 source 
     

AGB n.d. - 7 (Arets, 2018)  
BGB n.d. - 4 (Lesschen et al., 2012) 
DOM n.d. - 0 (Lesschen et al., 2012) 
SOC 67 (Schulp & Verburg, 2009) 93 (Tol-Leenders et al., 2019) 

 67  104  
     

 Settlement  Settlement  
 1960 Remark 2010 Source/remark 
     

AGB 10 2010 data, forest analogy 20 (Hutyra et al., 2011; Wilkes et al., 2018) 
BGB 2 2010 data, forest analogy 5 Based on a AGB:BGB ratio of 0.20 
DOM 0 assumption 0 Assumption 
SOC 75 Equal to 2010 75 (Cambou et al., 2018; Edmondson et al., 2014) 

 87  100  
     

 Water  Water  
 1960 Remark 2010 Source/remark 
     

AGB 2 Equal to 2010 2 in analogy of the category cropland 
BGB 1 Equal to 2010 1 (Sutfin et al., 2016) 
DOM 
SOC 

0 Equal to 2010 
Equal to 2010 

0 Assumption 
Incorporated in BGB 0 0 

 3  3  
     

 Tree Nursery  Tree Nursery  
 1960 Remark 2010 Source/remark 
     

AGB n.d. 1960 data, cropland analogy 3 2010 data, cropland analogy 
BGB n.d. 1960 data, cropland analogy 1 2010 data, cropland analogy 
DOM n.d. 1960 data, cropland analogy 0 2010 data, cropland analogy 
SOC 67 1960 data, cropland analogy 84 2010 data, cropland analogy 

 67  88  
     

 Wetland  Wetland  
 1960 Remark 2010 Source/remark 
     

AGB 5 Equal to 2010 5 (Lesschen et al., 2012) 
BGB 8 Equal to 2010 8 (Lesschen et al., 2012) 
DOM 0 Equal to 2010 0 Assumption 
SOC 150 Equal to 2010 150 (Lesschen et al., 2012) 

 163  163  
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2.3 Landscape and carbon pools around 2050 

This section describes the possible future developments. This has been done with a general view 

on landscape development and possible influencing factors. Hereafter, a smaller view is used when 

possible future developments for the Aa of Weerijs catchment are considered. Finally, in some cases, a 

land-use specific analysis has been made. The delineation of the scope made it possible to, as far as 

possible, list potential changes for the Aa of Weerijs catchment.  

This section focusses on the NbSs/wetlands scenario and not in particular on the Technical-physical 

scenario. The reason therefore is that the Technical-physical scenario considers a business-as-usual 

scenario. Thus, new insights or developments, as described in this section, do not have to be 

considered.  

It is important to emphasize the difference between developments in land-use on the one hand and 

the changes in carbon stocks on the other. This distinction between LUC and carbon pools changes is 

also maintained in this section. Potential changes on areal and changes in carbon pools are summarized 

in Table 2.2. 

 

In a general view, the first and most obvious development is that of a demographic nature. It is 

expected that the population will grow. The consequence is that the areal of settlement will expand. This 

was already the case between 1960 and 2010.  

Another important development is expected to occur for nature. Losses of biodiversity through 

anthropogenic actions already put nature in a more important role. An example of this is the Nature 

Network Netherlands (NNN; Dutch: Natuurnetwerk Nederland; Before: Ecologische Hoofdstructuur). 

These nature areas are protected and mutually connected through so-called Ecological Connection 

Zones (ECZs; Dutch: Ecologische Verbindingszones). These types of areas are also present in the Aa 

of Weerijs catchment.  

In the context of a changing climate there will be a specific and central role for nature. Of course, 

nature can be found in any of the seven land-use categories, although it shall differ between categories. 

This central role for nature is important when carbon stocks are predicted for the future. A more central 

role for nature can mean that carbon pools like ABG and SOC can increase.  

SOC stocks are predicted under selected Global Climate Models in combination with four 

Representative Concentration Pathways for 2050. Results show that under each of the scenario’s SOC 

stocks increase (Yigini & Panagos, 2016).  

 

In a specific Aa of Weerijs catchment view it is possible to consider guiding models which are 

visualisations of ten typical Dutch soils (https://gidsmodellen.nl/). Each model shows ways in which 

water retention can be extended and it shows possible measures for climate adaptation. The Aa of 

Weerijs catchment is categorized as a sandy soil. Possible climate adaptation measures are: restore 

the old brook course (remeandering), increase areal of deciduous forest, connection of nature areas 

(through ECZs), and creating wetland corridors (GrondRR, 2016).  

In line with the guiding models, there is a journey guide made by the province of Noord-Brabant and 

three regional water authorities (Tilborg et al., 2018). The Aa of Weerijs is one of the three case studies 
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that are central in this guide. Involved organisations practiced the vision of a climate proof landscape on 

the Aa of Weerijs catchment. The pressure of expanding areal of tree nurseries on the landscape is also 

acknowledged in the guide. Potential landscape changes in the area that are mentioned are: more water 

and green nature in the cities, enhance soil quality, as many space for the brook as possible, inundation 

areas, and water buffers around nature.  

The guiding model as well as the journey guide endorse the NbSs/wetlands scenario. When it is 

about more space for the brook, water in general or special places for inundation, these measure match 

with the NbSs/wetlands scenario. This emphasis that this scenario is a good choice for the future. 

 

Zooming in on the specific land-use categories it has been demonstrated that forests show a net 

primary production between 1.1 and 4.5 ton C ha-1 yr-1 (Arets, 2018). The ABG in Dutch forests are 

expected to increase towards 2050 but the annual increase will gradually decrease. This reduced 

increase can be attributed to an aging forest (Arets, 2018). Therefore, it is expected that forests will have 

a small increase in areal and a small increase in carbon pools. See also Table 2.2. 

Between 1960 and 2010 a decrease in areal of cropland was already recorded. This trend is also 

recorded by Schulp et al. (2008). In a predicting study with four scenarios, net sequestration increases 

due to a decrease in cropland area. This is explained by the characteristic that most of the croplands 

across Europe have negative emissions factors meaning that cropland does not contribute to net 

sequestration towards 2030. This contrasts with the data that is gathered for this research (see Appendix 

2-B and 2-C) between 1960 and 2010. Therefore, it is expected that carbon stocks in cropland in 2050 

remain more or less similar to that of 2010. To underline the uncertainties of carbon stocks, the study 

from Smith et al. (2005) can be used. In this study SOC stocks are expected to decrease in croplands 

in four different scenarios towards 2080. This study also presents carbon pool developments of 

grassland. 

For grassland it is expected that SOC stocks decline in all scenarios except for one scenario (Smith 

et al., 2005). Because the development of SOC stocks between 1960 and 2010 show an increase of 

carbon, it is expected that carbon stocks in grasslands in 2050 remain more or less similar to that of 

2010.  

The areal of grassland is increasing in the period 1960 – 2010. The scenarios used by Smith et al. 

(2005) show that it is unlikely that the areal of grasslands will increase in the period 1990 - 2080. The 

result of only one scenario shows an increase. It is expected that the observed trend in the Aa of Weerijs 

catchment will stagnate or even declines. A decrease is also a realistic scenario because grassland 

could be exchanged for nature purposes or tree nurseries.  

These choices for cropland and grassland have been made despite attempts like agroforestry. 

These attempts could perhaps influence the carbon stocks positively. But again, a conservative choice 

has been made to prevent an overestimation of carbon stocks in 2050.  

Settlements are very likely to expand as described before. Demographic developments point in a 

direction of population growth for which is assumed it causes settlement expansion. It is also expected 

that carbon stocks will increase. Vasenev et al. (2018) studied urban expansion in Moscow and changes 

in SOC for three scenarios. in all three scenarios an increase of SOC was demonstrated. However, in a 
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study from Edmondson et al. (2014) it appears that tree planting in cities can enhance the AGB carbon 

pool while the SOC carbon pool showed negligible changes. The point of these two studies is that there 

exists some uncertainty of future carbon pools in cities. However, it is expected that cities will further 

expand as happened between 1960 and 2010. Furthermore, an increase in stored carbon is expected 

without stating which carbon pool can increase.  

For the land-use category water it is expected that small changes occur. The areal may increase a 

bit to create more space for water. This corresponds with the guiding models and the journey guide. The 

stored carbon also may increase a little bit due to greener strips on the sides of the brook. Therefore, it 

is expected that there is small increase in areal while carbon stocks remain the same. The increase of 

water areal is already happening by wetlands. Thus, in the model there has not explicitly been accounted 

for an increase of water areal. 

Tree nurseries take a special place within the seven land-use categories in the Aa of Weerijs 

catchment. The areal of tree nurseries is increased between 1960 and 2010. Field experts say (Personal 

communication, 21 October 2021) that it is likely that the areal will further expand. The size of the growth 

remains uncertain, but the field experts think it will slightly increase.  

The development of carbon stocks in the land-use category tree nursery is even more uncertain. It 

is hard to tell how cultivation will continue over the years. Perhaps technological developments will lead 

to other ways of harvesting, tilling, and carbon sequestration techniques. Therefore, it is expected that 

carbon stocks remain the same as in 2010.  

The last land-use category is that of wetlands. We assume that the carbon stocks remain the same 

in 1960, 2010, and 2050. This is because there is a difference of 50 and 40 years between these years. 

In those years wetland can be created, and carbon stocks have time to accumulate. Furthermore, some 

uncertainties have been discussed in section 1.3.3 which plead to retain a conservative assumption. 

The areal of wetlands is expected to increase as this is the main assumption in the NbSs/wetlands 

scenario.  

Table 2.2 The potential changes in areal and carbon pools for each 
land-use category towards 2050 for the NbSs/wetlands scenario.       
(-- : decrease; - : small decrease; -/+ : no changes; + : small increase; 
++ : increase). 

Land-use category Change in areal Change in carbon pool 

   

Forest + +  
Cropland -- -/+ 
Grassland -- -/+ 
Settlement ++ +  
Water +  -/+ 
Tree nursery + -/+ 
Wetland ++ -/+ 
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3 Methodology 

This chapter presents the adopted methodology in this research. The chapter has been structured 

according to the three time steps used in this research: 1960, 2010, and 2050. The paragraphs in this 

chapter are each respectively assigned to these years.  

Prior to this research a pilot has been conducted. In this pilot a small study area in the Aa of Weerijs 

catchment has been studied. This has been done to make sure the preconceived methodology works. 

The methodology and results of this pilot can be read in Appendix 3-A. The results of the pilot have been 

shown in an intermediate presentation to three experts that work on the Aa of Weerijs area in June 2021. 

After finishing this small pilot, the study area has been expanded to the Dutch part of the Aa of Weerijs 

catchment. 

Furthermore, a field visit has been conducted in October 2021. The goal of this visit was to get 

acquainted with the area. In this visit the area has been observed in various places and by meeting two 

field experts.  

3.1 Landscape and carbon stocks in the Historic scenario (1960) 

The process of establishing an accurate map existed out of many steps. In ArcMap six maps have 

been combined and a multi likelihood classification (MLC) has been performed. This gave a rectangular 

map with twelve different pixel clusters. A comparison with the original map from around 1960 made it 

possible to allocate these clusters in one of these land-use categories: Forest, cropland, grassland, 

water, and settlement. With several tools within ArcMap, it was possible to get rid of isolated pixels and 

smoothen up area boundaries. It is expected that the pixels within the brook catchment are for the 

majority allocated to the right land-use category. An accurate description of the complete methodology 

that has been used can be read in Appendix 3-B 

However, because the map contains contour lines, city names, and arrows, this led to inaccuracies. 

These inaccuracies specifically showed up in forests (because of the existence of black road lines), in 

tree nurseries (because it appears on the map as cropland with dots), and an area of wetland could not 

accurately be distinguished. Therefore, these areas have manually been drawn and added to the 

existing map. The intermediate presentation, given to experts, also led to adding tree nurseries as a 

special land-use category.  

3.2 Landscape and carbon stocks in the Recent past scenario (2010) 

The land-use classification for 2010 has been performed with existing topographical maps 

maintained by the Centraal Bureau voor de Statistiek (CBS; Dutch statistics agency). With these maps 

it was possible to create an accurate image of the land-use in the Aa of Weerijs catchment in 2010. The 

first map that has been used is the Basisregistratie Gewaspercelen (BRP; Basis registration crop plots) 

(PDOK, 2021). It contains agricultural plots with the cultivated crop on it in a specific year. The second 

map is Bestand Bodemgebruik 2010 (BBG; File soil-use) (CBS, 2013).  

The advantage of these two maps above satellite images is that both files are from 2010. This 

creates an accurate land-use map. Both maps have been edited and finally been merged. A thorough 

description of how the data is used and edited in ArcMap is given in appendix 3-C. In this appendix it is 
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also possible to read about land-use classification through (un)supervised classification of satellite 

images. This was the initial idea for land-use classification in 2010. However, it appeared that this 

methodology led to insufficient results.  

 

3.3 Landscape and carbon stocks around 2050 

For 2050 there are two scenarios for which the landscape and carbon stocks are predicted. There 

is a Technical-physical scenario (3.3.1) and there is a NbSs/wetlands scenario (3.3.2). In both these 

subsections the methodology is explained. This chapter only provides a general description of the 

methodology. The details on the methodology can be found in appendix 3-D for: The methodology in 

general, the Technical-physical scenario, and the NbSs/wetlands scenario.  

 

TerrSet contains a Land Change Modeler (LCM) in which land-use transitions can be explored. This 

is done with a multi-layer perceptron artificial neural network. The Multi-Layer Perceptron Artificial Neural 

Network (MLP) is based on biological neural network that exists in human brains. Neural networks are 

non-linear and can convert input data to a desired output. MLP can be explained by visualizing a set of 

layers which exist out of nodes (neurons). See also Figure 3.1. This starts with an input layer, in the 

middle there is a hidden layer, and finally there is an output layer. The analogy with the human cortex is 

respectively: perceptual neurons, motor neurons and interneurons. In this model there are four input 

nodes, three hidden nodes, and two output nodes. All four input nodes are connected with the three 

nodes in the hidden layer. And all three nodes in the hidden layer are connected to the two nodes in the 

output layer.  

The explanatory variables (for more info see Figure 3.2) are part of the input. Furthermore, the input 

exists out of the pixels from the land-use maps from 1960 and 2010 that went through a transition and 

pixels that did not. MLP learns by randomly choosing pixels that went through a transition and pixels 

that went not (persistence). The number of pixels is chosen by the user but the sample size of pixels 

that went through a transition and pixels that persisted are equal. Then, both sample classes are divided 

in 50% training pixels and 50% testing pixels.  

Every connection between two nodes represents a different weight. The MLP procedure exist out of 

two major steps: forward and backward propagation. This means that the weights belonging to each 

connection can be modificated by the neural network. This is what is called the learning process of the 

neural network and the goal is to minimize the error for the output result. MLP continues to modificate 

the weights in the network until it has learned the LUC characteristics of a specifically modelled land-

use transition considering the data from the explanatory variables. If the training pixels lead to a certain 

characterization of the network, the testing pixels are then used for validation (Michel et al., 2021).  

The power of MLP lies in the self-learning capabilities. The module contains an automatic training 

mode and is capable of changing parameters during a session to obtain a better accuracy rate and skill 

measure. The end results of MLP are a transition potential map for each transition sub-model and an 

analysis report in which the accuracy of the explanatory variables in a particular transition sub-model 

can be analysed.  
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Figure 3.1 The visualization of the MLP neural network and how it is generally positioned and related to the input variables 
and the output.  

 

Within LCM a threshold of 200 ha has been chosen to discard the small land-use transitions that 

occurred. Above the threshold there are two transitions that are not modelled. An example of an 

unpreferable transition to model is that of forest to grassland. It is likely that this transition contains too 

much automatically attributed pixels to forest in 1960. Hence, all wrongly attributed pixels transitioned 

to grassland. Also, the transition settlement to grassland is ignored.  

The transitions that remain are Grassland to forest, grassland to cropland, cropland to grassland, 

cropland to settlement, grassland to settlement, cropland to tree nursery, and grassland to tree nursery. 

Before it is possible to predict future change all transitions should be evaluated with the MLP module. 

This can be done either separately for each transition or by combining two or more transitions into a 

transition sub-model. A transition sub-model is a collection of landcover transitions that have the same 

underlying drivers of LUC. However, this has not been done because it remains uncertain whether two 

or more transitions have the same underlying driver variable. Besides, with the methodology in this 

research it is not necessary to assume that different transitions are being caused by the same reason 

and a sub-model does not necessarily obtain higher accuracy rates. The latter has been assessed with 

the transitions cropland to tree nursery and grassland to tree nursery. Thus, transitions have all been 

separately evaluated in TerrSet.  

For the transition sub-model structure there have been four explanatory variables inserted. These 

are: Distance from cities, groundwater level, distance from roads, and a soil map. See also Figure 3.2. 

Both the distances variables have been attributed a dynamic role while groundwater level and the soil 

map have been attributed a static role. Static variables do not change over time while dynamic variables 

are changing over time and are updated at each time step (Eastman, 2016).  
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Figure 3.2 The four explanatory variables that are used as input in each of the transition sub-models. (A) Distance from 
cities, (B) Groundwater level, (C) Distance from roads, and (D) a soilmap. Note: the legend for the soilmap can be found in 
the supplementary materials.  

The explanatory variables are analysed how valuable each variable is for land-use prediction. This 

is done in the MLP training stage in which the seven transition sub-models are analysed. Each training 

stage results in an analysis report which states the power of each explanatory variable. An example of 

such a report can be seen in appendix 3-D.4. In the first section of the report the general information 

can be found for the input variables, the parameters, and the performance. In the second section weights 

between neurons in the input, hidden and output layer can be found. In the third section of the report 

the results of a sensitivity analysis are shown. This sensitivity analysis is done through a backward 

stepwise constant forcing. This means that explanatory variables are held constant in three steps 

starting with the less influential variable. In the next step the second less influential explanatory variable 

is held constant. In the third step the third less influential variable is held constant. If this sensitivity 

analysis influences the skill measure of a transition positively, the explanatory variable is not that 
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important within the transition sub-model. If the skill measure remains the same the explanatory variable 

may be left out of the model for that specific transition. Or as accuracy skill drops while less variables 

are included this means that the variables all contribute to the accuracy rate.  

The skill measure S is a parameter indicating how well a model is functioning. The skill measure is 

partially based on the expected accuracy. This expected accuracy depends on two variables: (1) the 

number of transitions (T) in the sub-model, which is one in each of the seven sub-models, and (2) the 

number of from-classes (P) in the sub-model which is also 1 in each of the seven sub-models. The 

expected accuracy is then calculated as:  

 𝐸(𝐴) =
1

𝑇 + 𝑃
 (1) 

because T and P are both one, E(A) is always 0.5. This means that a pixel has two options: either it 

changes, or it does not. In other words, there is a 50% chance to predict change correctly.  

The skill measure is also based on the measured accuracy M(A). This is shown in the report as 

accuracy and is the percentage of correct sampled pixels. Then, skill measure S is calculated as: 

 𝑆 =
𝑀(𝐴) − 𝐸(𝐴)

1 − 𝐸(𝐴)
 (2) 

With 𝐸(𝐴)  =  0.5, skill measure becomes: 

 𝑆 =
𝑀(𝐴) − 0.5

0.5
 (3) 

The skill measure varies from -1 to 1 with 0 indicating that the model is doing no better than chance 

and a measure of 1 indicates that the model is perfectly predicting (Clark Labs, 2021).  

 

Finally, the change prediction for 2050 is based on a Markov chain procedure. This procedure has 

successfully been applied in predicting future landscapes (Michel et al., 2021; Yang et al., 2016).  The 

Markov chain procedure uses the earlier and later land-use maps and determines how much land would 

be expected to transition. The Markov chain procedure uses the matrix 𝑃  in a dynamical system 

because the state of that system at any timestep is uncertain. The dynamical state of a variable in here 

is the state of a certain pixel at time 𝑡. The dynamical system 𝑆 is the mathematical set of pixels in a 

certain state at timestep 𝑡. The state of the system is then represented by: 

 𝑆𝑡+1 =  𝑃 ×  𝑆𝑡 (4) 

Where 𝑃 = [ 𝑃𝑖𝑗] is the stochastic transition probability matrix and  𝑃𝑖𝑗 is the probability of a cell with 

a certain land-use category to transition from the state 𝑖 to the state 𝑗 at time 𝑡 to time 𝑡 + 1.  𝑃𝑖𝑗  can 

mathematically be expressed (Yang et al., 2016), assuming 𝑛 different land-use categories, as:  
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 𝑃 =   (𝑃𝑖𝑗) =  [

 𝑃11 𝑃12 … 𝑃1𝑛

𝑃21 𝑃22 … 𝑃2𝑛

… … … …
𝑃𝑛1 𝑃𝑛2 … 𝑃𝑛𝑛

] (5) 

 

Where 0 ≤ 𝑃𝑖𝑗 ≥ 1 𝑎𝑛𝑑 ∑ 𝑃𝑖𝑗 = 1𝑛
𝑗=1 .  

 

The initial state of the system 𝑆𝑡 where 𝑡 = 0 is the land-use map of 1960.  

𝑃𝑖𝑗  is the ratio between the total area 𝐴 (or the total amount of pixels) that changed from land-use 

category 𝑖 to land-use category 𝑗 from time 𝑡 to time 𝑡 + 1 and the total area 𝐴 of land-use category 𝑖 at 

time 𝑡. Then, 𝑃𝑖𝑗 can be expressed as: 

 𝑃𝑖𝑗 =
∆𝐴𝑖𝑗 

𝐴𝑖
𝑡  (6) 

In this research a timestep of 50 years is considered (1960 – 2010). For each equal timestep LCM 

uses a simple powering of the transition probability matrix. However, the next timestep is 2050 which is 

a timestep of 40 years with respect to 2010.The LCM then uses three transition probability matrices for 

timesteps A, B and C while ensuring that the period to be interpolated lies between A and B. The three 

values in one entry of the matrix, which represent the probability for a transition from a certain land-use 

category to another, are used in a quadratic regression. The quadratic regression is then used to 

interpolate to the transition probability of 2050 (Clark Labs, 2021).  

 

3.3.1 Technical-physical scenario 

The transition potential maps as well as the accuracy rates of the explanatory variables in the seven 

transition sub-models can be seen in Appendix 3-D.1. Also, for each of the seven transitions the 

backward stepwise constant forcing results are summarized in appendix 3-D.1 in table M-2. This data 

substantiates the choice to continue with the four explanatory variables. Background information how 

LCM has been used can be found in Appendix 3-D.2 

When the prediction date is set on 2050, the Markov Chain procedure determines how much land 

would be expected to transition based on the amount of land that transitioned from one land-use 

category to another between 1960 and 2010. This results in the transition probability matrix in table 3.1. 

In the matrix each land-use category has the largest chance to persist except for cropland. It is most 

likely that cropland transition into grassland.  
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Table 3.1 Transition probability matrix for each land-use category for the Technical-physical scenario in 2050. 

 Probability of changing to: 
  
Given: Forest Cropland Grassland Settlement Water Tree Nursery Wetland 

Forest 0.7903 0.0263 0.1421 0.0228 0.0032 0.0131 0.0023 
Cropland 0.0114 0.3230 0.4557 0.0744 0.0052 0.1303 0.0000 
Grassland 0.0235 0.1767 0.6512 0.0602 0.0056 0.0802 0.0027 
Settlement 0.0444 0.0569 0.3295 0.5436 0.0011 0.0240 0.0005 
Water 0.1018 0.0442 0.4008 0.0494 0.3507 0.0505 0.0026 
Tree Nursery 0.0642 0.0378 0.2769 0.1994 0.0000 0.4218 0.0000 
Wetland 0.0000 0.0000 0.0080 0.0000 0.0000 0.0000 0.9920 

 

Within the change allocation panel in TerrSet no optional components have been selected. The 

amount of recalculation stages has been set on twenty since the gap between 2010 and 2050 is 40 

years. The box that creates a soft prediction has been checked. The results can be seen in section 

4.2.1. 

 

3.3.2 NbSs/wetlands scenario 

In the 2050 scenario there is space for NbSs and specifically wetlands. This means that this 

transition needs to be considered in TerrSet. Therefore, two more transition sub-models have been 

included: Cropland to wetland and grassland to wetland. For these two sub-models a transition potential 

map has been created. The transition potential maps as well as the analysis report have not been 

included in one of the appendices. The creation of the transition potential maps was merely a necessary 

step to create a complete and functioning model. Because an incentives and constraints map [now 

called an incentive map] is required and the incentive map is attributed to the transition sub-models of 

cropland to wetland and grassland to wetland. Terrset needs an incentive map to know in which area’s 

wetlands can arise. Therefore, a map of brook valleys has been used from the Province of Noord-

Brabant (2005b). See also part A in figure 3.3. These brook valleys served as a basis for an incentive 

map (Part B in figure 3.3). This incentive map is multiplied with the associated transition potentials. Thus, 

the incentive map must be linked to the two transitions sub-models that have been included: Cropland 

to wetland and grassland to wetland.  

If a cell on the incentive map is one, this cell acts as normal or unconstrained. If a cell is just above 

this threshold, say 1.1, it acts as an incentive. This value of 1.1 has been attributed to the actual area of 

the brook valleys. These areas have a higher potential to transition towards wetlands. This is also 

applicable for the areas just outside the brook valleys. These have been attributed a value of 1.05. If a 

cell is just below 1, say 0.9 these areas function as constraints. In these areas it is less likely that land 

will transition. As can be seen in Figure 3.3 B there are no areas that function as a constraint. However, 

every cell that is outside the incentive areas of cells with value 1.1 or 1.05, has been attributed a value 

of 0. These cells function as absolute constraints. That means that new wetlands cannot arise in these 

areas.  
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(A) 

 

(B) 

 

 

Figure 3.3 The brook valleys in the Aa of Weerijs Catchment (A) that served as basis for an incentive map (B) which has been 
used as input in Terrset. Values in the incentive map are 1.1: normal incentive; 1.05: small incentive; 0: absolute constraint. 

Besides these incentive map, the transition probability matrix has also slightly been changed. This 

was necessary because between 1960 and 2010 too less cells transitioned from cropland or grassland 

towards wetlands. Because each row adds up to one, the sum of the changes that are made should 

equal zero. Now, two transitions are considered: cropland to wetland and grassland to wetland. For 

cropland as well as grassland the probability of changing from these land-use categories towards 

grassland has been decreased with 17.5%. For both cropland and grassland this has been attributed to 

forest (7.5%), water (2.5%) and to wetland (7.5%). See also Table 3.2. 

Table 3.2 Probability changes in the transition probability matrix in the NbSs/wetlands scenario with 
respect to the matrix in the Technical-physical scenario. 

 Change in probability for: 
  
Given: Forest Cropland Grassland Settlement Water Tree Nursery Wetland 

Forest 0 0 0 0 0 0 0 
Cropland  .075 0 - .175 0 .025 0 .075 
Grassland .075 0 - .175 0 .025 0 .075 
Settlement 0 0 0 0 0 0 0 
Water 0 0 0 0 0 0 0 
Tree Nursery 0 0 0 0 0 0 0 
Wetland 0 0 0 0 0 0 0 

 

The decreasing probabilities of cropland and grassland are based on the analysis made in section 

2.3 and the changes that did occur between 1960 and 2010. In section 4.1 the areal of cropland and 

grassland is decreasing between 1960 and 2010. It is being assumed that this trend continues. 

Furthermore, in section 2.3 it can be seen through a short analysis that it is expected that the areal of 

cropland and grassland will decrease further towards 2050. It could be argued that grassland is losing 

its probability for both cropland and grassland and the probability of cropland remaining cropland can 

also be decreased. This is true, however, as can be seen in table 3.1 cropland is already under pressure 
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since it is the only land-use category that has a higher probability of changing to another land-use 

category. Therefore, a choice has been made to decrease the probabilities of cropland and grassland 

changing to grassland.  

Then, the probabilities that are assumed to increase. It is assumed that the areal of forest will 

increase. This fits well in a NbSs/wetlands scenario. Forest can function as a NbS. Hence, the probability 

of a certain land-use category, in this case cropland and grassland, changing to forest should increase. 

The same holds for the increased transition probability towards wetland. The probabilities of cells 

changing to forest or wetland are the same. However, the incentive map also amplifies the transition 

probabilities of cells that transition to wetland. Through the incentive map it is possible to create a 

substantial increase of wetland areal in comparison to forest. This is in line with the potential changes 

showed in table 2.2.  

Lastly, it is also expected that the areal of water will increase slightly. Therefore, the probability of a 

transition from cropland or grassland towards water is increased with 2,5%. The other probabilities in 

the matrix remain the same. The final transition probability matrix that has been used in TerrSet for the 

prediction of land-use in 2050 under the NbSs/wetlands scenario can be seen in table 3.3. 

Table 3.3 The transition probability matrix for each land-use category in the NbSs/wetlands scenario for 2050.  

 Probability of changing to: 
  
Given: Forest Cropland Grassland Settlement Water Tree Nursery Wetland 

Forest 0.7903 0.0263 0.1421 0.0228 0.0032 0.0131 0.0023 
Cropland 0.0864 0.3230 0.2807 0.0744 0.0302 0.1303 0.0750 
Grassland 0.0985 0.1767 0.4762 0.0602 0.0306 0.0802 0.0777 
Settlement 0.0444 0.0569 0.3295 0.5436 0.0011 0.0240 0.0005 
Water 0.1018 0.0442 0.4008 0.0494 0.3507 0.0505 0.0026 
Tree Nursery 0.0642 0.0378 0.2769 0.1994 0.0000 0.4218 0.0000 
Wetland 0.0000 0.0000 0.0080 0.0000 .0000 0.0000 0.9920 

 

This is shortly the used methodology in TerrSet for the NbSs/wetlands scenario. More details can 

be found in appendix 3-D.3. In the next chapter the results in the different scenarios are presented.  

 

The carbon pool parameters for cropland, grassland, water, tree nursery, and wetland remain the 

same in the NbSs/wetlands scenario with respect to the Technical/physical scenario. 

For forest, a slight increase in total carbon stocks is expected. The carbon pool parameters AGB 

increased from 92 to 100 ton C ha-1, and BGB increased from 24 to 28 ton C ha-1. The total carbon stock 

for forest increased with twelve ton C ha-1 from 218 to 230 ton C ha-1.  

The carbon pool parameter AGB in settlement increased from 20 to 35 ton C ha-1 to a total carbon 

pool stock of 115 ton C ha-1.   
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4 Results 

The results are presented in the same structure as has been done in the previous chapter. It starts 

with the results for the Historic scenario and Recent past scenario (4.1). Hereafter, the results are shown 

for the two future scenarios in 2050 (4.2).  

The final images of the Aa of Weerijs for the land-use and the carbon stocks are summarized in 

figure 4.3. The main figures in this chapter can also be consulted in detail in appendix 4-A.The exact 

data and calculations that have been made can be consulted in the Supplementary material I in the tab 

Historic scenario, the tab Recent past scenario, the tab LUC ’60 – ’10, the tab Technical-physical 

scenario, and the tab NbSs Wetlands scenario.  

4.1 Historic and Recent past scenario  

Around 1960, grassland covered more than half of the study area with 53%, followed by cropland 

with 29% and by forest with 11%. See also table 4.1. This means that agriculture, cropland, and 

grassland combined, represent 93% of the study area. The land-use categories settlement, water, tree 

nursery, and wetland represent approximately 8% of the catchment.  

Table 4.1 Land-use areal development in absolute and relative figures in seven land-use categories in the Dutch Aa of 
Weerijs catchment in 1960, 2010, and the amount of change between 1960 and 2010. [p.p. = percentage point] 

 
 Historic (1960)  Recent past (2010)  Change (1960 – 2010) 

Land-use categories  Areal (ha) Areal (%)  Areal (ha) Areal (%)  Areal (ha) Areal (%) [p.p.] 

Forest  1,598 11  1,549 11  −49 −3      [−0.3] 

Cropland  4,223 29  2,614 18  −1,609 −38    [−11] 

Grassland  7,732 53  7,496 51  −236 −3      [−2] 

Settlement  874 6  1,422 10    548   63    [4] 

Water  89 0.6  104 0.7    15   16    [0.1] 

Tree nursery  150 1  1,451 10    1,301   866  [9] 

Wetland  34  0.2  64 0.4    30   88    [0.2] 

 Sum  14,700   14,700     

 

In 2010, grassland covered 51% of the catchment, followed by cropland with 18% and forest with 

11 %. Compared to 1960 the areal of forest remains more or less the same in 2010. The areal of cropland 

decreases with 38%. The total areal cropland and grassland combined is approximately 80%. Where 

settlement, water, tree nursery, and wetland represented a small area in 1960 this changes towards 

2010. These four land-use categories now represent approximately 21%. This is due to an increase of 

settlement with 63% [4 percentage point (p.p.)] and an increase of tree nursery with 866% [9 p.p.].  

The land-use categories with the highest absolute decrease measured in ha, are cropland and 

grassland. The losses and gains that each land-use category experienced are visible in Figure 4.1. For 

example, grassland lost approximately 3,000 ha but also gained on other places approximately 3,000 

ha. The difference between losses and gains for grassland is 236 ha. It can also be seen that the land-

use categories settlement and tree nursery lose some areal but gain even more.  
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Figure 4.1 The losses and gains in each of the seven land-use categories in 
the Aa of Weerijs catchment between 1960 and 2010. Total losses and 

gains add up to zero.  

Table 4.2 shows the net changes between land-use categories This data provides insight on how 

transitions took place. The main contributors of land that transitioned from cropland to other land-use 

categories are grassland, tree nursery, and settlement. Most of grassland transitioned to tree nursery 

[674 ha] and settlement [227 ha]. It is striking that more grassland [674 ha] transitioned towards tree 

nursery than cropland [613 ha]. Because grassland did not lose many land, this loss must be 

compensated. This is done by cropland that transitioned towards grassland. Evidently, the largest 

contributors for land that transitioned to settlement are cropland and grassland. These latter two are 

also the largest contributors for the land-use category tree nursery.  

Table 4.2 The land-use categories and its contributors to net change experienced by the other land-use categories in ha 
between 1960 and 2010 in the Aa of Weerijs catchment.  

 Contributors to net change:  
Given: Forest Cropland Grassland Settlement Water Tree Nursery Wetland Sum 

Forest        14 − 48    1    5 − 16 − 5 − 49 
Cropland − 14     − 650 − 313 − 20 − 613    0 − 1610 
Grassland    48    650     − 227 − 8 − 674 − 25 − 236 
Settlement − 1    313    227        4    7 − 1    549 
Water − 5    20    8 − 4     − 5    0    14 
Tree Nursery    16    613    674 − 7    5        0    1301 
Wetland    5    0    25    1    0    0        31 

 

Table 4.3 shows the carbon pools in 1960 and 2010, as well as the differences between 1960 and 

2010. The C-stock parameters for 1960 and 2010 are used from chapter 2 and each parameter is the 

sum of the four used carbon pools. These parameters are the numbers written in italics in Table 2.1. For 

example, forest contains in total 224 Kiloton (Kton) C in 1960. The C stock parameter for forest is 140 

ton C ha-1 in 1960. The areal of forest in 1960 is 1,598 ha. That means that forest contains in total 140 

ton C ha-1 * 1,598 ha = 223,720 ton C which is rounded at 224 Kton C.  

What strikes out is that tree nursery represents 7.8% of the stored carbon in 2010 compared to 0.9% 

in 1960. Furthermore, grassland represent almost half of the total stored terrestrial carbon despite a 

small decrease in areal. The stored carbon in cropland decreased with 19% due to a decreased areal. 

The stored carbon in settlement increased with 87% [2 p.p.]. 
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Finally, this leads to a total C-stock of 1,117 Kton carbon in the Dutch Aa of Weerijs catchment 

around 1960. This is approximately 1.1 Megaton (Mton). The total carbon stock in 2010 in the catchment 

is approximately 1,628,000 ton. This is approximately 1.6 Mton.  

Table 4.3 Terrestrial carbon stock development in 7 land-use categories in the Dutch Aa of Weerijs 
catchment in 1960, 2010 and the amount of change. [p.p. = percentage point] 

 
 Historic (1960)  Recent past (2010)  Change (1960 – 2010) 

Land-use categories 
 C-stock 

(103 ton) 
C-stock 
(%) 

 C-stock 
(103 ton) 

C-stock 
(%) 

 C-stock 
(103 ton) 

C-stock    
(%) [p.p.] 

Forest  224 20  338 21  114 51      [1] 

Cropland  283 25  230 14  −53 −19    [−11] 

Grassland  518 46  780 48  262 50      [2] 

Settlement  76 7  142 9  66 87      [2] 

Water  0.3 0  0.3 0.02  0 16      [0.02] 

Tree nursery  10 0.9  128 7.8  118 1169  [6.9] 

Wetland  5 0.5  10 0.6  5 88      [0.1] 

 Sum  1,117   1,628   512  

 

4.2 Land-use and carbon stocks around 2050 

The results for 2050 are presented in the Technical-physical scenario (4.2.1) and in the 

NbSs/wetlands scenario (4.2.2). As discussed in section 2.3, no modifications towards the model are 

supposed in the Technical-physical scenario as this scenario considers a business-as-usual situation.  

LCM produces a so-called soft prediction and a hard prediction for 2050. The soft prediction 

produces an aggregated transition potential map which shows which areas are more vulnerable or 

susceptible for a transition. The soft prediction is only shown for the Technical-physical scenario. For 

the NbSs/wetlands scenario there is no soft prediction because the model has been adapted with 

incentives to retrieve a desired outcome. Therefore, the soft prediction is not of interest for this scenario.  

 

4.2.1 Technical-physical scenario 

The soft prediction can be seen in Figure 4.2. Red areas have a higher potential to change than 

yellow or blue areas. Black areas are areas that certainly persist. These persistent areas are forest, 

settlement, and wetland. These land-use categories are not included in any of the transition sub-models 

as a from land-use category. In the aggregated transition potential map, it can be deduced that areas 

that are closer to cities and areas that are closer to roads have a higher potential to transition. Yellow 

and blue areas, areas that have a lower potential to change. These areas are the more remote areas 

and are more likely to occur farther away from settlement.  
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Figure 4.2 Aggregated transition potential map. 
Areas in red have a high potential to change, 

while areas that are more yellow and blue have 
lower potential to use. Areas in black are areas 

that persist.  

The result of the hard prediction can be seen in Figure 4.3. Several land-use transition developments 

can be noticed. Firstly, the areal of forest remains the same. This is a stable land-use category. The 

areal of cropland decreases slightly as well as the areal of grassland. As expected, the areal of 

settlement increases. For the land-use categories water and wetland, no significant changes occur. 

Lastly, the areal of the land-use category tree nursery increases. This can also nicely be seen in Figure 

4.3 where the purple areas are more predominate compared to 2010.  

The data for the distribution of land-use has been summarized in Table 4.4. An increase of areal is 

detected for forest, settlement, and tree nursery. The land-use category that increases the most in 

absolute and relative numbers is that of tree nursery. The transition towards settlement and tree nursery 

has been at the expense of cropland and grassland. Cropland and grassland are the land-use categories 

which decrease in areal. These two categories combined decrease with 1,763 ha which is − 33%. The 

land-use categories water and wetland persist.  

Table 4.4 Distribution of the seven land-use categories in absolute and relative figures in the Aa of Weerijs catchment in 
1960, 2010, the 2050 Technical/physical scenario, and the changes between 2010 and 2050. [p.p. = percentage point] 

  
Historic (1960)  Recent past (2010)  

Technical- physical 
scenario (2050) 

 
Change (2010 – 2050) 

Land-use categories 
 Areal   

(ha) 
Areal  
(%) 

 Areal   
(ha) 

Areal  
(%) 

 Areal   
(ha) 

Areal  
(%) 

 Areal   
(ha) 

Areal  
(%) [p.p.] 

Forest  1,598 11  1,549 11  1,725 12    176   11   [1] 

Cropland  4,223 29  2,614 18  2,212 15  −401  −15   [−3] 

Grassland  7,732 53  7,496 51  6,134 42  −1,362 −18   [−9] 

Settlement  874 6  1,422 10  2,068 14    645   45   [4] 

Water  89 0.6  104 0.7  104 0.7    0   0     [0] 

Tree nursery  150 1  1,451 10  2,393 16    942   65   [6] 

Wetland  34  0.2  64 0.4  64 0.4    0   0     [0] 

 Sum  14,700   14,700   14,700     0 
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Looking at geographical developments and compare the Recent past scenario with the Technical-

physical scenario settlements are expanding. This trend can be detected in the larger cities like Breda, 

Zundert, and Rijsbergen as well as the smaller villages and in agricultural areas. For the larger cities it 

is interesting that it does not expand in all directions but quit locally. Or, in the case of Breda (located in 

the North-East), it expands towards existing settlement.  

The small villages also show an increase of areal. In the south there are smaller settlements at which 

the development of settlements can be detected. Also, new villages arise. This is also happening in the 

south of the study area. In addition, new settlements arise in strokes alongside roads. There are places 

on the map where this can be seen. Lastly, it is striking that in the South-West there will be new farms. 

These new farms arise on croplands adjacent to roads.  

There is also an interesting development when it comes to roads. In the map of 2050 new roads 

arise as new connection between existing roads and these new roads are mostly build on agricultural 

land. Furthermore, there are new roads towards the forested areas.  

The other land-use category that increases is tree nursery. The development of the areal of tree 

nursery must be seen in relation to the transition potential map of cropland to tree nursery and the 

sensitivity analysis. In the transition potential map, the more vulnerable areas for transition are closer to 

cities. The sensitivity analysis shows the importance of the distance to cities explanatory variable. Within 

Terrset the land-use category settlement (which also includes roads) has been explicitly related to the 

distance to cities explanatory variable. That explains the interesting development of tree nursery around 

cities and roads. This development can, for example, clearly be seen in the North-East area.  

The transition potential maps (Appendix 3-D.1) show that the areas adjacent to cities are more 

susceptible to transition. This is visible in the maps for 2050. Most of the transitions occurred in the 

settlement areas. Areas farther away from the cities are less susceptible. This becomes especially 

visible in the forested areas where not much has changed except for forest expansion.  

 

The changes in C-stock have been summarized in Table 4.5. The relative changes in C-stock are 

the same as the relative areal changes because the C-stock parameters remain the same for 2050. Due 

to a new distribution of land-use the total carbon stock increases slightly with 9 Kton. Cropland and 

grassland are both responsible for the decrease of carbon stocks. Grassland decreases with 142 Kton 

and cropland decreases with 35 Kton. This is explained by the decreasing areal of these two land-use 

categories.  

The increase is caused by forest, settlement, and tree nursery. These categories add, respectively, 

38, 65, and 83 Kton to the total terrestrial carbon pool.  
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Table 4.5 Distribution of C-stocks in the seven land-use categories in the Aa of Weerijs catchment in 1960, 2010, the 2050 
Technical/physical scenario, and the changes between 2010 and 2050. Behind the land-use categories the total terrestrial 
carbon stock is noted between square brackets. [p.p. = percentage point] 

 
 

Historic (1960)  Recent past (2010)  
Technical- physical 
scenario (2050) 

 
Change (2010 – 2050) 

Land-use categories  
[total carbon stock] 

 C-stock  
(103 ton) 

C-stock 
(%) 

 C-stock 
(103 ton) 

C-stock 
(%) 

 C-stock 
(103 ton) 

C-stock 
(%)  

 C-stock 
(103 ton) 

C-stock 
(%) [p.p.] 

Forest [218]  224 20  338 21  376 23        38   11   [2] 

Cropland [88]  283 25  230 14  195 12  −35 −15   [−2] 

Grassland [104]  518 46  780 48  638 39  −142 −18   [-9] 

Settlement [100]  76 7  142 9  207 13     65   45   [4] 

Water [3]  0.3 0  0.3 0.02  0.3 0.02     0   0     [0] 

Tree nursery [88]  10 0.9  128 7.8  211 13     83   65   [5] 

Wetland [163]  5 0.5  10 0.6  10.4 0.6     0   0     [0] 

 Sum  1,117   1,628   1,637      9  

 

4.2.2 NbSs/wetlands scenario  

For the 2050 NbSs/wetlands scenario the distribution of land-use changed more compared to the 

Technical-physical scenario. Changing the parameters in the LCM model in such a way that the model 

considers the realization of wetland has been successfully conducted. This results in 842 ha of wetland 

which is 6% of the total study area. This is an absolute increase of 778 ha [5.6 p.p.] compared to the 

2010 Recent past scenario.  

Furthermore, a slight increase of the land-use category forest has also been worked out. The areal 

of forest increased with almost 50% [5 p.p.] to 2,287 ha. Cropland shows a small decrease of 5% [1 

p.p.]. Grassland shows the largest decrease. This was planned considering the chosen parameters in 

Table 3.3. The areal decreases 40% [20 p.p.] with respect to 2010.  

The areal of settlement, water, and tree nursery remains the same in respect to the Recent past 

scenario but also in respect to the Technical-physical scenario. This is expected for settlement and tree 

nursery since the probabilities for the given land-use categories as well as the probabilities in the 

probability transition matrix of changing to have not been modified. Through the Markov chains 

procedure, the areal of these land-use categories reach an equilibrium and do not expand further. 

However, for the land-use category water a minor increase was expected. This is based on the 

modification of the probability of change parameters cropland to water and grassland to water. However, 

this did not occur and could be explained by a desired transition sub-model in which a transition from 

any land-use category towards water should have been modelled. Such a transition sub-model was not 

included.  

Geographically, the same changes of increasing areal of settlement and tree nursery can be 

observed in the NbSs/wetlands as in the Technical-physical scenario. The main differences are now the 

increase of forest and wetland.  

The increase of forest is occurring in the areas farther away from cities. This can also be seen in the 

fourth transition potential map grassland to forest (Appendix 3-D.1). As such, existing forest is 

expanding, and new small forests arise in the areas that are not close to cities. Remarkable is a new 

larger forest in the South-West of the study area. This is unexpected because the transition potential 

map does not show a very susceptible area. Of course, the increase of the total area of forest is 
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explained by modification of the probability matrix but this modification does not explain why this larger 

forest arises in the South-West. 

The increase of wetlands is established according to the incentive map that served as a necessary 

input in the Markov chain prediction model. The map of 2050 in the NbSs/wetlands scenario shows 

particularly good the differences in the landscape in comparison to the Technical/physical scenario. The 

development of wetland areal has been at the expense of cropland as well as grassland. But grassland 

contributes the most to new wetlands. In this scenario the areal of grassland is lower (4,532 ha) than 

the areal of grassland in the Recent past scenario (6,134 ha).  

Table 4.6 Distribution of the seven land-use categories in absolute and relative figures in the Aa of Weerijs catchment in 
1960, 2010, the 2050 NbSs/wetlands scenario, and the changes between 2010 and 2050. [p.p. = percentage point] 

  
Historic (1960)  Recent past (2010)  

NbSs/ wetlands 
scenario (2050) 

 
Change (2010 – 2050) 

Land-use categories 
 Areal   

(ha) 
Areal  
(%) 

 Areal   
(ha) 

Areal  
(%) 

 Areal   
(ha) 

Areal  
(%) 

 Areal   
(ha) 

Areal  
(%) [p.p.] 

Forest  1,598 11  1,549 11  2,287 16    738   48      [5] 

Cropland  4,223 29  2,614 18  2,474 17  −140  −5        [−1] 

Grassland  7,732 53  7,496 51  
4,532 31 

 −2,964 −40      [−20] 

Settlement  874 6  1,422 10  2,068 14    645   45      [4] 

Water  89 0.6  104 0.7  
104 0.7 

   0   0        [0] 

Tree nursery  150 1  1,451 10  2,393 16    942   65      [6] 

Wetland  34  0.2  64 0.4  
842 6 

   778   1,216 [5.6] 

 Sum  14,700   14,700   14,700     0 

 

The total terrestrial C-stock in the study area is approximately 1.8 Mton. The largest contributor is 

forest with 0.526 Mton followed by grassland with 0.471 Mton. Then, three land-use categories show 

similar carbon stocks. These are cropland with 0.218 Mton, settlement with 0.238 Mton, and tree nursery 

with 0.211 Mton.  

Then, representing 7.6 % of the total terrestrial carbon stocks there is the land-use category wetland. 

Wetland contains 0.137 Mton carbon. This is an increase of 0.127 Mton [7 p.p.] compared to 2010.  

Looking at the trend from 1960 to 2010 to 2050, the total terrestrial carbon stocks in the land-use 

categories forest, settlement, tree nursery, and wetland is increasing. Compared to 1960 the terrestrial 

carbon stocks in cropland and grassland decreased due to the decrease in areal.  

Table 4.7 Distribution of C-stocks in the seven land-use categories in the Aa of Weerijs catchment in 1960, 2010, the 2050 
NbSs/wetlands, and the changes between 2010 and 2050. Behind the land-use categories the total terrestrial carbon stock is 
between square brackets. [p.p. = percentage point] 

 
 

Historic (1960)  Recent past (2010)  
NbSs/wetlands 
scenario (2050) 

 
Change (2010 – 2050) 

Land-use categories  
[total carbon stock] 

 C-stock  
(103 ton) 

C-stock 
(%) 

 C-stock 
(103 ton) 

C-stock 
(%) 

 C-stock 
(103 ton) 

C-stock 
(%)  

 C-stock 
(103 ton) 

C-stock (%) 
[p.p.] 

Forest [230]  224 20  338 21  526 29        188   56        [8] 

Cropland [88]  283 25  230 14  218 12  −12 −5          [−2] 

Grassland [104]  518 46  780 48  471 26  −308 −40        [-22] 

Settlement [115]  76 7  142 9  238 13     96   67        [4] 

Water [3]  0.3 0  0.3 0.02  0.3 0.02     0   0          [0] 

Tree nursery [88]  10 0.9  128 7.8  211 12     83   65        [4] 

Wetland [163]  5 0.5  10 0.6  137 7.6     127   1,216   [7] 

 Sum  1,117   1,628   1,801      173  
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Figure 4.3 Development of the landscape, land-use and stored terrestrial carbon in the Aa of Weerijs catchment in 1960, 2010, and 2050 (two scenarios: Technical-physical 
scenario and the NbSs/wetlands scenario).  
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5  Discussion 

Currently, the effects of global warming can be seen in extreme weather events. The consequences 

can be extreme, and the landscape may not be resilient enough to coop with these changes. Possibilities 

in mitigating global warming lie, among others, in the field of NbSs. For example, forests and wetlands. 

These two NbSs can enhance CO2 sequestration and offer protection against extreme weather events. 

Forests possess the largest terrestrial carbon stock in this research and in periods in which heatwaves 

dominate the weather, forest can protect against heat. In periods of heavy precipitation in a brook 

catchment, floodings may occur on parcels adjacent to the brook or even farther away. Therefore, it is 

worth looking for possibilities in the landscape in which NbSs can be embedded. 

However, the locations within the landscape may be scarce because the landscape is under 

pressure and competition between different land-use categories can be observed. Settlement is 

expanding at the expense of, for example, agricultural land. Also, many water streams have been 

channelled and are not retaining the same amounts of water as they did when streams still had a 

meandering course (Eekhout & Hoitink, 2014).  

In the Aa of Weerijs catchment the landscape also changed heavily between 1960 and 2010. In this 

catchment the brook lost its meandering course and settlement expansion can easily be detected on 

the maps.  

The results of LUC and carbon pools developments are discussed for each scenario (5.1 - 5.3). 

Hereafter, the research validation and reliability are discussed (5.4) followed by the research limitations 

(5.5). Finally, recommendations are given for future research (5.6).  

 

5.1 Historic and Recent past developments 

Between 1960 and 2010 the largest contributor to the land-use competition is the exchange between 

settlement and agricultural land. Two main developments can be highlighted. See also Figure 5.1. The 

first is the large transition of land from cropland and grassland towards settlement. The total transition 

is 645 ha which is 3.7% of the study area (5.1.1). The second main development is the interspecific 

competition within agricultural land in which cropland, grassland, and tree nursery are involved (5.1.2). 

Finally, the share of land-use distribution in relation to the total carbon stock is discussed and it is shown 

that its role is negligible (5.1.3).  
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5.1.1 Population growth and settlement expansion 

The consequences of the first main development may be manageable when this transition is related 

to the carbon stocks in both land-use categories. In this research it is assumed that terrestrial carbon 

pools of settlement in 1960 are higher compared to cropland and grassland. Towards 2010, all three 

carbon pools increase because of sequestration or manure input (Schulp & Verburg, 2009). However, 

the differences between carbon pools in agricultural land (cropland and grassland) and settlement 

decrease. Thus, land-use transition from agricultural land towards settlement may not have a substantial 

impact on the terrestrial carbon pool because in agricultural land the main carbon stock is SOC. If it is 

assumed that the preparation of agricultural land for settlement does not have an impact on the SOC 

stocks, the carbon pool can remain in the soil while settlement arise. However, only the first 30 cm of 

the soil are considered for SOC in this research. Specific soil requirements for settlements, which may 

influence the SOC stocks negatively, are not discussed.  

While the consequence for SOC may be manageable there are other consequences that can also 

be considered. For example, the consequences for the biodiversity of a piece of land that transition 

towards settlement and adjacent land. New settlement is an example of land sealing in which the soil is 

being sealed with all its consequences for life inside the soil. Furthermore, the life on soil must move 

towards new habits if this is possible. This change in and of biodiversity is not without consequences.  

 

5.1.2 Interspecific competition within agricultural land 

The second main development is the interspecific competition within agricultural land. The 

consequences of this development are severe. The land-use category that ends up with the largest 

share of land in this competition is the land-use category tree nursery. 1,287 ha of land transitioned from 

Figure 5.1 Two bar charts with on the left the development of areal per land-use category in each of the four scenarios. 
On the right the development of terrestrial carbon stocks per land-use category in each of the four scenarios. Note: the 
land-use category water has been omitted because of very little changes in areal and terrestrial carbon pools.  
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1960 to 2010 from cropland and grassland towards tree nursery. This is 8.8% of the study area. 

Interspecific competition already came forward as field rotation by Schulp & Verburg (2009). They expect 

that cropland and grassland are not expected to have a strong SOC variability within regions. For the 

land-use categories cropland and grassland this is even more important because SOC is the only 

important carbon pool. The consequences of field rotation between cropland and grassland are that 

SOC stocks are levelling out. Field rotation requires tillage from which it is known that if it can be omitted, 

SOC stocks can increase (Higashi et al., 2014).  

Furthermore, the rise of tree nursery as a new land-use category must not be flattened out because 

tree nursery covers 1,451 ha in 2010 which is 10% of the study area. Effects from land that transitioned 

from cropland or grassland towards tree nursery has not been studied in this research. However, it 

became known, due to the field visit in the study area, that land-use related methodologies for tree 

nurseries are quite different compared to that of cropland and grassland. The harvest in tree nurseries 

is dependent on the type of crop and can take place every 1, 2 or more years. The way in which harvest 

takes place is also different for the larger crops. Sometimes, these large crops or small trees are 

harvested with its clod. The soil is hereby part of the harvest but must also be replaced by other soil. In 

here the confirmation can be found, as has also been emphasized by Schulp et al. (2008), that 

management practices and field rotation should be carefully assessed when carbon stocks are 

elucidated. Thus, the effects of the interspecific competition between cropland, grassland and tree 

nursery on the carbon pools is especially important to understand. 

Finally, when tree nursery is covering 10% of the landscape it is worth elucidating the effects of, for 

example, harvesting on carbon pools. Especially because trees possess, or at least have the potential, 

to contain substantial amounts of carbon.  

 

5.1.3 Role of land-use distribution in sequestration  

Unless the two main developments (High amount of transition from cropland and grassland towards 

settlement & interspecific competition within agricultural land), the total carbon stock increased from 1.1 

Mton in 1960 towards 1.6 Mton in 2010. See also figure 4.3. Compared to 1960 this is an increase of 

almost 50% in stored terrestrial carbon. Besides sequestration in persisting areas another explanation 

could be a shift in land-use distribution through which land-use categories which contain higher amounts 

of carbon are responsible for a higher relatively share.  

Looking at the numbers it can be seen that for forest the areal slightly decreases towards 2010 and 

the C-stock increases (+51%). However, the share of forest in the total amount of C-stock remains more 

of less the same (20% in 1960, 21% in 2010). A decrease of the share of total C-stock for cropland is 

not surprising (25% in 1960, 14% in 2010). For grassland, the share of total C-stock increases slightly 

(46% in 1960, 48% in 2010) unless a decreasing areal. Settlement and water as well as wetland are not 

remarkable to notice when it comes to changes. This may be a bit odd for settlement, however, when 

sequestration is incorporated in the parameters this has a smaller influence on the carbon pool for 

settlement. In tree nursery, a large increase of areal has been noticed, as well as a large increase of 

carbon stocks. The share of carbon stocks that tree nursery represents is also increasing (0.9% in 1960, 
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7.8% in 2010). However, in this research tree nursery is not a land-use category that represents a large 

carbon pool as the parameter for the total carbon stock has been set on 88 in 2010. 

Thus, the increase of carbon pools is not being caused by a shift in land-use distribution but almost 

completely by sequestration. This means that between 1960 and 2010 the emphasis has not been on 

creating space for land-use categories that contain larger amounts of carbon like forests or wetlands. 

The emphasis has been on the land-use categories that are managed and exploited by human 

(cropland, grassland, tree nurseries, and settlement). These latter land-use categories already contain 

less carbon and management practices like building cities, field rotation, and tillage do not particularly 

contribute to an increasing carbon pool. These anthropogenic effects are also detected in the required 

analysis in Terrset for the Technical-physical scenario for 2050 which will now be discussed.  

 

5.2 Technical-physical scenario 

The discussion for the Technical-physical scenario is divided into two subsections. Firstly, the value 

of the explanatory variables is discussed (5.2.1) and secondly, the land-use and carbon stocks in this 

2050 scenario are discussed (5.2.2).  

5.2.1 Value of the explanatory variables 

In the Technical-physical scenario seven transition sub-models served as basis for the 2050 

prediction and all four explanatory variables are important. However, it depends on a particular transition 

that has been modelled which explanatory variable is most important.  

For transition 1, 3, 4 and 7 (cropland to grassland, cropland to tree nursery, grassland to forest, and 

grassland to tree nursery, respectively) the explanatory variable distance form cities is the most 

important driver. Hence, the anthropogenic influences can also be detected in Terrset. Transition 3 and 

7 represent transition from cropland and grassland to tree nursery. That means that if the distance of a 

certain pixel is closer to the land-use category settlement, the chances of that cell to transition to tree 

nursery increase. 

For transition 2 [cropland to settlement] the groundwater level is the most influential explanatory 

variable. The transition potential map, however, show that cropland areas are not so vulnerable to 

transition because cropland areas are not likely to change. Thus, there is a relation between this 

transition and the explanatory variable, but it is not of immense importance.  

For transition 5 [grassland to cropland] the groundwater level is also the most influential explanatory 

variable. In the transition potential map, areas in agricultural regions have a higher chance to transition. 

The importance of the groundwater level can be explained by the requirement that a stable and low 

groundwater level is required for agricultural activities to exploit.  

At last, for transition 6 [grassland to settlement] the variable distance from roads is the most 

influential variable. That means that cells that are closer to roads have a higher probability to transition 

than cells that are farther away from roads. An explanation for the importance of distance to roads for 

the transition can be the advantage that existing agricultural land have already a good accessibility. The 

second important explanatory variable is that of groundwater level. This may be explained by a 

requirement of land that transition towards settlement that groundwater level may not be too high. So 
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far, the discussion of explanatory variables that are important for the seven considered transition sub-

models.  

The explanatory variable type of soil is strikingly not in one transition sub-model the most important 

variable. It is only of value in transition 3 [cropland to tree nursery] and in transition 4 [grassland to 

forest]. Within these transitions it is the second important explanatory variable. The scattering of different 

soil types across the study area can be an explanation but it remains uncertain why this explanatory 

variable is not the main variable in one of the sub-models.  

 

5.2.2 Land-use and carbon stocks 

Towards 2050, 33% of the landscape in the study area is changing and this is caused by land-use 

categories that are managed and exploited by human. It has been expected that the areal of cropland 

and grassland decreases in favour of settlement and tree nursery. As has been described before, the 

trend of settlement expansion was expected due to population growth. The increase of areal tree nursery 

has also been expected since this has been observed between 1960 and 2010 and it has already been 

foreseen by regional field experts. This is also visible in Figure 5.1. Surprisingly, forest also increases a 

bit while another small decrease would have been more logical. Perhaps the persistence of this land-

use category is causing a small increase. This small growth is, especially in the light of land-use 

competition, exceptional. It is good to know that towards 2050 there is, even though it is quite small, a 

possibility for forest to gain some areal in a region with a high level of land-use competition. This 

development is also important because forest can contain large amounts of carbon.  

The total carbon stock does not change. Of course, no sequestration was incorporated in any of the 

carbon stock parameters in this scenario. The good part in here is that the total carbon stock is not 

decreasing because of a specific land-use distribution with a larger share is attributed for land-use 

categories containing less carbon. On the other hand, the carbon stocks did not increase in this scenario. 

Therefore, it can be questioned whether this study area has the potential to contain more carbon in 2050 

compared to 2010 if no specific measures are going to be taken.  

This section should be ended with addressing the issue of the consequences if higher carbon stocks 

parameters had been used. If this has been done it would have been logical that the total carbon stock 

would have been higher. However, there are good arguments to keep the parameters as they were in 

2010. For forest it is likely that the AGB will increase towards 2050 but the annual increase will gradually 

decrease (Arets, 2018). Carbon stocks in cropland and grassland are likely to remain the same or will 

even decrease (Smith et al., 2005). Let alone, the effects of tillage and field rotation. AGB in settlement 

can be enhanced if trees are planted (Edmondson et al., 2014) but it is out of the scope of this study if 

trees are being planted in cities in the study area. For tree nurseries the uncertainties have been 

discussed. The other land-use categories are quite small and therefore their impact on the total carbon 

stock is negligible. These uncertainties plead for a scenario in which land-use is ought to develop as its 

has been done while carbon stock parameters remain the same.  
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5.3 NbSs/wetlands scenario 

The results show that forest and wetland can arise in the Aa of Weerijs catchment. This will be at 

the expense of grassland and a little bit of cropland. The total carbon pool development increases to 1.8 

Mton. This increase is explained by presumed sequestration and changes in land-use distribution. With 

the result it is demonstrated that it is possible to create space in the study area for NbSs. It is also 

demonstrated that it is possible to increase the total carbon stock towards 2050. Therefore, specific 

management practices are needed to create a landscape which contains more wetland (5.3.1) and 

meanwhile there are very important side-benefits why wetlands should be embedded in brook 

catchments (5.3.2). 

5.3.1 Land-use with NbSs in the landscape 

Wetlands mainly arise in the neighbourhood of the brook. The incentive was created such that 

wetland gained at the expense of grassland and cropland. Within the catchment organizations that have 

a responsibility in or for the landscape also work on a climate robust landscape. The Aa of Weerijs has 

a central role in the NNN (Waterschap Brabantse Delta, 2014). Also, the brook catchment plays a vital 

role in the landscape vision of the Province NB. In here, crops like reed and cattail are harvested in a 

wet agricultural landscape (Provincie Noord-Brabant, 2021a). Besides, environmental organizations are 

involved to create an integral approach for a climate robust landscape (Axxia, n.d.).  

However, it remains a challenge to increase the areal of wetland with approximately 5%. The results 

have not been submitted to, for example, field experts or farmers. Nor has the new areal of wetland 

been compared to existing landscape morphodynamics and infrastructure. 

So, on the one hand the work that is being done and the visions that already exist proof that involved 

organizations are self-conscious that change is needed. On the other hand, creating wetlands in the 

brook catchment remains a challenge.  

 

5.3.2 Side-benefits of embedding NbSs in brook catchments 

Wetland as land-use category has even more to offer. Off course the first main ecosystem service 

that wetland offers is carbon sequestration. But besides this main service there are other advantages 

that this land-use category has to offer.  

Another advantage is the increase of biodiversity. With more space for water in the landscape 

instead of grassland the biodiversity will increase with, for example, other bird species but also other 

plant species (P. F. M. Verdonschot, 2010). 

Furthermore, within a landscape that has a high level of land-use competition and interspecific 

competition within agricultural land the land-use competition could be decreased by introducing 

wetlands in the area. If this is being done, the extent to which land-use competition occurs will decrease 

because (interspecific land-use competition) within wetland is not possible anymore.  

Finally, embedding wetlands in the landscape creates a climate robust landscape which can retain 

more water in periods of precipitation and is more resilient in periods of drought.  
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5.3.3 Carbon stocks  

In this scenario, the 2050 NbSs/wetlands scenario, two parameters have been set higher to 

compensate for carbon sequestration. Forest increases from 218 to 230 ton C ha-1and settlement 

increases from 100 to 115 ton C ha-1. The impact of these higher parameters on the amount of total 

carbon is also known. With these higher parameters the total carbon stock in the 2050 NbSs/wetlands 

scenario is 1.8 Mton of carbon. If the parameters remain the same as in the Technical/physical scenario 

the total carbon stock would have been 1.74 Mton carbon and the increase compared to 2010 is than 

0.14 Mton.  

In section 1.3 the four per 1000 initiative is also discussed. Relating the findings of this study to the 

four per 1000 initiative can help to put the increase of carbon stocks in the right perspective. The average 

carbon stored in the first 30 cm of the soil is 93 ton C ha-1 (Lesschen et al., 2016) and the required four 

per 1000 input in the soil is 375 kg C ha-1 yr-1. The increase in stored carbon in this study is 0.2 Mton 

per 40 years. 0.2 Mton per 40 years is the same as 340 kg C ha-1 yr-1 (0.2 × 109 ∶ 40 ∶ 14,700 ℎ𝑎). Two 

things should be noticed: the four per 1000 initiative is primary focused on agricultural land and the 

figure of 0.2 Mton is based on more land-use categories. Secondly, in the increase of 0.2 Mton carbon 

there are other carbon pools included like AGB. It remains uncertain whether Lesschen et al. (2016) 

also includes BGB and DOM in the 93 ton C ha-1, but it is certain that AGB is not included.  

Thus, the sequestrated carbon in this scenario (0.2 Mton) can be expressed as 340 kg C ha-1 yr-1 

and this is quite close to the required four per 1000 of 375 kg C ha-1 yr-1. However, the gap becomes 

larger when AGB is not incorporated and land-use categories other than cropland and grassland are not 

included.  

 

5.4 Research validation and reliability 

In the process of retrieving results that are valid and reliable, several aspects should be pointed out. 

Throughout the whole research conservative choices have been made for the carbon pool parameters. 

For example, when literature showed different parameters for carbon pools a choice in the direction of 

the lower parameter has been made. This ensures that no overestimation have been made in the total 

carbon stocks for 1960, 2010, and 2050.  

More details are given for the validity and reliability of the land-use maps for 1960 (5.4.1.) and for 

2010 (5.4.2). Finally, the accuracy rates and skill measure are discussed (5.4.3) since these numbers 

tell us that the model is functioning well.  

 

5.4.1 Land-use classification for 1960 

Firstly, a pilot study area has been chosen to execute the proposed methodology. In general, the 

pilot helped to explore the possibilities of the size of the final study area. At the time of the pilot, it was 

still unsure whether it was possible to take the whole catchment as a study area. Furthermore, it became 

clear that estimating land-use in 1960 by manually drawing polygons was not possible for large areas 

because it was too time-consuming. By comparing several land-use classification techniques it was 

possible to show that a MLC could be used for 1960 and that this method did not lead to unacceptable 
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errors. The noise on the original map could almost completely be removed using several techniques 

within GIS.  

However, difficulties in land-use classification could still be observed between cropland and tree 

nurseries. The distinction between these two land-use categories on the 1960 map was too small to 

detect with the MLC methodology. By then, a presentation to field experts of intermediate results also 

pointed out that the land-use category tree nursery had become quite important in the last decades. 

Thus, tree nursery must be observed separately from the land-use category cropland. Therefore, all 

areas on the original 1960 map that contained tree nurseries have manually been added. Since there 

still were areas on the map that contained noise, like forest and settlement, these areas have also been 

manually drawn and appended to the land-use classification map of 1960. These whole packages of 

measures have attributed to a clear and highly accurate land-use map of 1960.  

These measures ensure that an accurate map of the land-use in the Aa of Weerijs catchment in 

1960 has been created. 

5.4.2 Land-use classification for 2010 

For the land-use map of 2010 it is being demonstrated that the best method was by combining two 

base maps. This in contrary to classify land-use by satellite imagery. In this research is has been shown 

that classifying land-use supervised and unsupervised by satellite imagery was not the preferred method 

because it led to insufficient land-use classification (see also Appendix 3-C). The method in which two 

existing base maps have been combined to create a land-use map of 2010 did lead to an accurate land-

use map of 2010. Both the base maps that have been used reflect the data from 2010. This led to a 

land-use map with almost no noise and the land-use map of 2010 contains reliable results.  

The accuracy of the land-use classification in 2010 can also partially be validated. The estimated 

land-use can be compared to data presented in Table 1.1 which is shown in section 1.4. Here, data from 

Beers et al. (2018) shows the land-use distribution of the Aa of Weerijs was presented. Similarities are 

found in the areal of settlement (10% in this research against 12% from Beers et al.). Differences are 

found in the other land-use categories. However, there also exist differences in the land-use categories 

definitions. For example, where Beers et al. attributed 23% of the areal to nature, in this research nature 

could be forest, water and wetlands which add up in 2010 to 12-13%. Furthermore, this research shows 

that cropland and grassland represent 69% of the study area. This can be compared to the regular 

agriculture land-use subcategory from Beers et al. which is 45%. This shows a large difference. Perhaps 

there is a large areal of grassland that Beers has attributed to nature. This could explain the differences 

in the areal of the land-use categories just mentioned.  

The last difference occurs in the land-use category tree nursery. In this research is found that this 

type of land-use represents 10% of the catchment while Beers et al. show a figure of 20%. However, 

the latter also includes horticulture and bulbs. In this research horticulture and bulbs are attributed 

towards croplands. See also the tab brp_2010_02_Pivot_table in the supplementary material. 
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5.4.3 Accuracy rates and skill measure 

Validation is a critical component within Terrset and is arranged in MLP by using training pixels and 

validation pixels. The accuracy rates and skill measure that came with the transition sub-models also 

show reliable results. The accuracy rates in this research differ from 60% at its minimum to 81% at its 

maximum. The skill measure, which is related to the accuracy rate, ranged between 0.19 and 0.63. 

These skill measures indicate that the model is functioning well (Eastman, 2016).  

Earlier research focusing on LUC also worked with a statistic named Cramer’s value or Cohen’s 

kappa coefficient (Abuelaish & Olmedo, 2016; Gupta & Sharma, 2020; Michel et al., 2021). This value 

indicates the power of an individual explanatory variable. In LCM the test and selection of driver variables 

panel in which Cramer’s value could be calculated was not available anymore. So, it was not possible 

to calculate such a value specifically for an explanatory variable. However, the analysis report and the 

methodology behind it is a much stronger test than what was provided by TerrSet earlier in the panel 

(Eastman, 2016). This has also been confirmed through contact with Clark Labs (L. Timmer, personal 

communication, February 5, 2022). Cramer’s value oversimplified the accuracy because it gave an 

aggregated skill measure for each explanatory variable for all transitions. It did not consider the 

differences in each transition sub-model. 

 

There are also possibilities to further improve the accuracy rate and the skill measure by choosing 

a higher pixel resolution and a smaller timespan.  

Now pixel resolution has been 6 by 6 meters while others maintain larger resolutions like 10, 15 or 

30 meters (Girma et al., 2022; Michel et al., 2021). A resolution of 6 by 6 meters has been chosen to 

distinguish roads. This choice made prediction within the LCM more difficult since roads are included in 

the land-use category settlement. The LCM shows that within transitions with less change the accuracy 

rate becomes higher.  

The choice in timespan (1960 – 2010) came with many changes in the landscape which also effects 

the accuracy rate. Landscape prediction will become more accurate if there are less changes to consider 

because the model becomes less complex. However, the choice for 1960 is a deliberate choice just 

because many landscape changes did occur just after 1960. Therefore, this research also shows that it 

is also possible to consider large timespans in regional areas while maintaining acceptable accuracy 

rates and skill measure figures.  

 

5.5 Research limitations 

The results of this research are established with some limitations. In this section two of these 

limitations are discussed. The first is the development of the land-use category tree nursery (5.5.1) and 

the second is the limitations concerning carbon sequestration (5.5.2). 

5.5.1 Development of tree nurseries 

In the transition sub-models two transitions have been regarded towards tree nursery. These were 

grassland to tree nursery and cropland to tree nursery. In both these transition the explanatory variable 

distance to cities was the most influential variable. The importance of this explanatory variable can be 
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seen in the 2050 results in both scenarios. In the North-East many small areas of tree nursery arise 

adjacent to roads. Roads are part of the land-use category settlement. Through the Markov Chain 

procedure an interesting landscape arises in this area. Tree nursery arises in small areas around roads. 

The question in here is how this development can be explained.  

On one side the choice of including roads as infrastructure within settlement could have been 

omitted. If this has been done the development of tree nurseries would have occurred more around 

cities instead of roads. But the area of roads is not negligible as can be seen in the map of 2010 and it 

is in line with the IPCC’s definition of settlement which includes roads. However, it could be that if roads 

are not included in the land-use category settlement, this can lead to higher accuracy results and a 

better final result.  

On the other side, roads are part of the landscape, and it is also logical that roads have been included 

in settlements. It can even be seen that new roads arise in the 2050 scenarios. This shows that the 

model is capable of handling roads as a part of the land-use category settlement. Furthermore, the 

results can be realistic in the light of agroforestry. This combination of cropland and forest fits well in the 

2050 results and agroforestry is an upcoming trend (Zomer et al., 2016).  

5.5.2 Sequestration limitations 

In the model there has been accounted for sequestration between 1960 and 2010 and between 

2010 and the NbSs/wetlands 2050 scenario. Sequestration, as a complex natural phenomenon, has 

been simplified in this research by increasing carbon pool parameters. Between 1960 and 2010 the 

increase of parameters is based on extensive literature research. In this literature research, there has 

been accounted for factors that influence the total carbon stock. However, it remains difficult to validate 

the chosen parameters. The best way to validate data is with in situ data.  

The sequestration rates for 2050 have been based on other models and scientific literature. In this 

research the possible sequestration in the carbon pools has not been modelled. The total carbon pools 

are based on assumptions. In the Technical/physical scenario the parameters have been the same as 

in 2010. In the NbSs/wetlands scenario only the parameters of forest and settlement have been raised. 

For forest, the increase is from 218 to 230 ton C ha-1and for settlement this increase is 100 to 115 ton 

C ha-1.  

5.6 Recommendations  

The first recommendation for future research can be specifically for the land-use category tree 

nursery. As this is an upcoming land-use category and specific carbon pool parameters are unknown it 

is worth elucidating the carbon pools. Especially in the light of the different crops and management 

practices compared to regular cropland. The value of such research is in determining the differences in 

carbon pools (for example SOC) between normal agricultural management practices and management 

practices in tree nursery.  

The second recommendation is the way in which carbon pools are approached. Here, four carbon 

pools are used but this is not always necessary. A focus on merely SOC could also be enough and 

results could be extrapolated to the total carbon pool which then includes also AGB and deeper SOC 

stocks. In this research only the first 30 cm is considered. Such a choice could be combined with other 
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explanatory variables than have been used in this research. This is substantiated by the result of the 

sensitivity analysis: all four explanatory variables are important. Other explanatory variables could be 

precipitation and temperature because this is strongly correlated to SOC concentrations under cropland 

and texture and drainage are strongly correlated with SOC concentrations under grassland (Meersmans 

et al., 2011).  

In addition to this second recommendation, the explanatory variable that represent the different soil 

types could be aggregated to two main soil types: Podzolsoils and Earthsoils (or: Enkeerdsoils). Now, 

24 soil types are considered. The soil in the study area consists mainly out of two types of soils: 

Podzolsoils and Earthsoils. Podzolsoils are a characteristic soil type for sandy soils. If these two soil 

types are used, the relation between the soil type and LUC could be retested.  

The third recommendation would be to perform a sensitivity analysis with carbon pool development 

under SRES scenarios as has been done by Schulp et al. (2008).  This sensitivity analysis can be done 

with the intermediate results of this research. The land-use maps from 1960 and 2010 as well as the 

carbon pool parameters are available. The different scenarios can help understand how the carbon 

pools can develop in the brook catchment under different atmospheric carbon concentrations. It can 

help professionals to establish the right package of spatio-temporal measures for a best and worst case 

scenario.  

The final recommendation is to elucidate financial implications of both the Technical/physical 

scenario and the NbSs/wetlands scenario. The comparison of both options can be remarkably 

interesting. In the Technical/physical scenario the focus could be on the costs of immediate climate 

adaptation if nothing has been done to coop with extreme weather events. Furthermore, the financial 

implications of extreme weather events itself could be monetized. In the NbSs/wetlands scenario the 

financial losses of agricultural activities could be weighted against the gains of the provisioning, 

regulating, and cultural ecosystem services (Vermaat et al., 2016) that forests and wetlands offer. There 

could be a focus on, for example, nutrient retention and reducing flood risk. This data could help 

environmental agencies and governmental organizations in informing stakeholders in which measures 

should be taken. Lastly, for both 2050 scenarios the carbon accumulation, or carbon losses, could also 

be monetized even though Vermaat et al. (2016) show a minor monetized role of carbon sequestration.  
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6 Conclusion 

The main conclusions of this research are (1) total carbon stocks have increased between 1960 and 

2010 despite severe (interspecific) land-use competition, (2) total carbon stocks remain same in the 

2050 Technical-physical scenario if LUC continues as it has been between 1960 and 2010, and (3) 

wetland and forest, as NbSs, can arise at the expense of agriculture land and it is likely that the total 

carbon stock can increase at least with 0.2 Mton in the 2050 NbSs/wetlands scenario.  

The results of this research are very interesting for other brook catchments and the used 

methodology offers the ability to predict land-use in the future and experiment with wetlands or other 

NbSs in brook catchments. This can help management practices with spatio-temporal challenges 

towards land-use decisions that contain more NbSs and more carbon.  

Regarding the first research question the changes in the four carbon pools between 1960 and 2010 

are visible in Table 2.1. Carbon sequestration has been accounted for through the difference in carbon 

parameters between 1960 and 2010. The largest increase is detected in forest in which all four carbon 

pools increase. Cropland, settlement, and tree nursery show a light increase in carbon pools. For 

grassland, the increase is attributed to SOC. Water and wetlands have the same parameters in 1960 

and in 2010. When the carbon pool parameters are related to the areal of each land-use category the 

total stored carbon in the study area in 1960 is 1.1 Mton and this increased to 1.6 Mton in 2010. This is 

a change of 0.5 Mton (+45.5%). 

Regarding the second research question the LUC between 1960 – 2010 – 2050 is visible in appendix 

4-A in detail and in Figure 4.3 in miniatures. The trend of LUC that has been detected between 1960 

and 2010 continues towards 2050 in the Technical-physical scenario. These trends are settlement 

expansion and tree nursery expansion at the expense of grassland and cropland. Striking is the minor 

increase in forest towards 2050 because the areal decreased slightly between 1960 and 2010. This may 

be explained by the persistence in this land-use category in contrary to other land-use categories.  

The detailed results belonging to the third research question can be found in section 4.2. The total 

carbon pool in the Technical-physical scenario remains 1.6 Mton. Compared to 2010 there is no increase 

in stored carbon. It should be noted that the carbon pool parameters for the Technical-physical scenario 

are the same as that of 2010. Therefore, the distribution of land-use is not contributing to higher carbon 

pools. What stands out in the land-use categories is the increase of settlement (+45%, +645 ha) and 

tree nursery (+65%, 942 ha), and the decrease of grassland (-18%, -1,362 ha)  

The total carbon pool in the 2050 NbSs/wetlands scenario is 1.8 Mton. What stands out is the 

increase of forest (+48%, +738 ha) and the increase of wetlands (+1,216%, +778 ha) and the decrease 

of grassland (-40%, -2,964 ha). Within this scenario the carbon pool parameters for forest and settlement 

have been set slightly higher. If both these parameters remained the same as in the Technical/physical 

scenario the total carbon stock in the NbSs/wetlands would have been 1.74 Mton.  

This study gives an outlook towards 2050 in different scenarios. The value lies in the given 

prospective changes for 2050 with respect to land-use competition. Water professionals, environmental 

experts, and landscape planners can use the results of this research to work on spatio-temporal 

challenges under anthropogenic climate change.  
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Appendix 1-A Studies with similar approach/software 

In chapter 1 it is described that two main types of software are used. These are InVEST and TerrSet. 

TerrSet uses powerful machine learning procedures to predict future land-use. It needs two layers of 

land-use from different years. The user can add layers which represent explanatory variables which can 

be associated with a specific transition e.g., a layer with slope or road networks. Multi-Layer Perceptron 

(MLP) Neural network is capable of learning how an explanatory variable is associated to a transition of 

one land-use category to another. This analysis results in intermediate maps. Those maps are then 

used in combination with Markov Chain analysis to produce a future land cover map in a specified year 

(Eastman, 2016). 

Pechanec et al. (2018) used InVEST but also TerrSet LCM to predict future land-use change. 

Predictions have been made for the timespan 2012-2030/2050/2090 under a business-as-usual 

scenario. For the prediction of land-use change eight explanatory variables and one barrier have been 

used. Examples of explanatory variables are altitude, slope, distance to settlements, average daily 

temperature, and average daily precipitation. This requires more than just a map of historical land-use 

as input. Several maps and data served therefore as input in TerrSet LCM. Furthermore, the driver’s 

temperature and precipitation changed under time with respect to the Representative Concentration 

Pathways (RCP) 4.5 and RCP 8.5 emissions scenarios. The other drivers where kept constant and the 

barrier in the model represents protected nature areas.  

Babber et al. (2021) used TerrSet software to produce a land-use map of 2035. Land-use maps of 

2000 and 2018 served together with an elevation layer and a road layer as input to produce this land-

use map of 2035. What stands out in this study is the use of Cramer’s value to assess the transition 

potential of an explanatory variable. Also, the use of Markov Chains seems to be more deployed in 

comparison to the study of Pechanec et al. (2018). At least it contains a more comprehensive description 

about the use of Markov chain modelling in the methodology part.  

Armenteras et al. (2019) concludes that towards 2030 a lot of forest-to-pasture transitions in the 

Colombian Amazon will take place. Furthermore, forest fragmentation will be an increasing problem. 

Authors used a database of explanatory variables that represented the natural aspects, demographic 

aspects, and socioeconomic aspects of the study area (≈ 500,000 km2). This database included 

variables as: agricultural expansion, cultivated lands, pastures, illicit crops, development of 

infrastructure, distance to human settlements, and protected or indigenous areas. In this study the 

Cramer’s value is also used to validate the prediction of LUC. 

In some of the studies a distinction is made in the size of an area that is transformed. For example, 

transitions of less than 10,000 ha or 3,000 ha are ignored (Armenteras et al., 2019; Babbar et al., 2021).  

These few studies show that TerrSet is software that has been used before in scientific research. 

Most of the times large areas are scrutinized. Obtained data is validated through statistics. Although the 

intended study area for this study is much smaller, TerrSet can be used.  
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Appendix 2-A Literature research methodology 

In finding the literature that mainly underpins chapter 1 we have firstly used the digital university 

library. This library has been used to find the most important articles about NbS, wetlands and carbon 

sequestration. Additionally, Google Scholar has been used to find literature when the university library 

could not satisfy. For example, the literature research for the section about carbon sequestration and 

wetlands started in the university library with the search term: Carbon sequestration in wetlands. This 

search term led to more than 10,000 results. Therefore, this search term has been expanded with the 

climate zone: Carbon sequestration in wetlands temperate climate. This led to 4,150 results. Two articles 

have been selected because they are cited many times. This has been the research of Bernal and 

Mitsch (2012) and of Mitsch et al. (2013). The latter also came up with the initial search term, however, 

it was necessary to narrow down the search term with the climate zone to increase the change it could 

be used for this research in the Netherlands.  

However, going from the university library to Google Scholar to Google itself has not been the 

procedure the whole time. While searching data for the carbon pools in different land-use types, we 

have started to search in Google. The main reason we did this was that it enables us to find more easily 

data from the Wageningen University of Research (WUR). Data from the WUR is not appearing on the 

university library or Google Scholar. It also enabled us to search in Dutch which led to, for example, the 

research of Tol-Leenders et al. (2019) which was quite valuable. Searching directly in Google also led 

to the research of Conijn and Lesschen (2015) about soil organic matter in the Netherlands.  

It was quite easily to find SOC data for wetlands. However, AGB, BGB, and dead organic matter 

data was not easily to find. Very specific search terms have been used like “aboveground biomass 

carbon wetlands”. This search query and some other similar queries gave a few hits to articles with 

some minor information. However, the information was often not applicable. For instance, the data was 

focused on Australia or New-Zealand, or it was specific data for mangrove forests. So, a search query 

in the direction of carbon stocks did not deliver satisfying results. Hence, a more general search query 

was tried (both in Google and the digital university library) like: “carbon sequestration in wetlands”. This 

gives some results for example from Mitsch et al., (2013). Although this study presents some 

sequestration rates, it does not present any data for the carbon pools. However, it led to the study of 

Villa and Bernal (2018) from which could be deducted that the ratio of AGB was 5 – 10% with respect 

to the SOC. It also led to a study concerning the carbon pools in the United States (Nahlik & Fennessy, 

2016). This study emphasizes the potential of carbon storage in wetlands, however, the problem with 

such a study is that it is difficult to apply the results to a brook catchment in the Netherlands. Therefore, 

we have tried to google for data with a Dutch search query: “koolstofvoorraden in Nederlandse 

wetlands”. This resulted in already retrieved articles from Arets (2018) and Tol-Leenders et al., (2019). 

No other significant results were found with this search query. At this point only SOC and AGB data had 

been found. Therefore, we made assumptions on the other two carbon pools. 

This shows how the literature research has been approached in general. For each land-use category 

and each carbon pool we have tried to find data. 
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Appendix 2-B Carbon pools: Historic scenario 

This appendix describes the desk research and justifies the choices that have been made for each 

parameter in 1960.  

 

Forest 

According to Nabuurs et al., (2003), 5000 years ago, forests has almost been the only occurring 

land-use type in Europe. Most of these areas have been civilized and large areas of forest have been 

logged. In the late Medieval years, most countries had less than 10% of the area covered by forests. 

Unless this trend, it is expected that the European forests had a net increase of carbon. The tree biomass 

increased from 1950 up to 1999. There were only two remarkable relapses around 1990 and 1998 

caused by extreme weather events. With an increasing tree biomass, the AGB also increased. It is 

expected that this pool increased from 38 ton C ha-1 in 1950 to 54 ton C ha-1 in 1999. See also table 2-

B.1 

Also, the carbon pool in the mineral soil increased. The BGB could be estimated by using an 

AGB:BGB ratio of 0.29. This would lead to a BGB carbon stock of, in ton C ha-1, 11 in 1950 and 16 in 

1999.  

The DOM can be compared by the coarse woody debris mentioned by Nabuurs et al., (2003). In 

their study no real increase of DOM is mentioned, meaning that it was quite stable over the years 

(approximately 5 ton C ha-1).  

The SOC also increased but less fast than the AGB. Though, the SOC is still greater than the AGB. 

The SOC developed approximately, in ton C ha-1, from 86 in 1950 to 90 in 1999 (Nabuurs et al., 2003).  

Table 2-B.1 Summary of the parameters (in ton C ha-1) for forest pools in the period from 1950 – 1999 retrieved from 
Nabuurs et al. (2003)  

 

This data could well be used. However, the study period ends in 1999. For AGB the estimated 

carbon pool is 54. The AGB for forests in 2010 is with 92 (see section below) much higher. This means 

an increase from 1999 – 2010 with 38 ton C ha-1. This is the same for BGB but not for SOC. This 

difference cannot be explained. Perhaps the study from Nabuurs et al. (2003) made a relatively low and 

conservative estimation. Assuming it was a conservative estimation, it is possible to adopt the 38 ton C 

ha-1 for AGB in 1960. For BGB we use a parameter of 11 ton C ha-1. DOM and SOC are set (in ton C 

ha-1) on 5 and 86, respectively. Parameters have been summarized in Table 2-B.2. 

 

 

Forest Parameter trend Period Remarks Source 

Pool      
AGB 38 – 54 Increased 1950 – 1999  (Nabuurs et al., 2003) 

 
BGB 11 – 16 Increased  “ Retrieved with an AGB:BGB ratio 

of 0.29 
“ 
 

DOM ≈5 Quite stable “  “ 
 

SOC 86 - 90 Increased “  “ 
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Table 2-B.2 Parameters (in ton C ha-1) for the land-use category forest in 1960. 

Forest (1960) Parameter Remark 

Pool Ton C ha-1  

AGB 38 (Nabuurs et al., 2003) 

BGB 11 (Nabuurs et al., 2003) 

DOM 5 (Nabuurs et al., 2003) 

SOC 86 (Nabuurs et al., 2003) 

 

Cropland and grassland 

Because several studies presented results for both croplands and grasslands these land-use 

categories have been combined in one section. Moreover, no studies have been found that focus on 

neither AGB, BGB nor DOM. Studies that have been found focus on SOC. Thus, in text, results from 

both land-use categories and their SOC developments are presented. Results are summarized, and for 

both land-use categories separated, in Table 2-B.4 and Table 2-B.5. 

Reijneveld et al., (2009) observed soil SOC in several regions in the Netherlands. One of these 

regions is Noord-Brabant (NB) which is also the location of the Aa of Weerijs. Although the Aa of Weerijs 

catchment is not included in the study the soil is characterized by sand as is the soil in the Aa of Weerijs 

study area. The authors used a database with approximately 2 million measurements taken on 

agricultural fields between 1984 and 2000 for grasslands (only first 5 cm of the soil) and between 1984 

and 2004 for croplands (first 25 cm of the soil). For croplands close to the study area the SOC showed 

no meaningful increase during the study period (slope of 0.01 with a standard error 0.01). For grasslands 

in NB the SOC content slightly increased (slope of 0.18 with a standard error of 0.05). 

Meersmans et al., (2009) used a quantitative model to estimate trends in SOC distribution in northern 

Belgium – close to the present study area -  between 1960 and 2006. Authors discriminated between 

soil texture and drainage. For sandy regions with moderate wet and dry drainage classes SOC declined 

(in ton C ha-1) under croplands approximately from 59 to 56 and under grasslands approximately from 

65 to 64.  

In another study from Meersmans et al., (2011) a modelling approach was used to determine SOC 

concentrations of the top 30 cm of the soil under grasslands and croplands in Belgium. The SOC 

concentrations in both land-use categories have slightly increased (in ton C ha-1) from 62 to 63 over the 

period 1960 – 2006. Parameters that were used are: Precipitation, land-use type, soil type, and 

management. SOC concentrations are strongly correlated with precipitation and temperature under 

cropland and with texture and drainage under grassland. Overall, in Belgium mean SOC stock (in ton C 

ha-1) for cropland decreased from 54 in 1960 to 50 in 2006 and for grasslands it increased from 73 in 

1950 to 80 in 2006.  

This research has also been conducted in the northern region of Belgium. The soil in this area can 

be classified as sandy as is the study area in the Aa of Weerijs brook catchment which lies adjacent to 

this northern Belgian region. Unfortunately, only relative data is available. In this area SOC 

concentrations for croplands and grasslands decreased with 10% to 30%. This is remarkable because 

C input from manure increased (in ton C ha-1 yr-1) from 1.5 in 1958 to 4.1 in 2002. This could probably 
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be explained by more recent legal restrictions and changed management practices. Differences 

between both studies from Meersmans et al., (2009, 2011) can be explained by differences in modelling 

methodology. Both studies show a decrease for croplands and grasslands.  

Hanegraaf et al., (2009) studied the SOM content  - SOM is related to SOC - in four adjacent 

provinces in the Netherlands. One of these provinces is Noord-Brabant in which the study area is 

located. With a in situ sampling methodology over the period from 1984 – 2004, it turns out that for 

maize fields the absolute SOM content was constant in approximately 80% of the fields, decreased for 

<5%, and increased for approximately 15% of the fields. Furthermore, in almost 80% of the grassland 

sampling fields the absolute SOM content decreased or remained constant. In approximately 20% the 

content increased.  

Schulp and Verburg (2009) assessed with a simulation how land-use, land-use history, and other 

factors influence the SOC variability in a site around the city of Den Bosch approximately 40 km from 

the study area in the Aa of Weerijs brook catchment. The authors discriminate between long-term 

agriculture (areas used for agriculture since before 1850) and young reclamations (reclaimed areas for 

agriculture around 1930). For long-term agriculture, a negative trend can be perceived from 1850 up to 

2000. The SOC stock (in ton C ha-1) declined from approximately 160 to 110. SOC stocks around 1960 

for long-term agriculture is slightly higher being approximately 115 ton C ha-1. 

For areas that have been reclaimed from 1930 onwards, the so-called young reclamations, SOC 

stocks had an interesting development. Before reclamation, the SOC stocks in the study site of Den 

Bosch slightly increased during the years. After reclamation, the SOC stocks decreased with 

approximately 10% from (in ton C ha-1) 70 in 1930 to 64 in the late 1940s. After 1950 an upward trend 

can be perceived. This is explained by high vegetation inputs through an increased areal of potato fields. 

Around 1975 this upward trend stabilizes at 78 ton C ha-1.  

Table 2-B.3 Carbon pools data (data in ton C ha-1unless otherwise indicated) for the land-use category cropland in different 
time periods. NB = Noord-Brabant. 

Croplands      

 Data Trend Period Remarks Source 

Pool      
AGB n.d.     
BGB n.d.     
DOM 

 
n.d.     

SOC Only relative data Constant 1984 – 2004 Province NB (top 25 
cm soil) 
 

(Reijneveld et al., 2009) 
 

 59 – 56 Decreased 1960 – 2006 Northern Belgium (Meersmans et al., 2009) 
 

 Only relative data 
- 10 to - 30% 

Decreased   
 
  

1950 - 2006 Northern Belgium (Meersmans et al., 2011) 

 Only relative data 
 
 

Mainly constant 
 
 

1984 - 2004 Only maize field 
results, SOM content 
 

(Hanegraaf et al., 2009) 
 
 

 115 – 110 Decreased 1960 - 2000 Long-term agriculture 
 

(Schulp & Verburg, 2009) 

 64 - 78 Increased 1950 - 2000 Young reclamations, 
increase due to 

(Schulp & Verburg, 2009) 
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Table 2-B.4 Carbon pools data (data in ton C ha-1unless otherwise indicated) for the land-use category grassland in different 
time periods. NB = Noord-Brabant. 

 

Now, with this data it is possible to estimate the carbon pools around 1960. It remains important to 

consider the development of the landscape. This has shortly been described in chapter 1. The main 

landscape changes for agriculture took place in the period 1850 – 1940. The landscape changed 

drastically to meet the needs for agricultural lands. Now, this LUC may have caused SOC losses which 

can be restored within a time frame of a decade to a century (Poeplau et al., 2011; Smith et al., 2005). 

Thus, depending on when LUC took place and the time it took for soil carbon to recover, equilibrium 

may have been reached. Another important consideration is the input of manure in agricultural lands 

which is high because of a high livestock density in the study area (Oenema & Berentsen, 2004). So, 

on the one hand carbon losses may occurred and on the other hand carbon input was facilitated through 

manure input. Furthermore, out of most of the land-use categories there are not large differences. 

Nevertheless, an attempt is made to shortly analyse the retrieved data and differences between studies 

to finally end with a conclusion on SOC stocks for forests, croplands, and grasslands.  

Considering the data for croplands it is likely that SOC content increased. This could be explained 

by two reasons. The first reasons is the increase of potato fields nearby the brook catchment as 

discussed by Schulp & Verburg (2009). A vegetation input (in ton C ha-1 year-1) of 5.12 between 1951 – 

1975 and 3.14 between 1976 and 2005 has been found. Especially the vegetation input during the 

former period is high. In this research it is assumed that an increase of potato fields in the brook 

catchment also took place. The second reasons is the increase of manure input especially during the 

growth of potatoes 
fields 

Grassland      

 Data trend Period Remarks Source 

Pool      
AGB n.d.     
BGB n.d.     
DOM 

 
n.d. 

 
   

SOC Only relative data Slightly increased 1984 – 2000 Province NB (top 5 
cm soil) 
 

(Reijneveld et al., 
2009) 

 65 – 64 
 

Slightly decreased 1960 – 2006 Northern Belgium (Meersmans et al., 
2009) 

 Only relative data  
- 10 to - 30% 

Decreased 
 

1960 – 2006 Northern Belgium 
 
 

(Meersmans et al., 
2011) 
 

 Only relative data 
80% of fields 

Decreased or 
constant   

1984 – 2004 Province NB, SOM 
content 

Hanegraaf et al., 
2009) 
 

 115 – 110 Decreased 1960  – 2000 Long-term 
agriculture 
 

(Schulp & Verburg, 
2009) 

 64 - 78 Increased 1950 – 2000 Young reclamations, 
increase due to 
growth of potatoes 
fields 

(Schulp & Verburg, 
2009) 
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period of 1976 – 2005 (Schulp & Verburg, 2009). The young reclamations fields may fit best with the 

fields in the study area. Adjusting the numbers (64 – 78) to fit approximately to the year 1960 a number 

of 67 ton C ha-1 is adopted and used for SOC in croplands for the Aa of Weerijs study area.  

For grasslands SOC content decreased for fields in northern Belgium. Meersman et al., (2011) 

suggest that despite the increase of manure this could be explained by legal restrictions since the 1990s.   

Reijneveld et al., (2009) and Hanegraaf et al., (2009) use the same database which explains the same 

time period. Both their studies do not contradict with each other since there are fields detected with 

decreased, increased, or stable SOC stocks. Then, there is the research of Schulp & Verburg (2009) 

which states that for agricultural lands SOC content increased. This neither contradicts with the other 

research because this increase took place in the period 1950 – 1975 and is explained, as mentioned 

before, by increase of potato fields. Unfortunately, there is no accurate distinction in this study between 

croplands and grasslands. Furthermore, field rotation between croplands and grasslands also plays a 

role. This is also confirmed by Schulp & Verburg which further state that present-day land-use is not 

expected to result in strong variability with SOC within regions. It is expected that for grasslands a SOC 

content of 93 ton C ha-1 can be found around 2010. If SOC content for grasslands is about 67 around 

1960, the same as for croplands, SOC content in grassland increased more compared to croplands 

towards 2010. There is no good explanation for this difference. Limited data is the basis for this 

uncertainty. Nevertheless, in this research a figure of 67 ton C ha-1 around 1960 is assumed for 

grassland and it is assumed that a major part of the increase took place between 1960 and 1975.  

 

Settlement 

The next land-use category is settlement. It was possible to estimate some of the carbon pools for 

2010. However, there is no explicit data available from, for example, field measurements in settlements 

from around 1960. Hence, it is only possible to make assumptions on the carbon pools in settlements 

in 1960. Edmondson et al. (2014) reported on larger SOC stocks in gardens than in non-domestic 

greenspace probably due to input of synthetic fertilizers and the contribution of woody trees and shrubs 

to SOC. In the meantime, soil SOC in settlements, as it is in other land-use categories, is correlated to 

other soil properties as nitrogen, magnesium oxide, and pH (Cambou et al., 2021). This correlation plus 

the developments over the timespan from 1960 – 2010 make it hard to predict the carbon stocks. 

Therefore, SOC is kept the same as in 2010. Only for AGB and BGB it may be possible to make the 

same assumption as is made for forests. This means that both carbon pools where lower compared to 

2010. Therefore, we assume both AGB and BGB are half of the amounts in 2010. This means that AGB 

and BGB (in ton C ha-1) are 10 and 2, respectively. DOM is assumed to be zero. Parameters have been 

summarized in Table 2-B.5 

Table 2-B.5 Parameters (in ton C ha-1) for the land-use category settlement in 1960. 

Settlements (1960) Parameter Remark 

Pool Ton C ha-1  

AGB 10 Half of 2010 data 

BGB 2 Half of 2010 data 

DOM 0 Assumption 

SOC 75 The same as in 2010 
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Water 

For two reasons carbon pools for the land-use category water are kept the same: (1) little data is 

available on water carbon pools for 2010, let alone for 1960 and (2) the contribution of stored carbon in 

water for the total carbon stock is relatively small. See also Table 2-B.6. 

Table 2-B.6 Parameters (in ton C ha-1) for the land-use category water  in 1960. 

Water (1960) Parameter Source 

Pool   

AGB 2 in analogy of the category cropland 

BGB 1   (Sutfin et al., 2016) 

DOM 0   

SOC 0   

 

Tree nursery 

Tree nurseries are a special land-use category. Tree nurseries are part of the land-use category 

cropland, according to the definitions of the IPCC. A more detailed description of the considerations can 

be found by the parameters of tree nurseries in 2010. As described by the data from 2010 it appeared 

to be difficult to find specific data on carbon pools for tree nurseries, and to this end the parameters for 

cropland are also used for tree nursery. See also Table 2-B.7. 

 

Table 2-B.7 Parameters (in ton C ha-1) for the land-use category tree nursery  in 1960. 

Tree nursery (1960) Parameter Remark 

Pool Ton C ha-1  

AGB n.d. The same as for cropland in 1960 

BGB n.d. The same as for cropland in 1960 

DOM n.d. The same as for cropland in 1960 

SOC 67 The same as for cropland in 1960 

 

Wetlands 

Historically, the landscape existed out of many wetlands or marshes. However, between 1850 and 

1940 these lands have been reclaimed and used for, among others, agricultural purposes. The share of 

land-use that has been wetland around 1960 is very small (≈ 0.2%; 34 ha). That means that the 

influence of wetlands on the total carbon stock will be small (≈ 0.5%) apart from the magnitude of this 

carbon pool.  

The small size in area of wetlands in 1960 made that the carbon pools are equal to the parameters 

of 2010. See also Table 2-B.8. 

Table 2-B.8 Parameters (in ton C ha-1) for the land-use category wetland in 1960. 

Wetland (1960) Parameter Remark 

Pool Ton C ha-1  

AGB 5 The same as in 2010 

BGB 8 The same as in 2010 

DOM 0 The same as in 2010 

SOC 150 The same as in 2010 
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Appendix 2-C Carbon pools: Recent past scenario 

This section shows the justification of the data pools around 2010.  

 

Forest 

The parameters that are being used in this study for forest can be found in Table 2-C.1 

Table 2-C.1 The carbon pools for the land-use category forest in 2010 (in ton C ha-1). 

Forest (2010) Parameter Source 

Pool Ton C ha-1  

AGB 92 (Arets, 2018) 

BGB 24 (Arets, 2018; IPCC, 2006) 

DOM 6 (Schelhaas et al., 2014) 

SOC 96 (Lesschen et al., 2012) 

 

Average stock of living biomass in a forest is estimated at 216.6 m3 ha-1. (Schelhaas et al., 2014) 

Multiplying the CF with the average stock of living biomass results in 101.5 ton C ha-1. This shows that 

the average AGB in Dutch forests according to Arets (2018), which is 92 ton C ha-1, is quite correct. For 

this research, the figure of 92 ton C ha-1 is used because it prevents from possible overestimates.  

 

For forest soils a ratio of belowground biomass to aboveground biomass can be used. This depends 

on the ecoregion, type of tree, and on the AGB amount in ton ha-1 (IPCC, 2006). The average volume 

in a Dutch forest is 92 ton C ha-1. Assuming the ecoregion for the study area is a temperate oceanic 

forest a ratio of 0.29 should be used for coniferous forests and for deciduous forests a ratio of 0.23 

should be used. Because in this research these two forests categories are not distinguished a ratio of 

0.26 is used. This leads to a BGB figure of 24 ton C ha-1.  

 

The average dead organic matter of wood either standing or on the ground is respectively 6.4 and 

6.8 m3 ha-1 (Schelhaas et al., 2014). For the land-use category forest the total stock of dead wood is 

13.2 m3 ha-1. Now, the carbon fraction (CF) [ton C / ton dry matter] of aboveground biomass in a 

temperate climate is 0.47 (IPCC, 2006, p. 4.48). This results in a dead organic matter figure of 6.2 ton 

C ha-1. However, this does not include part 2 of the definition where leaves, twigs, fruits, flowers, roots, 

and bark are included. No particular data has been found for this part of the definition. Therefore, a 

parameter of 6 is adopted.  

 

The carbon stocks of the stable humus in the Netherlands has been estimated between 74 – 131 

ton C ha-1 for Podzolsoils and at 182 ton C ha-1 for Earthsoils (G. J. Nabuurs & G. M. J. Mohren, 1994). 

Stable humus corresponds with SOC used in this study. On average the SOC is 104 ton C ha-1 is used 

albeit the higher C stock for Earthsoils. However, this data is approximately thirty years old. More recent 

research from Lesschen et al. (2012), show that the SOC stock for Earthsoils and Podzolsoils is 

respectively 100 and 90 ton C ha-1, while the average SOC stock for forests is 96 ton C ha-1. These 

lower estimates make sense when the declining SOC stock in the Netherlands is considered (Tol-

Leenders et al., 2019). The average SOC stock for forests (96 ton C ha-1) is used in this study. 
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Cropland 

The parameters for this land-use category are listed in Table 2-C.2. 

Table 2-C.2 Carbon pools for the land-use category cropland in 2010 (in ton C ha-1). 

Cropland (2010) Parameter Source 

Pool Ton C ha-1  

AGB 3 Several sources 

BGB 1   (Williams et al., 2013) 

DOM 0  (IPCC, 2006, p. 5.26) 

SOC 84  (Tol-Leenders et al., 2019) 

 

It is perhaps logical to set the AGB figure for cropland at zero. The main reason for this is crop 

harvesting. Crops are removed from the land while only a small part will be left behind on the land. This 

is in line with the ideas of the Natural Capital project as mentioned at the definition of AGB. 

However, this carbon pool depends, among others, also on the management practices like 

conventional or conservation tillage which means that aboveground residue can play an important role 

(Williams et al., 2013). For one specific study area, in Pendleton (Oregon), with different management 

practices and crops, the aboveground residues range from 1.34 up to 3.44 in ton C ha-1 (with a CF of 

0.5). 

Furthermore, if the focus of the Natural capital Project is on woody biomass it is also appropriate to 

focus on woody biomass on Dutch croplands. This focus on woody biomass in combination with 

agriculture is also emphasized by the Dutch Government (WUR, 2021). This combination of nature and 

agriculture is called agroforestry. Globally, 43% of all agricultural land in 2010 had at least 10% tree 

cover and in the period from 2000 – 2010 this increased with 2% (Zomer et al., 2016). In this study, we 

use the Dutch AGB figure for forests, which is 92 ton C ha-1
, and apply a conservative tree cover 

percentage of approximately 2%. This leads to 2 ton C ha-1 for trees on croplands.  

Considering the residues on land in combination with agroforestry practices, it is plausible to set the 

parameter on 3 ton C ha-1.  

 

According to the IPCC (IPCC, 2006, p. 5.10), default values for BGB in agricultural systems were 

not available. A field study in the Pacific North West of America from Williams et al., (2013) was held 

because little data was available on amounts of belowground plant parts. This study is interesting 

although it is not the same eco climate region. The Pacific Northwest has a temperate mountain 

system/temperate continental forest eco climate region where in the Netherlands there is a temperate 

oceanic forest eco climate region. BGB for different crops, locations, management, and time periods 

differ from 0.31 up to 3.91 ton ha-1. However, this is the actual biomass and not the biomass in C. If a 

CF of 0.5 is applied this leads to 0.16 up to 1.96 ton C ha-1. So, based on this study is seems appropriate 

to use a parameter of 1 ton C ha-1.  

 

It is assumed that there is no dead organic matter in croplands (IPCC, 2006, p. 5.26) 
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For SOC it is possible to rely on research from Tol-Leenders et al. (2019) who concludes that: 

- SOC stocks in Podzolsoils have declined from 107 ton C ha-1 in 1998 to 98 ton C ha-1 around 2018.  

- SOC stocks in Earthsoils slightly increased from 65 ton C ha-1 in 1998 to 66 ton C ha-1 around 2018.  

In this study we use the averages of these values, which is 84 ton C ha-1. This is lower than the SOC 

stock of 94 ton C ha-1 mentioned by Lesschen et al., (2012). Both studies are based on in-situ 

measurements so this cannot explain these differences. Contacting one of the researchers, J. P. 

Lesschen, learns that the discussion about these differences is still going on. Possible explanations 

could be (1) a decreasing areal of peat and peaty soils (Dutch: moerige gronden) and carbon losses 

through oxidation and (2) methodological differences in, for example, the bulk density which is an 

uncertain variable. By choosing a lower value of the SOC for croplands overestimates are prevented.  

 

Grassland 

The choice for the parameters in each carbon pool for this category of land-use can be seen in Table 

2-C.3. 

Table 2-C.3 Parameters for land-use category grassland in 2010 (in ton C ha-1). 

Grassland (2010) Parameter Source 

Pool Ton C ha-1  

AGB 7 Several sources 

BGB 4   (Lesschen et al., 2012) 

DOM 0  (Lesschen et al., 2012) 

SOC 93  (Tol-Leenders et al., 2019) 

 

For AGB, figures from Lesschen et al., (2012) and from Arets (2018) can be used. Some small 

differences occur between both studies, and these have been listed in Table 2-C.4. Estimates from Arets 

(2018) are more recent but higher. The grasslands in the study area are expected to be more dry than 

wet since water has been drained. Therefore, a reasonable figure of 5 ton C ha-1 is used.  

 

Table 2-C.4 AGB and BGB for different types of grasslands (in ton C ha-1). 

 Aboveground biomass Belowground biomass 

Type of grassland 
Source: Lesschen 

et al., (2012) 
Source: Arets 

(2018) 
Source: Lesschen et al., (2012) 

Dry nutrient poor grasslands 2 5 3 
Moisty nutrient poor grasslands 3 7.5 4.5 
Rich grasslands 3.5 9 5.3 
Bird grasslands - 9 - 

 

In the same analogy as with AGB for croplands, agroforestry can also be considered with 

grasslands. So, a conservative 2 ton C ha-1 can be considered for trees on or on the outside of 

grasslands.  

This leads to a total AGB of 7 ton C ha-1 for grasslands.  

 

Based on the BGB for several types of grasslands an average of 4 or 5 can be chosen. To prevent 

results from overestimates a figure of 4 ton C ha-1 is chosen. 
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Lesschen et al.,(2012) states that the carbon stocks of dead wood and litter is almost zero. Dead 

wood and litter are the dead organic matter pool in this study. Therefore, a figure of 0 ton C ha-1 is used 

for the dead organic matter pool.  

 

For SOC it is possible to rely on research from Tol-Leenders et al. (2019) which concludes that: 

- SOC stocks (in ton C ha-1) in Podzolsoils have declined from 114 in 1998 to 101 around 2018.  

- SOC stocks (in ton C ha-1) in Earthsoils have declined from 82 in 1998 to 76 around 2018.  

In this study we use the averages of these values, which is 93 ton C ha-1. Also, for grasslands there 

exist differences between the research of Tol-Leenders and that of Conijn and Lesschen which mention 

that grasslands contain on average 123 ton C ha-1. These differences have been explained above. 

 

Settlements 

The choice of the parameters for this land-use category can be seen in Table 2-C.5. 

Table 2-C.5 Parameters for the land-use category settlements in 2010 (in ton C ha-1). 

Settlements (2010) Parameter Source 

Pool Ton C ha-1  

AGB 20 (Hutyra et al., 2011; Wilkes et al., 2018) 

BGB 5 Based on an AGB:BGB ratio of 0.20 

DOM 0 Assumption 

SOC 75 (Cambou et al., 2018; Edmondson et al., 2014) 

 

Currently, for settlements it is expected that the carbon stocks are in balance (Arets et al., 2020). 

Furthermore, there is no data available on carbon stocks in settlements in the Netherlands (Ruyssenaars 

et al., 2019). If conversion of land-use change to settlements occurs the Netherlands applies a stock 

difference method for the National Inventory Report. This means that all carbon stored before conversion 

is emitted at once. Thus, following the methodology of the National Inventory Report all four pools can 

be set on 0. However, this will lead to carbon losses because settlement expansion is expected to be a 

logical trend. If land-use is conversed from, for example, grassland to settlement this will lead to losses 

of the stored carbon in all the four pools. Thus, the question is if this is realistic. Edmondson et al. (2014) 

showed that urban greenspaces store more SOC than regional agricultural soils. It is logical that not all 

SOC in the soil is emitted into the atmosphere. It has even been shown that SOC can be find underneath 

urban pavements, roads, and other load bearing surfaces (Edmondson et al., 2012). Furthermore, a city 

contains trees, parks, and grasses which store carbon. Therefore, in this research we try to estimate the 

amounts of carbon stored in the four pools. This will give a better impression of how the carbon pools 

are developing in the study area.  

 

Camden council in London has a median estimated AGB density of 24 ton C ha-1 while the maximum 

is estimated at 177 ton C ha-1 (Wilkes et al., 2018). This maximum stems from a forested area in the 

council. The AGB in Seattle, Washington, is estimated in urban land on 18 ton C ha-1 in 2002 according 

to Hutyra et al. (2011). The city contained around 2002 approximately 3.2 million residents. The 
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researchers in this study where surprised by the high carbon stocks that were detected even within the 

heavily urban areas. We adopt a AGB parameter of 20 ton C ha-1 to be sure it is not too high. Meanwhile 

Seattle is a much larger city with a higher density than the average city in the study area. Therefore, we 

assume it is a bit higher than 18 ton C ha-1. 

 

The belowground biomass can be estimated with an AGB:BGB ratio. For forests, a ratio of 0.26 has 

been used. Since this is a different ecosystem that than nature in a settlement we use a ratio of 0.20. 

This gives a parameter of approximately 5 ton C ha-1.  

 

It is expected that DOM can be set on zero in a settlement.  

 

The parameter for SOC can be set on 50 ton C ha-1 based on a study from Edmondson et al. (2014). 

In this study SOC stocks have been scrutinized in Leicester to a depth of 21 cm. Stocks differ in this city 

from zero to almost 10 kg m-2. Conversion from kg m-2 to ton C ha-1 lead to an average parameter of 50 

ton C ha-1. However, this is with a soil depth of 21 cm while we use a soil depth of 30 cm in this research. 

SOC stocks for the first 30 cm of the soil in Paris and New York City are, in ton C ha-1, estimated at 99 

and 113, respectively. For Paris open soils these stocks have been found higher in comparison to both 

forest and agricultural soils nearby. For New York City open soils these stocks where comparable to 

that of forests and where much higher compared to that of agricultural soils (Cambou et al., 2018). 

The cities in these studies may be much larger than the cities in the study area so it does not seem 

incorrect to set the SOC parameter for settlements on 75 ton C ha-1. This is comparable to the SOC in 

Leicester and much lower than the SOC content in Paris and New York City.  

That gives the following table with parameters for carbon stocks in the land-use category settlement 

for 2010. 

 

Water 

A special land-use category is that of water. This category cannot be ignored because carbon is 

also stored within water systems. For example, it can be stored in shore vegetation, riparian parts of the 

brook, floodplains, and in the sediment. As discussed within the section of wetlands, water is treated 

separately from wetlands because of the central role of the brook Aa of Weerijs in this study. The 

parameters for water have been summarized in Table 2-C.6. 

Table 2-C.6 Parameters for the land-use category water in 2010 (in ton C ha-1). 

Water (2010) Parameter Source 

Pool   

AGB 2 in analogy of the category cropland 

BGB 1   (Sutfin et al., 2016) 

DOM 0   

SOC 0   

 

According to Sutfin e.a. (2016) the most important carbon pools in a river system are: (1) standing 

riparian biomass, (2) large downed wood, (3) floodplain sediment and organic matter, and (4) in-stream 
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biomass. This first three carbon pools are not necessarily useful because the Aa of Weerijs is not a river 

and the riverbed is not designed so is has large floodplains, riparian ecosystems, or large downed wood. 

Standing wood besides the brook can be incorporated in a pool, however, this has also been done in 

the land-use category croplands. The in-stream biomass is estimated through different studies at 0.2 – 

4.8 ton C ha-1. Though, this is the smallest carbon pool considered in the study of Sutfin e.a. More desk 

research did not lead to any other studies which could be of relevance. The Aa of Weerijs is 

characterized by grassy brooksides more than a woodier vegetation and sometimes trees or a small 

forest. In line with the cropland parameters, a parameter of 2 ton C ha-1 for AGB biomass is held. The 

in-stream biomass is held on 1 ton C ha-1. It is assumed that DOM is too small to consider. SOC could 

be present in the brook waterbed. However, this is now more or less incorporated in the BGB. As such, 

SOC is kept on zero.  

 

Tree Nursery 

Tree nurseries cover a certain area in the Aa of Weerijs catchment. This type of land-use cannot be 

ignored. However, this type of cultivation is mainly centred in the catchment and also in the surrounding 

area (Bremmer et al., 2019). That means that the Dutch national part of tree nurseries in the agricultural 

sector remains small. That leads to a primary complicating factor in acquiring data to determine 

parameters. In appendix 2-A more can be found on the desk research methodology concerning tree 

nurseries/arboriculture.  

Another complicating factor is the diversity of crops that can be cultivated. Examples are shrubs, 

conifers, avenue, and park tree cultivation etc. In addition, there is also a difference in the life cycle of 

crops before cultivation. There is annual and perennial cultivation. Furthermore, the type of cultivation 

also differs. Crops are cultivated with or without the soil. When crops are cultivated with the soil, farmers 

deposit soil that is retrieved somewhere else. The consequence is that terrestrial carbon pools can quite 

be different.  

Perhaps these factors explain that specific data on carbon storage and sequestration in tree 

nurseries is not directly available in (scientific) literature. For example, Lesschen et al. (2012) does not 

report on carbon pools in any kind of orchard or nursery and Conijn and Lesschen (2015) report on SOM 

in the Netherlands for different soil types and for grassland and different types of crops, but not for any 

nursery of orchard.  

Besides desk research an e-mail has been send to Agrofins on November the 18th, 2021. Agrofins, 

a department of Eurofins, is a supplier of knowledge for agri-, horti-, and arboriculture. There has been 

no reply from Agrofins. Furthermore, there has been contact with Mr. Bart van der Sluis from the WUR 

at November the 22nd, 2021. Arboriculture is part of his expertise. There has been good contact and 

some documents have been exchanged. However, this did not lead to any data that could be used for 

the parameters.  

Another explanation and simultaneously a methodological solution for this research, is that tree 

nurseries are included in the IPCC’s definition of crops. The above mentioned factors also hold for a 

major part when it is about crops like cereals, maize, and vegetables. This means that the parameters 

used in the four carbon pools for cropland can be used for tree nurseries. See also Table 2-C.7. If there 
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is no specific data available on carbon pools for tree nurseries this is a work around. Prudence is advised 

when carbon pools are determined because there is also a possibility that tree nurseries in the 

Netherlands are a net contributor to carbon emissions instead of carbon sequestration. This is based 

on research from Luck et al. (2014) which studied an UK tree surgery company. They suggest that this 

specific company contributes to anthropogenic greenhouse gas emissions. The use of heavy materials 

and the removal of carbon storing biomass are explanations.  

Table 2-C.7 Parameters for the land-use category tree nursery in 2010 (in ton C ha-1). 

Tree nursery (2010) Parameter Source 

Pool   

AGB 3 in analogy of the category cropland 

BGB 1 in analogy of the category cropland 

DOM 0 in analogy of the category cropland 

SOC 84 in analogy of the category cropland 

 

Wetlands  

If a wet area is covered by a grassy vegetation those areas are included under grassland. Wet areas 

that are covered by a shrubbier vegetation are also included under grassland. If the vegetation is 

forested it is included in the land-use category forest (Arets et al., 2020). Only reed marshes and open 

water bodies are included in the land-use category wetlands. The open water bodies are, for the purpose 

of this study, separated from the land-use category wetlands and are treated as a separate land-use 

category named water. Thus, that brings it down to only one type of wetland: that of reed marshes. 

These are separately indicated so it is possible to attribute those areas to the land-use category 

wetlands. The consequence of this delineation is that this section is focused on reed marshes. The 

parameters for the four carbon pools can be seen in Table 2-C.8 

Table 2-C.8 Parameters for the land-use category wetlands in 
2010 (in ton C ha-1). 

Wetlands (2010) Parameter Source 

Pool Ton C ha-1  

AGB 5 (Lesschen et al., 2012) 

BGB 8 (Lesschen et al., 2012) 

DOM 0 Assumption 

SOC 150 (Lesschen et al., 2012) 

 

In a study from Lesschen et al. (2012) the possibilities for storing carbon in the Dutch agriculture 

and nature have been analysed and so reed marshes have also been analysed. It turns out that the 

AGB for reed marshes is approximately 5 ton C ha-1. The BGB is approximately 8 ton C ha-1. Both 

parameters are used for further analysis. The DOM is not analysed. Perhaps because values are small 

or are included in the last category: carbon in the soil and in litter. This pool contains 200 ton C ha-1 

combined. Why these two compartments are combined remains uncertain. This last figure represents 

most of the carbon in this land-use category. For this figure of 200 a range from a substantiating study 

has been used. That range covered a possible SOC stock from 150 up to 250 ton C ha-1.  However, 200 
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does not necessarily have to be the average. Furthermore, it remains uncertain how deep this stock is 

measured in the soil. Therefore, to avoid overestimates a parameter for SOC of 150 ton C ha-1 is used.  
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Appendix 3-A Description of the pilot 

 

Pilot study area northeast of Rijsbergen 

 

Land-use map 1960 pilot study area 

This section describes the process in which land-use from the pilot study area of the 1958 map is 

classified. In the future this part will move towards the appendix because this is only a description of a 

pilot study area. Land-use classification has been done in two major ways: (1) through a maximum 

likelihood classification (MLC), and (2) through using the legend as a source and estimate the land-use 

categories manually. Both options have advantages and disadvantages which have been summarized 

in Table P-1. The MLC method has been performed with creating 6 (MLC 6) and 10 (MLC 10) classes. 

Because 5 land-use categories have been distinguished for this pilot, classes have been merged. The 

5 land-use classes are: Forest, cropland, grassland, settlements, and water.   

Table P-1 Comparison of the two land-use classification methods 

Method Maximum likelihood classification Manually  

Advantage - Easily method if the study area is 
expanded.  

- Spares out time. 
- Urbanization, meadow, and arable land is 

accurately classified. 
- Percentage of wrong attributed pixels 

declines when study area is expanded. 
 

- Every type of land-use desired can be distinguished.  
- Is as precise as the user. The trade-off is between the 

invested time and quality of the map.  

Disadvantage - Labels and raster lines on the 1958 map 
are attributed to infrastructure.  

- Orchards and small forests cannot 
separately be distinguished.  

 

- Good method for a pilot study area, but more time needed 
when study area is expanded.  

 

Table P-2 shows a comparison between the 

three used classification methods. The number of 

pixels is used to determine how much of the total 

area is attributed to a specific land-use category. 

The maps are visualized in Table P-2. The main 

difference between both MLC methods is the 

percentage of pixels that have been attributed to the 

land-use category water. This is because blue and a part of the black pixels are combined in one class 

in the MLC 6 method. These two groups of pixels remained separate in the MLC 10 method. Also, the 

area of settlements is too high in both the MLC methods. This is because boundaries between grassland 

and cropland, for example, are black lines and attributed to the settlement land-use category. Forests 

represent such small area’s that these have not been distinguished. Furthermore, a tree nursery or 

orchard cannot be classified in a distinct class. However, according to the IPCC’s definition it is attributed 

to the cropland category. There are two fields with orchards in it. These field are now for the main part 

attributed to the cropland category. Thus, the most accurate is probably the one in which land-use is 

Table P-2 comparison of the number of pixels from MLC10, 
MLC6 and a manually land-use classification. 

Land use MLC 6 MLC 10 Manually 

Forest 0% 0% 1% 

Cropland 37% 39% 50% 

Grassland 25% 26% 31% 

Settlement 23% 25% 15% 

Water 14% 9% 3% 

  100% 100% 100% 
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manually classified. However, this methodology also has disadvantages. The drawing of the polygons, 

for example, is a laborious work and aggregations of different areas lead to compromises. For a small 

study area, it is possible to draw as many polygons as desired. However, for larger areas the acquired 

time may not be available. Furthermore, the manually method may not even be necessary. As 

mentioned before the margin of error in using the MLC method probably reduces when the study area 

is extended. Thus, when scrutinizing a small area, the margin error may be acceptable when land-use 

is manually classified. When the area becomes larger the margin of error may be acceptable when a 

MLC method is used. This preliminary conclusion leads to the use of the manually classifying 

methodology for small areas. An MLC methodology with 10 automatic classes is preferred because 

these percentages better approach the manually attempt in comparison to MLC 6. The only exception 

is the land-use category settlements. For this land-use category the MLC 6 method seems better.  
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Table P-3. Overview of the original area and three attempts to classify the land-use: (1) MLC10, (2) MLC6, and a manually attempt. 

 

On the right: Pilot study area taken from the 
1958 map. The area is approximately 67 ha.  
A part of the legend is inserted in this cell. 

 
a. meadow with ditches 
b. orchard 
c. tree nursery 
d. glasshouses 
e. arable land 
f – i. different forest types 
j. heath 
k. sand 

 

The legend in this cell belongs to the three maps in 
the second row of this table.  
 

 

Maximum likelihood classification with 6 classes. 
 
 
 
 
 
 
 
 
 
 
 

Maximum likelihood classification with 10 classes. 
 

Manually created land-use map.  
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3.2 Pilot study area – InVEST Carbon Sequestration input 

For the pilot study area InVEST is deployed to estimate carbon sequestration in the timespan 1960 

– 2010. The objective of this part of the pilot is to (1) further acquainted with the software and analyse 

the way in which the carbon sequestration in the pilot study area is developing and (2) how these initial 

results relate to the acquired data in chapter 2 for the year 2010. However, testing the software for the 

pilot study area the first time led to knowledge that InVEST is not accounting for sequestration over the 

years. This means that the second objective could not be fulfilled. InVEST works differently, namely 

through the data and a land-use map of the same year. Thus, the user calculates the sequestration 

within a certain timespan considering the occurred land-use changes. InVEST should run once for 1960 

with the data from 1960 and it should run for 2010 with the data for 2010. Compare absolute numbers 

should not be a problem. However, is it possible to retrieve a map which shows the differences between 

1960 and 2010? This should be done in ArcGIS.  

The following documents served as input for InVEST to create a map which show the terrestrial 

carbon in 1960: 

- A .tif file of the land-use in 1960 of the pilot study area which is the manually attempt in Table P-3 and 

has been placed in Figure P-1 so it can be easily compared with the land-use in 2010. 

- A .csv file which contains the parameters for the various land-use categories and terrestrial carbon 

pools for 1960. The parameters can be seen in Table P-4. 

 

 

Figure P-1. Land-use in the pilot study area in 1960 (left) and in 2010 (right). 

 

The parameters that served as input can be seen in Table P-4. For the land-use categories forest, 

cropland, grassland, and settlement values have been retrieved through a literature research. For 

cropland and grassland no data has been found for AGB, BGB, and DOM. In this case a value of zero 

is used. It should be noted that these three carbon pools have been found to be quite low (1-8%) in 

comparison to SOC. Therefore, it is expected that the influence of this data gap will be small. The land-

use category water has been added because the brook is a central part in this study. Moreover, if brook 

realignment and remeandering is a main part this should also become visible. Wetlands has not been 

incorporated because wetlands do not occur in the study area in 1960.  
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Table P-4 Carbon pools parameters for each land-use 
category in ton C ha-1 of the pilot study area in 1960. 

 Carbon pools  
1960 AGB BGB DOM SOC 

Land-use category  All in ton C ha-1 

Forest  38 11 5 86 
Cropland  0 0 0 67 
Grassland  0 0 0 67 
Settlement  10 2 0 75 
Water  2 1 0 0 

  

In the same analogy as for 1960 a map must be produced for 2010 with the data for 2010. As such, 

the next items served as input in InVEST: 

- A .tif file of the land-use in 2010 to analyse the differences in land-use which can be seen on the right 

of Figure. This land-use map is based on a 2011 Google Earth satellite image which can be seen in 

Figure .  

- A .csv file which contains the parameters for the various land-use categories and terrestrial carbon 

pools for 2010.  

 

Wetlands is not incorporated because there is no land that can be attributed to wetlands.  

 

 

Figure P-2 Satellite image from Google Earth of the area on 
the northeast of Rijsbergen. The yellow line delineates the 
pilot study area.  

 

Table P-5 Carbon pools parameters for each land-use 
category in ton C ha-1 of the pilot study area in 2010. 

 Carbon pools  
2010 AGB BGB DOM SOC 

Land-use category  All in ton C ha-1 

Forest  92 24 6 96 
Cropland  3 1 0 84 
Grassland  7 4 0 93 
Settlement  20 5 0 75 
Water  2 1 0 0 
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3.2 Pilot study area – InVEST Carbon Sequestration results 

InVEST has been used twice. Once for 1960 and once for 2010. This led to two maps results in 

which the amount of stored terrestrial carbon is visualized. This can be seen in Figure.  

 

 

Figure P-3 Amounts of stored carbon in ton for 1960 (left map) and for 2010 (right map). Areas that are white or grey store 
less terrestrial carbon contrary to areas that are darker grey or even black. These areas store more terrestrial carbon. Note: 
Amount of C should be in ton per pixel and not in ton.  

In Figure P-3 the differences between the historic situation (1960) and the recent past situation 

(2010) can be seen. This map has been created with ArcGIS. Note: this is the second serious attempt 

with InVEST. In the first attempt we had as input a map of 1960 and a map of 2010. The data input was 

the data of 1960. The output of InVEST is a map of 1960 and of 2010 (as in Figure P-3) and a map 

which shows the sequestration over the years. However, we discovered that InVEST is not accounting 

for sequestration over the years. It just uses the data on carbon pools from 1960 for 2010. Therefore, 

this procedure has now been split and is being performed separately for 1960 and for 2010. The map 

showing the change in C (Figure) cannot be produced with this methodology. Fortunately, ArcGIS also 

has these possibilities. I think it should even be possible to omit InVEST. Therefore, I will seek for 

possibilities for producing maps, as in Figure, in ArcGIS.  
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Figure P-4 Map showing the difference in carbon (in ton C for all four pools) for the timespan 1960 - 2010.  

Figure P-4 shows the differences for each pixel quite well. The former brook stream, forest losses 

or appearances can be detected. Note: this color scheme is not appropriate for black and white printing. 

In the middle of the study area former roads can be detected. These areas are included in the land-use 

category settlements. This means that the carbon pool is 87 in 1960. That land is mainly conversed to 

cropland (88 ton C ha-1 in 2010) or to grassland (104 ton C ha-1 in 2010). This means that in these areas 

the terrestrial carbon slightly increased. Hence, the pixels have a beige colour. The current brook is red 

coloured because the former land-use contained much more carbon than the brook does now. Contrary 

to the current brook the former brook course can well be detected with its dark green colour.  

As can be seen in Figure most of the study area shows an increase in terrestrial carbon. The carbon 

stocks including the changes for each land-use category have been summarized in Table . We have 

detected an increase of C of approximately 2019 ton C in the study area. Since the area is 67 ha this 

leads to an increase of ≈ 30 ton C ha-1.  

 

Table P-6 Total carbon pools (in ton C ha-1) for each land-use category 
in 1960, 2010 and the difference for the timespan 1960 – 2010. 

 1960 2010 1960 - 2010 

Land-use category All in ton c ha-1 

Forest 80 209 + 129 
Cropland 2264 1184 - 1080 
Grassland 1409 3309 + 1900 
Settlement 856 1927 + 1071 
Water 6 5 - 1 

Total 4165 6634 + 2019  
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3.3 Pilot study area – InVEST Carbon Sequestration analysis 

This second attempt shows some interesting results. I did not expect that the total carbon stored 

would increase because in the literature study there are some signals which show otherwise. On the 

basis of this increase are the lower numbers of 1960 with respect to 2010. These numbers are, except 

for water, increasing. Have we discussed these parameters enough and is the analysis well thought 

through? Especially for the land-use category settlements a second attempt has been done to find data 

which point out otherwise. It led only to more data which substantiate the current parameters. For forest 

carbon pool sin 1960 only one source has now been used. For this land-use category a second attempt 

to find more data or data which point out otherwise could be of added value. A large difference exists 

especially for the aboveground biomass in forest which is in 1960 38 and in 2010 it increased to 92. For 

the land-use categories grassland and cropland a lot of time has been put in finding accurate data. 

Nevertheless, these results satisfy and do not seem to be total inaccurately.  

 

3.5 Pilot study area – Terrset change prediction 

For a prediction of the land-use in 2050 TerrSet Land Change Modeler is used. The input for this 

software is both the land-use maps from 1960 and 2010. Within TerrSet it is possible to add layers which 

represent dynamic variables. For this pilot, a road map from the situation in 2010 is used as dynamic 

variable. In Figure  the distance to road map, which served as input, can be seen. The software can find 

the optimal parameters for the sub-model through an automatic training and a dynamic learning rate. 

The sub-model creates a multivariate function that predict a pixels transition based on the dynamic 

variable(s). TerrSet final output is a land-use map of 2050. This is the map in  Figure. Although the 

colors do not yet match with the colors in Figure it can still be compared. Two things stand out: the 

decrease of cropland in favour for grassland and the settlement expansion. This can be explained by 

the transition sub-model that I used. This sub-model grouped two transitions namely: (1) from cropland 

to grassland and (2) from cropland to settlements. The software lists all transitions between land-use 

categories. Transitions can than be grouped if it is assumed that the underlying driving forces of change 

are the same. With this methodology it may be possible for the software to get a focus on transitions 

from, for example grassland/cropland, to wetlands or other NbSs.  
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Figure P-5 The distance to road map. The black lines are the roads in 2010. 

 

Figure P-6 Predicted land-use in the pilot study area in 2050.  
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Appendix 3-B Methodology land-use classification 1960 

In this appendix, the used data, software, and techniques are extensively described. This appendix 

starts with the description of the methodology of obtaining the results for 1960. When tools are used in 

ArcMap and nothing is mentioned about the environment, the settings have been as default. 

 

Land-use classification for 1960 

For this research, several files have been bought at the digital store of Kadaster 

(https://www.kadaster.nl/producten/kaarten-en-luchtfoto-s/historisch/topografische-kaarten/1-op-

25.000). Six .tiff files where needed to cover the Aa of Weerijs Catchment and the surrounding area: 49f 

(1960), 49h (1960), 50a (1958), 50b (1959), 50c (1958), and 50d (1958). 

 

THE FOLLOWING STEPS HAVE BEEN PERFORMED WITH INSUFFICIENT RESULTS.  

 

 Attempt 1 

The six tiff files have been merged into one with the Mosaic to new raster tool  

(Input: six .tiff files from Kadaster; Output file name: Aa_1960.tif) 

[Settings. Spatial Reference: RD New; Pixel type: 8 bit unsigned; cell size: 2,5; 

Number of bands: 3; Mosaic Operator: Last; Mosaic colormap mode: First] 

 

With this file two signature files have been created with the Iso Cluster tool.  

(Output file names: sf_0.5 & sf_0.6)  

[settings for sf_0.5; Number of classes: 12; Number of iterations: 20; Minimum class 

size: 20; Sample Interval: 50]   

[settings for sf_0.6; Number of classes: 12; Number of iterations: 100; Minimum 

class size: 20; Sample Interval: 50]   

 

From both signature files a Maximum Likelihood Classification (MLC) as well as an Output 

Confidence Raster (OCR) has been created. The OCR is a methodology to gain insight in the 

probability of allocating a certain pixel into a cluster.  

(Output file names: mlc_1960_05 & mlc_1960_06 and the Output Confidence 

Raster’s have been named: ocr_0_5 & ocr_0_6).  

[Settings. Reject Fraction: 0.0; A priori probability weighting: sample; Output 

Confidence raster: yes]  

Both Output Confidence Raster’s have been analysed with a vertical bar graph. These 

showed better results for the 0.5 attempt.  

 

Next, the Majority Filter tool is used to remove isolated pixels.  

 (file names. input: mlc_1960_05; output: mlc_1960_051) 

[settings. Numbers of neighbours to use: eight; replacement threshold: majority] 
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Then, the Boundary Clean tool which is recommended by Arc has not been used. This tool 

can smooth irregular edges in the class boundaries and will group the classes. However, this 

led to undesired overlap between water and cropland.  

 

 

After the majority filter has been applied the nine classes have been merged into six.  

The dendrogram and the map have been used for this process. The Reclassify tool has 

been used for this process. Old value five has been reclassified to NoData because this class 

would have been merged into old value classes 4, 6, 7, 8, and 9. Since this was no option 

considering the desired classes, these values have been allocated to NoData.  

(file names. Input: mlc_1960_051; output:  mlc_1960_054) 

[Settings. Reclass fields: Value; Reclassification: 1 to 5, 2 to 1, 3 to 6, 4 to 7, 5 to 

NoData; 6 to 3, 7 to 3, 8 to 2, 9 to 2; Change missing values to NoData: Data] 

 

These steps above led to insufficient results when it is about the coverage of each land-use category. 

See also table M.1. Especially for water and settlement percentages where to high. Settlement coverage 

in 2010 was approximately 12%. Because of settlements expansion it can be assumed that it cannot be 

12% in 1960. This led to two other attempts with different choices. These steps are described below.  

The main difference is the different cell size of the aggregated tiff file. When this cell size was first 

2,5, another attempt has been tried with cell size 10. However, this led to the loss of the brook Aa of 

Weerijs. Then, an attempt has been made with cell size 6. This is described below and is named attempt 

2. In Table M-1 two options within this attempt can be seen. The difference between these two options 

is the use of the Boundary Clean tool.  

Table M-1 overview of six land-use categories and their percentage of total land-use for three different attempts. 

 

 

 

 

 

 

 

 

 

Attempt 2 | Starts as option 1 and eventually flows over into option 2 

 

Again, the six tiff files have been merged into one with the Mosaic to new raster tool  

(Output file name: Aa_1960_07.tif).  

[Settings. Spatial Reference: RD New; Pixel type: 8 bit unsigned; cell size: 6; 

Number of bands: 3; Mosaic Operator: Mean; Mosaic colormap mode: First] 

 

Land-use categories    

 Attempt 1 Attempt 2, option 1 Attempt 2, option 2 

 mlc_1960_054 mlc_1960_071 mlc_1960_072 

Forest 8% 8% 11% 
Cropland 27% 22% 28% 
Grassland 35% 43% 49% 

Settlements 12% 12% 5% 
Water 8% 12% 5% 

Heather 10% 3% 2% 
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From the Aa_1960_07.tif file a signature file has been created with the Iso Cluster tool.  

(Output file name: sf_0.7) 

[settings for sf_0.7; Number of classes: 12; Number of iterations: 20; Minimum class 

size: 30; Sample Interval: 5]   

 

With this signature file a Maximum Likelihood Classification (MLC) as well as an Output 

Confidence Raster (OCR) has been created. The OCR is a methodology to gain insight in the 

probability of allocating a certain pixel into a cluster.  

(Output file name: mlc_1960_07 and the Output Confidence Raster has been 

named: ocr_0_7)  

[Settings. Input signature file: sf_0.7; Reject Fraction: 0.0; A priori probability 

weighting: Sample; Output Confidence raster: yes]  

 

The Output Confidence Raster has been analysed with a vertical bar graph. This graph showed 

good results in allocating the pixels into clusters.   

 

Next, the Majority Filter tool is used to remove isolated pixels.  

(file names. input: mlc_1960_07; output: mlc_1960_071.  

The latter is attempt 2, option 1) 

[settings. Numbers of neighbours to use: eight; replacement threshold: majority.  

 

 Then, the Boundary clean tool has been used to expand or shrink the boundaries of zones.  

(file names. Input: mlc_1960_071; output: mlc_1906_072.  

The latter is attempt 2, option 2) 

  [settings. Sorting technique: descend; Run expansion and shrinking twice: two_way  

 

With this raster file it was possible to allocate the twelve features to land-use categories. The land-

use category heather was allocated to the land-use category of grassland. This is in line with the IPCC 

land-use categories.  

 

When each feature has been allocated the Reclassify tool has been used to create another 

raster in which the five land-use categories (Forest, cropland, grassland, settlement, and water). 

(file names. Input: mlc_1960_072; output:  mlc_1960_073) 

[Settings. Reclass fields: Value; Reclassification: 1 to 4, 2 to 1, 3 to 4, 4 to 3, 5 to 5; 

6 to 3, 7 to 3, 8 to 3, 9 to 3, 10 to 3, 11 to 2, & 12 to 2; Change missing values to NoData: 

Data] 
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From PDOK a WMS web service has been connected to ArcMap. That is this WMS 

https://service.pdok.nl/hwh/hydrografie/wms/v1_0?request=GetCapabilities&service=WMS That can be 

retrieved from this specific page:  

https://www.nationaalgeoregister.nl/geonetwork/static/eng/catalog.search#/metadata/67bcc21d-

beda-449d-975c-00a4fa80f2b7 This led to a file of Dutch catchments covering the whole Netherlands 

and even some parts abroad. To retrieve only the Aa of Weerijs catchment the following steps have 

been conducted. 

In the window viewer in ArcMap a larger extent than the Aa of Weerijs has been visualized. Through 

the export map function, which can be found in the menu under File, the visualized parts have been 

exported to a .PNG file [Settings general tab: 512 dpi, check Write World File; Settings Format tab: 1-

bit Monochrome Threshold]. The output file name is Stroomgebied 1 512 dpi.png 

The PNG file has then been converted to a polyline shapefile with the Arcscan function with 

vectorization method Centerline. This leads to a polyline shapefile (File name: Waterschappen 

hydrografie 2) in which the lines can be individually selected. A check has been performed whether the 

lines of the polyline shapefile matched with the Waterschappen Hydorgrafie WMS file. This was the 

case.  

Then, the lines that delineates the Aa of Weerijs catchment have been selected. As an example the 

images of Beers et al. (2018) have been used. Through these maps it was possible to select all lines 

that delineate the Aa of Weerijs catchment. Subsequently, these selected lines have been exported to 

another polyline shapefile (File name: Aa_of_Weerijs_Stroomgebied). Finally, these separate lines have 

all been selected and through the editor function been merged into one feature.  

 

In the process of only retaining the pixels that belong to the Aa of Weerijs catchment the 

shapefile Aa_of_Weerijs_catchment.shp is used to create a polygon using the Feature to 

Polygon tool.  

(file names. Input: Aa_of_Weerijs_catchment.shp; output: 

Aa_of_Weerijs_catchment2.shp) 

[Settings. All by default] 

 

This shapefile is used to extract only the cells that are inside the Aa of Weerijs catchment. 

This is done by the Extract by mask tool.  

(file names. Input feature mask data: Aa_of_Weerijs_catchment2.shp, input 

raster: mlc_1960_073; output: mlc_1960_074) 

[Settings. There are no optional settings] 

 

This was almost the final land-use classification result for 1960. However, on June 30, 2021, an 

intermediate presentation led to new insights. This presentation was given to people that work with this 

area and have certain expertise on the land-use in this area. These people are (in brackets their 

function): Frank van Lamoen (Senior advisor Climate Adaption at the Province institute of Noord-
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Brabant), Roland Somers (Senior advisor environment at AXXIA), Teuntje Stoopen (Policy Officer 

Water and Soil at the province institute of Noord-Brabant).  

One of the most important points mentioned was the presence of tree nurseries in the area. A field 

visit in October ’21 visually confirmed this.  

To accurately handle this land-use category the areal of tree nurseries should be implemented in 

mlc_1960_076. Therefore, a geodatabase has been created (database name: Append land use 

categories.gdb; directory: Stroomgebied 1/1960).  

Now, this process also offered another opportunity to create a more accurate land-use 

classification map. There are certain areas that are quite mixed attributed to different land-use 

categories. This is especially the case in the forested areas and settlements areas. Therefore, these 

areas have also manually been drawn. Furthermore, because of the special characteristic of wetland 

in this research this land-use category is also added. There is one piece of land in 1960 that qualifies 

for the category wetland. That is an area in the southwest of the catchment called ‘Matjens’.  

This methodology offers two main advantages: the land-use category tree nurseries and wetlands 

are also implemented in the map of 1960. Secondly, manually drawing three other land-use categories 

(forest, settlements, and water) create a more accurate map.  

So, in the geodatabase Append land use categories.gdb there have been four feature classes 

added: forest, settlement, tree nursery, and wetland.  

 

These feature classes must be merged into one shapefile. Before this could be done, in each of 

the four attribute tables of the feature classes a column VALUE has been added. In this column the 

corresponding number of each land-use category has been added (1: forest; 2: cropland; 3: grassland; 

4: settlement; 5: water; 6: tree nursery; 7: wetland).  

 

Next, the feature classes have been combined into one file with the merge tool: 

(file names. Input data: forest, settlement, tree nursery, and wetland,  

output: Append_landuse_1960) 

[Settings. default] 

 

Looking at the attribute table of Append_landuse_1960 it can be seen that every polygon 

is still a unique item. The items that belong to the same land-use category should be 

combined into one feature. This is done through the tool dissolve.  

(file names. Input features: Append_landuse_1960; Output: 

Append_landuse_1960_dissolve) 

[settings. Dissolve fields: VALUE; Statistics fields: none;] 

  

Looking at the attribute table of Append_landuse_1960_dissolve it can be seen that there 

are four features. The next step is to change the format from a polygon feature to a raster 

dataset. This has been done with the Polygon to Raster tool.  
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(file names. Input features: Append_landuse_1960_dissolve; Output: 

Append_1960) 

[settings. Value field: VALUE; Cell assignment type: CELL_CENTER; priority field: 

none; cellsize: 6] 

While a process was ongoing to improve the land-use map of 1960 the idea arose to also attribute 

specific pixels to water areas. The reason therefore was that in agricultural areas many pixel had been 

attributed to water. This was incorrect because many pixels where settlements, roads, grassland, and 

cropland. With Arcscan it is possible two discriminate and retain only the water pixels that are certainly 

water pixels. Therefore, a new map document (Arcsan_water.mxd) has been created. In here, band 1 

from Aa_1960.tif has been added to the data frame. This data has been exported by right clicking on 

the file. Cell size: 2; extension: imagine image. This resulted in mlc_1960_0811.img. In the attribute 

table another column Arcscan has been added in which the land-use category water (5) has been 

attributed a value of 9. In this manner, it was possible to change the symbology to a classified symbology 

based on the value Arcscan. A manual classification with two classes has been chosen. This has been 

manually set on class 1: 1 – 8, and class 2: 8 – 9. In this way, all water pixels on the map are black. Use 

the file Symbology for mlc_1960_0811.img.lyr to automatically set the right symbology. 

The next step has been performed with Arcscan. All pixels that are likely to be not water have been 

deleted. This process ends with the results that can now be seen in mlc_1960_0811.img. This file has 

been conversed with the export data function to mlc_1960_90.tif.  

 

This last file has been conversed towards a shapefile with only polygons. This has been 

done with the Raster to polygon tool after all pixels with value 9 (based on Arcscan Value) have 

been selected 

(file names. Input features mlc_1960_90.tif; Output: 1960_waters.shp) 

[settings. Field (optional): Arcscan] 

 

This results in a shapefile with 415 polygons. With the Dissolved tool these polygons have 

been dissolved.  

(file names. Input features: 1960_waters.shp; Output: 1960_waters_01.shp) 

[settings. Dissolve fields: GRIDCODE; other settings: default;] 

 

The attribute table of 1960_waters_01.shp can now be edited. Column Gridcode can be 

removed while a column with VALUE should be added. This is necessary because this file will 

be combined with Append_landuse_1960_dissolve.shp. This has been done with the Union tool 

(file names. Input features: Append_landuse_1960_dissolve.shp AND 

1960_waters_01.shp; Output: Append_landuse_1960_01.shp) 

[Settings. Join Attributes: All; Other settings: default] 

{directory of the output file: Thesis Research\GIS\Stroomgebied 1\MLC} 

The output file contains most of the waterbodies in the area and the polygons that have 

manually drawn. The attribute table must be adapted before it can be conversed into a raster. 
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The column VALUE has been edited as follows: 5, 1, 4, 6, 7, 5, 5, and 5. Next, the shapefile 

has been converted to a raster with the Polygon to raster tool.  

(file names. Input features: Append_landuse_1960_01.shp; output file: 

Appnd_1960_1) 

[Settings. Value field: VALUE; Cell assignment type: Cell Center; Priority field: 

NONE; Cell size: 6] 

 

Two files can now be merged. These are the files mlc_1960_076 and Append_1960_1. Both 

files have the same cell size [6] and the same pixel depth [1]. Merging both files has been done 

with the Mosaic to new Raster tool.  

(Input: mlc_1960_076 and Append_1960_01; Output file name: mlc_1960_091).  

[Settings. Spatial Reference: RD New; Pixel type: 8 bit unsigned; cell size: 6; 

Number of bands: 1; Mosaic Operator: LAST; Mosaic colormap mode: First] 

 

Final step is to retain only those areas that fall within the study area. Therefore, the tool 

Extract by mask has been used.  

 (Files. Input: mlc_1960_091; Output: mlc_1960_092) 

 [Settings. Input raster or feature mask data: Aa_of_Weerijs_catchment2.shp] 

 

 

The end result can be seen in Appendix 4-A. This represents the Aa of Weerijs catchment with land 

classified in 7 land-use categories. Each pixel is 6 by 6 meters.  

 

To create a map which shows carbon stocks the mlc_1960_092 has been copied.  

 

Copying the mlc_1960_092 file has been done with the copy raster tool.  

 (file names: input: mlc_1960_092; output: mlc_1960_093) 

[settings. NoData value: 0; Convert 1 bit data to 8 bit: NONE; Colormap to RGB: 

NONE; scale pixel value: NONE; RGB to colormap: NONE; Format: Esri Grid; Apply 

transformations: NONE] 

 

With this copied version it was possible to add a column to the attribute table by which the symbology 

could be changed. This column is named: C-stock ha. This number represents the amount of C (in ton 

for all four pools) per hectare.  
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Appendix 3-C Methodology land-use classification 2010 

ATTEMPT WITH SATELLITE IMAGERY LEADING TO INSUFFICIENT RESULTS. 

This part describes the land-use classification process for 2010. The starting point for this process 

is characterized by 10 tiff files RGB_49FZ2, RGB_49HN2, RGB_50AN1, RGB_50AN2, RGB_50AZ2, 

RGB_50BN1, RGB_50BZ1, RGB_50AZ1, RGB_50CN2, and RGB_50CN1. These files can be retrieved 

from https://geotiles.nl/ and cover the whole Aa of Weerijs Catchment. The first step was to combine 

these files into one file. 

 

 Combining ten .tiff files into one has been done with the mosaic to new raster tool.  

(Input: ten .tif files from Geotiles; Output file name: Aa_2010_02.tif).  

[Settings. Spatial Reference: RD New; Pixel type: 8 bit unsigned; cell size: 6; 

Number of bands: 3; Mosaic Operator: Mean; Mosaic colormap mode: First] 

{Environment settings: in the processing extent the extent has been set at Same as 

layer Aa_of_Weerijs_catchment2} 

 

The next step in the process was to decide whether a supervised or an unsupervised classification 

should be performed. It turns out that both options have not been accurate enough.  

 

At first, an unsupervised classification has been performed. The signature file can be found in the 

directory catchment 1/2010/mlc the filename is sf_2010_02.gsg The insufficient results can be explained 

by the time the imagery has been made. These satellite images have been made in May. This led, for 

example, to subcategories in the land-use category cropland. Around this period in May crops are 

growing. This leads, with maize, beets, or other leafed crops, to a blurred maximum likelihood 

classification.  

Secondly, the supervised classification with the use of the Training Sample Manager has been used. 

The selected training samples can be seen in the directory catchment 1/2010/mlc. The shapefile name 

is: tsm_Aa_2010_02_tif.shp. Training samples have been selected from the tiff file Aa_2010_02. Thus, 

training samples have been selected from the combined satellite images. However, as can be seen in 

the histograms in the Training Sample Manager there is too much overlap between the clusters. A 

maximum likelihood classification leads to insufficient results.  

The satellite images from 2016 have been made around May. Thus, a field with potatoes is green 

and will probably we attributed to grassland but should not be detected as a grassland as it belongs to 

the land-use category cropland. Immediately it was clear that an unsupervised classification was not an 

option for this satellite images.  

Another possibility was the supervised classification in which training samples can be selected. The 

training samples can be arbitrary chosen based on the satellite images. Thus, subcategories can be 

distinguished which could be merged later in the process. However, for example city areas contained 

so many different pixel values that an inaccurate maximum likelihood classification has been performed. 

The use of training samples has been performed on satellite images and on an exported tiff file from an 

existing map. Both options came up with insufficient results. 
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ATTEMPT WITH TWO DATASETS FROM THE CBS AND PDOK WITH SUFFICIENT RESULTS. 

 

Another attempt has been performed with the Centraal Bureau voor de Statistiek (CBS; Dutch 

Statistics Agency) Bestand Bodem Gebruik 2010 WMS file (BBG 2010; File Soil Use 2010). This is a 

WMS server which stands for a Web Map Service. These type of maps can easily be added in ArcMap. 

However, this specific map is phased out in 2021 and not available anymore in 2022.  

(https://www.nationaalgeoregister.nl/geonetwork/srv/dut/catalog.search#/metadata/a6e9b44a-

d932-4458-8dd0-cc46d8fc9e94?tab=general). A larger part then the catchment has been exported to a 

tiff file. Output file name: Aa_2010_from_bbg2010_wms.tif. From this tiff file the training samples have 

been selected. The idea behind this method is that this map contains distinct pixel values. However, in 

the process of exporting this specific map the clear differences between different land-use categories is 

lost. Therefore, a maximum likelihood classification does not lead to good results. This end result can 

be seen in the raster file mlc_2010_11.  

 

These attempts subscribe the need for another methodology in which the land-use in 2010 can 

accurately be estimated. This can be done in combining two maps from the CBS. The first map is the 

Bestand Bodemgebruik 2010 (BBG; English: File Soil-use; source: 

https://geodata.nationaalgeoregister.nl/bestandbodemgebruik2010/wms?request=GetCapabilities&ser

vice=wms) and the second map is the Basisregistratie gewaspercelen 2010 (BRP; English: Basis 

registration of crop plots;  source: 

(https://www.nationaalgeoregister.nl/geonetwork/srv/dut/catalog.search#/metadata/1f7d475c-

179d-4c71-89ca-4b5fd210ec18?tab=general). This map can be added in ArcMap through the Add data 

from ArcGIS online function. Search for ‘brp gewaspercelen 2010 esri’ and tap the Add button. [note: 

this is a kind of WMS. The complete dataset can also be downloaded via this link:  

https://geodata.nationaalgeoregister.nl/brpgewaspercelen/extract/2010-

definitief/brpgewaspercelen.zip].  

The advantage from this methodology is that the data stems from 2010. The satellite images where 

from 2016. In this attempt the satellite images are not used. It is purely based on existing maps.  

 

The first step with the BRP 2010 is the selection of all the polygons that are inside of partly inside 

the Aa of Weerijs catchment. This has been done with the Select by location option.  

 (Target layer: BRP – Gewaspercelen 2010; Source layer: Aa_of_Weerijs_catchment2) 

 [Spatial selection method for target layer feature(s): Intersect the source layer feature] 

 

With this option it is possible to select all the features that intersect for at least one pixel with the 

polygon that delineates the Aa of Weerijs Catchment.  

 

Next, the selected features have been converted into a polygon shapefile with the Feature 

class to feature class tool.  

https://geodata.nationaalgeoregister.nl/bestandbodemgebruik2010/wms?request=GetCapabilities&service=wms
https://geodata.nationaalgeoregister.nl/bestandbodemgebruik2010/wms?request=GetCapabilities&service=wms
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 (file names. input: BRP – Gewaspercelen 2010; output: BRP_2010_01) 

[settings. All attributes have been copied] 

  

 In retaining only areas that fall inside the Aa of Weerijs Catchment the Clip tool has been used.  

(file names. Input features: BRP_2010_01; clip features: 

Aa_of_Weerijs_catchment2; output: BRP_2010_02) 

[settings. XY tolerance: not specified] 

 

To recalculate the areas of polygons that are no separated or just have become smaller right click 

in the attribute table on the columns of Shape_Are and Shape_Len and click on calculate geometry. 

This can be done outside an edit session.  

Next, an Excel file has been exported from the file BRP_2010_02 with the Table to Excel tool. Data 

has been placed in the supplementary material Excel file (filename: Supplementary Material I Tab: 

brp_2010_02_attributetable.xls).  

From this data a pivot table has been made to quickly oversee the different subcategories 

(GWS_GEWAS [column A]; Amount: 52; all in Dutch) in the land-use categories (CAT_GEWASC; 

Amount: 5; The first one is not categorized- empty cell; Bouwland: arable land; Braakland: fallow land; 

Grasland: Grassland; Overige: Other). This pivot table can be seen in the supplementary material I Excel 

file in the tab: brp_2010_02_pivot_table. In column G the total number of plots for each land-use 

subcategory can be seen. In row 57 the total amount of plots for each land-use category of brp_2010_02 

can be seen. This pivot table made it easy to distinguish between the different land-use subcategories. 

Subsequently these 53 land-use subcategories are allocated to a land-use category that is used in this 

research.  

The allocation of these subcategories can be seen in column H. All land-use subcategories have 

been allocated into either grassland, cropland, or tree nurseries. This allocation process is for some 

subcategories obvious, however, for some it is not. For example, the subcategory Other Nature terrains 

(overige natuurterreinen) can be allocated into croplands, grassland or even a new land-use category. 

For a new category has not been chosen because the area of these 17 plots represents approximately 

0,4 km2 (0,25%) of the total catchment. Therefore, it is allocated as grasslands. For all subcategories 

where it is not obvious whether it should be allocated to grassland or croplands or another land-use 

category, similar considerations have been made. Again, all the choices that have been made can be 

seen in column H.  

 

The land-use categories much correspond with the land-use categories that are already 

used. Thus, the allocation of the land-use categories in the pivot table in the excel file must be 

in ArcMap. The first step is to dissolve all the separate features of GWS_GEWAS of 

BRP_2010_02 into 52 different features. Therefore, the Dissolve tool is used: 

(file names. Input features: BRP_2010_02; Output: BRP_2010_03) 

[settings. Dissolve fields: GWS_GEWAS; Statistics fields: none;] 
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This gives a new shapefile in which the land-use categories Grassland, cropland, tree nurseries, 

and forest can be assigned to each of the land-use subcategories of GWS_GEWAS. This has been 

done in and edit session in ArcMap. This results in a new manually edited column with the header 

Land_use.  

 

As described before, another WMS file has been added to ArcMap. This is the Bestand Bodem 

Gebruik 2010 WMS file (BBG 2010; File Soil Use 2010). The provider of these WMS is Centraal Bureau 

voor de Statistiek (CBS; Dutch Statistics Agency). 

(https://www.nationaalgeoregister.nl/geonetwork/srv/dut/catalog.search#/metadata/a6e9b44a-

d932-4458-8dd0-cc46d8fc9e94?tab=general). This is the WMS that is probably been phased out in 

2022. From this WMS file the file bbg_2010 has been created.  

 

The file bbg_2010 has formed the starting point for the following activities. First, a clipping 

procedure has been performed to cut the polygons that lie outside 

Aa_of_Weerijs_Stroomgebied2.  

Tool: Clip. 

(file names. Input features: BBG_2010; Output: BBG_2010_02) 

[settings. Clip features: Aa_of_Weerijs_Stroomgebied2; XY Tolerance: 

none;] 

 

The attribute table of the shapefile BBG_2010_02 has been exported and implemented in the 

Supplementary material Excel file. It can be seen in the tab with the name: bbg_2010_02 categories. 

Here, column F Land_use has been added. This has been done to clearly show how relations between 

column B named BG2010A and column F have been established. 

This WMS file comes with additional information on product use (CBS, 2013). In this additional file 

each item in the column BG2010A is categorized. These categorization is used to estimate the category 

of land-use that is used in this research. For example, all items in BG2010A from 10 up to 50 have been 

categorized as settlement. The items from 10 up to 50 from BG2010A differ from traffic terrain (rail, road, 

and air) to a cemetery. 

In column E can be seen how much each item represents from the total area. All the items that have 

been categorized as settlement count for almost 10% of the area. This nearly corresponds with the 

figure presented in chapter 1, table 1 where Beers et al. (2018) stated that settlement represents 

approximately 12% of the land use in the Aa of Weerijs catchment.  

 

Now, two files have been prepared to finally merge. These are the files BRP_2010_03 and 

BBG_2010_02. The land-use categories that have been used in the first file are: cropland, forest, 

grassland, and tree nurseries. The second file contains the land-use categories: agriculture, forest, 

grassland, settlement, water, and wetland.  

 

Combining these two files has been done with the Union tool.  
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(file names. Input datasets: BBG_2010_02, BRP_2010_03  

output: Aa_2010_21.shp) 

[Settings. default] 

 

In the attribute table 285 features can be observed. The input features contain 22 (BBG_2010_02) 

and 52 (BRP_2010_03) features. This is explained by two reasons: (1) Some features are surrounded 

by a feature from the other shapefile, and (2) lines from polygons do not always match. In case that 

lines do not match slivers can occur. Fortunately, another tool named Eliminate can be very helpful. 

For this tool all the features that have an area less than 10,000 square meters have been selected 

(199 features). The input and settings for this tool have been: 

 

Eliminate slivers with an area les then 10,000 square meters has been done with the tool: 

Eliminate: 

(file names. Input datasets: Aa_2010_21.shp {selection of 199 features}; output: 

Aa_2010_22.shp) 

[Settings. Eliminating polygon by border: LENGTH; rest as default] 

 

This result in a shapefile (named: Aa_2010_22.shp) with 86 features. If the attribute table is sorted 

by FID (low to high) the first 22 features have no attribute under the column Land_use. These have 

manually (editing session) been filled according to the attribute in Land_use_1 except for the attribute 

agriculture (FID: 16). All this land-use has been categorized as agriculture. Comparison with the aerial 

images from 2016 (25 cm) most of these areas are grasslands. Therefore, this FID has been categorized 

as grassland.  

 

The next step was to dissolve all the polygons with the same attribute in the column 

Land_use. Therefore, the Dissolve tool has been used: 

(file names. Input features: Aa_2010_22.shp; Output: Aa_2010_23.shp) 

[settings. Dissolve fields: Land_use; Statistics fields: none; Create multipart 

features: MULTI_PART; Unsplit lines: DISSOLVE_LINES] 

 

Before the situation of 1960 can be compared to the situation of 2010 both files should be GRID 

files. Thus, the shapefile must be converted into a Esri GRID file. Therefore, the Polygon to Raster tool 

has been used. Before this has been done another column has been added named: Value. This column 

ensures that land-use categories order the same as in mlc_1960_81. Input and settings with the Polygon 

to Raster tool have been: 

(file names. Input features: Aa_2010_23.shp; Output: Aa_2010_31.shp) 

[settings. Value field: Value; Cell assignment type: CELL_CENTER; priority field: 

none; cellsize: 6] 

 

The end result can be seen in Appendix 4-A.  
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Appendix 3-D Methodology land-use prediction 2050 

This appendix describes the process how the land-use maps of 2050 are developed. The prediction 

of land-use has been done with the TerrSet software. Of course, files are exchanged between ArcMap 

and TerrSet. Part of these steps are described after this introduction. After the introduction there are two 

sections. One section for each of the two used scenarios for 2050. 

 

3-D.1 Methodology LCM 

Within TerrSet the LCM module is started. In here a new session has been created named: 

Aa_2050. An earlier and later land cover image should be selected. Thus, the land-use maps in ArcMap 

need to be imported into TerrSet. This has been done by the data export function in ArcMap. A 

description can be found here. Files have been saved as .tif files. All other settings have been left at 

default. The files have been named: TS_1960 and TS_2010. TS stands for TerrSet. The files can be 

found in the following directory: Terrset/Stroomgebied1/Input Data. The pop-up that shows up while the 

tiff files are processed can be answered with yes.  

Subsequently, these files must be converted to be used in TerrSet. This has been done in TerrSet. 

Click on File – Import - GDAL raster conversion utility. In this utility it is possible to select TS_1960.tif as 

the input dataset. The output filename remains TS_1960 and the directory also remains the same. The 

output format is RST -raster(rw+v): Idrisi Raster A.1. Click on run to finish this process. The same 

process can be followed for the file TS_2010.tif 

It could be that TerrSet adds ‘_b1’ to the filename. This has manually been removed after the 

conversion process. Make sure that the addition files TS_1960_b1.rdc and TS_2010_b1.rdc are 

renamed respectively: TS_1960.rdc and TS_2010.rdc.  

 

Basis roads layer map 

TerrSet works with a basis roads layer map. This basis roads layer map has been prepared 

in ArcMap. The Dutch National Roads Dataset (NWB; Dutch: Nationaal Wegen Bestand; 

(PDOK, 2011)) has been used for this purpose. This NWB dataset can be added through the 

function Add data and choose for the function add data from ArcGIS online. Search for the 

feature service ‘NWB-Wegvakken’ from Esri_NL_content and add to ArcMap.  

 

In retaining only areas that fall inside the Aa of Weerijs Catchment the Clip tool has been 

used.  

(file names. Input features: NWB-wegvakken; clip features: 

Aa_of_Weerijs_catchment2; output: Roads_Layer_01) 

[settings. XY tolerance: not specified] 

 

https://desktop.arcgis.com/en/arcmap/10.3/manage-data/raster-and-images/exporting-a-raster-in-arcmap.htm
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In the attribute table there is a column with the header WEGBEHNAAM. This column 

indicates on which level roads are being maintained. These levels are national, provincial, or 

communal. Since TerrSet needs a road map layer indicating roads on three levels, the feature 

layer Roads_Layer_01 has been dissolved with the Dissolve function.  

 

(file names. Input features: Roads_Layer_01; Output: Roads_Layer_02) 

[settings. Dissolve fields: WEGBEHNAAM; Statistics fields: none;] 

To retrieve a shapefile with road polygons with a value indication of 1, 2, or 3, a short new 

integer column named Value has been added to the attribute table of Roads_Layer_02. Integer 

attribution has been done as follows: ZN District West: 1; Noord-Brabant: 2; Breda, Etten_Leur, 

Meer instanties, Overige instanties, Rucphen, and Zundert: 3. The next step is to dissolve 

Roads_layer_02 again but now based on the Value.  

 

(file names. Input features: Roads_Layer_02; Output: Roads_Layer_03) 

[settings. Dissolve fields: Value; Statistics fields: none;] 

 

Terrset needs a TIFF file from ArcMap to convert it to a *.rst file. Therefore, The Feature to 

raster tool has been used to convert Roads_Layer_03 into a *.tif file.  

 

(file names. Input features: Roads_Layer_03; Output: Roads_04.tif) 

[settings. Field: Value; Output cell size: 6] 

{Environment settings. Processing extent. Extent: Aa-

_of_Weerijs_catchment2} 

 

The environment settings are necessary to end up with a raster file with 2799 columns and 

2966 rows.  

Until now, all files have been saved in the directory GIS/catchment 1/Terrset explanatory 

variables. 

The file Roads_04.tif has been imported in Terrset with the GDAL raster conversion utility. 

The file has been converted and named Roads_05.rst. Do not forget to remove ‘_b1’ in the file 

name. The file has been saved in the directory: TerrSet/Stroomgebied 1/Input Data. 

Hereafter, the legend must be specified. This can be done in the TerrSet Explorer by right-

clicking the file and go to Metadata. In here, the categories must be specified. There must be a 

distinction between primary, secondary, and tertiary roads. Therefore, three lines are inserted 

in the Categories pop-up. These lines need to be filled as follows: Code: 1 then category 1, 

Code: 2 then category 2, and Code 3: then category 3. Through this way TerrSet understand 

the distinction between the three types of roads. Do not forget to save the settings.  
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Click on continue button to proceed to the next step. It is possible that there are some issues with 

both maps LCM starts the harmonize options with a pop-up. Fixing the issues that occur lead to two new 

maps namely: TS_1960_01 and TS_2010_01. Click on the continue button again to proceed.  

The change analysis panel tells how much gain and losses of pixels/hectares/% has occurred in a 

land-use category.  

The change maps panel allows the user to set a specific threshold for transitions to work with. This 

threshold has been set on 200 ha. This led to nine transitions. After a map analysis of these nine 

transitions two of them are not considered. See also 3.3.  

In the next tab, Transition potentials, each transition above the threshold is shown. These are: 

Grassland to forest, grassland to cropland, cropland to grassland, cropland to settlement, grassland to 

settlement, cropland to tree nursery, and grassland to tree nursery. Discarded are Forest to grassland 

and settlement tot grassland because it is expected that these transitions have a negative impact on the 

accuracy of the prediction for 2050. That means that there are seven transitions left which have been 

named transition 1 – 7.  

 

Explanatory variables 

In this section the creation of the explanatory variables is described. These variables are maps made 

in ArcMap and subsequently used in TerrSet. The creation of the road layer is an example of an 

explanatory variable. However, this variable is used in TerrSet in the Change analysis tab and therefore 

described in the former section. A choice has been made for four explanatory variables: Distance from 

cities, groundwater level, distance from roads, and a soilmap.  

 

Distance from cities 

The next explanatory variable is a Euclidean distance raster from cities in the study area. 

Therefore, a shapefile named OVR_10_STD_V from the Province of Noord-Brabant is used 

(2021b). It remains a bit unclear from which year this data stems. However, if it is laid on a map 

from 2010 it fits cities quite well. The shapefiles have been imported into ArcMap and clipped: 

 

(file names. Input features: OVR_10_STD_V; clip features: 

Aa_of_Weerijs_catchment2; output: Cities_01) 

[settings. XY tolerance: not specified] 

{Environment settings. Processing extent. Extent: Aa-

_of_Weerijs_catchment2} 

 

Three polygons on the North-West of the catchment have been removed. The reason 

therefore was a small built-up area that could possibly gave a wrong Euclidean distance map. 

Old versions of the buffer map are Cities_buf_02 and Cities_buf_03. The next step is to create 

a Euclidean distance raster. This is done through the Euclidean distance tool.  

 

(file names. Input features Cities_01; Output: Cities_buf_04) 
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[settings. Maximum distance: default; Output cell size: 6] 

{Environment settings. Processing extent. Extent: Aa-

_of_Weerijs_catchment2} 

Symbology: Classified; Classification: Quantile; Classes: 10.  

 

To retain only cells with data inside the study area the file has sort of been clipped by the 

tool extract by mask.  

 

   (file names. Input features: Cities_buf_04; Output: Cities_buf_05) 

   [Settings. Input raster or feature mask data: Aa_of_Weerijs_catchment2] 

 

This GRID file has been converted to a *.tif file with the Raster To Other Format (multiple) 

tool. Just select Cities_buf_05 as input and the tool creates Cities_buf_05.tif as output.  

 

The file Cities_buf_05.tif has been imported in Terrset with the GDAL raster conversion 

utility. The file has been converted and named Distance from cities.rst. Do not forget to remove 

‘_b1’ in the file name. The file can be found in the directory catchment 1/Explanatory Variables. 

 

Groundwater 

For an explanatory map of the groundwater levels a raster has been used from the Province 

Noord-Brabant (2005a). This tiff file with the name Grondwatertrap 2005.tif can be found in the 

directory catchment 1/Terrset explanatory variables. The tiff file has been converted to a 

shapefile with the tool Raster to polygon.  

(file names. Input features Grondwatertrap 2005.tif; Output: 

Grondwatertrap_2005.shp) 

[settings. Field (optional): Value] 

 

The shapefile contains 545,007 features. These have been dissolved based on the 

Gridcode with the Dissolve tool.  

(file names. Input features: Grondwatertrap_2005.shp; Output: 

Grondwatertrap_2005_dissolved) 

[settings. Dissolve fields: GRIDCODE; Statistics fields: none;] 

 

In the attribute file of Grondwatertrap_2005_dissolved a column with the header GW_level 

has been added. These numbers correspond to the colours of Grondwatertrap 2005.tif. For 

example, cells from Grondwatertrap 2005.tif with the Gridcode 1 and 2 have the same dark blue 

colour. These are numbered as ‘1’ in Grondwatertrap_2005_dissolved. The process of 

numbering continuous like this. This gives 11 levels of groundwater. The exception is zero which 

represents nothing and occurs in settlements, roads and outside the Netherlands.  
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Next, the Grondwatertrap_2005_dissolved must be dissolved.  

(file names. Input features: Grondwatertrap_2005_dissolved; Output: 

Grondwatertrap_2005_dissolved2) 

[settings. Dissolve fields: GW_level; Statistics fields: none;] 

 

To end up with only the study area the shapefile has been clipped: 

(file names. Input features: Grondwatertrap_2005_dissolved2; clip 

features: Aa_of_Weerijs_catchment2; output: Grondwatertrap_2005_clip) 

[settings. XY tolerance: not specified] 

{Environment settings. Processing extent. Extent: Aa-

_of_Weerijs_catchment2} 

 

Finally, the shapefile has been converted into a tiff file with the polygon to raster tool: 

(file names. Input features: Grondwatertrap_2005_clip; Output: 

GW_level.tif) 

[settings. Field: GW_level; Output cell size: 6] 

{Environment settings. Processing extent. Extent: Aa-

of_Weerijs_catchment2} 

 

The file GW_level.tif has been imported in Terrset with the GDAL raster conversion utility. 

The file has been converted and named Groundwater level.rst. Do not forget to remove ‘_b1’ in 

the file name. The file can be found in the directory catchment 1/Terrset explanatory variables. 

 

Distance from roads 

Another explanatory variable is the distance from roads. A standard database has been 

used to create this variable (PDOK, 2011). With this explanatory variable it is possible to study 

the relation between the LUC and the distance from roads. Therefore, a buffer raster has been 

created. The shapefile was used in the Euclidean Distance tool: 

(file names. Input features: Roads_Layer_03; Output: Roads_buf_01) 

[settings. Maximum distance: default; Output cell size: 6] 

{Environment settings. Processing extent. Extent: Aa-

_of_Weerijs_catchment2} 

  

To retain only cells with data inside the study area the file has sort of been clipped by the 

tool extract by mask.  

 

   (file names. Input features: Roads_buf_01; Output: Roads_buf_02) 

   [Settings. Input raster or feature mask data: Aa_of_Weerijs_catchment2] 
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This GRID file has been converted to a *.tif file with the Raster To Other Format (multiple) 

tool. Just select Roads_buf_02 as input and the tool creates Roads_buf_02.tif as output.  

The file Roads_buf_01.tif has been imported in Terrset with the GDAL raster conversion 

utility. The file has been converted and named Distance from roads.rst. Do not forget to remove 

‘_b1’ in the file name. The file has been saved in the directory: catchment 1/Explanatory 

Variables. 

 

Soilmap 

A map that could serve as an explanatory variable is one that depicts the type of soil. This 

map is offered by Esri Nederland (2018) as a feature service. It could be consulted in ArcMap 

through the add data from ArcGIS online function which can be found under the add data button. 

Search for ‘bodemkaart feature service’ and add the first map.  

Subsequently, the parts that fall inside the study area are clipped with the clip tool.  

 

(file names. Input features: Bodemkaart; clip features: 

Aa_of_Weerijs_catchment2; output: Soilmap_01) 

[settings. XY tolerance: not specified] 

 

This results in a shapefile with 223 features. The features have been dissolved using the 

dissolve function. This decreases the number of features from 223 to 24.  

  

(file names. Input features: Soilmap_01; Output: Soilmap_02) 

[settings. Dissolve fields: bodem1_oms; Statistics fields: none;] 

 

Terrset needs a TIFF file from ArcMap to convert it to a *.rst file. Therefore, The Feature to 

raster tool has been used to convert Soilmap_02 into a *.tif file.  

 

(file names. Input features: Soilmap_02; Output: Soilmap_03.tif) 

[settings. Field: Value; Output cell size: 6] 

{Environment settings. Processing extent. Extent: Aa-

of_Weerijs_catchment2} 

 

The environment settings are necessary to end up with a raster file with 2799 columns and 

2966 rows.  

Until now, all files have been saved in the directory GIS/catchment 1/Terrset explanatory 

variables. 

The file Soilmap_03.tif has been imported in Terrset with the GDAL raster conversion utility. 

The file has been converted and named Soilmap.rst. Do not forget to remove ‘_b1’ in the file 

name. The file has been saved in the directory: catchment 1/Explanatory Variables. 
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The four explanatory variables described in this section have all been combined into a so-called 

layer group (named: Explanatory Variables.rgf). Select in the TerrSet Explorer the four variables, right-

click and select Create and select Raster Group. The file Explanatory Variables.rgf is used in the 

Transition sub-model structure panel which can be found under the Transition potentials tab.  

These four variables have been appointed a dynamic role: distance from cities and distance from 

roads. These variables change at each timestep. This in contrary to groundwater level and the soilmap. 

One could argue that groundwater level is also a dynamic variable, but LCM cannot attribute the right 

basis layer type and operation to this variable. This is necessary for LCM to understand how it should 

treat a dynamic variable. For distance from cities the basis layer type is the land cover (Settlement), and 

the operation is distance. For distance from roads the basis layer type is roads (primary, secondary and 

tertiary roads have been chosen) and the operation is distance.  

 

In the Run Transition Sub-Model panel, the transition potential maps can be created. In this panel 

the MLP option has been chosen. Each transition (1 – 7) has been separately selected in the Sub-model 

to be evaluated drop-down menu. The sample size per class was set at 2000 cells. The other parameters 

have been left at default. If the RMS error curve still decreases at the end of the evaluation the sample 

size per class was raised by approximately 25%. This was repeated until the Error monitoring showed 

a smooth decrease of the of both the training and testing curve. This has been done in line with the help 

instructions that can be accessed through the question marks in each panel within the software.  

If the sub-model has been completed with sufficient result it also shows in a html document how the 

variables perform. With a backwards stepwise constant forcing (3.3 in the model results html document 

report) it holds firstly the least influential variable is held at a constant value over the study area (Clark 

Labs, 2016). It turns out that the explanatory variables Groundwater level [1x], Distance from roads [3x], 

and Soilmap [3x] are selected by LCM as the least influential explanatory variable in one of the seven 

sub-models. This means, if the accuracy and skill measure remain the same, that these explanatory 

variables can be left out of the model. This has been assessed for sub-model 1, 2, and 7. Sub-models 

had been named Transition 2 – Attempt 2 for example. The report shows no significant increase of the 

accuracy of skill measure. The reports can be consulted in the data (document name for example: 

Aa_2050_Train_Transition 2 - Attempt 2).  

 

The last panel is the Run Transition Sub-Model which allows to run a specified sub-model to create 

a potential transition image. A potential transition image depicts the probability of a particular transition 

occurring on the model landscape. It is used in predicting future change.  
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Table M-2 The sensitivity analysis for 7 MLP transition sub-model training sessions 

     

 Model Included Accuracy 
rate (%) 

Skill Measure 

With all variables All variables 59.54 0.1908 
Step 1: var.[2] constant [1,3,4] 59.24 0.1847 
Step 2: var.[2,4] constant [1,3] 58.43 0.1687 
Step 3: var.[2,4,3] constant [1] 57.73 0.1546 

    

     

 

Model Included Accuracy 
rate (%) 

Skill Measure 

With all variables All variables 81.40 0.6280 
Step 1: var.[4] constant [1,2,3] 81.40 0.6280 
Step 2: var.[4,1] constant [2,3] 80.09 0.6018 
Step 3: var.[4,1,3] constant [2] 75.07 0.5015 
    

     

 Model Included Accuracy 
rate (%) 

Skill Measure 

With all variables All variables 63.10 0.2620 
Step 1: var.[3] constant [1,2,4] 63.83 0.2767 
Step 2: var.[3,2] constant [1,4] 63.83 0.2767 
Step 3: var.[3,2,4] constant [1] 62.20 0.2440 
    



118 
 

 

Nature-based solutions in brook catchments: Modelling land-use change and its impact on terrestrial carbon pools 

     

 Model Included Accuracy 
rate (%) 

Skill Measure 

With all variables All variables 69.77 0.3953 
Step 1: var.[3] constant [1,2,4] 69.21 0.3841 
Step 2: var.[3,2] constant [1,4] 68.14 0.3628 
Step 3: var.[3,2,4] constant [1] 61.74 0.2348 
    

     

 Model Included Accuracy 
rate (%) 

Skill Measure 

With all variables All variables 59.82 0.1964 
Step 1: var.[3] constant [1,2,4] 58.67 0.1733 
Step 2: var.[3,4] constant [1,2] 57.03 0.1406 
Step 3: var.[3,4,1] constant [2] 54.70 0.0940 
    

     

 

Model Included Accuracy 
rate (%) 

Skill Measure 

With all variables All variables 77.02 0.5405 
Step 1: var.[4] constant [1,2,3] 75.81 0.5162 
Step 2: var.[4,1] constant [2,3] 75.27 0.5054 
Step 3: var.[4,1,2] constant [3] 72.17 0.4433 
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 Model Included Accuracy 
rate (%) 

Skill Measure 

With all variables All variables 59.80 0.1960 
Step 1: var.[4] constant [1,2,3] 60.53 0.2106 
Step 2: var.[4,3] constant [1,2] 58.54 0.1707 
Step 3: var.[4,3,2] constant [1] 54.98 0.0995 
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3-D.2 Methodology Technical-Physical scenario  

In LCM the tab Change Prediction is the tab in which the last settings are made for the future 

prediction. The prediction date has been set on 2050. This can be done in the Change Demand 

Modelling panel. The Dynamic Road Development panel has not been used. The Change Allocation 

panel is the final panel before the model can run and establish a future landscape. The recalculation 

stages have been set on 20 and the box for creating a soft prediction has been checked. All transition 

sub-models have been included in the soft prediction and have been approached with the Logical OR 

aggregation type.  

The output name for the model is landcov_predict_2050.rst and can be found in project catchment 

01 session Aa_2050.lcm. This session file can be uploaded in LCM in the Change Analysis tab in the 

panel LCM session parameters.  

Finally, the end result has been exported to a tiff file with the GDAL raster conversion utility so it can 

be viewed in ArcMap.  

 

3-D.3 Methodology NbSs/wetlands scenario  

In here details are described for the NbSs/wetlands scenario.  

 

In creating an incentive map for the 2050 NbS/Wetlands scenario a polygon file from the 

Georegister Noord-Brabant has been used (Provincie Noord-Brabant, 2005b). The files 

mentioned below can be found in the directory Stroomgebied 1/2050/Constraints and incentives 

maps for NbSs wetlands scenario. This polygon file represents the brook valleys in the study 

area. This file has clipped.  

 

(file names. Input features: GWT_2005_100_BDL_V.shp; clip features: 

Aa_of_Weerijs_catchment2; output: Brookvalleys_2010.shp) 

[settings. XY tolerance: not specified ] 

 

This file contains two polygons. The largest polygon has been selected. This polygon 

represents the brook valleys that are central in this research and in which wetlands can 

potentially be created. With the main polygon selected a distance raster has been created 

using the Euclidean raster tool.  

 

(file names. Input features Brookvalleys_2010.shp; Output: bv_2010_eucld) 

[settings. Maximum distance: default; Output cell size: 6] 

{Environment settings. Processing extent. Extent: Aa_of_Weerijs_catchment2} 

Symbology: Classified; Classification: Quantile; Classes: 3.  

 

Setting the quantile classes has been done arbitrary with the following classes: 0, 0 – 733, 

and 733 – 9,917. TerrSet requires a raster with values in the neighbourhood of 1. Pixels with 

values less than 1 but above 0 represent a disincentive. Pixels with values that are higher than 
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1 act as incentives. That means that the area represented by the brook valley much be 

attributed a value larger than 1. An arbitrary chosen area with a close distance to the brook 

valley polygon is also attributed a higher value than 1. The rest of the pixels, and thus the rest 

of the brook catchment, are attributed a value of 1. This indicates that the transition potential 

remains normal. To classify each pixels the right value the reclassify tool has been used to 

create a raster with integers.  

 

(file names. Input: bv_2010_eucld; output:  wl_incent_01) 

[Settings. Reclass fields: Value; Reclassification: ; Change missing values to 

NoData: Data] 

 

This gives a raster file with integers 1, 2, and 3. However, this is not the required input for 

TerrSet. Therefore, the tool Raster calculator has been used to recalculate the values. Pixels 

with value 1 should get a value of 2, pixels with a value of 2 should get a value of 1.5, and pixels 

with a value of 3 should get a normal value of 0.2. The following code has been used and the 

used incentive/constraints values have been made green: 

 

Con("WL_Incent_01" == 1, 1.1, Con("WL_Incent_01" == 2, 1.05, Con("WL_Incent_01" 

==3, 0))) 

 

The output file name is: wl_incent_02. This file has only three values divided into three 

areas. Lastly, this raster file has been Extract by mask by which only the area within the 

catchment remains:  

 

(file names. Input feature mask data: Aa_of_Weerijs_catchment2.shp, input 

raster: wl_incent_02; output: wl_incent_03) 

[Settings. There are no optional settings] 

 

Terrset needs a TIFF file from ArcMap to convert it to a *.rst file. Therefore, The Raster to 

other format tool has been used to convert wl_incent_03 into a *.tif file.  

 

(Input: wl_incent_03; Output file name: wl_incent_03.tif) 

[Settings. none] 

 

Subsequently, these files must be converted to be used in TerrSet. This has been done in 

TerrSet. Click on File – Import - GDAL raster conversion utility. In this utility it is possible to 

select wl_incent_03.tif as the input dataset. The output filename remains wl_incent_03. The 

output format is RST -raster(rw+v): Idrisi Raster A.1. Click on run to finish this process.  
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3-D.4 MLP training Transition 1 analysis report 

 

Land Change Modeler MLP Model Results 

(Created: 4-2-2022 09:18:15) 

1. General Model Information 

1) Input Files 

Independent variable 1 Distance from cities 

Independent variable 2 Groundwater level 

Independent variable 3 Distance from roads 

Independent variable 4 Soilmap 

Training site file Aa_2050_Train_Transition 1 

 
2) Parameters and Performance 

Input layer neurons 4 

Hidden layer neurons 3 

Output layer neurons 2 

Requested samples per class 2000 

Final learning rate 0.0001 

Momentum factor 0.5 

Sigmoid constant 1 

Acceptable RMS 0.01 

Iterations 10000 

Training RMS 0.4896 

Testing RMS 0.4928 

Accuracy rate 59.54% 

Skill measure 0.1908 

 
3) Model Skill Breakdown by Transition & Persistence 

Class Skill measure 

Transition: Cropland to Grassland 0.1876 

Persistence: Cropland 0.1940 

 
 
2. Weights Information of Neurons across Layers 
 

1) Weights between Input Layer Neurons and Hidden Layer Neurons 

Neuron h-Neuron 1 h-Neuron 2 h-Neuron 3 
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i-Neuron 1 -1.5348 -2.1079 2.0620 

i-Neuron 2 -0.7149 -0.4004 0.3294 

i-Neuron 3 -0.7899 -1.0015 0.9013 

i-Neuron 4 -0.4316 -0.9610 0.7951 

 
2) Weights between Hidden Layer Neurons and Output Layer Neurons 

Neuron o-Neuron 1 o-Neuron 2 

h-Neuron 1 1.8142 -1.9942 

h-Neuron 2 2.3209 -2.1747 

h-Neuron 3 -1.0950 1.1089 

 
 

3. Sensitivity of Model to Forcing Independent Variables to be 
Constant 
1) Forcing a Single Independent Variable to be Constant 

Model Accuracy (%) Skill measure Influence order 

With all variables 59.54 0.1908 N/A 

Var. 1 constant 54.87 0.0974 1 (most influential) 

Var. 2 constant 59.24 0.1847 4 (least influential) 

Var. 3 constant 57.98 0.1596 2 

Var. 4 constant 59.24 0.1847 3 

 

 
 
2) Forcing All Independent Variables Except One to be Constant 

Model Accuracy (%) Skill measure 

With all variables 59.54 0.1908 

All constant but var. 1 57.73 0.1546 

All constant but var. 2 52.06 0.0412 

All constant but var. 3 52.31 0.0462 

All constant but var. 4 52.76 0.0552 
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3) Backwards Stepwise Constant Forcing 

Model Variables included Accuracy (%) Skill measure 

With all variables All variables 59.54 0.1908 

Step 1: var.[2] constant [1,3,4] 59.24 0.1847 

Step 2: var.[2,4] constant [1,3] 58.43 0.1687 

Step 3: var.[2,4,3] constant [1] 57.73 0.1546 
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Appendix 4-A Figures enlarged  

This appendix shows the figures and data that come with the results for each of the three years: 

1960, 2010, and 2050. This appendix starts with the figures and data for 1960.  
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