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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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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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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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A B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C 

 

 D 

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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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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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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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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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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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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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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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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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-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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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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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% 



100 
 

 

Nature-based solutions in brook catchments: Modelling land-use change and its impact on terrestrial carbon pools 

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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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. 



https://geodata.nationaalgeoregister.nl/bestandbodemgebruik2010/wms?request=GetCapabilities&service=wms
https://geodata.nationaalgeoregister.nl/bestandbodemgebruik2010/wms?request=GetCapabilities&service=wms
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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.  



https://desktop.arcgis.com/en/arcmap/10.3/manage-data/raster-and-images/exporting-a-raster-in-arcmap.htm














117 
 

 

Nature-based solutions in brook catchments: Modelling land-use change and its impact on terrestrial carbon pools 

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 
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 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.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.  

  



127 
 

 

Nature-based solutions in brook catchments: Modelling land-use change and its impact on terrestrial carbon pools 
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