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Abstract
Soils are the most considerable carbon stock in terrestrial ecosystems. Carbon sequestration in soils is
an important tool to decrease the amount of atmospheric CO2 and mitigate climate change. Soil
organic carbon (SOC) stocks have been thoroughly investigated for natural and agricultural soils,
however research on urban soils is still limited. Considering that the global urban population is
projected to reach 70% of the total population by 2050, a better understanding of the urban soils’
potential to accumulate and store carbon is needed. Although urban areas cover 15% of the
Netherlands and are settled by over 90% of the Dutch population, data on urban SOC stocks is lacking.
The aim of this research is to explore spatial variability of SOC stocks and its resistance to
biodegradation regarding variation in conventional and urban specific driving factors. The city of
Wageningen was used as a case study and stratified based on parent material, land cover and historical
zones. A total of 63 topsoil (0-20 cm) samples were collected to measure the SOC stocks, basal
respiration (BR), and the half-life-time of soil carbon (T0.5). In addition, at least one soil augering to 100
cm was done for each stratum to characterize the profile distribution. SOC stocks in Wageningen
topsoil ranged between 2.63 kg m-2 and 16.57 kg m-2, which is comparable to grasslands in the
Netherlands. The spatial variability of the SOC stocks was explained by parent material and land cover:
larger SOC stocks were found for clayey soils compared to sandy soils, and under trees (forest strata)
the SOC stocks are higher compared to grassland. The BR rates varied between 0.32 µg C g-1 soil h-1
and 0.42 µg C g-1 soil h-1 and were mainly driven by land cover and land-use history. Higher BR were
found for forest strata compared to grass strata, and older sites contained larger BR rates compared
to more recently built-up areas. Considering an average half life time of 5.7 years, the resistance of
urban topsoil SOC stocks to biodegradation is lower compared to the literature data. Although
relationships between management types and half life time of urban soils remain uncertain, this
outcome questions the efficiency of urban soils in Wageningen as a sufficient tool to mitigate climate
change. This research provides a baseline for urban soil management to increase SOC stocks and make
urban soils more resistant in the future.
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1. Introduction
1.1 General introduction
Climate change and carbon cycling are recognized among the most important topics of the recent
scientific and political agendas Climate mitigation, adaptation and carbon neutrality are foreseen the
most relevant targets for the sustainable development (IPCC, 2021). In this regard, nature-based
solutions for climate mitigation which are based on decreasing the amount of CO2 in the atmosphere
by carbon sequestration in soils (Lal, 2004; Smith et al., 2007) are highly relevant. Soil organic carbon
(SOC) stocks have been thoroughly investigated for natural and agricultural soils under different
climatic and management conditions (Guo & Gifford, 2002; Lal, 2004), but not for urban soils. Landuse change has been reported among the main anthropogenic drivers of SOC dynamics (IPCC, 2005).
For example, conversion from a natural to an agricultural ecosystem can decrease SOC stocks by 3050% within 50-100 years in temperate regions (Lal, 2007). The effect of urbanization on SOC stocks
shows the opposite effect, as a result of higher carbon sequestration rates and accumulation in deeper
layers (Vasenev & Kuzyakov, 2018), however this effect remains overlooked.
More than 50% of the global population lives in cities and this number is projected to reach 70% by
2050 (United Nations, 2019). Consequently, urban expansion will continue rapidly, which will lead to
an enlargement of urban areas (Melchiorri et al., 2018; Zhang & Seto, 2011). Urbanization coincides
with the conversion of natural and agricultural lands into residential areas like buildings, backyards,
and parks. This land use change affects carbon cycling (Pakati et al., 2006), since in urbanized areas the
anthropogenic drivers tend to dominate the natural drivers (Pouyat et al., 2008).
In urban areas, SOC is exposed to direct and indirect anthropogenic drivers (Figure 1). Direct
anthropogenic effects include soil sealing, over-compaction and pollution (Charzyński et al., 2017;
Yuangen & Paterson, 2001) Large parts of the soils in cities are sealed and the research on these areas
is limited (Dvornikov et al., 2021). The ability of these sealed soils to capture SOC is unclear. Wei et al.
(2013) found that soil sealing reduces the amount of present SOC. However, Edmondson et al., (2012)
did not find a difference in SOC storage under sealed areas compared to urban greenspaces. Another
direct anthropogenic effect is the input of materials such as debris, ash, slag, organic wastes, and
sewage in the process of city construction. This has a clear effect on the amount of carbon in the soil
(Lorenz & Lal, 2009). Adding these substances can increase the amount of biodegradation of the soil
(Shchepeleva et al., 2017), which can intensify soil respiration and CO2 emissions (Kaye et al., 2005).
Topsoil translocation and creating artificial soil constructions on top of excavated layers for
landscaping purposes is one of the key anthropogenic factors, affecting urban topsoil SOC stocks and
their sustainability (Brianskaia et al., 2021).

Figure 1 Conceptual model depicting the indirect and direct anthropogenic drivers of urban soil C (Trammell et al., 2017).
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Indirectly, humans affect urban soils by altering soil-forming factors (parent material, climate, soil
organisms, vegetation, relief)(Lorenz & Lal, 2009). For example, an increase in air and soil temperatures
due to the urban heat island effect can facilitate biodegradation of soil organic matter (SOM) (Vasenev
et al., 2021). Urban vegetation like green lawns and ornamental plants also affect SOC stocks and fluxes
as a result of management and maintenance of these urban green infrastructures (Selhorst & Lal, 2011,
2013). Time is another important soil-forming factor. The older the city, the more soil formation could
have taken place, which makes the soil more mature (Lehmann & Stahr, 2007). Anthropogenic
sediments accumulated in old historical urban areas are the result of a long-term residential activity.
These sediments are called ‘cultural layers’ (Dolgikh & Aleksandrovskii, 2010; Vasenev et al., 2017). It
has been found that soils in older cities, which have thicker cultural layers, contain more SOC
(Golubiewski, 2006; Smagin et al., 2016). As explained above, multiple direct and indirect
anthropogenic effects can change properties of urban soils, even at short distances. This creates a
unique spatial heterogeneity in urban soils. Soil properties vary considerably among land-use types
and along the urban-rural gradient (Mao et al., 2014). Urban soils are contributing strongly to the
regional spatial variability of SOC (Vasenev et al., 2014).
Urban soils are in many ways different from non-urban soils, which makes it difficult to make SOC
stocks predictions for specific cities. In Flanders (Belgium), the lack of information on urban soils was
recognized and the idea to use land cover data to predict the soil types in cities was introduced (Van
De Vijver et al., 2020). In Stuttgart (Germany), soil samples were taken to get a better understanding
of the present nutrient cycles within cities. This was based on the microbial biomass, which says
something about how resilient the carbon stocks are in Stuttgart (Lorenz & Kandeler, 2005). In Paris
(France), the changes in topsoil SOC over time were investigated to explore spatial and temporal
variations of SOC (Cambou et al., 2021).
Although sustainability and climate change are of great importance (Pettenger, 2016) and many
measures are taken to reduce CO2 emissions (de Bruin et al., 2009), data on urban SOC in the
Netherlands remains scarce. National SOC assessments and mapping are based mainly on non-urban
or natural soils, whereas the contribution of urban soils is almost completely ignored (Tol-Leenders et
al., 2018). In some cases the urban areas are included in the country-level SOC maps (de Groot et al.,
2005; Lesschen et al., 2012; Lof et al., 2017; Tol-Leenders et al., 2018), however, the urban SOC values
in these maps were based on extrapolation rather than on direct measurements in urban areas. When
keeping in mind that 15% of the Netherlands consists of urban areas (Rijksoverheid, 2015; Römkens &
Oenema, 2004) and 92% of the Dutch population lives in these urban areas (Statista, 2020), it is very
relevant to invest more in the knowledge on urban SOC.
This research focuses on the variability and resistance of SOC stocks in the urban soils of Wageningen.
As a middle-size city with a long history, Wageningen is a promising case study. Diversity in elevation,
soil conditions, and management enable exploring the effect of these factors on urban SOC stocks. Soil
sampling design will capture different historical zones, parent materials, land covers, and types of
management since a high variability in SOC stocks can be driven by these factors (Cambou et al., 2021;
Lorenz & Lal, 2009; Mao et al., 2014). The relationships between these factors and SOC field data will
be explored and used to map urban SOC stocks for Wageningen. The SOC map together with data on
the resistance of the SOC stocks will support decision-making in climate resilience, urban planning,
management, and sustainable urban development.
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1.2 Problem formulation
SOC assessments available for the Netherlands either lack data on urban soils (Edelman, 1950;
Jongmans et al., 2013) or use simplified calculations rather than field measurements in urban areas
(Lesschen et al., 2012). This indicates that there is not much known about urban SOC. Considering the
substantial role of urban areas in the Netherlands, this gap can increase uncertainty in SOC
assessments and models on a national and European level. This study can be seen as a baseline study
which can give a first indication of the amount of SOC stored in Dutch cities. Outcomes of this study
can be used to show the relevance of SOC stocks in the Netherlands and can be seen as the first step
for future research. At a city level, the data is valuable for decision making in urban planning aiming to
improve climate resilience and contribute to climate mitigation.

1.3 Research questions
The aim of this research is to explain spatial variability of SOC in Wageningen based on the
conventional and urban-specific driving factors. The following main research questions was
formulated:
How to explain the spatial variability of urban SOC stocks in Wageningen?
To answer this main research question, information on the existing data was needed. Next to that,
fieldwork was conducted to determine the influence of different driving factors behind the spatial
variability of SOC stocks. The BR was measured to give an indication of the resistance of the SOC stocks.
Also, management of the soil was considered as an explanatory factor behind the spatial variability.
The following five sub-questions were formulated:
1. What is already known about the urban soils SOC stocks in Wageningen?
2. What is the influence of landcover, parent material, and historical zones on the spatial
variability of SOC in Wageningen?
3. What are the factors driving the spatial variability of BR of urban soils in Wageningen?
4. How resistant to biodegradation are the SOC stocks in Wageningen?
5. What is the influence of management on the spatial variability of the urban SOC stocks and
the BR in Wageningen?
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2. Materials and methods
In this study information was gathered on the SOC stocks in Wageningen by doing a literature study
and a field survey. In the literature study existing data and maps in SOC stocks in the Netherlands were
collected, which in the end will be compared to the outcomes of the fieldwork. During the field survey
data was collected in Wageningen and soil samples were analyzed in the laboratory. The data was
analyzed based on statistics and mapped.

2.1 Existing data on SOC stocks in Wageningen
To find out what is already known about the urban soil SOC stocks in Wageningen, existing literature
and databases were explored. Supporting literature was obtained from Google Scholar, Scopus, WUR
library, and other relevant sources. The examples interesting of literature are:
-

-

Soil carbon stocks map for the Netherlands (Lesschen et al., 2012).
SOC-map of the Netherlands, which does not contain data for cities (Walvoort & Hoogland,
2017).
The DINOloket web portal provides information on sample points which are also located in
urban areas of the Netherlands. For Wageningen these sample locations give information
about the soils texture (TNO, n.d.). One location within Wageningen contains information
about the amount of organic matter (OM) present.
Data on soil remediation projects within Wageningen, retrieved via the municipality of
Wageningen (Geoweb Gelderland Bodemverontreinigingen, 2016).

This information was used as background knowledge while making a sampling design. In the discussion
the information on existing literature and data was compared with the final SOC stocks maps.

2.2 Site description Wageningen
A field survey was done in the
city of Wageningen to gain more
insight in the spatial variability of
SOC stocks and BR. At first a
description of the history and
development of Wageningen
will be given, which was needed
to make a sampling design. After
that the fieldwork, laboratory
work, and analysis for this
research will be explained.
The fieldwork was conducted in
Wageningen. Wageningen is a
moderate city for Dutch
standards and located in the
middle of the Netherlands.
Figure 2 Elevation map of Wageningen, with the pushed moraine at the right
Wageningen has an area of 32 side of Wageningen and the river Rhine in the south. The map in the right
km2 (AlleCijfers.nl, 2021) and lower corner show where Wageningen is located within the Netherlands.
counts nearly 40.000 residents Source: PDOK.
(CBS, 2021). The city has a unique location in the landscape; a long history; and contains lot of variation,
which makes it a suited study area to find spatial variation in SOC stocks.
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Geological history
During the Saalien period, about 200.000 years ago, an ice sheet pushed into Northwestern Europe.
This movement formed the ‘Gelderse Vallei’ in the center of the Netherlands with pushed moraines
on both sides (ISRIC, 2017; Jongmans et al., 2013; Vervloet, 2006). During the next ice age, the
Weichselian, about 120.000 years ago, cover sands were deposited all over the area and at some
locations coversand ridges were formed. This cover sand layer in the area of Wageningen is called the
formation of Boxtel (Schokker et al., 2007). At the foot of the pushed moraines, thicker layers of cover
sand accumulated (Vervloet, 2006). At the start of the Holocene (round 13.000 BC), temperatures
started to rise again and between the cover sand
ridges swampy fields were formed (Gast &
Kernkamp, 2013). After that, the river Rhine,
located south of Wageningen, had the most
dominant influence on the landscape. Between
2850 and 250 BC, the river flowed through the
middle of the city center (Berendsen &
Stourhamer, 2002), after which it moved south in
time. This movement created several gullies and
embankments (Gast & Kernkamp, 2013).
Nowadays the eastern part of the city of
Wageningen is located on the flank of the
‘Wageningse Berg’; an elevated area covered with
cover sand deposit originating from the
Figure 3 Soil map of Wageningen of 1951. The grey area in
Weichselian (Figure 2). In the lower laying
the middle is the old city center of Wageningen and a small
part of the river Rhine is visible in the lower right corner. The western part of the city, the topsoil consists
more orange colors in the east are sandy soils and the
dominantly of clay, deposited by the river Rhine
yellow/green colors in the west are more clay soils. Source:
(Figure 3) (Wageningen: Stichting voor
Wageningen : Stichting voor Bodemkartering, 1951.
Bodemkartering, 1951).
Building history
The presence of fertile and well drained soils on the flank of the ‘Wageningse berg’, combined with
the location next to the river makes Wageningen an suitable location for humans to live. The first proof
of human habitation in Wageningen and its surroundings traces back to the Stone age (approximately
35.000 - 5300BC) (Gast & Kernkamp, 2013). During this time humans left no traces on the area, since
humans did not stay at the same location for a long time. Around 5300 BC the first more permanent
settlements occurred and the first farms were established (Gast & Kernkamp, 2013). There is not much
known about the exact location of these first farms, but Tombs found in the area were dated to be
from this period of time (Fontijn, 2010). In the Bronze age, 1100-180 BC, farms were constructed
mainly in clusters. This is seen as the first farming hamlet of Wageningen (Fokkens & Jansen, 2004).
From approximately 12BC – 400 AD the Romain empire was in charge. During these Roman times
Wageningen was not inhabited much, since the area was located close to the Limes (the northern
border of the Roman empire) and was probably part of the buffer zone in which the Romans did not
allow people to settle (Fontijn, 2010). Only small settlements were found dating from these times,
mostly at the higher parts of the ‘Wageningse Berg’. During the Middle Ages (500- 1400 AD) more
habitation took place and the first so called ‘Engen’, contiguous old arable land that were used by
various farmers, were formed. In 1263 Wageningen obtained city rights (During, 2013) and at that time
counted about 250 residents (Zeven, 2002). The location of this first phase of Wageningen city is visible
in Figure 4a. The next map (Figure 4b) is a reconstruction of Wageningen in the year 1600; here the
buildings in the city center expanded and a castle was built. Also, the river has moved more southwards
8

compared to the map of 1300. One time step more forwards are the years 1600 and 1800. In this
period there is not much difference in the buildup and structure of the city (see Figure 4c) however,
the number of residents did increase, from 1220 to 3006 (Zeven, 2002). The next map (Figure 4d)
shows Wageningen of in 1957, here more construction was visible at the eastern side of the city, but
also in the south-western part. Aside of that, the number of residents increased to 9573 in the year
1905 (Gast & Kernkamp, 2013). From 1960 onwards the buildup of the suburbs increased (Figure 4e)
and the city expanded quickly to its current state (Figure 4f). The most recent buildings can be found
at the university campus in the northern part of the city. New residential areas are also established at
the western part of the city and at a few locations within the city (Dienst voor het kadaster en de
openbare registers (Rijk), 2021).

Figure 4 Reconstructions of Wageningen for several time steps. Legend description: Light green = agricultural, green =
grassland, dark green = forest, blue = water, brown = buildings, thick green line = dyke. Source: scanned pictures of the book
of Gast & Kernkamp (2013).
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2.3 Sampling design
A sampling design was made to distinguish the best sample locations in Wageningen. The sampling
scheme considered only the open surfaces since there is limited access to the sealed soils. The research
area was stratified into three historical zones: city center, buildings built before 2000 and buildings
built after 2000. The city center can be seen as the oldest part of the city. The deviation between before
and after 2000 was based on the fact that relatively much construction has taken place in the last
decades (Dienst voor het kadaster en de openbare registers (Rijk), 2021; Wit & Geelkercken, 1698),
however this division was a bit arbitrary. For the residential areas outside the center, an old soil map
was available (Wageningen : Stichting voor Bodemkartering, 1951) which made it possible to subdivide
these areas also into sand and clay strata, which are the two dominant soil textures present. The last
factor taken into account was land cover. The landcover map of 2020 for the Netherlands was retrieved
from GeoDesk. This map divided Wageningen into sealed areas, grass and trees. In result, nine strata
were considered which are visible in Figure 5.

Figure 5 Stratification map for Wageningen, based on parent material, historical zones and landcover.
Table 1 Abbreviations strata names explained.

Abbreviation
SAG
SAF
SBG
SBF
CAG
CAF
CBG
CBF
CC

Full name
Sand-Built after 2000-Grass
Sand-Built after 2000-Forest
Sand-Built before 2000-Grass
Sand-Built before 2000-Forest
Clay-Built after 2000-Grass
Clay-Built after 2000-Forest
Clay-Built before 2000-Grass
Clay-Built before 2000-Forest
CityCenter

In each grass strata, eight random points were
located. In each forest strata, four random points
were located, since the forest strata have smaller
surfaces than the grass strata. Together this gave
a total of 56 samples. During the fieldwork it was
decided to take a few extra samples, to a total of
63 locations were sampled in the end. In the next
chapters abbreviations for the stratum names
were used. See Table 1 for an overview.
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Figure 6 Overview of fieldwork activities. Augering to get the whole soil profile on the left. Taking samples with the bulk
density rings in the middle. Capturing the topsoil profile with the monolith on the right. Taking soil samples at the bottom.

2.4 Sample collection in the field
At all the randomly generated locations were visited and samples were taken. At each sample location,
three bulk density samples were taken (at 5 to 10 cm depth) to give an indication of the compaction
of the soil. The bulk density values will be used to calculated the SOC stocks. The bulk density samples
were taken with a 100 cm3 ring and the mixed sample was further analyzed in the laboratory (Figure
6). In each stratum, one deep soil profile was investigated by augering to 100cm (Figure 6). Augering
was done for the first location in the stratum where this seems to be doable (when there were no
problems with underground pipe and cable networks). A soil description was made and a mixed sample
of each horizon was taken (Figure 6), which was used for SOC and BR measurement in the laboratory.
Also, the pH of the soil samples was measured to further explain the differences between sample
locations. The profile captured with the auger was considered representative for the whole strata. At
the locations where no deep augering has taken place, the first 20 cm of soil were augured to capture
a mixed sample of the topsoil. Also, a monolith auger or spade was used to look at the topsoil (0-10cm)
and show its morphology (Figure 6). The depth of the horizons was measured and a picture of the
monolith and the surroundings was taken. Also, the color of the soil was distinguished with a Munsell
booklet and the volume percentage of stones were estimated. At each location, a site description was
made including management type(backyard, park, roadside etc.), maintenance (mowed or notmowed), and landcover (grass, forest, shrubs, etc.).

2.5 Management questionare
When a sample location was placed in a backyard, the owner was asked a few questions about the
management of the yard. The following questions were asked:
•
•
•

What is the dominating function of the garden? (none, recreational, vegetable/flower
gardening)
When was this garden built or reconstructed for the last time?
Were soil materials added when this garden was built, if so what kind of materials? (none,
compost, soil, mixture)
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•
•
•
•

What kind of maintenance is practiced in this garden? (none, mowing, ploughing)
How often is the garden maintained?
Are fertilizers used in this garden? (yes, no)
Are you planning on changing your garden in the near future? (yes, no)

2.6 Laboratory analysis of the soil samples
In the lab the soil samples were analyzed for bulk density, SOC content, pH, Water Holding Capacity
(WHC) and BR. With this data the SOC stocks and the half life time of carbon (T0.5) were calculated.
Bulk density was determined based on the soil volume in the ring and the oven-dried weight (AlShammary et al., 2018). Approximately 50 grams of the mixed sample (consisting of three bulk density
rings) were dried at 105°C for at least 24 hours (Figure 7a) until all moisture was evaporated (AlShammary et al., 2018). The bulk density (g cm-3) was calculated following Eq. (1)
𝐵𝑑 =

𝑊𝑠𝑜𝑖𝑙
,
𝑉𝑠𝑜𝑖𝑙

(1)

where Wsoil is the dry soil weight (g); and Vsoils is the soil volume (cm-3), which was 300 cm-3, since one
sample contained the soil of 3 bulk density rings.

A

B

C

Figure 7 Pictures taken during the laboratory work. A. Cups filled with soil which will be dried to measure bulk density. B.
Oven filled with cups which will be heated up to 550°C for the loss of ignition determination. C. Measuring the pH.

SOC content was measured with the Loss-On-Ignition (LOI) method. Approximately 20 grams of the
mixed sample was dried at 105°C for 24 hours (Hoogsteen et al., 2015). Between 5 and 10 grams of
the dry soil was weighted and put into a heat resistant cup. This subsample was dried at 550°C for
three more hours (Figure 7b). The weight difference after the second drying phase equaled the weight
of organic matter (OM) that was burned. OM and SOC are different kind of components in the soil. To
get the SOC content the amount of OM was multiplied by a factor 0.58 (Pribyl, 2010). Both OM and
SOC will be used during this research to compare field data to literature. The SOC stocks (kg m-3) were
estimated following Eq. (2) (V. Vasenev et al., 2021)
𝑆𝑂𝐶𝑠𝑡𝑜𝑐𝑘 =

𝑆𝑂𝐶
𝑅𝐹
∗ 𝐵𝑑 ∗ 𝐷 ∗ (1 − (
)) ∗ 10,
100
100

(2)

where SOC is the SOC content (%); Bd is the bulk density (g cm-3); D is the depth (cm); and RF is the
rock fragment fraction (%).
The pH of the soil was measured to get a first impression of the soils that were sampled for this
research. To measure the pH, 20 grams of soil were airdried for 7 days. After that, the soil sample was
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mixed with demineralized water in a 1:2.5 ratio. Different waiting times were tested, varying between
10 minutes and 2 hours, to determine when an equilibrium was established. Finally, the samples were
hand-shaken for one minute and after 10 minutes the pH was measured with an Eijkelkamp field meter
(Figure 7c).
The WHC was determent in order to do the BR experiment, but also go get a better understanding of
the soils that were samples. The soil mixture was dried for several weeks and sieved at 2 mm. 40 grams
of soil was put into a cup and water was added until the soil was fully saturated (Figure 8a). The amount
of added water was used to calculate the WHC (gg-1) following Eq. (3)
𝑊𝐻𝐶 =

𝑊𝑤𝑎𝑡𝑒𝑟
,
𝑊𝑠𝑜𝑖𝑙

(3)

where Wwater is the amount of water added to reach 100% saturation (g); Wsoil is the amount of soil (g).

A

C

B

D

Figure 8 Pictures taken during laboratory work for the BR experiment. A. Determining the saturation point of the soil sample.
B. Filled up bottled for the BR experiment. C. Measuring the CO2 concentration. D. Determining the headspace of a bottle.

For the BR experiment (Hess & Schmidt, 1995), 50 grams of soil were added to a glass bottle. The soil
was given a 60% saturation, after which they were closed with a cotton wool lid and placed in the
incubation room at 20°C for seven days (Figure 8b). On day six water was added to bring the sample
back to 60% saturation, since some water was evaporated. On day seven the bottles were vented with
a stream of compressed air for 10 minutes, to get the same start value for all samples. The bottles
were closed with an assembled screw cap with a hole and a septa and placed back into the room with
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constant temperature (20 degrees). After 6 hours the CO2 concentration was measured with a gas
analyzer (Figure 8c). The final step was to calculate the headspace of the bottles, which is the empty
space in the bottle where the CO2 was stored. This was done by weighing the bottle with soil, filling up
with water, and weighing again (Figure 8d). The weight difference gives the headspace of the bottle.
The headspace together with the amount of CO2 were used to calculate BR in mg C kg-2 h-1 with the
formulas provided by the laboratory. The CO2 concentration also allowed to calculate the T0.5 which is
a proxy for the resistance of urban SOC stocks (Smagin et al., 2018). The following formula was used
to calculate T0.5 (years) (Vasenev et al., 2021), Eq. (4).
𝑇0.5 =

𝑙𝑛2
𝐵𝑅
𝑇𝑏 ∗ (𝑙𝑛100 = ln (100 − 24 ∗ 10−2 ∗ 𝐶 )

,

(4)

where 𝑇𝑏 is the period of biological activity (for the Netherlands 241 days (KNMI, 2021)); BR is the
(microbial) basal respiration (mg C kg-2 h-1); and C is the SOC content of the soil (%).

2.7 (Geo)statistical analysis and mapping
The data collected in the lab was further analyzed based on statistics. The first explanatory analysis,
looked at the mean and standard deviation (SD) in Excel. Sample points 2, 6 and 7 were removed for
the explanatory analysis, since they were taken for management proposes and are not representative
for the strata. The data was checked for normality in R-studio with the Shapiro and Wilk's W Test
(Shapiro et al., 1968), which gives a p-value that indicated whether the data was significantly different
form a normal distribution. The non-normal data was log-transformed, so an ANOVA could be
conducted. The variance of the data was checked with the Levene’s test (Levene, 1961), which gives a
p-value that indicated whether the variance of a parameter (like SOC stocks) was different between
groups. After that the data was checked for outliers. A Wilcoxen test (Wilcoxon & Cyanamid, 1992)
was used for the non-normal data to show whether the differences between the groups were
significant, for example between the between the sand and clay strata. A t-test (Fabri & Knierim, 1988)
was used on the normally distributed data to show the difference between the groups. The difference
between groups was also made visible with boxplots. There is no straightforward way to map SOC
stock for urban soils, so for this research it was decided to make the final SOC stocks maps with the
mean and SD per strata. The average value for the final maps were compared with the data found in
literature.
Aside of this final map based on the averages per strata was the SOC stock data interpolated using
Kriging in R. This resulted in a prediction map of SOC stocks and a map with the standard deviation of
the prediction error (the square root of the variance of the prediction error). The SOC data was logtransformed, so a back transform of the kriged values was needed to get the right values for the SOC
stocks (Blöschl, 2002), see Eq. (5)(6)
𝑍𝑆𝐾 (𝑥0 ) = exp (𝑌𝑆𝐾 (𝑥0 ) +

𝜎 2𝑆𝐾 (𝑥0 )
),
2

(5)

where 𝑍𝑆𝐾 is the predicted SOC stock value (kg m-2); 𝑌𝑆𝐾 is the predicted SOC stock value of the logtransformed data (kg m-2); and 𝜎𝑆𝐾 is the kriging variance of the log-transformed data (kg m-2).
𝑣𝑎𝑟𝑠𝑘 [𝑍𝑆𝐾 (𝑥0 )] = 𝜇2 exp(𝜎 2 (𝑥0 )) (1 − exp (−

𝜎 2𝑆𝐾 (𝑥0 )
)),
2

(6)
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where 𝑣𝑎𝑟𝑆𝐾 is the kriging variance (kg m-2); 𝜇 is the mean of the not transformed data (kg m-2); 𝜎 is
the sill of the variogram ((kg m-2)2); and 𝜎𝑆𝐾 is the kriging variance of the log-transformed data (kg m2
).
The analysis on the BR and T0.5 data was done similar to the SOC stocks. However, due to measurement
errors the measurements of location 20 and 44 (Appendix A) were not used for the analysis.
The last analysis was on the management types, which started with comparing the SOC stocks for the
‘management’ categories as defined during fieldwork, for example private yard, public green or small
forest. In R-studio a boxplot was made and a Wilcoxon test was done to compare the groups. After
that, the answers to the survey, which were asked to the owners of private yards, were analyzed. The
answers to the survey questions were classified in categories and compared with each other. The
municipality was asked to provide some information about the management of public green, for
example how often mowing takes place, or if fertilizers are used on the public green.

3. Results
This chapter has been divided into seven parts. In the first part the existing data found in literature will
be given. In the second until the fifth part, the analysis of the data conducted in the field will be
explained. In the sixth part, the final maps will be shown, which are based on the information gathered
in the three previous parts. The seventh and last part shows the analysis on the influence of
management on SOC stocks and its BR.

3.1 Existing data on SOC stocks in Wageningen
A literature and data research was done to collect data on urban soil SOC stocks in Wageningen and
in the Netherlands. An overview of the existing data is visible in Table 2 &3. Papers are written about
the SOC stocks in the Netherlands, like de Groot et al. (2005) and Kuikman et al. (2003). Their research
did not focus on urban areas, however, this data can be used as comparison with the data found for
Wageningen. Several soil surveys for Wageningen were found (Table 3) (Geoweb Gelderland
Bodemverontreinigingen, 2016; TNO, n.d.), which provide information on the amount of OM measured
at one location in Wageningen. Two maps were included, which show raster data for the SOC stocks
in the Netherlands (Figure 9 & 10). In Figure 9 urban areas are included and an average SOC stock of 7
kg m-2 was found for Wageningen. The map in Figure 10 did not include the urban areas, values close
to the city of Wageningen vary between 4.9 and 11.6 kg m-2
Table 2 Overview of SOC data for the Netherlands found in literature for 30 cm topsoil. The values are converted from ton
ha-1 to km m-2 to make the values comparable to the outcomes of the fieldwork.

Source
Land use
de Groot et al., 2005 Grassland on clayey soil
Grassland on sandy soil
Settlements
Kuikman et al., 2003 Grassland
Forest and nature areas
Lesschen et al., 2012 Buildings
Forest
Grassland

SOC stock (ton ha-1)
80-120
43-90
99
103
69
97
96
122

SOC stock (kg m-2)
8.0-12.0
4.3-9.0
9.9
10.3
6.9
9.7
9.6
12.2
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Table 3 Overview of existing data on OM content of several locations in Wageningen.

Type of research
location
BRO
Bodemkundig Lawickse Allee 130
booronderzoek
(sample location
0000341314)
Remediation projects Kortenoord
Bornsesteeg 2
Nolenstraat 1
‘Noordwest’
1Multiple

Date
1964

OM (%) 1
= 7.8 (0-0.08 cm depth)
= 2.5 (0.08-2 cm depth)

2004

3.7, 2.1, 2.0, 5.3, 6.2, 9.0, 3.9, 6.7, 2.0,
0.7, 4.3, 5.6, 4.8
<0.5, 0.8
3.1, 2.0
2.5, 2.4, 5.2, 2.4, 1.4, 1.5, 1.4

2011
2002
1992

values are visible when multiple soil samples were taken.

Figure 9 Soil Carbon Stock map for the Netherlands. The data within the city is received by using a formula and
not on measurements. The average value for Wageningen is 7 kg m-2. Source: Lesschen et al., 2012.

Figure 10 SOC stocks map for all of the Netherlands. The data for cities is missing. The pixel values around
Wageningen vary between 4.9 and 11.6 kg m-2. Source: Walvoort & Hoogland (2017).
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3.2 General data description
For every sample location, several soil properties
have been analyzed, which were used to make and
explain a final SOC stocks map. In this paragraph,
the patterns within these properties will be
explained.

3.2.1 Morphology
At nine locations a complete augering up to 120cm
depth was done. These auguring’s showed that
different soil textures can be found in the area. The
following textures were found: sand (fine and
coarse), loamy sand, loam, clay loam and clay.
The rock fraction was distinguished for the topsoil
of every sample location. This rock fraction varied
between 0 and 20%. At nine locations no rocks
Figure 11 Picture of a bulk density ring containing glass.
were found. The highest rock fractions (above 10%) Picture taken during fieldwork.
were found in the CAG strata (clayey soils at a
location built after 2000 and covered with grass) and in the SBG strata (sandy soils at locations built
before 2000 and covered with grass). Other materials like bricks and glass were found at several
locations (Figure 11). This is very typical for urban soils to find such elements deposited by humans.

3.2.2 Bulk density and SOC content
The bulk density found for the topsoil of Wageningen was on average 1.26 g cm-3, with a maximum of
1.70 g cm-3 and a minimum of 0.57 g cm-3 (Table 4). Looking at the average bulk density per strata, all
the forest strata have a lower bulk density than the grass strata. The SOC content has an average of
3.30%, a maximum of 9.77%, and a minimum of 0.96% (Table 4). On the contrary to bulk density, are
in the forest strata higher SOC contents found than in the grass strata.
Two interesting cases related to the connection between bulk density and SOC content will be
highlighted. At first, in the CAG strata, the highest average bulk density (1.47 g cm-3) was found, but
also one of the lowest SOC contents (2.42%). In CAG, except for one sample location, all the bulk
densities are higher than the average bulk density; and the SOC contents are lower than the average
SOC contents. The sample point in the Cag strata that did not show this pattern has a higher SOC stock
than the rest of the points in CAG. This sample point was taken in a backyard, so this difference might
be due to management which will be further discussed in Chapter 3.7. The second case is that the
strata sand - built before 2000 -forest (SBF) contains the lowest average bulk density, but also one of
the highest SOC contents (Table 4). A correlation between the SOC content and bulk density can be
found with an R2 value of 0.44.

3.2.3 Water Holding Capacity
Aside from the bulk density and SOC content also the Water Holding Capacity (WHC) of the topsoil was
determined for every location. The WHC was needed to set up the BR experiment, however the WCH
can also be seen as a soil proxy, to give an general idea of what kind of soils were present. The lowest
WHC measured was 0.15 gg-1, the highest 0.54 gg-1, and the average WCH was 0.29 gg-1 (Table 4).
Except for the CAG strata, all the clay strata have higher WHC’s than sand strata, however, the
differences are small. Furthermore, the differences between strata were negligible.
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Table 4 Overview of the average and SD for bulk density, SOC content, WHC and pH.

All data
SAG
SAF
SBG
SBF
CAG
CAF
CBG
CBF
CC
Forest
Grass
Sand
Clay
Before 2000
After 2000

Bulk density
(g cm-3)
Average
SD
1.26
0.24
1.36
0.14
1.03
0.31
1.23
0.22
0.96
0.24
1.47
0.21
1.04
0.15
1.33
0.18
1.17
0.16
1.31
0.14
1.05
0.22
1.34
0.19
0.26
1.20
0.23
1.30
1.20
0.24
1.29
0.26

SOC content
(%)
Average
SD
3.30
1.68
2.40
1.75
3.58
1.96
2.95
1.46
4.21
0.81
2.42
0.74
5.80
2.90
3.51
1.35
4.11
1.40
2.74
1.04
4,50
1.83
2.78
1.34
3.07
1.63
3.72
1.83
3.66
1.34
3.11
2.04

WHC
(gg-1)
Average
0.29
0.23
0.29
0.28
0.30
0.25
0.42
0.32
0.33
0.26
0.33
0.26
0.27
0.32
0.30
0.28

pH
SD
0.08
0.05
0.08
0.06
0.05
0.06
0.09
0.07
0.07
0.06
0.08
0.06
0.06
0.09
0.07
0.09

Average
7.1
7.7
4.9
6.4
5.6
8.5
5.6
7.6
6.0
8.0
5.6
7.7
6.5
7.3
6.54
7.29

SD
1.4
0.8
1.1
0.9
1.9
0.4
0.2
0.8
1.2
0.6
1.3
1.0
1.5
1.3
1.4
1.5

3.2.4 pH
Also, the pH of every sample location was measured as a soil proxy to get an first idea of the soil
properties of the taken samples. The lowest pH measured was 3.5 and the highest 8.9. The mean pH
of all data was 7.1(Table 3). On average the pH under trees (forest strata) is higher than for the grass.
The forest and grass strata also differ significantly from each other (p=0.000). The clayey soils have a
higher average pH than the sandy soils, however, the difference is not significant (p=0.075). The
recently urbanized areas (after 2000) have a higher pH than the older areas, but they do not differ
significantly (p=0.06). Looking at all the data in Appendix A it can be seen that there is variation in pH
values within all strata, varying between acid and basic locations. For example in the SBF (sandy soils
at locations built before 2000 and covered with forest) strata, which has a SD of 1.9, two of the
locations are basic and three are acid. Also, CBF (clayey soils at locations built before 2000 and covered
with forest) has a relatively high SD of 1.2 and of this strata one location is basic and the other ones
are acid. This variation can be explained by the natural variation in soils, however this effect could be
increased by the small differences in management of the soil per locations. Or by the input of
pollutants and external materials, like leftover bricks from construction could have caused variation in
pH values.
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3.2.5 pH of deep augering
The locations where the deep auguring has taken
place, the pH has been measured for every horizon
(Appendix B), to get a better understanding of the
development of deeper soil layers. In Figure 12, the
difference of pH with depth is shown for three
locations. At first, it can be seen that the pH of one
strata does not differ a lot with depth and stays
mostly in the same range. Secondly, it can be seen
that the grass strata (in this case CAG) overall depth
has a higher pH than a forest strata like SBF. In the
city center, the old part of Wageningen, a high pH
(above 8) has been found, which is consistent with
depth.

3.3 SOC stocks analysis

Figure 12 The pH at the different augering locations. The data is
based on one augering per strata. The points in the graph are at the
average depth of each horizon. For example for SBF, the first
horizon is located from 0 to 20 cm depth, so the point in the graph is
at 10 cm depth. This is done to make the interpretation of the data
easier. The whole data overview is visible in Appendix B.

The SOC stocks were calculated for every sample location based on the bulk density, SOC content, and
stone fraction (Chapter 2.6). The first general patterns of SOC stocks in the field data can be observed
on a map in Figure 13. Higher values were found on the left side of the map, however much variation
is visible.

Figure 13 SOC stocks calculated per sample location. At the background the strata used for sampling are visible.
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The SOC stock was 7.32 kg m-2 on average, with a maximum of 16.57 kg m-2 and a minimum of 2.63 kg
m-2. Figure 14 shows that the SOC data is not normally distributed, therefore a log-transform has been
performed. The same was done for the SOC content data. The bulk density data was normally
distributed, so no transformation was needed. .

Figure 14 Histograms for the SOC stocks. On the left the not transformed data, on the right the log-transformed data.

3.3.1 Depth profiles of SOC
In every strata, one deep augering has been done and for every distinguished layer the SOC content in
percentage has been measured. An overview of these results are shown in Figure 15, together with
the explanation on the abbreviation of the stratum names. The complete data files can be found in
Appendix B. Of the CAG, CAF, and CC strata pictures of the fieldwork are visible in Figure 16. In the
Figure 15 the following patterns can be found. The first general pattern is that the top horizon shows
the highest SOC content at every sample location, except for the CAF and CBG strata. In the CAF strata,
the difference is negligible with a SOC content of 3.58% in the top horizon and 3.59% in the second
horizon. However, in the CBG strata the difference is higher with 3.19% in the top horizon and 3.72%
in the fourth horizon. An example of the presence of a dark top horizon, containing more carbon than
the layers below is visible at the profile picture of the CAG strata (Figure 15). The second visible pattern
is that the smallest SOC stocks over all depth are found for CAG and SAG. The third pattern shown is
that for all the before 2000 strata, the second or third layer contains less SOC than the layer below. So,
in the before 2000 strata higher SOC contents were found in deeper layers. In the city center the fourth
pattern is visible. Here, the amount of SOC in the soil is nearly constant over all depts compared to the
other profiles, see also the picture of the augering (Figure 16). Except for the topsoil, the SOC content
in the city center increases with depth. The last patterns found can be related to parent material. When
looking at the geological soil formations located beneath Wageningen, as explained in Chapter 2.2, it
can be seen that underneath the clay layer a sand layer (the Boxtel formation) is expected. When
looking at the texture classes found in the overall data file in Appendix B, for the CBG, CAG, and CBF a
sand layer is found at the depths of 80cm, 15cm, and 30cm respectively. Comparing the SOC contents
at these depths with the layers, they all contain less SOC. For example, for the location in the CBG
strata the layer from 45cm until 80cm contained 3.71% SOC and the layer from 80cm till 100cm
contained 0.44% SOC. For the CAF strata no sand layer was found. On the other hand, in the sand strata
also clay layers were found (Appendix B). In the SBG strata, the third layer contains loam instead of
sand, also a higher SOC content has been found here. However, in the SBF strata, the higher SOC
content in the third layer is not due to the presence of a clay or loam layer, since that layer was noted
down as sand.
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Strata abbreviations:
SAG
Sand-Built after 2000-Grass
SAF
Sand-Built after 2000-Forest
SBG
Sand-Built before 2000-Grass
SBF
Sand-Built before 2000-Forest
CAG
Clay-Built after 2000-Grass
CAF
Clay-Built after 2000-Forest
CBG
Clay-Built before 2000-Grass
CBF
Clay-Built before 2000-Forest
CC
CityCenter
Figure 15 This figure contains the SOC stocks at different depths based on one augering per strata. The CAF strata contains
three layers (0-45, 45-70 and 70-110), the two first layers are hard to see separately in the figure.
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CAG

CAF

CC

Figure 16 Pictures of three auger locations. On the left location 5, representing the CAG strata. In the middle location 13,
representing the CAF strata. On the right location 11, representing the CC strata. The upper pictures give shows the
surrounding, the middle picture the soil profile and the bottom figure is the same as in figure 13.
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3.3.2 Topsoil SOC stocks
In this chapter, SOC stocks top the topsoil of
Wageningen will be analyzed in more detail.
First, the bigger strata (parent material,
vegetation type, and historical zones) will be
analyzed and after this the differences
between the combined strata will be
analyzed.

Figure 17 Boxplot of SOC stocks for different parent materials.

Figure 18 Boxplot of SOC stocks for different Vegetation types.

Figure 19 Boxplot of SOC stocks for different historical zones.

Parent material is divided into two strata
(sand and clay). Figure 17 shows that the
locations stratified as clay soils (average of
8.64 kg m-2) do have a higher SOC stock than
sandy soils (average of 6.36 kg m-2). This
difference is significant with a p-value of
0.004. Also, the SD for the clay strata is larger
which is also visible in Figure 17.
The soil samples were taken underneath two
types of vegetation: grass and forest (Figure
18). An average SOC stock of 6.77 kg m-2 was
found for the grass strata and 8.75 kg m-2 for
the forest strata. Based on that, the mean
difference between the grass strata and
forest strata is significant with a p-value of
0.010.
Three historical zones were sampled (Figure
19): built before 2000, built after 2000 and
the city center. The difference in the average
SOC stock for the strata built before the year
2000 (7.93 kg m-2) and after the year 2000
(6.98 kg m-2) is not significant with a p-value
of 0.068. The city center has a lower SOC stock
(6.43 kg m-2) than the before 2000 strata and
after 2000 strata, but does not differ
significantly from the before 2000 and after
2000 strata, with p-values of 0.164 and 0.796
respectively. It can also be seen that the
difference within the before 2000 (SD = 2.76
kg m-2) strata is larger than in the after 2000
strata (SD = 3.39 kg m-2).
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After that, an ANOVA analysis was done to indicated how much of the variation in the SOC stocks data
was explained each strata. The results of this analysis are expressed in R-values (Table 5). Most of the
variation within the SOC stocks can be explained by the parent material with an R2 value of 0.16. After
that, the vegetation type explained the most information with an R2 value of 0.11. The smallest amount
of variation in SOC stocks is explained by the historical zones with an R2 value of 0.04. Since this number
is very low, it can be said that historical zones on their own do not have a relevant influence on
explaining the variation in SOC stock.
Table 5 Overview of the results of the ANOVA analysis for different group combination.

R2
Parent material
0.16
Historical zone
0.04
Vegetation type
0.11
Parent material + Historical zone
0.19
Parent material + Vegetation type
0.26
Vegetation type + Historical zone
0.14
Parent material+ historical zone +Vegetation type 0.28
1

R2 adjusted
0.14
0.01
0.10
0.15
0.23
0.09
0.23

P-value1
0.006**
0.302
0.008**
0.007**
0.001**
0.037*
0.001**

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.

When combining the groups the R2 values change, so here the R2 adjusted can be used. In general, the
R-values vary between 0.0 and 0.3, which is not high for soils sciences but can still show some relations.
Combining parent material and historical zones does increase R2 adjusted compared to only looking at
parent material. The increase in the R2 adjusted is 0.01, which does not seem relevant. Combining
parent material and vegetation type does increase the R2 adjusted with 0.9 compared to looking only
at the parent material. Combining these two does seem relevant. Bringing together vegetation type
and historical zones decreases the R2 adjusted by 0.01 compared to only vegetation type. In that cases,
historical zones even have a negative effect on explaining the variation in SOC stocks. Finally, all three
groups were combined in an ANOVA and the R2 adjusted stayed the same as for the combination of
just parent material and vegetation. Here again, it can be said that historical zones are not relevant in
explaining variation in the SOC stocks.
Table 6 The average SOC stock and SD
for all strata.

Strata
All data
SAG
SAF
SBG
SBF
CAG
CAF
CBG
CBF
CC

SOC stock
(kg/m2)
Average SD
7.32
2.98
6.06
3.94
6.38
1.20
6.05
2.28
7.42
1.85
6.33
1.14
11.19
3.53
8.81
2.86
10.03
2.52
6.43
1.92

Table 6 and Figure 20 show the average SOC stocks for the
combined strata, based on that the relationships between strata
could be further investigated. The full strata names can be found in
Table 1 or Figure 15. At first, the patterns related to parent material
were analyzed. When the parent material consists of sand, the
average difference between vegetation type forest and grass is 0.90
kg m-2 SOC stock. On a sandy soil the average difference between
the forest strata and the grass strata is not significant with a p-value
of 0.19. However, when the parent material consists of clay this
average difference between the forest strata and the grass strata is
higher with 2.98 kg m-2 SOC stock and significantly with a p-value of
0.01.The difference between grass and forest within the clay strata
is larger for the strata built after 2000 than the strata built before
2000.
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Related to vegetation type also some patterns were found. In Figure 20 and Table 5 it is visible that all
the grass strata (except for CBG) have SOC stocks close to 6 kg m-2. However, the SD of 2.95 kg m-2 SOC
for all grass strata (2.53 kg m-2 SOC when excluding CBG) compared to the SD of forest strata of 3.03
kg m-2 SOC, does not show much difference. Which can indicate high variation within the grass strata
itself.
Looking at the different historical zones, it can be seen that the CAF stratum has higher SOC stocks
than CBF, however for SAF and SBF the opposite was found, there the before 2000 strata is higher for
forest strata. For grasses, the same pattern was found but in the opposite direction and the differences
in SOC stock between the strata are smaller.
The city center is a special stratum since it is not taken up in the parent material strata. However, this
stratum can still be compared based on vegetation type. The average SOC stock of 6.43 kg m -2 was
found for the city center, which is very close to the 6.77 kg m-2 which was found for grass strata.

Figure 20 The Average SOC stock per strata. The error bars show the SD. For the full strata
names see Table 1.

3.3.3 SOC stocks analysis over time
In paragraph 3.3.2 it was shown that the historical zones as a group does not explain a relevant amount
of the variation in SOC stocks. However, when looking at the separate strata in Chapter 3.3.2 there are
patterns found between the strata. Another inside in the data was needed to distinguish which
historical zones are relevant to include in the final SOC stocks map.
One approach was to divide the construction times into smaller groups. The construction year per
location was traced back with the help of the ‘Basisregistratie Adressen en Gebouwen’ (Kadaster.nl,
2022). This was not possible for every location, since some of the locations were between houses of
different ages. The forest strata were excluded since their ages probably differ from the age of the
surrounding houses. Samples in the grass strata could be coupled to the age of the surrounding
buildings were combined. Pictures made during fieldwork were used to make an estimate for the time
of construction (Figure 22). The sample locations were grouped based on their newly distinguished
building time. The groups are based on the literature research of Chapter 2.1. A trend of decreasing
SOC stocks during time is visible (Figure 21). The younger the buildings the smaller the SOC stocks.
However, none of the groups does differ significantly from the other groups.
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Figure 21 The average SOC stocks for different periods in time. The age refers to the closest house. The black bars show the
SD.

An ANOVA was used to show in which strata
the difference between historical zone was
of influence on the average difference in
SOC stocks (Table 7). It was found that only
for the clay + grass strata the difference
between built before 2000 and built after
2000 (CAG vs CBG) is significant with a pvalue of 0.04. The variation is explained by
the historical zones for just the grass + clay
strata can be expressed in an R2 adjusted
value of 0.21. The other strata
combinations were clearly not significant
Figure 22 Pictures made during fieldwork at sample locations 35 at
with p-values varying between 0.38 and the left and 21 at the right. The picture at the left shows an old soil in
0.79.
the city center and the picture on the right shows recently
constructed soil.
Table 7 ANOVA analysis for different combinations of historical zones.

CAG vs CBG

R2
0.26

R2 adjusted
0.21

P-value
0.04 *

CAF vs CBF

0.03

-0.11

0.68

SAG vs SBG

0.00

-0.06

0.79

SAF vs SBF

0.11

-0.02

0.38
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3.4 BR analysis
In this chapter the results regarding BR
will be analyzed. The BR rate per
sample location is visible in Figure 24.
It can be seen that high and low values
can be found close to each other, even
within the same strata. The lowest
values are found in the sand strata and
R2 = 0.44
the highest values can be seen in the
P = 0.000
clay strata. The average BR of all data
was 0.66 µg C g-1 soil h-1, with a
maximum of 1.42 µg C g-1 soil h-1 and a
minimum of 0.32 µg C g-1 soil h-1. The
Figure 23 Relationship between BR and SOC content.
data was not normally distributed, so a
log-transform was performed. Looking more into the data, a significant relation between BR and SOC
content was found with an R2 of 0.45 an a p-value of 0.000 (Figure 23). The correlation between SOC
stock and BR gave an R2 of 0.38 and a p-value of 0.000.

Figure 24 BR per sample location. At the background the strata used for sampling are visible.
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3.4.1 Topsoil BR

Figure 25 Boxplot of BR for different parent materials.

Figure 26 Boxplot of BR for different vegetation types.

The average BR of the topsoil of Wageningen was
analyzed per strata. The clay stratum has a higher
average BR (0.72 µg C g-1 soil h-1) than the sand
stratum (0.61 µg C g-1 soil h-1) (Figure 25). However,
they did not differ significantly with a p-value of
0.235. The forest strata (0.82 µg C g-1 soil h-1) has a
higher average BR than the grass strata (0.59 µg C
g-1 soil h-1) (Figure 26). The difference between the
forest strata and the grass strata is significant with
a p-value of 0.001. The strata built before 2000 has
a higher average BR (0.73 µg C g-1 soil h-1) than the
strata built after 2000 (0.60 µg C g-1 soil h-1) (Figure
27). The difference between the before 2000 strata
and the after 2000 strata was significant with a pvalue of 0.009. The stratum of the city center has
an average BR of 0.59 µg C g-1 soil h-1. The
difference between the city center and the before
2000 strata is significant with a p-value of 0.047.
However, the difference between the city center
and the after 2000 strata was not significant with
p-value of 0.98.
An ANOVA analysis was done on the BR data.
Combining all the strata explains the most of the
variation in the BR data with a R2 adjusted of 0.26
and a p-value of 0.0005. An ANOVA analysis
without including the parent material, gives an R2
adjusted of 0.24 and a p-value of 0.0005. Excluding
other strata decreased the R2 adjusted and
increased the p-value.

Figure 27 Boxplot of BR for different historical zones.
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Table 8 Average and SD of the BR rate per strata.

BR
( µg C g-1 soil h-1)
Average
SD
0.66
0.23
0.50
0.14
0.67
0.13
0.67
0.18
0.69
0.17
0.50
0.12
1.05
0.35
0.69
0.12
0.93
0.33
0.59
0.18

Strata
All data
SAG
SAF
SBG
SBF
CAG
CAF
CBG
CBF
CC

The patterns related to the combinations of strata were
investigated. Looking at the patterns related to parent
material, the same patterns were found as for the SOC stocks
(Table 8 & Figure 28). When the parent material consists of
sand, the average difference in BR between vegetation type
is lower than in the clay strata. It can also be observed that
in the clay strata the SD for the two forest strata is the
highest of all strata with 0.35 µg C g-1 soil h-1 for CAF and 0.33
µg C g-1 soil h-1 for CBF. An ANOVA was used to compare all
strata combinations which only has a different parent
material. For example using an ANOVA on CAG and SAG gave
an R2 adjusted of -0.5 and a p-value of 0.66. The
combinations of other strata also did not give significant
outcomes. It could be said that the parent material strata
can be left out of the final BR map for Wageningen.

1,60

BR (mg C kg-1 h-1)

1,40

1,20
1,00
0,80
0,60
0,40
0,20
0,00
SAG

SAF

SBG
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CAG

CAF

CBG

CBF
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Figure 28 The Average BR per strata. The error bars show the SD.

3.4.2 BR analysis over time

Figure 29 The average BR for different periods in time. Which
sample belongs to which groups is based on the age of the
most nearby house. The black bars show the SD.

Same as for the SOC stocks, another data
distribution for the historical zones was tested.
Dividing the data into different groups of
historical zones (as explained in Chapter 3.3.3)
showed that the more recently built locations
on average have lower BR rates than older
locations (Figure 29). The groups ‘1960-2000’
and ‘2000-2010’ both differ significantly with
the ‘2010-2020’ group, with p-values of 0.001
and 0.049 respectively. The groups oldest group
(1850-1960) and the most recent group (20102020) do not differ significantly with a p-value of
0.312. This is probably due to the small groups
sizes for the oldest and most recent groups.
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3.5 T0.5 analysis
Figure 31 shows the T0.5 values for all the
sample locations. Higher values are overall
more visible on the southern part of the map
and on the outer sites of the city. High and
low values are found close to each other,
even within the same strata. The average T0.5
R2 = 0.021
of all data was 5.76 years, with a minimum of
P = 0.278
2.90 years and a maximum of 11.21 years.
The data was normally distributed, so no data
transformation was conducted. The relation
between T0.5 and the pH was investigated. Figure 30 Relationship between T0.5 and pH.
The (linear) relationship between T0.5 and pH
was weak with a R-squared of 0.021 and a p-value of 0.278. However, when looking at the data
distribution in Figure 30 interesting patterns can be observed. At first, high T0.5 values are found when
the pH was low, which was expected since the amount of microbial activity is lower under acidic
conditions (Malik et al., 2018). Around the pH of 7 the microbial community is most active and more
soil respiration will take place, which results in lower T0.5 values. When the pH is higher than 7, the
conditions for respiration are less optimal and T0.5 increases again. These observation on the
relationship between T0.5 and pH gives an indication on the relevance of the field data regarding T0.5.

Figure 31 T0.5 per sample location. At the background the strata used for sampling are visible.

30

3.5.1 Topsoil T0.5

Figure 32 Boxplot of T0.5 for different parent materials.

Figure 33 Boxplot for T0.5 for different vegetation types.

Boxplots were made to compare the strata (Figure
32,33,34). It can be seen that the average of the
sand strata (5.59 years) is lower than the average for
the clay strata (5.98 years), however the difference
is not significant with a p-value of 0.482. The
average T0.5 for the forest strata (6.50 years) is
higher than for the grass strata (5.45 years). The
difference between the grass strata and the forest
strata is not significant with a p-value of 0.091. For
the historical zones, the before 2000 strata has an
higher average (6.13 years) than the after 2000
strata (5.39 years), however the difference in the
average T0.5 was not significant with a p-value of
0.179. The city center stratum has an average T0.5 of
5.63 years and is not significantly different from the
before 2000 strata and the after 2000 strata with pvalues of 0.540 and 0.755 respectively.
An ANOVA was done to show which combinations
of strata explained the most of the variation in the
data. Different combinations of strata were tried,
however, none of the combinations was significant.
For example, combining parent material and
vegetation gave an R2adjusted of 0.02 and a p-value
of 0.25. Including all of the strata (parent material,
vegetation type and historical zone) gave an
R2adjusted of 0.03 and a p-value of 0.24.

Figure 34 Boxplot for T0.5 for different historical zones.
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Table 9 Average and SD of the T0.5 per strata.

Strata
All data
SAG
SAF
SBG
SBF
CAG
CAF
CBG
CBF
CC

T0.5
(years)
Average
5.76
4.64
6.37
5.06
7.51
5.82
5.17
6.19
6.38
5.63

SD
1.94
1.41
3.25
1.79
1.22
1.25
0.51
2.33
2.62
1.92

The highest average T0.5 was found for the SBF stratum (7.51
years) and after that for the SAF stratum (6.37 years) (Table
9 & Figure 35). The forest strata on sandy soils seem to have
the highest resistance to biodegradation. The difference in
averages between the grass strata and the forest strata is
larger for the sand strata than for the clay strata. So the
variation in T0.5 of the sand strata is higher than for the clay
strata. This is the opposite as found for the SOC stocks and
BR. It can also be seen that the SD is high compared to the
averages. For example for the SAF stratum, the average is
6.37 years and the SD 3.25, this means that the SD is more
than half of the average, which is relatively high. CAF has the
lowest SD of 0.51 years, which is unexpected for a forest
strata which consists of only three sample points.

Figure 35 The Average T0.5 per strata. The error bars show the SD.

3.5.2 T0.5 analysis over time
The T0.5 data was also tested based
on the other data distribution for
historical zoning (Figure 36). All
groups have a T0.5 between 5 and 6
years. The difference between
these groups is minimal and also
not significant. This indicated that
the age of the soil does not have an
influence on the level of resistance
to biodegradation of soil carbon.
Figure 36 The average T0.5 for different periods in time. Which sample
belongs to which groups is based on the age of the most nearby house.
The black bars show the SD.

32

3.6 Final maps
3.6.1 SOC stocks map
Based on the results explained in previous chapters a final SOC stocks map was made. It was decided
to combine the historical zone strata since they did not differ significantly from each other, except for
the CAG and CBG strata. The stratification based on parent material and vegetation type were kept
since these stratifications do explain the variation within SOC stocks. The final SOC stocks map for
Wageningen is visible in Figure 37. On this map, it is visible that the sandy soils in the east of
Wageningen contain lower carbon stocks than the clay soils in the west of Wageningen. The
neighborhood ‘Kortenoord’, which covers the whole CAG strata, does contain less carbon than the
surrounding clay soils. The smaller areas in the map where forests are present contain higher SOC
stocks than the (larger) areas covered by grass. The city center is located between the clay and sand
areas based on the SOC stocks, which makes it a separate and special area on the map. Also, the SD
for the soil carbon stocks of Wageningen is given (Figure 38). The SD is in all cases higher for the forest
strata. In the clay strata, the SD is higher than in the sand strata, except for the CAG strata, with the
lowest SD of 1.06 kg SOC m-2.
Based on the average SOC stocks map, the average SOC stock for the whole of Wageningen could be
calculated. That calculation was based on the mean per strata and the strata size. This gives a SOC
stock of 7.17 kg m-2 for the topsoil of Wageningen. The same calculation for SOC content gives an
average of 3.07% SOC for the topsoil Wageningen.

Figure 37 Final mean SOC map for the topsoil (0-20cm) of Wageningen. Based on the average of the strata. Some strata
were combined as explained in previous chapter.
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Figure 38 Final SOC SD map for the topsoil (0-20cm) of Wageningen. Based on the final stratification. Some
strata were combined as explained in previous chapter.

Another way to get a SOC map for Wageningen is due to kriging. Disclaimer, in previous paragraphs it
has been shown that the stratification does explain the variation in SOC stocks. This is why kriging is
unsuitable for this data. However, a kriging map can show if the data is spatially dependent without
taking the stratification into account. With the log-transformed SOC stocks data, it was possible to
make a variogram based on 60 sample points (Figure 39). This variogram was used to make a kriging
map (Figure 40). The data was log-transformed, so a back transform was conducted to make a kriging
map. On this kriging map, the higher SOC stock values on the left side of the map can be explained by
the clay area in the west and the lower values in the east to the sand area. Other patterns are not so
clear on this map. The kriging SD map (Figure 41), gives the prediction error of the kriged map. The SD
map shows higher values in the middle and the top right of the map, due to the lack of measurements
at these locations.

Figure 39 Semivariogram of the log transformed SOC stocks.
Nugget=0.085, psill=0.11, range=500, model="Exp".
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Figure 40 Kriging predictions map for the top soil SOC stocks of Wageningen.

Figure 41 Kriging Standard deviation map of the prediction error for the top soil SOC stocks
of Wageningen.
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A cross-validation on the kriging map has been performed (Figure 42). This cross-validation map
showed that in the sand area the purple dots (negative values) are larger than the green dots (positive
values). This indicates that in the sandy area the overprediction was higher than the underprediction.
The mean of the residuals is-0.00026, so the general overprediction is neglectable.

Figure 42 Residuals of the cross-validation for the SOC kriging map.

3.6.2 BR map
A final BR map was made based on the same principle as for the SOC stock map. However, for the BR
the clay and sand strata did not differ significantly, so these strata were combined(Figure 43). The
stratification based on historical zones was found significant for BR, so all these strata were included
in the map (city center, built before 2000 and built after 2000).

Figure 43 Final mean BR map for the topsoil (0-20cm) of Wageningen. Based on the final stratification. Some strata were
combined as explained in previous chapter.
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On the map it can be seen that low values are found in the grass strata and the higher values in the
forest strata. It can also be observed that the AG strata has the lowest BR rate and AF has the highest
BR rate. The same pattern is visible on the SD map (Figure 44) , however, the city center had a higher
SD than the BG strata. This results in low SD’s in the grass strata and high SD’s in the forest strata. The
city center is placed in between.

Figure 44 Final BR SD map for the topsoil (0-20cm) of Wageningen. Based on the final stratification. Some strata were
combined as explained in previous chapter.

A kriging map was also made for the BR data. The semivariogram shows a short range, which indicates
that almost no spatial dependency is present (Figure 45). This short distance dependency is clearly
visible on the kriging map where high and low values are found close to each other (Figure 46). Not
much patterns can be found on this BR kriging map. The SD map of the prediction error of the kriging
of the BR data showed lower values close to the sample points and higher values further away from
the sample points (Figure 47). On the cross-validation map no patterns are visible (Figure 48).

Figure 45 Semivariogram of the log transformed respiration data. Nugget=0.00, psill=0.122, range=235,
model="Sph".
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Figure 46 Kriging predictions map for the BR of the topsoil of Wageningen.

Figure 47 Kriging Standard deviation map of the prediction error for the BR of the topsoil of Wageningen.
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Figure 48 Residuals of the cross-validation for the BR kriging map.

3.6.3 T0.5 map
There was no map made with the average per strata for the T0.5 values, since the strata were not
significantly different from each other. However, a kriging map was made to show the spatial
distribution of T0.5. Since the T0.5 data was normally distributed the were no transformations used on
this data. The semivariogram showed a short range, so short distance dependency is expected (Figure
49). On the kriging map patches of high and low values are visible (Figure 50). Lower values are found
more in the middle of the map and higher values on the edges. On the SD map of the kriging prediction
error, the lower values are found closer to the sampling points. In the middle of the map and in the
upper east corner higher values are found, since sampling points are missing here (Figure 51). On the
cross-validation map more negative values are found on the eastern side of the map (Figure 52).

Figure 49 Semivariogram of the T0.5 data. Nugget=0.91, psill=2.57, range=385, model="Sph".
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Figure 50 Kriging predictions map for the T0.5 of the topsoil of Wageningen.

Figure 51 Kriging standard deviation map of the prediction error for the T0.5 of the topsoil of Wageningen.
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Figure 52 Residuals of the cross-validation for the T0.5 kriging map.

3.7 Management

Figure 53 Average SOC stocks per management type.

The information related to the management of the soils was gathered during the fieldwork and will be
analyzed in order to say something about the influence of management on SOC stocks and their
resistance to biodegradation. The first thing while looking at management is analyzing the
management types that were filled in during fieldwork. Every sample location was assigned to one of
the management types. In Figure 53 below it can be seen that the average SOC stock was the highest
for Roadside/Barrier/Forest, Small forest, and Backyard. The lowest values are found for Park, Public
green, and Recreational. Here again the difference between the grass strata and the forest strata is
visible, however, the backyards do belong to the higher SOC stock values. This shows that backyards
might have the ability to sequester more carbon when managed well.
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Figure 54 Average respiration rate per management type.

The same analysis could be done with the BR data (Figure 54). Here again higher values are found for
the forests and backyards. However, the public playground and public green showed relatively high BR
rates, while their SOC stocks are low. This can be found back in the low T0.5 values for public green and
public playground, 3.4 and 4.7 years respectively.
For the backyards more information about management is available due to the questionnaire which
was filled in for every backyard. The most interesting results are given in Table 10. The question about
the last construction time of the backyard showed that the oldest yard has the highest SOC stocks but
for the rest of the locations, no other pattern was visible. The question about maintenance of the yard
showed that mowing once a week results in the lowest carbon stocks. Mowing one in 3 and 4 months
shows the highest SOC stocks, except for location 59. Location 59 might be different due to the addition
of chicken manure. Furthermore, there are no patterns related to the addition of fertilizers. Comparing
the answers to the questions to the BR rates and the T0.5 values also no patterns were visible.
One location to highlight is location 49. At location 49 higher SOC stocks were expected, since the soil
had a very dark color (Figure 55). Much compost was added to this yard. The only thing that could have
caused lower SOC stocks is the age of the yard, of just 1,5 years. When comparing this yard with the
other locations in its strata (CAG). A higher SOC content (3.86 %) was found for location 49, compared
to the average of 2.42% of CAG strata. Also, the resistance of this location is high with a T0.5 of 7.94
years.
Table 10 Overview of the answers to the questionnaire given by the owners of the sampled backyards.

Location

How
often Fertilizers
maintained

38
49
59
54

Last
time
reconstructed
(years)
1
1,5
2
14

32

15

1 weeks

33
20

33
40

4 months
3 months

2 weeks
2 weeks
1,5 weeks
1 weeks

None
Compost
Manure
Chalk
Manure
Yes (ones
year)
None
None

SOC
stocks
(kg m-2)
7.85
8.28
9.41
and 6.11
a 5.73
8.39
16.21

BR
(µg C g-1
soil h-1)
0.76
0.58
0.73
0.78

T0.5
(year)

0.67

4.90

0.84
0.52

6.42
16.58

7.66
7.94
7.13
3.97
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The last point related to management is mowing. For every sample
location it was indicated if mowing did take place. However, there
was no significant pattern between the carbon stocks of mowed
and not mowed locations. Also for the BR rate and the T0.5 no
significant relation was found between mowed and not mowed.
The municipality was asked how often public green areas were
mowed and they gave an average of twice a year, where they also
remove the mowed material. What they do on purpose to keep
the soil poor, which gives special flowers a better chance. They do
not add any kind of fertilizers. Only while planting trees about 4m3
of special soil for trees will be added once.

4. Discussion

Figure 55 Monolith of the topsoil at sample
location 49.

4.1 Comparison with existing data
An average SOC stock of 7.17 kg m-2 and SOC content of 3.07% were found for the topsoil of
Wageningen. These values can be compared to existing data. The average of 7.17 kg m-2 for
Wageningen was in the same range as grassland on sandy soil found by de Groot et al. (2005), which
contained SOC stocks between 4.5 and 12.0 kg m-2. However, these stocks were calculated for a 30 cm
deep topsoil, so higher SOC stocks are expected compared to the case study of Wageningen. Kuikman
et al. (2003) found a higher SOC stock (10.3 kg m-2) than was found in Wageningen. At a local scale,
several soil investigations conducted in Wageningen were looked at (Table 2). During these
investigations, the OM content was measured at multiple locations in Wageningen. (The SOC content
can be approached by multiplying the OM content with the factor 0.58, see Chapter 2.2.6). The amount
of OM measured at different locations varied between 0.7% and 9.0%. The percentage of OM within
this cases study for Wageningen varied between 1.7% and 16.8%. The maximum and minimum values
of this case study are higher, but in general the values are in comparable magnitude. Also, two soil
carbon maps for the Netherlands can be compared with the data. The Soil Carbon Stocks map of the
Netherlands provided by Lesschen et al., (2012) gives values for Wageningen around 7.0 kg m-2, which
is very close to the 7.17 kg m-2 found for this case study. Walvoort & Hoogland (2017) also provides a
SOC stocks map, but some pixels for Wageningen were missing. The pixel values around Wageningen
vary between 4.9 kg m-2 and 11.6 kg m-2, which is in the same range as the values found for this case
study. More data sources were looked at, but did not contain information about the carbon stocks in
Wageningen. For example, Bodemdata.nl claimed to have all gathered information in soils in the
Netherlands, however data on cities was lacking. Tol-Leenders et al. (2018) wrote about the soil carbon
stocks in the Netherlands, however, the authors did not take urban areas into account.
The SOC stocks and SOC contents found for Wageningen are all in the same range as the values found
in non-urban soils. However, it was expected that urban soils would contain higher SOC stocks and SOC
contents than non-urban soils (Golubiewski, 2006; Pouyat et al., 2008). Since urban soils are managed
more intensively. This difference might be explained by the resistance of the soils in Wageningen to
biodegradation, which will be further explained in chapter 4.4.

4.2 Spatial variability of SOC stocks
The deep augering profiles showed different patterns in SOC content for all strata. This is the first proof
of spatial variability between the used strata. Younger soils seem to have less SOC gathered over depth
compared to older soils. Older soils, like the city center of Wageningen, have had a longer time to
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develop and contain more SOC over all depth. This phenomenon can be seen as cultural layers (Dolgikh
& Aleksandrovskii, 2010; Vasenev et al., 2013).
This case study of Wageningen showed that the spatial variability of SOC stocks is influenced by parent
material, finding higher SOC stocks on clay soil than on sandy soil. The reason for this is that SOC
absorption is higher for clay soils than for sandy soils (Ingram & Fernandes, 2001; Schapel et al., 2018).
The same pattern regarding parent materials has been found in other studies for grasslands and forest
soils in the Netherlands (de Groot et al., 2005; Tol-Leenders et al., 2018). In urban soils of cities outside
of the Netherlands it has also been found that soils consisting mostly of sand have lower SOC stocks
than soils consisting of clay (Pouyat et al., 2015; V. I. Vasenev et al., 2013). However, it needs to be
taken into account that no texture analysis was done. This indicates that wrongly classified soils could
exist within the dataset, as mentioned in chapter 3.3.2.
The spatial variability of the SOC stocks for the case study of Wageningen was also influenced by
landcover. The case study showed higher SOC stocks for forest strata compared to grass strata. This
can be explained by the fact that in forested areas the litter is not removed, so the carbon inputs are
higher compared to grass fields where the mowed material will be removed. When comparing this
with other data from non-urban soils in the Netherlands, Tol-Leenders et al. (2018) found the same
patterns. However, Kuikman et al. (2003) and Lesschen et al. (2012) found the opposite pattern, higher
values for grasslands than for forests. It has to be kept in mind that rural grasslands are different than
urban grasslands (Pouyat et al., 2008). Rural grasslands in the Netherlands are intensively used and
often provided with manure or fertilizers. In the city of Wageningen no fertilizers are used on public
green, so lower SOC stocks can be expected compared to rural grasslands. Urban soils outside of the
Netherlands showed that spatial variability of SOC stocks can be explained by land cover. For example,
(Bae & Ryu, 2015) found higher SOC stocks for urban forest soils compared to lawns in Seoul, Korea.
The historical zoning that was used for this case study of Wageningen did not explain the spatial
variability of the SOC stocks. The strata did not differ significantly from each other. This might be due
to the limited amount of samples; lacking data on distinguishing the exact construction times of the
soil; or the distribution of the sample points. For example, in the city center samples were only taken
in the parks and not in private yards or forested areas. However, between the CAG and CBG strata, a
significant difference was found, so these strata were separately presented on the final map. The
significant difference between these strata might be explained by the fact that the CAG strata covered
only one district of Wageningen of which the construction time was well known and the whole
neighborhood was built just a few years apart. Another data distribution was used to find patterns in
the historical zoning data. This new distribution showed higher carbon stocks for the older soils than
for the recently constructed soils. This pattern makes sense, because older soils have had more time
to buildup carbon (Lehmann & Stahr, 2007; Scharenbroch et al., 2005). The same pattern was found in
Paris: the soils younger than 50 years had a SOC stock of 8.9 kg m-2 and the soils older than 50 years
had a SOC stock of 11.5 kg m-2 (Cambou et al., 2021). The same distribution of data for the case study
of Wageningen gives 5.8 kg m-2 for soils younger than 50 years and 10.3 kg m-2 for soils older than 50
years, which is in the same range as the values found for Paris. Research in Gent (Belgium) also showed
the highest SOC amounts in the historic city center (Weissert et al., 2016).
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The spatial variability was made
visible in the final SOC stocks map
for Wageningen (Figure 37). Due
to the stratification and the
limited number of samples, a map
based on the average value per
strata seemed most suitable.
However, this map also has its
limitations mostly due to the
stratification approach. At first,
the map with parent material was
drawn based on an existing soil
map (Wageningen : Stichting voor
Bodemkartering, 1951), but when
looking at borehole information of
Wageningen (TNO, n.d.), the line
between sand and clay seemed to
be located more westwards
(Figure 56). When this knowledge
Figure 56 Map of the Formation van Echteld (based on BRO GeoTOP v1.4). The
map shows the thickness of the present clay layer. The blue line indicates where would have been used for the
the separation of the strata drawn for this case study is located. Source:
stratification of the case study of
dinoloket.nl/ondergrondmodellen.
Wageningen, the clay strata
would start more westwards and the city center would have been part of the clay strata. However, the
SOC stocks of the city center are more comparable with the sand strata than with the clay strata. It is
not possible to say that changing the surface of the strata related to parent material will improve the
final map. The historical zones were made based on the ‘Dienst voor het kadaster en de openbare
registers’ (2021). However, they were drawn based on newly built neighborhoods, so not all recently
built houses were taken into account. An improvement on this stratification was made as explained in
previous paragraph. The landcover map that was used for the stratification has a cell size of 5 by 5
meters and did not cover the exact outline of the buildings. Due to this suitable sampling locations
were filtered out. A solution to this would be the use of a map containing the exact outline of the
buildings like from the ‘Basisregistratie Adressen en Gebouwen (BAG)’ or the use of satellite data
(Barnsley & Barr, 1996). A kriging map was made to show that data was spatially dependent. However,
the kriging map cannot be seen as trustworthy, since the stratification has not been taken into account.

4.3 Factors driving BR
The BR gives an estimation of the activity of the soil microbial community and the availability of soil
carbon for microorganisms. During this research, it was found that locations with higher SOC stocks
also showed higher BR rates. The reason for that is that the soil is more active when more SOC is
available, and this higher microbial activity releases carbon from the soil (Ananyeva et al., 2008). All
the factors that were analyzed for the spatial variability of SOC stocks are also analyzed for BR and the
same patterns were visible, which will be elaborated on in the next paragraphs.
The case study of Wageningen did not prove that a different parent material was a significant driving
factor for BR. However, the BR on clay soils was higher than on sandy soils. This can be explained by
the fact that all soils were brought to 60% WHC and clay can contain more water when saturated at
60%. This makes clay soils more moist, which is relevant for the microbial community and makes it a
better host for microbes and fungi than sandy soils (Ebrahimi et al., 2019). Together with the fact that
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clay can adsorb relatively more organic carbon than sand (Schapel et al., 2018), makes clay soils even
more suitable for microbes and fungi, which can increase BR rates.
Vegetation type is one of the driving factors for BR in Wageningen. A higher BR was found for the forest
strata than for the grass strata. This can be explained by the presence of more soil microbial biomass
in forest soil than in grass soils (Ananyeva et al., 2008), which can also be seen in the higher SOC stocks
for forest strata. This same pattern was observed during a case study in the city of Kiel (Germany),
where the public forest has higher BR rates than in the private gardens (Beyer et al., 1995). However,
for a case study in Boston (US) (Decina et al., 2016), the opposite was found. The cases study of Boston
showed that the respiration rates for lawns (consisting of grass) were 1.5 times higher than for forests.
This can be due to other influencing factors like vegetation characteristics such as differences in root
biomass (Zhu et al., 2019), but also the way of management since lawns (in the US) can be intensively
managed (Selhorst & Lal, 2013; Zirkle et al., 2011)
The historical zones made for Wageningen show significant differences in the BR rates. The BR rate of
the city center was lower than the BR of the before 2000 strata and the after 2000 strata. Vasenev et
al. (2021) found the same for Moscow, where lower BR rates were found for the city center compared
to newly built areas. However, the group of samples on soils constructed before 2000 showed higher
BR raters than the soils constructed after 2000. The same can be seen when looking at BR over time
with the second classification approach (where the data was reclassified), the older soils show higher
respiration rates. Older soils are closer to a steady-state, so larger soil microbial community is present,
which could increase the microbial activity and BR rates (Creamer et al., 2014). However, other studies
have also found that BR is lower for older soils than for younger soils (Beyer et al., 1995; Scharenbroch
et al., 2005). This can indicate that there is another factor present that has a higher influence on BR,
for example difference in climate (Ananyeva et al., 2008).
The final BR map was made by taking the average per strata. The clearest pattern on that map is the
difference between the before 2000 strata and after 2000 strata where the younger areas have lower
respiration rates than the older areas. This pattern was less clear on the kriging map, which makes the
kriging map less suitable outcome of this research.
To put the findings of the case study of Wageningen into a broader context it is necessary to find out
if these BR values are higher or lower than for rural areas. This comparison is hard to make for the
Netherlands due to the lack of data, however, such comparisons have been done abroad. For example,
in Moscow (Russia) it was found that urban areas have lower respiration rates than rural areas
(Vasenev et al., 2016, 2021). However, for Aberdeen City (UK), a higher BR was found for urban areas
compared to rural areas (Yuangen & Paterson, 2001). The difference in BR between urban and rural is
depending on several factors, making it impossible to say if the BR of Wageningen is more or less than
the rural areas of the Netherlands. It is also not possible to compare this data to the net carbon
exchange of the soil, since the inputs of carbon have been not investigated.

4.4 Resistance to biodegradation
The resistance of SOC stocks can be expressed in T0.5, the ratio between BR and SOC stocks. T0.5 can
be seen as a proxy of the potential biodegradation of SOC stocks in the soil, when the C input is not
taken into account. The T0.5 of the soils of Wageningen varies between 2.90 and 11.21 years. These
values are low compared to the global estimates made by Raich & Schlesinger (1992) of 5 years for
tropical savannas and 250 years for tundra and wetlands. In urban soils in New Zealand a T0.5 of 40
years was found (Huh et al., 2008). The low values for T0.5 might be explained by the fact that for
Wageningen the same patterns were found for SOC stocks as for BR. When SOC stocks are high also
the BR is high, so the numbers balance each other out and result always in low T0.5 values. However,
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Vasenev et al. (2021) found the exact same average T0.5 of 5.7 years for Moscow, which might indicate
that low T0.5 values are to be expected in Wageningen. The low T0.5 indicates that the soils of
Wageningen are not resistant to biodegradation, meaning that carbon sequestration in the urban soils
of Wageningen is not yet a sufficient tool to mitigate climate change. However, changes in
management (such as mowing frequency) might be a solution for this but more information is needed
to put this into practice.

4.5 Influence of management
The influence of management on the spatial variability of urban SOC stocks and BR for Wageningen
cannot be fully explained by the gathered information. However, some patterns can be shown. Firstly,
higher SOC stocks are found in backyards than in public areas. This can be explained by the additions
of fertilizers or manure. Secondly, the public playground and public green showed relatively high BR
rates, while their SOC stocks are low. This gives T0.5 values for public green and public playground, 3.4
and 4.7 years respectively. It indicates that the management of these areas is not optimal yet for high
SOC stocks, possibly due to the fact that the mowed materials are always removed (Qian et al., 2003).
The higher BR rates might be explained by the presence of relatively many roots, due to the thick turf
layer, which increases BR (Zhu et al., 2019).
Important for the management story is how the results of this research can be implemented by
stakeholders like the municipality. The municipality was asked to give feedback on the different maps
on SOC stocks. The mean SOC stocks map based on the averages per strata (Figure 37) was indicated
as the most suitable map to support policy issues or other successive purposes.

4.6. Recommendations for future research
The sampling design could be made more optimal by generating a better coverage of the whole city of
Wageningen. Also, more data on the building history and vegetation cover could be included to
optimize the sampling design. Data on the surroundings of Wageningen could be used to make a better
comparison between rural soils and urban soils in future research. More data on rural areas will help
to put the data of the field study in Wageningen into better perspective and can show more clearly
whether the SOC stocks measured for Wageningen are relatively high or low. Also, data of other cities
in the Netherlands would be useful to make stronger statements about SOC stock in the Netherlands.
Follow-up research regarding the influence of management on SOC stocks in Wageningen should
include more extensive information on management practices. For example, using a map on roadside
management types. The use of such maps was not possible for this case study since none of the sample
points were located on one of the areas determined in the roadside map, so more samples need to be
taken or the existence of other maps should be invested. Also, more information on mowing frequency
and added soil layers by humans is needed to make statements about the influence of management in
the SOC stocks.
Future research on the total carbon balance is needed to make a better estimation of the resistance
of the SOC stocks (in Wageningen). Information on the external sources and sinks of carbon would be
needed for this. This case study only looked at the SOC stocks present but ignored external sinks and
sources of carbon. It is known that managing (urban) soils could produce additional CO2 (TownsendSmall & Czimczik, 2010) (Selhorst & Lal, 2013), for example when looking at the hidden carbon costs
of mowing which requires fuel for the machines. To give a total overview of the potential of urban soils
to sequestration SOC and mitigate climate change, these costs should be taken into account.
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5. Conclusion
•

•

•

•

•

Data regarding the urban SOC stocks of Wageningen and urban areas in the Netherlands is
scarce. However, SOC stocks data of the non-urban part of the Netherlands is comparable and
in the same range as the values found for Wageningen.
The spatial variability of the SOC stocks in Wageningen seemed to be influenced by parent
material (sand and clay) and landcover (forest and grass). The SOC stock in Wageningen varies
between 2.63 kg m-2 and 16.57 kg m-2 and has an average value for the topsoil of (0cm - 20cm)
7.17 kg m-2. The final SOC map of Wageningen shows significantly higher SOC stocks for the
clay soils than for sandy soils, due to higher SOC absorption of clay. Forested areas contain
significantly higher SOC stocks than grass areas, since mowing residue is often removed in
Wageningen. The old city center of Wageningen has lower, but not significantly different, SOC
stocks than newly built areas. The newly built area on clayey soils which contained grasses (the
neighborhood ‘Nieuwe Kortenoord’) contains significant lower SOC stocks than the older
(build before 2000) area.
In Wageningen the BR rates vary between 0.32 µg C g-1 soil h-1 and 42 µg C g-1 soil h-1, this
variation is based on vegetation type and historical zones. Under forest soils the BR is
significantly higher than under grass soils, due to the presence of more soil microbial biomass
in forests soils. The city center shows the lowest BR rates, however, the BR is significantly
higher for older areas compared to newly built areas, which is not in line with literature.
The resistance to soil biodegradation is low in Wageningen compared to literature, which
makes carbon sequestration in the urban soils of Wageningen not yet a sufficient tool to
mitigate climate change.
Data on soil management is not extensive enough to provide extra information on the spatial
variability of SOC stocks and BR. However, some patterns were already shown, like higher SOC
stocks in backyards compared to public areas, probably due to the use of fertilizers; or the
relatively low resistance of SOC in public playgrounds and public green, which might be
improved with a different management approach. If more data were to be included, this
research could be the first step towards management recommendations to increase SOC
stocks and mitigate climate change.
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Appendix A: Data top soil case study Wageningen
Location Strata
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

SAG
SAG
CBG
CBF
CAG
CAG
CAG
SAF
SBG
SBF
CC
CBF
CAF
SAF
SAF
SAF
SAG
SAG
SAG
SAG
SAG
SAG
SAG
SAG
SAG
SBF
SBF
SBF
SBG
SBG
SBG
SBG
SBG
SBG
CC
CC
CC
SBG
CC
CC
SBF
CC
CC

Bulk density
(g cm-3)
1.32
0.82
1.49
0.99
1.70
1.46
1.48
1.24
1.33
1.21
1.31
1.01
1.22
1.17
1.12
0.57
1.61
1.48
1.42
1.14
1.52
1.23
1.29
1.31
1.31
0.65
1.00
0.77
1.30
1.51
1.02
1.31
1.16
1.44
1.15
1.41
1.26
0.81
1.42
1.48
1.17
1.08
1.35

SOC
(%)
1.96
2.20
2.00
6.09
2.20
1.81
1.58
2.40
3.10
3.43
2.10
4.13
3.38
3.12
2.33
6.48
2.53
1.97
1.09
7.14
0.96
1.99
2.18
1.58
2.64
4.29
3.34
5.15
1.83
0.96
4.09
2.74
4.51
1.48
3.98
2.90
2.63
4.88
1.95
1.68
4.83
4.59
2.07

SOC stocks
(kg m-2)
5.05
3.42
5.66
11.70
6.51
4.49
3.98
5.78
7.82
8.30
4.93
7.93
8.24
7.31
4.99
7.45
7.97
5.56
2.78
16.21
2.63
4.73
5.05
3.71
6.90
5.52
6.03
7.12
4.03
2.67
8.07
5.73
8.39
3.82
8.86
7.52
6.11
7.85
4.99
4.57
10.12
9.42
5.03

BR (µg C g1 soil h-1)
0.63
0.85
0.83
1.32
0.69
0.49
0.43
0.64
0.55
0.60
0.51
0.48
0.71
0.84
0.52
0.69
0.39
0.52
0.37
0.52
0.36
0.59
0.51
0.34
0.75
0.78
0.43
0.75
0.69
0.38
0.93
0.67
0.84
0.54
1.02
0.62
0.54
0.76
0.51
0.58
0.88
0.55
0.41

T0.5
(Years)
3.70
3.12
2.90
5.54
3.84
4.40
4.42
4.46
6.71
6.79
4.96
10.38
5.67
4.48
5.35
11.21
7.83
4.56
3.54
16.58
3.20
4.02
5.09
5.58
4.22
6.62
9.32
8.25
3.16
3.05
5.30
4.90
6.42
3.25
4.66
5.58
5.79
7.66
4.55
3.48
6.58
9.92
6.11

pH
7.7
7
6.1
5.1
8.7
8.9
8.8
5.9
5.4
4.5
8.4
8.1
5.5
5.5
4.7
3.5
8.4
7.9
8.6
7.7
8.3
7.9
6.9
8.5
5.9
7.3
4.4
3.8
5.9
7.4
5
6.4
6.8
7.3
7.7
7.8
6.8
6.6
7.6
8.3
8
8.4
8.6

WHC
(gg-1)
0.26
0.25
0.26
0.42
0.29
0.20
0.20
0.25
0.28
0.34
0.24
0.29
0.34
0.26
0.24
0.40
0.25
0.24
0.18
0.26
0.15
0.22
0.22
0.20
0.32
0.26
0.25
0.34
0.24
0.20
0.35
0.28
0.34
0.18
0.36
0.24
0.23
0.33
0.22
0.19
0.34
0.34
0.21
56

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

CAF
CAF
CAF
CAG
CAG
CAG
CAG
CAG
CAG
CBG
CBG
CBG
CBG
CBG
CBG
CBG
CBF
CBF
CBF
CAG

0.86
1.07
1.02
1.31
1.48
1.07
1.44
1.47
1.70
1.45
1.22
1.37
1.33
1.17
1.62
1.10
1.35
1.20
1.27
1.61

9.77
3.92
6.15
3.09
1.84
3.86
2.22
2.27
1.50
4.17
2.59
2.17
4.24
5.86
2.73
4.34
4.18
2.97
5.07
2.35

16.57
7.83
12.11
7.29
5.17
8.28
6.06
5.70
4.83
11.13
6.11
5.75
10.94
13.29
8.17
9.41
10.72
6.94
12.89
6.82

2.69
1.01
1.42
0.57
0.43
0.58
0.41
0.44
0.32
0.63
0.78
0.61
0.54
0.85
0.58
0.73
0.77
1.14
0.95
0.57

4.34
4.64
5.19
6.51
5.11
7.94
6.52
6.17
5.54
7.97
3.97
4.30
9.33
8.30
5.64
7.13
6.53
3.11
6.37
4.93

5.8
5.6
5.4
8.4
7.9
7.8
8.6
8.7
8.6
8.1
7.2
8.1
8.3
7.5
8.6
7.1
5.6
6.2
5.2
8.3

0.54
0.36
0.45
0.32
0.21
0.33
0.23
0.24
0.17
0.34
0.28
0.21
0.40
0.44
0.31
0.28
0.36
0.24
0.35
0.24

Appendix B: Data deep augering case study Wageningen
Location
1
1
1
1
3
3
3
3
3
5
5
5
5
8
8
8
8
9
9
9
9
9

Horizon
Ah
TCH
C1
C2
Ah
TCH
B
BHf
C
A
TCH
B1
BCg
A
B1
B2
C
B1
B2
Ur
C/ TCH

Depth
0-15
15-45
45-100
100-120
0-10
10-20
20-45
45-80
80-100
0-15
15-45
45-75
75-100
0-3
3-50
50-90
90-100
0-20
20-40
40-75
75-95
95-110

Texture
loamy sand
sand
fine sand
coarse sand
sandy loam
loamy sand
clay
clay
sand
loam
sand
sand
clay/sand
sand
sand
sand
sand (more coarse)
sandy
sand
loamy sand
loamy sand
sand

SOC (%)
1.9
0.5
0.4
0.2
3.2
None
2.0
3.7
0.4
1.8
0.4
0.4
1.7
5.6
1.7
1.5
0.8
3.1
1.9
2.3
1.0
0.5

pH
7.9
8.2
8.9
8.1
6.3
None
7.2
7.1
5.5
8.7
9.6
9.2
8.7
6.6
5.6
6.0
6.8
5.4
6.0
6.1
8.4
8.5
57

10
10
10
10
10
11
11
11
11
12
12
12
12
13
13
13

O
A
B1
B2
C
A
U1
U2
U3
A
B1
B2
B3
B1
B2
Bfg

0-4
4-20
20-40
40-60
60-100
0-20
20-65
65-90
90-110
0-8
8-30
30-60
60-110
0-45
45-70
70-110

sand
sand
sand
sand (well sorted)
loamy sand
loamy sand (clay aggregrates)
loamy sand (clay aggregrates)
loamy sand (clay aggregrates)
loamy sand
heavy loam
loamy sand
heavy loam
clay loam
clay loam
clay

None
3.4
1.0
2.0
0.6
2.1
1.7
1.9
2.1
3.3
2.6
1.5
3.2
3.6
3.6
2.2

None
4.5
4.8
4.8
5.1
8.4
8.6
8.6
8.5
7.3
8.6
8.5
8.7
5.5
5.6
8.3
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