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ABSTRACT

Models can be an effective tool to estimate the effect of climate change
and changing management practices on greenhouse gas emissions
from peat and peat subsidence. In this research the ability of the
model SWAP (Soil Water Atmosphere Plant) to predict soil moisture contents and shrinkage and the ability of the model DNDC
(Denitrification-Decomposition) to predict soil moisture contents and
greenhouse gas emissions during a column experiment with peat
soils, were tested. The water levels of twelve soil columns of 105 cm
height, coming from three different locations in the Netherlands, were
brought from 0 cm to -105 cm in five steps. The measurements on soil
moisture, shrinkage, and emissions of CO2 and N2 0 were compared
with the outputs of SWAP and DNDC. CH4 emissions were not measured due to a defect in the gas monitor.
The loss of soil moisture was underestimated by both SWAP and
DNDC, although SWAP was more accurate than DNDC at modeling
soil moisture dynamics near saturation. The shrinkage predictions
with SWAP had the same order of magnitude as the measurements.
DNDC underestimated CO2 and N2 O in the column experiment. Furthermore, the predicted CO2 emissions were higher under saturated
conditions than under non-saturated conditions, which does not reflect the true processes. With the right parameterization, SWAP can
be a useful tool for predicting soil moisture contents and shrinkage
in peat soils. In DNDC simulations, either improvements in parameterization or improvements of model processes are required for it to
be a useful tool in predicting greenhouse gas emissions.
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INTRODUCTION

Subsidence of peat soils in the Netherlands has been ongoing for approximately a millennium, since peat soils were started to be drained
for agricultural use (Erkens et al., 2016). In the 1960’s and 1970’s water levels in large peat areas of the Netherlands have been lowered
drastically facilitate intensive livestock farming, which has led to a
large increase in soil subsidence (Van den Akker et al., 2007).
This subsidence results mainly from the mineralisation of peat,
when oxygen levels in the soil in the soil increase due to low groundwater levels. In the Dutch national inventory report, CO2 emissions
from the drainage of peat soils were reported at 5.5 Mton CO2 in 2019,
while the total GHG emissions for the Netherlands in 2019 amounted
to 185.3 Mton CO2 equivalent (Ruyssenaars et al., 2021). Besides this
contribution to climate change, subsidence leads to large damage in
infrastructure (Van den Born et al., 2016), increased flood risk (Bucx
et al., 2010), and salinization (Oude Essink et al., 2010).
Besides the greenhouse gas (GHG) CO2 , peat soils can also emit
the GHG’s CH4 and N2 O. Under anaerobic conditions, the emission
of CH4 increases. N2 O can be formed by the consecutive combination of nitrification and denitrification. Nitrification typically occurs
under aerobic conditions and denitrification under anaerobic conditions. The decomposition of organic nitrogen, under aerobic conditions, is an important source of ammonium that is required for nitrification. Therefore, N2 O emissions are typically highest at fluctuating
water levels. These emissions of CH4 and N2 O are generally much
lower than the emission of CO2 under aerobic circumstances. However, since they also have a much stronger greenhouse effect than
CO2 , they can have a significant impact on the CO2 equivalent emission. Therefore, it is relevant to be able to estimate the emissions of
CO2 , CH4 , and N2 O.
1.1

research background

The Dutch government recognizes the problem of peat degradation
and has set the goal in its national climate agreement to reduce the
annual CO2-equivalent emission by 1 Mton in 2030. In some situations farms will have to move, become less intensive, or stop. In other
situations, the focus will be on the adjustment of drainage techniques
(Rijksoverheid, 2019). To know in which locations which approaches
can be applied, a thorough understanding of the effect of water levels
on peat subsidence and GHG emissions is necessary.
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introduction

The research project that my thesis is part of is funded by NWALOSS (Living on Soft Soils, funded from the National Science Agenda)
and the Nationaal Onderzoeksprogramma Broeikasgassen Veenweiden (NOBV). NWA-LOSS is a research program on all aspects of soil
subsidence in the Netherlands (NWA-LOSS, 2020). Within these programs, I researched the effect of water management on soil subsidence and GHG emissions from peat and the usefulness of two models predicting shrinkage and GHG emissions from peat soils. However, this MSc thesis report is a personal study assignment and is
no official publication of NWA-LOSS or NOBV. My research was performed in cooperation with Erne Blondeau, Anneke Stam, and Rob
Hendriks and supervised by Jos van Dam and Erne Blondeau.
1.2

problem statement

Model simulations can be a useful tool to predict the effect of measures combating subsidence and GHG emissions from peat soils, and
to understand the impacts of climate change on agriculture . In this research, the ability of the Soil-Water-Atmosphere-Plant (SWAP) model
to predict soil subsidence and the ability of the Denitrification-Decomposition
(DNDC) model to predict GHG emissions are tested. “SWAP simulates transport of water, solutes and heat in the vadose zone in interaction with vegetation development” (Kroes et al., 2017). SWAP
also contains a module that can estimate the shrinkage and from this
shrinkage SWAP can estimate the subsidence of a soil. DNDC is "an
integrated model of soil, hydrology, and vegetation for carbon dynamics" (Zhang et al., 2002). With DNDC the emissions of CO2 , CH4 , and
N2 O can be estimated. Both models simulate the soil moisture content of the soil, which is one of the most important input parameters
for estimating both shrinkage and GHG emissions.
In this research, 12 peat soil columns of 105 cm height were collected at 3 locations in the Netherlands. In the laboratory, sensors
for soil moisture, shrinkage, water sampling, and air sampling were
installed in the peat columns at multiple depths. Special provisions
were taken to allow instrument subsidence without water leaking
through the wall. After the columns were saturated from below, the
imposed groundwater levels were lowered in five steps from the soil
surface to the bottom of the column. During the experiment, at the
top of the column emissions of CO2 , N2 O and CH4 were measured.
The goal of this research is to test the ability of SWAP to predict soil
moisture content and shrinkage of these columns, and the ability of
DNDC to predict soil moisture content in and GHG emissions from
the peat columns in this experiment.

1.3 research objectives

1.3

research objectives

Assess the suitability of different soil models to predict peat greenhouse gas emissions and subsidence.
• Assess the ability of SWAP and DNDC to predict soil moisture
contents in peat soils.
• Assess the ability of SWAP to predict the shrinkage of peat soils.
• Assess the ability of DNDC to predict greenhouse gas emissions
from peat soils.
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T H E O RY

"SWAP (see figure 1) and DNDC (see figure 2) are both soil hydrological models that "simulate the transport of water, solutes and heat in
the vadose zone in interaction with vegetation development" (Kroes
et al., 2017). SWAP was developed primarily for this goal, whereas
DNDC was developed especially to quantify carbon sequestration
and GHG emissions from soils. SWAP is a very versatile model. It offers many possibilities for determining the boundary conditions. And
most of the modules can either be turned on or off, or can be used
in a simple or more complex variant. SWAP can be coupled to other
models, including the ANIMO (Agricultural Nutrient Model) nutrient leaching model. (Renaud et al., 2005). In some unofficial versions
of ANIMO, GHG emissions can be simulated, but due to time limitations, these simulations were not performed for this study. Because
DNDC was developed with a different goal in mind, it has a simpler
soil water flow model than SWAP and requires fewer parameters in
this regard.

Figure 1: SWAP model domain (Kroes et al., 2017).

Processes that are included in both SWAP and DNDC, although
not always at the same level of detail, are:
• Soil water flow.
• Evapotranspiration and rainfall interception.
• Surface runoff and drainage.

4
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Figure 2: Model overview of DNDC. (DNDC, scientific basis and processes,
2017)

• Surface water management.
• Crop growth. In SWAP this can be coupled to the crop growth
model WOFOST, but it can also run a simple crop growth module. This module also offers the possibility to use a simple nutrient cycle to simulate nitrogen-limited crop growth, but this
module is too limited to model GHG emissions.
• Solute transport. In SWAP this includes nutrients, pesticides
and salinity. In DNDC this is performed only for nutrient leaching.
• Soil temperature.
• Snow and frost.
• Irrigation and flooding.
SWAP also contains a macropore flow module, with which shrinkage can be simulated as well. This is not included in DNDC. SWAP is
not able to simulate GHG emissions, whereas DNDC was designed
especially for this goal.

5
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2.1
2.1.1

hydrology
Hydrology in SWAP

Darcy’s equation is the most commonly used equation to describe soil
water movement. An equation that has been derived from the Darcy
equation, by adding the mass balance, is the Richards equation, which
is used in SWAP, to model water flow.


∂ K(h) ∂h
∂θ
∂z + 1
(1)
=
− Sa (h) − Sd (h) − Sm (h)
∂t
∂z
where θ is the volumetric water content (cm3 cm-3 ), t is time (d) K(h)
is hydraulic conductivity (cm d-1 ), h is soil water pressure head (cm),
and z is the vertical coordinate(cm), taken positively upward, Sa (h)
is the soil water extraction rate by plant roots (cm3 cm-3 d-1 ), Sd (h) is
the extraction rate by drain discharge in the saturated zone (cm3 cm-3
d-1 ), and Sm (h) is the exchange rate with macropores (cm3 cm-3 d-1 ).
Equation 1 can be solved using specified boundary conditions and
relations between θ, h, and K. There are many alternatives to describe
the relationship between θ, h, and K. In SWAP the standard is to use
the Mualem-Van Genuchten functions to describe this relationship. In
1980, Van Genuchten described θ(h) as (Van Genuchten, 1980):
θ = θres + (θsat − θres ) (1 + |αh|n )

m

(2)

where θsat is the saturated water content (cm3 cm-3 ), θres is the residual water content in the very dry range (cm3 cm-3 ), α (cm-1 , n (-) and
m (-) are empirical shape factors. m can be taken as:
m = 1−

1
n

(3)

Combining equation 2, equation 3, and the theory on unsaturated
hydraulic conductivity by Mualem (1976) results in the following
function for K(θ):


m 2
1
K = Ksat Sλe 1 − 1 − Sem

(4)

where Ksat is the saturated hydraulic conductivity (cm d-1 ), λ is a
shape parameter (-) that depends on tortuosity, and Se is the relative
degree of saturation defined as:
Se =

θ − θres
θsat − θres

(5)

To solve the Richards equation numerically, the derivatives dK
dh and
∂θ
C = ∂h
are required, where C is the differential water capacity (cm-1 ).
These derivatives can be found in the SWAP manual, as well as equations 1-5 (Kroes et al., 2017).

2.1 hydrology

Ksat is usually determined as a fitting parameter from experiments
with unsaturated flow and it does not necessarily represent the true
saturated hydraulic conductivity of the soil. Therefore, an experimentally determined value of saturated hydraulic conductivity Ksat,exp
can be specified next to the fitted Ksat,fit . Close to saturation SWAP
linearly interpolates between Ksat,exp at h = 0cm and Ksat,fit at
h = −2cm.
SWAP also offers the possibility to take into account hysteresis in
the wetting and drying curve of θ(h). However, in this thesis, a process of only drying is researched. Therefore, hysteresis plays little or
no role.
2.1.2

Hydrology in DNDC

DNDC determines the soil water flow for the saturated and unsaturated zones separately. In the unsaturated zone, the moisture in a soil
layer is calculated with (Zhang et al., 2002):
(6)

∆θl Hl = Fl − ESl − T Pl

where ∆θl is is the change in soil moisture (cm3 cm-3 ) in layer l, Hl
is the thickness of the layer (cm), Fl is the net water input (cm) to the
layer, through infiltration, gravity drainage and matric redistribution,
ESl evaporation (cm) from the layer, and T Pl is root water extraction
(cm) from the layer. The soil moisture in the unsaturated zone in
DNDC can be seen as a bucket model, where any water surplus above
the field capacity leaves a layer as gravity drainage at a certain speed.
Gravity drainage is defined as (Li et al., 2006):
−k2

Fd,l = k1 (θl − θfc ) × 10 (θl −θfc )/(PSl −θfc )

(7)

where Fd,l is the gravity drainage of layer l (m h-1 ), θl is the current
moisture content (cm3 cm-3 ) of layer l, θfc is the moisture content
(cm3 cm-3 ) at field capacity, PSl is the porosity of layer l, and k1 and
k2 are coeffecients defining the initial drainable water flux and the
retention rate.
"In the top saturated layer, where the water table resides (i.e., layer
l0 ), the soil moisture is estimated by" (Zhang et al., 2002):
θl0 = θfc,l0 +
′

(PSl0 − θfc,l0 ) WT
Hl0

′

(8)

where WT is the height (cm) of the water table, relative to the bottom
of layer l0
How the water table dynamics are described can be found in Zhang
(2002). For the simulations in this research, the water table was imposed at set heights, so the water table dynamics are not relevant.
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2.2

shrinkage

In SWAP, soil shrinkage is modeled as a part of macropore flow.
Shrinkage is relevant for macropore flow, as shrinkage of the soil
matrix leads to an increase in macropore volume. The description
of shrinkage in this section was adapted from the SWAP manual
(Kroes et al., 2017). Shrinkage consists of a vertical component, the
subsidence, and a horizontal component, which is also called the dynamic macropore volume, because it is mainly horizontal shrinkage
that leads to an increase in the macropore volume.
(9)

Vsh = Vdy + Vsu

where Vsh is the total shrinkage volume, Vdy is the dynamic macropore volume and Vsu is the subsidence volume (all in cm3 cm-3 ). The
proportion of subsidence of the total shrinkage volume is determined
by (Bronswijk, 1988):
1

(10)

Vsu = 1 − (1 − Vsh ) rs

where rs is the geometry factor (-) (Rijniersce, 1983), which is 1 in
case of subsidence only, 3 in case of isotropic shrinkage, and larger
than 3 when the dynamic macropore volume cracking is larger than
subsidence.
Shrinkage functions are described in the form
(11)

e = f (ϑ)
V

p
Here e is the void ratio (cm3 cm-3 ) Vsol
, where Vp is the total volume
fraction of pores and Vsol is the volume fraction of solid particles.
The moisture ratio ϑ is defined as:

ϑ=

Vw
θ
=
Vsol
1 − θsat

(12)

where Vw is the water volume fraction (cm3 cm-3 ). In saturated conditions all pores can be assumed to be filled with water. Hence:
esat = ϑsat =

θsat
1 − θsat

(13)

Shrinkage is defined as the decrease of the soil matrix volume fraction
(∆Vm ), which is the equal to the increase of the pore volume fraction.
Therefore, the shrinkage can be determined from the void ratio via:
Vsh = −∆Vm = ∆Vp = − (e − es ) Vsol

(14)

Equation 14 does not take long term shrinkage from the decomposition of organic material into account.

2.2 shrinkage

The void ratio is described by Hendriks’ (2004) equation for shrinkage:

e=

 
e t 1 + P


(ϑ/ϑa )(exp(−βH ϑt )−exp(−βh ))
H (αH /βH )(exp(−αH )−exp(−βh ))

et ,



,

for 0 < ϑ < ϑa
for ϑa ⩽ ϑ < ϑs
(15)

where ϑa is the moisture ratio at the transition of near normal shrinkage to subnormal shrinkage, and αH , βH and PH are dimensionless
fitting parameters. et is defined as:
et = e0 + (es − e0 )

ϑ
ϑs

(16)

Figure 3a shows a typical curve for peat shrinkage that can be described by equation 15. Near saturation, the shrinkage curve almost
follows normal shrinkage, which is followed by a subnormal stage.
In this subnormal stage, the plant fibers maintain the structure of
the soil, which becomes air filled. When there is more severe moisture loss, these plant fibers collapse, causing supernormal shrinkage.
Some of the soils in this research have soil horizons that are so rich in
clay that the shrinkage curve will look more like typical clay shrinkage (see figure 3b). However, equation 15 can also describe this kind
of curve (R.F.A. Hendriks, personal communication, December, 2021).

(a) Typical peat shrinkage curve.

(b) Typical clay shrinkage curve.

Figure 3: Typical shrinkage curves in peat and clay soils as shown in the
SWAP manual (Kroes et al., 2017). The solid line in figure 3a fits
with equation 15. The curve in figure 3b originates from Bronswijk
(1988).
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2.3

2.3.1

chemical processes leading to greenhouse gas emissions
Carbon cycle

Figure 4: The carbon cycle for peatlands. (Page et al., 2011)

The emission of CO2 and CH4 is best explained by the carbon cycle
for peatlands (see figure 4). Via photosynthesis plants convert CO2
into organic carbon. When plant material dies, part of this organic
carbon is converted back to CO2 and the other part is stored in some
way in the soil. This can be stored as almost the original plant material, or in a more decomposed form, such as a humus molecule. In
unsaturated soils, where oxygen can enter the soil, this decomposition process progresses much faster than in fully or almost saturated
soils. Therefore, peats have been formed in places where soils have
been saturated with water for centuries or millennia. Due to drainage,
many of these peats are now exposed to air and now the decomposition rate exceeds the photosynthesis rate, leading to net emissions of
CO2 .
The decomposition of organic matter is a crucial process in both the
carbon cycle and the nitrogen cycle (see section 2.3.2). In DNDC the
decomposition rate of organic matter pools is determined through:
dC
= fCN µ (k1 S + kr (1 − S)) C
dt

(17)

where C is the organic carbon content (kg ha-1 ), t is time, fCN is the
C/N ratio reduction factor, µ is a temperature and moisture factor, S
is the labile fraction of organic carbon, (1 − S) is the resistant fraction
of organic carbon, ks and kr are the specific decomposition rates (d-1 )
of the labile fraction and the resistant fraction. The specific decomposition rate is different for each of the six types of organic matter that
DNDC distinguishes.

2.3 chemical processes leading to greenhouse gas emissions

Figure 5: An overview of methane dynamics in DNDC (DNDC, scientific basis and processes, 2017).

In the saturated and anoxic part of the soil, methanogens, which are
microorganisms that produce CH4 as a metabolic byproduct, become
active and produce CH4 . When this CH4 passes through the oxic
part of the soil it can be oxidized in the soil by methanotrophic bacteria. Otherwise, CH4 will be oxidized in the air. Even though it only
has a residence time of 12 years in the atmosphere, it has a 100 year
global warming potential that is 25 times greater than CO2 (Solomon
et al., 2007). This is due to it’s stronger greenhouse effect and influences on ozone dynamics in the atmosphere beyond it’s lifespan
(Prather and Hsu, 2010). Figure 5 shows in more detail how methane
dynamics are modeled in DNDC. There are two main pathways of
methanogenesis: hydrogenotrophic (CO2 + 4H2 → CH4 + 2H2 O) and
acetotrophic (CH3 COOH → CH4 + CO2 ) methanogenesis. The rate
at which CH4 is formed from acetate is influenced by the possibility that dissolved organic carbon (DOC) and acetate can be reduced
via alternative reduction processes. The redox potential dynamics are
described in section 2.3.3.
2.3.2 Nitrogen cycle
The emission of N2 O is best explained through the nitrogen cycle.
Ammonium ends up in the soil via the fixation of atmospheric nitrogen, the application of fertilizer and manure, and the mineralization
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Figure 6: The nitrogen cycle. (International Plant Nutrition Institute, 2017)

of organic matter. This ammonium is either immobilized in the soil,
taken up by plants, or the ammonium can react to nitrate via a process called nitrification. Nitrification is a two step process:
−
+
−
NH+
4 + O2 → NO2 + 4H + 2e
−
+
−
NO−
2 + H2 O → NO3 + 2H + 2e

(18)

Nitrification occurs under aerobic conditions. In addition to nitrification, nitrate often enters the soil through fertilizer. Generally, most
of the nitrate is taken up by plants or leaves the soil through leaching. However, in anoxic conditions N2 O can be formed from nitrate
through a series of reactions:
−
−
−
−
−
NO−
3 + 2e → NO2 + e → NO + e → N2 O + 2e → N2 (19)

Therefore, N2 O emissions from peat soils are highest with high manure and fertilizer application rates or when water levels fluctuate.
When water levels are fluctuating, freshly formed nitrate in oxic conditions can be denitrified in anoxic conditions. The detailed equations
on ammonia dynamics, nitrification, and denitrification in DNDC can
be found in DNDC, scientific basis and processes (2017).
2.3.3

Modeling redox potential in DNDC

Redox potential (Eh) plays an important role in the modelling of
the emissions of CH4 and N2 O in DNDC. When oxygen in the soil

2.3 chemical processes leading to greenhouse gas emissions

is depleted under saturated conditions, other redox reactions will
take place, such as nitrification, methanogenesis, and reductions of
manganese(Mn4+ ), iron(Fe3+ ), and sulfate (SO2−
4 ). In DNDC, Eh is
determined by the Nernst equation:
 
RT
co
Eh = E0 +
· ln
(20)
nF
cr
where Eh is the redox potential (V), E0 is the standard electromotive
force (V), R is the gas constant (8.314 J mol-1 K-1 ), T is the absolute
temperature (K), n is the transferred electron number, F is the Faraday constant (96,485 C mol-1 ), and co and cr are the concentrations
(mol l-1 ) of the dominant oxidant and the dominant reductant in the
system.
The consumption rates of the oxidants under anaerobic conditions
are described by the Michaelis-Menten equation:



∆co
cDOC
co
= k1
(21)
∆t
k2 + cDOC
k 3 + co
where cDOC is the concentration of DOC, and k1 , k3 , and k3 , are
coefficients.
Based on the soil moisture content DNDC determines the anaerobic volumetric fraction, which in reality consists of many anaerobic microsites. As a soil becomes saturated this anaerobic volumetric
fraction increases and the following oxidants are depleted consecutively according to equation 21: O2 , NO3 - , Mn4+ , Fe3+ , SO4 2- , and CO2 .
Through these oxidant depletions, Eh is determined within the anaerobic volumetric fraction and outside the anaerobic volumetric fraction. In this way, both aerobic and anaerobic processes can take place
within the same soil layer. Under aerobic conditions, when Eh varies
between 100 and 650 mV, decomposition, nitrification, and methane
oxidation are dominant processes. In anaerobic conditions, when Eh
varies between -300 and 0 mV, denitrification and methanogenesis are
favored.
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METHODOLOGY

To reach the research objectives , a soil column experiment was set up.
In total 12 undisturbed peat soil columns have been collected in transparent cylinders from three different locations in the Netherlands. All
columns received a treatment of dehydration and rehydration. Measurements were made in the columns during all steps of dehydration
and rehydration.
3.1

origin of the peat columns

The peat cores have been collected at locations of the Dutch national
research program on GHG emissions from peat meadows (Nationaal
Onderzoeksprogramma Broeikasgassen Veenweiden, NOBV): Aldeboarn, Vlist, and Zegveld (see figure 7). The locations have been chosen to give a good representation of the soils in peat meadows in the
Netherlands.

Figure 7: Map showing the geographic regions of the Netherlands and the
locations where the peat columns have been collected (Kadaster,
1997).

The soils of the three locations have been classified in the field in
4 or 5 horizons. Detailed characteristics of all soil horizons can be
found in Appendix A. The soil profile of Aldeboarn consists of a clay
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3.2 design of the measurement setup

deposit in the upper 30 cm, followed by a hemic peat layer up to a
depth of 45 cm and fibric sphagnum peat up to a depth of 180 cm.
The soil profile in Vlist has a similar build-up to Aldeboarn, but the
fibric peat layers are eutrophic sedges, reeds, and woods, instead of
sphagnum. The soil profile in Zegveld consists of a sapric upper layer
up to a depth of 30 cm, followed by a hemic peat layer up to 45 cm
and fibric peat with an origin of eutrophic sedge and wood.
The disturbance of the soil was kept to a minimum when collecting
the columns. A polymethyl methacrylate (PMMA) cylinder with a
sharp bottom edge was pushed into the soil with a front loader. While
the cylinder was pushed into the soil, the space in the cylinder that
was above the soil column was kept at a low pressure with a vacuum
pump to reduce the compression of the soil by the downward force
of the cylinder. Thereafter, the colums were excavated and taken out
of the soil as a whole.
3.2

design of the measurement setup

Per location there is one peat column where the grass has been left
intact and there are three peat column where the upper 5 cm of the
soil, including the grass, has been removed. At the beginning of the
experiment, the peat columns had a diameter of 24 cm and a height
of 105 cm. The transparent PMMA material of the cylinder allowed
the visual measurement of shrinkage by placing markers at multiple
depths. The grass columns were placed underneath the lights to allow grass growth. Because the cylinder around the column is made
of a transparent material, this light would stimulate algae growth.
Since the bare columns were in the same climate controlled room as
the grass columns, the light from the grass columns was shielded
by plastic sheets to prevent algae growth in the bare columns. This
caused the temperature around the grass columns to be 1-2 ◦ C higher.
In the grass columns the algae growth could not be prevented.
Each of the soil columns had five sets of measuring devices installed, one in the middle of each soil horizon (see figure 8). In the
upper soil horizon of Zegveld two sets of measuring devices were
installed. The set of measuring devices consists of an air sampler, a
water sampler, a tensiometer, and a soil moisture sensor (see figure 9).
To measure shrinkage, four visual markers per height were installed
at the middle and the border of each horizon. At the surface of the
soil column respiration measurements were performed.
3.2.1

Adaptation of columns to shrinkage

A challenge in the design of the measurement setup was adapting to
soil shrinkage. The measuring devices should remain in contact with
the same place in the soil during the entire experiment. When the soil
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(a) Schematic illustration of the experimental setup. The dotted lines indicate the borders between soil horizons. In each soil horizon a set of
measuring devices is installed.

(b) The experimental setup in the climate controlled room. Some of the
bare columns can be seen on the
left. The grass columns are behind the plastic screen on the right.
The bottles controlling the pressure
head at the bottom of the column
can be seen in the top left corner of
this picture.

Figure 8: The experimental setup.

subsides during dehydration, the measuring devices should be able
to move with the subsidence, while the wall should stay water tight.
The design for shrinkage adaptation was as follows. For the three
upper sets of measuring devices, all four measuring devices were
attached to a slab with the same diameter as the cylinder (see figure
9a). In the cylinder wall, I made four parallel vertical slits through
which the measuring devices could move up and down. There was
one slit per measuring device. The length of the slits determines how
much shrinkage is possible. The slabs are held tight to the cylinder
with elastic bands. The surface between the cylinder and the slab was
made to be watertight using silicone grease. This was a cheap solution
for a problem for which there will probably exist more expensive but
also more reliable solutions.
For the two sets of measuring devices at the bottom, the water pressure is higher and the subsidence is smaller. Therefore, we decided
to use a more secure design. These measuring devices were installed
through a hole with a diameter of 20 mm. This hole is closed off
with a stopper. This stopper has a hole through which the cords and

3.3 treatment

tubes of the devices are led to the exterior of the column (see figure
9b). When the groundwater level is below the hole, the cork can be
removed allowing a maximum of 20 mm subsidence for the devices.

(a) The shrinkage adaptation design
with the sinking slab, which was
used for the upper three sets of instruments of each column.

(b) The shrinkage adaptation design
with the stoppers, which was used
for the bottom two sets of instruments of each column.

Figure 9: Shrinkage adaptation. The installed devices are from left to right:
a water sampler, a volumetric water content sensor, a tensiometer,
and an air sampler.

The lengths of the slits were determined by combining test simulations of the maximum shrinkage that could be reached at full dehydration, with knowledge from previous experiments (see table 1).

Table 1: The maximum subsidence allowed for the instruments. On the left,
the installation depths for all grass locations are shown. For all bare
columns the installation depths are 5 cm closer to ground level.

aldeboarn

vlist

zegveld

all

Depth (cm)2

Depth (cm)2

Depth (cm)2

Slit length (cm)

-8.0

-10.0

-13.0

11.0

-20.0

-26.0

-22.0

9.0

-36.5

-46.0

-37.5

7.0

-62.5

-65.0

-55.0

2.0

-92.5

-90.0

-85.5

2.0

3.3

treatment

All columns got the same treatment of dehydration (Table 2). Up to
day 16 of the measurements, the pressure head at the bottom of the
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column was kept at 105 cm, which was intended to lead to a water
level of 0 cm and full saturation of the soil. However, this was not
the case. Therefore, on day 11, the columns were filled with water
from the top of the columns to reach saturated conditions. As a result, the columns were never in long-lasting saturated conditions, but
were only saturated for 1 or 2 days. After the data collection for my
thesis, the experiment continued with rehydration, but due to time
limitations, these data could not be used.
Table 2: Regulation of the bottom pressure head for the duration of the experiment. Intended water level is called like that, because it is derived
from the bottom pressure head and the true water level could be
slightly different.

day

1

16

23

30

37

44

51

bottom pressure head (cm)

105

85

65

45

25

0

25

intended water level (cm)

0

-20

-40

-60

-80

-105

-80

3.4

measurements

Evaporation: The columns were positioned 50 cm above the ground
of the laboratory. The construction below the columns was built to
allow a scale to be slid underneath the columns. In this way, the
columns could be weighed without disturbing the rest of the measurement setup. The scale has a precision of 50 g. One disturbance of
the weight measurement is the fact that many cables of the other measurement devices are hanging from the sides of the columns. These
cables might pull slightly on the columns, each time in a different
way. All cables were attached to an anchor point to make sure that
the effect of the cables on the weight measurements would be as constant as possible, enabling the determination of the loss of mass of
the column.
The water inflow at the bottom of the column was determined by
measuring the mass difference (precision of 1 g) of bottles that were
used to control the pressure head at the bottom of the column (see
figure 8b). When the water level in the column was reduced by lowering the bottles on the side of the column, the water could flow out.
This water was captured and weighed (precision of 1 g). Evaporation
from the bottles that caught this water could lead to a small underestimation of the water outflow. Evaporation from the silicone tube
between the water input bottle and the column could lead to an underestimation of the water inflow. These two uncertainties are small
compared to the 50 g precision of the scale used for weighing the
columns. By combining the loss of mass of the column with the observed water inflow and outflow, a mass balance was created, from

3.4 measurements

which the evaporation could be determined. The influence of the precision of the scale on the average evaporation per day depends on the
timescale for which this average is determined. For a 10-day interval,
an uncertainty of 50 g would lead to an uncertainty of the average
evaporation of 0.11 mm d-1 .
Soil moisture content was measured with sensors at five depths per
column.
Water pressure was measured with tensiometers at five depths per
column. I did not use these data in my thesis due to time limitations.
Shrinkage was measured using visual markers (see figure 10a). Markers were installed at the top, middle, and bottom of each soil horizon.
At each layer of markers a new radius of the soil column was calculated with:
(22)

rl (t) = rl,0 − dl,m

where rh (t) is the radius of the soil column at marker layer l and
time step t, rh,0 is the radius of the soil column at marker layer l
without shrinkage, and dl , m is the mean depth of the four markers
in marker layer l. The total volume of a soil horizon at each time step
was calculated from the vertical distance between the markers at the
top and bottom of the soil horizon, and the average of the radii rl
of the top, middle and bottom of the soil horizon. In this calculation,
shrinkage cracks (see figure 10b) were not taken into account, leading
to an underestimation of the total shrinkage volume.

(a) Example of a shrinkage marker.
The subsidence of the marker
can be measured by measuring
the height difference between the
marker (right) and the hole through
which it was inserted (stopper on
the left). Horizontal shrinkage was
estimated by measuring the depths
of the markers.

(b) Shrinkage cracks on the top of the
column. These were not taken into
account in the shrinkage estimations.

Figure 10: Shrinkage measurements.
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Oxygen concentration in soil air. At five depths in each column a
silicone tube was placed inside the column. Silicone is permeable for
air, but not for water. To measure the oxygen concentration inside the
tube, air was drawn through a flow-through oxygen sensor with a
syringe from the outside of the column. I did not use these data in
my thesis.
GHG emissions were measured using a closed chamber method. The
top of the column was temporarily closed with a lid. An input and
an output tube could be connected to a gas monitor to measure concentrations of CO2 , N2 O, and CH4 . Due to a defect, CH4 was not
measured. By measuring the difference in gas concentrations between
two time steps the production rates of the gases can be calculated. For
this calculation the air volume above the soil in the tube was also determined at each time step.
The following data were collected at five depths per column, through
pore-water analysis.
• pH
• Nitrate (NO−
3)
• Ammonium (NH−
4)
• DOC
Not at all time steps could water be collected at all five depths for
this analysis. Sometimes there was not enough water available for
the analysis due to dehydration, but the number of measurements
was also limited by time and money.
3.5
3.5.1

model input
SWAP input

Meteorology parameters. Since the columns are in a climate controlled
room, the climatic conditions are relatively constant. A reference evapotranspiration rate (ETref ) was determined from the water balance
from day 9 to day 23 of the experiment (see section 3.4). Since some
of the columns had a leak for some time during this period, the average of five bare columns without a leak was taken as ETref for the
bare columns, which was 1.4 mm d-1 (Appendix B). The ETref for the
grass columns, was measured from day 23 to day 44, because before
day 23 two grass columns still leaked water. The average evapotranspiration of 1.7 mm d-1 of the three grass columns was used as ETref .
Crop parameters. To simulate grass growth on the grass columns, the
simple crop growth module from SWAP was used. The input file of
example case 6 from the SWAP manual (Kroes et al., 2017) was used
with adjustments only to the rooting depth and the leaf area index.

3.5 model input

For all columns the rooting depth was assumed at 20 cm, the root
density distribution was uniform, the leaf area index was 2.5, and the
crop factor was 1.
Soil physical parameters. The Mualem-van Genuchten functions are
the standard representation of the relationships between h, θ and K
in SWAP (see section 2.1.1). The Mualem-van Genuchten parameters
used in this study were experimentally determined (see appendix C).
θs at and bulk density ρb (g cm-3 ) determined in experiments for the
calibration of the volumetric water content sensors (R.F.A. Hendriks,
personal communication, January 15, 2022). Most of the other parameters were retrieved from other experiments in the NOBV research program (D. van de Craats, personal communication, January 13, 2022).
For Vlist, the relation for hydraulic conductivity was not available yet.
Therefore, Ksat,fit and λ were taken from previous experiments at a
nearby location (Hendriks et al., 2014).
Shrinkage parameters were experimentally determined for the three
locations (R.F.A. Hendriks, personal communication, January 25, 2022).
(See appendix D)
Bottom boundary conditions. During the experiment, the soil water
was regulated by the water pressure at the bottom of the column (insert picture). SWAP offers the possibility to use the soil water pressure
head of the bottom compartment as a bottom boundary conditions.
Macropore flow and Ks . The volume of static macropores on the surface of the soil was set at 0.001, meaning that only very little water
would pass through macropores at saturation. Only after shrinkage,
the effect of the macropore flow module would play a role (if the
static macropores were set to a larger size, the water flow through
the static macropores would be modeled double by the macropore
flow module and Ksat,exp ). This was done to minimize the impact
of macropore flow on soil water flow in the model and to reduce
complexity, as the macropore module contains many parameters that
were unknown. To test whether there would still be an effect of the
macropore flow module (Kroes et al., 2017), the following simulations
were performed for each of the columns.
• Macropore flow turned on, with the depths of bottoms of the A
horizon, the internal catchment, and the static macropores (all
in cm) based on the soil horizons identified in the field.
• Macropore flow turned on, with the depths of bottoms of the A
horizon, the internal catchment, and the static macropores (all
in cm) all set at 1 cm.
• Macropore flow turned off
All three options were simulated with the option of Ksat,exp (see
section 2.1.1) turned on or off. As such, there were six simulations
per column.
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3.5.2

DNDC input

Meteorology parameters. DNDC does not offer the possibility to define
a reference evapotranspiration. In DNDC, evapotranspiration is always calculated from meteorological parameters. I used the climate
format that takes the maximum temperature (set at 16.1◦ C), the minimum temperature (set at 15.9◦ C), precipitation (set at 0 mm), and
radiation (MJ m-2 d-1 ). Radiation was used as a parameter to calibrate
evapotranspiration to the levels measured. For the estimation of the
evaporation of the grass columns, the evaporation rate of Zegveld
grass between day 23 and day 44 (1.9 mm d-1 ) was taken. For the
evaporation of the bare columns, the same values as ETr ef in the
SWAP simulation were used.
Crop parameters: For crop growth two variants were simulated:
• Default DNDC grass growth, where the thermal degree days for
maturity are set at 2000. However, once the crop reaches maturity, according to the model, the crop no longer had any influence on hydrology or GHG emissions. Therefore, I also modeled
a second variant.
• Slowly maturing grass, where the thermal degree days for maturity
are set at 4500, but all the other parameters remain at the default
values. In this way, the crop had not reached maturity before the
experiment started in the simulation and still exerted influence
on chemical processes and hydrology. However, the modeled
evaporation was lower than with the same radiation and bare
soil, which was not as to be expected.
Soil physical parameters. (see table 3) DNDC only takes the bulk density, field capacity (WFPS), wilting point (WFPS), conductivity and
porosity of the top soil to describe the water flow. Therefore, it was
not possible to use the data that were available for the lower soil
horizons. The bulk density, conductivity, and porosity could be taken
from the upper horizon data available for SWAP. The porosity was
assumed equal to θsat , thereby ignoring air entrapment in saturated
conditions. For field capacity and wilting point the default values for
organic soils in DNDC were taken, since no measured values were
available.
Soil chemical parameters. (see table 3) Soil organic carbon (SOC) content and clay fraction (which can also be seen as a physical parameter, but in DNDC the defined clay fraction merely plays a role in
chemical processes) were taken from field estimates by a soil expert
(see Appendix A). The SOC content was calculated from soil organic
matter (SOM) field estimates using a conversion factor from SOM to
SOC of 1.9 (Pribyl, 2010). The modeled topsoil depths for Vlist and
Zegveld were equal to the depth of the first soil horizon. The topsoil depth for Aldeboarn was equal to the depth of the upper two
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Table 3: Input soil parameters for DNDC

Aldeboarn

Vlist

Zegveld

bulk density (g cm-3 )

0.723

0.541

0.581

conductivity (m h-1 )

0.597

0.030

0.030

cm-3 )

0.690

0.724

0.732

field capacity (WFPS)

0.55

0.55

0.55

wilting point (WFPS)

0.26

0.26

0.26

clay fraction (g g-1 )

0.40

0.50

0.35

0.04

0.11

0.13

htopsoil 1 (cm)

23 or 28

10 or 15

25 or 30

SOC decrease rate (-)

0.14

2.6

0.5

pH

6.34

6.10

5.99

0.84

0.05

0.78

2.35

3.82

1.30

porosity

(cm3

SOCtopsoil

(gg-1 )

ammonium (mg
nitrate (mg

kg-1 )

kg-1 )
1:

for bare soil and with grass

soil horizons. SOC partitioning was taken as the default for organic
soils. Later, when I noticed that the predicted GHG emissions were
too low, I also applied a decomposition multiplication factor of 100.
In Taft et al. (2019) multiplication factors were also varied between 1
and 100 and resulting CO2 and N2 O emissions were found to be very
sensitive to changes in these parameters.
Nitrate, ammonium and pH were measured in saturated conditions (see appendix E). For the bare columns the averages of the three
columns per location were used. For the grass columns there was only
one measurement per column available.
Boundary conditions DNDC does not offer the possibility of using
the soil water pressure head of the bottom compartment as a boundary condition. However, in the flooding module, a groundwater table
can be imposed. Hence, in DNDC water levels were imposed in the
same time scheme as the experiment.
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4.1

results on hydrology

The measured soil moisture content shows a high variability, between
different columns from one location, but sometimes also for the same
column (see figures 11e and 11c). At some occasions, soil moisture
suddenly rises while the water level is still being lowered. For the difference between different columns there are three explanations. First,
in some columns water leaked out and, hence, not all columns had the
same starting conditions. Some columns were more saturated than
others. Second, peat soils are highly variable. Therefore, a column
collected 50 cm from another column can have a slightly different
hydrologic behaviour. Third, soil moisture contents can vary locally,
also at the same depth. Although soil moisture generally decreases, a
very local flow of water can lead to an increase in the measured soil
moisture, which could explain the unexpected increases in soil moisture for columns V1 and Z1. Another explanation could be that the
tips of the volumetric water content sensor is accidentally positioned
around a macropore.
With SWAP, no significant differences could be discovered between
simulations with the macropore flow turned on or off. There were
minor differences near saturated conditions with Ksat,exp turned on
or off. Turning on Ksat,exp better approaches the rapid soil moisture
decrease after a layer is not saturated any more. In the results (see
figures 11 and 12) only the model run with both macropore flow and
Ksat,exp turned on is shown to improve readability of the graphs and
because the differences would be difficult to see. The fact that there
was little difference in model predictions with or without macropore
flow is logical, because the volume of static macropores at the soil surface was set to a minimum (see Section 3.5.1). With this setting, only
after shrinkage of the soil, the macropores would become of a significant size that contributes to water flow through the macropores.
However, in this experiment, there was only a drying curve. Therefore, once the simulated macropores were large enough to contribute
to the water flow, there was no excess water at the soil surface to
flow through the macropores and all water still moved only in the
soil matrix.
There was no influence of grass growth on the soil after the crop
would reach maturity (see section 3.5.2). With that, it did not have
any impact on soil moisture content. When crop growth in DNDC
was modeled with slowly maturing grass the results were peculiar.
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4.2 results on shrinkage

First, the outputs for the depths of 5, 10, and 20 cm seemed to be
switched with the depths of 30, 40, and 50 cm. There was moisture
loss for 30, 40, and 50 cm, but not for 5, 10, and 20 cm. When these
results were switched around, they did make sense. In that case, for
DNDC predicted evapotranspiration and soil moisture loss with the
slowly maturing grass were lower than they were for bare soil, even
with a higher evapotranspiration for the grass columns than the bare
columns. SWAP does show a higher evapotranspiration for the grass
columns than for the bare columns. It was not checked whether this
difference was mainly caused by the presence of grass or by the
increased radiation. From the measurements it is hard to conclude
whether the evaporation from the grass columns than from the bare
columns, because the results are so variable.
In the upper soil horizons, there is an underestimation of soil moisture loss by both SWAP and DNDC, but DNDC seems to follow the
observed soil moisture loss better than SWAP. One possible cause for
the underestimation is an increased soil moisture loss in the experiment, due to evaporation from the sides of the column. Especially
after some shrinkage has occurred and a larger portion of the sides of
the soil column is exposed to air, there can be more evaporation and
soil moisture loss than in a natural situation, where soil moisture can
only evaporate from the soil surface and cracks in the soil. The predicted values of DNDC are closer to the measured values than those
of SWAP. However, it can be seen that with the use of Ksat,exp SWAP
is able to predict the rapid soil moisture loss near saturation, which
is not possible with DNDC (figures 11a and 12a). In the lower soil
horizons there is generally an overestimation of soil moisture loss by
SWAP (see figure 13). DNDC predicts no soil moisture loss from a
depth of 30 cm.
4.2

results on shrinkage

Two imperfections should be kept in mind when looking at the experimental shrinkage results. First, the method for estimating shrinkage
from marker measurements leads to an underestimation of shrinkage, because the shrinkage cracks were not taken into account (see
section 3.4). Second, evaporation from the sides of the column can
lead to more shrinkage than in a natural situation, via the increased
soil water loss (see section 4.1). It is hard to determine the size of the
underestimation by the measurement method and the overestimation
through increased evapotranspiration and whether these effects lead
to a net overestimation or a net underestimation of shrinkage.
The observed shrinkage is in the same order of magnitude for the
bare columns as for the grass columns. Predictions of shrinkage with
the Hendriks equation in SWAP are of the same order of magnitude
as the measured shrinkage for the bare column (see figure 11). Only
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for Zegveld there is a large overestimation. For the grass columns
the shrinkage is overestimated for all locations (see figure 12). The
difference in model results between grass columns and bare columns
can be attributed to the fact the estimation of soil moisture loss is
also larger for the grass columns than for the bare columns (see section 4.1). However, for the observed moisture loss, it can not be concluded that there is a clear difference between grass columns and bare
columns. Because the effects described in the previous paragraph are
not quantified, it is not clear whether deviations between predictions
and measurements should be attributed to measurement errors or
model errors.
Shrinkage curves are usually shown with soil moisture on the xaxis and shrinkage on the y-axis (see figure 3). If the results of this
research could be presented in this way, they could be compared with
the Hendriks equation. However, the difficulty with this is that soil
moisture was measured at one depth per soil horizon, whereas the
measured shrinkage depends on the cumulative shrinkage of the entire horizon. The shrinkage of one soil horizon depends on the soil
moisture content at all depths of the horizon, while the soil moisture
content can vary a lot within a soil layer. Furthermore, there simply
was not enough time within the time frame of my thesis to perform
this step.
4.3

results on greenhouse gas emissions

Due to a defect in the gas monitor, CH4 was not measured in the
beginning of the cycle. Therefore these results were not analyzed.
During the beginning of the experiment the columns were not fully
saturated, because we wanted to create fully saturated conditions before we lowered the water level, we filled the columns with water
from the top on day 8. It can be seen that this creation of fully saturated conditions led to a peak in N2 O emissions (see figure 15). This
is in line with the nature of the processes described in section 2.3.2.
This peak in N2 O emissions was not simulated by DNDC, because
DNDC assumed constant saturated conditions during this time.
DNDC does not do well in predicting N2O emissions. The predicted values of N2 O emission are zero, which can be attributed to
nitrogen mineralization and nitrification. When organic carbon decomposition rate multiplication factors are at the default value of 1,
both the nitrogen mineralization rate and the nitrification rate are
zero. When decomposition rate multiplication factors are set at 100,
the mineralization rate goes up to values that range from 0.2 to 0.45
kg ha-1 d-1 . The mineralization rates are higher when the soil is unsaturated than when the soil is fully saturated. However, the nitrification
rates remain zero. An important controlling parameter of nitrification in DNDC is the nitrifier activity, which depends on the presence
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of DOC and NH+
4 and is controlled by soil moisture, and soil temperature (DNDC, scientific basis and processes, 2017; Blagodatsky and
Richter, 1998). The output shows that at all times of the simulation
+
there is enough DOC and NH+
4 present for nitrification of NH4 , but
+
there is a build-up of NH4 in the upper 20 cm and a depletion of
+
NH+
4 below 20 cm. This could be an indication that the NH4 adsorption by clay is overestimated. The finding that DNDC underestimates
N2 O emissions is in line with Gaillard et al. (2018), who found that
N2 O emissions are underestimated (but not zero) by all four models
they researched, including DNDC. However, the fact that in my simulation the nitrification is zero, and with that N2 O emissions are zero,
indicates that something else is going wrong.
During the experiment, in most columns, except the bare columns
of Zegveld, CO2 emissions are almost constantly high (above 50 kg
ha-1 d-1 ), with one exception after the refilling of the columns on
day 8 (see figure 14). After full saturation is reached, CO2 emissions
suddenly decrease to almost zero for some of the columns.
DNDC also performs poorly in predicting CO2 emissions. With
the default decomposition multiplication factor of 1, the modeled net
CO2 emission is around zero for all columns. With multiplication factor 100 the modeled net CO2 emission is in the same order of magnitude as the observations for the bare columns. For the grass columns
the predicted CO2 emissions are lower than for the bare columns
(even around zero for slowly maturing grass), while for the observed
values, this is the opposite. In DNDC, the emissions from soil decomposition are compensated by photosynthesis. Furthermore, when the
model assumes saturated conditions (up to day 16), the modeled net
emission of CO2 is higher than for unsaturated conditions (from day
16).
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(a) Aldeboarn moisture

(b) Aldeboarn shrinkage

(c) Vlist moisture

(d) Vlist shrinkage

(e) Zegveld moisture

(f) Zegveld shrinkage

Figure 11: Soil moisture and shrinkage outputs for the upper horizons of the
bare columns. Output graphs for all soil horizons can be found
in the Appendix (see Appendix F).

4.3 results on greenhouse gas emissions

(a) Aldeboarn moisture

(b) Aldeboarn shrinkage

(c) Vlist moisture

(d) Vlist shrinkage

(e) Zegveld moisture

(f) Zegveld shrinkage

Figure 12: Soil moisture and shrinkage outputs for the upper horizons of the
grass columns. Output graphs for all soil horizons can be found
in the Appendix (Appendix F).
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results and discussion

(a) Soil moisture content in time

(b) Shrinkage in time

Figure 13: Soil moisture contents and shrinkage of all layers in the bare soil
Zegveld columns. Output graphs for all columns in this form can
be found in the Appendix (Appendix F).

4.3 results on greenhouse gas emissions

Figure 14: CO2 emissions according to DNDC simulations (with decomposition factor 100) and measured CO2 emissions.
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Figure 15: N2 O emissions according to DNDC simulations (with decomposition factor 100) and measured N2 O emissions.

5

CONCLUSION

Both SWAP and DNDC underestimated the loss of soil moisture during the experiment. One possible cause was evaporation from the
sides of the soil column, which led to higher evaporation than under natural conditions. The predicted values of DNDC were closer to
the measured values than those of SWAP. However, SWAP (with the
use of Ksat,exp ) is able to predict the rapid soil moisture loss near
saturation, which is not possible with DNDC.
Predictions of shrinkage with Hendriks’ equation in SWAP are
in the same order of magnitude as the measured shrinkage, which
makes SWAP a promising tool for predicting shrinkage in peat soils.
However, the results of this research are not precise enough to check
more than the order of magnitude.
Due to a defect in the gas monitor, no conclusions can be drawn
about CH4 emissions.
The experiment suggests that in full saturation CO2 emissions are
at a minimum. When soils begin to dehydrate, emissions increase
rapidly, but stabilize quickly to 50-75 kg ha-1 d-1 in further dehydration. At default decomposition rates, DNDC gravely underestimates
CO2 emissions, which can be attributed to the soil heterotrophic respiration. When decomposition rates are multiplied by a factor 100
CO2 emissions are in the same order of magnitude as the experimental values, but still do not follow the same pattern in relation to soil
moisture contents.
The experiment also shows that the N2 O emissions are generally
low (below 0.05 kg ha-1 d-1 ), but peak after a rewetting event. The nitrate concentration influences the height of the peak. This rewetting
event was not modeled in the simulations; therefore, the timing and
height of this peak could not be predicted by the model. However,
DNDC does not model any emission of N2 O, regardless of whether
the decomposition multiplication rate is 1 or 100. This happens because DNDC simulates the nitrification rate to be zero, while according to the model results, enough NH+
4 should be present for nitrification to occur.
The results of this research indicate that DNDC is not well equipped
to predict GHG emissions from peat soils in a column experiment.
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• If soil moisture loss from the sides of the column could be minimized, a column experiment would be able to better mimic field
conditions. If this is not an option, it might be possible to take
the increased evaporation into account by defining an extra loss
term.
• The quality of the Hendriks equation for predicting shrinkage
in organic soils can be better checked if the shrinkage is compared graphically with soil moisture on the x-axis. However, to
do this, one needs to find a way to overcome the fact that soil
moisture content is checked at only one point per soil horizon,
whereas the measured shrinkage depends on the cumulative
shrinkage of the entire horizon. There could be large differences
in soil moisture content within one soil horizon.
• The data from this experiment are very suitable for determining
shrinkage geometry factors. Due to time limitations, this was
not performed within this research.
• Because it can make a big difference in emissions whether a soil
is fully saturated or only close to saturation, I recommend to
do more for reaching full saturation than was done before the
dehydration cycle of this study. This could be done by refilling
water from the top, but that can cause entrapment of air in the
soil. Another option would be to increase the bottom pressure
head by a few centimeters.
• The underestimations of CO2 and N2 O emissions by DNDC
should be studied in more detail. The fact that, according to
the DNDC output, the nitrification rate is zero at all times is
particularly worth reviewing.
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soil classification in the field

Table 4: Soil profiles of the three locations where soil cores have been collected.

Aldeboarn
Depth (cm)

Profile*

Peat type*

% SOM

% lutum

0-12

1Ahg

-

7

40

12-28

1Cg

-

3

45

28-45

2Cw

DK

50

20

45-80

2Cu

S

80

15

80-180

2Cr

S

90

15

Vlist
Depth (cm)

Profile*

Peat type*

% SOM

% lutum

0-15

1Ahg

-

20

50

15-37

1Cg

-

8

60

37-55

2Cw

DK

60

45

55-75

2Cu

BE

70

40

75-130

2Cr1

B

75

40

130-160

2Cr2

RC

80

40

Zegveld
Depth (cm)

Profile*

Peat type*

% SOM

% lutum

0-30

1Ahg

DK

25

35

30-45

1Cw

DV

55

35

45-65

1Cu

BE

75

35

65-150

1Cr

BE

70

45

* Classified according to Ten Cate et al. (1995).

B

E S T I M AT I O N O F E T R E F

Table 5: Evaporation of bare columns from day 9 to day 23. The average
value was used as reference evapotranspiration.

Column

Evaporation(mm d-1 )

Z1

1.8

Z2

1.1

Z3

1.2

V1

1.5

A3

1.4

Avg.

1.4

σ

0.23

Table 6: Evaporation of grass columns from day 23 to day 44. The average
value was used as reference evapotranspiration.

Column

Evaporation(mm d-1 )

ZG

1.9

VG

1.6

AG

1.6

Avg.

1.7

σ

0.15

The greatest uncertainties in these estimations are the precision of
the scale with which the mass of the columns was measured (50g) and
the possible undetected loss of water. For the total mass difference
between day 9 and day 23 this could give an error of 0.06 mm d-1 .
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M U A L E M VA N G E N U C H T E N PA R A M E T E R S

Table 7: The Mualem van Genuchten Parameters used for the SWAP modelling. When the source
is C, the data originate from experiments by Daniël van de Craats. When the source is
H, the data originate from experiments by Rob Hendriks. When the source is K, the data
originate from Hendriks et al.(2014).

Aldeboarn
Horizon

θres

Source

C

Unit

cm3

1

0.000

2

θsat
H
cm-3

cm3

cm-3

α

n

Ksat,fit

λ

Ksat,exp

ρb

C

C

C

C

C

H
g cm-3

cm

1432.5

0.723

0-12

3.377

1432.5

0.723

12-28

0.37

5.799

365.1

0.359

28-45

1.299

11.62

3.933

176.3

0.130

45-80

1.299

11.62

3.933

176.3

0.117

80-180

−h

-

-

cm

0.690

0.037

1.128

0.000

0.690

0.037

3

0.000

0.808

4

0.008

5

0.008

d-1

-

cm

12.97

3.377

1.128

12.97

0.006

1.222

0.909

0.010

0.920

0.010

d-1

−h

Vlist
Horizon

θres

Source

C

Unit

cm3

1

0.296

2

θsat
H
cm-3

cm3

cm-3

α

n

Ksat,fit

λ

Ksat,exp

ρb

C

C

K

K

C*

H
g cm-3

cm

72.5

0.541

0-15

-1.23

365.1

0.750

15-37

3.66

-4.00

32.2

0.264

37-55

1.78

3.65

-3.50

60.0

0.215

55-75

1.78

3.50

-4.00

60.0

0.215

75-130

−h

-

-

cm

0.724

0.0103

1.18

0.296

0.695

0.0103

3

0.111

0.867

4

0.232

5

0.232

d-1

-

cm

3.00

-1.23

1.18

3.00

0.0090

1.42

0.898

0.0072

0.898

0.0072

d-1

Zegveld
Horizon

θres

Source

C

Unit

cm3

1

0.000

2

θsat
H
cm-3

cm3

cm-3

α

n

Ksat,fit

λ

Ksat,exp

ρb

C

C

C

C

C

H
g cm-3

cm

72.5

0.581

0-30

5.022

181.2

0.250

30-45

6.50

0.000

188.3

0.180

45-65

6.50

0.000

188.3

0.165

65-150

-

-

cm

0.729

0.004

1.227

0.000

0.862

0.007

3

0.014

0.907

4

0.014

0.916
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d-1

-

cm

0.26

9.312

1.226

1.60

0.015

1.258

0.015

1.258

d-1

D

S H R I N K A G E PA R A M E T E R S

Table 8: Shrinkage parameters per soil horizon

Aldeboarn
Horizon

e0

-

cm3

1

0.74

2

θa

αh

βh

Ph

-

-

-

1.87

1.86

6.98

-0.22

0.74

1.87

1.86

6.98

-0.22

3

1.12

4.19

0.26

0.27

0.00

4

2.70

9.80

1.17

4.08

0.25

5

2.50

10.90

0.63

1.61

0.27

αh

βh

Ph

-

-

-

cm-3

cm3

cm-3

Vlist
Horizon

e0

-

cm3

1

2.60

0.50

3.02

3.11

0.03

2

2.20

0.42

0.41

0.47

-0.03

3

6.20

1.50

0.53

1.31

0.26

4

8.40

1.70

1.03

4.07

0.36

5

8.40

1.70

1.03

4.07

0.36

θa
cm-3

cm3

cm-3

Zegveld
Horizon

e0

θa

αh

βh

Ph

-

cm3 cm-3

cm3 cm-3

-

-

-

1

0.36

2.42

0.90

4.00

0.60

2

1.70

6.00

0.68

1.71

0.28

3

1.97

8.80

0.65

2.08

0.38

4

1.73

10.30

0.52

2.63

0.68
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INCLUDING MEASUREMENTS

Table 9: Measured solute concentrations of the topsoils on day 10 of the
experiment, which is before dehydration

Aldeboarn
Column

pH

NH4

NO3+NO2

pH

mg/l

mg/l

Z1

6.64

2.34

0.01

Z2

6.23

0.01

0.95

Z3

5.77

0.41

0.07

Avg.

6.21

0.92

0.34

σ

0.36

1.02

0.43

n

3

3

3

Vlist
V1

6.08

0.07

12.5

V2

NA

NA

NA

V3

6.09

-0,09

5.63

Avg.

6.09

0.07

9.07

σ

0.00

0.00

3.44

n

2

1

2

Zegveld
A1

NA

0.07

5.65

A2

6.54

NA

NA

A3

6.34

0.08

1.65

Avg.

6.44

0.08

3.65

σ

0.10

0.01

2.00

n

2

2

2

grass

40

ZG

6.32

0.11

0.05

VG

NA

0.05

1.92

AG

6.55

0.13

0.71

F

SHRINKAGE AND MOISTURE CONTENTS
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shrinkage and moisture contents

Figure 16: Soil moisture contents and shrinkage of the bare soil Aldeboarn columns

(a) Soil moisture content in time

(b) Shrinkage in time

shrinkage and moisture contents
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Figure 17: Soil moisture contents and shrinkage of the grass covered Aldeboarn columns

(a) Soil moisture content in time

(b) Shrinkage in time

44

shrinkage and moisture contents

Figure 18: Soil moisture contents and shrinkage of the bare soil Vlist columns

(a) Soil moisture content in time

(b) Shrinkage in time

shrinkage and moisture contents

Figure 19: Soil moisture contents and shrinkage of the grass covered Vlist columns

(a) Soil moisture content in time

(b) Shrinkage in time
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shrinkage and moisture contents

Figure 20: Soil moisture contents and shrinkage of the bare soil Zegveld columns

(a) Soil moisture content in time

(b) Shrinkage in time

shrinkage and moisture contents
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Figure 21: Soil moisture contents and shrinkage of the grass covered Zegveld columns

(a) Soil moisture content in time

(b) Soil moisture content in time

(c) Shrinkage in time
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