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Abstract

Mathematical models of peatland development have been employed to anal-

yse peatland behaviour. However, the existing models of peatland devel-

opment ignore the mechanical processes that potentially provide essential

feedback on peatland ecology, hydrology, and resilience. This study aimed

to develop a fully coupled mechanical, ecological, and hydrological model

of peatland development, called MPeat, and examine the consequences of

the feedback within the model. MPeat uses poroelasticity theory, which

couples fluid flow and solid deformation to model the peat volume changes

that lead to variations in peat physical properties, including bulk density,

active porosity, and hydraulic conductivity. To validate poroelasticity for-

mulation, the comparisons between numerical and analytical solutions of

Terzaghi’s and Mandel’s problems for one- and two-dimensional test cases

are conducted. MPeat in one dimension that models peatland as a ver-

tical column produces shallower water table depth and buffers the effect

of climate changes on water balance, leading to greater quantities of car-

bon than the other peat growth models. Furthermore, by including the

influence of vegetation on peat volume changes, MPeat exhibits the possi-

bility of bistability, regime shifts, critical thresholds, and both short- and

long-term peatland dynamical behaviour. The expansion of the model into

two dimensions by incorporating horizontal space captures the spatial vari-

ation of peat thickness, water table depth, plant functional types, and
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peat physical properties. The comparison between one-dimensional and

two-dimensional versions of MPeat illustrates that the lateral variability

of peat physical properties helps peatland to accumulate more water and

produces a higher carbon stock. The two-dimensional version of MPeat is

employed to analyse the influence of river incisions at the edges and the lim-

its to peatland carbon accumulation due to mechanical instability. River

incision, together with the permeable substrate, reduces the water table

position, which results in lower peat and carbon accumulation. Moreover,

MPeat shows that peatland carbon accumulation in a landscape, consisting

of upland, sloping area, and lowland, is limited by mechanical instability.

Therefore, the results generated by MPeat highlight the possible impor-

tance of mechanical-ecohydrological feedback to the behaviour of peatland.
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Chapter 1

Introduction

The purpose of the thesis is to develop a peatland growth model that

incorporates the interactions between mechanical, ecological, and hydro-

logical processes and analyse the consequences of potential feedback within

the model system on peatland behaviour. In this introductory chapter,

the importance of peatlands and approaches to understanding peatland

behaviour that could be conducted through field observations, laboratory

measurements, and mathematical models, are explained. The significance

and limitations of some important mathematical models of peatland de-

velopment that focus on the ecological, hydrological, or ecohydrological

feedback (Ingram, 1982; Clymo, 1984; Hilbert et al., 2000; Frolking et al.,

2010; Baird et al., 2012; Morris et al., 2012) are analysed to provide the

rationale related to the need for a new conceptual approach to model peat-

land behaviour. A new model of peatland development is proposed, which

involves fully coupled mechanical-ecohydrological feedback. Finally, the

aim and specific objectives of the thesis, which are followed by the overall

thesis outline, are presented.
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1.1. PEATLANDS

1.1 Peatlands

Peatlands are ecosystems characterised by the presence of an accumulated

layer of peat at the surface with a minimum thickness ranging from 10

- 100 cm (Cruickshank and Tomlinson, 1990; Lappalainen, 1996; Joosten

and Clarke, 2002; Lourenco et al., 2022) (Figure 1.1). Peatlands are found

across the world, with the majority located in the boreal and subarctic zone

of the northern hemisphere (Armentano and Menges, 1986; Gorham, 1991;

Xu et al., 2018). Although the global coverage of peatlands is relatively

small, the benefits that peatlands offer for the environment are enormous.

Peatlands prevent the environment from floods and drought because peat

can maintain the water balance (Gao et al., 2016). The unique character-

istics of the peatlands provide suitable habitat for rare species (Rana and

Tolvanen, 2021). Peatlands keep essential ecological and archaeological in-

formation, for example, pollen records and human artifacts (Speller and

Forbes, 2022). Finally, peatlands contain an enormous amount of carbon

and significantly influence the global carbon cycle (e.g., Limpens et al.,

2008; Loisel et al., 2014; Hugelius et al., 2020; Harris et al., 2022).

Peat formation occurs through the production, partial decomposition, and

compaction of organic matter obtained from the dead plant material (Clymo,

1984; Belyea and Clymo, 2001). In the initial process, the coarse organic

matter is produced in the surface and rooting area with characteristics of

low bulk density and high active porosity and hydraulic conductivity. This

condition facilitates the drainage of excess water from the precipitation

and the circulation of air, which enables aerobic decay to occur. As more

organic matter accumulates and decomposition takes place, the total load

becomes more significant and the mechanical rigidity is diminished, result-

ing in the collapse of the organic matter structure (Fenton, 1980; Clymo,
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1.2. PEATLAND CARBON STOCK

Figure 1.1: The example of the peatland that is located in Flow Country,
Scotland, covers about 4000 km2 and is the largest blanket bog in Europe.

1984; Whittington and Price, 2006; Waddington et al., 2010). The com-

paction and decomposition reduce the volume and pore space of the organic

matter, particularly as the depth below the surface increases, preventing

water discharge and raising the water table position (Clymo, 1984; Quin-

ton et al., 2000; Moore et al., 2005; Mahdiyasa et al., 2022, 2023). The

decomposition of organic matter below the water table predominantly oc-

curs under anoxic conditions due to a limited supply of oxygen, leading to

a much lower rate of decay than in the oxic conditions above the water ta-

ble. The accumulation of compacted and incompletely decomposed organic

matter due to waterlogged conditions produces peat.

1.2 Peatland carbon stock

Peatland accumulates vast amounts of carbon in the long term over thou-

sands of years because the absorbed carbon through plant photosynthesis

is not all released back into the atmosphere as a consequence of incom-

3



1.2. PEATLAND CARBON STOCK

plete decomposition. However, the total estimation of carbon stock from

peatland continues to produce uncertainty and variability. Yu et al. (2010)

estimated the total carbon stock of the northern peatland was around 547

gigatons of carbon (Gt C) obtained from the historical data that accommo-

dated the area changes of the peatland. The estimated value decreases to

436 Gt C based on the calculation from Loisel et al. (2014), who developed

a database from 215 peatland sites in North America and Eurasia. Hugelius

et al. (2020) predicted a similar value of northern peatland carbon stock

around 415 Gt C and analysed the effect of permafrost thaw, which might

change peatland behaviour from net carbon sinks to net carbon sources. In

contrast, Nichols and Peteet (2019) estimated a significantly higher value

of carbon stock from northern peatland by a factor of two with a value

of about 1055 Gt C by combining the Neotoma Paleoecology Database

(Williams et al., 2018) for the radiocarbon-dated peat with the peatland

characteristics data from Loisel et al. (2014) and Treat et al. (2016).

Significant variations in the peatland carbon stock value occur due to sev-

eral factors, including the different approximation of peatland area, limited

data on peatland characteristics, and the complex feedback mechanism of

the peatland. The absence of consensus in the definition of peat (Joosten

and Clarke, 2002; Wust et al., 2003; Lourenco et al., 2022) leads to discrep-

ancies in peatland extent and influences the estimation of total peatland

carbon stock. The insufficient data on peatland characteristics, includ-

ing the bulk density, thickness, and carbon accumulation, particularly for

peatland in remote areas, produce uncertainties in peatland carbon stock

estimation because a single average value is employed to replace the lack

of detailed data (Gorham, 1991; Lappalainen, 1996; Turunen et al., 2002).

Finally, peatland exhibits complex feedback mechanisms that provide a

considerable effect on carbon accumulation. For example, the interactions
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1.3. APPROACHES TO UNDERSTANDING PEATLAND
BEHAVIOUR

between internal and external processes on the peatland produce consid-

erable uncertainty related to the response of the peatland carbon to the

changing climate (Loisel et al., 2021). A higher temperature increases the

rate of peat decomposition, which results in a more significant carbon re-

lease and reduces the peatland carbon stock (Ise et al., 2008; Dorrepaal

et al., 2009). Consequently, peatlands might provide positive feedback on

global warming because they become a net carbon source. However, the

increasing temperature promotes the growth of vegetation and leads to

higher peat production from plant litter. Based on the carbon accumu-

lation database of peatland in the northern hemisphere, Charman et al.

(2013) found that long-term carbon accumulation shows a strong correla-

tion with the growing season of the vegetation. Furthermore, Charman

et al. (2013) suggested that the changes in the net primary productiv-

ity are more crucial compared to the variations in decomposition rate for

long-term peatland carbon accumulation. Therefore, understanding the be-

haviour and the complex feedback operating on the peatland are essential

in order to analyse the carbon accumulation in this ecosystem.

1.3 Approaches to understanding peatland

behaviour

Some approaches, including field observations, laboratory measurements,

and mathematical models, can be employed to examine peatland behaviour

that incorporates complex feedback mechanisms. Although field obser-

vations and laboratory measurements provide data and understanding of

some peatland phenomena, the results obtained from these methods are

constrained by the timeframe of observation. Contrastingly, mathemati-
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cal models offer insight related to the peatland system on long timeframes

beyond the capacity of field or laboratory approaches, which is crucial in

analysing long-term processes on the peatland.

1.3.1 Field observations

Field observation provides data and information related to peatland be-

haviour through direct investigation. The data obtained from in-situ mea-

surements encompass essential aspects of peatland ecology, hydrology, and

mechanics, including the rate of peat production (Belyea and Clymo, 2001),

peat hydraulic conductivity (Baird et al., 2004; Surridge et al., 2005; Hogan

et al., 2006), and peat strength (Long, 2005; Boylan et al., 2008). Further-

more, through field observation, the relationship between two or more vari-

ables could be analysed and formulated, for example, the relationship be-

tween peat production and water table position (Belyea and Clymo, 2001),

hydraulic conductivity with depth, degree of humification, and bulk den-

sity (Morris et al., 2022), and a critical thickness before the occurrence

of mechanical failure with slope gradient (Dykes et al., 2008). However,

the data and phenomena observed from this approach are obtained at spe-

cific times and areas, which restrict our understanding of general peatland

behaviour. As a consequence, a degree of caution is required before imple-

menting the data and analysis of some peatland processes derived from field

observation because they might be affected by site-specific characteristics

and timeframes of observation.
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1.3.2 Laboratory measurements

Laboratory measurements offer controlled conditions to examine peatland

characteristics in greater detail, for example, the strength properties of

peat that determine the mechanical stability of the peatland. Laboratory

testing methods, including triaxial compression, direct shear, direct sim-

ple shear, and ring shear, are commonly employed to analyse the strength

properties of the peat (Long, 2005; Boylan et al., 2008; Mesri and Ajlouni,

2007; O’Kelly, 2017). Based on these testing methods, triaxial compres-

sion produces the highest value of effective friction angle, which influences

the value of shear strength, because triaxial compression is affected by the

interactions between the orientation of peat fibers with the shearing direc-

tion (Boylan et al., 2008). Long (2005) recommended direct simple shear

and ring shear methods for laboratory testing of peat strength because

they eliminate the effect of fibers orientation and accommodate the large

deformations from the peat sample. However, ensuring the samples that

accurately represent the peatland conditions with the complex feedback is

difficult, which possibly leads to uncertainty in the outputs of laboratory

experiments. Furthermore, the laboratory measurement is conducted at a

specific time interval, which is unsuitable for some peatland processes that

require long-term analysis.

1.3.3 Mathematical models

The main constraint of field observation and laboratory measurement to

understanding peatland behaviour is the limited timeframes of observa-

tion. Consequently, these approaches are unable to offer insight related

to the long-term process that operates on the peatland. The need for

understanding peatland behaviour on long timeframes leads to the utilisa-
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tion of mathematical models, which allow the simulations of the peatland

behaviour that involves complex feedback mechanisms over thousands of

years.

The analysis of peatland carbon accumulation and the future impact of

climate change on peatland behaviour are examples of processes that re-

quire a long timeframe. Alexandrov et al. (2020) employed the Bog Growth

Model from Clymo (1984) to estimate the maximum carbon accumulation

in the northern peatlands. They found that northern peatlands will act

as a carbon sink in the next 5000 years because the current carbon stock

estimation is lower than the maximum potential limit. Morris et al. (2015)

applied the DigiBog model (Baird et al., 2012; Morris et al., 2012) to in-

vestigate the influence of climate change on water table depth and peat

remaining mass and examine the ability of peatland to preserve informa-

tion about climate change. Treat et al. (2021) implemented the Holocene

Peat Model from Frolking et al. (2010) to forecast the potential carbon loss

due to future climate change and permafrost thaw. The simulation results

indicate that the source of carbon is not from newly thawed permafrost

but mainly from the active layer of peatland with a depth of about 0.2 - 1

m from the surface.

Another benefit of mathematical models in understanding peatland be-

haviour is the ability to provide insight into processes that are difficult to

observe directly in the field or based on laboratory measurement, for ex-

ample, bistability conditions and surface energy balance of the peatland.

Modelling approach could explain and predict the possibility the bistabil-

ity conditions of the peatland due to complex feedback and nonlinear be-

haviour (Hilbert et al., 2000; van der Velde et al., 2021; Mahdiyasa et al.,

2023). Consequently, peatland might experience an abrupt shift, known as

a tipping point, from one state to another that influences the carbon stock.
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The field observation from Lamentowicz et al. (2019) provide the evidence

of tipping point phenomenon in a peatland located in northern Poland

based on high-resolution multi-proxy method. The mathematical models

of energy balance developed by Admiral and Lafleur (2007) described the

partition of latent heat flux between vascular plants, hummocks, and hol-

lows and explained the importance of moss on the energy fluxes of the

peatland.

Mathematical models, of course, have limitations to understanding peat-

land behaviour. The modelling approach suffers from the simplification of

the processes that occur in the real peatland. Although simplification is

necessary for practical reasons, for example, to reduce the computational

time, it could affect the accuracy and applicability of the proposed model.

Mathematical models also require input data to generate predictions or

simulations related to the peatland behaviour. The reliability of model

outputs depends on the quality and availability of the input data. Despite

these limitations, mathematical models remain an indispensable approach

to understanding long-term processes of peatland behaviour that incorpo-

rate complex feedback mechanisms (Table 1.1).

This thesis uses a modelling approach, particularly mathematical models of

peatland development, to examine the implications of complex feedback on

peatland behaviour during the development process. In order to capture the

complex feedback mechanism, the model of peatland development needs to

incorporate the changes in the peat physical properties, including bulk den-

sity, active porosity, and hydraulic conductivity, which are affected by the

mechanical, ecological, and hydrological processes (Clymo, 1984; Quinton

et al., 2000; Moore et al., 2005; Whittington and Price, 2006; Waddington

et al., 2010). However, as explained in the following section, the exist-

ing models of peatland development assume constant or partial changes
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Table 1.1: The summary of three different approaches, including field ob-
servations, laboratory measurements, and mathematical models, for under-
standing peatland behaviour.

Field observations Laboratory mea-
surements

Mathematical mod-
els

Field observations
provide data and rela-
tions of some peatland
charateristics through
direct investigation.

Laboratory measure-
ments offer controlled
conditions that pro-
duce a more detailed
analysis of peatland
characteristics.

Mathematical models
allow the simulation
of peatland behaviour
with a wide range of
timeframes.

Field observations are
constrained by the
space and time of the
observed variable and
focus on empirical
evidence.

Laboratory measure-
ments are conducted
at specific time in-
tervals and require
sample preparation
that represents peat-
land conditions with
complex feedback
mechanisms.

Mathematical models
provide insight into
processes that are dif-
ficult to observe di-
rectly in the field or
based on laboratory
measurement.

Mathematical models
can simulate the fu-
ture response of the
peatland with differ-
ent scenarios.

Mathematical models
suffer from simplifi-
cations and assump-
tions.

Mathematical models
require initial data ob-
tained from field ob-
servation or labora-
tory measurements.
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in peat physical properties and ignore the influence of peatland mechan-

ics. These assumptions significantly reduce the understanding of peatland

growth and behaviour because, at a fundamental level, the compaction of

water-saturated dead organic matter to form peat is a mechanical process.

Therefore, a new concept and formulation of peatland development model

are required.

1.4 Mathematical models of peatland devel-

opment

Mathematical models of peatland development have been produced for a

range of purposes, including estimating long-term peat and carbon accu-

mulation (Ingram, 1982; Clymo, 1984; Frolking et al., 2001; Swinnen et al.,

2019), understanding peatland dynamics (Hilbert et al., 2000; Yu et al.,

2001; Frolking et al., 2010; Baird et al., 2012; Morris et al., 2012), and

examining the influence of climate change on the peatland carbon stock

(Ise et al., 2008; Heinemeyer et al., 2010; Chaudhary et al., 2020; Treat

et al., 2021). The existing models focus on ecological, hydrological, or

ecohydrological feedback with different assumptions related to the peat

physical properties. Some of the most prominent peatland development

models (Figure 1.2) are discussed below, including their significance and

limitations, to articulate the need for a new generation of peatland de-

velopment models that contains fully coupled mechanical-ecohydrological

feedback and explicitly involves the changes of peat physical properties as

internal feedback mechanisms.
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Figure 1.2: Mathematical models of peatland development that provide
a substantial impact on the understanding of hydrological, ecological, or
ecohydrological processes on the peatland.

1.4.1 The Groundwater Mound Hypothesis

Ingram (1982) proposed a model that analyses the position of the peatland

water table in the equilibrium condition, constrained by parallel-sided rivers

at the edges with a flat and relatively impermeable substrate (Figure 1.3),

which is known as the Groundwater Mound Hypothesis (GMH) (see also

Childs (1969)). Because the decomposition rate above the water table with

unsaturated conditions is much higher than in the saturated zone below

the water table, the peatland shape and thickness are controlled by the

position of the water table, which becomes the fundamental idea of GMH.

This model assumes that the net precipitation in a drought season is stored

in the peatland by flowing steadily through the saturated zone, which is

isotropic and has constant hydraulic conductivity.

The GMH is developed based on Darcy’s law and the Dupuit-Forchheimer

(D-F) approximation, implying that the hydraulic gradient is much smaller
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Figure 1.3: Groundwater mound illustration in the peatland with flat sub-
strate and constrained by the river at the edges. The height at the center
(x = l) is given by Hm and r is the net water recharge to the water table.

in the vertical direction than in the horizontal direction (Strack, 1984).

Moreover, the rivers at the edges have negligible depth and static charac-

teristics over time without experiencing a downcutting phenomenon (the

effects of rivers incision on the peatland water table and shape are discussed

in Chapter 5). As a consequence, GMH predicts the hemi-elliptical shape

of the peatland in cross-section through the equation below

r

κ
=

H2

2lx− x2
(1.1)

where r is the net recharge (m yr−1), κ is the hydraulic conductivity (m yr−1),

H is the peatland height (m), 2l is the length of the peatland (m), x is the

distance from the end (m). If x equal to L and H equal to Hm or at the

center of the peatland, equation 1.1 can be written as

r

κ
=
H2
m

l2
(1.2)

The GMH provides a fundamental approach to model the influence of

hydrological aspects on peatland development. However, this model ig-
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nores the complex feedback and spatial variability of peatlands, including

the variations of peat physical properties. Armstrong (1995) modified the

GMH by proposing non-uniform hydraulic conductivity that exponentially

decreases with depth, showing different predictions of peatland shape and

thickness. This model produces a lower hydraulic gradient at the margin

and a higher water table compared to the initial GMH from Ingram (1982)

due to more impermeable peat layers in the deeper position that supports

water accumulation. The difference in the peatland shape and thickness ob-

tained from both models indicates that spatial variability of peat physical

properties provides a crucial influence on peatland characteristics.

1.4.2 The Bog Growth Model

Clymo (1984) developed a peat accumulation model based on the rate of

addition and rate of decay of organic matter, which is known as the Bog

Growth Model (BGM). The two layers of peatland structure are used in

this model, consisting of the unsaturated zone above the water table and

the saturated zone below the water table. The organic matter accumulation

in the unsaturated zone is affected by the mass addition from plant litter

on the peatland surface, or around the rooting area for the vascular plant

roots, and the mass loss because of aerobic decay. If the rates of mass

addition and aerobic decay are constant over time, then the accumulation

rate of organic matter in the unsaturated zone is

dMun

dt
= ψun − ηunMun (1.3)

The solution of Equation 1.3 gives the amount of organic matter that ac-
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cumulated in the unsaturated zone

Mun =
ψun
ηun

(1 − exp(−ηuntun)) (1.4)

where Mun is the cumulative mass of organic matter in the unsaturated

zone (kg m−2), ψun is the rate of addition of mass to the unsaturated zone

(kg m−2 yr−1), ηun is the rate of decay in the unsaturated zone (yr−1), and

t is the time (yr).

The process of organic matter accumulation is rapid in the earlier time but

gradually declines due to the increasing mass loss. Theoretically, the accu-

mulation process in the unsaturated zone will achieve an asymptotic limit

to the value of ψun
ηun

; however, this condition cannot happen for a peatland to

continue growing. Consequently, the bottom layer of the unsaturated zone

becomes part of the saturated zone and experiences anaerobic decay, which

represents the rate of addition of organic matter, or peat in this case, based

on the saturated zone point of view. Therefore, the rate of accumulation

of peat in the unsaturated zone is affected by the rate at which organic

matter is transferred into the saturated zone

dMun

dt
= ψun − ηunMun − ψsa (1.5)

where ψsa is the rate of addition of mass to the saturated zone (kg m−2 yr−1).

In a stable climate, the thickness of the unsaturated zone above the water

table will remain constant, and it is not a peat accumulator. The primary

function of the unsaturated zone in the peat accumulation model is to
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facilitate the decomposition of organic matter before it progresses to the

saturated zone, where the actual accumulation of peat takes place. Because

in the steady-state condition dMun

dt
= 0, the rate of input to the saturated

zone is

ψsa = ψun − ηunM
∗
un (1.6)

where M∗
un is the steady-state cumulative mass of organic matter in the

unsaturated zone (kg m−2).

The formulation of peat accumulation in the saturated zone is similar to

organic matter accumulation in the unsaturated zone but with a much

slower decay rate because the process is anaerobic. If the rates of peat

addition and anaerobic decay are constant over time, then the rate of peat

accumulation in the saturated zone is written as

dMsa

dt
= ψsa − ηsaMsa (1.7)

The solution of Equation 1.7 gives the accumulation of peat in the saturated

zone

Msa =
ψsa
ηsa

(1 − exp(−ηsatsa)) (1.8)

where Msa is the cumulative mass of organic matter in the saturated

zone (kg m−2), ψsa is the rate of addition of mass to the saturated zone

(kg m−2 yr−1), ηsa is the rate of decay in the saturated zone (yr−1), and t

is the time (yr).

The accumulation of peat in the saturated zone will converge to ψsa
ηsa

, which

becomes the maximum limit of peatland growth, and the graph profile
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between age and height is concave.

Clymo et al. (1998) modified the BGM formulation by allowing the rate

of decay to decrease linearly and quadratically with the proportion of re-

maining mass θ. Under the assumption of a linear decline in rate of decay,

the rate of peat accumulation in the saturated zone becomes

dMsa

dt
= ψsa − ηsaθMsa (1.9)

with the solution

Msa =
ψsa
ηsa

(ln(1 + ηsatsa)) (1.10)

Using the assumption of a quadratic decline in rate of decay, the rate of

peat accumulation in the saturated zone becomes

dMsa

dt
= ψsa − ηsaθ

2Msa (1.11)

with the solution

Msa =
ψsa
ηsa

(
√

1 + 2ηsatsa − 1) (1.12)

where θ is the remaining mass (−), Msa is the cumulative mass of organic

matter in the unsaturated zone (kg m−2), ψsa is the rate of addition of

mass to the saturated zone (kg m−2 yr−1), ηsa is the rate of decay in the

saturated zone (yr−1), and t is the time (yr).

There are no asymptotic limits for both cases because the accumulation of

peat will increase indefinitely with time. The graph profile between the age

and height is concave with approximately logarithmic and parabolic in time
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Table 1.2: Bog Growth Model (BGM) with three different rates of decay

Decay rate Remaining mass Accumulation rate Cumulative peat mass
η θ dMsa

dt
Msa

Constant exp(−ηsat) ψsa − ηsaMsa
ψsa
ηsa

(1 − exp(−ηsatsa))

Linear 1
1+ηsat

ψsa − ηsaθMsa
ψsa
ηsa

(ln(1 + ηsatsa))

Quadratic 1√
1+2ηsat

ψsa − ηsaθ
2Msa

ψsa
ηsa

(
√

1 + 2ηsatsa − 1)

under the assumption of linear and quadratic rates of decay, respectively.

Table (1.2) provides the summary of three different assumptions of decay

rate employed by BGM.

The BGM predicts the maximum limit of peat accumulation, assuming a

constant decomposition rate, without incorporating the possibility of peat-

land failure due to mass movement (Wilford, 1966; Alexander et al., 1986;

Wilson and Hegarty, 1993; Gallart et al., 1994; Dykes and Kirk, 2001; War-

burton et al., 2003; Yang and Dykes, 2006; Dykes et al., 2008; Dykes and

Warburton, 2008b; Dykes, 2008; Boylan et al., 2008; Dykes and Selkirk-

Bell, 2010). The catastrophic failure during the development process pre-

vents the peatland from reaching the asymptotic limit because erosion and

drainage, which are the consequences of the mass movement, result in the

reduction of peat accumulation (Warburton et al., 2003; Evans and War-

burton, 2007; Large et al., 2021). The analysis of peatland failure requires

complex feedback from mechanical, ecological, and hydrological processes

that are ignored by BGM (see Chapter 6 for a detailed analysis of peatland

failure).

In contrast with GMH (Ingram, 1982), which focuses on the hydrological

factors through the water table position, BGM emphasises the importance

of ecological aspects, including the rate of peat addition and decomposition,

to model long-term peatland development. However, two layers of peatland
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characteristics that are used by BGM depend on the water table position.

Consequently, the assumptions of the steady state in the unsaturated zone

and constant rate of peat addition result in significant restrictions on the

peatland behaviour (Belyea and Baird, 2006). As peatland grows, the total

load from mass accumulation increases, together with the reduced struc-

tural integrity due to decomposition, resulting in the collapse of the peat

pore structure and affecting the peat physical properties (Fenton, 1980;

Waddington et al., 2010; Whittington and Price, 2006). The changes in

peat physical properties, for example, bulk density, active porosity, and

hydraulic conductivity, influence the peatland carbon accumulation, water

storage, and the growth rate of peatland (Whittington and Price, 2006;

Waddington et al., 2010; Mahdiyasa et al., 2022, 2023). Therefore, expect-

ing the same rate of peatland growth to coincide with the rise of the water

table, in order to fulfill the assumption of BGM, is not reasonable for the

developing peatland. The limitations and inconsistencies of ecological or

hydrological models of peatland development, for example, BGM (Clymo,

1984) and GMH (Ingram, 1982), become a starting point for developing a

coupled ecohydrological approach to analyse peatland as a complex system

(Belyea and Baird, 2006).

1.4.3 Ecohydrological models

Hilbert et al. (2000) proposed a one-dimensional model of peatland de-

velopment that incorporates the interactions between peat production and

water table depth. The initial formulation is similar to BGM (Clymo, 1984;

Clymo et al., 1998), which assumes a constant unsaturated zone thickness
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or water table depth over time

dH

dt
= ψ − (ηun − ηsa)z − ηsaH, z ≥ 0

dH

dt
= ψ − ηsaH, z < 0

(1.13)

where H is the peatland height (m), ψ is the rate of peat production in

terms of thickness (m yr−1), ηun is the rate of decay in the unsaturated

zone (−), ηsa is the rate of decay in the saturated zone (−), and z is the

water table depth (m).

To produce a more realistic model, Hilbert et al. (2000) suggested that the

water table depth is a function of the hydrological process and peatland

height through the following equations

dz

dt
=
dH

dt
− 1

ϑmax

dW

dt
, z ≤ 0 (1.14)

with

dW

dt
= P − ET − d (1.15)

d = P − ET − ϑmax(ψ − (ηun − ηsa)z − ηsaH) (1.16)

where ϑmax is the maximum water storage of peat (−), W is the water

stored in peat (m), P is the rate of precipitation (m yr−1), and ET is the

rate of evapotranspiration (m yr−1).

The coupled ecohydrological model is obtained by employing some assump-

tions related to evapotranspiration, drainage, and rate of peat production.
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The rate of evaporation reduces as the depth of the water table increases

ET =
e0

1 + c1z
, z ≥ 0 (1.17)

where ET is the rate of evapotranspiration (m yr−1), e0 is the potential

evaporation from an open water surface (m yr−1), and c1 is the coefficient

of evaporation (m−1). Based on the assumption of domed shape peatland

(Ingram, 1982), the rate of drainage rises with increasing height as follows

d = d0 + c2H (1.18)

where d is the rate of water draining from peat (m yr−1), d0 is the drainage

rate when peatland height is equal to zero (m yr−1), and c2 is the coefficient

of drainage (yr−1). Finally, because peat production is affected by the

position of the water table (Wallén et al., 1988; Waddington and Roulet,

1996), a quadratic function is employed to model this relationship

ψ = k(z − zmin)(zmax − z), zmin ≤ z ≤ zmax (1.19)

ψ = 0, z < zmin or z > zmax (1.20)

where ψ is the rate of peat production in term of thickness (m yr−1), k is

the parameter controlling maximum growth rate of peat (m yr−1), z is the

water table depth (m), zmax is the maximum water table depth where ψ

becomes zero (m), and zmin is the minimum water table depth where ψ

becomes zero (m).

Substituting Equation 1.17 and 1.18 to Equation 1.14 and Equation 1.19
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to Equation 1.13, the governing equations of the coupled model become

dz

dt
=

(
c2
ϑmax

− ηsa

)
H − (ηun − ηsa)z +

e0
ϑmax(1 + c1z)

+ ψ − P − d0
ϑmax

(1.21)

dH

dt
= k(z − zmin)(zmax − z) − (ηun − ηsa)z − ηsaH (1.22)

where z is the water table depth (m), c1 is the coefficient of evaporation

(m−1), c2 is the coefficient of drainage (yr−1), ϑmax is the maximum water

storage of peat (−), ηun is the rate of decay in the unsaturated zone (−),

ηsa is the rate of decay in the saturated zone (−), H is the peatland height

(m), e0 is the potential evaporation from an open water surface (m yr−1), P

is the rate of precipitation (m yr−1), d0 is the drainage rate when peatland

height is equal to zero (m yr−1), k is the parameter controlling maximum

growth rate of peat (m yr−1), zmax is the maximum water table depth where

ψ becomes zero (m), and zmin is the minimum water table depth where ψ

becomes zero (m).

The model from Hilbert et al. (2000) indicates that the nonlinear interac-

tion between peat production and water table depth results in the possibil-

ity of multiple equilibria. Consequently, the changes in the water balance

could shift the equilibrium point of the peatland and lead to unexpected

changes in the behavior of the system. The rapid changes from stocking

to exporting carbon or vice versa could happen with significant potential

hazards because peatlands contain a massive amount of carbon (Yu et al.,

2010; Loisel et al., 2014; Nichols and Peteet, 2019; Hugelius et al., 2020).

However, this model neglects the influence of the variations in peat physical

properties, including the active porosity and hydraulic conductivity, which

provide a crucial negative feedback on the peatland water balance (Quinton

et al., 2000; Moore et al., 2005; Whittington and Price, 2006; Morris et al.,
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2011).

Frolking et al. (2010) proposed a more advanced ecohydrological model

called the Holocene Peat Model (HPM), which is the development of Hilbert

et al. (2000). The HPM determines vegetation community composition

dynamics and annual net primary productivity based on peat thickness

and water table depth. Peat accumulation depends on the productivity and

decomposability of peatland vegetation, consisting of 12 plant functional

types (PFTs). Each PFT has unique characteristics that are used to model

the water fluxes, peatland thickness, and annual net carbon balance.

The rate of mass accumulation to the peatland follows the formulation from

Frolking et al. (2001)

dM

dt
=

d

dt

∑
i

mi =
∑
i

(
li − ki

(
mi

mi,o

)
mifn

)
(1.23)

where M is the cumulative mass (kg m−2), li is the annual litter input

(kg m2 yr−1), ki is the initial litter decomposition rate (yr−1), mi,o is the

total fresh litter input (kg m−2), and fn is the scalar multiplier for the effect

on decomposition rate of litter water content (−).

The water balance formulation in the HPM is affected by precipitation,

evapotranspiration, and runoff. Annual precipitation is prescribed as an

input variable obtained from the climatic data of the observed peatland.

The evapotranspiration is formulated as a function of water table depth

through the following equation

ET = ET0, z < z1

ET =
ET0

1 + c6c7(z − z1)
, z1 ≤ z ≤ z2

ET =
ET0

1 + c6
, z2 < zWT

(1.24)

23



1.4. MATHEMATICAL MODELS OF PEATLAND DEVELOPMENT

where ET is the evapotranspiration (m yr−1), ET0 is the maximum annual

evapotranspiration (m yr−1), z is the annual water table depth (m) which

is defined as the distance between peatland surface and yearly average po-

sition of water table, z1 is the annual water table depth at which annual

evapotranspiration begins to decline (m), z2 is the annual water table depth

at which annual evapotranspiration reaches its minimum (m), c6 is the pa-

rameter needed to make a continuous evapotranspiration function between

z1 and z2 (−), and c7 = (z2 − z1)
−1 is the inverse different between z1 and

z2 (m−1).

The formulation of runoff involves the water table depth and peat relative

transmissivity as critical variables as follows

R = R1T (1 − 10z), z ≤ 0

R = R1T, z > 0

(1.25)

with

R1 = (P − ET0 +R0)(1 + c8H) (1.26)

where R is the annual the runoff (m yr−1), R1 is the base runoff (m yr−1),

R0 is the annual runoff adjustment factor (m yr−1), T is the relative trans-

missivity (−), T0 is the minimum relative transmissivity for runoff (−), c8

is the parameter describing the rate of increase in annual runoff (m−1), and

H is the peatland height (m). The relative transmissivity model is defined

as the ratio between the integrated hydraulic conductivity of the saturated

zone below the water table with the integrated hydraulic conductivity from

the total peat profile

T = T0 + (1 − T0)

(∑
isat

hiκi∑
iall
hiκi

)
(1.27)
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where h is the layer thickness (m) and κ is the hydraulic conductivity

(m s−1).

The HPM uses empirical relationships to model the changes in peat physical

properties, including bulk density, porosity, and hydraulic conductivity.

The key variable that controls the bulk density profile is the remaining

mass, as written below

ρ = ρmin + ∆ρ

(
1 − 0.5

(
1 + erfc

(
c3θ√
2c4

)))
(1.28)

where ρ is the bulk density (kg m−3), ρmin is the minimum bulk density

(kg m−3), ∆ρ is the difference between maximum and minimum bulk den-

sity (kg m−3), erfc is the complementary error function, c3 and c4 are

the parameters that control the bulk density profile (−). The changes in

the bulk density influence porosity and hydraulic conductivity through the

following equations

ϕ = 1 − ρ

ρom
(1.29)

log10(κ) = 2.14 − 0.043ρ (1.30)

where ϕ is the porosity (−), ρ is the bulk density (kg m−3), ρom is the bulk

density of organic matter (kg m−3), and κ is the hydraulic conductivity

(m s−1).

HPM incorporates the variations of peat physical properties, including bulk

density, porosity, and hydraulic conductivity, during the long-term devel-

opment of the peatland. However, the changes in peat physical properties

are mainly obtained from empirical equations that might reduce the ability

of HPM to capture important feedback from the peatland. Furthermore, as

a one-dimensional model, HPM ignores the spatial heterogeneity of peat-
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land characteristics (Rydin and Jeglum, 2006; Baird et al., 2008; Lewis

et al., 2012), which provides significant implications for analysing peatland

behaviour (see Chapter 5 for detailed analysis).

Baird et al. (2012) and Morris et al. (2012) developed a peatland develop-

ment model named DigiBog, which comprehensively integrates ecological

and hydrological feedback in one, two, or three dimensions. DigiBog is rep-

resented by an arrangement of columns of peat with several layers, which

allows water to move between the columns and the water table to fluctuate

through the layers in each column. However, the vertical movement of the

water within the column is not allowed because the hydraulic gradient in

the vertical direction is much smaller than in the horizontal direction as a

consequence of Dupuit-Forchheimer (D-F) approximation (Strack, 1984).

From the ecological aspect point of view, each column could have a differ-

ent rate of addition or decomposition depending on the location. Through

this geometry, the interaction between hydrological and ecological aspects

is explicitly simulated.

DigiBog consists of several submodels, including hydrological, plant litter

production, decomposition, and hydraulic properties, which control eco-

hydrological processes on the peatland. The hydrological submodel is the

main component of DigiBog because it influences the plant litter produc-

tion and decomposition submodels through the water table position. This

submodel is developed from the Boussinesq equation (Boussinesq, 1871)

∂Γ

∂t
=

∂

∂x

(
κ(d)

ϕ(d)
d
∂Γ

∂x

)
+

∂

∂y

(
κ(d)

ϕ(d)
d
∂Γ

∂y

)
+
P (t) − ET (Γ, t)

ϕ(d)
(1.31)

where Γ is the water table height (m), x and y are the horizontal distances

(m), d is the thickness of flow (m), κ is the depth-averaged hydraulic con-

ductivity below the water table (m s−1), ϕ is the drainable porosity (−),
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P is the rate of rainfall (m yr−1), and ET is the rate of evapotranspiration

(m yr−1), and t is the time (yr). The position of the water table influences

plant litter production on the peatland through the empirical equation from

(Belyea and Clymo, 2001)

ψ =


0.001(9.3 + 133z − 0.022(100z)2)2 for 0 ≤ z ≤ 0.668

0 for z > 0.668

(1.32)

where ψ is the peat production (kg m−2 yr−1) and z is the water table depth

(m). The decomposition submodel follows Clymo (1984) with the constant

rate of decay

dm

dt
= −ηm (1.33)

where m is the mass per unit area (kg m−2) and η is the rate of decay (yr−1).

The hydraulic properties submodel explains the effect of the decomposition

process on the peat hydraulic conductivity through the remaining mass as

follows

κ = αebθ (1.34)

where κ is the hydraulic conductivity (m s−1), θ is the remaining mass

mt/m0 (−), and α (m s−1) and b (−) are parameters.

To a certain extent, DigiBog stands as one of the foremost and prominent

peatland development models due to its wide range of applications, in-

cluding the analysis of nonlinear peatland behaviour (Morris et al., 2011),

long-term influence of drainage and restoration (Young et al., 2017), peat-

land carbon accumulation (Young et al., 2019, 2021), and the effect of

snow cover on the long-term growth (Ramirez et al., 2023). However, the
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main uncertainties related to the DigiBog approach are the assumptions of

constant bulk density and active porosity as peatland develops. The de-

composition process reduces not only the hydraulic conductivity but also

the active porosity due to smaller fragments of organic matter that lead to

a decrease in pore space. Quinton et al. (2000) found that active poros-

ity drops by about 40% between the upper surface and 35 cm depth as a

consequence of a more decomposed peat in the deeper position. Therefore,

the variations of active porosity will affect peat water storage and water

table position in the hydrological submodel, which become the foundation

of DigiBog.

1.5 Mechanical-ecohydrological feedback on

the peatland

The existing ecohydrological models of peatland development exhibit limi-

tations in their ability to appropriately capture the variations of peat phys-

ical properties. They assume a constant or employ empirical equations to

analyse the peat physical properties, resulting in the constrained analysis of

the peatland behaviour. The changes in peat pore structure that influence

physical properties, including bulk density, active porosity, and hydraulic

conductivity, are determined by decomposition (Moore et al., 2005; Quin-

ton et al., 2000) and mechanical deformation (Kennedy and Price, 2005;

Whittington and Price, 2006; Waddington et al., 2010; Rezanezhad et al.,

2016). The effect of decay is incorporated through the remaining mass by

HPM (Frolking et al., 2010) and DigiBog (Baird et al., 2012; Morris et al.,

2012), but the influence of mechanical deformation on the peat physical

properties is ignored by the existing ecohydrological models.
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Figure 1.4: The interactions between mechanical, ecological, and hydro-
logical processes produce essential feedback and influence the behaviour of
the peatland.

The mechanical deformation is affected by the total load from overlying

materials, including surficial peat addition and plant weight, and the posi-

tion of the water table through the effective stress (Terzaghi, 1943; Price,

2003; Kennedy and Price, 2005). Consequently, during the dry season, peat

pore structure experiences a significant deformation effect due to the lower

water table position and increasing load from plant weight, reducing active

porosity and hydraulic conductivity. This mechanical feedback through

the changes of peat physical properties maintains peatland water balance

(Whittington and Price, 2006), which in turn, supports the peat accumula-

tion process. Moreover, Waddington et al. (2015) suggested that the peat

volume changes from compaction keep the relative distance between the

peatland surface and the water table. Therefore, a comprehensive analysis

of peatland behaviour requires a mathematical model that incorporates me-

chanical, ecological, and hydrological processes together with the complex

feedback mechanism obtained from the peatland system (Figure 1.4).

Throughout this thesis, the following precise definitions are utilised for

the terms compaction, consolidation, and compression. Compaction is the
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reduction in volume due to the decrease in void space through the rear-

rangement of solid particles. If the volume reduction is caused by the

expulsion of excess pore water in response to excess pore water pressure,

it is called consolidation. The term compression refers to the process of

applying inward or compressive forces to the material.

1.6 Thesis aim and objectives

The aim of the thesis is to develop a fully coupled mechanical, ecologi-

cal, and hydrological model of peatland development, called MPeat, and

consider the potential implications of feedback within the model system.

MPeat is designed based on the principles of poroelasticity theory, which

enables the interaction between fluid flow and solid deformation. Through

this approach, the peat physical properties, including bulk density, active

porosity, and hydraulic conductivity, are formulated as an integrated pro-

cess within the overall framework of peatland development, which addresses

the limitations of previous models. The specific objectives of this study are

presented in the following section.

1. Investigate the influence of mechanical, ecological, and hydrological

feedback on the peatland characteristics, including water table depth,

thickness, and carbon accumulation.

2. Assess the variations in bulk density, active porosity, and hydraulic

conductivity throughout the peatland development process.

3. Analyse peatland dynamics that incorporate the interactions between

peat volume changes and plant functional types.

4. Examine the peatland regime shifts and tipping points in a grow-
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ing system accounting for fully coupled mechanical, ecological, and

hydrological feedback.

5. Investigate the effect of spatial heterogeneity of peatland character-

istics and the influence of river incision on the peatland behaviour.

6. Determine the maximum carbon accumulation of peatland in a land-

scape before the occurrence of failure due to mechanical instability.

1.7 Thesis outlines

Chapter 2 derives the poroelasticity formulation (Biot, 1941), which be-

comes the essence of MPeat, based on the equation of equilibrium of porous

medium and conservation of mass of fluid and solid constituents. The finite

element methods are employed to solve the governing equations of poroe-

lasticity, and the results are compared with the analytical solutions from

Terzaghi’s and Mandel’s problems for one- and two-dimensional verifica-

tion (Terzaghi, 1925, 1943; Mandel, 1953), respectively. The test cases are

conducted using a layered porous medium with high contrast in hydraulic

conductivity to assess the stability of the proposed algorithm. The test

cases are particularly relevant because peatland exhibits significant varia-

tions of hydraulic conductivity with depth.

Chapter 3 provides a one-dimensional model of peatland development that

couples mechanical, ecological, and hydrological feedback. The changes

in peat physical properties obtained from the one-dimensional version of

MPeat align with the field observations (Clymo, 1984; Siegel et al., 1995;

Hoag and Price, 1997; Quinton et al., 2000; Fraser et al., 2001; Clymo,

2004; Quinton et al., 2008), suggesting plausible outputs of the proposed

model. The comparison of MPeat with the other ecohydrological models,
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HPM and DigiBog, indicates the importance of mechanical feedback on

the peatland characteristics, including water table depth, thickness, and

carbon accumulation.

Chapter 4 analyses the consequence of the coupling between plant func-

tional types with peat stiffness on a nonequilibrium model of a peatland by

developing the one-dimensional version of MPeat from Chapter 3. In this

formulation, the peatland systems exist in two possible states defined by

two limit cycles, one corresponding to a wet and the other to a dry attrac-

tor. These states can also coexist under the same net rainfall indicating

bistability in which a crucial drying threshold leads to a tipping point and

associated regime shift from soft-wet to stiff-dry states with related changes

in rates of carbon storage. Investigation of the behaviour of these states in

response to seasonal variations in water budget suggests that the wet state

will display high amplitude and later peak timing of peatland surface when

compared to the dry state, a phenomenon that is observed in measures of

surface motion (Bradley et al., 2022).

Chapter 5 provides a fully coupled mechanical, ecological, and hydrological

model of peatland development MPeat in two dimensions. This model cap-

tures spatial variations of peatland characteristics, including peat physical

properties, water table depth, and plant functional types composition. The

simulation results from the two-dimensional version of MPeat show that hy-

draulic conductivity is lower at the margin compared to the centre, which

is in line with field observation from Baird et al. (2008) and Lewis et al.

(2012). The spatial variations of peat physical properties, together with

the changes in hydraulic gradient, produce variability in the water table

position, which affect peat production and carbon accumulation. Further-

more, river incisions at the boundaries and permeable substrate also lead to

variations in the water table position and peat accumulation (Glaser et al.,
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2004b), which highlights the effect of these phenomena on understanding

peatland behaviour.

Chapter 6 determines the limit to carbon accumulation on the peatland

before the occurrence of failure due to mechanical instability by employing

a two-dimensional version of MPeat described in Chapter 5. In this sim-

ulation, peatland develops across a heterogeneous landscape consisting of

upland, lowland, and sloping area with the river at the boundaries based

on the theoretical landscape proposed by Winter (2001). The landscape

variations, together with the feedback from mechanical, ecological, and hy-

drological processes, affect the stresses on the peat body that control the

occurrence of failure conditions on the peatland. If maximum shear stress

is greater than the peat shear strength, then shear failure takes place that

is associated with the peat slide phenomenon (Dykes and Kirk, 2001; Dykes

and Warburton, 2008b; Dykes et al., 2008; Dykes, 2022). In contrast, ten-

sile failure occurs due to a higher maximum tensile stress than peat tensile

strength resulting in a bog burst (Dykes, 2008). Finally, thesis conclusions

and recommendations for future work are presented in Chapter 7.
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Chapter 2

Modelling peatland mechanics:

A poroelasticity approach

2.1 Introduction

In this chapter, I provide the mathematical formulation and numerical veri-

fication of the poroelasticity, which couples fluid flow and solid deformation

in one and two dimensions to model peatland mechanics. The poroelas-

ticity is developed based on the equation of equilibrium and conservation

of mass of fluid and solid constituents. I compare the proposed numerical

solver with the benchmark problem from Terzaghi’s and Mandel’s for the

one-dimensional and two-dimensional cases, respectively (Terzaghi, 1925,

1943; Mandel, 1953).

Peat can be viewed as a porous medium because it consists of solid particles

from plant litter or organic matter, and the pores are filled with fluid. The

mechanical deformation of the peat depends on the stiffness of the peat

solid skeleton and the behaviour of the pore fluid. Reeve et al. (2013)
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found that a higher value of peat Young’s modulus, which represents the

stiffness of the porous material, leads to a lower deformation on the peat

body. Furthermore, the characteristics of fluid contained in the pore space,

including gas content and degree of saturation, also significantly affect the

deformation of the peat due to the presence of pore fluid pressure (Boylan

et al., 2008; Price and Schlotzhauer, 1999; Price, 2003). The study from

Whittington and Price (2006) suggests that a lower water table position

produces a more considerable effect of deformation because the peat body

cannot withstand loading from overlying material, as the consequence of

reducing fluid pressure, which results in the collapse of the pore structure.

Therefore, the changes in the pore fluid pressure cause solid deformation

on the peat body, and the deformation of the peat solid skeleton influences

pore fluid behaviour. This phenomenon is considered as coupled between

solid deformation and fluid flow and is denoted as poroelasticity.

The poroelasticity phenomenon was initially analysed by Terzaghi (1925),

who considered the uniaxial deformation of soil through the confined com-

pression test which is known as the one-dimensional poroelasticity prob-

lem. Terzaghi (1925) assumed that both fluid and solid constituents are

incompressible, and the deformation occurs due to the rearrangement of

particles. Biot (1941) extended the poroelasticity formulation from Terza-

ghi (1925) by developing a three-dimensional formulation and removed the

incompressible assumption of the constituents. Furthermore, Biot (1955)

proposed the formulations that include the anisotropic assumption, and

Biot (1973) provided the formulations for the nonlinear case.

The fundamental difference between poroelasticity and classical elasticity is

the presence of effective stress. In poroelasticity, the total stresses that act

on a porous medium are allocated to pore fluid and the solid skeleton. The

first component leads to the pore fluid pressure, and the second component,
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termed the effective stress, leads to the displacement of the solid (Terzaghi,

1925, 1943). Therefore, the equation of equilibrium of poroelasticity is

presented in terms of effective stress, and the equation of conservation of

mass is formulated for both solid and fluid constituents.

In this chapter, I model peatland mechanics through the poroelasticity

formulation (Biot, 1941). I provide a strong and weak form for the finite

element computation and compare the numerical results from the proposed

algorithm with the analytical solution from Terzaghi’s and Mandel’s prob-

lem for one- and two-dimensional verification, respectively (Terzaghi, 1925,

1943; Mandel, 1953). The test case of a layered porous medium in one and

two dimensions with high hydraulic conductivity contrast are presented to

analyse the stability of the proposed algorithm because peatlands experi-

ence a remarkable change in hydraulic conductivity with depth (Clymo,

2004; Fraser et al., 2001; Hoag and Price, 1995).

2.2 Model formulation

2.2.1 Equation of equilibrium

The equation of equilibrium can be formulated by considering the stresses

tensor σ acting upon the six faces of an elementary volume of a small

cuboid material (Figure 2.1). In the presence of body forces b and taking

into account the symmetry of the stress tensor, the equilibrium equation
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Figure 2.1: Stresses tensor illustration on the right and left faces of a small
cuboid material.

becomes

∂σxx
∂x

+
∂σxy
∂y

+
∂σzx
∂z

+ bx = 0

∂σyy
∂y

+
∂σxy
∂x

+
∂σyz
∂z

+ by = 0

∂σzz
∂z

+
∂σyz
∂y

+
∂σzx
∂x

+ bz = 0

(2.1)

The Equation (2.1) can be written in the matrix form as

∇T
σ + b = 0 (2.2)

with ∇ =



∂/∂x 0 0

0 ∂/∂y 0

0 0 ∂/∂z

∂/∂y ∂/∂x 0

0 ∂/∂z ∂/∂y

∂/∂z 0 ∂/∂x


, σ = [σxx, σyy, σzz, σxy, σyz, σzx]

T , and b =

[0, 0, ρg]T
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where b is the body force and ρ is the average density of the porous medium.

The presentation in terms of the matrix form provides convenient notation

for the derivation of weak form (Jha and Juanes, 2014). Furthermore, ρ is

defined as

ρ = ρfϕ+ ρs(1 − ϕ) (2.3)

where ρf is the fluid density (kg m−3), ρs is the solid density (kg m−3), and

ϕ is the active porosity (−).

The stresses that act to a porous medium will be allocated to the solid

skeleton and pore fluid. The first case known as effective stress, and it can

be written as

σ = σ′ + αmp (2.4)

where σ is the total stress tensor (Pa), σ′ is the effective stress tensor (Pa),

α is the Biot’s coefficient (−) , m is the vector form of Kronecker’s delta

m = [1 1 1 0 0 0]T , and p is the pore water pressure (Pa). Biot

(1941) defined α as a ratio between drained bulk modulus of the porous

material and the poroelastic expansion coefficient. For soil mechanics prob-

lems, the value of α is assumed to be one in general (Terzaghi, 1943).

The linear constitutive law gives the relation between effective stress tensor

and strain tensor

σ′ = Dϵ (2.5)
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with D =
E

(1 + ν)(1 − 2ν)



1 − ν ν ν 0 0 0

ν 1 − ν ν 0 0 0

ν ν 1 − ν 0 0 0

0 0 0
1 − 2ν

2
0 0

0 0 0 0
1 − 2ν

2
0

0 0 0 0 0
1 − 2ν

2


is the stiffness matrix, E is the Young’s Modulus (Pa), ν is the Poisson ra-

tio (−) and ϵ = [ϵxx, ϵyy, ϵzz, ϵxy, ϵyz, ϵzx]
T is the strain tensor (−). The

kinematics relations or strain-displacement are

ϵxx =
∂ux
∂x

, ϵxy =
1

2

(
∂ux
∂y

+
∂uy
∂x

)
ϵyy =

∂uy
∂y

, ϵyz =
1

2

(
∂uy
∂z

+
∂uz
∂y

)
ϵzz =

∂uz
∂z

, ϵzx =
1

2

(
∂uz
∂x

+
∂ux
∂z

) (2.6)

In the matrix form Equation (2.6) can be written as

ϵ = ∇u (2.7)

where u = [ux, uy, uz]
T (m) is the displacement.

Putting together (2.2), (2.4), (2.5), and (2.7), the equation of equilibrium

can be written in terms of effective stress tensor

∇T
σ′ + ∇T

(αmp) + b = 0 (2.8)

or in terms of displacement

∇T
D∇u + ∇T

(αmp) + b = 0 (2.9)
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Figure 2.2: Fluid flow illustration through small cuboid material.

2.2.2 Conservation of mass

The law of conservation of mass states that for any system closed to all

transfers of matter and energy, the mass of the system must remain constant

over time. In my case, the system contains two components, solid and fluid,

which must be conserved. The equations of conservation of mass can be

constructed by taking into account flow through an elementary volume of

a small cuboid material (Figure 2.2).

The fluid mass occupying elementary volume V is mf = ρfVf where ρf is

the fluid density and Vf = ϕV is the fluid volume. Using a mass balance

equation to the net fluid flux of the elementary volume gives the result

∂(ϕρf )

∂t
+ ∇ · (ϕρfvf ) = 0 (2.10)

where ϕ is the active porosity (−), ρf is the fluid density (kg m−3), vf is

the average velocity of the fluid (m s−1) and t is the time (s). The change
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of fluid volume ∆Vf because of loading is

∆Vf = −ϕCf∆pV (2.11)

where Cf is the compressibility of the fluid (Pa−1), ϕ is the active porosity

(−), p is the pore water pressure (Pa), and V is the total volume (m3).

Mass continuity of the fluid can be written as

ρf ′Vf ′ = ρfVf (2.12)

where ρf ′ and Vf ′ are the density and volume of fluid at reference configura-

tion and ρf and Vf are the equivalent variables in the current configuration.

Because ρf = ρf ′ + ∆ρf and Vf = Vf ′ + ∆Vf , Equation (2.12) becomes

∆Vf
Vf

= −∆ρf
ρf

(2.13)

Based on Equations (2.11) and (2.13), the constitutive equation of the fluid

is

dρf
dp

= ρfCf (2.14)

where p is the pore water pressure (Pa), Cf is the compressibility of the fluid

(Pa−1), and ρf is the fluid density (kg m−3). Substituting the constitutive

equation of the fluid phase (2.14) to mass balance equation (2.10) gives us

∂ϕ

∂t
+ ϕCf

∂p

∂t
+ ∇ · (ϕvf ) = 0 (2.15)

The mass of the solid skeleton of elementary volume V is ms = ρsVs where

ρs is the solid density (kg m−3) and Vs = (1−ϕ)V is the solid volume (m3).
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2.2. MODEL FORMULATION

The mass balance equation for the solid skeleton can be expressed as

∂(1 − ϕ)ρs
∂t

+ ∇ · [(1 − ϕ)ρsvs] = 0 (2.16)

where vs is the average velocity of the solid (m s−1), ϕ is the active poros-

ity (−), ρs is the solid density (kg m−3) and t is the time (s). The change

of solid volume ∆Vs because of loading, is also influenced by a rearrange-

ment of the solid particles through the average stress increment with value

−Cs(∆σ−∆p)
1−ϕ V ; hence it becomes

∆Vs = −ϕCs∆pV − Cs(∆σ − ∆p)

1 − ϕ
V (2.17)

where Cs is the compressibility of the solid (Pa−1), σ is the isotropic (av-

erage) total stress (Pa), ϕ is the active porosity (−), p is the pore water

pressure (Pa), V is the total volume (m3), and t is the time (s). Departing

from Equation (2.17) and applying mass continuity (similar to the fluid

phase), the constitutive equation of the solid phase can be written as

∂ρs
∂t

=
ρsCs
1 − ϕ

(
∂σ

∂t
− ϕ

∂p

∂t

)
(2.18)

where p is the pore water pressure (Pa), ρs is the solid density (kg m−3),

ϕ is the active porosity (−), Cs is the compressibility of solid (Pa−1), σ is

the isotropic (average) total stress (Pa), and t is time (s). Substituting the

constitutive equation of the solid phase (2.18) to the mass balance equation

(2.16) reads

−∂ϕ
∂t

+ Cs

(
∂σ

∂t
− ϕ

∂p

∂t

)
+ ∇ · [(1 − ϕ)vs] = 0 (2.19)

I can eliminate the time derivative of the porosity from Equation (2.15)
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and (2.19) by adding these two equations

∇ · vs + ∇ · [ϕ(vf − vs)] + ϕ(Cf − Cs)
∂p

∂t
+ Cs

∂σ

∂t
= 0 (2.20)

The specific discharge q can be defined as the difference between the aver-

age velocity of the fluid vf and the average velocity of the solid vs multiplied

by active porosity ϕ

q = ϕ(vf − vs) (2.21)

Substituting Equation (2.21) to (2.20) and knowing that the first term of

Equation (2.20) is equal to the time derivative of volumetric strain
∂ϵ

∂t
=

∇ · vs, gives us

∂ϵ

∂t
+ ϕ(Cf − Cs)

∂p

∂t
+ Cs

∂σ

∂t
= −∇ · q (2.22)

The specific discharge q is given by the Darcy’s law

q = −k
µ

(∇p− ρfg) (2.23)

where k is the intrinsic permeability (m2), µ is the viscosity of the fluid

(kg m−1 s−1), and g is the gravity vector (m s2) (Bear, 1972). The co-

efficient in Darcy’s law equation (2.23) can be written as a coefficient of

permeability or hydraulic conductivity κ that gives us

∇ · q =
∂qx
∂x

+
∂qy
∂y

+
∂qz
∂z

= −∇ · (κ∇p) (2.24)

For the isotropic case, there are relations between isotropic total stress

σ, isotropic effective stress σ′, volumetric strain ϵ = ϵxx + ϵyy + ϵzz, and
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compressibility of porous material C

σ = σ′ + αp (2.25)

σ′ =
ϵ

C
(2.26)

Finally, making use of Equations (2.22), (2.24), (2.25), (2.26), I can get

α
∂ϵ

∂t
+ Ss

∂p

∂t
= ∇ · (κ∇p) (2.27)

where α = 1−Cs
C

is the Biot’s coefficient (−), κ is the hydraulic conductivity

(m s−1), γf is the volumetric weight of the fluid (N m−3), and Ss is the

specific storage (m−1) (Kim et al., 2011; Coussy, 2004; Jha and Juanes,

2014). The interpretation of Equation (2.27), also known as the storage

equation, is the compression of porous material consists of the compression

of pore fluid and solid particles, plus the amount of fluid expelled from an

element by the flow.

2.3 Numerical computation

I summarize the governing equations and complete the model with appro-

priate boundary conditions. The primary variables are the displacements

and the pore water pressure, because of that there are two distinct sets of

boundary conditions to produce a strong form of the problem. The first is

associated with displacements u and traction t, and the second is associ-

ated with pressure p and flux q. Define a domain Ω and the boundary of
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the domain Γ to get

∇T
σ + b = 0 (2.28)

σ′ = σ − αmp (2.29)

σ′ = Dϵ (2.30)

ϵ = ∇u (2.31)

α
∂ϵ

∂t
+ Ss

∂p

∂t
= ∇ · (κ∇p) (2.32)

with the boundary conditions

u = u on Γu and t = t on Γt (2.33)

p = p on Γp and
∂p

∂n
= q on Γq (2.34)

where Γ = Γu ∪ Γt and Γ = Γp ∪ Γq with n represents the unit normal

vector to Γ.

The weak form of equation of equilibrium can be obtained by multiplying

equation (2.28) with an arbitrary function δu such that δu = 0 on Γu and

integrating over Ω reads

∫
Ω

δu∇T
σ dΩ +

∫
Ω

δub dΩ = 0 (2.35)

Integrating by parts the first term of equation (2.35) and applying Gauss

divergence theorem results in

∫
Ω

(∇δu)Tσ dΩ =

∫
Γt

(δu)T t dΓ +

∫
Ω

(δub)T dΩ (2.36)

I can rewrite the equation (2.36) to become a function of displacement,
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traction, and body force using equation (2.4) and (2.7)

∫
Ω

(∇δu)TD∇δu dΩ −
∫
Ω

(∇δu)Tαmp dΩ =

∫
Γt

(δu)T t dΓ +

∫
Ω

(δub)T dΩ

(2.37)

The discretization of variables u, δu, and p as follows

u = Nũ, δu = Nδũ, p = Npp̃ (2.38)

where N and Np are the shape function matrices of u and p, ũ and p̃ are

the values at the elements nodes. Substituting equation (2.38) to (2.37), I

have

Kũ− Lp̃ = F (2.39)

with

K =

∫
Ω

(∇N)TD∇N dΩ (2.40)

L =

∫
Ω

(∇N)TαmNp dΩ (2.41)

F =

∫
Γt

NT t dΓ +

∫
Ω

NTb dΩ (2.42)

The weak form formulation of conservation of mass is similar with the

equation of equilibrium. Applying the same procedure to equation (2.32)

leads to

∫
Ω

(δp)TαmT∇∂u

∂t
dΩ +

∫
Ω

(δp)TSs
∂p

∂t
dΩ +

∫
Ω

(∇δp)Tκ∇p dΩ =

∫
Γq

(δp)Tκq dΓ

(2.43)
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Substituting equation (2.38) to (2.43) for discretization process provides us

LT ˙̃u + A ˙̃p + Hp̃ = Q (2.44)

with

A =

∫
Ω

(∇Np)TSs∇Np dΩ (2.45)

H =

∫
Ω

Np
Tκ∇Np dΩ (2.46)

Q =

∫
Γq

Np
Tκq dΓ (2.47)

˙̃u =
∂ũ

∂t
(2.48)

˙̃p =
∂p̃

∂t
(2.49)

Finally, equations (2.39) and (2.44) can be written in the following matrix

form as a coupled equations

 0 0

LT A


 ˙̃u

˙̃p

+

K −L

0 H


ũ
p̃

 =

F
Q

 (2.50)
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2.4 Results and discussion

2.4.1 One-dimensional verification

In one dimension (y-axis), the governing equations of poroelasticity Equa-

tions (2.28), (2.29), (2.30), (2.31), (2.32) can be written as

∂σ

∂y
+ ρg = 0 (2.51)

σ′ = σ − αp (2.52)

σ′ = Eϵ (2.53)

ϵ =
∂u

∂y
(2.54)

α
∂ϵ

∂t
+ Ss

∂p

∂t
= κ

∂2p

∂y2
(2.55)

where σ is the total stress (Pa), σ′ is the effective stress (Pa), ρ is the

average density of the porous medium (kg m−3), g is the acceleration of

gravity (m s−2), α is the effective stress coefficient (−), p is the pore water

pressure (Pa), E is the Young’s modulus (Pa), ϵ is the strain (−), u is the

displacement (m), κ is the hydraulic conductivity (m s−1), Ss is the specific

storage (m−1), γw is the specific weight of water (N m−3), and t is the time

(s).

To validate the proposed algorithm, I compare the numerical solution in

one dimension with the analytical solution of Terzhagi’s problem (Terzaghi,

1943). For the one-dimensional test case (Figure 2.3), a uniform vertical

load F is applied on the top surface of a fully saturated sample with height
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Figure 2.3: Terzaghi’s problem illustration with an impermeable and no-
displacement lower boundary and fully drained upper boundary.

H. The boundary conditions for this problem are

p
(
y, 0+

)
= p0 (2.56)

dp

dy
= 0 at y = 0 (2.57)

u(0, t) = 0 (2.58)

p(H, t) = 0 (2.59)

where p is the pore water pressure (Pa) and u is the vertical displacement

(m). The pore water pressure and vertical displacement are expressed as

non-dimensional quantities of normalised pore water pressure P and degree

of consolidation U

P =
p(y, t)

p0
(2.60)

U =
u(y, t) − u(y, 0+)

u(y,∞) − u(y, 0+)
(2.61)

The analytical solutions of Terzaghi’s problem are (Biot, 1941; Verruijt,
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Table 2.1: Input data for numerical and analytical solutions of Terzaghi’s
problem.

Name Symbol Value Unit

Load F 1 × 105 Pa
Initial value of pore water pressure p0 1 × 105 Pa
Young’s modulus E 1 × 108 Pa
Bulk modulus K 5.56×107 Pa
Shear modulus G 4.17×107 Pa
Hydraulic conductivity κ 1 × 10−7 m s−1

Specific storage Ss 1 × 10−5 m−1

Biot’s coefficient α 1 −
Sample height H 1 m

2018; Wang, 2000)

P =
4

π

∞∑
k=1

−1k−1

2k − 1
cos
[
(2k − 1)

π

2

y

H

]
exp

[
−(2k − 1)2

π2

4

cvt

H2

]
(2.62)

U = 1 − 8

π2

∞∑
k=1

1

(2k − 1)2
exp

[
−(2k − 1)2

π2

4

cvt

H2

]
(2.63)

cv =
κ

Ss + α2

K+(4/3)G

(2.64)

where P is the normalised pore water pressure (−), U is the degree of

consolidation (−), cv is the consolidation coefficient (m2 s−1), H is the

sample height (m), κ is the hydraulic conductivity (m s−1), Ss is the specific

storage (m−1), α is the Biot’s coefficient (−), K is the bulk modulus (Pa),

and G is the shear modulus (Pa).

I use 101 nodes and 100 elements to generate the simulation with the input

data stated in Table 2.1. The proposed algorithm shows good performance

indicated by a small error between the numerical and analytical solutions

(Figure 2.4). Furthermore, the mean absolute error for normalised pore

water pressure at the dimensionless time t∗ equal to 0.01, 0.1, 0.5, and 1

are 2.5 × 10−3, 6.3 × 10−4, 3.3 × 10−5, and 2.7 × 10−5, respectively, with

t∗ = (cvt)
H2 . The mean absolute error for the degree of consolidation also
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Figure 2.4: The comparison between numerical and analytical solutions of
Terzaghi’s problem. (a) normalised pore water pressure P with normalised
height H∗ = y/H at various dimensionless time t∗ and (b) degree of con-
solidation U with dimensionless time t∗.

shows a small value of 3.9 × 10−3.
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2.4.2 Two-dimensional verification

In two dimensions (x- and y-axes) the governing equations of poroelasticity

Equations (2.28), (2.29), (2.30), (2.31), (2.32) have the following form

∂σxx
∂x

+
∂σxy
∂y

= 0

∂σyy
∂y

+
∂σxy
∂x

+ ρg = 0

(2.65)

σ′
xx = σxx − αp

σ′
yy = σyy − αp

σ′
xy = σxy

(2.66)

σ′
xx =

E

(1 + ν)(1 − 2ν)
(1 − ν)ϵxx + νϵyy

σ′
yy =

E

(1 + ν)(1 − 2ν)
νϵxx + (1 − ν)ϵyy

σ′
xy =

E

(1 + ν)(1 − 2ν)

(
1 − 2ν

2

)
ϵxy

(2.67)

ϵxx =
∂ux
∂x

ϵyy =
∂uy
∂y

ϵxy =
1

2

(
∂ux
∂y

+
∂uy
∂x

) (2.68)

α
∂ϵ

∂t
+ Ss

∂p

∂t
= ∇ · (κ∇p) (2.69)

where σ is the total stress (Pa), σ′ is the effective stress (Pa), ρ is the

average density of porous medium (kg m−3), g is the acceleration of gravity

(m s−2), ν is the Poisson ratio (−), α is the effective stress coefficient (−), p

is the pore water pressure (Pa), E is the Young’s modulus (Pa), ϵ = ϵxx+ϵyy

is the strain (−), u is the displacement (m), κ is the hydraulic conductivity

(m s−1), Ss is the specific storage (m−1), γw is the specific weight of water

(N m−3), and t is the time (s).

The verification is conducted by comparing numerical solutions with ana-
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Figure 2.5: Mandel’s problem illustration.

lytical solutions from Mandel’s problem (Mandel, 1953). Uniform vertical

load 2F is applied to a rectangular sample through a rigid and frictionless

plate of width 2a and height 2H, with drainage to the two sides in lateral

condition as shown in Figure 2.5. The deformation of the sample is forced

to be an in-plane strain condition, by preventing all deformation in the

direction perpendicular to the plane. The pore water pressure distribution

will be homogeneous at the instant loading, but when drainage starts, the

pore water pressure at two sides, x = −a and x = a, is reduced to zero and

followed by the pore water pressure in the interior. Because the discharge

has only a horizontal component, the pore water pressure, stress and strain

are independent of the y-coordinate. Furthermore, σxx = 0, σxy = 0, ux is

independent of y and uy is independent of x. Since the problem is sym-

metric, we solve only the upper right quadrant of the xy plane. I used

441 nodes and 800 elements to generate the simulations. The data for

analytical and numerical solutions of this problem are stated in Table 2.2.

The analytical solutions of Mandel’s problem for the pore water pressure,

horizontal, and vertical displacement are (Cheng and Detournay, 1988;
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Table 2.2: Input data for numerical and analytical solutions of Mandel’s
problem.

Name Symbol Value Unit

Horizontal distance a 1 m
Consolidation coefficient cv 0.17 m2 s−1

Force F 2 × 104 N
Initial value of pore water pressure p0 1 × 104 Pa
Bulk modulus K 1.2 × 108 Pa
Porosity ϕ 0.375 −
Poisson’s ratio ν 0.2 −
Undrained Poisson’s ratio νu 0.5 −
Hydraulic conductivity κ 1 × 10−5 m s−1

Specific storage Ss 3.5 ×
10−10

m−1

Skempton’s coefficient B 0.95 −
Shear modulus G 4 × 107 Pa

Abousleiman et al., 1996)

p0 =
1

3a
B ( 1 + νu)F (2.70)

ux0 =
Fνux

2µa
(2.71)

uy0 =
F (1 − νu) y

2µa
(2.72)

p =
2FB(1 + νu)

3a

∞∑
i=1

sinαi
αi − sinαi cosαi

(
cos

αix

a
− cosαi

)
exp(−α2

i cvt/a
2)

(2.73)

ux =

[
Fν

2Ga
− Fνu

Ga

∞∑
i=1

sinαi cosαi
αi − sinαi cosαi

exp(−α2
i cvt/a

2)

]
x+

F

G

∞∑
i=1

cosαi
αi − sinαi cosαi

sin
αix

a
exp(−α2

i cvt/a
2)

(2.74)

uy =

[
−F (1 − ν)

2Ga
+
F (1 − νu)

Ga

∞∑
i=1

sinαi cosαi
αi − sinαi cosαi

exp(−α2
i cvt/a

2)

]
y

(2.75)

tanαi =
1 − ν

νu − ν
αi (2.76)
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where p is the pore water pressure (Pa), ux is the horizontal displacement

(m), uy is the vertical displacement (m), F is the force (N), B is the

Skempton’s coefficient (−), G is the shear modulus (Pa), νu is the undrained

Poisson’s ratio (−), ν is the Poisson’s ratio (−), and t is the time (s).

The comparisons between numerical and analytical solutions for Mandel’s

problem for normalised pore water pressure, normalised horizontal dis-

placement, and normalised vertical displacement are shown in Figure 2.6

at various dimensionless time t∗ = cvt/a
2. The mean absolute error for

normalised pore water pressure and displacement is small. The first vari-

able, normalised pore water pressure P , has a mean absolute error around

3.8 × 10−3, 3.8 × 10−4, and 5.2 × 10−6 at dimensionless time equal to 0.01,

0.1, and 0.5 respectively. For the second variable, normalised horizontal dis-

placement u∗x , has a mean absolute error around 2.8× 10−3 and 1.4× 10−6

at dimensionless time equal to 0.1 and 0.5 respectively. Finally, the mean

absolute error of normalised vertical displacement u∗y is about 1.1×10−3 at

dimensionless time equal to 0.1 and 5.8× 10−7 at dimensionless time equal

to 0.5.

Mandel’s problem has an interesting characteristic, in the centre of the

sample the pore water pressure will be higher than the initial pressure for

a small time interval. It is shown in Figure 2.6a, the value of normalised

pore water pressure at t∗ = 0.01 and t∗ = 0.1 is greater than 1. This

phenomenon is denoted as the Mandel-Cryer effect, and it occurs due to

the deformation and rigid plate conditions producing an additional source

term for the pore water pressure distribution (Phillips and Wheeler, 2007;

van Duijn and Mikelic, 2021).
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2.4. RESULTS AND DISCUSSION

Figure 2.6: Numerical and analytical results of Mandel’s problem at various
dimensionless times. normalised pore water pressure P = p

p0
, normalised

horizontal displacement u∗x = ux
ux0

, normalised vertical displacement u∗y =
uy
uy0

.
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2.4.3 Test case

I simulate the consolidation of a one- and two-dimensional layered porous

medium with different physical properties under constant loading. I chose

a layered porous medium as the test case because, in general, peatland

consists of two layers that have a distinct values of hydraulic conductivity,

active porosity, and bulk density (Clymo, 1984; Lewis et al., 2012; Quinton

et al., 2000, 2008; Clymo, 2004). Although two layers assumption might be

inaccurate representation of the peatland, the simplification offered by this

approach is crucial in the early development of the algorithm. The first

problem to be considered is the one-dimensional system consisting of two

layers with different hydraulic conductivity, active porosity, and Young’s

modulus, as shown in Table 2.3. The lower boundary is impermeable and

rigid, while the upper boundary is fully drained. The boundary conditions

at the interface between two layers for the pore water pressure and solid

displacement are continuous.

The height of the sample is 1 m, with the first layer starting from 0 m until

0.8 m and the second layer starting from 0.8 m until 1 m (Figure 2.7). I

use 101 nodes and 100 elements to generate the simulation with dt equal

to 0.1 second. The uniform load with the value of 10 kPa is applied at

the top surface, which results in the dissipation of pore water pressure and

displacement of solid particles but at a different rate, depending on the

layer’s physical properties.

At the initial time t = 0, the pore water pressure is uniform throughout the

sample with the value equal to 1×105 Pa. The pore water pressure will start

to dissipate at t = 0+ when the load is applied to the top surface and the

consolidation process is taking place. The simulation results of the layered

sample show a rapid decrease of pore water pressure at the height of 0.8 m
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Table 2.3: Input data for one-dimensional layered test case.

Name Symbol Value Unit

Load F 1 × 104 Pa
Initial value of pore water pressure p0 1 × 105 Pa
Hydraulic conductivity first layer κ1 1 × 10−7 m s−1

Active porosity first layer ϕ1 0.3 −
Young’s modulus first layer E1 3 × 105 Pa
Specific storage first layer Ss1 1.4 ×

10−2

m−1

Hydraulic conductivity second layer κ2 1 × 10−3 m s−1

Active porosity second layer ϕ2 0.8 −
Young’s modulus second layer E2 5 × 105 Pa
Specific storage second layer Ss2 1.4 ×

10−2

m−1

Figure 2.7: The illustration of two layered sample in one dimension. The
lower boundary is impermeable and no displacement, while the upper
boundary is fully drained. At the height of 0.8 m, which is the transition
between first and second layer, the boundary conditions are continuous.
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Table 2.4: Input data for two-dimensional layered test case.

Name Symbol Value Unit

Load F 1 × 104 Pa
Initial value of pore water pressure p0 1 × 104 Pa
Hydraulic conductivity first layer κ1 1 × 10−7 m s−1

Active porosity first layer ϕ1 0.3 −
Young’s modulus first layer E1 3 × 105 Pa
Specific storage first layer Ss1 1.4 ×

10−2

m−1

Poisson ratio first layer ν1 0.2 −
Hydraulic conductivity second layer κ2 1 × 10−3 m s−1

Active porosity second layer ϕ2 0.8 −
Young’s modulus second layer E2 5 × 105 Pa
Specific storage second layer Ss2 1.4 ×

10−2

m−1

Poisson ratio second layer ν2 0.2 −

due to the transition from the first to the second layer with 104 hydraulic

conductivity contrast (Figure 2.8). The high hydraulic conductivity value

of the second layer leads to more significant water discharge and lower pore

water pressure.

In the one-dimensional linear elasticity problem, the solid displacement is

only determined by Young’s modulus, which represents the stiffness of the

material. The material with a higher Young’s modulus will experience lower

vertical displacement under the same loading. However, in the poroelas-

ticity problem, the changes in pore water pressure provide feedback on the

solid displacement through effective stress. My proposed algorithm cap-

tures this phenomenon properly. The vertical displacement of the layered

sample increases significantly at the height of 0.8 m due to the low pore

water pressure, although Young’s modulus of the second layer is higher

compared to the first layer (Figure 2.8).

The second test case is consolidation in the two-dimensional rectangle sys-

tem with two layers. Similar to the first test case, I employed different
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2.4. RESULTS AND DISCUSSION

Figure 2.8: The profile of pore water pressure (blue) and vertical displace-
ment (brown) of two layered sample after (a) 100 s, (b) 1000 s, and (c)
10000 s. The layer transition occurs at the height of 0.8 m.

physical properties, including hydraulic conductivity, active porosity, and

Young’s modulus, summarised in Table 2.4. The system is bounded by

an impermeable wall at the bottom, left, and top but fully drained on the
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2.4. RESULTS AND DISCUSSION

Figure 2.9: The illustration of two layered sample in two dimension. For
the fluid boundary, bottom, left and top sides are impermeable, while the
right side is fully drained. For the solid boundary, no displacement for the
bottom and left, but free to deform at the top and right sides. At the
height of 0.8 m, which is the transition between first and second layer, the
boundary conditions are continuous. The green arrows indicate the flow of
the water.

right side. Therefore, when the load is applied to the top surface, the fluid

will start to drain on the right side. The boundary conditions for the solid

are no vertical and horizontal displacement at the bottom and left but free

to displace at the top and right sides (Figure 2.9).

The sample is 1 × 1 m, which is divided into 441 nodes and 800 elements

with a uniform grid of 0.05 m in the vertical and horizontal direction. Below

the height of 0.8 m I used physical properties from the first layer, while

above 0.8 m I applied the second layer physical properties. The total time

and dt that are used in this simulation are equal to 10000 seconds and

0.1 seconds, respectively. I found that the pore water pressure dropped

significantly above 0.8 m due to the high value of hydraulic conductivity of

the second layer (Figure 2.10a). Furthermore, the fully drained boundary

condition on the right side also produces low pore water pressure in the

porous medium. For the solid deformation, the area on the top right side
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Figure 2.10: (a) The profile of pore water pressure, (b) horizontal displace-
ment, and (c) vertical displacement of the two layered sample after 10000
s. The layer transition occurs at the height of 0.8 m.
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experiences maximum deformation in the horizontal (Figure 2.10b) and

vertical direction (Figure 2.10c) because of the low pore water pressure

together with the boundary conditions of the solid employed in this test

case.

The proposed model appropriately solves the consolidation problem of lay-

ered systems in one and two dimensions. Although the ratio in hydraulic

conductivity between the first and second layers is in order 104, the numer-

ical calculation produces stable output for pore water pressure and solid

deformation. The small value of mean absolute error between numerical

and analytical results in the verification process and the plausible results

from numerical test cases under remarkable contrast of hydraulic conduc-

tivity confirm the suitability of the proposed model to simulate peatland

mechanics.

The mathematical models and numerical solver of poroelasticity explained

in this chapter become the essence of the peatland growth model called

MPeat, which incorporates fully coupled mechanical, ecological, and hy-

drological feedback on the peatland. The next chapter provides the for-

mulation of MPeat in one dimension, representing the central column of a

peatland.
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Chapter 3

A fully coupled

mechanical-ecohydrological

model of peatland

development in one dimension

3.1 Introduction

In this chapter, I propose a model for long-term peatland development

incorporating the interactions between mechanical, ecological, and hydro-

logical processes called MPeat in one dimension. The proposed model is

formulated via poroelasticity theory, which couples fluid flow and solid de-

formation, explained in Chapter 2. I employ MPeat to analyse the changes

in peat physical properties and to consider the potential implications of

mechanical feedback on peatland ecohydrology and carbon stock resilience.

The content of this chapter is published in Ecohydrology (Mahdiyasa et al.,

2022).
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3.1. INTRODUCTION

Peatlands are complex systems (Belyea, 2009; Belyea and Baird, 2006)

with the potential to shift dramatically between equilibrium states in re-

sponse to environmental change, potentially releasing large quantities of

carbon (Jackson et al., 2017; Loisel et al., 2017; Lunt et al., 2019; Yu et al.,

2010). One approach to understanding this complex behaviour is through

mathematical models that provide insight into the functioning of the peat-

land system on a wide range of timeframes and particularly beyond the

timeframes of direct observation. These mathematical models of peatland

development enable us to analyse nonlinear behaviour because of the inter-

nal feedback mechanisms (Hilbert et al., 2000; Morris et al., 2011) and the

effects of past or future events on peatland carbon storage, for example,

climate change (Heinemeyer et al., 2010; Ise et al., 2008; Yu et al., 2001)

or drainage (Young et al., 2017).

The most advanced peatland development models are based on ecohydro-

logical processes. For example, the one-dimensional Holocene Peat Model

(HPM) (Frolking et al., 2010) groups peatland vegetation into 12 plant

functional types (PFTs) based on their characteristics, the quantities of

which are determined by the water table depth and nutrient status. As-

sociated with each PFT is a productivity and a decomposition rate, the

balance of which determines rates of peat accumulation. The effect of

decomposition is tracked for each peat cohort in terms of the remaining

mass, which in turn determines the bulk density, hydraulic conductivity,

and porosity. DigiBog (Baird et al., 2012; Morris et al., 2012, 2011), a

one, two, or three-dimensional peatland development model, is built on

a series of coupled ecological and hydrological processes that are divided

into plant litter production, decomposition, hydraulic properties, and a

hydrological submodel. The hydrological submodel determines water table

position and hence litter production and decomposition, which in turn af-
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fects hydraulic conductivity. However, bulk density and drainable porosity

are held constant. The potential problem with this approach is that HPM,

DigiBog, and similar models (e.g., Heinemeyer et al., 2010; Hilbert et al.,

2000; Swinnen et al., 2019) ignore the mechanical cause of changes in peat

physical properties that have the potential to influence the ecohydrology

and peatland resilience. Examples of such mechanical effects that cannot

be captured in these models include variable loading of the peat surface as

productivity changes, the motion of the peat surface in response to changes

in the height of the water table, and mechanical failure of the peat body.

Peat is a mechanically weak, poroelastic material due to its extremely high

water content and void ratio with values ranging between 500% - 2000%

and 7.5 - 30, respectively (Hanrahan, 1954; Hobbs, 1986, 1987; Mesri and

Ajlouni, 2007). As a result, the changes in peat pore structure, which sig-

nificantly influence hydraulic properties, are not only determined by pro-

gressive decomposition (Moore et al., 2005; Quinton et al., 2000) but also

compression. Hydraulic conductivity decreases when the water table drops

due to the mechanical deformation in the pore structure (Whittington and

Price, 2006), an important process that can reduce water discharge from

peatland. In a similar way, the enhancement of water input will expand the

pore space that leads to an increase in hydraulic conductivity, promoting

higher water loss from peatland. Swelling or shrinking of the pore space

caused by mechanical deformation leads to the seasonal surface fluctuation,

with the magnitude determined by several factors, such as Young’s modu-

lus, which is a measure of the stiffness of an elastic material, gas content,

and loading effects (Glaser et al., 2004a; Reeve et al., 2013).

The objectives of this chapter are to (1) present a fully coupled mechanical-

ecohydrological model of peatland development in one dimension, (2) assess

the variations in peat physical properties, including bulk density, active
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3.2. MODEL FORMULATION

porosity (pores that actively transmit water (Hoag and Price, 1997)), and

hydraulic conductivity, as part of the internal feedback mechanism, (3)

analyse the role of mechanical processes on the peatland behaviour.

3.2 Model formulation

MPeat in one dimension is conceptualised as a column of peat at the cen-

tre of a peatland with a new layer added every time step. As the peatland

develops, its physical properties are affected by the feedback from the me-

chanical, ecological, and hydrological processes through the coupling be-

tween fluid flow and solid deformation, which is known as poroelasticity,

and this is the essence of my model (Figure 3.1). Peatland accumulates

carbon since peat addition is generally greater than peat decomposition.

The rate of decay is high in the unsaturated zone above the water table,

while in the saturated zone below the water table, the rate of decay is much

lower. Peat that is more decomposed becomes susceptible to deformation

because of the decrease in strength and Young’s modulus. This deforma-

tion affects the structure of pore space, represented by the change in bulk

density, active porosity, and hydraulic conductivity. To accommodate this

process, I define physical properties functions as follows

ρ = ρ(b, u, z) (3.1)

ϕ = ϕ(b, u, z) (3.2)

κ = κ(ϕ) (3.3)

E = E(θ) (3.4)

where ρ is the bulk density (kg m−3), ϕ is the active porosity (−), κ is

the hydraulic conductivity (m s−1), E is the Young’s modulus (Pa), b is the
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3.2. MODEL FORMULATION

Figure 3.1: Schematic illustration of MPeat explains the interactions be-
tween peat physical properties, including bulk density, active porosity, hy-
draulic conductivity and Young’s modulus through the coupling between
fluid flow and solid deformation.

peatland height (m), u is the vertical displacement (m), z is the water table

depth (m), and θ is the remaining mass (−). MPeat is divided into three

submodels, mechanical, ecological, and hydrological as explained below.

3.2.1 Mechanical submodel

The mechanical submodel is developed from poroelasticity formulation,

which is divided into two categories, i.e., fully saturated and unsaturated,

to accommodate the peatland characteristics. The fully saturated poroelas-

ticity is employed to analyse the features of the saturated zone and follows

Biot’s theory of consolidation (Biot, 1941). For the one-dimensional case

and without the influence of body force, the governing equations are sum-

marised as follows
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3.2. MODEL FORMULATION

∂σ

∂y
= 0 (2.51 revisited)

σ′ = σ − αp (2.52 revisited)

σ′ = Eϵ (2.53 revisited)

ϵ =
∂u

∂y
(2.54 revisited)

α
∂ϵ

∂t
+ Ss

∂p

∂t
= κ

∂2p

∂y2
(2.55 revisited)

where σ is the total stress (Pa), σ′ is the effective stress (Pa), ϵ is the

strain (−), u is the vertical displacement (m), E is the Young’s modulus

(Pa), α is the Biot’s coefficient (−), p is the pore water pressure (Pa), κ

is the hydraulic conductivity (m s−1), and Ss is the specific storage (m−1).

In this formulation, the vertical head gradient is contained in the pore

water pressure, which in turn influences the effective stress. Furthermore,

the lower boundary is impermeable and experiences no displacement, while

the upper boundary is fully drained.

In the unsaturated zone, water and air occupy the pore space. As the

depth of the unsaturated zone is usually less than 0.5 m (Ballard et al.,

2011; Ingram, 1982; Swinnen et al., 2019), I assume air pressure equal to at-

mospheric pressure. By making this assumption, Equation (2.55 revisited)

can be extended to represent the unsaturated zone as

αw
∂ϵ

∂t
+

1

Mw

∂p

∂t
= κ

∂2p

∂y2
(3.5)

The parameters αw and Mw depend on the degree of saturation of water
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(Cheng, 2020)

αw = Sw (3.6)

Mw =
γw(1 − λ)

ϕλµ
S−1/λ
w

(
1 − S1/λ

w

)λ
(3.7)

where Sw is the degree of saturation of water (−), γw is the specific weight

of water (N m−3) , ϕ is the active porosity (−), λ is the first water retention

empirical constant (−), µ is the second water retention empirical constant

(m−1), ϵ is the strain (−), p is the pore water pressure (Pa), and κ is the

hydraulic conductivity (m s−1).

The mechanical submodel is described in terms of a partial differential

equation with two independent variables that are space y and time t, while

ecological and hydrological submodels only contain time t as an indepen-

dent variable on their differential equation. To provide a fully coupled

model, the space discretisation in the mechanical submodel is obtained

from the layer thickness as follows

h =
m

ρ
(3.8)

where h is the layer thickness (m), m is the peat mass per unit area (kg m−2)

and ρ is the bulk density (kg m−3).

Mechanical deformation of the peat body cannot be separated from wa-

ter table depth, peat production, and decomposition. Water table depth

determines peat production and plant weight at the top surface (see the

Ecological submodel section below), which have a role as load sources. Be-

sides that, water table depth also influences the effective stress because a

deeper water table position leads to higher effective stresses and increases

deformation. This process reduces the void space and brings the solid par-
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ticles into closer contact with one another through vertical displacement,

increasing the bulk density and decreasing active porosity

ρt = ρt−1

(
bt−1

bt−1 − ut−1 (1 + βzt−1)

)
(3.9)

ϕt = ϕt−1

(
bt−1 − ut−1 (1 + βzt−1)

bt−1

)
(3.10)

where ρ is the bulk density (kg m−3), ϕ is the active porosity (−), b is

the peatland height (m), u is the vertical displacement (m), β is the bulk

density and active porosity parameter (m−1), and z is the water table

depth (m). The subscripts indicate the updated value of bulk density

and active porosity from the previous time. The other factor that affects

mechanical deformation significantly is decomposition. Zhu et al. (2020)

showed that the decomposition reduces the strength and Young’s modulus

of dead roots, one of the main constituents of peat fibre. This result leads

us to the conclusion that the Young’s modulus should decrease as peat

decompose. For the initial model, I propose an equation that includes the

effect of decomposition on the peat Young’s modulus as a linear function

Et = χ
(
1 + θt

ζ
)

(3.11)

where E is the Young’s modulus (Pa), θ is the remaining mass (−), χ is the

first Young’s modulus parameter (Pa) and ζ is the second Young’s modulus

parameter (−).

3.2.2 Ecological submodel

Peat production follows the equation from Morris et al. (2015), which de-

pends not only on the water table depth but also on the air temperature.

This equation is the development of Belyea and Clymo (2001) and can be

71



3.2. MODEL FORMULATION

written as

ψ =


0.001(9.3 + 133z − 0.022(100z)2)2(0.1575Temp+ 0.0091) for 0 ≤ z ≤ 0.668

0 for z > 0.668

(3.12)

where ψ is the peat production (kg m−2 yr−1), z is the water table depth

(m), Temp is the air temperature (◦C). Peat production has a strong

relationship with above-ground biomass that can be used to model the plant

weight at the top surface through the equation and data from Moore et al.

(2002). To accommodate the wet condition of the plant that consists of

shrub, sedge or herb, and Sphagnum, I multiply each type with a constant

that is obtained from its water content. Thus, I write the equation for

plant weight

Υ = c1

(
10

log10(ψ)+0.409
0.985

)
(1 + d1) g + c2

(
10log10(ψ)+0.001

)
(1 + d2) g + (c30.144) (1 + d3) g

(3.13)

where Υ is the plant weight (Pa), ψ is the peat production (kg m−2 yr−1), g

is the acceleration of gravity (m s−2), c1, c2, c3 are the plant proportions (−)

and d1, d2, d3 are the constants for plant wet condition (−) with the indices

1,2,3 indicating shrub, sedge or herb, and Sphagnum, respectively. Besides

peat production, the accumulation of mass in the peatland is also influenced

by the decomposition process. It occurs in both zones, unsaturated and

saturated, but at a different rate. If I assume that the rate of decay is

constant at each zone, then the change of mass because of decay can be

modelled as (Clymo, 1984)

dm

dt
= −ηm (3.14)
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where m is the mass per unit area (kg m−2) and η is the rate of decay (yr−1).

Furthermore, the quotient between mass at time t, which has experienced

decay, and the initial mass gives us the remaining mass of the peat, or

formally

θt =
mt

m0

(3.15)

where θ is the remaining mass (−), mt is the mass per unit area at time t

(kg m−2), and m0 is the initial mass per unit area (kg m−2).

3.2.3 Hydrological submodel

The change in active porosity due to compression affects hydraulic conduc-

tivity because water cannot move easily as the pore size becomes smaller.

Therefore, one of the ways to model the relationship between hydraulic

conductivity and active porosity is

κt = κ0

(
ϕt
ϕ0

)ξ
(3.16)

where κ is the hydraulic conductivity (m s−1), κ0 is the initial value of

hydraulic conductivity (m s−1), ϕ is the active porosity (−), ϕ0 is the initial

value of active porosity (−), and ξ is the hydraulic conductivity parameter

(−). The effect of compression on the peat pore structure depends on

Young’s modulus, which is a function of decay. Consequently, I can also

interpret hydraulic conductivity in Equation (3.16) as an implicit function

of decay.

The water table varies over time in response to the internal and external

factors, including change in the active porosity, hydraulic conductivity,

peatland radius, and net rainfall. I employ the equation from Childs (1969)
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(see also Swindles et al. (2012)) to predict the water table height at the

centre of the circular peatland

dH

dt
=
r

ϕ
− 2κH2

l2ϕ
(3.17)

where H is the water table height (m), r is the net rainfall (m yr−1), l is the

peatland radius (m), ϕ is the active porosity (−), and κ is the hydraulic

conductivity (m yr−1). The difference between peatland height and water

table height at time t result in the water table depth of the peatland, or

mathematically

z = b−H (3.18)

where z is the water table depth (m) and b is the peatland height (m).

Water table height cannot exceed peatland height because I assume all the

water will flow as surface water over the peatland area.

3.2.4 Numerical formulation and verification

Poroelasticity is used to couple mechanical, ecological, and hydrological

submodels through the changes in peat physical properties, including bulk

density, active porosity, hydraulic conductivity, and Young’s modulus. These

changes simultaneously affect the calculations from each submodel. There-

fore, in the MPeat, each submodel does not run sequentially to obtain the

final results.

I apply the finite element method (e.g., Zienkiewicz et al., 2013) to ap-

proximate the solution of the mechanical submodel in which the primary

variables are solid displacement and pore water pressure. I compare the

numerical solution of a fully saturated case with the analytical solution
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of Terzaghi’s problem (Terzaghi, 1925, 1943) to validate the finite element

algorithm. The proposed algorithm shows good performance indicated by

a small error between the numerical and analytical solutions. The highest

value of mean absolute error for normalized pore water pressure and degree

of consolidation are 2.5×10−3 and 3.9×10−3, respectively (see Chapter 2 for

the full formulation and verification of the one-dimensional poroelasticity

model).

The ecological and hydrological submodels are solved using the finite dif-

ference method, which is similar to Morris et al. (2015) but with two main

differences. First, the formulation and assumption to calculate the changes

in peat physical properties. Second, the influence of air temperature on the

decomposition process.

3.3 Model implementation

To illustrate how MPeat works, I simulate peatland vertical growth with

a fixed radius and flat substrate for 6000 years using annual time steps. I

assume that peat is an elastic material (Waddington et al., 2010), with fluid

flow through pore space following Darcy’s law. The substrate properties

are impermeable and stiff, so at the base layer the peat physical properties

are not affected by compression of the substrate. In this model, the load is

associated with a surficial peat addition (Equation (3.12)) and plant weight

(Equation (3.13)), representing the natural condition of the peatland.
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Table 3.1: Symbols and parameter default values for the simulations.

Name Symbol Value Unit Reference

Unsaturated zone de-

cay rate

ηun 5 × 10−2 yr−1 (Clymo, 1984)

Saturated zone decay

rate

ηsa 8 × 10−5 yr−1 (Clymo, 1984)

Biot’s coefficient α 1 − (Terzaghi,

1943)

Bulk density initial

value

ρ0 50 kg m−3 (Lewis et al.,

2012)

Carbon content C 0.4 − (Loisel et al.,

2014)

Active porosity initial

value

ϕ0 0.8 − (Quinton

et al., 2000)

Bulk density and ac-

tive porosity parame-

ter

β 1 m−1 Present study

Hydraulic conductiv-

ity initial value

κ0 1 × 10−2 m s−1 (Hoag and

Price, 1995)

Hydraulic conductiv-

ity parameter

ξ 15 − Present study

Degree of saturation of

water

Sw 0.4 − Present study

Water retention em-

pirical constant 1

λ 0.5 − Present study

Water retention em-

pirical constant 2

µ 0.4 m−1 Present study

Continued on next page
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Table 3.1 – Continued from previous page

Name Symbol Value Unit Reference

Specific storage Ss 1.4 × 10−2 m−1 (Hogan et al.,

2006)

Specific weight of wa-

ter

γw 9800 N m−3 (Cheng, 2020)

Peatland radius l 500 m Present study

Young’s modulus pa-

rameter 1

χ 2 × 105 Pa Present study

Young’s modulus pa-

rameter 2

ζ 0.1 − Present study

Shrub proportion c1 0.61 − (Moore et al.,

2002)

Sedge or herb propor-

tion

c2 0.09 − (Moore et al.,

2002)

Sphagnum proportion c3 0.3 − (Moore et al.,

2002)

Shrub constant d1 0.4 − Present study

Sedge or herb constant d2 0.4 − Present study

Sphagnum constant d3 20 − (McNeil and

Waddington,

2003)

I run two groups of simulations based on annual air temperature and net

rainfall with the parameter values summarised in Table 3.1. For the first

group, I employ constant values for those two variables that are 6 ◦C and

0.8 m yr−1. Although this approach is not realistic, it gives baseline results
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Figure 3.2: The constant and non-constant climate profile over 6,000 years.
In the constant case, the value of (a) air temperature and (b) net rainfall are
6 ◦C and 0.8 m yr−1, while in the non-constant case, the value of air temper-
ature and net rainfall ranging between 4◦C−8◦C and 0.6m yr−1 − 1 m yr−1.

and preliminary information to understand the model. Furthermore, this

simplification is crucial for comparison purposes due to the high level of

control of the model before proceeding to the next case. In the second

group, I simulate the model using a more realistic climate, non-constant

annual air temperature and net rainfall, developed from the sinusoidal func-

tion with some noise (Figure 3.2). I do not use the climate reconstruction

model (e.g., Fischer and Jungclaus, 2011; Mauri et al., 2015; Pauling et al.,

2006) because I want to keep it as simple as possible while also maintaining

the effect of variable climate on the peatland growth over millennia.

I compare the simulation results of MPeat with DigiBog and HPM for

peatland height, cumulative carbon, and water table depth under constant

and non-constant climate. DigiBog parameters are obtained from Morris

et al. (2015) except for the unsaturated zone decay rate, saturated zone

decay rate, and initial bulk density, which are the same as MPeat values.

HPM parameters, plant functional types, and formulation, which includes

the effect of air temperature, are obtained from Frolking et al. (2010) and

Treat et al. (2013), with the potential increase in bulk density ∆ρ is equal

to 50 kg m−3. For all three models, the cumulative carbon is formulated

from cumulative organic mass multiplied by 40% of carbon content based
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on Loisel et al. (2014).

MPeat sensitivity analysis is conducted by changing the physical properties

parameters of the model, i.e., Young’s modulus parameters χ and ζ, and

hydraulic conductivity parameter ξ. This is because field measurements of

the Young’s modulus and hydraulic conductivity of peat indicate that they

have a wide range of values. I change the value of one parameter and all

others remain the same as the baseline value (Table 3.1) for each simulation.

Output variables examined from the sensitivity analysis include the value

of bulk density, active porosity, hydraulic conductivity, Young’s modulus,

peatland height, and cumulative carbon.

3.4 Simulation results

3.4.1 Group 1: Constant air temperature and net

rainfall

The changes of peat physical properties with respect to depth (Figure 3.3)

show that they have similar patterns that are a rapid shift around the depth

of the water table, evolving to a relatively constant value in the saturated

zone. However, within the saturated zone the trend changes abruptly at

depths below 3 m due to the formation of the unsaturated zone about 400

years after peatland initiation (Figure 3.4c, MPeat). In particular, below 3

m the bulk density value decreases dramatically while active porosity, hy-

draulic conductivity, and Young’s modulus values experienced a significant

increase.

Comparison of MPeat to DigiBog and HPM (Figure 3.4) illustrates that

all models produce similar long-term trends but with a number of key
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Figure 3.3: The profile of peat physical properties with depth, including
(a) bulk density, (b) active porosity, (c) hydraulic conductivity, (d) and
Young’s modulus after 6,000 simulated years under constant climate.

differences. After 6000 years, peatland height estimated from MPeat (3.27

m) is lower than DigiBog (6.01 m) but relatively similar to HPM (3.25 m).

MPeat simulates the highest cumulative carbon (123 kg C m−2) compared

to DigiBog (121 kg C m−2) and HPM (120 kg C m−2). MPeat also predicts

the water table depth around 0.28 m in the final simulation year, while

DigiBog and HPM predict around 0.39 m and 0.29 m, respectively.
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Figure 3.4: The comparison among MPeat, DigiBog, and HPM for (a)
peatland height, (b) cumulative carbon, and (c) water table depth under
constant climate.

3.4.2 Group 2: Non-constant air temperature and

net rainfall

The fluctuations of air temperature and net rainfall provide a significant

influence on the peat physical properties in the saturated zone. For exam-

ple, the decrease in bulk density from 110 to 98 kg m−3 at a depth about

2.79 to 2.42 m (Figure 3.5a), and over the same interval, an increase in ac-

tive porosity (Figure 3.5b) and hydraulic conductivity (Figure 3.5c) from

approximately 0.36 to 0.41 and 7.34 × 10−8 to 3.82 × 10−7 m s−1 respec-

tively corresponds to an abrupt shift to a cooler and wetter climatic interval

around 5000 − 4200 years BP (Figure 3.2). The opposite patterns of bulk

density, active porosity, and hydraulic conductivity occur at a depth about

2.42 to 2.13 m due to a warmer and drier climatic interval around 4200 −

3600 years BP. The effect of climate change is less pronounced on Young’s
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Figure 3.5: The profile of peat physical properties with depth, including
(a) bulk density, (b) active porosity, (c) hydraulic conductivity, (d) and
Young’s modulus after 6,000 simulated years under non-constant climate.

modulus due to its high fluctuations (Figure 3.5d). Young’s modulus is

controlled solely by the remaining mass, and peatland internal feedback

mechanisms are likely to overwrite climate signal preservation contained in

the remaining mass.

MPeat estimates lower peatland height than DigiBog (3.36 m vs. 5.99 m)

but a greater peatland height than the HPM (3.36 m vs. 2.64 m) after 6000

years (Figure 3.6a). MPeat simulates the highest cumulative carbon (131

kg C m−2), compared to DigiBog (120 kg C m−2) and HPM (98 kg C m−2)
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Figure 3.6: The comparison among MPeat, DigiBog, and HPM for (a)
peatland height, (b) cumulative carbon, and (c) water table depth under
non-constant climate.

(Figure 3.6b), which is similar to those of Group 1. The range of water

table depths simulated by MPeat, DigiBog, and HPM are 0.15 to 0.38 m,

0.22 to 0.67 m, and 0.25 to 0.58 m, respectively, without including the

initiation time when the unsaturated zone is not well developed (Figure

3.6c). Furthermore, water table depth simulated by DigiBog and HPM

experiences sudden increases, particularly in the last 2000 years, increases

that are absent from the MPeat simulation. In general, MPeat produces

smoother profiles of peatland height, cumulative carbon, and water table

depth under non-constant climates.

3.4.3 Sensitivity analysis

Changing Young’s modulus parameters (χ and ζ, Equation (3.11)) revealed

that the other physical properties as well as peatland height and cumula-
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tive carbon, are affected by the initial parameters that determine Young’s

modulus. Under constant climate (Figure 3.7), increasing the first Young’s

modulus parameter χ to 3 × 105 Pa resulted in a higher Young’s modu-

lus value to the range of 5 × 105 − 6 × 105 Pa, which in turn reduced

the bulk density to 50 − 81 kg m−3 but increased the active porosity and

hydraulic conductivity to the interval of 0.49 − 0.8 and 6.65 × 10−6 −

1 × 10−2 m s−1, respectively. A stiffer peat is less affected by compression,

which leads to lower water retention due to higher hydraulic conductivity.

Therefore, by increasing χ to 3 × 105 Pa, peatland height and cumulative

carbon decreased by about 16% and 33% compared to the baseline value

after 6000 years (Figure 3.4, MPeat). On the other hand, increasing the

second Young’s modulus parameter ζ to 0.15 resulted in the lower Young’s

modulus (3 × 105 − 4 × 105 Pa) and consequently higher bulk density (50

− 111 kg m−3) but lower active porosity (0.36 − 0.8) and hydraulic con-

ductivity (6.32 × 10−8 − 1 × 10−2 m s−1). These conditions increased the

peatland height and cumulative carbon by about 2% and 6% in the final

simulation year.

Under non-constant climate (Figure 3.8), the influence of parameters χ

and ζ on the output variables are similar to the constant climate case.

Increasing χ to 3 × 105 Pa resulted in the lower bulk density (50 − 84

kg m−3) but higher active porosity (0.47 − 0.8) and hydraulic conductivity

(4.04 × 10−6 − 1 × 10−2 m s−1). As a consequence, peatland height and

cumulative carbon were reduced by about 17% and 34%compared to the

baseline value after 6000 years (Figure 3.6, MPeat). Changing ζ to 0.15

increased bulk density (50 − 115 kg m−3) but decreased active porosity

(0.35 − 0.8) and hydraulic conductivity (3.73 × 10−8 − 1 × 10−2 m s−1),

which in turn resulted in higher peatland (3.42 m) and cumulative carbon

(139 kg C m−2) after 6000 years.
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Figure 3.7: MPeat sensitivity analysis with the output variables including
(a) bulk density ρ, (b) active porosity ϕ, (c) hydraulic conductivity κ, (d)
Young’s modulus E , (e) peatland height, and (f) cumulative carbon by
changing the values of Young’s modulus parameters χ and ζ, and hydraulic
conductivity parameter ξ under constant climate. In the base runs (Figure
3.3 and Figure 3.4, MPeat) χ = 2 × 105 Pa, ζ = 0.1, and ξ = 15.

The hydraulic conductivity parameter (ξ, Equation (3.16)) controls the de-

cline of the hydraulic conductivity value as the active porosity becomes

smaller due to the compression. Under constant climate, decreasing ξ to

12.5, which was associated with an increase in hydraulic conductivity value
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Figure 3.8: MPeat sensitivity analysis with the output variables including
(a) bulk density ρ, (b) active porosity ϕ, (c) hydraulic conductivity κ, (d)
Young’s modulus E , (e) peatland height, and (f) cumulative carbon by
changing the values of Young’s modulus parameters χ and ζ, and hydraulic
conductivity parameter ξ under non-constant climate. In the base runs
(Figure 3.6 and Figure 3.7, MPeat) χ = 2 × 105 Pa, ζ = 0.1, and ξ = 15.

to the range of 8.80 × 10−7 − 1 × 10−2 m s−1, reduced the peatland height

by about 0.33 m and resulted in about 13 kg C m−2 lower cumulative car-

bon compared to the baseline value after 6000 years. Under non-constant

climate and ξ equal to 12.5, hydraulic conductivity increased to interval
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5.28× 10−7 − 1× 10−2 m s−1, which reduced peatland height and cumula-

tive carbon by about 0.35 m and 14 kg C m−2 in the final simulation year.

However, changing ξ had little impact on the other physical properties.

3.5 Discussion

My results illustrate the influence of poroelastic deformation on the ecohy-

drological processes that lead to peat accumulation. As expected (Fenton,

1980; Quinton et al., 2000; Waddington et al., 2010; Whittington and Price,

2006), the most significant compaction in my model occurs at the transition

from the unsaturated to the saturated zone. At this transition, peat expe-

riences high effective stress due to unsaturated conditions. This results in

the collapse of the pore structure, increasing bulk density and decreasing

active porosity and hydraulic conductivity. The condition is different in

the saturated zone where pore water pressure reduces the effective stress

generating a relatively stable value of the physical properties (Figure 3.3a,

3.3b, and 3.3c). This finding is in line with expectations and field mea-

surement from Price (2003), who observes that effective stress decreases

substantially below the water table.

Because most of the mechanical deformation occurs in the unsaturated

zone, MPeat illustrates how water table depth has a considerable impact on

the peat physical properties. During warming and drying climatic events,

as depth to the water table increases, the value of bulk density increases

and active porosity and hydraulic conductivity decline (Figure 3.5a, 3.5b,

and 3.5c). As observed in the field (Price et al., 2003), this mechanical

behaviour acts to reduce water loss and increase drought resilience. In ad-

dition, compression also reduces peat volume, causing the peatland surface
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to drop. This drop in the peat surface acts to maintain the relative posi-

tion of the water table, which in turn helps sustain PFTs associated with

wet surface conditions (Schouten, 2002; Waddington et al., 2015). Con-

versely, a water surplus condition in the cooling and wetting period raises

the water table, expands pore space, and decreases effective stress. This

condition reduces bulk density and increases active porosity and hydraulic

conductivity, leading to lower water retention and raising drainage poten-

tial. Such variations in peat physical properties within the saturated zone

are routinely observed in cores and measured as dry bulk density. MPeat,

therefore, has the capacity to model peat bulk density profiles in a way

that can be compared to and complement other paleoclimatic indicators.

3.5.1 Comparison to other ecohydrological models

MPeat, DigiBog, and HPM provide similar long-term trends of peatland

development, which indicates they are capable of describing the general

evolution of a peatland, including the changes in height, cumulative car-

bon, and water table depth. However, they have essential differences. The

key difference between MPeat and DigiBog is the absence of poroelasticity

(Table 3.2). In effect, DigiBog models a stiff peat in which the unsaturated

zone cannot deform. This absence of dynamic expansion and compaction

have the greatest consequence under a variable climate, with DigiBog sus-

taining a thicker unsaturated zone and consequently greater peat thickness

and less cumulative carbon (Figure 3.6). To some extent, these discrepan-

cies can be reduced by adjusting the parameter and initial values, particu-

larly the bulk density that significantly affects peat thickness and carbon

accumulation.

The difference between MPeat and HPM (Table 3.2) primarily occurs due
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Table 3.2: The differences in approach for modelling peat physical proper-
ties among MPeat, DigiBog and HPM.

MPeat DigiBog HPM

Bulk density is a func-
tion of fluid flow and
solid deformation.

Bulk density is a con-
stant.

Bulk density is a
function of remaining
mass.

Active porosity is a
function of fluid flow
and solid deformation.

Drainable porosity is a
constant.

Porosity is a function
of peat bulk density
and particle bulk den-
sity of organic matter.

Hydraulic conductiv-
ity is a function of ac-
tive porosity.

Hydraulic conductiv-
ity is a function of re-
maining mass.

Hydraulic conductiv-
ity is a function of peat
bulk density.

Young’s modulus is a
function of remaining
mass.

− −

to the empirical relationship used by HPM to predict the change in bulk

density as a function of remaining mass (Frolking et al., 2010). Conse-

quently, the HPM is also an inherently stiffer model and as it evolves under

a variable climate, tends to predict similar or deeper water tables and less

cumulative carbon than MPeat. The empirical relationships used by HPM,

therefore, limit our understanding of mechanical feedback mechanisms.

A final point of difference between the three models is that under variable

climate, the outputs from MPeat are smoother than either DigiBog or HPM

(Figure 3.6). This smoothness is a consequence of the mechanical buffer-

ing inherent to the poroelastic response to changes in excess precipitation

and illustrates the potential importance of mechanics in maintaining the

resilience of peatland systems. These results are in agreement with a study

from Nijp et al. (2017), indicating that the inclusion of moss water storage

and peat volume change because of mechanical deformation increase the

projection of peatland drought resilience.

It can therefore be concluded that mechanical processes play a vital role
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in the peatland carbon stock (Figure 3.9). Compression provides negative

feedback to an increasing water table depth (Waddington et al., 2015),

which leads to the shorter residence time of organic matter in the unsatu-

rated zone, increasing rates of carbon burial and reducing CO2 emissions.

The experiment from Blodau et al. (2004) corroborates this view and indi-

cates that the production rate of CO2 rises substantially with an increasing

water table depth.

Figure 3.9: Overview of the influence of mechanics on peatland ecohydrol-
ogy and carbon stock resilience to the external perturbations, including the
changes in net rainfall and air temperature.

3.5.2 Comparison with field measurement

A considerable uncertainty in the MPeat model is Young’s modulus which

in turn has the ability to influence the other physical properties as shown

in the sensitivity analysis. Values of Young’s modulus of peat are hard to

measure in-situ and laboratory determined values are of questionable appli-

cability in the field. For example, Dykes (2008) measured Young’s modulus

of Irish peat and obtained values ranging from 1.15 × 103 to 3.5 × 103 Pa

and concluded that these very low values might be correlated with sample
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preparation that affected the strain measurement. As MPeat simulations

evolve, Young’s modulus values range between 2.9 × 105 and 6 × 105 Pa,

far higher than the values provided by Dykes (2008). Nonetheless, accord-

ing to Mesri and Ajlouni (2007), the ratio between Young’s modulus with

undrained shear strength lies in the range 20 − 80, and the reported data

for undrained shear strength is in the range of 4 × 103 − 2 × 104 Pa, de-

pending on the degree of humification and water content (Boylan et al.,

2008; Long, 2005). Therefore, the plausible range of peat Young’s modulus

is 8× 104 − 1.6× 106 Pa, the range value that is used in MPeat. As to the

effect of decay on the Young’s modulus of peat, this remains unknown be-

yond the expectation that decay should reduce elasticity within the range

of reported values.

Some reassurance that the initial values of Young’s modulus chosen in

MPeat and subsequent values generated via decay are reasonable come from

the comparison of the range of modelled and observed physical properties.

Reported measurements of active porosity decrease with depth from as high

as 0.8 near the top of the unsaturated zone to as low as 0.1 in the saturated

zone (Hoag and Price, 1997; Quinton et al., 2000, 2008; Siegel et al., 1995),

similar to the MPeat active porosity pattern and values that range from

0.8 in the unsaturated zone to 0.34 in the saturated zone. Dry bulk den-

sity and hydraulic conductivity calculated in MPeat are between 50 − 115

kg m−3 and 8.42×10−9 − 1×10−2 m s−1 broadly in line with reported mea-

surements of dry bulk density and hydraulic conductivity around 30 − 120

kg m−3 and 7× 10−9 − 1.6× 10−2 m s−1 (Clymo, 1984, 2004; Fraser et al.,

2001; Hoag and Price, 1995; Hogan et al., 2006). Moreover, a considerable

increase of hydraulic conductivity at the base of the peat profile obtained

from MPeat, corresponding to peat accumulation under fully saturated con-

ditions, is similar to some field observations (Clymo, 2004; Kneale, 1987;
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Waddington and Roulet, 1997). However, a notable difference between the

modelled and measured peat physical properties is that the range of dry

bulk densities generated by MPeat in the saturated zone is narrower than

the range typically observed in many peat deposits. The most likely expla-

nation for this is the constant initial value of Young’s modulus, which in

reality will vary depending on PFT, with woody stemmed shrubs having a

greater initial value than moss.

I have discussed the important function of mechanical-ecohydrological feed-

back in enhancing peatland resilience and sustaining peatland carbon stock

in the face of climate change through the MPeat simulations. In the next

chapter, MPeat is employed to analyse the consequences of coupling be-

tween peat stiffness with vegetation on a nonequilibrium condition of the

peatland. This coupling might generate a critical drying threshold below

which shrub would become dominant, increasing stiffness in the peat and

potentially acting as positive feedback on carbon emissions. Moreover, this

condition could be a natural threshold or tipping point in peatland evolu-

tion.
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Chapter 4

Modelling the influence of

mechanical-ecohydrological

feedback on the nonlinear

dynamics of peatlands

4.1 Introduction

In this chapter, I explore the consequences of coupling between peat stiff-

ness and plant functional types for nonequilibrium models of peatland dy-

namics in multiple timeframes by developing MPeat in one dimension, de-

scribed in Chapter 3. Plant functional types are assumed to be a mix

of Sphagnum, sedge, and shrub, as equations exist to calculate the exact

composition of this mixture relative to water table depth. This chapter

highlights the possible importance of mechanical-ecohydrological feedback

and, in particular, the role of the coupling between the proportion of plant

functional types, peat Young’s modulus, plant weight, and water table po-
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sition in influencing peatland regime shifts, critical thresholds or tipping

points, and both short- and long-term peatland dynamical behaviour. The

content of this chapter is published in Ecological Modelling (Mahdiyasa

et al., 2023).

Peatland behaviour is affected by the interplay between positive (destabil-

ising) and negative (stabilising) feedback from internal and external fac-

tors. These feedbacks lead to nonlinear dynamics, which in turn create the

possibility of peatlands having more than one equilibrium state and ex-

periencing abrupt shifts to alternative states with fundamental differences

in characteristics and structures (Belyea, 2009; Belyea and Baird, 2006;

Hilbert et al., 2000). Understanding the nonlinear dynamics of peatlands,

and in particular tipping points, is important because of the possibility

that a sudden shift in behaviour could release a large amount of carbon

stored in the peatland (Berg et al., 2009; Jackson et al., 2017; Loisel et al.,

2017; Lunt et al., 2019; Yu et al., 2010), or may put the peatland into a less

resilient state, with consequences for the global carbon cycle (Chaudhary

et al., 2020; Dise, 2009; Kleinen et al., 2012).

Models of nonlinear peatland dynamics (e.g., Baird et al., 2012; Frolking

et al., 2010; Heinemeyer et al., 2010; Morris et al., 2012, 2015, 2011; Swin-

dles et al., 2012; Yu et al., 2001) take an ecohydrological approach and

assume constant or partial changes of peat physical properties within an

equilibrium condition. For example, Hilbert et al. (2000) proposed the

bistability of both wet and dry peatland states potentially coexist through

the nonlinear interactions between water balance and mass accumulation.

Hilbert et al. (2000) also propose a tipping point could arise due to slight

variability in water input, which leads to the change in peatland behaviour

from carbon sink to carbon source. Similarly, van der Velde et al. (2021)

developed a model to analyse regime shifts across biomes, from peatland to
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forest, indicating bistability conditions and major release of carbon when

the switch occurs. Both Hilbert et al. (2000) and van der Velde et al.

(2021) use the peatland water budget as the primary variable to determine

the critical threshold before the regime shifts take place. However, peatland

internal feedback mechanisms that can maintain the water budget are not

considered and are sources of uncertainty in their models. In particular,

these models ignore mechanical feedback, and the equilibrium assumption

is not realised in peatlands where sustained growth continually changes the

ecology, hydrology, and mechanics of the peatland system.

MPeat (Mahdiyasa et al., 2022) is a model of peatland dynamics that in-

corporates mechanical, ecological, and hydrological feedback through the

coupling between fluid flow and solid deformation, which is known as poroe-

lasticity (Biot, 1941; Coussy, 2004; de Boer, 2000; Detournay and Cheng,

1993; Wang, 2000). MPeat simulates the changes in Young’s modulus that

lead to mechanical deformation as a function of the decomposition process

(Chapter 3). However, the effect of mechanical deformation on the peat

pore structure is also affected by plant functional types (PFT). Whitting-

ton et al. (2007) found that peatland sites dominated by shrub experience

limited compressibility, leading to lower hydraulic conductivity reduction

when the water table drop. These conditions allow rapid water discharge

from the peatland, promoting drier conditions and maintaining the dom-

inance of the shrub. In contrast, sites dominated by sedge or Sphagnum

have a better ability to expand or shrink, which keeps the relative position

of the water table close to the surface and supports the growth of these

plant communities. Therefore, stiffer peat dominated by shrubs could be-

come a dry attractor, while softer peat with sedge or Sphagnum dominance

has the possibility to turn into a wet attractor.

The objectives of this chapter are to (1) present a model of peatland dy-
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namics that incorporates the feedback between mechanical processes and

plant functional types, (2) investigate the peatland regime shifts and tip-

ping points in a growing system accounting for fully coupled mechanical-

ecohydrological feedback, (3) analyse both short- and long-term nonlinear

dynamics of the peatland.

4.2 Methods

I based my model on MPeat, explained in Chapter 3, because it includes

feedback between mechanical, ecological, and hydrological processes as the

peatland develops and adapts it by introducing fundamental changes in

the formulation of peat stiffness and plant weight at the top surface. This

was necessary as the initial formulation of MPeat does not take into ac-

count the influence of plant functional types (PFT) on the peat stiffness

and assumes a constant proportion of PFT during the simulation, which

significantly affects the total plant weight that acts as the source of loading.

By doing this, I am able to use a modified version of MPeat to consider

the interactions between Young’s modulus, PFT proportion, plant weight,

and water table position (Figure 4.1). As most of the MPeat formulations

remain unchanged, I only describe the modifications below.

4.2.1 Model formulation

In this model, Young’s modulus is determined not only by decomposition

(Zhu et al., 2020) but also by PFT. Peat dominated by shrub becomes

stiffer and has higher Young’s modulus compared to Sphagnum peat be-

cause the geotechnical behaviour of peat, including Young’s modulus, is

related to its origin (Farrell, 2012), which shrub produces stiffer plant lit-
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Figure 4.1: Conceptual diagram of the proposed model. The green boxes
indicate the climatic input to the proposed model, consisting of net rainfall,
which is defined as precipitation minus evapotranspiration, and annual av-
erage air temperature. The red boxes explain the model formulation, with
the red dashed boxes indicating the changes in formulation from the previ-
ously proposed version of MPeat described in Chapter 3. In this formula-
tion, the proportion of plant functional types depends on the water table
depth, which in turn influences Young’s modulus together with the decom-
position process. Through this approach, I can incorporate the influence
of the plant functional types on peat stiffness. Furthermore, the propor-
tion of plant functional types also affects the total plant weight at the top
surface, which provides loading and compression on the peat pore space.
The changes in peat volume due to compression lead to the surface motion
and influence carbon balance of the peatland, which are the outputs of the
proposed model (blue boxes). Based on these outputs, I analyse regime
shifts, tipping points, and both short- and long-term nonlinear dynamics
of the peatland.

ter than Sphagnum (Ammala and Piltonen, 2019; Wagner et al., 2012).

Furthermore, shrub roots provide a supporting matrix in the unsaturated

zone, reducing the compression effect (Malmer et al., 1994). To accom-

modate this behaviour, Young’s modulus of all layers in the unsaturated

zone increases to a value determined by PFT. In contrast, if the condition

is Sphagnum dominant, the effect of PFT on Young’s modulus only oc-

curs at the top surface (Figure 4.2). I propose an equation that includes

the influence of decomposition and PFT on the peat Young’s modulus as
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Figure 4.2: The root effect of plant functional types (PFT) on peat Young’s
modulus. The blue line indicates the position of the water table, which
leads to the different compositions of PFT. The lower water table position
supports the growth of shrubs, while the higher position of water table
increases the proportion of Sphagnum in the peatland vegetation commu-
nities. (a) If shrub is dominant, Young’s modulus value in the unsaturated
zone above the water table changes because shrub roots increase the stiff-
ness of the unsaturated zone. (b) If Sphagnum is dominant, only Young’s
modulus value at the top surface is affected due to the absence of root effect
on the peat stiffness.

follows

E = χ
(
1 + θt

ζ
)

(b1c1 + b2c2 + b3c3) (4.1)

where E is the Young’s modulus (Pa), θ is the remaining mass (−), χ

is the first Young’s modulus parameter (Pa) and ζ is the second Young’s

modulus parameter (−), b1, b2, b3 are the coefficient to couple PFT with

Young’s modulus (−), c1, c2, c3 are the PFT proportions (−) with the

indices 1, 2, 3 indicating shrub, sedge, and Sphagnum, respectively. Due to

the uncertainties in the range value of peat Young’s modulus (e.g., Dykes,

2008; Price et al., 2005; Reeve et al., 2013), I choose the parameters in

Equation 4.1 such that Young’s modulus value is in agreement with the

data provided by Boylan et al. (2008), Mesri and Ajlouni (2007), and Long

(2005) in the range of 8× 104 − 1.6× 106 Pa. Through this range value of

Young’s modulus, I enable to investigate the effect of mechanical feedback
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on the peatland dynamics.

My model formulates the water table position at the centre of a circular

domed peatland which is constrained by the rivers based on the equation

from Childs (1969) (see also Morris et al., 2015; Swindles et al., 2012). In

this formulation, a peatland receives the water from net rainfall that is

defined as precipitation minus evapotranspiration and loses water due to

lateral discharge towards the rivers, which is affected by the active porosity,

hydraulic conductivity, and the distance from the centre to the river or

peatland radius

dΓ

dt
=
r

ϕ
− 2κΓ2

l2ϕ
(3.17 revisited)

where Γ is the water table height (m), r is the net rainfall (m yr−1) that

is defined as precipitation minus evapotranspiration, l is the peatland ra-

dius (m), ϕ is the active porosity (−), and κ is the hydraulic conductivity

(m s−1). Water table position influences peat production, decomposition

rate, and PFT composition. Moore et al. (2002) measured the relation-

ship between the proportion of PFT with the position of the water table

and found a strong negative relationship between water table position and

shrub proportion. Where the water table was low, PFT composition was

dominated by shrub. I apply linear regression to estimate the PFT pro-

portion based on the minimum value of water table depth in each interval

from Moore et al. (2002) data, as follows

c1 = 2.23z − 0.28 (4.2)

c2 = −1.42z + 0.63 (4.3)

c3 = −0.81z + 0.64 (4.4)

where c1, c2, c3 are the PFT proportions (−) with the indices 1, 2, 3
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indicating shrub, sedge, and Sphagnum, respectively, and z is the water

table depth (m) with the range value between 0.2 − 0.5 m based on Moore

et al. (2002) measurements. I assume the PFT proportion outside the range

of the water table depth is equal to the estimated value when the water

table depth is located in the limit range. The value of the coefficient of

determination R2 from the linear regression model for shrub, sedge, and

Sphagnum proportions are 0.95, 0.78, and 0.82, respectively. These values

of R2 indicate that the linear fitting is appropriate to model the relationship

between water table depth and PFT proportion.

The dependency of PFT proportion on the water table depth that is formu-

lated in this model provides a more reasonable approach for investigating

the influence of PFT on peatland mechanics compared to the constant pro-

portion of PFT in the initial version of MPeat. PFT proportion affects the

plant weight at the top surface, which represents the total weight of the

living plants that set up the community. Plant weight becomes the source

of loading in this system and is calculated through the following equations

(Mahdiyasa et al., 2022; Moore et al., 2002)

Υ = c1

(
10

log10(ψ)+0.409
0.985

)
(1 + d1) g + c2

(
10log10(ψ)+0.001

)
(1 + d2) g + (c30.144) (1 + d3) g

(3.13 revisited)

where Υ is the plant weight (Pa), ψ is the peat production (kg m−2 yr−1),

g is the acceleration of gravity (m s−2), c1, c2, c3 are the plant proportions

(−) and d1, d2, d3 are the constants for plant wet condition (−) with the

indices 1, 2, 3 indicating shrub, sedge, and Sphagnum, respectively.
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4.2.2 Model implementation

I ran two groups of simulations with different time scales. In the first group,

I simulated long-term peatland development under a constant radius of

500 m and flat substrate over a period of 6000 years, with the parameter

values summarised in Table 4.1. I employed an annual time series of net

rainfall (Figure 4.3a), and annual average air temperature (Figure 4.3b)

generated from a sinusoidal function with some noise to create variable wet

or dry climatic conditions. The range value of net rainfall and average

air temperature used in my model are in line with the reported data from

Morris et al. (2015), Young et al. (2019), and Young et al. (2021). In this

group, the water is added evenly in small increments with timesteps equal

to 0.1 years to produce a stable and convergent simulation. The boundary

conditions of the model were an impermeable layer with no displacement

at the bottom and a fully drained condition of the top layer. The rate

of surface motion is obtained from the annual changes in peatland height,

which is affected by mechanical, ecological, and hydrological feedback.

In the second group, I decoupled peat production and decomposition pro-

cesses and focused on the mechanical and hydrological feedback on a shorter

time scale. I used peat properties that had been simulated from the first

group to model short-term peatland surface motion with weekly timesteps

over 150 weeks. I chose peat properties between the ages of 4000 − 3900

years BP and 2000 − 1900 years BP to represent the dry and wet condi-

tions of the peatland based on the position of the water table (Figure 4.4b).

Unlike the first set of simulations, where peat production and decomposi-

tion influence the mechanical deformation through the changes in Young’s

modulus (Equation (4.1)), the swelling and shrinking in the short-term

simulations are affected by the plant weight at the top surface and water
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Figure 4.3: The climate profile for long-term and short-term simulations.
Long-term simulation is driven by the fluctuations of (a) net rainfall, which
is defined as precipitation minus evapotranspiration, and (b) annual aver-
age air temperature with the value in the interval of 600-1000 mm yr−1 and
4 − 7 ◦C, respectively, over 6000 years. (c) Short-term simulation over 150
weeks depends only on net rainfall with the value ranging between 12 −
19 mm week−1 because I exclude peat production and decomposition pro-
cesses.

Table 4.1: Symbols and parameter default values for the simulations.

Name Symbol Value Unit Reference

Unsaturated zone de-

cay rate

ηun 5 × 10−2 yr−1 (Clymo, 1984)

Saturated zone decay

rate

ηsa 8 × 10−5 yr−1 (Clymo, 1984)

Biot’s coefficient α 1 − (Terzaghi,

1943)

Bulk density initial

value

ρ0 50 kg m−3 (Lewis et al.,

2012)

Continued on next page

102



4.2. METHODS

Table 4.1 – Continued from previous page

Name Symbol Value Unit Reference

Carbon content C 0.47 − (Loisel et al.,

2014)

Active porosity initial

value

ϕ0 0.8 − (Quinton

et al., 2000)

Bulk density and ac-

tive porosity parame-

ter

β 2 m−1 Present study

Hydraulic conductiv-

ity initial value

κ0 1 × 10−2 m s−1 (Hoag and

Price, 1995)

Hydraulic conductiv-

ity parameter

ξ 15 − (Mahdiyasa

et al., 2022)

Degree of saturation of

water

Sw 0.4 − (Mahdiyasa

et al., 2022)

Water retention em-

pirical constant 1

λ 0.5 − (Mahdiyasa

et al., 2022)

Water retention em-

pirical constant 2

µ 0.4 m−1 (Mahdiyasa

et al., 2022)

Specific storage Ss 1.4 × 10−2 m−1 (Hogan et al.,

2006)

Specific weight of wa-

ter

γw 9800 N m−3 (Cheng, 2020)

Peatland radius l 500 m (Mahdiyasa

et al., 2022)

Young’s modulus pa-

rameter 1

χ 2 × 105 Pa (Mahdiyasa

et al., 2022)

Continued on next page
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Table 4.1 – Continued from previous page

Name Symbol Value Unit Reference

Young’s modulus pa-

rameter 2

ζ 0.1 − (Mahdiyasa

et al., 2022)

Shrub-Young’s modu-

lus parameter

b1 1.25 − Present study

Sedge-Young’s modu-

lus parameter

b2 1 − Present study

Sphagnum-Young’s

modulus parameter

b3 0.75 − Present study

Shrub constant d1 0.4 − (Mahdiyasa

et al., 2022)

Sedge constant d2 0.4 − (Mahdiyasa

et al., 2022)

Sphagnum constant d3 20 − (McNeil and

Waddington,

2003)

table position through the effective stress. Effective stress has an essential

role in this model because it can explain the relationship between the total

stress received by peat with pore water pressure (Biot, 1941; Price, 2003;

Terzaghi, 1943) and the effect of compaction on the peat physical prop-

erties (Mahdiyasa et al., 2022; Schlotzhauer and Price, 1999; Whittington

and Price, 2006). The model in this group was driven by climatic input in

the form of weekly net rainfall only because all variables are not affected by

air temperature (Figure 4.3c). Therefore, throughout the year, the water

is added unevenly to the peatland in the short-term simulation.
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4.2.3 Sensitivity analysis

Model sensitivity to input parameters was evaluated by changing the value

of parameters that couple PFT with Young’s modulus (Equation (4.1)).

I chose to explore the effect of these parameters because of the shortage

of information on how significant PFT is on the peat stiffness, which in

turn influences the dynamics of the peatland. I increased the value of b1 to

represent the condition that shrubs control the peat stiffness by producing

a higher Young’s modulus. In contrast, the decreasing value of b3 simu-

lated the condition that Sphagnum was the essential PFT in reducing peat

stiffness.

I performed one at a time sensitivity analysis or changed the value of one

parameter, and all others remained the same as the baseline value (Table

4.1) for each simulation. The sensitivity analysis outputs consist of the

relationship between peat stiffness with the dynamics of surface motion

and the peatland carbon balance, including carbon input, carbon output,

and net carbon accumulation.

4.3 Simulation results

4.3.1 Long-term dynamical behaviour

Once the unsaturated zone has developed, the PFT proportion fluctuates

depending on the water table position, which in turn affects the plant

weight at the top surface. For instance, from 5200 - 4302 years BP, water

table depth is around 0.24 m (Figure 4.4b), Sphagnum is the dominant

PFT (44%) compared to the shrub (27%) and sedge (29%) (Figure 4.4a),

and the value of plant weight is about 22.14 kg m−2 (Figure 4.4c). Contrast-

105



4.3. SIMULATION RESULTS

Figure 4.4: (a) The proportion of plant functional types (PFT), including
Sphagnum, shrub, and sedge, (b) the water table depth, and (c) the plant
weight at the top surface over 5200 years or after the unsaturated zone is
developed. Between the ages of 3000 − 2850, 2100 − 1900, and 500 − 300
years BP, the simulated water table depth is deeper than 0.2 m, exceeds
the limit range of Moore et al. (2002) measurements, which results in a
constant proportion of PFT in these periods.

ingly, from 4274 − 3375 years BP, the water table depth is around 0.32 m,

shrub proportion increases to 43%, while Sphagnum and sedge decrease to

the value of 38% and 19% respectively, and plant weight increases to 26.65

kg m−2. The differences in the PFT composition, water table depth, and

plant weight lead to variations in the rate of surface motion (Figures 4.5a

and 4.5b).

The rate of surface motion is obtained from the average rate of motion over
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Figure 4.5: (a) The rate of surface motion (positive value indicates the
peatland surface is going up while the negative value is going down) with
net rainfall and time in three-dimensional space, (b) the projections to
two-dimensional space between rate of surface motion with time, (c) the
changes in net rainfall that are required to shift peatland from one state
to another, and (d) the projections to two-dimensional space between rate
of surface motion with net rainfall to show the possibility of bistability
conditions because wet and dry attractors could appear under the same
range of net rainfall.

an entire year, essentially the net swelling and shrinking of a surface after

a complete annual cycle, with positive values indicating that the peatland

surface is going up, while the negative values indicate the peatland surface

is going down. I use the rate of surface motion to explain the movement
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of the peatland surface rather than the absolute position because the ref-

erence point will change over time. This approach provides a more robust

and efficient calculation process because it can be simulated without speci-

fying some arbitrary datum. As the peatland develops, five distinct clusters

of the rate of surface motion are produced, three corresponding to wetter

conditions (5200 − 4302, 3199 − 1793, and 699 − 0 years BP), and two

corresponding to drier conditions (4274 − 3375 and 1764 − 876 years BP)

(Figure 4.5a). The range of the rate of surface motion in the dry state

is from −0.51 to 0.23 mm yr−1, with the net rainfall fluctuating around

600 − 790 mm yr−1. Conversely, if the net rainfall varies about 750 −

1000 mm yr−1, the peatland is attracted to the wet state, represented by

the high rate of surface motion in the range of −1.64 and 1.52 mm yr−1.

The overlap between these two ranges of net rainfall, around 750 − 790

mm yr−1, allows the dry attractor and wet attractor to coexist, which indi-

cates the possibility of bistability (Figure 4.5d). Dry or wet attractors are

the oscillatory states of the peatland toward which that peatland system

tends to evolve, which have fundamental differences in characteristics and

structures. Furthermore, the transition time from dry to wet state (wet

shift) persists for around 174 years (Figure 4.5b) and requires 90 mm yr−1

change in net rainfall (Figure 4.5c), whereas the transition time from wet

to dry (dry shift) is about 26 years, involving about 50 mm yr−1 change in

net rainfall.

Long-term carbon input, output, and net accumulation are affected sig-

nificantly by the peatland state. For example, the transition from wet

to dry condition that occurs around 4301 to 4275 years BP increases the

rate of carbon input from 0.33 to 0.39 kg C m−2 yr−1 due to the enhance-

ment of productivity (Figure 4.6a). However, this condition also leads to

a substantial rise in the rate of peatland carbon release from 0.30 to 0.36
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kg C m−2 yr−1 over the same time interval as the consequence of increasing

the depth of the unsaturated zone (Figure 4.6b). In contrast, the transi-

tion from dry to wet state about 3374 to 3200 years BP reduces the rate of

carbon addition from 0.39 to 0.33 kg C m−2 yr−1 and carbon output from

0.37 to 0.31 kg C m−2 yr−1 because of the lower peat production and de-

composition process as the water table is closer to the surface, from 0.31

to 0.26 m. The average value of the net rate of carbon accumulation, ob-

tained from the difference between the rate of carbon input and output, is

about 0.024 kg C m−2 yr−1 over the simulation time (Figure 4.6c), which is

in line with reported measurements between 0.021 − 0.025 kg C m−2 yr−1

(Chaudhary et al., 2020; Loisel et al., 2017, 2014; Treat et al., 2016; Yu

et al., 2010).

4.3.2 Short-term dynamical behaviour

Peat that grows in dry conditions has different characteristics, including

the physical properties, compared to the wet peat, which results in distinct

behaviour of short-term surface motion. During 4000 − 3900 years BP,

shrub proportion increased due to the low net rainfall between 610 − 660

mm yr−1 (Figure 4.3a) which led to the high Young’s modulus value in the

range of 3.53×105 − 3.65×105 Pa (Figure 4.7d). Furthermore, the decrease

in water input produced a deep position of the water table (0.35 − 0.32 m)

from the surface (Figure 4.4b), resulting in a more considerable effect of

compaction, which is represented by the high value of bulk density (115 −

119 kg m−3) and low value of active porosity (0.33 − 0.35) and hydraulic

conductivity (2.3×10−8 − 4.9×10−8 m s−1) in that period (Figures 4.7a-c).

The condition was different during 2000 − 1900 years BP when peatland

experienced high net rainfall (910 − 950 mm yr−1), which resulted in a
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Figure 4.6: Long-term peatland carbon balance over 5200 years. (a) The
carbon input is obtained from peat production multiplied by carbon content
with a value of 47% based on the data from Loisel et al. (2014). (b)
The carbon output is calculated from mass loss due to the decomposition
multiplied by the carbon content. (c) The difference between carbon input
and carbon output leads to the net carbon accumulation in the peatland.
The fluctuation of the net carbon accumulation rate is increasing as the
system evolves, particularly in the wet state when subject to the same
external forcing.

shallow water table position (0.18 − 0.20 m), and consequently led to the

Sphagnum dominance condition. In this situation, peat stiffness decreased,

indicated by the low value of Young’s modulus (3.14 × 105 − 3.22 × 105

Pa). The high position of the water table reduced the effective stress, which

produced peat with lower bulk density (93 − 95 kg m−3) and higher active

porosity (0.41 − 0.43) and hydraulic conductivity (5.8× 10−7 − 7.8× 10−7

ms−1). Moreover, the surface loading from plant weight during 4000 − 3900

years BP (dry period) and 2000 − 1900 years BP (wet period) was around

26.12 − 28.92 kg m−2 and 19.38 − 20.44 kg m−2, respectively (Figure 4.4c).
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Figure 4.7: The profile of peat physical properties with age-depth, including
(a) bulk density ρ, (b) active porosity ϕ, (c) hydraulic conductivity κ, and
(d) Young’s modulus E over 5200 years. Red and blue dashed lines indicate
the dry period 4000 − 3900 years BP and wet period 2000 − 1900 years BP,
respectively. The range of bulk density calculated in my model between 50
− 119 kg m−3 is in line with the reported value around 30 − 120 kg m−3

(Clymo, 1984; Lewis et al., 2012). The range of active porosity from the
simulation about 0.33 − 0.8 is consistent with the reported measurement
between 0.1 − 0.8 (Hoag and Price, 1997; Quinton et al., 2000, 2008). The
simulation result of hydraulic conductivity in the range of 2.2 × 10−8 −
1 × 10−2 m s−1 align with reported measurements 7 × 10−9 − 1.6 × 10−2

m s−1 (Clymo, 2004; Fraser et al., 2001; Hoag and Price, 1995). Finally,
the simulation result of Young’s modulus in my model around 2.9 × 105 −
3.6×105 Pa is in agreement with reported values about 8×104 − 1.6×106

Pa (Boylan et al., 2008; Long, 2005; Mesri and Ajlouni, 2007).

Peat characteristics between the ages of 4000 − 3900 years BP and 2000

− 1900 years BP, which represent dry and wet periods, were employed

to simulate short-term surface motion. The amplitude of surface motion

and peak timing varied between dry and wet peat over 150 weeks. Surface

displacement ranged from − 0.11 to 0.04 m for peat formed in dry condition,

while for peat developed in a wet environment it fluctuated between − 0.21

and 0.05 m (Figure 4.8a). The negative or positive values indicate shrinkage

or swelling of the peat surface from the initial elevation, which was 1.52

m for the dry peat and 2.36 m for the wet peat. Periods of peak timing

of surface motion were not synchronized across the two time series, with

wet peat experiencing a delay in peak timing relative to the dry peak of
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around five weeks. In addition, the hysteresis of surface elevation with

the water level also appears for both dry peat (Figure 4.8b) and wet peat

(Figure 4.8c). This phenomenon suggests the water level drops faster than

the pore structure can collapse and the opposite happens when water is

added to the peatland.

Figure 4.8: (a) The difference in the characteristics of surface motion, in-
cluding the amplitude and peak timing, between peat that grows in dry
and wet conditions over 150 weeks, (b) hysteretic behaviour of surface el-
evation with water table elevation for dry peat, and (c) wet peat. Water
table elevation shows the height of the water table from the base of the
peatland. The surface moves with time in the anticlockwise direction.

4.3.3 Sensitivity analysis

The parameter b1 (Equation (4.1)) controls the effect of the shrub pro-

portion on the peat Young’s modulus as the PFT composition changes

because of the fluctuation in water table depth. Increasing parameter b1

to 3.75 (Fig. 9) led to a higher Young’s modulus with a value between
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4.07 × 105 − 7.92 × 105 Pa, which in turn reduced the rate of surface mo-

tion to the range of −1.48 until 1.12 mm yr−1. This condition, on average,

results in a higher rate of carbon addition and carbon output with a value

of about 2.2% and 5.6%, compared to the baseline value. Because the in-

creasing rate of carbon output is higher than carbon input, the net rate of

carbon accumulation decreases by around 39%. Moreover, a higher value

of Young’s modulus leads to a lower amplitude of surface motion for both

dry peat (0.07 m) and wet peat (0.17 m), but the shift in peak timing is

the same with the short-term baseline simulation, around five weeks.

The changes in Young’s modulus value due to the variation in Sphagnum

proportion are determined by b3 parameter (Equation (4.1)). Decreasing b3

parameter to 0.375 resulted in a lower Young’s modulus value (2.43 × 105

− 3.13 × 105 Pa), and as a consequence, the range of surface motion rate

increased to the value between −1.48 and 1.69 mm yr−1. This condition

reduced the rate of carbon addition and carbon output by around 1.5% and

3.2% compared to the baseline simulation. The net carbon accumulation

rate increased by approximately 19% due to a greater reduction in carbon

output than carbon input. Furthermore, a lower Young’s modulus value

led to a higher amplitude of surface motion for both dry peat and wet peat

in the short-term simulation, with the value of about 0.20 m and 0.32 m,

respectively, and produced a more extended shift in peak timing about six

weeks.

4.4 Discussion

The most significant observation arising from this model is the apparent

bistability of the peatland with respect to net rainfall (Figure 4.5d), with
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Figure 4.9: The sensitivity analysis by changing the value of parameter b1
to 3.75 (black line) or b3 to 0.375 (green line) with the output variables
are (a) Young’s modulus E, (b) rate of surface motion, (c) rate of carbon
addition, (d) rate of carbon output, (e) net rate of carbon accumulation,
and (f) short-term surface motion. The parallel dashed red and blue lines
indicate a critical dry and wet shift, respectively.

both wet and dry states being possible for the same net rainfall, but at

different times. Another view of this is that as net rainfall varies over

time, the peatland jumps between attractors characterised by two limit

cycles. In comparison to the bistability predicted by Hilbert et al. (2000),

who consider equilibrium states, my model is more complex because the

system is continually evolving. By definition, an equilibrium state can be
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achieved if the state variable does not change with time. However, inter-

actions between internal and external feedback mechanisms will prevent

the peatland from reaching that condition because the peat physical prop-

erties, including bulk density, active porosity, hydraulic conductivity, and

Young’s modulus, change in time and space (Boylan et al., 2008; Fraser

et al., 2001; Hogan et al., 2006; Lewis et al., 2012). This dynamic view

of an evolving system is potentially more useful as there is no indication

that Holocene peatlands are close to an equilibrium state. It can also be

seen (Figures. 4.5b and 4.6c) that as the model peatland grows, the am-

plitude of oscillations, particularly in the wet state, increases. This is not

surprising as growth between the fixed lateral boundaries in the model will

steepen hydrological gradients over time, generating increasing extreme re-

sponses to the same changes in net rainfall. It should also, in the long term,

favour the dry state, assuming that the processes of decay do not impose

an earlier limit. If these modelled results have a bearing on reality, then

some caution should also be exercised when interpreting the response of the

peat to palaeoclimatic change, as the same climate forcing could generate

quite different outcomes in the evolving peatland system. The inference

of a permanent state of disequilibrium also raises the important question

as to whether it would ever be possible for an observer on the surface of

a peatland to determine if the system was tending to a long-term stable

carbon balance as might be expected if they were to assume a constant

decay rate.

Another key observation that operates on different time frames is the hys-

teretic behaviour of surface elevation with the water level. Short-term

hysteresis is a well known consequence of the filling and draining of porous

matter and is obtained from field measurement. The data from Fritz et al.

(2008) showed that delayed response of the surface motion to the changes
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Figure 4.10: Comparison with Figure. 4 Fritz et al. (2008) related to the
hysteretic response of surface elevation with water table elevation. Shifted
water table elevation is obtained from the water table elevation minus its
minimum value, and shifted surface elevation is obtained from the surface
elevation minus its minimum value.

in water level results in a hysteresis loop, with a positive relationship be-

tween these two variables, and this observation is in agreement with my

simulation results (Figure 4.10). The slope of surface elevation with water

level decreases in the dry period, which may indicate that peat is stiffer

at depth in the study area measured by Fritz et al. (2008), because the

enhancement of peat stiffness will produce lower surface displacement and

results in a flatter curve. In my simulations, stiffer peat that formed in dry

conditions has a smaller slope of surface elevation with water level (0.3)

compared to the wet peat (0.6), while Fritz et al. (2008) data show that

the slope in the dry and wet conditions are around 0.2 and 0.8, respec-

tively. The more pronounced difference between dry and wet conditions in

the Fritz et al. (2008) data might be related to the peat characteristics in

that specific site, including the restiad PFT composition compared to my

model and possibly the influence of this on the microporosity (Rezanezhad

et al., 2010; Silins and Rothwell, 1998). However, the main reason for

comparison with Fritz et al. (2008) data is to demonstrate how the model
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provides an interpretative framework for analysing their observation of a

peatland which in other respects (e.g., uniform surface loading and reduc-

tion in elasticity with decay) can be considered comparable to my model.

Furthermore, this comparison also indicates the ability of my model to

capture the heterogeneity and nonlinearity of peatland behaviour, provide

a context for interpreting field data, and suggest that my chosen physical

properties appear to be reasonable for the purpose of analysing peatland

behaviour.

The long-term nonlinear hysteretic response to oscillatory changes in net

precipitation may reflect fundamental differences in the behaviour of the

wetting and drying system that result from a change in the state of the

peatland (Figure 4.5d). Intuitively, differences in the response of peatland

to wetting and drying are reasonable as it should be easier to lose potential

energy by lowering a water table than to build potential energy. This

result may also indicate that the production of peat by compaction is a

nonlinear process on multiannual timescales, with periods of either net

growth (accumulation) or subsidence (compaction) of the peat occurring

in response to longer terms changes in weather or climate. Some evidence

of such longer-term oscillatory mechanical behaviour can be observed in the

field observations of Howie and Hebda (2018), whose data, when plotted on

an appropriate scale, appears to display evidence of multiannual oscillations

in surface motion.

4.4.1 Peatland regime shifts and tipping points

I found that a more substantial change in net rainfall is required to move

the peatland from a dry state to wet state, than the other way around

(Figure 4.5a and 4.5c). A significant increase in water input is necessary
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to produce higher pore water pressure and expand the pore space, leading

to more substantial peat water storage, which is the requirement for the

regime shift from dry to wet states. However, as the dry state develops,

the flow of water on the near-surface will be more favourable because the

compaction effect is less significant for the stiffer material. Consequently,

near-surface hydraulic conductivity will remain high, preventing the peat-

land from accumulating more water. This condition supports a dry state

to turn into a more dominant attractor that can accommodate greater per-

turbations and potentially becomes a preferable state in the long-term as

the peatland grows.

It is notably difficult to predict when the regime shifts will appear in

complex dynamical systems (Scheffer et al., 2009; Scheffer and Carpenter,

2003), including peatlands (Belyea, 2009; Belyea and Baird, 2006), because

they involve heterogeneous processes and nonlinear feedbacks. However, as

the system approaches a tipping point, the variability of state behaviour

changes (Carpenter and Brock, 2006; Kleinen et al., 2003; Oborny et al.,

2005; van Nes and Scheffer, 2003), in my case is the rate of surface motion,

that can be used as an early warning signal. For instance, before the regime

shift around 3200 years BP, the standard deviation in the rate of surface

motion increased from 0.07 to 0.27 mm yr−1 (Figure 4.11), indicating the

upcoming major transition from dry state to wet state. This is because the

ability of the system to recover from perturbations and track fluctuations

is decreasing near the critical threshold (Berglund and Gentz, 2002).

The proposed model shows how the feedback between internal and external

factors affects peatland states and regime shifts under uniform landscape

conditions. However, the state behaviour is also influenced by the spatial

topography of the peatland. Assuming a sufficiently complex landscape

(e.g., blanket bog with variable slopes, drainage lines, and local hydrol-
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Figure 4.11: The standard deviation of the rate of surface motion
(mm yr−1) increases significantly before the regime shift from dry state
to wet state around 3200 years BP.

ogy), and then on account of lateral flow with variations in the net water

budget, it appears to be quite likely that wet and dry states could coexist

in a landscape, and particularly, if the net rainfall were to fall within the

region of bistability. This conclusion is supported by satellite observation

of surface motion that indicates the bimodal wet state or dry state be-

haviour in such landscapes (Bradley et al., 2022) with a mean annual net

rainfall of around 800 mm yr−1 a value that is remarkably close to the 760

to 790 mm yr−1 annual net rainfall range in which bistability occurs within

my model. However, in practice the situation is potentially far more com-

plex, for example, microtopography of hummocks and hollows also exerts

an influence on peatland mechanical behaviour (Marshall et al., 2022) at a

119



4.4. DISCUSSION

much smaller scale (1 − 10 m) than the 90 m scale observations of Bradley

et al. (2022).

A complex landscape, together with the variability of the peat physical

properties throughout the peatland area, may also promote one state to

be more stable than the other. Slope variabilities in a complex landscape

have a major impact on the peatland hydrology (Holden, 2005; Holden

and Burt, 2003), where the areas with a steeper slope experiences a higher

rate of water discharge. This condition results in a smaller decrease in net

rainfall required to shift from wet state to dry state than would be the

case if the substrate was flat. Moreover, higher bulk density and lower hy-

draulic conductivity at mesotope margins (Baird et al., 2008; Lapen et al.,

2005; Lewis et al., 2012) suggest smaller peat water storage in that loca-

tion, which supports the dry state becoming more stable. Conversely, lower

hydraulic gradients at mesotope centres will promote the accumulation of

water, resulting in the wet condition becoming a dominant state. The state

should change rapidly at a transition region between these two areas (mar-

gin and centre), and this is consistent with satellite observations (Bradley

et al., 2022).

4.4.2 Peatland characteristics in different states

my simulation results show apparent differences in the characteristics of

peatland surface motion between the wet state and dry state over long-

term and short-term periods. In the long-term simulations, the rate of

surface motion of dry peat is lower compared to wet peat (Figures 4.5a and

4.5b). The plant community composition in the dry state is dominated

by shrub (Alshammari et al., 2020; Moore et al., 2002; Sottocornola et al.,

2009; Wierda et al., 1997), which increases peat stiffness (Figure 4.7d) and
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loading from plant weight at the top surface (Figure 4.4c). The presence

of shrub roots provides a supporting matrix (Malmer et al., 1994), particu-

larly in the unsaturated zone where mechanical deformation mainly occurs

(Fenton, 1980; Mahdiyasa et al., 2022; Quinton et al., 2000; Waddington

et al., 2010; Whittington and Price, 2006), which limits the expansion and

contraction of peat volume and prevents the peatland surface from oscil-

lating with a higher amplitude.

In the short-term simulation, the differences between wet and dry states

are not only the magnitude but also the peak timing of surface motion.

Generally, if I exclude the effect of peat addition and decomposition, the

main drivers in short-term surface motion are the interactions between

effective stress, pore water pressure, and peat physical properties. The

peat physical properties of short-term simulations are obtained between the

ages of 4000 − 3900 BP and 2000 − 1900 BP to represent the dry and wet

states, respectively (Figure 4.7). The different values of Young’s modulus

between the two states result in a considerable distinction in the amplitude

of surface motion, which corroborates the result from Reeve et al. (2013),

indicating that lower Young’s modulus produces more substantial changes

in elevation of peat surface. Moreover, the wet peat has a lower bulk

density and higher active porosity (Waddington et al., 2010; Whittington

and Price, 2006), which lead to more significant water storage due to the

larger pore size. These characteristics delay the effect of effective stresses on

the reduction or expansion of peat volume because the process of expulsion

or infiltration of water requires more time, resulting in a shift in the peak

timing of surface motion. Another possible explanation for this is that the

variation in hydraulic conductivity between wet and dry peat leads to the

difference in time for pore water pressure to reach equilibrium (Biot, 1941;

Ferronato et al., 2010; Moradi et al., 2019; Terzaghi, 1943), producing the
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delayed effect of compression.

my short-term simulation result, which is developed from the coupling be-

tween mechanical and hydrological feedbacks, agrees in general with the

satellite measurements from Bradley et al. (2022), who found that wet

peat dominated by Sphagnum tends to experience a delay in peak tim-

ing. As opposed to that characteristic, peat in the dry state, typically

dominated by shrub, undergoes earlier time to reach the peak of surface el-

evation. These distinct behaviours of surface motion, including amplitude

and peak timing, between wet and dry peat could be used as a reliable

indicator to assess peatland conditions. However, the shifts in peak timing

are more evident in the satellite observations compared to my simulation,

with a difference of about ten weeks. This discrepancy could be attributed

to the seasonal growth and dieback of plants that are not included in my

short-term simulation, peat physical properties variation between model

simulation and the study location, and possibly the accuracy of signal pro-

cessing undertaken by Bradley et al. (2022).

4.4.3 Peatland carbon balance and resilience

my simulations show that the peatland accumulates carbon more effectively

in the drier states, with the water table depth fluctuating in the range

of 0.3 − 0.35 m, because at that interval, peat production reaches the

maximum value, as shown by Belyea and Clymo (2001) from observational

studies, and Morris et al. (2012) from the theoretical model DigiBog (Figure

4.6). Therefore, the significant increase in peat production cancels out the

effect of a considerable rise in peat decomposition. Furthermore, this result

indicates the important contribution of vascular plants, as the unsaturated

zone thickness increases, to peat production that provides a significant
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amount of above-ground biomass and root biomass (Moore et al., 2002;

Wallén, 1986; Wallèn, 1987; Wallén et al., 1988). Charman et al. (2013)

support my results and found that peatlands become stronger carbon sinks

under a warming climate because the net primary productivity is a more

critical variable than decomposition for determining long-term peatland

carbon accumulation. However, as the peatland in the stiffer, drier state

is less able to adjust its surface height to a falling water table, it is more

susceptible to periods of drought and fire damage and becomes less resilient.

Conversely, although peatlands in the wetter state will accumulate less

carbon, it is more resilient to further changes in the climate, as the peatland

surface experiences more oscillation in the wetter state and can adjust more

effectively to the fluctuations of water input (Alshammari et al., 2020;

Bradley et al., 2022). The drop in water input will be accompanied by a

decrease in surface elevation due to the compaction, which maintains the

relative position of the water table from the surface (Mahdiyasa et al., 2022;

Whittington and Price, 2006).

I have demonstrated the application of MPeat to explain the bistability,

regime shift, tipping point, and nonlinear dynamics of the peatland in

multiple timeframes by incorporating the influence of vegetation on peat

volume changes. However, in one dimension, MPeat cannot capture the

spatial variability of peatland characteristics, including peat physical prop-

erties, thickness, and water table depth. To understand the influence of

spatial heterogeneity on peatland behaviour, it should be possible to ex-

tend MPeat into two dimensions, as explained in Chapter 5.
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Chapter 5

A fully coupled

mechanical-ecohydrological

model of peatland

development in two dimensions

5.1 Introduction

The influence of mechanical, ecological, and hydrological feedback in one

dimension to analyse peatland behaviour has been presented in Chapters

3 and 4. However, a one-dimensional model, which represents peatland as

a vertical column of peat at the centre area, ignores the spatial variability

of peatland characteristics, such as peat thickness, water table depth, and

physical properties that have the potential to provide essential feedback

mechanisms (Rydin and Jeglum, 2006; Baird et al., 2008; Lewis et al.,

2012). Moreover, the effect of natural boundary conditions, such as the

river at the edges, is neglected in the one-dimensional analysis. As a result,
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a higher dimensional model is required to overcome the limitations of the

one-dimensional model.

Previous studies (e.g., Clymo, 1984; Hoag and Price, 1995, 1997; Quinton

et al., 2000; Fraser et al., 2001; Clymo, 2004; Lapen et al., 2005; Quinton

et al., 2008; Baird et al., 2008; Lewis et al., 2012) have explored spatial vari-

ability in the horizontal and vertical directions of peat physical properties,

including bulk density, active porosity, and hydraulic conductivity. The

horizontal variation of hydraulic conductivity was observed by Lapen et al.

(2005), who found that hydraulic conductivity in the blanket peatland is

lower at the margin than at the centre based on the field measurements

and analysis of a peatland groundwater flow model. Field observations from

Baird et al. (2008) and Lewis et al. (2012), who measured lateral variability

of the hydraulic conductivity in a raised and a blanket peatland, respec-

tively, support Lapen et al. (2005) finding by obtaining the same pattern

of horizontal changes in hydraulic conductivity. Lewis et al. (2012) also

observed the variability in the lateral direction of bulk density with the

increasing value from the centre toward the margin. In the vertical direc-

tion, deeper peat exhibits a higher value of bulk density and a lower value

of active porosity and hydraulic conductivity, with abrupt changes occur-

ring between the unsaturated and saturated zone (Clymo, 1984; Hoag and

Price, 1995, 1997; Quinton et al., 2000; Fraser et al., 2001; Clymo, 2004;

Quinton et al., 2008).

The spatial variations of peat physical properties occur as a consequence of

mechanical-ecohydrological processes on the peatland. As a porous medium

with a low value of Young’s modulus (Long, 2005; Mesri and Ajlouni, 2007;

Boylan et al., 2008; Dykes, 2008), the peat body is susceptible to deforma-

tion. The deformation is non-uniform throughout the peatland area due to

the spatial variations of water table depth that influence the effective stress.
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A more significant deformation effect because of the increase in water table

depth at the margin leads to higher bulk density and lower active porosity

and hydraulic conductivity, preventing greater water discharge from the

peatland. Lapen et al. (2005) posited that a lower hydraulic conductivity

at the margin has a significant influence on maintaining the wet condition

at the centre, which affects peat accumulation. Therefore, the spatial vari-

ations of peat physical properties potentially provide essential feedback as

the peatland develops.

Higher dimensional models of peatland development assume constant or

limited spatial variations of peat physical properties and ignore mechani-

cal feedback (e.g., Ingram, 1982; Winston, 1994; Armstrong, 1995; Korhola

et al., 1996; Borren and Bleuten, 2006; Baird et al., 2012; Morris et al.,

2012; Swinnen et al., 2019). For example, Borren and Bleuten (2006) pro-

posed a three-dimensional model of peatland development based on the

groundwater flow model (Strack, 1984) and focused on the ecohydrological

feedback between water table position with peat production and decom-

position following the Clymo (1984) model. The mechanical compaction

is assumed to be negligible, and the spatial variations in the bulk density

and hydraulic conductivity are obtained based on the empirical relation-

ship between different peatland types, consisting of bog, throughflow fen,

and fen. DigiBog (Baird et al., 2012; Morris et al., 2012) is a one-, two-,

or three-dimensional model of peatland development that accommodates

the spatial changes in hydraulic conductivity through the differences in re-

maining mass that are affected by water table position and decomposition

processes (Moore et al., 2005; Quinton et al., 2000). Although DigiBog

captures more complex feedback between ecological and hydrological pro-

cesses than the model from Borren and Bleuten (2006), the omission of

mechanical feedback leads to the assumption of constant active porosity
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and bulk density as the peatland grows. Cobb et al. (2017) developed a

tropical peatland growth model in two dimensions to analyse the influence

of climate, particularly the rainfall pattern, on carbon storage. This model

simulates the dynamics of the water table and peat accumulation through

the groundwater flow model (Strack, 1984) and the difference between peat

production and decomposition. The carbon storage is estimated from the

stable peat surface Laplacian that is affected by the rate of peat production

and decomposition. The peat surface Laplacian indicates the curvature of

the peat surface, calculated as the sum of second derivatives of surface el-

evation. Although the surface Laplacian provides information related to

the peatland morphology, this model ignores the mechanical feedback and

assumes a constant value of hydraulic conductivity that becomes the source

of uncertainty in estimating the peatland carbon storage.

Another phenomenon that requires a higher dimensional model is the in-

fluence of non-constant river elevation at the boundary. The majority of

the peatland growth models, including DigiBog (Baird et al., 2012; Mor-

ris et al., 2012), the models from Borren and Bleuten (2006), and (Cobb

et al., 2017), are developed based on the assumption of the negligible depth

of rivers or a constant river elevation at the edges over the simulation time.

However, Glaser et al. (2004b) suggested that river incision provides a sub-

stantial effect on the water table position, which in turn determines the

thickness and shape of the peatland. As a consequence, the downcutting

river also affects peatland mechanics through the changes in effective stress

that leads to the different compaction effects on the peat pore structure.

The feedback generated from the river behaviour at the edges would indi-

cate the importance of boundary conditions on the peatland interior.

This chapter, therefore, set out to (1) provide a fully coupled mechanical-

ecohydrological model of peatland development in two dimensions, (2) anal-
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yse the feedback from spatial variability of peatland characteristics on the

long-term behaviour, (3) investigate the influence of river incision at the

boundary on the peatland characteristics.

5.2 Model formulation

MPeat in two dimensions is a fully coupled mechanical, ecological, and

hydrological model of long-term peatland growth that accommodate the

spatial variability of peat characteristics. This model is developed based

on the continuum models (Irgens, 2008; Jog, 2015), which assume that peat-

land constituents, both solid and fluid particles, entirely fill the peatland

body. Through this concept, the conservation of mass can be appropri-

ately defined to formulate mechanical processes on the peatland obtained

from the coupling between solid deformation and fluid flow or poroelastic-

ity (Biot, 1941; Detournay and Cheng, 1993; de Boer, 2000; Wang, 2000;

Coussy, 2004). The mechanical deformation of peat pores affects physical

properties, including bulk density, active porosity, and hydraulic conduc-

tivity, resulting in different peatland behaviour (Figure 5.1). For example,

the changes in hydraulic conductivity influence the water table position,

which in turn, affects the peat production and decomposition processes.

Furthermore, the proportion of plant functional types (PFT) and the plant

weight are also affected because they are a function of the water table depth

(Moore et al., 2002; Munir et al., 2015; Peltoniemi et al., 2016; Kokkonen

et al., 2019; Laine et al., 2021). The two-dimensional version of MPeat

is designed to model these complex feedbacks, together with the spatial

variations in the horizontal and vertical directions from the peatland. As

explained below, the formulation of the proposed model is divided into

mechanical, ecological, and hydrological submodels.
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Figure 5.1: Illustrative formulation of the two-dimensional version of MPeat
that model the feedback between mechanical, ecological, and hydrological
processes together with the spatial variability of peatland characteristics in
two dimensions. This model captures the changes of peat physical prop-
erties in both vertical and horizontal directions appropriately to analyse
peatland behaviour.

5.2.1 Mechanical submodel

The mechanical submodel is developed from the two-dimensional poroe-

lasticity theory for both fully saturated and unsaturated cases. Below the

water table, I employed a fully saturated poroelasticity (Biot, 1941) where

129



5.2. MODEL FORMULATION

the governing equations are

∇T
σ + b = 0 (2.65 revisited)

σ′ = σ − αmp (2.66 revisited)

σ′ = Dϵ (2.67 revisited)

ϵ = ∇u (2.68 revisited)

α
∂ϵ

∂t
+ Ss

∂p

∂t
= ∇ · (κ∇p) (2.69 revisited)

with ∇ =


∂/∂x 0

0 ∂/∂y

∂/∂y ∂/∂x

, σ = [σxx, σyy, σxy]
T , b = [0, ρg]T , m = [1 1 0]T ,

D =
E

(1 + ν)(1 − 2ν)


1 − ν ν 0

ν 1 − ν 0

0 0
1 − 2ν

2

, ϵ = [ϵxx, ϵyy, ϵxy]
T , u =

[ux, uy]
T .

Above the water table, I use the same assumption as the one-dimensional

model related to air pressure (air pressure is equal to atmospheric pressure).

Therefore, the unsaturated zone can be modelled as (Cheng, 2020)

αw
∂ϵ

∂t
+

1

Mw

∂p

∂t
= ∇ · (κ∇p) (5.1)

with the parameters

αw = Sw (5.2)

Mw =
γw(1 − λ)

ϕλµ
S−1/λ
w

(
1 − S1/λ

w

)λ
(5.3)

where σ is the total stress tensor (Pa), σ′ is the effective stress tensor

(Pa), α is the Biot’s coefficient (−), ϵ is the strain tensor (−), u is the

displacement (m), p is the pore water pressure (Pa), b is the body force
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(N m−3), Sw is the degree of saturation of water (−), γw is the specific

weight of water (N m−3) , ϕ is the active porosity (−), λ is the first water

retention empirical constant (−), µ is the second water retention empirical

constant (m−1), ϵ is the strain (−), pw is the pore water pressure (Pa), and

κ is the hydraulic conductivity (m s−1).

The discretisation is required in order to solve the partial differential equa-

tions from poroelasticity formulation. In one dimension, the discretisation

is relatively simple because it is only a vertical line, which represents the

peatland height. However, in two dimensions, the discretisation becomes

more complex and significantly affects the stability of the model (George,

2000; Edelsbrunner, 2001; Zhu et al., 2006). Persson and Strang (2004)

proposed a mesh generator code to discretise the two- or three-dimensional

domain based on the signed distance function. The code is straightforward

that can be used for a finite element or finite volume discretisation, geom-

etry modelling, and computer graphics. However, the algorithm requires a

predetermined equation for domain descriptions that cannot be obtained

from my problem. The internal and external feedback mechanism changes

the domain and shape of the peatland as it grows with time. Therefore,

I implemented the Delaunay triangulation, which provides an optimal and

non-overlapping connection between the neighboring triangles from a data

sets of points to create a two-dimensional mesh (Shewchuk, 2002).

The load from plant weight, new layer addition, and body force results

in the deformation of the peat pore structure represented by vertical and

horizontal displacement of the solid particle. I proposed the influence of

two-dimensional deformation on the peat bulk density and active porosity

131



5.2. MODEL FORMULATION

as follows

ρt =
ρt−1

1 + βρ∇ · u
(5.4)

ϕt =
ϕt−1 + βϕ∇ · u

1 + ∇ · u
(5.5)

where ρ is the bulk density (kg m−3), βρ is the bulk density parameter (−),

ϕ is the active porosity (−), βϕ is the active porosity parameter (−), u is

the displacement (m).

The formulation of Young’s modulus is similar to Equation (4.1) from the

one-dimensional model, which is a function of remaining mass and the

proportion of plant functional types. Therefore, peat becomes stiffer and

has a higher Young’s modulus if the shrub is dominant, while peat becomes

softer with a lower Young’s modulus if Sphagnum dominates the plant

functional type. However, in order to reduce the computational time, I

used the average value of the remaining mass for the peat located below

the water table in Young’s modulus calculation.

5.2.2 Ecological submodel

Peat production is calculated through Equation (3.12), which depends on

the water table position and air temperature. Peat production together

with the proportion of plant functional types are employed to model the

plant weight at the top surface as stated in the Equation (3.13). The decom-

position model is obtained from Equation (3.14) and the remaining mass

is calculated from the ratio between mass at time t, which has experienced

decay, and the initial mass (Equation (3.15)).

I used a similar linear regression model to estimate the proportion of PFT
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based on the water table positions Equation (4.2), (4.3), (4.4). The main

difference is the relaxation of the minimum and maximum values of PFT

proportion. In this model, PFT proportion is not limited by the range

value of the water table position that is available from Moore et al. (2002)

measurements. However, through this approach, there is a possibility that

the PFT proportion is negative or the total proportion is greater than one.

Therefore, I assigned the minimum value of each PFT proportion equal to

zero if the value is negative and normalised the total proportion.

5.2.3 Hydrological submodel

I model the peatland groundwater flows in two dimensions using the Boussi-

nesq equation (Boussinesq, 1871) subject to net rainfall that acts as a source

term (Cobb et al., 2017; Baird et al., 2012; Morris et al., 2012)

Sy
∂H

∂t
= ∇ · (T∇H) + r (5.6)

where H is the water table height (m), Sy is the specific yield (−), T is

the transmissivity (m2 yr−1), and r is the net rainfall (precipitation mi-

nus evapotranspiration) (m yr−1). Boussinesq equation is developed based

on the Dupuit and Forchheimer (D-F) assumption (Dupuit, 1863; Forch-

heimer, 1930), which states that groundwater flows horizontally in uncon-

fined aquifers. The D-F assumption is appropriate to model the peatland

groundwater because the peatland lateral distance is much wider than the

thickness, which leads to the dominant horizontal flow.

MODFLOW from U.S. Geological Survey (McDonald and Harbaugh, 2003)

and DigiBog (Baird et al., 2012; Morris et al., 2012) use the finite differ-

ence method to solve the Equation (5.6). However, the grid characteristics,
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including the size and shape, are crucial in the finite difference method to

satisfy the conservation of mass principle, resulting in higher computational

time, error, and instability in solving the complex boundaries and system.

I applied the finite volume method (Eymard et al., 2000; Moukalled et al.,

2016) that provides flexibility in discretisation, and the conservation of

mass principle can be adequately accommodated within each control vol-

ume.

In the finite volume form, the continuity equation that explains the balance

of flow can be obtained by integrating Equation (5.6) over arbitrary control

volume V to give

∫
V

Sy
∂H

∂t
dV =

∫
V

∇ · (T∇H) dV +

∫
V

rdV (5.7)

The Gauss divergence theorem is used to simplify the Equation (5.7), thus

∫
V

Sy
∂H

∂t
dV =

∫
S

T∇H · ndS +

∫
V

rdV (5.8)

where S is the surface of the control volume and n represents the outward

unit normal to the surface.

The changes in the active porosity due to the deformation of peat pore

structure influence hydraulic conductivity through the Equation (3.16).

Although the formulation of hydraulic conductivity is the same as the one-

dimensional model, the input to the formulation is different because active

porosity is affected by vertical and horizontal deformation. Therefore, hy-

draulic conductivity also varies in the two-dimensional space. I assume that

the height of the water table cannot surpass the height of the peatland be-

cause the water will flow as surface water, which is the same assumption

employed in a one-dimensional model. Furthermore, the water table depth
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is obtained from the difference between peatland height and water table

height.

5.2.4 Numerical verification

The numerical verification is focused on the mechanical submodel devel-

oped based on two-dimensional poroelasticity. I compare the proposed

algorithm for the fully saturated case with the analytical solution from

Mandel’s problem (Mandel, 1953). I employ 441 nodes and 800 elements

to discretise the domain with a horizontal and vertical distance of 1 m. The

numerical calculation shows a good agreement with the analytical solution

indicated by a relatively small mean absolute error for normalized pore wa-

ter pressure and solid displacement (see Chapter 2 for the full formulation

and verification of two-dimensional poroelasticity). The first variable, nor-

malized pore water pressure P , has the highest mean absolute error around

3.8×10−3. For the second variable, normalized horizontal displacement u∗x,

has the highest mean absolute error around 2.8 × 10−3. Finally, the high-

est mean absolute error of normalized vertical displacement u∗y is about

1.1 × 10−3.

5.3 Model implementation

I simulate long-term peatland development over 5000 years with flat and

rigid substrates which are constrained by parallel rivers (Ingram, 1982) to

demonstrate the proposed model. I modelled half of the domain from the

central vertical axis to the one river with a distance of 500 m, which is

discretised by a 10 m uniform horizontal grid, because I assumed that the

peatland grows symmetrically (Baird et al., 2012; Morris et al., 2012). The
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Figure 5.2: The climate profile over 5000 years, consisting of (a) net rainfall,
which is defined as precipitation minus evapotranspiration, with the range
value of 0.6 m yr−1 − 1 m yr−1, and (b) annual average air temperature with
the range value of 4 ◦C − 7 ◦C.

boundary conditions for the central axis are impermeable, and no horizon-

tal displacement. I employed non-constant net rainfall (precipitation minus

evapotranspiration) (Figure 5.2a) and annual average air temperature (Fig-

ure 5.2b) obtained from a sinusoidal function with some noise under the

range value of 0.6 m yr−1 − 1 m yr−1 and 4 ◦C − 7 ◦C, respectively (Mor-

ris et al., 2015; Young et al., 2019, 2021). The total load on this system is

associated with the surficial peat addition, plant weight, and body force.

The surficial peat addition and plant weight were applied at the top sur-

face, while the body force acted throughout the peatland area. In general,

the simulations can be divided into two groups, with the parameter values

summarised in Table 5.1.

In the first group, I focused on the addition of the horizontal dimension

on peatland behaviour, including the thickness, physical properties, water

table depth, PFT proportion, and plant weight. The simulations were

conducted under the conditions of an impermeable substrate and constant

river elevation. I assumed that the elevation of the substrate and river was

the same, with a value equal to zero over the simulation time. Therefore, at

the boundary between the peatland and the river, the peatland water table

height was equal to zero. In general, the analysis in this group is conducted
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Table 5.1: Symbols and parameter default values for the simulations.

Name Symbol Value Unit Reference

Unsaturated zone de-

cay rate

ηun 5 × 10−2 yr−1 (Clymo, 1984)

Saturated zone decay

rate

ηsa 8 × 10−5 yr−1 (Clymo, 1984)

Biot’s coefficient α 1 − (Terzaghi,

1943)

Poisson ratio ν 0.2 − Present study

Bulk density initial

value

ρ0 50 kg m−3 (Lewis et al.,

2012)

Carbon content C 0.47 − (Loisel et al.,

2014)

Active porosity initial

value

ϕ0 0.8 − (Quinton

et al., 2000)

Bulk density parame-

ter

βρ 3 − Present study

Active porosity pa-

rameter

βϕ 2 − Present study

Hydraulic conductiv-

ity initial value

κ0 1 × 10−2 m s−1 (Hoag and

Price, 1995)

Hydraulic conductiv-

ity parameter

ξ 15 − (Mahdiyasa

et al., 2022)

Specific yield Sy 1.4 × 10−2 − (Bourgault

et al., 2017)

Degree of saturation of

water

Sw 0.4 − (Mahdiyasa

et al., 2022)

Continued on next page
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Table 5.1 – Continued from previous page

Name Symbol Value Unit Reference

Water retention em-

pirical constant 1

λ 0.5 − (Mahdiyasa

et al., 2022)

Water retention em-

pirical constant 2

µ 0.4 m−1 (Mahdiyasa

et al., 2022)

Specific storage Ss 1.4 × 10−2 m−1 (Hogan et al.,

2006)

Young’s modulus pa-

rameter 1

χ 4 × 105 Pa (Mahdiyasa

et al., 2022)

Young’s modulus pa-

rameter 2

ζ 0.1 − (Mahdiyasa

et al., 2022)

Shrub-Young’s modu-

lus parameter

b1 1.25 − (Mahdiyasa

et al., 2023)

Sedge-Young’s modu-

lus parameter

b2 1 − (Mahdiyasa

et al., 2023)

Sphagnum -Young’s

modulus parameter

b3 0.75 − (Mahdiyasa

et al., 2023)

Shrub constant d1 0.4 − (Mahdiyasa

et al., 2022)

Sedge constant d2 0.4 − (Mahdiyasa

et al., 2022)

Sphagnum constant d3 20 − (McNeil and

Waddington,

2003)
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under variable climates (Figure 5.2) to capture the effect of dry and wet

conditions on peatland growth. However, only for the comparison with

DigiBog (see Subsection 5.5.3), I employ constant net rainfall (0.8 m yr−1)

and air temperature (6 ◦C) in order to provide similar and comparable

conditions.

In the second group, I analysed the effect of river incision on the peatland

characteristics. I assumed that a peatland developed above a permeable

substrate with decreasing river elevation at the edges due to the river in-

cision. I explored the influence of a permeable substrate by allowing the

water to flow in the substrate through the domain addition, with stiff and

constant hydraulic conductivity characteristics. By including the perme-

able substrate, I aimed to simulate the water outflow through this area

as the river decreases due to the incision phenomenon. Furthermore, the

river incision effect was adapted by setting the peatland water table height

equal to the lowered river elevation at the boundary. The river incision

rate together with the hydraulic conductivity of the substrate, affect the

peatland drainage and water table position, which in turn determines the

peat production, decomposition and compaction through the changes in

loading and effective stress. In this group, I employed two combinations of

river incision rate Ω and substrate hydraulic conductivity κsubs. The first

combination indicates that the peatland experiences a significant decrease

in river elevation during the development process, represented by the higher

value of the river incision rate. In contrast, the change in river elevation

is reduced in the second combination, indicated by the lower value of river

incision rate.

Ω = 5 × 10−3 m yr−1 , κsubs = 1 × 10−8 m s−1

Ω = 5 × 10−6 m yr−1 , κsubs = 1 × 10−8 m s−1
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To simplify the difference in the modelled peatland, I denote Peatland 1 as

the peatland that grows in the constant river elevation and impermeable

substrate, while Peatland 2 and 3 indicate a peatland that develops under

the condition of non-constant river elevation and permeable substrate with

Peatland 2 having the higher value of river incision rate than Peatland 3.

5.4 Simulation results

5.4.1 Peatland 1: Constant river elevation and im-

permeable substrate

The Peatland 1 simulation produces a dome shape peatland with the max-

imum thickness obtained at the centre (2.63 m) and decreases toward the

margin. The peat physical properties, including bulk density (Figure 5.3),

active porosity (Figure 5.4), and hydraulic conductivity (Figure 5.5), show

spatial variability in the vertical and horizontal directions with the range

value between 50 - 103 kg m−3, 0.47 - 0.8, and 1× 10−2 - 3.7× 10−6 m s−1,

respectively, over 5000 years. They experience substantial changes in the

transition between unsaturated and saturated zones but with different rates

because the contrast becomes more significant at the margin compared to

the centre.

After the unsaturated zone is developed, around 150 years since peatland

initiation, water table depth experiences fluctuations depending on the net

rainfall, hydraulic conductivity, and hydraulic gradient (Figure 5.6a). The

spatial variability appears in the peatland water table depth, which is lower

at the centre compared to the margin, especially after 2000 years BP, as

the difference in the hydraulic gradient becomes more significant. Conse-

140



5.4. SIMULATION RESULTS

Figure 5.3: The two-dimensional profile of bulk density after (a) 1000 years,
(b) 3000 years, and (c) 5000 years from Peatland 1.

Figure 5.4: The two-dimensional profile of active porosity after (a) 1000
years, (b) 3000 years, and (c) 5000 years from Peatland 1.
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Figure 5.5: The two-dimensional profile of hydraulic conductivity after (a)
1000 years, (b) 3000 years, and (c) 5000 years from Peatland 1.

quently, the increasing variation in hydraulic gradient during the develop-

ment processes potentially leads to drier conditions of the margins. More-

over, the differences in water table depth between the margin and centre

increase in the wet season because of the disparity in the water storage.

The water table depth fluctuates from 0 m until 0.34 m at the centre, and

from 0.08 m until 0.35 m at the margin, with a maximum discrepancy of

about 0.17 m.

The lateral variability in the water table depth influences PFT proportions

and plant weight. For example, around 500 years BP, water table depth at

the centre and margin are about 0.20 and 0.28 m, respectively. As a result,

the Sphagnum proportion is higher at the centre (48%) compared to the

margin (41%), while the shrub proportion becomes less dominant at the

centre (18%) than at the margin (35%) (Figure 5.6b). Moreover, the vari-

ation of PFT proportion at 500 years BP leads to a different plant weight
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Figure 5.6: The profile of (a) water table depth, (b) plant functional types
(PFT) proportion at the centre, (c) PFT proportion at the margin, and
(d) plant weigh over 5000 years from Peatland 1. The water table depth
is higher at the margin, which supports the shrub growth and produces a
higher plant weight at the margin compared to the centre.
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between the centre and margin, about 24.57 kg m−2 and 26.71 kg m−2,

respectively (Figure 5.6c).

5.4.2 Peatland 2 and 3: Non-constant river elevation

and permeable substrate

The difference in the boundary conditions behaviour, represented by the

changes in the river elevation at the edges, substantially affects the peatland

interior. After 5000 years, the maximum thickness obtained from the Peat-

lands 2 and 3 are 1.51 m and 2.24 m, respectively. Peatland 2 experiences

a more significant propagation effect than Peatland 3 as a consequence of

a higher river incision rate, as shown in the Figures 5.7, 5.8, and 5.9. The

range of water table depth obtained from Peatland 2 is about 0.03 - 0.34

m at the centre and 0.08 - 0.35 m at the margin, with the highest varia-

tion between these two areas around 0.09 m (Figure 5.10a). Conversely,

Peatland 3 produces a minimum and maximum values of water table depth

from 0.008 m to 0.34 m (at the centre) and from 0.07 m to 0.35 m (at the

margin), with the highest difference about 0.15 m (Figure 5.10d) after the

appearance of unsaturated zone.

The difference in the range of water table depth obtained from Peatlands 2

and 3 affect PFT proportion, plant weight, and mechanical compaction. In

Peatland 2, PFT proportion (Figure 5.10b) fluctuates between the centre

and margin with the maximum variation of about 8% (Sphagnum), 13%

(sedge), and 21% (shrub) that leads to the most considerable difference in

the plant weight of about 4.20 kg m−2 (Figure 5.10c). In contrast, Peat-

land 3 provides variation of PFT proportion in the lateral direction (Fig-

ure 5.10e) with the greatest difference between the margin and the centre

around 11%, 18%, and 29% for Sphagnum, sedge, and shrub, respectively.
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Figure 5.7: The two-dimensional profile of bulk density after 1000, 3000,
5000 years (a), (b), (c) from Peatland 2 and (d), (e), (f) from Peatland 3,
respectively.
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Figure 5.8: The two-dimensional profile of active porosity after 1000, 3000,
5000 years (a), (b), (c) from Peatland 2 and (d), (e), (f) from Peatland 3,
respectively.
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Figure 5.9: The two-dimensional profile of hydraulic conductivity after
1000, 3000, 5000 years (a), (b), (c) from Peatland 2 and (d), (e), (f) from
Peatland 3, respectively.
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Figure 5.10: The profile of water table depth, plant functional types (PFT)
proportion at the centre, PFT proportion at the margin, and plant weight
over 5000 years (a), (b), (c), (d) from Peatland 2 and (e), (f), (g), (h) from
Peatland 3, respectively.
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The variations of PFT proportion obtained from Peatland 3 result in the

maximum discrepancy for the plant weight around 6.06 kg m−2 (Figure

5.10f). Furthermore, Peatland 2 provides a more considerable effect of

compaction than Peatland 3 due to the deeper position of water table, that

leads to the higher maximum bulk density (105 kg m−3 vs. 103 kg m−3),

lower minimum active porosity (0.46 vs. 0.47) and hydraulic conductivity

(2.8×10−6 m s−1 vs. 3.7×10−6 m s−1) in the final simulation year (Figures

5.7, 5.8, and 5.9 ).

5.5 Discussion

The most important result from the two-dimensional version of MPeat is

the ability to model the influence of spatial variability on long-term peat-

land behaviour. The addition of the second dimension provides a significant

impact on the peat physical properties because they change in the vertical

and horizontal directions. I found that the active porosity (Figure 5.4) and

hydraulic conductivity (Figure 5.5) decrease systematically from the centre

to the margin, while the bulk density (Figure 5.3) experiences an opposite

pattern with the increasing value from the peatland interior to the edges.

These horizontal variations in the peat physical properties obtained from

MPeat are in agreement with previous modelling- and field-based studies

(Armstrong, 1995; Whittington and Price, 2006; Lapen et al., 2005; Baird

et al., 2008; Lewis et al., 2012).

The horizontal variability of the peat physical properties occurs because

the peatland experiences not only different effects of decomposition (Lapen

et al., 2005) but also compaction between the margin and the centre. The

steeper hydraulic gradient at the margin promotes water release and re-

149



5.5. DISCUSSION

duces the position of the water table (Reeve et al., 2006; Lewis et al., 2012;

Kværner and Snilsberg, 2011; Regan et al., 2019), which results in higher

loading from plant weight and effective stress. In contrast, peatland to-

pography at the centre is mainly flat, leading to the shallow water table

position (Figure 5.6a), which in turn, limits the deformation of the peat

pore space. At smaller scales of a few meters, another possible factor af-

fecting the horizontal variance of peat physical properties is the peatland

microform. The measurement from Whittington and Price (2006) showed

that bulk density and hydraulic conductivity differ substantially in the lat-

eral direction over distances of a few metres between hummocks, lawns,

and hollows. Moreover, Baird et al. (2016) showed that the difference in

the hydraulic conductivity between contiguous microform could vary by

more than an order of magnitude. The variation in the water table posi-

tion and plant functional types in the peatland microform (Eppinga et al.,

2008; Malhotra et al., 2016; Moore et al., 2019), which significantly affect

the loading, effective stress, and compaction on the peat pore space, might

become a reasonable explanation for this behaviour. However, Baird et al.

(2016) found that the change in hydraulic conductivity is less evident at a

deeper location between adjacent hummocks and hollows, which suggests

that the lateral variability of hydraulic conductivity at the small scale be-

tween the microhabitat types beyond the uppermost peat is questionable.

The changes of peat physical properties in the vertical direction, from the

top surface to the bottom layer, obtained from the proposed model show

an increasing value of bulk density and a decreasing value of active poros-

ity and hydraulic conductivity (Clymo, 1984; Hoag and Price, 1995, 1997;

Quinton et al., 2000; Fraser et al., 2001; Clymo, 2004; Quinton et al., 2008).

The rapid changes occur at the transition between the unsaturated and

saturated zone, indicating significant compaction on the peat pore space
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due to the substantial increase of effective stress (Mahdiyasa et al., 2022,

2023). The fluctuations of peat physical properties become gradual in the

saturated zone because pore water pressure reduces the effective stress that

limits the deformation of the peat solid skeleton. Price (2003) found the de-

creasing value of effective stress below the water table that leads to smaller

changes in peat volume, which supports my simulation results.

5.5.1 Comparison with field measurements

I compare the spatial variability of peat physical properties in the vertical

and horizontal directions obtained from Peatland 1 with field observations.

In the vertical direction, the changes in bulk density simulated from Peat-

land 1 are in the range of 50 - 103 kg m−3, consistent with the reported

measurements of bulk density about 30 - 120 kg m−3 (Lunt et al., 2019;

Loisel et al., 2014; Clymo, 1984). Furthermore, the simulation results of

active porosity and hydraulic conductivity fluctuate between 0.47 - 0.8 and

3.7× 10−6 - 1× 10−2 m s−1, which are in accord with the field observations

of active porosity and hydraulic conductivity about 0.1 - 0.8 and 7 × 10−9

- 1.6 × 10−2 m s−1, respectively (Quinton et al., 2008; Clymo, 2004; Fraser

et al., 2001; Quinton et al., 2000; Hoag and Price, 1997, 1995). In the

horizontal direction, I use the data from Lewis et al. (2012), who mea-

sured the lateral variabilities of hydraulic conductivity and bulk density

at a depth of 30 to 40 cm from a blanket peatland in Ireland as a com-

parison. Although the peatland type from Lewis et al. (2012) is different

from my simulations, the main reason for the comparison is to demonstrate

the ability of the model to produce reasonable outputs of the lateral vari-

ability on peat physical properties that are empirically proven to occur in

the real peatland. Lewis et al. (2012) found that the average values of
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hydraulic conductivity at the margin and the centre are around 10−6 and

10−4 m s−1, respectively. Peatland 1 produces hydraulic conductivity with

a similar value at the margin (6.4 × 10−6 m s−1) but higher at the centre

(1.3×10−3 m s−1) compared to the Lewis et al. (2012) observations. More-

over, the bulk density values obtained from Lewis et al. (2012) are around

55 and 110 kg m−3, while my simulation provides the value of about 59

and 101 kg m−3 at the centre and margin, respectively. Although there are

some discrepancies between simulation results with the field measurement,

which are related to the differences in the peat stiffness, PFT composition,

and substrate topography that result in the variations of compaction ef-

fect (Mahdiyasa et al., 2023, 2022; Whittington et al., 2007; Malmer et al.,

1994), MPeat can model the spatial variability of peat physical properties

reasonably well.

The thickness and carbon accumulation rate of Peatland 1 obtained from

the simulation appear to be realistic. Peatland 1 produces an average

growth rate of about 0.53 mm yr−1, which leads to the maximum height

of 2.63 m after 5000 years. Charman (2002) found that the average peat

accumulation rate of the blanket and raised peatland are about 0.65 and

1 mm yr−1, respectively, based on the relation between peatland carbon

accumulation with age-depth curves. Aaby and Tauber (1975) analysed

the correlation between the rate of peat accumulation with the degree of

humification and found the growth rate of raised peatland in the range

of 0.16 - 0.80 mm yr−1 with the average value of 0.44 mm yr−1. Aaby

and Tauber (1975) suggested that the relationship between the degree of

humification and the growth rate is affected significantly by mechanical

compaction. A more decomposed peat experiences a higher compaction

effect due to the reduction in Young’s modulus and strength (Mahdiyasa

et al., 2023), which results in a lower peat thickness. Furthermore, the av-
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erage value of the net rate of carbon accumulation obtained from Peatland

1 is about 0.0183 kg C m−2 yr−1, which is in agreement with the reported

measurements of northern peatlands during the Holocene with an average

value around 0.0186 kg C m−2 yr−1 (Yu et al., 2009, 2010).

5.5.2 Comparison to a one-dimensional peatland growth

model

I compare the water table depth, peatland height, and cumulative car-

bon obtained from the centre of the two-dimensional version of MPeat

(MPeat2D) Peatland 1 with a one-dimensional version MPeat (MPeat1D)

using the same climatic input as shown in Figure 5.2 and parameter val-

ues summarised in Table 5.1. MPeat2D predicts a shallower water table

compared to the MPeat1D with the range value of 0 – 0.34 m and 0.16 –

0.36 m, respectively, after the appearance of the unsaturated zone (Figure

5.11a). The difference in the water table depth occurs because MPeat2D

incorporates the spatial variability of the peat physical properties and a

non-uniform hydraulic gradient, including the lower hydraulic conductivity

at the margin and nearly flat topography at the centre (Baird et al., 2008;

Lewis et al., 2012), which cannot be captured by MPeat1D. Moreover, the

emergence of the unsaturated zone, represented by non-zero values of water

table depth, is faster in the MPeat2D than MPeat1D with the difference of

about 650 years. Consequently, MPeat2D undergoes a shorter time of fully

saturated condition in the earlier time of development process, which pre-

vents substantial changes in the peat physical properties near the substrate,

as experienced by MPeat1D (Figures 3.3 and 3.5).

The discrepancy in the water table position at the centre between MPeat2D

and MPeat1D leads to the variation in peatland height and cumulative car-
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Figure 5.11: The comparison between the two-dimensional version of
MPeat (MPeat2D) Peatland 1 with the one-dimensional version of MPeat
(MPeat1D) for (a) water table depth, (b) peatland height, and (c) cumula-
tive carbon at the centre over 5000 years. Both models use the same input
for the climate and parameters, as shown in the Figure 5.2 and Table 5.1

bon (Figures 5.11b and 5.11c). The maximum height of the peatland after

5000 years obtained from MPeat2D (2.63 m) is greater than MPeat1D

(2.39 m) due to the reduction of the compaction effect as the water table

is closer to the surface (Whittington and Price, 2006; Waddington et al.,

2010; Mahdiyasa et al., 2022, 2023). MPeat2D produces a higher cumula-

tive carbon compared to MPeat1D in the final simulation year, with values

of about 91 kg C m−2 and 76 kg C m−2, respectively, because the shallow

water table position results in a lower unsaturated zone thickness that ex-

periences high rates of decay. Although the increasing peat production as

the water table drops could compensate for an increment in the decompo-

sition process, the studies from Evans et al. (2021), Huang et al. (2021),

and Ma et al. (2022) indicate the positive feedback of wet conditions on
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carbon accumulation.

The comparison between MPeat2D and MPeat1D shows the importance

of spatial variability of water table position and peat physical properties,

including bulk density, active porosity, and hydraulic conductivity, on the

thickness and carbon stock of the peatland. These results are in agreement

with Lapen et al. (2005), who found that lateral variations of hydraulic

conductivity, lower at the margin than at the centre, encourage water ac-

cumulation that leads to more significant peat thickness. However, the

analysis of Lapen et al. (2005) is based on the sensitivity analysis of the

groundwater flow model at steady-state conditions, which omits the com-

plex feedback from the peatland and only applies in specific situations. In

contrast, MPeat provides a comprehensive approach that incorporates me-

chanical, ecological, and hydrological feedback to highlight the influence of

spatial variations in the peatland characteristics during the development

process.

5.5.3 Comparison to the other two-dimensional peat-

land growth model

In general, some results obtained from MPeat to analyse the influence of

spatial variability on peatland behaviour align with DigiBog (Baird et al.,

2012; Morris et al., 2012). Using the same assumption of the impermeable

substrate with static river elevation at the edges and constant climate, both

models produce dome shapes of the peatland in two dimensions over 5000

years (Figure 5.12a). However, the inclusion of mechanical processes on

MPeat provides a plausible profile of bulk density and active porosity that

are assumed to be a constant by DigiBog. The changes in peat physi-

cal properties and the discrepancy in the hydraulic gradient obtained from
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MPeat lead to the spatial variation of water table depth which is inline with

the field observation from Lewis et al. (2012) (Figure 5.12b). In contrast,

DigiBog produces a relatively uniform hydraulic gradient that results in the

constant water table depth between the centre and the margin. This con-

dition limits the capabilities of DigiBog to simulate the lateral variation in

peat production, decomposition, and PFT proportion because they depend

on the water table depth (Clymo, 1984; Belyea and Clymo, 2001; Moore

et al., 2002; Kokkonen et al., 2019; Laine et al., 2021). Although MPeat

also suffers from the appearance of a cliff at the margin as DigiBog, the cliff

height from MPeat (around 0.27 m) is lower than DigiBog (around 1.15 m)

in the final simulation year due to the influence of mechanical compaction.

A significant amount of effective stress is produced at the margin because

of the higher water table depth, which decreases the peatland thickness in

that area. This phenomenon also supports the importance of mechanical

feedback to simulate a plausible shape of the peatland in two dimensions

because the peat cliff at the margin does not appear in the natural condi-

tion, except due to extraction or erosion (Morris et al., 2012; Tuukkanen

et al., 2017; Tarvainen et al., 2022).

The two-dimensional version of MPeat is developed based on the continuum

concept (Irgens, 2008; Jog, 2015), while DigiBog uses linked vertical column

to simulate a peatland. As a consequence, MPeat produces a smoother

profile of peatland shape, especially near the margin compared to DigiBog.

This is because, through the continuum concept, the deformation of peat

pore structure due to the loading from a new surficial peat addition, plant

weight, and body force is distributed continuously throughout the peatland.

The continuum concept is also employed by Cobb et al. (2017) to model

the development of tropical peatland in two dimensions and analyse the

stable condition of the peatland shape and topography.
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Figure 5.12: The comparison between (a) peatland shape and (b) water
table depth from MPeat Peatland 1 and DigiBog Bog 2 (Morris et al.,
2012) over 5000 years. Both models assume that the peatland develops
above impermeable substrate with static river elevation at the edges and
constant climate.

The current two-dimensional version of MPeat is unable to model the lat-

eral expansion of peatland growth, as shown by DigiBog, and it might

become a feature that could be enhanced. MPeat assumes a fixed hor-

izontal domain where peat is uniformly distributed in the initial stages

of development. Lateral expansion is crucial to model the paludification

process that influences peatland behaviour because the transition process

from forest to peatland involves changes in vegetation, nutrient availability,

and peat physical properties (Charman, 2002; Anderson et al., 2003; Ry-

din and Jeglum, 2006). Another two-dimensional peatland growth model

that provides lateral expansion is developed by Winston (1994). However,

this model ignores the spatial variability of peat physical properties and

internal feedback mechanisms, which limits our understanding of peatland

behaviour as a complex system (Belyea and Baird, 2006; Belyea, 2009).
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Figure 5.13: The profile of (a) peatland height and (b) cumulative carbon
from Peatland 1 (without river incision and impermeable substrate), Peat-
land 2 (high rate of river incision and permeable substrate), and Peatland
3 (low rate of river incision and permeable substrate) at the centre over
5000 years.

5.5.4 The influence of river incision at the edges

The inclusion of river incision and permeable substrate on the MPeat leads

to the different peatland shapes and thicknesses under the same climatic

influence. A higher river incision rate produces a significant deviation from

the dome shape, as shown by Peatland 2 (Figure 5.7, 5.8, and 5.9). The

shape becomes more linear under a greater drop in river elevation, which

reduces the variations in the hydraulic gradient and supports the water

flow from the centre to the margin. Therefore, the spatial variability of

water table depth, PFT proportion, and plant weight decrease as the river

elevation experiences further drops (Figure 5.10). The variation in the

peatland shape is reasonable due to the fact that the dome shape of the

peatland is proposed based on the groundwater mound hypothesis, which

assumes that the river and the substrate are at the same elevation all the

time (Ingram, 1982).

The decreasing river elevation due to the incision phenomenon leads to

higher water discharge from the peatland, which in turn reduces the peat-

land water table and the thickness, starting from the margin and propa-
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gating towards the centre. The thicknesses of Peatlands 2 and 3 are lower,

about 43% and 15% at the centre, compared to Peatland 1 that grows under

constant river elevation and impermeable substrate after 5000 years, which

is equivalent to the carbon loss of around 39 kg C m−2 and 13 kg C m−2,

respectively (Figure 5.13). This result is consistent with the study from

Glaser et al. (2004b), who found that river incision reduces the water table

height and thickness of the peatland. Furthermore, MPeat shows that river

incision affects the peat physical properties by producing a higher value of

bulk density (Figure 5.7) and a lower value of active porosity (Figure 5.8)

and hydraulic conductivity (Figure 5.9). In general, the river incision is

similar to the drainage process because it reduces the water table position,

which leads to the enhancement of the effective stress and compaction ef-

fect on the peat pore space (Ballard et al., 2012; Regan et al., 2019; Word

et al., 2022).

In order to generalise the results obtained from MPeat for the influence

of the dynamics behaviour of the river at the boundary, I proposed a di-

mensionless quantity ω. This quantity is a function of river incision rate,

substrate hydraulic conductivity, and the distance from the peatland cen-

tre to the margin or peatland radius. I include the peatland radius be-

cause the lateral discharge of water is reduced with the increasing distance

between the centre and margin (Childs, 1969; Ingram, 1982; Armstrong,

1995), which results in a lower drop of the water table under the same

value of river incision (Glaser et al., 2004b). Therefore, ω can be writen as

ω =
Ωκsubs
lg

(5.9)

where ω is the dimensionless quantity to represent the influence of river

incision (−), Ω is the river incision rate (m yr−1), κsubs is the substrate
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Figure 5.14: The effect of downcutting river at the boundaries on the peat-
land shape and thickness over 5000 years with different values of dimension-
less constant ω, which is a function of river incision rate, substrate hydraulic
conductivity, and peatland radius. Peatland 2 experiences a more signifi-
cant influence of river incision than Peatland 3 indicated by a higher value
of ω. Normalised height and normalised horizontal distance are obtained
from peatland height divided by maximum height and peatland horizontal
distance divided by maximum horizontal distance or peatland radius, re-
spectively.

hydraulic conductivity (m s−1), l is the peatland radius (m), and g is the

acceleration of gravity (m s−2).

Figure 5.14 shows the shapes of Peatlands 2 and 3 in terms of ω after 5000

years. A higher value of ω indicates that the effect of boundary conditions

is more prominent in influencing the peatland interior, while a lower value

of ω shows that the dynamics of the boundary conditions might be less

critical on the peatland behaviour. Therefore, through this approach, the

comparison between MPeat and field measurements is likely to become

more appropriate because I have reduced the uncertainty of some variables.

I have shown the importance of spatial heterogeneity of peatland char-

acteristics including peat thickness, water table depth, PFT composition,

and peat physical properties, on the peatland behaviour through the two-

dimensional version of MPeat. In the next chapter, MPeat is employed

to analyse the limits to peatland carbon accumulation because of the me-
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chanical instability that leads to peatland failure. The failure condition is

determined by the interactions between stresses on the peat body and the

peat strengths. I analyse the shear and tensile failure that lead to the peat

slide and bog burst phenomena, respectively (Dykes and Kirk, 2001; Dykes

and Warburton, 2008b; Dykes, 2008; Dykes et al., 2008; Dykes, 2022).
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Chapter 6

Modelling the influence of

mechanical instability on the

limits to peatland carbon

accumulation

6.1 Introduction

The two-dimensional model of peatland growth presented in Chapter 5

explains the influence of a higher dimension for understanding peatland

behaviour. MPeat in two dimensions captures the spatial variations of

water table depth, peat thickness, plant functional type composition, and

peat physical properties, including bulk density, active porosity, and hy-

draulic conductivity as a peatland grows, which is beyond the ability of a

one-dimensional model. Another phenomenon that requires analysis in the

higher dimension is the mechanism of peatland failure due to mechanical

instability in the long-term development. The peatland failure is a complex

162



6.1. INTRODUCTION

process involving internal and external feedback mechanisms, particularly

the interactions between stresses on the peat body and peat strength, which

is affected by the peatland landscape.

Peatland failure involving a mass movement of peat is reported to occur

throughout the world (Wilford, 1966; Wilson and Hegarty, 1993; Gallart

et al., 1994; Dykes and Kirk, 2001; Warburton et al., 2003; Dykes et al.,

2008; Dykes and Warburton, 2008b; Dykes, 2022) and provides several im-

plications. This phenomenon affects peatland carbon stock because it sup-

ports peat erosion and drainage, reducing the carbon accumulation process

(Warburton et al., 2003; Evans and Warburton, 2007) and possibly con-

verting the peatland from net carbon sinks to carbon sources. The mass

movement results in the loss of habitats not only for animals and plants

in the failure location but also for aquatic life if the movement of peat

mass reaches the main rivers or watercourses (McCahon et al., 1987). Fur-

thermore, the recorded data of devastating peat mass movement events in

Ireland resulted in extensive damage to property and infrastructure, with

considerable economic loss (Long and Jennings, 2006; Dykes and Warbur-

ton, 2007).

The previous studies of the peatland failure mechanism indicate that the

peat strength and the slope inclination are primary factors controlling peat

mass movement, including peat slides and bog bursts. Dykes and Warbur-

ton (2008b) employed a slope stability model to analyse the mass movement

in the Dooncarton Mountain in Ireland and found that the occurrence of

peat slides is significantly influenced by the shear strength and the slope

angle. Moreover, the studies of mass movement in terms of bog bursts

in Maghera Mountain, Ireland, provided quantitative evidence that ten-

sile strength is potentially a crucial factor in the occurrence of this type

of peatland failure (Dykes, 2008). The recorded data of peatland failure
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shows that a higher slope angle leads to lower peat thickness because peat

growth is constrained by mechanical instability (Wilford, 1966; Alexander

et al., 1986; Wilson and Hegarty, 1993; Gallart et al., 1994; Dykes and

Kirk, 2001; Warburton et al., 2003; Yang and Dykes, 2006; Dykes et al.,

2008; Dykes and Warburton, 2008b; Dykes, 2008; Boylan et al., 2008; Dykes

and Selkirk-Bell, 2010). Therefore, the variations in the slope angle, and

the interactions between stresses on the peat body and peat strength de-

termine the maximum limit of peat and carbon accumulation before the

failure takes place.

The existing models to analyse long-term peat and carbon accumulation

focus on the water supply and the balance between peat production and

decomposition (e.g., Yu et al., 2001; Frolking et al., 2010; Heinemeyer

et al., 2010; Baird et al., 2012; Morris et al., 2012), with the basic concept

proposed by Ingram (1982) and Clymo (1984) through the Groundwater

Mound Hypothesis and Bog Growth Model, respectively (see Chapter 1).

However, these models ignore the possibility of peatland failure due to the

mechanical instability that affects the carbon accumulation process. MPeat

is a fully coupled mechanical-ecohydrological model of long-term peatland

growth, formulated based on poroelasticity theory. The two-dimensional

version of MPeat includes the spatial variations of water table position,

plant functional types (PFT) composition, and peat physical properties,

including bulk density, active porosity, and hydraulic conductivity, lead-

ing to the differences in the peat production and stresses experienced by

the peat body (see Chapter 5). This model incorporates the possibility of

failure conditions during development processes, which could change the

estimation of the long-term peat and carbon accumulation. Therefore, the

two-dimensional version of MPeat provides a conceptual framework that is

suitable for analysing the maximum carbon accumulation of the peatland
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in a given landscape.

The objectives of this chapter are to (1) examine the influence of a land-

scape, consisting of upland, sloping area, and lowland, which is constrained

by the river on the peatland behaviour, (2) analyse the mechanical insta-

bility that leads to the peatland failure, (3) estimate the limits to carbon

accumulation of a peatland before the occurrence of failure.

6.2 Methods

I modify the two-dimensional formulation of MPeat to investigate the peat-

land failure through the stresses on the peat body that are affected by feed-

back from mechanical, ecological, and hydrological processes. The shear

failure that leads to the peat slide (Dykes and Kirk, 2001; Dykes and War-

burton, 2008b; Dykes et al., 2008; Dykes, 2022) appears if the maximum

shear stress is greater than the peat shear strength. In contrast, if the max-

imum tensile stress surpasses the peat tensile strength, then the peatland

experiences a tensile failure that is related to the bog burst phenomenon

(Dykes, 2008).

6.2.1 Model formulation

The mechanical submodel from MPeat, which is developed based on poroe-

lasticity theory (Biot, 1941; Detournay and Cheng, 1993; de Boer, 2000;

Wang, 2000; Coussy, 2004), produces pore water pressure and displacement

of the solid particles, both in the vertical and horizontal directions, as the

main outputs. I performed back calculations to obtain the stresses on the

peat body through the kinematics relation and linear constitutive law that
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provide a formulation between displacement and stresses (Equations 2.65

- 2.68). The mechanical failure occurs if the maximum stresses exceed the

strengths of the material (e.g., Puzrin et al., 2014; Elsoufiev, 2007; Collins,

1993). Therefore, I calculate the principal stresses that provide maximum

value of normal stresses, including tensile and compressive, as written below

σ1,2 =
σxx + σyy

2
±

√(
σxx − σyy

2

)2

+ σxy2 (6.1)

Furthermore, the maximum shear stress can be written as

τmax =
σ1 − σ2

2
=

√(
σxx − σyy

2

)2

+ σxy2 (6.2)

where σ1 is the maximum principal stress (Pa), σ2 is the minimum principal

stress (Pa), σxx is the horizontal component of stress (Pa), σyy is the vertical

component of stress (Pa), σxy is the shear stress (Pa), and τmax is the

maximum shear stress (Pa).

6.2.2 Model implementation and setup

I simulate the peatland development above rigid, impermeable, and non-

flat substrate constrained by the two parallel rivers at the edges. I assume

that substrate topography and peatland properties are symmetric toward

the central vertical axis, with impermeable and no horizontal displacement

characteristics. Through this assumption, I reduce the model domain and

only simulate peatland from the centre to the one river with a distance of

500 m that is discretised by a 10 m uniform horizontal grid. Furthermore,

the river at the boundaries is assumed to be static with negligible depth

because I omit the downcutting phenomenon as the peatland grows. The

substrate topography consists of the upland and lowland, which is separated
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Figure 6.1: (a) The illustration of the proposed landscape that consists of
the upland, lowland, and sloping area based on Winter (2001). Peatland
receives water from net rainfall, which is defined as the precipitation (green
arrows) minus evapotranspiration (red arrows). The blue arrows indicate
the direction of water flow. (b) The illustration of landscape factor Lf
which is defined as the ratio between the maximum height of the substrate
with the horizontal distance from the centre to the edges

(
Hs
l

)
to quantify

the landscape characteristics. A higher value of landscape factor Lf indi-
cates that the landscape contains a steeper slope.

Figure 6.2: The climate profile over 8000 years, consisting of (a) net rainfall,
which is defined as precipitation minus evapotranspiration, with the range
value of 0.6 m yr−1−1 m yr−1, and (b) annual average air temperature with
the range value of 4 ◦C − 7 ◦C.
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by the sloping area following the conceptual landscape from Winter (2001),

as shown in Figure 6.1. I proposed a dimensionless constant landscape

factor Lf , which is defined as

Lf =
Hs

l
(6.3)

where Hs is the maximum height of the substrate (m) and l is the horizontal

distance from the centre to the edges (m).

I varied the landscape factor of the proposed model from 0.01 to 0.03 over

8000 years with the input parameters and initial values summarised in Ta-

ble 6.1. The detailed assessment is provided for peatland with a landscape

factor of 0.01 because it serves as the baseline simulation. In order to reduce

the repetition of information, the analysis is focused on failure conditions

and accumulated carbon for higher landscape factors. The simulations em-

ploy climatic inputs of net rainfall (precipitation minus evapotranspiration)

and air temperature between the range of 0.6 − 1 m yr−1 and 4 − 7 ◦C,

respectively, generated from the sinusoidal function with some noise, as

shown in Figure 6.2 (Morris et al., 2015; Young et al., 2019, 2021).

As the peatland grows, the complex interactions between mechanical, eco-

logical, and hydrological processes occur in the proposed landscape. The

flow of water is affected by the landscape topography, which leads to varia-

tions in the water table position, peat thickness, and carbon accumulation

obtained from cumulative peat mass multiplied by 47% of carbon content

(Loisel et al., 2014). The upland, lowland, and sloping areas, together

with the total load that the peatland received from surficial peat addition,

plant weight at the top surface, and peat self-weight that produces body

force, lead to the different stresses on the peat body. Furthermore, these
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Table 6.1: Symbols and parameter default values for the simulations.

Name Symbol Value Unit Reference

Unsaturated zone de-

cay rate

ηun 5 × 10−2 yr−1 (Clymo, 1984)

Saturated zone decay

rate

ηsa 8 × 10−5 yr−1 (Clymo, 1984)

Biot’s coefficient α 1 − (Terzaghi,

1943)

Poisson ratio ν 0.2 − Present study

Bulk density initial

value

ρ0 50 kg m−3 (Lewis et al.,

2012)

Bulk density parame-

ter

βρ 2 − Present study

Carbon content C 0.47 − (Loisel et al.,

2014)

Active porosity initial

value

ϕ0 0.8 − (Quinton

et al., 2000)

Active porosity mini-

mum value

ϕmin 0.1 − (Siegel et al.,

1995)

Active porosity pa-

rameter

βϕ 2 − Present study

Hydraulic conductiv-

ity initial value

κ0 1 × 10−2 m s−1 (Hoag and

Price, 1995)

Hydraulic conductiv-

ity minimum value

κmin 1 × 10−10 m s−1 (Morris et al.,

2022)

Hydraulic conductiv-

ity parameter

ξ 15 − (Mahdiyasa

et al., 2022)

Continued on next page

169



6.2. METHODS

Table 6.1 – Continued from previous page

Name Symbol Value Unit Reference

Specific yield Sy 1.4 × 10−2 − (Bourgault

et al., 2017)

Degree of saturation of

water

Sw 0.4 − (Mahdiyasa

et al., 2022)

Water retention em-

pirical constant 1

λ 0.5 − (Mahdiyasa

et al., 2022)

Water retention em-

pirical constant 2

µ 0.4 m−1 (Mahdiyasa

et al., 2022)

Specific storage Ss 1.4 × 10−2 m−1 (Hogan et al.,

2006)

Young’s modulus pa-

rameter 1

χ 4 × 105 Pa (Mahdiyasa

et al., 2022)

Young’s modulus pa-

rameter 2

ζ 0.1 − (Mahdiyasa

et al., 2022)

Shrub-Young’s modu-

lus parameter

b1 1.25 − (Mahdiyasa

et al., 2023)

Sedge-Young’s modu-

lus parameter

b2 1 − (Mahdiyasa

et al., 2023)

Sphagnum-Young’s

modulus parameter

b3 0.75 − (Mahdiyasa

et al., 2023)

Shrub constant d1 0.4 − (Mahdiyasa

et al., 2022)

Sedge constant d2 0.4 − (Mahdiyasa

et al., 2022)

Continued on next page
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Table 6.1 – Continued from previous page

Name Symbol Value Unit Reference

Sphagnum constant d3 20 − (McNeil and

Waddington,

2003)

interactions might result in peatland failure if the values of stresses exceed

the shear or tensile strength of the peat in the range of 4000 – 35330 Pa

and 2900 - 11300 Pa, respectively (Long, 2005; Boylan et al., 2008; Dykes,

2008; Dykes and Warburton, 2008b; Hendry et al., 2012; O’Kelly, 2015,

2017; Wang and Li, 2023).

6.3 Simulation results

6.3.1 The influence of substrate topography on the

peatland characteristics

Peatland with a landscape factor of 0.01 shows spatial distribution of peat

physical properties, including bulk density (Figure 6.3), active porosity

(Figure 6.4), and hydraulic conductivity (Figure 6.4) in the range of 50

- 122 kg m−3, 0.12 - 0.8, and 1 × 10−10 - 1 × 10−2 m s−1, respectively,

after 8000 years. The topography of the landscape affects peat physical

properties, indicated by the difference in the bulk density, active porosity,

and hydraulic conductivity values between the upland, sloping area, and

lowland. The sloping area provides the highest bulk density (122 kg m−3)
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Figure 6.3: The two-dimensional profile of bulk density after (a) 1000 years,
(b) 4000 years, and (c) 8000 years with the landscape factor of 0.01.

and the lowest active porosity (0.12) and hydraulic conductivity (1× 10−10

m s−1), suggesting a more significant compaction effect compared to the

upland and lowland.

The fluctuations of the water table depth after the emergence of the un-

saturated zone, 150 years since peatland initiation, are between 0 – 0.37

m at the centre, 0.02 – 0.36 m at the intermediate, and 0.05 – 0.37 m at

the margin (Figure 6.6a). The centre, intermediate, and margin denote

the location with the horizontal distance of 0 m, 300 m, and 500 m, rep-

resenting upland, sloping area, and lowland, respectively. Furthermore,

as peatland develops, the water table depth decreases, producing a wetter

peatland under the same climatic influence. This condition occurs due to

the compaction on the peat pore space from the increasing load provides

a more significant effect on reducing water discharge, resulting in greater

water accumulation.
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Figure 6.4: The two-dimensional profile of active porosity after (a) 1000
years, (b) 4000 years, and (c) 8000 years with the landscape factor of 0.01.

Figure 6.5: The two-dimensional profile of hydraulic conductivity after (a)
1000 years, (b) 4000 years, and (c) 8000 years with the landscape factor of
0.01.
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Figure 6.6: The profile of (a) water table depth, (b) plant functional types
(PFT) proportion at the centre, (c) PFT proportion at the intermediate,
(d) PFT proportion at the margin, and (e) plant weigh over 8000 years. The
centre, intermediate, and margin denote the location with the horizontal
distance of 0 m, 300 m, and 500 m, which represent upland, sloping area,
and lowland, respectively.
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The spatial distribution of water table depth leads to variations in PFT

composition and plant weight at the top surface. For example, between the

ages of 4400 - 3400 years BP when peatland experiences high net rainfall,

Sphagnum becomes dominant compared to sedge and shrub with the pro-

portions of 50 - 54% (Sphagnum), 40 - 49% (sedge), 0 - 7% (shrub) at the

centre, 46 - 54% (Sphagnum), 31 - 48% (sedge), 0 - 22% (shrub) at the in-

termediate, and 44 - 54% (Sphagnum), 27 - 46% (sedge), 0 - 28% (shrub) at

the margin (Figures 6.6b-d). Furthermore, plant weight at the top surface,

which is a function of PFT composition, also indicates variability between

the centre (15.77 - 19.82 kg m−2), intermediate (16.48 - 22.16 kg m−2), and

margin (18.24 - 23.85 kg m−2) at the same time interval (Figure 6.6e).

6.3.2 Peatland stresses and cumulative carbon

The simulated peatland with a landscape factor of 0.01 exhibits the range

values of shear stress from 100 Pa until 10320 Pa after 8000 years (Figure

6.7). The sloping area produces higher shear stress with a maximum value

of 10320 Pa, compared to the upland and lowland, which provides the

maximum shear stress of 7824 Pa and 9722 Pa, respectively. Moreover,

the greatest value of tensile or compressive stresses (4140 Pa) appears in

the transition between the sloping area and the lowland with a horizontal

distance of around 350 – 370 m from the centre (Figure 6.8). Over 8000

years of development, the cumulative carbon estimated from the peatland

centre is around 129 kg C m−2, which is higher than the cumulative carbon

calculated based on the total average of peatland area, including upland,

sloping area, and lowland, with a value of around 88 kg C m−2 (Figure 6.9).

The maximum shear and tensile stresses exceed the lower limit of shear

and tensile strength around 5200 and 2500 years BP, respectively. The

175



6.3. SIMULATION RESULTS

Figure 6.7: The two-dimensional profile of shear stress after (a) 1000 years,
(b) 4000 years, and (c) 8000 years, respectively

Figure 6.8: The two-dimensional profile of tensile stress after (a) 1000 years,
(b) 4000 years, and (c) 8000 years, respectively
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Figure 6.9: The cumulative carbon estimated from the centre and total
average of the peatland area with the landscape factor of 0.01 over 8000
years. The blue and green dashed lines indicate the time when the lower
limit of shear and tensile strengths are exceeded, around 5200 and 2500
years BP, respectively.

cumulative carbon, when the maximum shear stress is higher than the lower

limit of shear strength, is about 65 kg C m−2 (obtained from the centre

area) and 48 kg C m−2 (obtained from the total average of the peatland

area). In contrast, at the time the maximum tensile stress surpasses the

lower limit of tensile strength, the peatland has accumulated carbon around

107 kg C m−2 and 76 kg C m−2, based on the centre and the total average

of the peatland area, respectively. However, in this landscape, the stresses

never exceed the upper limit of peat strengths within a simulation time of

8000 years.

6.3.3 The influence of landscape factor on peatland

shear failure

The maximum shear stress increases with a higher value of the landscape

factor, which affects the occurrence of the shear failure condition (Figure

6.10). For example, to surpass the lower limit of shear strength, the peat-
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Figure 6.10: The peatland profile when the value of shear stress exceeds
the lower limit of shear strength with landscape factors of (a) Lf = 0.015,
(b) Lf = 0.02, (c) Lf = 0.025, and (d) Lf = 0.03. The peatland profile
in the final simulation year for landscape factors of (e) Lf = 0.015 and (f)
Lf = 0.02 because the values of maximum shear stresses are lower than
the upper limit of shear strength within 8000 years of simulation. The
peatland profile when the value of shear stress exceeds the upper limit of
shear strength with landscape factors of (g) Lf = 0.025 and (h) Lf = 0.03.
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Figure 6.11: The cumulative carbon on the peatland that is affected by
shear failure for landscape factors of (a) Lf = 0.015, (b) Lf = 0.02, (c)
Lf = 0.025, and (d) Lf = 0.03 obtained from the centre and total average
of peatland area.

land with a landscape factor of 0.015 took about 1600 years, while a higher

landscape factor of 0.02 required a shorter time, around 1000 years since

peatland initiation. Furthermore, the maximum shear stresses were lower

than the upper limit of shear strength over 8000 years of simulation for

the peatland with landscape factors of 0.015 and 0.02. In contrast, the

landscape factors of 0.025 and 0.03 produce maximum shear stresses that

are greater than the upper limit of shear strength after around 8000 and

5600 years of development or around 0 and 2400 years BP, respectively.

The maximum carbon accumulation on the peatland due to shear failure

is obtained when the maximum shear stress has exceeded the upper limit

of shear strength. In this condition, the cumulative carbon obtained from

the centre of the peatland was about 122 and 90 kg C m−2 for the land-

scape factors of 0.025 and 0.03, respectively (Figures 6.11c and d). These

estimated cumulative carbon decreased to the value of 79 kg C m−2 for the

landscape factors of 0.025 and to the value of 60 kg C m−2 for the land-
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scape factors of 0.03 if the calculation was based on the total average of

peatland area.

6.3.4 The influence of landscape factor on peatland

tensile failure

The higher landscape factor leads to an increase in maximum tensile stress

that affects the occurrence of the tensile failure condition (Figure 6.12).

Peatland with landscape factors of 0.015 and 0.02 required about 4500 and

3900 years to produce tensile stresses that are greater than the lower limit

of tensile strength. Moreover, the maximum tensile stresses were lower

than the upper limit of the tensile strength within the simulation time of

8000 years under these landscape factors. Contrastingly, the upper limit

of tensile strength was surpassed after about 6500 and 6400 years of the

development process, or about 1500 and 1600 years BP, by the peatland

with landscape factors of 0.025 and 0.03, respectively

The maximum carbon accumulation due to tensile failure is obtained when

the maximum tensile stress is greater than the upper limit of tensile strength.

This condition appeared in the peatland with landscape factors of 0.025

and 0.03, which produced cumulative carbon of about 99 and 98 kg C m−2,

respectively, estimated from the centre of the peatland (Figure 6.13c and

d). These values were higher compared to the estimated cumulative car-

bon based on the total average peatland area around 65 kg C m−2 for the

landscape factor of 0.025 and 63 kg C m−2 for the landscape factor of 0.03.
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Figure 6.12: The peatland profile when the value of tensile stress exceeds
the lower limit of tensile strength with landscape factors of (a) Lf = 0.015,
(b) Lf = 0.02, (c) Lf = 0.025, and (d) Lf = 0.03. The peatland profile
in the final simulation year for landscape factors of (e) Lf = 0.015 and (f)
Lf = 0.02 because the values of maximum tensile stresses are lower than
the upper limit of tensile strength within 8000 years of simulation. The
peatland profile when the value of tensile stress exceeds the upper limit of
tensile strength with landscape factors of (g) Lf = 0.025 and (h) Lf = 0.03.
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Figure 6.13: The cumulative carbon on the peatland that is affected by
tensile failure for landscape factors of (a) Lf = 0.015, (b) Lf = 0.02, (c)
Lf = 0.025, and (d) Lf = 0.03 obtained from the centre and total average
of peatland area.

6.4 Discussion

My simulations show that peatland carbon accumulation in the proposed

landscape, with the river at the edges as a natural boundary condition, is

limited by mechanical instability (Figures 6.11 and 6.13). The enhance-

ment of total load and the deficiency of space that can accommodate the

lateral expansion as the peatland develops result in higher stresses on the

peat body. Moreover, peat has relatively low shear and tensile strength

(Long, 2005; Boylan et al., 2008; Dykes, 2008; Dykes and Warburton, 2008b;

Hendry et al., 2012; O’Kelly, 2015, 2017; Wang and Li, 2023), which sup-

ports the emergence of mechanical instability, including peat slide and bog

bursts (Dykes and Kirk, 2001; Dykes and Warburton, 2008b; Dykes et al.,

2008; Dykes, 2008, 2022). Peat slides occur because the peatland under-

goes shear failure, resulting in the depletion of peat mass and carbon stock

(Figure 6.10). Bog bursts that lead to wrinkles on the peatland surface
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appear as a consequence of a higher maximum tensile stress than the peat

tensile strength (Dykes, 2008), which is supported by the changing pattern

of tensile and compressive stresses (Briggs et al., 2007; Large et al., 2021)

(Figure 6.12). The peatland failure due to mechanical instability, includ-

ing peat slides and bog bursts, might produce water channels that lead to

erosion, drainage and oxidation, which influence the carbon accumulation

process (Warburton et al., 2003; Evans and Warburton, 2007; Large et al.,

2021).

The variations of slope angle, which are represented by the different values

of landscape factor in the proposed model, provide a significant influence

on the occurrence of peatland failure (Dykes and Warburton, 2007; Boylan

et al., 2008; Dykes and Selkirk-Bell, 2010; Dykes, 2022). Peatlands with a

steeper slope are more vulnerable to mechanical instability due to higher

shear and tensile stresses (Figure 6.10 and 6.12). Another factor that might

affect the failure conditions on the peatland is substrate roughness. The

increase in substrate roughness might provide a higher shearing resistance

between the base of the peat with the substrate surface, potentially leading

to a lower possibility of shear failure. However, the substrate with high

roughness conditions could support the occurrence of cracks that produce

bog bursts.

The potential occurrence of peatland failure prior to reaching hydrological

or ecological limits of the carbon accumulation provides crucial implications

not only for the estimation of total carbon stock (Nichols and Peteet, 2019;

Alexandrov et al., 2020) but also for the peatland management. The main

objective of the management strategy should be to minimise the risk of

failure rather than to expect maximum growth from the peatland with a

steep slope angle. In terms of the peatland restoration, it is essential to

maintain the total loads and stresses that the peatland receives during the
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restoration process are less than the upper limit of shear or tensile strength

to prevent catastrophic failure.

6.4.1 Peatland mechanical conditions and carbon ac-

cumulation

The peat strengths, which determine the mechanical condition of the peat-

land, exhibit a wide range of values due to several factors. The reported

data from Long (2005) and Dykes (2008) suggested that peat shear and

tensile strength vary significantly with the degree of humification. The

reinforcement effect on the peat body from a fibrous structure of organic

matter is reduced as the peat undergoes decomposition because it breaks

down the peat constituents into smaller fragments. Furthermore, the con-

siderable range in the peat strengths is also related to the difficulties in

the measurement process. Field measurement that employs back analysis

from actual failure provides limited data and is possibly affected by the

site-specific characteristics. In contrast, measuring the stresses and strains

of the peat sample that represents the in-situ and actual failure conditions

in the laboratory is complicated (Boylan et al., 2008; Dykes, 2008).

I divide the peatland mechanical condition into three categories based on

reported data from in-situ and laboratory measurements of peat shear and

tensile strengths between 4000 – 35330 Pa and 2900 - 11300 Pa, respectively

(Long, 2005; Boylan et al., 2008; Dykes, 2008; Dykes and Warburton, 2008b;

Hendry et al., 2012; O’Kelly, 2015, 2017; Wang and Li, 2023). In the first

condition, the maximum shear or tensile stress is less than the lower limit

of shear or tensile strength that produces mechanically stable peatland.

The cumulative carbon in this state represents the total carbon per area

accumulated by the peatland with the minimum possibility of failure. The
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first condition appears in the early stage of peatland development because

the load that peatland receives, especially from its self-weight or body force,

is not significant.

As the peatland grows, the mass contained in the peatland increases, which

produces higher loading and stresses on the peat body. If the maximum

stresses are between the lower and upper limits of peat strengths, then

the peatland is classified into the second condition. In this state, the me-

chanical stability reduces because of a higher possibility of the peatland

experiencing mechanical failure. Although the peatland could accumulate

more carbon, the second condition provides an early warning signal before

the emergence of catastrophic failure with significant potential risks (Long

and Jennings, 2006; Dykes and Warburton, 2007). Finally, in the third con-

dition, the maximum shear or tensile stress exceeds the upper limit of shear

or tensile strength, which indicates that the peatland is almost certain to

undergo mechanical instability. Consequently, in the last state, the carbon

accumulation process on the peatland ceases because mass movement and

erosion reduce the peatland carbon stock (Warburton et al., 2003; Evans

and Warburton, 2007).

The cumulative carbon with different landscape factors for peatland in the

first, second, or third condition is summarised in Figure 6.14. The non-

linear response of cumulative carbon with landscape factor obtained from

the proposed model is intriguing because it might provide theoretical and

practical implications of long-term peatland carbon accumulation in the

landscape. The maximum carbon that can be stored by the peatland before

the occurrence of failure condition decreases substantially with the increas-

ing landscape factor. As a consequence, models to estimate the peatland

carbon stock, which are developed on the flat and uniform substrate (e.g.,

Clymo, 1984; Frolking et al., 2010) should be interpreted with caution and
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Figure 6.14: The critical values of peatland cumulative carbon with dif-
ferent landscape factors at the time the stresses exceed the lower or upper
limit of peat strength estimated from (a) the centre area and (b) the total
average of the peatland area. Based on these critical values, the relation
between cumulative carbon and landscape factor is grouped into three dis-
tinct regions, i.e., the stable condition in the green region, possible failure
condition in the yellow region, and failure condition in the red region, es-
timated from (c) the centre area and (d) the total average of the peatland
area.

requires further modification to account for the landscape variations before

they can be applied on the global scale.

Across all peatland mechanical conditions, the estimated cumulative car-

bon from the centre provides a more significant result compared to the

cumulative carbon based on the total average of the peatland area. This

condition is related to the variation in peatland characteristics, including

water table position, PFT composition, and peat physical properties be-

tween upland, sloping area, and lowland (Kremenetski et al., 2003; Holden

and Connolly, 2011). The sloping area experiences a greater water dis-

charge, which results in lower peat thickness (Tipping, 2008; Parry et al.,
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2012) and reduces carbon accumulation, while the peatland centre located

at the upland provides the optimal position for carbon accumulation due

to the lower water table depth (Figure 6.6a). Therefore, if the predicted

cumulative carbon from the model is potentially relevant to reality, then a

degree of caution may be required when interpreting the peatland carbon

accumulation data from the field. The measurement conducted at the cen-

tre area tends to overestimate and requires further calibration in order to

represent the cumulative carbon of the peatland.

6.4.2 Comparison with actual peatland mechanical

failure

Based on the reported data, peatland mechanical failure occurs over dis-

tinct ranges of slope angle and peat thickness. For the blanket peatland

in the British Isles and subantarctic islands, the slope angle that leads to

mechanical failure is between 2◦ – 55◦, with the associated peat thickness

starting from 0.5 m to 3 m (Wilford, 1966; Alexander et al., 1986; Wilson

and Hegarty, 1993; Gallart et al., 1994; Dykes and Kirk, 2001; Warburton

et al., 2003; Yang and Dykes, 2006; Dykes et al., 2008; Dykes and War-

burton, 2008b; Dykes, 2008; Boylan et al., 2008; Dykes and Selkirk-Bell,

2010). My simulation with the landscape factor of 0.03, which is related

to the slope angle around 4◦, produces the peat thickness at the time of

failure (peatland in the third condition) about 1.4 m due to shear failure

and about 1.5 m due to tensile failure, located at the horizontal distance

of 300 m and 360 m from the centre, respectively. These results are in

agreement with the field observations that indicate peatlands with a thick-

ness between 1.4 – 2.5 m encounter peat slides and 1.6 – 3 m experience

bog bursts when subjected to a slope angle of approximately 4◦. Moreover,
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based on my simulations, a higher landscape factor results in an occur-

rence of shear failure faster than tensile failure. This condition indicates

that shear failure becomes more dominant with an increasing slope angle,

which is in agreement with the data from Dykes (2022).

The shear failure is predicted to appear at the base layer of the peat along

the sloping area according to the proposed model (Figure 6.10), which

aligns with the previous field observations of the peat slides (Dykes and

Kirk, 2001; Warburton et al., 2003; Dykes and Warburton, 2008b; Dykes

et al., 2008). This area is prone to shear failure due to a substantial in-

crease in the shear stress from the slope inclination and a low peat shear

strength as a consequence of the more decomposed peat at the base layer.

Furthermore, the observed shear failure in the field demonstrates a strong

relationship between rainfall and peat slides (Dykes and Kirk, 2001; Long

and Jennings, 2006; Dykes and Warburton, 2007, 2008a). A high-intensity

or prolonged rainfall increases the total load on the peatland through the

enhancement of the body force (Warburton et al., 2004), resulting in a

considerable rise of the stresses. In addition, a more significant pore water

pressure generated by a higher rainfall rate could reduce the shearing re-

sistance between peat and the substrate, which increases the susceptibility

to peat slides (Dykes and Warburton, 2007, 2008b; Dykes and Selkirk-Bell,

2010).

The model estimates the emergence of tensile failure at the surface between

the sloping area and the lowland (Figure 6.12). In this location, peat un-

dergoes the transition from tensile to compressive stress because the lateral

force from the sloping area is restricted by the river at the edges. This con-

dition results in the bog burst and leads to the cracking of the surface,

potentially creating wrinkled patterns on the peatland (Briggs et al., 2007;

Large et al., 2021). Dykes (2008) reported the phenomenon of surface rup-
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turing due to tensile failure appears on Maghera Mountain, Co. Clare,

Ireland.

The analysis of peatland failure that affects long-term carbon accumula-

tion indicates the usefulness of MPeat in two dimensions to understanding

peatland behaviour. Possibilities for future research with MPeat appear

to be abundant due to its capability to provide fully coupled mechanical,

ecological, and hydrological processes on the peatland. Moreover, the mod-

ularity of the MPeat algorithm allows for the modification and addition of

submodels for future development. Some opportunities for future research

involving MPeat are discussed in Chapter 7.
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Chapter 7

Conclusions and future

research

7.1 Thesis conclusions

The most significant outcome of this thesis is the inclusion of fully cou-

pled mechanical-ecohydrological feedback on the model of peatland devel-

opment. The coupling between mechanical and ecohydrological processes

was conducted through the poroelasticity concept (Biot, 1941; Detournay

and Cheng, 1993; de Boer, 2000; Wang, 2000; Coussy, 2004) that models

the mechanical deformation of peat pore space (Chapter 2). Consequently,

the peat physical properties, including bulk density, active porosity, and hy-

draulic conductivity, are obtained as internal feedback mechanisms without

employing empirical relationships or constant assumptions. This new ap-

proach becomes a key improvement compared to the existing models to

provide a more comprehensive understanding of peatland behaviour.

MPeat illustrates the critical function of mechanical-ecohydrological feed-
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back in maintaining the relative position of the water table, which enhances

peatland carbon accumulation and resilience. MPeat produced a relatively

stable water table depth and a higher value of cumulative carbon com-

pared to the other ecohydrological models, HPM and DigiBog, which are

in agreement with the analysis from Waddington et al. (2015) and Nijp

et al. (2017) (Chapter 3). Furthermore, by considering the interactions

between plant functional types and mechanical feedback on the nonequi-

librium condition of peatland, MPeat shows that the limit cycles of wet

and dry attractors could coexist under the same net rainfall, which po-

tentially provides a more realistic approach to understanding bistability

compared to the model from Hilbert et al. (2000) who predicted bistabil-

ity in the equilibrium states (Chapter 4). The condition of a continuously

evolving system, indicated by the increasing oscillation rate of surface mo-

tion, carbon balance, and water table depth over time under the same

climatic influence, also suggests that caution might be needed to interpret

the palaeo-record data from the peatland. Finally, I successfully demon-

strated how the application of a one-dimensional version of MPeat could

help explain the regime shift, tipping point, and nonlinear dynamics of the

peatland in multiple timeframes.

The simplification in modelling the influence of vegetation on peat stiffness

through Young’s modulus might produce uncertainty in MPeat. The for-

mulation of Young’s modulus is straightforward and developed based on

the empirical relationship, in which decomposition reduces the peat stiff-

ness and shrubs produce stiffer peat compared to Sphagnum (Whittington

et al., 2007; Zhu et al., 2020). This simplicity, combined with a scarcity

of Young’s modulus data, might affect the simulation results, particularly

related to the outputs in peat physical properties. However, despite these

limitations, the range value and the profile of peat physical properties ob-
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tained from MPeat are in agreement with the field observations (Clymo,

1984; Hoag and Price, 1995, 1997; Quinton et al., 2000; Fraser et al., 2001;

Clymo, 2004; Quinton et al., 2008; Lewis et al., 2012). As better data on

Young’modulus become available, the inputs to the model can be modified

to improve the accuracy of the results.

MPeat captures the spatial variations of peatland characteristics, including

water table depth, peat thickness, plant functional type composition, and

peat physical properties, due to the implications of mechanical-ecohydrological

feedback during the development process (Chapter 5). A higher bulk den-

sity and lower hydraulic conductivity at the margin compared to the centre

obtained from MPeat are in accord with field observations from Baird et al.

(2008) and Lewis et al. (2012). The comparison between one-dimensional

and two-dimensional versions of MPeat indicates that the lateral variations

of peat physical properties support water retention and produce greater

carbon accumulation, particularly at the centre, corroborating the finding

from Lapen et al. (2005). Moreover, MPeat shows that the inclusion of river

incision at the boundaries and permeable substrate characteristics decrease

the water table position, leading to the reduction of peatland thickness un-

der the same climatic condition, which is in agreement with the simulation

from Glaser et al. (2004b). However, the lack of data, for example, the

rate of river incision on the peatland that becomes the primary factor in

this process, reduces the reliability of model outputs. To overcome this

limitation, I represented the simulation results related to the influence of

river incision and permeable substrate as dimensionless quantities.

The two-dimensional version of MPeat was implemented to examine peat-

land failure due to mechanical instability, which determines the limits to

carbon accumulation in the landscape, consisting of upland, a sloping area,

and lowland (Chapter 6). The estimated peatland thickness and slope an-
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gle when the failure takes place are consistent between simulation results

and the observation of actual peatland failure (Wilford, 1966; Alexander

et al., 1986; Wilson and Hegarty, 1993; Gallart et al., 1994; Dykes and

Kirk, 2001; Warburton et al., 2003; Yang and Dykes, 2006; Dykes et al.,

2008; Dykes and Warburton, 2008b; Dykes, 2008; Boylan et al., 2008; Dykes

and Selkirk-Bell, 2010), which reflects the success of the proposed model.

Based on the simulation results, a higher slope angle increases the suscep-

tibility of peatland failure, particularly in the sloping area for shear failure

and in the transition between the sloping area with lowland for tensile fail-

ure. The possibility of failure conditions during the development process

influences the estimation of carbon accumulation on the peatland because

the mass movement might result in the formation of water channels that

facilitate the drainage and oxidation processes (Warburton et al., 2003;

Evans and Warburton, 2007). Moreover, the simulation results show that

the cumulative carbon obtained from the centre is more significant com-

pared to the estimation based on the total average of the peatland area.

The spatial variations of water table position, which affect peat production

and decomposition, are the main factor that leads to the discrepancies in

the estimated cumulative carbon. Therefore, a degree of caution might be

required when interpreting the result from the field measurement because

the centre tends to overestimate the cumulative carbon per area of the

peatland.

The uncertainties in the peat strengths, indicated by a wide range of val-

ues for both shear and tensile strengths (Long, 2005; Boylan et al., 2008;

Dykes, 2008; Dykes and Warburton, 2008b; Hendry et al., 2012; O’Kelly,

2015, 2017; Wang and Li, 2023), critically affect the prediction of peatland

failure. The variations in peatland characteristics, including peat physical

properties, water content, and degree of humification, become factors that
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influence the variability in peat strength (Long, 2005; Boylan et al., 2008;

Dykes, 2022). The uncertainties could be minimised by employing the ap-

propriate peatland data that align with the specific value of peat strengths.

However, obtaining high-quality data, which is suitable for the proposed

model, is challenging. Another approach is to utilise a probabilistic or

stochastic model to estimate the failure condition of the peatland, which

allows for the quantification of uncertainties involved in the process (see

Subsection 7.2 future research related to the stochastics model of peatland

failure).

7.2 Future research

7.2.1 Stochastics model of peatland failure

The peatland mechanical condition is classified into three classes based

on the comparison between maximum stresses on the peat body and peat

strengths, as explained in Chapter 6. In the first condition, the peatland

is mechanically stable because the maximum stresses on the peat body

are less than the lower limit of peat strengths. Contrastingly, in the third

condition, the peatland experiences mechanical instability that leads to

the failure condition because the maximum stresses exceed the upper limit

of peat strengths. The difficulties in determining the peatland mechanical

condition increase in the second condition. The peatland has the possibility

to experience mechanical failure because the maximum stresses are between

the lower and upper limits of peat strengths. To quantify the possibility

of mechanical failure, stochastic models based on the probability of failure

methods might offer appropriate approaches (Brown, 2012; Phoon et al.,

2022). In this stochastic model, the stresses and strengths are considered
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as random variables with a specific probability distribution. The difference

between these two random variables determines the failure condition of the

peatland

Z = Xh −Xs (7.1)

where Z is the failure conditions due to mechanical instability, Xh is the

random variable of peat strength, and Xs is the random variable of stress

on the peat body. Because the failure condition occurs when the stresses

are greater than the strengths, the probability of failure is modelled as

P (Z < 0) = P (Xh −Xs < 0) (7.2)

This stochastic model allows us to calculate and quantify the occurrence of

peatland failure due to mechanical instability in terms of probability value,

which incorporates uncertainties of some variables.

7.2.2 Modelling the influence of drainage and rewet-

ting

The decrease in water table position due to drainage reduces peatland car-

bon accumulation through the oxidation process (Warburton et al., 2003;

Evans and Warburton, 2007) and the loss of dissolved organic carbon that

accompanies the outflow of water from the peatland (Hooijer et al., 2010;

Xu et al., 2021). The deeper water table also affects vegetation communities

and peat production (Belyea and Clymo, 2001; Moore et al., 2002), which

determines the rate of carbon input to the peatland. Drainage leads to the

dry condition of the peatland, reducing peatland resilience and increasing

the susceptibility to peat fire that could release significant amounts of car-
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bon into the atmosphere (Hooijer et al., 2010; Nelson et al., 2021; Ohkubo

et al., 2021). Consequently, to prevent the negative impacts of drainage

and restore the peatland condition, a rewetting is used. However, measur-

ing the long-term success of restoration programmes requires a considerable

amount of resources, particularly if it focuses on field observation. Mathe-

matical models of peatland development provide an alternative approach to

understanding the long-term effect of drainage and rewetting on peatland

behaviour, which involves complex feedback mechanisms.

The two-dimensional version of MPeat has the ability to capture the influ-

ence of river incision on the peatland behaviour (described in Chapter 5),

which could be used as the starting point to analyse the drainage effect. To

some extent, the river incision phenomenon and the drainage provide simi-

lar implications to the peatland behaviour because they support the water

discharge and reduce the water table position, affecting peat production,

decomposition, plant functional types composition, and carbon accumula-

tion. However, the rate of water table drop in the drainage process is much

faster than the rate of river incision, which might produce instability in the

model. Therefore, the proposed model in Chapter 5 requires further exten-

sions, mainly in the area around ditch drainage, to improve the numerical

stability.

7.2.3 Modelling tropical peatland behaviour

Tropical peatlands cover around 465555 km2, with an estimated carbon

storage of about 103.6 Gt C (Crezee et al., 2022). Tropical peatland pro-

vides vital ecosystem services and becomes a habitat for many rare species,

in addition to the globally significant carbon storage. The existing mod-

els of tropical peatlands focus on ecohydrological feedback mechanisms to
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analyse the carbon balance and behaviour of this system (Kurnianto et al.,

2015; Cobb et al., 2017; Cobb and Harvey, 2019). However, these models

ignore mechanical processes despite the fact that compaction and deforma-

tion are crucial physical processes determining peat formation, hydrology,

and stability.

Modifications of some processes are required before applying MPeat to

model tropical peatland. MPeat uses the empirical relationship between

peat production and water table depth, which is formulated based on the

data from Ellergower Moss, Scotland (Belyea and Clymo, 2001). The rate

of peat production in the tropical peatland should be different from the

northern temperate peatland due to the variations in the vegetation com-

position. This condition leads to the variations in peat composition and

susceptibility for decay (Young et al., 2023). The hydraulic conductivity of

tropical peatlands is relatively high compared to the northern temperate

peatland, which affects the water table position (Baird et al., 2017). Fi-

nally, the compaction from trees and the influence of roots for maintaining

mechanical stability are significant processes in tropical peatlands, which

requires an additional formulation in the MPeat mechanical submodel.

7.2.4 Modelling peatland growth in three dimensions

The development of MPeat into a three-dimensional model provides oppor-

tunities to understand phenomena that require explicit spatial interactions

and more complex feedback mechanisms, such as surface patterning and

lateral expansion. The peatland surface patterning is highly directional

and affected by spatial characteristics, which indicates a three-dimensional

model is preferred. The analysis of peatland surface patterning is typically

developed based on ecohydrological feedback, which encompasses the in-
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teractions between water table position, vegetation communities, nutrient

availability, and peat hydraulic properties (Eppinga et al., 2009; Morris

et al., 2013; Béguin et al., 2019). However, as a porous medium with rel-

atively low shear and tensile strength (Long, 2005; Boylan et al., 2008;

Dykes, 2008; Dykes and Warburton, 2008b; Hendry et al., 2012; O’Kelly,

2015, 2017; Wang and Li, 2023), mechanical instability also determines the

process of surface patterning on the peatland. The simulation from Briggs

et al. (2007) indicates that the peatland surface might experience wrin-

kles due to the changing pattern between tensile and compressive stresses.

Furthermore, the three-dimensional model takes into account the intricate

characteristics of the substrate that is crucial to simulate the peatland

lateral expansion. The analysis of a nonuniform rate and direction of peat-

land expansion is allowed in a three-dimensional model, resulting in a more

accurate representation of the actual process.

The extension into three dimensions is challenging because it increases the

model complexities and becomes computationally expensive in terms of

model run times. The lateral expansion of the peatland also involves a

moving boundary problem (Tezduyar, 2001; Gawlik and Lew, 2015), which

requires different formulations from the current MPeat boundary condi-

tions. To achieve this, simplifying assumptions may be necessary, includ-

ing turning off component parts of the model and exploring the mechanical

behaviour of different bilayer peatland geometries.

7.2.5 Microscale modelling

Another aspect that could be developed to produce a more plausible peat-

land growth model is microscale modelling. This approach focuses on the

analysis of small-scale processes which provide a global impact on the peat-
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land behaviour, for instance, the presence of gas bubbles and capillary

forces. The entrapped gas bubbles block the pore space and affect the wa-

ter flow, thus decreasing hydraulic conductivity (Baird and Waldron, 2003;

Beckwith and Baird, 2001; Reynolds et al., 1992). Besides that, they have

been shown to provide a noticeable effect on pore water pressure (Kellner

et al., 2004), which in turn influence effective stress. Introducing this as-

pect into the model requires a deep understanding of a complex peat pore

structure, including the effect of dual-porosity, to determine the area where

bubbles get trapped. Moreover, another small-scale process that could en-

hance MPeat capability to analyse peatland behaviour is the inclusion of

capillary forces. This process determines the water storage in the peat

pore space and creates the capillary fringe. As a consequence, the water

table might rise significantly with a small addition of water input (Gillham,

1984), which affects the deformation of peat pore space (Shantz and Price,

2006; O’Kelly, 2013).
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Admiral, S. W. and Lafleur, P. M. (2007). Modelling of latent heat par-

titioning at a bog peatland. Agricultural and Forest Meteorology,

144(3):213–229.

Alexander, R. W., Coxon, P., and Thorn, R. H. (1986). A bog flow

at straduff townland, county sligo. Proceedings of the Royal Irish

Academy. Section B: Biological, Geological, and Chemical Science,

86B:107–119.

Alexandrov, G. A., Brovkin, V. A., Kleinen, T., and Yu, Z. (2020). The ca-

pacity of northern peatlands for long-term carbon sequestration. Bio-

geosciences, 17(1):47–54.

Alshammari, L., Boyd, D. S., Sowter, A., Marshall, C., Andersen, R.,

Gilbert, P., Marsh, S., and Large, D. J. (2020). Use of surface motion

characteristics determined by insar to assess peatland condition. Jour-

nal of Geophysical Research: Biogeosciences, 125(1):e2018JG004953.

200



Ammala, A. and Piltonen, P. (2019). Sphagnum moss as a functional

reinforcement agent in castor oil-based biopolyurethane composites.

Mires and Peat, 24(28):1–11.

Anderson, R. L., Foster, D. R., and Motzkin, G. (2003). Integrating lat-

eral expansion into models of peatland development in temperate new

england. Journal of Ecology, 91(1):68–76.

Armentano, T. V. and Menges, E. S. (1986). Patterns of change in the

carbon balance of organic soil-wetlands of the temperate zone. Journal

of Ecology, 74:755–774.

Armstrong, A. C. (1995). Hydrological model of peat-mound form with

vertically varying hydraulic conductivity. Earth Surface Processes and

Landforms, 20(5):473–477.

Baird, A. J., Eades, P. A., and Surridge, B. W. J. (2008). The hydraulic

structure of a raised bog and its implications for ecohydrological mod-

elling of bog development. Ecohydrology, 1(4):289–298.

Baird, A. J., Low, R., Young, D., Swindles, G. T., Lopez, O. R., and Page,

S. (2017). High permeability explains the vulnerability of the car-

bon store in drained tropical peatlands. Geophysical Research Letters,

44(3):1333–1339.

Baird, A. J., Milner, A. M., Blundell, A., Swindles, G. T., and Morris, P. J.

(2016). Microform-scale variations in peatland permeability and their

ecohydrological implications. Journal of Ecology, 104(2):531–544.

Baird, A. J., Morris, P. J., and Belyea, L. R. (2012). The digibog peatland

development model 1: rationale, conceptual model, and hydrological

basis. Ecohydrology, 5(3):242–255.

201



Baird, A. J., Surridge, B. W. J., and Money, R. P. (2004). An assessment

of the piezometer method for measuring the hydraulic conductivity of

a cladium mariscus—phragmites australis root mat in a norfolk (uk)

fen. Hydrological Processes, 18(2):275–291.

Baird, A. J. and Waldron, S. (2003). Shallow horizontal groundwater flow

in peatlands is reduced by bacteriogenic gas production. Geophysical

Research Letters, 30(20).

Ballard, C. E., McIntyre, N., and Wheater, H. S. (2012). Effects of peat-

land drainage management on peak flows. Hydrol. Earth Syst. Sci.,

16(7):2299–2310.

Ballard, C. E., McIntyre, N., Wheater, H. S., Holden, J., and Wallage, Z. E.

(2011). Hydrological modelling of drained blanket peatland. Journal

of Hydrology, 407(1):81–93.

Bear, J. (1972). Dynamics of Fluids in Porous Media. John Wiley, New

York.

Beckwith, C. W. and Baird, A. J. (2001). Effect of biogenic gas bubbles on

water flow through poorly decomposed blanket peat. Water Resources

Research, 37(3):551–558.

Belyea, L. R. (2009). Nonlinear dynamics of peatlands and potential feed-

backs on the climate system, pages 5–18. Geophysical Monograph Se-

ries. American Geophysical Union, Washington DC, United States.

Belyea, L. R. and Baird, A. J. (2006). Beyond the “limits to peat bog

growth”: cross-scale feedback in peatland development. Ecological

Monographs, 76(3):299–322.

Belyea, L. R. and Clymo, R. S. (2001). Feedback control of the rate of

202



peat formation. Proceedings of the Royal Society of London. Series B:

Biological Sciences, 268(1473):1315–1321.

Berg, E. E., Hillman, K. M., Dial, R., and DeRuwe, A. (2009). Recent

woody invasion of wetlands on the kenai peninsula lowlands, south-

central alaska: a major regime shift after 18 000 years of wet sphag-

num–sedge peat recruitment. Canadian Journal of Forest Research,

39(11):2033–2046.

Berglund, N. and Gentz, B. (2002). Metastability in simple climate models:

pathwise analysis of slowly driven langevin equations. Stochastics and

Dynamics, 02(03):327–356.

Biot, M. (1955). Theory of elasticity and consolidation for a porous

anisotropic solid. Journal of Applied Physics, 26(2).

Biot, M. (1973). Nonlinear and semilinear rheology of porous solids. Jour-

nal of Geophysical Research, 78.

Biot, M. A. (1941). General theory of three-dimensional consolidation.

Journal of Applied Physics, 12(2):155–164.

Blodau, C., Basiliko, N., and Moore, T. R. (2004). Carbon turnover in

peatland mesocosms exposed to different water table levels. Biogeo-

chemistry, 67(3):331–351.

Borren, W. and Bleuten, W. (2006). Simulating holocene carbon accumu-

lation in a western siberian watershed mire using a three-dimensional

dynamic modeling approach. Water Resources Research, 42(12).

Bourgault, M.-A., Larocque, M., and Garneau, M. (2017). Quantification

of peatland water storage capacity using the water table fluctuation

method. Hydrological Processes, 31(5):1184–1195.

203
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(1994). Peat soil flows in bahÃa del buen suceso, tierra del fuego

(argentina). Geomorphology, 9(3):235–241.

Gao, J., Holden, J., and Kirkby, M. (2016). The impact of land-cover

change on flood peaks in peatland basins. Water Resources Research,

52(5):3477–3492.

Gawlik, E. S. and Lew, A. J. (2015). Unified analysis of finite element

methods for problems with moving boundaries. SIAM Journal on

Numerical Analysis, 53(6):2822–2846.

George, P.-L. (2000). Mesh Generation – Application to Finite Elements.

Hermes Science Publishing, Paris.

Gillham, R. (1984). The capillary fringe and its effect on water-table re-

sponse. Journal of Hydrology, 67(1):307–324.

Glaser, P. H., Chanton, J. P., Morin, P., Rosenberry, D. O., Siegel, D. I.,

Ruud, O., Chasar, L. I., and Reeve, A. S. (2004a). Surface deforma-

tions as indicators of deep ebullition fluxes in a large northern peat-

land. Global Biogeochemical Cycles, 18(1).

Glaser, P. H., Hansen, B. C., Siegel, D. I., Reeve, A. S., and Morin, P. J.

(2004b). Rates, pathways and drivers for peatland development in the

210



hudson bay lowlands, northern ontario, canada. Journal of Ecology,

92(6):1036–1053.

Gorham, E. (1991). Northern peatlands: Role in the carbon cycle and prob-

able responses to climatic warming. Ecological Applications, 1(2):182–

195.

Hanrahan, E. T. (1954). An investigation of some physical properties of
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