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Abstract

Mathematical models of long-term peatland development have been produced to

analyse peatland behaviour. However, existing models ignore the mechanical pro-

cesses that have the potential to provide important feedback. Here, we propose a

one-dimensional model, MPeat, that couples mechanical, ecological and hydrological

processes via poroelasticity theory, which couples fluid flow and solid deformation.

Poroelasticity formulation in the MPeat is divided into two categories, fully saturated

and unsaturated. To validate this formulation, we compare numerical solutions of the

fully saturated case with analytical solutions of Terzaghi's problem. Two groups of

MPeat simulations are run over 6,000 years using constant and variable climate, and

the results are compared to those of two other peat growth models, DigiBog and the

Holocene Peat Model. Under both climatic conditions, MPeat generates the expected

changes in bulk density, active porosity and hydraulic conductivity at the transition

from the unsaturated to the saturated zone. The range of values of peat physical

properties simulated by MPeat shows good agreement with field measurement, indi-

cating plausible outputs of the proposed model. Compared to the other peat growth

models, the results generated by MPeat illustrate the importance of poroelasticity to

the behaviour of peatland. In particular, the inclusion of poroelasticity produces

shallower water table depth, accumulates greater quantities of carbon and buffers

the effect of climate changes on water table depth and carbon accumulation rates.

These results illustrate the importance of mechanical feedbacks on peatland

ecohydrology and carbon stock resilience.

K E YWORD S

carbon stock, compression, ecohydrology, effective stress, peatland development,
poroelasticity

1 | INTRODUCTION

At a fundamental level, the compaction of water-saturated dead

organic matter to form peat is a mechanical process. Yet, on account

of numerical complexity and possibly strong ecohydrological focus,

the previous models of peat growth do not incorporate mechanics. It

is the purpose of this paper to present a fully coupled mechanical-

ecohydrological model for peat growth and consider the potential

implications of feedback within this model system.

Peatlands are complex systems (Belyea, 2009; Belyea &

Baird, 2006) with the potential to shift dramatically between equilib-

rium states in response 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
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complex behaviour is through mathematical models that provide

insight into the functioning of the peatland system on a wide range of

timeframes and particularly beyond the timeframes of direct observa-

tion. These mathematical models of peatland development enable us

to analyse nonlinear behaviour because of the internal feedback

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

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

mate 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

ecohydrological 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. Associated with each PFT is a produc-

tivity 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., 2011, 2012), 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 affects hydraulic conductivity. However, bulk density and dra-

inable 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. Exam-

ples 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 500–2,000% and 7.5–30, respectively (Hanrahan, 1954;

Hobbs, 1986, 1987; Mesri & Ajlouni, 2007). As a result, the changes

in peat pore structure, which significantly influence hydraulic proper-

ties, are not only determined by progressive 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 &

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 conduc-

tivity, promoting higher water loss from peatland. Swelling or shrink-

ing of the pore space caused by mechanical deformation leads to the

seasonal surface fluctuation, with the magnitude determined by sev-

eral factors, such as Young's modulus, which is a measure of the stiff-

ness of an elastic material, gas content and loading effects (Glaser

et al., 2004; Reeve et al., 2013).

In this paper, we present a new fully coupled one-dimensional

mechanical, ecological and hydrological peatland development model.

Although the one-dimensional model is clearly a simplification of the

real problem, it provides an insight into how our model simulates

peatland as a complex system. The overall structure of the paper takes

the form of three parts. The first part deals with the model formula-

tion that provides detailed explanations about the governing equa-

tions and verification of the numerical method. This part also

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

sity, active porosity (pores that actively transmit water; Hoag &

Price, 1997), hydraulic conductivity and Young's modulus as part of

the internal feedback mechanism. The second part presents model

implementations and simulation results, which are run under two dif-

ferent cases, constant and non-constant climatic conditions. In the last

part, we consider the implications of this model for peatland pro-

cesses and discuss several aspects that can be developed to produce

a more plausible model of peatland development.

Throughout the paper, we use the following precise definitions of

the terms compaction, consolidation and compression. Compaction is

the reduction in volume due to the decrease in void space through

the rearrangement of solid particles. If the volume reduction is caused

by the expulsion of excess pore water pressure, it is called consolida-

tion. The term compression refers to the process of applying inward

or compressive forces to the material.

2 | MODEL FORMULATION

MPeat is conceptualized as a one-dimensional column of peat at the

centre 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 mechanical, ecological and hydrological processes

through the coupling between fluid flow and solid deformation,

which is known as poroelasticity, and this is the essence of our

model (Figure 1). Peatland accumulates carbon since peat produc-

tion from plant litter or organic matter is generally greater than peat

decomposition. The rate of decay is high due to the unsaturated

aerobic condition above the water table (unsaturated zone). In con-

trast, the condition is fully saturated below the water table (satu-

rated zone), resulting in a low rate of anaerobic decay. Peat that is

more decomposed becomes susceptible to deformation because of

the decrease in strength and Young's modulus. This deformation

affects the structure of pore space, represented by the change in

bulk density, active porosity and hydraulic conductivity. To accom-

modate this process, we define physical properties functions as

follows:

ρ¼ ρ b,u,zð Þ, ð1Þ

ϕ¼ϕ b,u,zð Þ, ð2Þ

κ¼ κ ϕð Þ, ð3Þ
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E¼ E θð Þ, ð4Þ

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 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.

2.1 | Mechanical submodel

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 total stresses that act on a porous medium are allo-

cated to pore fluid and the solid skeleton. The first component leads

to the excess pore fluid pressure, and the second component, termed

the effective stress (Terzaghi, 1943), leads to the displacement of the

solid. The effective stress is a part of the total stress defined as

σ0 ¼ σ�np, ð5Þ

where σ0 is the effective stress (Pa), σ is the total stress (Pa), n is the

effective stress coefficient (�), and p is the excess pore fluid pressure

(Pa). The excess pore fluid pressure and the solid displacement can be

solved simultaneously through the poroelasticity concept.

The poroelasticity formulation in the mechanical submodel is

divided into two categories, that is, fully saturated and unsaturated, to

accommodate the peatland characteristics. The fully saturated por-

oelasticity is developed to analyse the features of the saturated zone

and follows Biot's theory of consolidation (Biot, 1941). For the one-

dimensional case, the governing equations are explained as follows.

The equation of equilibrium without body force has the following

form:

∂σ

∂y
¼0, ð6Þ

where σ is the total stress (Pa). Equation 6 is obtained from Newton's

law of motion, stating that in the absence of acceleration, all of the

forces acting on a small element of material must balance.

The kinematic relation that links strain and displacement

(Equation 7) and the linear constitutive law that gives the relation

between effective stress and strain (Equation 8) can be written as

ϵ¼ ∂u
∂y

, ð7Þ

σ0 ¼ Eϵ, ð8Þ

where ϵ is the strain (�), u is the vertical displacement (m), σ0 is the

effective stress (Pa) and E is the Young's modulus (Pa).

By introducing the conservation of mass of solid particles and

water, together with Darcy's law for the flow of water in the porous

medium, we can get

α
∂ϵ
∂t

þ 1
M

∂pw
∂t

¼ κ
∂2pw
∂y2

, ð9Þ

where α is the Biot's coefficient (�), ϵ is the strain (�), M is the Biot's

modulus (Pa), pw is the excess pore water pressure (Pa) and κ is the

hydraulic conductivity (m s�1). The interpretation of Equation 9 is that

the compression of a fully saturated porous medium consists of the

compression of pore water, solid skeleton and the amount of water

expelled from it by the flow. The value of α is equal to one

(Terzaghi, 1943), and M is equal to the inverse of the specific storage,

that is,M¼ 1
Ss
(Cheng, 2020; Green & Wang, 1990). In this formulation,

the vertical head gradient is contained in the excess pore water pres-

sure, which in turn influences the effective stress. Furthermore, the

F IGURE 1 Schematic
illustration of MPeat explains the
interactions between peat
physical properties, including bulk
density, active porosity, hydraulic
conductivity and Young's
modulus through the coupling
between fluid flow and solid
deformation
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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), we assume air pres-

sure equal to atmospheric pressure. By making this assumption,

Equation 9 can be extended to represent the unsaturated zone as

αw
∂ϵ
∂t

þ 1
Mw

∂pw
∂t

¼ κ
∂2pw
∂y2

: ð10Þ

The parameters αw and Mw depend on the degree of saturation of

water (Cheng, 2020):

αw ¼ Sw , ð11Þ

Mw ¼ γw 1�λð Þ
ϕλμ

S�1=λ
w 1�S1=λw

� �λ
, ð12Þ

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 (�), pw is the excess pore

water pressure (Pa) and κ is the hydraulic conductivity (m s�1).

The mechanical submodel is described in terms of a partial differ-

ential equation with two independent variables that are space y and

time t, while ecological and hydrological submodels only contain time

t as an independent variable on their differential equation. To provide

a fully coupled model, the space discretisation in the mechanical sub-

model is obtained from the layer thickness as follows:

h¼m
ρ
, ð13Þ

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 water table depth, peat production and decomposition. Water

table depth determines peat production and plant weight at the top sur-

face (see Section 2.2), which have a role as load sources. Besides 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

particles into closer contact with one another through vertical displace-

ment, increasing the bulk density and decreasing active porosity

ρt ¼ ρt�1
bt�1

bt�1�ut�1 1þβzt�1ð Þ
� �

, ð14Þ

ϕt ¼ϕt�1
bt�1�ut�1 1þβzt�1ð Þ

bt�1

� �
, ð15Þ

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, we propose

an equation that includes the effect of decomposition on the peat

Young's modulus as a linear function:

Et ¼ χ 1þθζt

� �
, ð16Þ

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 (�).

2.2 | Ecological submodel

Peat production follows the equation from Morris et al. (2015), which

depends not only on the water table depth but also on the air temper-

ature. This equation is the development of Belyea and Clymo (2001)

and can be written as

ψ ¼0:001 9:3þ133z�0:022 100zð Þ2
� �2

0:1575Tempþ0:0091ð Þ,
for 0≤ z≤0:668

ψ ¼0,
for z>0:668

,

ð17Þ

where ψ is the peat production (kg m�2 year�1), z is the water table

depth (m) and 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, we

multiply each type with a constant that is obtained from its water con-

tent. Thus, we may write the equation for plant weight

Υ ¼ c1 10
log10 ψð Þþ0:409

0:985

� �
1þd1ð Þgþc2 10log10 ψð Þþ0:001

� �
1þd2ð Þg

þ c30:144ð Þ 1þd3ð Þg,
ð18Þ

where Υ is the plant weight (Pa); ψ is the peat production (kg m�2

year�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 Sphag-

num, 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
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rate. If we 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

¼�ηm, ð19Þ

where m is the mass per unit area (kg m�2) and η is the rate of decay

(year�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 ¼ mt

m0
, ð20Þ

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).

2.3 | Hydrological submodel

The change in active porosity due to compression affects hydraulic

conductivity because water cannot move easily as the pore size

becomes smaller. Therefore, one of the ways to model the relation-

ship between hydraulic conductivity and active porosity is

κt ¼ κ0
ϕt

ϕ0

� �ξ

, ð21Þ

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 (�). Because compression is influenced by decomposition

through Young's modulus (see Equation 16), we can also interpret

hydraulic conductivity in Equation 21 as a function of decay. DigiBog

also uses this interpretation to develop its hydrophysical submodel

(Baird et al., 2012; Morris et al., 2012).

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. We employ the equation

from Childs (1969) (see also Swindles et al., 2012) to predict the water

table height at the centre of the peatland:

dΓ
dt

¼ r
ϕ
�2κΓ2

l2ϕ
, ð22Þ

where Γ 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 s�1). The difference between peatland

height and water table height at time t results in the water table depth

of the peatland, or mathematically

z¼ b�Γ, ð23Þ

where z is the water table depth (m) and b is the peatland height (m).

Water table height cannot exceed peatland height because we

assume all the water will flow as surface water over the peatland area.

2.4 | Numerical formulation and verification

Poroelasticity is used to couple mechanical, ecological and hydrologi-

cal submodels through the changes in peat physical properties, includ-

ing bulk density, active porosity, hydraulic conductivity and Young's

modulus. These changes simultaneously affect the calculations from

each submodel. Therefore, in the MPeat, each submodel does not run

sequentially to obtain the final results.

MPeat ecological and hydrological submodels are solved using the

finite difference 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 and, second, the

influence of air temperature on the decomposition process (see openly

available MPeat simulation codes for detailed numerical formulation).

In this section, we focus on the numerical formulation and verifi-

cation of MPeat mechanical submodel. We apply the finite element

method (see Zienkiewicz et al., 2013) to approximate the solution of

the mechanical submodel in which the primary variables are solid dis-

placement and excess pore water pressure. We compare the numeri-

cal solution of a fully saturated case (Equations 6–9) with the

analytical solution of Terzaghi's problem to validate the finite element

algorithm. In this test case, a uniform vertical load q is applied on the

top surface of a fully saturated sample with height H. The boundary

conditions are the same with mechanical submodel formulation. If the

initial value of excess pore water pressure is pw0, then

pw y,0þ� �¼ pw0, ð24Þ

dpw
dy

¼0, at y¼0, ð25Þ

u 0,tð Þ¼0, ð26Þ

pw H,tð Þ¼0, ð27Þ

where pw is the excess pore water pressure (Pa) and u is the vertical

displacement (m). The excess pore water pressure and vertical dis-

placement are expressed as non-dimensional quantities normalized

excess pore water pressure P and degree of consolidation U:

P¼ pw y,tð Þ
pw0

, ð28Þ

U¼ u y,tð Þ�u y,0þ� �
u y,∞ð Þ�u y,0þ� � : ð29Þ

The analytical solutions of Terzaghi's problem are (Biot, 1941;

Verruijt, 2018; Wang, 2000)

MAHDIYASA ET AL. 5 of 18



P¼ 4
π

X∞
k¼1

�1ð Þk�1

2k�1
cos 2k�1ð Þπ

2
y
H

h i
exp � 2k�1ð Þ2 π

2

4
cvt

H2

� 	
, ð30Þ

U¼1� 8
π2

X∞
k¼1

1

2k�1ð Þ2
exp � 2k�1ð Þ2 π

2

4
cvt

H2

� 	
, ð31Þ

cv ¼ κ

Ssþ α2
Kþ 4=3ð ÞG

, ð32Þ

where P is the normalized excess 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).

We use 101 nodes and 100 elements to generate the simulation

with the input data stated in Table 1. The proposed algorithm shows

good performance indicated by a small error between numerical and

analytical solutions (Figure 2). Furthermore, the mean absolute error

for normalized excess 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� ¼ cvt
H2. The mean absolute error

for the degree of consolidation also shows a small value of 3.9�10�3.

3 | MODEL IMPLEMENTATION

To illustrate how MPeat works, we simulate peatland vertical growth

with a fixed radius and flat substrate for 6,000 years using annual time

steps. We 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 17) and plant weight (Equation 18), representing

the natural condition of the peatland.

We run two groups of simulations based on annual air tempera-

ture and net rainfall with the parameter values summarized in Table 2.

For the first group, we employ constant values for those two variables

that are 6 � C and 0.8 m year�1, although this approach is not realistic,

it gives baseline results and preliminary information to understand the

model. Furthermore, this simplification is crucial for comparison pur-

poses due to the high level of control of the model before proceeding

to the next case. In the second group, we simulate the model using a

more realistic climate, non-constant annual air temperature and net

rainfall, developed from the sinusoidal function with some noise

(Figure 3). We do not use the climate reconstruction model

TABLE 1 Input data for numerical
and analytical solutions of Terzaghi's
problem

Name Symbol Value Unit

Load q 1 � 105 Pa

Initial value of excess pore water pressure pw0 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

F IGURE 2 The comparison between numerical and analytical solutions of Terzaghi's problem. Normalized excess pore water pressure P with
normalized height H* = y/H at various dimensionless time t* (a) and degree of consolidation U with dimensionless time t* (b)
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(e.g., Fischer & Jungclaus, 2011; Mauri et al., 2015; Pauling

et al., 2006) because we want to keep it as simple as possible while

also maintaining the effect of variable climate on the peatland growth

over millennia.

We 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

TABLE 2 Symbols and parameter default values for the simulations

Name Symbol Value Unit Reference

Unsaturated zone decay rate ηun 5 � 10�2 year�1 Clymo (1984)

Saturated zone decay rate ηsa 8 � 10�5 year�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 active porosity parameter β 1 m�1 Present study

Hydraulic conductivity initial value κ0 1 � 10�2 m s�1 Hoag and Price (1995)

Hydraulic conductivity parameter ξ 15 � Present study

Degree of saturation of water Sw 0.4 � Present study

Water retention empirical constant 1 λ 0.5 � Present study

Water retention empirical constant 2 μ 0.4 m�1 Present study

Specific storage Ss 1.4 � 10�2 m�1 Hogan et al. (2006)

Specific weight of water γw 9,800 N m�3 Cheng (2020)

Peatland radius l 500 m Present study

Young's modulus parameter 1 χ 2 � 105 Pa Present study

Young's modulus parameter 2 ζ 0.1 � Present study

Shrub proportion c1 0.61 � Moore et al. (2002)

Sedge or herb proportion 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)

Gravitational acceleration g 9.8 m s�2 Present study

F IGURE 3 The constant and non-constant climate profile over 6,000 years. In the constant case, the value of air temperature (a) and net
rainfall (b) are 6�C and 0.8 m yr�1, while in the non-constant case, the value of air temperature and net rainfall ranging between 4�C - 8�C and
0.6 m yr�1-1 m yr�1
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the potential increase in bulk density Δρ 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 on Loisel

et al. (2014).

MPeat sensitivity analysis is conducted by changing the physical

properties parameters of the model, that is, Young's modulus parame-

ters χ and ζ and hydraulic conductivity parameter ξ. This is because

field measurements of the Young's modulus and hydraulic conductiv-

ity of peat indicate that they have a wide range of values. We change

the value of one parameter and all others remain the same as the

baseline value (Table 2) for each simulation. Output variables exam-

ined from the sensitivity analysis include the value of bulk density,

active porosity, hydraulic conductivity, Young's modulus, peatland

height and cumulative carbon.

4 | SIMULATION RESULTS

4.1 | Group 1: Constant air temperature and net
rainfall

The changes of peat physical properties with respect to depth

(Figure 4) show that they have similar patterns that are a rapid shift

around the depth of the water table, evolving to a relatively constant

F IGURE 4 The profile of peat physical properties with depth, including bulk density (a), active porosity (b), hydraulic conductivity (c), and
Young's modulus (d) after 6,000 simulated years under constant climate
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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 5c, MPeat). In particular, below 3 m, the bulk density value

decreases dramatically while active porosity, hydraulic conductivity

and Young's modulus values experienced a significant increase.

Comparison of MPeat to DigiBog and HPM (Figure 5) illustrates

that all models produce similar long-term trends but with a number of

key differences. After 6,000 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 and 0.29 m, respectively.

4.2 | Group 2: Non-constant air temperature and
net rainfall

The fluctuations of air temperature and net rainfall provide a signifi-

cant influence on the peat physical properties in the saturated zone.

For example, the decrease in bulk density from 110 to 98 kg m�3 at a

depth about 2.79 to 2.42 m (Figure 6a), and over the same interval, an

increase in active porosity (Figure 6b) and hydraulic conductivity

(Figure 6c) from approximately 0.36 to 0.41 and 7.34 � 10�8 to

3.82 � 10�7 m s�1, respectively, corresponds to an abrupt shift to a

cooler and wetter climatic interval around 5,000–4,200 years BP

(Figure 3). 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 4,200–3,600 years BP. The

effect of climate change is less pronounced on Young's modulus due

to its high fluctuations (Figure 6d). Young's modulus is controlled

solely by the remaining mass, and peatland internal feedback mecha-

nisms 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 6,000 years (Figure 7a). 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) (Figure 7b), 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

F IGURE 5 The comparison among MPeat, DigiBog, and HPM for peatland height (a), cumulative carbon (b), and water table depth (c) under
constant climate
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when the unsaturated zone is not well developed (Figure 7c). Further-

more, water table depth simulated by DigiBog and HPM experiences

sudden increases, particularly in the last 2,000 years, increases that

are absent from the MPeat simulation.

4.3 | Sensitivity analysis

Changing Young's modulus parameters (χ and ζ, Equation 16) revealed

that the other physical properties as well as peatland height and

cumulative carbon are affected by the initial parameters that deter-

mine Young's modulus. Under constant climate (Figure 8), increasing

the first Young's modulus parameter χ to 3 � 105 Pa resulted in a

higher Young's modulus 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 interval

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 increas-

ing χ to 3 � 105 Pa, peatland height and cumulative carbon decreased

by about 16% and 33% compared to the baseline value after

6,000 years (Figure 5, MPeat). On the other hand, increasing the sec-

ond Young's modulus parameter ζ to 0.15 resulted in the lower

Young's modulus (3 � 105 � 4 � 105 Pa) and consequently higher

F IGURE 6 The profile of peat physical properties with depth, including bulk density (a), active porosity (b), hydraulic conductivity (c), and
Young's modulus (d) after 6,000 simulated years under non-constant climate
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bulk density 50–111 kg m�3) but lower active porosity (0.36–0.8) and

hydraulic conductivity (6.32 � 10�8 � 1 � 10�2 m s�1). These condi-

tions increased the peatland height and cumulative carbon by about

2% and 6% in the final simulation year.

Under non-constant climate (Figure 9), the influence of parame-

ters 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 6,000 years (Figure 7,

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

6,000 years.

The hydraulic conductivity parameter (ξ, Equation 21) controls

the decline 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 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 carbon compared to the baseline

value after 6,000 years. Under non-constant climate and ξ equal to

12.5, hydraulic conductivity increased to interval 5.28 � 10�7

� 1 � 10�2 m s�1, which reduced peatland height and cumulative

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.

5 | DISCUSSION

Our results illustrate the influence of poroelastic deformation on the

ecohydrological processes that lead to peat accumulation. As

expected (Fenton, 1980; Quinton et al., 2000; Waddington

et al., 2010; Whittington & Price, 2006), the most significant compac-

tion in our model occurs at the transition from the unsaturated to the

saturated zone. At this transition, peat experiences high effective

stress due to unsaturated conditions. This results in the collapse of

F IGURE 7 The comparison among MPeat, DigiBog, and HPM for peatland height (a), cumulative carbon (b), and water table depth (c) under
non-constant climate
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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 4a–c). 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 unsat-

urated zone, MPeat illustrates how water table depth has a consider-

able 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 6a–c). As observed in the field (Price

et al., 2003), this mechanical behaviour acts to reduce water loss and

increase drought resilience. In addition, compression also reduces peat

volume, causing the peatland surface to drop. This drop in the peat

surface acts to maintain the relative position of the water table, which

in turn helps sustain PFTs associated with wet surface conditions

(Schouten, 2002; Waddington et al., 2015). Conversely, a water sur-

plus 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 con-

ductivity, leading to lower water retention and raising drainage poten-

tial. Such variations in peat physical properties within the saturated

F IGURE 8 MPeat sensitivity
analysis with the output variables
including bulk density ρ (a), active
porosity Φ (b), hydraulic
conductivity κ (c), Young's
modulus E (d), peatland height (e),
and cumulative carbon (f) 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 4 and Figure 5,
MPeat) χ = 2 � 105 Pa, ζ = 0.1,
and ξ = 15
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zone are routinely observed in cores and measured as dry bulk den-

sity. MPeat, therefore, has the capacity to model peat bulk density

profiles in a way that can be compared to and complement other

paleoclimatic indicators.

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 carbon and water table depth. However, they have

essential differences. The key difference between MPeat and Digibog

is the absence of poroelasticity (Table 3). 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 sustaining a thicker unsaturated

zone and consequently greater peat thickness and less cumulative car-

bon (Figure 7). To some extent, these discrepancies can be reduced by

adjusting the parameter values; however, as time progresses, the

approach used in DigiBog will always tend to overestimate peatland

height because it omits the effect of compression.

The difference between MPeat and HPM (Table 3) is somewhat

less than with DigiBog, but this is primarily due to the empirical

F IGURE 9 MPeat sensitivity
analysis with the output variables
including bulk density ρ (a), active
porosity Φ (b), hydraulic
conductivity κ (c), Young's
modulus E (d), peatland height (e),
and cumulative carbon (f) 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 6 and
Figure 7, MPeat) χ = 2 � 105 Pa,
ζ = 0.1, and ξ = 15
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relationship used to predict the change in bulk density as a function

of remaining mass (Frolking et al., 2010). However, the HPM is also an

inherently stiffer model and, as it evolves under a variable climate,

tends to predict similar or deeper water tables than MPeat and conse-

quently less cumulative carbon. 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 7). This smoothness is a consequence of the

mechanical buffering 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 process plays a

vital role in the peatland carbon stock (Figure 10). Compression pro-

vides negative feedback to an increasing water table depth

(Waddington et al., 2015), which leads to the shorter residence time

of plant litter in the unsaturated zone, increasing rates of carbon burial

and reducing CO2 emissions. The experiment from Blodau

et al. (2004) corroborates this view and indicates that the production

rate of CO2 rises substantially with an increasing water table depth.

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 applicability 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 preparation that affected the

strain measurement. As MPeat simulations evolve, Young's modulus

values ranging between 2.9 � 105 and 6 � 105 Pa are far higher than

the values provided by Dykes (2008). Nonetheless, according 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, depending 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

TABLE 3 The differences in approach for modelling peat physical
properties among MPeat, DigiBog and HPM

MPeat DigiBog HPM

Bulk density is a

function of fluid

flow and solid

deformation.

Bulk density is a

constant.

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

density of organic

matter.

Hydraulic

conductivity is a

function of active

porosity.

Hydraulic

conductivity is a

function of

remaining mass.

Hydraulic

conductivity is a

function of peat

bulk density.

Young's modulus is

a function of

remaining mass.

- -

F IGURE 10 Overview of the influence of mechanics on peatland ecohydrology and carbon stock resilience to the external perturbations,
including the changes in net rainfall and air temperature
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value that is used in MPeat. As to the effect of decay on the Young's

modulus of peat, this remains unknown beyond the expectation that

decay should reduce elasticity within the range of reported values.

Some reassurance that the initial values of Young's modulus cho-

sen in MPeat and subsequent values generated via decay are reason-

able 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 &

Price, 1997; Quinton et al., 2000; Quinton et al., 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 density 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 measurements 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 &

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; Waddington & Roulet, 1997). However, a notable dif-

ference between the modelled and measured peat physical properties

is that the range of dry bulk densities generated by MPeat in the satu-

rated zone is narrower than the range typically observed in many peat

deposits. The most likely explanation 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.

5.3 | Model limitations and future developments

In one dimension, an alternative formulation that could address the

limited range in dry bulk density would be to couple Young's modulus

to PFT, shrub having a higher Young's modulus and Sphagnum a lower

Young's modulus. This process requires a more generic peat produc-

tion model that could be altered according to PFT, for example, the

generalization of two-dimensional asymmetric Gaussian function from

Frolking et al. (2010). In turn, the coupling between Young's modulus

and PFT would generate a critical drying threshold below which shrub

would become dominant, increasing stiffness in the peat and poten-

tially acting as a positive feedback increasing carbon emissions and

reducing the rate of carbon accumulation. Potentially, this could be a

natural threshold or tipping point in peatland evolution.

The effect of belowground structure, including shoots and roots

of the vascular plants, could provide a supporting matrix that reduces

the compression effect in the unsaturated zone (Malmer et al., 1994).

This could be implemented in MPeat through Young's modulus equa-

tion which determines the ability of the peat to withstand compres-

sion. However, this process would increase model uncertainties

because of the increasing number of free parameters. Therefore, a

more complete sensitivity analysis that considers the interaction

between parameters (e.g., Quillet et al., 2013) would be helpful for the

future development of the MPeat.

In one dimension, MPeat cannot capture the spatial variability of

peat physical properties and thickness in a horizontal direction, yet

many physical properties vary in two or three dimensions. For exam-

ple, as shown by Lewis et al. (2012), the bulk density and hydraulic

conductivity differ systematically between the centre of a peatland

and its margin. Higher dry bulk densities and lower hydraulic conduc-

tivities at the margins help peatland to hold the water and promote

greater peat accumulation (Lapen et al., 2005). To understand these

processes, it should be possible to extend MPeat into two or three

dimensions. However, this extension is challenging because it

increases the model complexities and becomes computationally

expensive in terms of model run times. To achieve this, simplifying

assumptions may be required, including turning off component parts

of the model and exploring the mechanical behaviour of different

bilayer peatland geometries. The approach should have considerable

potential at improving our understanding of peat failure (mass move-

ment), pipe formation and whether patterned pool systems have a

mechanical origin. Indeed, the thresholds for mechanical failure of

peat are also natural limits to carbon accumulation in a landscape and

are tipping points for a notable natural hazard (Crisp et al., 1964;

McCahon et al., 1987; Warburton et al., 2003).

Finally, another aspect that could be developed to produce a

more plausible peatland growth model is the presence of gas bubbles.

The entrapped gas bubbles block the pore space and affect the water

flow, thus decreasing hydraulic conductivity (Baird & Waldron, 2003;

Beckwith & Baird, 2001; Reynolds et al., 1992). Besides that, they

have been shown to provide a noticeable effect on pore water pres-

sure (Kellner et al., 2004), which in turn could influence effective

stress. Introducing this aspect into the model requires a deep under-

standing of a complex peat pore structure, including the effect of

dual-porosity, to determine the area where bubbles get trapped.

6 | CONCLUSION

MPeat is developed based on interactions among mechanical, ecologi-

cal and hydrological processes that are theoretically reasonable and

empirically proven to occur in the real peatland. These interactions

influence peat physical properties, such as bulk density, active poros-

ity, hydraulic conductivity and Young's modulus through the coupling

between fluid flow and solid deformation, which becomes the core of

the model. MPeat illustrates the important function of poroelasticity

in enhancing peatland resilience and sustaining peatland carbon stock

in the face of climate change. The insights gained from this model

may be of assistance to understand the long-term impact of climate

change on the global carbon balance and the natural mechanical limits

to peatland accumulation.
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