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ARTICLE INFO ABSTRACT

Keywords: Peatlands are complex systems that exhibit nonlinear dynamics due to internal and external feedback mecha-

ECOh_ydmlOgY ) nisms. However, the feedback of vegetation on peat volume changes that potentially affect peatland dynamics is

Eonlul‘ea: fitynam‘cs not well understood. Here, we analyse the consequences of coupling between plant functional types with peat
oroelasticity

stiffness on a nonequilibrium model of a peatland by developing MPeat model. In this formulation, the peat
systems prefer to exist in two possible states defined by two limit cycles, one corresponding to a wet and the other
to a dry attractor. 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. While the shift from wet to dry states constitutes a tipping point, to shift from
the dry to wet states requires more sustained increases in net rainfall, indicating that dry state is the more stable
attractor as the peatland grows. As the model peatland evolves, the response of surface motion, carbon accu-
mulation, and water table depth to the same external forcing becomes increasingly higher amplitude indicating
that a degree of caution may be required when interpreting the paleorecord. 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 when compared to the dry state, a phenomenon that is observed in measures of
surface motion. Our study 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 position in influencing peatland regime shifts, critical thresholds or tipping points, and
both short- and long-term peatland dynamical behaviour.

Regime shifts
Surface motion
Peat volume change

1. Introduction uniform surface load on a square metre basis on account of the surface

vegetation. Deformation of the peat body is free to occur due to gravity

Peatland mechanics, including the swelling and shrinking of peat
pore space due to mechanical deformation, produce significant feed-
backs because they influence water budgets and carbon stocks (Mah-
diyasa et al., 2022; Price, 2003; Waddington et al., 2015; Whittington
and Price, 2006). These mechanical feedbacks are affected by vegetation
(Malmer et al., 1994; Whittington et al., 2007), which potentially pro-
vides an essential element of peatland nonlinear behaviour. The purpose
of this paper is to explore the consequences of coupling between me-
chanics and plant functional types (PFT) for nonequilibrium models of
peatland dynamics in multiple timeframes. The model simulates an
ombrotrophic peat body accumulating between fixed, free-draining
boundaries on an impermeable substrate and presumed to experience

* Corresponding authors.

and the poroelastic behaviour of peat as a porous medium. Plant func-
tional types are assumed to be a mix of Sphagnum, sedge, and shrub, as
equations exist to calculate the exact composition of this mixture rela-
tive to water table depth. However, what matters is that this range of
plant functional types provides a varied range of mechanical properties
(soft Sphagnum to stiff shrubs) that enable feedback mechanisms to be
considered. These constraints mean that the model does not provide a
simulation of forested peatland as the loading would be much more
complex; peatland that experiences substantial snowfall as the surface
loading would be much more variable; permafrost peatland or peatland
that is frozen for a significant period as the presence of ice would
completely change the mechanical behaviour of the system. In essence,

E-mail addresses: adilan.mahdiyasa@nottingham.ac.uk, adilan@math.itb.ac.id (A.W. Mahdiyasa), david.large@nottingham.ac.uk (D.J. Large).

https://doi.org/10.1016/j.ecolmodel.2023.110299

Received 21 November 2022; Received in revised form 20 January 2023; Accepted 22 January 2023

Available online 30 January 2023

0304-3800/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:adilan.mahdiyasa@nottingham.ac.uk
mailto:adilan@math.itb.ac.id
mailto:david.large@nottingham.ac.uk
www.sciencedirect.com/science/journal/03043800
https://www.elsevier.com/locate/ecolmodel
https://doi.org/10.1016/j.ecolmodel.2023.110299
https://doi.org/10.1016/j.ecolmodel.2023.110299
https://doi.org/10.1016/j.ecolmodel.2023.110299
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2023.110299&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A.W. Mahdiyasa et al.

the results of the model will be most applicable to temperate peatlands.

Peatland behaviour is affected by the interplay between positive
(destabilising) and negative (stabilising) feedback from internal and
external factors. These feedbacks lead to nonlinear dynamics, which in
turn create the possibility of peatlands having more than one equilib-
rium state and experiencing 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; Swindles 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 sinks to carbon
sources. Similarly, van der Velde et al. (2021) developed a model to
analyse regime shifts across biomes, from peatland to forest, indicating
bistability conditions and major release of carbon when the switch oc-
curs. 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 inter-
nal 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 one-dimensional model of
peatland dynamics that incorporates mechanical, ecological, and hy-
drological feedbacks through the coupling between fluid flow and solid
deformation, which is known as poroelasticity (Biot, 1941; Coussy,
2004; de Boer, 2000; Detournay and Cheng, 1993; Wang, 2000). MPeat
simulates peatland growth by adding a new layer or cohort of peat
annually above the flat, impermeable, and rigid substrate without the
requirement of an initial peat depth condition. Every new layer contains
information about the initial value of peat physical properties, including
bulk density, active porosity, hydraulic conductivity, and Young’s
modulus. MPeat conceptualises peatland into two different zones the
unsaturated zone above the water table, and the saturated zone below
the water table. Aerobic condition in the unsaturated zone results in a
high rate of decay, while in the saturated zone, peat experiences a low
rate of anaerobic decay. In both zones, the decomposition process re-
duces Young’s modulus, which indicates the stiffness of the material
against tensile or compressive forces. The changes in Young’s modulus
lead to the mechanical deformation of the peat pore structure, which has
a significant influence on the peat bulk density, active porosity, and
hydraulic conductivity. However, the effect of mechanical deformation
on the peat pore structure is also affected by PFT. Whittington 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 domi-
nance of the shrub. In contrast, sites dominated by sedge or Sphagnum
have a better ability to expand or shrink, which keeps the relative po-
sition of the water table close to the surface and supports the growth of
these plant communities. Therefore, stiffer peat dominated by shrubs
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could become a dry attractor, while softer peat with sedge or Sphagnum
dominance has the possibility to turn into a wet attractor.

The objectives of this paper are to (1) present a model of peatland
dynamics that incorporates the feedback between mechanical processes
and plant functional types, (2) investigate the peatland regime shifts and
tipping points in a growing system accounting for fully coupled
mechanical-ecohydrological feedback, (3) analyse both short- and long-
term nonlinear dynamics of the peatland.

2. Methods

We based our model on MPeat (Mahdiyasa et al., 2022) because it
includes feedback between mechanical, ecological, and hydrological
processes as the peatland develops and adapts it by introducing funda-
mental 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 account 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, we are able to use a modified
version of MPeat to consider the interactions between Young’s modulus,
PFT proportion, plant weight, and water table position (Fig. 1). As most
of the MPeat formulations remain unchanged, we only describe the
modifications below (for the full formulation see supplementary
material).

2.1. Model formulation

In this model, Young’s modulus is determined not only by decom-
position (Zhu et al., 2020) but also by PFT. Peat dominated by shrub
becomes stiffer and has higher Young’s modulus compared to Sphagnum
peat because the geotechnical behaviour of peat, including Young’s
modulus, is related to its origin (Farrell, 2012), which shrub produces
stiffer plant litter than Sphagnum (Ammali, 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
accommodate this behaviour, Young’s modulus of all layers in the un-
saturated 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 occurs at the top surface (Fig. 2). We propose an equation that
includes the influence of decomposition and PFT on the peat Young’s
modulus as follows

E = y(146)(bic) +bscs + bses) (€]

where E is the Young’s modulus (Pa), ¢ is the remaining mass (—) which
can be obtained from the mass per unit area that has experienced decay
m, (kg m~2) divided by the initial mass per unit area my (kg m~2) or
mathematically can be written as 6, = m;/my, y is the first Young’s
modulus parameter (Pa), ¢ is the second Young’s modulus parameter ( —
), b1, ba, bs are the coefficient to couple PFT with Young’s modulus ( —
), €1,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), we choose the parameters in Eq. (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 x 10* — 1.6 x 10° Pa. Through this range value of Young’s
modulus, we enable to investigate the effect of mechanical feedback on
the peatland dynamics.

Our 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
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Fig. 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 average air temperature. The red boxes explain the model formulation, with the red dashed boxes indicating the
changes in formulation from the previously published version of MPeat by Mahdiyasa et al. (2022). In this formulation, the proportion of plant functional types
depends on the water table depth, which in turn influences Young’s modulus together with the decomposition process. Through this approach, we can incorporate the
influence of the plant functional types on peat stiffness. Furthermore, the proportion 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, we analyse regime shifts, tipping points, and both short-
and long-term nonlinear dynamics of the peatland. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Fig. 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 pro-
portion of Sphagnum in the peatland vegetation communities. (a) If shrub is
dominant, Young’s modulus value in the unsaturated zone above the water
table changes because shrub roots increase the stiffness 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. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

by the active porosity, hydraulic conductivity, and the distance from the
centre to the river or peatland radius

ar _r 2T

dr ¢ P

@

where I' is the water table height (m), r is the net rainfall (m yr~!) that is
defined as precipitation minus evapotranspiration, [ is the peatland

radius (m), ¢ is the active porosity (— ), and « is the hydraulic con-
ductivity (m s~'). Water table position influences peat production,
decomposition rate, and PFT composition. Moore et al. (2002) measured
the relationship 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. We apply linear regression to
estimate the PFT proportion based on the minimum value of water table
depth in each interval from Moore et al. (2002) data, as follows

c; =223z-0.28 3)
¢ =—1.42z40.63 (©)]
3 = —0.81z 4 0.64 (5)

where ci,c2, c3 are the PFT proportions (—) with the indices 1,2,3
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. We 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 R? from the linear regression model for
shrub, sedge, and Sphagnum proportions are 0.95, 0.78, and 0.82,
respectively. These values of R? 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
formulated in this model provides a more reasonable approach for
investigating the influence of PFT on peatland mechanics compared to
the constant proportion 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)
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+ (L30144)(1 +d3)g (6)

where Y is the plant weight (Pa), y is the peat production (kg m~2 yr!),
g is the acceleration of gravity (m s~2), c1, c2, c3 are the PFT pro-
portions (—) and d;, da, ds are the constants for plant wet condition (—)
with the indices 1,2,3 indicating shrub, sedge, and Sphagnum,
respectively.

2.2. Model implementation

We run two groups of simulations with different time scales. In the
first group, we 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 1. We employed an
annual time series of net rainfall (Fig. 3a), and annual average air
temperature (Fig. 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 our 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

Table 1
Parameter default values for the simulations.
Name Symbol  Value Unit Reference
Unsaturated zone decay Nun 5 x yr! (Clymo, 1984)
rate 102
Saturated zone decay Nsa 8 x yrt (Clymo, 1984)
rate 105
Biot’s coefficient a 1 - (Terzaghi, 1943)
Bulk density initial value  p, 50 kg m3 (Lewis et al., 2012)
Carbon content C 0.47 — (Loisel et al., 2014)
Active porosity initial b0 0.8 - (Quinton et al.,
value 2000)
Bulk density and active p 2 m! Present study
porosity parameter
Hydraulic conductivity Ko 1 x ms ! (Hoag and Price,
initial value 102 1995)
Hydraulic conductivity & 15 - (Mahdiyasa et al.,
parameter 2022)
Degree of saturation of Sw 0.4 - (Mahdiyasa et al.,
water 2022)
Water retention i 0.5 - (Mahdiyasa et al.,
empirical constant 1 2022)
Water retention H 0.4 m™! (Mahdiyasa et al.,
empirical constant 2 2022)
Specific storage Ss 14 x m! (Hogan et al., 2006)
102
Specific weight of water Yw 9800 Nm3 (Cheng, 2020)
Peatland radius 1 500 m (Mahdiyasa et al.,
2022)
Young’s modulus X 2x 10° Pa (Mahdiyasa et al.,
parameter 1 2022)
Young’s modulus ¢ 0.1 - (Mahdiyasa et al.,
parameter 2 2022)
Shrub-Young’s modulus by 1.25 - Present study
parameter
Sedge-Young’s modulus b 1 - Present study
parameter
Sphagnum-Young’s bs 0.75 - Present study
modulus parameter
Shrub constant d; 0.4 - (Mahdiyasa et al.,
2022)
Sedge constant ds 0.4 - (Mahdiyasa et al.,
2022)
Sphagnum constant ds 20 - (McNeil and

Waddington, 2003)
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drained condition of the top layer. The rate of surface motion is obtained
from the annual changes in peatland height, which is affected by me-
chanical, ecological, and hydrological feedback.

In the second group, we decoupled peat production and decompo-
sition processes, and focused on the mechanical and hydrological feed-
back on a shorter time scale. We used peat properties that had been
simulated from the first group to model short-term peatland surface
motion with weekly timesteps over 150 weeks. We chose peat properties
between the ages of 4000 — 3900 years BP and 2000 — 1900 years BP to
represent the dry and wet conditions of the peatland based on the po-
sition of the water table (Fig. 4b). Unlike the first set of simulations,
where peat production and decomposition influence the mechanical
deformation through the changes in Young’s modulus (Eq. (1)), the
swelling and shrinking in the short-term simulations are affected by the
plant weight at the top surface and water 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 excess pore water pressure (Biot, 1941; Price, 2003; Ter-
zaghi, 1943) and the effect of compaction on the peat physical properties
(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 (Fig. 3c). Therefore, throughout the year, the water is
added unevenly to the peatland in the short-term simulation.

2.3. Sensitivity analysis

Model sensitivity to input parameters was evaluated by changing the
value of parameters that couple PFT with Young’s modulus (Eq. (1)). We
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. We increased the value of b; to
represent the condition that shrubs control the peat stiffness by pro-
ducing a higher Young’s modulus. In contrast, the decreasing value of b3
simulated the condition that Sphagnum was the essential PFT in reducing
peat stiffness.

We 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 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.

3. Results
3.1. Long-term dynamical behaviour

Once the unsaturated zone has developed, the PFT proportion fluc-
tuates 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 (Fig. 4b), Sphagnum is the
dominant PFT (44%) compared to the shrub (27%) and sedge (29%)
(Fig. 4a), and the value of plant weight is about 22.14 kg m~2 (Fig. 4c).
Contrastingly, 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 composi-
tion, water table depth, and plant weight lead to variations in the rate of
surface motion (Fig. 5a and b).

The rate of surface motion is obtained from the average rate of
motion over 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. We use the rate of surface motion to
explain the movement of the peatland surface rather than the absolute
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Fig. 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 average air temperature with the value in the interval of 600 — 1000 mm yr~! 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 ! because we exclude peat

production and decomposition processes.

position because the reference point will change over time. This
approach provides a more robust and efficient calculation process
because it can be simulated without specifying 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) (Fig. 5a). The range
of the rate of surface motion in the dry state is from -0.51 until 0.23
mm yr~!, with the net rainfall fluctuating around 600 — 790 mm yr~!.
Conversely, if the net rainfall varies about 750 — 1000 mm yr~!, peat-
land 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~!. The overlap between
these two ranges of net rainfall, around 750 — 790 mm yr!, allows the
dry attractor and wet attractor to coexist, which indicates the possibility
of a bistability condition (Fig. 5d). Dry or wet attractors are the oscil-
latory 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 (Fig. 5b) and requires 90 mm yr—!
change in net rainfall (Fig. 5c), whereas the transition time from wet to
dry (dry shift) is about 26 years, involving about 50 mm yr~! change in
net rainfall.

Long-term carbon input, output, and net accumulation are affected
significantly 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~! due to the
enhancement of productivity (Fig. 6a). However, this condition also
leads to a substantial rise in the rate of peatland carbon release from
0.30 to 0.36 kg C m~2 yr! over the same time interval as the conse-
quence of increasing the depth of the unsaturated zone (Fig. 6b). In
contrast, the transition 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~!
and carbon output from 0.37 to 0.31 kg C m~2 yr~! because of the lower
peat production and decomposition 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, obtained from the difference between the rate of
carbon input and output, is about 0.024 kg C m~2 yr~! over the simu-
lation time (Fig. 6¢), which is in line with reported measurements be-
tween 0.021 — 0.025 kg C m~2 yr~! (Chaudhary et al., 2020; Loisel
et al., 2017; Loisel et al., 2014; Treat et al., 2016; Yu et al., 2010).

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 re-
sults 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~! (Fig. 3a) which led to the high Young’s
modulus value in the range of 3.53 x 10° — 3.65 x 10° Pa (Fig. 7d).
Furthermore, the decrease in water input produced a deep position of
the water table (0.35 — 0.32 m) from the surface (Fig. 4b), resulting in a
more considerable effect of compaction, which is represented by the
high value of bulk density (115 — 119 kg m~2) and low value of active
porosity (0.33 — 0.35) and hydraulic conductivity (2.3 x 1078 — 4.9 x
10-8 m s~1) in that period (Fig. 7a-c).

The condition was different during 2000 — 1900 years BP when
peatland experienced high net rainfall (910 — 950 mm yr~!), which
resulted in a shallow water table position (0.18 — 0.20 m), and conse-
quently led to the Sphagnum dominance condition. In this situation, peat
stiffness decreased, indicated by the low value of Young’s modulus
(3.14 x10° —3.22 x 10° 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 x 1077 — 7.8 x 107 m s™!). 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 (Fig. 4c).

Peat characteristics between the ages of 4000 — 3900 years BP and
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measurements, which results in a constant proportion of PFT in these periods.

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 (Fig. 8a). The negative or pos-
itive 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 synchro-
nized across the two time series, with wet peat experiencing a delay in
peak timing relative to the dry peak of around five weeks. In addition,
the hysteresis of surface elevation with the water level also appears for
both dry peat (Fig. 8b) and wet peat (Fig. 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.

3.3. Sensitivity analysis

The parameter b; (Eq. (1)) controls the effect of the shrub proportion
on the peat Young’s modulus as the PFT composition changes because of
the fluctuation in water table depth. Increasing parameter b; to 3.75
(Fig. 9) led to a higher Young’s modulus with a value between 4.07 x
10° — 7.92 x 10° Pa, which in turn reduced the rate of surface motion
to the range of -1.48 until 1.12 mm yr~!. This condition, on average,
results in a higher rate of carbon addition and carbon output with a
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value of about 2.2% and 5.6%, compared to the baseline value. Because
the increasing 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 bs parameter (Eq. (1)).
Decreasing b; parameter to 0.375 resulted in a lower Young’s modulus
value (2.43 x 10° — 3.13 x 10° Pa), and as a consequence, the range of
surface motion rate increased to the value between —1.48 and 1.69
mm yr~!. 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. Discussion

The most significant observation arising from this model is the
apparent bistability of the peatland with respect to net rainfall (Fig. 5d),
with 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, our model is more complex
because the system is continually evolving. By definition, an equilibrium
state can be achieved if the state variable does not change with time.
However, interactions between internal and external feedback mecha-
nisms will prevent the peatland from reaching that condition because
the peat physical properties, 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 (Figs. 5b and 6¢) that as the model
peatland grows, the amplitude 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 responses 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 palae-
oclimatic 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
hysteretic behaviour of surface elevation with the water level. Short-
term hysteresis is a well-known consequence of the filling and drain-
ing 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 in water level results in a hysteresis loop, with a
positive relationship between these two variables, and this observation
is in agreement with our simulation results (Fig. 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
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et al. (2008), because the enhancement of peat stiffness will produce
lower surface displacement and results in a flatter curve. In our simu-
lations, 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, respectively. 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 our 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 provides an
interpretative framework for analysing their observation of a peatland
which in other respects (e.g., uniform surface loading and reduction in
elasticity with decay) can be considered comparable to our model.
Furthermore, this comparison also indicates the ability of our model to
capture the heterogeneity and nonlinearity of peatland behaviour,
provide a context for interpreting field data, and suggest that our 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 (Fig. 5d). Intuitively, differences in the response of peat-
land to wetting and drying are reasonable as it should be easier to lose
potential energy by lowering a water table than to build potential en-
ergy. This result may also indicate that the production of peat by
compaction is a nonlinear process on multiannual timescales, with pe-
riods 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.
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4.1. Peatland regime shifts and tipping points

We 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 (Fig. 5a and c). A significant increase in water input is necessary
to produce higher excess 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,
and consequently, near-surface hydraulic conductivity will remain high,
preventing the peatland from accumulating more water. Therefore, a
dry state turns into a more dominant attractor that can accommodate
greater perturbations 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
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complex dynamical systems (Scheffer et al., 2009; Scheffer and Car-
penter, 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
our 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~! (Fig. 11), indicating the upcoming major transi-
tion 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 hydrology), 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 behaviour in such landscape (Bradley et al., 2022) with
a mean annual net rainfall of around 800 mm yr~! a value that is
remarkably close to the 760 to 790 mm yr~! annual net rainfall range in
which bistability occurs within our model. However, in practice the
situation is potentially far more complex, for example, microtopography
of hummocks and hollows also exerts an influence on peatland me-
chanical behaviour (Marshall et al., 2022) at a 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 hydraulic conductivity at mesotope margins
(Baird et al., 2008; Lapen et al., 2005; Lewis et al., 2012) suggest smaller
peat water storage in that location, which supports the dry state
becoming more stable. Conversely, lower hydraulic gradients at meso-
tope 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 (margin and centre), and
this is consistent with satellite observations (Bradley et al., 2022).

4.2. Peatland characteristics in different states

Our simulation results show apparent differences in the character-
istics 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 (Fig. 5a
and b). The plant community composition in the dry state is dominated
by shrub (Alshammari et al., 2020; Moore et al., 2002; Sottocornola
etal., 2009; Wierda et al., 1997), which increases peat stiffness (Fig. 7d)
and loading from plant weight at the top surface (Fig. 4c). The presence
of shrub roots provides a supporting matrix (Malmer et al., 1994),
particularly 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 prevent the
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peatland surface from oscillating 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 we exclude the effect of peat addition and
decomposition, the main drivers in short-term surface motion are the
interactions between effective stress, excess 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
(Fig. 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
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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 excess pore water pressure to
reach equilibrium (Biot, 1941; Ferronato et al., 2010; Moradi et al.,
2019; Terzaghi, 1943), producing the delayed effect of compression.
Our short-term simulation result, which is developed from the
coupling between 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 timing. As opposed to that characteristic, peat in the dry state,
typically dominated by shrub, undergoes earlier time to reach the peak
of surface elevation. These distinct behaviours of surface motion,
including amplitude and peak timing, between wet and dry peat could
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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 our simulation, with a difference of about ten weeks. This
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discrepancy could be attributed to the seasonal growth and dieback of
plants that are not included in our short-term simulation, peat physical
properties variation between model simulation and the study location,
and possibly the accuracy of signal processing undertaken by Bradley
et al., (2022).

4.3. Peatland carbon balance and resilience

Our 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 (Fig. 6). Therefore, the significant increase in peat pro-
duction cancels out the effect of a considerable rise in peat decomposi-
tion. Furthermore, this result indicates the important contribution of
vascular plants, as the unsaturated zone thickness increases, to peat
production that provides a significant amount of above-ground biomass
and root biomass (Moore et al., 2002; Wallén, 1986; Wallen, 1987;
Wallén et al., 1988). Charman et al., (2013) support our 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 accu-
mulation. 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).

5. Conclusion

At the heart of this paper is an empirical and straightforward rela-
tionship between Young’s modulus and plant functional types, in which
shrubs should produce stiffer peat compared to Sphagnum. This
simplicity, combined with a scarcity of Young’s modulus data, results in
a number of sources of uncertainty in the simulations. However, despite
these limitations, the results are supported by both field and satellite
data, and as better data become available, the inputs to the model can be
modified to improve the accuracy of the results. For example, more
realistic results may be achieved by the inclusion of the leaf drop term
for shrubs and sedges on the total plant weight formulation or by
adapting the formulation of plant functional type and above-ground
biomass to encompass a greater range of environmental conditions
and peatland types.

The proposed model shows that the interactions between mechanical
processes and plant functional types exercise considerable influence on
peatland dynamics. By considering the effect of plant functional types on
the peat stiffness as the peatland grows, the limit cycles of wet and dry
attractors could coexist under the same net rainfall, which potentially
provides a more realistic approach to understanding bistability because
the interactions between internal and external feedback mechanisms
will prevent peatland from reaching the equilibrium state. The condition
of a continuously evolving system, indicated by the increasing oscilla-
tion rate of surface motion, carbon balance, and water table depth over
time under the same climatic influence, also suggests that caution might
be needed to interpret the paleorecord data from the peatland. Finally,
we demonstrate how the application of fully coupled mechanical-
ecohydrological feedback could help explain the regime shift, tipping
point, and nonlinear dynamics of the peatland in multiple timeframes.
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