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Abstract. Accurate modelling of peatland carbon dynamics is essential for understanding their role in the global carbon cycle
and predicting greenhouse gas (GHG) fluxes under changing environmental and management conditions. We present Peatland-
VU v3.0, an updated 1D process-based model with new representations of key above- and below-ground processes controlling
peatland carbon exchange. Developments include improved vegetation phenology (leaf area index and growing degree days),
alternative formulations for the temperature sensitivity of soil organic matter (SOM) decomposition, and explicit representation
of anaerobic SOM mineralisation.

Model behaviour and sensitivity were evaluated at two contrasting peatland sites in the Netherlands: a restored fen marshland
(the Weerribben site) and a drained peat pasture (the Assendelft site) where model performance was evaluated against in situ
flux measurements. Using ensembles of targeted perturbation experiments, we quantified sensitivity to internal parameters
and environmental drivers and identified the processes and parameters that most strongly control variability in simulated CO9
and CH, fluxes across contrasting peatland types. Beyond presenting new developments, this study provides a complete and
consolidated sensitivity assessment of all processes and modules, not only newly implemented processes. The comprehensive

evaluation provides a clear reference for future model developments, parametrisation and application to new sites.

1 Introduction

Peatlands play a critical role in the global carbon cycle. Despite covering less than 3% of the global land surface (Xu et al.,
2018), peatlands store approximately 25% of the planet’s soil carbon (Yu et al., 2010), equivalent to twice the carbon stored
in the world’s forests (Pan et al., 2011). Peatlands functions as both a major long-term carbon sink and a potential source of
carbon to the Earth’s atmosphere. The stored carbon in peatlands is released primarily as carbon dioxide (CO2) and methane
(CHy), the two most abundant anthropogenic greenhouse gases (GHG).

Peatland management plays a critical role in the mitigation of climate change because peatland drainage, due to the inten-
sification of agriculture, leads to enhanced CO2 and NO emissions (Hu et al., 2017). On the other hand, reflooded peatlands,
for the purposes of restoration, can lead to elevated CH, emissions (Hemes et al., 2018). With approximately 20% of European

peatlands currently threatened by climate change and drainage (van der Velde et al., 2021), careful management of both drained
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and natural systems is critical to prevent additional carbon releases to the atmosphere and mitigate climate warming (Loisel
et al., 2021).

The development of process based models is a critical step towards introducing peatland carbon dynamics into both global
land surface and Earth System Models (Loisel et al., 2021) where peatlands are not yet typically represented (Helbig et al.,
2020). However, peatlands are not yet included in the Coupled Model Intercomparison Project (CMIP) version of any global
land surface model which is testimony to the obstacles that must be overcome for accurate representation of peatland carbon
cycle processes (Apers et al., 2022). Lack of peatland representation contributes to inaccurate estimates of organic soil mass and
CH, emissions (Loisel et al., 2021). The increasing complexity and computational cost of global models limits rapid process
development and testing (Fisher and Koven, 2020). Plot-scale models are accompanied by minimal computing requirements,
and by reducing confounding geospatial feedbacks by focusing on individual sites, model development and testing of small
scale processes can be expedited (Nungesser, 2003; Metzger et al., 2016; Raivonen et al., 2015; Clymo et al., 1998; Silva et al.,
2024). Whilst the role of plot-scale models is often overlooked in the land surface modelling community, development and
representation of peatland dynamics in plot-scale process-based models remains a powerful catalyst to the development of all
types of peatland models. Estimating peatland carbon fluxes using process-based models is a critical step towards improved
projections of future climate change (Silva et al., 2024).

The Peatland-VU model is plot-scale process-based model developed to simulate CO, and CH4 fluxes as functions of site-
specific environmental drivers, including water table position, soil and air temperature, and vegetation type (van Huissteden
et al., 2006; Mi et al., 2014). Various versions of the model have been described, and applied in several studies across the
temperate, boreal, and arctic region (Hendriks et al., 2007; Petrescu et al., 2008; van Huissteden et al., 2009; Petrescu et al.,
2010; Budishchev et al., 2014; Mi et al., 2014; Lippmann et al., 2023). Early versions of the model paid particular attention
to the representation of below-ground biogeochemistry using seven soil organic matter (SOM) pools to represent peat, humus,
microbial biomass, litter and dead roots, root exudates, liquid manure, and solid manure, each vertically distributed across soil
layers. Vegetation is represented in the model as a driver of both carbon inputs, plays a central role in below-ground carbon stor-
age and soil-atmosphere carbon exchange. In this study, we present Peatland-VU v3.0, which introduces new representations
of key above- and below-ground processes governing peatland carbon dynamics.

Peatland-VU v3.0 includes new representations of key plant physiological processes, including leaf area index (LAI), grow-
ing degree days (GDD), and leaf senescence. Below-ground dynamics are enhanced through the addition of temperature-
sensitive Q10 SOM decomposition, explicit representation of anaerobic mineralisation in saturated soil layers, allowing im-
proved representation of vertical respiration dynamics, and management-related disturbances such as biomass harvest. Two
new harvest pools have been introduced to estimate emissions from fast- and slow-decomposing harvested biomass. The aim
of this study is to describe new model developments, evaluate the new model at two peatland sites, and assess the sensitivity of

both new and existing model functions.
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2 Peatland-VU model

This study is structured as follows: (1) a brief outline of the model history and structure (Table 1 and Sect. 2), (2) a description
of new developments (Sect. 3) and existing biogeochemical processes (Sect. S2), (3) validation at two peatland sites (Sect. 5.1)
and (4) a comprehensive sensitivity analysis of all model modules (Sect. 5.2). The methods for model validation and sensitivity

assessment are outlined in Sect. 4.
2.1 History of Peatland-VU model developments

Since the original version of the Peatland-VU model was published in 2006, considerable efforts have been made to improve
the stability, functionality, and usability of the model (Table 1). The original version of the model, Peatland-VU V1.0 (van
Huissteden et al., 2006) included the 7 SOM pools, SOM decomposition sensitive to environmental conditions, the CHy
modules taken from (Walter and Heimann, 2000), where CO2 and CH4 were the primary model outputs. Further efforts were
made to improve the parametrisation process and understand the sensitivity of Peatland-VU v1.0 (van Huissteden et al., 2009;
Petrescu et al., 2008).

Peatland-VU v2.0 introduced two new net primary production (NPP) modules (Shaver et al., 2007; Haxeltine and Prentice,
1996) to improve the reproducibility of CH4 emissions (Mi et al., 2014). Whilst Peatland-VU v1.0 was initially used to simulate
managed peatlands (van Huissteden et al., 2006; Hendriks et al., 2007), the capacity of Peatland-VU v2.0 to simulate Arctic
peatlands was tested (Budishchev et al., 2014). Efforts were made to offline couple Peatland-VU v2.0 with the global hydro-
logical model, PCR-GLOBWB, to estimate wetland CH,4 emissions from boreal, Arctic and subarctic wetlands (Petrescu et al.,
2010). Adopting dynamic Plant Functional Types (PFT) and other components of the NUCOM-bog model (Heijmans et al.,
2008) into the Peatland-VU v2.0 framework, led to the development of the Peatland-VU-NUCOM (PVN) model (Lippmann
et al., 2023).

2.2 Overview of model structure

The Peatland-VU model is designed to simulate both pristine and managed peatlands. The Peatland-VU model simulates
photosynthesis, autotrophic respiration, above- and below-ground biomass, basic plant phenology, SOM decomposition, and
CH,4 production, oxidation, and transport. Each timestep, the model follows the following production and decomposition
processes. There are two possible available modules to estimate gross primary production (GPP), plant autotrophic respiration,
and NPP - adapted from either Shaver et al. (2007) or the BIOME3 model (Haxeltine and Prentice, 1996). After above- and
below-ground growth is calculated, SOM accumulation and decomposition occurs. Finally, CH4 production, oxidation and
transport take place. The primary model outputs are net ecosystem exchange (NEE), GPP, plant and heterotrophic respiration,
and CH4 fluxes between the land surface and the atmosphere.

The Peatland-VU model is a site specific model which means that climate (Table Al), land management (Table A2), and

soil (Table A3) forcing inputs must be prepared for each site simulation.



https://doi.org/10.5194/egusphere-2026-2450
Preprint. Discussion started: 26 June 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

Table 1. Peatland-VU model functionality and development.

PV v1.0 PV v2.0 PVN PV v3.0
Process (van Huissteden et al., 2006) (M et al., 2014) (Lippmann et al., 2023) (this publication)
Photosynthesis 1. Sinusoidal seasonal, 2. 1. Sinusoidal seasonal, 2. Shaver and BIOME3 depen- As in PV v2.0 but with har-
cloudiness cloudiness, 3. Shaver, 4. denton PFT traits vest correction
BIOME3
Autotrophic respira- Ratio of GPP Shaver or BIOMES3, or ratio ~ Shaver or BIOME3, depen- Asin PV v2.0
tion of GPP dent on PFT traits
Phenology Prescribed day of year Asin PV v1.0 AsinPV v1.0 GDD function modified
LAI - Constant for evergreen, Function of SLA and above- GDD function modified
function of GDD for ground biomass, dependent
deciduous on PFT traits
Allocation Above- and below-ground AsinPV v1.0 Asin PV v1.0, dependenton Asin PV v1.0
biomass as prescribed ratio PFT traits
of NPP
Plant functional - - Short and tall grasses, -
Types Sphagnum, brown mosses,
Typha, sedges
Dynamic vegetation - - Competition as function of -
shading, air temperature and
water level
Soil temperature 1. Simple sinusoidal, 2. clas- asin PV v1.0 asin PV v1.0 1. Simple sinusoidal, 2. clas-
sical heat transport as a sical heat transport, 3. an-
function of TA alytical heat diffusion as a
function of surface TA or TS
Water table 1. Time series input, 2. AsinPV v1.0 Asin PV v1.0 Asin PV v1.0
function of precipitation and
evapotranspiration
Harvest Prescribed day of year, AsinPVv1.0 Prescribed day of year & Prescribed calendar dates &
biomass fraction harvest height biomass fractions. Decom-
position of fast and slow har-
vest pools
Grazing Prescribed days of year, AsinPV v1.0 Asin PV v1.0 Asin PV v1.0
biomass removed, manure
added
Manure Prescribed days of year, ma-  Asin PV v1.0 Asin PV v1.0 Asin PV v1.0

nure added
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Table 1. Table 1 continued.

PV v1.0 PV v2.0 PVN PV v3.0
Process (van Huissteden et al., 2006) (Mi et al., 2014) (Lippmann et al., 2023) (this publication)
Biomass senescence Prescribed seasonal ratio of Asin PV v1.0 Asin PV v1.0, dependenton Asin PV v1.0
biomass PFT traits
Peat surface height - - Function of moss density -
Heterotrophic respi- Litter, aerobic decomposi- Asin PV v1.0 AsinPVv1.0 Litter, aerobic and anaerobic
ration tion, methanogenesis decomposition,  methano-
genesis
Litter decomposition ~ Function of Arrhenius tem- Asin PV v1.0 Asin PV v1.0, dependenton Function of Arrhenius or
perature PFT traits Q10 temperature
Root senescence Ratio of root mass Asin PV v1.0 Asin PV v1.0, dependenton Asin PV v1.0
PFT traits
SOM pools Peat, humus, root and litter Asin PV v1.0 SOM pools in PV v1.0 allo- Asin PV v1.0
mass, root exudates, micro- cated to each PFT
bial biomass, manure solids
and liquids
Temperature sensi- Arrhenius temperature func- Asin PV v1.0 Asin PV v1.0 Function of Q10 or Arrhe-
tivity of Ry, tion of total SOM pool nius, per SOM pool
Aerobic SOM Function of decomposition Asin PV v1.0 Asin PV v1.0 As in PV v1.0 with modified
decomposition constant, temperature, pH, C/N sensitivity
priming, soil moisture age,
C/N ratio
Anaerobic SOM de- - - - Function of Arrhenius or
composition Q10
Methane Production, oxidation, diffu- Asin PV v1.0 As in PV v1.0, plant trans- Asin PV v1.0 and also aceti-

Carbon mass balance

check

sion, ebullition, plant trans-

port

port dependent on PFT traits

clastic vs hydrogenotrophic
methanogenesis parameteri-

sation

Daily check
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3 Model developments

We begin by introducing the model’s complete carbon budget. The terms included in the carbon budget provide an overview of
the biophysical and biochemical processes represented within the model and therefore, whilst introducing the model’s carbon
budget, we also take the opportunity to outline the recent model developments introduced in Peatland-VU v3.0 (Table 1). All
variables for NEE, LAI, and GDD modules are defined in Table 2. The carbon budget is the balance between the carbon change
in the carbon pools (left) and the carbon fluxes entering or leaving the system (right):

A (Mplant (t) + Mlit (t) + Msom(t) + Mharv (t))
At

= NEEco,(t) + NEEcy, (t) + F™™ (t) (1)

Where Mpjant [ kg C m~2 1], My, [ kg Cm~2 ], and Mo, [ kg C m~2 ] represent the mass of the above- and below-ground
living biomass, litter, and SOM at time, ¢. My, [ kg C m~2 ] represents the harvested biomass. NEEco, [ kg C m~2 day~*
]Jand NEEcq, [ kg C m—2 day*1 ] represent the net ecosystem exchange of CO, and CH, at the surface. Fharv [ kg C m—2

day~! ] represents the offsite decomposition of harvested biomass.
3.1 Net Ecosystem Exchange

NEEco, is defined as the balance of CO4 uptake by gross primary production (GPP), and COs, release by ecosystem respiration
(RECO):

NEEco, (t) = GPP(t) — RECO(t) 2)

RECO(t) = Ra(t) + Ru(t) (3)
Z

Ru(t) = Ris(t)+ > (Rﬁe(t, )+ R (t,2) + Rox(t,2) + Raclt, z)) )

In Eq. 2, GPP [ kg C m~2 day~! ] denotes gross primary production, while RECO [ kg C m~2 day ! ] is the total ecosystem
respiration. RECO is composed of both R, [ kg C m~2 day~! ], autotrophic (plant) respiration, and R}, [ kg C m~2 day ! ],
heterotrophic (soil and litter) respiration. The heterotrophic component is comprised of the CO4 produced by litter decomposi-
tion (Ryi¢ [ kg C m~2 day ! ]), aerobic SOM decomposition (R?® [ kg C m~2 day~' ]), anaerobic SOM decomposition (R{"
[kg C m~2 day’1 1), the CO4 production associated with CH, oxidation (Rx [ kg C m~2 day’1 1), and the CO5 production
associated with acetoclastic methanogenesisis (R, [ kg C m~2 day~—' ]), at depth 2.

Relative to previous versions, Peatland-VU v3.0 now includes several updates to processes contributing to NEEco,. In
Peatland-VU v3.0, GPP has been modified to mimic plant stress following harvest events where LAI is now simultaneously
reduced (Sect. 3.3). LAI (Sect. 3.5) and GDD (Sect. 3.4) have also both been further improved. Heterotrophic respiration now
includes contributions from both aerobic and anaerobic SOM decomposition (Sect. 3.6), where decomposition is estimated
using either Arrhenius or Q10 temperature dependencies (Sect. 3.6.3). Methane-related COy production now accounts for
both methanotrophy and acetoclastic methanogenesis, with explicit partitioning between acetoclastic and hydrogenotrophic

pathways (Sect. 3.7).
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3.2 Photosynthesis and autotrophic respiration

Here we describe the two modules that can be used to estimate NPP, GPP and autotrophic respiration in Peatland-VU v3.0
(Shaver et al., 2007; Haxeltine and Prentice, 1996). In the NPP module adapted from the BIOME3 model (Haxeltine and Pren-
tice, 1996), the amount of carbon fixation is influenced by the quantity of photosynthetically active radiation (PAR) captured
by the plant as mediated by stomatal conductance (Sect. SB1).The BIOME3 module provides a mechanistic representation
of C3 photosynthesis in which gross primary production (GPP) and leaf respiration are linked to the activity of Rubisco and
other photosynthetic enzymes within the chloroplast. Previous applications and evaluations of BIOME3 have focused predom-
inantly on forest ecosystems. In contrast, peatland vegetation is highly heterogeneous and often contains a large proportion of
non-vascular species, including Sphagnum and other brown mosses, which differ substantially from the vegetation types for
which the model was originally developed and tested. For this reason, the Peatland-VU model also includes an NPP module
which was originally developed and tested on Arctic tundra ecosystems (hereafter the Shaver model) adapted from Shaver et al.
(2007). NPP is calculated as:

NPP(t) = GPP(t) — Ra(t) (5)

where GPP and R, can be calculated using either the Shaver or BIOME3 module. In the Shaver module, GPP is a function of
PAR, and LAI:

PmaxL 1 PmaxL + PAR(t) . EO
Kb Praxt, +PAR(t) - By - e~ K0 LALR)

GPP(t) = 6)

where Ppax1, [1£ mol m~2 leaf day '] represents the light-saturated photosynthetic rate per unit leaf area, b [m? ground m~2
leaf~!] represents the Beer-Lambert light extinction coefficient, £0 [g mol CO5 2 mol~! photons] represents the initial slope
of the light response curve, and PAR [ mol photons m~?2 ground day '] represents photosynthetically active radiation at the
top of the canopy. LAI [m? m~?2] represents leaf area index of the entire canopy.

In the autotrophic respiration module adapted from Shaver et al. (2007), temperature and LAI are the dominant drivers of

autotrophic respiration.
Ra(t) = Ry -LAI(t) - #TA® (7)

where, R [1# mol m~2 leaf day ~!] represents the amount of leaf respiration at 0°C, 3 [°C ] is a temperature sensitivity factor for
autotrophic respiration, and TA [°C ] represents daily air temperature. In the adapted BIOME3 module, autotrophic respiration
is dependent on leaf growth and maintenance respiration coefficients and the maximum daily rate of net photosynthesis (Sect.
SB1). After NPP is calculated, the allocation of root and shoot growth is calculated and above- and below-ground growth
occurs (Sect. SB2 and Sect. SB3).
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Table 2. Variable descriptions for NEE, NPP, and phenology modules and labels used in sensitivity testing, if applicable.

Module Symbol in text ~ Sensitivity testing Unit Description
NEEco, - kg C m~—2 day ! Net ecosystem exchange
GPP GPP kg C m~? day~! Gross primary productivity
R, Ra kg C m~2 day~* Autotrophic respiration
NEE Ry Ry kg Cm~2 day~! Total heterotrophic respiration
Rpe - kg C m~? day ! COg production from aerobic SOM decomposition per soil layer
Ry" - kg C m—2 day~* CO; production from anaerobic SOM decomposition per soil
layer
Rac - kg C m~? day~! COg produced during acetoclastic methanogenesis
Rox - kg C m~2 day~* CO;, produced during methanotrophic mineralisation
Riit - kg Cm~2 day~! CO4, production from litter decomposition
NPP - kg C m~? day~! Net primary production
PraxL Pmax i mol m~2 leaf Light-saturated photosynthetic rate per unit leaf area
day—!
PAR PAR 1 mol photons m~2  Photosynthetically active radiation at the top of the canopy
ground day—*
NPP Ey Pslope 4t mol COy p mol~!  Initial slope of the light response curve
photons
Kb KBeer m?  ground m~2 Beer-Lambert light extinction coefficient
leaf~!
LAI LAI m? m—2 Leaf area index
H, HarC - Correction factor defining the minimum photosynthetic capacity
immediately after harvest
Hy - days Elapsed days since the most recent harvest event
H, RecovT days Days required for vegetation to regain full photosynthetic capac-
ity
Ry PlantResp0 i mol m~2 leaf Leaf respiration at 0°C
day~!
B RespBeta - Temperature sensitivity constant for leaf respiration
TA TA °C Daily air temperature
GDD - °C Growing degree days (GDD)
TA, BaseT °C GDD base temperature
GDDax GDD_max °C Maximum GDD
ta AutumnStart day of year Start of autumn
Phenology lgs GS_start day of year Start of the growing season
SF ShootsFactor - Fraction of NPP allocated to above-ground biomass
LAL,ax LAI_max m? m—2 maximum LAI
LALin LAI min m?> m~? minimum LAT
ALAInpp - m? m—2 Change in LAI due to NPP
LAIgpp - m? m—2 Potential LAI due to GDD
LAI, LAICarbonFraction kg C m~2 leaf LAI to carbon biomass constant

8
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3.3 Stress due to harvest

To account for the physiological effects of cutting on vegetation, the model applies a temporary reduction in photosynthetic
capacity after harvest, which is particularly relevant for agricultural and other managed peatlands (Knox et al., 2015; Evans
et al., 2021). Harvest events can be prescribed either by fixed dates (Lippmann et al., 2023) or by day-of-year values (van
Huissteden et al., 2006). At each event, above-ground biomass is reduced according to the user-defined harvest fraction. When
the harvest scheme is activated, vegetation is harvested (mowed) either on the prescribed date or according to the specified
day-of-year values modified from Lippmann et al. (2023) and (van Huissteden et al., 2006). Above-ground biomass is removed
from the above-ground biomass pool according to the specified harvest fraction. Following a harvest event, removed biomass is
partitioned between fast- and slow-decomposing pools using a prescribed fraction. Following harvest, LAI is recalculated, and
a fraction of the harvested biomass is assumed to remain uncollected in the field and is added to the litter layer. After harvest,

photosynthetic capacity is temporarily reduced:

GPP(t) = GPP(t) - ( Ho+ Hd(t)f(ll—H)) .

where, H, [-] is the harvest reduction factor of photosynthetic capacity immediately after harvest, H,. [days] is the number of
days required for vegetation to regain full photosynthetic capacity, and Hy [days] is the number of elapsed days since the most

recent harvest event.
3.4 Phenology and growing degree days

Seasonal changes in biomass production and leaf area development are important drivers of carbon fluxes (Koster et al., 2023;
Campioli et al., 2015). During the growing season, a constant turnover of biomass is calculated, representing senescence due
to age or damage (Sect. SB4). Phenology in Peatland-VU controls the seasonal development of LAI which regulates GPP,
R,, and the capacity of plant-mediated CH4 transport. In Peatland-VU, the phenological driver referred to as growing degree
days (GDD) functions as a seasonally bounded thermal state variable. Unlike classical GDD formulations, which accumulate
only positive temperature deviations, this implementation allows thermal forcing to both increase and decrease depending on
seasonal context. During the growing season, positive temperature deviations promote thermal accumulation and leaf develop-
ment. Whereas during autumn, GDD declines under negative thermal forcing, allowing cold periods to accelerate senescence
while warm autumn conditions may delay it. This bidirectional formulation provides a simple empirical representation of
temperature-driven leaf expansion and decay that is consistent with grassland and tundra phenology schemes (Hoglind et al.,
2016).

Peatland-VU v3.0 distinguishes between two phenological strategies: evergreen and summergreen vegetation. Evergreen
vegetation (e.g. mosses such as Sphagnum and trees such as pine or spruce) maintains a constant LAI throughout the year.
Summergreen vegetation, such as grasses (e.g. Pragmites, Loliumperenne) or shrubs (e.g. Betulanana), grow leaves

during the growing season and undergo leaf senescence during autumn and winter.
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For summergreen vegetation, GDD are calculated as:

0 if DOY (t) = tgs,
GDD(t—1) + AGDD(t) if growing season and AGDD(¢) > 0,
GDD(t) = ¢ GDD,pax if DOY (t) = t,, )

max(GDD(t — 1) + AGDD(¢),0) if autumn and AGDD(¢) < 0,

GDD(t—1), otherwise.

Where
AGDD(t) = At (TA(t) — TAy) (10)

Where ¢4 is the start of the growing season and ¢, the start of autumn. The growing season is defined as tos < DOY (t) < t,.
The autumn period is defined as DOY (¢) > ¢, or DOY (¢) < tgs. GDD [°C ] represents the cumulative growing degree days.
TA, [°C ] is the base temperature below which no thermal accumulation occurs. The daily thermal increment AGDD(%) is
calculated as the temperature surplus above the base temperature.

At the start of the growing season (DOY (t) = t,5), GDD is reset to zero. During the growing season, GDD increases if
AGDD(t) > 0, and otherwise remains unchanged.

At the onset of autumn (DOY (¢) = t,), GDD is set to GDDyyax. During autumn, GDD may decrease when AGDD(t) <
0, representing cooling conditions and progression of senescence. If AGDD(¢) > 0, GDD remains unchanged, and further
senescence is delayed. Leaf senescence is therefore driven by declining GDD during the autumn period, while warm conditions

during autumn can temporarily halt the progression of senescence.
3.5 Leaf Area Index

Leaf area index is an important indication of the biophysical state of vegetation because leaf surface area affects both the
absorption of atmospheric carbon through photosynthesis and the emission of water into the atmosphere via transpiration
(Raivonen et al., 2015; Kala et al., 2014). In the model, LAI impacts the amount of R,, GPP, plant-transported CH,, and
leaf senescence. Senescence of the above-ground living biomass is added to the litter layer (Sect. SB5). In Peatland-VU, LAI
development is controlled by two competing processes: temperature-driven phenological progression and limitation of foliage
growth due to carbon availability. At each time-step, the dominant process determines the increase in LAI. This concept is
based on the LINGRA and BASGRA grassland models (Schapendonk et al., 1998; Hoglind et al., 2016) with the reasoning

that leaf growth is driven by either temperature or carbon availability.

10
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LAI is calculated as:

LALyn, if DOY () =ty

min (LAI(t — 1) + ALAI t), LAk if LAI(t — 1) < LAI t—1

LAI(t) = (LAI(t - 1) npp(t) ) (t—1) aop(t—1) an
or if ALAIGDD (t) < ALAINPP (t)

LAIgpp(t), otherwise

where, LAL., [m? m~2 ] and LAL,;, [m? m~2 ] represent the maximum and minimum LAI, respectively. ALAIxpp [m?
m—2] represents the incremental increase in LAI due to NPP, LAIgpp [m?m—2] represents the thermally driven LAI estimate.

In the case that LAI is driven by temperature change, LAIgpp [m? m~2 ], varies according to GDD:

LAImaxa if GDD(t) > GDDax

LAl (t) = o (12)
LATnin + (LATnax — LALnin) - Giom k-, otherwise.

ALAlgpp(t) = LAlgpp (t) — LAlgpp(t — 1) (13)

In the case that LAI is limited by carbon availability, ALAInpp is calculated:

NPP(t) - SF

ALAINPP (t) = LAIC

(14)
5)

where, SF [-] represents the above to belowground growth ratio, and LAl [kg C m™2 leaf] represents a LAI to carbon
constant. This approach differs from formulations that prescribe LAI directly as a function of temperature or biomass alone,

but provides a flexible representation of phenological and productivity controls on canopy development.
3.6 SOM decomposition

In drained peatlands, exposure of previously saturated organic matter to aerobic conditions enhances decomposition and het-
erotrophic respiration, whereas in saturated systems the extent of aerobic decomposition is reduced. Across both drained and
saturated peatlands, SOM comprises compounds at different stages of decomposition.

In Peatland-VU v3.0, the pH, soil aeration, soil moisture, and NPP priming sensitivity corrections remain consistent with
Peatland-VU v1.0 (van Huissteden et al., 2006). New developments include flexible C/N sensitivity, an alternative Q10 tem-
perature sensitivity formulation, and explicit representation of anaerobic SOM decomposition. The mass of each SOM pool
is updated dynamically throughout the simulation, while the number of soil layers and their thicknesses remain fixed. During
decomposition, organic carbon is mineralised and may subsequently be transferred among pools and recycled within the soil
system (Basile-Doelsch et al., 2020). As a result, turnover rates differ substantially between pools, with microbial biomass,

litter, dead roots, and root exudates decomposing relatively rapidly, whereas humus and peat are characterised by much slower
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turnover. Carbon fluxes associated with SOM decomposition are mass-conserving across all SOM pools. All variables associ-
ated with the SOM decomposition modules are defined in Table 3.
The CO4 lost through SOM decomposition is calculated as:

ZZ ( ae t 2, S T;l;icrob _ Télc}lmus) (16)

Rdn ZZ( an t 2, S Tg{llicrob _T;;leus) (17)
where
D, (t,z,s) = A (t,2) M(t,z,s) (1 - e‘keﬁ(t’z’s)) (18)

where x € {ae,an}. D is the carbon lost from the decomposition of each SOM pool (s) in soil layer z. A, [-] represents the
fraction of the layer above the water table and \,,, [-] represents the fraction of the layer below the water table. M is the carbon
mass of SOM pool s at timestep ¢ and soil layer z. ke,, is the environmental adjusted decomposition rate constant. 77" [ kg
Cm~2day~! ]and 7"*™us [ kg C m~2 day~" ] represents the carbon mineralised and reincorporated into microbial biomass
and humus SOM pools, respectively.

During decomposition,, carbon originating from the decomposition of litter and dead roots, root exudates, and peat is redis-

tributed to the microbial biomass and humus pools as follows:

” D, (t,z,s)
Tmzcrobt — ek 19
Tt 2,8) = S (19)
Thumus(t 2 s) = ah - Dy(t, 2,5) (20)

where, adge [-] and ad,, represents the constants used to calculate the fractions of decomposed SOM to be transferred to
the microbial SOM pool in aerobic and anaerobic conditions, respectively. ah represents fraction of decomposed SOM that is
transferred to the humus SOM pool.

The environmentally adjusted aerobic SOM decomposition rate constants are estimated:

Eae($)

yr

keqe(t,z,8) = fTae(t,z,8) - fp(t,z)- fCN(z,8)- fd(t,z)- fm(t,z)- fpH(z) 21

where, the decomposition rate constant of each SOM pool in aerobic conditions, k4. [year—!] are defined in Table SB1. Lyr
[year™ 1] represents the number of timesteps in a year. f1 [-] represents the correction factor for soil temperature (Sect. 3.6.3),
fp [-] represents the correction factor for priming due to the addition of fresh organic matter due to changing rates of NPP
(Sect. SB5.1), fCN [-] represents the effects of changing C/N ratios on SOM decomposition (Sect. 3.6.2), fd [-] represents a
correction factor for soil dryness (Sect. SB5.2), fm [-] represents a correction factor for soil moisture limitation (Sect. SB5.3),
fpH [-] represents a correction factor for soil pH (Sect. SB5.4).

While surface layers are a dominant source of heterotrophic respiration due to high oxygen availability and continuous

input of labile carbon, recent findings indicate that deep soil layers also produce substantial CO5 fluxes, attributed to large,
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active microbial communities in saturated environments (Tolunay et al., 2024; Pirn et al., 2025). Previous versions of the
model have estimated CO, emissions derived from mineralisation in oxygenated soil layers only. In this new version of the
model, anaerobic decomposition is impacted by localised soil temperatures but not other environmental factors, as in the
calculation of aerobic decomposition, reflecting the limited empirical constraints on anaerobic process modifiers relative to
aerobic decomposition.

Anaerobic SOM decomposition is calculated as:

kan
kean(t,z,s) = # fTan(t,z,s) (22)
yr
where, kg, [-] are the anaerobic SOM decomposition rate constants, and f7T,,, [-] represents the sensitivity of anaerobic SOM
decomposition to changing soil temperatures. If the Q10 method is being used, f7y,, is calculated using the Q10 relationship

(Eq. 26). If the Arrhenius method is being used, 7y, is calculated using the Arrhenius equation (Eq. 27).
3.6.1 Decomposition of mowed or harvested biomass

Many drained peatlands are converted to croplands whilst some rewetted peatlands are being used for wet agriculture (Qiu et al.,
2021). In these instances, atmospheric COs is sequestered in vegetation that is harvested and removed offsite. Comparing land
management efforts requires comprehensive accounting of removed biomass. Therefore, the offsite decomposition of harvested

biomass pools can be calculated using first order decay principles:

Fh (1) = FE () + P (1) 23)

slow

Fiharv (t) _ Miharv (t) (1 _ e_kglarVAt) (24)

where i € {fast,slow}. F"V [ kg C m~2 day~' ] is the carbon lost to the atmosphere through the decomposition of the total,
fast, and slow, harvest pools respectively. Miha’rV [kg C] is the size of the harvested biomass pool, and k:lha” [time!] is the

corresponding decomposition rate constant for pool .
3.6.2 C/N ratio sensitivity for peat decomposition

C/N ratios are a function of their input in litter and previous decomposition pathways and intensity (Moore et al., 2018; Leifeld
et al., 2020) as well as agricultural input of fertilizers or the occurence of grazing. For different peat types C/N ratios differ,
where the C/N ratio correlate with the potential relative decomposition rate. In previous model versions a fixed relation was
used, leading to a decrease in decomposition rate constant with increasing C/N ratio based on the relation with botanic origin.

In Peatland-VU v3.0, there is more flexibility in the dependency by creating limiting input parameters C N and C N, :
fCN(z,5) =1.04+CNy(s)- (CN, — CN(z)) (25)

where, C'N,. [-] refers to the reference C/N ratio, CN [-] refers to the C/N ratio, and C' N, [-] is the slope of the relative
decrease. If the C/N ratio is very low or high, C/N values are constrained, C Ny, < CN < CNyax.

13
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Table 3. Variable descriptions for SOM decomposition module as well as labels used in sensitivity testing, if applicable.

Module Symbol in text ~ Sensitivity Unit Description
M - kg Cm~2 Carbon mass of each SOM pool, per layer
D - kg Cm~2 day~? Carbon lost from decomposition of each SOM pool
mierob - kg Cm~2 day~? SOM transferred to the microbial SOM pool
Thumus - kg Cm~2 day~! SOM transferred to the humus SOM pool
keqe - day~! Decomposition rate for each SOM pool, adjusted by an environ-

mental correction factor

kean - day~! Anaerobic decomposition rates considering localised soil tem-
peratures
adge DissimAssimRatio Fraction of decomposed SOM transferred to microbial SOM

pool in aerobic layers

adgy, AnaerobicDARatio Fraction of decomposed SOM transferred to microbial SOM
pool in anaerobic layers

ah ResistFrac Fraction of decomposed SOM transferred to resistant SOM

Aae - Fraction of soil layer above water table

Aan - Fraction of soil layer below water table

Rh Kae Kdecay year—! Aerobic decomposition rate constants

Kan KAnaerobic year’1 Anaerobic SOM decomposition rate constants

fTae - Temperature correction factor for aerobic SOM decomposition

fTan - Temperature correction factor for anaerobic SOM decomposi-
tion

fp priming Correction factor for priming due to the addition of fresh SOM

fCN - Effects of changing C/N ratios on SOM decomposition

fd - Correction factor for soil aeration

fm - Correction factor for soil moisture

fpH - Correction factor for soil pH

tyr - Convert from yearly to daily

CN; KPeatCN1 The slope of the relative decrease

CN, KPeatCN1 Reference C/N ratio

CN CNRatio C/N ratio for each soil horizon

CNmax - Maximum C/N ratio

CNmin - Minimum C/N ratio

Q104 AerobicQ10 Q10 value for aerobic soil layer

Q104, Q10_or_MolAct_Anaerobic Q10 value for anaerobic soil layers

TS TS profile °CorK Daily soil temperature for each soil layer

TS, T_ref °CorK Reference temperature

Ea MolAct Jmol~! Molecular activation energy required for the reaction in aerobic
conditions

R - JK~! mol~! Universal gas constant

FEagn Q10_or_MolAct_Anaerobic T mol~! Molecular activation energy required for the reaction in anaero-
bic conditions

Fharv decomposed_harvest_fast, kg Cm~2 day~! Carbon lost through decomposition of harvest biomass

decomposed_harvest_slow
Jhary k_harvest_fast, year‘1 Decomposition rate constants of the slow and fast harvest pools

k_harvest_slow

[y
-
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3.6.3 SOM decomposition sensitivity to temperature

Temperature sensitivity of SOM decomposition is a major source of uncertainty when modelling GHG exchange in peatlands.
To reflect heterogeneity in substrate quality and microbial processes, Peatland-VU v3.0 allows temperature sensitivity to be
specified independently for each SOM pool using either Q10-based or Arrhenius formulations.

Previous versions of the Peatland-VU model included an Arrhenius-based formulation for temperature dependence of de-
composition processes. In this version, we introduce an alternative Q10-based approach, widely used by empirical (Bond-
Lamberty and Thomson, 2010) and modelling (Huntzinger et al., 2020) studies. This enables direct comparison with a broad

range of observational datasets and modelling studies.

TS(t,z2)—TSy
T

fTo(t,z,8) = Q104(s) 0 (26)

where Q10 [-] is the prescribed Q10 value, and T'S;. [°C ] is the reference temperature.
If estimating the temperature sensitivity using the Arrhenius equation, we calculate the microbial activity required for aerobic

SOM decomposition, dependent on soil temperature according to the Arrhenius relationship:

Eags) : (TS(lt,z) Tls,>
fTe(t,z,s)=e 27

Where Ea [J mol~!] represents the molecular activation energy of the reaction, R [J K~ mol~!] represents the universal gas

constant, TS;”}L [K] is the reference temperature.
3.7 Methane

The processes governing net surface CH4 emissions operate across multiple spatial and temporal scales and are influenced by
hydrology, vegetation composition, and soil temperature (Knox et al., 2021). Substrate availability, air pressure, nutrient status,
and snow cover can further modulate emissions depending on site-specific conditions (Knox et al., 2021; Wang et al., 2024).
Changes in vegetation and climate are therefore expected to influence peatland CH4 emissions and potentially amplify climate
feedbacks (Miiller and Joos, 2021).

In Peatland-VU v3.0, CH4 production and its coupling to SOM decomposition have been revised, including an effective
partitioning of methanogenic carbon between CO4 and CHy, representing the net outcome of acetoclastic and hydrogenotrophic
pathways. Consistent with previous model versions, the concentration of CHy4 in each soil layer (Eq. 29) is dependent on the
amount of plant transported CHy (Sect. SB6.2), CH,4 production (methanogenesis, Sect. 3.7.1), CHy4 oxidation (methanotrophy,
Sect. SB6.1), ebullition (Sect. SB6.4), and diffusion (Sect. SB6.3) adapted from Walter and Heimann (2000); Walter et al.
(2001).

After the calculation of the CH4 concentration in each soil layer, the transport mechanisms are summed to obtain the CHy

flux at the surface (variables are defined in Table 4):
NEECH4(t) = Fpl(t)-f—Fdiff(t,Z :O) -‘rFeb(t) (28)
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Here, Fj,) [pM m~2 day '] is the CHy4 flux transported via aerenchyma-containing vegetation, Fyig [pM m~2 day '] is the
diffusive exchange at the soil/water-atmosphere interface (z = 0), and F}, [uM m~2 day~!] is the CH, flux released through
ebullition.

1o} 0
&Ccm (t,2) = Ry, (t,2) = Qu(t,z) — &Qdiff(ta 2) = Qep(t,2) — Rox(t, 2) (29)

where, Cop, [uUM m~3] represents the CH4 concentration. R, [#M m~3 day—!] is the production of CHy. Qp (1M m—3
day~1'] is the CHy flux by plant roots. Q. [#M m~3 day~!] represents ebullition of CHy. R,, [¢M m~—2 day~!] represents
methanotrophic oxidation of CHy. The diffusive flux, Q¢ [uM m~3 day~!] is calculated using Fick’s first law.

3.7.1 Methane production

Methane production in Peatland-VU occurs exclusively in anaerobic soil layers and is controlled by soil temperature and the

availability of decomposable organic substrate:

TS(t,z2)—MTSy

Re(t,z) = Ro(2) fin(t) frs(t.2) Q10cy, © Z Forg(s) - M(t,2,5) (30)

where R¢ [uM m—3 day‘l] is the total methanogenic carbon production. Ry [day_l] is a rate constant, f,4 [-] is the fraction
of organic substrate available for microbial mineralisation, frg [-] is a parameter to signal freezing (frs = 0 when T'S, (¢) <
0 and frs = 1, otherwise), Q10¢ g, [-] refers to the extent that CH4 production is dependent on soil temperature, and MT'S,.
[°C ] refers to the reference temperature. f;,, [-] is a lag factor that reduces production after re-saturation.

Two main pathways dominate CH4 production in anaerobic environments: acetoclastic and hydrogenotrophic methanogen-
esis. Acetoclastic methanogenesis produces CH, and COs in a 1:1 ratio from acetate (CH3COOH — CH4 + CO,), whereas
hydrogenotrophic methanogenesis produces CHy through the reduction of CO5 (CO2 + 4Hy — CH4 + 2H20) (Conrad, 2020).
Only acetoclastic methanogenesis contributes directly to CO2 production. Therefore, produced carbon (R¢) is split between

CO5 and CHy:

Rac(t,z) =rco,.cn, Ro(t, 2), 31)
Rpr(t,z) = (1 — TCOQ;CH4) Rc(t,z). (32)

where rco,.cn, € [0,1] is the fraction of methanogenic carbon released as COx.
3.8 Soil temperature profile with time-lagged surface forcing

In previous versions of the model, soil temperature was calculated as either a seasonal sinusoidal relationship or a full thermal
transport module accounting for the thermal capacity of water. Here, we introduce a new alternative module where soil tem-
perature is estimated using an analytical approximation of heat diffusion, where the observed surface temperature (TS or TA)

is prescribed as the upper boundary condition and propagated downward with depth-dependent damping and temporal lag. The
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340 soil temperature profile is calculated as (variables are defined in Table 3):
TS(z,t) =TS+ (TS(t—7(2)) —TS) - @m (33)

where T'S [°C ] is the long-term mean surface temperature, d,,, [m] is the dampening depth, 7(z) [days] is the depth-dependent

time lag. d,,, and 7(z) are calculated by:

A =122 (34)
w

345 b= 2T (35)
tor
z  tyr

_ 2ty 36

T(Z) dy 2w (36)

where x [m? day '] is the thermal diffusivity, w [days~!] is the angular frequency of the annual temperature cycle. The time
lag is discretised to the nearest model time step. At the beginning of the simulation, where ¢ — 7(z) precedes the available

forcing data, the surface temperature from the first available time step is used.

Table 4. Variable descriptions for CH4 and time-lagged soil temperature profile module, as well as labels used in the sensitivity testing, if

applicable.

Module Symbol in text ~ Sensitivity Unit Description
Fy Plant-transported uM m~2 day~! Plant transported CH,4 flux at the surface
Fuigy Diffusion #M m~2 day~? Diffusive flux at the surface
F. Ebullition uM m~2 day~! Ebullitive flux at the surface
Reo - uM m~3 day~! Total methanogenic CH, production
Ccm, - uMm—3 CH,4 concentration per soil layer
Qpi - uM m~3 day~! CHy, transported or oxidised by plant roots
Quifs - uM m~3 day~! Diffusive flux per layer

Methane Qe - uM m~3 day~! CHy, ebullition per layer
Ry - #M m~3 day ! Net CH, production per soil layer
R, - uM m~3 day~! Methanotrophic oxidation of CH,4 per layer
Ry MethaneR0O day~! pH dependent CH, production constant
forg MethaneReservoirs - Fraction of organic substrate available for microbial mineralisa-

tion

fin - - Lag factor that reduces production after re-saturation
TCO,:CHy - - Fraction of methanogenic carbon released as CO4
frs - - Constant to indicate if 7S, (t) < 0
Q10cH, MethaneQ10 - Q10 temperature sensitvity for CH4 production
MTS, MethaneTRef °C Reference temperature
TS - °C Long-term mean surface temperature
dm ThermDamp_lag m Dampening depth

TS profile 7(z) ThermTime_lag days Depth-dependent time lag
K - m?s~! Thermal diffusivity
w - st Angular frequency of the annual temperature cycle
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3.9 New model forcings

Peatland-VU v3.0 allows PAR to be prescribed directly as an input rather than calculated from global radiation as in Peatland-
VU v1.0 and v2.0. It is now possible, in Peatland-VU v3.0, to provide the model with both soil (surface layer) and air tempera-
ture input (Table A1). Previously (in Peatland-VU v1.0 and v2.0), the temperature of the surface layer of the soil was assumed
to be equivalent to the air temperature forcings. A thermodynamic module calculates the temperature of all soil layers derived
from the surface soil temperature. While air temperature is used to drive autotrophic respiration and GDD, soil temperature is

used to calculate the soil temperature profile with depth, influencing CH,4 production and SOM decomposition.
3.10 Carbon balance

In this model version, substantial efforts have been made to establish a daily accounting of the carbon mass balance to ensure
that the carbon balance is closed throughout the simulation. For each time step all the carbon fluxes and carbon storage changes

(in SOM pools, CH, and biomass) are recorded and summed. An output file is generated for this.

4 Testing the model

Here, we outline the model set-up used in this paper (Sect. 4.1.1), including the model parameterisation (Sect. 4.1.2), spin-up
process (Sect. 4.1.4), the methodology used to validate the model (Sect. 4.1.3), and assess the sensitivity of the model (Sect.
4.2).

4.1 Simulating the Weerribben and Assendelft peatland sites
4.1.1 Site descriptions

We applied the model at two peatland sites in the Netherlands. The Assendelft site (52.48N, 4.74E) is a drained and managed
agricultural site with fen peat soils whereas the Weerribben site (52.77N, 5.93E) is a restored fen site. We compare simulated
model estimates against automatic chamber measurements at the Assendelft site (Boonman et al., 2024) and eddy covariance
measurements at the Weerribben site (Buzacott et al., 2024). For extensive descriptions on the measurement processes please
refer to Boonman et al. (2024) and Buzacott et al. (2024), respectively.

Both site datasets were comprised of half hourly values. As Peatland-VU operates using a daily time step, half-hourly
observations were averaged to daily values, where at least 60% of the half-hourly records were available. Days not meeting this
data availability threshold were treated as missing and excluded from analysis. The 60% threshold was selected after evaluating
cutoffs between 50 and 80%, as stricter criteria markedly reduced usable CHy days with little additional gain in daily mean
stability. At the Weerribben site, only 22% of days within the measurement period met the quality-control criteria for NEEcy,
fluxes, whereas NEEco,, GPP, and RECO fluxes were available for 100% of days. At the Assendelft site, NEEco,, GPP,
and RECO were available for 85%, 85%, and 86% of days. The lower data availability for CH4 reflects the sensitivity of
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eddy covariance CH4 measurements to environmental conditions, including precipitation, cloud cover, and periods of weak

turbulence, which can reduce measurement quality.

Table S. Overview of each site: latitude, longitude, peat layer depth [m], and dominant vegetation.

Site Latitude Longitude Peatdepth Vegetation
Weerribben  52.8 6.0 0-23 P. australis, Sphagnum spp
Assendelft  52.5 4.7 03-23 Grass (Lolium perenne)

The Assendelft site is a drained peatland site located in Noord-Holland, the Netherlands. The top 50 cm of the site is
an amorphous clay whereas the deeper layers (beyond 30 cm below the surface) are formed of reed/sedge peat. The site is
exposed to livestock grazing and subsequent manure fertilisation, harvesting, and synthetic fertiliser. Approximately 250 kg N
of synthetic fertiliser is applied to the site each year and approximately 14 tonne dry weight of biomass is harvested per hectare
per year. Synthetic fertiliser was applied to the site, however this is not accounted for in the model.

The Weerribben site is a Natura2000 restored peatland site in the Province Overijssel, the Netherlands. A great amount
of peat was mined from the site in the period 800 to 1950 and as a relic of the mining, a large amount of surface height
variation remains. Whilst parts of the site were protected as nature conservation areas from the 1930’s, the Weerribben site, as
it is known today, was established as a protected nature reserve in 1992. The site is now one of the largest fen marshlands in
Western Europe hosting a substantial Sphagnum community (Faber et al., 2016).

Environmental inputs to drive both site simulations include site air temperature (TA), soil temperature (TS), water table depth
(WTD), photosynthetically activate radiation (PAR), fraction of harvested standing biomass, harvest dates (at Assendelft site),
harvest day of year (at Weerribben site) and soil properties. In situ TA, TS, WTD, and PAR were used as model inputs where
available. Forcing data for the spin-up period and in situ data gaps used TA and radiation from nearby KNMI weather stations
(Marknesse for Weerribben and Schiphol for Assendelft) for TA and PAR, respectively. TS data for the spin-up and in situ data
gaps was generated using the TA input data. We applied a 5-day moving average to reduce short-term variability, followed by a
linear correction based on the relationship between smoothed TA and observed TS. WTD data for the spin-up and in situ data
gaps was constructed with output from the HYDRUS model (Boonman et al., 2022). Assendelft Harvest amounts and dates
were obtained as described in (Boonman et al., 2024). The model inputs for TA, TS, WTD, and PAR are plotted (Fig. 1).

Soil samples were obtained on site and properties such as dry bulk density (DBD), organic matter (OM) content, pF values,
soil profile description were further analysed in the lab (Boonman et al., 2024; Buzacott et al., 2024).

This application of the model used the NPP module adapted from Shaver et al. (2007). Five SOM pools were simulated:
peat, humus, root and litter mass, root exudates, microbial biomass. Whilst it is possible to include liquid and soil manure as
two separate SOM pools, these sites were not fertilised with manure and therefore, these pools were bypassed in the model.
SOM decomposition in aerobic layers was estimated using the Arrhenius equation, rather than the Q10 relationship. These
simulations include the representation of anaerobic SOM decomposition which is optional in the model. The CH4 cycle was

validated at the Weerribben site only because CH, measurements were unavailable at Assendelft. However, past studies mea-
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suring CH,4 emissions at the Assendelft site show very low (or no) CH, emissions (Gremmen et al., 2022; van den Berg et al.,
2024).
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Figure 1. Environmental forcings at the Weerribben (WRW) and Assendelft (ASDRF) sites. Mean weekly air temperature (TA), soil tem-
perature (TS), PAR, and WTD used as model input. Standard deviation calculated using daily values are shaded. Mean =+ standard deviation

calculated over the entire time period is shown in brackets. Trends (dotted lines) are calculated using Python’s Ordinary Least Squares library.

4.1.2 Parameter optimisation

Initial choices of parameters were based on previously used values and parameters (van Huissteden et al., 2009; Mi et al.,
2014). For both site simulations, model parameters were optimised using the particle swarm optimalisation (PSO) method
(Clerc, 2011), which is available as an R-package hydroPSO (‘spo2011’). A swarm size of 70 was chosen and a maximum
number of iterations of 800. For the Assendelft site simulation, model parameters were optimised against in situ observational
data measured between April 2020 and October 2023 and parameter values were chosen based on simulated estimates of Reco,
GPP, NEE(c(,, and harvested biomass. For Weerribben site simulations, model parameters were optimised against in situ
observational data measured between August 2021 and December 2023 and parameter values were chosen based on simulated
estimates of Reco, GPP, NEEco, and NEEcy,. Model performance of these variables was determined using the lowest

normalised mean absolute deviation (MAD).
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4.1.3 Model validation

We evaluated model performance by comparing simulated and observed fluxes using the root mean square error (RMSE)
and the normalised mean absolute deviation (MAD). Analyses were restricted to days with available measurements, covering

periods after October 2023 at the Assendelft site and after December 2023 at the Weerribben site.
4.1.4 Spin-up

A spin up period of 10 years was used to stabilise the SOM carbon pools (Fig. SC3). The length of the spin-up period was
determined by the amount of time needed for the pools to approach equilibrium. The resulting SOM carbon stocks reflect site
conditions, with the Assendelft site representing carbon stored in a degraded peatland and the Weerribben site representing

carbon stocks of a restored peatland.
4.2 Sensitivity and functionality testing

We assessed model sensitivity to both internal parameters and external environmental drivers using both site-specific simula-
tion set-ups. Parameter sensitivity was evaluated by systematically altering model parameter values and analysing the resulting
changes in simulated processes. Sensitivity to environmental forcing was examined through a series of simulations with modi-
fied input data. We tested parameters related to new developments (Table 2, Table 3, Table 4) as well as existing biogeochemical
processes (Table 6, Table 7, Table 8).

Input parameters (for example, the maintenance respiration coefficient or air temperature) were varied one at a time across
all relevant modules. For example, sensitivity to the NPP-relevant input parameters and environmental forcings were assessed
using both the BIOME3 and Shaver NPP modules. This allows us to explore the sensitivities for all modules and functions.
Sensitivity to all modules (including the CH,4, manure, and grazing modules et al) were tested at both sites and therefore, the
inputs and parameters used could not always match those used for the model validation. The parameter set used to evaluate
the sensitivity of of the Shaver NPP, Arrhenius, phenology, CH,4, and SOM decomposition modules, as well as the soil profile
produced results consistent with observations (Fig. SC1). Similarly, the parameter set used to evaluate the sensitivity of the
BIOME3 NPP, Q10, CH4, and management practices produced results in agreement with observations (Fig. SC2).

For each parameter or forcing, we generated an ensemble of ten model simulations by perturbing parameter values or
environmental forcings. Parameter values were evenly spaced within £20% of the calibrated value for each site, while all other
parameters were held constant. Similarly, environmental forcings were perturbed by uniformly scaling the original time series
using ten evenly spaced multipliers spanning +20% of the baseline forcing, while all other inputs were held constant. This
design allowed us to isolate the model response to individual perturbations.

Sensitivities were calculated separately for the ensemble mean and standard deviation of model outputs, allowing the influ-
ence of parameters on both magnitude and variability to be assessed. To enable comparison of sensitivities across parameters
and environmental drivers with different units, magnitudes, and ranges of variability, we expressed both parameter perturba-

tions and model responses as normalised changes relative to the ensemble mean. This approach identifies which parameters
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and forcings exert the strongest influence on model outputs within the explored parameter space, while remaining independent

of absolute units. For example, a normalised sensitivity of one indicates that a change in a parameter leads to a response equal

in magnitude to the ensemble mean of the model output.

Table 6. Descriptions of parameters relating to existing NPP, biomass, and management modules used in the sensitivity analysis.

Module Parameter Unit Description
GrResp - Growth respiration constant
MaintResp - Maintenance respiration constant
NPP SatCorr - Saturation correction constant
Latitude ) Site latitude
SpringCorrection - Correction for stronger exudation in spring
ExudateFactor - Mass fraction of of below-ground production that consists of ex-
udates
MaxRootDepth m Root depth
RootLambda - Slope of root density profile
Biomass
RootSenescence - Fraction of roots that die in each time step
InitRoots kg C m~2 Initial root mass in each soil layer
MinBiomass kg Cm~2 Minimum aboveground biomass
BioMassSenescence - Fraction of aboveground biomass that dies in each time step
LitFrac - Fraction of aboveground biomass that dies in each time step dur-
ing Autumn
BioMass kg Cm—2 Initial biomass
HarvestDay calendar date or day of year ~ Harvest occurs on this day.
HarvFrac - Fraction of aboveground biomass harvested
HarvestLitter - Fraction of harvested biomass that is lost to litter during harvest.
Manure (doy) day of year Manure is added on this day.
Manure (kg) kg Amount of manure added to site.
Grazing (start) day of year Start of grazing period.
Management  Grazing (end) day of year End of grazing period.
Grazed_Frac - Fraction of biomass that is lost to grazing each day during graz-
ing period.
ManurefromGrazing kg Amount of manure secreted is to site each day during grazing

period
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Table 7. Descriptions of parameters relating to existing heterotrophic respiration and CH4 modules.

Module Parameter Unit Description
Cfrac kg kg~! Carbon fraction of each SOM pool
HalfSatPoint - Decomposition correction for partially saturated soils in layers
above the WTD
RootAeration - Root mass dependent correction for decomposition
PrimingCorrection - Priming correction for decomposition
MaxNPP kg Cm~2 day~! Maximum NPP used to calculate priming correction
Rh MinNPP kg Cm~2 day ! Minimum NPP used to calculate priming correction
MatricPotThres1 - Threshold to correct for soil dryness
MatricPotThres2 - Threshold to correct for soil dryness
DrynessCorrectionl - Constant to correct for soil dryness
DrynessCorrection2 - Constant to correct for soil dryness
LitterLayer kg Cm~2 Initial weight of litter layer
LitterConversion - Fraction of litter converted from litter layer to litter SOM pool
KLitter year™! Litter decomposition rate constant
GrowFuncConst year ! Scales either NPP or LAI when calculating plant transported
CHy
MethanePType - Vegetation constant for gas transport through plants
MethanePlantOx - Fraction of CH4 oxidised during plant transport
MethanePRateC hour~! Rate of gas transport through plants
MethanepHCorr - Correction of CH4 production rate (MethaneRO) for pH
Partial Anaerobe - Fraction of soil layers above the WTD assumed to be anaerobic
for methanogenesis
CH MethaneKm 44 mol Michaelis-Menten constant for CH4 oxidation
MethaneOxQ10 - Temperature sensitivity constant for CH, oxidation
MethaneVmax 4 mol hr=? Michaelis-Menten constant for CH4 oxidation
MethaneMaxConc 4t mol m—2 Threshold to trigger ebullition
MethaneERateC hour~! Ebullition rate constant
MethaneAir ppb Atmospheric CH4 concentration
InitMethane e mol m—2 Initial CH4 concentration per soil layer
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Table 8. Descriptions of parameters relating to existing water table (WTD), soil temperature profile, and soil profile modules.

Module Parameter Unit Description
MinGW m Constrains groundwater depth
PR m Precipitation
ET m Evaporation
EvapCorrection - Correction constant to reduce evapotranspiration when WTD is
within soil column (not above surface)
WTD RunoftThreshold m Threshold above which pooled water is converted to runoff
OpenWaterFactor - Evaporation correction constant for pooled water
CropFactor - Makkink evaporation correction constant for vegetation
Watertablelnit m Initialises WTD
DrainageDist m Distance to drainage canal
Ksat m day~? Capacity of soil to transport of water, to or from the drainage
canal
DrainLevel m Water level in drainage canal
Tdepth °C Depths of initial temperature profile
SoilTemp °C Temperatures of initial temperature profile
VegTScalingFactor - Correction constant for surface soil temperature
MaxDepthHeat m Depth of soil temperature profile
TS profile TStepHeat days™! Time step of soil temperature profile
ThermDiff m~2 day~! Thermal Diffusivity
DayMaxSnowdepth  day of year Day of deepest snow layer
MaxSnowdepth m Deepest snow layer
SnowMeltrate °C day~! Rate of snow melt
DBD kgm~3 Dry bulk density of each soil horizon
PercOrg % Percent SOM of each soil horizon
Layer_pH pH pH value of each soil horizon
ClayFraction - Clay fraction of each soil horizon
SandFraction - Sand fraction of each soil horizon
Soil profile theta_r_pF L3L3 Van Genuchten parameter for each soil horizon
theta_s_pF L3L-3 Van Genuchten parameter for each soil horizon
alpha_pF cm Van Genuchten parameter for each soil horizon
n_pF - Van Genuchten parameter for each soil horizon
1_pF L Van Genuchten parameter for each soil horizon
pFVal - pF pressure head (soil suction) values for each pF curve
InitRes - Initial fraction of SOM in each soil horizon
FreezingCurve - Constant for each soil horizon, to determine unfrozen water con-

tent curve when temperatures are below freezing
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For each ensemble of ten simulations within an ensemble, both the parameter values and the resulting model outputs were
normalised using the ensemble mean (Eq. 37). Ensembles were constructed of mean daily model output from the post-spin-up
period (after 2020). Sensitivities were quantified by comparing deviations in the mean and standard deviation of model outputs
relative to their ensemble means. This transformation places all parameters and outputs on a common, unitless scale, allowing

effects on both the magnitude and variability to be compared across parameters.

S =5"T 1,10 (37)

3

where x; is the parameter value or summary statistic (mean or standard deviation of model output) from simulation i, and T is
the corresponding ensemble mean calculated from post-spin-up model output.

To quantify the overall behaviour of the perturbed parameter/input forcing on the ensemble results, we fitted a linear regres-
sion to the standardised parameter-output pairs of each model ensemble using a Theil-Sen estimator, which provides a robust
estimate of slope that is less sensitive to outliers and non-linear responses than simple linear regression, particularly for small
ensembles. The resulting slope represents the standardised sensitivity and the extent to which variation in a given parameter
contributes to the magnitude and variability of model output within the explored parameter range.

Finally, the regression slopes were visualised as heatmaps to provide an overview of parameter sensitivity across model

components and sites.

5 Results and discussion

Here, we evaluate the model’s performance against in situ fluxes at the Weerribben and Assendelft peatland sites (Sect. 5.1).
We investigate the sensitivity of the model to modified input parameters (Sect. 5.2) by investigating the functioning of the NPP
modules (Sect. 5.2.1), plant growth and senescence (Sect. 5.2.2), SOM decomposition (Sect. 5.2.3), the temperature sensitivity
of SOM decomposition (Sect. 5.2.4), CHy cycling (Sect. 5.2.5), land use management (Sect. 5.2.6), soil profile (Sect. 5.2.7),
soil thermal profile (Sect. 5.2.8), and water table modules (Sect. 5.2.9).

5.1 Model validation: estimating emissions at two peatland sites

Overall, the model reproduces the magnitude and seasonal variability of observed fluxes, as well as multi-year trends (Fig.
2). However, mismatches in the timing of peak summer fluxes remain and likely contribute to reduced statistical performance
(Fig. 3). The model performed well estimating daily GPP fluxes, where the MAD (0.3 g CO, m~?2 day ') was low at both
the Weerribben and Assendelft sites and the RMSE (6.7 and 9.0 g CO, m~2 day~!) was equivalent to half of the mean daily
observed GPP flux at the Weerribben and Assendelft sites. The model had a tendency to underestimate GPP at the Assendelft
site, where GPP showed much more variability. Performance estimating GPP fluxes at the Assendelft site may be due to
the impacts of synthetic nitrogen fertilisation where nitrogen effects are not captured by the model or due to the automated
chamber technique used to measure fluxes. Chamber measurements can be sensitive to micro-climates and ecosystems, and

often increase the heterogeneity of observational measurements.
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Figure 2. The model reproduces daily and seasonal observed fluxes over time. The dotted vertical line shows divides the data used for
calibration and validation. Means and standard deviations are calculated for validation-period days where observational data are available.

Trend lines are calculated using all days that measurements were available.

The model performed well estimating dailyRECOfluxes, where the MAD (<0.2 g CO, m~—2 day ') was low at both sites
and the RMSE (3 - 11 g CO, m—2 day ') was equivalent to one third of the mean observed daily flux. Several recent model
developments have impacted the representation of heterotrophic respiration in the model. Particularly, the representation of
anaerobic respiration has been introduced into the model, allowing more accurate simulation of winter time soil respiration,

490 when WTD is typically high.
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Figure 3. The model reproduces observed daily fluxes. The mean absolute deviation (MAD) and root mean square error (RMSE) are provided

in the legend. Fluxes are plotted for validation-period days where observational data are available.

With respect to NEEc0,, the MAD (-1.6 and -2.2 g CO, m~2 day~! at the Weerribben and Assendelft sites, respectively)

was modest relative to the magnitude of observed fluxes. However, the RMSE (7 and 7.9 g CO; m~2 day ! at the Weerribben

and Assendelft sites, respectively) was larger than the mean observed daily NEEco, flux at the two sites, which shows that

the model uncertainty in representing GPP and Reco, do not compensate for each other but are perpetuated in the NEEco,

495 estimates.
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The performance of the model to simulate CHy emissions was evaluated at the Weerribben site. The model estimated CHy4
fluxes with skill at the Weerribben site (MAD: 0.25 g CHy m~2 day~!, RMSE: 0.05 g CH; m~2 day~!), capturing both sea-
sonal dynamics and overall variability. However, spring emission peaks in 2024, a particularly wet year were underestimated.
This indicates that either CH4 production may be insufficiently sensitive to changing temperature or water level fluctuations,
or that CHy transport was not sufficiently sensitive to increasing belowground CH4 concentrations, or a combination of the
two. Half hourly observations show particularly strong diurnal patterns at the Weerribben site, suggesting a strong sensitivity to
vegetation activity (Buzacott et al., 2024). Plant-mediated transport dominated simulated CH,4 pathways at the Weerribben site
indicating vegetation productivity is strongly coupled to CH, emissions (Fig. 4). Overall, the model (0.11+£0.06 g CH; m~2
day~1) did a good job of reproducing the observed (0.14+0.08 g CH; m~2 day ') mean CHy flux and standard deviation.

0.40 1 Daily Annual
M Plant (0.085 + 0.067)

0.35 | ™ Ebullition (0.014 £ 0.015)
M Diffusion (0.004 + 0.007)
— Net flux (0.103 + 0.066)

CHa [gm~2 yr']

2020 2021 2022 2023 2024 2025

Figure 4. Simulated CH4 transport pathways at the Weerribben site. Left: time series of daily CH4 fluxes showing contributions from plant
transport, ebullition, and diffusion, and the resulting net surface flux. Means and standard deviations shown in the legend are calculated
over the plotted period. Right: annual summed CH4 emissions separated by transport pathway. The “Mean” shows the multi-year average

contribution, with percentages indicating their relative importance in controlling total emissions.

Trends estimated, using both observed and simulated fluxes, indicate that the Weerribben site is becoming an increasing sink
of atmospheric CO3, while simultaneously an increasing source of atmospheric CH4. Combining NEEco,, NEEcy,, and
off-site CO5 emissions from harvested biomass, showed that the Weerribben is carbon-neutral, on average, when calculated
using a 100-year GWP (Fig. 5). Despite not being a source of atmospheric CH,4, the Assendelft functions as a net CO4 source
when including offsite annual CO5 emissions from harvested biomass, where both observations and simulations indicate that
the site is an increasing CO source over time.

Overall, Peatland-VU v3.0 demonstrates robust skill in reproducing daily to seasonal CO5 and CH, fluxes across two con-

trasting peatland sites, where model performance was strongest for GPP and Reco. However, uncertainties in these components
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propagated into NEE, particularly at the more intensively managed Assendelft site, since RECO and GPP are cancelling each
other out leading to relatively low NEE values. Small uncertainties in RECO and GPP lead to high uncertainties in NEE.
Differences in observational techniques, site management, and unrepresented processes such as the effect of fertilisation on
vegetation growth, partly explain differencec in site-specific performance. It is important to keep in mind that two different
measurement techniques/practices were undertaken at the two sites: automated chamber measurements were performed at
the Assendelft site and EC measurements were performed at the Weerribben site. Automatic chamber measurements have a
distance advantage of capturing microscale flux measurements that are specific to the microecosystem. However, EC measure-
ments are typically less heterogeneous due to their landscape scale footprint and therefore, are generally more easily captured
by the model. The addition of synthetic fertilisers at the Assendelft site may also impact vegetation growth rates, but is not
accounted for in the model. Nevertheless, the model successfully reproduces patterns in CO, and CH,4 emissions, supporting

its applicability for simulating GHG dynamics in both restored and managed peatlands.
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Figure 5. Simulated mean and annual CO2 and CH4 emissions including decomposition from harvest. Methane emissions were calculated

using a 100 year GWP of 27.9. Horizontal black lines indicate the annual sum.

5.2 Testing of model sensitivity

We test the sensitivity of the model in response to several input parameters and environmental forcings at the Assendelft and

Weerribben sites.
5.2.1 Sensitivity of photosynthesis and autotrophic respiration modules

Given the central role of plant productivity and growth in driving ecosystem carbon dynamics, we first assess the sensitivity

of the two NPP modules, BIOME3 and Shaver (Fig. 6). Modifications to the inputs of the NPP modules influence almost
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all processes within Peatland-VU v3.0. This system-wide response is expected given the central role of photosynthesis and

autotrophic respiration in controlling carbon inputs and internal cycling.

Latitude
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TA PAR
KBeer TA
PlantResp0 KBeer
RespBeta Atmos CO,
Pmax GrResp
Pslope MaintResp
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Figure 6. The sensitivity of the Shaver (left) and BIOME3 (right) production modules to environmental and parameter inputs at the Assendelft
and Weerribben sites. A positive number indicates that increasing the value of the parameter leads to an increase in the value of the output
variable. The lower and left triangles represent results for the Assendelft site, whereas the upper and right triangles represent results for
the Weerribben site. Sensitivity of the magnitude of modelled outputs is shown in the lower and right triangles, while sensitivity of model

variability is shown in the left and upper triangles.

Rising temperature, radiation, and atmospheric CO, concentration are well documented to enhance GPP, Ra, and Rh, pro-
vided the system is not water-, nutrient-, or otherwise limited (Medlyn et al., 2011). In both the Shaver and BIOME3 NPP
modules, PAR showed positive relationships with all model output variables, consistent with expectations as increased radi-
ation stimulates photosynthesis, biomass accumulation (which results in enhanced carbon transfer to below ground carbon
pools), heterotrophic respiration, and CH, production. In the BIOME3 module, air temperature (TA) and atmospheric COq
concentration (Atmos COy) positively influenced all carbon pools and fluxes. However, the effects of Atmos CO2 may be over-
estimated without including the effects of nutrient limitation. In contrast, while autotrophic respiration is temperature-sensitive
in the Shaver module, GPP is not directly related to temperature nor are the effects of atmospheric CO- fertilisation represented.
Latitude influences day length in both the BIOME3 and Shaver modules and therefore affects calculations of photosynthesis
and autotrophic respiration. Increasing latitude enhanced GPP and autotrophic respiration in the Shaver module but had neg-
ligible effects on these fluxes in the BIOME3 module, contrary to expectations that variability of productivity would increase

at higher latitudes. Consequently, although both modules broadly reproduce expected responses to radiation, the absence of
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temperature and atmospheric COs sensitivities in the Shaver module may limit its applicability for long-term climate change
simulations (Rogers et al., 2017). These effects could be considered in considered in future model versions.

The Shaver module was developed on the premise that both autotrophic respiration and GPP are correlated with LAI and
therefore use parameters that fit equations of the relationships between LAI, GPP, and autotrophic respiration . The outcome
of this is that PlantResp0 and RespBeta are input parameters used to estimate autotrophic respiration and Pmax and Pslope
are input parameters used to estimate GPP. PlantResp0O and RespBeta have positive relationships with Ra. Pslope and Pmax
have positive relationships with GPP where, the effect of Pslope is greater than the effect of Pmax. Increasing maintenance
respiration (MaintResp) rates in the BIOME3 module led to higher autotrophic respiration but reduced root and aboveground
biomass, indicating that higher metabolic costs limit carbon available for growth. In contrast, varying the growth respiration
parameter (GrResp) had little effect on autotrophic respiration or biomass.

Many wetland species close their stomata in the initial days after flooding, reducing photosynthetic capacity (Chen et al.,
2005). The flooding correction parameter (SatCorr) showed limited effects on GPP and related processes at the Weerribben site
and no effect at Assendelft, likely because water tables at Assendelft did not reach levels that triggered the SatCorr response.
While consistent with empirical observations, future model developments could represent these processes more explicitly, such
as stomatal closure during flooding or reduced GPP due to oxygen limitation in roots (Lindenberger et al., 2025).

We observed divergent behaviour in response to the light interception parameter (KBeer) between modules, reflecting differ-
ent definitions of light limitation. In BIOME3, KBeer governs canopy light interception via the Beer-Lambert law, whereas in
Shaver it controls the curvature of the light-response function and thus photosynthetic efficiency. These differences highlight
the need to clearly document parameter definitions in both production modules and suggest that future developments could

benefit from harmonising the treatment of light extinction to improve comparability and parameter transferability.
5.2.2 Sensitivity of allocation and senescence modules

Here, we assess the sensitivity of key parameters governing biomass allocation, senescence, and phenology (Fig. 7). Carbon
allocation varies between plant types, seasons, and according to resource availability (Metcalfe et al., 2011). In the Peatland-VU
model, allocation is governed by parameters regulating biomass partitioning and canopy development. The LAICarbonFraction
parameter determines carbon allocation to leaves, where higher values reduced leafy biomass, inversely affecting productivity
and system outputs. Similarly, the ShootsFactor parameter partitions NPP between above- and belowground growth and also
plays a role in estimating LAI. We observed a positive relationship between ShootsFactor and total biomass at the Weerribben
site and converse relationship at the Assendelft site, possibly due to differing rates of senescence and harvest (mowing) or
constraints caused by maximum LAI. The initial biomass parameter (BioMass) did not influence long-term carbon cycling.
Further developing explicit carbon allocation to plant organs could improve the representation of NPP in the model, and
increase the value of later developing the nitrogen cycle and nitrogen limitation (Stocker et al., 2025).

Senescence is a key driver of heterotrophic respiration and CHy substrate availability, however, observations are often hard
to gather, relative to those related to growth and productivity (Randerson et al., 2009). Parameters governing plant senescence

and biomass retention directly regulate the transfer of carbon from living biomass to litter pools. The biomass senescence
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parameter (BiomassSenescence), determines the fraction of biomass that dies each day, negatively affects total biomass, whilst
increasing litter mass. The MinBiomass parameter, which restricts biomass loss to litter and the maximum amount of biomass
that can be harvested, shoed a positive relationship with the magnitude of total biomass as higher thresholds retain more living
biomass whilst reducing variability. Increases to daily root mortality (i.e. RootSenescence parameter) produced, as expected, a
negative effect on total root and shoot biomass. Increasing the amount of litter transferred to the litter SOM pool by increasing
Litfrac decreases the litter mass, as expected. Explicit representation of processes accelerating or triggering senescence could

improve the model’s capacity to simulate decomposition and carbon storage (Ruehr et al., 2023).
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Figure 7. Sensitivity of plant growth and mortality modules to environmental drivers and model parameters.

Plant phenology, the annually recurring sequence of plant developmental stages, is largely photoperiod dependent, where
its timing is shifting with climate change (Piao et al., 2019). In the Peatland-VU model, the parameters that control the du-
ration of the growing season and timing of leaf senescence (AutumnStart and GS_start), hold potential to affect litter and
aboveground biomass dynamics. A later AutumnStart reduced LAI and autotrophic respiration, while a later GS_start did not
play a detectable role. The LAI_max parameter, sets an upper bound on canopy leaf area where higher values enable greater
light interception, positively feeding back into GPP, plant respiration, and biomass. BaseT affects GDD accumulation, where
increasing BaseT, decreases the daily thermal increment, and therefore LAI development. The maximum GDD parameter
(GDD_max) determines the threshold for full leaf expansion but showed limited influence. Overall, the phenology module
responded reliably, however, to allow the growing season to move with climate variability, the GDD module could be fur-
ther adapted to determine the timing of the growing season start and end depending on factors such as seasonal temperature,

precipitation, or GDD (Peaucelle et al., 2019).
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Plant roots play critical roles in ecosystem dynamics where belowground biomass can exceed aboveground biomass (Iversen
et al., 2015). In the Peatland-VU model, several parameters control the initialisation and vertical distribution of roots, with im-
plications for belowground carbon cycling rather. The InitRoots parameter sets initial root mass across soil layers but does not
influence long-term biomass after spin-up. The RootLambda parameter, which determines the exponential distribution of roots
with depth, had limited impact on overall model function but slightly increased CHy diffusion, suggesting the root architecture
can impact CHy transport, consistent with observations (Maittd and Malhotra, 2024). The MaxRootDepth parameter influ-
ences the vertical root profile, where increasing the values of this parameter, decreased heterotrophic respiration and decreased
the magnitude of CH, emissions at both sites but increased the variability in CH, emissions at the Assendelft site. This is
consistent with observations, where increased maximum rooting depth has been shown to increase both CH,4 production and
oxidation, leading to a net decrease in CH, emissions (M#ittd and Malhotra, 2024). The ExudateFactor parameter governs the
carbon allocation to exudates, at the expense of roots. Therefore, increasing this parameter reduces root biomass, as expected.
The SpringCorrection parameter represents enhanced exudation during the growing season but had limited effects on model
outputs. Overall, the root parameters primarily influenced SOM inputs, and CH4 production and transport pathways.

Overall, the allocation and senescence modules behaved in line with ecological expectations where shifting to more dynamic
phenology and senescence modules could increase the models capacity to emulate the impacts of climate change on the growing

season, heterotrophic respiration and carbon storage.
5.2.3 Sensitivity of decomposition modules

Decomposition of SOM varies tremendously as a function of the structure and chemical composition of the organic matter being
decomposed (here, represented by the base decomposition rate), the abiotic environment in which decomposition is occurring
(e.g. temperature, moisture, and aeration which are represented here as environmental corrections), and the degree to which
the decomposing substrate is exposed to heterotrophs, both microbial and faunal (implicitly represented through aerobic and
anaerobic partitioning). Here we assess the sensitivity of the SOM decomposition module to parameters and environmental
forcings (Fig. 8). In Sect. 5.2.4, we assess the Q10 and Arrhenius temperature sensitivity modules. Across simulations, we
found the Kdecay, Cfrac, HalfSatPoint, and KLitter constants to be most influential over Rh.

The capacity of SOM to decompose is represented by the base decomposition rate (Kdecay) which represents differences in
the structure and chemical composition of the SOM that either aid or hinder microbial decomposition (Robertson et al., 2000).
Increasing Kdecay for the peat and humus pools increased both the magnitude and variability of heterotrophic respiration and
CHy. The impact on heterotrophic respiration is straightforward because these pools constitute a large fraction of total soil
carbon and therefore strongly influence heterotrophic respiration. The fractions of total decomposed SOM transferred to dead
microbial biomass and humus remain fixed, and therefore a higher peat or humus decomposition rate increases the absolute
amount of carbon converted to (dead) microbial SOM, which is more readily available for subsequent respiration and methano-
genesis than the original peat or humus pools, leading to enhanced CHy. In contrast, increasing the Kdecay rates of other SOM
pools did not noticeable affect heterotrophic respiration which may also reflect the relative size of the SOM pools (Fig. SC3).

However, CH, emissions decreased for litter and roots and microbial SOM pools, indicating that accelerated decomposition
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Figure 8. The sensitivity of SOM decomposition modules to environmental drivers and model parameters.

reduced the availability of labile substrates supporting methanogenesis. The rate of mineralisation of saturated SOM layers is
determined by the Kanaerobic decay constants which did not lead to detectable impacts on heterotrophic respiration, likely due
to the relatively small contribution of the anaerobic soil layers to heterotrophic respiration (Fig. SC4).

Living microorganisms drive the global biogeochemical cycle, yet dead microbial biomass is often overlooked despite con-
tinuing to contribute to biogeochemical cycling, and functioning as one of the largest SOM pools on Earth (Sokol et al.,
2022). The parameters AnaerobicDARatio and DissimAssimRatio regulate the fraction of anaerobic and aerobic SOM con-
verted to dead microbial biomass, where larger numbers lead to less converted SOM. Within the tested perturbation range,
AnaerobicDARatio did not produce a detectable response, likely reflecting the small contribution of anaerobic SOM to het-
erotrophic respiration. DissimAssimRatio showed a converse relationship with CH, at the Assendelft site only, reducing both
the magnitude and variability. This indicates that increasing DissimAssimRatio reduced easily decomposable substrate (exu-
dates) available for CH,4 production, indicated by reduced CH, fluxes. A larger effect observed at the Assendelft site is likely
due to a larger aerobic zone, leading to greater aerobic decomposition and reduced carbon available for CH4 production. These
results highlight the role of microbial turnover in regulating substrate availability and CH4 dynamics.

Increasing the proportion of carbon stored in resistant pools decreases soil respiration. The parameter ResistFrac, which

controls the fraction of SOM cycled into resistant material (humus), did not produce a detectable impact on either heterotrophic
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respiration or CH, within the tested parameter bounds. The absence of a clear model response may be due to relatively small
size of the humus pool relative to overall SOM.

Soil organic carbon content is highly coupled to the contributing plant matter, where natural and semi-natural systems tend
to have high carbon contents relative to croplands, an important factor separating croplands grown on degraded peat soils
from croplands grown on mineral soils (Reinsch et al., 2025). Cfrac, which sets the initial carbon content of the SOM pools,
shows the expected positive relationship with CH,4 and to a lesser extent, Rh, confirming that initial substrate availability drives
persistent differences in fluxes.

Several parameters are in place to slow or enhance decomposition due to dryness, wetness, pH, C/N ratio, priming. Both Half-
SatPoint and C/N constants led to impacts on SOM pools that led to impacts on Ry, fluxes. A low HalfSatPoint value increased
sensitivity of the system to moisture, decreasing Rh, as expected. The KPeatCN1 (reference C/N ratio) and KPeatCN2 (slope of
relative decrease of decomposition rate constant) parameters provide bounds on mineralization based on site-specific C/N ra-
tios, limiting decomposition rates in the presence of very high or low C/N values, consistent with nutrient feedbacks or botanic
origin influencing decomposition efficiency. Increasing KPeatCN1 enhanced CH4 emissions, while increasing KPeatCN2 sup-
presses CH4 emissions, consistent with nutrient feedbacks influencing decomposition efficiency. Parameters accounting for
the affects of soil matric potential (MatricPotThres]l and MatricPotThres2) and soil dryness (DrynessCorrectionl and Dry-
nessCorrection2) did not lead to effects at either site (Fig. C4). The parameters, PrimingCorrection, MaxNPP and MinNPP,
control the extent that priming effects of decomposition and did not lead to detectable impacts. The RootAeration parameter
can change the decomposition sensitivity to a dense root system, decreasing the efficiency of SOM decomposition, did not
lead to a detectable relationship with Ry, or CH4 production. Future modelling efforts may look at increasing the sensitivity of
environmental corrections. And also consider the impacts of root respiration on Rs.

The rate of litter being transferred from the surface litter layer to belowground SOM, LitterConversion, led to an inverse
relationship with litter mass, as expected. Increased CH4 cycling indicates that more substrate is available. The initial litter
pool size, LitterLayer, did not lead to persistent impacts, indicating that it plays a limited role on longterm model behaviour.
The KLitter parameter, representing the decomposition rate constant of surface litter, inversely affects litter mass as expected,
potentially increasing Rh. Reduced CH, emissions suggest that increasing this parameter can lead to a decrease in substrate

available for methanogenesis, as expected.
5.2.4 Sensitivity of temperature sensitivity module

Temperature sensitivity of SOM decomposition is a key control on peatland carbon cycling (Qin et al., 2019). Here, we show
that both the the Q10 and Arrhenius modules produced reliable responses to perturbations of both environmental forcings and
input parameters (Fig. 9). We found that the reference temperature, TS, and peat Q10 values led to the largest impacts on Rh.
Changes in TS showed a correlating relationship with both Ry, and CH4 fluxes due to amplified decomposition and mineral-
isation at warmer temperatures, as expected. Interestingly the variability of heterotrophic respiration was impacted more than

the magnitude, when using the Arrhenius module, indicating that seasonal amplitude increased, as found in other studies. The
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Assendelft was more sensitive to changing TS when using the Q10 module, which is to be expected as dryer soils are more

sensitive to temperature change.
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Figure 9. The sensitivity of the Q10 (left) and Arrhenius (right) temperature sensitivity SOM decomposition modules to environmental

drivers and model parameters.

In the Arrhenius module, the temperature sensitivity is driven by the molecular activation energy parameter (MolAct) as-
signed to each SOM pool. Similarly, in the Q10 formulation, Q10 values impact the temperature sensitivity of heterotrophic
respiration. Higher MolAct values increased heterotrophic respiration across all pools. Both Q10 and MolAct values are as-
signed to each SOM pool, where the litter and roots and microbial SOM pools were most sensitive to changing Q10 and
MolAct values. In the Arrhenius module, the peat and humus SOM pools were also found to be sensitive to changing MolAct
values. The Q10Anaerobic and MolAct anaerobic parameters represent the temperature sensitivity of anaerobic SOM layers.
Varying these parameters did not produce detectable impacts, likely because the anaerobic SOM pools are relatively small and
contribute little to total heterotrophic respiration. Reaction rate ratios (Fig. 10) calculated using the variable Q10 and MolAct
values used in the sensitivity analysis closely match compiled global peat incubation data (Dehaen et al., 2025).

The reference temperature is linked to the decomposition rate constants, where decomposition rates decreases with lower
temperatures and increases with higher temperatures. In both the Arrhenius and Q10 modules, increasing the reference tem-
perature decreased Rh, as the daily thermal anomaly decreases, reducing the rate of decomposition.

Notably, both modules impacted heterotrophic respiration and CHy fluxes, where enhanced heterotrophic respiration often
depleted substrates available for methanogenesis, reflecting competitive microbial dynamics observed in saturated soils (Ritson
et al., 2021; Hu et al., 2024). While both the Q10 and Arrhenius modules both simulated plausible responses to changing

temperatures, differences were observed between the modules. Both Q10 and Arrhenius formulations impose a monotonically
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increasing temperature response, which neglects the presence of an optimum (typically around 30-40°C) and fails to capture the
decline in process rates that may occur at either higher and lower temperatures (Schipper et al., 2014). These findings highlight
the importance of the chosen temperature response function when projecting heterotrophic respiration under warming scenarios

and across climate gradients (Ise et al., 2008; Davidson and Janssens, 2006; Kirschbaum, 2006).
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Figure 10. Variation of peat Q10 and Arrhenius reaction rate ratios. A synthetic temperature dataset is used to evaluate the temperature

sensitivity functions based on the Q10 and MolAct parameter ranges applied in the sensitivity analysis.

5.2.5 Sensitivity of CH, module

This CHy4 subroutine calculates CH4 production and oxidation across soil layers for a given timestep, based on environmental
conditions like soil temperature and water saturation, as well as model parameters. It distinguishes between aerobic and anaer-
obic zones, and simulates carbon flow as CH4 and COs. Here we assess the affects of all inputs into the CH4 module (Fig. 11).
Ecosystem CH,4 emissions are difficult to model due to the complex and highly heterogeneous array of interacting small and
large scale processes (Lippmann et al., 2024; Chang et al., 2021).

Methane emissions respond strongly to changes in the groundwater level where shallower (higher) WTD leads to increased
magnitude of CH, emissions as expected but with decreased variability.

Temperature is a dominant driver of net wetland CH,4 emissions due to its role driving both methanogenesic and methan-
otrophic activity, amongst other indirect feedbacks (Knox et al., 2021; Hu et al., 2024). Increasing TS increased the mag-
nitude and variability of CH4 emissions. In the model, methanogenesis follows a Q10 formulation defined by MethaneQ10

and MethaneTRef, where MethaneTRef is the temperature at which the baseline production rate is specified. Increasing
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Figure 11. The sensitivity of the CH4 module to environmental and parameter inputs.

MethaneQ10 led to higher surface CH, emissions at the Assendelft site, reflecting amplified production at elevated tem-
peratures but more variable emissions at the Weerribben site which may be due to the high WTD where TS plays less of a
driving role. In contrast, increasing MethaneTRef reduced net CH4 emissions by decreasing effective temperature sensitivity
at prevailing site temperatures. This response reflects a structural property of the formulation because MethaneTRef and the
associated rate constant are coupled.

Key parameters influencing methanogenesis include MethaneR0O, MethanepHCorr, MethaneQ10, MethaneTref, Anaero-
beLagFactor and PartialAnaerobe. MethaneRO, the base methanogenic rate, is positively correlated with CHy emissions, as
expected. MethanepHCorr showed a negative relationship with surface CH,4 emissions. The role of this parameter is to correct
for the pH sensitivity of methanogenesis. Increasing this parameter, decreases CH4 production where maximum production
occurs at pH 7. Delayed activation of anaerobic microbes after resaturation (Estop-Aragonés et al., 2013) is represented by the
parameter, AnaerobeLagFactor, but was not found to impact CHy emissions. The parameter, PartialAnaerobe, represents the
sensitivity of aerobic CH4 production to water filled pore space. Its effect on net CH,4 emissions is site-specific where there pa-
rameter had a negative correlation with CH, emissions at the Assendelft site and a negative but muted affect at the Weerribben
site. The fraction of each SOM pool accessible to methanogenesis (MethaneReservoirs), influences both CH,4 production and

substrate turnover where the peat, microbial SOM, and litter and roots SOM pools showed most sensitivity.
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Aerobic CHy4 oxidation is a key control on net CH4 emissions where the impact of environmental conditions are further gov-
erned by parameters describing enzymatic kinetics and sensitivity to the environmental changes (Walter and Heimann, 2000;
Walter et al., 2001). In aerobic conditions, CHy is oxidized following Michaelis-Menten enzyme kinetics using the parameters
MethaneKm, MethaneVmax, and MethaneOxQ10. The parameter MethaneKm (the half-saturation constant) positively cor-
relates with CHy emissions, as higher Km reduces oxidation efficiency at low concentrations. The MethaneVmax parameter,
represents the maximum oxidation rate impacting methanotrophic capacity, and showed a negative correlation with surface
CH,4 emissions, as expected. The parameter, MethaneOxQ10, is the Q10 value for methanotrophic activity. Increasing this
value, decreases surface CH, emissions, as expected. Together, these results highlight the strong but context-dependent role of
methanotrophic kinetics and soil aeration in regulating surface CH4 emissions across peatland sites.

Plant-mediated transport through aerenchyma provides an efficient pathway for CH4 to bypass aerobic soil layers and pre-
vails as the dominant CH, emission pathway in many wet systems (Ueyama et al., 2023; Bansal et al., 2020). Methane which
is transported through plant tissues via aerenchyma is dependent on the MethanePRateC, MethanePType, MethanePlantOx,
and GrowFuncConst parameters (Walter and Heimann, 2000; Walter et al., 2001). MethanePRateC and MethanePType control
the amount of plant transported CH, where both parameters play a correlating role with plant-mediated transport. Methane-
PlantOx represents the fraction of CHy that is oxidised in the root tips as CHy enters the plant’s root from the soil, increasing
this parameter, decreases surface CH, emissions. The capacity of the aerenchyma pathway to transport CHy gas is determined
by LAI and GrowFuncConst, where GrowFuncConst showed a correlating relationship with plant-mediated transport, thereby
decreasing CH4 emissions transported by ebullition or diffusion. Instead of using the MethanePlantOx parameter, it may be
possible to include a relationship between CH,4 oxidation at the root tip and the diameter of the root tip in future model devel-
opments. Similarly, a relationship between GrowFuncConst and stem diameter could also be used to make these parameters
more closely relate to observed plant traits and shift the parameters towards observed of evidence based meanings. Linking
these transport and oxidation parameters more explicitly to measurable plant traits, such as root tip or stem diameter, could
improve both the mechanistic realism and empirical interpretability of plant-mediated CH,4 fluxes in peatland models.

In addition to biological controls, physical transport processes such as ebullition and diffusion strongly regulate the release of
CH,4 from wetland soils to the atmosphere (Ueyama et al., 2023; Villa et al., 2021). The occurrence of ebullition and diffusion
are dependent on the MethaneERateC, MethaneMaxConc and MethaneAir parameters. MethaneERateC is the ebullition rate
constant, where increasing this increases the amount of ebullition, only evident at the Weerribben site where high WTD perists.
MethaneMaxConc is the threshold for ebullition to occur. Changes were not detected in these runs, signalling that large changes
to this threshold parameter may be required. The sensitivity analysis shows that initial CH4 concentrations (InitMethane) did
not hold a legacy effect in the model (Fig. SC5). The atmospheric CH4 concentration (at the land surface), represented by the
Atmos CH, parameter, influences diffusion between the atmosphere and the soil layer. Higher atmospheric CH, lowers the
soil-to-air gradient, decreasing CH,4 emitted by diffusion. However, impacts were not observed in these sensitivity assessments.
Together, these parameters determine the balance between episodic ebullition and continuous diffusive exchange, exerting a

first-order control on the timing and magnitude of surface CH4 emissions.
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Overall, these results indicate that while the CH4 module captures first-order CH, dynamics, introducing explicit micro-
bial process representation would substantially improve its robustness, interpretability, and mechanistic congruence in CHy-
producing environments. For example, explicit living pools of methanogenic and methantrophic microorganisms are missing
from the model and such representation could be the first step towards mechanistic representation of microorganisms, which
are particularly important in CH,4 producing environments (Bahram et al., 2022).

The sensitivity of CH4 emissions to changes in photosynthesis and autotrophic respiration related parameters discussed
above (Sect. 5.2.1) reveals strong feedbacks within the model structure. These sensitivity results highlight that future model
developments to improve the representation of photosynthesis and autotrophic respiration in response to environmental change,

can substantially improve CH,4 emissions and the skill of the model overall (Li et al., 2016; Gao et al., 2025).
5.2.6 Sensitivity to land use management

Drained peatlands are subject to a range of land management practices. Although the Peatland-VU model does not yet include
a full nitrogen cycle, the effects of harvest, manure, and grazing on CO5 and CH, fluxes are represented. Where the timing of
grazing and harvest showed substantial impacts (Fig. 12).

The grazing period is defined by two contrasting controls: biomass is removed (Grazed_frac) and manure is added (Ma-
nurefromGrazing) due to grazing. A later grazing onset (start) was associated with reduced CH, and R}, whereas delaying
the end of grazing increased both, reflecting the dominant effect of manure deposition and fresh substrate supply during the
grazing period. As expected, the amount of biomass lost to grazing (GrazeFrac) showed a negative relationship with LAL
Increased manure inputs from grazing, allowed greater labile carbon available for heterotrophic respiration, methanogenesis
and enhanced CH,4 emissions at the Weerribben site. One off manure additions did not lead to detectable effects.

Overall, variation of the harvest parameters produced comparatively modest effects where the timing of harvests led to a
larger impact than the amount of harvest. The timing of harvest (HarvestDay) showed a negative relationship with biomass
stocks and productivity, indicating that earlier harvests led to higher mean daily GPP, biomass and rootmass over the analysis
period, possibly reflecting a longer effective regrowth period following early-season biomass removal. Whilst the other harvest
parameters, HarvFrac, HarC, RecovT and HarvestLitter may impact fluxes subsequent harvest events but did not produce
detectable effects on simulation mean fluxes.

Regarding the decomposition of the harvest pools, parameters primarily influenced the temporal variability of emissions
rather than their overall magnitude. Increasing the fast decomposition rate (Kparvest,fast) led to a strong increase in variability,
while the effect of the slow pool (kharvest,slow) Was similar but less pronounced. In contrast, increasing the fraction of material
allocated to the slow pool (harvest_slow_partition) reduced variability, reflecting a shift towards more gradual decomposition.

Overall, harvest pool dynamics regulate the timing of emissions rather than their cumulative flux.
5.2.7 Sensitivity of soil profile

The soil physical or mechanistic state is built from the number and depths of soil horizons and detailed information describing

the soil quality and structure. For each soil horizon the C/N ratio, dry bulk density (DBD), total SOM fraction (PercOrg),
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respective SOM pool fractions (InitRes), pH, clay (ClayFraction) and sand (SandFraction) fractions, a freezing curve constant

795 (FreezingCurve ), pF values (pFVal), and Van Genuchten parameters are prescribed (Fig. SC6).
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Figure 12. The sensitivity of harvest, manure, and grazing modules to environmental and parameter inputs.

Of the initial respective SOM pool fractions (InitRes), the fraction of the total SOM peat that is peat, showed the largest
legacy effect on heterotrophic respiration and CH,4 emissions. The pH values (Layer_pH) played a role on heterotrophic res-
piration and CH,4 emissions, particularly in the upper and lower horizons (1, 2 and 5). The total SOM fraction (PercOrg) only
impacted CH, emissions in the deepest horizon. Variations to the C/N ratio (CNRatio), DBD, clay and sand fractions, pF

800 values, and freezing curve did not show lasting impacts on the magnitude or variability of model outputs, beyond the model
spin-up, and within the tested parameter bounds.

The parameters used in the Van Genuchten relationship (theta_r_pF, theta_s_pF, alpha_pF_pF, n_pF, 1_pF) which define

the soil water retention curve and thus the relationship between soil moisture and matric potential were also tested. We found
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that theta_s_pF, alpha_pF, and n_pF led to impacts on heterotrophic respiration and CH,. The effects of alpha_pF and n_pF
were concentrated in the upper horizons, where small changes in water retention strongly affect oxygen availability and thus
aerobic-anaerobic partitioning. In contrast, theta_s_pF influenced fluxes across all horizons, reflecting its role in setting overall
soil moisture storage and therefore the extent and persistence of anaerobic conditions. In contrast, theta_r_pF and I_pF, which
control residual water content and pore connectivity/tortuosity respectively, showed little effect, likely because they primarily
influence the extremes of the moisture range or hydraulic conductivity rather than the mid-range soil moisture conditions that

govern aerobic-anaerobic partitioning in this model.
5.2.8 Sensitivity of soil thermal modules

Here, we report on the efficacy of the new analytical soil thermal model and then discuss the sensitivity of three soil thermal
modules to environmental driver, TS, and input parameters. The classical thermal module was calibrated against the in situ soil
temperature profile at the Assendelft site, achieving high agreement shown by a concordance correlation coefficient > 0.98
(van den Berg et al., 2026). A comparison of the three soil thermal modules shows that the seasonal sinusoidal formulation
captures the mean seasonal variation but fails to reproduce extreme warm and cold periods (Fig. SC8). In contrast, the new
analytical diffusion module effectively captures temperature extremes, but may overestimate the efficiency of heat propagation
downwards through the soil column.

Surface soil temperature (TS) exerted a strong control on simulated soil thermal profiles, although the response differed
across the three thermal modules (Fig. SC7). In all thermal modules, increases in TS propagated through the soil profile,
leading to warmer conditions. However, the response diverged between sites and formulations. While all modules showed
sensitivity to the surface TS at Weerribben, only the classic explicit heat transport module responded consistently across both
sites. The initial thermal profile (Tdepth and initial SoilTemp) did not lead to large effects in any thermal model. Increasing
the time lag parameter (ThermTime_lag) increased the soil temperature profile whereas the vertical dampening parameter
(ThermDamp_lag) did not lead to detectable effects on magnitude or variability in the analytical thermal diffusion module.

Within the classic module, both vegetation insulation (VegTScalingFactor) and the depth of the simulated thermal domain
(MaxDepthHeat) impacted the thermal profile. Increasing MaxDepthHeat at the Weerribben site led to enhanced ebullitive
CH, fluxes at the surface likely due to enhanced production in deeper soil layers. Similarly, increasing VegTScalingFactor
substantially raised soil temperatures at both sites, leading to higher CH,4 emissions and Ry, as well as enhanced transfer of
litter into deeper SOM pools. Notably, VegTScalingFactor showed a strong influence on the variability of fluxes than on their
mean magnitude. Parameters associated with snow processes (MaxSnowdepth, SnowMeltrate, DayMaxSnowdepth) did not
produce detectable effects, despite the occurrence of sub-zero air temperatures at both sites, suggesting a limited role of snow
insulation under the simulated conditions. These results highlight that the choice of thermal module can substantially influence

model behaviour and should be aligned with the intended application.

42



835

840

845

https://doi.org/10.5194/egusphere-2026-2450
Preprint. Discussion started: 26 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

5.2.9 Sensitivity of water table module

The internal groundwater table module (Fig. 13) is primarily controlled by the minimum groundwater depth (MinGW), evap-
oration, and drainage spacing (DrainageDist). The parameters, RunoffThreshold, WatertableInit, Ksat, and DrainLevel did not
lead to large impacts on the WTD or subsequent feedbacks. Evaporation is regulated by the evaporation constant (EvapCor-
rection), correction for pooled water (OpenWaterFactor), correction due to vegetation (CropFactor). Increasing MinGW raised
water table depth at the Assendelft site but had little effect at Weerribben. Lower EvapCorrection values, reduced evaporation,
and increased both the height and variability of the water table. Increasing the CropFactor parameter, increased evaporation
which lowered the water table and reduced its variability. Increasing the OpenWaterFactor parameter, increased evaporation
which decreased the water table depth at Assendelft only. Increasing precipitation (PR) raised the WTD, increased the soil
moisture values and net CH, fluxes while decreasing heterotrophic respiration at the Assendelft site. Increasing evapotranspi-
ration (ET) lowered the water table whilst increasing WTD variability with comparable results for soil moisture and decreased

net CH,4 emissions.

43



https://doi.org/10.5194/egusphere-2026-2450
Preprint. Discussion started: 26 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

MinGW

PrecipFile

EvapFile

EvapCorrection

RunoffThreshold

OpenWaterFactor

CropFactor

Watertablelnit

DrainageDist

Ksat

DrainLevel

ow Q.Oo Q\’b
Oa

S

i

-1.4 -0.9 -0.5 0.0 0.5 0.9 1.4

Figure 13. The sensitivity of the water table module.

6 Conclusions

This study investigated the interplay of environmental controls, plant-soil interactions, and parameter sensitivities in shaping
carbon cycling within the Peatland-VU v3.0 model. Peatland-VU v3.0 demonstrates a consistent ability to reproduce observed
850 patterns and magnitudes of GPP, Reco, NEEc(o,, and NEEcq, fluxes across two contrasting peatland systems. As expected,
the production and autotrophic respiration modules exert strong control over model behaviour, reflecting their central role in
ecosystem functioning. The model provides a useful framework for exploring greenhouse gas dynamics across drained and
natural peatlands, and for evaluating management interventions aimed at reducing emissions and restoring ecosystem function.
While many expected ecosystem responses are captured, several areas for improvement remain, including the implementation

855 of mechanistic microbial processes, a full Farquhar photosynthesis scheme, a fully dynamic phenology module, incorporation
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of a complete nitrogen cycle, and improved representation of peat development. The site-specific nature of the model serves as
a framework for accessible integration of emergent processes, while remaining computationally efficient on standard hardware
and readily transferable to new sites. This study has highlighted both the strengths of the model and key avenues for future
development. The Peatland-VU v3.0 model therefore represents a useful tool for both applied peatland management and the

development of process-based understanding under changing environmental conditions.

Code and data availability. A frozen copy of the code and the input files used to produce the results used in the model validation are available
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Appendix A: Overview of model inputs

Table A1l. Environmental forcings

EGUsphere\

Driver Unit Resolution Requirement

Air temperature °C daily Either air or soil temperature is required

Soil temperature °C daily Either air or soil temperature is required

PAR umol m—2 s~! daily Either PAR or total daily radiation is required for
the calculation of GPP

Total daily radiation Jm™2 daily Either PAR or total daily radiation is required for
the calculation of GPP

Water table m below surface daily Optional.

Soil moisture m? m—3 daily Optional.

Atmospheric CO, ppm yearly Optional. Used to calculate NPP by Haxeltine and
Prentice (1996) only.

Snow depth m daily Optional.

NPP kg Cm—2 day ! daily Instead of calculating GPP and plant respiration,
NPP values can also be provided as input.

Precipitation mm daily Necessary if calculating WTD

Evapotranspiration mm daily Necessary if calculating WTD

Table A2. Land management forcings

Driver Unit

Harvest day of year day number
Harvest dates DD/MM/YY
Fraction of biomass harvested -

Grazing (start) day of year
Grazing (end) day of year
Grazing (manure added) kg day !
Grazing (biomass lost) kg day~!
Manure (day) day of year
Manure (kg) kg
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Table A3. Soil forcings

Soil property Unit Description

C/N ratio gC/gN C/N ratio for each soil horizon

DBD kgm~3 Dry bulk density of each soil horizon

Horizons - Depth of soil horizons

Initial OM fraction - Initial fraction of OM found in each SOM reservoir in each soil horizon
Total OM % Percentage of total dry weight that is OM for each horizon
pH pH pH of each horizon

Soil horizons - Number of soil horizons

Sand fraction - Fraction of each soil horizon that is sand

Clay fraction - Fraction of each soil horizon that is clay

pF curve m? m~3 pF curve per soil horizon

pF potential log cm HoO  Soil moisture potential for each soil horizon

Appendix B: Existing model processes
B1 Photosynthesis and autotrophic respiration

The calculation of C3 photosynthesis, leaf respiration, and net primary production (NPP) follows a modified implementa-
tion of the primary production module introduced in PV v2.0 (Mi et al., 2014), itself adapted from the BIOME3 equilibrium
biosphere model (Haxeltine and Prentice, 1996). The approach assumes that both photosynthetic carbon uptake and leaf respi-
ration are governed by the activity of Rubisco-associated processes in chloroplasts. Photosynthesis is calculated using stomatal
conductance and Rubisco activity:

Jet)+Je(t) =/ (Te(t)+ Jo(t)? —4- Je(t) - Jo(t)
B 20- WSF(t)

GPP(1) (B1)

where Jg [kg C m~2 day~'] is the light-limited rate of photosynthesis determined by photosynthetically active radiation
(PAR), and J [kg C m—2 day~!] is the rate constrained by Rubisco activity.
R, is calculated as:
0
J R (t)d=

growth
R + (B2)

R.(t) = R (¢
a( ) * ( )+ Tyear Tyear

Ricar [kg C m™2 day '] and Ryoor [kg C m™2 day '] correspond to leaf and root respiration, respectively. The factor Tye, con-

verts the original BIOME3 annual respiration terms (R% , and R

- arown) t0 daily values. Total daily root respiration is calculated

from root growth distributed across the soil profile according to the prescribed root distribution.

RA(t) = b- Vi (1) (B3)
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where, b [-] is the leaf respiration coefficient, and V},, [kg C m~2 day '] represents the maximum daily rate of net photosyn-

thesis.

Jg(t) = C1(t) - FPAR(t) - PAR(t) (B4)

where Jg [kg C m~2 day '] is the light-limited photosynthetic rate, C; [kg mol '] is a model coefficient defined below, FPAR
[-]is the fraction of incoming PAR intercepted by vegetation, and PAR [mol m~2 day '] denotes incoming photosynthetically

active radiation.

_pi— T

Cl(t)_piJrF

. C'matss . ¢c(t) . (bT(t) Qg (BS)

where « [-] denotes the intrinsic quantum efficiency for CO2 uptake (0.08), o, [-] is a scaling factor (0.5), and Cmass [kg
mol '] is the molar mass of carbon (0.012 kg mol~1). Furthermore, p; [Pa] represents the intercellular CO partial pressure
and I [Pa] is the CO5 compensation point.

¢ [-] is calculated:
¢t) = TFL(t)- TFH(t) 56

where, TF'L [-] and T F'H [-] represent temperature stress factors for low and high temperatures, respectively:

1
TFH(t)=1—-0.01- T3 TAO-TAna) (B8)
where, T1 [°C ~'], T2 [°C ~1], T3 [°C ~!] are constants:
2-1n(1/0.99-1)
T1 = , (B9)
T]\/IinPhoto - Tmin
In (0.99/0.01)
T2 = , (B10)
2. TMinPhoto + Tmaxopt
In (0.99/0.01)
T3, = Bl11
P TMa;cPhoto - T?na;copt ( )
Jc [kg C m~2 day~!] describes the Rubisco limited rate of photosynthesis:
Jo(t) = Co - Vin(t) (B12)

C5 [-] is a dimensionless coefficient defined below, and V;,, [kg C m~2 day '] denotes the maximum attainable daily rate of
net photosynthesis.

FPAR(t)-PAR(t) C;
M(t) = b ’ 072

(s(D)- (20— 1) —o(t) - (2-5(t) -0 — Cs)) (B13)
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o [-] is defined by the equations below, s [kg C m~2] is obtained from Eq. SB15, and 6 [-] is the co-limitation constant, set to
0.7.

Cy — s(t)

t)y=4/1— —"—"— B14
o(t) Co—0-5(t) (B14)
Rr
s(t) = DL (B15)
DL [day '] corresponds to the photoperiod (day length).
Cy pi —° (B16)

T pi+KC-KCC
~ [-] is a dimensionless constant set to 0.7. The variable O5 [Pa] represents the oxygen partial pressure, while K [Pa] is the
Michaelis constant for CO2 (30 Pa). The coefficient KCC [-] is determined using Eq. SB17.

0O,
KCC=—/—+1 B17
70T (B17)
KO [Pa] is the Michaelis constant for O and has value 0.03, O2 [Pa] represents the partial pressure of oxygen and has value

20,900.

r= Oz (B18)
2.7

7 [-] is a dimensionless parameter describing Rubisco specificity for COs relative to O, and has a value of 2,600.

pi=1"pa (B19)

e [Pa] denotes the atmospheric partial pressure of CO5, while v [-] is a dimensionless constant equal to 0.7.
B2 Carbon allocation

Plant growth is partitioned between above-ground and below-ground tissues using a fixed shoot-to-root allocation scheme.
As the formation of leaves and shoots constitutes a major resource demand, both shoot and root production are derived from
NPP using prescribed allocation fractions. The fractions assigned to shoot and root growth sum to one, such that total NPP is

conserved. Growth is therefore calculated according to:
SM(t)=RS-NPP(t) (B20)

SM [kg C m~2 day '] represents the rate of shoot growth and RS [-] defines the allocation ratio between shoot and root
production. The size of the living above-ground biomass pool (Eq. B21) is determined by the balance between shoot production

(Eq. B20) and biomass losses through senescence to the litter layer:

%CB(t) — SM(t)— BS(t)- CB(t) (B21)

where, BS [day '] represents the fraction of above-ground biomass littered each day and is set to K L [day '] during Autumn

for deciduous plants.
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B3 Root growth

The representation of roots follows the soil discretisation used by the model, with root mass and root distribution allocated
across layers based on their depth and physical characteristics. Soil organic matter pools are likewise distributed vertically
through the profile. The production of new roots (24) is then calculated from NPP using a fixed allocation relationship between

shoot and root growth:
Rd(t,z)=(1—RS)-NPP(t)- f(2) (B22)

where 1 — RS represents the proportion of growth allocated to roots, and f(z) [m~!] describes the vertical root distribution
between the soil surface and the prescribed maximum rooting depth (MRD). Both root biomass and root density decline

exponentially with depth and are constrained to the rooting zone defined by MRD.
0

f(2)dz=1 (B23)
—MRD
%RM(t,z) = Rd(t,z) — RX(t,z) — RDR(t, %) (B24)

where RM [kg C m—3] is the root mass, while RDR [kg C m~2 day '] describes the loss of root biomass through root

senescence. In the model, root exudates (RX, Eq. B25) are parameterised as a prescribed fraction of root production (Ry):
RX(t,z) = Rd(t,z) - f(KSPpoy)) - REX(t) (B25)

where DoY corresponds to the day of year, REX [-] is a unitless factor governing root exudation, and f(KSP) [-] is a
parameter-dependent modifier that can be applied to simulate elevated spring exudation. Root turnover is calculated from the

existing root biomass and the prescribed senescence coefficient:
RDR(t,z) = RM(t,z)- RSX (B26)

where RSX [day '] is the first-order rate constant governing root senescence.
B4 Biomass senescence

During the growing season, a constant turnover of biomass is calculated, representing senescence due to age or damage:
Fs(t)=AB-dt (B27)

During autumn and winter, the rate of aboveground living biomass senescence is calculated as a function of changing LAI
Eq. B28. Decreased LAI leads to increased litterfall.
LAy ) — LAI(t)

Fs(t) = (B28)
( ) LAI(t_l)
Aboveground biomass is then re-calculated:

Ba = Sb;_y) (1= Fs(t)) (B29)
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B5S Litter addition and decomposition

Carbon released from senescing above-ground biomass is added to the litter pool (Eq. B30).

%LL(t) = LLp(t)— LLI(t) — LLd(t) (B30)

where,

LLp(t) = BS-CB(t) (B31)
_TAg)

LLI(t) = —=~ - LC- LL(t) (B32)

LLA(t) = LL(t) - e*F (B33)

LL, [kg C m~2 day~!] corresponds to litter production and LL; [kg C m~2 day '] denotes the transfer of litter carbon to the
soil SOM pool. During autumn, the senescence parameter for deciduous vegetation, B.S [day '], is set equal to K, [day~!].
The parameter LC' [day '] defines the proportion of litter converted to SOM each day. Temperature effects are referenced
to K [°C], with T4 [°C] representing daily air temperature. No litter decomposition is assumed to occur when T4 is below

freezing. The term key, [kg C m~2 day '] describes the environmentally adjusted litter decomposition flux.
B5.1 Resistant SOM priming sensitivity

Enhanced decomposition of resistant SOM occurs upon addition of easily decomposable material. Increased microbial activity
due to the increased availability of easily decomposable compounds can also lead to enhanced decomposition of resistant SOM.
For this reason, the decomposability of the resistant SOM reservoirs (i.e. peat and humus) is dependent on the amount of root

growth:
forim(t,z) = 14+rmf(t,z) - fgrow(t) - fspring (B34)

where, fprim [-] is the SOM decomposition sensitivity to fresh root growth, fspring [-] is a spring correction constant, fgrow
[-] represents a root growth factor, and rm [kg C m-2] represents the root mass.
NPP(t) — minpp

manpp — minpp

fgrow(t) = (B35)

NPP [kg C m-2 day-1] is the net primary productivity, manpp [kg C m-2 day-1] and minpp [kg C m-2 day-1] represent the

constants for the maximum and minimum NPP.
B5.2 SOM decomposition sensitivity to soil aeration

For the effect of soil dryness, we assumed a linear decrease of fm from 1.0 to 0.2 between pF 2.7 and pF 4.2 (wilting point).
For the effect of soil moisture on aeration we apply a linear relation of the aeration factor on soil water content, which lets fae
decline from 1 to 0 between a pore water saturation from 80% to 100%.
(1—-pF2)* (MP)—pF1)

pF3—pF2

fae(t,z)=1— (B36)
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where, fae [-] represents the correction factor for soil aridity, pF1 [-], pF2 [-], and pF3 [-] are pF constants, and MP [-] represents

the matric potential correction.

B5.3 SOM decomposition sensitivity to soil moisture

fm(t,z) = sm(t,2) (B37)

~ 2-s¢(1—rm(t,2) - rac)

where, fm [1/kg C m-2] represents the sensitivity of SOM decomposition to soil moisture, sm [-] represents the fraction of

water filled pore space, sc [-] represents the soil moisture constant, and rac [-] represents the root aeration constant.

B5.4 SOM decomposition sensitivity to soil pH

1
1+ e—2.5(pH(z)—5)

IpH) = (B38)

where, pH represents the soil pH and fpH represents the sensitivity of SOM decomposition to soil pH.
B6 Methane
B6.1 Methane oxidation

Microbial oxidation of CH4 can occur in both aerobic and anaerobic soil layers, where microbial activity (methanotrophy) is

also dependent on soil temperature:

MethaneVy,ax - Com, ((t,2)) TA(t.2)-TAmean

t,z) = - Meth 1 B3
Rox(t,z) MethaneKm + Co, ethaneOz Q10 10 (B39)

where, MethaneV_max [umol day’l], MethaneKm [umol], MethaneOxQ10 [-] are constants. Copr, denotes the CHy4 concen-

tration.
B6.2 Plant-mediated transport

Plant-mediated CHy4 transport is controlled by two main processes. The first is the size and vertical distribution of the root
system, which determine the capacity of CHy to enter plant tissues. Larger root biomass and deeper rooting profiles provide a
greater interface for CH, uptake from the soil. During transport through the oxic rhizosphere surrounding root tips, a portion
of the CHy4 can be oxidised before entering the plant (Strom et al., 2005). This process is represented by the dimensionless
oxidation parameter PIOx (Eq. B41).

The second control is the efficiency with which CHy is transported through plant tissues and released to the atmosphere.
This transport capacity is associated with the development of aerenchyma, which provides low-resistance pathways for gas

movement.

Qpl(t,z) = —cP-vP-LAI(t)- f((2)) - Ccmy.t,z (B40)
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The dimensionless parameter v P [-] characterises the effectiveness of the vegetation in conducting CH4 through above-ground
tissues. Qpl [¢M m—3 day~!] is the rate of plant-mediated CH4 transport, cP [m~2 day~!] is a rate constant with a value
of 0.24, f(z) [m~!] denotes the exponential root distribution (Eq. B23), and CCH, [uM m~3] is the CH, concentration.
Integrating the transport rate over the rooting zone yields the net plant-mediated CH4 flux at the surface:
0
Ppi(t) = / [Qpl(t,2) - (1 - PlOx)]d (B41)
MRD

where Fpl [uM m~2 day '] represents the total CH, flux transported through vegetation to the atmosphere.
B6.3 Methane diffusion

The transport of CHy4 gas through soil is an outcome of plant mediated transport (described above), ebullition (described below),
and molecular diffusion. The amount of gas transported by molecular diffusion is largely determined by the soil’s porosity and
moisture. It is also possible for atmospheric CHy4 to enter the soil column through molecular diffusion.

Molecular diffusion is calculated through air filled pore space is calculated using Fick’s first law:

d

Fdif fi.=—Dcu,.z ECCHzl,t,z (B42)

where F'dif f; . [pM m? day‘l] represents the CH, flux due to molecular diffusion and D [-] is the CHy4 diffusion coefficient

at depth z. The coefficient is calculated using the Penman approach with a tortuosity factor of 0.66:
DCH4,z = Dz -0.66 - fcoa'rse (B43)

where D; equals 1.728 m? day ! in aerated soil and 1.728 x 104 m? day~! under saturated conditions (Walter and Heimann,
2000). The factor f.oqrse [-] accounts for the proportion of coarse pore space available for gaseous diffusion (Walter and
Heimann, 2000). Methane concentrations are defined at layer midpoints, while diffusion coefficients are evaluated at the bound-

aries between adjacent layers. The following lower boundary condition is applied:

é
—C z=nsoil — 0 B44
5, CCHat, ! (B44)

and the upper boundary condition:

1)
K CCH4,t,z:u+O.04m: atm (B45)
z

where, u is either the W L or the soil surface, C,¢y, is the atmospheric CH4 concentration (0.076 p M) Walter and Heimann

(2000).
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B6.4 Methane ebullition

Methane gas bubbles can bypass this microbial sink due to their rapid rise through the saturated water column leading to an
enhanced CH, flux to the atmosphere:
W L(t)
Feb(t) = / Qeb(t,z)dz (B46)
z=nsoil
where F,; [uM m~—2 day~!] denotes the surface ebullition flux and nsoil [m] defines the lower boundary of the simulated soil
profile. When the water table is located at or above the soil surface, the ebullitive CHy is released directly to the atmosphere.
Under unsaturated surface conditions, CH4 transported upward by ebullition is instead transferred to the uppermost saturated-

unsaturated soil layer and added to the CH, pool of the lowest unsaturated soil layer.
Qeb(t,z) = —kn, - f(Con,) - (Com,t.. — MethaneMazConc) (B47)

where k,, [dayfl] is an empirical rate constant equal to 1/24. The function f(Cc g, ) is a threshold function that takes a value of
1 when the CH4 concentration, CC Hy, exceeds the threshold concentration Cyp,..sp, and 0 otherwise. Consequently, ebullition
is only activated when CH, concentrations are greater than the prescribed maximum concentration, M ethane M axConc. For

soil layers located above the water table, Qeb is assumed to be zero.

Table B1. Soil organic matter pools represented by the model, their respective rates of aerobic decomposition (k), and their contributing

sources.
SOM pool k (Weerribben)  k (Assendelft)  Source
Peat 0.01 0.01706 Inert carbon from all other SOM pools
Liquid manure - - Manure additions from model inputs
Solid manure - - Manure additions from model inputs
Root exudates 3.0 2.56089 Root exudation as a fraction of root growth
Litter and dead roots 0.2 0.17794 Above-ground biomass die off and root die off
Microbial biomass 0.3 0.30265 Old carbon transferred from the decomposition of litter

& dead roots, root exudates, peat
Humus 0.02 0.02297 Old carbon transferred from the decomposition of litter

& dead roots, root exudates, peat
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Figure C1. The model simulation results from the parameter sets used to evaluate the sensitivity of of the Shaver NPP, Arrhenius, phenology,

CH4, and SOM decomposition modules, as well as the soil profile.
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Figure C2. The model simulation results from the parameter sets used to evaluate the sensitivity of the BIOME3 NPP, Q10, CH4, and

management modules.
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Figure C3. The stabilisation of the SOM pools. The sum (solid line) and standard deviation (shaded) of the mass of all soil layers is plotted
for each SOM pool.
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Figure C4. The sensitivity of all parameters within the SOM decomposition module to environmental and parameter inputs.
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Figure CS5. The sensitivity of all parameters within the CH4 module to environmental and parameter inputs.
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Figure C6. The sensitivity of the model to changing soil profile inputs. Grey indicates there was no input value for that soil horizon.
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Figure C7. The sensitivity of the classic heat transport module (above), seasonal sinusoidal (bottom left) and the analytical thermal diffusion

module (bottom right).

61



https://doi.org/10.5194/egusphere-2026-2450

Preprint. Discussion started: 26 June 2026 EG U “ h N
© Author(s) 2026. CC BY 4.0 License. sphere
Preprint repository

ASDRF

WRW
20.0
175
150 ©
—_ 2
£ 125 g,_,
< Q_O
- o
=% 100 €2
< (0]
D -
75 5
n
5.0
2.5
0.0
2020 2021 2022 2023 2024 2020 2021 2022 2023 2024 2025
ASDRF WRW
20.0
175
150 @
—_ 2
£ 12,5 g,_,
< Q_O
- o
5} 100 € .
a e
75 5
n
5.0
25
0.0
2020 2021 2022 2023 2024 2020 2021 2022 2023 2024 2025
ASDRF WRW
20.0
17.5
150 @
— 2
£ 125 g,_,
ey Q_O
- o
g 100 € .
[0]
D -—
75 ':.)
5.0
2.5
0.0

2020 2021 2022 2023 2024 2020 2021 2022 2023 2024 2025

Figure C8. The soil temperature profile estimated using the classical heat transport scheme (above), the seasonal sinusoidal (middle), and
the analytical diffusion scheme (below).
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