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Abstract.

Peatlands are critical carbon (C) reservoirs, storing over a fifth of the global soil organic C stock. However, some peatlands
are drained and cultivated for agricultural use, which makes them a significant source of greenhouse gas (GHG) emissions.
Managing water table depth (WTD) is considered a key operation for mitigating GHG emissions in cultivated peatlands.
Modelling the impacts of water management would be a cost-efficient way of studying its large-scale effects, both in the present
and in the future. Here, we used the process-based model LandscapeDNDC (LDNDC) to assess the relationships between
WTD, peat layer thickness and the GHG exchange. We simulated a boreal agricultural peatland (NorPeat, Finland), which was
cultivated with silage grass and barley during the study years 2019-2022. The site was monitored with an eddy covariance (EC)
tower, and divided into six drainage blocks with distinct peat profiles, each equipped with sensors for continuous water table
measurements. The model performance was evaluated on a daily and seasonal level using EC measurements of carbon dioxide
(COy), nitrous oxide (N2O) and water fluxes for the study years, alongside with satellite retrievals of the leaf area index and
three-year data from block-specific dark chamber flux measurements of CO2 and N5O. The LDNDC model was found to be
suitable for drained peatland simulations, although the performance was the highest when verified against measurements from
shallow peat soils. Although the simulated N,O fluxes were generally comparable with observations, their accuracy was not as
high as it was for COs. To study the impact of WTD on GHG fluxes, we had three different scenarios in addition to the baseline
runs with measured conditions; these scenarios had an average WTD of 50 cm, 30 cm and 15 cm below the soil surface. The
study results showed a clear relationship between CO5 emissions and WTD (r = 0.86 between exposed organic matter and net
ecosystem carbon balance). GHG mitigation was achieved in all scenarios with increased water table; even in the most modest
scenario, the annual reduction from the baseline was 5.8 t COze ha=! in deep peat blocks and 2.5 t COge ha™! in shallow
peat blocks. CO> emissions were found to be more strongly affected than N> O emissions. In the highest water table scenario,
which resembled conditions close to paludiculture, the net ecosystem exchange of CO5 was close to zero in most of the years,

when fields were cultivated with forage grasses. The implications of raising the WTD were found to be insensitive to model
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parameters that control evapotranspiration or organic matter decomposition. These findings highlight that even moderate water

management practices are valuable in order to mitigate GHG emissions in cultivated peatlands.

1 Introduction

Although peatlands cover only 3% of the global land surface, they have a high carbon (C) density and are therefore considered
critical C reservoirs, storing 21% of the global soil organic C stock (Leifeld and Menichetti, 2018; Mander et al., 2024).
In Europe', the peatlands are mainly found in the north, with Finland accounting for almost a third of peatland resources
(Montanarella et al., 2006).

Peatlands are cultivated for their high organic matter (OM) content and ability to retain soil moisture even in drought
periods. While many drained peatlands are favorable to agricultural use, cultivated peatlands are known to be a significant
source of greenhouse gas (GHG) emissions (Tiemeyer et al., 2016). Pristine peatlands are naturally waterlogged, so when
the peatland is drained for agriculture, it is no longer a notable source of methane (CHy) or a sink of carbon dioxide (COs).
Instead, as more organic matter is exposed to oxygen, CO- emissions increase through the microbial decomposition of peat,
also known as heterotrophic respiration (Rh), and oxidation of CH,4 (Evans et al., 2021). In case of nutrient-rich peat, nitrous
oxide (N2O) emissions can also increase after drainage through nitrification and denitrification processes (Martikainen et al.,
1993). However, CO, remains the largest contributor to the climatic impact of GHGs in drained peatlands (Dinsmore et al.,
2009; Freeman et al., 2022; Gerin et al., 2023).

Raising the water table (WT) has been proposed as an effective strategy for mitigating GHG emissions from drained peat-
lands (Tiemeyer et al., 2016). Lang et al. (2024) estimated in their study in Finland that increasing the WT by 0.1 m reduced the
soil respiration by approximately 0.1 kg CO5-C m~2 yr~! over an agricultural peatland. Similarly, Evans et al. (2021) found a
strong correlation between effective water table depth (WTD), i.e. the average depth of the aerated peat layer, and net ecosys-
tem productivity (NEP), which was calculated as the sum of the net ecosystem exchange of COy (NEE) and the C removed by
harvesting. Even though a clear relationship has been demonstrated between WTD and CO5 emissions, the potential to reduce
N>O emissions by raising the WT has been more difficult to assess (Wilson et al., 2016a; Couwenberg et al., 2011). NoO
emissions are driven by many different abiotic and biotic processes, and these dynamics are shown to be influenced by diverse
agricultural practices and meteorological events such as tilling and fertilization (Wang et al., 2021; Kandel et al., 2020; Leppelt
et al., 2014; Cowan et al., 2025), and freeze-thaw cycles (Teepe et al., 2004; Maljanen et al., 2010; Wagner-Riddle et al., 2017).
In addition, the nature of NoO emissions is intermittent, i.e. short periods of high releases can contribute substantially to annual
N>O emissions (Flessa et al., 1998; Berglund and Berglund, 2011), which adds complexity in estimating and predicting NoO
emissions.

Although field observations of GHG fluxes have increased in recent decades, the frequency of chamber measurements (often
conducted weekly, bi-weekly if not monthly) may lead to missed seasonal dynamics and introduce high uncertainties in annual

estimates (He and Roulet, 2023; Barton et al., 2015). Continuous measurements using the eddy covariance (EC) technique can
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address this frequency issue, but are more challenging to implement due to their complexity and high equipment costs. On the
other hand, modelling the soil processes and ecosystem responds to environmental changes is also challenging, particularly
when employing empirical approaches that rely on observations and have a limited capacity to extrapolate beyond the observed
range of conditions (Duarte et al., 2003).

Cost-efficient scaling up in space and time, as well as studying the effects of alternative management actions, requires models
that take into account site-specific conditions, such as peat properties, management and climate. For this purpose, we can use
process-based models, which are designed to replicate the key biochemical processes occurring in the ecosystem (Cuddington
et al., 2013). These models provide a mechanistic framework for understanding how various biological, physical and chemical
processes (e.g., photosynthesis, decomposition, and nutrient uptake) interact and contribute to biogeochemical dynamics which
drive the exchange of GHGs. Process-based models specifically adapted for organic soils (e.g. Huang et al., 2021a; Premrov
et al., 2021) have been successful at simulating GHG fluxes over agricultural peatlands. However, many general land ecosystem
models remain untested for simulating agricultural peatlands, even if they include the necessary process descriptions. One such
ecosystem model is LandscapeDNDC (the Landscape Denitrification-Decomposition model, later LDNDC), which has been
shown to accurately simulate the GHG exchange (Haas et al., 2013; Liebermann et al., 2019; Sifounakis et al., 2024) over
mineral soils. The model may provide a suitable basis for peat soil simulations, but its applicability has not yet been studied in
northern agricultural peatlands.

The aim of this study was to assess the relationships between water table depth, peat layer thickness and GHG exchange.
In addition, we wanted to determine how these relationships affect the potential of water table management to mitigate GHG

emissions in northern agricultural peatlands. To address this, we had three specific research questions:
1. Is the LDNDC able to simulate daily CO, and N3O exchange in northern agricultural peatland?

2. How does a raised WT impact the carbon balance and NoO emissions, and does the mitigation potential depend on peat

depth?

3. How sensitive is the simulated WTD effect on CO2 emissions to changes in parameters that determine the organic matter

decomposition and soil moisture dynamics?

To tackle these questions, we simulated an intensively measured and managed peatland site that has been monitored for GHG
fluxes and hydrological and soil chemical properties since 2019. We calibrated the model to reproduce the seasonal and in-
terannual patterns in the observed GHG exchange. The study site was divided into blocks with different peat depths, which
furthermore enabled us to test the simulated relationships between peat depth and GHGs. Finally, we simulated counterfactual

water table depth scenarios to evaluate the potential of water management to mitigate GHG emissions on the study site.
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The study site is part of the Ruukki research infrastructure located in the North Ostrobothnia (Pohjois-Pohjanmaa) region of
Finland (N64°41.039' E25°6.379') and managed by the Natural Resources Institute Finland (Luke). The NorPeat facility is a
ca. 27-ha study eld that is a former minerotrophic peatland drained in 1910s and cultivated since ca. 1920. The eld has been
continuously drained since the original drainage and drainage systems have been renewed multiple times from open ditche:s
to subsurface drainage with wooden pipes, tile drains and modern plastic pipes. The most recent drainage works were mads
in 2014, when the drainage systems for each block were updated with adjustable weir to control drainage depth. Additional
information on current drainage and geology of the site can be found in Yli-Halla et al. (2022).

The eld is divided into eight drainage blocks, separated by a small sandy road in the center (Fig. 1). The focus is on blocks
1-6 as the detailed soil analysis was conducted only for these blocks. Blocks 1, 2 and 4 have a thicker peat layer ranging from
32 to 76 cm (on average 56 cm) while blocks 3, 5 and 6 have a thinner peat layer ranging from 16 to 56 cm (on average 34
cm). Blocks 5up and 6up have also a thinner peat layer similar to blocks 3, 5 and 6. The detailed soil properties of blocks 1-6
can be found in Table 1.

The site follows a traditional grass-intensive crop rotation in which grass is cultivated for three to four years, followed by
one or two years of cereal crops. The sown seed mixture contained timothy (Phleum pratense) and meadow fescue (Festucs
pratensis). Until fall 2021, blocks 1-4 and 5-6 were at different stages of the crop rotation. Blocks 5—6 grew perennial grasses
from 2018 to 2021 (rst sown in 2017 with triticale as a nurse crop). In blocks 1-4, barley (Hordeum vulgare) was rst
cultivated in summer 2019, then the grass mixture was grown from 2020 to 2021. Blocks 5up—6up had the same crop rotation
as blocks 5-6. In September 2021, glyphosate was applied to kill the vegetation in all blocks. In June 2022, the eld was
rst ploughed and harrowed, followed by barley sowing a few days later. In September 2022, glyphosate was applied, and in
October 2022, the eld was ploughed. Every year, the eld was fertilized and harvested once or twice. During barley years, the
eld was also sprayed with herbicides (Table S8 and S9).

Based on the FMI weather station Siikajoki Ruukki, located within 1 km of our site (Finnish Meteorological Institute, 2023),
the long-term 1991-2020 mean annual temperature and total precipitation were 3.2 °C and 555 mm, respectively. From 2019
to 2022, the mean annual temperatures were 3.2, 4.7, 2.4 and 3.4 °C, while the total precipitation was 519, 732, 580 and 514

11amm, respectively (Fig. 2, Table S7).
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2.2 Measurements
2.2.1 Eddy covariance measurements, Itering and gap- lling

The eddy covariance tower was installed in the middle of the eld (Fig. 1) on 13 June 2019. The measurements started at a
height of 2.3 m, but it was raised to 3.15 m on 25 June 2019 and to 3.3 m on 4 November 2019, where it remained until the
end of the measurement period (December 2022). Since the tower installation on 13 June 2019, the EC tower was equippec






