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Abstract. Peat decomposition in managed peatlands is responsible fora decrease of 0.52 GtC yr*in global carbon stock and
is strongly linked to drainage to improve the agricultural bearing capacity, which increases aeration of the soil. Microbial
aerobic decompositionis responsible for the bulk of the net CO, emission from the soiland could bereduced by wetting efforts
orminimizingdrainage. However, the effects of rewetting efforts on microbial respiration rate are largely unknown.\Aeln this
study, we aimed to obtain more insightprocess-hased understanding in these rewetting effects on peat decomposition by

integrating high quality field measurements and measured-themliterature relationships with an advanced hydrological

modellingapproachwhere soil moisture and temperatureare centralized asthe main drivers for 1-yearforpeat decomposition.
In 2020 and 2021, two dairy farming peatlands, where submerged-drainage-subsurfacesubsolil irrigation (SBStand drainace

(SSI) was tested againsta control situation-\With-a-moedelling-approachwe, were continuously monitored for CO, fluxes,
groundwater table, soil moisture and soil temperature. After successfully representing field hydrology and carbon dynamic

measurements within our process-based model, we further explored the effects of rewetting under different weather conditions,
water managementstrategies (raising ditch water levels and SBSESSI) and hydrological seepage settings. \WeTo represent peat
carbon dynamics we introduced a methodology to estimate potential aerobic microbial respiration rate-as-reasure-forpeat
decompaositioninmanaged peatlands, based on potential respiration rate curves for soil temperature and water filled pore space
(WFPS). RewettingMeasurements show that rewetting with SBSISSI resulted in higher summer groundwater levels, soil
temperatures and WFPS. SDSISSI reduced the net ecosystem predustion{NERcarbon balance (NECB) with 1.2758 +0.3956
kgCO, m2yr' (83%+25%) and0.7866 +0.3762kg CO, m2yr* (3528% + 15%) for Assendelftand Vlist respectively-\With

heprocesshasedmaodellingapproachwefoundin 2020. SSI hada neglectable effectin 2021 for both research locations, due
to more precipitation, lower temperatures and different SSI management (in Assendelft) as compared to 2020. Simulated

rewetting effects were in agreementwith measured rewetting effects Model simulations indicatethat raising ditch water levels

always reduces peat respiration rates. Furthermore, we found that the application of SDSISSI reduces yearly peat respiration
rates in environments in a dry year and/or with downward hydrological fluxes, and increases peat respiration rates in a wet
year and/or when upward groundwater fluxes-areseepage is present. Moreover, combining SBSESSI with high ditch water
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levels or pressurizing SDSISSI systems will further reduce peat respirationrates. \We-highly recommend-tousea\We show that
our process-based approach based on temperature and WFPS soil conditions to determine effectivities-of rewetting-efforts
overNECB represents observed variance to a greater extent than empirical relationships betweenthat involve average

groundwater level and-NER._Such-a-moreprocess-based-observations or simulations. Therefore, we recommend to use this
kind of approach allowsto-distinguish-between groundwater levels raised-by SDSI and-ditchwater levelsto estimate the

effectiveness of rewetting. When this is not possible, we recommend using mean summer groundwater level instead of mean
annual groundwater level as a proxy to estimate NERNECB. Such relations between mean groundwater levels and NER
needNECB areprone to becosrectedunderestimating NECB for situationswith SDSISSI parcels.

1  Introduction
As a result of thousands of years of accumulation of organic material under waterlogged anoxic conditions, peat soik have

formed extensively since the Last Glacial Maximum,(Yu etal., 2010). Peat soils are an important carbon stock in the global
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carbon cycle. Despite their relatively small global surface area of 3% (Yu et al.,, 2010; Leifeld & Menichetti, 2018;
Friedlingstein etal.,2019), peat soils contain 600 GtC of carbon, equivalentto twothird of theatmospheric carbon (Leifeld &
Menichetti, 2018). Reclamation of the peatlands for forestry andagriculture, and mining peatlands for pottingsoiland fuel is
responsible fora significantcontributionto globalwarming. Currently, 1311% of the global peat surface area is decomposing,

which is responsible foran estimated annual decrease of 0.52 GtC in global carbonstock (Leifeld & Menichetti, 2018).
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2016; Tiemeyeretal., 2020; Evansetal., 2021). Drainage, both by ditchingand subsurfacetube drain pipes, is a necessity to
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create the bearing capacity for cattle and agriculturalmachines (Erkens et al., 2016). However, lowering groundwater levels

increases the oxygen intrusion into the soil. Especially during dry summer periods, groundwater levels often drop to 0.80m
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{old-carben-materialland land subsidence (Dolmanet al., 2019 p. 250; Tiemeyer et al., 2020). The obvious approach to reduce 1

: +Body (Times New Roman)

Y,
microbial peat decomposition is to minimize oxygen intrusion during the summer period. Raising the surface water levek
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duringsummerandthe application of submerged drain subsurface irrigation systems (SBSISSI, see belowy) target to decrease

the thickness of the unsaturated zone and the active period for aerobic microbial decomposition. At the same time, SBSISSI, '

functions as a drainage system when high groundwater tables occur, which causes dry enough conditions for agricultural
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Field researchhas shown that peatland groundwater level canbe usedasa proxy forecosystem respirationand net CO; fluxes

(Fritzetal.,2017; Tiemeyeretal.,2020; Evans et al., 2021). However, some studies report dissonant results for particular field
sites in which groundwater levels do not explain measured CO; fluxes, possibly due to peat decomposition being moisture
limited due to extreme drought (Parmentier et al., 2009; Tiemeyer et al., 2016; Sieberet al., 2021), Within the unsaturated soil,
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soil temperature and moisture, often defined as water filled pore space (WFPS), are the main physical drivers of aerobic

2

: +Body (Times New Roman)




70

|75

80

|85

90

95

microbial respiration rate (Mékiranta etal.,2009; Kechavarzietal.,2010; Moyano etal.,2013; Baderetal., 2018). Aerobic
microbial respiration rate is enhanced (oftenexponentially) as the soil temperature increases. When the WFPS decreases, the
soil becomes aerated and potential microbial respiration rate increases. However, when the WFPS reduces further, microbial
growth decreases due to lack of water as a solute exchange medium and a higher energy investment to obtain osmotic
equilibrium (Moyano et al., 2013). CO, emission peaks of aerobic microbial respiration rate in peat have been established
between 56-92% WFPS (Séurich etal.,2019).

Field measurements in agricultural peat meadows have shown that high surface water(ditch) water levels alone will not be

able to support high groundwater levels in the centercentre of the peat meadows during summer (Hooghoudt, 1936; Jansen et
al., 2007; Kechavarzi et al., 2007). This is attributed to the high evaporation and infiltration fluxes and the low horizontal
conductivity of the peat soil. lnthe SWAMPRS project Therefore, (Sieber et al., 2021)-ithasbeenarguedthat increases in ditch
water levels do not necessarily lead to lower CO, emissions. However, there are also studiesthatdescribea strong dependency

of land subsidence (as measure for peatdecomposition) on ditchwater level (van den Akkeretal., 2008).

Submerged-drain-subsurfaceSubsoil irrigation {SBStand drainage (SSI) has been introduced as a management measure to

reduce groundwater table fluctuations and concomitantly reduce peat oxidationrates (Best & Jacobs, 1997; Kechavarzietal,
2007). However, the effects of SDSISSI on peat decomposition have not thoroughly beenresearched. Field measurements on
the application of SDSLSSI systems have shown land subsidence reductions (as measure for peat decomposition reduction) by
50% (vanden Akker et al., 2008), but in some cases no effects in net ecosystem production{NERcarbon balance (NECB)
could be discovered (Weideveld etal.,2021), or effects differed strongly with reductions or increases in CO, emission from
yearto year (Sieberetal., 2021). SBSISSI consists of regularly spaced (4--10 m) submergeddrain tubes in the soilat 0.4—
0.7 m depth connected to a (surface) water system. During dry periods with high evapotranspiration fluxes, the tubes supply
water into thesoil. During periods with water excess, the drain tubes discharge water outof the soil. SBSLSSI thus overcomes

the problem of limited control of the surface water system on the meadow groundwater levels and strongly limits yearly

groundwater level fluctuations. However SDSHnfiltrationofwarm-surface waterscan-potentiallyinduce adverseeffectsFo

respiration—ThisHowever, SSI infiltration of warm surface waters can potentially induce adverse effects. SSI could create a

zone with constant optimal soil moisture conditions close to the warm surface. Intheory, SSI canthus also increase microbial

respiration rate. The divergence in observed effectivity estimations of rewetting measures indicates that a better process
understanding is needed to assess the effectiveness of different water managementstrategies to reduce greenhousegas (GHG)
emissions for various peat types, landscape settings and climate conditions.
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Models are important tools to assess nationwide GHG emissions from peat areas (IPCC, 2014). The most elemental GHG-
modelis based onland use and climate specific emission factors to calculate nation-wide GHG-emissions, like the tier 1 IPCC
approach (IPCC, 2014). Within more complex methods, emission factors are related to long term average groundwater levels
(tier 2) (Bechtold etal.,2014; Aretsetal., 2020; Tiemeyeretal.,2020) or are derived from elaborate approaches that involve
comprehensive understanding and validated representations of carbon dynamics using field measurements and modelling (tier
3) (IPCC, 2014). The latterapproach is not yet used on country-scale (e.g. Aretsetal., 2020; Tiemeyeretal.,2020) and most
recent studies advocate to use “water table depth--peatdecomposition” relationships for nationwide GHG emissions. However,
studies thathave assessed suchrelationships did not involvesites with SDSl-groundwatertable-manipulationtn-thisstudy-we

table manipulation,

In this study, we aim to improve understanding of peatland water management effects on peat decomposition by: (1)

determining if peat decomposition estimates can be improved with process-based modelling compared to groundwater table
based relations, (2) quantifying the effectiveness of SSI in various conditions and (3) resolvingwhich importantphysical soil

processesare introduced by SSI, and how theseimpact theeffectivity of the measure. To achieve this, we integrate literature

relationships betweenaerobic peat respiration rateand soil moisture/temperature with high quality field measurements intoa

process-based advanced groundwater flow, soilmoistureand soil temperature model. By introducing this novel methodology

in which soil temperature and moisture are central, we were able to assess the year-round effects of SSI and ditch water level
elevationon aerobic peat respiration. Hereby we included five seepage scenarios to represent spatial site variations, and two

meteorological scenarios that represent temporal variation. To support/examine model outcomes, we compared our model

estimations with detailed measurements for almost 2 years of in-situ CO, fluxes, soil temperature, soil moisture and ground

watertable height for two pilot sites in the Netherlands, each site includinga meadow with and withoutSSI.

2 Methodology
Here we present the measurementsetup belongingto thefirst year of measurements of a national monitoring effort to quantify

the effects of SBSISSI systems on groundwater level, soil temperature, WFPS and carbon emissions of peat meadows used
for dairy farming. A cross-sectional 2D hydrological model and the concept of “potential microbial respiration rate” are
introduced to simulate the field sites and explore the expected effectivity of SDSISSI and raising surface water level under
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different meteorology, and regional hydrological seepage settings. This model setup was validated on the availble

measurements (Fig. 1).
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Figure 1 - An overview of the research methodology.
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2.1 Fielddata
MeasurementsIn 2020 and 2021, measurements of groundwater level, soil temperature and WFPS were done attwo locations

consisting of managed mesa--mesotrophic/eutrophic fen peatlands in the Netherlands: Assendelft and Vlist (Fig. 2). Both
research locations are in agricultural use and consist of two parcels-that-are-monitored: one without (control) and one with
SDSISSI.

2.11 Sitedescriptions
2111  Assendelft

The researchsite in Assendelft (ASD), located in the province Noord-Holland, is a managed eutrophic peatland used for dairy
farming (Fig. 2a,b). The clayey degraded moor topsoil (0-30-cm0.3 m) covers a slightly clayey degraded moor horizon (30-
40-6m0.3-0.4 m). Mildly degraded reed/sedge peat is present underneath the degraded peat layers (40-200¢m0.4-2.0 m),
followed by marine clay deposits. Reduced hydrogensulfide in the reduced soil layers suggests that the peatland is exposed o
upward seepage whichis confirmed by groundwater observation wells thatconsist ofa higher hydraulic head in the deep (>10

m depth) subsurface as compared to the topsoil (< 1.5 m depth) hydraulic head. H-theeastern-meadow,no-SDS|system-is
present-In 2017, a pressurized SBSISS| system wasconstructed in the western meadow. Theseln the eastern meadow, no SSI

system is present. The SSI systems function the same as SBSISS| discussed earlier, but include a pressure container that is

used to manipulate the pressure in the drains independently from ditchwater levels. The drains are located 50-70¢m0.50.7 m
belowthe surfaceand spacedat a distance of4 m. Inthesummer of 2020, drain pressure varied between +50.05and -40-6m0.4
m from the surface with a meanof -0.17 em.m. In the summer of 2021, the meandrain pressure was-0.36 m. Summer ditch
water levelsare kept at 40cm-from0.4 m below the surface. The two parcels that are monitored have a total width of 180m,
with trenches of 30-406m0.3-0.4 m deepspaced12 to 19 m.

Control

Assendelft

Control

© Google Earth, 2020
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Figure 2 — (a) Peat soils in the Netherlands (highlighted) with the research locations Assendelft and Vlist on national scale
(Basisregistratie Ondergrond, 2018; Esri Nederland, 2021), (b) the research locations seen from 500 m altitude with satellite imagery
(the borders of the measuring plots are recognizable by the fences) and (c) the automated transparent chamber systems in Assendelft.

2112  Vlist

The research location in Vlist (VLI), previceprovince Zuid-Holland, is a-cemparable-managed fen peatland used for dairy
farming (Fig. 2a, b). The clay topsoil (0-40¢m0.4 m) covers a degraded peat layer (40-0.4-0.55 cm)-Meso-m). Mesotrophic/-

eutrophic woody, sedge and reed peatis present underneath the degraded horizon (0.55-290cm)includingaclaylayerthatis
hickerwhenmovingtowardsriver\Vistinthe west (5-40-cm-thick-arounda-deptho Qo). .90m.Underneaththepeat,
a clay layer (1-2 m thick) was found. In 2011, SBSISSI systems were installed at the research location, with a depth of 70

em0.7 mand a drain spacing of 6 m. The SBSISSI systems are oriented perpendicular to and directly connected to the ditch.
Ditch summerwater levels are-aimed-tobewere at 50em0.5 m belowthesurface. Thewidth ofthe parcel isaround 35 m with
a trench of 20-30.¢m0.2-0.3 m deepin the middle.

2.12  Groundwater observation wells

To assess the effectof SDSISS| on thegroundwater table observationwells were used. The spacing between the groundwater
wells and the ditchwas 60 m and 12 m for Assendelft and Vlist respectively. The depth of the groundwater observation well
filters was 0.3-1.3 m belowsurface and the wells were funded in deeper soil layers (> 3 m)to prevent influences of vertical
soilmovementon the measurements. Bottom well pressure was measured and automatically corrected for atmospheric pressure
with Ellitrack-D logging equipment (Leiderdorp Instruments, the Netherlands).
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213 Temperature & WFPS

The effect of SDSISSI onsoil temperature (0.1--1.2 m depth) and WFPS was measured with two Sentek Drill & Drop (Sentek
Sensor Technologies, Australia) probesata depthinterval of 0.1 mup to 1.2 m below surface on each meadow.

Atthe SDSISSI plots, WFPS wasmeasured from the drains athalf and a quarter of thedistance between the drains. Raw sensor
measurements (scaled frequency) were corrected for soil temperature and converted to soil moisture percentages with a linear
calibration curve that was derived fora similar peatlandin the Netherlands. The curve hada slope 0f0.74 and an intercept of
-0.02. WFPS was calculated as the soil moisture relative to maximum soil moisture at that particular depth. Uncertainty in
WFPS estimations was likely to be high as the calibration curve was notderived for the specific field locations.

2.14  CO;fluxes, harvesting and carbon budget

Automated transparent chamber systems were deployed on the research sites (Fig. 2c) to measure the ecosystem CO fluxes
that were used to determine nocturnal ecosystem respiration (Recw) and net ecosystem exchange (NEE). Each system consisted
of fourchambersthat hada heightof 0.5 m anda diameter of 0.4 m. Every 15 minutes, one measuring cycle was executed in
which every chamber was closed by a lid independently for 3 minutes. Air from the closed chamber was drawn into the LI-
850 CO: gas analyzeranalyser (LI-COR, USA), which determined CO,and H2O concentrations with a measuring interval of
2 seconds. By fittinga robust linear model to the first 60 seconds after lid closing, the CO; flux during chamber closurewas
calculated. Fluxes were converted from volume toweight by using chamber temperature, gas-cell pressure and chamber height.
Measurements were corrected for water vapor and chamber cycles were checked for air leakingand fan malfunctioning using
R? values of the fitting process. Chamber systems were relocated every two weeks to minimize the effect of the chamber

‘micro-climate’ on the vegetation and soil. Fo-assess-Recor.Rocturnal-chamberHlux-measurements-were-selected--by-using
ate-Neartheendof 2020and 2021 (during

low carbon fluxes) the systems were calibrated.

Crop (Lolium perenne) harvesting was done five times throughout the growing season, simulating the farmer’s harvesting
practice. Samples inside and around the chambers were taken in guadruploguadruple. The dry weight and carbon content of
each sample were determined in the lab. Subsequently, carbon yield per area was calculated. The carbon yield per area (C-
export)was corrected for the difference between inside and outside chamber crop growth foreach measuring plotdue to the
‘micro-climate’ effect of the chambers (supplementary information, S3). Standard deviations for each harvestingevent were

basedon thedifferences betweenthe samples within thesame sample group w
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The net ecosystem carbon balance (NECB) of the research sites was calculated by summing NEE and C-export determined

within the measuring period, similar to theapproach presentedby Gorresetal., (2014), Tiemeyeretal., (2016) or Elsgaard et

al., (2012). In contrastto mostother research in which chambers where NEE is determined by using (bi)weekly measurement

intervals, we used continuous chamber measurements as in Heinemeyeretal., (2013). NEE was calculated by summing daily

chambper, Missing values were filled by usingthe Lloyd-Taylor function (Lloydand Taylor, 1994) for Reco, anda rectanaular

hyperbolic light response curve for gross primary production (GPP) (e.qg. in Veenendaal et al., 2007). Daily derived parameters
of these functions were linearly interpolated when gaps occur. In the case of harvest, parameters of the light response curve

were setto a minimum.. The SD of the gap filled data were determined on a daily base, by creating artificial gapsof 1, 5 and
15days. Alinearrelation was found between SD and gap size, so that forany gap size the SD could be calculated. The total

amount of gap-filled chamber data was 14% for the whole dataset. The total standard deviation of yearly NEE and C-export

We assumed that the carbon storage
differences between the end and beginning of the measuring year, for crop, roots and soil were small compared to the

uncertainty in NEE and harvests.
The effectivity of SSI

Theeffectivity of SDSI was determined by comparing NERannual NECB of the control site with the SDSISSI site for each
location. The effectivity was expressed as an absolute number and percentage of the reduction in the NERNECB. For 2020
the NECB was determined from the first of April 2020 until March31 2021. In 2021, theannual NECB was determined from
the first of January untilthe 31% of December2021.

The chamber ‘micro-climate’ effect implies that radiation, temperature, wind, precipitation and moisture dynamics are
influenced by the chambers, and is not completely resolved by moving the chambers every two weeks. The ‘micro-climate’

affects the vegetation dynamics (e.g. Heinemeyer et al., 2013) and might affect soil conditions which in turn affect NECB
9
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estimations. This creates uncertainties within our measurements, which are hard to quantify. But still the uncertainties

introduced by continuous measurements are likely much lower than the uncertainty caused by gap filling a large fraction of

the data as is done with non-continuous measurements (Huth et al., 2017). The impact ofthe ‘micro-climate” will affect most

probablythe magnitudeofthe NECB, and in a lesser extent the treatment effect, since the ‘micro-climate” is the same in every

chamber.

2.2 Model setup

We simulated a typical dairy farming grassland on sedge peat for the Netherlands exposed to various natural and artificial
(boundary) conditions: soil saturated hydraulic conductivity, the presence of up- or downward flow, meteorology, ditch water
level and the application of SBSISSI systems. The model runs differed in their ditch water level, seepage flux, hydrologlcal
conductivity, weatheryearssimulation year and application of
keptcoonstantforallmodelrunsSSI. The goal of thismodel was notto exactly reproduce the observationssites, but to capture
the main effects of surface water level and SBSISSI on soil temperature-and, soil moisture and the NECB. When these

dynamics are adequately described the model can be used to cautiously explore the effects of SDSISSI and water level
management on yearly average peat respiration rates.

2.21  Hydrological model

We used the hydrological 2D finite element method model HYDRUS (3.02) (Simunek, J., Sejna, M., & Van Genuchten, 2014).
The HYDRUS software is proventoreliably simulate the hydrology in the unsaturated zone and the soil temperature dynamics,
which are key features in this research, using the Richard’s equation and conduction and convection equations.

The model domain was designedto represent a typical cross section of a managed peatland in the Netherlands (Fig. 3). In the
Netherlands, parcel widths from ditchto ditch vary between25-100 m. In this research a parcel was used with a standard width
of 35 m. We used a soildepthof 3 m and a shallow surface drainage trench in the middle of the parcel with a depth and width
of 0.3 m and 0.9 m respectively. The infiltration/drainage ditch was 1.5 m deep and had a width of 1.5 m. Additionally, for
SDSISSI model runs drains were introduced in the domain at a typical depth and distance interval of 0.7 m and 55 m
respectively. The drains had a diameter of 0.07 m and were surrounded by 5-cm-cearse-sand.0.05 m coarse sand (instead of
plastic or coconut fibre that is typically used in the field). For computation purposes only half of the cross-section has been

modelled asit has been assumed that no groundwater would flow acrossthe middle of the parcel.

Element size was smallerat thetop of themodel (0.05m) and increased stepwise to 0.3 m at 0.8 m depth. The totalamount of
nodes and 2D-elements was around 10000 and 20000 respectively. Nodes neighberingneighbouring boundary mesh points
were refined if the distance ratio was too high (F=1.3).

Soil properties were setup with the single porosity vanVVan Genuchten-Mualem hydraulic model (van Genuchten, 1980). Since
peatsoils vary widely in hydraulic properties, we chose to represent sedge peatsoil characteristics with optimized parameters
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from large dataset analyses (Liu et al.,2016; Heinenetal., 2018). The modelled soil consisted of a clayey peattopsoil (Heinen
et al., 2018), a decomposed peat layer of 40-cm0.4 m and a sedge peat layer (Liu et al., 2016). Further details and Van
Genuchten--Mualem parameter values are presented in Table 1. Data availability was insufficient to incorporate the duak
porosity, heterogeneous and anisotropic nature of the peat soils

Table 1 - Mualem - Van Genuchten parameters and saturated hydraullic conductivity for each soil layer

Soil type depth or 05 a[1/m] aN Ks[md?' =t
[emm]

Clayey peat? 0280.2 O 0.765 2.05 1.151 0.1314 0

Decomposed peat?! 20- 0 0.77 1.4 1.16 0.0552 0.5
600.2
0.6

Sedge peat?! | >60 0 0.88 2.9 1.21 0.468 0.5

1.Liuetal., (2016), 2. Heinenet al., (2018)

etal. (2013)andwere dependenton solid and water content. The model is presentedin eq. 1, in which o and 6 represent solid
and water content respectively. Default heat capacity values were used for water, organic matter and clastic material.

A= 0225 0+0.025+ 0.89 - Ayye -0 @)

Meteorological input data was acquired from the weather station Schiphol of the Royal Dutch Weather Agency (KNM, 2020).
Runoffwas calculated usinga 1D-HYDRUS model with a bottom pressure head boundary equal to ditchwater levels plus 0.1
m to accountfortheforming of a concave phreatic surface. The water thatwas available for infiltrationwas reduced for time-
steps duringwhich the model runs did not converge. Formodel runs including submerged drain systems, the water thatwas
available forinfiltrationwas equal to precipitation. Throughouttheyear, 90%of potential Makkink evaporation was assumed
to be represented by transpiration, and 10% by soil evaporation (Allen, R. G. et al., 1998). On top of the soil profile, we used
measuredaverage soil temperatures at 5-cm0.05 m depth from Marknesse, Flevoland, the Netherlands (KNMI, 2020). Daily
average river water (Hagestein, the Netherlands) temperatures (50-cm0.5 m depth) were assigned to ditch and drain water

(Rijkswaterstaat, 2020). A constant temperature of 11 °C was assumed atthe bottom boundaryat 3 m depth.

Root water uptake was described using the Feddes (1978) model with parameters for grass. Crop growthand crop solute stress
were not included. Rooting depth was set at 0.3 m, with maximum rooting intensity at 0.1 m (root distribution parameter P,
wassetat3).
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Initial pressure head conditions were setat-0.2 m from the surface and temperature initial conditions were set at 11°C. We did
not use a warming-up period for the model, as we expected near surface water tablesand consequentially low potential

microbial respiration rate during winter.

2.22  Peatdecomposition model: potential respiration rate

To estimate potential microbial respirationrate of aerobic microbial communities in the unsaturated zone (further in this paper
referred to as potential respiration rate), we introduce temperature-activity (A, (n, t) [relative respiration rate during one day])
and WFPS-activity (4, zps (n, t) [relative respiration rate during oneday]) curves for potential respirationrate. These activity
curves quantify the potential respiration rate at each temperature and WFPS relative to a reference value of temperature and
WEFPS.

Soil temperature is assumedto influence potential respiration rate according to the square root equation, as described in Eq. 2.
with-fitted Ti-and-a-0f-10°C and 0.05respectively(Ratkowsky et al-1983: LloydJ Taylor 19094: B3ath 20418).with fitted
Tnin_and a of -10 °C and 0.05°C"* respectively (Ratkowsky et al., 1983; Lloyd and Taylor, 1994; Baath, 2018). WFPS
additionally determines potential respiration rate. The optimum curve for WFPS was selected during the optimization of our

estimationof potential respiration rateas explained in the next section. The number of total days with reference conditions for
aerobic activity peryearwere calculated following Eq. 3and 4.

Ar(n,t) =[a (T(nt) — Tpn)]? @)

A,(m) = 2?251 Ar(mt) - Aypps(n, t) 3)

ynodesay (s

Ay — NRedes 4 (N CrnY /] Ap =
T =T EANAZ ALy 4 L —_—

@

Foreach soilnode (n), potential microbial respiration rate (Au(n) [day]) was calculated (Fig. 3). By multiplying each node with
its surfacearea (S [m’]) and dividing by thedomain length (L [m]) a field average potential respiration rate per area (Ap [day
m yri])is obtained. This number canbe interpreted as the field average potential respiration rate eguaktothatper square meter
of surface. And Ap of 100 d m y;! m*overadepthcorresponds to the potential respiration rate of 1 sm? of peat exposed for

100 daysto the optimal WFPS and 20 °CforAp-daysin-a-year.
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5 10 15
To clarify, the average potential respiration rate is the fraction of the maximum amount of microbial mineralization rate from

a particular volume of peat. When studying the effect of water management measures on peat decomposition ata particular

location we assume that the properties of the soil profile (including quality of the organic matter) remain similar. When

discussing recently drained or bog (oligotrophic) peatlands (that were not included within our study), this maximum

mineralizationrate mightdiffer substantially.

5 10 15
Figure 3— Model domain with estimated potential respiration rate [dyr-] for a model run.

2.23  WEFPSpotential respiration rate curve and model sensitivity

As limited scientific researchis available on the relation between potential respiration rate and WFPS, we decided to test the
performance of several WFPS-activity curveshapes (Fig. 4) in an ensemble analysis. \We-calculated potentialrespirationrate

Ay wasloosely basedontheshapeThe tested set of WFPS optimum curves (Fig. 4) was loosely based on the data found by

(Saurichetal.,2019), The ensemble was developped to test the effect of different curve characteristics on the model output,

13
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such as shape, optimum WFPS value or range, curve width, starting values at WFPS 1 and theslope of the curve near saturated
conditions WFPS0.9-1,,

We calculated potential respiration rate for the parcels in Assendelft and Vlist duringthe measuring period with all different

WEPS relations, keeping the temperature relation with potential respiration fixed. The Reco that was measured in the field
duringnight time, partly consists of peat respiration driven by WFPS. Therefore, we assumed that the WFPS activity curves

that produced the daily potential respiration rates that correlated best with the Reco 0ver the complete measuring period (with
anaverage R*>0.60 overall study sites) mostaccurately described the relation between WFPS and potential respiration rate.
The effectivity (e.q. the reductionin yearly potential respirationrate) of SSI in Assendelftand Vlist was calculated with these

best-performing WEPS curves to determine the uncertainty in effectivity estimation that was introduced by the selection ofa
WEPS curve. To avoid selectinga WFPS curve that produced extremely high or low effectivities, we selected a WFPS curve

that approachedthe mean effectivity of the best-performing WFPS curves. Furthermore, the sensitivity of the soil temperature-

potential respiration rate slope was also determined by manipulatingsoil temparatures with -1.5 and +1.5°C. This sensitivity

analysis was meant toassess uncertainty and increase reliability of our process-based method to estimate potential respiration

The comparison of R With potential respiration rate of the peat subsurface may seem peculiar as the measured Rec includes
besides peat respiration also plant respiration, respiration of fresh and easily degradable organic matter and anaerobic
respiration. Here, we assume that plant respiration is mostly related to biomass, and largely independent of WFPS, while
respiration of fresh and easiliy degradable organic matter does depend on WEPS but follows a similar WFPS-dependency as
peatrespiration. Thus, while potential peat respiration and Reco are differentquantities and have different absolute values, by
selecting the WPFS curves that yield potential peat respiration rates that describe most of the variability in observed Reo

(highest R?) we assume to find the WFPS-curve that represents dynamics in respiraton the finest.
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Figure 4 —The ensemble of WFPS optimum curves that was tested during model optimization.
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224  Model variationsscenarios

We simulated the field sites in Assendelft and Vlist with corresponding surface water levels and seepage fluxes with and
without SDSHorthe measurementyrear2020.SSI for the measurement years 2020and2021. The pressure in the SSI systems

wassetequalto ditch water level; there were no runs thatspecifically represented pressurized SSI. We made the assumption
that pressurized SSI was represented by runs consisting of SSI with higher ditch water levels as compared to the control

situation. Furthermore, the model properties (soil profile, conductivity, width) were not specifically altered for the simulation
of the four parcels, instead, simulations were selected that consisted of comparable ditch water levels, seepage settings and

conductivity values. This approach enabled us to test the assumption that we simulate a typical dairy farming grassland on
sedge peatforthe Netherlands (Sect. 2.2), To assess the performance of our model, we compared monthly means of simulated

groundwater level, soil temperature and WFPS with the measured monthly means of these variables. Additionally, we related
ourmeasured estimations of NERNECB with simulated potential respiration rate to beable to compare our resultswith recent

literature.
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d* upward), during both a climatically wet and a dry year (2012, 2018). The years 2012 and 2018 had a total precipitation
balance deficit of 14 (2012) and 296 mm (2018) from April to September, with 2018 belonging to the 5% most severely dry
years since 1910 (KNMI, 2021). Ditch water levels in winter were varied from -0.3 m to -0.7 m, with 0.1m increased water
levels duringthe growing season from May 1% until October 1% as is common practice in the Netherlands. Allmodel variations
were run with a hydraulic conductivity of the intact peat layer of 0.47,0.23 and 0.12 m d* (Liu et al., 2016).

3 Results

In this section, field measurements and model output are presented successively perthemeand data are depicted in Fig. 5.
Generally, the year 2020 was characterized by a severely dry springand summer with a total precipitation deficit of 209 mm.
The year 2021 was a normal year with a considerably wet summer and a total precipitation deficit of 70 mm thatis in
accordance with the median yearly precipitation deficit in the Netherlands (KNMI, 2022). Model water balance errors were
sufficiently low (<1% of precipitation) overthe complete vear forallthe model simulations,

3.1  Groundwater level
Seasonal trends are clearly distinguishable in monthly averages of groundwater levels that were measured in the field (Fig
5a), with higher andlowerlevels for SBSISS| research plotscompared to control plots in summer-and-. For Vlist, SSI systems

were clearly draining the soil during autumnhwinterrespectively—SDSI-establisheswintertime in 2020. Generally, SSI
established a more equal water table depth throughout the year as intended. The pressurized SDSISSI systems in Assendelft

maintained remarkably high groundwater levels during the summer of 2020 (ca. -0.2 m), as opposed to Vlist where the
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difference between SDSLSS| and control groundwater level seem confined to ca—0-1m--Due-to-the greaterspacing-between
ditch-and-obsenvationwell0.1-0.2 m during the summer. During the summer of 2021, groundwater levels in the SSI parcelin

Assendelft we-foundwere lower waterlevelsforthe-controlplot(~0.2 m) as compared to Mist—even-though-2020 due to
different farmer management choices. Due to the upward Hewseepage that was present in Assendelfithe control plot of

Assendelft we found slightly higher groundwater levelsas compared to the control plot of Vlist.

The model captured the monthly dynamics of groundwater level reasenably-well-Only: for the lowercontrol plots. The model

simulated more seasonally stable groundwater levels as compared to the measured groundwater levels in Vlist tend-to-which
suggests thathydrologic drainage and soil resistance could be underestimated by-10-cm-(Fig. 5b). Furthermore, we found that

model runsunderestimatesimulations underestimated the short-term variability during the severely dry summer of 2020 that
iswas observedatthe field sites (supplementary information, S1).). which was notthe casefor the summer of 2021.
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Figure 5 — Monthly averages of measured (a) groundwater level, (c) soil temperature and () WFPS that are compared with monthly
modelled averagesof (b) groundwater level, (d) temperature and (f) WFPS. Values for temperature and WFPS were averaged over
adepth of 0.54 m. The legend in (a) applies for all panels.

3.2  Temperature

1n-the field -maximalThe monthly difference in average measured soil temperatures ef-nearly-20°C-in the top 0.54 m of the
soil profile were-measured-in-Augustfor\Vist(Fig-5e)=The-monthly difference-between Assendelft and Vlist control was
smallwith a maximum of 1.5°C duringthese maximum soil temperatures (Fig. 5¢). 0°C-From-Juneto-Augustthe topsoilis
slowlyTopsoil warmingeventhough-averageairtemperature was-higher in Junethe spring of 2021 seems to happen ata faster
rate than the cooling in July--SBSlautumn. SSI tends to cause higher menthlymean soil temperature levels (0.4043°C) in the
top 0.54 m of the soil profile in Assendelft in the-summerboth summers. Over the complete measuring period, this heating
effect was 0.2026°C. In Vlist, SDSISSI tends to cause higher temperatures in this soil zone in-all-monthsexceptfor
Augustespecially in the autumn and winter, with a summermaximum-o0£0.25°C forJune andan-autumn/wintermaximum of
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0.6275°C in DecemberJanuary 2021. The average heating effect of SDSISSI on topsoil temperatures in Vlist is 0.0708°Cin
summerand 0.2123°C duringsummerand-during the measured-months-in-2020respectivelycomplete measuring period.

Modelled and measured monthly topsoil temperature dynamics match well, but modelled temperatures were on average

1.450.6°C higher thanmeasured temperatures (Fig. 5d). The measured soil surface temperature data we present here was not
yet available at the time of modelling. Hence we used a surface soil temperature dataset of a different location as top
temperature boundary conditionwhich in hindsight had slightly too high temperatures explaining the model overestimation of
the soil temperature. The simulated effect of SDSISSI on topsoil temperatures during summer was 0.7237°C for Assendelft
and 0.3727°C for Vlist. Over the complete simulation yearperiod, the SDSISSI heating effect was 0.4217°Cand 0.2611°C for
Assendelft and Vlist respectively.

33 WFPS

The minimum monthly average WFPS in the top 0.54 m of the soil profile (Fig. 5e) was measured at the control site in
Assendelft (0.7675) during August 2020. WFPS tends to be higher during the dry summer of 2020 when SBSkis-applied;
especiallywith the pressurized SDSksystemsSSI is applied in Assendelft. Here;In the highestspringand summer of 2021 we
find lower WFPS values are-measured-for the SSI parcels, especially in Assendelft where thedifference betweenthe SSI and
control parcelexceeds 5% in June. Modelled WFPS agrees reasonably well with measured WFPS but overestimates (>10%)
soil moisture forthe control plot in Assendelft in September and underestimates (=10%)moisture values for the control plot

in Vlist during summer drought £=10%)(Fig. 5f). The result of underestimated drainage and/or soil resistance in the SSI parcel
in Vlist wasalso reflected in the difference between observed and simulated WFPS va lues for Vlist (~5% difference in the top

0.4 m of the soil profile). but this was notthe case for Assendelft.

34  ApproachingSimulating peatdecomposition
3.41 Measured Recoand estimatedmodelled estimation of potential respiration rate

Nocturnal Reco measurements clearly show seasonal trends with high CO; emissions in summerand low emissions in winter
(Fig. 6a). Maximum Reco values were measured in August 2020 on the control parcelin Assendelft, approximating 70 g CQ
m-2d. Inspringand summer, Reco values measured on the control parcel were structurally higher than onthe SDSISSI parcel
on both research locations (Fig. 6b). In the autumn_of 2021, measured Reco Was slightly higher in the SDSISSI parcek as
comparedto the control parcel in Assendelft. During the winter of 2020-2021 Rec onthe control parcel washigher than on the
SSI parcelin Vlist.

We compared the timeseries of measured nocturnal Reco with the estimated daily potential respiration rate calculated applying
all the WFPS-activity curves in-(Fig. 6-Basedonconelationbetweenthe calculateds, supplementary information, S2.1). We
foundthat eight WFPS-curvesproduced daily potential respiration rate andthenoscturnalCO.fluxes,dynamicsthat correlated

reasonably well with Rec, (mean R? > 0.60 over all sites). Within our sensitivity analysis (supplementary information, S2.2)
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we found that\WERS-activity cunvesthat include zero-activitythe selection process of a WFPS relation introduced a maximum
standard deviation of 0.08 on simulated effectivities of SSI for a\WFRS-of 1 —a-general-decrease-in-activity-betweenour

measuring locations. Also, a curve maximum that is defined at a WFPS of-0-65-andcloser to 1 {generally leads to a lower

prediction of SSI effectivity as compared to curves 8-12;15-and-16)-outperfornedwith their maximum at a lower WFPS-

above 0.7 WERS (cunves 1-4) We- Furthermore, we foundthatrelation 16 approached the mean effectivity estimation for our

measuring locations and selected this relation-16-(Fig—4-supplementaryinformation-S2) for the analysis of our modelling
output. The shape of this curve ismatchessaost closely data presented in S&urich etal. (2019), who found optimal moisture

conditions around a value of 0.65 WFPS. The curve is represented by a P distribution scaled to a maximum value of 1 with

parameters o and p of 2.59 and 1.84 (resp.).
Pearson-correlations6£0-73.0-47.0.61-and 0-56-(resp)Based on correlation between the calculated potential respiration rate
and measuredthe nocturnal Recs-with-CO, fluxes, we found that WFPS-activity curves that include zeroactivity fora meanof
0-59-WFPS of 1 andinclude a general decrease in activity between WFPS of 0.65and 1 (curves1,2.6.7,8,12,15,16and 17)
outperformed WFPS-activity curves that have an insensitive region between WFPS of 0.9-1 (curves9-11 and 14). Note that
both the observed and simulated WFPS did rarely drop below 6550% for all 4 plots. Hence, effectively only the range of

0.8550-1 WFPS of the relationships in Fig. 5 are compared. The effect of changing the slope of the temperature curve on

simulated effectivity was marginal (supplementary information, S2.2).
TFhe-Forthe researchsites without and with SSI in Assendelftand Vlist we found Pearson correlations of 0.70, 0.55,0.70 and

0.66 (resp.) between potential respiration rate (using curve 16) and measured nocturnal Reco.. Both short term and seasonal
trends in measured Reco are presentrepresented in the modelled respirationrate-as-well{(Fig—6)—Modeldata-suggeststhat

temperature-conditions—are-limitingpotential respiration rate in—spring—-and WEPRS conditionslimitrespirationratein
autumn.(Fig. 6). Short term Reco variations are hardly present within estimations for potential respiration rate in the-dry

circumstances (in control fields; in the summer 0f 2020), but are more evident in-simulationswith SDSEduring normal to wet
conditions (Fig. 6). This is because the unsaturated zone in-the SDSI-fields-areduring normal to wet conditions is relatively
close to saturation—Fhe which results in a steep slope of the WFPS resplratlon ra&eeuweas-steeper-fer-we&ter-mumstan@%
ecurve, as opposed to
drier unsaturated zone conditions where the WFPS respiration curve is close to the optimum. Additionally, we find that the
. . . : inalpkis af
the end of the summers occur ~1 week earlierthanthe drop in potential respirationrate. This could be a consequence of the

decreases in Reco in the control £

modelinfiltration capacity that was limited during the precipitation events at the end of both summers. As mentioned before,
we have not subdivided Reco into peat, other soil organic matter pools, and plant respiration. As respirations of short term
organic carbon in the soil (and to a fewer extent plant respiration) is responsible for the bulk of respiration, Reco differences
between the control and SBSISSI field are less evident in field measurements of Req, than medelsimulated peat respiration
estimationsrates.
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Figure 6 - {a)—Measured nocturnal Reco and medeHedsimulated respiration rate with—the—centribution—fWHRS—and
termperature(secondary axis) over time for the-ecortrol-site—in-Assendelft—b)-Measured—Reco-and-modeled—respiration—+rate—in(a)
Assendelft fer-beth-the—control, (b) Assendelft pressurized SSI, (c) Vlist control and SBS—pareel—ine—colors-correspond—with
application-ofSBSH(d) Vlist SSI. .

342 NEBNECB andwater managementstrategy effectivity

On both research locations SBSISS| decreased C-export and NEE, leading to reductions in NERNECB (Table 4). We found
the highest (3.1747 + 0.2339 kg CO; m2 yr™) and lowest (2.4249 + 0.2835 kg CO, m2 yr?) C-export in the year 2020 for
Assendelft control and Assendelft SDSESSI respectively. The control plot in Vlist {2.19+0.27 kg CO,-myr*)}emitted a
higher amount of CO, eraissions-than the control plot in Assendelft {1.53+0.25kg-CO,-m~*y*}in both measuring years,
which is likely due to upward seepage that causes higher groundwater levels in Assendelft and absent in Vlist. Our
measurements show that the application of SDSLSSI systems reduced CO; emissions for the dry year 2020 with 1.2758 +
0.3956kgCO, m2yr (83 +25%) in Assendelft (pressurized SDSISSI) and with 0.7866 +0.3762 kg CO, m2yr (28+ 15%)
in Vlist. 1n 2021, SSI systems reduced CO, with 0.11 +0.58 kg CO, m2yr? (35:17%}in\istYield11+ 29 %) in Assendelft
and with 0.10 + 0.69 kg CO, m2yr?* (6 + 23%) in Vlist. Note that high standard deviations indicate that no significant
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reductions in 2021 were observed. C-export and NEE statistics can be found in supplementary information S3. Model

calculations of simulated potential respiration rate (PRR) and effectivity of water management strategies agree with the
measured NERNECB and effectivity for both research locations and measuring years (Table 4). Note that if we would account
for the complete parcel by looking at our model results from ditch to ditch (instead of using the results at the location
representative for themeasurement location in the middle of the parcel), the modelled effectivity would-be84in 2020 reduces
10 76% and2023% for Assendelft and Vlist respectively-in 2020. In 2021, potential respirationrate reductions in the middle

of the parcel were lowand remain lowwhen considering the complete parcel.

We cautiously determined a relation (R? =0.8192) between measured NERNECB and modelled potential respiration rate (Fig.
Z7a, Eq. 5) to be able to interpret and compare our model results with literature. To-improve\When we plot the reliabiliyof
his-fittedrelation-additional-data-from-other locations-and-measuringrears- when they become-available-measured NECB

againstmean measured summer groundwater table depth (Fig. 7b) orannual groundwater table depth (Fig. 7¢) we find weaker

relations (R?=0.83,0.73 respectively).
NEBNECB = 0.0330323 (0.00) * PRR =+ 013-269 (0.15) (Eq.5)

Table 4 — Measured carbon balance in the growing season with corresponding effectivity of water management strategies and
modelled potential respiration rate atthe—lecation—+epresentative—for theeach measurement location with estimatedsimulated
effectivity of water management strategies.

ASD P R—
control Vickeontrol varsest | 2021 { Formatted: Left
2020, Inserted Cells
Assendelft Vlist Assendelft Vlist Inserted Cells
Control Ssi Control SSi Control Ssi Control Inserted Cells
NEE [kg CO; m?yr] -1.6456 -2.4716 -0.5459 -1.4523
- - ~ ;1.12(0.26) | ;1.71(0.09) :1.77(0.12) == 5o (G Inserted Cells
(0.2612) (0.6912) (0.2624) (0.10), .. { Formatted: Font: Not Italic
C-export [kg CO; m?yr?] 2.4249 2.5780 Inserted Cell
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(0.2835) (0.2335) % | Inserted Cells
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Figure 7 — The relatienrelations between measured NERNECB [kg CO, m?yr?] and (a) potential microbial respiration rate (PRR_[d
myr?]), (b) mean summer water level (WTDs [m below surface]) and (c) mean annual water level (WTDa [m below surface]).
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550 3.5 Modelexploration
Here we present the results of our model expolorationexploration study {as depicted in Fig. 8)-
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555 3.51 Effectsofmeteorology and regional hydrology

Me foundlower notential respirationrate during-wet viears andin-si lons-with-upward flow acro he bottom de

boundary (Fig-8a)-EstimatedSimulated potential respiration rate ranged between 34 and 8185d m yr (0.01 —2.67 kg CO,
m-2yr?) forallscenarios (Fig. 8a, supplementary information S5). The highestamount of potential respiration rate was found

560 forthe dry modelscenario with 1 mmd of downward seepage, a ditch summer water level of -60-¢m0.6 m andno SDSISSI.
The lowest amount of estimated potential respiration rate was found for a wet model scenario with 1 mm d* of upward seepage,

| a ditch summer water level of -20cm-and SDS10.2 m without SSI. Generally, a dry year caused the WFPS to drop atincreased
depths (0.8 m) as compared to a wet year (0.4 m), possibly affecting the pristine peat layer at greater depth (supplementary

| information, S4). In both wet and dry years the topsoil (20-cm0.2 m) ismost proneto a high potential respiration rate.

565 Changes in hydraulic conductivity of the intact sedge peat layer did not result in changes in potential respiration rate for

| SDSISSI model runs, and remained mostly confined to 10 d m yr?* for model runs without SDSISSI (supplementary
information, S5).

352 Effectsofwater managementstrategies

570 We determinedthe effects of water management strategies by comparing yearly potential respirationrate of model runs. The
effect of ditch water level was calculated by comparing the results of each model run with the results of base scenario with a
| summer ditch water level of 50em0.5 m below surface (Fig. 8b). The effect of SDSISS| was calculated by comparing SBSISSI
modelruns with controlmodel runs (Fig. 8b).
We find that elevating ditch water level consistently decreases potential respirationrateup to2819d m yr* (0.56 kg CO; m?
575 yr?) (Fig. 8b, supplementary information S5). Depending on the hydrological seepage setting, SDSSSI could increase and
decrease potential respiration rate with +7971% (12 m d yr?, 0.34 kg CO. m2 yr') and -34%-(2436% (26 m d yr?, 078 kg
CO, m2yrtywith a standard ditch water level of -50em0.5 m below surface in summer. The application of SDSESSI is most
effective duringa dry yearand with downward hydrological seepage fluxes (Fig. 8b). In wet years SBSISSI ismore likely to
drain poresto field capacity, leadingto a decrease in WFPS and increases in potential respiration rate as compared to control
580 model runs. SBSISSI also increases potential respiration rate when upward hydrological flow is present across the bottom
boundary. SBSISSI tends to have more positive effects on respirationratewhen combined with high ditch water levels: upto
-58%3075% (40 m d yr?,0-81.3 kg CO, m2yr?) decrease in potential respiration rate (without including the decreases
caused by ditch water levelincrement). This increase is due to the SDSISSI draining of the unsaturated zone in wet periods:
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the draining becomes less important when the depth of the unsaturated zone is minimized. We find that during dry years
SDSISSI enhances water and heattransport to the topsoil resulting in stable zones with high potential respiration rate close to
the surface, although SDSL-SSI_mostly tends to decrease the extent/depth of potential respiration rate in these years

(supplementary information, S4).
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Figure 8 — (a) Dot graph of calculated potential respiration rate over the complete width of the model domain. Model runs are

distinguished by (1) application of SBSISSI, (2) ditch water level from surface, (3) hydrological regime (1 mm d-1 upward to
downward flow across the bottom boundary) and (4) meteorology (2018 for dry, 2012 for wet). (b) Effects of SBSISSI (above) and

ditch water level (below) on respiration rate. Green dots represent a decrease in respiration rate. Effects of SBS1SSI were determined

by comparing similar model runs with and without SBSISSI. Effects of ditch water level were determined by comparing each

scenario in which the water levelis 0.5 m below surface with the other scenarios in the same category on the x-axis.
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of potential respiration rate over the complete parcel and-overcompared to the middle of the parcel {supplementanyinformation,
S5).reducedwith factor >1.5 fora dry year (supplementary information, S5), which indicates that SSI CO, emission-reductions
that were measuredata central position within a parcel can easily be overestimated.

Sharpestdeclines in potential respiration rate are accomplished when deeper ditch water levels (-60-cm0.6 m in summer) are
raised by 20cm0.2 m andwithwhen downward bettomfluxes (no-SDSk seepage is present (Fig. 9a). FheFurthermore, we find
that the potential respiration rate is more sensitive to changes in ditch water level for SSI scenarios as compared to control

scenarios (Fig. 9). This means that higher reductions in potential respiration rates are found with increasingditch water level
in combinationwith SSI thanwith control scenarios. Also, the spread of potential respiration rate within the different seepage
settings is diminished when SBSLSSI isapplied (Fig. 9b).
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Figure 9 —(a) The simulated effects of ditch water level on potential respiration rate for different seepage settings within a control
scenario and (b) these effects with SBSISSI in the dry year 2018. The colors of the lines represent the model seepage setting.

3.53  Water table depth and estimated respiration rate

A frequently used proxy to estimate peat decomposition is mean groundwater table depth. In this section we present our
findings on the relation between simulated mean groundwater table depth and the NERNECB thatwas estimated withby using
the modelled respiration rateand Eq. 5.

We compared the mean modelled groundwater level with our simulated NERNECB and found a strong correlation between
the two variables (Fig. 1010a, Table 5),in which summer (Eg-6,R*=0.92_May to AugustOctober) performed better (R*=
0.90) than annual (E¢-8,-R? = 0.8681) mean values. The slope and-intercept-of the linear regression models to estimate
NERNECB with WADsmean summer groundwater levels differed significantly (p < 0.05) for situations with and without
SDSISSI systems (Egs-8-&7p-<0.05)Fig. 10, Table 5). Thismeans thatsimilar water table depths lead to higher potential
respiration rate estimations when SBSISS| isapplied as compared to control scenarios (Fig. 10). Fe-approach-equalNERThe
absolute differences in NECB increase for SBSksites themeansummergroundwaterlevelneedstobe 10-15cmeloserto

facethanfornon-SD es\We see eardifferencebetween-sim ed NEP of wet and-dr.SDSImode

summer groundwater levels, which is due to SDSI-drainage-and-irrigation-dominancetopsoil moisturizing effect of SSI that

was described in Sect. 3.5.2. As a consequence, a difference0f0.82t C ha yrt is predicted between control and SSI scenarios
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fora severely dry yearwith a mean summerwater table of 0.4 m below surface. For wet model simulations (2012 and 2021)

the slope andintercept differences for control scenarios show marginal differences.

10

| — nospsi
—— with SDSI

Net Ecosystem Production [t C ha'yr'']
4

640 depth relations plotted in Figure 10 and 11. Standard errors include standard error estimates of Eqg. 5.

Model scenarios Mean water table period | Slope Intercept R? Eigure
(m below surface)

All control Summer 7.95(0.13) -0.07(0.17) 0.90 10a

All SSI Summer 8.23(0.17) | -0.06(0.17) 0.89 10a

Dry control Summer 7.19(0.17) -0.13(0.20) 0.93 10b

Dry SSI Summer 9.47(0.05) -0.22(0.15) 1.00 10b

All control Year 9.13(0.26) 0.00(0.20) 0.81 11
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Figure 10 —Mean modelled summer groundwater level and NERNECB for simulations with and without SBSiSSI, for (a) all
simulations and (b) simulations of 2018 and 2020 consisting of severe summer drought. Slope and intercept of plotted linear
regression models are shown in Table 5.

4 Discussion

41 Observedeffects of SBSISSI

Our measurements of water table depth show thatSDSLSSI maintained higher water tables duringthe summer drought, as was
foundby Kechavarsietal. (2007) and Querneretal. (2012). Theeffect was moreevidentfor the pressurized SDSISSI system
in Assendelftthanforthe passive SDSISSI in Vlist, where the pressure in the SDSISSI system followed the ditchwater level.
In Assendelftwe also found mere-than-15that WFEPS was 19%higher \WERS in the top 0.5m4 m of the SSI parcel during July

to September 2020 (Fig. 5e) compared to the control site. In springand summer of 2021 we found slightly lower WFPS values

forthe Assendelft SSI parcelas compared tothe control parcel, probably dueto drainage facilitated by SSI. Nevertheless, this

wasnot reflected in the groundwater table data. In Vlist the effects of SBSISSI on WFPS in the topsoil were not significantin
both 2020 and 2021. However, we should be careful when interpreting the absolute values for WFPS or comparing WFPS-
differences between Assendelft and Vlist due to high uncertainty in the relationship between sensor output signaland WFPS.
Our temperature measurements support the hypothesis that SBSLSSI causes increased topsoil temperatures (up to 054 m
depth). In the summer, this effect was stronger in Assendelft than in Vlist, which is likely due to the pressurized SBSISSI in
Assendelft. We hypothesize that the temperature increases were caused by the infiltration of warm ditch water and/or an
increase in soil thermal conductivity by wetting the topsoil.

We found lower nocturnal Reco during summersummertime forboth plots with SBSISS| application suggesting that SBSISSI
reduced peat respiration rate and/or crop predusctivityrespiration (Fig. 6b). This is in contradiction with the findings of
Parmentier et al. (2009) which did not shewfind a relation between groundwater table depth and Reco and Weideveld et al.
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(2021) who could not detect changes in Recowhen SDSISSI was applied. However, Parmentier et al. (2009) studied an

abandoned meadow on peaty clay lake sediment, where a high forb biomass may have obscured the soil respiration component.

Inthe autumnand/or winter, when the SDSISSI systems switched from net irrigation to drainage, we expected to find higher
Reco 0N the SDSISSI parcels. Measured Reco in Assendelftand Vlist supported this hypothesis, butinMistwe-did-notfind-this
effect(supplementaryinfomation S2).the effects remained relatively small.

Our measurements show that the application of SBSLSSI in 2020 reduced CO, emissions (NERNECB) by 83% + 25% for
Assendelft and 35%+1728%+ 15% for Vlist (Table 4). Fheln 2021, we found lowreductions of 11%+ 29% and 6% + 23%
for Assendelft and Vlist respectively. The high standard deviations indicate that no significant reduction was observed for

2021 at both locations. In both years, the pressurized SBSISSI of Assendelft thus-resulted in higher emission reductions. as
compared to the passive SSI in Vlist. Measurements of C-export show that crop productivity was 28% lower when SDSISSI
wasapplied-Forin Assendelft and\Mist thisdecreasewas249%and 6% respectivelyin 2020, suggesting thatthereis a relation
between a near-surface groundwater table depth-and crop production and/or between peat respiration rate and crop production.
Although-ourExcept for Assendelft in 2020, differences in C-export between controland SSI were smaller than the standard

deviation onthe C- exponforeach of the parcels Our results suggest vastbenefits of applying SDSIwe havetonote thatthe

ar 2020 and neglectable effects in 2021. These findings
suggest that SSI effectivity in reducing peatland CO, emissions is strongly related to the extent of summer drought.

4.2 Simulated versus observed dynamics and SDSISS| effects

Generally, our model simulated the measured water table depths satisfactory: (Fig. 5b). However, the simulated phreatic
surfaceduring the summer of 2020 did not show similar shortterm dynamics asin response to precipitation and droucht as was
observedon the research sites (supplementary information, S1). We think thatthis is a result of the complex characteristics of
peat soils, such as the possibility to shrink and swell, preferential flowpaths, dual porosity and hysteresis, which were not
represented with-ourmodel We choseto-usewithin the general meta study parameter values based-on-metastudies-that we

leled in ourmodel (L|u Janssen & Lennartz, 2016; Rezanzehad et al., 2016). Ih%emnplexﬁychaﬂenges&&des@nbewer
ch-The hydrological

model overestimated the water buffering role of the unsaturated zone during summertime Thisresulted in-a rather constant

levels.the summertime of 2020. To improve the simulation of groundwater table dynamics, several model experiments were
executed such as incorporation of crack formation, increasing and decreasing residual water content and saturated water

content, including hysteresis, addinganisotropy or dual porosity. These attempts did not improve the simulated groundwater
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Temperature dynamics were simulated successfully, although simulated topsoil temperatures were_on average slightly
overestimated due to too high surface boundary temperatures. Our model predicted stronger topsoil warming with SDSISSI
for Assendelftthan for Vlist, which was also measured. In Assendelft SDSIcreatedSS| established a wetter topsoil than forin
Vlist. A wettertopsoil conducts heat better, which results in higher summer temperatures deeper in the profile. Nevertheless,

monthly temperature differences between the controland SSI parcels remained mostly confinedto 0.5°C.
On average 5965% of the observed variationin Re could beexplained by simulated variations in WFPS and soil temperatures.

This confirms our expectation that WFPS and soil temperature are dominant controls on microbial resplratlon dynamlcs as

statedbyeg M-k

0-65Mékiranta etal., 2009 or Moyanoet al., 2013. We found that WFPS-activity curves thathave a maximum activity between
0.65and0.85 WFPS and a general decrease towards zero respirationat 1.0 WFPS clearly outperformed other shapes of activity

curves. In the literature relations were suggested that consisted of similar characteristics (Moyano et al., 2013), but measured
relations vary widely and are far from general agreement (Kechavarzietal.,2010; Moyanoet al.,2013; Saurich et al., 2019).
The curve that we selected for our analysis produced effectivity estimates that resembled the mean effectivity that was

estimatedusingalleight WFPS curves that produced potential respiration that correlated well with measured Rec. Therefore,
this curve is ourbest estimate on respiration dependency of WFPS. However, relations between WFPS and respiration might

vary in space and depth and we support further research to obtain more insight in this matter,

Ourresults showthatour model captures effects of SDSISSI onwater table depth, soil temperature and WFPS, which translate
to similar reductions in potential respiration rate as-measured-NEPreductionsand NECB for both measuring years and both
research locations (Table 4). Furthermore, we find a strong relation (R*= 0.92) between measured NECB and simulated
potential respirationrate (Fig. 7, Eq.5). Therefore, we think that our straightforward approach to estimate water management
strategy effectivity forms an alternative approach of intermediate complexity com pared to either groundwater tableGHG

(Fritz et al., 2017;
Tiemeyeretal., 2020; Aretsetal.,2020; Evansetal.,2021) or models that resolve the entire carbon cycle (vanHuisstedenet

emission relationships
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temperature-and-avan Huissteden et al., 2006; He etal., 2021). The additional complexity of unsaturated zone modelling of
water flow and introducing soil temperature and WFPS-activity curves requires a considerably higher modelling effort

compared to approaches that rely on relationships between yearly average groundwater table and GHG-emissions, butit allows
us to investigate the effect differences between groundwater levels raised by ditch water level manipulations or by applying
SDSISSI. Compared to models that describe the full carbon cycle and consist of many (often unknown) parameters, our
approachfomsa straightforward alternative to simulate the yearly carbon balance. Nevertheless, we should be careful when
comparing emissionspotential respiration rate estimations between locations as some location specific characteristics have not

been simulated suchas parcel width, organic matter content or C/N ratio.
4.3  Model exploration of rewetting measures

Our simulation results support the statement that there is an enormous potential to reduce greenhouse gas emissions from
managed peatlands (Evans et al., 2021), which could be achieved by various water management strategies (Querner et al,
2012). Ourresults suggest thatraisingditch water levels always results in decreasing potential respiration rates. Of course we
can only state this forenvironments that are comparable with the situations we modelled and observed. Our results also show
that SDSISSIisnot causing guaranteed decreases in potential respirationrate.

Infact, thecomplexinterplay of theeffects of SBSISSI on temperatureand WFPS determine thetotal benefits of the systems.
The most important effects that we encountered during the warm summer periods and in simulations without seepage fluxes
are: (1) soildrainage during wet times increases potential respiration rate, (2) soil warmingduringdry timesincreases potential
respiration rate, (3) soil wetting during dry times decreases the depth over which respiration can occur butalso (4) in some
cases increases respiration rate in the unsaturated topsoil as a result of constantmoist conditions close to the warm soil surface
(Sect.3.5.2). Overall, we see thatthefirst and third effects are dominantwhen studying the final results. The second and fourth
effectsare decreasingthe overall effectivity of SDSISSI, but are less dominant. The specific hydrological seepage settingand
meteorology will determine which processes are active over the yearand will determinelong term effectivity of SDSISSI.
Ourestimations of potential respiration rate for dry and wet years suggest that the extentof summer drought mainly detemines
the effectivity of SDSISSI. The SDSISSI systemsare likely to inducea higher amount of potential respiration rate during wet
years,and a loweramountof potential respirationrate during dry years— which is explained by the processes described in the
previous paragraph. As a result of climate change the occurrence of severely dry summers is more likely in the Netherands
(Philipetal., 2020), inferringthat SDSLSSI leads toa netreduction of potential respiration rate on the longer term. Furthemore,
the seepage regime should always be taken into account when consideringapplication of SBSISSI. Itis likely that SDSISSI
systems drain upward seepage, which would normally support high water tables during drought, resulting in the increase of
potential respiration rate when applying SDSISSI under upward seepage conditions. Adversely, SDSLSSI systems are likely
to sustain groundwater tables in situations with downward flow, resulting in a decrease of potential respiration rate when
applying SDSISSI (Fig. 8b). Moreover, in combination with elevated ditch water levels potential benefits of SDSISSI increase,
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which also suggests thattheapplication of pressurized drain subsurface irrigationtends to yield stronger decreases in potential
respiration ratewhen drain pressure exceeds ditch pressure.

Other research suggests a decrease in peat decomposition (subsidence) by 45% when SDSISSI is applied during 2000-2001
(Querneretal., 2012). Our results suggest that the effects of submerged drains would be within the range of these estimated
SDSISS| effects offor a dry-and-wet model scenario with conditions thatapply for theresearch location: 0.5 mm d-* downward
flow, a summerditchwater level 0.3 m (and when observing the middle of the parcel).

Weideveld etal. (2021) foundno clear benefits of SDSISSI in their setting. For model scenarios with low ditch water levels
(60-6m0.6 m belowsurface) we only predicted a slight decrease of £013% in potential peatland emissions over the full width
of the parcel for 2018. It is likely that moderate differences like these remained undetected in the study of Weideveld et al
(2021)asuncertainty of NECB/NER in almost all study fields exceeded 10%.

Besides effects of peatland management on aerobic respiration rate it is important to consider saturated-zone effects, like
infiltration of oxygenated and nutrient rich surface water, which we did notinclude in this research. As soil temperatures tend
to be increased with SDSISSI, also saturated respiration rate could beenhanced. Furthermore, SDSISSI enhances groundwater
flow and transport, possibly leading to higher nutrientand DOM leaching leading to adverse effects. Furthermore, often the
pH of the infiltrated surface water is higher than soil pH, enhancing respiration rate (Malik et al., 2018). Lastly, anaerobic
respiration (forming CHaand NzO) s likely to increase when groundwater levels approach the soil surface, counteracting on
the decreased aerobic soil respirationin terms of GHG emissions (Tiemeyeretal., 2020).

4.4  Comparisonwith groundwater-GHG emission relations from previous studies
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In many previous studies empirical relations have been established between land subsidence or NECB and (long tem)

groundwater characteristics like the yearly lowest, yearly mean groundwater levels, or mean summer groundwater levels (e.q.

vanden Akkeretal.,2008; Fritzetal.,2017; Tiemeyeretal., 2020; Evansetal., 2021). In this study we fitteda linear model

between mean summer groundwater table/mean annual water table and our estimations of potential respiration rate. Our data

805 suggest that peatland CO, emissions increase linearly with deeper annual groundwater levels, which is mostly in line with
findingsiin literature except for the study Tiemeyeretal., 2020, who found an exponential relationship.

We compared our simulation results of the fitted relation between mean annual groundwater table and NECB with the findings
of Couwenbergetal. (2011), Fritzet al. (2017), Tiemeyeretal. (2020)and Evansetal.(2021) (Fig. 11, Table 6). From our

modelling results, we derived a relationship that falls in between the relation of Fritz et al., (2017) and Evans et al., (2021
810 showingthatourdataandmodellingresultsfit very well within the relations from previous research. However, other studies

of Couwenbergetal., (2011)and Tiemeyeretal., (2020) generally suggest a higher NECB and more research is required to
explain these differences.

815
e =
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Mean annual water table depth can function asa predictor of peat decomposition(Tiemeyeretal.,2020; Evansetal., 2021),
although mean summer water table depth is found to be a more reliable predictor for predicting potential respiration rate in
this research. Annual temperature fluctuations with high temperatures during summer and low during winter are an important
driverforpeat decompositionor potential respiration rate. Hence, the assumption that winter and summer water table depths
are weighted equally to calculate NERNECB is incorrect. Therefore, we argue that methods that empirically relate groundwater
table to peat decomposition can be improved by using summer water table depth. when soil temperature and WFPS is not
available.

We found that the relation between mean summer groundwater table depth and potential respiration rate diverges for
simulations with and without SBSLSSI, possibly because of the enhanced draining during wet periods and the topsoil-wetting
and heat transporting effects of SDSISSI. Therefore, established relations on groundwater table depth and (a pproximations of)
peat decomposition may not be applied to situations with SDSISS| (Fig. 10, E¢-6,7Table 5), and benefits of SDSISSI could
easily be overestimated-—Forexample;, especially with a similaraveragemean summer water table depth 6£0.6-m-we-finda

higherresnirationrate 9 forSD henfornon-SD ons-Asthewate ble denth hecomesshallower the ro e

Ooi i thatexceeds 0.3m (Sect. 3.5.3). Hence, therelations determined
in other studies should be corrected when calculating the effectsor CO; emissions of regions/parcels consisting of SDSLSSI.
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Despite that it is widely accepted to estimate peat respiration with mean groundwater levels we show that the variance in

NECB is incompletely represented by these approaches (Fig. 7, 10, 11) and that this can be improved by our processbased
approach.

45 Implicationsfor monitoring and rewetting strategies

As we found thatour process-based approach estimating potential respiration rate as a measure for peat decomposition
successfully captured the effects of rewetting measures on NERNECB, we would recommend to invest in measuring campaigns
in managed peatlands that target to assess soil temperatures and WFPS. This will be an important addition to measuring
groundwater table depth, as the effects of rewetting measures on potential respiration rate can be monitored more precisely.
Particularly, theapproach facilitatesunderstanding the most im portant effects of SDSISSI on potential respiration rate. In fact,
we think that the concept of potential respiration rate could be usedasa first step in determininga new standard for process-
based quantification of (indicators of) peat decomposition (tier 3 approach, IPCC, 2014). We find that modelling studies are
necessary when implementing this concept and when determining the effects of rewetting strategies, as we found that point
measurements onthe middle of a parcel are not representative for the total effectsover the complete width of the parcel: (Sect.

34.2.35.2).

SBsStbe accompanied by ditch water level increases. Investments in SSI do not guarantee high reductions (>40%) in CO,

emissions of managed peatlands over longer timescales when ditch water levels are low, and our results show no CO,

reductions whentheregion is proneto upward seepage thatis higherthan0.5mmd-*. Toassure high CO, emission reductions
with SSI, we advise to maintain high summer ditch water levels (0.2 m below surface preferably) or pressurized SSI. In the

case of downward seepage, our results indicate a guaranteed CO, emission reduction. When summer groundwater table depth

is lower than 0.2m from the surface methanogenesis and nitrate reduction are induced and thisis likely to cause anoffset in

GHG reductions from the soil in dairy farming peatlands(e.qg. Evansetal., 2021; Tiemeyer et al., 2020). Therefore, we suggest

to keep summer ground water levels between 0.2 and 0.3m for minimal GHG emission. By using pressurized SSI these specific
groundwater table depths could be targeted and maintained (as shown by the measurements in Assendelft). Quantification of
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the effects of parcel width was beyondthe scope of our researchas this would involve designing separate model domains and
analyzation methods which was not feasible within this project.

Finally, the water management strategies that we discuss are envisioned froma perspective in which agricultural businesson
managed peatlands could predominantly be maintained while reducing greenhouse gas emissions. However, several other
strategies thatembody-the aim to reduce GHG emissions exist, such as full ecosystem restoration (Nugent et al., 2019) or
paludiculture (Geurts et al., 2019). We emphasize the need for long term thinking and solutions and recommend
interdisciplinary research in which the broad goals of society as a whole are centralized while determining the fate of peatlands.

5  Conclusions

research we showedthatmeanannual, or summer, groundwater level height measurements fall short as a proxy for estimating

peat decomposition, and addressed the potency of an alternative process-based approach that converts daily soil tem perature
and WFPS conditionsto a peat decomposition proxy. Furthermore, the outcomesof our model scenariosshowed that temporal

variation in meteoroloqy, spatial variation in landscape seepage and variation in ditch water level management decisionscan

explain the wide range in SSI effectivity that had previously been reported by other researchers. Lastly, we addressed the

effects of SSI systems on groundwater, soil temperature and moisture conditions, which lead to understanding individual

processes that limit, or contribute to, peat decomposition in SSI scenarios. As these processes are different for control as

compared to SSI scenarios, we also detected different dependencies of NECB on mean summer groundwater level. Our

findings can contribute to peatland management, to better decide on where and how water management practices would be

effective.
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