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Abstract. Rewetting is increasingly used to reduce greenhouse gas emissions from cutaway peatlands and support the recovery 

of carbon sequestration. While carbon responses of drained peatlands to rewetting are relatively well understood, few studies 15 
link ecosystem-scale carbon exchange with fluxes at restoration-created microsites during early recovery. This is particularly 

true for cell-bunding restoration, where whole-site fluxes are rarely linked to the microsites created by the restoration design. 

Here, we examined carbon dynamics at an Irish cutaway raised bog during the two years after cell-bunding rewetting. We 

combined ecosystem-scale eddy covariance measurements of CO₂ and CH₄ with CO₂ chamber measurements across bunds, 

vegetated peat, bare peat, and open water. The site remained a net CO₂-C source in both years, although net CO₂ losses declined 20 
by 39 % from 2024 to 2025. CH₄ emissions were approximately two orders of magnitude smaller than CO₂ emissions in 

carbon-mass terms. CO₂ exchange was strongly associated with meteorological and hydrological conditions, with lower net 

losses occurring during the cooler, wetter conditions of 2025. Chamber measurements revealed strong spatial heterogeneity. 

Bunds were persistent CO₂ hotspots. Flooded open water areas had very low emissions, whereas CO₂ efflux increased when 

these surfaces became temporarily exposed following water-table drawdown. Vegetated peat showed high respiration along 25 
with substantial growing-season CO₂ uptake. Overall, early post-rewetting CO₂-C dynamics at the site remained strongly 

influenced by aerated microsites. Restoration success should therefore be assessed using both ecosystem-scale fluxes and 

microsite-level measurements to capture spatial heterogeneity in carbon responses. 

1 Introduction 

Peatlands store large amounts of terrestrial carbon, but drainage, extraction and land-use change can convert them into 30 
persistent greenhouse-gas (GHG) sources (Page et al., 2011; Rydin and Jeglum, 2013). In degraded and milled peatlands, lower 

water tables accelerate aerobic decomposition, slow or halt new peat formation, and leave a patchy surface where hydrology, 

vegetation recovery and carbon exchange vary over short distances (Rydin and Jeglum, 2013; Waddington et al., 2010). 

Rewetting is now widely promoted as the primary restoration strategy, but its carbon effects are often slow and complex, 

especially during the first years after intervention (Parry et al., 2014; Schimmel et al., 2025; Wilson et al., 2016). The outcomes 35 
of rewetting drained peatlands depend on site-specific conditions and the restoration measures applied (Mander et al., 2024). 

The aim of rewetting is to restore wetter, near-natural hydrological conditions by raising water levels and adapting restoration 

design to site hydrology (Wilson et al., 2022; Christen et al., 2016).  

Rewetting can reduce aerobic decomposition by raising water levels and increasing surface moisture, but exposed peat 

structures such as dams may remain aerated and continue to emit CO₂ (Waddington et al., 2010; Vybornova et al., 2019). 40 
Rewetting typically reduces CO₂ emissions but may increase CH₄ emissions relative to drained conditions, especially during 

the early stages of recovery (Escobar et al., 2022; Koskinen et al., 2016; Laine et al., 2019). The post-rewetting GHG trajectory 

therefore remains uncertain and can vary substantially among sites, reflecting differences in hydrology, restoration approach, 

pre-existing vegetation, residual peat properties and other environmental conditions (Schaller et al., 2022; Strack and Zuback, 
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2013; Turmel-Courchesne et al., 2023; Khan et al., 2025). In addition, peat subsidence caused by compaction and 45 
decomposition can persist after water levels are raised (Leifeld et al., 2011). Rewetting may also lead to the development of 

shallow lakes (Steffenhagen et al., 2012), while vegetation recovery can remain slow. This may delay the establishment of 

peatland species, CO₂ uptake and the resumption of carbon accumulation (Beyer et al., 2021; Koch et al., 2017). Short 

measurement windows after rewetting should therefore be interpreted as part of an early recovery trajectory rather than as firm 

evidence of the final restoration outcome. 50 

A fundamental challenge in assessing restoration is that recovery often proceeds unevenly across a rewetted site (Haapalehto 

et al., 2011, 2017). Measures such as drain blocking and bund construction can improve water conditions at the site scale, but 

they can also create a mosaic of microsites that differ in microelevation, inundation, vegetation cover, and aeration (Ahmad et 

al., 2025; Parry et al., 2014; Pouliot et al., 2011; Rochefort et al., 2003). These fine-scale differences in water-table position, 

peat properties, and vegetation can strongly influence ecosystem respiration and carbon uptake; thus, fluxes measured at 55 
individual plots may not represent whole-site conditions (Rinne et al., 2007; Strack et al., 2006). Conversely, ecosystem-scale 

measurements provide an integrated flux for the whole footprint but may not reveal how individual microsites contribute to 

the observed carbon exchange (Kutzbach et al., 2004; Schrier-Uijl et al., 2010; Strack et al., 2006). 

Eddy-covariance (EC) techniques are widely used to track high-frequency temporal variability in CO₂ exchange over relatively 

large areas (Aubinet et al., 1999; Baldocchi, 2003; Kroon et al., 2010). Recently rewetted peatlands can remain net CO₂ sources 60 
at the ecosystem scale, even where rewetting reduces emissions relative to drained conditions (Petrone et al., 2003; Holl et al., 

2020). However, EC measurements alone cannot reveal which microsites contribute to these losses (Shahan et al., 2022). In 

contrast, flux chamber (FC) methods are particularly useful for quantifying fine-scale spatial variability in CO₂ and CH₄ fluxes 

and identifying dominant sources and sinks within heterogeneous landscapes (Pavelka et al., 2018; Shahan et al., 2022; Zhao 

et al., 2024). They can further examine how differences in peat properties and surface-cover types contribute to flux variation 65 
among microsites (Krauss et al., 2016). Combining EC and FC can therefore link ecosystem-scale carbon exchange with the 

spatial variability and local controls observed among individual microsites. Recent reviews emphasise that empirical data from 

rewetted peatlands, particularly holistic GHG assessments that consider both temporal trends and spatial heterogeneity, remain 

limited, and many key questions about post-rewetting climate impacts are still unresolved (Laudon et al., 2025). 

Previous studies have used EC to investigate carbon exchange during recovery after peat extraction and rewetting, showing 70 
that restored sites may remain substantial CO₂ sources during the first years following rewetting (e.g., Holl et al., 2020; Petrone 

et al., 2003). FC likewise show considerable variation in carbon exchange among microsites in restored peatlands (e.g., 

Waddington et al., 2010). However, few studies have combined ecosystem-scale EC measurements with concurrent microsite-

scale FC observations during the early recovery of rewetted post-extraction peatlands. This is particularly relevant at sites 

rewetted using cell bunding, where raised bunds, flooded cells, exposed peat and patches of recovering vegetation create a 75 
highly heterogeneous surface within a single EC footprint. An important unresolved question is therefore how ecosystem-scale 

carbon exchange relates to fluxes from contrasting microsites, and whether early post-rewetting carbon losses are distributed 

relatively evenly across the rewetted surface or concentrated in particular microsites created or maintained by the restoration 

design. 

Here, we evaluate how cell-bunding rewetting of a cutaway peat-extraction site in Ireland alters early-stage carbon exchange 80 
by combining EC measurements of ecosystem-scale CO₂ and CH₄ exchange with FC of CO₂ fluxes across microsite types 

within the EC footprint. This combined approach links ecosystem-scale carbon exchange with the local factors that drive 

variation among microsites. More specifically, we (1) quantify seasonal and interannual variation in ecosystem-scale CO₂ and 

CH₄ exchange, (2) compare respiration and net exchange across the major microsite classes within the EC footprint, and (3) 

assess how microsite heterogeneity and fine-scale fluxes relate to ecosystem-scale carbon exchange during early post-rewetting 85 
recovery. 
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2 Methods 

2.1 Study site and restoration context 

All Saints Bog is a raised bog complex in central Ireland, approximately 5 km north northwest of Birr, County Offaly (Fig. 1) 

(53.151755° N, 7.967942° W). It is protected as a Special Area of Conservation under the EU Habitats Directive (92/43/EEC) 90 
due to the presence of Active and Degraded Raised Bog, Rhynchosporion communities, and bog woodland. The main uncut 

high bog occupies around 223 ha, while an adjacent approximately 40 ha cutaway former peat-extraction area on the north-

eastern margin, hereafter referred to as the Study Site, forms the focus of this work. This area was milled for horticultural peat 

in the early 1990s and left with a gently sloping, drained surface, uneven topography, and sparse vegetation. 

The peat surface was dissected by a regular pattern of shallow drains, spaced at roughly 15 m and 0.1–0.5 m deep. Peat across 95 
this area is between 0.7 and 2.9 m deep, thinning towards the northern margin, and overlies shelly marl and other fine-grained 

lacustrine and glacial deposits. Prior to restoration, hydrogeological investigations with piezometer pairs showed mainly 

downward gradients and water tables that were generally deeper than 0.5 m below the surface, consistent with a dry, oxidising 

peat horizon and dominance of surface runoff (Hydro-Environmental Services, 2020). 

Restoration work, coordinated by the National Parks and Wildlife Service (NPWS), began in May 2022 and was completed in 100 
August 2023. Peat trench bunds and berms were constructed across the study site, aligned with local topography to create 

small hydrological cells, retain surface water, and promote rewetting. Unlike surface bunds, trench bunds are cut into the 

underlying peat to intercept shallow subsurface pathways. At the Study Site, the trench-bunds were cut 1.5–2.0 m below the 

ground surface and filled with compacted peat and followed topographic contour lines that corresponded with a 0.1 m drop in 

elevation gradient. Weirs and pipes were added at selected points in the cells to allow controlled overflow between cells. On 105 
the remaining high bog, drainage ditches were blocked with peat dams. Overall, these measures were designed to raise and 

stabilise water tables, promote wetter microsites, and enable the gradual re-establishment of peat-forming bog vegetation at 

the Study Site. Site conditions before and after rewetting are shown in Fig. 1e and f. Long-term water-table, soil-moisture and 

precipitation records spanning the pre-restoration, active-restoration and post-restoration periods are provided in Fig. S2. 
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 110 
Fig. 1. Study site and field measurements at All Saints Bog, Ireland: (a) Location of All Saints Bog within Ireland and 

orthomosaic aerial image of the rewetted peatland showing the eddy covariance (EC) footprint, EC tower, FC measurement 

plots, and water-table (WT) logger locations; (b) EC tower installed within the rewetted cutaway bog; (c) Dark chamber used 

for ecosystem respiration (Reco) measurements; (d) Transparent chamber used for net ecosystem exchange (NEE) 

measurements; (e) Site conditions before rewetting in April 2021; (f) Site conditions after rewetting in September 2024. 115 
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2.2 Research design and microsite classification 

Microsite classes and sampling plots were set up to capture spatial heterogeneity across the Study Site. The land cover was 

grouped into four main microsite classes that best represent conditions occurring on the Study Site: bare peat, bunds, vegetated 

peat, and open water (Table 1). These classes reflect differences in vegetation cover, hydrological conditions, and proximity 

to bunds and ditches, as well as their position relative to the main EC footprint. Open water plots were treated as a single 120 
microsite class, but observations were classified as open water when flooded and open water (exposed) when temporarily 

exposed, because exposure changed their CO₂ exchange dynamics. In July 2024, 84 plots were identified using a sector-based 

transect layout (Korkiakoski et al., 2023). Eight transects radiated from the EC tower at 45° intervals, with additional transects 

positioned within the prevailing wind sector (135°–270°) to increase sampling in the dominant wind directions (Fig. 1). Each 

transect had seven plots, with the first three located inside the EC footprint. Spacing between plots was about 25 m near the 125 
tower and increased as the transects extended into the wider fetch (Fig. 1).  

  

During plot installation, basic microsite characteristics were recorded, focusing on peat conditions and the presence or absence 

of vegetation. High-resolution drone imagery, combined with field observations, was used to support microsite classification 

and map surface features. During each day-long respiration campaign, the hydrological status of each established plot as dry 130 
or wet was recorded at the time of flux measurement. ‘Dry’ plots had no standing water, with the water table at or below the 

peat surface, while ‘wet’ plots were flooded or waterlogged. These observations were used to identify temporary state changes, 

especially in open water plots that became exposed during drawdown periods and were classified as open water (exposed). 

 

Table 1. Microsite classes and key site characteristics, including surface description, hydrological condition, vegetation cover 135 
and hydrological variability. WT = water table position relative to the peat surface; positive values indicate water above the 

peat surface and negative values indicate water below the peat surface. 

 

Microsite class Surface description Typical condition 

(WT) 

Vegetation 

cover 

State dynamics 

Bare peat Exposed, degraded peat 

surface 

Non-flooded (WT ≤ 

0 cm) 

None May become 

temporarily wet or 

waterlogged after 

rainfall 

Bund Constructed raised peat 

ridge 

Very dry (typically 

WT ≤ −40 cm) 

None Remains mostly dry 

to moist 

Vegetated peat Eriophorum-dominated 

surface 

Non-flooded (WT ≤ 

0 cm) 

Present May become 

temporarily flooded 

during wetter 

periods 

Open water Shallow ponded depression Flooded (WT > 0 

cm) 

None Usually flooded, but 

becomes exposed 

when WT ≤ 0 cm 

 

2.3 Eddy flux measurements 140 

2.3.1 EC instrumentation and measurements 

An eddy covariance (EC) system was installed by NPWS in January 2021 to measure ecosystem-scale fluxes of CO₂, CH₄, 

and H₂O at the Study Site (Fig. 1b). The tower was installed at a height of 2.5 m near the centre of the restored area and 

equipped with a sonic anemometer and two gas analysers (enclosed-path LI-7200 for CO₂ and H₂O and open-path LI-7700 for 

CH₄; LI-COR Biosciences). High-frequency (10 Hz) wind and gas data were recorded using an LI-7550 data logger with 145 
SMARTFlux and aggregated into 30-min averages. Ancillary measurements included photosynthetic photon flux density 

(PPFD), air temperature (Ta), relative humidity (RH), precipitation (R), soil temperature (Ts), soil water content (SWC) at 10 

cm depth, and water table depth from automated pressure loggers near the tower. Vapour pressure deficit (VPD) was derived 
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from Ta and RH, and all meteorological variables were averaged to 30-min mean values to match the flux data. Positive NEE 

values indicate net CO₂ release to the atmosphere, whereas negative values indicate net CO₂ uptake by the ecosystem. Annual 150 
sums were calculated for calendar years. 

2.3.2 EC data processing 

Raw EC data were processed in EddyPro using standard procedures (Aubinet et al., 2012). Processing steps included spike 

removal (Mauder et al., 2013); double coordinate rotation to align wind vectors with the mean flow (Wilczak et al., 2001); 

time-lag compensation; spectral corrections for high- and low-pass filtering (Moncrieff et al., 1997; Fratini et al., 2012); and 155 
steady-state and turbulence tests (Foken and Wichura, 1996). Storage terms were added, and footprint estimates (Kormann 

and Meixner, 2001) were used to retain only half-hour periods with at least 70 % footprint contribution from the Study Site. 

Gap filling and flux partitioning were carried out in the REddyProc framework (Reichstein et al., 2005; Wutzler et al., 2018).  

Low turbulence periods were filtered using friction velocity (u*) thresholds, CO₂ gaps were filled with the marginal distribution 

sampling (MDS) method, and NEE was partitioned into Reco and GPP using the standard nighttime temperature-response 160 
approach (Reichstein et al., 2005). CH₄ gaps were filled with a two-stage approach combining linear interpolation for short 

gaps and machine learning (ML) models (Random Forest and XGBoost) for longer gaps, following recent work on ML-based 

gap filling for methane fluxes (e.g., Irvin et al., 2021; Wutzler et al., 2018). We applied the u*-ensemble approach in 

REddyProc and report the median u* case as our best estimate, with low and high u* scenarios defining the associated 

uncertainty range (Reichstein et al., 2005; Wutzler et al., 2018). 165 

2.4 FC-based CO₂ flux measurements 

 2.4.1 Ecosystem respiration (Reco) measurements 

To quantify ecosystem respiration (Reco), FC-based CO₂ flux monitoring was conducted across 83 microsite plots. Sampling 

occurred twice monthly from July 2024 to June 2025. A total of 1287 measurements were collected. During the winter months, 

sampling was reduced to 60 plots due to restricted daylight and site accessibility. CO₂ efflux measurements were carried out 170 
using an opaque soil respiration chamber (SRC-2) connected to an environmental gas monitor (EGM-5 IRGA; PP Systems, 

UK) (Fig. 1c). For CO₂ efflux measurements from open water plots, a floating collar system was used. A floating cork sheet 

fitted with a centrally positioned collar was placed on the water surface, and a rubber gasket was used between the SRC-2 and 

the collar to create an airtight seal. Each measurement lasted 130 s, with CO₂ concentrations recorded at 1 Hz intervals. 

Measurements were conducted between 08:00 and 17:00. Because the opaque chamber excluded photosynthesis during 175 
measurements, all recorded CO₂ effluxes were treated as total ecosystem respiration (Reco). These FC measurements represent 

daytime campaign conditions and were not intended to produce a fully time-resolved annual budget. 

2.4.2 Net ecosystem exchange (NEE) and gross primary production (GPP) 

NEE measurements were conducted to assess CO₂ uptake at a subset of four vegetated plots dominated by Eriophorum spp. 

The plots were established in areas within the EC tower footprint that had become vegetated following restoration, with 180 
measurements beginning in January 2025. Measurements were restricted to vegetated peat surfaces because the focus was on 

active carbon uptake by vegetation; bare peat, bunds, and open water were excluded from this analysis. The campaign used a 

CPY-4 canopy assimilation chamber connected to an EGM-5 (PP Systems, UK) (Fig. 1c). Measurements followed the same 

protocol as the respiration campaigns, with CO₂ concentrations recorded at 1 Hz over a 130 s enclosure period. Immediately 

before or after each NEE measurement, the chamber was covered with a dark cloth to record Reco at the same plots. These 185 
paired measurements allowed partitioning of GPP from Reco and NEE (GPP = Reco − NEE). The resulting fluxes describe 

carbon uptake at vegetated microsites and were not intended to represent ecosystem-scale NEE. 

2.4.3 FC data processing 

Changes in CO₂ concentration recorded within the chamber headspace during each chamber deployment were used to calculate 

CO₂ fluxes. A linear regression was fitted to the CO₂ concentration time series for each measurement, and the resulting slope 190 
was used to calculate the flux. Flux calculations accounted for the effective chamber volume, enclosed surface area, air 

https://doi.org/10.5194/egusphere-2026-5248
Preprint. Discussion started: 29 September 2026
c© Author(s) 2026. CC BY 4.0 License.



7 
 

temperature, atmospheric pressure and water vapour pressure, with results expressed as µmol CO₂ m⁻² s⁻¹. Measurements with 

a CO₂ concentration change of 1 ppm or less were retained as near-zero fluxes. Those with larger concentration changes were 

retained only when the regression fit reached an R² of 0.90 or higher. 

2.5 Environmental and ancillary measurements 195 
Environmental parameters were recorded concurrently with each plot-wise CO₂ flux measurement. A Stevens HydraProbe 

sensor connected to the EGM-5 system was used to record soil temperature and soil moisture content adjacent to each plot at 

5 cm depth below the peat surface. Measurements were taken at the time of each chamber deployment to ensure a direct 

temporal match with the observed gas exchange. Water table depth at each plot was measured manually from PVC phreatic 

tubes. Water table depth was referenced to the peat surface, with positive values indicating standing water and negative values 200 
indicating water below the peat surface.  

 

Microsites across the study area were mapped using a drone survey (Mavic 3M; DJI, Shenzhen, China). The survey was 

conducted in April 2024, approximately eight months after completion of the restoration works. UAV imagery acquired on 26 

April 2024 was classified into four land-cover classes (bund, vegetation, water and bare peat) using a PSPNet semantic 205 
segmentation model with a ResNet-101 backbone (Zhao et al., 2017). In June 2025, a field-based survey of microsite-specific 

vegetation characteristics was conducted to assist in interpreting the variation in CO₂ fluxes. The survey included identifying 

dominant plant species and performing visual estimates of percentage vegetation cover. These measurements were used to 

evaluate relationships between CO₂ fluxes, hydrological conditions, and thermal drivers across microsites. For descriptive 

environmental summaries, the study period was divided into three seasonal intervals: Nov–Feb, Mar–Jun, and Jul–Oct. 210 

2.6 Flux upscaling 

To relate plot-scale fluxes to ecosystem-scale EC fluxes, we upscaled FC observations using the areal cover of each microsite 

within the main EC footprint. The footprint boundary was defined from the EC footprint analysis, and land-cover fractions 

were derived from the classified UAV orthomosaic acquired on 26 April 2024 by calculating the proportional pixel area of 

each microsite class inside this boundary. The resulting land-cover fractions are reported in Sect. 3.2 and remained unchanged 215 
during the course of the study period. For each microsite class, we calculated the mean chamber flux over the overlapping 

period (17 July 2024–15 June 2025) and then computed an area-weighted footprint mean by multiplying these class means by 

their respective area fractions and summing across classes. This yielded a FC-based estimate of the footprint-average flux for 

comparison with EC-derived mean and cumulative fluxes over the same period. Given the biweekly sampling of FC 

measurements, this upscaled estimate should be interpreted as an approximate consistency check rather than an independent, 220 
fully time-resolved budget. 

 

To further examine the influence of spatial heterogeneity on ecosystem-scale CO₂ exchange, the classified UAV land-cover 

map was also analysed by 10° wind sectors within the dominant EC footprint (0–84 m radius around the EC tower). Fractional 

cover of bund, bare peat, vegetation, and open water were calculated for each sector in ArcGIS Pro 3.2. Mean NEE for the 225 
post-restoration period was then calculated from quality-filtered EC observations (u⁎ ≥ 0.10 m s⁻¹) for each corresponding 

wind sector, allowing directional variation in ecosystem-scale CO₂ exchange to be compared with the corresponding footprint 

land-cover composition. 

2.7 Statistical analysis 

Two complementary statistical approaches were applied to EC and FC datasets. Mutual information (MI) analysis, recently 230 
used to identify environmental controls on ecosystem-scale carbon fluxes (Lindenberger et al., 2026), was applied to the 

continuous half-hourly EC time series (2024–2025) to identify key drivers of NEE and CH₄. Generalized additive models 

(GAMs) were fitted to FC-derived data to examine plot-scale controls. MI quantifies the amount of shared information between 

two variables and can capture both linear and nonlinear dependence. Unlike simple correlation, MI does not assume a particular 

functional form or the direction of association, providing a more general way to explore links between fluxes and their potential 235 
drivers (Kraskov et al., 2004; Shannon, 1948). Here, MI was used as an exploratory ranking tool and was not interpreted as 

evidence of causality.  
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We implemented MI analysis in Python (v3.12.13) using the mutual_info_regression estimator from scikit-learn (Pedregosa 

et al., 2011), which is based on a k-nearest neighbour approach similar to that proposed by Kraskov et al. (2004). We first 240 
compiled a dataset for 2024–2025 containing NEE, CH₄ flux and a set of candidate drivers: sensible heat (H), latent heat (LE), 

net radiation (NETRAD), SWC, incoming shortwave radiation (SW_IN), PPFD, VPD, Ts, Ta, soil heat flux (SHF), RH, air 

pressure (Pa) and wind speed (WS). MI was then computed separately for NEE and CH₄ as target variables. For each target, 

we analysed two subsets: (i) the full 2-year record and (ii) a growing-season subset (May–September). Within each subset, we 

removed rows with missing values, rescaled the drivers to the 0–1 range using a MinMaxScaler function from scikit-learn 245 
(Pedregosa et al., 2011) and calculated MI between the target flux and each driver. The resulting MI scores were used to rank 

variables by their relative explanatory importance for NEE and CH₄ and to compare how driver influence changed between 

the full record and the growing-season. 

 

We used spatial generalized additive models (GAMs) in R (package - mgcv; Wood, 2017) to examine which variables were 250 
associated with FC-derived Reco. GAMs are particularly suitable for this as they enable the inclusion of non-linear 

relationships between the dependent and the explanatory variables (Ahmad et al., 2025), such as the responses of ecosystem 

respiration to environmental conditions. Reco was modelled as the response variable. The model was fitted using a Tweedie 

distribution with a log link and restricted maximum likelihood (REML), which accounted for the skewed and heteroscedastic 

flux data, including very low or near-zero 𝑅ecovalues, without the need for transformation (Zauner et al., 2025). Smoothed 255 
terms of Ts, WT and day of year (DoY) were included as continuous predictors, while microsite type was included as a 

categorical factor. DoY was represented with a cyclic spline to capture seasonal variation. Plot locations (longitude and 

latitude) were included as a two-dimensional smooth to represent spatial variation, while elevation was retained as a linear 

term because its preliminary smooth was effectively linear (edf = 0.95). Shrinkage smoothers were used for continuous 

predictors so that non-informative terms could be penalised towards zero. Basis dimensions were set to k = 10 for univariate 260 
smooths and k = 70 for the spatial term. Model diagnostics indicated no major violations of model assumptions (Fig. S1). 

 

To compare ecosystem-scale carbon fluxes between 2024 and 2025, daily NEE, Reco, GPP, and CH₄-C fluxes were aggregated 

to daily totals and matched by calendar day. This pairing enabled direct comparison between corresponding days in the two 

years. Differences between years were evaluated using two-sided Wilcoxon signed-rank tests because the observations 265 
represented matched pairs and did not consistently satisfy the assumptions of parametric tests. Statistical significance was 

assessed at α = 0.05. 

3 Results 

3.1 Environmental and site conditions 

Environmental conditions measured at the EC tower showed that mean annual Ta decreased from 13 ± 4 °C in 2024 to 11 ± 270 
4 °C in 2025, while mean annual Ts remained at 12 °C. SWC stayed high overall (71 ± 9 % in 2024 and 74 ± 5 % in 2025), 

although 2024 showed a clear dry summer condition, with SWC dropping to 60 ± 7 % and WT deepening to −33 ± 5 cm in 

Jul–Oct. In contrast, higher annual R in 2025 (848 mm vs 676 mm) led to a shallower and more stable WT (annual mean −20 

± 4 cm vs −25 ± 8 cm), limiting summer drying despite similar seasonal temperatures. Overall, site conditions remained cool 

and wet in both years, with 2025 being cooler and wetter than 2024. 275 
 

Table 2. Seasonal (Nov–Feb, Mar–Jun, Jul–Oct) and annual values of Ta (air temperature), Ts (soil temperature), SWC (soil 

water content), WT (water table depth; negative values indicate levels below the peat surface), and R (total rainfall) at the 

Study Site in 2024 and 2025 (daily mean ± SD and total rainfall). 

 280 
Year Period Ta (°C) Ts (°C) SWC (%) WT (cm) R (mm) 

2024 Nov–Feb 10 ± 3 8 ± 3 75 ± 3 −25 ± 9 282 

Mar–Jun 12 ± 3 13 ± 3 77 ± 3 −18 ± 2 214 

Jul–Oct 15 ± 2 15 ± 3 60 ± 7 −33 ± 5 180 
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Annual 13 ± 4 12 ± 4 71 ± 9 −25 ± 8 676 

2025 Nov–Feb 7 ± 3 6 ± 2 76 ± 2 −17 ± 3 340 

Mar–Jun 12 ± 3 13 ± 4 74 ± 2 −18 ± 3 205 

Jul–Oct 15 ± 3 17 ± 4 72 ± 6 −23 ± 3 303 

Annual 11 ± 4 12 ± 6 74 ± 5 −20 ± 4 848 

 

3.2 Environmental conditions across microsites 

Spatially, the Study Site was strongly heterogeneous with a mosaic of bare peat, vegetated peat, open water pools, and bunds. 

Among these microsites, strong variability in hydrological conditions was observed across different seasons. Water tables in 

open water microsites remained near or above the peat surface (Fig. 2). During drier conditions, mostly in summer, WT 285 
dropped and remained below the peat surface. As a result, the peat surface at these open water microsites became exposed. In 

contrast, the bund remained consistently drier with the deepest WT. Hydrological conditions (WT and SWC) were broadly 

similar across bare peat, temporarily exposed open water areas, and vegetated peat. Together, these measurements show that 

the restored surface remained wet overall but retained strong microsite-scale hydrological contrasts. 

 290 

 

Fig. 2. Hydrological and soil microclimate contrasts among microsites (water table (WT) depth, soil temperature (Ts), and soil 

moisture (Ms)) at the Study Site from July 2024 to June 2025. 

3.3 Footprint land cover and microsite distribution 

Within the main EC footprint (0–84 m), land cover was dominated by bare peat (64 %). Bunds, vegetated peat and open water 295 
pools contributed 25 %, 8 % and 3 %. Within the wider EC fetch (0–250 m), bare peat still covered roughly half of the surface. 

Most of the vegetated peat occurred outside the main footprint, where it made up just over one-fifth of the area, with bunds 

and open water forming the remainder. Across the full 0–250 m fetch, bare peat and bund surfaces therefore occupied most of 

the source area, whereas vegetated peat and open water pools were confined to a relatively small share of the footprint. This 

distribution helps interpret the EC fluxes, because the main footprint was dominated by bare peat and bund surfaces rather 300 
than vegetated peat or open water. 

3.4 EC fluxes 

The Study Site remained a net source of CO₂ throughout the study period (2024–2025), with clear seasonal and interannual 

differences in flux dynamics (Fig. 3). The annual cumulative NEE varied substantially between years, with 236 g C m⁻² in 
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2024 and a decline to 145 g C m⁻² in 2025. This reduction coincided with a decrease in Reco from 387 g C m⁻² in 2024 to 335 305 
g C m⁻² in 2025 and an increase in GPP from 151 g C m⁻² in 2024 to 190 g C m⁻² in 2025. Despite a nearly 26 % increase in 

GPP and a 13 % decrease in Reco, the ecosystem remained a net CO₂ source.  

Interannual differences were also evident in the monthly patterns of CO₂ fluxes (Fig. 3). In 2024, the highest GPP (23 g C m⁻²) 

was recorded in May, indicating maximum uptake. However, late summer (August) was characterised by higher CO₂ emissions, 

with Reco (44 g C m⁻²) and NEE (26 g C m⁻²). Peak GPP increased further to 29 g C m⁻² in June 2025, while peak Reco declined 310 
slightly to 42 g C m⁻² in July. Across this year, NEE varied within a narrower range compared to 2024, ranging from 10 g C 

m⁻² in September to 14 g C m⁻² in February. This indicates relatively stronger growing-season CO₂ uptake and lower peak 

carbon losses in 2025. 

These interannual contrasts were also evident in the daily flux statistics. Daily NEE, Reco and GPP often deviated from 

normality according to Shapiro–Wilk tests of the paired differences (for example, NEE: p = 0.0005; Reco: p = 0.0004; GPP: p 315 
= 0.316). Therefore, daily fluxes were paired by calendar day and compared between 2024 and 2025 using two-sided Wilcoxon 

signed-rank tests. All three flux components differed significantly between years (365 paired days), with the strongest 

difference observed for NEE (W = 5581, p < 0.001), followed by Reco (W = 13502, p < 0.001) and GPP (W = 19380, p < 

0.001). Overall, the lower annual NEE in 2025 appeared to reflect a more consistent shift in daily fluxes rather than differences 

limited to a few months.   320 

 

Fig. 3. Monthly sums of ecosystem respiration (Reco), gross primary production (GPP), and net ecosystem exchange of CO₂ 

(NEE) for 2024–2025 (g C m⁻² month⁻¹). Reco is shown as positive fluxes, while GPP is plotted as negative values to represent 

CO₂ uptake. NEE reflects the net balance of these components. Positive NEE and Reco indicate CO₂ release, while negative 

NEE and GPP indicate CO₂ uptake. 325 

Methane emissions from the Study Site were very small relative to CO₂ fluxes and changed only slightly between years. Annual 

CH₄-C release increased from 3.30 g C m⁻² in 2024 to 3.65 g C m⁻² in 2025, whereas annual NEE and Reco were one to two 

orders of magnitude larger over the same period. Monthly CH₄-C sums showed a modest seasonal pattern, with higher 

emissions during mid- to late summer and lower values in spring (Fig. 4): maximum monthly fluxes reached 0.39 g C m⁻² in 

July 2024 and 0.56 g C m⁻² in August 2025, while the lowest values occurred in April of both years (0.18 and 0.13 g C m⁻², 330 
respectively). 
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At the daily scale, CH₄-C fluxes also showed a small but detectable interannual shift. Daily CH₄-C fluxes were paired by 

calendar day and compared between 2024 and 2025 using a two-sided Wilcoxon signed-rank test. The test confirmed a 

statistically significant difference between the two years (W = 27,286, p = 0.002; n = 365 paired days). However, because 

CH₄-C fluxes remained small overall, these differences appear to have had only a minor effect on the net annual carbon balance 335 
compared with the much larger and more variable CO₂ exchanges. 

 

Fig. 4. Monthly sums of CH₄–C fluxes for 2024–2025 (g C m⁻² month⁻¹) derived from gap-filled half-hourly data. Fluxes 

exhibit modest seasonal variation, with relatively higher emissions during warmer months. 

3.5 Directional footprint composition and NEE 340 

Mean NEE varied substantially among wind directions and broadly reflected differences in land-cover composition within the 

dominant EC footprint (Fig. 5). Wind sectors dominated by bunds and bare peat generally exhibited higher CO₂ emissions, 

whereas sectors containing greater proportions of vegetation and open water showed lower NEE. Mean NEE ranged from 0.21 

µmol m⁻² s⁻¹ (350–360°) to 0.70 µmol m⁻² s⁻¹ (120–130°), representing approximately a 3.4-fold variation across wind sectors. 

Directional variation in NEE was associated with differences in land-cover composition across footprint sectors. Sectors 345 
containing greater proportions of bunds and bare peat generally had higher NEE, whereas those containing more vegetation 

and open water tended to have lower NEE.  
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Fig. 5. Directional variation in land-cover composition within the dominant eddy covariance footprint and corresponding mean 

net ecosystem exchange (NEE). Stacked bars show the proportional cover of bund, vegetation, open water and bare peat within 350 
each 10° wind sector (0–84 m radius around the EC tower). The blue line shows the corresponding mean NEE (± SE; u* ≥ 

0.10 m s⁻¹). 

3.6 Environmental controls 

MI analysis showed that NEE and CH₄ were associated with multiple environmental variables rather than a single dominant 

control (Fig. 6). During the 2024–2025 period, SWIN (0.21), NETRAD (0.20), and H (0.13) exhibited the highest MI scores 355 
for NEE, indicating that short-term fluctuations in NEE were mainly related to radiation and surface energy fluxes. During 

summer, these variables showed higher MI values, with NETRAD (0.29), SWIN (0.29), and H (0.26) ranking highest. The 

consistent importance of these variables indicates a stronger relationship between energy inputs and NEE during the growing-

season. For CH₄, the full record showed that the highest MI scores were for SWC (0.16), Ts (0.11), and VPD (0.11). During 

the growing-season, SWC (0.09), RH (0.09), and Ta (0.06) had the highest MI values. Overall, MI values for CH₄ were lower 360 
than those for NEE across all variables. This suggests that short-term CO₂ exchange was mainly associated with photosynthetic 

and energy-balance conditions, whereas CH₄ variation was more closely tied to wetness and atmospheric moisture. 
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Fig. 6. Mutual information (MI) between environmental variables and (a) net ecosystem exchange of CO₂ (NEE) and (b) CH₄ 

flux for the study period 2024–2025. Higher MI values indicate a stronger statistical association between a given driver and 365 
the flux, but do not imply causation. Filled circles show MI values calculated from the full dataset (all available half-hourly 

observations), and open circles show values for the growing-season subset (May–September). Horizontal lines connect 

corresponding values for each variable to illustrate differences between the two datasets. 

3.7 FC-based CO₂ fluxes 

3.7.1 Dark chamber (Reco) 370 
Seasonal patterns in FC-derived Reco varied among microsites (Table S1). Respiration rates were generally highest during Jul–

Oct and lowest during Nov–Feb, with winter declines especially marked in bare peat and vegetated microsites. Bare peat 

showed relatively modest seasonal variation, with median Reco around 0.24–0.28 µmol m⁻² s⁻¹ during J–O and M–J before 

declining to 0.05 µmol m⁻² s⁻¹ in N–F. In winter, the respiration of bunds was relatively higher. The vegetated peat had the 

highest overall Reco, with medians of around 1.1 µmol m⁻² s⁻¹ during the growing-season and about 0.25 µmol m⁻² s⁻¹ in 375 
winter. Flooded open water microsites consistently showed the lowest respiration rates, whereas temporarily exposed open 

water areas exhibited moderately higher Reco under aerated conditions. 

Reco also differed significantly among microsites overall (Kruskal–Wallis: H = 146.82, p < 0.001; Fig. 7). Median Reco increased 

from bare peat (0.24 µmol m⁻² s⁻¹) to bunds (0.40 µmol m⁻² s⁻¹) and was highest in vegetated peat (0.75 µmol m⁻² s⁻¹). Open  

water microsites were sampled under both flooded (“Open water”) and temporarily exposed (“Open water (exposed)”) 380 
conditions, representing the same plots after surface water had receded. Flooded open water showed very low median Reco 

(0.07 µmol m⁻² s⁻¹), whereas exposed open water had much higher values (0.36 µmol m⁻² s⁻¹), similar to bunds. The same 

plots therefore shifted from very low CO₂ efflux when flooded to higher efflux when exposed, showing that short-term water 

table drawdown can rapidly change microsite function. Post-hoc Dunn tests indicated that vegetated peat and bunds had 

significantly higher Reco than bare peat and flooded open water (all p ≤ 0.003), while bare peat also exceeded flooded open 385 
water (p = 0.038). No significant difference was found between the bund and exposed open water, indicating similar respiration 

rates under aerated conditions. 
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Fig. 7. Distribution of FC-derived ecosystem respiration (Reco) across microsite types during the study period (17 July 2024–

15 June 2025), including bare peat, bund, vegetation, open water, and open water (exposed). Boxes show the median and 390 
interquartile range; whiskers indicate the spread of the data; circles represent individual observations; and black dots indicate 

the mean value for each microsite. 

3.7.2 Light chamber (NEE) 

The fluxes showed a clear seasonal shift from winter to spring at the vegetated microsites (Fig. 8). Net exchange during January 

and February was low and close to zero (NEE between -0.01 and -0.17 µmol m⁻² s⁻¹), indicating the ecosystem started to 395 
uptake CO₂. There was an increase observed in both Reco and GPP from March to May. These changes were significantly 

higher, where Reco rose from 0.51 to 3.34 µmol m⁻² s⁻¹, while GPP increased from 0.52 to 6.81 µmol m⁻² s⁻¹. The stronger 

increase in GPP led to progressively more negative NEE, with a maximum uptake in May (−3.47 µmol m⁻² s⁻¹) and weaker 

uptake in June (−1.58 µmol m⁻² s⁻¹). The mean Reco, GPP and NEE across January–June was 1.57, 3.04 and -1.48 µmol m⁻² 

s⁻¹, confirming that the vegetated microsite acted as a CO₂ sink in the early post-restoration period. These results show that 400 
vegetated microsites can act as daytime CO₂ sinks during active growth, but their limited footprint means they do not represent 

whole-site NEE. 
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Fig. 8. Monthly mean FC-based Reco, GPP and NEE at the vegetated microsite plots (Jan–Jun 2025). Values represent plot-

scale fluxes from vegetated surfaces only and do not reflect site-scale NEE. 405 

3.7.3 Nonlinear responses of FC-derived CO₂ 

The GAM explained 66 % of the deviance in Reco and had an adjusted R² of 0.55. Smooth terms for Ts, WT, DoY, and plot 

location were all significant predictors of Reco (all p < 0.001). Peat surface elevation and microsite type also contributed 

significantly to the model. Reco increased with rising Ts across the observed range (p < 0.001; Fig. 9a). WT had a significant 

nonlinear relationship with Reco (p < 0.001). Predicted Reco was greatest at deeper water-table levels (around −100 cm) and 410 
declined as the water table rose toward, and above, the peat surface (Fig. 9b). Seasonal effects were also evident, with higher 

Reco during summer and lower values during winter (p < 0.001; Fig. 9c). The spatial smooth for plot location was highly 

significant (p < 0.001), indicating substantial spatial heterogeneity across the site (Fig. 9d). The microsite type was also 

important, with larger fluxes in bunds and vegetated microsites, but little effect on open water microsites. Reco decreased 

slightly with increasing peat surface elevation (p < 0.01), although the effect size was relatively small. 415 
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Fig. 9. Partial effects of environmental predictors on ecosystem respiration (Reco) derived from a generalized additive model 

(GAM). Effects are shown on the log scale (model link function). Panels show responses to (a) soil temperature (Ts), (b) water 

table (WT) depth, (c) day of year (DoY), and (d) spatial variation. Shaded areas represent 95% confidence intervals. 

3.8 Plot-scale to ecosystem-scale  420 
During 17 July 2024–15 June 2025, mean daytime (10:00–16:00) ecosystem respiration (Reco) derived from eddy covariance 

averaged 1.06 ± 0.34 µmol m⁻² s⁻¹ (mean ± SD, n = 4008), with a corresponding median of 1.04 µmol m⁻² s⁻¹. In contrast, 

footprint-weighted dark-chamber Reco, calculated by scaling microsite-specific means according to their proportional cover 

within the 70 % EC footprint, averaged 0.43 ± 0.02 µmol m⁻² s⁻¹ (mean ± SE). Overall, the FC-based estimate was 

approximately 59 % lower than the EC-derived Reco over the same period. This mismatch indicates that the chamber campaigns 425 
reproduced the relative ranking of microsites but underestimated the magnitude of ecosystem-scale respiration measured by 

EC. Differences in temporal resolution, footprint characteristics and incomplete sampling of short-lived emissions hotspots 

are likely to contribute to this discrepancy. 
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4 Discussion 

4.1 Ecosystem-scale CO₂ and CH₄ 430 
The Study Site was rewetted between May 2022 and August 2023, and over the initial post-rewetting period the site remained 

a net CO₂ source. The magnitude of this source declined, however, consistent with reduced ecosystem respiration and enhanced 

gross primary production between 2024 and 2025. The annual net carbon balance (CO₂ and CH₄) fell from roughly 240 g C 

m⁻² yr⁻¹ in 2024 to about 150 g C m⁻² yr⁻¹ in 2025, marking a clear step down in net losses even though the system is still far 

from being a carbon sink. Seasonal patterns also point to lower peak summer respiration and relatively stronger growing-435 
season CO₂ uptake in 2025 compared with 2024. CH₄ emissions were consistently positive but small in carbon mass terms (ca. 

3–4 g C m⁻² yr⁻¹), less than 3 % of the total carbon emissions from the Study Site. Compared with studies describing rewetted 

peatlands as net carbon sinks after longer recovery periods, our two-year record represents an early stage of recovery rather 

than a final outcome. 

Eddy-covariance studies from rewetted former peat-extraction bogs remain limited. At a recently rewetted section of a cutover 440 
bog in north-west Germany, annual CO₂ emissions were lower than in the adjacent mined section, while CH₄ emissions 

increased following rewetting (Holl et al., 2020). The rewetted section nevertheless remained a net CO₂ source during the 

measurement period. Similar to this study, carbon losses at the Study Site are driven primarily by CO₂ exchange rather than 

CH₄. The relatively low CH₄ emissions may reflect a nutrient-poor, unstable water regime (i.e., water table fluctuations differ 

in different areas of the site), limited cover of vascular plants that facilitate CH₄ transport, such as Eriophorum angustifolium, 445 
and reduced methanogenic capacity following long-term drainage or disturbance (Bao et al., 2021; Buzacott et al., 2024; Finn 

et al., 2020; Green and Baird, 2012; Kwon et al., 2017). 

Restoration works at the Study Site were completed in August 2023, so the study captures an early transition period in which 

hydrological conditions are stabilising and vegetation is slowly recovering. Lower CO₂ emissions in 2025 likely reflected a 

combination of cooler, wetter conditions, higher water tables, and stronger growing-season carbon uptake. Gross primary 450 
production increased by 28 % in 2025, indicating that recovering vegetation contributed to greater CO₂ uptake, although this 

was not yet sufficient to offset ecosystem respiration across the rewetted surface. 

The MI analysis further showed that short-term ecosystem CO₂ exchange was most strongly associated with radiation and 

energy-related variables, particularly during the growing season, consistent with energy availability regulating photosynthesis 

and CO₂ uptake. CH₄ fluxes were more closely associated with soil water content, temperature, and atmospheric moisture, 455 
reflecting the importance of wetness and thermal conditions for anaerobic CH₄ production and release. Directional footprint 

analysis also showed higher NEE in sectors with greater bare peat and bund cover, and lower NEE where vegetated peat and 

open water were more extensive. Together, these results indicate that ecosystem-scale carbon exchange at this Study Site 

reflects both seasonal meteorological conditions and the spatial distribution of wet and aerated microsites. 

4.2 Microsite controls on CO₂ exchange 460 
Cell-bunding at this Study Site developed a mosaic of raised bunds, bare peat, vegetated peat, and flooded cells rather than a 

uniformly rewetted surface. These microsites differed in elevation, vegetation cover, and water-table position, and FC-derived 

Reco varied accordingly. Bunds remained relatively dry and aerated above the rewetted cells and were CO₂ hotspots during the 

study period, likely because aerobic decomposition continued in the exposed peat. Elevated peat dams have also been reported 

as CO₂ sources after rewetting, although the available evidence largely comes from sites several years after restoration rather 465 
than the immediate post-rewetting phase considered here (Vybornova et al., 2019). 

High Reco from vegetated peat did not have the same implication as high Reco from bunds, as the vegetated microsites also 

showed marked CO₂ uptake during active growth, indicating that respiration occurred alongside photosynthetic uptake. 

Recovering peatland vegetation can increase both autotrophic respiration and CO₂ uptake as plant cover develops (Tuittila et 

al., 2000; Nugent et al., 2018). The open water plots further showed that CO₂ exchange was not determined by microsite class 470 
alone. Reco was low while plots were inundated but increased when the peat surface became exposed as water levels fell. Since 

both conditions were measured in the same plots, the shift points to a response to changing water-table position and peat 

aeration. This pattern accords with evidence that saturation limits aerobic peat respiration, whereas drying can increase CO₂ 

efflux (Strack et al., 2006; Strack and Zuback, 2013). 
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These microsite patterns indicate that early post-rewetting CO₂ exchange remained strongly controlled by peat surface 475 
elevation, vegetation development, and water-table position. Elevated bare peat structures can continue to lose CO₂ after 

rewetting, whereas wetter microsites may show lower efflux and vegetated microsites may show CO₂ uptake during active 

growth. The directional association between land-cover composition and NEE is consistent with the FC-based patterns. Sectors 

with greater proportions of bunds and bare peat generally had higher NEE, whereas sectors with more vegetation and open 

water tended to have lower NEE. 480 

4.3 EC-FC comparison and spatial heterogeneity 

The combined use of EC and FC highlights strong spatial heterogeneity in carbon exchange across this rewetted Study Site. 

The EC system recorded continuous ecosystem-scale fluxes over a broad, shifting footprint, whereas FC picked up strong 

differences among microsites that were placed amongst the dominant land-cover classes in the site, namely bunds, vegetated 

peat, bare peat and open water areas. EC-derived Reco averaged 1.10 ± 0.35 g C m⁻² d⁻¹ (mean ± SD, n = 4008), with a 485 
corresponding median of 1.08 g C m⁻² d⁻¹, whereas upscaled FC-derived Reco averaged 0.45 ± 0.02 g C m⁻² d⁻¹ (mean ± SE). 

The difference (ca. 59 %) indicates that upscaling point field measurements to the ecosystem scale do not capture the full 

heterogeneity of ecohydrological dynamics that are invariably present across any peatland site.  

Despite the grouping of land-cover classes, and a dense FC network, upscaled FC-derived Reco is much lower than that 

calculated using EC. However, the FC results are extremely insightful with respect to 1) identifying ‘hot-spots’ of CO₂ 490 
emissions, such as the peat-bunds, 2) specific information on the seasonal dynamics at microsites, such as the vegetated and 

periodically flooded sites, and 3) how directional variation in land-cover composition controls eddy covariance NEE. Thus, 

EC integrates fluxes across the footprint and provides the more integrated measure of ecosystem-scale exchange, whilst 

chambers identify the microsites and hydrological conditions that are likely to drive those fluxes and contribute to the carbon 

exchanges.  495 

4.4 Management implications 

The findings of this study suggest that the spatial pattern of wet and aerated microsites across the cell-bunded cutaway surface 

strongly influences early restoration outcomes. Water-table position, surface condition, and vegetation composition regulate 

respiration, photosynthesis, and net carbon exchange in rewetted peatlands (Strack et al., 2006; Wilson et al., 2022). The main 

management question is therefore not only whether the restoration retains water, but also whether it keeps a sufficiently large 500 
proportion of the peat surface wet to limit aerobic decomposition and CO₂ loss. Persistent CO₂ emissions from bunds and 

temporarily exposed peat show that relatively small areas of aerated, non-flooded peat can influence the site’s early carbon 

balance. This may partly reflect local differences in surface elevation around the restoration-created bunds, with flooded 

conditions frequently observed in lower-lying areas near bund edges while higher peat surfaces and bund tops remain exposed. 

The overflow pipes and weirs in the trench-bund system retain water in individual cells and allow water to move between cells 505 
once it reaches the outlet level. At the Study Site, uneven rewetting may reflect the cambered peat surface left by peat extraction 

rather than bund spacing alone. Flooded conditions were mainly observed in the lower parts of cells, while higher peat surfaces 

remained exposed and aerated. This suggests that bunds should be kept as close as possible to the surrounding ground level 

and properly compacted. Where practical, reprofiling or levelling the peat surface may also help achieve more even rewetting. 

In Northern Ireland, restoration of industrially extracted raised bogs included laser-levelling, cell-bunding, staged rewetting 510 
and the addition of donor Sphagnum material. Extensive Sphagnum lawns and peatland vascular plants subsequently became 

established at these sites (Everson et al., 2026). 

Seasonal water-table stability is most likely to be important for further vegetation growth. Flooded areas released less CO₂, 

but emissions increased when water levels fell and the peat surface became exposed. Monitoring using repeated drone surveys, 

potentially supported by Sentinel-2 imagery, should identify which cells become exposed, when exposure occurs, and how 515 
long it persists. Sphagnum inoculation may be most appropriate in locations with stable, near-surface water levels through 

summer, but without persistent flooding, since both drought and prolonged inundation can limit establishment (Tuittila et al., 

2004; Rochefort et al., 2003). Wet cells and Eriophorum-dominated patches indicate local recovery, but peat-forming bog 

vegetation, such as Sphagnum, has not yet developed extensively across the site. Continued holistic monitoring of hydrology, 
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vegetation, and FC is needed to establish whether wet vegetation expands and emissions from dry, aerated peat and contour 520 
bunds decline over time. 

5 Conclusions 

At the Study Site, rewetting of a cutaway raised bog by cell trench bunding reduced net CO₂ losses and improved hydrological 

conditions. The site nevertheless remained a net carbon source during the first two years after intervention. Ecosystem-scale 

measurements indicated that Reco still exceeded GPP. CH₄ emissions were small relative to CO₂ and contributed only a minor 525 
fraction of the overall carbon balance. Together, these findings indicate an early post-rewetting phase in which carbon losses 

are already declining but have not yet shifted to a sustained sink. 

The combined EC–FC approach, together with footprint-based analysis of land-cover composition, showed that spatial 

heterogeneity strongly influences carbon exchange at the study site. Bunds and intermittently flooded edges acted as persistent 

CO₂ hotspots. Flooded open water areas exhibited very low CO₂ emissions. Vegetated peat combined relatively high respiration 530 
with substantial growing-season uptake. These results suggest that early post-rewetting carbon losses are concentrated in 

relatively small, aerated patches that are likely under-represented in simple upscaling schemes. This pattern is consistent with 

reports from other degraded or rewetted peat extraction areas, where flux heterogeneity and vegetation type exert a strong 

control on ecosystem-scale carbon balance. 

Further gains in carbon balance at this site will likely depend on maintaining high water tables and expanding peat-forming 535 
vegetation. Targeted measures such as Sphagnum inoculation in consistently wet cells may help to speed up peat-forming 

cover. Adjustments to bund size and layout could also limit the extent of elevated, well-aerated surfaces. Together, these 

actions may promote a more stable net carbon sink. More broadly, the results demonstrate that pairing ecosystem-scale and 

microsite-scale measurements provides a useful framework for evaluating early restoration outcomes in structurally 

heterogeneous cutaway bogs. They also indicate that early restoration assessment should not rely on whole-site fluxes alone, 540 
because microsite structure may determine whether improved hydrology translates into recovery of a net carbon sink function.  
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