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Abstract 1 

The net ecosystem exchange (NEE) and methane (CH4) flux were measured by chamber measurements for five 2 

distinct ecotypes (areas with unique eco-hydrological characteristics) at Abbeyleix Bog in the Irish midlands 3 

over a two year period. The ecotypes ranged from those with high quality peat forming vegetation to 4 

communities indicative of degraded, drained conditions. Three of these ecotypes were located in an area 5 

where peat was extracted by hand and then abandoned and left to revegetate naturally at least 50 years prior 6 

to the start of the study. Two of the ecotypes were located on an adjacent raised bog, which although never 7 

mined for peat, was impacted by shallow drainage and then restored (by drain blocking) 6 years prior to the 8 

start of the study. Other major aspects of the carbon (C) balance, including dissolved organic carbon (DOC), 9 

dissolved inorganic carbon (DIC), and open water CO2 evasion, were quantified for a catchment area at the 10 

study site over the same two year period. The ecotype average annual ecotype C balance ranged from a net C 11 

sink of -58 ±60 g C m-2 yr-1, comparable to studies of intact peatlands, to a substantial C source of +205 ±80 g C 12 

m-2 yr-1, with NEE being the most variable component of the C balance between the five ecotypes. Ecotype 13 

annual CH4 flux was ranged from 2.7 ±1.4 g C-CH4 m-2 yr-1 to 14.2 ±4.8 g C-CH4 m-2 yr-1.  Average annual aquatic 14 

C losses were 14.4 g C m-2 yr-1 with DOC , DIC, and CO2 evasion of 10.4 g C m-2 yr-1, 1.3 g C m-2 yr-1, and 2.7 g C m-15 

2 yr-1, respectively.  A statistically significant negative correlation was found between the mean annual water 16 

table (MAWT) and the plot scale NEE but not the global warming potential (GWP).  However, a significant 17 

negative correlation was observed between the plot scale percent Sphagnum moss cover and the GWP, 18 

highlighting the importance of regenerating this keystone genus as a climate change mitigation strategy in 19 

peatland restoration. The data from this study was then compared to the rapidly growing number of peatland 20 

C balance studies across boreal and temperate regions. The trend in NEE and CH4 flux with respect to MAWT 21 

was compared for the five ecotypes in this study and literature data from degraded/restored/recovering 22 

peatlands, intact peatlands, and bare peat sites. 23 
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1. Introduction 24 

Peatlands are important to the global carbon cycle as they act as important stores of carbon (C) and sources or 25 

sinks of carbon dioxide (CO2) and methane (CH4) (Gorham 1991). Despite covering only ~3% of the earth’s 26 

terrestrial surface, it is estimated that between 500 and 700 billion tonnes of C are stored as organic soil 27 

within the global peatland expanse (Leifeld and Menichetti, 2018; Paige and Baird, 2016; Yu et al., 2010). 28 

However, at present, human activity is either draining or mining ~10% of global peatlands, transforming them 29 

from long-term C sinks into sources (Joosten, 2010; Leifeld and Menichetti, 2018). In Europe, a high 30 

percentage (~46%) of the remaining peatlands are degraded to the point whereby peat is no longer actively 31 

being formed (Tanneberger et al., 2017), and in Ireland whilst ~20% of the land area is peatland, over 95% of 32 

raised bogs has been degraded through anthropogenic activities such as drainage for agriculture, forestry and 33 

peat extraction (Connolly and Holden, 2017; Connolly and Holden, 2009). 34 

 35 

The C cycle and greenhouse gas (GHG) dynamics of degraded peatlands are often substantially different 36 

compared to intact peatlands (Baird et al., 2009; Blodau, 2002) making them significant with respect to 37 

national and global GHG budgets and emission reporting (Billet et al., 2010; Wilson et al., 2013). Moreover, 38 

degraded peatlands can continue to emit C for decades to centuries following drainage, and current estimates 39 

are that degraded peatlands store globally ~80.8 Gt soil C and emit ~1.91 (0.31–3.38) Gt CO2-eq. yr−1 (Leifeld 40 

and Menichetti, 2018). Soil C sequestration through peatland restoration is increasingly recognized as an 41 

important strategy to tackle climate change (Dise, 2009; Leifeld and Menichetti, 2018), and in recent years 42 

there has been a substantial increase in money being invested in peatland projects across the world 43 

(Anderson et al., 2017). With the increase in global active peatland management, there is a need for more 44 

studies examining how drainage and restoration alters the eco-hydrology of degraded peatlands systems and 45 

their C balances (Baird et al., 2009; Young et al., 2017).   46 
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 47 

The land atmosphere CO2 flux, or net ecosystem exchange (NEE) in peatlands is related to water table level, as 48 

inundation creates anaerobic conditions which suppresses the decomposition of soil organic matter (Lain et 49 

al., 1996). High water table can result in a net CO2 sink (negative NEE) whereas a low water table can result in 50 

a net CO2 source (positive NEE). Thus, water table has been correlated to spatial (Junkurst and Fielder, 2007; 51 

Silvola et al., 1996; Strack et al., 2014) and temporal (Helftler et al., 2015; Lund et al., 2012; McVeigh et al., 52 

2014; Peichl et al., 2014; Strachan et al., 2016) variation in the NEE of both intact and degraded peatlands. 53 

However, anaerobic conditions due to a high water table can also increase the land atmosphere CH4 flux 54 

(Frenzel and Karofeld, 2000). Both NEE and CH4 flux are also affected by plant ecology, as the extent of 55 

aerenchymatous vegetation cover such as Eriophorum spp. is correlated with increased CH4 flux (Cooper et al., 56 

2014; Frenzel and Karofeld, 2000; Gray et al., 2013; McNamera et al., 2008; Waddington and Day, 2007), 57 

although this effect can possibly be reversed if aerenchymatous vegetation aerates the saturated soil (Fritz et 58 

al., 2011). Sphagnum spp., however, often exhibit lower CH4 fluxes (Frenzel and Rudolph et al., 1998) due to a 59 

symbiotic relationship with methanotrophic bacteria (Raghoebarsing et al., 2005). Also, Sphagnum spp. 60 

coverage may correspond to an increase in the CO2 sink function of “natural” sites (Strack et al., 2016) as much 61 

of the peat in northern peatlands is derived from this genus (Bacon et al., 2017; Vitt et al., 2000). Furthermore, 62 

the extent of vegetation cover is an important factor affecting the NEE (Strack et al., 2016; Tuitili et al., 1999; 63 

Waddington and Day, 2010). This is relevant to degraded and restored peatlands because mined peatlands can 64 

have large areas of bare peat (Wilson et al., 2015).  65 

 66 

Climatic variables such as the frequency of cloudiness, temperature, and length of growing season have also 67 

been found to be important controlling factors of NEE (Charman et al., 2013; ; Helftler et al., 2015; McVeigh et 68 
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al., 2014; Zhaojun et al., 2011). However, climate variables cannot be controlled at a specific site, and 69 

therefore, may not be as relevant when considering climate change mitigation actions.  70 

 71 

Although N2O emissions can be an important aspect of the GHG emissions from organic soils (Pärn et al., 72 

2018), this study focuses only on aspects of the C balance. In low nutrient, non-agricultural, sites like in this 73 

study, N2O emissions are typically low (Haddaway et al., 2014) but can be higher for deeply drained 74 

(Vanselow-Algan et al., 2015) or high nutrient sites (Danevčič et al., 2010). The radiative impact of different 75 

GHGs can be normalized by converting them into a CO2 equivalents in terms of the 100-year global warming 76 

potential (GWP) in tonnes CO2-eq ha-1 yr-1: over a hundred year horizon, CO2 = 1, CH4 = 34, and N2O = 298, 77 

after IPCC 2013 recommendations (Myhre and Shindell, 2013). 78 

 79 

Intact peatlands are a net CO2 sink [typical annual average NEE range -31.9 to -66 g C-CO2 m-2 yr-1, from 80 

literature data compiled by Helftler et al. (2015)] and a CH4 source. By contrast, drained peatlands are a CO2 81 

source [the average annual NEE of +81 to +151 g C-CO2 m-2 yr-1 reported in Renou-Wilson et al. (2018a) is 82 

typical] with very low CH4 emissions (Baird et al., 2009). However, it should be noted that this can be offset by 83 

high CH4 emissions from active drains of ~60 g CH4 m-2 yr-1 (Evans et al., 2016). Degraded/drained peatlands 84 

typically have a larger GWP compared to intact sites or rewetted sites because a large positive NEE outweighs 85 

the reduced CH4 emissions (Renou-Wilson et al., 2018a). The NEE and CH4 fluxes from restored peatlands can 86 

be similar to intact peatlands, but exhibit greater variability (Strack et al., 2016; Wilson et al., 2016a).  87 

 88 

Several studies have suggested the hypothesis that time since restoration is an important factor in the GWP of 89 

peatlands (Augustin & Joosten, 2007; Bain et al., 2011; Waddington and Day 2007). In particular, the restored 90 

sites may go through an initial period of high CH4 production and high GWP because restored peatlands are 91 
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often rapidly colonized by aerenchymatous vegetation, such as Eriophorum spp. (Cooper et al., 2014; 92 

Waddington and Day, 2007). This is followed by a period of decreasing GWP as mosses and other peatland 93 

species become established (Augustin & Joosten, 2007; Bain et al., 2011). To test this hypothesis, more data is 94 

needed for peatlands “restored more than 10 years previously” (Bacon et al., 2017). Also, it is valuable to have 95 

studies which directly compare adjacent sites with contrasting site histories. 96 

 97 

Aquatic losses of C include dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) in runoff as 98 

well as CO2 evasion from open water. These have not been measured as frequently as NEE and CH4 flux 99 

(Dinsmore et al., 2010), but can represent a key component of the net ecosystem C budget (NECB) (Barry et al., 100 

2016; Kindler et al., 2011). Ignoring the aquatic C losses would result in an overestimate of the C sink function 101 

of peatlands (Billet et al., 2010). Few studies have concurrently measured a complete NECB for a peatland 102 

including the DIC flux (Nilsson et al., 2008) and CO2 evasion from open water (Dinsmore et al., 2010), even 103 

though CO2 evasion has been found to be important to the overall C balance (Dinsmore et al., 2010). Further, 104 

these studies have focused on intact rather than degraded or restored peatlands. 105 

 106 

The growing body of scientific research on the GHG and C balance of peatlands and the importance to global 107 

climate change means that it is increasingly important to consider new data in the context of global studies 108 

(e.g. Junkurst and Fieldler 2007). 109 

 110 

The goal of this work is to quantify all of the major aspects of the C balance (NEE, CH4 flux, and aquatic losses 111 

as DOC, DIC, and CO2 evasion) over a two year period for five distinct peatland ecotypes, which are located in 112 

two adjacent areas with contrasting site histories: a peat extraction  bog, which was abandoned ca. 1960 and 113 

an ombrotrophic raised bog, which was previously impacted by drainage but not peat extraction, and then 114 
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recently restored (in 2009). This study also presents the measurements in the context of global studies on 115 

boreal and temperate peatlands with the aim of identifying trends in NEE and CH4 flux based on land condition 116 

(drained, restored, intact), mean annual water table, and vegetation cover (presence/lack of vegetation).  117 

 118 

2. Materials and Methods 119 

2.1 Site Description 120 

Abbeyleix Bog (N 52.89714, W 7.35022, elevation approx. 90 m) is a peatland and natural area in Co. Laois, 121 

Ireland.  This site is located in a temperate, oceanic climate with a 30 year (1981–2010) mean annual rainfall 122 

of 923 mm and a mean annual temperature of 9.5˚ C (Walsh, 2012).  123 

 124 

Abbeyleix Bog contains areas that were historically mined for peat (referred to here as cutover bog) as well as 125 

raised ombrotrophic bog, which was never mined for peat (Fig. 1). The areas of cutover bog were domestically 126 

mined for peat by hand cutting between the 1870s and 1960s, and then abandoned (i.e. no restoration or 127 

management works have occurred in this area post-extraction) (Ryle, 2013). Peat extraction never occurred 128 

on the remaining areas of raised bog; however, these areas were impacted by a surface drainage network 129 

installed in the 1980s in preparation for industrial extraction although the plans for industrial extraction of 130 

the peat were later abandoned due to resistance from the local community. Throughout the raised bog, surface 131 

drains were installed at 15 m spacing to a depth of 1 m, and connected with older and deeper drains along a 132 

historic railway track and the margins of the bog. The surface drains were later blocked as part of a 133 

restoration effort in 2009, six years before the start of this study. Acidic, low nutrient, histosol, peat soils 134 

remain throughout the raised and cutover bog, with 5.0–8.5 m depth on the raised bog and 1–3 m depth on the 135 

cutover bog.  136 
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Figure 1. Location of the study site in Ireland; elevation map of Abbeyleix Bog (bottom right) showing the uncut raised 
bog surrounded by lower cutover bog and the higher esker complex to the east; an aerial photograph of the study site 
showing the weir catchment area, major drains, and sampling locations. In the aerial photograph the blocked surface 
drainage network on the raised bog can be seen as a set of horizontal lines and the historic railroad track can be seen as a 
vertical line through the middle of the photograph. White circles represent the open water CO2 evasion locations referred 
to as west high bog (WHB) and east high bog (EHB).  

2.2 Sampling Locations 137 

Five sampling locations were chosen to quantify GHG emissions, two on the uncut raised bog and three on the 138 

cutover bog. These locations were chosen to represent 5 ecotypes, where the ecotype refers to a distinct set of 139 

hydro-physical and ecological conditions. These 5 areas were chosen to represent common ecotypes on raised 140 

and cutover bogs in Ireland with the help of ecologists from the Irish National Parks and Wildlife Service 141 

(NPWS).  142 

  143 

On the raised bog, one study location was chosen in a Sub-Central ecotype, which is defined as having a 144 

continuous Sphagnum spp. cover and continuously high water table but lacking the micro-topography of 145 
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hummocks and hollows. The Sub-Central ecotype is the highest quality bog conditions found at this site. 146 

Another study location was chosen in a Sub-Marginal ecotype, which is defined as having a discontinuous 147 

Sphagnum spp. moss cover and a mixed presence of both relatively wet and dry bog vegetation (Table 1). 148 

Further description of raised bog ecotypes can be found in Schouten et al. (2002).  149 

 150 

On the cutover bog, three sampling locations were chosen based on distinctions in the plant ecology. The 151 

Sphagnum Cutover ecotype contains a continuous Sphagnum spp. cover (primarily as hummocks of Sphagnum 152 

capilifolium with some Sphagnum subnitens and Sphagnum magellanicum) and a mixture of plant species 153 

similar to the Sub-Central ecotype. The Calluna Cutover ecotype contains a low diversity of plant species 154 

characteristic of a well-drained peat soil, dominated by heather (Calluna vulgaris), bare peat, and lichens 155 

(mostly Cladonia portenosa) similar to a facebank ecotype on a raised bog. The Eriophorum Cutover ecotype is 156 

dominated by Eriophorum angustifolium, and contains a moderate percent (21-54% in this study) cover of 157 

Sphagnum spp. (Table 1). All sampling locations were chosen in open areas, excluding any trees, shrubs or 158 

other vegetation that could not fit under the gas sampling chambers (see Section 2.3). Six collars were 159 

installed for each ecotype except for the Calluna Cutover ecotype where 5 collars were installed. Collar 160 

locations were chosen to represent ecological variability within each ecotype. Plant ecology was characterized 161 

for all collars in June 2016 and again in June 2017 with the help of ecologists from the NPWS. The plant 162 

ecology was determined in terms of the percent cover of every species present, averaged over the two years. 163 

 164 

  165 
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Table 1. Summary of the plant ecology for each ecotype in this study. Data is reported as the mean (range) of the 5 or 6 
collars within each ecotype.  

Ecotype 

Percent 
Sphagnum spp. 
cover 

Percent 
Eriophorum 
spp. cover 

Percent Calluna 
vulgaris cover 

Percent Total 
Plant Cover 

Sphagnum Cutover 94 (78 to 100) 8 (3 to 23) 16 (5 to 30) 119 (103 to 134) 

Calluna Cutover 0 2 (0 to 3) 35 (8 to 50) 51 (18 to 68) 

Eriophorum Cutover 35 (21 to 54) 51 (21 to 80) 6 (2 to 15) 103 (77 to 140) 

Sub-Marginal 57 (15 to 89) 13 (4 to 37) 9 (2 to 15) 100 (69 to 114) 

Sub-Central 98 (93 to 100) 8 (1 to 39) 2 (0 to 8) 124 (107 to 151) 

 166 

2.3 Meteorological Field Data 167 

On site, hourly measurements of air temperature and humidity (CS215 probe, Campbell Scientific, 168 

Loughborough, UK), rainfall (ARG100 Tipping Bucket Raingauge, Campbell Scientific), barometric pressure 169 

(PTB110 Barometer, Vaisala, Oyj, Finland), and soil temperature at 5 and 10 cm (PT100 temperature probes, 170 

Campbell Scientific) were recorded by a CR1000 Data logger (Campbell Scientific). Soil temperature was also 171 

recorded at ecotypes by two LogBoxAA data loggers (Novus, Miami, USA). Hourly phreatic water table was 172 

recorded in 5 cm diameter stilling wells located at each of the five ecotypes by an Orphius Mini Level Logger 173 

(vented transducer, 0.1% error, OTT Hydromet, Kempten, Germany). The ground elevation at the center of 174 

each collar was surveyed and compared to the stilling well using an RTK GPS with ± 2mm accuracy (TDL 450L, 175 

Trimble, Sunnyvale, CA), and the hourly water table at each collar was offset by this difference in elevation. All 176 

collars were located within 8 m of the ecotype water table logger.  177 

 178 

The hourly light intensity was measured in the field in units of W/m2 using an LP02 Pyranometer (Hukseflux 179 

Thermal Sensors, Delft, Netherlands). This sensor was calibrated to the photosynthetically active radiation 180 

(PPFD) sensor (TPR-2, PP Systems), which recorded in units of (µmol m-2 s-1), used during the field 181 
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measurements, located inside the chamber. A linear calibration between these two sensors was found for both 182 

sunny and overcast days (n=27, r2=0.82), which was used to convert hourly light intensity to hourly PPFD.  183 

 184 

2.4 CO2 and CH4 Flux Measurements 185 

The closed static chamber method was used to measure CO2 and CH4 gas fluxes from all plots, comparable to 186 

methods used in a large number of other studies, particularly on peatlands in Ireland (e.g. Wilson et al., 187 

2016b). Stainless steel collars were permanently installed 20 cm into the ground at least two weeks before the 188 

start of sampling. This collar had a water trough along the top edge to ensure a suitable seal with the chamber. 189 

The chambers were constructed in-house of clear polycarbonate for CO2 measurements and opaque 190 

polystonetm for CH4 and were equipped with a fan. Chambers were  of size 60 x 60 x 30 cm or 54 l total with a 191 

measurement area of 0.36 m2. A system of wooden platforms was constructed 6-7 weeks before the start of 192 

sampling so that each collar could be accessed without putting pressure on the ground surface adjacent to it. 193 

Platforms were placed on piles to the base of the peat in the Sub-Central ecotype to prevent sinking into the 194 

bog. For CO2 flux measurements, chambers were gently set on the collar and any pressure differential between 195 

the chamber headspace and the ambient atmosphere was vented using a 5 cm2 hole set in the side of the 196 

chamber. The chamber was then sealed and the CO2 concentration was recorded in the field every 15 seconds 197 

for a period of 105 seconds using an EGM-4 infra-red gas analyser (PP Systems, Amesbury, USA). CO2 flux was 198 

calculated from the slope of the linear increase in CO2 concentration over time. In order to maintain a constant 199 

temperature over the chamber closure time, particularly under high irradiance, a cooling system was installed 200 

in the chamber, which pumped water from an ice bath through a small radiator located behind the fan to keep 201 

the variance of the chamber temperature to within 1°C during the measurement. The CO2 flux measurement 202 

was repeated under a range of light levels by artificially shading the chamber, generally under full ambient 203 

light, 1-2 light other partial shading light levels, and a completely shaded measurement. Ecosystem respiration 204 
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is assumed to be the CO2 flux when the light transmitted into the chamber was zero. For this study, a positive 205 

sign convention is indicates a net loss of C from the peatland. CO2 flux measurements were conducted over 63 206 

field days between January 2016 and August 2017. Over 29 collar locations, a total of 3358 chamber 207 

measurements for CO2 flux were kept for modelling after quality checking to ensure that the change in CO2 208 

concentration over the chamber closure was monotonic and that the PPFD did not change by more than 50 209 

µmol m-2 s-1 over the chamber closure.   210 

 211 

For CH4 flux measurements, gas samples of 20 mL each were extracted from the chamber every 10 minutes 212 

beginning 5 minutes after the chamber had been placed on the collar and sealed. These samples were later 213 

analyzed in the lab on an Agilent Gas Chromatograph instrument with a flame ionization detector and a 30 m 214 

long Elite-plot Q GC column. Samples were collected over 17 field days between May 2017 and January 2018. 215 

 216 

Additionally, the soil temperature at 5 and 10 cm depth, water table adjacent to the collar, air temperature, 217 

and light level inside the chamber (for CO2 flux measurements) were recorded for each chamber closure at the 218 

time of sampling.  219 

2.5 NEE Modelling 220 

The NEE was modelled on an hourly basis to account for the expected diurnal variations, which is driven by 221 

diurnal variations in light intensity and soil temperature. Field measurements of CO2 flux were used to build 222 

collar specific empirical models of gross primary production (GPP) and ecosystem respiration (ER). Hourly 223 

measurements of field variables were input into these empirical models to calculate hourly GPP and ER, which 224 

were then summed to calculate NEE.  225 

 226 
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Several different empirical models of GPP and ER were tested based on the fit the field data (see Supplemental 227 

Section 1), which were judged based on the sum of the squares of the residuals and r2 values. Models were also 228 

checked to ensure that there was no bias or trend in the residuals with respect to independent variables. Of 229 

the models tested, the GPP model in Eq. (1) and ER  model in Eq. (2) (from Wilson et al., 2016b) were found to 230 

best explain the variance in the field data for all of the 29 collars.  231 

 232 

   𝐺𝑃𝑃 = −(𝑎 + 𝑐 ∗ sin((𝐽𝐷𝐴𝑌 + 215) 365 ∗ 2𝜋)) ∗⁄
𝑃𝐴𝑅

𝑃𝐴𝑅+𝑏
∗ 𝑒𝑥𝑝(𝑇5𝑐𝑚 ∗ 𝑑) ∗ (1 +𝑊𝑇 ∗ 𝑒)             (1) 233 

 234 

where a, b, c, d, and e are collar specific empirical fitted model parameters and JDAY is the Julian day of the 235 

year, PPFD is the light level in (µmol m-2 s-1), T5cm is the soil temperature at 5 cm, and WT is the water level in 236 

cm below ground surface at the collar. The r2 value of the modelled versus measured data using Eq. (1) ranged 237 

between 0.77 and 0.94 for each of the 29 collars (Table S3).  238 

𝐸𝑅 = (𝑎 + 𝑏 ∗𝑊𝑇) ∗ exp(𝑐 ∗ (
1

(283.15 − 227.13)
−

1

(𝑇𝐾5𝑐𝑚 − 227.13)
))(2) 

 239 

where a, b, and c are collar specific emperical fitting parameters, and other variables are as above. For this ER 240 

model, the r2 values ranged from 0.63 to 0.92 for each of the 29 collars (Table S4). (Other metrics on model 241 

fitting for Eq. (1) and Eq. (2) including the standard error of the model fitting parameters and n values are 242 

shown in Table S3 and Table S4). Fitting parameters and more information on the GPP and ER models tested 243 

can be found in Supplemental Section 1. 244 

 245 

Hourly water level, T5cm, PAR, and Julian day data were input into Eq. (1) and Eq. (2) (with the collar specific 246 

fitting parameters) to calculate hourly GPP and ER at each collar over a two year period.  247 



 
 

 

14 
 
 

 

 248 

2.6 CH4 Modelling 249 

The annual CH4 fluxes for 2017 were calculated from the average measured flux at each collar (as in Strack et 250 

al., 2014) over the year. However, in this case, the data collection was bias toward the warmer part of the year, 251 

with no measurements collected during January–April because of equipment issues. To account for this bias in 252 

sampling period, the collar average CH4 flux was scaled by a factor of 0.80. This factor was in turn derived 253 

from an empirical model fit to the field data, which modelled the temporal variation in CH4 flux as a function of 254 

soil temperature and day of the year (Eq. S3). The modelling process is described more fully in the Section S1. 255 

Throughout all of 2016, equipment issues prevented the collection of CH4 flux measurements.  Due to this data 256 

limitation, the GWP and C balance for 2016 was calculated using the 2017 values of CH4 flux. The reported 257 

GWP and to a lesser extent C balance for 2016 should thus be interpreted with some caution. The assumption 258 

that CH4 fluxes were similar in 2016 and 2017 is partially justified by the fact that the empirical model of CH4 259 

flux gave very similar results for 2016 and 2017 (<3% difference).  260 

2.7 Aquatic C Losses  261 

A thin plate V-notch weir was installed to measure hourly discharge from a 249,000 m2 catchment area on-site 262 

(as shown in Fig. 1). The weir catchment area was delineated in ARC-GIS using a digital terrain map based on 263 

LiDAR survey data from 2013. The majority of this catchment area was composed of marginal and sub-264 

marginal uncut raised bog (>90%) as well as lightly forested drains along a bog road (<10%). Aquatic C losses 265 

as DOC and DIC were quantified at this location only, and assumed to be the same for all ecotypes (even those 266 

adjacent to but outside of this catchment area), due to the difficulty in resolving the relative contributions of 267 

each ecotype to the total DOC flux. The DOC concentration was measured weekly in 2016 and every 12 hours 268 

(with a few gaps) from January through November 2017. DOC samples were filtered in the field using a 0.45 269 
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µm cellulose syringe filter after rinsing the syringe and filter with 20 mL of sample. Samples were then 270 

acidified to pH 2 using 10% HCl to preserve them and stored under refrigeration at 4° C and analysed within 271 

two months. The DOC concentration was measured by UV absorbance as in other studies (e.g. Jager et al., 272 

2008; Koehler et al., 2009) at wavelength 254 nm. A site specific calibration curve was determined between 273 

254 nm UV absorbance and DOC concentration measured using a Vario Total Organic Carbon (TOC) Select 274 

Analyzer (Elementar, Langenselbold, Germany). This was undertaken on samples collected from January 2016 275 

to April 2016, July 2016, and July 2017 (r2 =0.997, n=76). The error of this method was ± 1.1 mg C L-1 based on 276 

the standard deviation of the residuals. The hourly discharge at the weir was multiplied by the most recent 277 

DOC concentration measurement to calculate a C flux as DOC from the catchment. This value was then divided 278 

by the catchment area to calculate the aquatic C loss as DOC per m2. 279 

 280 

The DIC concentration at the weir was calculated from the aqueous partial pressure of CO2 as well as the pH 281 

and temperature using equations from Gelbrecht et al. (1998) as in Nillson et al. (2008) where dissolved CO2 282 

was included as part of DIC. Partial pressure of CO2, was measured on-site in triplicate by filling, then sealing a 283 

250 mL bottle with 200 mL of water sample. Circulated air was bubbled through the sample and the change in 284 

CO2 concentration in the headspace was measured over time using an EGM-4 infra-red gas analyser (PP 285 

Systems, Amesbury, USA) until the concentration was constant (10-12 minutes). The initial partial pressure of 286 

dissolved CO2 in the sample was then back calculated from the total change in CO2 concentration in the 287 

headspace. A total of 7 DIC measurements were taken at the weir between November 2016 and October 2017. 288 

The average DIC concentration was multiplied by the hourly discharge and divided by the catchment area to 289 

calculate the aquatic C loss as DIC per m2.  290 

 291 
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CO2 evasion occurred from the open water areas of blocked drains on the raised bog and from the functioning 292 

drain network upstream of the weir. CO2 evasion was measured in triplicate with a CPY-4 (PP systems, 293 

Amesbury, USA) chamber fitted to a small floating raft and EGM-4 gas analyser. A total of 15 measurements of 294 

CO2 evasion were conducted between two locations of blocked drains on the raised bog (Fig. 1), and 8 295 

measurements were conducted just upstream of the weir from November 2016 to July 2017.  296 

 297 

For the calculation of the global warming potential, 90% of the DOC loss is assumed to be converted to CO2 and 298 

10% to longer term storage (after Evans et al., 2016), while 100% of the DOC flux is included in the calculation 299 

of the C balance for the system. All of the DIC loss is assumed to be converted to atmospheric CO2 as DIC is 300 

almost entirely composed of dissolved supersaturated CO2.  301 

 302 

2.8 Statistical Analysis 303 

The standard error and statistical significance of model fit parameters in Table S5 and Table S6 was 304 

determined using Minitab© 2018 Statistical Software with the non-linear regression function. The differences 305 

between ecotypes for C balance, CH4 flux, and GWP was determined using 1-way anova with the annual results 306 

from the 29 collars grouped by ecotype, which was coupled with Bonferroni honestly significant difference for 307 

multiple pair-wise comparisons. The statistical significance of ecotype annual C sinks/sources was determined 308 

using a student’s t-test of the five or six collars in the ecotype. The significance of linear trends was 309 

determined using Microsoft Excell© data analysis package.  310 

 311 
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4.2 Comparisons with Global Studies of Boreal and Temperate Peatlands 312 

The annual NEE, CH4 flux, and water table data from the ecotypes in this study were compared to global 313 

studies of boreal and temperate peatlands. The data from global studies was divided into three generic 314 

categories as follows:  Intact peatlands - those peatlands that have not been mined, undergone intensive 315 

agriculture or forestry, and are not heavily impacted by drainage or other disturbance; Bare peat sites - 316 

previous peat extraction sites where there is an absence of vegetation cover; Degraded/Restored/Recovering 317 

peatlands: - peatlands that have (at some point in time) been substantially altered by previous/current land 318 

use, drainage, or peat extraction, where recovering is defined here as the “spontaneous revegetation of mined 319 

peatlands” (Poulin et al., 2005), which have had no definite action taken to rehabilitate them. This compilation 320 

of data focuses on low nutrient (if specified, pH<6) semi-natural sites, i.e. excludes sites that are actively used 321 

for intensive agriculture, forestry, or other uses.  322 

 323 

3. Results 324 

  3.1 Environmental Monitoring 325 

The annual rainfall measured at Abbeyleix Bog was 746 mm in 2016 and 840 mm in 2017, compared to the 326 

2001-2017 (the period of record) annual average of 862 ± 134  mm at the Ballyroan (Oatlands) daily rainfall 327 

station, located approximately 5 km NE of the site. The mean annual temperature at Abbeyleix bog was 9.6˚ C 328 

and 9.7˚ C in 2016 and 2017, similar to the 30 year average (1981-2010) of 9.5˚ C based on a gridded 329 

interpolation of Irish climate (Walsh, 2012). Mean daily PPFD, air temperature, and monthly rainfall are 330 

shown in Figure 2 over the study period. The mean annual water table (MAWT) was within 2 cm between the 331 

two years for all ecotypes. The winter (Oct-Mar) water table was higher than summer (Apr-Sep) water table, 332 

as expected (Fig. 3). The average soil pore water pH was 4.7 (range: 4.4-5.1) for all ecotypes. 333 
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Figure 2. (a) Mean daily PPFD, (b) mean daily temperature, and (c) monthly rainfall at Abbeyleix Bog in 2016 and 
2017.  
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Figure 3. Mean seasonal water table for each of the ecotypes for summer (Apr-Sep) and winter (Oct-Mar), where the 
mean annual water table is measured with respect to the springtime peat surface or sphagnum surface (if present). 
The ecotypes are abbreviated as SC = Sphagnum Cutover, CC = Calluna Cutover, EC = Eriophorum Cutover, SBM = 
Sub-Marginal, and SBC = Sub-Central. 

3.2 CO2 and CH4 Gas Fluxes 334 

The modeled annual GPP, ER, and NEE for each collar is shown in (Table S8). The ecotype CO2 fluxes were 335 

calculated as the average of all collars in each ecotype. The seasonal trend in modeled monthly GPP and ER 336 

were similar among all ecotypes increasing in magnitude during the summer and decreasing during the winter 337 

(Fig. 4a & 4b). The Sphagnum Cutover ecotype had the largest monthly GPP from January to June both years. 338 

The monthly ER was highest at the Calluna Cutover ecotype, especially during the summer months. The 339 

ecotypes show different seasonal trends in cumulative NEE (Fig. 4c). The Sphagnum Cutover and the Sub-340 

Central ecotypes were net CO2 sinks (negative slope) from March (March 27 for Sub-central and March 4 for 341 

Sphagnum Cutover) to October 24, 2016 and April 24 to October 7, 2017 and CO2 sources the rest of the year, 342 

showing an overall similar pattern to other studies of intact peatlands (e.g. Gažovič et al., 2013). The Sub-343 

Marginal ecotype is an overall moderate CO2 source both years with a minor net CO2 uptake occurring during 344 

summer of 2017. The Eriophorum Cutover ecotypes is approximately CO2 neutral for much of the year with 345 

short periods of CO2 uptake during the summer months. Some caution should be applied to interpreting the 346 
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2017 NEE data because the field measurements of NEE were conducted for 8 months of 2017 (Jan–Aug), 347 

although the field measurements in 2017 did encompass the warmest months of the year when the largest 348 

variation in NEE occured. 349 

 350 

The temporal variation in measured CH4 flux followed a seasonal trend becoming larger and more variable 351 

during the summer months, which was captured reasonably well by the model (Fig. 5, Fig. S2). Annual CH4 352 

fluxes by ecotype are shown in Figure 6, and for each collar in Table S8. The annual CH4 emissions are highest 353 

for the Eriophorum Cutover (14.2 ±4.8 g C-CH4 m-2 yr-1) and Sub-Central ecotypes (12.6 ±7.9 g C-CH4 m-2 yr-1), 354 

which have the highest mean annual water table (MAWT). The annual CH4 flux at the Sub-Central ecotype is 355 

highly variable with a range of 1.2 to 19.3 g C-CH4 m-2 yr-1 between collars. The annual CH4 flux is lowest for the 356 

Calluna Cutover ecotype (2.7 ±1.4 g C-CH4 m-2 yr-1).  357 

 358 
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Figure 4. Monthly (a) GPP and (b) ER, and (c) cumulative NEE for each ecotype for 2016 and 2017, where the ecotype 
values are the average of all collars in the ecotype. 
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Figure 5. The average daily CH4 flux measured in the field compared to the modelled temporal fluctuations in CH4 
flux for 2017.  

 

 
Figure 6. Annual CH4 flux for each ecotype averaged over all collars in the ecotype. Shared letters represent no 
statistically significant difference between ecotypes based on one-way ANOVA with Bonforroni honestly significant 
difference for pairwise comparisons. 
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3.3 Aquatic C Losses 359 

The DOC concentrations showed a seasonal trend for both years - higher between approx. June and November 

(46.0 ±3.0 mg L-1) and lower between December and May (34.5 ±2.3 mg L-1) (Fig. 7). 

 

  Figure 7. Measured DOC and DIC concentrations (mg L-1) over a two year period (2016 and 2017) at the weir. 

 360 

No trend in DOC concentration was observed with respect to discharge. The discharge at the weir site was 361 

much higher in the winter months, with a resulting higher total DOC flux over those months. Annual losses of 362 

DOC were 8.0 ±1.6 and 12.8 ±2.5 g C m-2 yr-1 for 2016 and 2017, respectively. Seven DIC measurements were 363 

conducted at the weir site between November 2016 and October 2017. The average DIC concentration at the 364 

weir was 4.6 ±1.1 mg L-1, excluding 1 low outlier (2.2 mg L-1) on June 2, 2017 (Fig. 7). Based on this limited 365 

amount of data there is no significant trend in DIC concentration with respect to season, temperature, or 366 

discharge, so it was assumed constant throughout the 2 year study period. Annual C losses as DIC were 1.1 367 
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±0.2 and 1.5 ±0.3 g C m-2 yr-1. These values of annual aquatic C loss for DOC and DIC were applied to each of the 368 

ecotypes equally when calculating the C balance and GWP. Open water CO2 evasion was measured for two 369 

blocked drains on the raised bog and just upstream of the weir. The average CO2 evasion rate from the two 370 

blocked drains on the western and eastern portion of the raised bog (WHB and EHB, respectively) (n=15) was 371 

5.1 x 10-3 ±2.9 x 10-3 mg C-CO2 m-2 s-1 and was somewhat higher at the weir (n=8) as 9.2 x 10-3 ±3.2 x 10-3 mg C-372 

CO2 m-2 s-1 (Fig. 8).  373 

 
Figure 8. CO2 evasion rate measured at two blocked drains on the high bog (WHB and EHB) and just upstream of the 
weir. Locations of WHB and EHB are shown as white dots in Fig 1 as is the Weir location. Data was collected between 
March and July 2017 at the WHB location (n=7), November 2016 and July 2017 at the EHB location (n=8), and 
December 2016 and July 2017 at the weir location (n=8). 

 

Based on this limited data set, there was no significant trend in evasion rate with respect to season, 374 

temperature, or (at the weir site) discharge. CO2 evasion rate was thus assumed constant and extrapolated to 375 

give an annual C loss as CO2 evasion of 162 ±91 g C-CO2 m-2 yr-1 and 290 ±100 g C-CO2 m-2 yr-1 for open water 376 

blocked ditches and active drain network of the weir, respectively. The open water areas in the drain network 377 

contributing to the weir were ~0.9% of the total catchment area to give a C loss of 2.7 ±0.9 g C-CO2 m-2 yr-1 for 378 

the weir catchment area as a whole. As above, this was applied equally all ecotypes. Open water areas of 379 

blocked drains only occurred near one of the ecotypes (Sub-Marginal), where they were estimated to be 2.8% 380 

of the total surface area. This gives an additional C loss in the Sub-Marginal ecotype of 4.5 ±2.6 g C-CO2 m-2 yr-1.  381 
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3.4 Carbon Balance and GWP by Ecotype 382 

The NEE, CH4 fluxes, and the aquatic losses of C were compiled to calculate the C balance and GWP for each 383 

ecotype (Fig. 9), with collar specific data shown in Table S8. Two of the ecotypes were on average C sinks both 384 

years: the Sphagnum Cutover (-29.8 ± 42 g-C m-2 yr-1 for 2016 and -30.0 ± 40 g-C m-2 yr-1 for 2017) and the 385 

Sub-Central ecotypes (-53.0 ± 37 g-C m-2 yr-1 for 2016 and -62.4 ± 46 g-C m-2 yr-1 for 2017), but only the Sub-386 

Central ecotype was a statistically significant carbon sink based on a student’s t-test (p= 0.018 in 2016 and 387 

p=0.021 in 2017, n=6). The Calluna Cutover ecotype was a substantial C source of 234 ± 52 g C-CO2 m-2 yr-1 and 388 

175 ±61 g C-CO2 m-2 yr-1 for 2016 and 2017, respectively. This ecotype was significantly higher than all the 389 

other ecotypes in 2016 (p < 0.001) and 2017 (p=0.017) (Fig. 9a). The Sub-Marginal, Eriophorum Cutover, and 390 

Sphagnum Cutover ecotypes showed no statistically significant different from C neutral both years. However, 391 

the Sub-Marginal ecotype had one collar, which was a low outlier (Table S8); this collar is much more similar 392 

ecologically and hydrologically to the Sub-Central ecotype (Table S7). If this low outlier is removed, then the 393 

Sub-Marginal ecotype is a significant C source both years (p=0.003 for 2016 and p=0.003 for 2017, n=5), based 394 

on a student’s t-test. Removing this outlier, the Sub-Marginal ecotype is a significantly higher C source than the 395 

Sub-Central (p= 0.007) and Sphagnum Cutover (p=0.046) ecotype in 2016, and higher than the Sphagnum 396 

Cutover ecotype to marginal significance (p=0.057) in 2017.  There is substantial variation between collars 397 

within each ecotype for NEE and CH4 flux, which is the largest source of error in ecotype C balance and GWP.  398 

 399 

All ecotypes had an average positive GWP both years, with the lowest average GWP of 1.2 ± 2.6 tonnes CO2-eq 400 

m-2 yr-1 at the Sphagnum Cutover ecotype and the highest average GWP occurring at the Calluna Cutover 401 

ecotype of 8.6 ± 3.3 tonnes CO2-eq m-2 yr-1 (Fig. 9b). The Sphagnum dominated ecotypes, Sphagnum Cutover 402 

and Sub-Central, were on average the lowest GWP sources, with the Sphagnum Cutover ecotype lower than 403 

the Calluna Cutover ecotype to a high degree of significance (p<0.001) and significantly lower (p= 0.001 for 404 
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2016 and p=0.010 for 2017) than the Eriophorum Cutover ecotype both years. The Sub-Central ecotype 405 

significantly lower (p<0.001 for 2016 and p=0.020 for 2017) than the Calluna Cutover ecotype. CH4 emissions 406 

account for 13% and 16% of the GWP at the Calluna Cutover ecotype in 2016 and 2017, respectively. CH4 407 

emissions account for the majority of the total GWP in all other ecotypes (72-210%). Thus, the differences 408 

between ecotype GWP should be interpreted with some caution for 2016, with CH4 flux assumed to be the 409 

same as 2017.  410 
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Figure 9. (a) Annual C balance for each ecotype including NEE, CH4 flux, aquatic losses as DOC and DIC, and open 
water CO2 evasion averaged over all collars in each ecotype. (b) Annual global warming potential for each ecotype. 
Shared letters represent no statistically significant difference between ecotypes based on one-way ANOVA with 
Bonforroni honestly significant difference for pairwise comparisons. Letters apply for each year separately.  
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3.5 Drivers of NEE and GWP 411 

Environmental drivers of the annual NEE, CH4 flux, and GWP were analyzed by comparing the data from each 412 

of the 29 collars. There is a significant (slope = -5.8 ± 2.6, p=0.015, n=29) but weak (r2 = 0.16) negative linear 413 

correlation between the two year average annual NEE and the MAWT (Fig. 10a). This particular data set is 414 

skewed by the Sphagnum Cutover ecotype, where there is a relatively low water table and a moderate CO2 415 

sink due to the presence of Sphagnum spp. hummocks. If the Sphagnum Cutover ecotype is excluded, the linear 416 

regression between average annual NEE and MAWT is more highly significant (slope = -9.2 ± 2.8, p = 0.003, 417 

n=29) with a stronger correlation (r2 = 0. 35). The annual CH4 flux has a significant (slope = 0.57 ± 0.11, p < 418 

0.001, n=29) positive linear correlation (r2=0.51) with the average MAWT (Fig. 10b). The trends in CH4 flux 419 

and NEE with respect to MAWT offset each other such that there is no trend (slope = 0.04 ± 0.09, p = 0.61, n= 420 

29, r2 < 0.01) in GWP with respect to mean annual water table (Fig. 10c).  421 

 422 

The collar annual average GWP has a highly significant (slope = -0.067 ± 0.010, p < 0.001, n=1) negative linear 423 

correlation (r2 = 0.63) with the percent Sphagnum spp. cover in the collar (Fig. 10f). The percentage Sphagnum 424 

spp. cover and Eriophorum spp. cover in the collar seem to be correlated in a non-linear fashion with the 425 

average annual NEE and the annual CH4 flux, respectively (Fig. 10 d,e). In particular, the annual CH4 flux is 426 

greater than ~9 g C-CH4 m-2 yr-1 for all collars where the percentage Eriophorum spp. cover is higher than 10%.   427 
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Figure 10. Trends in collar annual C balance, CH4 flux, and GWP plotted against mean annual water table (MAWT) (a-
c) and percent genus cover (d-f). Data is displayed by ecotype with abbreviations in legend as in Fig 2.  
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3.6 Comparison with Global Studies 428 

The annual NEE and CH4 flux from this study were compared to a compilation of literature data from global 429 

studies of boreal and temperate peatlands. This comparison is shown graphically in Fig. 11 and Fig. 12 and in 430 

tabular form in Table S9.  431 

 432 

For both vegetated and bare peat sites, there is a negative correlation between MAWT and NEE (Fig. 11).  433 

Annual NEE for vegetated sites followed a linear trend with respect to MAWT with slope of -4.5 g C-CO2 m-2 yr-1 434 

per cm rise in MAWT and an intercept of -92 g C-CO2m-1yr-1.   435 

 436 

The Sphagnum dominated ecotypes in this study (Sphagnum Cutover and Sub-Central) were just below the 437 

overall trend line for vegetated sites in Fig. 11. The Sub-Central ecotype in this study has continuous 438 

Sphagnum spp. lawns similar to an intact peatland. This ecotype has a mean annual NEE of -85 ± 67 g C-CO2 m-2 439 

yr-1 and a mean annual water table of -8.2 cm. This is close to the overall average NEE (-60 g C-CO2 m-2 yr-1) 440 

and mean annual water table (-9 cm) for intact peatlands shown in this figure. The other ecotypes in this study 441 

were higher than the overall trend line for vegetated sites in Fig. 11. The Calluna Cutover ecotype from this 442 

study had an exceptionally high NEE (188 ± 79 g C-CO2 m-2 yr-1) for the given MAWT (-18.6 cm) compared to 443 

the NEE (-5 g C-CO2 m-2 yr-1) predicted from the best fit trend line of vegetated sites.  444 
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Figure 11. Mean annual water table vs. the annual NEE for the 5 ecotypes in this study (error bars are standard 

deviation) compared to global studies from boreal and temperate peatlands. (Data from: Wilson et al., 2015; Wilson et al., 

2016; Vanslow-Algan et al., 2015; Tuittili et al., 1999; Waddington et al., 2010; Strack et al., 2014; Nilsson et al., 2008; 

Dinsmore et al., 2010; Koehler et al., 2011; Chimner et al., 2017; Gazovic et al., 2013; Lund et al., 2012; Levy and Grey et 

al., 2015; McVeigh et al., 2014; Helftler et al., 2015; Piechl et al., 2014; Stranchen et al., 2016; Roulet et al., 2007; 

Waddington and Roulet, 2000; for more details and additional studies see Table S9 in Supplemental Section 3). Also, 

shown to the right of the figure is the mean and 95% CI NEE from nutrient poor, wet (MAWT >-30 cm) boreal (B) and 

temperate (T) peatlands (from the review paper, Wilson et al., 2016a). Numbers indicate the ecotype with Sphagnum 

Cutover = 1, Calluna Cutover = 2, Eriophorum Cutover = 3, Sub-Marginal = 4, and Sub-Central = 5.  

 445 

Similarly, annual/seasonal CH4 emissions are plotted against MAWT (Fig. 12). Reported CH4 emissions from 446 

drained peatlands are quite low and typically do not exceed 0.6 g C-CH4 m-2  yr-1 when the mean annual water 447 

table is below -30 cm.  448 
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 449 

 
Fig. 12. This figure shows the mean annual water table plotted against the measured 2017 annual CH4 emissions for each 
ecotype in this study (error bars are standard deviations) and from global studies of temperate and boreal peatlands 
(Sources: Flessa et al., 1998, Fieldler et al., 1998, Wilson et al., 2016; Tuitili et al., 1999; Wilson et al., 2018; Danevic et al., 
2010; Von Arnold et al., 2005; Laine et al., 1996; Yamulki et al., 2012; Nykanen et al., 1998; Fieldler et al., 2007; Cooper et 
al., 2014; Waddington and Day, 2007; Chimner et al., 2017; Waddington and Roulet 2000; for more details see Table S9 in 
Supplemental Section 3. Also, shown to the right of the figure is the mean and 95% CI of CH4 emissions from nutrient 
poor, wet (MAWT >-30 cm) boreal (B) and temperate (T) peatlands (from the review paper, Wilson et al., 2016a). 
Numbering of ecotypes is the same as in Fig. 11.  

 

There is a high degree of variability in CH4 emissions in sites where the MAWT is higher than -20 cm.  This 450 

figure excludes infilled ditches, which can be hotspots for CH4 emissions (Waddington and Day, 2000). For 451 
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example, Cooper et al. (2014) reports 53.9 g C-CH4 m-2 yr-1 for infilled ditches (Cooper et al., 2014). There are 452 

few studies that have reported CH4 emissions from bare peat sites, and the results are generally low (mean of -453 

0.03 g C-CH4 m-2 yr-1) even at high water table.  The data from the ecotypes in this study fall well within the 454 

range of the CH4 flux values in Fig. 12 for given MAWTs.  455 

 456 

There are a few cautionary notes that should accompany these plots. First, some of this data was collected 457 

using the closed chamber method and some collected using eddy covariance methods. Although both methods 458 

measure the same metric (NEE), closed chamber methods are inherently micro-scale while eddy-covariance 459 

methods are inherently landscape scale, as are the water table measurements accompanying them. Eddy-460 

covariance measurements spatially integrate the micro-variations within the landscape compared to closed 461 

chamber measurements. Much of the NEE data reported in Figure 11 for intact peatlands are from eddy-462 

covariance flux towers while there are very few studies that have used this technique on 463 

degraded/restored/recovering peatlands. This may cause apparently higher variation in NEE for 464 

degraded/restored/recovering peatlands. Second, many of the studies on boreal peatlands report only 465 

growing season NEE and water table because of frozen winter conditions. Data collected from literature 466 

included in Fig 11 and Fig 12 are reported as is without attempting to account for the differences in growing 467 

season vs. annual values. Though, non-growing season gas fluxes can account for ~15% of annual fluxes for 468 

boreal peatlands (Saarnio et al., 2007). Third, this figure contains data points from different locations as well 469 

as the same location over multiple years where data is available. The data used to compile Figs. 11 and 12 and 470 

additional studies can be found in Supplemental Section 3, Table S9. 471 
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4. Discussion 472 

4.1 Comparison between ecotype NEE and CH4 flux  473 

All of the ecotypes in this study were on average GWP sources both years, which was statistically significant 474 

for all but the Sphagnum Cutover ecotype both years. This is in agreement with others studies, which have 475 

found that even relatively high quality restored bogs tend to have positive overall GWP (Renou-Wilson et al., 476 

2018b).The Sphagnum spp. dominated ecotypes (Sphagnum Cutover and Sub-Central) were on average the 477 

lowest GWP sources, and plot scale Sphagnum spp. cover had a statistically significant negative correlation to 478 

the GWP. In terms of restoration, this suggests that there is a direct GHG benefit for establishing high quality 479 

bog vegetation such as Sphagnum spp. 480 

 481 

There is some debate about the use of GWP as a metric for peatlands because this metric focuses on a 100-482 

year time window, which may not be appropriate. For example, “the long-term sequestration of CO2 into stable 483 

organic matter gradually outweighs the warming effect of CH4, due to the shorter atmospheric lifetime of the 484 

latter, so that natural peatlands exert a net cooling impact on the atmosphere over longer periods” i.e. the 485 

Holocene (Evans et al., 2016; Frolking et al., 2006). This means that peatland preservation is beneficial (in 486 

terms of warming impact) despite CH4 emissions. However, peatland restoration may impact the eco-487 

hydrological trajectory on a shorter time scale (i.e. decadal as opposed to millennial) in which case, the 488 

increased CH4 emissions resulting from restoration works (such as raising the water table) may be 489 

proportionally more important to consider for the overall greenhouse gas effect. This would mean that 100-490 

year GWP may be a more appropriate metric for restored peatlands than intact peatlands. 491 

 492 
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It is interesting to observe that ecotypes with identical site history, close physical proximity, similar soils, and 493 

only subtle differences in hydrology can have substantial differences in the NEE, CH4 flux, and resulting GWP.  494 

In the cutover areas of Abbeyleix Bog, a mosaic of ecotypes has naturally developed in the time since 495 

abandonment. The resulting C cycling is highly spatially variable throughout the cutover bog: the Calluna 496 

Cutover ecotype is a considerable carbon source; the Eriophorum Cutover ecotype is approximately carbon 497 

neutral; and the Sphagnum Cutover ecotype is on average a moderate carbon sink. Also, the Eriophorum 498 

Cutover ecotype was found to produce much higher CH4 emissions than the other two cutover ecotypes. The 499 

Sphagnum Cutover ecotype in this study was a statistically significant lower GWP source than the other 500 

ecotypes on the cutover bog and a substantially lower CO2 source than the Calluna Cutover Ecotype, although 501 

the Sphagnum Cutover ecotype was located within 30 m of the Calluna Cutover ecotype.  502 

 503 

The Calluna Cutover ecotype was not only a larger CO2 source than the other ecotypes in this study, but also 504 

much higher than values reported in the literature for degraded/restored/recovering bogs at a comparable 505 

MAWT (as in Fig. 11). This may be due to the longer time post-abandonment than many other studies because 506 

the CO2 emissions from peat soils can possibly increase with postharvest time (Rankin et al., 2018; 507 

Waddington et al., 2002). If this is true, differences in eco-hydrological trajectory (e.g. between the Sphagnum 508 

Cutover and Calluna Cutover ecotypes) may even result in a divergent trend in the global warming impact 509 

over time, which would underscore the important of restoration as soon as possible postharvest.  510 

 511 

Similarly, the two ecotypes on the restored raised bog share a similar site history, i.e. both were restored by 512 

drain blocking 6 years prior to the start of the study. The Sub-Central ecotype was on average a C sink while 513 

the lower quality Sub-Marginal area was on average a moderate carbon source in 2016 and 2017 despite only 514 
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minor differences in hydrology (Fig. 3). This is an example where the successful restoration of a continuous 515 

Sphagnum moss layer has resulted in an improved C sink. The Sub-Central ecotype had an average annual NEE 516 

that was similar to other studies on intact bog locations (as in Fig. 11, & Helftler et al., 2015; McVeigh et al., 517 

2014; Nugent et al., 2018, etc.). This demonstrates that restored bogs can be returned to a similar CO2 sink as 518 

intact bogs agreeing with Nugent et al. (2018), depending on the initial level of disturbance (Renou-Wilson et 519 

al., 2018a).  520 

 521 

The eco-hydrological conditions seem to be what determines GHG emissions, rather than time since 522 

restoration/abandonment.  The data here do not support the hypothesis that time since 523 

restoration/abandonment per se is an important factor in the GHG emissions (once vegetation is established 524 

as discussed below). This is evidenced by the fact that ecotypes with the same site history (e.g. the cutover 525 

ecotypes or the raised bog ecotypes) can have very different C cycling. Also, locations with very different site 526 

history (e.g. the Sphagnum Cutover and Sub-Central ecotypes) can have similarities in plant ecology, C balance, 527 

and GWP.   528 

    529 

4.2. Aquatic carbon losses 530 
 531 

Only a handful of previous studies have concurrently quantified annual fluxes of all major aspects of the C 532 

balance for a peatland site (Table 2). Of these, only one study, to the authors’ knowledge, (Nugent et al., 2018) 533 

has concurrently measured annual NEE, CH4 flux, and DOC flux for a restored peatland site.  534 

  535 
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Table 2. This table shows the average annual C balance from various studies which have measured multiple aspects of the 
C balance. All units are in g-C m-1 yr-1, with a negative sign convention indicating C uptake to the bog. Where two or three 
years of data were available the range is given (min to max), where more years of data were available ±SD is included.  

 
†Range for various ecotypes 
ǂIncluding super saturated CO2 as DIC 
§In the vicinity of the Sub-Marginal ecotype, this value was found to be 7.2 g-C-CO2 m-1 yr-1 because of more open water 
surface area from blocked ditches.  

 536 

The annual C export as DOC measured in this study was lower than the value reported in Dinsmore et al. 537 

(2010) from Auchencorth Moss, Scotland, which is similarly located in a temperate oceanic climate. The 538 

annual DOC export measured at Abbeyleix Bog was also on the lower end of the range (5–36 g C m-2 yr-1) 539 

reported for temperate peatlands in the review by Evans et al. (2016).  The DIC losses in this study (1.3 g C m-2 540 

yr-1, including super-saturated CO2 as DIC) are lower than the values reported in Nilsson et al. (2008) and 541 

Dinsmore et al. (2010) of 2.0 and 4.6 g C m-2 yr-1, respectively. This is partially because the average DIC 542 

concentration measured in this study (4.6 ±1.1 mg C L-1) is somewhat lower than that reported in Nillson et al. 543 

(2008) of 9.6 mg C L-1 and at Auchencorth Moss (Dinsmore et al., 2013) of 8.65 mg C L-1. The annual open 544 

water CO2 evasion found in this study (2.7 or 7.2 g C m-2 yr-1) is lower than what was reported in Dinsmore et 545 
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al. (2010) (12.7 g C m-2 yr-1), but this is dependent on the geometry of the system as water surface area is a 546 

factor in the calculation. Also, the floating chamber method used in this study may have underestimated total 547 

CO2 evasion (Dinsmore et al., 2010).  548 

 549 

Although the NEE is the most variable component of the C balance and often drives the trends in the overall C 550 

balance, it is not necessarily the largest component of the C balance. Other aspects of the C balance become 551 

proportionally more important when the NEE is near neutral. For example, the NEE at the Eriophorum 552 

Cutover ecotype in 2016 was +3 ± 61 g C-CO2 m-2 yr-1. The magnitude of the aquatic C loss in 2016 (11.8 ±1.8 g 553 

C m-2 yr-1) was actually larger than the average NEE for this ecotype.  554 

 555 

4.3 Implications for Peatland Management and Restoration 556 
 557 

Peatland management and restoration is primarily able to alter 1) the hydrology, typically managing the water 558 

table through drainage or drain blocking and 2) the plant ecology, through revegetation efforts and controlling 559 

invasive species (Andersen et al., 2017). If peatland management is used as a climate change mitigation tool 560 

[as suggested in Birkin et al. (2011); Wilson et al. (2013); Leifeld and Menichetti (2018)], then, the impact of 561 

these actions on C balance, CH4 flux, and GWP must be considered. The trends in Fig. 11 could be used to 562 

predict the NEE impact of rewetting and/or revegetating a peatland.  However, the trend in NEE with respect 563 

to MAWT in Fig. 11 should be interpreted with some caution because of the difficulty of generalizing across 564 

sites based on simple water table proxies (Wilson et al., 2016a). For example, there was a “highly peatland-565 

specific dependency (i.e., with different offsets and slopes) of the CO2 response to water table depth” for 566 

grassland peatlands in Germany (Tiemeyer et al., 2017). The reader is directed toward various formal 567 

literature reviews, which have considered the impact of re-wetting or water table on peatland CO2 and CH4 568 
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emissions (Haddaway et al., 2014; Junkurst and Fielder, 2007; Saarnio, et al., 2007; Turetsky et al., 2014; 569 

Wilson et al., 2016a).   570 

 571 

Higher water table generally corresponds to increased CH4 emissions and reduced CO2 emissions (Wilson et 572 

al., 2016a), which was found in this study as well. For sites with a higher water table, the CO2 uptake tends to 573 

outweigh the higher CH4 emissions (Junkurst and Fielder, 2007) such that rewetting of a drained peatland has 574 

often been observed to result in an overall reduction in GWP (Renou-Wilson et al., 2018b; Wilson et al., 2016a; 575 

Wilson et al., 2016b). However, this is not necessarily the case because of the high degree of variability for 576 

reported methane emissions. For example, in this study, the Eriophorum Cutover ecotype (with the highest 577 

MAWT) was found to have a higher GWP than the Sphagnum Cutover ecotype (with a much lower MAWT) 578 

both years. Also, this study found that the plot scale GWP showed no trend with respect to MAWT.  579 

 580 

 As shown in Figure 11, bare peat sites have a higher NEE than vegetated sites at a given MAWT, and these 581 

trend lines diverge at higher MAWT. As it can take decades for vegetation to be established in industrially 582 

mined peatlands (Wilson et al., 2015), these data would suggest that restoration to encourage plant 583 

colonization could reduce the short term CO2 emissions even if no other restoration works are undertaken. 584 

Further, peatlands may be large C sinks in the years immediately post restoration as vegetation recovers due 585 

to the rapid, subsequent increase in vegetation biomass. For example, an annual NEE of -473 g C-CO2 m-2 yr-1 586 

was reported by Waddington et al. (2010) one year post restoration for sites where herbaceous vegetation 587 

increased dramatically. This may explain some of the low outliers in Figure 11 for 588 

degraded/restored/recovering sites. Three of the low outliers in Figure 11 are from Strack et al. (2014), which 589 

is 4 years post restoration with a growing season NEE of -162, -121- and -126 g C-CO2 m-2 for plots with mean 590 
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seasonal water tables of -21.3, -24.9 and -28.2 cm, respectively. On the other hand, the low CH4 emissions from 591 

rewetted bare peat soils suggests that the methanogenesis is limited by substrate availability in cutover 592 

peatlands (Tuittila et al., 2000; Tuittila et al., 1999).Thus, establishing vegetation on a cutover peatland could 593 

increase methane emissions compared to bare peat, even so restored peatlands often have lower CH4 flux than 594 

intact reference sites (e.g. Nugent et al., 2018).  595 

The results from this study demonstrate the importance of establishing a Sphagnum moss for C sink and GWP.  596 

This is somewhat contradictory to Wilson et al. (2016b), who found that locations in a restored Irish peatland 597 

with only Eriophorum angustifolium had a stronger CO2 sink and lower GWP than locations with Eriophorum 598 

and Sphagnum together. Still, the successful restoration of Sphagnum on a mined peatland has been found to 599 

result in a stable and strong C sink and a low CH4 emissions (e.g. Nugent et al., 2018). Also, Strack et al. (2016) 600 

found that variation in CO2 and CH4 flux was lower for natural sites, with a high percent moss cover, than 601 

restored sites with a lower percent moss cover. Thus, the re-establishment of Sphagnum moss seems to be tied 602 

to a consistent C sink function.  603 

5  Conclusions 604 

In general, this study found large differences in carbon balance and GWP emissions of various ecotypes in a 605 

recovering cutover bog despite of the close physical proximity (within 200 m), similarities in soil, and a shared 606 

site history. This highlights the importance of microscale hydrological variations on the eco-hydrological 607 

trajectory and need for more research on the eco-hydrology of degraded bogs as well as the requirements for 608 

successful restoration.  On both a recovering cutover bog and a drain blocked raised bog, lower GWP was 609 

observed where there had been recovery of high quality peatland vegetation such as Sphagnum spp.  610 

 611 
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At the plot scale, the trends in CH4 flux and C balance with respect to MAWT offset each other such that there 612 

is no trend in GWP with respect to MAWT. The collar annual average GWP showed a highly significant 613 

negative linear correlation with the plot scale percent Sphagnum spp. cover. Altogether, this demonstrates the 614 

greenhouse gas benefit of restoring degraded bogs back to active, Sphagnum dominated systems.  615 

 616 

As degraded peatlands are major aspects of the European landscape and given their importance to global 617 

greenhouse gas emissions, it is valuable to continue building a database of greenhouse gas emissions from 618 

peatlands and the effects of peatland management and restoration. This requires three aspects of future 619 

research: 1. More field data is needed to thoroughly characterize the wide range of peatlands and drivers of 620 

peatland greenhouse gas emissions; 2. The types of data collected, methods used, and format of reporting this 621 

data need to be streamlined across the scientific community; 3. The data from the growing number of studies 622 

focused on peatland greenhouse gas emissions needs to be compiled in accessible ways to both the scientific 623 

community and policy managers.  624 

 625 
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