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SUMMARY 
 
This study brings together plot-scale growing season fluxes of carbon dioxide (CO2) and methane (CH4) from 
six Canadian peatlands restored by the moss layer transfer technique (MLTT) and compares them with fluxes 
from adjacent unrestored and natural peatlands to determine: 1) if CO2 and CH4 fluxes return to natural-site 
levels and 2) whether the ecohydrological controls (e.g. water table, plant cover) on these fluxes are similar 
between treatments. We also examine differences between eastern (humid/maritime climate) and western (sub-
humid climate) Canadian plots, and between restoration of former horticultural peat extraction sites and oil 
industry well-pads. Our results indicate that restored site fluxes of CO2 and CH4 are not significantly different 
between eastern and western Canada or between a restored well-pad and restored horticultural peat extraction 
sites. Restoration resulted in gross primary production rates similar to those at natural plots and significantly 
greater than those at unrestored plots. Ecosystem respiration was not significantly different at restored and 
unrestored plots, and was lower at both than at natural plots. Methane emission was significantly greater at 
restored plots than at unrestored plots, but remained significantly lower on average than at natural plots. Water 
table was a significant control on CH4 flux across restored and natural plots. Vascular plant cover was 
significantly related to CO2 uptake (gross photosynthesis) at restored and unrestored plots, but not at natural 
plots, while higher moss cover resulted in significantly greater net uptake of CO2 at natural plots but not at 
restored and unrestored plots. Overall, MLTT restoration greatly alters CO2 and CH4 dynamics compared to 
unrestored areas but fluxes remain, on average, significantly different from those in natural peatlands, in both 
the magnitude of mean growing season fluxes and controls on variation in these fluxes among plots. Peatland 
restoration by MLTT results in reduced CO2 emissions and higher CH4 emissions; however, more year-round 
measurements in more restored peatlands over longer periods post-restoration are needed to improve 
greenhouse gas emission estimates for restored Canadian peatlands. 
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INTRODUCTION 
 
Peatlands represent a globally significant stock of 
soil carbon (C) estimated at around 600 Gt C (Page 
et al. 2011), with northern peatlands accounting for 
approximately 390–440 Gt C of this total (Page et al. 
2011, Loisel et al. 2014). This C stock has resulted 
from a small imbalance, over millennia, between C 
uptake as gross primary production (GPP) and loss of 
C as ecosystem respiration (ER), methane (CH4) 
emissions and fluvial C exports. Methane release 
from northern peatlands also represents a globally 
significant greenhouse gas (GHG) source (e.g. 
Bridgham et al. 2013), although research suggests 
that the balance of long-term C sequestration and 

CH4 emissions from northern peatlands has resulted 
in net atmospheric cooling over the Holocene 
(Frolking & Roulet 2007).  

Many northern peatlands have been disturbed by 
human activities that include agriculture, forestry, 
and resource exploration and extraction. This 
disturbance often results in the release of soil C (e.g. 
Turetsky et al. 2002, Rooney et al. 2012). In Canada, 
peat is extracted mainly for horticultural use. An 
estimated 27,500 ha of peatland has been disturbed 
by horticultural peat extraction, which is currently 
active on 16,000 ha (Canadian Sphagnum Peat Moss 
Association, personal communication). Peat 
extraction involves clearing the site of vegetation and 
lowering the water table, which results in large and 
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persistent CO2 emissions (Waddington et al. 2002), 
lower CH4 flux from peat fields (Waddington & Day 
2007) and the conversion of GHG sinks to sources. 
Restoration may reverse these changes; in Canada the 
explicit goals of peatland restoration are to return 
peatland species and hydrological conditions to a 
state that allows peat and C accumulation functions 
to recover in the long term (Rochefort et al. 2003). 
These goals and two decades of research (e.g. 
Campeau & Rochefort 1996, Price et al. 1998, 
Waddington et al. 2002, Cobbaert et al. 2004, 
González et al. 2014) have led to development of the 
moss layer transfer technique (MLTT) for peatland 
restoration. In this method, drainage ditches are 
blocked or completely filled and donor material is 
collected from an undisturbed area and spread on the 
extracted peatland, covered with straw mulch and 
often fertilised with rock phosphate (Rochefort et al. 
2003). Sites restored using MLTT have lower CO2 
emission rates (Waddington et al. 2010, Strack & 
Zuback 2013, Strack et al. 2014) and higher CH4 
emissions (Waddington & Day 2007, Strack et al. 
2014) than unrestored sites, and may return to being 
growing season C sinks within ~ 5–10 years (e.g. 
Waddington et al. 2010, Strack et al. 2014). 

Increasingly, peatlands in northern Canada 
(where they are a dominant land cover type, Vitt et 
al. 1998) are impacted by mining operations, e.g. 
minerals and oil sands extraction. When disturbance 
includes the removal of vegetation, the MLTT may 
again be useful for peatland restoration and the 
approach is currently being tested on a constructed 
peatland following open pit extraction of oil sands 
(Daly et al. 2012) and for the restoration of former 
well-pads used for oil extraction (Sobze et al. 2012). 

For all of these applications it is essential that the 
GHG emissions or removals related to MLTT 
restoration are quantified in Canada’s national 
inventory report to the United Nations Framework 
Convention on Climate Change (UNFCCC), as GHG 
exchanges on managed land. While the IPCC 
Wetlands Supplement (IPCC 2014) provided updated 
guidance on reporting of GHG emissions and 
removals from rewetted organic soils (Blain et al. 
2014), it is unclear how fluxes following MLTT may 
differ from those associated with simply rewetting 
drained peatland. Moreover, a better understanding 
of fluxes from peatlands in Canada that have been 
restored using MLTT can be used to derive the 
Canada-specific emission factors needed for 
reporting at Tier 2 or Tier 3 levels. In this context it 
is important to consider not only GHG emissions, but 
also the controls on these emissions. To ensure the 
availability of activity data for use in constructing 
national scale inventories, these controls should be 

relatively easy to measure across many sites or utilise 
data that can be obtained from independent sources. 
The uptake of CO2 through photosynthesis is related 
to availability of light (e.g. Frolking et al. 1998), 
plant functional type and cover (e.g. Leppälä et al. 
2008, Strack et al. 2014) and water table position 
(e.g. Sulman et al. 2010). Emissions of CO2 via soil 
respiration are generally correlated to soil 
temperature (e.g. Lafleur et al. 2005) and water table 
position (e.g. Sulman et al. 2010), while plant cover 
may be important when plant respiration makes an 
important contribution to ecosystem respiration (e.g. 
Strack et al. 2014, Renou-Wilson et al. 2016). Water 
table is often the strongest predictor of CH4 flux (e.g. 
Couwenberg & Fritz 2012, Wilson et al. 2016), 
although soil temperature (e.g. Treat et al. 2007) and 
the presence of species with aerenchyma, also 
referred to as “shunt” species (Couwenberg & Fritz 
2012), may also be important controls. As hydrology 
and plant type at restored sites may differ from those 
at natural and unrestored peatlands (e.g. Poulin et al. 
2013, McCarter & Price 2015), the relative 
importance of these controls on GHG fluxes may also 
differ. A better understanding of controls on GHG 
emissions can help inform restoration planning to 
minimise GHG emissions when climate change 
mitigation is a primary goal of the restoration project. 
A comparison of the relative importance of controls 
at unrestored, restored and natural sites will also help 
to evaluate the return of biogeochemical function 
post-restoration. 

Therefore, the objective of this study was to 
compile plot-scale GHG flux data from Canadian 
peatlands restored using the MLTT method, in order 
to answer the following questions: 1) What are the 
mean growing season fluxes of CO2 and CH4 from 
MLTT restored peatlands and how do they compare 
with fluxes from adjacent unrestored and natural 
peatlands? 2) Do CO2 and CH4 fluxes from MLTT 
restored peatlands vary between eastern and western 
Canada, or by the type of disturbance prior to 
restoration (well-pad versus horticultural peat 
extraction)? 3) How are plant functional type (e.g. 
moss, graminoid, shrub) and total plant cover, mean 
water table position and mean surface soil 
temperature related to CO2 and CH4 fluxes and do 
these relationships vary between unrestored, restored 
and natural peatlands? We hypothesised that plots in 
MLTT restored peatlands would have similar fluxes 
to natural peatlands and greater CH4 emissions and 
net CO2 uptake than unrestored plots. Given the 
levels of vegetation recovery observed, we also 
hypothesised that fluxes would be similar in eastern 
and western Canada, and at well-pads and sites 
disturbed by horticultural peat extraction. Finally, we 
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hypothesised that vegetation cover would be a 
significant control on CO2 flux and water table a 
significant control on CH4 flux, with sensitivity to 
water table being similar at natural and restored plots 
but lower at unrestored peatlands (e.g. Blain et al. 
2014). 
 
 
STUDY SITES 
 
Three study sites in Alberta and three in Québec, 
Canada were included in the present study. 
Horticultural peat had been extracted from five of 
these sites while the sixth was restored following 
partial removal of a mineral soil pad that had been 
placed for oil extraction. Details of each study site are 
given below. In each case the MLTT was used for 
restoration. To restore a peatland using MLTT the 
site is first prepared by levelling the peat surface. In 
some cases (often in Alberta), ditches are filled 
completely with peat while in other cases (often in 
Québec), the ditches are blocked but left open and 
may contain standing water. In the case of the well-
pad, the mineral soil fill was removed completely or 
buried beneath the peat prior to moss reintroduction. 
Donor (moss layer) material is collected from the top 
10 cm of a nearby peatland with moss dominant in 
the understorey and spread on the area to be restored, 
usually in a 1:10 ratio (1 ha donor area spread over 
10 ha restored area). Although MLTT targets moss-
dominated donor areas, vascular plant propagules are 
also transplanted as seeds and rhizomes collected 
with the moss. The donor material is covered with 
straw mulch to create a favourable microclimate for 
moss establishment. Rock phosphate fertiliser is 
often applied to promote the establishment of 
Polytrichum strictum and vascular plants that help 
stabilise the peat surface. Quinty & Rochefort (2003) 
recommend the application of straw at 3000 kg ha-1 
and rock phosphate at 150 kg ha-1. Straw was applied 
at these rates at all study sites and details of 
fertilisation are given in the site descriptions. 
 
Bois-des-Bel (BDB) 
The 7.5 ha restored area (47.833 °N, 69.417 °W) had 
been left for ~ 20 years following the cessation of 
horticultural peat extraction, prior to restoration. As 
the first step of restoration, any vegetation that had 
recolonised during this time was removed from the 
surface and pushed into the ditches. The ditches were 
blocked but not infilled. Donor material was 
collected from a nearby ombrotrophic bog. Straw and 
fertiliser were applied at the recommended rates (see 
above). The unrestored peatland was part of the same 
extracted area and was separated from the restored 

section by one peat field (30 m wide) left as a buffer. 
Vegetation was not removed from the unrestored 
area. The natural area was an open section of a 
sparsely treed ombrotrophic bog and part of the same 
peatland as the restored site but located ~ 2 km to the 
north-west. Sample plots (60 × 60 cm) in the natural 
area were distributed to capture the microtopography 
present in the bog. Data were collected at the restored 
and unrestored plots in Years 1–3 following 
restoration. The measurements were repeated in Year 
10 and also included measurements at the natural site. 
In Year 15, fluxes were measured at the restored site 
and the data for unrestored peatland were collected at 
a peatland near Saint-Alexandre-de-Kamouraska 
(47.733 °N, 69.611 °W), where extraction ceased in 
1999 - the year in which Bois-des-Bel was restored. 
 
Bic-St.-Fabien (BSF) 
At Bic-St.-Fabien (48.322° N, 68.833° W) manual 
block-cut peat extraction began in 1946 and was 
superseded by vacuum harvesting in recent decades 
(see also Mahmood & Strack 2011). Vacuum 
harvesting ceased in 2000, leaving only a shallow 
(0.4 to > 1.1 m) residual peat layer on top of gyttja 
(Malloy & Price 2014). Because this resulted in more 
minerotrophic conditions at the surface, the goal at 
this site was to establish a fen ecosystem. Bunds were 
created along topographic contours to hold water on 
the site and in November 2009 donor material from a 
nearby moderately-rich fen was spread over ~ 2 ha 
and covered with straw mulch at a typical rate for 
MLTT. Measurements were made on four bare peat 
areas in summer 2009, prior to restoration, and 
represent unrestored values. Six additional C flux 
plots were established along a hydrological gradient 
in the MLTT area of the site in spring 2010, and 
measured for the first three years post-restoration. A 
natural moderately-rich fen immediately adjacent to 
the restored area was used as a natural site with 
triplicate plots placed on Sphagnum-dominated 
hummocks and triplicate plots in hollows dominated 
by Drepanocladus spp., Trichophorum cespitosum 
and other herbaceous species. 
 
Pointe-Lebel (PLB) 
Vacuum harvesting at the Pointe-Lebel peatland 
(49.133° N, 68.241° W) began in the 1970s. The 
natural portion of the bog is open with occasional low 
Picea mariana trees, ericaceous shrubs, and 
Sphagnum rubellum and Sphagnum fuscum as the 
dominant moss species (Cagampan & Waddington 
2008). Twelve plots were distributed across the 
natural area to capture the full range of vegetation 
communities represented. The restored area was 
treated with the standard MLTT protocols and five 
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plots were measured in the first year post-restoration. 
Ditches were blocked but remained open (i.e. they 
were not completely infilled with peat) and were 
rarely full of water during the measurement period. 
Six plots were installed for flux measurement in the 
unrestored area, which was adjacent to the restored 
area and had no vegetation. At both the restored and 
unrestored sites, plots were distributed to capture the 
hydrological gradients present on the site. 
 
Seba Beach (SEB) 
At the ~ 30 ha restored section (53.458° N, 
114.884° W) ditches were completely infilled but a 
perimeter ditch remained. Donor material was 
collected from a treed ombrotrophic bog within the 
same peatland complex. Straw mulch was spread 
within the study area immediately following donor 
material placement, but in the north-east portion of 
the site straw application was delayed until the 
following winter due to wet conditions. During this 
second straw spreading, straw was also added to the 
study plots and this probably resulted in higher rates 
of application than recommended by Quinty & 
Rochefort (2003). The restored site was not fertilised 
during the study period. A total of 18 plots, arranged 
systematically along the hydrological gradient, were 
measured at the restored site. The unrestored 
peatland, with six plots, was ~ 300 m from the 
restored area. Three plots, located in the main plant 
communities, were measured in the natural peatland. 
This was a treed ombrotrophic bog immediately 
adjacent to the area where the donor material was 
collected. Data were collected in the first and second 
years following restoration. 
 
Wandering River (WRR) 
The 10 ha restored peatland (55.293° N, 112.475° W) 
is located north of the town of Wandering River, 
Alberta (see also Strack et al. 2014). Ditches within 
the restored area were completely infilled, but the 
perimeter ditch remained open. Donor material was 
collected at an ombrotrophic bog within the same 
peatland complex and straw and fertiliser were 
applied according to Quinty & Rochefort (2003). 
Twelve plots were installed in a grid to capture the 
variation in water table position and plant cover 
across the restored site. Three plots were installed 
along the hydrological gradient at the unrestored 
peatland, which was immediately adjacent to the 
restored area but separated from it by a ditch. At the 
natural peatland, which was a treed ombrotrophic bog 
located approximately 9 km from the restored site, 
six plots were installed representing triplicate 
hummocks and hollows (Munir et al. 2014). Data 
were collected three years after restoration.  

Peace River inversion pad (PRP) 
The restored section is a 1.4 ha former well-pad that 
was constructed but never drilled, located in a treed 
moderately-rich fen north-east of Peace River, 
Alberta (56.397° N, 116.890° W). Restoration 
involved removal of the mineral soil fill and 
geotextile material that was placed to construct the 
well-pad, and inversion of the underlying peat (see 
Sobze et al. 2012 for details). Where the peat was 
shallow, some mineral soil fill was buried beneath the 
peat so that the surface was 10 cm lower than 
adjacent hollows. This altitude difference was chosen 
to allow for rebound of the peat, with the intention 
that the restored area should be level with nearby 
hollows afterwards. Thicker peat was simply inverted 
without burial of mineral soil. Once a flat bare peat 
surface had been created, donor material from 
neighbouring fens was placed on most of the restored 
area with some strips left as unvegetated controls. All 
plots used in this study were then covered with straw 
mulch, but not fertilised. A total of 39 plots were 
installed to represent all restoration activity (i.e. fill 
burial, complete fill removal) and donor site 
combinations (i.e. different fens). Since the entire 
well-pad was removed and inverted, there was no 
unrestored area at this site. Eighteen natural plots 
were located ~ 100 m from the well-pad in a 
surrounding fen. Measurements were made two years 
after restoration. 
 
 
METHODS 
 
All flux data included in this study represent mean 
growing season fluxes. For inclusion in the analysis, 
a frequency of at least monthly measurements over 
the period May to August resulting in a minimum of 
five flux measurements for a given study plot was 
required. In most cases (> 90 % of the dataset), values 
are averages of 8–12 measurements made over one 
growing season (May–late August/early September). 
 
Carbon dioxide flux 
Carbon dioxide exchange (g CO2 m-2 d-1) was 
determined using the closed chamber method (e.g. 
Alm et al. 1997). The net ecosystem exchange (NEE) 
of CO2 was determined with a clear acrylic chamber 
placed on a stainless steel collar (60 × 60 cm) 
permanently installed at each sampling plot. The 
chambers were 60 × 60 cm × 30 cm high except for 
some bare peat respiration measurements (BSF, 
WRR) and all measurements at BDB in the period 
1999–2002, which used cylindrical chambers 20 cm 
in diameter and 20–40 cm tall placed on collars of the 
same diameter. A groove in the collar held the 
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chamber and was filled with water to create a seal. A 
battery-operated fan installed inside the collar 
circulated the headspace air throughout the 
measurement period, and the chamber was lifted 
from the collar between each pair of measurements to 
allow equilibration to ambient CO2 concentration and 
temperature. The concentration of CO2 (ppm) was 
determined inside the chamber at 15–30 second 
intervals for 2–5 minutes using a portable infrared 
gas analyser (IRGA; EGM, various models, PP 
Systems, Massachusetts, USA). Photon flux density 
of photosynthetically active radiation (PAR) was 
measured with a sensor connected to the IRGA. The 
linear change in CO2 concentration over time was 
used to calculate NEE. Fluxes were rejected if the 
concentration change was not linear (R2 < 0.75) 
unless the CO2 concentration was stable (change was 
< 2 ppm) indicating NEE close to zero, in which case 
the flux was retained. Less than 1 % of the data were 
omitted. Ecosystem respiration (ER) was determined 
by darkening the chamber with an opaque shroud. 
Gross ecosystem photosynthesis (GEP) was 
calculated as the difference between NEE and ER. 
Maximum rates of GEP and NEE (GEPmax, NEEmax) 
were determined at each plot when photon flux 
density of PAR was greater than 1000 µmol m-2 s-1 
and photosynthesis should not be limited by available 
radiation (Bubier et al. 2003). We use the sign 
convention that positive values indicate a release of 
CO2 from the ecosystem to the atmosphere. 
 
Methane flux 
Methane flux was determined at the same plots used 
for NEE measurements using opaque closed 
chambers (same volume as CO2 chambers) equipped 
with battery-operated fans to circulate the air in the 
chamber headspace. Chambers were placed on the 
collars and 20 ml gas samples were collected 3–4 
times over a period of 30–45 minutes after closure 
and stored in pre-evacuated vials (Exetainers, Labco 
Ltd., UK), or syringes in 1999–2002 at BDB. The 
concentration of CH4 in the samples was determined 
on a Varian 3800 gas chromatograph (GC) equipped 
with a flame ionisation detector at 250 °C and helium 
as a carrier gas at 30 ml min-1. Standards of known 
CH4 concentration (50 ppm) were run every eight 
samples to check for drift. CH4 flux (mg CH4 m-2 d-1) 
was determined from the linear change in 
concentration over time. When the change in 
concentration over time was within the precision of 
the GC (~ 0.5 ppm over the 35 minute sampling 
period, minimum detection limit ~ 5 mg CH4 m-2 d-1), 
the flux was considered zero. Fluxes with erratic 
changes in concentration that suggest ebullition 
related to disturbance during chamber placement 

were omitted, resulting in 5–10 % data loss 
depending on the site. 
 
Environmental conditions 
At most sites the position of the water table was 
determined manually in a groundwater well installed 
adjacent to the sample plot during each flux 
measurement. Soil temperature profiles at 5 cm 
intervals to a depth of 20 cm were measured adjacent 
to each plot using a thermocouple thermometer. The 
volume of the chamber was corrected by measuring 
the height of the ground surface relative to the top of 
the collar for at least 12 locations systematically 
distributed across the collar footprint. Vegetation 
cover within each plot was estimated visually in July 
or August. Species were grouped as mosses, forbs, 
graminoids, shrubs and trees and the cover of each 
plant functional type was estimated to the nearest 1 %.  
 
Statistical analysis 
The distribution of plots within each site was not 
consistent. In some cases, plots were placed 
systematically across the site while in others specific 
plant communities were targeted. However, in all 
cases, plots were distributed to account for the 
variation in plant cover and water table across the 
study site and thus the mean values of GHG flux 
account for this variation. For our analysis, each plot 
was kept as an individual measurement and we made 
no attempt to estimate site-specific flux based on the 
actual distribution of vegetation types across the site 
because these data were not available for all sites. 
Instead, the focus was on improving our 
understanding of the controls on the plot-scale fluxes 
to facilitate future estimation of fluxes across 
restored sites where flux data are unavailable. 
Therefore, the data comprise repeated measurements 
where fluxes were measured at multiple locations 
within a peatland, sometimes in several years. To 
address this, all data analysis was completed using 
linear mixed effects (LME) models in R (R Core 
Team 2013) using the package nlme (Pinheiro et al. 
2014) with site as a random factor. All models were 
visually inspected for normality and homogeneity of 
residuals and the data were transformed or variance 
structures included in models where required (Zuur 
et al. 2009). Seasonal mean values of flux measured 
at each plot were used in all cases with statistical 
significance considered at the α = 0.05 level. 

In order to evaluate differences in fluxes of CO2 
and log(CH4) between restored, unrestored and 
natural plots, LME was used with restoration state 
(i.e. restored, unrestored or natural) as a fixed factor 
and site as a random factor. When significant 
differences were present, Tukey pairwise 
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comparisons using the package multcomp (Hothorn 
et al. 2008) were completed. Statistics are reported 
considering type III errors and F-values generated 
using the Anova command in R. 

To evaluate differences in fluxes between eastern 
and western Canada, LME was used with restoration 
state, location and their interaction as fixed factors 
and site as a random factor. If significant factors were 
found, Tukey pairwise comparisons were completed. 
If the interaction term was significant, a one-way 
Anova (with site as a random factor) with Tukey 
pairwise comparisons was completed with each 
restoration state-location combination as a group (i.e. 
restored/eastern Canada versus restored/western 
Canada versus unrestored/eastern Canada, etc.). A 
similar approach was used to evaluate differences 
between horticultural and well-pad plots with land 
use as a factor instead of location. 

To investigate controls on fluxes and whether 
these varied between restored, unrestored and natural 
peatlands, each LME was constructed starting with a 
full model that considered water table position, moss 
cover, vascular plant cover, mean growing season 
soil temperature at 5 cm depth, restoration state and 
two-way interactions between each of these factors 
and restoration state as fixed factors and site as a 
random factor. Graminoid cover and graminoid-
restoration state interaction (Couwenberg & Fritz 
2012) were also added to the initial model for CH4 
flux. Non-significant factors were dropped one at a 
time from the model, starting with the least 
significant, until the final model was determined. In 
cases where the interaction term was significant, the 
individual factors were retained in the model even 
when they were non-significant. Evaluation of 
residuals from the models indicated mild 
heterogeneity in all cases. To address this, a fixed 
variance structure was implemented with different 
variances by site; this improved normality and 
homogeneity of residuals. We calculated the amount 
of variance described by each model as R2

GLMM , as 
defined by Nakagawa & Schielzeth (2013), using the 
package MuMIn (Barton 2015). 
 
 
RESULTS 
 
After compiling data from all sites and years, 316 
individual plot-year mean fluxes were included. Not 
all plots had data for all fluxes and environmental 
variables, so some plots were omitted from some 
analyses due to missing data. In general, restoration 
resulted in a significantly shallower water table (i.e. 
wetter conditions; Tukey contrasts, z = 11.04, 
p < 0.001) and a significant increase in vascular 

vegetation and moss cover compared to unrestored 
plots (vascular, z = 4.57, p < 0.001; moss, z = 8.48, 
p < 0.001); however, restored plots remained on 
average significantly drier than natural plots 
(z = 2.81, p = 0.013), and had a significantly lower 
cover of mosses and shrubs but a higher cover of 
graminoids (Table 1; moss, z = 9.604, p < 0.001; 
shrub, z = 2.338, p = 0.05; graminoid, z = 6.436, 
p < 0.001). Soil temperature at 5 cm depth was 
significantly lower at the natural plots than at the 
restored (z = 8.536, p < 0.001) and unrestored 
(z = 7.784, p < 0.001) plots, which were similar 
(Table 1). 
 
Mean carbon gas fluxes at restored peatland plots 
Restoration under full light conditions 
(photosynthetically active photon flux density > 1000 
µmol m-2 s-1) resulted in greater rates of growing 
season GPP, higher ER and a switch in NEE from a 
loss of CO2 to the atmosphere to a sink when 
compared to unrestored plots. Aside from ER, these 
changes were statistically significant (Figure 1). 
Compared to natural plots, restored plots had 
statistically similar GPP, lower ER, and NEE that 
was a greater sink. Methane flux was greater at 
restored plots than at unrestored plots (Figure 1), 
although not significantly different (z = -2.057, 
p = 0.097), and significantly lower than at natural 
plots (z = 3.228, p = 0.004). 

There was no significant effect of location 
(eastern versus western Canada) or interaction of 
location with restoration status on ER (location: 
F1,5= 4.43, p = 0.09, location×restoration: F2,298= 2.53, 
p = 0.08) or CH4 flux (location: F1,5

 = 5.18, p = 0.07, 
location×restoration: F2,248

 = 2.22, p = 0.11). For GPP 
there was a significant interaction between location 
and restoration status (F2,297

 = 6.51, p = 0.002). The 
one-way Anova indicated that unrestored plots had 
significantly lower productivity than natural plots in 
eastern Canada, but this difference was not 
significant in western Canada; restored plots in both 
locations had significantly greater productivity (more 
negative GPP) than unrestored plots. There was also 
a significant location-restoration interaction for NEE 
(F2,297

 = 17.21, p < 0.001) with restored plots having 
significantly greater uptake of CO2 than unrestored 
plots in western Canada, while the difference was not 
significant in eastern Canada. As with GPP, 
differences in NEE between restored and unrestored 
plots were significant in both locations, with restored 
plots acting as sinks for CO2 while unrestored plots 
were sources. Over all flux components, there were 
no significant differences specifically between 
restored plots in eastern Canada and western Canada 
based on Anova (Figure 2). 
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Table 1. Average (standard error) site characteristics. 
 

Site*  # plots 
measured 

Soil temp 
5 cm (°C) 

Water 
table 
(cm) 

Vascular 
plant 

cover (%) 

Shrub 
cover 
(%) 

Graminoid 
cover (%) 

Moss 
cover 
(%) 

BDB 

Natural 6 13.9 (0.7) -15.4 
(0.9) 22 (5) 13 (5) 2 (1) 90 (6) 

Restored  
(1–3 years) 6–11 16.3 (0.4) -32.6 

(1.7) 21 (8) 1 (1) 18 (9) 37 (9) 

Restored  
(10–15 years) 16–24 14.5 (0.3) -25.6 

(1.4) 32 (3) 16 (2) 12 (2) 70 (5) 

Unrestored 7–12 16.1 (0.2) -51.0 
(1.6) 18 (5) 20 (7) 2 (1) 9 (5) 

 

BSF 

Natural 6 14.4 (0.3) -18.1 
(5.6) 18 (5) 3 (1) 8 (3) 97 (3) 

Restored 6 16.1 (0.5) -26.4 
(2.3) 11 (5) 0 (0) 3 (2) 3 (2) 

Unrestored 4 18.8 (0.6) -33.6 
(2.6) 0 (0) 0 (0) 0 (0) 0 (0) 

 

PLB 

Natural 12 16.8 (0.5) -23.1 
(2.2) 46 (9) 38 (9) 2 (1) 92 (3) 

Restored 5 16.6 (0.5) -36.9 
(6.1) n.d. n.d. n.d. n.d. 

Unrestored 6 17.8 (0.5) -50.7 
(10.7) 0 (0) 0 (0) 0 (0) 0 (0) 

 

WRR 

Natural 6 13.6 (0.3) -36.4 
(3.7) 112 (11) 74 (4) 0 (0) 77 (7) 

Restored 12 16.9 (0.3) -26.3 
(5.3) 57 (7) 15 (3) 39 (6) 27 (9) 

Unrestored 3 15.1 (0.1) -57.2 
(20.4) 0 (0) 0 (0) 0 (0) 0 (0) 

 

SEB 

Natural 3 15.3 (1.2) -28.9 
(3.7) 32 (7) 24 (5) 6 (4) 78 (11) 

Restored 18 15.7 (0.3) -27.3 
(2.5) 14 (5) n.d. n.d. n.d. 

Unrestored 6 17.3 (0.6) -64.1 
(4.5) 0 (0) 0 (0) 0 (0) 0 (0) 

 

PRP 
Natural 18 12.1 (0.5) -9.2 (1.1) 39 (2) 17 (2) 2 (1) 55 (3) 

Restored 33 18.9 (0.4) -19.1 
(1.4) 46 (4) 7 (1) 34 (4) 22 (4) 

 

mean§ 

Natural  14.1 
(0.3)a 

-19.2 
(1.6)a 44 (4)c 27 (4)b 3 (1)a 77 (6)c 

Restored  16.6 
(0.2)b 

-25.0 
(1.0)b 33 (2)b 9 (1)a 22 (2)b 38 (3)b 

Unrestored  16.7 
(0.2)b 

-52.1 
(2.6)c 11 (3)a 7 (3)a 5 (2)a 3 (2)a 

*Site locations are given in the text. BDB=Bois-des-Bel, BSF=Bic-St. Fabien, PLB=Pointe Lebel, WRR=Wandering River, 
SEB=Seba Beach, PRP = Peace River well-pad 
§Different letters indicate significant differences between groups 
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Figure 1. Top: Mean growing season gross 
primary production (GPP), ecosystem respiration 
(ER), net ecosystem CO2 exchange (NEE); and 
bottom: methane (CH4) flux (mg CH4 m-2 d-1). GPP 
and NEE fluxes (g CO2 m-2 d-1)) when photon flux 
density of photosynthetically active radiation was 
greater than 1000 µmol m-2 s-1. Error bars are 
standard errors. Negative values represent uptake 
by the ecosystem. Values are significantly 
different based on Tukey pairwise comparisons if 
they have no letters in common; letters should be 
compared only within one flux component. ERcorr 
and NEEcorr at natural was calculated by 
subtracting 3.25 g CO2 m-2 d-1 from ER values 
measured at treed sites (BSF, PRP, WRR) to 
remove the contribution of tree root respiration 
(see Discussion for details). Letters above these 
bars can be compared with respective ER and NEE 
values at restored and unrestored. Statistical tests 
for difference in CH4 flux between treatments were 
based on log transformed data (see Methods), but 
non-transformed data are presented here. 

 
 

There was no significant difference between the 
well-pad restored plots and the horticultural restored 
plots for any carbon gas flux (Figure 2; GPP: 
F1,4

 = 0.49, p = 0.52; ER: F1,4
 = 1.62, p = 0.27; NEE: 

F1,4
 = 0.34, p=0.59; logCH4: F1,4

 = 2.55, p = 0.19). 
Based on this,  and the limited effect of location,  all 

 
 
Figure 2. Comparison of fluxes of carbon dioxide 
(CO2

 ; g CO2 m-2 d-1) (GPP = gross primary 
production, NEE = net ecosystem exchange, 
ER = ecosystem respiration) and methane (CH4 ; 
mg CH4 m-2 d-1) at peatlands restored using the 
moss layer transfer technique in eastern and 
western Canada (top) and peatlands formerly used 
for horticultural peat extraction and well-pads 
(bottom). Error bars give standard error. Negative 
values indicate uptake by the ecosystem. 

 
 
restored plots were grouped together as “restored” in 
the analysis of controls on fluxes. 
 
Controls on carbon gas fluxes 
Variables included in the final models for each C flux 
component are given in Table 2. Variation in GPP 
was significantly related to restoration status, 
vascular plant cover and the interaction between 
restoration and vascular plant cover. In general, 
greater vascular plant cover resulted in greater 
productivity, but the slope of the relationship differed 
significantly between natural plots and both restored 
and unrestored plots, which were similar (Figure 3A).  

Vascular plant cover, restoration status and the 
interaction between these variables significantly 
described the variation in ER. Across all plots, higher 
vascular plant cover resulted in higher ER, although 
this  was  only  significant  at  restored  and  unrestored
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Table 2. Statistical results of linear mixed effects modelsa. 
 

Flux 
component Effect F p R2

GLMM
b 

GPP 

Vascular F1, 228 = 155.8 < 0.0001 0.78 

Restoration F2, 228 = 30.3 < 0.0001  

Vascular × restoration F2, 228 = 36.0 < 0.0001  

Intercept F1, 228 = 21.8 < 0.001  

ER 

Vascular F1, 229 = 43.1 < 0.0001 0.28 

Restoration F2, 229 = 19.9 < 0.0001  

Vascular × restoration F2, 229 = 9.7 < 0.0001  

Intercept F1, 229 = 10.7 0.0013  

NEE 

Vascular F1, 178 = 83.4 < 0.0001 0.76 

Moss F1, 178 = 2.7 0.10  

Water table F1, 178 = 2.1 0.14  

Restoration F2, 178 = 8.6 0.0003  

Vascular × restoration F2, 178 = 9.1 0.0002  

Moss × restoration F2, 178 = 6.7 0.0015  

Water table × restoration F2, 178 = 4.6 0.011  

Intercept F1, 178 = 0.4 0.52  

CH4 

Water table F1, 243 = 29.9 < 0.0001 0.35 

Restoration F2, 243 = 2.9 0.055  

Water table × restoration F2, 243 = 4.0 0.020  

Intercept F1, 243 = 169.3 < 0.0001  
aAll models have a random factor of site to account for repeated measurements made at each site. Details of models and final model 
selection are given in Methods. 
bWe report the marginal R2GLMM accounting for variance explained by fixed factors only. 
 
 
plots and not at natural plots (Figure 3B), resulting in 
the significant interaction term. 

Variation in NEE was significantly described by 
vascular plant cover and restoration status 
(Figure 3C). There were also significant interactions 
between restoration status and vascular plant cover, 
moss cover and water table position. In general, as 
vascular plant cover increased, plots moved from 
acting as sources of CO2 to sinks. However, this trend 
was only significant for restored and unrestored plots, 
not natural plots. In contrast, natural plots tended to 
act as greater sinks as moss cover increased, while 
there was no significant relationship between moss 

cover and NEE for restored or unrestored plots 
(Figure 3D). Water table position was significantly 
correlated to NEE at restored plots but not at natural 
and unrestored plots (Figure 4). 

Methane flux was significantly related to water 
table position and to an interaction between water 
table position and restoration state. Overall, 
shallower water table position resulted in higher CH4 
flux. The water table - flux relationship was 
significant and had a similar slope at natural and 
restored plots (Figure 4); the dry conditions across 
unrestored plots resulted in no significant correlation 
between water table and CH4 flux. 
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Figure 3. A) Gross primary production (GPP; g CO2 m-2 d-1), B) ecosystem respiration (ER; g CO2 m-2 d-1), 
C) net ecosystem exchange (NEE; g CO2 m-2 d-1) versus vascular plant cover and D) NEE versus moss 
cover. GPP and NEE fluxes measured when photon flux density of photosynthetically active radiation was 
greater than 1000 µmol m-2 s-1. Negative values indicate uptake of CO2 by the ecosystem. Regression lines 
are plotted for each restoration class when statistically significant. Regression equations are: A) unrestored: 
GPP = -0.20(vascular plant cover) – 1.06; restored: GPP = -0.28(vascular plant cover) – 5.13, B) unrestored: 
ER = 0.075(vascular plant cover) + 5.61; restored: ER = 0.12(vascular plant cover) + 5.84, C) unrestored: 
NEE = -0.12(vascular plant cover) + 4.17; restored: NEE = -0.16(vascular plant cover) + 0.97, D) natural: 
NEE = -0.17(moss cover) + 14.7. 

 
 
DISCUSSION 
 
In contrast to the results reported in the Wetlands 
Supplement (IPCC 2014), CO2 and CH4 fluxes from 
restored plots were not always statistically similar to 
those from natural plots (Figure 1); however, 
restoration consistently altered fluxes compared to 
unrestored plots. Restored plots had similar GPP to 
natural plots, but ER remained similar to unrestored 
plots. Although rewetting during restoration is likely 
to have reduced peat oxidation, ER can remain high 

due to increasing plant respiration as the site is 
recolonised post-restoration (Strack & Zuback 2013, 
Strack et al. 2014, Figure 2) and due to the 
contribution of straw decomposition to CO2 
emissions (Waddington et al. 2003). ER from natural 
plots was significantly greater than from restored or 
unrestored plots and, on average, natural plots were a 
source of CO2 to the atmosphere while restored plots 
were sinks. Both the high ER and net CO2 source at 
natural plots is probably a result of using plot-scale 
measurements   that   capture   only   the  ground  level
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Figure 4. Net ecosystem exchange of carbon dioxide (CO2; NEE; top) and methane (CH4) flux (bottom) 
versus water table (WT) position. NEE fluxes (g CO2 m-2 d-1) were measured when photon flux density of 
photosynthetically active radiation was greater than 1000 µmol m-2 s-1. Negative values indicate uptake of 
CO2 by the ecosystem. Regression lines are plotted for each restoration class when statistically significant. 
Regression equations are: top) restored: NEE = -0.18(WT) – 6.91, bottom) natural: log(CH4 + 5) = 0.019 + 
1.51; restored: log(CH4 + 5) = 0.018 + 1.37. 

 
 
fluxes. Since three of the six sites were treed, these 
plot-scale fluxes include tree root respiration but omit 
GPP of the overstorey trees and thus underestimate C 
uptake by the ecosystem as a whole. To illustrate this 
effect, we subtracted the mean tree root respiration 
estimated at the natural site at WRR (3.25 g CO2 
m-2 d-1; Munir et al. 2014) from the treed natural 
peatland (BSF, WRR, PRP) ER and NEE fluxes 
(Figure 1). This reduced mean natural site ER and 
NEE to 11.3 g CO2 m-2 d-1 and -0.6 g CO2 m-2 d-1 
respectively and is likely to better represent CO2 
exchange attributable to the understorey. Using these 
corrected NEE values, restored plots were still 
significantly greater sinks of CO2 than natural plots. 

Clearly, this correction still ignores NPP of the 
overstorey, which makes a significant contribution to 
C exchange in treed peatlands (e.g. Wieder et al. 
2009, Munir et al. 2015), illustrating one of the 
complications of using chambers to determine GHG 
exchange. Trees are slow to recolonise restored sites 
(e.g. Pouliot et al. 2011) and it is likely to take 
decades for the overstorey component of the 
vegetation to recover (e.g. Wieder et al. 2009). 

Average CH4 emissions remained significantly 
lower at the restored plots than at the natural plots 
(Figure 1), although this is at least partially explained 
by the lower average water table position (Table 1) 
of the former and the dominant water table control on 
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CH4 emissions (Figure 4). Lower CH4 flux post-
restoration has also been associated with the time 
taken for the microbial community, particularly 
archaea, to re-establish at restored sites (e.g. 
Juottonen et al. 2012). Moreover, as the goal of the 
present study was not to estimate site-specific annual 
emissions, we did not spatially weight fluxes to 
account for the area covered by each plot type on site. 
The substantial emission of CH4 from remnant 
drainage ditches in drained and restored peatlands 
has been well documented (Waddington & Day 2007, 
Schrier-Uijl et al. 2011, Strack & Zuback 2013), and 
it is likely that accounting for the actual extent of 
these features following restoration would increase 
the estimated CH4 flux at restored sites where ditches 
remain unfilled (e.g. Waddington & Day 2007, 
Strack & Zuback 2013, Cooper et al. 2014). 

In addition to differences in mean fluxes between 
natural and restored plots, the controls on these fluxes 
often diverged between the site types. For example, 
vascular plant cover was the dominant driver of CO2 
exchange at restored and unrestored plots but was not 
statistically significant at natural plots. In contrast, 
moss cover significantly accounted for variation in 
NEE at natural plots but not at unrestored and 
restored plots. This difference is at least partially 
explained by the dominance of vascular plants over 
mosses at restored plots, particularly in the first few 
years post-restoration (Table 1). Similarly, Leppälä 
et al. (2008) reported that the replacement of sedges 
and herbs, which have high photosynthetic 
efficiency, by shrubs and Sphagnum mosses in later 
stages of peatland succession resulted in a reduction 
of seasonal variation in CO2 exchange. This reflects 
the shifting importance of the role of mosses in CO2 
exchange during peatland succession, which may 
also occur over time following restoration (Table 1). 
Several studies have noted the peat forming potential 
of vascular plants in spontaneously revegetated (Graf 
& Rochefort 2009, Mahmood 2011) and restored 
peatlands (Andersen et al. 2013). While sedge peat is 
common in some fens (e.g. Zoltai et al. 2000), cores 
from many North American peatlands indicate a 
dominance of bryophyte remains in the peat (Vitt 
2000). Our results indicate a shift from mosses at 
natural plots to vascular plants at restored plots as the 
main driver for net CO2 uptake. The time needed for 
a shift to bryophyte dominance post-restoration and 
the implications of persistent vascular plant 
dominance for long-term peat accumulation at 
restored sites remains unclear. 

There was generally greater variation in CO2 and 
CH4 fluxes at restored plots than at either unrestored 
or natural plots and this is likely to be linked to the 
larger variance in plant cover and water table position 

at the former. Additionally, this variance could 
represent the changing conditions at restored 
peatlands with time since restoration. Although 
rewetting occurs quite rapidly once ditches are 
blocked, it takes several growing seasons for plant 
cover to establish (e.g. Waddington et al. 2010, 
Poulin et al. 2013) and community composition may 
continue to evolve over decades (Pouliot et al. 2011). 
This is likely to impact on GHG fluxes; however, 
given the limited available data, with only BDB 
having flux measurements carried out for more than 
three years post-restoration, the temporal trajectory 
of fluxes in restored Canadian peatlands cannot be 
described broadly. Looking at sites that had GHG 
fluxes measured in more than one year (BDB, BSF, 
SEB) it seems clear that GPP increases over time as 
plants become established, but then levels off over a 
decade timescale (considering only BDB; data not 
shown). There is also a clear shift from graminoid 
dominance in the early years post-restoration at BDB 
to greater importance of shrubs and mosses after ten 
years (Table 1). This may have implications for not 
only GPP but also ER and NEE rates, given the lower 
decomposability of Sphagnum compared to vascular 
plants (e.g. Graf & Rochefort 2009); and for CH4 flux 
given the role that sedges play in transporting CH4 to 
the atmosphere (e.g. Couwenberg & Fritz 2012). 
However, since data at this timescale are available for 
BDB only, we are unable to determine whether this 
trajectory is generally applicable or dependent on 
site-specific conditions. More GHG flux data from 
more sites at longer times post-restoration is required 
to address this question. 

Many studies have reported factors controlling 
peatland GHG fluxes, which include water table 
position (e.g. Couwenberg & Fritz 2012), plant cover 
and type (e.g. Riutta et al. 2007), temperature (e.g. 
Lafleur et al. 2005), growing season length (e.g. 
Roulet et al. 2007), microbial community 
composition (e.g. Godin et al. 2012), nutrient 
availability (e.g. Lund et al. 2009), and pore water 
and peat chemistry (e.g. Basiliko et al. 2007). All of 
these factors are probably also important in 
determining restored peatland GHG fluxes. 
However, when attempting to develop useful 
estimates of GHG emissions for reporting at national 
level, it is only practical to consider controls that can 
be measured, or where data are available, at regional 
to national scales. For this reason we have focused 
the analysis here on soil temperature (measurable 
with inexpensive on-site sensors or estimated from 
meteorological data), plant cover (measurable with 
optical remote sensing or field level vegetation 
surveys) and water table position. The latter was 
found to be a significant control on plot-scale NEE 
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and CH4 flux (Table 2, Figure 4), but is probably the 
most problematic to estimate at broad scales. 
Mapping of wet areas using LiDAR may be useful 
for determining water table position (Murphy et al. 
2011), but has not been tested in managed peatlands. 
Water table can also be measured locally using 
relatively inexpensive water level recorders, but 
these values will not represent the spatial variation in 
water table position across the site unless combined 
with spatially distributed altitude data. Given the log-
linear relationship between CH4 flux and water table 
position, a mean water table estimate for a given site 
is likely to underestimate actual CH4 flux (Becker et 
al. 2008, Baird et al. 2009). In any case, the results of 
the present study suggest that the development of 
methods to provide reliable water table estimates in 
restored peatlands will greatly improve GHG flux 
estimations.  

The development of national inventories also 
involves decisions on how to disaggregate sites. In 
Canada there have been concerns that restoration 
efforts may lead to different results in eastern and 
western Canada due to the more continental climate 
in the west (Strack et al. 2014). We found very few 
differences in fluxes between plots in eastern and 
western Canada and no significant difference when 
restored eastern Canadian peatlands were compared 
to western Canadian peatlands. Based on these 
findings, a national value for GHG flux from restored 
peatland is likely to be appropriate, with improved 
estimates resulting when information on plant cover 
and water table position is considered. However, it is 
possible that differences between the regions in 
climate, hydrochemistry and species established 
post-restoration combine to produce similar mean 
GHG fluxes in the first few years. In this case, the 
response of the restored sites to disturbance and the 
temporal trajectory of recovery could vary and 
further research is required to evaluate this. 

We also compared GHG fluxes between sites 
restored following horticultural peat extraction and a 
former well-pad site, and we found no significant 
difference. Our results suggest that, in some cases, 
emission factors developed from restored 
horticultural peat mines may be broadly applicable to 
restored peatlands in general. On the other hand, we 
have data from only one well-pad site two years post-
restoration and the trajectory of the site over time 
remains unclear. Buried mineral soil could alter local 
chemistry with yet unmeasured consequences for 
GHG fluxes. Moreover, restoration of more highly 
disturbed industrial sites, such as the areas near Fort 
McMurray (Alberta) where surface mining of oil 
sands has been carried out, can result in extensive 
changes in hydrophysical and chemical properties of 

peat (Nwaishi et al. 2015), and contamination with 
oil sands process water may limit plant establishment 
and productivity (Pouliot et al. 2012). As peatland 
construction under these conditions is a new 
endeavour (Daly et al. 2012, Pollard et al. 2012), 
more research is needed to develop emission factors 
for these sites. 

Nitrous oxide (N2O) is another GHG that is 
potentially emitted from managed peatlands (e.g. 
Maljanen et al. 2010). However, there are very few 
published values of N2O emissions from unrestored 
or restored peatlands (Maljanen et al. 2010, Järveoja 
et al. 2016) or from natural peatlands in Canada 
(Wray & Bayley 2007). Even globally, estimates of 
N2O emissions from active and restored peat 
extraction sites are scarce, although drainage has 
been shown to increase N2O emissions in some cases 
(Maljanen et al. 2010, Drösler et al. 2014) with 
reduced fluxes at rewetted sites (Wilson et al. 2013, 
Wilson et al. 2016). Measurements are needed to 
develop a N2O emission factor for restored Canadian 
peatlands, although the low nitrogen content at most 
sites suggests the flux is also likely to be low (e.g. 
Strack et al. 2014). 

We have focused the present analysis on plot-
scale values of CO2 and CH4 fluxes, as this is the 
scale at which most measurements have been made 
in Canada. This scale also allows an investigation of 
the controls on fluxes, which often vary at metre to 
sub-metre scales. In contrast, since these plot-scale 
measurements are discrete in time and often made 
only during the growing season, empirical modelling 
must be used to develop seasonal emission totals, 
with estimates of non-growing season fluxes 
incorporated to arrive at the annual estimates needed 
to develop emission factors. Using this approach, 
growing season estimates of -30 to 102 g C m-2 for 
CO2 exchange at MLTT restored Canadian peatlands 
have been reported in the literature (Waddington et 
al. 2010, Strack & Zuback 2013, Strack et al. 2014). 
Growing season CH4 emissions have been estimated 
as 0.8 to 3.7 g CH4-C m-2 (Waddington & Day 2007, 
Strack & Zuback 2013, Strack et al. 2014). Eddy 
covariance measurements can provide a continuous 
ecosystem-scale estimate of CO2 and CH4 exchange, 
with an annual value if the equipment is operated 
throughout the winter period. The only reported flux 
determined by eddy covariance on a restored 
Canadian peatland is from Petrone et al. (2001), with 
a measured source of 478 g CO2-C m-2 over the 
growing season (May 17–October 11) measured at 
BDB in the first year post-restoration where 
decomposition straw mulch contributed an estimated 
80–140 g CO2-C m-2 to total emissions (Waddington 
et al. 2003). If it is assumed that restored sites will 
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eventually have fluxes similar to natural peatlands 
(e.g. IPCC 2014), eddy covariance data from natural 
sites may also be useful. For example, Roulet et al. 
(2007) reported mean (standard deviation) annual 
fluxes over six years as -40.2 (40.5) and 3.7 (0.5) g C 
m-2 for CO2 and CH4 respectively in a temperate 
shrubby bog in Québec. Syed et al. (2006) reported 
CO2 exchange of -144 g C m-2 for a treed moderately-
rich fen in Alberta. At the same site, emissions of 
CH4 between mid-May and mid-September released 
2.4 g C m-2 (Long et al. 2010). Net annual CO2 has 
also been measured at several Canadian boreal bogs 
with values in the range of -28 to -126 g C m-2 
(Humphreys et al. 2014, Strachan et al. 2016). 
Further eddy covariance measurements of both CO2 
and CH4 fluxes on restored and unrestored peatlands 
in eastern and western Canada are ongoing and these 
data will be critical in the development of future 
emission factors for peatland restoration. 
 
 
CONCLUSIONS 
 
Based on plot-scale fluxes from six restored 
peatlands across Canada, restoration via the moss 
layer transfer technique increases GPP, has little 
effect on ER, results in a sink of CO2 under full light 
conditions and increases CH4 flux compared to 
unrestored plots. Restored plots on average had 
similar GPP, lower ER, acted as greater sinks of CO2 
(as NEE) and had lower CH4 emissions than natural 
plots. Vascular plant cover largely explained the 
variation in CO2 exchange at restored and unrestored 
plots, while moss cover was significantly correlated 
to greater CO2 uptake at natural plots. Water table 
explained the variation in CH4 emissions. Since mean 
fluxes were not weighted to account for the actual 
distribution of water table and plant cover at each site 
or within each restoration class, this mean value is 
unlikely to accurately represent the actual flux from 
any given restored area. However, this improved 
understanding of controls on CO2 and CH4 fluxes at 
these sites provides insight into which data (e.g. plant 
cover, water table position) are required to more 
accurately estimate fluxes at ecosystem and regional 
scales. 

Plot-scale fluxes of CO2 and CH4 from restored 
plots were not statistically significantly different 
between eastern and western Canada, or between a 
restored well-pad and peatlands formerly extracted 
for horticultural peat. This suggests that nationwide 
emission factors/estimation methods will be 
appropriate for Canada as long as the variations in 
controlling factors are considered in the flux 
estimation. Moreover, additional physicochemical 

and biological constraints on C gas fluxes from 
highly disturbed areas (e.g. opencast mines) should 
be further investigated before applying emission 
factors derived from restored horticultural peat 
extraction sites to restored peatlands in general. 

Overall, there are still limited data available on 
CO2 and CH4 fluxes from restored peatlands, with 
little to no data on year-round ecosystem-scale 
fluxes. Data from more than ten years post-
restoration is limited to only one study site. More 
measured fluxes from more sites over longer time 
periods post-restoration are required to improve 
GHG flux estimates from restored peatlands and our 
understanding of how these fluxes change over space 
and time.  
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