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Abstract. Peat extraction substantially alters a peatland’s surface-atmosphere exchange of carbon (C). The sites are drained,
their vegetation is removed, and then the peat is vacuum harvested for use as a horticultural growing medium. Despite this
disturbance covering only a small percentage of Canadian peatlands, the shift from being a net sink to a net source of C during
the typical 15—40 plus years of active extraction makes it an important system to study. Ours is the first study in Canada to
conduct ecosystem scale measurements of carbon dioxide (CO;) and methane (CH4) exchange using eddy covariance from
actively extracted peatlands. In order to understand environmental drivers of seasonal and interannual patterns of CO,, and
seasonal patterns of CH, fluxes, daytime ecosystem scale measurements of CO, and CH4, along with average hourly water
table depth (WTD) and soil temperature, were conducted from March to October in 2020, 2021 and 2022 at a Western Site
(near Drayton Valley, Alberta), and from May to October in 2020 and 2022 at an Eastern Site (near Riviére-du-Loup, Quebec).
In contrast to the positive linear relationship observed in my studies, we observed a unimodal CO, — WTD relationship, with
fluxes peaking at WTDs of 47 cm. Water table depth drove interannual variability, suggesting that in deeply drained peatlands,
we must consider that insufficient surface moisture conditions can reduce soil respiration. Soil temperature had a significant
interaction with WTD with positive relationships during moderate and wet periods (WTD < 50 cm) and weakly positive to
negative relationships during dry periods (WTD > 50 cm) with lower explanatory power. Thus, process-based models using
soil temperature alone may overestimate fluxes from drained peatlands during dry periods. The sites were small sources of
CH, compared to natural boreal bogs, though we were not able to capture freeze-thaw periods. After making assumptions for
missing nighttime and wintertime data, we estimated an annual CO,-C of 112 to 174 g C m2 yr%, which is considerably lower
than Canada’s current Tier 2 emission factor. This research will aid in updating emission factors for peat extraction in Canada,

and will help guide industry site management practices.
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1 Introduction

Peatlands are an important ecosystem in Canada, covering around 12% of the land area (Hugelius et al., 2020; Tarnocai et al.,
2011), and accumulating peat under waterlogged conditions resulting in long-term storage of carbon (C) (Yu et al., 2010).
Peatland water table drawdown, either through drainage for resource extraction and infrastructure, or due to climate change
induced drought, alters their C balance (Harris et al., 2020; Kitson & Bell, 2020; Strack et al., 2006). One cause of peatland
drainage in Canada is the extraction of peatlands to produce horticultural growing media (Cleary et al., 2005; Sharma et al.,
2023). Despite affecting less than 0.03% (24,964 ha) of Canadian peatlands (CSPMA, 2017), the long extraction duration of a
site, and the shift from it being a net sink to a net source of C following vegetation removal (Clark et al., 2023; Hunter et al.,
2024, Waddington et al., 2002) means that a substantial amount of C is lost to the atmosphere from these sites, in addition to
the loss of C from the physical removal of the peat. In Canada, an estimated 3 Mt of peat is extracted annually, resulting in

yearly extraction activity emissions of 2.1 Mt CO- equivalent (Environment and Climate Change Canada, 2024).

Peat extraction operations alter the hydrology and peat structure (Price, 2003, Kennedy and Price, 2005), thermal properties
(Petrone et al., 2004), substrate quality and nutrient status (Basiliko et al., 2007; Glatzel et al., 2004, Kendall et al., 2021), and
microbial community (Bieniada et al., 2023; Reumer et al., 2018) of the peatland, which in turn affect C cycling. To prepare a
site for extraction, drainage ditches are created to lower the water table, and then the surface vegetation is removed. In addition
to perimeter ditches, interior ditches running the length of the site are cut and spaced every ~30 m in Canada (Fig. 3.1). A site
is then vacuum harvested, the standard extraction method in Canada, typically for 15-40 plus years. Briefly, harrowing
machines break up the top ~5 cm layer of the peat, disconnecting it hydrologically from the peat layer below, allowing it to
dry out. Harvesting machines vacuum up a portion of this dried peat, where it is transferred to stockpiles to further dry before
being removed for processing and sold for use as a growing medium (Cleary et al., 2005). The water level in the interior
drainage ditches fluctuates based on recent precipitation levels and site management (Hunter et al., 2024). The continued

removal of peat each year will expose older, and often more recalcitrant peat to the surface (Clark et al., 2023).

The magnitude of CO, and CH4 fluxes from actively extracted peatlands, and the seasonal and interannual variability, is poorly
understood. Only a few studies have conducted measurements of CO, and CH, fluxes from actively extracted peatlands in
Canada (Clark et al., 2023; Glatzel et al., 2003; Greenwood, 2005; Hunter et al., 2024). Internationally, there has been more
research, predominantly in Finland, Estonia, Sweden, and the United Kingdom (e.g., Salm et al., 2012; Shurpali et al., 2008;
Sundh et al., 2000; Vanags-Duka et al., 2022). Most of these studies have focused on CO; fluxes, and only from the peat fields.
We know that the drainage ditches are an important component of the C balance, with recent studies finding that they have at
least double CO, emissions, and increase seven-fold the emissions of CH4 of the fields (Clark et al., 2023; Hunter et al., 2024).
While multiple studies have been conducted at post-extracted unrestored peatlands, many contain non-functioning drainage
ditches and partial natural re-vegetation (Glatzel et al., 2003; McNeil & Waddington, 2003; Rankin et al., 2018; Strack &



65

70

75

80

85

90

https://doi.org/10.5194/egusphere-2025-1111
Preprint. Discussion started: 3 April 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Zuback, 2013; Waddington et al., 2010; Waddington et al., 2002). Yearly CO, fluxes from numerical modelling and eddy
covariance measurements at active and post-extracted unrestored sites cover a wide range from 151 to over 400 g C m2 yr?
(He et al., 2023; He & Roulet, 2023; Rankin et al., 2018; Waddington et al., 2002). Canada’s current domestic Tier 2 emission
factor for CO, falls within this range at 310 g C m?2 yr! (ECCC, 2021). To our knowledge there are no annual estimates of
CHjy fluxes from extracted peatlands in Canada. Studies that can reduce uncertainty in this emission range will aid Canada in
its accounting of anthropogenic greenhouse gas emissions, and in estimating the C benefit arising from restoration of these

sites.

There is also uncertainty regarding the environmental controls on these C gas fluxes in drained peatlands generally. Studies at
extracted peatlands have generally reported positive relationships between CO, fluxes and WTD, due to higher decomposition
rates under oxic conditions (He & Roulet, 2023; Rankin et al., 2018; Waddington et al., 2002), which aligns with findings in
vegetated drained peatlands (Evans et al., 2021). However, in most of these studies, average WTD was less than 50 cm, while
we know that local climate and site management can result in periods with WTD greater than 70 cm at extracted peatlands
(Glatzel et al., 2004; Price et al., 2003). Previous research has observed both strong positive (Rankin et al., 2018) and weak to
no effect (Clark et al., 2023) of soil temperature on C fluxes from extracted peatlands, but has not considered how the range
in WTD and surface soil moisture content might affect the strength and direction of this relationship. We know that temperature
dependence of CO; production can vary with moisture content (Liu et al., 2024; Swails et al., 2022), yet there is limited
research on this in heavily drained peatlands. A better understanding of C dynamics during extraction will provide the industry

with better tools to balance C fluxes with harvesting yields.

No study has measured ecosystem scale CO, and CH, fluxes from actively extracted peatlands in Canada, and to our
knowledge, only one study has been conducted in Europe (Holl et al., 2020). Eddy covariance provides the ability to conduct
measurements at the ecosystem scale, capturing both field and drainage ditch dynamics at a higher temporal frequency than
chamber measurements. This study measured CO, and CH4 fluxes using the eddy covariance technique at an actively extracted
peatland in both Alberta and Quebec, Canada. The objectives of this study were to i) assess seasonal and interannual patterns
of CO; fluxes and seasonal patterns of CH4 fluxes; ii) investigate the effect of soil temperature, and its interaction with WTD,
on CO; and CHg fluxes; and iii) investigate whether the positive relationship between CO, and WTD holds in heavily drained

peatland systems.



https://doi.org/10.5194/egusphere-2025-1111
Preprint. Discussion started: 3 April 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

2 Methods
2.1 Study sites

95 This study was conducted at two actively extracted Canadian peatlands. The site in western Canada (AB) (~8 ha), located near
Drayton Valley, AB (53.222° N, 114.977° W), has been extracted since 2009. The site in eastern Canada (QC site; ~65 ha),
located near Riviére-du-Loup, QC (47.836° N, 69.536° W), has undergone extraction since 2007 (Fig. 1). At each site, prior
to extraction, the peat producers removed the surface vegetation and built drainage ditches to lower the water table and allow
harvesting machinery to drive over the site. Perimeter ditches extend around the site, and a series of ~1 m deep, 0.5 m wide

100 parallel interior drainage ditches, spaced 30 m apart, run the length of the site. The 30 m wide segments of peat between interior
drainage ditches are referred to as fields (Waddington et al., 2009). Extraction generally occurs from May and October each
year (depending on weather conditions in any given year), with an average extraction duration of 30 to 40 years. Chamber
based CO and CH4 fluxes were previously measured during the summers of 2019, 2021 and 2022 at AB (Hunter et al., 2024)
and 2018, 2019 and 2020 at QC (Clark et al., 2023).

0 200 400 600 m
| SN — —

105
Figure 1 Aerial images of AB (left) and QC (right) and their locations in Canada. The position of the eddy covariance towers at each site
are indicated with yellow dots. The map was made using ESRI (2024). Shapefile data source: Natural Resources Canada, CanVec Series,
2025. The basemap was obtained from © Google Satellite Imagery (2024), accessed via QGIS (Version 3.34.15) using XYZ Tiles. Flux
footprint models for each site in each year are shown in Fig. S2.
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2.2 Instrumentation

The near identical flux tower setup at each site consisted of open path analyzers for CO2/H,0 and CH,4 (LI-7500A and LI-
7700, LI-COR, Nebraska, USA), and a sonic anemometer (CSAT-3, Campbell Scientific, Edmonton, Canada). Sensors were
mounted on a cross arm at 2.1 m (AB) and 1.8 m (QC) height. The high frequency (10 Hz) and 30-minute average data were
stored on a USB drive connected to the control unit (LI-7550 AIU, LI-COR, Nebraska, USA). A series of environmental
variables were logged half-hourly on a logger (CR3000, Campbell Scientific, Edmonton, Canada) including air temperature
and relative humidity (HMP 45C, Vaisala, Finland) and incoming solar radiation (CNR-1, Kipp and Zonen, Netherlands). Due
to large data gaps in air temperature and incoming solar radiation at the AB site, we used provincial and national weather
station data for the whole study period. Air temperature was obtained from the Tomahawk AGDM weather station located ~11
km southeast of the AB site (53.43° N, 114.72° W; ACIS, 2023) and incoming solar radiation from the Evansburg 2 AGDM
weather station (53.61 ° N, 115.06° W; ACIS, 2023), located ~ 20 km northwest of the AB site. A regression between the
measured solar radiation data at AB and Evansburg radiation data was significant (F1,3s45:=103305, p<0.0001), with an R? of
0.73 (Fig. S1).

Additionally, soil temperature data was measured with Type T thermocouples (Omega Engineering, Stamford, Connecticut,
USA) at a depth of 10 cm and logged half-hourly on a data logger (CR1000X, Campbell Scientific, Edmonton, Canada). Water
table depth in 2020, 2021 and 2022 at AB and during 2020 and 2022 at QC was measured every 10 seconds and averaged
hourly using pressure readings from Micro-Divers (Van Essen, Waterloo, Canada). These instruments were placed at the center
of a field in a harvesting exclusion zone near each tower (Fig. 1). The measured pressure values were converted to WTDs by
subtracting the atmospheric air pressure data measured at the Stoney Plains climate station (53.56° N, 114.11° W; ECCC,
2023b) for AB and from a Micro-Diver hung above the peat surface at QC. A barometric correction was performed at AB to
account for the elevation difference between our site and the climate station. Daily precipitation data was obtained from the
Tomahawk AGDM station (ECCC, 2023c) and the Riviere-du-Loup Climate Station (47.81° N, 69.55° W; ECCC, 2023a),
located ~3 km northwest of the QC site. A trail camera (Moultrie Products, Alabama, USA) was installed on the AB tower

during August and September 2022 to capture the timing of extraction activities (see Text S1).

At QC, the integrated top 14 cm VWC was measured using a 20 cm long water content reflectometer (CS 616, Campbell
Scientific, Edmonton, Canada) inserted at a 45° angle. A combination of CS 655 and CS 616 probes were inserted horizontally
into the peat at a depth of 20 cm at AB. The probes at both sites were logged half-hourly on a data logger (CR1000X, Campbell
Scientific, Edmonton, Canada). Periods of insufficient power supply and equipment failure resulted in sporadic VWC

measurements.
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2.3 Flux processing and quality control

The eddy covariance data was processed using EddyPro software (version 7.0.9, LI-COR, Nebraska) advanced mode with a
WPL correction to account for the effect of humidity and air temperature on density (Webb et al., 2007). The CO2 and CH4
data were storage corrected, and then de-spiked (Papale et al., 2006). Fluxes beyond three standard deviations of the mean
were marked as outliers and removed. To account for low turbulent conditions, only half-hourly fluxes with the highest possible
quality flag were used for this study (Mauder and Foken, 2004). Additionally, due to the potential for incorrect air density
calculation, all 30-minute CO, and CHj4 fluxes where the corresponding sensible or latent heat flux quality flag (Mauder and

Foken, 2004) was at the lowest value were removed. All CH, fluxes with a signal strength less than 30% were removed.

To remove periods of insufficient turbulence, we applied a u* threshold of 0.15, 0.14 and 0.18 at AB in 2020, 2021 and 2022,
respectively, and 0.17 and 0.19 for the 2020 and 2022 at QC, respectively. This threshold was objectively determined using
the REddyProc online processing tool (Wutzler et al., 2018). Due to the absence of photosynthetic uptake, we applied this
correction to both daytime and nighttime fluxes. We applied the same u* threshold to the CH4 data, assuming that insufficient
turbulent conditions for CO, would also be insufficient for CH, fluxes. A 2D flux footprint at each site in each study year was
estimated using the Flux Footprint Prediction (FFP) online tool (Kljun et al., 2015). Based on the FFP, fluxes were excluded
from the analyses at AB when their 80% probability footprint distance was beyond the edge of the extraction site (Fig. S2).
Given the larger fetch at QC, no fluxes had to be removed (Fig. S2).

Incoming solar radiation of 20 W m2 was used as a cut-off between daytime and nighttime fluxes. For the CO, and CH, data,
there were no months in our data set that had more than 25% of the original nighttime half hourly periods, with the majority
having less than 15% (Table S1, Table S2, Table S3). This was likely due to the highly stable atmospheric conditions present
overnight. We thus excluded all nighttime data from our analysis due to low data confidence and to not bias our analyses by
the lower nighttime sample size. For the daytime CO; fluxes, we excluded all months that had fewer than 20% of the potential
half hourly periods. Our resulting dataset for CO; includes data from March to October 2020, March to August 2021 and May
to October 2022 at AB, and July to October 2020 and May to October 2022 at QC. Due to instrument damage at QC and
COVID travel restrictions, our CH4 dataset extends from May to August 2022 at AB only. For our analysis, we only used
daytime data between 9 am and 5:30 pm local standard time. This was based on the low percent of available data that met our
quality standards during the early morning and later evenings compared to the middle of the day. This daytime period is also
representative of the times when we were able to make chamber-based C fluxes measurements at these active sites (Clark et
al., 2023; Hunter et al., 2024).

We observed significant exponential relationships between air temperature and CO, fluxes at our study sites; however, they
had a high degree of scatter and low correlation (Fig. S3). Well established gap-filling methods, such as those employed by
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REddyProc use moving point windows to gap fill CO; data based on similar periods of global radiation, air temperature and
vapour pressure deficit. These variables are more strongly linked, and have a shorter lag time, with photosynthesis than with
heterotrophic respiration and the NEE from our extracted sites (with vegetation having been removed) represents respiration

only. Based on the low percentage of original flux data after strict quality control, we did not gap fill our data.

2.4 Calculation of annual carbon budget

We estimated an annual upper limit CO, and CH4 budget for Canadian extracted peatlands. Given the periods of missing data
at each site, and the need for Canada-wide values for national emissions factor reporting, we combined data from both AB and
QC, and averaged data across all study years. In the absence of nighttime data, we assumed that average daytime (9 am to 5:30
pm) monthly March to October fluxes were representative of the whole month. We estimated the missing wintertime
(November to February) fluxes using three methods. The first was to use a daily value equivalent to 15% of the March to
October fluxes rate (Saarnio et al., 2007); the second was to compute 50% of our average monthly May to October fluxes, and
then use that as a monthly fluxes rate for the whole year (He & Roulet, 2023); the third was to use our limited wintertime CO,
measurements. For CH., we assumed that fluxes for the missing months (October to April) were equivalent to 15% of the
March to October fluxe rate (Saarnio et al., 2007). We calculated an annual net ecosystem carbon budget (NECB) using our
estimated CO; and CH, annual budgets, along with dissolved organic carbon export measurements from 2021 and 2022 at AB
(Frei et al., 2023).

2.5 Statistical analysis

The statistical analysis was performed in RStudio (R Core Team, 2019; RStudio Team, 2020). The scatter, line and boxplots
were produced using the ggplot2 package (Wickham et al., 2016). We used QQ plots to visually assess the normality of the C
fluxes (Zurr et al., 2009). The CH, fluxes were shifted by 6.12 mg C m2 d' to remove negative values and then log transformed
to meet the assumption of normality for analysis of variance (ANOVA) tests. Only daytime 9 am and 5:30 pm local standard

time CO, and CH4 data from March to October was used for the following analysis (see Sect. 2.3).

A two-way ANOVA was performed on a linear model to determine the effect of month and location (factor with five levels
combining site and year) on CO; fluxes. For CH, fluxes, a one-way ANOVA was performed to determine the effect of month
on CHj, fluxes at AB in 2022. The Tukey post hoc test (emmeans package; Lenth et al., 2018) was used when a fixed effect
was significant. We averaged the data monthly to assess seasonal trends despite the small fraction of data that passed quality
assurances. To create a balanced design and remove the effect of unequal number of fluxes between half hourly periods, these
models were run on monthly half hourly averages of CO, and CH4. Linear regressions were performed to determine the effect
of daily averaged soil temperature and VWC on CO; and CH, fluxes. We fitted average weekly CO; fluxes and WTD using a
Gaussian model (Riutta et al., 2007),
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WTD-WTDopt ,

o, = exp' **C Wing ) (Equation 1)
where WTDgp and WTDyo Were fitted parameters representing the optimal WTD for CO; fluxes, and the deviation from the

optimum where CO; fluxes are 61% of the maximum, respectively.

3 Results
3.1 Environmental conditions

At AB, the 2020 study period (March to October) was wetter (482 mm) than the 15-year average of 377 mm, while the 2021
(341 mm) and 2022 (350 mm) periods were comparable to it (ACIS, 2023). Of note, in 2022, 65% of the precipitation occurred
during June and July, compared to only 27% in 2021 (Fig. 2). Average air temperature across the study period was cooler in
2020 (7.6 °C), and warmer in 2021 (10.3 °C) and 2022 (9.9 °C) than the 15-year average (9.1 °C) (Fig. 2) (ACIS, 2023). At
QC, the 2020 (609 mm) and 2022 (601 mm) study period precipitation totals were similar to the 15-year average (596 mm)
(ECCC, 2023a). However, the spread was different, with 2020 being wettest in September and October compared to in March
and May in 2022. Similarly, average air temperature was within 0.1 °C of the 15-year average of 9.6 °C (Fig. 2).

Soil temperature followed the seasonal pattern of air temperature (Fig. 2). Temperatures were around 2 degrees higher in July
onwards in 2022 compared to 2021 at AB, with smaller diurnal and daily temperature fluctuation. At QC, temperatures were

similar between years, reaching a monthly average peak of ~ 20 °C in July of each year.

Both the average WTD and the degree of water table fluctuation were different among years and sites (Fig. 2). At AB, WTD
steadily rose from ~ 70 cm to 60 cm below the surface from April to August in 2021. In contrast, 2020 and 2022 were
characterized by large water table fluctuations and WTD of less than 40 cm for most of the study period. At QC, WTD was
shallowest in May (2020) and June (2022), though unlike AB, the water table was rarely within the top 30 cm of the peat. In
2022 at the QC site, the water table dropped to greater than 90 cm depth by early fall.
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Figure 2. Daily mean air temperature (°C), 10 cm depth soil temperature (°C) and WTD (cm) at QC (left) and AB (right) during the study

years. Water table depth was measured in the centre of a field (see Fig. 3.1). A negative value implies that the water table was above the peat

surface. The 15-year average (2008 to 2022) air temperature at AB and QC is shown in black. Air temperature at AB was obtained from the

Tomahawk AGDM weather station (ACIS, 2023). Precipitation data was obtained from the Tomahawk climate station (for AB;
275 ECCC, 2023c) and the Riviere-du-Loup climate station (for QC; ECCC, 2023a).
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3.2 Carbon dioxide and methane fluxes

Mean monthly daytime (9 am to 5:30 pm local standard time) CO- fluxes ranged from -0.19 g C m2?d*to 1.0 g C m2d*! at
AB and 0.39to 1.09 g C m2d* at QC (Fig. 3.4, Table S4). There was a significant effect of month (F7, 40=52.97 p<0.0001)
and location (factor with five levels combining site and year; Fi45=130.43, p<0.0001), and their interaction (Fig80=9.65,
p<0.0001) on monthly daytime CO; fluxes. At AB, we observed a pattern of CO, fluxes increasing during May and June,
reaching a peak in July, and then decreasing in September and October (Fig. 3). The effect was largest in 2021 and 2022, with
a significant increase in average monthly CO; fluxes of 0.6 and 0.5 g C m2d™!, respectively from May to July (Table S4). Late
winter and early spring March and April fluxes were not consistent between years. April 2020 fluxes were comparable to those
in June, while there was a small average uptake in 2021 in March (-0.01 g C m2d) and April (-0.19 g C m2d). Interannually,
May to August fluxes were at least 25% higher in 2022 compared to 2021, though differences were only significant during the
month of August (Fig. 3, Table S4).

We observed similar patterns at QC (Fig. 3). Carbon dioxide fluxes peaked in June and July, in 2020 and 2022, respectively,
significantly decreasing by 0.43 and 0.56 g C m2d* by October in their respective years (Table S4). Of note, August 2020
fluxes were significantly lower than in both July and September (Table S4). Interannually, July and August fluxes were 0.28
and 0.45 g C m2d? higher in 2022 than 2020, while September and October fluxes were similar between years. When
comparing between sites, May and June CO; fluxes in 2022 at QC were significantly higher than those in the three AB study
years. July, August, September and October CO; fluxes, which were measured at each site over two years, were similar

between sites and years, with the highest fluxes generally at QC and AB in 2022 and the lowest average fluxes at AB in 2021.
Methane fluxes were only measured for one year at AB (Fig. 4, Table S6). There was a significant effect of month (F3¢,=5.68,

p=0.0016) on CH4 fluxes. We observed a seasonal pattern, with average monthly daytime (9 am to 5:30 pm) fluxes increasing
significantly from 6.54 mg C m2d* in May to 9.13 mg C m2d in August.

10
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310 Figure 3. Boxplots of average monthly daytime (9 am to 5:30 pm local standard time) CO2 fluxes during 2020, 2021 and 2022 at AB (top)
and QC (bottom). Measurements from March and April in 2022 at AB, from March, April, May and June at QC in 2020, and from March
and April at QC in 2022 are missing due to equipment damage and COVID restrictions. See Table S4 for summary of results from post hoc
test performed on linear model looking at the effect of location and month on CO: fluxes.
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Figure 4. Boxplots of average monthly daytime (9 am to 5:30 pm local time) CH4 fluxes during 2022 at AB. Measurements from March,
April, September and October are missing due to equipment damage and COVID restrictions. See Table S5 for summary of results from
post hoc test performed on linear model looking at effect of month on CHs fluxes. Methane values displayed on this figure are the raw non-
log transformed fluxes.

3.3 Environmental controls of carbon dioxide and methane fluxes

We observed a Gaussian relationship between average weekly WTD and CO; fluxes across both sites and years (Fig. 5). A
linear regression between the observed and predicted CO; values was significant (F1, s9=10.57, p=0.0016), with a correlation
of 32%. Carbon dioxide fluxes peaked at a WTD of 47 cm, with a positive relationship when WTDs were less than this
threshold, and a negative relationship when WTDs were greater than this threshold. At QC, the average monthly WTD was
never less than 50 cm, suggesting that there was always a moisture limitation for decomposition at the site during our
measurement periods. There was no significant effect of half-hourly VWC on CO; emissions (Fig. S4) at AB (F1,1146=2.052,
p=0.15). At QC, VWC explained less than 1% of the variation in CO, fluxes (F1, 2177=14.89, p=0.0001). This may be due to
both the limited number of VWC measurements, and the placement of the sensors. It should be noted, however, that the sensors
were by necessity in a harvesting exclusion zone that was not subjected to harrowing and harvesting practices, meaning that

the measurements were not a true representation of field surface moisture conditions.
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Figure 5. Scatterplot showing the effect of weekly average WTD on CO; fluxes at QC and AB. The data has been fitted using
a Gaussian model (Eq. 1) resulting in an optimal WTD (WTDy) of 46.7 cm.

There was a significant effect of the interaction between soil temperature and WTD on daily mean CO; fluxes at AB (20 cm
depth: F3, 100 =8.72, p<0.0001) and QC (10 cm depth: F3, 211 =23.59, p<0.0001). Grouping the CO; data by WTD revealed that
the relationship between CO; and soil temperature varied with WTD (Fig. 6). We categorized WTD as wet periods (WTD <
25 cm), moderate periods (50 cm > WTD > 25 cm), dry periods (75 > WTD > 50 cm) and very dry periods (WTD > 75 cm).
At AB, during dry periods there was no significant effect of soil temperature on CO; fluxes (Fig. 6, Table S6). In contrast, soil
temperature explained 59% of the variance in CO, fluxes during moderate WTD periods. There was no significant effect
during wet periods, likely due to the very small sample size (Fig. 6, Table S6). At QC, there was a significant positive effect
of soil temperature on CO; fluxes at a daily time scale for all WTD levels, though the relationships were strongest, and had

the steepest slope, during wetter periods. We observed no effect of harrowing or harvesting on ecosystem scale CO- fluxes

(Text S1, Fig. Sb).

There was a significant positive effect of soil temperature at 20 cm depth on daily CH4 fluxes at AB (F1, 117=15.98, p<0.0001),
explaining 11% of the variation (Fig. S6). Due to the small number of data points, and the narrow range of temperatures

recorded when the WTD was less than 50 cm, we did not divide the data by WTD level.
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Figure 6. Scatterplots showing the effect of 10 cm depth (QC) and 20 cm depth (AB) soil temperature on daily daytime (9 am
to 5:30 pm) CO; fluxes at QC (left column) and AB (right column) across the study years. The CO, data has been divided by
WTD, as wet period (WTD < 25 cm), moderate period (50 cm > WTD > 25 c¢m), dry period (75 cm > WTD > 50 cm) and very
dry period (WTD > 75 cm). All linear regressions were significant (Table S6).
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3.4 Annual net ecosystem carbon budget

Using our March to October monthly average fluxes across both sites, we calculated three annual CO; budgets for extracted
peatlands in Canada using different approaches to estimate missing wintertime (November to February) data (see Sect. 2.4).
Assuming that wintertime fluxes were 15% of March to October fluxes, or that monthly fluxes for the whole year were 50%
of average March to October fluxes, we calculated annual CO, budget of 129 g C m? yrtand 112 g C m2 yr?, respectively.
Using our limited wintertime data, we calculated average daytime (9 am to 5:30 pm) monthly fluxes of 0.56, 0.40, 0.50, and
0.42 g C m2 d* for November, December, January and February, respectively at AB. These are comparable to the 0.5g C m-
2 d* often estimated for non-growing season CO; fluxes (Webster et al., 2018). This then resulted in an annual CO; budget of
174 g C m2 yr. We calculated an annual CH, budget of 1.1 g C m2 yr?, assuming that the missing September to April CH,4
fluxes were 15% of our measured May to August fluxes. Assuming a lower and upper DOC export limit in a dry and wet
yearof 2g C m2yrtand 10 g C m2 yr?, respectively (Frei, 2023), the annual NECB likely ranges from fluxes of 115 to 185
gCm2yrt,

4 Discussion

Across both study sites, we observed important controls on seasonal and interannual C fluxes that must be considered when
estimating the annual greenhouse gas budgets of extracted peatlands. These include the unimodal relationship between CO,
and WTD, and the interacting effects of temperature and WTD on CO: fluxes.

4.1 Carbon dioxide fluxes

We measured comparable ecosystem-scale daytime fluxes at QC and AB. In contrast, previous multi-year chamber studies
from our study sites reported that AB (Hunter et al., 2024) had around double the site-integrated ditch and field CO, fluxes as
QC (Clark et al., 2023). The Clark et al. (2023) average summertime fluxes of 0.76 and 2.56 g C m2 d! from the fields and
ditches, with a field to ditch ratio of 30:1, results in sector fluxes of 0.82 g C m2 d-%. This is in line with our average fluxes at
QC. Hunter et al. (2024) calculated integrated summer June to August fluxes of 1.47 g C m2 d! at AB, which is just over
double our eddy covariance estimated average fluxes of 0.66 g C m2 d! during that same period. This may be due to unequal
relative contribution of ditch and field fluxes to total sitewide fluxes in the two studies, since Hunter et al. (2024) found that
ditch CO, fluxes were around double the field fluxes.

4.1.1 Decreased carbon dioxide fluxes during periods with deep water tables

The persistent drainage at extracted sites means that surface VWC may be below the optimum for aerobic decomposition for
large portions of the year. Our interannual and seasonal patterns suggest a decrease in CO; fluxes during periods with deep

water tables. At AB, May, June and August average fluxes were at least double (at least 0.2 g C m2d* higher) in 2020 and
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2022 compared to 2021, which coincided with 20 to 50 cm deeper water tables in 2021 compared to the other two years. Our
soil temperature data suggests that the surface temperature varied by only a few degrees between these years. This is consistent
with findings by Hunter and others (2024) who observed significantly lower chamber fluxes in 2021 compared to 2022 at AB.
Seasonally, in 2022 at QC, we observed some of the highest fluxes when WTDs were their shallowest, around 30 cm (June
and May). This was despite the peat being 10 to 20°C cooler than later in the summer. Thus, both AB and QC results show
higher CO, with wetter peat conditions (water tables closer to the surface). This directly contrasts with other studies and data
compilations at extracted peatlands, which have observed reduced fluxes during wet periods (He & Roulet, 2023; Holl et al.,
2020; Rankin et al., 2018). This reported reduction in fluxes can be considerable, with CO; fluxes during a wet summer being
24% of the dry summer fluxes (Waddington et al., 2002). The exception is a study in Finland that measured over double the
fluxes in a wet year compared to a dry year (Shurpali et al., 2008). It is important to note that most of these studies had water
tables within the top 50 cm of the peat profile. Previous studies in drained peatlands have also generally observed higher fluxes
during dry periods (Evans et al., 2021; Nielsen et al., 2023; Salm et al., 2012; Wilson et al., 2016), though one study in a
heavily drained peatland for forestry found a positive relationship with CO, fluxes when WTDs were greater than 70 cm
(Mékiranta et al., 2009).

We offer four possible explanations for the conflicting results on the effect of WTD on CO; fluxes from extracted peatlands.
The first is that the water table—CO; relationship is likely unimodal, as was seen in our study (Fig. 5) where peak fluxes
occurred at a WTD of 47 cm. This has been observed in other peatland studies, with the optimal CO; production occurring
under hydrologic conditions that maximize aerobic conditions while also maintaining sufficient surface moisture conditions
for substrate diffusion (Byun et al., 2021; Ojanen & Minkkinen, 2019). The degree of drainage varies considerably across
disturbed peatlands and our sites can be considered heavily drained, with water tables deeper than 50 cm for 68% and 84% of
the days during the AB (March to October) and QC (May to October) study periods, respectively. When water tables varied
within the top ~50 cm of the peat, as is the case for many previous studies in drained peatlands (Evans et al., 2021), we observed
the expected positive relationship. Secondly, WTD measurements in heavily drained peatlands may provide misleading
information about redox conditions in the near surface peat. Peatlands with high water retention can maintain high surface
moisture contents despite deep water tables (Lai, 2022; Price et al., 2003). Additionally, wetting fronts may never reach the
water table, resulting in increases in surface moisture content, but no measurable change in WTD (Waddington et al., 2002).
Therefore, continuous measurements of surface VWC should be conducted in future studies to better assess how changes in
WTD relate to surface moisture conditions. Thirdly, this study could not assess whether there was a hysteretic relationship
between soil moisture and WTD, and how the frequent water table fluctuations in May and June may have contributed to the
observed CO; fluxes (Rezanezhad et al., 2014). Fourthly, there has been limited research on the shifts in the microbial
community following long term drainage of extracted sites (Basiliko et al., 2007; Bieniada et al., 2023; Croft et al., 2001), and

how these changes will affect CO,-water table relationships.
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This work shows that we may need to divide drained peatlands into classes based on depth of drainage when trying to
understand CO,-water table relationships. The assumption of a positive relationship between CO; fluxes and WTD may not
hold in heavily drained systems. While results at these sites suggest that maintaining deep water tables prior to restoration
could be an important management strategy to reduce CO; fluxes, more work will be needed to generalize this to other sites.
Given the management (harrowing and harvesting) activities at these sites, the surface layer (top 5 cm) is expected to undergo
hourly to multi-day changes in moisture content and bulk density (Lai, 2022; O’Kane, 1992). The effects of management on
C gas production and transport have not been adequately studied; however, we did not observe noticeable effects of these
activities on CO; fluxes (Fig. S5).

4.1.2 Water table depth affects the dependence of carbon dioxide fluxes on soil temperature

Although half-hourly soil temperature on its own does not explain much of the variance in CO; fluxes at our sites, when
categorized by WTD and analysed at a daily timestep, a stronger trend emerges likely due to control of moisture on
decomposition and decomposition occurring over a range of depth in the peat profile. Based on thermodynamics of peat
decomposition, studies generally observe higher aerobic CO, production with increasing peat temperature (Byun et al., 2021;
Limpens et al., 2008). Our seasonal patterns highlight the importance of soil temperature as a control on CO; fluxes at the
monthly time scale. However, our regressions yielded weak positive relationships with a high degree of scatter and low
explanatory power, accounting for only 16% of the variance in CO; fluxes. Soil temperature had a moderate positive effect on
chamber-based measurements at AB (Hunter et al., 2024), and this mismatch could be due to measurement methods. In Hunter
et al. (2024), temperature measurements were made directly adjacent to the C flux measurements, while our study made
temperature measurements in a harvesting exclusion zone adjacent to the eddy covariance tower. It is possible that our 10 cm
depth soil temperature was not representative of the temperature of peat directly below a harrowed layer in the fields. This
could also explain why soil temperature at 20 cm depth was a stronger predictor than at 10 cm depth at AB, as it was less likely

to be affected by harrowing and harvesting practices.

When CO, data was grouped by water table position, we found that there was a stronger effect of soil temperature when the
water table was within the top 50 cm of the peat. The decreasing importance of soil temperature during dry periods is likely
due to the increasing importance of surface soil moisture for decomposition (see Sect. 4.1.1). In addition to measurement
method, this complex interaction between water table and temperature control on CO; fluxes could help explain the mismatch
in the importance of soil temperature within the peat extraction literature. Studies in extracted peatlands (both active and
unrestored) using chamber and eddy covariance techniques have observed strong positive effects (He et al., 2023; Rankin et
al., 2018; Shurpali et al., 2008), moderate (Hunter et al., 2024; Salm et al., 2012; Waddington et al., 2002) and weak to no
effect (Clark et al., 2023; Sundh et al., 2000) of soil temperature on CO; fluxes. These studies generally did not measure
hydrologic conditions, or report VWC measurements, making it hard to compare among them. However, the strong effect
observed by Rankin and others (2018) was at a post-extraction, unrestored peatland with a water table that was within the top
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50 cm of the peat until mid-August, and we might thus expect a stronger temperature dependence. In our data set, while the
water table was within the top 50 cm for a large portion of one of our study years (2022) at AB, most of our data is from

periods with deeper water tables.

This importance of hydrologic conditions on the effect of soil temperature on CO; fluxes has not been well-explored, with the
presence of vegetation at many sites making it difficult to disentangle the impact of water table-soil temperature interactions
on autotrophic (plant) respiration versus heterotrophic respiration. While the majority of recent peatland studies on soil
respiration have found higher temperature dependence in drier conditions (Li et al., 2021; Liu et al., 2024; Swails et al., 2022),
a few studies in drained extracted peatlands observed similar results to ours (Shurpali et al., 2008; Waddington et al., 2002).
Additionally, in soils drained for forestry and agriculture, multiple studies have observed increased dependence of
heterotrophic CO; fluxes on soil temperature under wet periods (Balogh et al., 2011; Scott-Denton et al., 2006). The VWC
that constitutes “dry” conditions varies among studies, and therefore, comprehensive measurements of surface VWC at heavily
drained sites would allow us to better compare our findings to the wider literature. Nevertheless, our findings will have
implications for modelling work at drained peatlands. Models that rely on CO, — temperature relationships without considering

the interacting effects of soil moisture may overestimate fluxes during very dry periods.

4.1.3 Soil temperature relationships underestimate March and April carbon dioxide fluxes

March and April are associated with the start of peat thawing and snowmelt. April fluxes were comparable to summer values
at AB in 2020 (Fig. 3), demonstrating the importance of capturing spring thaw fluxes in our annual C budgets. Episodic pulses
of CO; in the late winter and early spring have been measured at some drained peatlands (Rankin et al., 2018), but not others
(Holl et al., 2020). While we lack soil temperature data in those months, average air temperatures were just above freezing,
compared to around 20 °C in July, showing that temperature relationships alone cannot explain CO; fluxes during this period.
Possible mechanisms include the presence of ice lenses in the frozen soil and snow layer that trap produced CO; during the
winter, leading to the release of this built-up CO, when the soil thaws (Raz-Yaseef et al., 2017). Freeze-thaw cycles have also
been shown to alter respiration rates through changes in microbial community structure and enzyme activity (Matzner &
Borken, 2008; Wang et al., 2014). Understanding both the magnitude, and the underlying processes involved with these
springtime CO; fluxes will be important as they can contribute a significant portion to the yearly net C balance and are often
not captured in northern peatland measurements. Modelling studies that use CO, — temperature relationships may
underestimate CO, fluxes during this period. However, we also observed slightly negative average CO; fluxes in March and
April 2021 at AB, when there should have been no biological source of CO, uptake. These springtime fluxes should therefore
be interpreted with caution.
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4.2 Extracted sites are small sources of methane

Our study suggests that CH. fluxes at AB are considerably lower at active peat extraction sites than in natural peatlands. Our
measured mean May to August CH, fluxes of 7.22 mg C m2 d* (median of 7.51 mg C m2 d™?) is considerably lower than the
growing season 29.9 to 72.7 mg C m d*! reported for natural boreal bogs in Canada (Turetsky et al., 2014; Webster et al.,
2018). It is also considerably lower than the 18.4 to 52.9 mg C m-2d site integrated fluxes (combines field and ditch fluxes)
calculated for this same site using chambers (Hunter et al., 2024). Our mean is slightly higher than Hunter’s measured field
fluxes of 2.1 mg C m2 d* (median of 0 mg C m2 d?), confirming that the ditches are important contributors to ecosystem-
scale fluxes. Given the errors associated with each method, a mismatch between chamber fluxes and ecosystem scale fluxes is
not uncommon (Peltola et al., 2015; Riederer et al., 2014). Despite direct chamber measurements indicating that ditches can
emit strongly (Clark et al., 2023; Hunter et al., 2024), the CH,4 fluxes from extracted peatlands are likely lower than from
natural peatlands, and only make up a small portion of the total sitte NECB (see Sect. 4.3).

The CH, fluxes at AB in 2022 followed the expected seasonal pattern, with fluxes increasing over the summer following
seasonal temperature patterns, as has been observed in natural peatlands (Abdalla et al., 2016). To our knowledge there are no
reported March and April CH4 fluxes from actively extracted, or post extraction unrestored, peatlands in Canada. In natural
peatlands, ebullition associated with spring thaw can be significant, with some studies reporting larger values than the annual
diffusive CH, fluxes from a site (D’Acunha et al., 2019).

Water table depth and soil temperature were not strong predictors of CH4 fluxes, likely due to a combination of the unique site
hydrology, and the overall low CH, fluxes. The absence of vegetation at our sites means that diffusion, and the associated
oxidation of CH4 to CO in the oxic peat layer, will be the primary transport pathway of CH,4 (Lai, 2009). While peatland
studies have usually observed a negative relationship between WTD and CH, fluxes (Abdalla et al., 2016; Dean et al., 2018;
Wilson et al., 2016), we did not find a significant effect. This is likely due to the deep water table at the AB site. Couwenberg
et al. (2011) found that peatland CH,4 fluxes were near zero for WTDs greater than 20 cm, making it hard to detect a WTD
effect. The large water table fluctuations at the sites combined with the known long lag time between the establishment of
anoxic conditions and the start of CH,4 production could also make it difficult to isolate the effect of WTD on CH, fluxes
(Blodau et al., 2004). Finally, the high specific yield of extracted peatlands (Price et al., 2003) can also support the presence
of anaerobic pockets for CH, production in the surface peat, even during periods of deep water tables (Bieniada & Strack,
2021).

We observed a weak effect of soil temperature on CHy, as has been seen in other extracted sites (Clark et al., 2023; Sundh et
al., 2000). In natural peatlands, the importance of soil temperature is complex and varies with season, hydrologic conditions,
and vegetation type (Chang et al., 2021; Turetsky et al., 2014). Given the observed WTDs, the majority of CH,4 was likely
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produced below the soil temperature sampling depth, or in the drainage ditches, where we did not measure soil temperature.
Future measurements from dry and wet years will aid in understanding CH4 dynamics from extracted peatlands and support

management plans that balance harvesting yields with CO, and CH4 fluxes.

4.3 Implications for annual NECB and emission factors

To date, estimates of CO; fluxes from extracted peatlands in Canada are wide ranging. A modelling study based at QC reported
fluxes of 151-168 g C m2 yr? from the fields (He et al., 2023). At post-extracted unrestored peatlands, Rankin and others
(2018), using eddy covariance, reported an annual CO; budget of 173 to 259 g C m2 yrt, while Waddington and others (2002)
modelled (using chamber data to validate) fluxes of 363 to 399 g C m during a dry year, and 88 to 112 g C m during a wet
year. Some vegetation had naturally regenerated since the end of extraction at Rankin et al.’s site, and so their value likely
includes some photosynthetic uptake of CO,. Our calculated annual CO; budget range of 112 to 174 g C m2 yr!is considerably
lower than the current Tier 2 fluxes factor value of 310 g C m2 yr that Canada is using (ECCC, 2021). A recent study (He &
Roulet, 2023), using model simulations run with 27 years of climate data, suggested a revised Tier 3 emission factor value of
139 g C m?2yr! (1.4 t C ha' yr?) for a standard extraction site in Eastern Canada. Our data is more in line with the Tier 3

emission factor compared to the higher Tier 2 value.

Our findings suggest that the CO, fluxes make up the bulk of the 115 to 185 g C m yr* NECB of these extracted peatlands.
Assuming a global warming potential for CH4 over a 100-year time period that is 28 times that of CO; (IPCC, 2013), CH4
fluxes are equal to 41 g CO.e m2 yL. Methane fluxes are thus at most 9% of the total radiative balance of CO, and CH, fluxes
from these sites, not including downstream gaseous loss. Export of C as DOC is likely a small component of the C budget,
with previous research finding DOC export at AB was only <2 g C m? yr! during 2021 (dry year) and <10 g C m2 yrtin
2022 (wet year) (Frei, 2023). Despite the small contribution of CH4 to sitewide fluxes, management actions to reduce CH,
fluxes may be the easiest to implement to achieve greenhouse gas fluxes reductions from actively extracted sites. Given the at
least 7 times higher fluxes from ditches compared to fields (Clark et al., 2023; Hunter et al., 2024), increasing the drainage

ditch spacing (and thus reducing the proportional area of ditches) could substantially reduce CH, fluxes.

5 Conclusion

Our study is the first to measure ecosystem scale CO, and CHs fluxes from actively extracted peatlands in Canada.
Interannually, fluxes varied by as much as 0.5 g C m?2 d, and seasonal and interannual patterns were largely driven by WTD
differences. Our observed unimodal CO, — WTD relationship suggests that surface moisture conditions at actively extracted
peatlands can be below optimal levels for decomposition for large portions of the active extraction season (May to October).

The limited previous studies of heterotrophic respiration in drained peatlands have generally been based at sites with shallower

20



555

560

565

570

575

https://doi.org/10.5194/egusphere-2025-1111
Preprint. Discussion started: 3 April 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

water tables than our WTD optimum. Additional measurements at deeply drained sites will allow us to better assess this non-
linear mechanism to predict the impact of anthropogenic and climate induced drainage on C cycling in peatlands. Our results
also suggest an interaction between soil temperature and WTD, where surface soil temperature has only a weak effect on CO;
and CH, fluxes under deep (> 50 cm below surface) water tables. This means that process-based modelling studies that use C-
temperature relationships alone have the potential to overestimate fluxes during drier years in drained unvegetated peatlands.
Water table depths at extracted sites are controlled by both local weather, and site management, including the spacing and the
depth of the drainage ditches. Understanding how C fluxes vary with fluctuations in WTD will help inform site management
plans, allowing companies to balance C fluxes with harvesting yields. At AB, CH4 fluxes were less than a tenth of the fluxes
reported for natural boreal bogs, suggesting that actively extracted peatland sites are a negligible source of CH4. However,
more work will be needed to understand how well ditch CH, fluxes are captured by eddy covariance towers. We were unable
to quantify nighttime and wintertime CO, and CHjs fluxes, leading to a large range of estimated yearly fluxes. The current Tier
2 emission factors for CO, fluxes from Canadian extracted peatlands are well above our estimated 112 to 174 g C m2 yr?,

suggesting that they may not be appropriate for peat extraction sites in Canada.
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