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ABSTRACT

Linear disturbances within boreal Canada (e.g. seismic lines) can significantly disrupt carbon cycling in northern peatlands,
potentially transforming these significant carbon stocks from long-term carbon sinks into net carbon sources. Recent efforts
have been made to quantify the impacts of linear disturbance on vegetation, soil composition and greenhouse gas (GHG) emis-
sions. However, little is known about the specific interactions between disturbances to peat hydrophysical structure and com-
position and the resulting alterations to CO, and CH, dynamics. To this end, eight poor fen peat cores were collected on, and
eight cores collected adjacent to a seismic line representing the top 10cm of the peat profile. These cores reflected four degrees
of disturbance, with four cores per treatment: complete mulch covering, partial mulch covering, mechanical roughing only and
undisturbed. In controlled laboratory conditions, cores were subjected to two subsequent static water table conditions (3 and
8cm below the core surface) for ~30days each with GHG flux measurements occurring every 2-3 days. Cores were then subdi-
vided into 5cm segments and underwent hydrophysical (i.e., bulk density, porosity and water retention) and compositional (i.e.,
C:N and vegetational assemblage) analysis. Results show that peat composition and hydrophysical structure were both strong
predictors of GHG emissions. Higher CO, emissions were related to peat with high bulk density, low total and effective porosity
and low C:N ratios, which occurred at depth in the undisturbed cores and at the surface where mechanical mulching and mix-
ing occurred. Increased CH, emissions occurred in a subset of disturbed cores characterized by a reduction in macropores and
effective porosity near the surface; these emissions were episodic and occurred where trapped gas was released. Further field-
scale research is needed to evaluate the interrelationships between the direct impacts of seismic line creation on hydrophysical
structure and composition and the long-term changes in carbon cycling within disturbed systems.

1 | Introduction vulnerable to anthropogenic pressures such as industrial activ-
ities, agriculture and urban expansion, which alter their ecohy-
Canada's peatlands store a significant portion of the global north- drological conditions and may shift them from carbon sinks to

ern peatland carbon pool and act as a net carbon sink due to the net sources (Loisel and Gallego-Sala 2022). Understanding how
slow millennial-scale accumulation of organic-rich soils under disturbances impact peatland carbon cycling is essential to ac-
waterlogged conditions (Frolking and Roulet 2007; Hugelius curately quantify greenhouse gas (GHG) fluxes and improve
et al. 2020). However, these ecosystems are increasingly land-use emission estimates (IPCC 2014).
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Peatlands exhibit complex CO, and CH, dynamics influenced
by interactions between peat hydrophysical structure, phys-
iochemical composition and environmental conditions. During
periods of reduced water availability, lowered water tables in-
crease air-filled pores and facilitate aerobic respiration and CH,
oxidation (Clymo 1983; Howard and Howard 1993; Waddington
et al. 1996; Blodau et al. 2004). Conversely, during periods of
high water availability, raised water tables saturate pore spaces,
limiting oxygen availability and promoting CH,-generating an-
aerobic decomposition (Bridgham et al. 2013; Bubier et al. 1993).

Moisture dynamics are further complicated in near-surface peat
(i.e., the acrotelm; Ingram 1978), where the structure changes
rapidly with depth. Near the surface, pores are large, open and
well connected, draining readily above the water table (Price
et al. 2008; Goetz and Price 2015; Rezanezhad et al. 2010, 2016).
Consequently, rates of CO, production and CH, oxidation are
generally higher, whereas CH, production is lower (Clymo and
Pearce 1995; Clymo 1996). As the degree of decomposition in-
creases with depth (Hayward and Clymo 1982), peat becomes
more compact, with smaller pores, higher bulk density and in-
creased water retention upon drainage (Boelter 1969; Quinton
et al. 2009). These conditions limit oxygen availability and en-
hance CH, production, with maximum rates typically occurring
10-20cm below the water table (Sundh et al. 1994; Kettunen
et al. 1999). At greater depths, peat becomes more humified
and recalcitrant, reducing labile carbon availability and slowing
mineralization (Hogg et al. 1992; Updegraff et al. 1995) and de-
composition (Hogg 1993) rates. In undisturbed peatlands, verti-
cal connectivity is maintained with a gradual transition in soil
hydraulic properties with depth (Nungesser 2003). However,
disturbance can disrupt this structure, altering carbon cycling
dynamics (e.g. Bieniada and Strack 2021).

Reporting on GHG emissions from peatland disturbances in
Canada has improved in recent years, but significant gaps re-
main. Resource extraction, a significant driver of land conver-
sion in the boreal region (Wilkinson et al. 2023), is currently
underrepresented in emissions reporting. Among resource
extraction-related disturbances, seismic lines (grid-patterned
linear clearings for geophysical surveys) are particularly im-
pactful, spanning 1.5-1.8 million km in boreal Canada (Dabros
et al. 2018) and affecting >1900km? of peatlands in Alberta
alone (Dabros et al. 2018; Strack et al. 2019). Seismic lines dis-
rupt vegetation and soil structure, raise water tables and alter
carbon cycling.

Modern ‘low-impact’ seismic lines (LIS), typically created
during the winter using low ground-pressure mulchers or
lightweight machinery, are narrower (2-4m) and less disrup-
tive than historical methods, which involved heavier equip-
ment and wider clearings (Dabros et al. 2018). However, LIS
still remove vegetation communities (Severson-Baker 2003;
van Rensen et al. 2015), can potentially compress and/or mix
soils (Severson-Baker 2003; Davidson et al. 2020) and reduce
microtopography (Lovitt et al. 2018). These changes can raise
water tables (van Rensen et al. 2015) and increase soil mois-
ture (Williams et al. 2013; Davidson et al. 2020), potentially
enhancing CH, fluxes compared to adjacent peatlands (Strack
et al. 2018). Seismic line peat samples also show lower carbon-
to-nitrogen ratios, indicative of enhanced decomposition, shifts

in vegetation composition and/or the addition of woody debris
(Davidson et al. 2020). Without intervention, these effects can
persist for decades. Limited spontaneous recovery is observed in
seismic lines, with woody vegetation regrowth often lagging by
over a decade or remaining in early successional stages (Lee and
Boutin 2006). Although most research has focused on seismic
lines, similar impacts have also been reported on forestry cut-
lines and trails (Lepilin et al. 2019) and oil sands' exploration
well sites (Caners and Lieffers 2014; Murray et al. 2021).

Despite evidence linking seismic line disturbances to altered
peatland carbon cycling, little research has directly explored
how changes in peat composition and hydrophysical structure
affect CO, and CH, fluxes. Although previous studies have
demonstrated that disturbances can increase soil respiration
by introducing labile carbon and nutrients (Larmola et al. 2013;
Weedon et al. 2013), the impacts of mechanical disturbance and
woody material incorporation from mulching on peat hydro-
physical properties and carbon fluxes remain poorly understood.
Findings from this study can also inform the management of
other boreal peatland disturbances, such as road creation, and
electricity transmission and pipeline corridors, which share
similar effects on vegetation and hydrophysical conditions.

Therefore, the goal of this work is to better understand how natu-
ral and disturbance-induced differences in peat composition and
hydrophysical structure relate to observed GHG cycling while
controlling for environmental variation in a laboratory setting.
The specific objectives are to (1) assess the difference in CO,
and CH, fluxes between undisturbed and seismic line impacted
peat, (2) characterize and assess the variability of near-surface
peat composition and hydrophysical structure as a function of
natural heterogeneity and disturbance and (3) relate observed
differences in carbon fluxes to natural and disturbance-induced
variability in peat composition and hydrophysical structure.

2 | Materials and Methods
2.1 | Sample Location, Collection and Preparation

The study site is a poor fen within a larger peatland complex
located on an active lease 150km south of Fort McMurray,
Alberta, Canada (Kirby South; 55.37°N, 111.15°W; Figure 1).
The seismic line where the samples were collected was created
over the winter of 2021-2022 and field sampling was performed
on 13 July 2022. The line was on average 4 m wide and was cre-
ated using a mulcher.

A total of 16 cylindrical peat cores (10 cm diameter) represent-
ingthe top 10 cm of the peat profile were collected in PVC tubing
from two seismic lines and their adjacent reference locations.
The four reference (CON) cores were collected 10-15m from
the seismic line (2 at each reference location) and were divided
into two treatments: two Sphagnum moss-dominated control
replicates (CON-SPH) and two feathermoss-dominated con-
trol replicates (CON-FEA). Samples were taken at a maxi-
mum distance of 10-15m from a disturbance, as this was the
furthest distance achievable under the site conditions given
the high density of seismic lines in the area. Twelve cores
were collected to represent disturbed conditions. Of these,
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FIGURE1 | Sample collection location for this study. (A) Locations of samples collected from the mulched seismic lines (on) and reference areas
(off). The red dot indicates the general location in northern Alberta, Canada. The delineation of the fen area is from the ABMI Wetland Inventory
(ABMI 2021). Base map from ESRI World Imagery (Maxar (Vivid) Imagery, 1 pixel=0.5m, 1 August 2018). (B) Image from northernmost seismic

line site in A. Photo credit: M. Strack.

two Sphagnum moss—-dominated cores were taken from each
reference location and mechanically roughed (RGH-SPH) in
the lab to mimic the effects of surface disturbance in the ab-
sence of mulch incorporation (4 cores total). A total of eight
cores were collected across the two seismic lines to represent
a combination of mulching and surface disturbance. Four of
these cores represented peat which was partially covered by
mulched black spruce trees (MUL-LOW) and four that were
entirely covered in mulched trees (MUL-HI) and represented
the edge and centre of the seismic line, respectively.

2.2 | Experimental Conditions and Carbon Dioxide
and Methane Flux Measurements

Prior to the experiment commencement, the 16 cores were di-
vided into two insulated coolers where they were secured up-
right with random placement (Figure S1). Deionized water was
initially added to each cooler to achieve a water table depth of
8 cm above cooler bottom (~3 cm below core surface), herein re-
ferred to as the wet condition. Cores were allowed to stabilize for
1week prior to the start of flux measurements. Apart from flux
measurement days, cooler lids were left 90% closed to reduce
evaporation and temperature fluctuations while promoting air
circulation and thus minimizing CO, and CH, accumulation.
Throughout the duration of the experiment, water levels were
measured daily and topped up with deionized water to maintain
water level stability.

The wet condition of the core experiment officially com-
menced on 25 January 2023, which coincides with the first
round of flux measurements. In total, CO, and CH, fluxes
were measured on Days 1, 2, 6, 9, 13, 16, 20 and 23 using the
closed chamber method with a 1.81 L chamber affixed to the
top of the core by a custom tubing attachment and sealed for
3min. Concentrations in the headspace were measured with
a CO,/CH, infrared trace gas analyser (LI-COR; LI-7810;
Lincoln, NE, USA). Water was then removed from the cool-
ers until a new water table height of 3 cm above cooler bottom
(~8cm below core surface) was achieved (herein referred to
as dry condition) and allowed to equilibrate for 1week. After

equilibration, fluxes were then measured on Days 1, 4, 7, 9,
14, 17 and 21 of the dry experimental conditions. For both wet
and dry conditions, cooler lids were first opened prior to flux
measurement to allow for the dissipation of any trapped gases.
Room temperature, relative humidity and water levels at the
time of flux measurements were recorded at the time of each
flux to account for slight variability.

CO, and CH, fluxes were calculated using a linear fit through
the measured gas concentration change through time
(ppms™) and then converted to a change in mass using the
ideal gas law (PV=nRT). Standard atmospheric pressure and
the temperature at the time of measurement were used in the
conversion.

2.3 | Characterization of Hydrophysical and Soil
Properties

After experiment completion, each box was drained, and all
cores were immediately wrapped in cling wrap and frozen to
prevent further decomposition prior to analysis. Each core was
then subdivided into two sub-cores (top and bottom) while fro-
zen representing the 0-5cm and 5-10cm depth intervals, re-
spectively. All soil property analysis was completed separately
on each sub-core to better understand depth related processes
and impacts of disturbance.

2.3.1 | Hydrophysical Properties

Prior to the determination of hydrophysical properties, sub-
cores were first thawed and saturated in deionized water for a
minimum of 48 h. The saturated volume and weight of each sub-
core were then measured. Water retention was characterized at
—7.5cm (5cm below the bottom of each core) using a soil water
retention table and at —100cm using the pressure plate method
outlined by McCarter and Price (2017). Using the capillary
rise equation (Bear 1972) and assuming a contact angle of 51°
(Gharedaghloo and Price 2019), the equivalent saturated pore
size for each pressure step was determined to be 265 and 20 um
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at —7.5 and —100 cm, respectively. Pores greater than 265 um can
be considered representative of macropores (commonly mea-
sured as >100uM; Holden 2009), whereas a 20 um pore size is
generally used as the boundary between pores that are closed
and open to flow (McCarter and Price 2017). The fraction of
water-filled pores at each pressure step (i.e., the fraction of pores
at a given size range dictated by the previous and current pres-
sure steps) was determined as

0(y)
b= =0
t
where @, is the proportion of saturated pores (—), 6 is the water
content (=) at pressure y and n, is the total porosity, assumed to
be the water content at 100% saturation (y = 0).

Volumetric water content at all pressure conditions including
saturation was determined as

o) = —(M‘“j Map)
ty)Pw

where M,, is the sub-core mass at a given pressure (g), My, is
the dry sub-core mass (g), Vyy, is the total sub-core volume
at a given pressure (cm?), and p,, is the density of water. Dry
mass was determined by weighing each sub-core after oven
drying at 60°C for 48 h. Saturated and dry bulk densities were
calculated by dividing the mass at each pressure by the sub-
core volume.

The change in core volume between each pressure was deter-
mined as

A V(‘I’x) =Vix1) — Vt(x)

where Vy,_;, is the volume of the sub-core at the previous pres-
sure and Vy, is the volume at the current pressure.

Total porosity was determined as

ntzl—ﬂ

Pp

where n, is the total porosity (=), p, is the dry bulk density (g/
cm?®) and p, is the particle density (g/cm?). The particle density
was measured using the soil volume displacement method with
kerosene as a substitute for water due to the hydrophobic nature
of dry peat (Whittington et al. 2021). Effective porosity (n,) was
assumed to be equal to the volume of pores filled at —100cm in
accordance with McCarter and Price (2017).

2.3.2 | Peat Geochemistry and Plant Composition

To determine peat total carbon and nitrogen mass in each of the
cores, approximately 1-2 g of dried material from each core subsec-
tion was ground to a fine powder with a Retsch ball mill (N=32).
From the ground material, 1-2 mg of the homogenized sample was
analysed for C and N (%) using a Costech 4010 elemental analy-
ser coupled to a Thermo Finnigan Delta Plus XL continuous flow

isotope ratio mass spectrometer at the Environmental Isotope
Lab at the University of Waterloo, Canada. Replicates were within
5% for C and 2% for N, respectively (N=11). Carbon content was
multiplied by the total dry mass (g) for each subsection and was
combined to determine the total mass of each core. The total car-
bon content in the core was used to normalize the carbon fluxes
to g C-CO,/g C-peat/day and mg C-CH,/g C-peat/day.

Peat plant composition was determined on the >300um fraction
of a 5cm?® subsample from each core subsection (N=32) using
a modified quadrat method described by Mauquoy et al. (2010).
A total of five 2Xx2cm squares within a gridded petri dish were
counted at 20X magnification on a stereomicroscope for each
sample. The major vegetation groups counted were ericaceous
leaves, woody roots, large wood fragments, herbaceous plant
fragments, Sphagnum stems and leaves, feathermoss stems and
leaves, brown moss stems and leaves, conifer needles and uniden-
tified organic material (UOM). Counts were converted to percent-
ages based on the total plant fragments counted for each sample.
Major vegetation groups were identified by referencing Lévesque
et al. (1988). Each sample was then assigned to a peat type, based
on the major vegetation groups. If a vegetation group was greater
than 10% of the peat plant composition, then it was assigned
that peat type. The four peat types in this study were Sphagnum
(SPH), Sphagnum and woody roots (SPH-ROOT), feathermoss
and woody roots (FEA-ROOT) and woody roots (ROOT).

2.3.3 | Statistical Testing

To test significant differences in both gas fluxes and hydro-
physical properties across different treatments and/or moisture
conditions, datasets were analysed statistically using R software
(R Core Team 2021) and the dplyr analysis package. All data-
sets were first tested for normality using the Shapiro-Wilk nor-
mality test; where datasets were normal, a one-way analysis of
variance (ANOVA) was then used to test for significant differ-
ences between distributions, whereas non-normal datasets were
analysed using the Kruskal-Wallis test. Post hoc analysis was
used to assess differences between individual treatments and/or
moisture conditions using the Tukey analysis and Dunn analy-
sis for normal and non-normal datasets, respectively.

Non-metric multidimensional scaling (NMDS) was per-
formed to investigate linkages between soil hydrophysical
properties and peat plant composition. Peat plant composi-
tion was standardized to proportions and square root trans-
formed prior to analysis (Hellinger transformation; Legendre
and Legendre 2012). The NMDS was performed using the
‘metaMDS’ function in the vegan package in R and was based
on Bray-Curtis dissimilarity (k=2; autotransform = FALSE;
Oksanen et al. 2018). Surfaces for the hydrophysical proper-
ties (bulk density, C:N ratio and total and effective porosity)
were fit to the NMDS post hoc and were tested for significance
using the ‘envfit’ function in the vegan package in R (N=999
permutations; Oksanen et al. 2018). Surfaces for CO, and CH,
fluxes across the entire experiment were also fitted using the
same method, where the average value of the wet and dry
treatment for each core was assigned to both the top and bot-
tom segments. All raw data collected and used in statistical
analysis are available as Supporting Information.
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3 | Results
3.1 | GHG Fluxes

All core replicates and treatments acted as CO, sources (i.e.,
exhibited net positive fluxes) throughout the experiment
(Figure 2a). Within treatments, median CO, fluxes were gen-
erally higher under the dry condition compared to the wet
condition; however, this difference was statistically signifi-
cant (p<0.01) only in the MUL-HI treatment (Tables S1-S3).
Between treatments, CO, fluxes were significantly lower in the
Sphagnum-dominated reference cores (CON-SPH) compared
to feathermoss-dominated reference cores (CON-FEA), across
both water table conditions. For the impacted cores, the roughed
Sphagnum treatment (RGH-SPH) exhibited CO, fluxes similar
to CON-SPH, whereas the mulched treatments (MUL-HI and
MUL-LOW) showed flux distributions and medians similar to
CON-FEA (Figure 2a; Tables S2 and S3).

Variation in CH, fluxes within and across treatments differed
markedly between the two water table conditions (Figure 2b).
Under the wet condition, no significant differences were ob-
served among treatments (Tables S1 and S2), and all treatments
acted as CH, sources on average throughout the experiment
(Table S3). In contrast, during the dry condition, the average
and standard deviation of CH, fluxes were one to two orders
of magnitude higher than in the wet condition (Table S3), with
more pronounced differences between treatments (Figure 2b).
Fluxes in the RGH-SPH treatment were significantly lower
than in all other treatments (Table S2), and it was the only treat-
ment to function as a net CH, sink on average (Figure 2b and
Table S3).

No significant differences in median CH, fluxes were ob-
served between the mulched treatments and the control cores
(Figure 2b and Table S2). However, average CH, fluxes in MUL-
LOW and MUL-HI were an order of magnitude higher than
in CON-SPH and CON-FEA (Table S3). These averages were
strongly influenced by individual cores (Table S4) and specific
flux events (outliers in Figure 2b). For example, in the MUL-HI
treatment, a single core (MUL-HI-2; Table S4) contributed 99%
of the total flux for this treatment, with three disproportionately
large flux events accounting for 81% of this value. A similar but
less extreme bias occurred in the MUL-LOW treatment, where
two of the four cores (MUL-LOW-2 and MUL-LOW-4; Table S4)
accounted for 49% and 43% of the total treatment flux, respec-
tively. Each of these cores experienced two disproportionately
large flux events, each contributing 10%-15% of the total flux for
this treatment.

3.2 | Peat Plant Composition and Geochemistry

The major vegetation groups found within each core matched
the field categorization, with the largest amount of variability
present in the seismic line samples where mulch cover obscured
moss identification. Consistent with field observations, top and
bottom Sphagnum treatments (CON-SPH and RGH-SPH) con-
tained the largest % of Sphagnum stems and leaves of all treat-
ments (Figures 3 and S2), with a slight decline in the proportion
Sphagnum and a corresponding increase in woody root material
between the top and bottom sub-cores. Contrastingly, whereas the
feathermoss-dominated cores (CON-FEA) were mostly feather-
moss in the top sub-core, the bottom sub-core of this treatment did
not remain consistent and was dominated by either Sphagnum or
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FIGURE2 | Boxplotsdepicting (a) CO, and (b) CH, fluxes from the eight wet and seven dry measurement events for the five treatments. Matching

letters indicate distributions that are not significantly different at the 95% confidence interval.
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FIGURE 3 | Plant composition assemblages for top and bottom cores of each of the five treatments averaged over each category's replicates.

TABLE1 | Treatment top and bottom sub-core and full core % carbon, % nitrogen and C:N ratio averaged over all replicates.

Top 5cm Bottom 5cm Core average
C (%) N (%) C:N C (%) N (%) C:N C:N
CON-SPH 45 0.5 90:1 44 0.4 108:1 99:1
CON-FEA 49 0.7 69:1 48 0.7 70:1 70:1
RGH-SPH 46 0.6 88:1 45 0.4 120:1 104:1
MUL-LOW 46 0.7 89:1 46 0.7 69:1 79:1
MUL-HI 48 0.8 58:1 49 0.8 61:1 60:1

woody roots. Compared to the controls, MUL-LOW and MUL-HI
cores had lower proportions of mosses and higher proportions of
root material and unidentified organic material (UOM). Though
on average MUL-HI had the least Sphagnum and most rooting
material of all treatments, there was a large degree of variability
between individual cores (Figure S2).

The C:N ratios were different across the various treatments and
depended on the dominant moss type (Tables 1 and S5). In the con-
trols and roughed Sphagnum treatments (i.e., non-mulched treat-
ments), C:N ratios increased with depth and were ~1.5% higher in
the Sphagnum-dominated treatments than those dominated by
feathermoss. The average top and bottom C:N ratios in the semi-
mulched treatment decreased with depth but were within the
range of the control treatments, whereas both top and bottom C:N
ratios in the entirely mulched treatment fell below all other treat-
ments. Inter-sample variability was notably lower in the control
treatments when compared to the disturbed (Table S5).

3.3 | Hydrophysical Properties

Across all treatments, total porosity (n,), effective poros-
ity (n,) and % macropores (%,) generally decreased with

depth, with a corresponding increase in dry bulk den-
sity (p,) (Figure 4a-d; associated retention curves in
Figure S3). Within the control treatments, the degree to
which properties changed with depth differed. Although
top sub-cores were similar between feathermoss and
Sphaghum controls, there was a substantial change in
n, %, and p, with depth in CON-FEA compared to rela-
tively subtle changes within CON-SPH. Specifically, p, in-
creased by 30% in CON-SPH and 200% in CON-FEA, whereas
%,, decreased by 15% in CON-SPH and 50% CON-FEA,
respectively.

Hydrophysical properties were highly variable within (point
values in Figure 4) and between the impacted treatments. Of
the disturbed treatments, properties were the least variable
and most similar to the controls in RGH-SPH; values in this
treatment were comparable to CON-SPH though variability
was higher between individual samples. The influence of
disturbance was more apparent in the mulched cores; both
MUL-LOW and MUL-HI treatments had a denser peat struc-
ture with lower n,, n, and %,,, particularly in the top sub-core.
Bulk density was highest and measures of porosity lowest in
MUL-HI; however, there was much overlap between the two
mulched treatments.
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3.4 | Relating Core Peat Type, Hydrophysical
Properties and GHG Fluxes

CO, and CH, fluxes were strongly linked to core
hydrophysical properties and peat type, as shown by the
NMDS ordination (Table S6 and Figure 5). Under both
wet and dry conditions, cores with greater proportions of
Sphagnum had a higher C:N ratio and lower CO, fluxes
(Table 1 and Figures 2 and 5). In contrast, cores with
higher proportions of other components, especially UOM,
herbaceous materials and woody roots, showed higher CO,
fluxes.

An inverse relationship between flux and effective porosity
in the top sub-core was the only significant hydrophysical
determinant of CH, flux in both dry and wet. By composition,
larger CH, fluxes were correlated with a higher woody root
material (Figures 2 and 3); cores with this composition
also exhibited a higher p, and low n, and %,, (Figure 4 and
Table S5).

4 | Discussion

41 | CO,Dynamics and the Influence
of Hydrophysical Structure and Disturbance

Generally, both disturbed and undisturbed CO, fluxes (Figure 2
and Table S3) fall within the lower end of literature values de-
rived from previous mesocosm flux experiments using bog
and poor fen peat (Figure 6a; Moore and Dalva 1993; Blodau
et al. 2004; Dinsmore et al. 2009; Deppe et al. 2010; Estop-
Aragonés et al. 2016). The cores used for this experiment were
notably shorter than in reference literature; when normalized
by core height (g CO, C/m?/day) our fluxes were up to 2 orders
of magnitude larger than literature values (Figure 6a). This is
likely due to the decreasing contribution of peat to CO, flux with
depth as labile carbon becomes depleted (Strack et al. 2017). This
is supported by a significant negative relationship between ex-
periment core height and normalized CO, flux across this and
literature values (r>=0.25, p <0.01; see also Figure S4). The lack
of a statistically significant increase in CO, flux with increasing
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water table depth in most treatments (Figure 2 and Table S2)
was unexpected, as generally the widening of the oxic zone, is
correlated with increased CO, emissions (Blodau et al. 2004;
Dinsmore et al. 2009). One potential explanation is the rela-
tively shallow water table in the dry condition (8 cm bgs) could
have limited the potential for air entry into the peat profile, thus
muting this relationship. Previous studies have also shown that
there can be an insensitivity of CO, flux where there are overrid-
ing variations of peat composition (Moore and Dalva 1993) and
hydrophysical structure, consistent with the strong correlations
with these variables in this study (Figure 5 and Table S6).

CO, fluxes were strongly related to both natural and
disturbance-induced variations in peat composition and hydro-
physical structure. The specific drivers of CO, flux, however,
differed between the disturbed and undisturbed treatments.
In the undisturbed treatments, feathermoss-dominated cores
quickly transitioned from top sub-cores with low p ;, high rn, and
n, to bottom sub-cores, which were of high p, and low porosity
(Figure 4), which resulted in elevated fluxes when compared
to the Sphagnum cores that did not have this abrupt transition
with depth (Figures 2 and 5 and Table S4). Sphagnum moss
typically has a very low nitrogen concentration and as such
has a high C:N ratio (Watmough et al. 2022), which also distin-
guishes the two control treatment types and is therefore related
to CO, fluxes. Low C:N ratios are also associated with more
decomposed peat, which would have a higher p,, lowering po-
rosity, and lower proportion of macropores (Wang et al. 2015).
Elevated CO, fluxes in peat exhibiting a high p, are consistent
with past mesocosm experiments, where more compressed
peat had greater water table fluctuations and deeper oxygen

penetration during drying events over a certain threshold, lead-
ing to more respiration (Estop-Aragonés et al. 2016; Scanlon and
Moore 2000). Decomposability of peat types may also play a role,
where Sphagnum moss generally has a lower decomposition rate
than other common moss types, especially in hummock species
(Turetsky et al. 2008).

The absence of a low p, and high porosity surficial cover (com-
pared to both control treatments) is apparent in the mulched
treatments (Figures 4 and 5). This is indicative of disturbance
to the peat hydrophysical structure due to the combined impacts
of mulching, mixing, peat removal and/or compression which
occurs during the creation of the seismic line, as noted in previ-
ous studies on linear disturbances (Strack et al. 2018; Davidson
et al. 2020). The comparable peat composition (Figure 3) and
muted disturbance to hydrophysical properties in the mechani-
cally roughed Sphagnum is likely due to the presence of surficial
mechanical mixing only without the added effects of mulching
and compression arising from mulchers passing over the sur-
face during seismic line construction. Compression is likely an
explanatory factor for the elevated bulk density of the mulched
samples (Figure 4a), whereas the incorporation of mulched
material likely resulted in the lower C:N (Tables 1 and S5) and
increased proportions of UOM and root material (Figures 3, 5
and S2) compared to the controls and RGH-SPH, as the propor-
tions of both increased with degree of mulching (MUL-HI when
compared to MUL-LOW). Though CO, fluxes were not signifi-
cantly different than the feathermoss-dominated control, the
absence of large proportions of feathermoss in the MUL-LOW
and MUL-HI cores suggests prior to disturbance these may have
exhibited structural similarities to the Sphagnum-dominated
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controls, thus highlighting the importance of vegetation com-
munity composition as well as disturbance when characterizing
disturbance-induced changes to carbon cycling.

4.1.1 | CH,Dynamics and the Influence
of Hydrophysical Structure and Disturbance

The large range of CH, fluxes, both within and among treat-
ments (Figure 2 and Table S3), is consistent with the large range
reported in other literature mesocosm experiments (Figure 6b;
Moore and Dalva 1993; Blodau et al. 2004; Dinsmore et al. 2009;
Deppe et al. 2010; Estop-Aragonés et al. 2016; White et al. 2008).
Whereas wet CH, fluxes were generally on the low end of litera-
ture values, fluxes were larger, more variable and in the disturbed
treatments dominated by a small number of large measurements
in a subset of cores during the dry condition. This contrasts
with the majority of comparable mesocosm studies which re-
ported decreased CH, emissions at deeper water tables (Blodau

et al. 2004; Dinsmore et al. 2009; Moore and Dalva 1993; White
et al. 2008). However, a smaller number of previous mesocosm
experiments also reported increased CH, emissions after water
table lowering via large episodic events (Hermans et al. 2019;
Deppe et al. 2010; Estop-Aragonés et al. 2016) resulting in fluxes
spanning >3 orders of magnitude (Figure 6b). The apparent in-
crease of CH, flux in this experiment was likely attributable to
the release of trapped CH, during measurement that was gen-
erated between flux events, consistent with the larger standard
deviation in most cores post drying.

The explanation of increased CH, fluxes due to a release of
trapped CH, during flux measurement events in the dry condi-
tion can be seen best in the relation between fluxes and the hy-
drophysical and compositional characteristics of the cores. The
three cores with large CH, flux events (MUL-HI-2, MUL-LOW-2
and MUL-LOW-4 in Table S4) had high p,, and low measures of
porosity/ %,, (Figure 4a,b,d), indicative of peat with lower over-
all pore volumes and pore networks dominated by small and/or
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closed pores more likely to trap CH, gas produced between flux
events than looser, high-porosity surface peat. Compositionally,
higher than average proportions of roots near the surface of
these cores (Figure S2) may have further facilitated the release
of CH, produced at the bottom of the cores, particularly after
desaturating after water table lowering. In turn, the bottom peat
in these cores had lower than average C:N ratios (Tables 1 and
S5), and both sub-cores had higher than average proportions of
herbs, woody material and UOM (Figure S2), decomposable ma-
terial likely introduced through mulching and/or mixing.

The accumulation of CH, underneath dense (and likely low-
porosity) peat was observed in Strack and Mierau (2010), in
which significantly higher concentrations of porewater CH,
were detected underneath poor fen ridges when compared to
hollows, which they attributed to woody roots and more tightly
packed Sphagnum species in the former creating a confining
layer. The entrapment and subsequent release of CH, was ob-
served in Estop-Aragonés et al. (2012), in which porewater CH,
concentrations increased during the high water table condition
and subsequently declined shortly after water table lowering,
which coincided with large CH, emissions from the core sur-
face. Increased CH, emissions were not observed during peat
rewetting or with static but deep-water tables (Estop-Aragonés
et al. 2012), speaking to the strongly hysteretic nature of this
behaviour. As we did not measure CH, flux during the water
table lowering directly, potential release of CH, was not cap-
tured during this study; however, given the observations of eb-
ullitive fluxes later in the experiment, this release likely would
have occurred.

Though not directly confirmed here, peat that is more com-
pacted and has a greater proportion of smaller pores (noted
in our mulched cores; Figures 4c,d and S3) may also increase
the production of CH, through the increased presence of
methanogenesis-favouring microenvironments in closed pore
spaces (Knorr et al. 2008; Estop-Aragonés et al. 2016) that may
remain saturated even after dewatering due to a high water re-
tention capacity (Deppe et al. 2010).

4.1.2 | Scalability of Results to Field Studies
and Modelling Efforts

Like the results of this experiment, field studies on linear dis-
turbances have reported similar or lower CO, emissions online
compared to adjacent undisturbed peatlands, even in areas
exhibiting increased bulk density and compression (Strack
et al. 2018; Korsah 2023). It appears that warmer temperatures
and significantly shallower water tables online are overriding
factors to the potential for increased CO, production due to the
denser and more labile peat that may be present at the surface
of disturbance.

Though increased CH, emissions have been documented on lin-
ear disturbances, the link to peat composition and hydrophysi-
cal structure is less so. In a winter road investigation (Strack
et al. 2018), an increase in CH, flux was attributed to warmer
temperatures and increased graminoid cover, the latter likely a
function of the shallower water tables on the line. Though not
directly measured, the wetter conditions on the line were likely

a result of the decreased porosity and increased water retention
of the higher density disturbed peat, supported by our experi-
mental findings as well as field characterization on seismic line
disturbances (Davidson et al. 2020) that showed similar changes
to hydrophysical properties and water table elevation. More di-
rect relationships between water table depth and CH, flux were
measured in Schmidt et al. 2022 and related to line flattening and
compression, also likely related to similar changes in hydrophys-
ical structure. The relative absence of ebullitive emissions in pre-
vious field studies is interesting and likely due to the short time
period and relatively sparse intervals in which plot-scale fluxes
are measured in the field. Limited ebullitive events were captured
in one field study on seismic line disturbed peatlands (Schmidt
et al. 2022); however, the dominance of ebullitive events on av-
erage CH, flux in our disturbed treatments suggests the need for
further exploration of these processes at a field scale as field emis-
sions may be currently underestimated by orders of magnitude.

As noted in this experiment, significant differences in peat
hydrophysical structure, composition and CO,/CH, fluxes
occurred between control treatments of different cover (i.e.,
Sphagnum vs. feathermoss). Though unlikely to be a factor in
the collected cores due to the relative age of the seismic line
during sample collection (1-year post-disturbance), these results
suggest that over time, long-term vegetation shifts may become
an equally important variable in quantifying disturbance as the
direct alteration to peat properties. In the field, the opening of
the canopy during tree removal has the potential to shift moss
cover from feathermoss to Sphagnum (Bisbee et al. 2001), which
is generally more recalcitrant (Turetsky et al. 2008) here shown
to have lower CO, and CH, fluxes (Figures 2 and 3). However,
wetter conditions due to compaction and increased water re-
tention (van Rensen et al. 2015; Strack et al. 2018; Schmidt
et al. 2022), combined with the introduction of lower C:N peat
to the surface in the peat substrate due to mulching and mix-
ing, offset this potential for emissions reduction. Finally, the in-
troduction of more easily decomposed vascular vegetation can
provide more substrate for CH, production (Strack et al. 2017),
further increasing CH, emissions.

5 | Limitations and Future Work

The authors acknowledge that both wet and dry water tables
are within the upper range of natural conditions in undisturbed
poor fens in the Alberta region and therefore may not capture
the full range of carbon cycling dynamics possible in these eco-
systems. The water table ranges presented here are, however,
reflective of on-line conditions reported in-field on linear dis-
turbances (Williams et al. 2013; van Rensen et al. 2015; Lovitt
et al. 2018; Strack et al. 2018) and oil sands exploration well sites
(Murray et al. 2021). Therefore, the bias towards wetter moisture
conditions in this study is a reasonable reflection of expected
field conditions.

To properly analyse the influence of peat structure and composi-
tion on carbon cycling, water tables were held constant for each
moisture condition, and temperature was held at 20°C £ 3°C for
the duration of the experiment. Future research could benefit
from a longer temporal scope to capture seasonal variations and
long-term trends in CO, and CH, fluxes. In field conditions,
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both water table and temperature variability have strong influ-
ences on carbon cycling dynamics; therefore, field studies that
quantify both changes to peat composition and variations in en-
vironmental conditions could offer a more comprehensive un-
derstanding of these processes.

Under dry conditions, average fluxes in the MUL-LOW and
MUL-HI cores were biased by a few disproportionately large
episodic events. These events were temporally inconsistent,
meaning not all episodic emissions were likely captured during
measurement, particularly given the lack of data from the equilib-
rium phase following water table lowering where previous stud-
ies have reported ebullition events (Estop-Aragonés et al. 2012).
The strong influence of core structure and composition on the
presence of these large emissions suggests that any missed ep-
isodic CH, fluxes likely occurred in the same cores where they
have already been observed. Although the actual CH, flux in
these cores therefore may be higher than measured, the emis-
sions captured are still likely representative of comparisons be-
tween treatments. Future studies specifically targeting patterns
and pathways of CH, fluxes would provide valuable insights into
the actual magnitude and dynamics of these emissions.

Last, the authors acknowledge the uncertainties present in at-
tempting to capture CH, fluxes across a gradient of disturbance
at a core scale given the heterogeneous nature of the landscape
and CH, production in general. As such, there is an inherent risk
in the scaling up of these data to a regional scale; this informa-
tion should therefore be used to infer general patterns and in-
crease the accuracy of current estimates; however, values should
not be assumed to adequately represent all larger scale processes
inherent in these systems.

6 | Conclusions

Within the bounds of this experiment, variations in peat com-
position and hydrophysical structure were strong predictors of
GHG emissions (i.e., CO, and CH,) in cores from the upper 10cm
of natural and seismic line disturbed fen peat, overriding the
influence of water availability measured as water table depth.
Elevated CO, emissions were associated with peat that exhibited
a high bulk density, low total and effective porosity and rela-
tively low C:N ratio. In the undisturbed treatments, peat of this
structure was observed in the bottom portion of feathermoss-
dominated cores associated with a vegetational shift with in-
creasing depth. In the disturbed treatments, the peat of this
structure was observed in the surface as well as at depth and
is likely attributable to the processes of mulching, mixing and
compression as part of seismic line creation.

The relationship between peat type/hydrophysical structure
and CH, emissions was more complex as emissions were dom-
inated by a small number of episodic events that only occurred
in mulched cores during the low water table conditions. It is
likely that the disruption in pore structure near the surface of
these cores (observed through reduced effective porosity and
percentage of macropores) trapped gas containing CH, within
closed pores. After water tables were lowered, pore desaturation
allowed for the release of this trapped CH, during flux measure-
ment events.

The findings of this research suggest using caution when mulch-
ing on seismic lines and incorporating mulch within the near
surface. At the lab scale, the incorporation of mulch decreased
C:N ratios and increased UOM and root material. This drove el-
evated CO, fluxes and, when combined with compaction, also
increased CH, entrapment and ebullition events. At a field scale,
the direct impact of altered hydrophysical structure on CO, and
CH, emissions is likely to be muted due to the combined effects of
additional environmental change, such as increasing online tem-
peratures, and changes to plant community structure. Additional
work should therefore be conducted on a field scale to further
assess the interrelationships between direct changes to hydro-
physical structure and these other impacts to better determine
the long-term alterations to carbon cycling in systems disturbed
by seismic line creation. Further, the time in which it takes for
the growth of new vegetation to re-establish a near-surface peat
hydrophysical structure more similar to undisturbed peatlands
should be assessed in order to gain a better understanding of the
duration of impact for this type of disturbance.
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