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Seismic Line Disturbance Alters Soil Physical and Chemical Properties Across Boreal Forest and Peatland Soils
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Industrial activities for resource extraction have led to a network of seismic lines across Canada’s boreal regions where peatlands often make up over 50% of the landscape. These clearings can have a significant influence on ecosystem functioning through vegetation removal, flattening of microtopography, altering hydrological pathways, and impacting biogeochemical processes. Recently, there has been a concerted effort to restore seismic lines to bring back the localized microtopography and encourage ecosystem recovery. A common restoration approach on seismic lines is mounding, which involves using machinery to recreate natural microtopography. Research is scarce on the impact on soil properties following both these disturbances and subsequent restoration on organic soils. The objectives of this study were to: (1) identify differences in soil physical and chemical characteristics between areas disturbed by seismic lines and adjacent natural areas and (2) determine changes to soil physical and chemical properties following the mounding restoration technique. Research was undertaken at two contrasting boreal ecosites (a poor mesic and a treed fen) near Fort McMurray, Alberta, Canada. In July 2018, we collected soil samples at 34 seismic line locations, both on the line and 20 m into the adjacent undisturbed area. Samples were analyzed for bulk density, volumetric water content (VWC), organic matter (OM) content, C:N ratios, and δ13C/δ15N isotope analysis. Seismic line disturbances had a significant impact on soil properties, with increased bulk density and VWC on the line at both ecosites. We found an almost 40% reduction in OM on the line compared to natural areas at the poor mesic site, implying changes to carbon cycling, increased mineralization rates, and carbon loss from the system. There was also δ13C/δ15N enrichment and narrower C:N ratios on the line, indicating increased decomposition. We found evidence of increased decomposition on the mounds created after restoration at the treed fen. Our results highlight a trade-off between restoration activities that may encourage recovery but also cause increased carbon losses from the system. This research is a first step in gaining a better understanding of these impacts in light of current restoration practices to ensure best management practices for improving ecosystem functioning.
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INTRODUCTION

Industrial activities for resource extraction have led to an extensive network of exploration lines, known as seismic lines, across Canada’s boreal regions (Pasher et al., 2013; Dabros et al., 2018). The construction of these clearings involves vegetation removal and soil compaction, resulting in a network of linear disturbances that have the potential to impair forest cover (Filicetti et al., 2019), alter predator-prey dynamics (DeMars and Boutin, 2018), and increase greenhouse gas emissions (Strack et al., 2019). There is currently no mandate in Canada to restore these seismic line disturbances. According to standard practice in Canada, seismic lines were left for natural regeneration and although some natural tree regeneration does occur (Lieffers et al., 2017), most sites have limited recovery (van Rensen et al., 2015), even after decades (Lee and Boutin, 2006) although this can be dependent on ecosite type. Negative impacts of seismic lines on ecosystem structure, function, and lack of recovery have led to a decline in at-risk species such as woodland caribou (Rangifer tarandus caribou) (Dyer et al., 2001, 2002; Filicetti et al., 2019), leading to an increasing interest in restoring inactive seismic lines. In order to address the apparent ecological issues associated with failure to return to forest cover, the energy industry has voluntarily chosen to begin to actively restore seismic lines using a range of techniques including mechanical site preparation, tree planting, and recruitment of coarse woody material. Mounding treatments are a type of mechanical site preparation used to artificially recreate microtopography (Dabros et al., 2018; Filicetti et al., 2019) which is a key functional component of boreal ecosystems. Although application to treed peatlands is not well documented, mechanical site preparation and mounding specifically has a long history in industrial silviculture (Forest Resource Development Agreement [FRDA], 1989). Although it is well established that tree regeneration is largely dependent on soil conditions (Lieffers et al., 2017; Henneb et al., 2019), effects of seismic line disturbance and mounding treatments on organic soil physical and chemical properties are poorly understood. Here, we address this knowledge gap by assessing the effects of these disturbances and restoration techniques on soil physical and chemical properties.

There are two categories of seismic lines; legacy and low impact. Legacy lines (hereinafter referred to as wide lines) are typically 5–10 m wide, are straight and cleared using heavy machinery. Comparatively, low-impact lines (hereinafter referred to as narrow lines) are narrower (∼1–5 m), meandering, and cleared with a goal to limit ground disturbance (Lee and Boutin, 2006). Both of these disturbances result in the removal of vegetation (Filicetti et al., 2019), simplification of microtopography (Stevenson et al., 2019), alterations in microclimate (Stern et al., 2018), and hydrology (Williams et al., 2013; Braverman and Quinton, 2016), as well as changes in biogeochemical processes and soil characteristics (Lee and Boutin, 2006; Strack et al., 2019). Hydrological changes include altered and impeded surface and subsurface water flow (Braverman and Quinton, 2016). Increased compaction can decrease the saturated hydraulic conductivity of peat by 75% (Price et al., 2003). Decreased evapotranspiration can also occur due to the removal of the woody vegetation layer (Lee and Boutin, 2006). The flattening of the typical microtopography (hummocks; Stevenson et al., 2019) and compaction of the soil (Lovitt et al., 2018) leads to changes in soil morphology (Startsev and McNabb, 2009) and a reduction in microsites needed for successful tree germination (Lee and Boutin, 2006).

The compaction of the surface layer during disturbance can be measured by an increase in the bulk density of the soil. As organic particle and pore size decrease with increased decomposition (Boelter, 1969), bulk density can also be a useful indicator of soil decomposition extent. Disturbances can increase rates of mineralization and carbon (C) and nitrogen (N) cycling processes (Walbridge and Lockaby, 1994; Westbrook et al., 2006). C:N ratios have often been used to investigate the amount of soil decomposition (Kuhry and Vitt, 1996). Assuming that organic materials are consistent at the beginning and that volatile loss of N is negligible, this ratio is a measure of mass loss caused by mineralization based on the consumption of C-rich substances in relation to N (Damman, 1988; Drollinger et al., 2019) and subsequent release of carbon dioxide (CO2) or methane (CH4) through microbial respiration (Malmer and Holm, 1984). Disturbances such as these can also cause changes in the isotopic composition of the soil, including enrichment of both δ13C and δ15N. δ13C in plant litter and soil can be used to differentiate between isotopic effects in the early stages of decomposition (Nadelhoffer and Fry, 1988; Connin et al., 2001). δ15N can give us an insight into changes in N content within both the plant litter and soil layers (Asada et al., 2005; Goud and Sparks, 2018) and can also be used as an indicator of decomposition extent (Amundson et al., 2003). Nutrient availability may change post-disturbance, linked to warmer, more aerobic, or wetter conditions altering microbial activity that may ultimately change net mineralization rates (Bradford et al., 2008; Li et al., 2012).

Seismic lines can also cause a significant shift in vegetation community composition, altering competitive relationships and making it difficult for trees to recolonize. Dense graminoid cover, especially prevalent after disturbance can shade tree seedlings, whereas dense Sphagnum spp. communities can bury small seedlings (Roy et al., 2000; Camill et al., 2010). Furthermore, changes in vegetation community composition and litter inputs can alter microbial communities, changing microbial cycling and potentially enhancing mineralization or overall decomposition extent (Scheffer et al., 2001; Allison and Treseder, 2011).

In order to restore seismic lines and accelerate the recovery of these lines (including regeneration of the tree cover), mounding treatments are used (Dabros et al., 2018; Filicetti et al., 2019). This involved creation of artificial microtopography (hummocks) on which tree seedlings are planted to establish tree growth. The ground surface on the seismic line is often lower than the adjacent forested ecosystem due to compaction (Stevenson et al., 2019) and therefore often has higher soil moisture content. Artificial mounding creates drier conditions that encourage tree seedling establishment and success (Lieffers et al., 2017). Mounding has been successfully shown to enhance tree growth across seismic lines (Filicetti et al., 2019), yet where mounds are formed from well-decomposed soil they can eventually flatten out (Lieffers et al., 2017), in which case the microsite benefit may be lost. Furthermore, Takyi and Hillman (2000) found little improvement in tree growth on artificial mounding treatments compared to the flat ground in a drained peatland and Pacé et al. (2018) found that nutrient availability could be a limiting factor in tree regrowth. In fact, there is the potential that mounding may have increased rates of decomposition and soil respiration now that the soil is disturbed (Smolander and Heiskanen, 2007). Yet, despite this, the effects of seismic line disturbance and mounding restoration treatments on organic soil characteristics have not been investigated in detail. Therefore, the objectives of this study were: (1) to determine differences in soil physical and chemical characteristics between narrow and wide lines and the adjacent undisturbed areas and (2) document changes to soil physical and chemical characteristics following mounding compared to unmounded lines and adjacent reference sites. We hypothesized that narrow lines and mounded lines would have less compaction and faster rates of nutrient cycling, evidenced by lower bulk density, increased soil moisture, and C and N enrichment compared to wide lines.



MATERIALS AND METHODS


Study Site and Design

This study was undertaken in 2018 across seismic lines at two contrasting ecosites, a poor mesic site (seismic lines cleared in approximately 2006/2007) known as Tiger Sands [Figure 1A; defined as a combination of (c1) Laborador tea-mesic Pj-Sb and (g1) Laborador tea-subhygric Sb-Pj (Beckingham and Archibald, 1996) and a treed fen site (lines cleared roughly between 1998 and 2005) known as Kirby (Figure 1B; defined as (k1) treed rich fen; Beckingham and Archibald, 1996)] that was subject to a mounding restoration technique in 2015 (Figure 1C). The poor mesic site (56°21′11.38.8″ N, 111°35′13.2″ W) and treed fen site (55°22′11.17″ N, 111°09′15.4″ W) are located approximately 1 and 2 h south of the city of Fort McMurray, Alberta, respectively. Mean annual temperature (1981–2018) is 1°C and mean annual precipitation is ∼420 mm (Environment Canada, 2019). Both ecosite types were dominated by Picea mariana (Mill.) Britton (black spruce), with Pinus banksiana Lamb (jack pine) also present at the poor mesic site. The lines at the treed fen site were dominated by Carex spp. and Sphagnum spp., and the adjacent undisturbed areas had a much higher coverage of feather mosses.
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FIGURE 1. Example of seismic line disturbance at (A) poor mesic site, (B) treed fen site, and (C) example of the mounding technique.


At the poor mesic site, triplicate soil samples were collected near the center of the line, edge of the line and, 5 and 20 m into the adjacent undisturbed area (hereafter known as reference); this procedure was replicated for 24 lines (12 narrow and 12 wide) to a depth of 10 cm from the ground surface. The narrow lines are approximately 0.25 km apart and the wide lines are approximately 0.5 km apart. At the treed fen site, 10 narrow lines (five mounded and five unmounded) were chosen, with triplicate soil samples collected directly on the line and 20 m into the reference sites, at both high and low microtopographic positions at each sampling location. At the mounded line, the “low” samples were collected in locations as low as possible (lowest point on artificial mound or adjacent flat area) without being underwater. These lines were also approximately 0.25 km apart. A metal can (volume = 415 cm3) was used to collect the soil samples to a depth of 10 cm, taking care to avoid compaction during collection. Due to the difficulty of defining the transition from living moss to soil in organic soil layers, at both sites, the moss/lichen layer was not removed prior to sample being taken and was assumed to be the top layer of the soil. Although changes to physical and chemical properties may change throughout the soil column, we chose to focus on the near surface conditions as this is the layer in which tree seedlings will establish and the most likely to be disturbed by seismic exploration activities. This also allowed us to conduct a more extensive sampling design across many seismic lines in remote locations.



Soil Analysis


Soil Physical Characteristics

Bulk density (g/cm3) was determined by drying each sample in an oven at ∼60°C for 2 days or until the sample reached constant weight. Organic matter (OM) content (%) was calculated using the loss on ignition (LOI) method (Rowell, 1995). Approximately 2 g of each dried sample was weighed and then burned in a muffle furnace at 550°C for 3 h. After burning the samples, they were left to cool overnight and weighed post ignition. LOI is calculated as the difference between pre-ignition and post-ignition mass expressed as a percentage of pre-ignition mass. Volumetric water content (VWC) (%) was calculated by taking the wet weight minus the dry weight divided by the volume of the sample. Soil organic carbon (SOC; kg/m2) content in the top 10 cm was calculated by first multiplying the bulk density (converted to kg/m3) by the total carbon content (see next section) and then by 0.1 to account for the depth of the sample.



Soil Chemical Characteristics

Carbon and nitrogen percent element (C, N) and isotope ratios (δ13C, δ15N) were measured using a continuous flow isotope ratio mass spectrometer (Thermo Scientific Delta Plus XL) coupled to an elemental analyzer (Costech ECS 4010). Isotope ratios are expressed as δ values (per mil):
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where Rsample and Rstandard are the ratios of heavy to light isotope of the sample relative to the international standards for C and N, Vienna-Pee-Dee Belemnite and atmospheric nitrogen gas (N2), respectively. A subset of the samples (approximately 90) was used for this analysis (0.01 mg for C and 0.02 mg for N). Samples were analyzed at the University of Waterloo Environmental Isotope Laboratory, Waterloo, ON, Canada.



Statistical Analyses

To determine potential differences in bulk density, OM content, VWC, C:N ratios, δ13C, and δ15N at the poor mesic site, we conducted a two-way ANOVA (Type III SS) with position (online, edge, 5 m and reference) and location (narrow or wide lines) as fixed factors. We conducted the same analyses for the treed fen site, with position (high or low) and treatment (mounded lines, unmounded lines, or reference) as fixed factors. To account for the nested experimental design, we averaged the measurements (n = 3) taken for bulk density, OM content, and VWC. If significant relationships were found, a Tukey HSD post hoc analysis was used (lsmeans package; Lenth, 2016). All analyses were performed in R 3.6.2 (R Core Team, 2013).



RESULTS


Soil Physical Characteristics

Wider lines at the poor mesic site (created in approximately 2006/2007) demonstrated significantly greater soil compaction (ANOVA, F2,32 = 11.4; p = 0.0001), with a mean (±standard deviation) bulk density of 0.3 ± 0.2 g/cm3 compared to the narrow lines (0.04 ± 0.1 g/cm3) (Figure 2A). In comparison, the adjacent reference site had a bulk density of 0.05 ± 0.02 g/cm3 (Figure 2A). At the treed fen site (lines created between approximately 1998–2005), the unmounded lines (comparable narrow lines) had similar bulk density at 0.03 ± 0.02 g/cm3 to the narrower lines at the poor mesic site and the mounded lines had a bulk density of 0.06 ± 0.04 g/cm3 (Figure 3A).
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FIGURE 2. (A) Bulk density (g/cm3) and (B) volumetric water content (VWC; %) on wide and narrow lines at positions Online (wide n = 12, narrow n = 16), Edge (wide n = 16, narrow n = 16), 5 m (wide n = 16, narrow n = 16), and 20 m into the undisturbed site (Reference; wide n = 16, narrow n = 18) at the poor mesic site. Two-way ANOVA followed by a Tukey HSD (p < 0.05). Groups sharing a letter are not significantly different.
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FIGURE 3. (A) Bulk density (g/cm3) and (B) volumetric water content (VWC; %) for high and low positions at the treed fen site across Mounded line (high n = 16, low n = 15), Unmounded lines (high n = 18, low n = 17), and 20 m into the undisturbed site (Reference; high n = 30, low n = 29). Two-way ANOVA followed by a Tukey HSD (p < 0.05). Groups sharing a letter are not significantly different.


There was significantly higher soil moisture content on the lines compared to the reference sites at the treed fen site (ANOVA, F2,34 = 11:00; p = 0.0002) (Figure 3B). There was no significant difference between high and low positions at both the mounded and unmounded lines. Wider lines at the poor mesic site also had significantly higher soil moisture content (ANOVA, F3,32 = 3.36; p = 0.03) (∼30%), compared with the adjacent reference site at the poor mesic site (Figure 2B).

We found a significant decrease in OM content (between 30 and 40%) from the Reference area and edge to on-line at the poor mesic site (ANOVA, F3,34 = 8.3, p = 0.0001) (Table 1). However, there was no significant difference in OM content between the line (both mounded and unmounded) and adjacent undisturbed locations at the treed fen site (Table 2). SOC in the top 10 cm was greatest on the wide (3.92 ± 1.6 kg/m2) and mounded (3.76 ± 1.4 kg/m2) lines, respectively (Table 3), which both had the greatest rates of compaction (Figures 2A, 3A).


TABLE 1. Mean (± standard deviation) organic matter content (OM%), C:N ratio, δ13C and δ15N values for poor mesic site.
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TABLE 2. Mean (±standard deviation) organic matter content (OM%), C:N ratio, δ13C and δ15N values for treed fen site.
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TABLE 3. Mean (±standard deviation) soil organic carbon (SOC; kg/m2) in the top 10 cm across each location.
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Soil Chemical Characteristics

Mean (±SD) C:N ratios ranged from 40.7 ± 7.2 (online) and 63.9 ± 15.5 (reference) at the poor mesic site to 17.1 ± 4.6 (online) and 26.6 ± 0 (reference) at the treed fen site (Tables 1, 2). C:N ratios were significantly narrower on the wide lines at the poor mesic site and on the mounded line at the treed fen compared to the adjacent reference areas (Tables 1, 2).

We observed significantly higher δ13C values on the wider lines compared to both the narrow lines and the reference sites (ANOVA, F2,25 = 14.73, p = 0.0003) (Figure 4A). Similarly, there was significantly higher δ15N enrichment in online samples compared to reference locations (ANOVA, F2,25 = 61.02, p < 0.0001) (Figure 4B). The mounded lines at the treed fen sites were significantly enriched in both δ13C (ANOVA, F2,24 = 7.01, p = 0.004) and δ15N (ANOVA, F2,25 = 7.8, p = 0.002) in comparison to the reference sites (Figure 5). Overall, δ13C values between both the poor mesic site and the treed fen were similar, but the treed fen was more enriched in δ15N than the poor mesic site.
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FIGURE 4. (A) δ13C (‰) and (B) δ15N (‰) for online (wide n = 9, narrow n = 19) and reference sites (wide n = 10, narrow = 24) at both narrow and wide lines. Two-way ANOVA followed by a Tukey HSD (p < 0.05). Groups sharing a letter are not significantly different.
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FIGURE 5. (A) δ13C (‰) and (B) δ15N (‰) for mounded (high n = 4, low n = 5) and unmounded lines (high n = 4, low n = 5) and reference sites (high n = 5, low n = 8). Two-way ANOVA followed by a Tukey HSD (p < 0.05). Groups sharing a letter are not significantly different.




DISCUSSION

Across Alberta, it is estimated that seismic line disturbances from resource extraction operations account for more than 80% of boreal anthropogenic disturbances (Pasher et al., 2013), covering an area of approximately 1200 km2 (Strack et al., 2019). Our aim was to investigate the impact of these disturbances and subsequent restoration methods on soil physical and chemical properties across contrasting boreal ecosites. We found a significant effect of seismic line disturbances on soil characteristics at both the poor mesic and treed fen sites. There was a greater impact to soils on the wide lines at the poor mesic site, with greater increases in bulk density and a higher moisture content due to the lowering of the surface (reducing water table depth) following a potential combination of both compaction and loss of OM. Bulk density at the treed fen was similar to an undisturbed boreal peatland by Waddington and Roulet (2000) (between 0.05 and 0.15 g/cm–3) and to a study by Strack et al. (2018) on a boreal peatland impacted by winter road construction (0.04–0.16 g/cm–3), whereas on the wide lines at the poor mesic site, the bulk density was more than five times this. This is due to both higher mineral soil content at this ecosite, but also a combination of increased compaction, mineralization, and decomposition on the line. Soil compaction can cause a decrease in soil aeration, leading to changes in soil morphology and impacting productivity of the system (Startsev and McNabb, 2009). A likely cause of this compaction is the use of heavy machinery to clear the wide lines but may also be related to removal of the more porous surface soil layer during the disturbance, or continued mineralization post-disturbance resulting in continued compaction. At both sites, the increased soil compaction on the lines also led to increases in VWC, likely due to the soil surface now being closer to the water table. Higher bulk density may also result in smaller pore sizes that have greater moisture retention, even with a water table drawdown during drier conditions, further contributing to higher soil moisture (Rezanezhad et al., 2016; Golubev and Whittington, 2018). The compaction of the soil and homogenizing of the landscape through the removal of localized microtopographic features may lead to pooling of water near the surface, as water cannot easily infiltrate highly compacted soil (Dabros et al., 2018; Golubev and Whittington, 2018). However, consistent increased moisture levels could also reduce respiration rates through reduction of the aerobic zone, and this will likely lower soil OM decomposition (Ise et al., 2008). Removal of the woody vegetation from the lines can also contribute to increases in soil moisture, through a reduction in water intake and decreased rates of evapotranspiration (Vitt et al., 1975; Dabros et al., 2018).

There was a significant difference in OM content from the reference site to the line in poor mesic sites. This could be attributed to mineralization of OM following disturbance (Mallik and Hu, 1997), either at the time of seismic line construction, or persisting in the new environmental conditions present on the line, or both. It could also result in a change in the net carbon balance of the system due to shifting inputs through lack of tree cover and changing ground layer vegetation. It is possible that seismic line construction and subsequent mounding in the treed fen also caused losses of OM through increased decomposition rates and subsequent respiration. When the soil is disturbed, inverted to create the mound and exposed to the air, higher amounts of decomposition and soil respiration through increased microbial activity would be expected (Mallik and Hu, 1997). Although not significantly different, we did observe consistently lower mean OM content on the line than in the reference ecosystem at the treed fen site. However, given that approximately the entire upper 1 m of the soil column is partially decomposed OM, these losses would likely not be measurable by investigating OM content alone. In fact, the amount of CO2 lost from the system following this disturbance is poorly known and is the subject of further study.

The poor mesic site had higher C:N ratios, attributed to larger influence of litterfall from adjacent trees and woody vegetation and potentially slower decomposition (Kuhry and Vitt, 1996) compared to the treed fen site. During line clearing, there are a variety of practices for removing tree cover, including removal from site, creation of windrows, and mulching of woody debris. Given the high C:N ratio of wood, this may have an impact on measured soil C:N values, but this would be difficult to account for, given that specific actions at any given site are difficult to obtain. The low C:N ratios found at the mounded site on the treed fen indicate that decomposition has been enhanced on these artificial hummocks (Kuhry and Vitt, 1996; Drollinger et al., 2019) and support the hypotheses of an increase in respiration rates and lower OM content expected in these areas. This is further supported by the enriched δ13C values found at these sites. This indicates enhanced decomposition post-disturbance and may be a useful indicator of carbon loss given we cannot easily capture a loss in OM at these wetland sites.

Removal of the woody vegetation would lead to differences in N-inputs between lines and undisturbed areas, resulting from changes in the vegetation and microbial community, and the microclimate/abiotic conditions following disturbance. Enrichment occurs when there are more arbutoid or monotropoid mycorrhizae that give enriched N to their plant partners relative to ericoid or ecto-mycorrhizae that give depleted N (Hobbie and Högberg, 2012; Goud and Sparks, 2018). Higher δ15N can also be attributed to warmer soils and soils with more ammonium (NH4+) relative to nitrate (NO3–) (Craine et al., 2015), the latter likely when soil moisture content is high (Macrae et al., 2013; Wood et al., 2016). Perhaps most importantly, and intimately connected to the previous points, are rates of the various N cycling components, especially increasing mineralization and immobilization given the alterations of oxic-anoxic conditions following disturbance (Amundson et al., 2003; Kramer et al., 2003; Asada et al., 2005). Regardless of ecosystem or disturbance type, enrichment of δ15N in these boreal systems is most likely driven by different N sources, particularly the relative availability of organic vs. mineral/mineralized N (Högberg, 1997) which can have implications for vegetation community change and/or recovery.

The changes in ecohydrological dynamics following disturbance will over time lead to changes in the vegetation composition (Dabros et al., 2018), including increases in graminoid cover (for example, an increase in sedge cover across wetter disturbed peatland areas; van Rensen et al., 2015). The removal of woody vegetation and the opening of the tree canopy allow Sphagnum species to rapidly colonize these disturbed sites and outcompete feather moss (Bisbee et al., 2001). This can become an issue where slow growing tree-saplings that are successful in naturally regenerating on the lines are outcompeted by the faster growing moss species (Ohlson and Zackrisson, 1992; Roy et al., 2000). The lines at the treed fen have a substantial cover of Sphagnum in comparison to the feather dominated reference areas. We also saw colonization of tree saplings on the artificial mounds at the treed fen site. However, the increase in Sphagnum cover could lead to an increase in C uptake and decrease respiration rates as Sphagnum is typically highly productive and recalcitrant (Turetsky et al., 2008). In fact, similar carbon exchange function can arise in peatland plant communities despite species turnover (Robroek et al., 2017), suggesting that new communities could offer similar C storage function despite the lack of trees.



CONCLUSION

This work has provided an insight into changes in soil properties following the creation and subsequent restoration of seismic lines across two contrasting ecosites in northern Alberta. Overall, seismic line disturbances significantly impact soil physical and chemical characteristics. Specifically, seismic lines increase bulk density and moisture content, decrease OM content, and enhance decomposition. The large reduction in OM found in poor mesic sites has major implications for carbon cycling across these sites, indicating increased rates of mineralization. This is also highlighted by the increased δ13C and δ15N values found on the line, also pointing to increases in decomposition. The mounding technique used for restoration of these lines (Lieffers et al., 2017) also causes some disturbance to soil properties through increased decomposition and higher bulk density. Although seismic lines only make up a relatively small part of the landscape, it has to be questioned whether mounding these lines is a trade-off between disturbing the landscape to encourage tree regeneration and enhancing OM decomposition leading to increased carbon losses from the system. As mounding has been successfully used to improve tree regeneration in other ecosite types, future work should involve investigating alternative mounding techniques to ensure both tree recovery and minimal impact to the surrounding landscape in wetland systems.
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