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Abstract

Long, linear disturbances callegismic linedhave been and continue to leated through the
boreal forestin Albertafor petroleum exploration Restoration of these seismic lines has shown some
success but is often unreliable in peatlandet resulting inappropriate vegetation recovery.
Unrestored seismic lines through peatlaraften have a lack of tree cover and shifts in the overall
vegetation community. Implications of the lack of tree cover include declining caribou populations due
to the increagd sight and mobility of predators such as wolves. Additionally, peatlands with seismic
lines are observed to shift from important, large C sinks to C sources. The most common restoration
method is called mounding; the practice of replicating natural hurcksdy digging and building
mounds of peat on the lines. The major purpose of the mounds is to create drier microsites for tree
growth, which has been successful in upland arbéminding methodsgyenerallyinvolve inverting the
peat profile, which likelyx@poses older, more decomposed peat. New mounding methods to keep the
peat profile intact may prevent changes in peat properties observed with classic, inverted mounding.
Understanding the effects afeismic line restoration on soil propertiaghich inturn drive vegetation

recovery, will provide information to better assess the use of mounding techniques.

Effects of mounding on soil properties were determined through analysis of syffddkecm)
peat samples from seismic lines crossing fens near @&kl Klberta. Peat samples were taken from
inverted mounds restored in different years, adjacent {lgimg areas on treated seismic lines, untreated
seismic lines, and natural areas in August 2019. Further peat samples were used in an incubation study
to determine the effectiveness of easily measured decomposition markers as indicators of C loss from
mineralization Additionally, peat cores were sampled from the same fens near Cold Lake, Adiperta
from another system of seismic lines crossing fens thaewestored using new upright mounding and
hummock transfer techniques near Brazeau, Alberta. These peat cores were used to compare different

mounding techniques.



Overall, the physical and chemical soil properties and results from the incubation study
indicated lower substrate quality on the inverted mound#e goal of drier microsites for improved tree
growth was likely not achieved as volumetric water content (VWC) remained higher than both natural
hummocks and hollows. The high VWC could be linkedddtgh bulk densities observed on the
mounds as increased compaction increases water retentiorerted mounds may also have increased
decomposition rates as evidertérom the peat cores indicated aerobic conditions and further changes
to peat properties past the exposure of deeper peat. While ttotal carbon (TClpsses on and off
mounds were not quantified from the incubation study3Cand C/N ratiosnay be able to be used as
an indicator of TC loss in the field to better understand C cyalirggsmic linesLowlying areas on
seismic lines with inverted mounds had heavier isotopes and lower C/N ratios than the natural areas.
Without the exposure of deeper peat, the charigdow-lying areas may be from increased
decomposition ratesThis was nobbserved on the lines restored by upright mounding or hummock
transfer where lowlying areas were comparable to natural areadditionally, only minor, and
potentially beneficial, changes to soil properties and vegetation functional group cover occarred o
upright mounds and transferred hummocks. Findings from this study suggest potential benefits to soll
properties and subsequent vegetation recovery of upright mounding and hummock transfer over the

classic, inverted mounding.
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Chapter lintroduction

Seismic lines are being created through the boreal forest ébroteum exploration at a high
density of up to 10 km per 1 Kmof forest innorthern Canadal(ee & Boutin, 2006 Although seismic
line restoration is currently being conducted at a large scale, ecosystem recovery is widely unpredictable
and unreliable with seismic lines remaining unforested for decades (Filicetti et al., Z8&8&)urrent
method of restoration, alled mounding, attempts to recreate microtopograpluith the specific goal to
provide drier microsites for tree growtlir{icetti et al., 2018 Moundingin peatlands is especially
unreliable witha tendency for mounds to collapsed issues with vegetatn recoveryto remain
(Filicetti et al., 2019.ieffers, Caners, & Ge, 2QEthiverri, Macdonald, & Nielsen, 2020he unreliable
success of mounding in peatlands and further implicatmmsegetation recovergre not well
understood.Few studies focused on thehanges to soil properties froseismic line creation and
subsequent restorationyet peat soil propertiesdve been shown to influence vegetation re
establishment in other types of peatland restoration (Price et al., 19983} thesis investigatehanges

to soil properties orunrestored and restoredeismic lines crossing peatlands

1.1 Implications ofesmclines

The creation and persistence of seismic linagseshiftsin vegetationcommunity composition
Removal of trees and flooding at other disturbed peatlands caused the vegetation community to shift
to a higher cover of vascular plants than mosses (Locky & Bayley, 2007). There has been a
disappearance of native conifers suchPasea marianand Larixlaricinaon flooded, disturbed
peatlands Asada, Warner, & Schiff, 2005imilarly, aross 628 townships in northeastern Alberta, only
8.2% of seismic lines were found to recover over 50% of original woody vegetation cover after 35 years
(Lee & Boutin, @06). Instead, more disturbanctolerant species such &alixspp, Betulaspp.,

ericaceous shrubs, and hollow formiSghagnummossessuch asS. fallaxdominate (Finnegan et al.,



2018;Asada, Warner, & Schiff, 20050cky & Bayley, 2007The cause behind this lack of recovery has
yet to be explained with low competition f@lantsand proximity to healthy forests providing a healthy
seed bank (Filicetti et al., 2018)his is an oyoing and rapidly growing concern with more than 60% of
seismic lines over the last 30 years remaining in the early stages of succession with verywithely
vegetation recovery and reduced ecosystem productivity (Dabros et al.; 282&: Boutin, 208). The
lack of naturatree regeneration orseismic lines is strongly linked to the presence of fens and flooded
conditions(van Rensen et al., 201H)redictive modelinguggestshat about onethird of seismic lines
will not recover judged by reaching 3 m vegetation heighien after 50years(van Rensen et al.,

2015)

The implications of unrestored seismic lines are broad with both global and regional impacts.
Ona global scaleseismic lines have been found to contribute to climate change. There is a consensus
in the literature that semic lines, especially those through peatlands, are shifting from a carbon sink to
a carbon source (Dabros et al., 2018). This shift can be attributed to multiple factors. The first being the
loss of carbon (C) storage through the loss of trees and ladgadwth (Filicetti et al., 2018). There is
also a loss of soil C storage as the disturbance of peatlands has been found to increase both carbon
RA2EARS 6/ hi 0 | yR X&daNaghé, &&cehiff,j2@0%n Soxthiera Boved nggionso
loss ofsoil C storage is amplified by increased permafrost thaw through warmer, exposed soils, and

increased albedo effect with more exposed snow (Dabros et al., 2018).

A major, regional impact gaining public interest is the decline of the already threatened
woodland caribou. Caribou populations are suffering greatly from the failure of seismic line restoration
due to declining habitat and increasing predation, which has been observed to be the greatest factor in

caribou survival (Finnegan et al., 2018). Theeeam increasing number of weatkribou encounters as



wolves utilize the seismic lines for hunting, with wolves gaining advantage with greater speeds and

visibility on the straight and flat lines (Finnegan et al., 3018

1.2 Seismic lineestoration

Restoration can have many different goals and measures of successormhenly applied
current method of restoratiorn peatlands mechanical mounding, focuses on restoring
microtopography taencourage woody vegetation regrowth aottimately pgrotect caribou populations.
Microtopography is flatteed on seismic lines from heavy machinery causing peat compaction and does
not recverover decadegSteveson, Filicetti, & Nielsen, 201Rgcreating the microtopography has
been shown to increase treseedling growth and survival in upland areas by providing drier microsites
(Fillicetti et al. 2019)The mounds also provide a physical deterrent to both wolves and caribou using

seismic lines.

Moundingis currently themost usedand best studied seismic line restoration technigusing
a backhoe, 1 m by 1 m mounds of peat areated to promotedrier microsites for improved seedling
survival and growth (Filicetti et al., 201®)ounding has been observed to increase tree regatien in
both upland areas and peatlands (Filicetti et al., 2019; Lieffers, Caners, & GeBRdFauGauthier
et al., 201). Additionally, these mounds may have benefits for nutrient cycling through increased
temperature and aeration (Nelson & Jobid@®11).However, he success of mounding is variable with
peatlands having the least success with most mounds collapsing within a few years (Filicetti et al., 2019
Lieffers, Caners, & Ge, 2Q1Peatland type is known to effegegetation recovery on both untreated
and treated seismic linegens are less likely support natural conifer regeneration than bodge to
higher water tables anchore flooding(van Rensen et al., 20L®ut of bogs, por fens, rich fens, and
poor mesic sitespoor fensshowedthe least success after mounding with significardlyer tree

regeneration ratepotentially due to higher lichen and graminoid coy€tlicetti et al., 2019 In



addition to a lack ouccess in restoring peatlanasounding may alsshift the recovering vegetation
community away from the surrounding undisturbed stdtintreated seismic lines lack woody
vegetationrecovery butcansupportindicator species that suggest recovery towards surrounding
undisturbed reference areas (Echiverri, Macdonald, & Nielsen, 2DR@-impact, narrow seismic
lines, nounding was found to alter this trajectory with vegetation communitidtedent from

reference areagEchiverri, Macdonald, & Nielsen, 2020)

Despite potential issues, aunding remains the most promising method of seismic line
restoration However, changes to this methaday berequired to ensure restoration success. Current
researchadvancaincludecreating uprightmoundswith an intact peat profileand transferring natural
hummaocks onto seismic lin€Xu, 2019) The usual mounding technique essentially flips over the peat
to bury any vegetation that has grown on the seismic lines. This is thought to further set back
succession by exposing bare, recalcitrant peat. Additionally, flipping over the mounds increases peat
compaction and decreasing stability, whibuld lead tahe collapse of most mound®avidson et al.,
2020) By keeping mounds intact and upright, any vegetation already growing can continue to survive
and stabilize the peat while keeping the benefits of the other technique of mounding. Another potential
improvemer to mounding is using natural hummocks from the surrounding area. This could provide
additional benefits as it would move in the desired species as well as prevent holes from being created
to make the mounds. Issues with hummaock transfer include distgrbatural areas, transferring only
moss and not appropriate peat substrate for seedling establishment, and the transferred hummocks

may also flattenlosing some benefits of mounding.

There are significant research gaps in the effects of seismic lines on the disturbed peatlands and
how this impacts restoration success. Along with the general lack of understanding of the effects of

seismic lines and their restoration, research gaps ewist little or no structured monitoring connected



to the goals of recovery and no reliable way of predicting future recovery probabilities and trajectories
(Dabros et al., 2018). Recently, however, there has been a renewed effort to reclaim seismidthines w
the goal of regenerating forest cover due to the many implications of failed seismic line reclamation

(Dabros et al., 2018).

1.3Peat soil properties

A main difference between peatlands and uplands that could possibly be contributihg to
lack of restoration success is soil moisture. Waterlogged conditions, a defining feature of peatlands,
create anoxic conditions where anaerobic decomposition dominates (Limpens et al., R00gher
water table is generally known to decrease faster agralecomposition and increase slower anaerobic
decomposition as an increase in the water table reduces the active, oxic layer of peat. (Gazovic et al.,

2013; Beer & Blodau, 2007).

In pristine peatlands, the loss of carbon in peatlatideugh decompositia is very slow and
outweighed by primary productivity (Limpens et al., 2008). An increatbe ivater table, as expected
to occur on seismic lines, generally decreases primary productivity and production of litter due to shifts
in vegetation communitiesStrakova et al., 2012). The primary productivity of trees has been observed
to decrease with increasing water tables causing high oxygen stress on roots (Dimitrov et al., 2014).
Although mosses responded positively to higher water tables with increasedupriproductivity, high

water tables overall decreaszosystenprimary productivity (Dimitrov et al., 2014).

Soil compaction from machinery used in the creation and restoration of seismic lines is a well
known cause of soil degradatiolm one study, semic line creation on average flattened
microtopography by 46 cnand mean water table depth decreased by 15.4 cm (Lovitt et al., 2018).
Natural recovery of compacted peat was found to occur within 15 years after disturbance in logged

peatlands (Lepilin el., 2019)However, the few studies of compaction ogisgmic linesndicate that



they have not seen this recovery of compacted peat (Davidson et al., 2020; Lovitt et al. D2®it8s et

al., 2018; Lee & Boutin, 20D6

Peat compaction istronglyinterlinkedwith hydrological parameterthat have implications for
plant growth Compaction dcreasesnicroporosity in the peatwhich increases bulk density (Frey et
al., 2009) A higher bulk density increases water retentemd decreasesiydraulic conductivitfFrey et
al., 2009; Gauthier, McCarter, & Price, 20 Carter et al., 2020Higher bulk densities alseduce
gas exchangdue to decreases in porosity and increases in pore tortugsitCarter et al., 2020
Lepilin et al., 2019 This results imore waterlogged, anoxic peat (Lepilin et al., 208)e toanoxic,
waterlogged conditions and high soil strenged germination and plant growth limited in
compacted soilgKozowski, 1999)In compacted soilsamnifer seedlingshowedreductions inrooting

volumesand ectomycorrhizal fungivhich would reduce N upka (PageDumroese et al., 1998

Soil quality is potentially degraded by the creation of seismic linesabskequent loss déabile
C and available N and P from leaching and runoff on the flotides. C/Nratios can be used to
determine substrate quality abey can control vegetation growth and available nutrients (Asada,
Warner, & Schiff, 2005L/Nratios of peat have long been used to determine levels of decomposition
(Malmer & Holm, 1984; Biester ek 22014). Generally, C is preferentially lost as decomposition occurs
while N remains relatively constant in peatlands (Malmer & Holm, 19849ding of peat has been
found to cause a rapid release of dissolved organic carbon (DOC) from litter throcmyinpiesition and
leaching within the firsthree weeks (Kim et al., 2014). The loss of DOCadrKiim et al., 2014tudy and
another study on the longerm impacts of logged peatlands indicated that theteuldbe lower peat
C/Nratios and more recalcitrarC on seismic lines (Trettin et al., 2011). Along with hydrology, peat

compaction on seismic lines and logged peatlands has implicatio@é\ratios. Increasing peat



compaction is linked to decreasi@Nratios in peat (Liu et al., 2019). With the lag<DOC and

increased compaction, seismic lines likely have lower @éidratios than the surrounding area.

There are potentially contradicting factors at play on seismic lines relating to altered C cycling
and vegetation recovenAnincrease of recalcitrant C with the loss of DOC and decreased
decomposition in waterlogged conditions was found to decrease substrate quality, microbial activity,
and plant growth and survival (Asada, Warner, & Schiff, 2005). While more recalcitrahtoW/evrilsoil
quality, lower peatC/Nratios may have a positive impact on vegetation recovethahas been
shown to promote seedling growth (Lafleur et al., 2011Imprder to further investigate changes in soil
guality and organic matter decompositictatus on seismic lines in peatlands, indicators of

decomposition status may provide insight.

Stable isotopic composition, such{a$C can be used as an indicatora@écompositiont 13C is
closely tied to decomposition and has been found tdighly correlated with other decomposition
markers such as bulk dsity and C/N ratios (Biester et al., 2014; Alewell et al., 2014). Selective loss of
12Coccurs during decompdn (Nadelhoffer & Fry, 1988) °N is a less reliable indicator of
decompositionLiket 13C,1 1N can become heavier with decompositidne to preferential loss of the
lighter isotope (Asada, Warner, & Aravena, 208®wever, different studies have found®N to
become lighter with decompositiofHobbie, Macko, & Shugart, 1998)remain unchange(Biester et
al., 2014)One possible explanation for different®N responses to decomposition is the differerice
fractionationbetween fungal and bacterial decompositidntter decomposition driveiby fungi has
been found to produce byproducts with heaviéfN while bacteria can decreasé’N through>N
depleted nitrate immobilization (Bragazza et al., 20R0jother study foundN recycling processes and

plant uptakeoverrode any effects of decompition ont *°N (Biester et al., 2014



Lastly Fourier transform infrared spectrometriFTIRcan be used to assess substrate quality.
Absorbance bands IRTIRspectracan be used to show relative abundances of major organic
compounds such asarbohydrates, aromatics likeyhin, and aliphatics such as lipids, fats, and waxes
(Hodgkins, 2016Humification indicegratios of recalcitrant compound® easily decomposed
carbohydrateshave been shown to represent the degreedeicompositionas carbohydrates are

preferentially lost{Cocozza, et al., 200Broder et al., 201 2Biester et al., 2034Hodgkins, 2016

1.4 Potential arbonlossfrom seismic lines

As mentioned above, restoration goals vary amaly contradict each other. With theirent
focus on restoringvoody vegetation covethe implications otarbon losgrom seismic line restoration
may be overlookedAlthoughpeatlands are generallthought to be large carbon sinks due to peat
 OO0dzydzA  GA2YyE GKS@ IINB faz2 | &a2d2NOS 2F aA3dyATaol
YIEGdzNF f FyR FYGKNRBLR2ISYAO &2dz2NOSa-thiddbfglodalj = 6AGK 6 S
emissions (#ang et al., 2017). Due to constant waterlogged conditions in peatlands, microbes produce
KAIK O2yOSy il NI lthenhcrobigpcessdfY S i KINR2IAKY SaAaT GKAA /1]
the atmosphere by gas diffusion, ebullition, and pathways laatp (Limpens et al., 2008). Carbon can
also be lost from the system through leaching and runoff of DOC, a product released from
RSO2YLRaAlGA2Y FYR LIXLFyd Ner2dGa oDIT28A0 SiG |t dI wn
are outweighed by thaccumulation of soil C (Wu et al., 2012). However, after disturbance and even
years after restoration, peatlands have been found to be C sources (Wu et al., 2012). Additionally,
recent research suggests global climate chaage seismic line disturbaneeay cause peatlands to
lose their carbon storage potential and become carbon sources (Limpens et at. DI§18s et al.,
2018. This could create a positive feedback loop with seismic lines contributing to climate change
through increased permafrost thaand carbon loss and increasing climate change accelerating seismic

line degradation (Dabros et al., 2018).



Seismic lines have been predicted and observed to have increagenh@dions due thigher
temperatures,shallower water tablesand changes in vedation communitieqStrack et al., 2018;
Strack et al., 2019; Lovitt et al., 20TRuretsky et al., 2034Increasing temperatures stimulate
decomposition and the releas# both CQ and CH, (Asemaninejad et al., 2018eroy et al., 201)7
However, the increase itme water table on seismic lines would likelgcrease aerobic decomposition
and increase anaerobic decomposition as an increase in the water table redudegitreess of the
oxic layer of peat. (Gazovic et al., 20Mile ismic line conditions would promote Cémissions,

CQemissions may be inhibited lajack of oxic peat.

Vegetation communities also play an important role by supplying C compounds for
decomposition through litter inputs. Decomposability of litter difamongfunctional groups and
plant species; decomposability decreases from herbs to graminoids to feather mosyaisatgnum
mosses (Strakova et al., 2012). Declining decomposability depends on chemical composition including
nutrient, lignin, and celluloseontent (Strakova et al., 2012%hifting vegetation communities on
seismic lines may be increasing labileg@litswith increased graminoid cover and decreased moss
cover. Vegetation mediated transport of Gelso varieamongspeceswith graminoids providing
increased transportation pathways (Askear et al., 200i)h an increased supply of labile C and
transport, wetlands dominated by graminoideave been observed thave the highest Ckemissions

(Turetsky et al., 2004

Currently, studies regarding €and ChHlemissions from mounded seismic lines are lacking.
Mounding would alter conditionsby creating drier, moreaeratedmicrosites This may result in an
increase in C&&missions that were previously inhibited flgoded conditionsand a decrease in GH
emissionsLowlying areas around the mounds and holes created from the mounding process may be

largersources of CHlue to flooded conditiondMounding exposes deeper peathich may increase or



decrease decomposition. The exposure of deeper peatldvyprovide a lower quality substrate with

less labile @_eifeld, Steffens, & Galegfala 2012) which is further limited with the removal of
vegetation during the mounding peess. However, decomposition at depth is also limited by the lack
of oxygenand increased aeration and temperatura the mounds may allow for decomposition of the

exposed recalcitrant Bger & Blodau, 200Teifeld, Steffens, & Galegfala 2012).

1.5Research bjectives

Investigatinghe impacts of seismic line restoration on guibperties will provide important
information forunderstanding and determininggstoration success.he major goal afhnounding,
vegetation recoveryith an emphasis on tree growtks highly depenent on substratequality as
determined by soil chemical and physical propertMaintaining peatland@arbon storage isrether
important goal of restorationWith the difficulty of measuringloss on remote seismic lines, soil
propertiessuch as C/N ratios and stable isotopes that can act as decomposition indicatdae
useful as indicators of C lods. addition to a lack of understanding lodw soil propertes change on
seismic lines and with restoration, the cause of these chaiggest known. Peat processsuch as
decompositioror the inversion of the peat profile durirgoundingmayresult in changing peat
properties With current methods of mounding resulting in variable and unpredictable restoration
successnew methods of mounding may provide more or different benefitseefore, this study aims
to provide an understanding of changes to peat soil properieseisnic linesfrom different methods

of mounding The main objectives of this study are to:

1. Determine changegelative to undisturbed peatlands) physical and chemical soil
properties on restored and unrestored seismic lines through peatlands (Chapter 2)
2. Assess the effectiveness easily measured soil properties as indicators of C loss from

CQ and CHemissions (Chapter 2)
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3. Evaluate different seismic line mounding restoration techniques by comparing impacts
on physical and chemical spiloperties, potential rates of decomposition, and

vegetation cover (Chapter.3)
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Chapter 2Changes in peat soil properties following seismic lines disturbance
and restoration by mounding
2.1 Introduction

Seismic lines are long, linear disturbances createdif@nd gas exploratiorseismic lines are
common throughout the boreal forest with densities up to 10 km of seismic lines pef @fkand area
(Lee & Boutin, 20061Dn many seismic lineddre has been a lack of natural recovery with little woody
vegettion regrowth anda shift to a graminoigiominatedvegetationcommunity (Lee & Boutin,

2006). Recovery of tree cover on seismic lines is particularly slow in peatland ecosystems, which is a
cause for conceraspeatlands cover up to 50% of northern Alkee(Filicetti et al., 2018)n Alberta, an
estimated 345,000 km ofssmic linexross througtpeatlands (Strack et al., 201$owever, the
effectivenessof restoration methods remains unclear. Peatlands are ecosystems defined by the
presence of excess water that slows decomposijtaiowingfor an accumulation of biomass, or peat,
deeper than 40 cm (Vitt, 2006). Due to the dependence of peatland pansisian the presence of

water, hydrology is an important defining feature of peatlands (Vitt, 2006). As a result, there has been a
focus on hydrology when studying seismic lines (Dabtas., 2018). Hydrology of peatlanids

predicted to bempacted by sismic lines as removing vegetation is known to reduce water intake and
evapotranspiration, increase soil compaction, reduce microtopographic variation, and alter water

storage and flow (Dabrcet al., 2018).

Due to flooding on seismic lin@s peatlands restoration methods focus on providing drier
microsites for tree growth and recovery (Filicetti et al., 20195 technique called mounding, drier
microsites arereated on seismic lines by digging, inverting, and placing mounds of peat (Filicetti et al.,
2019).The drier mounds have been successful in improving tree regenei@ilicetti et al., 2019;

Lieffers, Caners, & Ge0Q17;BilodeauGauthier et al., 2011)ut there have also been issues with

mounding in peatlands mainly with moundsllapsing wibin a few years (Filicetti et al., 2019¢ffers,

12



Caners, & Ge, 201 Mounding could also be shifting vegetation succession trajectories awaytifiom
surrounding natural areaEchiverri, Macdonald, & Nielsen, 202®Yith little knowledge orthe effects
of mounding, his studyaims toinvestigatethe changesn peat soil properties on seismic lines and

additional changes caused by restoration.

While hydrology and microtopograplaye important to vegetation recovery, substrate quality
can also be a limiting factor. Substrate quality can determine the pathway of vegetation succession. The
degree of peat decomposition can help predict recovery pathways in extracted peatlands where water
table leves could not (Triisbergt al., 2013). Variables such as peat dep#gree ofdecomposition,
nutrient availability, and macrporosity are known to influence vegetation survival and growth
(Kozlowski, 1999Friisberget al., 2013Paceéet al.,2018).In addition, substrate quality could explain
the collapsing of some moundsicreased decomposition after disturbancancause structural
damage such as macropore collapse (McCarter et al., 2021); Buurman, & Hoekman, 200Bespite
the importance to vegetation recovery, knowledge of peat physical and chemical properties on both

unrestored and restored seismic lines is limited.

Easily measured decomposition indicators can be used to determine substrate quality. Carbon
(C) to nitrogen (N) ratioare commonly used to assess peat decomposition. Fresh peat will have large
C/N ratios reflecting litter inputs from vegetation, while decomposed peat with has smaller C/N ratios
as C is preferentially lost during microbial decomposition (Malmer & HolB4;Biester et al., 2014).
Along with decomposition, peat compaction can lower C/N ratios (Liu et al., 2019). C/N ratios are
important to substrate quality by influencing vegetation growth (Asada, Warner, & Schiff, 2005). More
recently, stable isotopes|. 95 O A T % O I t{NRdhave been used as decomposition indicator
(Biester et al., 2014; Broder et al., 2012; Alewell et al., 28%4da, Warner, & Aravena, 2006)C and
115N reflect the ratios of heavier and lighter isotop&€ and?C and®N andb = NI & LIS@andh 9SSt & @

115N can be used to represent the degree of decomposition as lighter isotopes are preferentially lost
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during microbial decomposition of organic matthue to lower energy requirements (Nadelhoffer &

CNEIZI mMopyyT ! &FRFI 2PONRsHNER besn strongly €ofrefated with attrep 0 @ 1
decomposition markers such as bulk density and C/N ratios (Biester et al., 2014; Broder et al., 2012;
Alewelletl £ ®> %Hon K &P 61SSy | £ Saa NBT A % tas expeyledRde Oorél 2 NJ 2 F
fractionation during decomposition that can result in enrichment of either or neither isotope (Hobbie,

Macko, & Shugart, 1998). Other peat processes such iegeait recycling and uptake can also interfere

GAGK GKS NBE | MadgdedorpoditionStatds$Bieyter et al., 2014).

Humification indices, ratios between labile carbohydrates and recalcitrant aromatic or aliphatic
compounds, have also beenagsto assess the degree of decomposition and substrate quality.
Carbohydrates are generally preferentially lost during decomposition over aromatic or aliphatic
compounds (Cocozza, et al., 2003; Hodgkins, 2016). In peatlands, humification indices haslobeen
to be strongly correlated with more common decomposition indicators such as C/N ratios (Broder et al.,

2012; Biester et al., 2014).

In addition to vegetation recovergloss frompeatlands is a major concern for unrestored
seismic linesPeatlands are importan€sinks storing about 1530% of global soil C despite only
covering about 3% of the global land surface (Limpens et al., 2008). The large C storage potential of
peatlands is due to the defining feature of peatlands, waterlogged conditions, driving net primary
productivity to be higher thaorganicmatter decomposition (Wu et al., 2012). Seismic litigurbance
can cause peatlands to shift froaCsink to aCsource (Dabro®t al., 2018)The effects of seismic line
restoration on C loss are not well understood. The process of mounding disturbs the peat profile,
exposes deeper peat to oxygen, and removes vegetation. While deeper peat would largely consist of
recaldtrant organicmatter, the drier, aerated, and warmer conditions on the mounds may result in
further decomposition and C loss (BeeB&dau, 2007t eifeld, Steffens, & Galeggala, 2012). The

holes created fronmounding and surrounding wet, lelying area may result in higher Gldmissions.
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Along with the lack of research, C loss can be difficult to determine on seismic lines due to the difficulty
of accessing the remote locations for regular flux measurements. As C fluxes are highly influenced by
substrde quality, easily measured decomposition markers could be used to estimate C loss on remote

seismic lines (Davidson et al., 2020).

Despite the growing interest in seismic line restoration, there are still significant research gaps in
the effects of seisme lines on the disturbed peatlands and how this impacts restoration suctiess.
additionaldisturbancethat occurs duringnoundingmay result in lower soil quality with the expoe of
deeper peat angdompaction from machinerjf.owersoil qualitycould explain why mounding is not
always as successfas expectedThis study will examine the effects of seismic line creation and
restoration in peatlands on peat properties aedaluate the implications dhese changes for

restoration outcomes. The specific objectives were to:

1. Compare peat physical and chemical properties as indicators of substrate quality on restored
and unrestored seismic lines in peatlands to undisturbed reference areas
2. Quantifypotential rate ofCemission ofestored seismic lines and determine if easily measured

decomposition markers can be usedinalicateC losfrom disturbance.

2.2 Study Sites

2.2.1 Site Information

The study area is a series of peatlands in eastern boreal Alberta (Bigjurévhile the area
consists of many different peatland types, wooded fens were exclusively chosen for this study. Each site
was further classified emwooded moderaterich fen or woodedpoor fenfollowingthe Alberta Wetland
Classification Syste(BESRP2015. Seismic lines in the area were created in different years between the
mid-1980s and early 2000s. Restoration work started in 2012 andg®img.Due to the large size of

the study area, each site consists of multiple lirsasl some lines were sampled twice in different
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sections at least 100 m apakt/e sampled poor fens and moderatieh fens equally at each site to

represent the range of variation, but do not investigapecific differencgin the fen types in this study.

The first site, Foster Creek/years post mounding (F@50 o ppc noQnnh bX mMwmnac

consists of seismic lines created between 1996 and 1998 as shown by satellite imagétys Eeb

oldest resored site in the area with restoration occurring between 2012 and 2015. As it was the first
site in the area to be restoredith the mounding treatment was further refined on the newer sites in

this study. When visited on July 31, 2019, #@&as dominatd largely by bare ground and graminoids
along with mosses and dwarf shrubs. Both the moderatk and poor fens in FE5consisted oCarex

spp., Equisetunsp., Larix laricina, Picea mariana, Pleurozium schreberi, Rhododendron groenlandicum,
Sphagnunspp, and Vaccinium vitis idealn addition, the moderateich fens hadetula pumila,
Pleurozium schreberi, Sadipp, and Smilacina trifoliaThe poor fens also ha@ladiniasp, Cladonia
chlorophaea, Epilobium angustifolium, Polytrichum strictant Rubus chamaemoru®rientation of

the lines also varied. The moderateh fens had both NE/SW and E/W lines while the poor fens were all

E/W.

¢tKS aSO2yR aA0Sz {2dz2iK /f&@RS HYR &SIN LRai
restored in Jauary 2017. Based on satellite imagery, seismic lines were created between 1985 and
1986. Sampled on August 3, 2019, SC2 was dominated by moss, bare ground, graminoids, and dwarf
shrubs. Both moderateich fens and poor fens consistedBdtula pumila, Cax spp., Epilobium
angustifolium, Equisetursp., Larix laricina, Oxycoccus microcarpus, Picea mariana, Polytrichum
strictum, Rhododendron groenlandicum, Ssjig, Smilacina trifolia, Sphagnuspp, and
Tomenthypnum nitensThe poor fens also haghamaedphne calyculata, Drosespp., Ledum palustre,
Rubus chamaemoruandVaccinium vitis ideaehile the moderaterich fens had the addition of
Pleurozium schrebemBoth fens and poor fens had E/W lines and the moderate fens also had N/S

lines.
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newest site restored in February 2019. Satellite imagery shows that the seismic lines were created
between 1982 and 1984. When visited on August 4, 2019, the site wasal@th by bare ground with
some mosses and graminoids. Although largely covered by bare grourmhdh@andmoderaterich
fens both hadBetula pumila, Carespp, Epilobium angustifolium, Equisetiam, Rhododendron
groenlandicum, Salispp., Smilacina ifolia, Sphagnunspp, and Tomenthypnum nitensJnique to the
poor fens wereAulacomnium palustrand Ledum palustrevhile moderaterich fens haddxycoccus
microcarpusandVaccinium vitis ideadBoth poor fens and moderatéch fens had lines that were

oriented NW/SE and E/W.

Additionally, unrestored lines in West Clyde (WCU) were sampled in this study. The WCU lines
were dominated by mosses, graminoids, and dwarf shrAlafacomnium palustre, Betula pumila, Carex
spp., Equisetunsp., Rubus chamaemorusal& spp., Smilacina trifolia, Sphagnum spand
Tomenthypnum nitengere present at both the moderatgch fens and the poor fens. The moderate
rich fens had the addition dfaccinium vitis ideaand the poor fens ha#pilobium angustifoliurand

Ledum péustre Linesin both the moderaterich and poor fens were E/W oriented.

Lastly, natural poor and moderatich fens adjacent to FEband SC2 were included as a
reference. The natural areas were dominated by mosses and dwarf shrubs with some forbs and
graminoids. Species present includgetula pumila, Carespp, Cladinigsp., Cladonia chlorophaea,
Epilobium angustifolium, Equisetwsp., Icmadophila ericetorum, Larix laricina, Oxycoccus microcarpus,
Picea mariana, Pleurozium schreberi, Rhododendron groenlandicum, Rubus chamaemogapg,,Salix

Smilacina trifolia, Sphagnuspp, Tomenthypnum nitengind Rosasp.
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Figure2.1: Map of the study sites in Albert&@anadaNatural reference samples were taken adjacent to seismic lines at SC2 and
FC57.

2.2.2 Restoration

The restored lines in F&5 SC2, and WCO were all restored by Cenovus Energy using the same
machinery and restoration methodslowever it is important to note that these methods were refined
through practice and better understanding of mounding afteh¢ initial FC% restoration. As a result,
the results fromFC57 should not be interpreted as a prediction of future conditions at SC2 and WCO. As
described by Filicetti et al. (2018), a construction excavator with 4lduaoket was used to create
moundssized roughly 0.75 m wig 1 m long, and 0.8 m high (Fig@&@). As the peat was inverted to
form the mounds, some mounds consisted of a mix of exposed deeper peat, mineral soils, and

potentially clay or sand. Mounds were placed in a checkered patteait¢rnating 1 or 2 mounds on

the seismic width.
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Figure2.2: Photos of the site with closgs on mounds or hummocks; a) FCH) SC2, ¢) WCO, d) WCU, e) natural area.

2.3 Methods

2.3.1Sampling Methods

Between July 31 and August 5, 2019, peat samples were collected in triplicatenfsond and
adjacent lowlying area pairer hummocks and hollows for the natural arg&ggure2.3). Although
untreated lines did not have natural hummodakscreated mounds, samples were taken in pairs of
locallyhigher and lower area#\ soup carf562.70cn¥) was used to collect a known, consistent volume
of peat.A serrated knife was used to cut through moss, paatl rootsaround the sougan toprevent

compaction when samplin@he first 10 cm of peat was sampled with the top of the moss surface
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consideredas the top of the peat profileSample pairs were collected froimur sections of the poor fen
lines and four sections of thmoderaterichfen lines at each of the five sites (Natural, FCS5C2, WCO,
and WCU) for a total of eight triplicate pairs pées Triplicate grab samples were also collected directly

adjacent to the soup can samples to be used @i@ss experiment.

Surrounding TN Surrounding
Treated seismic line
naturgl areas N nattn@l areas

Mound

Water filled hollow Adjacent low-lying
area

Figure2.3: Simplified illustration of mounding technique and sampling locati®amples were taken framounds, adjacent
low-lying areas, and surrounding natural are@seated with BioRender.com

2.3.2 Peat Properties

Peat samples were frozen and shipped to Waterloo, Ontario after sampling. On arrival, soup can
peatsamples were thawed, weighed, then dried for at least 48 hours 4C8ntila constant weight
was achieved and weighed again to calculate bulk density and volumetric water content (VWC).
AlthoughVWC can be influenced by the date collectalisamplingvas completed withiré days and
without rain eventsOrganic matter content (OM) was determined from loss on ignition. From the dried
peat, 2 g of each sample was burned in a muffle furnace for 4 hours &(580d then weighed the

following day to calcalte OM contentTo ensuréOM of the subsamples were representative of the
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larger sampls, samples were mixed befotbe subsamples were taken and replicaigbsamplesvere

analyzedand comparedor reproducibility.

Total carbon (TC), total nitrogémN),1 1*C, and1 ®N were determined through combustion
conversion of sample material to gas through a 4010 Elemental Analyzer (EA) (Costech Instruments,
Italy) coupled to a Delta Plus XL (The#Rionigan, Germany) continuous flow isotope ratio mass
spectiometer (CFIRMS) at the Environmental Isotope(Edbjat University of Waterloo. Small amounts
from the dried peat samples were ground into a fine powder using a ball mill. Of the ground samples, 1
mg of peatwasweighed out into tin capsulesThen, the samples were combusted at 1030 °C (~1750 °C
with the addition of oxygen) to convert &@landN present in the sample to G@nd N gas, respectively.
The gases passed through a packed column within the EA aadaseg (by mass) where a small
amount was then directed to the mass spectrometer for measurentstaindard quality control
methods were applied by the Environmental Isotope Lab, resulting in errorsiofi:': % 2 Ny R n do:':

T 2 N4 (see Appendix A for dails).

Peat total phosphorus (TP) was determined by conducting digestions for nutrient colorimetric
analysidn the Biogeochemistryab at the University of Waterlaaccordingtch Q1 | £ £t 2 N>y 3/
Menum (2007). Of theabovementionedground peat samples, 0.2 g were weighed out into 10GesL
tubesand mixed withb mL of sulphuric acidhen 4 mL of grepareddigestion mixture composed of
175 mL of KD, 0.21 g of Se powder, andg LiSQw kO wasslowlyadded to the tubs andmixed The
tubes were gradually heatetd 360°Cover 1.5 hours. The temperature was then maintained at 360
for 30 mirutes. After heating, tubes were allowed to cool to room temperatbefore 0.5 mL oHO;,
was added. Tubes were then mixdteated for 30 minutes, and allowed to cool again for 30 minutes.
Samples were diluted to a known volume with deionized water, sealed, and thoroughly toietky.
the samples were filtered before beimgpalyzedon a BrarLuebbe Auto Analyzer 3 High resolution

digital colorimeter.
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Fourier Transform Infrared (FTIR) analysis ezgslucted in the Waterloo Advanced Technology
Laboratory (WATLabyor FTIR analysis, spectra were acquired in absorbance mode between 4500 and
300 cm! (wavenumber) at a resolution of 4 chand 128 scans were averaged for each spectrum. A
script was used to find the exact wavenumber locations of specific peaks and convert them into relative
abundancesH(ttps://github.com/shodgkins/FTIRbaselineBjumification indicegHI)were calculated
using 1630 cm'bands representing aromatics or deprotonated C&4gh as lignin and aliphatic or
aromatic carboxylatedivided by1090 cn ‘bands representing carbohydrates (Hodgkins, 20d63an
be calculatedising other bands such as aliphatic bands at 2920"end 2850 crhbut these bands are

often influenced by minerals such as clays (Biester et al., 2014).

2.3.3 Soil carbon emission incubation

Grab samples fror8C2 and undisturbed areas were thawed émcubated irglasgars at
roomtemperature and 60%'WCin the dark.Incubations were completed #&0%VWCasthis has been
reported asan ideal soil moisture to promote decomposition (Husgalma, & Agu014; Wang et al.,
2010; Yin et al., 2019 s illustrated in Figur2.4, triplicate samples were gently mixed to create a bulk
sample and then three sets of samples were created feriticubation. Each set had eight samples
from each of SC2 and the undisturbed area. Half of the samples werenfimmds or hummocks and

half were fromlow-lying areas or hollows.

The first set of samples was dried immediately upon thawing and usediakdonditions.
Initial VWCand bulk density were used to determine how much DI water was needed to reach
60%VWC. Samples were weighegekly,and more DI watewas added to keep samples at 68%/C.
The remaining two sets were used as different endpoortiditions; the second set was incubated
for 4 months fromJune- October 2020 and the third set was incubated 8ononths fromJune 2020
February 2021. At each endpoint, peat samples were dried and analyz@d/foontent, TC,

TN,L 13C 1 15N, and humitation indices as described above.
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Figure2.4: lllustration of incubation setupCreated with BioRender.com

CQ fluxes were measured using a portable infrared gas analyzer (IRGA4 PBNbystems,
Massachusetts, USA). Measurements were taken every other day for the first week, then every week for
a month, and then every other week for a total of 21 flugger thefull 8 months.The set of jars
measuredor only the initial4 months had 14 COluxes while the other set had the full 21
fluxes.During a measurement, jars wesealed the IRGA was connected via an inlet and outlet tube in
the lid of the jarand CQconcentrations were recorded every 15 secondsZoninutes. CH fluxes
were measured everg weeks using an Ultraportable Greenhouse Gas Analyzer (UGGA; Model 915
0011, Los Gatos Research, United Stats)lting infour fluxes for the initiah monthsand a total
of eightfluxesover the full 8 months. Realtime ¢€ebncentrations were measured every second

for 5 minutes. Measurements were temperature and volume corrected for each jar.

Total C loss was calculated as the sum of the C emitted over thre @rtubation based on
CQ and CHfluxes. Fluxes were translated to C loss by multiplyingo€ OH fluxes by the ratio of the

molar masses of C and £€8 CH and expressed per mass of dry peat incubated
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2.3.5 Statistical Analysis

All statistical analysis was conducted using the statistical program R (R Core Team, 2017), and a
AAIAYATAOlI yOS 2 TShapirdWilkitests gnd @ Ingrmality flals WeeRised to determine
the normality of soil properties. Althougbverallsanples were found to not be normagroups of
sampleswithin treatmentswere normal. As a resulBNOVAs were used due to their robustnédae
way ANOVAwere usedo determine if soil properties vaad betweentreatments When soil properties
were signifiantly different between groupsTukey post hoc testsere used tadeterminewhich groups
were significantly differentPairedt-testswere usedo determine if soil properties varied between pairs
of mounds and lowying areasat each siteDifferences infCloss and C&and ChHlemissions between
site and microsite type of jar samplegre determined with ANOVAs and Tukey post hoc tests.
Statistical tests fof Closs and C&and CHemissionaused logtransformed data to meet normality
expectationsLastly, relationships betweehCloss and decomposition parameters wergsessed by

linear regressions.

2.4 Results

2.4.1 Peat Physical Properties

Bulk densityangedfrom 0.02 to 1.1 g/cm? with natural areas having the lowest range and
treated mounds having the highe§Eable 2.1)Bulk densities for mounds at SC2 and WCO
were statisticallyhigher than their corresponding lolying areasvhile FC57 had no difference between
microsites(W = 55p = 0.015; W = 6Jp = 0.0011)The natural areas had the opposite trend
with hummocks hginga lower bulk density than natural hollows (W % 0.00035)For both the
mounds and the lows, SC2 and WCO bulk densities were comparable to eacivbilbét®-7 had

the highestbulk densities for both mound$z,3s= 6.93,p = 0.0032and lows(F 35= 7.32,p = 0.00022)

VWC varied greatly between sites with the entire range across sites spanning.2am86.7%

(Table 2.1)Moundshadlower VWCthan correspondindow-lying areas at FCB (W = 0p = 0.00016),
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WCO (W = & = 0.010), and the natural areas (W $8&; 0.00079) but not at SC2 or the untreated lines.
Mounds at FC5, SC2and WCO, and the untreated lines did not differ beem each other. Similarly,
low-lying areas did not differ at F&5 SC2and WCO, and the untreated lines. The natural areas had
lower VWCthan all other sites for both moundsa(fs= 9.612p =<0.001) and lows (k5= 11.85p =

<0.001).

Like VWCOOM had a large range frorh5.9 to 98.2% with FEBhaving the lowest range and
natural areas having the highgStable 2.1)There was no difference @M content between microsites
at all treated linesOM content was higher on natural mounds thaarresponding lowying areas (W =
57,p=0.0070). At WCQO, the opposite was true withl content lower on the mounds than the lew
lying areas (W = 18,= 0.049). FG3 and WCO mounds had low&M content than the natural and
untreated line, while SC2 ditbt differ fromany site (kss= 6.344p = 0.0006). The losying areas at

FC57 had lowerOM content than all other sites = 5.742p = 0.0012).
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Table2.1: Peat physical propertiesf treated and utreated seismic lines and natural reference areagerages and standard
deviations were calculated frofour sets of triplicate samples per microsite at each site. Letters represent statistical differences
between sites and microsites for each column.u@sowith the same letteindicateno statistical differences.

Buél; /gﬁg)s ity VWC(%) OM content (%)

FC57

Mound 05+0.2 36.5+ 2.3 52.2+10.1

Low 03+0.82 64.6 +3.8 57.4+ 9.8
SC2

Mound 0.2 +0.0% 49.2+ 4.2° 74.4+7.5%

Low 0.08 + 0.02 59.1+ 4.6 86.6+ 3.4°
WCO

Mound 03+ 0.6% 439+ 4.3 69.5+ 6.5°

Low 0.07 £ 0.Q¢ 60.9+2.7 84.8+5.5
Untreated

Mound 0.05 + 0.008¢¢ 455+5.9 86.4+ 3.3°

Low 0.06 + 0.00% 54.5+ 5.8° 87.5+ 3.2¢
Natural

Mound 0.03 £ 0.0@° 16.8+2.3 95.8+ 0.8

Low 0.06+ 0.002 295+458 91.0+0.5

2.4.2 PeatChemical Properties

Chemical properties for each microsigége combination are given in Table ZI2eated lines had
a much larger range of TC, 1-632.8 mg/g, than the natural areas, 434.6 to 490.5 m@/gen divided
into microsites FC57 mounds hadignificantlylower TCthan the natural sites and SC2 did not differ
from any site (k2s= 4.45p = 0.021). Lowying areast FC57 had lowerTCthan the naturakite and
SC2, while SC2 had lowkEthan the natural areas fs= 6.92,p = 0.0036)TC was lower on natural
hollows than hummocks (W = 78= 0.036).Treated lines had both loweninimum, 4.1 mg/g, and
higher maximum of TN,9.4mg/g, than natural areasvith 5.8 to 11.0 mg/gSC2 mounds had
statisticallyhigher TN than the natural areas ¢F= 6.89 p = 0.0040), while TN in low lying areas did not
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differ (R2s= 1.98,p = 0.16).TNdid not vary between microsite3.Pdid not vary between microsites or
sites.Natural areas had a TP range of 0.27 to @u@flg. Although not significantreated lines had

a higherrange of 0.27 to 1.4&g/gfor TR

C/N ratios at the natural areas ranged fr&®.51 to 90.43. Treated lines had a lower range of
22.99 to 6254.C/N ratios were lower on lodying areas than mounds at FC§W = 92, p = 0.037). C/N
ratios on mounds were higher at the natural areas than SC2 and R@tich did not vary ¢k=
6.34,p < 0.001). Low lying areas had a different result with thural areas having a higher C/N ratio
than FC57 only (E2s= 7.06, p = 0.0033The range of natural C/P ratios, 281.03 to 1234.65, snaaller
thanthe treated C/P ratios range @07.85 to 1950.3AVhen divided into microsite£;/P ratios on
mounds dil not vary between sites, while low lying areas at SC2 had higher C/P ratios tharn7at FC5
(F2.26= 3.85,p=0.034)C/P ratios did not vary between micrositd$e range of N/P ratios was much
smaller at the natural areas, 5.62 to 19.63, than at theteddines, 602 to 46.82SC2 mounds had
higher N/P ratios than the naturBummocksR2:= 4.73,p = 0.019). Lowying areas at SC2 were higher
than both FCZ low-lying areasand the naturahollows(F;26= 6.40,p = 0.0055)However,N/P ratios

did not vary between microsites.

The range of °C on the treated lines was shifted to be less negative, or heavier, than the
natural areas. The treated lines ranged frqB0.38tocH M ®o i’z G KAt S (G KS y gl dzNJ f
33.95 t0¢29.00;: & 3C wadighter on natural hummaocks than hollows (W = g@; 0.025). FG% had
the opposite trend with mounds having heaviéfC than lowlying areas (W = 7p,= 0.0079)! *Cwas
lighter at the natural areas than SC2 and +#@86r both mounds (fzs= 12.88p = 0.00011) and low
lying areas (f2s=5.71,p = 0.0083)Using a linear regression:*C was correlated with C/Nr(ss=30.06

p< 0.001, 7= 0.33).
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As with1 13C 1 1N ranges were heavier on thieated lines,3.46 to 4.03: Swhen compared
to the natural areas;6 to 1.13: @& *N was heavier on mounds than ldying areas at SC2 (W =
67,p=0.021)4 N was lighter at the natural areas than SC2 and {25 both mounds (6=

10.99,p = 0.0035) and lowlying areas (Fs= 11.11p = 0.00028)Using linear regression*N was

correlated with C/NF.ss= 82.19p < 0.001, = 0.58).
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Table2.2: Peat chemical propertias treated seismidines and natural reference areasverages and standard deviations were calculated fiogets ofriplicate sampleper
microsite at each sitd.etters represent statistical differences between sied micrositegor eachcolumn.Groupswith the same letteindicateno statistical differences.

ngfg:g)bo” Tm?:ﬂ'g'}g;’ge” phgfgﬁgrus CIN cP N/P Y a%h 6
(mg/g)

FC57

Mound 322.38+48.10 9.04+093 0.66+0.090 44.08+23% 64509+9591 14.14+2.18 -26.96+0.83 -0.088 +0.98

Low  336.63+33.00 9.30+097 074+0072 3643+19% 47582+543% 12.64+085 27.9+0.38 0.63+0.1F
sc2

Mound 420.52+34.6%° 12.66+177 0.68+0.12 37.52+4.78 877.34+ 20448 23.76+42% 26.74+01% 1.11+0.36

Low  44222+2318 1134+128 0620077 42.35+472 805.18+104.46 20.73+3.45 -27.924020° -0.32+0.41
Natural

Mound 469.86+3.97 6.72+040 057+0082 72.16+4.20 87245+ 112.41 11.84+154 -30.89+056 -3.23+0.60

Low  452.60+477 860+063 086+0.16 55.72+4.75 677.49+118.1% 10.85+1.02 -29.14+0.16 -1.73+0.50
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2.4.3 Incubation Study

TC loss ranged froM072 to 66.20 mg peat! d. Most of the TC loss wasCQ emissions
with fluxes rangng from 0.26 to 261.45 mg peat* d. CH fluxes were small and ranged frogf.77 to
209.23ugg peat! d*. As shown in Figure 2.5Closs was lower for treated mounds than treatteav-
lying areasand naturaimounds(Fs 109=11.43,p =<0.001) Methane flux was lower for treated and
natural mounds than treated and natural leying areask 204=19.2,p < 0.001)Carbon dioxide
productionwaslower for treated mounds than treated lodying areas and natural

mounds(Fs544=75.97,p < 0.001).
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Fgure2.5: CQand CHemissions and TC ldssm treated and natural microsites. Lettarelicatea significant difference
between fluxes across sample types. Samples with the same letters Baghificant difference.
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Initial 1 13Cof incubated peahadlinearrelationships with TC loss during ttetal 8 months Fi.14
= 6.87,%2=0.28,p = 0.020)jnitial 4 months(F14= 6.76,>=0.28,p= 0.021), and final 4 monthB (4=
6.00,r>=0.25p = 0.028)1 1*C fromthe first endpoint, measured at the end of the initial 4 months, also
hadlinearrelationshipswith TC loss during the firgime interval(F14= 7.96,r2= 0.32,p = 0.014),
second time intervalf 14 = 6.33>=0.26,p = 0.025), and overalF{14s= 8.01r>= 0.32p= 0.013).
There were no statistically significant relationships witfCat the third endpoint measured at the end
of 8months(F.14= 0.00013r2=0.071, p = 099), initial 4 months(F,14= 0.00025r2 = 0071, p= 099),
and final 4 monthsH.14= 0.069)? = 0066,p = 080) (Figure2.6). There were weaker relationships with
natural samples than treated sampléssmost of theTC loss was frofiQ emissions, the relationship
between TC loss and®C was driven by the G@uxes(Fi14= 6.84 2= 0.28,p = 0.020) while the
CH fluxes did not correlate with*C(F.14= 1.52,r2= 0.033p = 0.24)(Figure 2.7). CHluxes were close

to 0 except for two samples, om&tural and one treated.
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Figure2.6: TCloss vsinitial, first endpoint, and final endpoint 6f3Cover thetotal 8 months of incubationThe initialand first
endpoint oft 13Cboth had asignificant linear relationship with TC lossi¢= 6.87, = 0.28, p = 0.020R,14=8.01,#=0.32,p =
0.013). The final endpoint 6#3Cwas not related to TC loss (k= 0.00013,4= 0.071, p = 0.99).
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Figure2.7: CQ and CHemissionys. change in13C.The change 13Cwas linearly related to GGluxes (Fi14= 6.84,#=0.28, p
=0.020). and not GHluxes (F14=1.52, #=0.033, p = 0.24).

Initial C/N ratios also hadlmear relationship with TC loss from the treated samples only for the
full 8 months 6= 6.69, f= 0.45p = 0.041), initial 4 months {F= 6.10, f= 0.42,p = 0.049), and final
4 months (ffs= 16.45, = 0.69,p = 0.0067) (Figure 2.8). The change in C/N ratios during the initial 4
months had a strong linear relationship with TC loss from the treated samples for the full 8 manths (F
= 32.31,%=0.82,p=0.0013), initial 4 months {F= 33.59, ¥= 0.82,0 =0.0012), and final 4 months(§
=14.71,¥=066pl ndnnyc0 O6CAIdNB HOPOLD | & ¢ HNixés. lnitmlo /

and the change in TC and TN by themselves did not have a relationship with TC loss.
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Figure2.8: TC loss vs. initial C/N ratios over initial 4 months, final 4 months, and total 8 months of incubéi#drC/N ratios
were linearly correlated with TC lasisthe treated samples onfyver the full 8 morits (ks = 669, P = 0.45, p = 0.041ipitial 4
months (k= 6.10, #=0.42, p = 0.049), and final 4 monthsg#16.45 2= 069, p = 0.067). Linear regressions of the C/N
ratios of natural samples and TC loss were not significant and are not shown here.
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Figure2.9: TC loss vshangesin C/N ratiodduring the initial 4 months over initial 4 mitrs, final 4 months, and total 8 months
of incubation.The changes in C/N ratios during the initial 4 month had a linear relationship with TC loss of only the treated
samples over the full 8 months @= 32.31, #= 0.82, p = 0.0013), initial 4 monthg {E 33.59,%=0.82, p = 0.0012), and final 4
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months (ke= 14.71, %= 0.66, p = 0.0086Lhange irC/N ratios of atural samplesiad no relationship with TC loss and the

linear regression is not shown.

have relationships with TC loss. Linear regressions between these indicators and TC loss were not

significant(AppendixA).

Other cecomposition indicators measured, @M content, andt °N, were not observed to

Along with having differentelationships with C/N ratios, treated and natural samples showed

different trends in decomposition indicators changing over tiable 23). C/N ratios of the treated

samples generally increased while the natural samples showed an increase in C/ldtrtteod

month endpoint and a decrease at tfeemonth endpoint.Similarly, both stable isotopes generally
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became heavier for the natural samples anddmae lighter for treated samples*N of the treated
sampleswvas found to become heavier at therdonth endpoint and lighter at the -8nonth
endpoint. OM also behaved differently between the two groups. For the treated

samplesOM decreasedver timewhile OM of the natural samples did not change. HI were the only
variable that showed the same trend for theeated and natural samples. For all samples, HI

increasecdver time.
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Table2.3: Decomposition indicators in peat incubation samples over time.

Treated Natural
Mound Low Mound Low
TC(mg/g)
Initial 368.53+96.62 399.78+65.20 444.10+22.26 434.17+54.08
Amonths  390.12+44.14 431.88:48.90 453.76:22.88 464.64+26.82
8months  463.45:15.94  465.83:0.44  400.58+67.48 352.91+87.38
TN(mg/g)
Initial 12.00+2.65  12.24+161  10.56£0.84  9.86+0.76
Amonths  11.96+0.78  14.62+159  6.95+0.94 8.00+0.70
8 months 8.32+1.15 7.37+0.69  11.08:0.19  10.43+1.41
CIN
Initial 29.86+3.51  34.71+587  42.84+3.42  4501+4.85
4Amonths  33.34+3.84  30.56+3.75  69.43+10.34  59.44+529
8months  50.78+t9.85  65.05:6.75  36.19+3.20  34.92+526
1% 6
Initial 27.04+0.35  -290.214027  -29.38+0.73  -29.77+0.71
4months  27.04+040  -2891+058  29.95:0.72  -29.12+0.62
8months  -29.28+0.83  -20.57+059  -28.34+051  -26.67+0.39
IBNG:': 0
Initial 086+0.48  -0.90+0.55  -6.05+1.43  -7.67+1.76
4 months 0.83+0.48 0.61+0.41  -319+1.10  -2.56+0.69
gmonths  -1.63+1.00  -1.39+1.00 1.29+0.57 1.89+0.52
Organic
?Oant:g;t(%) Initial 67.9+115 82.0+6.4 93.6+2.2 90.0+3.0
4 months 67.0+12.1 84.0+6.7 92.7+3.2 92.2+2.0
8 months 63.8+13.8 79.2+10.0 93.1+2.3 90.0+3.1
Humification
index (D) itial 0.19+0.024  0.37+0.071  0.14+0.020  0.16+0.033
4months  0.27+0.066  0.22+0.025  0.14+0.016  0.18+0.013
8months  0.22+0.041  0.23+0.0055 0.16+0.0095  0.19+0.017
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2.5 Discussion

The main goal of mounding on seismic lirst® restore forest cover to preserve caribou
populations. As a result, restoration succeseften determined by tree seedling growth and survival in
the first few years after mounding. Although mounding basn shown to increase tree regeneration,
overall vegetation communitiemay shiftaway fromthe surrounding natural vegetatiofiechiverri,
Macdonald, & Nielsen, 2020abroset al., 2018). Effects of mounding on conditions other than tree
regeneration are nderstudied with few studies on soil properties. Flooded conditions of seismic lines
have been assumed to prevent tree growth and survival but other soil properties such as nutrient
availability may be limiting tree andrerallvegetation recovery (Pact al., 2018; BilodeaGauthier et
al., 2011). Substrate quality, including factors such as nutrient availability, labile C, and bulk density, can
also control vegetation recovery (Kozlowski, 19D@isberget al., 2013nd were observed to vary

between ratural peatlands and both untreated seismic lines, with further changes following mounding

2.5.1 Physical Properties

Bulk density was greatly increased on the moufitble 2.1)likely due to the exposure of
deeper peat, or mineral soil and clayF{E57. Natural conditions, WCU, and ldying areas at SC2 and
WCO were within the range of average bulk density 08@.0.04 g/cm?® from 215 northern, undisturbed
peatlands (Loisel et al., 2014). Bulk densities of mounds a7 F&€62, and WCO were watlove the
reported average with .+ 0.1 0.2+ 0.04 and 04 + 0.3 g/cm?®, respectively Bulk density is linked to
hydrological parameters such as water retention and hydraulic conductivity, which can affect water
availability for plantsCompaction decreases macroporosity, which is reflected in increases in bulk
density (Frey et al., 2009). Lower macroporosity and higher bulk density increase water retention and
unsaturated hydraulic conductivity (Frey et al., 2009; Gauthier, McCartenic&, R018). Saturated
hydraulic conductivity is linked to bulk density through factors such as pore diameter and pore

tortuosity (McCarter et al., 2020). With increasing bulk density, pore diantetereasesand pore

38



tortuosity increases, which in turredreases hydraulic conductivity (McCarter et al., 208®)ulk

density of 0.Zy/cm?® has been presented as a critical threshold for identifying degraded peat (Liu &
Lennartz, 2018). Above this threshallde hydrology of compacted peat was masinilar tomineral

soils with macroporosity and saturated hydraulic conductivity no longer decreasing with increasing bulk
density (Liu & Lennartz, 201&hanges in hydrology from compactican negatively impact vegetation
recovery by creatingnoxic waterlogged anditionswith high soil strengthihat decrease root growth
(Kozlowski, 1999)n addition to negatively impacting rootspmpacted soihasbeen found toreduce

tree relationships withectomycorrhizal fungihat are important for N uptakéPageDumroese et al.,
1998).The increases in bulk densipserved on moundsould have significant negative impacts on

plant communityrecovery. Starting at a 15% increase, higher bulk density has been found to negatively
impact soil microbes, increase water retention, and decrease gas exchanget(&keR009). At the

newer sites, mounding increased bulk density by an average of 697%.-&t FO&nding increased

bulk density both on the mounds and on the adjacent-ging areas by 1424% and 46@&kative to

natural areas

Untreated seismic lines at WCU did not show an increase in bulk density. This conflicted with
previous studieshat reported thatseismic lines are often compacted (Davidson et al., 2020; Lovitt et
al., 2018Dabroset al., 2018; Lee & Boutin, 2006). Public use of seismic lines, such as hikers and
snowmobiles, has significant impacts on peat bulk density (Datrals, 2018). Theemoteness of the
presentstudy site prevents human use fraiorther compacting the peat. With the lack of human use,
compacted peat on seismic lines may be able to naturally recover. Natural recovery of compacted peat
is possible with recovery observeddocur within 15 years after disturbance in logged peatlands

(Lepilinet al., 2019).

Additionally, the lowying areas adjacent to mounds at SC2 and WCO were not affected by the

mounding process despite the use of backhdd® lack of increase in bulkmgty on the lowlying
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areas at SC2 and WCO could be because operators only drove over the lines once while n{defiding
Malbeuf, North Pine Environmental Ltchersonal communicationDuringthe treatment, specific lines
were put aside as access litesnsure the treated lines would not be more disturbed by heavy
machinery traffic. At FCB, this method was not employed, and operators would have driven over the
treated lines multiple times. Mounding in the winter when the ground is frozen may alsweed
compaction fromheavy machineryput can also result in safety challenges for operators (Michael Cody,

Cenovus Energy, personal communication)

Previous studies have suggested peat compaction on seismic lines results in ground subsidence
bringing the grface closer to the water table (Davidson et al., 2020). As expected, untreated and
treated lines had highevWCthan the natural areas. Ground subsidence may be occurring as a higher
bulk density was correlated with a higher VWC on the untreated lifreshigher VWC on lines may also
be from higher water retention in compacted peat (Frey et al., 20@9ilinet al., 2019)ut treated
lines had no relationship between bulk density and VWC. With the mounding process moving and
inverting the peat profileeffects fromground subsidencen soil densitycould be confoundedue to

the potential mixing of mineral soihto the peat, thereby increasing bulk density

At FC57 and WCO0, mounding decreased the VWC fapproximately 60% td0% At SC2,
mounds did not have a statistically lower VWC than the correspondindylag areas or the untreated
lines. This supports previous findings of high VWC after mounding in peatlands (Davidson et al., 2020).
Unlike with upland mounding (Filicettt al., 2019), mounds still had a significantly higher VWC than
both the natural hummocks and hollows (TaBl&). Mounds were not observed to slump and were still
elevated above the water table. The high bulk densities of the mounds may reduce dryingratidra
of mounds due to increased water retention. Future studies should foctiseopore size distribution

and hydraulic properties of soils following mounding to better describe these changes.
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Although the changes to porosity and hydraulic propertiese not determined, VWC alone can
greatly impacisubstrate quality fowegetation growthOne study on white spruce found the ideal VWC
to be 40% for height and biomass growth initially and then 25% for the second growing season
(Lamhamedet al., 2006)Black spruce likely has similar requirements for growth. Black spruce
probability of survival was found to be dependent on moisture classes study comparing moisture
regimes in peatlandshe probability of survival in plots with standing water wasand 15%and 60%in
& ¢ S dr €onsistentlysaturated conditiongMorris et al., 2009)In drier conditions, classified &Y 2 A & (1 ¢ =
G T NB & K ¢ 3 the pyoBabiliid? Nisurvivalere allclose t080% (Morris et al., 2009). Another study
foundthat black spruce seedlinggrowth and water use decreadevhen the water table was raised
from 30 cm to 15 cm below the surface (Woken et al., 200Liy. results indicate that while ounding in
peatlandsowers VWC compared to loMying areas, ithay not be ablé¢o provide dy enoughmicrosites
for tree growth as moundsontinue to havehigher VWC than natural conditions years after treatment.
High moisture conditions on seismic lines are a main driving factor of the lack of natural vegetation
recovery (van Rensen et al., 2015). Highly digiddnd wet conditions on seismic lines likplpmote
the growth of graminoids such &arexaquatilis(Dabroset al., 2018)Sphagnunwould be expected to
recover on mounds as the VWC was high enough to notpiraductivity (Price and Whitehead,
2004;Cagampamnd Waddington, 20085 phagnunalsogenerally dominates with high lightailability
(Fenton & Bergeron, 2006). Howev8phagnunmand other moss coverave close to zero on mounds
(see Chapter 3Jikey due to soil inversion during the mounding treatmeiihe degree of disturbance

from creaing the mounds may be further encouraging competitive, disturbance tolerant gransinoid

The lack of mossoverand exposure of mineral soils on mounds was reflected in
the OM content. FC57 and WCO mounds had low&M content, 52.21 + 10.14 and 69.4/6.52%, than
the natural areas and untreated lin@$95.00 + 0.85 and 86.35 + 3.26féspectivelyTheOM content

on thesmaller mounds at SGascomparable to all siteS he difference if©OM content at the three
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different treated lines was likely due the amount of mineral soil exposure. Although SC2 was older

than WCO, there wasot significant moss recovery that could explain the highbtcontent.

Although removingdM content shifts the lines away fromatural peatland conditions, some
studies show increased seedling growth on mounds with exposed mineral soils due to increased N and P
availability (Lafleuet al., 2011b) buthis hasnot been obsevedin all studies (Hennebt al., 2019). In
studies where mineral soils provided a benefit to tree grovitie mounds with a mineral
andorganicmix were drier than the natural areas with a thimiganiclayer. In this study, mounds with
mineral soil werenot drier than the naturahummocks Whether lowOM content provides a benefit or

hindrance to vegetation recovent the study siteslepends on if nutrient availability iscreased.

2.5.2Total Nutrient Pools

Although available nutrients were not measd, N/P ratioigher than 16:Jon both SC2
mounds and lowying areas suggestedshift fromNto P limitation while FG3 and natural areas
remain N limited (Wang et al., 2015)/P ratios were solely driven by increases in TN while TP remained
constarn between all sites and microsites. With elevated N/P ratios inliomg areas at SG&hd no
increasein N at FCY, the exposure of mineral soils was likely not responsible for increased TN. As
chemical properties were only measured at FCSC2, and natural areas and not at WCO or WCU, it is

not known whether the increase in TN occurred after seismicdigation or restoration.

Peatlands are often N limiting but can shift to P limiting in prolonged flooded conditions
(Charman, 2002pRlant growth can be easily influenced by small changes in nutrient availability
(Charman, 2002). Additionally, the formh N canaffect vegetation communitiesStudies on logged,
flooded peatlands with similar conditions to seismic lines showed aislaftailable Nrom nitrate to

ammonium, which woulélsohave implications for vegetation competition (Westbrook et alQ&0
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Finnegan et al2014).For exampleincreased ammonium fromineral soil exposure in a logged

peatland improved black spruce seedling growth (Lafleur et al., 2011a).

The measurements of TN do not distinguish between organic and inorgaDEpsndingon
which form the increasg TNat SC2 wain plants may not be able to quickly take tig increased
N. Estimations of N mineralization could indicate if THasily and quicklgvailable to
plants.N mineralization rates, as well as C mineralizatidesshave been predicted tincrease with
mounding due to increased soil temperature and aeratBilodeauGauthier et al., 2011;)pdegraff et
al., 1995)However studies on mounding have not foulmineralization to change significantly
(Smolande& Heaskanen, 2006; Bilodea@authier et al., 2013)While the lack of increased N
mineralization was not explained decrease irCmineralizationon moundswas suggested to be from
limitation of labile Gupplyand not soil moisturéSmolande& Heiskanen, 2006Although moisture
and temperature conditions on mounds may support higher mineralization rates, decreases in substrate
guality, specifically labile C and &n confound these effects (Updegraff et al., 1995; Westbrook et al.,
2006).Lowe C/N ratios on seismic lines, especially on the moyhdble 2.2)suggest a loss of labile C
that could inhibit C mineralization rates observed in the literaturélore recalcitrantOM decreases
substrate quality and may hindemicrobial activity andregetation recovery (Lafleur et al.,
2011a)Although indicative of lower substrate quality, lower C/N ratios have been observed to increase
N mineralization (Liu et al., 201®)pwer C/N ratios andlevated TN orsC2nounds may be result of

increase N nmeralization rates but more research would be requitedletermine mineralization rates.

The level of disturbance during moundiagd subsequent nutrient availabilitgimportant for
vegetation recoverand successiotrajectories.Nutrient availability in disturbed peatlands has been
observed to have significant controls on vegetation cover and composition, especially in early
successional stages (Huotari et al., 200iM)e establishment of pioneer species is importdaor later

vegetation recovery and important pioneer species sucRagtrichum strictunare inhibited by P
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limitation (Huotari et al., 2007Although N availability can be beneficial for tree growth, increasing N
availability also can result inlassof Sphagnunand an increase in vascular plant coeafleur et al.,
2011a;Limpens et al., 2008T.he changes in nutrient cycling on seismic lines may cause vegetation
community shifts that prevent further succession fraecurring through competition ancontrolling

available nutrients.

2.5.3DecompositionC lossand shifts in C/N
With the focusof seismic line restoration oa return to forest coverthere have been few
studies on carbon loss fro@Q and Chlemissions. Seismic lines may shift peatlands f@dsinks to C
sources due tdhe removal of vegetation and increased temperatures (Daletas., 2018). Mounding
may further increase C loss due to additional vegetation losgyesateraeration andhigher
temperatureson the moundsincreased C emissions can lower substrate quality and alter peat structure
leading to collapséMcCarter et al., 2020; Kool, Buurman, & Hoekman, 2@D&3.to the remoteness
and difficulty accessing seismic lines, traditiomathods of measuring C fluxes are diffidoltuse. The
goal of this study was to determine if easily measured decomposition markers can be used to predict C

loss on seismic lines.

C/N ratios are commonly used to determine decomposition degree and areuseas to
assesshe usefulness obther decompositiorindicators,such as stablesotopes(Biester et al., 2014,
Broder et al., 2012)C/N ratios fronthe incubation study were related to TC lagish higher initial C/N
ratios resulting in higher TC logshigher C/N would indicate less decomposed ftleat would support
more decomposition and TC loss thahighly decomposed peat with lower C/N ratidherefore the
C/N ratio in the undisturbed section of the peatland appears to be an indicator ofofemtial for C loss

during seismic line construction and restoration.
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For the treated samples onligrgerdecreases in C/Were associated with greatarC lossC/N
ratiosare generally observed tecrease during decompositida a critical ratio, around0:1in
Canadian forests;lose tothe ratios of decomposeréMoore et al., 2011)This critical ratio may be
different inpeatlands put C/N ratios would still be expected to decrease towards ratios of decomposers
(Moore et al., 2011)in contrast to ths relationship, C/N ratios of treated samples were observed to
increase on average over timéreated samples generally started below the critical ratio and increased
above the critical ratioNatural samples started close to the critical ratio, increastetthe 4-
month endpoint, and then decreased below the critical ratio at &eonth endpoint. This may

indicate an accumulation of decomposer biomass in the samples that affected C/N ratios.

In the incubation studyhoth TC and TN changed over time. T€rel@sed as expected for the
natural samples butemained constant for the treated samples. @lNo decreased or remained
constant resulting ivariable but generallincreasing C/N ratios over timBalances between TC and TN
could be controlled bynicrobial C or N limitatiorwhen oxygen supplies are constant. When microbes
are N limited, they retain immobilized, §nd N mineralization is loMooshammetret al., 2014)When
Cislimited, microbesreleaseN through increased mineralizatigMooshammetet al,, 2014).As treated
samples consisted of older, more decomposed peat, samples were likely rtioriéed than natural

samples.

Field results showed expected trends of C/N ratMeunds at both FG3 and SC2 had C/N
ratios close to the bserved critical M of around 40This was expected as mounds have more
decomposed peat than the surrounding areas frihva exposureof deep peatWith measurements of
only C/N ratios, it is difficult to determine the cause in lower C/N ratios on the mouristiaexposed

deeper peat and increased decomposition rates could explain lower C/N ratios.
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C/N ratios at lowlying areas would not be expected to be as affected as mounds due to lower
levels of disturbance and change at SC2-F@as heavily disturbed with exposeldy and mineral soils
on both lowlying areas and mounds. As a result, dgimg areas at €57 had significantly lower C/N
ratiosthan the natural areas. Additionally, C/N ratios at H#G&ere below the critical ratio of 40
suggesting that presence of mineral soils and alag likely responsibl@r the change in the valuever
increasedpeatdecomposition. This was different ateahess disturbed SC2. SC2-lgimg areas had
lower C/N ratios approaching the critical ratio withauidence ofmineral soils and clayixed into the
peat This would suggest that decreased C/N ratios on SCRiogvareas could be froincreased
decompsitioninstead of from exposure of deeper, more decomposed peath VWC on the lines
could conflict with higher decomposition ratddowever, VWC was only measui@aone day and past
hydrological conditions may have been different to allow for incrdadecompositionC/N ratios can
also be impacted by other ways of C loss. Studies on logged peatlands with flooded conditions observed
leaching to result in labile C loss, an increase in recalcitraaridCa decrease in C/N ratios (Kim et al.,
2014; Tretin et al., 2011)In seismic line creatignthe top layer of peat is often removeahd in
restoration, the top layer is buried. This could have further implications for C/N ratiabitesC is

highest in the top layer of peat and decreases with ddp#ifeld, Steffens, & GalegBala, 2012).

Generally, C is preferentially lost as decomposition occurs while N remains relatively constant in
peatlandsduring anaerobic decompositigiKuhry and Vitt, 1996 his occurredt FC57 where C/N
ratios were driverby decreased TGimilar toOM content, TC was lower for both mounds and lows at
FC57 when compared to the natural areas while SC2 was comparable to all sites. With O®! kovder
than expectedor peat and the observed exposed clay and mineral soil; 78l properties are
expected to be more influenced by the high degree of disturbance than changes in soil processes
from the mounding processesSCaAlid not show preferentialossof TC and instead,C waselatively

constant while TN increased on batibunds and lowying areasTN at SC2 was significantly higher
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than FC57, natural conditions, and a reference peat databéssisel et al., 2014PDne explanation for

this could be that immobilized N is returned to the TN pamhicrobe litter fronmincreased N
mineralizationin aerobic conditiongMalmer & Holm, 1984; Damman, 1988pserved changes in
decomposition indicatorsn the moundsmay be from increased decomposition or from the exposure of

deeper, more decomposed peat.

2.5.4C Loss anshifts in stable isotope composition

Reflecting the above results of highly disturbed and decomposed mounds, field samples
showedheaviert 13C on the seismic lines with the heavie$iC on the moundsEnrichment of*C can
reflect the degreelecomposition a$?C is preferentially losluring OM mineralizatiofNadelhoffer&
Fry, 1988)This would support an increase in decomposition on seismic lines. Exposure of deep peat
likely also contribute$o the shiftast **C was heavier on moundsan the lowlying areas at SC2 where
low-lying areas did not have exposed deep peat. AtF@here lowlying areas did have exposed

deeper peat or mineral soil and clay, there was no differenéé3n between microsites.

Treated samples in the incubati study were also found to have heavier startit§Cthan the
natural samples. However, treated sampthen becameenriched in?Cover timewhile natural
samples were enriched iC as expectedVhile uncommon} *3C has been observed to become lighter
during decompositionOne possible explanation is based on compespédcfic decomposition. Litter
from some species, like saltmarSipartina alterniflorahave been found to deplete pe&C due to
preferential decomposition of polysaccharides and premaé of lignin (Benner et al., 1987). While
easier to decompose, polysaccharides, such as cellulose and hemicellulose, are generally hed@ier in
compared to the whole plantvhile lignin is lighter (Benner et al., 1987). The shift in vegetation
composiion towards more graminoids on seismic lines may result in lighf& during decomposition

as observed in the incubation
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The initial and second endpoint*C was strongly correlated with TC loss throughout the
experiment, which suggests thasinglet 13C measurement may be able to help predict TC loss in the
future. Lightert 13C was found to result in mofEC losslf a starting substrate is more enriched'#€,
decomposition can likely occur more rapidly than substrates enriched in the mergetically
costly®®*C. The lack of correlation between the third endpoint and TC loss suggests*aannot be

used to estimate past TC loss.

Results fronboth the field and incubation study suggest thatC was linked with
decomposition and subsegnt C loss. Howevemounding may confound or altéhe relationships
between decomposition, TC loss, artdC.The exposed deeper peat, mineral soils, or even, elang
with changes in litter inpubn the mounds will shift *Cof soil which would reslt in lower reliability in

usingt °C as a decomposition indicator or measure of TC loss.

11N, a more debated indicator of decomposition, showed the same trend$6fn the
field with heaviert N on seismic linesverall and heaviest*N on themounds.Although field
measurements indicated™N becomes heavier with decomposition, in the incubation stutiN was
not found to be related to TC losSomestudieshaveobserved the same result
with 1 **N beingunchanged during decomposition (Biestérad, 2014) while others have shown both
heavier and lightet **Nin response talecomposition(Hobbie, Macko, & Shugart, 199agazzat al.,
2010; Asada, Warner, & Aravena, 20REiger et al., 2017; Drollingdfuzyakoy, & Glatzel, 201 %or
field results,A *®N would be expected to become lighter during decompositiae to anaerobic
conditions. Anaerobic conditions increase denitrification and reduce isotopically heavier niitibié,
Macko, & Shugart, 1998). Additionally, the lower C/N ratiotherlines are more suitable for bacterial
decomposition, which results in lightet°N due to nitrate immobilization, over fungal decomposition
(Bragazzet al., 2010). However, there was a strong negative, linear relatiomstipeent N and C/N

ratiosin the fieldas found in other studiesupportinga shift toheaviert 1°N with decomposition
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(Asada, Warner, & Aravena, 200G1ger et al., 2017; Drollingdfuzyakoy, & Glatzel, 2019)lthough
the incubation study does not show a relationship betweéiN and C/N ratios or TC lo$$°N was
observed to become heavier over time. Seismic lines may support enough aerobic decomposition to

result in heaviet *®N andthe incubation studyvas conducted irontrolled oxicconditions.

2.5.5 C@and CHEmissions

As would be expected in oxic conditions€hiissions for all samplés the incubation study
were small and did not contribute significantly to TC I&4.emissions were unaffected by the
mounding treatment. Chlemissions frommounds were comparable to natural hummogciad low
lying areas on the lines were comparable to natural hollows. Mounds and hummocks had significantly
lower CH emissions than lovlying areas and hollow#n past studies, seismic lines have been found to
increaseCH emissiondikely dueto higher water tables, higher temperatures, and increased graminoid
coverprovidinga labileCsource andCH transport (Strack et al., 2018; Strack et al., 2019). The
incubation study would have removed soil temperature and moisture as variables with peat samples
stored at a consisterlWCand temperature. As a result, the difference between micrasitas not
expected.In another 20day incubation study, Glemissions wes still controlled by field moisture
conditions and had no relation to moisture conditions held constant during the incubation (Basiliko

al., 2007).

With soil temperature and moisture held constant, differences ia €hissions would be
expected to bérom differencesin peat compositiorand microbial communitylf peat composition
were controlling ClHemissions, then natural and treated samples would not be expected to be
comparable. Additionally, indicators of substrate quality, 8BI, C/N ratios} *C,1 °N, and
humification indiceswere not related to CiHemissions. Although labile C was not directly measured,
humification indices would be expected to reflect changes in labitecalcitrantC ratiosThere are also

other measurements of substratquality such as available P that can influencedbhissions (Basiliket
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al., 2007)Substrate structure can also be important fors@kbduction by creating anaerobic
micrositeswithin the overall aerobic substrai@latzel Basiliko, & Moore, 2004t is possible that
differences irthe microbial community arising from varying field conditions contributed to the
measured CHlux during the incubation. Further research on the effect of seismic lines on microbial

community composition and activity are needed.

As with Ckl CQ emissions during the incubation would be expected to be influenced mainly by
substrate quality. C&emissions have been found to decrease with depth and soil quality (Leifeld,
Steffens, & Galeg8ala, 2012; Hardie et al., 201The initial substrate quality as indicated byCand
C/N wasobservedto be related to CeemissionsMound samples wittheaviert **Cand lower C/N
ratioshad lowerCQ emissionghan natural samples with lighter:3Cand higher C/N ratioshe
exposure of deep peat on the mounds could explain the lower emissions on the treated mounds. In a
study using peat cores, GEmissonsstarted todecrease at 1420 cm below the surface due to changes
in substrate quality (Hardie et al., 201Lhwer substrate quality appeared to decred3® emissions
and TC loss in the incubation study. However, these results cannot be used asmégires of field
conditions. Substrate quality is likely related to TC loss in the field but other conditions such as

temperature and moisture that were controlled in the incubation stedwuldinfluenceresults.

2.6 Conclusiosand Implications for Restoration

Whilerestoration success can be measured in multiple ways, a major goal of the mounding
treatment is to provide a drier, more aerated microsite for increased tree survival and gralitlough
mounds are elevated above the tea table, VWCwas not consistentlgecreased on mounds. A
potential explanation for this could be the increased bulk denditpoundsthat would increase water
retention of the peatBoth the hgh bulk density and low OM content were likely directly tedbto the

amount of exposed deeper peat, mineral soil, or clay. The predicted benefits of mixing mineral soil with
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low OM content on mounds include higher nutrient availability and drier conditions. However, in this
study, low OM content was not observéambe linked to higher nutrient content or drier conditions.
Observed changes in physical peat properties prayent mounds from being beneficial microsites for

tree growth.

Unlike the moundslpw-lying areas on treated linend both microsites on unteded lineshad
comparablebulk densities an@M contentto natural conditionsMounding has been found to only
alter soil physical properties locally on the created mounds while adjacerllag areas were
unaffected.Created holes were not sampled arkely have altered soil properties but would not be
acceptable sites fawvoodyvegetation growth regardlessf soil conditionglue to being filled with
water. Although physical properties in lelying areas on treated lines were largely unaffected by
moundng, peat wasenrichedin heavier isotopeand had lower C/Nn both mounds and lovying
areaswhen compared to natural area®verall, banges to stable isotopes and C/N ratios further
indicate a decrease in substrate quality on mounds and adjacenlyiog areas. These changes may
represent a poor substrate quality thataynot benefit tree recovery as planned and result in altered

vegehtion communities.

In the incubation studyT Closs was decreasddr the moundsampledikely dueto lower
substrate quality reducing G@®missions. CHlid not vary betweertreated and natural samplekkely
dueto the controlledwater content andxicconditions in the jarsAs samples were incubated in
constant moisture and temperature conditions and wer@ikia a relatively closed system, measured
fluxes are likely not representative of field conditioéith the difficulty of measuring C{and
CH emissions on remote seismic lines, easily measured decomposition indicators could be helpful in
better understanding TC losgndpoint measurements of*Cand C/N ratioshowed potential to be
used as an indicator of futureCloss.More research would be required to determine TC losses on

seismic lines anthe implications of mounding on decomposition rates.
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Chapter 3How mounds are made matters: Seismic linesteration techniques
affect peat physical and chemical properties throughout the peat profile
3.1 Introduction

An estimated345,000km of seismic lines have been created in Alagr¢atlanddor oil and gas
exploration Gtrack et al., 2009 Thesdong, linear disturbances have not returned to tree cover as
initially expected and are now being restored through a method called mounding (Lee & Bou6h, 200
Mounding is the process of digging, inverting, and placing mounds of peat on the linesgateecr
microtopography (Filicetti et al., 2019). Mounding treatments are widely used to promote tree growth
(Lieffers, Caners, & Ge, 2017; Bilod€zauthier et al., 2011, Lafleur et al., 2011; Filicetti et al., 2018;
BilodeauGauthier et al., 2013; Smoland&rHeiskanen, 2007) and this technique has been observed to
increase tree growth and survival by providing drier microsites (Filicetti et al., 2019). Yet, little is known
about how mounding alters the properties of the soil profile, particularly in pedfamhere shifts in
physical properties following disturbance and restoration have been shown to alter ecohydrological
function (McCarter and Price, 2019)his study aims to investigate how various mounding techniques

alter the physical and chemical propérs of thesoilprofile in peatlands

Peatlands are important ecosystems defined by the presence of excess water that slows
decomposition to allow for an accumulation of biomass, or peat, deeper than 40 cm (Vitt, 2006).
Depending on the sources of wat@eatlandsare commonhdivided into bogs and fen¥itt, 2006).
Bogs are peatlands fed only by precipitatighile fens can be fed by streams and groundwa#tétt,
2006).Peatlands can also be classified as swamps, which are défitieel Alberta Wetlad
Classification Systeby fluduating water table leveland having at least 25% woody covEGRD
2015. The differences in hydrology and source of nutrients betweeatlandscause differences in soil

composition, water chemistry, vegetation composition, and carbon cycling (Wu et al., 2012).
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While often successful for promoting tree growth, classic moungtiegeafter referred to as
inverted moundingmethods have drawbacks, especially in peatlafisunding has been observed to
shift vegetation succession trajectories away from the surrounding natural areas (Echiverri, Macdonald,
& Nielsen, 2020). As untreal seismic lines often have recovering vegetation on the trajectory of
restoring natural peatland plant communities, mounding on the line could be more viable if the peat
profile is kept intact instead of inverting the soil and burying recovering vegetafemoving
vegetation further flattens the microtopography, decreases water intake and evapotranspiration,
increases soil compaction, and changes water storage and flow (Dabros et al., 2018). By exposing bare
peat and burying vegetatioimvertedmounding may slow and alter vegetation recovery by resetting

succession.

New mounding treatments have been developed to improve upon the classic method
inverted moundingXu, 2019)The main difference between the new and classic treatments is that the
new treatments do not invert the peat profile. The first new methagdright mounding, follows the
same procedure of digging and placing the mound on the line but without inversion. The second
method, hummaock transfer, moves a natural hummock from the adjaceatland onto the seismic
line. Hummock transfer does not involve digging or inverting the peat but often leaves a small
depression where the hummock was removed. Preserving the peat profile may pavestduce
changes in soil properties and allow for @gering vegetation to survive the mounding treatment, while

hummock transfer moves woody vegetation onto the line.

Invertedmounding impactsurfacepeat properties with unknown implications for vegetation
recovery Chapter 2Davidson et al., 2020). Theving factors of changes in soil properties from
mounding are not well understoodhvertedmounding exposes deeper peat that has different
properties from surface peat but the creation of mounits/ertedor intact, could also alter soil

processes. Smalegrees of disturbance have been found to increase decomposition rates in peatlands
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(Kruger et al., 2015)nvertedmounds are made of more decomposed peat, but it is not well
understood if decomposition is increased on mound# changes in propertiesimplyarisefrom the

exposure of deeper peat that was already more highly decomposed (Davidson et al., 2020).

To determine the degree of peat decomposition, easily measured soil properties such as the
ratio of carbon and nitrogen (C/N), stalfled 2 i 2 LJA O G% ¥INE Buiificat®n/indiees (HI),
bulk density, and organic matter content (OM) are commonly used (Krlger et al., 2015; Drollinger et al.,
2020; Biester et al., 2014; Broder et al., 2012). These decomposition indicators haweresponses
to aerobic and anaerobic decomposition throughout the peat profile due to preferential loss of certain
compounds. C/N ratios are one of the most used indicators of decomposition and have been used to
assess other soil properties' effectivenéssepresenting decomposition (Biester et al., 2014; Broder et
al., 2012). C/N ratios decrease with decompaosition as C is preferentially lost over N (Malmer & Holm,
1984; Biester et al., 2014). The ratio of heavier and lighter isotopes of C and N, yeprés& *Coadd 1
115N, can also be used to show the degree of decomposition in peat (Nadelhoffer & Fry, 1988; Asada,
Warner, & Aravena, 2005). For both C and N, lighter isotopes are decomposed first leaving behind
KSI @A S NJ ‘WNxanhbeinfltescedybother peat processes, such as N cycling, which can result in
the enrichment of the heavier or lighter isotope during decomposition (Hobbie, Macko, & Shugart,
M ¢ o Y3C dless affected by processes other than decompositiod laas often been used rebily as a

decomposition indicator (Biester et al., 2014; Broder et al., 2012; Alewell et al., 2014).

Along with C isotopes, types of C compounds are decomposed at different rates. HI represent
the ratio of easily lost C compounds, carbohydrates, and magalcitrant C compounds, usually
aromatics or aliphatics (Cocozza, et al., 2003; Hodgkins, 2016). HI using aromatics are more commonly
used, as aliphatics can easily be influenced by minerals and clay (Biester et al., 2014; Hodgkins, 2016). Hl
are determired through Fourier Transform Infrared spectroscopy (FTIR) analysis, which can also provide

information on the soil C composition. The area of peaks from FTIR analysis provides the relative
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abundance of C compoundshile the shape can be used to distindulzetween the pH and depths of

samples (Hodgkins, 2016).

Although the mechanism of change in peat properties following mounding is not well
understood,invertedmounding greatly alters peat properties (Davidson et al. 2@tapter 2.
Additionally, whiletree recovery may benefit frorimvertedmounding, general vegetation communities
are shifted from surrounding natural conditions (Echiverri et al., 2020). Chang&rged mounding
methods to keep the peat profile intact and preserve recovering vegetatiay maintain peat
properties more similar to undisturbed conditions and improve restoration success, but this has not yet

been quantified. Therefore, the specific objectives of this chapter were to:

1. Comparehow two different mounding techniques applietd seismic lines in fen peatlandtter
physical and chemical soil propertiasd plant communities
2. Determine if changes in soil propertiage driven by changes svil processes (e.g., enhanced

decomposition) or from the exposure of deep peat

3.2 Study Sites

Two study sitesboth wooded moderateich fenswere selected to compare the different
mounding techniques. The first site, South Clyde 3rd year post mounding (SC3), isvmestasismic
line running through a collection of poor fensloaR y 2 NI K 2F / 2f R [ 1SZ !t o6SNI
MMQOo®ME 20 O0CATdzZNBE odmMOd ¢ KS Ay SinvertedmoBirgli 2 NSR A Y
techniques. Sampling was conducted in two sections of the line during September 2020. Dominant
vegetation atSC3 includeBetula pumilaCarexspp., Equisetunsp., Larix laricinaOxycoccus

microcarpusPicea mariangPolytrichum strictumRhododendron groenlandicyrandSphagnunspp.

The second site, Brazeau, was restored using two new methods of moungdiigjt mounding

and hummock transfer as described below. Brazeau 1st year post mounding (BR1) isveeseast

55



seismic line crossing a poor fen near Brazeau Reservoir, Albertao(82°5H mb b X MMpc OHQ pT

3.1). The sampled BR1 line was created prior to 1982 as observed from satellite images. The line was
restored in March 2019 and sampled during August 2020. The dominant vegetation at BR1 consists of
Picea marianglLarix laicina, Rhododendron groenlandicyr@alixspp, Menyanthes trifoliataVaccinium

oxycoccosSphagnum fuscupandSphagnum magellanicurmt both sites, peat depth was at least 100

cm.

Brazeau South Clyde
1 year after mounding 3 years after mounding
(BR1) (sc3)

Calgary

- — 100 km
T e —

Figure3.1: Map of the two study areas in Albert€anada

The mounding at SC3 was conducted in the classic manner commonly used throughout Alberta.
As described in Filicetti et al. (2019), an excavator with & Autket was used toreate mounds by
digging and inverting the peat onto the line. The resulting mound dwstablished vegetation and
exposed deeper, more decomposed peat or mineral soils (Figure Bl@a)mounding methods were
used atBR1. The firsyprightmounding, wasimilar toinvertedmounding but preserves the soil
profile by not inverting the peatThe mounds do not expose deeperat and keep established
vegetation intac{Figure 3.2b). The second method, hummock transfer, does not involve digging on the
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line. Hummock transfer referto the transfer of natural hummocks off the line to on the fR&gure

3.2c¢). Thisims tointroduce desired vegetation to the line and does not result in created hollows on the
lines(Xu, 2019)Both methods of mounding were done while the ground Wagen,and operators did

not dig below the rotting depth of arouns0 cm to allow regrowth in created holloyBin Xu, NAIT

Centrefor Boreal Researglpersonal communication).

MNatural L
Treated seismic line

area

Water filled

Low-lying
hollow

area

a) Classic mounding

MNatural Matural
Tr ismic lin T ismic lin
area eated seismic line area reated seismic line
7y

Hummaock

Water filled
hollow

Low-lying

area area

) l Low-lying

b) Intact mounding ¢) Hummock transfer

Figure3.2: lllustration ofdifferent mounding techniques used on seismic linesiva@ytedmounding, b) intact mounding, and c)
hummock transferCreated with BioRender.com

3.3 Methods

3.3.1Sampling Methods
At SC3, six cores were collected from each afigrted mounds, 2) adjacent lowying areas on

the lines, and 3pummaocks in thesurrounding natural areas to a total of 18 cores. At BR1, four cores
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were collected from 1) mounds on hummock transfer, 2) moundsmight moundng, 3) adjacent low
lying areas, and 4ummaocks irsurrounding natural areas to a total of 16 cores. Peat s@mpledo

100 cm in depttwith a Russian augevith a diameter of 8.3 crfrom the naturalhummocksand low

lying areas at BR1. Peat was sampled up to 150 cm in depth or until reaching clay from the hummock
transfer andupright mounds and for all cores &C3. All cores were cut into 10 cm intervals in the field
and then frozen and shipped to Waterloo, Ontario for processing. Due to the compressibility of moss,
the top moss layer samples (up to 30 cm in depth) were collected with a knife and sowjitttan

known volume 0662.70 cm. Additionally, vegetation surveys to the functional group level were

conducted in a 1 by 1 m square where each core was sampled.

3.3.2Sample Processing

Upon arriving in Waterloo, Ontario samples wénawed, weighed, drieat 80 °C for 48 hours
or until dry (based on reaching a constant weight), and weighed aBalk.density was calculated using
known volumes of peat and dry weightst SC3, bulk densitiewere analyzed for every 10 cm depth
interval collected. At BRpeat volumes were not measured, and bulk density could not be calculated
from cores samples. Insteadlllk densitywas calculated from other cordkat were taken at the same
time and site bubnly up to 50 cmin depth These cores were only taken framright mounds, low
lying areas, and natural hummocks, no samples from hummock transfer could be used to calculate bulk
densities.Subsamples of 2 g of dried peat for every sample were furtherdulin a muffle furnace at

550°C for 4 hours and then weighed the following day to calculate organic matter (OM) content.

Therest of the dried peat fodepth intervals @0 cm the interface ofthe moundandline
(between 50680 cm), 7680 cm, 96100 cm and the deepest depth intervabllectedwere ground into a
fine powder using a ball milDne milligram of the ground peaamplesvas used to determinéotal

carbon (TCYotal nitrogen (TN), and'¥ >Ni¢ / = ¥ IEX MW Rrough combustion conversion of
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sample material to gas through a 4010 Elemental Analyzer (EA) (Costech Instruments, Italy) coupled to a
Delta Plus XL (Theraténnigan, Germany) continuous flow isotope ratio mass spectrometer (CFIRMS) at

the Environmentalsotope Lab (EIL) at University of Waterloo. Of the ground samples, 1 mg of peat was
weighed out into tin capsuleg SA IKSR 2dzi &l YLX S& Ay GAy Ol LladzZ Sa ¢
x/ SA0GK (GKS I RRAGAZY 2F 2Eédas$ypetdiCRandRgAISNI | £ £/
respectively. The gases passed through a packed column within the EA and separated (by mass) where a
small amount was then directed to the mass spectrometer for measurenstandard quality control

methods were applied by thenzironmental Isotopd.ah resulting in errors ofi ®H:': F 2 Ny R n do:':

T 2 N (see Appendix A for details)

Lastly, further subsamples of the ground peat were used in FTIR andgsiiser Transform
Infrared (FTIR) analysis was conducted inifeerloo Advanced Technology Laboratory (WATLab). For
FTIR analysis, spectra were acquired in absorbance mode between 4500 and’3@&eenumber) at
a resolution of 4 cmhand 128 scans were averaged for each spectrum. A script was used to find the
exaa wavenumber locations of specific peaks and convert them into relative abundances
(https://github.com/shodgkins/FTIRbaselines). Humification indices (HI) were calculated using 1630
cmP Ybands representing aromatics or deprotonated C&a@h as lignin analiphatic or aromatic

carboxylates over 1090 érthands representing carbohydrates (Hodgkins, 2016).

3.3.3Statistics

The statistical program R (R Core Team, 2017) was used for statistical analysis. A sigoificance
h ' nonp ¢ btatisticaeSRShapizoWilk kests and @ normality plots were used to assess
the normality of soil properties. Although overall samples were found to not be normal, groups of
samples (l.e., alhvertedmound cores) were normal. Withe normality of groups coirimed, ANOVAs
were used to test differences peat properties betweemnlifferent coresat each depth as well as

between depths withira core type ANOVASs were also used to test differences between the cover of
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vegetation functional groups betweearores.When differences were significant, Tukey post hoc tests

were used to determine which groupgthin and between sitediffered from each other.

3.4 Results

3.4.1 Bulk density and organic matter content

Bulk densities of peat samples varied greditbtween treatments and depths with a range
of 0.015 to 0.8&/cm? across all sampleg&igure 3.3)The most compacted samples were eithetas
greatest depths or from thewvertedmounds.At 0-10 cmand 1620 cmdepths, theinvertedmounds
were found to be significantly more compacted thahother coreg0-10cm: Fs22= 17.38p <0.00))
(10-20cm: ks 22= 11.6,p <0.001). Bulk densities forransferred hummocksould not be calculateds
the peat volume was not recordedmong 4l other cores, both naturdlummocksand lowlying areas,
and theuprightmounding were found to have similar bulk densities at all depiittbough the mean
bulk density foiinvertedmounds at the 2680 cm was also high, one core significantly incredised
mean to 0.23 g/criwhile the other five cores had an average of 0.11 glchs a result, the 280 cm
depth interval was not statistically higher than the lower deptbeaspite high bulk densities at
shallower depthsinvertedmounds did not vary significantly from other peat coresuaydepth. Bulk
densities ofuprightmounds were also comparable alt depths. Both lowlyingareasand natural
hummocksat the sites hadignificantly higher bulk densityith increasing depth§Appendix BTables

B.1-4).

There was a large range of OM content across all samples from 27.1 to 98.1% (Figure 3.3).
However, the range was greatly skewed with only 13 out of 384 samples havidlgl @ontent below
80%. These samples were all either below 100 cm in depth or from the inverted mounds. With many
samples consisting of high OM, there was no significant difference between the treatments. Similarly,

SC3 cores had no significant trends in @vtent down the peat profile. The inverted moundsiha
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lower OM content at B0 cm thandeeperdepths, but the difference to other cosavas not significant.
At BR1 only, the naturdlummocks low-lying areas, and transferred hummocks had higher OM cdnten

at shallower depths (@0 cm) than altleeperdepths Appendix BTables B&).
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3.4.2 Total C and Bbntent
TC of all samples ranged frat.17to 54.99%However, averages between cores were similar
and therewas nosignificantdifference between thdéreatmentsexcept for the low TC of natural

samples at 114120 cm(FRz 4= 144.7 p = 0.00016)Within cores, TC alseas largely uniform.

TN was more variable between samples and depth than TC, but the range was smaller at 0.50 to
3.04%. At @10 cm and 1€0 cm depths, thénverted mounds were found to have higher TN than the
transferred hummocksadjacent lowlyingareas,and naturahummocksat both sites(0-10 cm:Fs 2s=
6.65,p = 0.0001910-20 cm: k2s5= 7.27,p = 0.00014)Additionally, at the 10-20 cm depth, the lowying
areas at SC3 also had more TN than the naturaimocksand lowlying areas at BR1. As with the C/N
ratios, the transferred hummocks had more TN than the upright mounding at tH&050(n depth
interval (2= 29.13p =0.033). The decrease in TN at 11120 cm depth for the SC3 natural samples
was only significantly lower than thevertedmounds (k2= 8.02,p = 0.036). For all cores e
invertedmounds, TNncreased withdepth until 3640 cm.Below 40 cm, SC3 corkad constant TN

while BR1 cores decreased with depthppendix BTables B-3.3).

Between all sample£;/N ratios ranged frori4.38 to 119.5@Figure 3.4)At 0-10 cm, the low
lying areasandinverted moundsat SCZadlower C/N ratioghan both naturahummocks low-lying
areas aBR1, andransferredhummockqFs 2s= 12.29p <0.001). Similarly, lowlying areas at SC3 and
invertedmounds had lower C/N ratios at 4D cm than SC3 naturablmmocksand BR1 lowying areas
(Fs,25=5.18,p = 0.0014)Invertedmound<X/N ratios at 120 cm were also lower than SC3 Hying
areas.Although theupright mounding had a lower C/N than the other BR1 cores-Bd @nd 1620 cm,
this difference was nagignificant At 5060 cm depth, theéransferred hummocks had lower C/N

ratios than upright mounding andnvertedmounding(F.17=12.1,p < 0.00).
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Hummock transferypright mounding, lowlying areas, and naturtllummocksall had
decreasing C/N ratios at depth whilevertedmounding did not significantly change along the
profile (Appendix BTables B.149). The decrease at depth was rapid untitaDcm forBR1and 3040
cm forSC3SC3Xores were then mostly uniform at greater depths while BiRe1cores increased slightly

although this was only significant for tlw@right mounds.
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Figure3.4: Profiles ofC/N, TN, and TC at depth for a) SC3, and b)\BRén present, error bars represent one standard
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3.4.3Peat chemial properties

1N was found tarange from-5.94 to 3.22 (Figure 3.5)For all cores except fanverted
moundingt >N becomes heavier rapidly until 8D cm.! i {'Naemains constant at lower depths
g KAt S Nibecomes ighter again. Tivevertedmounding cores do not vary at depfAppendix

B, Tables B.2@5). When comparing across core types, dt@®cm, 1°N was found to vary between
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cores(Fs 2s= 30.62p < 0.001) SC3 naturahummockshad the most negativ@lightest)4 1°N while
invertedmounds had the most positiygaeaviest) °N followed by SC3 lolying areas. Transferred
hummocksuprightmounds, andBR1 naturahummocksand lowlying areas were in the middle and
were all comparala to each others N of the naturahummocls at SC3 were still tHayhtestat 10-20
cm but the difference was only significant compared to SC3yow areasinvertedmounds, and
upright mounds. Theénvertedmounds at 120 cm were also still theeavestbut the difference was
only significant when compared tbe naturalhummocksand lowlying areas aBRl1andtransferred
hummockgFs 2s= 10.05p < 0.00). At the 3640 cm and 14450 cm depths, the°N of the
SCaaturalhummocls waslighter than the low-lying areasat both sites(Fs 24= 3.765p = 0.0088) (F =

10.82,p = 0.0040).

Thees I & | NBE I (A O3 8f-3408 106 € ONIY ISCKFIAMNE odpOd Ly
KFIR (KS Sbr@hc&esierpforinveNli SR Y 2 ¢#6/Hedoyied Beavier rapidly until
20-30 cm and then remains constamfpendix BTables B.280). AtO0m 1 O Y £C di ikvSrted
mounds was significantly heavier than the adjacent-lging areas at SC3s(= 3.38,p=0.012). ALC-
Hn OY £C di ikvBrted mounds was heavier than the BRZXlgng areas and SC3 natural
hummocls. The SC3 naturalimmocls were also lighter than the BR1 natunaimmocksand lowlying

areas (k2s=6.21p = 0.00043).
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range depth of the interface ¢fie mound tothe ground surface.

variation in HI at depth below 50 cm, so we focus comparisons here on peat shallower than this depth as
this is also the part of the profile most affected by mounding activitese profiles shoed different

patterns across sites and treatmer{@&ppendix B, Tables B-3B). At SC3pw-lyingareasand natural

The HI of all saplesfell within therange from0.026 to 0.5Figure 3.6). There was a lot of
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hummocksncreased slightly with depth undio cm where lower depths had variable Hl.for nverted
moundswere higher than other coresnd did not changéhroughout 340 cm depthsCores at BR1
showed asharp increase in HI fromID cm to 1620 cm depthsNatural and lowlying cores then
sharply decreased back tel® cm values at 280 cm while intact mounds artdansferred hummocks
did not change or slightly increasedt 0-10 cm, the HI of thévertedmounds was higher than

the transferred hummocksand both naturahummocksand lowlying areagFs,2s= 4.21p = 0.0039) At
10-20 cm,the upright mounds had a higher HI than the natuneimmocksand lowlying areas a6C3.
Thecores atSChad a lower HI than the naturaummocksand lowlying areas aBRl1andtransferred
hummockqFs 25= 9.46,p < 0.00). At 20-30 cm, thetransferred hummockandupright mounds had a

higher HI than the lowyingareasand naturalhummocksat BR1(Fs 10= 4.76,p = 0.0040).
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Figure3.6: Profiles of mmification indces(absorbance at wavenumbers 1630/1090y a) SC3, and b) BRXhen present, error
bars represent one standard erréoints without errors bars did not have a large enough sample size to calihdatandard
error. Grey bars show the range depth of thierface ofthe mound tothe ground surface.

Figure 3.7 shows the shape of thmmatic compoundsabsorbanceeak from FTIR

analysisThe middle large peak was used in ttaculationof HI and representthe absorbance of
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lignin, other aromatics, and deprotonated C@@matic/aliphatic carboxylate3he small peak on the

right of the middle peak represents the organic acids (protonated COOH) such as carboxylic acids and
aromatic esters. As shown in tfiest two panel columns of Figure 3.7, this acid peads reducedr not
present forinvertedmounds and SC3 Ielying areador depth intervals €10 and 1620 cm. The acids

peak disappears for all depth intervals below 20 cm. The last two panel columns show that the peaks do

not change with depth once below 20 cm.
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Figure3.7: FTIR absorbance of aromatics between wavenumbers 1400 and 1650 for a) SC3, and b) BR1.
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3.4.4 Vegetation surveys
Table 3.1 shows the vegetation cover of each treatment to the functional group
level. Transferred hummocks and natural hummocks haignificantlyhigher shrub cover than SC3
(Fs.65= 5.81,p < 0.001)Lowlying areas at SC3 had higher graminoid cover than all mounding treatments
and naturalhummocksat SC3Fs,es= 3.84 p = 0.0025)All typeswithin asite were comparable while
SC3 had lower forb cover than BRds¢(E 10.09p < 0.001). Thénvertedmounds had the lowest moss
cover. Lowlying areas at SC3 also had lower moss cover than ndtunainocks BR1 mounding
treatments and lowlying areagFsss= 37.97 p < 0.001). BR1 Iodying areas had higher open water
cover than all other core (k5= 5.63 p < 0.001)Invertedmounds had higher bare ground cover

thanall other coreqdFs65= 13.66p < 0.001).

Table3.1: Average prcent cover of vegetation functional grafordifferent mounding techniques. Different letters indicate
statistical differences in percent cover of functional groups between treatmBmstmentswith the same letteindicateno
statistical differences.

Shrubs Graminoid  Forbs Moss Open water Bare ground
SC3
Natural 119+2.% 4.4+3.12 28+0.8 100+ 07 0x0? 0x0?
Low 86125 30+12.3 25+0.8 46.6+10.88 13+1.3 0x0?
Inverted 38+1.4° 7.6x2.7 3.5+0.9 159+7.% 0x0? 48.1+13.9
BR1
Natural 269+5.9 11.1+4.2 10.6+ 2.4 10007 0.6+0.6° 1.5x1.7
Low 21.5+3. 7% 22+3.6° 19+2.7 96+4.(7 23.7+9.8 0.2+0.2

Upright 195+2. 2% 103+2.12 141+1.8 963+1.9 1.6x0.6° 29+1.¢
Transfer 307+5.2 63+1.7 15.4+2.3 92+4.8 0x0? 0x0?

3.5 Discussion

The comparison of the two study sites may be influenced by time since mounding as BR1 was
sampled 1 year after restoration while SC3 was sampled 3 years after restoration. In the comparison,

BR1 may be at a disadvantage as the highest degree of disturbanute be expected to occur right
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after mounding treatments. However, a comparison of surface soil properties 2 and 3 years after
mounding at SC (data not shown) indicate few changes over the year. By-testg) soil properties

were largely found to bsimilar between SC2 and SC3 samples. The greatest changes were observed at
the low-lying areas where TN increased on average from 11.34 to 18.24 mg/g (t B.4271 ®nACr H 0 ©
averages on mounds became lighter fraq@6.74tocH T ®c n :': ps=id.(B4) and dapusals

hummocls became heavier from30.89tocH y ®n ¢ :': po=iD.044). DifféreneeE over time should

not be substantial enough to prevent the comparison of the two mounding techniques. To address
differences in sites, mounding techniques wearimarily compared to their corresponding surrounding

natural conditions.

3.5.1Substrate Quality

Bulk densities and OM were similar across-lgiwgareasand naturalhummocks This suggests
the soil properties on lowying areas were able to recover from the disturbance of seismic line creation
and that mounding likely resulted avery localized disturbance on the mounds. A lack of compaction
and no loss of OM content on saiic lines conflicts with previous research (Davidson et al., 2020; Lovitt
et al., 2018; Dabros et al., 2018; Lee & Boutin, 2006) but matches the previous sampling at the two
study sites. Although SC3 is not accessible for public use, a common causenaf ke¢ disturbance
(Dabros et al., 2018), BR1 is easily accessible by road and is situated on crown land. Snowmobiles are
known to frequent the site in the winter. As summer traffic is less frequent, heavy snow may serve to
protect the peat from compaabn and degradation. Without further disturbance, compacted peat has
been shown to recover naturally within 15 years after disturbance (Lepilin et al., 2019). SC3 and BR1
seismic lines are all at least 34 years old, at the time of sampling, allowing fgryears opeat

volume recovery.
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Recently made moundsould not have recovered from the disturbance caused during the
restoration actionsinvertedmounding was found to have a significantly higher bulk density than all
other cores at the €0 and 1620 depth intervalsBulk densities could not be calculated the
hummock transfer treatmentThehigh bulk densities of thewvertedmounds would have various
impacts relating to hydrology, gas exchange, structure stability, and micaarahunities. The
major structural impaciof higher bulk densities is a decrease in macroporosity. Lower macroporosity
results in increased water ret¢éion and unsaturated hydraulic conductivity and decreased gas
exchange (Frey et al., 2009; Gauthier, McCarter, & Price, 2018). These changes cause the peat to
become waterlogged and anoxighichinhibitsthe growth and survival of both microbial and
vegdation communities (Frey et aR009;Kozlowski, 1999). The structural changes are also linked to
peat collapsing following excavation, which has been found to be an issue with mounding in peatlands
(Kool, Buurman, & HoekmaRQ06;Filicetti et al., 2019 ieffers, Caners, & Ge, 201Whileinverted
mounds were heavily compactedpright mounding bulk densities were comparable to natural
conditions.The unaffected bulk densities of thgprightmounding likely provide an advantage in

vegetation recovery ahmound persistence over thavertedmounding.

Theinvertedmounding method also resulted in significantly lower OM content, wipléght
mounding and hummock transfer had similar OM to natimahmocksand lowlying areas. The
preservation of OM and nes cover ompright mounds and transferred hummocks may also be
advantageous as it reflects the preservation of the moss layer and less decomposed peat. Moss cover
oninvertedmounds was 16% compared to 96%ummight mounds and 92% on transferred hummocks
While the exposure of mineral soil and removal of the moss layer has been found to increase seedling
growth (Lafleur et al., 2011b), small disturbances of the moss layer without exposing mineral soil have
also been found to increase seedling growth @uaflet al., 2011a). Seedling growth was increased after

gently disturbing the moss layer as a result of increased nutrient availability and reduced competitive
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shrub cover (Lafleur et al., 2011&)prightmounding may result in a similar disturbance akafieur et

al. (2011a) as the shrub and graminoid cover was decreased (Table 3.1). Transferred hummocks did not
show a decrease in shrub cover but did show a reduction in the graminoid cover. Decreasing the shrub
and graminoid cover can promote traarvival andgrowth by removing competition (Nelson & Jobidon,
2011; BilodeatGauthier et al., 2011). The disturbanceupfight mounding may be sufficient in

promoting tree growth without large changes in substrate quality from the exposure of mineral soils

anddeeper peat, but further research dhe growth of trees on the mounds is needed to evaluate this.

In the two aforementioned studies of exposed mineral soil and only lightly disturbed moss
carpets, the increases in seedling growtére attributed to comparablylower C/N ratios due to an
increase in N, specifically MHLafleur et al., 2011a; Lafleur et al., 201 Mhile available and foliar
nutrients were not measured in this study, lower C/N ratios driven by increases in TN were observed for
both invertedand uprightmounds at 820 cm depth (Figure 3.4¢Changes in thenvertedmounds were
greater than theupright mounds where C/N ratios were not statistically significantly lower than low
lying areasLower C/N ratios can promote tree growth, bobtlow C/N ratiosith C
limitations negatively affecvegetation growth and survivayailability of nutrients, and microbial

activity (Asada, Warner, & Schiff, 2005).

Previous studies on logged peatlands would suggest that seismic lindsavejowerC/N
ratios fromloss ofDOC due to floodedonditions and leaching (Trettin et al., 2011; Kim et al., 2014).
While this was not observed to occas TCwasconstant between treatments and depths (Figure 3.4),
the quality of the T@vas likely affected=TR analysis of peat showed how the abundance of different C
compounds changed between and within cor@shigher Hiepresents a higher degree of
decomposition as carbohydrates are preferentially lost (Cocozza, et al., 2003; Broder et al., 2012;
Biester etal., 2014; Hodgkins, 201d)he HFor the top 40 cm of peatvas highest fomverted

moundsshowing a reduction in labile carbohydrates and an increase in recalcitrant aromatic
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compoundsUprightmounds and transferred hummocksly had elevated HI fothe 2030 cm depths,
otherwise, all cores at BR1 were comparable at shallower deptlagldition to HI, the shape of the

FTIR absorbance can be used to assess substrate quihktynerging of aromatic peaks seen for

the invertedmounds and lowying areass indicative of the loss @asily decomposed compounds

during aerobic decomposition (Cocozza, et2003).Althoughinvertedmoundsdid notloseTC,

inverting the peat profile likely increases the amount of recalcitrant C compounds and decreases labile
C compounddncreases in recalcitrant C compounds have been observed to lower substrate quality by

limiting microbial and plant growth and survi@lsada, Warner, & Schiff, 2005).

Isotopic data further indicates reduced substrate quality onithertedmounds. **Cand
1N can be use@sdecomposition indicatoras lighter isotopes are preferentially lost during
decomposition(Biester et al., 2014; Broder et al., 2042¥C in theinvertedmound cores was heavier
in the top 30 cnbut the difference was not statisticalggnificant4 N was also constant with depth
for the invertedmounds.Constant *Cl- y* RN at depthcan result from moderate disturbaneehile
intensive disturbance haseen shown to cause surfac&Cl y RN to be heavier than lower depths
(Kruger et al., 2015l other cores became heavietith depth untilaround 30 cnbelow
which1 3CI y" RN became constanthis is consistent with other studies‘@$CIl- y" RN should
become heavier as decomposition proceeds through the peat profile lontédr depths where
decomposition stops or is greatly reduced (Biester et al., 2014; Broder et al.,RQb@r et al., 2015).
As withbulk density and OM, stable isotopes wenmdy impacted bynverted mounding whileupright

mounding and hummock transfer maintained natural conditions.

3.5.2Decomposition
The shift of labile to recalcitrant OM and lighter to heavier stable isotopes on mounds could be
from the exposure of deepemore decomposed peat or as a result of increased decomposition rates

resultingin soil disturbance during mounding activitiéeatlands are characterized by low
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decomposition ratesinder anoxiconditions(Limpens et al., 2008). At both BR1 &34 1°Cl y" R°N !

show an aerobic zone in the topaD cmwhere decomposition rates could be increased by shifting

from slower anaerobic to aerobic decompositionwaterd I G dzNJ G S R BCasSd: BiNwbutiRe& = 1
expected to be constant at depth withitle decomposition and fractionation occurring (Krtiger et al.,

2015; Drollingerkuzyakov, & Glatzel, 2019). Anaerobic decompositidfénriched lignin can result

Ay fABMEGOENIL RSO2YLRAAGAZ2Y NIXrGSa 1B 2FGSy G222 af2
(Drollinger,Kuzyakov, & Glatzel, 201Stable isotopes were not found to be constant with depth within

the coresln the top layers of peat, isotopes become steadily heavier then remain constant at depths

below 2030 cm. This suggests aerobic decompositsmtcurringin the top 620cm.

TN trends support a zone of aerobic decomposition in the t@0 @m of peatTheinverted
mounds and lowying areas were found to have higher TN than the natbuahmocls up to 60 cm but
the increase in TN was only sijgant in the top 20 cmUprightmounding also had slightly higher TN
than other cores in the top 20 cm. As with the stable isotop@éjs normally constant in peatlands due
to anoxicconditions from waterlogged peat (Kuhry & Vitt, 1996). HoweVbr carincrease during
decomposition due to inputs from microbe litter after microbial N immobilizatidialmer & Holm,

1984; Damman, 1988Consistent with the stable isotope data, the increase in TN suggests aerobic

decomposition is occurring in at least thegpt20 cm.

In addition to watersaturated conditions, decomposition in peatlands is slowgdts inhibition
by organic acids (ROQ) produced bySphagnun(Mellegardet al., 2009)FTIR analysis showed
adecrease in organic acids for the top 20 cnineertedmounds. The disappearance or decrease in the
acids peak is representative of deep peat samples or a higher pH closer to neutral (Hodgkins et al.,
2018). An increase in phll decrease the organic acid pelagcause CO@ transformed to COOH
(Gordar et al.,2005; Hodgkins, 2016\long with transforming organic acids, a reduction in acidit to

pH above 5.5 decreas&phagnuncover (Vitt, 2006), which will redua@gganic acidgroduction.
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Mounds may be able to support higher rates of decompaosivith aerobic conditions and
decreases in organic acid® determine if decomposition rates were increased on mounds,
decomposition indicatorsf the mound peat were compared to deeper peat. If peat on the mounds
matches conditions in deeper peat, ctygs in soil properties would be from tlegposure of deeper
peat and not increased decomposition rat&alk density and OM content showed a clear threshold for
invertedmounding. At the beginning of the mound interface, 40 cm below the surface, both bulk
density and OM content returned to natural values. As the highest bulk densityvientedmounds
was at 30 cm depths, further compaction would have occurred on mounds beyond that caused by
exposure of deep peat alone. Despite not being statisticajlyifstant due to high variability between
cores, there was also a potential loss of OM content on the mounds. The average OM content for the
top 30 cm of the mounds was 84.2% while the 30 cm below the mounds had an average of 90.6%. The
loss in OM contensuggests a loss of OM to decomposition in addition to mechanical compaction of the

mounds.

Unlike bulk density and OM, C/N ratios wéoeer on both mounds and adjacent lalying
areas.The lower C/N ratios dbw-lying areas at SC3 and uprightmoundsindicate further changes to
peat properties past the exposure of deeper peat and mineral sdils.top layers of peat in lolying
areas anduprightmounds would consist of younger peat that should reflect high C/N ratio litter inputs
from vegetation (Maher & Holm, 1984, Biester et al., 201@)N ratios decreasas decomposition
occurs (Malmer & Holm, 1984), which suggests that decomposition rates may be inciealseth
mounds and lowying areasDirect measurements of litter decomposition, litteipints, and soil
respiration are needed toetter quantify changes in C cycling and decomposition rates following

seismic line disturbance and restoration by mounding.
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3.6 Conclusios and Implications for Restoration

Out of the three mounding treatments evaluatetie classic method dfivertedmounds
showed the most differences in peat properties to the natimainmocls. The inversion of the peat
profile introduced significant bare ground cover and greatly reducedsmoserInvertedmounds had
higher bulk densities, lower OM, heavier stable isotopes, more recalcitrant C compounds, and lower C/N
ratios, which all indicate lower substrate quality. The high bulk densities dfitleeted mounds may
have further implicaibns for hydrological conditions resulting in more waterlogged and anoxic
microsites instead of the desired drier and aerated microsites that are beneficial for tree establishment

and growth.

Mounds may be able to support higher rates of decompositidhénpresence of aerobic
conditions indicated by trends in stable isotopes andIfiertedmounds specifically also showed
decreases in decompositienhibiting organic acids. Evidence from changes in peat properties along
depth profiles ofinvertedmoundssuppors an increase in decomposition in response to mounding. Bulk
density and OMndicateda higher degree of decomposition in the top layers of peat in the mound than
deeper layers below the mound, indicating that changes were greater than those erdeat the
inversion of the peat profile alon&his suggests that inverted mounding may increase decompaosition.
At SC3, C/N ratios were lower for both mounds andliging areas where there was no exposure of
deeper peat which indicates increased decoosgition may beoccurringthroughout the line ananay

not beisolated to mounds

The other two treatments showed minimal changes to peat propediedoth mounds and
low-lying areasTransferred hummocks showed no differences from natural hummocks wgrilght
mounding had slightly lower C/N ratios. While lower C/N ratios are indicative of disturbance and lower

substrate quality, lower C/N may be beneficial for tree growth with potentially higheraNability
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Vegetation communities on the two uprightounding techniques reflected the lack of changes in soil
properties andhe preservation of plants during mounding. Functional group cover omughnight
mounds and transferred hummocks were similar to natural hummocks, unlikeveeted mounds.
Additionally, theuprightmounds did have a decrease in graminoid and shrub datimay be
important in promoting tree growth by lessening competition. The soil properties and vegetation
communities of the different mounding treatments suggest tbhptight moundsand hummock transfer
may provide additional benefits tine whole ecosystem recovery over tireverted mounds.Although
more research will be required on long term effects of restoration such as tree growth and survival,

inline mounding and hummock tnafer techniques showed advantages over inverted mounding.
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Chapter 4Summary and Conclusions

Unrestored seismic lines crossing peatlands havedaching consequences such as declines in
native conifers and caribou populations and loss of importasto€agefunction. Current methods of
mounding have resulted in significant changes to soil properties and vegetation communities and yield
unreliable restoration succeds peatlands Understanding these changes from classic, inverted
mounding and compartthem to new, upright mounding and hummock transfer has important

implications forongoingseismic line restoration.

The main goal of mounding is to provide drier, more aerated microsites for tree growth.
However, the results from this study suggest mdsimay not be reaching this goal. Invertedunds
had higher VWC than natural conditions anerewcomparable tcsurrounding lowlying areas and
untreated seismic line Further potential benefits of mounding to vegetation recovery include improved
nutrient availability linked to lower organic matter content from the mixing of mineral soils. While
nutrient availability was not measured in this studywér OMon the moundswvas not linked to higher
nutrient content. Additionallythe significantiyheavier istopes and lower C/N ratiosn the mounds
indicate lower substrate quality.ower substrate quality was supported by the incubation study where
TC loss was reduced on mounds when temperature and moisteretveld constantThe lower TC loss
on the moundsn the incubation study may not be reflected in field conditions where environmental
variables are not held constant. To determine TC losses on remote seismic lines, endpoint
measurements of easily measuredilt *Cand C/N ratiogould replace or support traditional C flux
measurementsMore researclis required to quantify TC loss and assess the effectiveness of
soil+ 3Cand C/N ratiogo estimate TC loss in the fiel@verall the inversion of the peat profile resulted
in highbare ground cover, low moss cover, higher bulk densities, lower OM, heavier stable isotopes,
more recalcitrant C compounds, and lower C/N raffeigure 4.1)The changes on inverted mounds are
indicative of lower substrate quality and may be reducing Y&tiEn recovery.
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Figure4.1: Summary ofhe effects oflifferent mounding techniquesn soil properties and vegetation communiti€yeated
with BioRender.com

The exposure of deeper, modeecomposed peat on inverted mounds may not be the only driver
of altered soil properties. Soil profiles suggest that inverted mounds may be impacted by increased
decomposition rates. Trends in stable isotopompositiorand TN at depth indicate the pressmof an
aerobic zone at the peat surface despite measured high VWC. Soil chemistry on inverted mounds may
further support increased decomposition rates as FTIR analysis showed a decrease in decomposition
inhibiting organic acids. Soil profiles also showet soil properties of inverted moundsere indicative
of more decomposedonditionsthan deeper peat previously at the same depth.

In addition to localized effects on created mounawgrted mounding impacted adjacent lew
lying areas on the seismicdis. Specifically, lolying areas had heavier isotopes and lower C/N ratios
than natural conditions and unrestored seismic lines despite the lack of exposdeeper peat and
mineral soils. These changes to soil properinel®w-lying areasuggest that increased decomposition
rates may not be isolated to mounds and increase throughout the restored seismicOvesill,

inverted mounding was observed to result in lower substrate quality not only on mounds but also on
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