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Abstract

Over 500,000 oil and gas wells have been drilled in Alberta. Rgagrdated peatland
restoration criteria for welfbads creates incentive for peatland restoration, but little is known
about functional outcomes of restoration methods. A valued primary function of peatlands is
slower decomposition than production ratesutiéng in peat and carbon accumulation and net
neutral or negative greenhouse gas balance. Three restoration techniques on an abandoned well
pad near Peace River, Alberta were measured for carbon dioxidgd@®Dmethane (CH
emissions during three gming seasons in 2012016 (MaySept, inclusive), 2} years post
restoration. Net primary production (NPP), biomass and decay rates were also measured in the
fourth year postestoration. The peat replacement treatments (PRT) and restoration methods
included burying the minergbad layer underneath the peat layer (clay), burying the mineral
layers with some mixing with peat (mixed), and removing the mineral fill layer completely
(peat). Seasonal measurements showed some variation between PRTs from yadotangan
gross ecosystem production and ecosystem respiration, while net ecosystem exchange and CH
fluxes were similar between all PRTs in all years, water table position (WT), soil temperature
and vegetation cover explained variation in2@changewhile WT explained some variation
in CHs flux. All PRTs increasingly developed peatland vegetation cover by the third year and
had CQ and CH fluxes comparable to the reference sites, despite having significantly different
WT position to reference sitels.is likely, however that the reference results were-non
representative of the ecosystem level as the similarity infl@Qes would likely not exist if not

for the absence of tree photosynthesis captured in plot scale understane@€irements.

Decompaition, biomass and NPP also did not differ significantly between PRTs. When

compared to natural sites, NPP and biomass, were lower on the restoration site, likely due to the



lack of tree establishment to date. Water table and soil temperature did raah @apiation in

NPP, or decomposition rates on site; however, ion supply rates (Al, Ca, Cu, Fe, K, Mg, Mn,

NOs, NHs, P, S, Zn) were correlated to both in some cases. Overall, it is likely that the remnant
mineral layer on the site altered peat chemisthich was seen in abnormally high base cation
supply rates. The high ionic availability combined with significantly shallower WT may explain
greater decomposition rates compared to reference sites. It is expected that carbon cycling is not
restored to thatf natural peatlands, as supported by NPP and decay rates different from
literature, as well as the drastically different site chemistry. All PRTs are recommended for
future restorations as they do show promise for restoring peatland ecosystem funoti@vey,

more research is needed to assess differences in PRTs carbon cycling and peat accumulation in
restored peatland. Longer term restoration research should be continued until similar rates are
found as on natural peatlands. Future research showlyénsingle PRTs per weflad for CQ,

CHa, litter decomposition and production rates and incorporate the overstory carbon gas

exchange of treed natural references.
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Preface

This thesis is presented in manuscript style. Both manuscripts were written with the intent of
publication with the potential authorshipraf/self, Maria Strack, Bin Xu and Melanie Bird. |

was primarily responsible for all data analysis and writing in both manuscripts as well as
conducting the field work used to produce the results. For the first manuscript the in field data
collection from D14 and 2015 for greenhouse gas (GHG) fluxes were collected as part of an
ongoing monitoring program on the site. | expanded the sampling program in the 2016 season
adding an additional replicate for GHG fluxes in targeted treatments. For the secondripahusc
made all measurements of biomass, net primary production and decomposition rates including all
field and laboratory sample collection and processing.



Chapter 1: Literature review and objective
1.0 Introduction

The insitu oil sands production industry has impacted over 800 km? of land in A{berta
Vitt et al., 2011; Pasher et al., 2Q01B-situ mining is the term used for bitumen extraction
methods deeper than 75 m underground (such as Cyclic Steam Stmartat Steam Assisted
Gravity Drainagelsed to extract oil sangdatcamot be retrieved through opgit mining.
Attempts at peatland restoration in thesahds industry have mainly been focused on open pit
mining (e.g. Borkenhagen and Cooper, 2016; Ketcheson et al., 2016; Nwaath2€16, rather

than insitu mining. Disturbance caused by the placement of mineral laygsabruring well

pad construction is not well studied despite
Enhancement Act (EPEA) that requires disturbe

capabilityd (Al ber t-pad@stuvbancepediardodcyrs pantadlyrin . We |

Alberta, which has a relatively dry, continental cite, but still stores 48 Pg of carbon &3)
peat(Wind-Mulder and Vitt, 200Q)

The presence of a mineral layer poses a unique obstacle tpadgileatland restoration,
setting it apart from other disturbance types.-A h thick layer of mineral fill (wetpad) is
placed over the peat during the process itim 0il sands extiionto allow access to the
production wells and drilling. Restoration methods aimed at returning the ecosystem function,
disturbed by compaction of the wglhd, have included thmartial removal of the welbad(Vitt
et al., 2011; Shunina, 2014Additionally, species establishment has been successfuliyatecl
following partial pad removal by the application of the moss layer transfer technique (MLTT;
Gauthier et al., 201@s well as the transplanting of minerotrophic and woody species
(Mowbray, 2010 Vitt et al., 2011 Shunina, 2014)There are currently no plished studies on

the effect of welpad restoration oatmospherigerrestrialC exchange or peat accumulation.



This goal of this study is to evaluate ecasys functions related to €&change on a restored

peatland on a former oil sands wpdd.

1.21 Peatland carbon cycle

Peatlands are a globally import&®s i nk, st oring approxi mately
total soilC (Gorham 1991; Turunen et al. 2002). Peatlands in North America are defined as
having at least 40 cm of partialdecomposed orgammatter, or peatGlaser, 1987; Vitt, 2013
Peatlands supplied with water from the surrounding area, which increases mineral inputs, are
termed minerotrophic or fens, while bogs receive only water inputs from precipitation, causing
ombrotrophic conditins (DuReitz, 1954). The majority of peat in a peatland is normally stored
in the anoxic, permanently waterlogged catotelm. The catotelm increases in sizeantdnt
when the lowermost section of the overlying acrotelm eventually becomes saturatet\dy the
yearround (Ingram, 1978). The main way tl@aéenters peatland systems is through litter inputs
from plants. Vegetation takes gprbon dioxide©O;) from the atmosphere and fixes it to the
plant material. This process of photosynthesis is fueled ¢hglapendent on the energy from the
sun. The remainin@ not used for photosynthesis forms the plant structure, with most 6f the
making up the belowground biomass of the plant (Saarinen, 1996). After the plathalies

majority of itsC is deposited astter on the surfacef, and within, the acrotelm.

1.2.1 Controls on Cg&exchange

Carbon dioxide uptake by plants is otherwise referred to as Gross Ecosystem Production
(GEP). The contribution of bothutotrophic (plant) and heterotrophic (microbragpiration

from plant roots and soil microorganisms to atmospherigi€known as Ecosystem



Respiration (ERClymo, 1984). Environmental conditions suchsag and aitemperaturgand
water tablegposition (WT) are strong controls on the Net Ecosysteah&xge (NEE), the

balance between GEP and EERermino and Wraith,, 2003; Peichel et al., 2014; Strachdn et a
2015. Soil temperatures colder or warmer than an optimal range limit GEP of vegetation
(Germino and Wraith, 2003; Harley et al. 1989). Likewise, GEP is decreased by high and low
WT positions (Peichl et al. 2014). Ecosystem respiration can be stimnglplled by WT

during dry conditiongBubier et al., 2003)ut has been found to be more dependent on sall
temperaturavith higher rates under warmer conalits (Updegraff et al., 2001; Lafleur et al.,

2005.

1.2.2 Controls o organic matterdecomposition

Decomposition in peatlands refers to the partial mineralization of organic material by
consumer organisms intx@, CG and inorganic nutrients, primarily by bacteria and fungi
(Wieder and Vitt, 2006)The decomposition process alloeagbon andhutrients to cycle in the
ecosystem. The key defining characteristic of peatldeslsvithin the balance of their
production and decomposition rates. Accumulation of @edtorganic mattas dependent on
the annuahet primary productio (NPP) exceeding the decomposition (&kmo, 1984)
resulting in organic matter accumulation. In general, conditions required for slow decomposition
(e.g. low nutrient concentrationsighWT position) are in opposition with high productivity.
Slow decompsition is, however, often considered a more important factor than high
productivity for peat accumulatiogiven the overall low productivity of peatlanfSlymo, 1965;
Rochefort et al., 1990however, several paleoecology studies have suggestedRRaisN

more important than decomposititor determining longerm peat accumulation (Charman et

3



al., 2013) High WT positions create anoxic conditions, slowing decompos{t@ymo, 1965)
More acidic soil conditions are also associated with lower rates of decomp@aitlbams et
al., 2000) Low temperatures are likely the most important variable affectiteg rof organic
matter loss when moisture and oxygen availability do not limit decompositionBateson et
al., 1981)

Nutrient status influences decomposition processes depending W tpesition and
redox potential. Anoxic conditions cause reduction of terminal electron acceptor wherein several
ions and compounds becom®re mobile such as such as manganesé*{\Mnd ferrous iron
(FE"). Following these reactions, hydrogen sulfideSH and methane (GMHare produced
(Rydin and Jeglum, 2013)ith decomposition rates slowest under the most reducing conditions.
The nutrient content of litter also affects decompaositates as plants with high C/N ratios
decompose more quickly (Malmer and Nihlgadt88Q. Phosphorus (P) concentration is also
positively correlated to decomposition rates afamic material (Taylor, 1940%ubstrate quality
can also affect decompositianith lipids, crystalline cellulose and aromatic polymers having
higher resistance to decomposition (Bohlin et al. 198%nolic acids irSphagnunspeciesand
lignin in treesmake them the slowesi decompose in peatlan(Rydin & Jeglum, 2013).

Sedge®n the other hand, decompose more quickly (Thormann, 2001).

1.2.3 Controls on methane exchange

Methane production or methanogenesis occurs when organic matter is decomposed under
highly reducing conditions and is controlled by a variety of factors inwudlVT, temperaire,
terminal electron acceptor availabiligoil C quality, root exudates, plant type and salinity

(Bridgham et al., 2013). Thwoductionof methanas a process carried out by heterotrophic

4



microbes that us€ as an electron donor ftiieir metabolism and are therefore dependent on soil

C quality (Yavitt and Lang, 1990; Updegraff et al., 1995). Complex polymers degraded by

microbial exoenzymes become further degraded by fermenting bacteria (Drake et al., 2009)
followed by a secondarfgrmentation to produce the end products of fermentation: acetate or H

and CQ. In the final stage of methanogenesis, acetoclastic and hydrogenotrophic methenogens

use the acetate ortdnd CQ to produce methane (GHwith C as their terminal electron

aaceptor (TEA) (Bridgham, 2013). The fermentation end products can also be metabolised by
microbial groupsusingnor gani ¢ TEAs (Megoni gal et al ., 20
to use fermentation end product sabiiyethusnds on t
supressing Ckproduction until the most favorable TEAs are consumed first. Greater

temperatures can also increases@tixes by controlling methanogenesis pathways and

methanogen community structure (Rooné&rga et al., 2007).

In waterloggd soils of peatlandpredominantlyhe catotelm, the incomplete
decomposition of organic matter createssCFhe methane that is not stored or oxidized can be
emitted to the atmosphefierolking et al., 2011)it is estimated by the Intergovernmental Panel
on Climate Change (IPCC) that ¢l4 28 times more effective as a greenhouse gas thaaiCO
trapping heatri the atmosphere over a 19€ar timescale (IPCC, 2013). TWET position
explains the greatest amount of variation ok@Hni s si ons due t o met hanoge
oxygen, causing them to only occur in anoxic zones (Williams and Crawford, 1984). When CH
passes through the peat profile it can be oxidized by methanotrophic bacteria, being converted to
COz (Anthony, 1986). Methanotrophic bacteria are dependent both on oxygen ane€§iHting
in methane oxidation most often occurring just above the tr@am&etween the oxic and anoxic

zones (Segers, 1998). Methane can bypass the oxic zones of a peat profile, however, through



ebullition or through the aerenchymous tissues of specialized plants Bridgham, 2013).
Aerenchyma can also allow plantsc@use riaosphericoxidation bychannelling oxygeto CHs

in theanoxic zone (Bridgham, 2013).

Methane flux increases with plant photosynthetic activity; observed in a study where CH
release decreased after plantso Iydheticarea wer e b
(Whiting and Chanton, 1993jurther, there is a positive correlation between the rate of CO
uptake and Ckemission on sites dominateg sedges (Waddington et,d996). Senesced
plant litter in the soil provides substrate to derive th@glex organic polymers used for
methanogenesis. Root exudates from plants are believed to then fuel fasb@dttion,

enhancing peat decomposition (King et al., 2002).

1.3 Peatland restoration

Peat is used for many commiatqurposes (e.g. horticultal growing mediunand fuel)
because of its hig@ content and water holding capacity, and often for agricultural use (CSPMA,
2017a,b). Following the majority of these disturbances the peatland is drained and most of the
acrotelm is normally removed. Themaining layer exposed on the peatland, which was
previously the catotelm, is comprised of much smaller pores and more decomposed peat, causing
a reduced watestorage capacity, lower saturated hydraulic conductivity and higher-water
retention capacity (MCarter and Price, 2013). In other words, although the peat can retain a high
amount of water, the stored water availabl e t
transmit water is lower. Consequently, these conditions result in a much WéEplerring the
growing season with more variability overall (Shantz and P#8686§. Thecapillary flow

forcingwaterup from greater deptidoes not meet evaporative demands at the pdatsur



decreasingoil moisture angoil-water pressure (Price aldhitehead, 2001)These

hydrological changes are especially detriment&gbagnuntand peatland mosses in general),
which cannot withstand extended dry periods. A minimungater pressure in the cutover peat
is required foiSphagnunsurvival becausedbow this level it can no longer generate the capillary
forces needed to extract moisture from the cutover surface (Price and Whitehead, 2001).
Restoring hydrological function pedtsturbance is a crucial step towards restoration for both
Sphagnunsurvivd and peatland function on a whole. In peatland ecosystems where all
vegetation as well as the seedbank is removed, The North American Approachfes used
restoration, consistingf the Moss Layer Transfer Technique (MLTT), followed by fertilization
(Quinty and Rochefort, 2003J his restoration method has proven to becaessful strategy for
cutover peatland&.g.Rochefort and Lode, 2008yaddington et al., 2010; Gonzalez and
Rochefort, 2014)There is a bodgf research on a variety of disturbances to peatlands such as
flooding, drainage for agriculture, forestry, and peat harvesting fires (e.g. Turetsky et al.,

2002; however, research of peatland restoration on former oitpeelt is limited.

1.4 Stug Site

The study site is an experimentatBstored welpad on an industrialigisturbed fen in
Northern Alberta, located northeast of the town of Peace River (56.397°N, 116.890° W). The
decommissioned wepad, which was never drilled, underwent thregaetion peat
replacement treatments (PRT) in November of 2011 in order to restore hydrological functionality
and peataccumulating characteristics (Figl). For real industry applications of weibad
restoration, the drilling of welbad would likely ause additional impactkat are not addressed

in this study butvould need to be considered for restoratfeor. instance,dllowing well-head



removal, the holes created from drilling would need to be fdledlany hydrocarbon

contamination would have tme removed

Figure 1-1 Well-padafter peat replacement treatment
(http://www.nait.ca/70709.htm).

During earthwork treatments (described in Sobze et al., 2012), careful attention was

given to ensure water flow between the connection of the edge of the uesdyered peat and

the surrounding natural peatland. All earthwork treatmentduaddhe removal of the mineral

well-pad, followed by a peat replacemémiatment (PRT)The peat PRT consisted of the

complete removal of the wetlad and underlying geotextile layer. The peat PRT was replicated

on three sections of the site. On sectiohthe site where peat depth was less than 60 cm,
excavators were used for oO6fluffingd of nthe pe
of the surrounding landscapghe clay and mixed PRTs were performed in strips-4i3 by

110 m on sdmns of the site where the target elevation could not be reached after fluffing.

Instead a mineral layer composed of the ypealll material was placed underneath the peat layer



in order to achieve a peat depth of 40 cm and target elevation. AtEppraess was used to

invert the clay and peat layers in the clay PRT (FB).1

1. The clay wellpad and gedextile was completely removed from the strip and used either
to refill a borrow pit or fill an adjacent treatment.

2. Peat was removed and placed on gaaaht strip for later use. Temporary markers were
used to keep track of clay and peat depth

3. Clay was replaced back into the cavity from an adjacent strip

4. Peat from the adjacent strip is replaced on top of the clay and lightly compressed to meet

target ekvation.

Before Inversion

After Inversion

Figure 1-2 Clay PRT earthwork treatment process
Sobze et al.. 2012.



In order to simplify and reduce time and cost for this lengthy process, a third PRT was used.
The mixed PRT involved using an excavator to lift both the clay and peat layer, and flip it into an
adjacent excavated strip of the site. However, breglie gedextile layer without mixing the
clay from the wellpad and the peat layer was difficult to achieve and most often not successful.
Once all earthwork was completed, the entire surface of the study site consisted of a bare peat

substrag (Figurel-1).

In July 2012, the site was revegetated using the MLTT \uitbet nearby donor sites on
cutlinesfor accessibility. An Argo (amphibious d@krrain vehicle) with a rototiller attachment
was used to remove and fragment the top 10 cm of the moss atatipetonor sites. After
stockpiling to dry the material and reduce transport weight, a helicopter transported the
collected material to the site. A manure spreader pulled by an Argo was used to distribute the
material at a 1:10 ratio of moss to baret@eal to apply straw mulch afterwards. In East to West
strips, the donor sites used were dominateégpinagnunspp. andCarex aquatiligsouthmost
section),Tomenthypnum niter@dCarex magellanicdmiddle section), anBolytrichum
strictum Sphagnunspp andCalamagrostis canadengisid-northmost section). One section of
the site did not undergo MLTT and another did not undergo straw mulch application as controls.
Finally, a150 kg/ha ofock phosphate fertilizef0-3-0) (Quinty and Rochefort, 2003yas

applied across the entire site in order to prorRatlytrichummoss growth.

1.5 Research objectives

Since natural peatlands aesinks, restoration of well sites contributes to reducing

greenhouse gases (GHG) in the atmosphere. Additionallypadllestoration is mandatdxy

10



the Government of Alberta (Alberta Environment, 2086cording to EPEA, disturbed lands

ar e r e q urecaindd abhdoetumed tofan equivalent capability, which is the ability of the
land to support various land uses aftemservation and reclamation is similar to the ability that
existed prior to an activity being conducted on the land, but that the individual land uses will not
necessar il yAlbbra Envibement2017)a Thé most appropriate restoration method
for the purposes of ecosystem function and GHG cycling similar to natural peatlands is
unknown. It is known that with the replacement of peat level to the surrounding landscape,
followed by planting or diaspore dispersion, peatland vegetation will rege(@euthier et al.,
2017; Mowbray, 2010; Vitt et al., 2011 owever, it is unknowndw these actions affect gas
fluxes and whether they will be compamlb reference sites. It is also unknown whether-peat
accumulating functions, such as net primary production and decomposition rates, will become

restored.

Therefore, the objectives of this study are to:

1. Quantify and compare G@nd CH fluxes of PRTg0 each other and to natural

reference peatland,

2. Quantify and compare plant biomass, net primary productivity and litter decomposition
rates of PRTs to each other and to natural reference peatlands, and

3. Provide recommendations for restoration oflwads in Alberta.

1.6 General Approach

This thesis is composed of two manuscripts which evaluate peat replacement treatments

necessary for restoration of peatlands after-p&tl use. Both manuscripts were written with the
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intent of publication. The fitsmanuscript identified the differences of C gas fluxes between
PRTs and compared them to reference peatlands. The second manuscript identified the
differences of overall productivity and speegsecific decomposition between PRTs and
compared them to &tature. | was primarily responsible for all data analysis and writing in both
manuscripts as well as conducting the field work used to produce the results. Field data
collection from 2014 and 2015 for GHG fluxes were collected as part of an ongoingnmgnito
program on the site. | expanded the sampling program in the 2016 season adding arakdditio
replicate for C gafluxes in targeted treatments. | also made all measurements of biomass, NPP
and decomposition rates including all field and laboratorypgacollection and processing.
Together these manuscripts present the first complimentary C gas flux, plant production and

litter decomposition study of peatland restoration on a former oil sandpackl|
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2.0 Carbon gas fluxes after o#lwell pad restoration to peatland

2.1 Introduction

In-situ oil sands production has covered over 800 kmz2 of peatland in Alpéttat al.,
2011;Pasheretal.,2013) Al bertadés Environment al Protectio
requires disturbed Il amd tanbecrapabol edyHo meq
the land can support sifar activitythatexisted prior to the disturbance, but not necessarily
identical (equivalent landapability; Alberta Environment, 20L7As peatlands were not
included as #&and type in the 2010 Reclamation Criteria for Well Sites, their land type beuld
changed to forested, grassland or cultivated, leading many to be restored to upland (Alberta
Environment 2@0). However, as there is now wellsite specific reclamation criteria for peatlands
(Alberta Environment, 2017)The boreal forest region, wheraioh of the oil and gas
exploration and development has occurred in Canada, covers over half of Alberta and is
dominated by peatlands, which can coveilB0% of the land arg@&orham, 1991; Wieder and
Vitt, 2006). Northern peatlands account for over half of the total peatlan@ stdlck, a glbally
significant amount o€ (Page et al., 2011 oisel et al., 2014). Thi€ storage results from taking
it up more CQthrough gross ecosystem production (GEP) than is released.dbrGayh

ecosystem respiration (ER), as methanes@Has weerborneC.

Infrastructure associated with the oil sandsito extraction such as access roads,
seismic lines, power linggpelinesand weltpadshave had serious impacts on wetlands in
northern Alberta (Turchenek, 1990; Forest, 2001). Aypatl madef mineral fill, often over
1.5 m thick and 4 hectares in size, must be placed eriin extraction sites to provide a solid

foundaton (Graf, 2009) This practice causes major disturbance when placed on top of peatlands
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due to the compaction of underlying peat, and causes a hydrological disconnect from the

surrounding area due to the elevation of the (@Gxdf, 2009)

Due to ambiguity and overlap between the terms reclamation and restoration, the two
terms are summarized as follows. Reclamation means to convertthdaiheis been rendered no
longer valuable into a condition that is productive for human purposes, e.g. agri@lawell
and Aronson, 2013)The term is, however, sometimes used for the creation of wetlands in
industrial context for the purposes of water storageGacgedits andrading, as is the case with
the Government of Alberta who describes reclamation objectives in the long terr@ to be
sequestration, water storageffiltration and wildlifbitet (Alberta Environment, 20).7Similar
to the understanding of reclamati@lewell and Aronson, (2013, p.20&scribe restoration of
naturalca i t al as Athe replenishment of-teméamam al c a;
welkbei ng and ecosystem health. o Al though it is
this study satisfies the definitions of both terms reclamation atwraéen, the term restoration
wi || be used -esmabiishrmheot ag alpeatlasd, incuding Mt T& which aligns
closely with the North American peatland restoration method descril#ettiersen et al.

(2013)

While there has been little research on the restoration ofpaek to peatlandthere has
been a large amount of research on restoration following other industrial peesttenslich as
for peat extraction and agricultufe.g., Lamers et al., 2014; Waddington et al., 20TRis
research has shown that a practiabed the Moss Layer Transfer Technique (MLTT) can lower
CO: fluxes and can return restored peatlandS sinks (e.g. Waddington et al., 2010; Strack et
al., 2014), although rates 6fexchange may remain dissimilar to undisturbed sites apléast

15years postestorationasobserved in a study by Strack et al. (20th@x measurec peatland
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up to 15 years after restoratiorhe MLTT involves blocking drainage ditches, spreading
diaspores (plant propagules) from donor peatlands, covering the ithrestraw mulch, andften

fertilization with rock phosphate

Overall, the main finding fromestoration studies of peatlands on walbs is that
lowering the elevated pad to the surrounding water level and revegetating sites using
minerotrophic communidis is a viable restoration stratd@authier et al., 2017; Shunina, 2014;
Vitt et al., 2011) In another study, a restored wplid was found to be a significantly greater

sink of NEE CO; thannatual plots which were sources of @(Btrack efal., 2016).

The net CQexchange of peatlands has been found to react strongly to environmental
conditions, such as temperature &d (Strachan et al., 201®eichel et al., 2014; Germino and
Wraith, 2003) and these factors can thus help in understanding the effects of disturbance, and
restoration orC cycling ofrestored peatlands on wglads. Suboptimal and supraoptimal soil
temperatures have both been shown to reduce GEP of vegelttdibey(et al. 1989Germino
andWraith, 2003. Similarly, both shallow ahdeepWT position haveébeen linked to a decrease
in GEP (Peichl et al. 2014). WhilWT position has also been correlated to [BElRdegraff et al.,
2001) most notably during dry seasqiubier et al., 2003)ER has largely been found to be
more dependent on soil temperat(lopdegraff et al., 2001; Lafleur et al., 2Q0®/ater table
levels that are too low also promote upland weedy species growth, while too high promotes
invasion of marsh plants suchBghaspp. (cattails)outconpeting native species
(Govermment of Alberta, 2017). Therefora)d level of 28 cm should be reached for
restoration, as recommended by the Government of Alberta (2017), with amctizdtion no

greater than 30 cms high fluctuations promotes decomifios. Despite the reality of
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environmental conditions changing from year to year, there are no studies ti@ekinlgange

following well-pad restoration over more than one growing season.

In this study, three experimental wekhd removal strategies veeundertakeon a welt
pad situated witim aforestedfen with the intention of restorinQ gas balance similar to
undisturbed reference sites. The objectives of this study were to: 1) quantifg@lietseasonal
CO, and CH exchange and compare betweanious wellpad restoration treatments and natural
reference sites two to four years pasttoration, and 2) determine how moss and vascular plant
cover, soil temperature, aNdT position influence C®and CH fluxes, and how these controls
vary betweemestored and reference sites. It is hypothesizedXfawvill be furtherbelow the
surface a the restored wefpad, resulting in greater coverv@scular than nemascular
vegetation as well as higheg than the reference sites. It is predicted thatths i t e 6 sC contr o
exchange will become more similar to reference peatlands over time c@ugiisgexchange to
decrease in amount Gfemitted but will remain significantly different from undisturbed

peatlands four year peststoration.

2.2 Studyiges and design

A decommissioned, newlrilled well-pad in Northern Alberta, located nowlast of the
town of Peace River (56.397°N, 116.890° W) underwent experimental restoration via several
peat replacement treatme(®RT) in November 2011. At leash 4m of peat was replaced as
part of all restoration methods on sections of the 1.4 hapadl(Fig. 21). All treatments were
leveled to 10 cm below adjacent hollows, either by placing mineral soil fill from thepae||

under peat or through peat-dempaction, with the idea that further expansion of the peat
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following restoration would result in surface level similar to the adjacent undisturbed fen. Using
an excavator, the mineral wglhd and peat layer were individually excavated in two treatments.
Only the peat layer was replaced in feat PRT{peat) following decompaction. In the second
treatment, the pad was detached from its underlying geotextile layer, then a portion replaced
under the peat to achieve the desired elevation (clay). In an attemptease efficiency of

labour, a third treatment involved flipping the clay and peat layer in one magiting in

some mixing of the clay and geotextile layer with the peat at variable depths (mixed).

Collar
Mixed PRT
Peat PRT

Clay PRT

Brown moss
dominated
revegetdaon
Sphagnum
dominated
revegetation

Figure 2-1 Site map of restored peatland following we#ld replacement
treatments (PRT) and revegetation treatments (Google Earth, 2017).
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All PRTs measured in this stueyere systeratically revegetated following the MLTT
(Quinty and Rochefort, 200®ith phosphorus fertilization, using diaspores collected from two
nearby peatland donor sites. The material collected from a donor site dominated in brown moss
was spread over the south end of the site, and material collected from a donor site dominated in
Sphagnunmoss was spread over the middle section of theButi. donor sites had species
other than their dominant vegetatiédditionally, the middle of the site was revegetated with
material collected from a donor site dominate®atytrichummosse$ut was not included in

the present study.

«Sphagnju
naf eld mi naft ed
revegefyrevege

Br own
domi

Figure 2-2 Restored welpad vegetation in 2016. Columns show vetigtiaat collars
at each peat replacement treatment (PRT) and

revegetation treatments.
Two reference sites on natural peatlands were chosen (natural) for compébsti

hummocks and hollowdn 2014 and 2015, six plots were measured in a reference site roughly
50 meters north east of the welldpan a treed fen. Directly south of the well pad a reference site
in a poor treed fen was chosen and measured in Z0i®e plots were placed on every
combination of revegetation apéat replacement treatmemth an additiona(Figure 22)

replicate aded for the 2016 field season for a total of 24 collars in Z0% and 30 in 2016
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All collars were measured for G@nd CH from May to Septembesvery 1 to 2 weeks. Here we
focus on evaluating the PRTs and group measurements from the revegetanoentea
togetherWe tested for an effect of different donor sites on differences in vegetation cover and
COr exchange but no differences were found. Therefamaparison of the twoevegeation

treatmentsvere notfocused on in this study in order to rewrscopevsiy

2.3 Methods
2.3.1 Carbon Exchange

Using the closed chamber technique,-@0xes were measured in a 60 cm x 60 cm x 30
cm chamber using a portable infrared gas analyzer (BGN? Systems, Massachusetts, USA)
every other wdeat random times Ieen 9 a.m. and 4 p.nChambers were placed on 60 cm x
60 cm collars installed at each plot that had a groove that was filled with water to create a gas
tight seal. A fan located inside the chamber powered by a battery was used to mix the air in the
headpace. The change of concentration ob@Qhe chamber over 1 minute and 45 seconds,
recorded every 15 seconds indicated the that was calculated from the linear change in
concentration over timé'he CQ concentration measured was corrected fovtteme of the
chamber and ambient temperatures, measured with a thermocouple. Photosynthetically active
radiation (PAR) was measured using a sensor located in the chamber. A series of shades was
used to alter PAR and measurements repeated, with an opagueaised tdlock all PAR for
the measurement etosystem respiration (ER). Net ecosystem exchange flux measurements of

PAR>800pmol mi? s were used to calcale GEP (NEE minugR) under full light conditions.
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Negative CQ measurements indicated anake ofC by the peatland, while positive

measurements indicated a release of ©@he atmosphere.

Methane was measured in a similar manner teliL®with opaquereflectivechambers
to keep temperatures from getting too highe headspace was extratfeom the chamber at 7,
15, 25 and 35 minutes after closure using a syringe. Each 20 mL gas sample was transferred into
pre-evacuated exetainer (Labco Ltd., UK) and analyzed on a gas chromatograph (Shimadzu
GC2014) equipped with a flame ionization detecfanbient gas samples were also taken (used
as time 0 min) and used to determines@hx (mg CH, m?2 d?) from linear change in
concentration over time. Concentration changes over the closure time below the range of
precision of the GC were consideredaéoncentration changes < 10% of the first value).-Non
linear and erratic changeséinoncentr ati on and wer eb55ittsanf omi t t e

value <0.8 resulting in a loss of <20% of data (Murray et al., 017

2.3.3 Environmental conditions

Water tableposition (WT) and soil temperature were measured at each collar éachg
CO; flux measurement. Manual measurements were tdikgng all chamber flux measurements
of WT position in a well installed adjacent to each plot and soil temperats)rat(3 cm
(thermocouple). Vascular and nwascular vegetation cover was estiethvisually during a
vegetation survey conducted on all of the collars in August of 2014 and 204€l] as late July
of 2015. Soilsamplesat 2 cm depth, roughly 100 émwere collectedy hand,jn a grid pattern
over the site, foutimes over the 201&nd 2016 growing seasof slurry ofone parsoil and

three partsleionized water was made from each sarapk measured for pH and electric
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conductivity (EC) (Thermo Scientific Orion pH meter and Orion Versa Star Advanced
Electrochemistry meter). Samphsre collected from the natural reference site for pH and EC

in 2016 only.

Soil temperature and PAR on thige were measured at 1 haotervals from June
September and logged on a Decagon Devices EM50 logger by a GS3 soil probe and PYR probe,
respedwely, placed in the centre of the welad. The PAR data from the loggeaswegressed
with the sensor used during flux measurements to calibrate with the PAR recorded in the
chambers. Soil temperature used for.@@ance modeling of the natural site visa$ measured,;
soil temperature measured on pgeat PRTwas regressed with manual measurements recorded

at the natural site to generate a H#atirly temperature record for the natural site.

2.3.2 CQ balance modelling

Theseasonal GERr each PRin 2016 (May to October)as calculated according to
the equation byrhornley & Johnson, 1990).

006 0O'YD "O0 & dw
U T e e i ) 5 ’ [ N
LOYU OU 0 Www

whereQ is the quantum efficiency and represents the slope of the rectangular hyperbola, and
GPmax is a theorett maximum rate of GEP and represents the asymptote of the hyperbola.
Ecosystem respiration was calculated according to an equatibayty and Lloyd (1994)

where Rref is the CQelease (g fd?) from respiration at the natural site temperature Tref

(283.5 K), EO is the activation energy (K), TO is the tempegaitren biological activity ceases
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(237.48 K) and T is the temperature during the measurements at 5 cm depth during the

measurement.

oY Yi QU
Net ecosystem exchange was calculated by adding modelled GEHRahktbdel errors
were calculated according &alkinson et al., (2011)ased on differences between modeled and
observed NEE values. Seasonals@hhissions were calculated by multiplying the mean CH
emission per treatment per day by the number of days in the growing season alongdatid sta

error.

2.3.4 Data analysis

All statistical analyses were conducted using R software (Version 2.6.1; R Development
Core Team 2006All data was tested for normal distribution using quargi@ntile plots and
histogramsTo evaluate controls o@ fluxes, the nime package (Pinheiro et al. 2011) was used
to perform linear mixed effects modelling with plot as a random factor to account for repeated
measures. The best model for GEP, NEE, ER angv@id chosen by means of a method similar
to stepwise sektion. Starting at complicated models involving all fixed factors anenay
interactions (WT, 3, Year and PRT), the factor with the highest,samnificant pvalues were
removed for the new model. This process was repeated until no interaction deansipaificant
p-value.Only significant main effects and interaction terms were included in resitiisthe
exception of nossignificant fixed effects that must remain in the model if they are part of a
significant interaction ternSignificance was idicated by a fvalue < 0.05 with the exception of

when more than one treatment was considered in which it was adjusted for number of treatments
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using the Bonferroni correctiolthe amount of variance described by each modef@sRM,

as defined by Nakagan& Schielzeth (2013) was determined using the package MuMIn (Barton
2015). Tukeyd6s HSD was us eatnd WTdetweenmsipedypes. Plant aovere s |,
was measured one time at the end of the season and was thereiiockidet in a regression

with collar means of observed NEE.

2.4 Results
2.4.1 General site conditions

Seasonal temperature from June to September at the site was slightly warmer in 2014
than 2015 and 2016 (15.1, 13.6 and 13.4 °C). The yearsZliBlare the second, third and
fourth year following restoration and will hereafter be referred to this Wénae long term 30
year normafrom a weather station located in Peace River from 1981 to 2010 showed a mean
temperature of 13.8 °C and mean precipitation of 214.4 mm (EnvironmentadumN
Resources, 2015) for the same JurSeptember period. On the site, durthgfirst study year
total precipitation was much low#ran the normabut increased annually (87.1, 141.4 and 182.6
mm). WT position varied between years as well as tnegits, becoming closer to the surface
and more consiseht across the site in the foustkar than in previous years (Table 1). In all
years, th&VT position at the natural site was significantly closer to the surface than any PRT
(Table 1). In the seconahd third year, the mixed WTogition was significantly further from the
surfacethan the clay angeat PRT. In the fourth year, med was only significantly further
from the surfacéhan clay. Peat and clay PRTs were always statistically similar; hoveger,

WT in thepeat PRTwas always slightly shallower than clay (Table 1).
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Table 2-1 Average (standard error). Different letters indicate statistical significance. Electrical conductivity and

pH were measured 2 cm below the surface.

Year post . o 1 Vascular Moss
reclamation Site WT (cm) T5(°C) EC (pScm™) pH plant cover (%)
cover (%0)

Clay -15.5(1.6)a 18.9 (0.5) 17(4)a 12(3)a

Year Mixed -23.8(2.1)D 19.9 (0.8) 8(3)a 8(3)a
Peat -17.4(1.8)a 18.1 (0.5) 16(3)a 6(2)a
Natural -8.0(0.9) c 15.2 (1.0) - 42(2)b 93(2)b

Clay -30.0(44)a 21.2(1.1)a 1515.0(1022.8)b 6.4(1.2) 84 (100 9(1)

Year 3 Mixed -41.52.4)b 22.8(0.9)a 1596.4(522.00b 6.5(1.5) 47 (15)  8(1)
Peat -32.1(23)a  224(09a 8914(701.7)a 6.4(1.5) 63(14) 12(3)

Natural -14.8(1.0)c  17.3(1.0)b - - - -

Clay -74(1.00a 14.0(0.7)a 346.3(703.2) 5.6(0.6) 73(8)a 45(7)

Year 4 Mixed -12.1(1.4)b 149(0.8)a 626.6(462.7) 5.6(0.6) 53(1)a 35(7)
Peat -9.8(1.6) ab 145(0.8)a 384.1(271.2) 5.5(0.6) 59(®a 39(14)

Natural -19(1.0) ¢ 10.1(1.2)b 170.6 (315) 5.8(0.9) 42 (6)b 98 (2)

The mean pH of all three PRTs fell between 6.3 and 6.5 in the third year (Table 1). In the

fourth year, the pH dropped on the restored site to fall between 5.5 and 5.8, sithi&anatural
site at 5.5. Standard deviation of pH was +0.6 for all PRTs an@OtBe natural site in the

fourth year. In the thirgear, standard deviation was 1.5 for mixed pedt PRE and +£1.2 for
clay. Average EC on the restored pad in the théar was 1515.0 + 1022.8, 1596 522.0 and
891.4 +701.7 uSm, respectively for clay, mixed armmbat PRE. Thepeat PRThad

significantly lower EC than mixed amthy PR& despite a high standard deviation (Table 1). In
the fourth year, overall the E@h the site was lower across all treatments (Taldlg Zhe EC at
the naural site was 170 pS + 318 cm?, considerably lower than on the restored wpeltl, but

not significantly lower due to the high standard deviation at the natural site.

Vascular egetation cover generally increased from year three to four (Tablard
was not collected in the third year at the natural site. In the second year, the natural site had a

significantly greater vascular plant cover than all restoration treatmentsy paar four the
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cover on the restored site increased enough to surpass the natural site and was no longer
significantly different. Norvascular vegetation (bryophyte) cover was significantly higher at the
natural site than on the restored site for alky€@able 1). Total moss cover on the restored site
was similar among treatments and below 20% in the second and third year, increasing to over

30% in the fourth year.

2.4.2 Carbon dioxide exchange

In general, both the restored and natural site toalregter amounts of net G@ the
fourth year han in the second year (Fig32 Between treatments, the rates of ER, GEP and
NEE were similar in all years except in the fourth year whemilked PRTtook up
significantly more CQ(Fig. 2-3). The ER rangd from 1.3- 16.2 g COm'2d'ton the PRTs and
between 0.3 69.4 g CQm' 2 d'! on the natural site between the second and fourth year.
Ecosystem respiration was similar between PRTs and natural sites, emitting slightlydéss CO
the fourth year thanrpvious years. In the third year, the clay aedt PRE took up
significantly more C@as NEE than the natural site, while in the fourth year the NEE was
similar at all locations. Net ecosystem exchange ranged-88i 9.3 CQ@m'2d on the
PRTs andetween35.1 and 30.0 g COn'2d'* on the natural site between the second and
fourth year (greater negative indicating greatep €§i8k). Both clay angheat PR§ took up
significantly less C@as GEP than theixed PRTand natural sites (mean-df6.9,-12.1,-35.9
and-28.7 g CQm'2d'?, respectively) . In the fourth year, despite there being more vascular
vegetation, the rate that the site took up@@s lower than in the premiss year (Table-2 and

Fig. 23).
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Figure 2-3 Comparison of seasonal mean GEP, ER and NEE between restoration types
reference sites for-2 years post restoration. Different letters indicate significant difference
between site types within he respective year. No letters indicates ificaigrdifference.

Table 2-2 Seasonal C model fluxes of 2016 (g m?)

ER GEP NEE CH,
Clay 487.28 £32.32 -442.75 £51.34 44.54 £14.34 8.32 £2.82
Mixed 500.91 £31.50 -427.18 +47.96 73.73 +£89.82 14.31 £7.05
Peat 461.39 £32.02 -409.92 £50.57 51.47 £379.83 19.25 £5.64
Natural  457.11 £21.30 -402.89 +47.62 54.23 £21.31 6.13 £2.82

The results of the seasonal géalane modelled in the fourth year showed that the
restored and natural sites were both net sources o{TaDle 22). The natural site and peat
PRT had the most similar ER, GEP and NEE, (457402.89, 54.23 g C thand461.39 -
409.92,51.47 g C rf) with slightly higher NEE than thelay PRT(44.54 g of C rif). The
highest NEE was at the mixed PRT (73.73 g of €,mhich had similar rates of GER1R7.18
g miZ C n?) but higher ER than the clay apdat PR, as well as the natural site (500.91 g T m

2). Among all treatments, the seasonal predicted GEP varied more than ER.
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2.4.3 Methane flux

The rate of CkHemissions was higher, but not significantly different, on the restored site
than in natural sites for all three years, and was simiteong treatmas (Fig. 24). Overall,
CHas emissions dropped from the second year to fourth year. The lowest seasonal estimate was at
the natural site (6.13 g Cfpfollowed by the clay (8.32 g C#), mixed (14.31 g C rf) and

peat (19.25 g C i) treatments.

Year2 Year 3 Year 4

P=1
=
L

CH, (mg m™d™)

tn

=
f

=N

Cllay' I'-.-1ixle-j Pa:at Natlural Cllay' I'-.-1ixle-j Pa:at Natlural Cllay' I'-.-1ixl-3-j Pa:at Natlural
Site type
Figure 2-4 Comparison of methane fluxes between reclamation states
the third, fourth and fifth growing seasons post reclamation.

2.4.4Controls on rate of C&and CH, exchange

There was a negative correlation between & as NEE and vascular vegetation cover
for all years (i.e., higher vegetation cover resulted in greateu@take; Fig. &5). The rate of
COr uptake increased aftdra second year. In the fourth year, despite there being more vascular
vegetation, the rate that the site took up@@s lower than in the previous year wigiss
vegetation cover (Fig.-3, 2-5).
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Figure 2-5 Regression of NEE and vascular vegetation cove
from third, fourth and fifth yeapost reclamation. Regression

eguations are A) Year 2: y(:):.9278x+9.1242,2r:0.65, B) Year

3: y=2.4437x+21.7123770.71, C) Year 4: y=
1.9275x+31.677.

Using a linear mixed effects model with the fixed effexft8VT, Ts, year and PRT,
results varied between GEP, ER, NEE and CHble 23). The fixed effect of site type
(restored vs. natural) was initially included in the model; however, since there were no
significantdifferences between the restored site matdiral sitesonly the restored site was
included in subsequent modelling. On both the restored and natural stesl, d significant
positive effect on ER. At only the restored site there was a significantwlageteraction with
PRT-WT-Year as welbs a significant interaction of PRTs with WT angs€parately. At the
restored site, the mixed PRT had high&\Eith increasing temperatures. The ER was also
higher at mixedvhenWT position was closer to the surface. This relationship occurrad at
significantly lower rate thaat clay andpeat PRE. From the second to fourth year, the PRT type

influenced the effect oNT position on ER. Thenixed PRTemitted significantly less C{at
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WT position closer to the surface in the second year thaotlleePRTs while the peat PRT
emitted significantly more in the third year. In the fourth year, however, there veagniftccant

difference in the WIER relationships between the PRTSs.

Table 2-3 Statistical results of linear mixed effects models on restored well-pad

Cu;]llll;lxlent Effect F pralue  R? GLMM
FET Fy33=280 0.0736 0.33
T; Fpagp=3144 <0001
WT Fi 442=103%9 04444
Year F; 447=3355 0.0295
- PETzWT Fy 447=287 0.058
PRT =z T; F; 447=795 0.0004
PET x Year Fq4470=224 0.0636
WT x Year F; 447 =033 05884
Yearx PET s WT Fy 447=3155 0.0073
Intercept F1 442=0235 0.5561
FET Fy10=437 00275 0.38
T; Fp 33z =063.04 <0001
GEP WT F133z=2084 {.I:I'l}Fl'l
Year Fi 33:=393 0.0134
Yearx PET F3 335 =437 0.0134
Intercept Fy 33p=501 0.0135
FET Fy33=230 01138 0.36
T; F1 455=8476 <0001
NEE WT Fi 455=33.14 < 0001
Year F1 435=16.89 <0001
T;xPRT Fy 455=897 00002
Intercept F1 455=1601 <0001
Year F1 226=20357 <0001 034
CH, WT Fi115=3576 <0001
WT x Year F1,126=30357 <0001
Intercept F1 226=3047 <0001

Restoration state was included in Ime but not included in this table as it was not
statistically significant

On the restored sitesTWT and the PRATs interaction were all signifant factors
explaining variation in NEE. Theaixed PRTemitted CQ with increasing temperature at a

significantly lower rate than at the clay goelt PRE. Water tablgosition furthebelow the
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ground surface resulted in more £€nitted. Neither WT nofs on their own were significant
factors for NEE at the natural site but the interaction between the two was. At WT positions
further below the surface more €®as emitted with increasing temperatures, whereas at

positions closer to the surface, less®@s emitted with increasing temperatures.

WT position and had a significapositive effect, and shegative on GEIh the restored
site plots. The year also had a significant effect on uptake and this interacted \RRiTth€lay
and peat PRT uptaked CO, decreased over the yearghile mixed PRTuptake was much
greater in the fourth year than the second year. At the natural site,somég @ significant

factor with greate€O, uptake at higher temperatures.

The fixed effects WT and year were includednodels to evaluate variation in GH
fluxes on the restored and natural site, with separate models for each site type. Both WT and year
were significant factors explaining variation in £¢inissions on the restored site. At the natural
sites, year wase only significant factoexplaining variation in Cklflux (Table 23). This

result is confounded; however, due to a different location of natural site from year three to four.

2.5 Discussion
In the second to fourth year, @@nd CH flux was quantifed on three different wepad
to peatland restoration treatmentsl@ompared to a natursite. All restoration treatments
(PRTSs) reestablished vegetation dominated by sedges, increasing both vascular vegetation cover
and productivity with time. We obseed no significant difference in tli2gas exchange
between the thregeat replacement treatmentsed. Similar tdWetlands Suppleme@iPCC,

2014)and in contrast to Strack et 2016) most restoration treatments had statistically similar
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CO: fluxes to those from a natural site. T$a@me was true for GiH CHs flux at the natural site
was lower but not statistical different between PRTs and nattealisiany year of study. In
contrast, Strack et al. (201@®ported highe€Hs emissiongrom natural sites compared to

restored peattads.

Under full light conditions, mean GEP across all years ranged-ft6rto-25 g CQm' 2
d'%, falling within the lower halbf the range of those observed in another restored boreal
peatland, also restored using the MLTT (arotBitb-50 g CQm'? d' %; Strack et al., 2014)The
mean NEE for the clay, mixed apdat PRE was-9 to-14 CQm'? d' %, again in the lower range
of those observed Ifytrack et b (2014) The CH flux during the sampling season ranged from
9.4 and 150.0 mg CHn'2d'!, spanning less than half the lower range of those seen at wet and

dry restoredites from Stracketa. 2014) (1 1. 77 saddih).394. 68 mg CH

WT postion was significantly deepett the natural site than the restored site in every
year, with theexception of thelay PRTbeing similar to the natural site in the fourth year only.
The remnant clay material likely prevented water from percolating to the peat below it in the
fourth year, which had more precipitation than the previous two years.ilarspattern would
be expected also at thexed PRT however, differences may be expected due to the
construction of the treatment. The min€iillllayer was broken up rather than flipped or
replaced in one piece like the clay geht PRE. This inconstency in the clay layer is likely to
allow percolation through the remnant fill. Moreover, unlike the other PRTs, mixed only occurs
in the centre of the pad due to logistical constraints during the restoration work and it is therefore
difficult to separag conditions related to the PRT itself from location on the pad. The centre of

the site is likely drier and at slightly higher elevation than the edges of the pad, which were
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leveled to surrounding hollows. Testing thexed PRTon larger areas and neaetadges of

pads in the future is advised to better evaluate the effectiveness of this method.

An increase of WT roughly 20 cm closer to the surface was seen in the fourth year, while
less change was seen between the second and third year. Although aitiéh pess than 40 cm
beneath the surface has been recognized as a restoration target due to the higher success rate of
Sphagnunmoss reestablishment under these condit{Pnise and Whitehead, 20Q1he
increase seepetween the third and fourth year is likely due to the greater amount of
precipitation in the fourth year, which was 37.6 mm more than the previous year. The moss
cover on the site jumped from an average of 9% in the third year to 40% in the fourtikgbar, |
respanding to this increase in WT froprecipitation. Little change in peat addy PR G
uptake was observed between the third and fourth year, but corresponding with this increase in
WT at all sites wa a considerable increaseuptakeasGEPby themixed PRT This finding is
concurrent witlSulman et al., (201@yhich has foundT positions closer to the surface to
result greater peatland GEP across several natural peatlands.

The greater precipitation and subsequent ris&Tnposition closer to the surface in the
fourth year likely caused the drapEC observed in this yeafhe hydrogen ions and organic
acids praluced during the second and third, drier years, likely also caused a reduction in pH in
the fourth year when the soil became saturated from the precipifBitierexpected cause for the
discrepancies in EC can be seen most clearly in the third year, tvbdveo PRTS containing
residual clay (clay anchixed PRB) have much higher EC than peat (Tabl®.2The two PRTs
with the highest moss cover (peat ataly PRT), had only slightly lower EC than mixed in the
fourthyear (Table 1). Thenixed PRThad thehighest EC and lowest moss cover in both the

third and fourth year aligning with research that has found lower EC in bogs dominated with
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SphagnunspeciegVitt et al., 19%). In the third year, thpeat PRThad both the highest moss
cover and the lowest EC suggesting it may represent the optimal conditi@mhagnum

establishment.

While the focus of the present study viaexchange, there are several other indicators
besides CHand CQ uptake that can be used to assess peatland function (e.g., Nwaishi et al.,
2015). In particular, vegetation is a widely used indicator of peatland restoration outcome. The
increase in C@uptake from the second to fourth year at theorest site can be explained by the
increase in vegetation covéreppala et a).(2008)found that a shift in chronosequence from
younger, more sedgand herbdominated, to older sedgandSphagnunrdominated peatlands,
caused lower seasonal variation of Gl0x. The nonvascular vegetation cover on the restored
site has increased the fourth year by roughly three times since the second year. This vegetation
switch, particularly t&Sphagnunrdominated communities is not only important for restoring
peatland CQflux, but also for restorin@-accumulating abilities by switching feeatland plant
groups which have slower decomposition rates (e.g. Johnson & Damman, 1993; Hogg, 1993).
The vegetation cover in the secopahr on the site was slightly greater than but comparable to a
study by Gauthier et al2017) who found up t@4% vasular cover and 6% bryophyte cover 12
months after treatment installatiddn the site there was much greater cover three years post
restoration; ascular plants and mossveoed 62 and 409d' heGonzélez and Rochefort (2014)
study on Eastern&hada sites restored with MLTF43years post restoration which found
between 35 and 40% cover of bryophytes. This suggests that the PRTs used, in combination with
MLTT, are effective at restoring peatland plant cover on former oilpals.The reliabilty of
plant cover estimates, howeyer dependat on the consistency of visual estimates which were

collected by different researchers every year. In order to increase reliability, it is recommended
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to take the average of multiple visual assessmentedaime collar and to have a consistent

researcher collect the data.

Overall on the restored site, despite increasing WT position through the years, CH
emissions decreased from the second to fourth year, an unexpected result considering CH
production occts under anoxic conditions (Conrad, 1989). This occurrence was also highlighted
in relationship between the seasonalk@Hhe fourth year and the WT position. Seasonal CH
was highest at theeat PRTfollowed by mixed andlay PR, while mean WT was cest to
the surface at thelay PRT, followed by mixed and peat. It is possible that a greater rate pf CH
oxidation could have occurred in the fourth year. Thevastular cover increased from the
second to fourth year allowing forgaeater oxic zone flmawing an increase ddphagnunand
size of acrotelm, which can oxidize @Zhao et al., 2016). Similarly, the increasing vascular
plant community dominated by sedges may have increased the aeration of the root zone, also
increasing Chloxidation. The ddme in EC in the fourth year is another possible explanation
for the decrease in GHlux. Electron acceptors could have been produced glaiiier
conditions in the firsand second year, and later reduced prior ta @bBduction in the fourth
year.Higher EC in the third yeanay be evidence of the availability of these electron acceptors
in the fourth year, but further research of water chemistry is recommended. Additionally, the
decrease in CHlux in the fourth year could have been partially causethb drop in pH,

which has been found to inhibit Gldroduction(Dunfield € al., 1993)

It is likely that the microbial controls occurring on gptoduction and oxidation on the
site were not able to be simplified by using WT andad an indicator considering neither of
these two factors were significant controls at themnah site. A study bywang et al. (2016)as

shown that the presence of mineral soil layers in peatlands caused different C mineralization
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among different solil types, including sedge peat over moss peat profiles, and that rec@lcitrant
labile C, bacteria:fungi, and microbial physiological stress were greatest in peat above mineral
sediments. This may be evidence that remnant clay material provides additional terminal electron
acceptors, altering pathways©#&xchange from those ihe natural site. Additional research on
chemical and microbial controls @exchange in the presence of mineral soil fill in peatlands is
recommended to better understand return of C cycling on restored peatlapddgelDespite

these complications, theis some evidence that deeper WT resulted in lowere@tissions. For
example, in the second and third year whemiheed PRThad the greatest difference in WT

from peat andlay PRS, there was also lower Gldmissions recorded.

The clay PRThad greast ER and lowest GEP possibly due to having the most vascular
cover. This also resulted in lowest NEE among PRTs. Given the restoration objective of
lowering CQ emissions, it would make sense to target vascular vegetation cover; however, this
is not conguent with the processes occurring within the natural site where there is strong uptake
of CO; as NEE with a lower vascular vegetation cover than any other treatment. It is
recommended that future studies include not only vegetation cover but also cepsties
when evaluating restoration and comparing to undisturbed sig&suaina (2014jound a
Jaccard index and Bray Curtis similarity dfG& and 5% respectively at another restored-well
site three years after revegetation, indicating differences in plant community at restored sites,

that likely function differently than natural peatlands.

The CQ seasonal balance in the fourth year shothede was less GEP GQptake at
themixed PRTand natural site while the cl®8RThad the greatest seasonal GEP. Ty be
due to the clay PRMaving the greatest vascular and +vascular vegetation cover. Neither the

natural site or the restored si&d within the range of seasonal NEE of those recorded on a
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subarctic fen which was a net sink of £@aily mean-1.05 g C nt d* compared to 0.38 g C'm

2dtin the present studysurela et al., 2002)lt is likely the natural siteneasurements in this
study do not provide a fair rexphangesaathatgwani on o f
different sampling methods, the natural site would likely act ases@® At both natural sites,

trees and large shrubs are present and were likely included in chamber measurements through
below ground root respiration which can accountfmund 9 g COm? d* (Munir et al., 2017)
Meanwhile the plant productivity from these species are not captured in chamber measurements.
The closed chamber technique used, measures at plot scale and is not able to capture overstory
COz exchange which contributes greatly to ectsysCQ exchange in treed peatlands (e.g.

Wieder et al., 200unir et al., 2017) The inclusion of overstory root respiration in natural

site plots would also explain the high measured ER at these sites daspitea significantly
deepeWT than the restored site. At a serdplots within 200 m of the natural sites, Strack et

al. (2017) estimated overstory productivity of82 g C n. Adding this to the modelled NEE

from the fourth year would result in the natural site having a near n@edancelt is also

likely that the respiration processes on the restored vs. natural sites are different despite having
similar values. It is expected that heterotrophic respiration plays a larger role at the restored site

from higher microbial activity than at the natural site.

It is important to acknowledge the other forms of C that would change the total C balance
if included, such as particulate organic C and dissolved organic C. It is also important to note the
limitations of a sampling campaign that occurred only during theiggoseason. Wintertime
CO; balance, although small, can still play an important role in the annual C b&ameta et
al., 2002) Despite these limitations, the present study provides valuable information regarding

the return ofC and greenhouse gas exchange rates on a restored peatlapddiasfid indicate
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that the tested PRTs show promise for restoringgretcosystem functions quickly post

restoration.

2.6 Conclusions and Recommendations

Two to four years following the PRT restoration of a peatland after use as an oil well
pad, vegetation cover has increased, leading to greater uptake a$ GIBE and GP. The WT,
Ts and vegetation cover explained £ftixes with different interacting variables, while WT
explained CHfluxes. Overall, the restored wgdhd treatments cycled G@nd CH at similar
rates as natural sites for two out of the three yearsestuld is suspected, however, that the
closed chamber method does not adequately captwrd@t natural sites with higher tree
density suggesting that the restored pad takes up less C than the natural site once trees are
included. Methane emissiohave dropped every year despite WM& rising closer to the

surface and vascular plants increasing coverage.

In order to reestablish GEP on the restored site, it is recommended to focus on tree
regenerationWater tabldevels that are todeepalso promte upland weedy species growth,
while tooshallowpromotes invasion of marsh plants sucigshaspp, outcompeting native
species (Govermment of Alberta, 2017). Therefore, the Government of Alberta (2017)
recommends ®T level of 28 cm to be reached foestoration, with annual fluctuation no
greater than 30ng, as high fluctuations promotiecomposition. The ability for trees to
regenerate, namely the most dominant species in thePacea, marina should also be
considered when choosiVJT positions,as positions toshallowmay hindertreegrowth (Dang

and Lieffers;1989; Pepin et al., 2002)
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All tested peat replacemeamestoration treatments generally had sim@axchange rates;
however, in the fourth year when WT was much closer to the surfatéiaecond and third
year, peat and clagRTstook up significantly less C£as GEP than thenixed PRTand the
natural site. All PRTs show promise as restoration techniques for well pads in order to quickly
recover peatland vegetation and C uptake. Hewelue to the isolated area of thexed PRT
on the site, the lower GQuptake results are confounded. When considering treatment options for
future restoratiomrojects the clay PR@ppeared to be a slightly better carbon sin& to its
lowest modelledCO, balance and WT positions closer to the surfhogvever, it is likely that
this effect may be due to the inconsistency i
than due to the nature of tRRT. Acknowledging that cost and resources dfi@ctor in
restoration treatment choices, thexed PRTis also recommended@he mixed PRT is
recommended due to its ability to maintain similar.€¢ling function to the natural site
despite its higher overall net seasonab@@x anddespiteenvironmetal conditions such as
deepeWT positionwhich arelikely a result ofrelatively highePRT elevationlt is expected
that given time, forest cover will regenerate, contributing to overstory GEP and site biomass,

however long term monitoring is needecetwsure this outcome.
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Chapter 3: Net-primary production, biomass and decay rates of a restored peatland
following well-pad removal

3.1 Introduction

The oiltsands industry has caused major disturbance to a substantial area of peatlands
ecosystems iAlberta (Vitt et al., 1996). Although research ofsénds peatland restoration is
limited, there is a body of research on a variety of other disturbances to peatlands such as
flooding, drainage for agriculture, forestry, and peat hairvgsand fires€.g. Turetsky et al.,
2002. Peatland disturbances alter ecohydrological conditions in a number of ways including
lower soil moisture retention, changes in vegetation composition, and changepasition
(Cagampan and Waddington, 2008; Quinty and Rochefort, 208n vegetation is removed
by the disturbance there is little or no het input of organic matter, but if oxidation and
decomposition of surface layers continues, as is often the case, sites kesounees rather
than sinkWaddingtoret al., 2002)In order to regain previou3 cycling patterns, peatland
restoration, involving regaining hydrological function grehtland plant species covgrcrucial.
This study aims to evaluate the success of several restoration methods follsivirzadce
caused by the placement of mineral layers on peat duringpagltonstruction for in situ oil
sand extraction by assessing plant production and decomposition rates.

Unlike other peatland disturbances, the amendment of a mineral layer is tonadldi
obstacle for welpad restoration. The process ofsitu oil sands extraction requires organic soll
to be covered with-2 m of mineral fill (weltpad) over the peat in order to allow access to the
production wells and drilling during its lifetim&he wellpad occurs at higher elevation than the
surrounding peatland, cutting off hydrological flow and causing much dryer conditions (Graff,
2009). For several years of oil production, the ypall becomes compacted and incapable of

supporting wetlandpecies establishment. Restoration methods aimed at returning the ecosystem
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function of natural peatlands have included shaving the fill down to the level of the surrounding
peatland (Vitt et al., 2011; Shunina et al., 2014.

Similar to other disturbanceshweh cause the loss vegetation and seedbanks, the mineral
layer application eliminates plant life on the we#ld footprint. Historically in peatland
restoration spontaneous colonization seldom results in adequate vegetastablishment
(Poulin et al., 2005; Gradt al., 2008) The Moss Layer Transfer Technique (MLTQuinty
andRochefort, 2003has proven to be a successful revegetation strategy for cutover (e.qg.
Gonzalez and Rochefort, 2013) and wald restoration alik@Gauthier et al., 2017providing
the conditions necessary fGrto be captured in vegetation astred due to conditions created
by re-establishedphagnunspecies. A reclamation strategy from the Reclamation Criteria for
Wellsites and Associated Facilities is to introduce plant species with high polyphenol content on
organic substrat@Alberta Environment, 2015p encourage peat accumulation. A strategy for
sourcing this organic subst vaidneatthelevelpoe at , whi
maintain connectivity with the surrounding landscape has been to resurface the underlying peat,
and replace it over the pad, or to remove the pad entirely followed by peatngactionVitt et
al., 2011; Gauthier et al., 2017

Productive plants and low rates of decomposition are required to achieve tterfang
objective of peatland restoration: the establishment of peat accumulation. Plant growth and
decompaition rates are in turn controlled by hydrology, substrate and microbial activity. The
influence of the mineral layer on nutrient availability, hydrology, and peat structure are expected
to change decomposition rate and productivity in the restored petaNatrients introduced
from the pad material are likely to increase microbial activity and thus decomposition with newly

exposed peat becoming oxidized. Peatland productivity and decomposition rates in natural
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peatlands are wetkesearchede.g. Thormann et al., 1999; Vitt et al. 020 2009, but only three
studies, to our knowledge exist on restored peatla@aaf and Rochefort, 2009; Andersen et

al., 2013;Touchette, 2017 one being on restored peatland wdbs.

In this study, three experimentaéll-pad removal strategies (described in secti@) 3
were undertaken in a fen with the intention of restoring peatland function, including rates of

carbon(C) cycling similar to natural peatlands in the region. The objectives of this study were to:

A) Quantify and compare plant biomass and productivity between restoration treatments.
B) Quantify and compare decomposition rates of the dominant plant species between
restoration treatments.

C) Synthesize published data on productivity, biomass and gesiinon on restored

and natural peatlands in Canada to evaluate ability ofpaellrestoration techniques to

return peat accumulation function.

3.2 Study sites and design

A decommissioned, newlrilled well-pad in northern Alberta, located northeasthef
town of Peace River (56.397°N, 116.890° W) underwent experimental restqraéibn
replacement treatmen{PRT) in November 2011. At least 40 cm of peat was replaced as part of
all restoration methods on sections of the 1.4 hapaall (Fig. 31). All treatments were leveled
to 10 cm below adjacent hollows, either by placing mineral soil fill from thepeellunder peat
or through peat deompaction, with the idea that further expansion of the peat following

restoration would result in surface levehgar to the adjacent undisturbed fen.
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Figure 3-1 Site map of restored peatland following we#ldreplacement treatments
(PRT) and revegetation treatments (Google Earth, 2017).

Using an excavator, the mineral wplid and peat layer were individually excavated in
two treatments. Only the peat layer was replaced ip¢ae PRT{peat) following de
compaction. In the second treatment,pad was detached from its underlying geotextile layer,
then a portion replaced under the peat to achieve the desired elevation (clay). In an attempt to
increase efficiency of labour, a third treatment involved flipping the clay and peat layer in one
motion, resulting in some mixing of the clay and geotextile layer with the peat at variable depths

(mixed). All treatments were systematically revegetated following the MIQuinty and
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Rochefort, 2003)sing diaspores collected from two nearby peatland donor sites. The material
collected from three nearby donor sites dominatet lriown mossTomenthypnum niterad
Polytrichum strictumhwas spread over the south end of the site, and material collected from a
donor site dominated iBphagnunmoss was spread over the middle section of the site
Additionally, the middle of the siteas revegetated with material collected from a donor site
dominated irPolytrichummosses but was not included in the present silmypromote
Polytrichummoss growth150 kg/ha of phosphate fertilizeB{0) (Quinty and Rochefort, 2003)
was applied acrasthe entire site in ordefwo reference sites on natural peatlands were chosen
(natural) for comparison: one roughly 50 m north east of the well pad, in a treed moedehtely

fen, the other directly south of the well pad in a poor treed fen.

3.3 Methads
3.3.1 Biomass and Net Primary Production (NPP)

Above- and belowground biomass was collected from the site in August 2016.
Aboveground biomass was collected by clipping all plants in a 25 x 25 cm quadrat down to the
restored peat surface. Cores were take belowground biomass to 40 cm depth using PVC pipe
(8 cm diameter). Triplicates per revegetation and PRT treatment combination were taken for
aboveground, belowground and moss biomass samples. Cores were frozen and shipped to
University of Waterloo whre roots and rhizomes were extracted from peat and cleaned before
drying, along with moss and aboveground biomass, at 80 °C for 48 hours and weighed to the

nearest 0.1 g. The NPP was calculated by dividing biomass by the number of years since
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peatland reasration (4 years) with the exception of aboveground vascular plant biomass which

had <6% woody material and was therefore simplified to be equal to NPP in the study year.

3.3.2 Decomposition

Above- and belowground biomass of the four most common vasspétiesSalix
bebbiana, Equisetum pratense, Carex canescence, Carex agaatilisyo most common nen
vascular species on tihestored welpad Polytrichum strictunrandSphagnum angustifolium
were collected from the site in July 2016, cleaned, aied ét 80 °C for 48 hours. The plant
material was weighed to the nearest 0.0001 g, placed in 1 mm nylon mesh bags, sewed shut and
weighed againLitter bags were roughly 88 cm with1-2 g of plant materigblaced inside.In
the instance of plant matalithat could not be contained by 1 mm me&Shdanescence
abovegroundP. strictumandS. angustifoliury) NitexN screening (250 um mesh sizejs used
(Graf and Rochefort, 2009). Careful attention was taken so as not to rustle bags to avoid loss of
materal. Bags were tied to a fishing line and flag, buried at 5 cm depth in August 2016 and
retrieved one year later. Three replicates of litter bags per PRT and revegetation treatment were
made f or e ac-+anddbeoevgrousdditter oarbossviteer. bipretrieval, the bags
were carefully cleaned and foreign objects were removed (i.e., root ingrowth, loose peat), then
dried and weighed agaibrying of material before and after bun@as to maintain consistency

by eliminatingwater weight.

Thelineare cay rate (kd) was c al theddllavingeduatiomr e ac |

(Reader antewart, 1972).

E 8¢ 8 18¢C
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Where X represents the initial dried litter mass (g) and X, the dried mass (g) after burial.
The exponential decay coefficieffd) was also calculated using the following equation (Brinson,

Lugo & Brown, 1981).
E 1 18¢18 1o
wheret is the time in years.

Of the 216 litter bags deployed, 171 were retrieved. Of those retrieved, data from 17 litter
bags was discarded due to havaperceived mass gained rather than loss from inability to

remove small roots.

3.3.3 Nutrient availability

Plant root simulators (PR are probes with ion exchange resin membranes of 172.5 cm
surface area used to determine differences in nutrierabidy (i.e., soil chemistry) in several
peatland studies (e.gWood et al., 2018ylunir et al., 2017; Murray et al., 2017&y attracting
and adsorbing ions through electrostatic attraction. Each probe is 15.%5 8w With the 5 x
1.75 cm resin area placed 3 cm from the tip of the probe. One set &f ptBI%es (four anion
and four cation probes) were buried at four locations at each natural site, as well as on each PRT
and revegetation treatment combination, witbet distributed within a 1m x 1m quadrat. The
probes were inserted upright with top of the membrane on each probe buried 8 cm below the
surface and were kept cool before and after installation. After 20 days (Julg1#12016, the
probes were remad, thoroughly cleaned and scrubbed with deionized water and sent to
Western Ag Innovations Inc., (Saskatoon, Ontario) for analisithe lab, all ionic species that
were adsorbed were measured using analytical instruments depending on the ion (e.qg.,
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amnonium ion analysis occurred colorimetrically with an automated flow injection analysis
system, while sulfur, iron, and manganese were analyzed via induativgyed plasma

spectrometry (PerkinElmer Optima 360¥, PerkinElmer Inc., Shelton, CT)).

3.3.4Environmental conditions

WT position (WT) and soil temperaturesfTat 5 cm (thermocouple), were measured
manually at four well locations on each combination of PRT and revegetation treatment bi
monthly fom June to September 2016. Soil samples of rou®dycnt were collectedy hand
of the top two centimeters of sail a grid pattern over the site, four times over the 2016 growing
seasonA slurry of soil and deionized water was made from each saangleneasured for pH
and electric conductivity (EC) filermo Scientific Orion pH meter and Orion Versa Star
Advanced Electrochemistry meter). A solution of one part peat and two paotisizied water

was measured with the meter, which was rinsed witloiged water between every sample.

3.3.5 StatisticaAnalysis

Seasonal means of WTs, TEC and pH were calculated to compare environmental
conditions between PRTBlean decay rates of PRTs were calculated from the means of the
above and belowground decay rates of each species at each PRT and revegetdtizentrin
order to have an equal weight of each species type at each PRT despite missing data. ANOVA
followed by pairwise comparisonswilhu k ey 6s HSD was used to deter
differences between PRTSs, indicated by a p<0.05. All statisticalsasalyere conducted using R

software (Version 2.6.1; R Development Core Team 2006).
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Net primary production and decay rates wexgressed with all PRS® i@vailabilities
with the exception of ions with supply rates lower than the detection limit. Thesevith low
supply rates are included in Tabld 3Each data point in the regressions was derived from the
mean of each PRT and revegetation combination in order to associate nutrient availability to
NPP and decomposition data sampled at different lotatathin the same treatments (n=6 for
each PRT). To determine significance of these regressions p<0.10 was used due to the low
statistical power from the small sample size and thus this analysis should be considered

exploratory in nature

3.4 Results
3.4.1 Environmental control and soil chemistry

Most environmental conditions were similar between PRTs across the site (Tlgble 3
Mean Ts in 2016 was similar across treatments with the highest temperature at the mixed and
clay PRTH14.9 and 14.0°C) fatiwed by thepeat PRT(10.1°C). MeanNT varied between
treatments withthe deepedi.e., closest to the surface¢curring at the clay PR{F7.4 cm),
significantly higher than mixed12.1 cm). Theeat PRTwas not significantly different than
either PRT 8-9.8 cm. The electrical conductivity (EC) was statistically similar across treatments
but was almost double the mixed PRT(626.6uS cm') compared to 348.and 384.1uS cm?,
at peat andlay PR, respectively. The pH was 5.5 to 5.6 across theaigsimilar at all

PRTs (Table 4L).
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Table 3-1 Mean environmental variables. + standard error. Different letters indicate statistical

difference.

PRT WT (cm) T (°C) EC (uS cm™) pH
Clay 74=10a 14.0 0.7 a 346.3 £703.2 5.6 =0.6
Mixed S12.1+16b 14908 a 626.6 =462.7 5606
Peat 98=15ab 10.1 =08 a 384.1 #2712 5506
Natural 19=lc 10.1=12b 170.6 =315 5809

Plant root simulators showed similar supply rate of all ions to plants among the PRTs
with the exception of sulfur (Table. Themixed PRThad significantly higher supply rate of
S than clay or peat. The ions NONH4" and Cu all had supply rates below the detectable limit.
On the PRTSs, calcium had the highest supply rate followed by Fe, Mn, Al, K, Zn and P. The
natural site has significantly lower supply rates of Ca and Mg than all PRTs. The supply rate of S
atthe natural site was similar to the peat PRT, significantly lower than the mixed PRT, and lower
than the clay PRT, although not quite significantly different (p=0.06). The natural site also had a
lower supply rate of N©and Al and a higher rate of K af@ but not significantly so. There

was a significantly higher supply rate of P at the natural site than all PRTSs.

Table 3-2 Mean ion supply rates (ig 10cm™ 20 days™ ) + standard error. *below detectable limits.
PRT NO;-*NHg* Ca Mg K P Fe Mn Cu* Zn S Al
Clay 04 21 2349a+50 373a+26 17a+x4 la=0 214+74 27+5 0.1 6.0=2 B856a=184 10.5 £2
Mixed 0.8 1.5 2350a=+112 395a+24 12a=+l la=0 93+24 18+3 0.1 3.1=+1 1335b+74 12.1+3
Peat 03 2.0 2299a=49 385a=27 18a=6 2a=0 253=74 317 0.0 8.0=48 768 a =182 10.8 =2
Natuwral 0.1 29 1287b+302 275b 61 75b+36 5b£2 303+118 267 0.0 7.3 5 358a+92 82=I

3.4.2 Decomposition

One year after burial, ko was stvagseulaf i cant |
species, where all vascular sgecdecayed at a significantly faster rate than the mosses. The
species with $phagnuih angustsoliuanklFolyticbum etrictun{Fig. 3-2).

The species with the highest ko,Equsetymi fi cant |

pratensefollowed byCarex aquatilis Salix bebbianandCarex canescence.
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Similarly, exponential decay varied among vascular and moss species on the restored site.

Equisetum pratendead significantly higher exponential decay rate tBaaquatilis,C.

canescencesS. bebbiana, S. angustifoliandP. strictum(Fig. 3-2). The aboveground litter of

Equisetundecayed at a faster rate than belowground. The aboveground litter had a higher k and

kd than the bel ow gr ounGlcatescenceass f or

The rate of k 6

and

k

wa s

followed by clay ananixed PRE (Fig. 33). WT position and soil temperature had no

significant effect on decay rates (Fig43
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Linear decay of abovbelowground vasdar plant litter and mosses was regressed with
supply rates of K, P, Fe, Mn, Mg, Ca, S, Al and Zn (Bi§). Calcium had a significant negative

correlation with moss k©o. None of the other i

3.4.3 Bionass and NPP

Net primary production and biomass varied between moss, and-amalvbelowground
vascular plant tissues. Moss had significantly lower biomass than both aboMeelowground
biomass of vascular plants (Fig63A and B). Annual growth of ayeground vascular plant
biomass was significantly higher than belowground and moss NPP (493, 162 and?18%g.m
Biomass was highest belowground followed by aboveground vascular plants and moss (683.9,
493.4 and 85.3 g ®). Both NPP and biomass wesimilar at all PRTs (Fig.-8, C and D), with
the highest NPP occurring in tpeat PRT followed by mixed andlay PR (767.9, 560.0 and
421.1 g nt yr'h). Biomass was highest at theat PRTas well, followed by the mixed aruthy

PRTs (1237.7, 1163.8,001.2 g 17?).

The measured supply rates of P, Mg, Ca, S, Al and Zn did not have a correlation to NPP
or biomass (Fig.-¥). The supply rates of K, Fe and Mn, however, had significant negative
relationships with aboveground NPP. Zinc had a significarathegrelationship with moss
NPP. For sake of brevity, regressions with biomass and ion supply rates are not displayed;
however, these relationships and lack thereof would hold equally true to aboveground vascular
plant NPP, which is equal to biomass, adlas belowground and moss biomass which are
exactly four times NPPWater tablgosition and soil temperature had no significant effect on

NPP (Fig. 34).

51



6001

400

2001

A 800 a B &001
G e
't e 2 's 600
o 9
@ 4001 E 400
@ 2
E 200 b & 00
iy = z

D- T T T U

above below mass

C 15001 D
= T 750
E 5
o 1000 o
P E 500
£ 500 =
£ & o
i z

04 0

clay

mixed

peat

| a
| b
] |

above

below Mmoss

clay

mixed peat

Figure 3-6 A: Moss, aboveand belowground biomass. B: Moss
above and belowground NPP. C: Mean biomass at PRTs D: M

NPP at PRTs.
A iy FiN
600 600 1
1., a iy
AT & g
| A w] & 4007
S © Moss
1o @mo B 20| o ooog 4 208 4 N 2 Above ground
{o @@ oo o oo o @0 o e o o ] w O Below ground
> B B vz e g 8B 8
K P Mg
iy 1 500 4
300 ~ A
iy A A Are, 600 i,
| - iy teel
400 Tt 4001 T
N . . e T . — Moss
o oo 40 20044 - g o oG 20 E)h% o & - == Above ground
1o %0 po e 0qe o oo Y% © o -~ Below ground
S8 8 8 f € 8 8 88 2R E8 8=
Ca Fe Mn
a a Py
600 1 500 1
&y
A Ji'ay Fal A FANN A
400 4004
Fay 1 iy
& 0 o P mqo & @ B o 0 A0 g
le o op f oo o o) ° 0
T o < o
§ 888288 2 2 & & I
S Al Zn

Probe supply rate {ug 10 cm2 20 days™)

Figure 3-7 Plant Root Simulator (PRS) supply raersusNPP. Regression lines
are plotted for each vegetation type when statisticidjigificant. Regression

equations are: Aboveground NPP with K=$3.57x%605.20, p=0.0575,24: 0.6673.
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3.5 Discussion

The primary objective of peatland restoration is to transform a disturbed tecogist
has become a source of C, back to become a C sink with similar function to natural peatlands
(Waddington et al., 2010). Foyears after PRTs and applying the Moss Layer Transfer
Technique for peatland restoration (outlinedRmchefort et alf2003]) resulted in NPP rates
similar to nontreed peatland and drastically lower than treed natural references (i&ble 3
Decay rates were higher than natural reference sites (T@)IeAB NPP results presented are
analogous to biomass because all vatigt started growing following PRT, therefore
aboveground vascular plant NPP is equal to biomass, while belowground and moss NPP are a

consistent fraction of biomass.

3.5.1 Reestablishment of biomass and NPP on the restoregawdell

The total NPP acro$2RTs ranged from 42168 g n¥ yr?, greater than total NPP found
in some wooded and namooded natural peatlands (Thormannlgtl®99) and much lower than
the sum ofunderstory and tree biomass iroirer wooded natural peatland NPP (Miller et al.,
2015), not including belovground (Table &8). Many of these studies also do not include
overstory production, which is a substantial contributor to NPP in Alberta, considering many
Alberta peatlands are forested (Vitt et al., 2000). Similar results wemd fouthe biomass,
which had greater mass when comparing the restored site in this study to the understory of most
nonwooded natural peatlands but much lower mass than the overstory of wooded peatlands

(Dimitrov et al., 2014).
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Above-ground biomass onithrestored welpad site greatly outweighs NPP; however,
these relative proportions are the result of the young age of therdgdour years post
restoration. It will take many years until trees currently present on the site will be able to
contributeto a greater amount of NPP in their trunk and limbs to be able to have similar NPP as
natural peatlands. In a study of a peatland disturbed for collection of plant material for
restoration similarly fand tree colonization uncommor42/ears postlisturbance(Murray et
al., 201D) as woody plants require a longer period for establishment compared to herbs
(Gonzalez et al., 2013After wildfire disturbance in Alberta bogs, it has been found that the
recovery time foPPicea marianastands tok decades, with maximu@ accumulation rates
occurring at 34 years for fine root biomass and 74 years for aboveground and coarse root
biomasgWieder et al., 2009When compared to a wgdad without PRTs or MLTT, NPP at
that site was much smaller (20 ¢fiyr; Engering, unpublished) than the present study, with

vegetation composition comprising exclusively of ypmatland species.
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The restored site had much greater understory vascular NPP than natural peatlands
(Bartsch and Moore,1985; Szumigalski, 1p@bable 33). Vascular vegetation cover is an
important factor contributing to GQiptake several years following restoration #metrefore
also significant to overall carbon sequestra{iéin-Petays et al., 200/however, as measured in
the present study, vascular veg®n also decomposes faster than mogBesrmann et al.,

199) and therefore may contribute less to peat accumulation.

The moss biomass was similar to natur al p e
was not recorded, the majority of moss biomass compris8gdhlagnunspecies. Establishment
of Sphagnunis crucial to peatland restoration because of its ability to restore hydrological
function in the surface of disturbed peatlands, which otherwise have altered porosity and water

retention(Lucchese et al., 2010; McCarter and Price, 2013)

3.5.2 Restablishment of decomposition rates on the restoredpeell

When comparing decay rates to other studies it is important to note the many differences
in litter bag methods and site conditions will impact measured decay rates. The time of year the
litter was harvested can lead to different nutrient storage location in the storage organs of plant
species, many of which store the majority of their nutrients in the roots and rhizomes in late fall
rendering their roots and rhizomes more labile and their afpmeand tissues more recalcitrant
during this timg[Berendse and Jonasson, 1992)nversely, the opposite is true in late spring to
early fall(Berendse and Jonasson, 1992). Site conditions such as soil chemistry, temperature and

water level can influence day rategWieder and Vitt, 2006)Species with more recalcitrant
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(Taylor et al., 1989)

Table 3-4 Poor fen decay rates of dominant species trom this study

properties such as woody species ldalso decay more slowly than those found at this site

linear exponential
Species Plant type decay  decay (k) Site Reference
&) @gm’yh
leaves -0.254 natural Thormann et al., 2001
Carex aguatilis rhizomes -0.172 natural Thormann et al., 2001
above -0.456 0.64 4 years restored this study
roots and rhizomes  -0.384 0.51 4 years restored this study
above -0.319 0.41 4 years restored this study
Carex canescence below -0.415 0.56 4 years restored this study
litter 0.77 4 years restored Touchette, 2017
Carex spp. above -0.58 -0.87 natural Thorman et al., 1999
Equisetum pratense above -0.80 1.66 4 years restored this study
roots and rhizomes  -0.60 0.95 4 years restored this study
Polytrichim strictum moss -0.21 0.25 4 years restored this study
Sphagnum moss -0.16 0.17 natural Thorman et al.. 1999
angustifolium moss -0.18 0.24 4 years restored this study
Sphagnum spp. moss -0.11 0.61 8 years spontaneous recolonization Graf and Rochefort, 2009
N ) above -0.51 0.73 4 years restored this study
Salix bebbiana below -0.33 0.42 4 years restored this study
Salix spp. leaves -0.26 natural Thormann et al., 2001
roots -0.36 natural Thormann et al., 2001

On the restored wepad, the decay rates of species differed after one year. The
significantly gr eat eEtisethm pratedsdHerd is moditeratrfont he s p
the decayates ofEquisetunspp. for more than 5 months; however, it has been found that
Equisetunspp decomposed almost twice as fasCasexspp. in a wetlan@Danell andSjoberg,

1979) Thedecay rates foremaining vascular speci€s aquatilis, C. canesceneadsS.
bebbianawere all similar. The decay rates@faquatiliswere slightly greater than those of
Carexspp. found in natural peatlands with the exception ageéfound in a moderatech fen

by Thormann et al. (1999) (Table43. The exponential decay rate@faquatiliswas lower than
that found in another restored peatland (Thromann et al., 2001). The decay &atles of

bebbianawere also similar but greatthan those ddalixspp. found at a natural peatland

(Thormann et al., 2001;Table43.

57



The two moss specieS, angustifoliunandP. strictum decayed significantly slower than
vascular plant litter. These low decay rates were expect@phagnumwhich typically has an
extremely low mass loss in the catotelm of peatlands (0.1 % to 0.001 % per year) due to the
polyphenolic network of polymers and a lipid surface that provide bonding to the cell wells (van
Breeman, 1995). The decay ratesSofingustolium were only slightly higher than at other
peatlands (Table-3). To our knowledge there are no other studies to measure the decay rates of

Polytricum,which has a similarly low decay rate$o angustifoliunin the present study

3.5.3 The effect atmnant mineral fill on restored site chemistry

lon supply rates were measured on the site to compare the effect of the remnant mineral
fill on soil chemistry between the siteds tre
There is evidencef greater base catisupplyratesfound across all PRTs from the remnant
mineral fill that may explain differences in NPP, biomass, and decay rates between this study
and natural peatlands. It was expected that there would be greater amountsaotiNNB4 than
typically found n natural peatlands due to the greater amount of iomsnieral/clay soils used
for well-pad constructionGraf 2009)as pad material was suspected to be the cause of higher
than normapore wateiNOs concentrationg a natural peatland situated on a Steam Assisted
Gravity Drainage oil sands sif@/ood et al., 2016)instead, N@and NH: supply rates were
extremely low and below the detectable limit. We believe that the supply rate in the case of NO
and NH: may not be reflective of the concentration in the soil, as plants may be outcompeting the
PRS® probes for these nutrients (Western Ag, 2008). Despite the low levels, there is some
evidence that Ne@availability is higher at thenixed PRT(Table 32), possibly indicating a

source of N from the mineral soil. Ammonium supply rates found at afpoan Alberta had
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greater supply rates that ranged between 7 and 20 ugiQ4uit, for a slightly shorter burial
time (Murray et al., 2017a)Nitrate was much higher at a rich fen, bog and poor fen, ranging
between 20 and 120 pg 10 émg 21 d* (Wood et al., 2016put not much higher at the poor fen

previously mentioned which ranged between <1 and 3 pug10lenu! (Murray et al., 2017a)

At a poor fen in Alberta, sulfur supplgtes varied from-84 ug 10 crif 20 d!, much
lower than in this stud¢gMurray, unpublished); howeveralues measured on the wplidwere
within the range found at a rich fen in Alberta (=@ pg 10 crif 21 d*; (Wood et al., 2016)
Calcium supply rates were also much greater in this study than these natural fens aff 5@2ns
pg 10 cn? 20 d' and 955 pg 10 cr21 dtin previous studies compared to over 2000 pg 10
cm2 20 d! across PRTsThe phosphate rock fertilizer used on the restored site, which is Ca

based, likely caused significantly higher rates of Ca onestered site than the natural site.

A much smaller supply rate of K was found at PRTs compared to the poor fen (mean of
40 pg 10 crif 20 db) and rich fen (mean of 64 pg 10 @81 dl). Iron and manganese supply
rates were both an order of magnitude éargn PRTs compared with the rich fen (mean of 20
and 4 pg 10 cm 21 d, respectively)in summary, the rested weltsite has high, to abnormally
high supply rates of all comparable PRS probe type data available at natural peatlands, with the

exceptionof K.

While the supply rates of ions were similar across PRTs on the site, the exception was S
that had significantly higher availability at the mixed PRT. This could be explained by
dissimilatory sulfate reduction occurring more in clay pedt PR§ tha had a deepevater
level. In the oxic and anoxic zone, sulfur in the form of, §&h be adsorbed onto soil particles
or assimilated by plants and microbes, while dissimilatory sulfate reduction only occurs under

anoxic conditions (Faugy 1995). It is pssible that S supply raie clay and peat PRTs is lower
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because it has been reduced. However, the pH observed on the sit&) st the lower end
of the range that sulfate reducing bacteria tolerates (pH > 5.5), as they grow better under slightly

alkaline conditions (Fauque, 1995).

Lower supply rates of Fe at the mixed PRT may also be indicative of oxidation. The ions
Fe, Mn, Cu, and Zn mainly become adsorbed by PRS® anion probes rather than cation probes
due to addition oéthylenediaminetetraacetain anion probes and their low mobility as cations
(Western Ag, n.d.High Fe and Mn levels (> ~ 20gcni? burial periodt) are indicative of
anaerobic and/or acidic conditions. The Fe supply rates at all PRTs were well over 28 ug cm
however, the ixed PRT was at least 120 pgné, lower than clay and peakhe Mn supply rates
were lower than 20 ug cfat only themixed PRTsuggesting more aerated conditions at the
mixed PRT than clay and peat considering the similarity in acidity between the tresatites

significantly shallower mean water level at mixed PRT supports this finding.

3.5.4 The effect of chemistry from remnant mineral fill on restored plant production and decay

rates

lon supply rates were regressed with NPP and decay rates toidetdrencontrols of
soil chemistry on moss, abewvend belowground plant material (Fig-3 and 37). The above
ground NPP rates were negatively correlated with K, Fe and Mn. Instead, we expected to find a
positive correlation between NPP and nutrienilafedity as high K and P availability increase
biomass of graminoids and forBowman et al., 1993)The low availability of N@Qand NH;,
despite their highly likely presence in greater concentrations, supports the explanation that

competiion with plants may have also decreased K and P supply rates, thereby resulting in the
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observed negative correlatioks Fe and Mn are both redox reactive with a more soluble
reduced form, they are more likely to show up on PRS® probes under more reshraitpns.
It is therefore likely that Fe, and Mn rates are indicating anoxic conditions in which vascular

plant growth is reduced.

A negative relationship was found between moss NPP and zinc supply rates. An increase
of zinc in soil solution under moeidic conditions and the reduction of zinc availability with
greater content of organic matter or clay was founBbikowska et al., (2015¥he gretest
zinc supply rates were measured at the peat PRTs (which lackmiclesal layer), while the
lowest were measured at mixed and clay PRTs. The decrease in Zn with more moss productivity
can be explained by the zinc becoming less available at treatmigimtmore clay rather than
those with greater moss NPP. Moss is likely not to grow as well on mineral substrate as it is on
peat. Theclay PRT, for example, had the lowest moss cover (Tak3; hiowever, the mixed

PRT had higher moss coverage than péat.

We also expected to find a negative correlation with S and moss NPP bd&sand
SO inhibit photosynthesis, growth and survivalSghagnunspecies (Ferguson et al. 1978;
Ferguson and Lee 1979,1980, 19&d)hough the reduced form of S wastrmeasured, it is
expected that at least some S would be reduteauld have been likely to find the least moss
in the mixed PRT due to its significantly higher S supply rate and significantly lower WT.
However, there was no correlation found. It isgble that the lowest amount of vascular plants
of all PRTs, found at mixed, allowed for more moss establishment, while moss may have been

outcompeted at peat aothy PR (Table 33).

Regressins between linear decay of moss, abarel belowground whtion availability

showed a significant negative retatship with only Ca and moss decdost of the moss on
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site wasSphagnunspp., a group which is known to prefer low Ca concentrations (Wheeler and
Proctor, 2000). Under a larger sample size, it wbialge also been expected to see a negative
correlation between redox reactive ions (Fe, Mn, Zn, Al) and decay rates. Greater levels of Fe,
Mn, Zn and Al would indicate more anoxic conditions, lowering decomposition rates. The
regression of tsdportahmsassumptiord lowever, the mean was taken of litter
bags mass loss and wells per treatment, each of which was replicated at multiple locations across
the site. It is possible that the WT in each of those replicates is controlled more lmathe lo
microtopography resulting from inconsistencies in the leveling of peat rather than any treatment

specificcontrols such as the clay layer impedwgter percolation affectingd T depth.

Considering all six dominant species together, the decay rasdidlufee PRTs were not
statistically different (Fig. 3 A, B); however, we expected higher decay rates at mixed
compared to the other PRTSs for several reasons. The significantly lower water level would have
increased decomposition in the larger aerobitez Additionally, the greater presence of clay
material mixed into the peat could have increased availability of nutrients and electron acceptors,
making soil more labile (Border et al., 2012). Both of these notions are supported by the PRS®
results whichsuggested greater oxidation or less reducing occurring in the mixed PRT (see
section 3.5.3). Unfortunately, it is not clear whether differences imiked PRTare due to the
PRT itself or the spatial placement of the treatment on the restored sitk,ogbigs only in the
centre of the site and is not replicated elsewhere. Further research would be needed to determine
whether fragmentation of the mineral pad is causing this lower water level and increased redox
potential. It is likely that the surfacéegation of the mixed PRT was not properly leveled with
the surrounding hollows as well as the other treatments,ncpusi contributing, to a more

shallowwater level. It is therefore recommended that restoration practitioners ensure consistent
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elevationat the centre of the site. Testing thexed PRTacross a full welpad is also

recommended.

Considering all ion relationships with NPP and decay iiaitegossible that there is little
to no,or undetectablefluence(by PRS probes buried at 5 cm d@gtom the clay weHlpad
layer due ¢ the depth disparity between the clay layer and surface precébseclay layewas
buried at a minimum of 40 cm below peat, which may have caused a decduptiriye
vegetation dynamics at the surface and decaitipn processes at 5 cm below the surféogh

of which are likely more driven by surface processes

3.6 Conclusion

Productivity and decomposition processes on a restored fen followingadehemoval
were not completely restored to thtate of a natal peatland fouyears after restoration but the
amount of productivity was similar to some pe
NPP was the lack of tree growth, which is known to take decades to establish. Remnant fill was
likely the sourceof abnormallyhigh supply rates of Ca, Mgnd S that likely contributed to
overall rapid establishment of biomass due to the increase in nutrient availability from the
remnant fill. This may be a positive outcome from a cadarhangestandpoint but male
setting the siteds ec osaftandeeosysténr. Bhg micetomaphy t o st
state, along with shallower WT levels is also likely the reason for higher decay rates than in
natural peatland¢Aurela et al., 2002)Despite these limitations, the present study provides
valuable information regarding the return of productivity and slow decatigrosates on a
restored peatland wetlad and indicate that the tested PRTs show promise for restoring peatland

ecosystem functions quickly pesstoration.
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