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Figure 0.1 In situ oil sands well pad made of compacted mineral fill situated within a mosaic of boreal forest and 
wetland ecosystem. This well pad in the Cold Lake Oil Sands region is sized approximately 1.8 ha and supports 
27 well heads, each one connected to an oil pump (“pumping jack”). 

Figure 0.2 Schematic cross section of an in situ oil sands well pad installed within a peatland ecosystem. The 
well pad is made up of a compacted mix of loam, clay, sand, and gravel. The thickness of the mineral soil varies 
between 1.5 m to 4 m in order to support the in situ bitumen extraction equipment despite the swampy ground 
of saturated peat. In situ oil sands well pads are used to extract bitumen from deposits located at depth greater 
than 75 m. In the Cold Lake Oil Sands bitumen deposits are situated about 300 to 600 m below-ground and in 
the Peace River Oil Sands at depth between 300-770 m (Government of Alberta 2021b). 







Table 0.1 Comparison and meaning of terms used for restoration methods and respective contexts, their aim 
and outcome (1Clewell et al. 2004; 2Rydin & Jeglum 2013; 3Environment and Parks 2017; 4Gerwing et al. 2021). 

Figure 0.3 Conceptual schema of diverse pathways that the different management approaches “natural 
regeneration”, “rehabilitation/reclamation”, and “ecological restoration” may inflict on peatland ecosystem 
restoration following in situ oil sands well pads disturbances over time. An ecologically restored peatland’s 
processes and functions are comparable to those found in undisturbed reference peatlands. Other management 
approaches may not lead to a full recovery of peatland functions and mineral wetlands form with unpredictable 
peat accumulation processes, i. e. in a marsh, a swamp, or shallow open water. 











 

Figure 0.4 Schematic cross section of A) a pristine peatland before disturbance, in comparison to the B) 
unrestored peatland disturbed by an decommissioned/ abandoned in situ oil sands well pad, and peatlands 
restored via C) the partial removal of the mineral fill, via D) the inversion of the mineral fill and the underlying 
peat, and via E) the complete removal of the former in situ well pad, where  a shallow open water  area formed 
instead.  
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Figure 0.5 Schema of a northern peatland’s carbon (C) cycle. C sequestration is the sum of C uptake and 
release, in form of the major greenhouse gases carbon dioxide (CO2) and methane (CH4), known as net 
ecosystem exchange (NEE). C uptake, the gross ecosystem productivity (GEP), happens via photosynthesis, 
where plants absorb CO2 from the atmosphere. While CO2 is released to the atmosphere, via ecosystem 
respiration, respiration of plants and microorganisms, CH4 is produced in the anaerobic soil and released via 
oxidation or ebullition. CH4 emissions are observed to increase in inundated conditions and are much affected 
by temperature, precipitation, and land management. Some carbon is lost through the export of dissolved 
organic carbon (DOC) via the ground water flow. Rates of nitrous oxide (N2O) are not considered in this study. 





Figure 0.6 Conceptual schema of the first sub-objective concentrates on the development of vegetation 
communities in ecologically restored areas following in situ oil sands well pad disturbances. Independent factors
influencing the vegetation development is first of all the management of the mineral fill removal inducing the 
hydrological conditions and ultimately the biochemical conditions,  



Figure 0.7 Conceptual schema of the second sub-objective, which  focuses on the carbon (C) sequestration 
function of restored areas, which was assessed via measurements of carbon dioxide (CO2) exchange and 
methane (CH4) emissions in restored areas, which then allowed us to calculate the ecosystem GWP of the 
restored areas. Influencing factors are the mineral fill removal approach, affecting the hydrological connection, 
the development of specific biochemical conditions, and the development of characteristic vegetation 
communities in each study area 

. 



Figure 0.8 Conceptual schema of the third sub-objective that addresses the peat accumulation function of 
restored peatlands, which is the product of net primary production and plant litter decomposition. Influencing 
factors are the mineral fill removal approach, affecting the hydrological connection, the development of specific 
biochemical conditions and the development of characteristic vegetation communities in each study area. 



























Figure 1.1 Location of all study areas within the dry and central mixedwood ecoregions of the boreal forest in 
Alberta, Canada. All study areas are located within the Peace River and Cold Lake Oil Sands regions. The 
restored areas and unrestored control area are situated at two decommissioned in situ oil sands well pads, which 
were subject to trials of different peatland restoration approaches. Six designated comprehensive reference 
areas combine 28 reference area sites, which were located within several vast peatland complexes.  





Figure 1.2 Schematic cross section and traits of five restored areas and the unrestored control area (UNR). 
Restoration approaches tested the partial removal (PR) and complete removal (CR) of an in situ well pad’s 
mineral fill. Restoration approaches shown are PR15: PR to 15 cm above the water table level (WTL); PR5: PR 
to 5 cm above the WTL; PR0E: PR to the same level (0 cm) as the WTL (even, without microforms); PR0: PR 
to the same level (0 cm) as the WTL (differences occur between dry and wet microforms); CR: CR of the mineral 
fill and the underlying geotextile (differences occur between the shallow open water area, and the floating brown 
moss carpet). 





Figure 1.3 Schematic cross section and traits of six reference areas by means of plant species composition, soil 
and water chemistry following Alberta Environment and Sustainable Resource Development (2015). Reference 
areas shown are M: Marsh; GRF: Graminoid rich fen; SRF: Shrubby rich fen; WRF: Wooded rich fen; SPF: 
Shrubby poor fen; BOG: Wooded bog. 

×





×







Table 1.1 Species richness at all study areas, showing the total numbers of plant species sorted by vascular 
and bryophyte species, and by wetland indicator status (WIS; PEAT=peatland species: essential for peatland 
community in Alberta, preferentially bogs and fens; OTHW=other wetland species: obligate and facultative 
wetland species; NONW=non-wetland species: upland species and generalists). Meaning of status and study 
area codes according to Appendix 1.1. 



Figure 1.4 Species richness (bars) and -diversity index Shannon’s H (points; ANOVA between classes F(11, 

289) = 8.52, p<0.001, adj. r2 = 0.22) calculated for the unrestored, restored and reference areas (code for study 
areas according to Method section and Figure 1.2Figure 1.3; see also Appendix 1.1). Species richness is 
represented according to the species’ natural habitat and wetland indicator status WIS (meaning of WIS codes 
according to Table 1.1). Each species was appointed to one category only.  
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Figure 1.6 Redundancy analysis (RDA) triplot (scaling 2) with forward selection of environmental and chemical 
variables (ST5=soil temperature at 5 cm; wPO4=water extracted P-PO4

3-; sMn=soil Mn; WTL=water table level) 
constraining the plant species cover. The reference area shrubby poor fen (SPF) does not appear, due to missing 
biochemical and environmental data. Code for study areas according to Method section and Figure 1.2Figure 
1.3 (see also Appendix 1.1). Code for plant species in Appendix 1.2. For better visualization, not all plant species 
are shown. 
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Appendix 1.7 Water table level relative to the surface in the study areas: (a) restored and unrestored areas, (b) 
undisturbed REF adjacent to the restored areas and in the greater Peace River and Cold Lake oil sands regions. 
Meaning of study areas according to Appendix 1.1. 

a) 



b) 















×

×





Figure 2.1 The Peace River well pad (white outline) is located within a wooded bog ecosystem, which serves 
as reference ecosystem (BOG) in this study. In two restored sectors of the well pad, the mineral soil was partially 
removed (PR) to 15 cm (PR-15) and to 5 cm (PR-5) above the water table of the adjacent peatland. Yellow dots 
indicate measurement plots. 





Figure 2.2 The Cold Lake well pad (white outline) is located within a mosaic of uplands and wetlands, which 
serve as reference ecosystems (TRF=treed rich fen, SRF=shrubby extreme-rich fen). Blue shaded sectors are 
restored areas where different restoration techniques of complete and partial mineral soil removal were tested 
(CR=complete removal, PR-0-D/W and PR-0-E=partial removal of mineral soil to near the adjacent fen 
ecosystems, with high/dry (D) and low/wet (W) microforms, and with even ground (E)). The grey shaded 
unrestored sector (UNR) serves as a control sector on the former well pad’s residual mineral soil. Yellow dots 
indicate measurement plots.  
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Figure 2.3 Precipitation (mm) and air temperature (°C) measured at a meteorological station on restored in situ 
oil sands well pads in the Peace River and Cold Lake Oil Sands, during the monitoring period (May 17 until 
September 9) in the years 2017 (A + C) and 2018 (B + D). 



Table 2.2 Mean ± SD of the water table level (WTL in cm), pH and electric conductivity (EC in µS/cm) in all 
different restoration sectors on two former well pads in Peace River and Cold Lake and three reference 
ecosystems. Negative values signify a water table below the soil surface, and positive values signify a water 
table above the soil surface. Monitoring sectors according to Table 2.1. 



Table 2.3 Mean ± SD soil pH and electric conductivity (EC in µS/cm), as well as mean dissolved organic carbon 
(DOC in mg/L) and plant available soil nutrient supply rates (in mg/L) of ammonium (N-NH4

+), iron (Fe), 
phosphorus (P-PO4) and sulfur (S-SO4

2-), in all monitoring sectors in 2018. BDL stands for values below 
detection limit (detection limit for Fe=0.12 µg/L). Monitoring sectors according to Table 2.1. 



Figure 2.4 Principle component analysis (PCA) of microforms, according to environmental controls of water 
table level (WTL), soil temperature at 5 cm depth (ST5), soil pH (pHS) and electric conductivity (ECS), water pH 
(pHW) and electric conductivity (ECW), dissolved organic carbon (DOC), vegetation survey strata (shrubs, forbs, 
mosses, water, litter, peat), and plant available soil nutrient supply rates (Fe+, NH4

+, PO4
-, SO4

2-). Strong 
clustering of monitoring sectors can be observed. Monitoring sectors according to Table 2.1. 
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Figure 2.5 Measurements in all monitoring sectors during the monitoring season of 2017 (A-C) and the season 
of 2018 (D-F) show the mean gross ecosystem production (GEP in g CO2 m-2 d-1) at a photosynthetically active 
radiation (PAR) photon flux density ≥1000 µmol m-2 s-1 (A & D), the mean net ecosystem exchange (NEE in 
g CO2 m-2 d-1; B & E), and the mean ecosystem respiration (Reco in g CO2 m-2 d-1; C & F). Groups with the same 
letters are not significantly different. Statistical results of the ANOVAs for 2017 show GEP: F17, 359=16.43, 
p<0.001, adj. r2=0.41; NEE: F17, 376=14, p<0.001, adj. r2=0.36; Reco: F17, 550=19.16, p<0.001, adj. r2=0.35. For flux 
recordings in 2018 the ANOVA results reveal GEP: F17, 212=4.38, p<0.001, adj. r2=0.2; NEE: F17, 220=7.29, 
p<0.001, adj. r2=0.31; Reco: F17, 329=6.77, p<0.001, adj. r2=0.22. Monitoring sectors according to Table 2.1 



Table 2.5 Statistical results of ANOVAs for fluxes of carbon dioxide (CO2), presented for gross ecosystem 
productivity (GEP), net ecosystem exchange (NEE), and ecosystem respiration (Reco), and methane (CH4) for 
2017 and 2018. 
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Table 2.6 Statistical results of multiple linear regressions to predict net ecosystem exchange (NEE) and methane 
(CH4) fluxes in 2017 and 2018, based on soil temperature (at 5 cm depth), cover of vegetation strata, and water 
table level. Marginal r2

(m) shows the proportion of variance explained by the fixed factors alone, while the 
conditional r2(c) describes the proportion of variance explained by fixed factors and the random factor ‘plot’. 



Table 2.7 Cumulative seasonal carbon fluxes of methane (CH4), and net ecosystem exchange (NEE) as a 
product of gross ecosystem production (GEP) and ecosystem respiration (Reco), for all monitoring sectors in 
2017 and 2018. Both seasonal calculations were done for a period of 107 days (17 May 2017 to 31 August 2017 
and 22 May 2018 to 5 September 2018). Monitoring sectors according to Table 2.1. 



Table 2.8 Cumulative two-year total carbon (C) balance and global warming potential (GWP) for two 107-days-
research seasons in two consecutive years (17 May 2017 to 31 August 2017 and 22 May 2018 to 5 September 
2018). Calculations of the total C balance include C fluxes of methane (CH4), and net ecosystem exchange 
(NEE) as a sum of gross ecosystem production (GEP) and ecosystem respiration (Reco). Monitoring sectors 
according to Table 2.1.  





























Appendix 2.1 The study sites, two restored in situ oil sands well pads, situated within the Oil Sands regions of 
Peace River and Cold Lake. Both sites are located in the Boreal Mixedwood ecoregion of boreal Northern 
Alberta. 



Appendix 2.2 All study sectors in the Peace River and Cold Lake Oil Sands regions. A) An unrestored sector 
(UNR) on the Cold Lake well pad served as a control, where measurements took place on the remaining well 
pad’s mineral soil (MS). Restored sectors are B) CR: Complete removal of MS with a floating moss carpet, C) 
PR15: Partial removal of MS to 15 cm above seasonal water table, D) PR5: Partial removal of MS to 4 to 6 cm 
above seasonal water table, E) PR0-D/W: Partial removal of MS to surface elevation of surrounding fen 
reference ecosystem (uneven ground relief), F. PR0E: Partial removal of MS to same surface elevation of 
surrounding fen reference ecosystem (even ground relief). Reference ecosystems (REF) were G) SRF: a 
shrubby extreme-rich fen, H) TRF, a wooded rich fen, and I. BOG: a wooded bog. 















Table 3.1 Climate data for all three years of the study with special focus on the five-month-long vegetation 
season between May to September (CRIM 2021). 

Figure 3.1 Study areas at the former Peace River in situ oil sands well pad A) PR15: Partial removal of mineral 
soil (MS) to 15 cm above seasonal water table; B) PR5: Partial removal of MS to 4 to 6 cm above seasonal 
water table; C) BOG: Treed bog with characteristic hummocks (dry microsite) and hollows (wet microsite). 





Figure 3.2 Study areas at the former Cold Lake in situ oil sands well pad: A) UNR: Unrestored; B) PR0-D: Partial 
removal of mineral soil (MS) to surface elevation of surrounding fen reference ecosystem, dry microform; C) 
PR0-W: Partial removal of MS to surface elevation of surrounding fen reference ecosystem, wet microform;  D) 
PR0E: Partial removal of MS to same surface elevation of surrounding fen reference ecosystem, even ground 
relief without microform; E) CR-D: Complete removal of MS with a floating moss carpet as dry microform; F) CR-
W: Complete removal of MS with shallow open water as wet microform; G) SRF: Shrubby extreme-rich fen 
(REF); H) TRF, a treed rich fen (REF). Both REF had characteristic hummocks (dry microsite) and hollows (wet 
microsite). 
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Figure 3.3 Differences between the two study seasons of mean above-ground (AG) biomass collected in each 
microsite (D=dry; W=wet; E=even) of all study areas (UNR=unrestored; PR15=partial removal (PR) to 15 cm 
above the average water table level (WTL); PR5=PR to 5 cm above the WTL; PR0=PR to (0 cm) the WTL with 
microforms D=dry/W=wet/E=even without microforms; CR=complete removal D=dry/floating moss carpet; 
SRF=shrubby rich fen with microform D=dry/W=wet, TRF=treed rich fen with microform D=dry/W=wet; 
BOG=wooded bog with microform D=dry/W=wet). 
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Figure 3.4 Contribution to the total biomass sorted by plant functional type (above-ground biomass) and roots 
(below-ground biomass) over a two-year study period. Characteristic plant groups of the respective plant 
functional types were specifically noted, such as ericaceous shrubs (shrubs), sedges (herbs), Sphagnum sp. 
(mosses). Codes for study areas as in Figure 3.3. 



 3.5

 

Figure 3.5 Mean organic plant matter produced above-ground (AG: F12,285=1.78, p=0.05, adj. r2=0.03) and 
below-ground (BG: F12,27=2.27, p=0.04, adj. r2=0.28) in the study areas during a two-year study period. Groups 
with the same letters are not significantly different. Study area codes as in Figure 3.3.



 

Figure 3.6 Remaining mass (in %) of bryophyte and vascular plant litter in each microsite of the restoration 
treatments, the unrestored and reference peatlands, after a two-year incubation period. No bryophytes were 
present at PR15 and PR5 in the begin of the study and thus not incubated in those locations. Study area codes 
as in Figure 3.3.
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Appendix 3.2 Litter bags made of 1 mm fiberglass mesh material for vascular plants (left) and 1 mm nylon 
material for bryophytes (right) before filling. 



Appendix 3.3 The litter biomass material in a retrieved bryophyte litter bag became the new base for living 
biomass on top, demonstrating the need for the retrieved bag to be cleaned before further analysis of the 
remaining mass inside the bag. Weight gain is possible due to plant ingrowth, 



Appendix 3.4 Linear regressions visualizing A) the effect of soil temperature at 5 cm depth (ST5) on logarithmic 
transformed above-ground biomass (AG: F1,296=12.7, p<0.01, adj. r2=0.04) and below-ground biomass (BG: 
F1,38=12.75, p<0.01, adj. r2=0.23), as well as B) the effect of water table level relative to the surface (WTL) on 
above-ground and below-ground biomass (AG: F1,296<0.01, p=0.96, adj. r2<0; BG: F1,38=2.28, p=0.14, adj. 
r2=0.03). 



Appendix 3.5 Linear regression visualizing the effects of A) soil temperature at 5 cm depth (ST5) (F1,364=18.6, 
p<0.01, adj. r2<0.01), and of B) water table level (WTL) relative to the surface (F3,364=0.81, p=0.37, adj. r2<0) on 
the decay rate k. 



Appendix 3.6 Mean water table level (WTL) and soil temperature at 5 cm depth (ST5) for 2017 and 2018, as 
measured in 2018 for related research (Lemmer et al. 2020; Chapter 1). 



Figure 0.9 Concept of ecological peatland restoration, including focal points to be considered during an 
ecological pre-assessment and implemented in the following restoration management plan. 









Figure 0.10 Decision tree for practitioners to decide on ecological restoration techniques, regarding methods for 
mineral fill removal and revegetation, for peatland restoration following in situ oil sands well pad disturbances.






