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Wetlands in the Athabasca Oil Sands Region: the nexus
between wetland hydrological function and resource
extraction

Olena Volik, Matthew Elmes, Richard Petrone, Eric Kessel, Adam Green, Danielle Cobbaert,
and Jonathan Price

Abstract: Oil sands development within the Athabasca Oil Sands Region (AOSR) has accelerated in recent decades, causing
alteration to natural ecosystems including wetlands that perform many vital ecosystem functions such as water and carbon
storage. These wetlands comprise more than half of the landscape, and their distribution and local hydrology are the result of
interactions among a subhumid climate, topography, and spatially heterogeneous surficial and bedrock geology. Since hy-
drology plays a fundamental role in wetland ecological functioning and determines wetland sensitivity to human disturbances,
the characterization of anthropogenic impacts on wetland hydrology in the AOSR is necessary to assess wetland resilience and
to improve current best management practices. As such, this paper reviews the impacts of oil sands development and related
disturbances including infrastructure construction, gravel extraction, and land clearing on wetland function in the AOSR.
Hydrologic disturbances in wetlands in the AOSR include changes to soil hydrophysical properties that control water table
position, the interruption of recharge-discharge patterns, and alteration of micrometeorological conditions; these in turn
govern wetland ecological structure and wetland ecosystem processes (e.g., evapotranspiration, nutrient cycling). Given that
anthropogenic disturbance can affect natural wetland succession, long-term hydrological monitoring is crucial for predicting
the response of these ecosystems to varying levels of human impact.
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Résumé : L’exploitation des sables bitumineux de I’Athabasca (AOSR, Athabasca Oil Sands Region) s’est accélérée au cours des
derniéres décennies, provoquant une altération des écosystémes naturels, dont les zones humides qui remplissent nombre de
fonctions vitales dans les écosystémes telles que le stockage d’eau et de carbone. Ces zones humides constituent plus de la moitié
du paysage, et leur distribution et leur hydrologie locale sont le résultat des interactions entre le climat subhumide, la
topographie et la géologie de surface et de substrat rocheux spatialement hétérogéne. Puisque I'hydrologie joue un role
fondamental dans le fonctionnement écologique des zones humides et qu’elle détermine la sensibilité des zones humides aux
perturbations humaines, la caractérisation des impacts anthropiques sur I’hydrologie des zones humides de I’AOSR est néces-
saire pour évaluer la résilience des zones humides et améliorer les meilleures pratiques de gestion actuelles. De ce fait, cet article
fait la synthése des impacts de I’exploitation des sables bitumineux et des perturbations associées, y compris la construction
d’infrastructures, I’extraction de gravier et le défrichement sur le fonctionnement des zones humides de I’AOSR. Les perturba-
tions hydrologiques dans les zones humides de ’AOSR comprennent des changements des propriétés hydrophysiques du sol qui
controlent la position de la nappe phréatique, I'interruption des cycles de recharge/décharge et I’altération des conditions
micrométéorologiques; celles-ci contrdlent en retour la structure écologique des zones humides et les processus de I’écosystéme
des zones humides (par exemple I’évapotranspiration, le cycle des nutriments). Puisque ces perturbations anthropiques peuvent
affecter la succession naturelle de zones humides, le suivi hydrologique a long terme est essentiel pour prédire la réponse de ces
écosystémes aux différents niveaux d’impacts humains. [Traduit par la Rédaction)]

Mots-clés : zones humides, fonctionnement hydrologique, région des sables bitumineux de I’Athabasca, perturbation humaine,
impact anthropique.

1. Introduction and flood control (Ingram 1983), while providing unique assem-
Wetlands represent a relatively small proportion (4%-9% of land blages of vegetation communities (Vitt et al. 1996) and natural
area, 5.3-12.8 million km?) of Earth’s total land area (Zedler and habitat for wildlife (Mitsch and Gosselink 1993). Wetlands are
Kercher 2005), yet they store roughly 20% (450 Gt C) of the total ~ Vulnerable to a wide range of disturbances, including urbanization,
terrestrial carbon pool (Yu 2012). These ecosystems also serve im- peat extraction (for horticulture), livestock grazing, agriculture, for-
portant hydrological roles, including water storage and filtration estry, mining, and resource exploration (Chimner et al. 2016).
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In the Athabasca Oil Sands Region (AOSR), wetlands dominate
the landscape, covering more than 50 500 km? (~54% of total
land cover) (AEP 2018) despite the subhumid climate with po-
tential evapotranspiration (PET) often exceeding precipitation
(Bothe and Abraham 1993; Devito et al. 2012). Wetlands vary in
class, form, and type (Fig. 1a) and include mineral wetlands and
peat-forming wetlands (peatlands), ranging from ombroge-
nous open bogs to treed extreme-rich fens (Vitt et al. 1996;
Alberta Environment and Parks 2018), swamps (Locky et al. 2005),
and saline fens (Grasby and Londry 2007; Trites and Bayley 2009a;
Wells and Price 2015a). This variability of peatland type is influ-
enced greatly by the deep and spatially heterogeneous topogra-
phy and surficial geology (hereafter referred to as physiography)
with varying sequences of soil textures and subsequent hy-
drophysical and geochemical properties that characterize the re-
gion (Fig. 1b) (Devito et al. 2005a; Andriashek 2003; Andriashek
and Atkinson 2007).

The AOSR encompasses an area of 93 259 km? of the Western
Boreal Plains (WBP) in northeastern Alberta (ABMI 2017); 5% of the
AOSR (4750 km?) is deemed surface-mineable (Fig. 1c). As of 2017,
an area of 895 km? has been impacted by open-pit oil sands min-
ing (Government of Alberta 2017b). According to oil sands mine
closure plans, the vast majority of peatlands destroyed by open-pit
mining will not be reclaimed back to peatlands but rather re-
claimed to upland forest (increase of 155 km?), end pit lakes
(+36 km?), riparian shrubland (+23 km?), and marshes (+17 km?).
This will result in the loss of over 295 km? of peatlands and the
release of between 11.4 and 47.3 million metric tonnes of stored
carbon and reduction of continued carbon sequestration by these
peatlands of 5734-7241 metric tonnes C y! (Rooney et al. 2012).
However, recent efforts to reclaim peatlands on oil sands mines
has shown preliminary establishment peatland plant communi-
ties and peat accumulation (Borkenhagen and Cooper 2019), al-
though more monitoring is needed to determine long-term
sustainability. The remainder of the AOSR has bituminous sands
located deeper than 70 m that cannot be mined economically; in
these areas, bitumen is extracted using in-situ techniques (e.g.,
steam-assisted gravity drainage (SAGD)) (Government of Alberta
2017b). SAGD is based on the injection of heated steam into the oil
sands deposit through underground wells, thereafter the less vis-
cous bitumen is pumped to the surface. In-situ bitumen extrac-
tion is less environmentally destructive as it has a significantly
smaller human development footprint relative to open-pit min-
ing, but it also requires construction of industrial facilities and
infrastructure (e.g., well pads, tailing storages, access roads, etc.)
(Jordaan et al. 2009). An inventory of wetland landscape transfor-
mation of in-situ oil sands lease areas (sensu Rooney et al. 2012)
has not been performed.

Oil sands development is also associated with other human
disturbances including gravel extraction, forestry, seismic explo-
ration lines, transportation (permanent and semi-permanent ac-
cess roads, highways, pipelines), and additional mining-related
infrastructure and refining practices (Rooney et al. 2012; AEP
2016a). Urban development and road construction are relatively
dispersed and have smaller spatial scales compared to mining;
however, the total area of these disturbances exceeds 2100 km?
(ABMI 2017). For example, recent urban expansion in Fort McMur-
ray, based on historical satellite imagery (Google Earth), demon-
strates more than 6 km? of wetlands have been removed since
2000. These disturbances can cause long-term changes to the hy-
drological function of peatlands and potentially further increase
their vulnerability to other natural and human-induced drivers of
change such as weather variability, climate change, wildfires, and
invasive species that influence their ecosystem function and asso-
ciated ecosystem services (Keshta et al. 2011; Rooney et al. 2012;
Ireson et al. 2015; Waddington et al. 2015; Thompson et al. 2017;
Ramsar Convention on Wetlands 2018).
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To date, investigations into the degree of influence that oil
sands development and the related disturbances have on the nat-
ural functioning of peatlands in the AOSR remain incomplete
despite substantial efforts to summarize and synthesize hy-
drological functioning of northern peatlands (e.g., Devito et al
2005a, 2012; Pelster et al. 2008; Waddington et al. 2015), cumula-
tive effects of multiple stressors related to human developments
in the AOSR (e.g., Webster et al 2015; Dabros et al. 2018; Lima and
Wrona 2019), and wetland restoration and construction (e.g., Graf
2009; Ketcheson et al. 2016). Generalization of results is con-
founded by the variability in ecohydrological function associated
with different wetland classes and the duration of studies that are
shorter than the decadal climate cycles typical of this region
(Bothe and Abraham 1993; Marshall et al. 1999; Devito et al. 2012).
This review summarizes the current state of knowledge with re-
spect to peatland hydrological function in the AOSR and the im-
pacts of oil sands development and related activities on peatland
function. The overall goals of this paper are to: (i) outline the
current state of knowledge with respect to peatland hydrologic
functioning in the Boreal Plains ecozone, (ii) review the impacts of
oil sands development and associated disturbances on peatland
hydrology and identify research gaps, and (iii) use the subsequent
framework to complement existing recommendations for moni-
toring the impacts of oil sands mining activities on wetlands in
the AOSR. In this paper, “hydrologic functioning” refers to a com-
plex of processes related to collecting, storing, contributing, and
transmitting water that is fundamental to any landscape compo-
nent (Black 1997).

2. Wetlands in the AOSR

2.1. Wetland distribution in the AOSR

The formation, distribution, and functioning of wetlands are a
time-integrated result of interaction among climate, surface and
bedrock geology, and topography over the past 10 000 years (Vitt
et al. 1996; Halsey et al. 1998; Devito et al. 2005a). The combination
of subhumid climate, heterogeneous surface sediments, highly
variable topography, and complex hydrogeology cause a wide
range of environmental conditions in AOSR wetlands that follow
distinct hydrologic, chemical, and biotic gradients (Chee and Vitt
1989; Vitt et al. 1996; Smith et al. 2007; AESRD 2015). In the AOSR,
the most abundant wetlands are fens (Vitt and Chee 1990; AESRD
2015) that occupy more than 22 540 km? (AEP 2018) (Fig. 2). Poor
fens, that are more acidic and lower in dissolved ions, are com-
mon in headwaters (e.g., Stony Mountain, Birch Mountains),
whereas moderate-rich fens tend to occur at topographical lows
and areas with coarse-textured deposits (AESRD 2015). More than
half of the fens are treed fens (poor and rich), whereas shrubby
and graminoid fens (rich and poor) comprise about 25% (AESRD
2015; AEP 2018). Bogs are the second most abundant wetland class
in the AOSR occupying more than 12 550 km? (AEP 2018); more
than 80% of bogs in the AOSR are treed, whereas shrubby and
open bogs are less common (AESRD 2015). Swamps occupy about
11570 km? (AEP 2018) and are common at transitions between
wetlands and adjacent uplands as well as in the bottom of river
valleys (Stanek et al. 1977; Locky et al. 2005). More than half of
the swamp areas in the AOSR are conifer-dominated, whereas
shrubby, mixed-wood, and hardwood swamps are less abun-
dant (AESRD 2015). Shallow water wetlands and marshes cover
3840 km? (AEP 2018) and tend to occur at riparian areas and along
lakeshores as well as in areas with increased salinity (Bayley and
Mewhort 2004; AESRD 2015). Marshes are generally characterized
by complex surface water—groundwater interactions, large water
table fluctuations, and temporally variable geochemical condi-
tions (National Wetlands Working Group 1997).
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Fig. 1. Map of the Athabasca Oil Sands Region showing: (a) wetland distribution (data from AEP (2018)); (b) surficial geology (modified from

Fenton et al. (2013)); and (c) human disturbance (data from ABMI (2013)).
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Fig. 2. Areas of different wetland classes (based on Alberta Wetland Classification System) in the Athabasca Oil Sands Region (data from AEP

(2018), Ducks Unlimited Canada (2019)).
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2.2. Water balance of wetlands

As the AOSR is a part of the Boreal Plains ecozone, characterized
by subhumid climate (Marshall et al. 1999; Petrone et al. 2007),
wetlands are often functioning under a long-term moisture deficit
(Bothe and Abraham 1993; Devito et al. 2012). However, actual
evapotranspiration is often lower than PET due to landscape con-
trols and autogenic feedbacks, which help conserve water during
periods of low water availability (Petrone et al. 2007; Devito et al.
2017). Despite these controls, there are landscape configurations
in the region, such as peatland—-swamp dominated catchments,
that can be major source areas of water (Devito et al. 2017). In
addition, higher elevated areas (i.e., The Stoney Mountain Up-
lands) in the AOSR can receive above average precipitation for the
region, and annual precipitation often exceeds PET (Wells et al.
2017; Government of Canada 2018). These headwater wetland-
dominated basins can therefore be important sources of water for
downstream ecosystems that may be experiencing a moisture def-
icit and acting as groundwater recharge areas, which drive forma-
tion of regional groundwater flow systems (Barson et al. 2001).

In the AOSR, the water budgets of wetlands (except bogs and
wetlands underlaid by fine-grained deposits) is commonly reliant
on groundwater inflow-outflow and storage changes because
they are situated within deep sediments that can store and trans-
mit large volumes of water (Devito et al. 2012). Groundwater dis-
charge into wetlands is controlled by the scale of the groundwater
system, as well as the hydraulic conductivity of the mineral sub-
strates that are defined by the physiography of the region (T6th
1999; Winter 1999; Winter et al. 2003; Elmes and Price 2019). This
contrasts with wetlands in Eastern Boreal regions of Canada
where groundwater inflow-outflow from surrounding uplands
can be assumed to be small as these wetlands are underlined by
low-permeability crystalline bedrock with limited water storage
capacity and low hydraulic conductivity (Creed and Sass 2011). In
the AOSR, the interaction between the subhumid climate and the
near-surface sediments results in pronounced seasonal and dec-
adal wet and dry cycles that have a strong effect on hydrological
and geochemical functioning of wetlands (Devito et al. 2005a;
Chasmer et al. 2018; Elmes and Price 2019). Further, with this
subhumid climate, evapotranspiration (ET) is typically the largest
negative water flux term in any wetland type in this region (Devito
et al. 2005a; Petrone et al. 2007).

Many wetlands in the AOSR rely on autogenic water table feed-
backs (i.e., water table-transmissivity feedbacks) that can reduce
subsurface flow out of a peatland and limit subsequent water
table drawdown during periods of low water availability. This
feedback occurs when the water table recedes, where the upper
highly permeable peat layers no longer contribute to the trans-
missivity of the fen peat column and subsequently reduce flow
across the peatland (Waddington et al. 2014; Elmes and Price

2019). For example, peatlands in the region maintain shallow wa-
ter tables by limiting ET through the low conductivity catotelm
peat (Price et al. 2003).

2.3. Geologic and geomorphic controls on wetland
hydrologic functioning

The AOSR region has heterogenous surficial geology due to mul-
tiple prior glaciations, most recently the Laurentide Ice Sheet, and
subsequent deglaciation around 11 000 cal years B.P. (Dyke 2004)
and by the formation of glacial lakes (e.g., Lake McConnell, Lake
McMurray). Such heterogenous surficial geology strongly influ-
ences the variability in hydrological functioning of wetlands in
the region. The associated glacial and postglacial processes were
responsible for the deposition of moraines at the perimeter of the
AOSR, glaciolacustrine sediments in the central areas, and flu-
vioglacial deposits throughout the region, as well as formation or
modification of the major topographic features of the region (i.e.,
rolling and low-relief terrain with numerous shallow lakes and
meandering streams) (Fenton et al. 2013). Drift thickness is vari-
able in the region, ranging from <1 m in the central and northern
parts to >200 m at topographic highs (Andriashek and Atkinson
2007). As a result, the surface topography of AOSR is characterized
by presence of higher elevation uplands (Stony Mountain, Birch
Mountains, Firebag Hills, Utikuma Uplands) situated along the
perimeter of the central lowlands (e.g., Wabasca McMurray Low-
lands) (Andriashek 2003; Andriashek and Atkinson 2007).

Areas influenced by glaciofluvial, fluvial, or eolian processes are
composed of coarse-textured deposits rich in sand and gravel that
have a relatively high capacity to transmit water (Freeze and
Cherry 1979). At regional topographic lows where coarse-grained
sediments are sufficiently thick, fens in the WBP can be connected
to regional-scale groundwater flow systems and form expansive
networks of individual fen systems with relatively stable water
table positions (Winter et al. 2003; Smerdon et al. 2005; Devito
et al. 2012). However, fens overlying relatively thin (10-15 m)
coarse-grained sediment deposits in the AOSR have been shown
instead to be connected to local flow systems (Elmes and Price
2019). This local hydrogeological setting renders fens more sus-
ceptible to flow reversals, as groundwater is vulnerable to head
fluctuations in the presence and absence of precipitation-driven
recharge from adjacent uplands (Elmes and Price 2019). In addi-
tion, local topographic highs in areas dominated by coarse-
grained sediment have been shown to provide a source of lateral
subsurface groundwater flow to adjacent fen areas (Smerdon et al.
2005; Elmes and Price 2019).

Till-rich moraines and flat areas that were occupied by postgla-
cial lakes are composed of fine-textured sediments rich in silt and
clay (Andriashek 2003) and thus have lower hydraulic conductiv-
ities resulting in relatively poor hydrologic connectivity (Devito
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et al. 2012). Discharge from uplands to adjacent wetlands can
occur in these catchments; however, during periods of low water
availability, wetlands can supply water to the uplands, either
through groundwater flow reversals from wetland to upland
(Ferone and Devito 2004; Devito et al. 2012; Brown et al. 2014;
Wells et al. 2017) or through transpiration by aspen trees via hy-
draulic lift, where deep clonal roots have been shown to encroach
into adjacent wetlands (Depante 2016). However, low hydraulic
conductivity of the silt- and clay-rich sediment underlying the
peatlands restricts groundwater recharge during flow reversals,
limiting water table drawdown in the wetland (Ferone and Devito
2004; Wells et al. 2017). Runoff from uplands can occur; however,
it has not been shown to represent a significant proportion of the
annual water budget. The combination of high transpiration de-
mands from aspen stands, combined with the relatively high stor-
age capacity of the uplands, will result in low runoff ratios in most
years (Devito et al. 2005b; Wells et al. 2017).

Transitions between areas composed of fine- and coarse-
textured material are often characterized by a presence of veneer-
type deposits with layered sequences of coarse- and fine-grained
sediments. Such areas have complex hydrological interactions,
and wetlands are more abundant at the margins and zones that
cross the local water table due to the sediment cover thinning or
surface lowering (Devito et al. 2012). In areas where coarse-texture
sediments are underlined by fine-texture ones, the water table
position is more likely to reflect the distribution of impermeable
layers rather than the topography (Devito et al. 2005a; Riddell
2008). The layering of fine- over coarse-grained sediments can lead
to the existence of wetlands that are perched and isolated from
the regional water table (perched wetlands; Riddell 2008) or con-
nected to the regional water table despite being elevated, with
recharge limited by the low hydraulic conductivity fine-grained
material overlying the aquifer (Elmes and Price 2019).

The AOSR is situated within a region characterized by infre-
quent (0%-10% of land area) and isolated patches of permafrost
(Brown et al. 1997, Vitt et al., 1994), and as such, local hydrology
can be influenced by the presence of a frozen soil layer. For exam-
ple, permafrost impedes flow by reducing the transmissivity of
the peat column, limiting the cycling of subsurface water, and
therefore isolating peatlands (primarily bogs) on the landscape
(O’Donnell et al. 2011). More elevated areas in the AOSR are char-
acterized by lower winter temperatures and therefore have a
greater extent of permafrost (Lindsay and Odynsky 1965; Ozoray
et al. 1980; Beilman et al. 2001). Extensive peat plateaus have been
noted in the Birch Mountains (Fig. 1b) that are underlain by more
continuous permafrost (Vitt et al. 1996). However, these areas
have been subject to degradation, as evidenced by collapse scars
that form internal lawns (Vitt et al. 1996), causing changes to the
proportion of land-cover types as well as subsurface and ground-
water flow patterns (Connon et al. 2014). Permafrost degradation
is often associated with enhanced flow in the upper peat column,
as frozen peat with previously restricted flow thaws and becomes
hydrologically conductive, resulting in enhanced connectivity of
peatland types and drainage networks, ultimately changing the
hydrology of a basin (Wright et al. 2009; Quinton et al. 2011;
Gibson et al. 2019).

Bedrock geology can also influence wetland hydrologic func-
tioning because physical properties of bedrock (e.g., thickness,
orientation, fissuring, strength of material) and their composition
have a strong influence on surficial topography and formation of
parent material that contribute to wetland distribution and func-
tion (Mitsch and Gosselink 1993; Devito et al. 2012). In addition,
bedrock geology exerts a direct control on the groundwater chem-
istry and soil physical properties, as well as direction of regional
groundwater flow (Bachu 1995). In the AOSR, the regional hy-
drodynamic regime follows a south to north direction primarily
through Devonian carbonates overlain by Cretaceous strata (e.g.,
siltstones, shales, sandstones, sands) (Bachu 1995; Andriashek 2003).

Yet, a number of higher elevation uplands (Stony Mountain, Birch
Mountains) that are underlain by cretaceous shales and sand-
stones act as regional recharge areas, creating confined regional
aquifers that eventually discharge into the Athabasca River
(Andriashek 2003; Grasby and Chen 2005). Because the region is
located on the northeastern edge of the Alberta Basin (Wright
et al. 1994), and the thickness of sedimentary cover decreases in a
northwestern direction from about 1500 m to near 0 m, several
discharge zones of deep aquifer associated with erosional edges of
Devonian and Cretaceous strata occur (Bachu 1995). By introduc-
ing base ions, deep groundwater input governs the geochemical
properties of wetlands; however, the potential for a wetland to
receive groundwater from deep regional groundwater will be de-
pendent on its positioning relative to the terminus of deep re-
gional aquifers in the area (T6th 1999). For example, south of Fort
McMurray, the existence of a high salinity groundwater discharge
zone from Grand Rapids formation resulted in formation of saline
fen peatlands (Purdy et al. 2005; Wells and Price 2015b).

3. Alteration of wetland hydrologic function

The spatial extent and degree of anthropogenic influence on
wetlands will differ depending on the wetland type, extent of area
impacted, as well as the type of disturbance. However, in general,
ground disturbance occurs at local level through changes to soil
hydrophysical properties and related wetland connectivity and at
watershed level through changes to wetland water table and
groundwater recharge-discharge patterns. In addition, wetland
hydrologic functioning can be affected by transformation of wa-
ter and energy balances associate with changes in micrometeoro-
logical conditions that govern evapotranspiration (Petrone et al.
2007), one of the key components of a wetland water balance
(Devito et al. 2012). The key disturbances and associated changes
are summarized in Fig. 3, and will be discussed in the following
subsections. Because the AOSR is strongly dominated by peat-
forming wetlands (Vitt et al. 1996), the focus of this section will be
on alteration of peatland hydrology.

3.1. Alteration of peat hydrophysical properties

The natural, undisturbed hydrophysical properties of a peat
profile impose an important control on water table position and
hydrological fluxes over periods of varying hydrometeorological
conditions (Price et al. 2003). These properties (e.g., porosity, spe-
cific yield, bulk density, and hydraulic conductivity) are highly
variable at both regional and field scales, and typically vary with
peat depth, with trends controlled primarily by the degree of
decomposition, and botanical origin (Boelter 1969; Levesque and
Dinel 1977). The near-surface peat is composed of living and poorly
decomposed plant material and has a structure characterized by
relatively large pores, which results in a relatively high porosity
(Carey et al. 2007; Rezanezhad et al. 2010), specific yield (Chason
and Siegel 1986; Price 1992) and hydraulic conductivity (Fraser
et al. 2001; Quinton et al. 2008; Branham and Strack 2014; Baird
et al. 2016), and lower bulk density (Carey et al. 2007) and water
retention capacity (Boelter 1969). These properties promote water
infiltration and high permeability, while restricting capillary flow
thus water loss from evaporation (Price 1996; McCarter and Price
2017). The degree of decomposition generally increases with depth
below surface (Ingram 1978), consequently reducing pore-size
(Boelter 1969), and therefore specific yield (Masch and Denny 1966)
and hydraulic conductivity (Mualem 1976; Price and Maloney 1994;
Hoag and Price 1995; Fraser et al. 2001, Beckwith et al. 2003;
Whittington and Price 2006) while bulk density (Boelter 1968; Carey
et al. 2007) and water retention capacity (Price et al. 2008) typically
increase. These depth-dependent properties influence soil moisture
profiles resulting in capillary rise and the productivity of mosses and
vascular plants (McNeil and Waddington 2003).

Although not unique to the region, the depth-specific peat prop-
erties discussed above can provide important water conservation
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Fig. 3. Conceptual model of human alteration of wetland hydrology in the Athabasca Oil Sands Region. Although natural settings (i.e.,
sub-humid climate, topography, heterogeneous surficial and bedrock geology; shown as ovals) are not always directly involved in anthropogenic
alteration of wetland hydrology, their interactions (shown in dashed lines) define the sensitivity of wetland hydrology to human alteration at
the local level. Ground disturbance occurs at the local level through alteration of peat hydrophysical properties and related wetland
connectivity and at the watershed level through changes to wetland discharge and recharge. In addition, wetland hydrologic functioning can
be affected by the transformation of water and energy balances associated with changes in micrometeorological conditions that govern
evapotranspiration. The model represents simplified relationships between anthropogenic alteration, wetland components and processes.
Detailed analysis of hydrological feedbacks to natural and anthropogenic disturbances in peatlands can be found in Waddington et al. (2015).
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mechanisms for peatlands in the subhumid AOSR. For example,
decreases in water table position during periods of low rainfall
intersects the water table to depths characterized by increasingly
lower hydraulic conductivities (10->-10-7 m s~%; Ferone and Devito
2004; Wells et al. 2017; Elmes and Price 2019). This subsequently
produces a water table feedback mechanism (Waddington et al.
2015), which reduces lateral drainage across a peatland, subse-
quently storing greater volumes of water. Conversely, during pe-
riods of high water availability, increases in water table position
intersects the water table to shallow depths characterized by
higher hydraulic conductivities (103-10* m s~!; Ferone and
Devito 2004; Elmes and Price 2019; Wells et al. 2017), allowing for
greater transmissivity and thus connectivity to the surrounding
landscape (McCarter and Price 2017; Elmes and Price 2019).

The peat profile is vulnerable to ground disturbance through
compaction caused by direct placement of materials or infrastruc-
ture (e.g., pipelines; Enbridge Pipelines Inc. 2012), and (or) the

heavy machinery used during construction (Johnson et al. 1991;
McNabb et al. 2001; Whitson et al. 2003; Cambi et al. 2015). Com-
paction alters the hydrophysical properties of the upper peat
column by reducing specific yield (causing flashier water table
responses), reducing hydraulic conductivity (thus subsurface
flow), and increasing bulk density (thus the water retention prop-
erties), influencing moss productivity and subsequent peat accu-
mulation (Waddington et al. 2014). Seismic line (Severson-Baker
2003; Petrone et al. 2008), road (Trombulak and Frissell 2000;
Strack et al. 2017), and pipeline (Soon et al. 2000; Olsen and
Doherty 2012) construction have all been shown to increase the
bulk density of peat and other near-surface soils throughout the
boreal landscape. Moreover, belowground pipeline construction
requires the removal of the upper highly transmissive peat layer
(AEP 2017). For example, within the immediate location of a pipe-
line, a minimum of 40 cm of peat is removed during installation;
although peat is replaced over the excavated area after installa-
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tion, the natural peat structure is not maintained and the density
and pore structure is altered (Enbridge Pipelines Inc. 2012). Both
peat compaction and upper peat layer removal result in a de-
creased specific yield and hydraulic conductivity at the ground
surface, as well as an increased bulk density and water retention
capacity of the upper peat layer that amplify water table fluctua-
tions (Trombulak and Frissell 2000; Plach et al. 2017; Strack et al.
2017; Fig. 3). Despite the widespread use of belowground pipelines
in the oil sands industry, there are few hydrological studies that
address the potential changes they cause to subsurface flow pat-
terns within peatlands in the AOSR. Studies conducted on conifer
swamps in north-central Minnesota have shown that belowground
oil and gas pipelines impede lateral subsurface flow, through peat
compaction that reduces hydraulic conductivity, impeding water
flow through the upper peat layer (Boelter and Close 1974). Olsen
and Doherty (2012) measured soil properties across pipeline cor-
ridors in several wetlands in southeast Wisconsin, reporting soil
bulk density was 63% higher and moisture content 19% lower than
values measured outside of the impacted perimeter. The authors
also noted large differences in vegetation species composition,
with pipeline corridors having a lower species diversity and a
higher proportion of species that were not native to the wetland
(Olsen and Doherty 2012).

Similar changes to hydrophysical properties follow the direct
placement of filling materials (e.g., sand, clay, gravel) over the
peat. For example, resource road development and additional as-
sociated features (e.g., cutbanks, ditches) constructed through
fens can impede natural subsurface flow conditions, leading to
waterlogging on the upslope side of the peatland and subsequent
drying on the downslope side (Stoeckeler 1967; Bocking et al. 2017;
Plach et al. 2017); however, the degree of subsurface flow altera-
tion can vary depending on the orientation (e.g., perpendicular,
parallel) of roads with respect to subsurface flow (Saraswati et al.
2019) and substrate type (i.e., fine- vs. coarse-grained deposits)
(Willier 2017). Appropriate culvert placement can reduce interrup-
tion of water flow, but insufficient maintenance, especially in
response to beaver activity, can severely restrict drainage function
and result in vegetation community shifts (Bocking et al. 2017).
Newer roads may include engineered features (e.g., corduroy con-
duits (Ducks Unlimited Canada 2014)) and geogrid and geocell
synthetics (FPInnovations 2016), which can help in promoting nat-
ural flow patterns underneath the road surface. A decrease in
water table position on the downslope side can cause peat subsi-
dence because of increase effective stress associated with de-
creased pore-water pressure (Silins and Rothwell 1998; Kennedy
and Price 2005; Petrone et al. 2008). Such compression results in
the deformation of pore spaces (Rezanezhad et al. 2016; Baird and
Gaffney 1995), increasing bulk density and reducing hydraulic
conductivity (Price 2003; Whittington and Price 2006) and specific
yield (Price and Schlotzhauer 1999). Decreasing the hydraulic con-
ductivity of peat can reduce ET (Petrone et al. 2007), affecting the
movement of water, nutrients, and gases through peatland eco-
system, and it can increase oxidation (Strack et al. 2006; Petrone
et al. 2008), reducing peat transmissivity and the and thus trans-
port of nutrients (Petrone et al. 2008) and ebullition of methane
gas (Moore and Dalva 1993; Roulet et al. 1992).

3.2. Alteration of local and regional recharge-discharge
patterns

The hydrologic function of fens in the AOSR are susceptible to
change from the alteration of local and regional groundwater
recharge and discharge patterns. In the oil sands industry, such
changes are of particular concern from land clearance and (or)
excavation for open-pit mining and construction of industrial in-
frastructure and living facilities (Gorrell 1976), gravel extraction
(Smerdon et al. 2005), timber harvesting (Devito et al. 2005b;
Redding and Devito 2008), and stream diversion and reservoir
creation (Golder Associates Ltd. 2007). These disturbances can

alter the water table and groundwater connectivity between peat-
lands and groundwater flow systems. For example, mine dewater-
ing lowers the regional water table causing a drawdown cone
around the mine (Whittington and Price 2012, 2013; AEP 2014)
that, over the long term, causes changes to the hydrophysical
properties of the upper peat column (Fig. 3). By dewatering and
subsequent wetland water table decline, peat can lose its natural
pore structure and can compress, which in turn can increase the
bulk density and decreases its storage capacity (Clymo 1983;
Boelter 1969). It is likely that the deformation of the natural peat
structure will decrease the transmissivity of the peat, which will
ultimately disrupt the natural hydrological connectivity between
a peatland and its adjacent upland (Kompanizare et al. 2018). Such
changes can enhance groundwater recharge from nearby fens,
leading to enhanced water table drawdown and subsequent des-
iccation (Whittington and Price 2012, 2013; King and Yetter 2011;
AEP 2014; Webster et al. 2015). Water table drawdown can be as
high as 15-25 m near mining sites (Government of Alberta 2012),
but can be as low as 1 m (AEP 2014), while still influencing the
hydrologic function of nearby fens. Similar effects have been re-
lated to stream diversion and reservoir creation. For example,
Beaver River Diversion System and reservoir creations divert wa-
ter that formerly flowed north through Syncrude’s Mildred Lake
Lease 17. The diversion altered the catchment boundaries of Bea-
ver Creek and Poplar Creek watersheds, influencing streamflow
to the Athabasca River (Golder Associates Ltd. 2007). Stream diver-
sion may therefore alter the water balance of peatlands within
these watersheds, which has the potential to alter peatland water
table position and thus landscape connectivity.

Oil sands operations require significant quantities of sand and
gravel for infrastructure (primarily roads); therefore, many gravel-
rich deposits have been depleted in the region (Fisher and Smith
1993). Gravel extraction alters the local topography and relief and
can cause reductions in evapotranspiration and increases in
groundwater recharge (Lemmeld 1990) resulting in changes to
patterns in groundwater flow (Kompanizare et al. 2018). For exam-
ple, in a pond—-peatland complex in the WBP, gravel extraction
was shown to enhance the recharge of meteoric water to a re-
gional groundwater flow system connected to the complex, alter-
ing the chemistry of groundwater discharging into the pond and
peatland (Smerdon et al. 2012).

Timber harvesting associated with the oil and gas industry in
the AOSR involves the removal of large tracts of mature for-
ested boreal uplands (Mackendrick et al. 2001; Natural Regions
Committee 2006). Research conducted in the WBP has illustrated
that timber harvesting typically leads to little or no increases in
runoff, primarily due to the subhumid climate and low-relief na-
ture of the region, which favours vertical flow and soil moisture
storage (Redding and Devito 2008; Devito et al. 2005b). Thus, hy-
drological changes due to timber harvesting in the WBP are
mostly related to alterations of the water balance through reduc-
tions in transpiration (Satterlund and Adams 1992), resulting in
enhanced infiltration, soil moisture storage, and presumably
groundwater recharge (Redding and Devito 2008).

Despite widespread gravel extraction and timber harvesting in
the region, few studies have addressed the potential long-term
changes to groundwater recharge in watersheds in the AOSR
(Smerdon et al. 2009; Jasechko et al. 2012; Hwang et al. 2018),
especially with respect to fens connected only to local groundwater
flow systems. Due to the heterogeneous forest cover (Beckingham
and Archibald 1996) underlying surficial geology (Devito et al.
2012), and therefore variable transmissive properties and storage
potential (Devito et al. 2005b) of forested uplands in the WBP,
changes associated with deforestation are expected to be largely
site- and region-specific (Devito et al. 2000, 2005a). For watersheds
characterized primarily by coarse-grained surficial deposits,
groundwater recharge has been shown to increase following har-
vest (Redding and Devito 2011). However, for areas characterized
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by fine-textured surficial deposits, enhanced recharge may be lim-
ited by the relatively higher soil moisture storage as well as en-
hanced evaporation due to capillary forces imposed by fine-
grained sediment (Smerdon et al. 2009) as well as the greater
potential for concrete ground frost to develop prior to snowmelt
that enhances runoff (Redding and Devito 2011). Moreover, in for-
ested areas dominated by aspen species, rapid regeneration fol-
lowing harvesting will likely mask the effects within the first few
years (Redding and Devito 2008). In areas dominated by spruce
and (or) pine, these effects may persist for longer as canopies may
require more time to redevelop (Lieffers et al. 1996).

Predicting the response of land clearing on recharge-discharge
patterns in the AOSR is largely site specific, which is made even
more complex by the variability in the scale and strength of
groundwater connectivity of peatlands throughout the region.
Peatlands in the region that are connected to local groundwater
flow systems will likely respond to changes from disturbance to
adjacent forested uplands faster than peatlands connected to re-
gional groundwater sources associated with longer travel times
(Winter et al. 2003; Devito et al. 2005b). For example, Elmes and
Price (2019) detected multiple vertical flow reversals in a moderate-
rich fen in the AOSR overlying a local groundwater discharge
area, which corresponded to short-term (diurnal and seasonal)
fluctuations in precipitation-driven recharge to adjacent uplands.
Conversely, Wells and Price (2015b) suggested that trends in
groundwater discharge to a saline fen were influenced by much
longer time scales (centuries to millennia), as groundwater was
sourced by a saline spring discharge zone within the Grand Rapids
formation, a known regional aquifer.

3.3. Wetland hydrology and alteration of
micrometeorological conditions

Ground disturbance can also affect wetland hydrology indi-
rectly through changes in the micrometeorological conditions
that affect the water and energy balances (Fig. 3). Seismic lines
built through peatlands, although less invasive than roads, can
create differences in snow cover and the timing in which dis-
turbed and undisturbed locations become ice-free (Fig. 3). This has
been shown to significantly alter local subsurface flow patterns in
the early parts of the growing season (Petrone et al. 2008). For
permafrost peatlands in the Northwest Territories, characterized
by discontinuous permafrost, seismic lines have been shown to
enhance permafrost thaw, establishing perennial ice-free layers
(Braverman and Quinton 2016). This thawing alters the ground
thermal regime and energy balance (Williams and Quinton 2013),
and can lead to peat subsidence and changes in subsurface flow
patterns between bog and fen and the surrounding landscape
(Braverman and Quinton 2016).

The placement of fill and (or) stripping of vegetation can change
light transmission, air and soil temperature (MacFarlane 2003),
and wind speed (Chen et al. 1992), all of which can influence the
ratio of precipitation to evapotranspiration (Fig. 3). For example,
seismic lines and seasonal roads in the WBP can reduce snow
interception and subsequently increase snow depth, delaying
melt and influencing the spatial variability of snow melt (Haag
and Bliss 1974; Lafleur et al. 1997; Petrone et al. 2008; Strack et al.
2017). In addition, higher snow depth in seismic lines alters ther-
mal regimes, typically by insulating the peat from subsequent
freezing winter temperatures, ultimately reducing ice thickness
(Zhang 2005). Reductions in ice thickness can cause an earlier
spring thaw, leaf-out, and onset of transpiration (Repo et al. 2014;
Van Huizen et al. 2019). Given the sparse information that does
exist across Canada, there is still a significant knowledge gap
addressing the range of variability in the relationships between
land disturbance, micrometeorological conditions and wetland
hydrological functioning in the AOSR.
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4. Wetland mitigation

Since wetlands have been recognized as economically, ecologi-
cally, and environmentally valuable components to the boreal
landscape (Brander et al. 2013; Belyea and Malmer 2004; Vitt et al.
2000), mitigation of wetland losses has been required since 2015
(Government of Alberta 2015). Wetland mitigation includes avoid-
ance of wetland disturbance, minimization of negative effects to
wetlands, and wetland replacement (Government of Alberta 2015,
2016). Best management practices to minimize the impact of hu-
man disturbance on wetland ecohydrological functioning in-
clude, but are not limited to: (i) minimization of disturbance size
(COSIA 2013; Strack et al. 2017; Lovitt et al. 2018; Abib et al. 2019),
(ii) avoiding mixing of peat and mineral soil for reclamation upon
replacement (Ryder et al. 2004; Sakhalin Energy 2005; COSIA 2013;
Nwaishi et al. 2015), (iii) retaining natural flow by installation of
cross drainage manufactured products (e.g., corduroy, geogrid,
geocell) (COSIA 2013; Osko et al. 2018), and (iv) placement of nec-
essary linear disturbances parallel to the direction of water flow
(Wood et al. 2016; Plach et al. 2017; Saraswati et al. 2019).

Wetland restoration has been increasingly performed in the
AOSR to recover degraded wetlands after seismic explorations
and construction of well pads and roads (Alberta Environment
and Water 2012; COSIA 2013; Lamers et al. 2015; AEP 2016b). Res-
toration includes “the re-establishment of hydrology, vegetation
and wetland processes” (Government of Alberta 2013) and can be
achieved by blocking drainage (Cooper et al. 1998; Price et al. 2003;
Zedler and Kercher 2005), changing the basin morphology and
microtopography (Price et al. 2002; Vitt et al. 2011; Pouliot et al.
2011; Lieffers et al. 2017; Bourgeois et al. 2018), and modification of
surface cover and vegetation (Price et al. 2003; Cobbaert et al.
2004; Rochefort et al. 2003; COSIA 2013). Recent studies in the
WBP have focused mainly on changes in geochemistry (including
carbon and methane fluxes) (Strack et al. 2014, 2016; Wood et al.
2016; Murray et al. 2017; Engering 2018) and the re-establishment
of vegetation in peatlands that undergo restoration (Vitt et al.
2011; Gauthier 2014; Caners and Lieffers 2014; Shunina 2015;
Lieffers et al. 2017; Gauthier et al. 2018). Although the recovery of
hydrologic function of wetlands is an important step toward peat-
land restoration, there is a lack of in-depth hydrological studies
looking at spatial and temporal changes in vertical water fluxes
and local and regional drainage patterns at and around restored
well pads, roads, cutlines etc. Several studies (e.g., Caners and
Lieffers 2014; Lieffers et al. 2017) have shown that redevelopment
of microtopography is important for restoration of peatland veg-
etation; however, better understanding of effects of landscape
positions and surficial geology on restoration of hydrologic func-
tioning is required. In addition, developing a better understand-
ing of wetland hydrologic functioning can be useful for more
effective peatland reforestation that is crucial for many habitat
quality goals (e.g., for woodland caribou) (Dyer et al. 2001; Jordaan
et al. 2009).

Restorative replacement can also be achieved through wetland
construction and returning disturbed area to wetlands using ap-
propriate reclamation techniques (Government of Alberta 2017a).
Oil companies are instructed to reclaim approximately one-third
of the boreal landscape impacted by oil sands mining and process-
ing to wetlands according to provincial guidelines (OSWWG 2000;
Alberta Environment 2008; CEMA 2014). The first wetland recla-
mation attempts in the AOSR have led to the initiation of several
small, shallow, open-water wetlands and marshes as a result of
planned construction (e.g., Suncor Wapisiw Marsh); spontaneous
colonization of disturbed poorly drained areas by natural wetland
vegetation; and following evaluation (e.g., Bill’s Lake, Syncrude S4
Beaver Pond, Suncor CT’s natural wetland) (CEMA 2014; Daly et al.
2012). These opportunistic wetlands formed over a range of slopes,
aspects, and topographic positions across contrasting fine- and
coarse-textured landforms (Little-Devito et al. 2019). Such variabil-
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ity in wetland establishment existing across landscape types re-
vealed an importance of internal feedback mechanisms for
wetland formation and maintenance. The first assessments of
these opportunistic wetlands demonstrated that they had a lower
vegetation diversity, ecological health status, soil organic content,
peat accumulation potential, and nutrient concentrations com-
pared with natural wetlands in the AOSR (Thormann et al. 1999;
Trites and Bayley 2009b; Rooney and Bayley 2011; Raab and Bayley
2013; Roy et al. 2016).

The subsequent reclamation efforts have been focused on con-
struction of fens (Price et al. 2010; Daly et al. 2012; Pollard et al.
2012; Wytrykush et al. 2012; Vitt and House 2015; Borkenhagen
and Cooper 2016; Vitt et al. 2016); however, the development of
these constructed fens is greatly challenged by salinization due to
salt input from reclamation materials used in their construction
(Ketcheson et al. 2016; Nicholls et al. 2016; Biagi et al. 2019; Kessel
et al. 2018; Simhayov et al. 2017, 2018) and their hydrologic func-
tioning (Elshorbagy et al. 2005; Negley and Eshleman 2006;
Ketcheson and Price 20164, 2016b). Constructed fens must create a
system capable of maintaining a hydrological regime suitable for
the development of the appropriate peat-forming vegetation
(Ketcheson et al. 2016); however, the hydrologic functioning of
these fens and reclaimed landscapes (Spennato et al. 2018) will
differ from that of undisturbed areas (Elshorbagy et al. 2005;
Negley and Eshleman 2006; Ketcheson and Price 20164, 2016b). In
many mine closure plans, the postmining landscape will be dom-
inated by a combination of hummocks (low hills or mounds) and
shallow channels composed of coarse-textured tailing sands (BGC
Engineering Inc. 2010; Devito et al. 2012; CEMA 2014) to encourage
the formation of localized recharge-discharge zones (Price et al.
2010; Ferone and Devito 2004). Thus, the hydrologic functioning
of constructed fens in such settings can be expected to represent
wetland functioning within coarse-textured fluvio-glacial land-
scapes. However, significant changes in hydrophysical properties
and vegetation of reclaimed slopes can occur over time (Guebert
and Gardner 2001; Kelln et al. 2007; Carey 2008; Meiers et al. 2011),
which may cause a shift in their hydrological functioning (e.g., a
shift from water transportation to water storage) (Ketcheson and
Price 2016b), which in turn will affect their hydrology. Further
uncertainty in constructed wetland functioning relates to the ef-
fects of variable topography and materials on water distribution
within adjacent reclaimed areas (Leatherdale et al. 2012; Huang
et al. 2015). Sutton and Price (2019) showed a cover soil had rela-
tively little spatial variability in its hydraulic properties, but spa-
tial variability in placement depth had a big impact on recharge
rates, with thicker soils retaining more water to support vegeta-
tion.

The future trajectory of a constructed wetland also depends on
the complex feedback mechanisms related to the water chemistry
(e.g., salt concentration, heavy metal concentration; Oswald and
Carey 2016; Simhayov et al. 2017, 2018; Kessel et al. 2018; Biagi et al.
2019) that will influence vegetation and evapotranspiration
(Rezanezhad et al. 2012) and thus the water balance of the wet-
lands (Ketcheson et al. 2017; Nicholls et al. 2016). Precipitation
inputs have been shown to moderate salt concentrations at the
surface in constructed wetlands (Kessel et al. 2018; Biagi et al.
2019), but it is expected that future constructed wetland designs
will be connected to deeper seepage zones on tailings sand with
elevated salinity (BGC Engineering Inc. 2010; Ketcheson et al.
2016), and relations between salinity and precipitation within
these wetlands can be different. This relationship is not straight-
forward, because while rainfall recharge can dilute near-surface
porewater (Kessel et al. 2018), it can simultaneously enhance the
inflow of saline groundwater from regional aquifers, as was ob-
served in a local natural saline fen where increased precipitation
intensified input of saline groundwater (Wells and Price 2015b;
Volik et al. 2017). The complexity of this is illustrated in a con-

structed fen, where an enhanced flux of salt occurred during dry
periods with less dilution of source water (Kessel et al. 2018).

Returning ecosystem function of postmined areas in the AOSR
requires integrated landscape-scale (e.g., regional or watershed)
reconstruction and consolidation of isolated and fragmented wet-
land systems (Johnson and Miyanishi 2008; Choi et al. 2008). It has
been suggested that incorporation of landscape connectivity into
the postmined landscape design plans can be useful not only for
maintaining the water balance of reclaimed areas, but also for
salinity control (Ketcheson et al. 2016; Volik et al. 2017). Moreover,
parallel to the consideration of constructed wetlands as water
sinks in low-lying areas within the postmining landscape, is a
growing recognition of the wetlands as water sources (Ketcheson
et al. 2016), because wetlands can store water during wet periods
and release it to the neighbouring areas during dry periods
(Ferone and Devito 2004; Petrone et al. 2008; Riddell 2008; Barr
et al. 2012; Thompson et al. 2015). However, functioning of con-
structed wetlands as components of the postmining landscape
and their possible effect on adjacent ecosystems are uncertain and
require in-depth studies including numerical modeling (e.g.,
Elshorbagy et al. 2005). The reclaimed landscape can benefit from
wetland functions such as water storage, nutrient transforma-
tion, and sediment retention, and constructed wetlands can also
be incorporated into a constructed wetland treatment system
(McQueen et al. 2017; Hendrikse et al. 2018) and contribute to
reduction of water contamination.

5. Wetland hydrological monitoring

Several regional environmental monitoring efforts (e.g.,
Alberta Oil Sands Environmental Research Program, Regional
Aquatics Monitoring Program, Cumulative Effects Management
Association, Cumulative Environmental Management Associa-
tion, Alberta Biodiversity Monitoring Institute, Wood Buffalo
Environmental Association, Regional Groundwater Monitoring
Network, Joint Oil Sands Monitoring) have been made since 1975,
and their history and evolution were summarized by Cronmiller
and Noble (2018). Considering the sensitivity of wetlands to an-
thropogenic alteration and to mitigate negative impacts on them,
a wetland monitoring program under the Oil Sands Monitoring
(OSM) Program has been initiated (Alberta Environment and
Parks (AEP), and Environment and Climate Change Canada (ECCC)
2018). The program is in the development stage with implemen-
tation anticipated in 2020-2021. There are currently 22 wetland
monitoring sites in the AOSR focused on monitoring stressors
associated with oil sands development including measures of hy-
drologic conditions and predicted wetland ecosystem responses.
Previous and ongoing wetland monitoring in the AOSR includes
the Alberta Biodiversity Monitoring Program, which monitors
wetlands for changes in wetland vegetation and other biota, with
no associated measures of wetland hydrologic conditions (Ficken
et al. 2019). The only other wetland monitoring in the region is
local-scale wetland compliance monitoring on oil sands leases,
which are inconsistent in their measures of hydrologic conditions
and other stressors.

Hydrological monitoring of wetlands is an important part of
wetland monitoring in the AOSR (Ciborowski et al. 2012; Eaton
and Charette 2016; Roy et al. 2016) as trends in water levels and
water movement directly and indirectly control all biogeochemi-
cal and ecological processes that occur in wetlands (Updegraff
et al. 1995; Szumigalski and Bayley 1996; Laiho et al. 1999;
Sundstrom et al. 2000; Salonen 1994; Bridgham et al. 1998). Water
table depth coupled with soil moisture has an effect on nutrient
transformation in peatlands in the AOSR (Bridgham et al. 1996;
Wood et al. 2016) and thus on decomposition rates and plant
productivity (Vitt et al. 2009; Peichl et al. 2014; Goetz and Price
2015) and community composition (Bridgham et al. 1996). While
decomposition and plant productivity define peat properties and
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rates of peat accumulation (Waddington et al. 2015), composition
of plant communities is considered a key driver of variability in
evaporative losses (Williams and Flanagan 1996; Brown et al. 2010;
Bubier et al. 1998; Petrone et al. 2011). Enhanced evapotranspira-
tion can promote water table drawdown in disturbed wetlands
(Price 1996; Van Seters and Price 2001) and can therefore influence
the long-term succession of vegetation assemblages (Szumigalski
and Bayley 1996). Taking into account such interconnections be-
tween wetland components and processes, intense long-term hy-
drologic monitoring is necessary for better understanding of
consequences of anthropogenic alteration of wetland hydrology
and related ecohydrological feedbacks including changes in water
quality, water balance and regime, organic matter decomposition
and accumulation, and vegetation succession (Waddington et al.
2015).

In addition to existing wetland monitoring recommendations
(e.g., Ciborowski et al. 2012; Eaton and Charette 2016; Roy et al.
2016), the following points should be considered:

1. Since heterogeneous surface sediments and highly variable
topography greatly influence the degree of peatland-upland
connectivity and groundwater influence at the watershed
scale (Ferone and Devito 2004; Smerdon et al. 2005; Scarlett
and Price 2013; Wells and Price 2015a, 2015b; Lukenbach et al.
2015; Hokanson et al. 2016; Wells et al. 2017; Elmes and Price
2019), it is crucial to develop a monitoring network with re-
spect to physiography of the area. Such an approach is neces-
sary for creating a basis for improved predictions of the fate of
different wetland types associated with coarse- to fine-grained
glacial-fluvial and glacial-lacustrine surficial deposits (Devito
et al. 2005a).

2. Throughout the AOSR, evapotranspiration is a key component
of the wetland water balance (Bothe and Abraham 1993;
Petrone et al. 2007; Devito et al. 2012; Phillips et al. 2016);
therefore, evapotranspiration has to be a component of hy-
drologic monitoring. The implementation of eddy covariance
towers providing continuous measurements of water, carbon,
and energy fluxes (Baldocchi 2003) can be considered as an
effective method of evapotranspiration monitoring in the
AOSR (Waddington et al. 2009; Brown et al. 2010; Nicholls et al.
2016).

3. Existence of decadal wet and dry cycles is one of the most
important features of the AOSR climate (Bothe and Abraham
1993; Marshall et al. 1999; Devito et al. 2012). Since the degree
of groundwater connectivity between upland and wetland is
variable over these 10-15-year climate cycles (Devito et al.
2005a; Chasmer et al. 2018), long-term monitoring of ground-
water patterns is essential to be able to characterize their true
range of hydrologic responses to natural and anthropogenic
changes.

Conclusion

Over the last 50 years, the AOSR landscape has been altered
significantly due to extensive development of the oil sands indus-
try and the associated infrastructure. Wetlands are a dominant
landscape feature in the AOSR and are particularly vulnerable to
disturbance because they rely on specific hydrological conditions
that are susceptible to change from human disturbances. These
disturbances can result in ecohydrological feedbacks that can
alter subsurface flow patterns, influence water table and soil
moisture trends, evapotranspiration rates, vegetation community
composition, peat decomposition rates, and the hydrophysical
properties of the peat.

Despite the ubiquity of disturbances in the AOSR, knowledge of
their cumulative impacts on peatland hydrologic functioning re-
mains incomplete. Better understanding of the impacts of con-
struction of open mines, well pads, industrial and living facilities
and the effects of linear disturbances (specifically pipeline con-
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struction) on recharge-discharge patterns in wetlands in the
AOSR is required. The exact impact that disturbances will have on
wetlands will be dependent on the hydrogeologic setting. Conse-
quently, better understanding of variability at the scale of ground-
water connection in the region will be an important first step
before properly characterizing the impacts of disturbances on the
recharge-discharge function of fens in the AOSR.

Boreal wetlands are dynamic systems that evolve over time;
however, anthropogenic disturbance can alter this trajectory
causing less straightforward stages in wetland development. The
anticipated trajectory from such development is uncertain, and a
sound understanding of the cause—effect relations between differ-
ent types and intensities of human activities and shifts in wetland
functioning is necessary. Thus, long-term wetland monitoring is a
crucial component for answering these questions, most impor-
tantly in predicting the response of wetlands to varying levels of
anthropogenic disturbance.

Acknowledgements

The authors wish to acknowledge the funding to support this
research provided by Alberta Environment and Parks, the Oil
Sands Monitoring Network Program, and the Natural Sciences
and Engineering Research Council of Canada Discovery Grants
Program (Petrone, Price). This work was funded under the Oil
Sands Monitoring Program and is a contribution of the Program
but does not necessarily reflect the position of the Program. Ac-
knowledgment from the use of Alberta Merged Wetland Inven-
tory is provided to: Government of Alberta (Alberta Environment
and Parks (AEP)), Ducks Unlimited Canada and Ducks Unlimited
Inc., United States Forest Service (USFS), The PEW Charitable
Trusts, United States Fish and Wildlife Service (North American
Wetlands Conservation Act), Alberta Pacific Forest Industries Inc.
(Al-Pac), Weyerhaeuser Company Limited, Suncor Energy Founda-
tion, Imperial Oil Resources, Lakeland Industry & Community
Association (LICA), Shell Canada, EnCana Corporation, Canadian
Boreal Initiative, Environment Canada (EC), Canadian Space
Agency (CSA).

References

Abib, T.H., Chasmer, L., Hopkinson, C., Mahoney, C., and Rodriguez, L.C.E. 2019.
Seismic line impacts on proximal boreal forest and wetland environments in
Alberta. Sci. Total Environ. 658: 1601-1613. d0i:10.1016/j.scitotenv.2018.12.244.
PMID:30678017.

Alberta Biodiversity Monitoring Institute (ABMI). 2013. Human Footprint Map
Layer. 3x7 Areas Version 1.0 - Metadata. Alberta Biodiversity Monitoring
Institute, Alberta, Canada. Available from abmi.ca [accessed 13 May 2018].

Alberta Biodiversity Monitoring Institute (ABMI). 2017. Region overview. [Online.]
Available from http://abmi.ca/home/reports/2018/human-footprint/details.
html?id=16#urban_rural [accessed 21 June 2018].

Alberta Environment. 2008. Guideline for wetland establishment on reclaimed
oil sands leases. 2nd ed. Prepared by M.L. Harris of Lorax Environmental for
the Wetlands and Aquatics Subgroup of the Reclamation Working Group of
the Cumulative Environmental Management Association, Fort McMurray,
Alta.

Alberta Environment and Parks (AEP). 2014. Environmental Assessment -
Syncrude Canada Ltd. Mildred Lake Mine Extension (MLX) - Environmental
Impact Assessment (EIA) Report and application for approval. Prepared for
Syncrude Canada Ltd., Fort McMurray, Alta. Available from https://open.
alberta.ca/publications/environmental-assessment-syncrude-mildred-lake-
mine-extension-eia#detailed [accessed 19 June 2019]

Alberta Environment and Parks (AEP). 2016a. Alberta Human Footprint Monitor-
ing Program (AHFMP) - Footprint Sublayers - Circa 2014. [Online.] Available
from https://open.alberta.ca/opendata/ahfmp [accessed 12 September 2018].

Alberta Environment and Parks (AEP). 2016b. Alberta wetland restoration directive.
Available from https://open.alberta.ca/publications/9781460131497#
detailed [accessed 10 October 2019].

Alberta Environment and Parks (AEP). 2017. Reclamation criteria for wellsites
and associated facilities for peatlands. Edmonton, Alta. Available from
https://open.alberta.ca/dataset/d7bb827e-2212-4a44-ab70-224800afae2a/
resource/946827c8-193e-434a-a5a6-6125edcf8e7f/download/reclamation
criteriapeatlands-mar2017.pdf [accessed 18 June 2018].

Alberta Environment and Parks (AEP). 2018. Alberta merged wetland inventory.
[Online.] Available from https://maps.alberta.ca/genesis/rest/services/
Alberta_Merged_Wetland_Inventory/Latest/MapServer| [accessed 11 May
2020].

< Published by NRC Research Press


http://dx.doi.org/10.1016/j.scitotenv.2018.12.244
http://www.ncbi.nlm.nih.gov/pubmed/30678017
http://abmi.ca
http://abmi.ca/home/reports/2018/human-footprint/details.html?id=16%23urban_rural
http://abmi.ca/home/reports/2018/human-footprint/details.html?id=16%23urban_rural
https://open.alberta.ca/publications/environmental-assessment-syncrude-mildred-lake-mine-extension-eia%23detailed
https://open.alberta.ca/publications/environmental-assessment-syncrude-mildred-lake-mine-extension-eia%23detailed
https://open.alberta.ca/publications/environmental-assessment-syncrude-mildred-lake-mine-extension-eia%23detailed
https://open.alberta.ca/opendata/ahfmp
https://open.alberta.ca/publications/9781460131497%23detailed
https://open.alberta.ca/publications/9781460131497%23detailed
https://open.alberta.ca/dataset/d7bb827e-2212-4a44-ab70-224800afae2a/resource/946827c8-193e-434a-a5a6-6125edcf8e7f/download/reclamationcriteriapeatlands-mar2017.pdf
https://open.alberta.ca/dataset/d7bb827e-2212-4a44-ab70-224800afae2a/resource/946827c8-193e-434a-a5a6-6125edcf8e7f/download/reclamationcriteriapeatlands-mar2017.pdf
https://open.alberta.ca/dataset/d7bb827e-2212-4a44-ab70-224800afae2a/resource/946827c8-193e-434a-a5a6-6125edcf8e7f/download/reclamationcriteriapeatlands-mar2017.pdf
https://maps.alberta.ca/genesis/rest/services/Alberta_Merged_Wetland_Inventory/Latest/MapServer/
https://maps.alberta.ca/genesis/rest/services/Alberta_Merged_Wetland_Inventory/Latest/MapServer/

Environ. Rev. Downloaded from www.nrcresearchpress.com by 192.0.131.250 on 07/03/20
For personal use only.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Volik et al.

Alberta Environment and Parks (AEP), and Environment and Climate Change
Canada (ECCC). 2018. Oil Sands Monitoring Program. Annual Report for 2017-
2018. [Online.] Available from https://open.alberta.ca/dataset/dbe8811a-962e-
4cel-b2c2-ff40b8daad7aresource/35be7d6d-083e-4d28-bf89-b92a7f3ab759/
download/osm-annual-report-2017-2018-signed-by-aep-eccc.pdf [accessed
07 October 2019].

Alberta Environment and Sustainable Resource Development (AESRD). 2015.
Alberta wetland classification system. Water Policy Branch, Policy and Plan-
ning Division, Edmonton, Alta.

Alberta Environment and Water. 2012. Best management practices for conser-
vation of reclamation materials in the mineable oil sands region of Alberta.
Prepared by D. MacKenzie for the Terrestrial Subgroup, Best Management
Practices Task Group of the Reclamation Working Group of the Cumulative
Environmental Management Association, Fort McMurray, Alta. March 9,
2011. Available from https://open.alberta.ca/dataset/16628671-0e7d-4a1f-bdf7-
db19d8fcle25/resource(12250234-4077-472c-8da7-0fbed2de9e48/download/
2012-Best-Management-Practices-Conservation-Reclamation-Materials-
Alberta-2011-main-report.pdf [accessed 10 October 2019].

Andriashek, L.D. 2003. Quaternary geological setting of the Athabasca Oil Sands
(in situ) Area, northeast Alberta. Alberta Energy and Utilities Board, EUB/AGS
Earth Sciences Report 2002-03.

Andriashek, L.D., and Atkinson, N.A. 2007. Buried channels and glacial-drift
aquifers in the Fort McMurray region, northeast Alberta. Alberta Energy
Utilities Board, EUB/AGS Earth Sciences Report 2007-01.

Bachu, S. 1995. Synthesis and model of formation-water flow, Alberta Basin,
Canada. Am. Assoc. Pet. Geol. Bull. 79(8): 1159-1178. d0i:10.1306/8D2B2209-
171E-11D7-8645000102C1865D.

Baird, AJ., and Gaffney, S.F. 1995. A partial explanation of the dependency of
hydraulic conductivity on positive pore water pressure in peat soils. Earth
Surf. Process. Landf. 20(6): 561-566. d0i:10.1002/esp.3290200607.

Baird, A.J., Milner, A.M., Blundell, A., Swindles, G.T., and Morris, P.J. 2016.
Microform-scale variations in peatland permeability and their ecohydrologi-
cal implications. J. Ecol. 104(2): 531-544. doi:10.1111/1365-2745.12530.

Baldocchi, D.D. 2003. Assessing the eddy covariance technique for evaluating
carbon dioxide exchange rates of ecosystems: past, present and future.
Global Change Biol. 9: 479-492. doi:10.1046/j.1365-2486.2003.00629.x.

Barr, A.G., Van der Kamp, G., Black, T.A., McCaughey, J.H., and Nesic, Z. 2012.
Energy balance closure at the BERMS flux towers in relation to the water
balance of the White Gull Creek watershed 1999-2009. Agric. For. Meteorol.
153: 3-13. doi:10.1016/j.agrformet.2011.05.017.

Barson, D., Bachu, S., and Esslinger, P. 2001. Flow systems in the Mannville
Group in the east-central Athabasca area and implications for steam-assisted
gravity drainage (SAGD) operations for in situ bitumen production. Bull. Can.
Petrol. Geol. 49(3): 376-392. doi:10.2113/49.3.376.

Bayley, S.E., and Mewhort, R.L. 2004. Plant community structure and functional
differences between marshes and fens in the southern boreal region of
Alberta, Canada. Wetlands, 24(2): 277-294. doi:10.1672/0277-5212(2004)024
[0277:PCSAFD]2.0.CO;2.

Beckingham, J.D., and Archibald, ].H. 1996. Field guide to ecosites of northern
Alberta. Natural Resources Canada, Canadian Forest Service, Northern For-
estry Centre, Edmonton, Alta. Special Report 5.

Beckwith, C.W., Baird, A.J., and Heathwaite, A.L. 2003. Anisotropy and depth-
related heterogeneity of hydraulic conductivity in a bog peat. I: laboratory
measurements. Hydrol. Process. 17: 89-101. do0i:10.1002/hyp.1116.

Beilman, D.W., Vitt, D.H., and Halsey, L.A. 2001. Localized permafrost peatlands
in western Canada: definition, distributions, and degradation. Arct. Antarct.
Alp. Res. 33(1): 70-77. d0i:10.1080/15230430.2001.12003406.

Belyea, L.R., and Malmer, N. 2004. Carbon sequestration in peatland: patterns
and mechanisms of response to climate change. Glob. Change Biol. 10(7):
1043-1052. d0i:10.1111/j.1529-8817.2003.00783.x.

BGC Engineering Inc. 2010. Review of reclamation options for oil sands tailings
substrates. Oil Sands Research and Information Network, University of Al-
berta, School of Energy and the Environment, Edmonton, Alta. OSRIN Report
No. TR-2, Edmonton.

Biagi, K. M., Oswald, C.J., Nicholls, E.M., and Carey, S.K. 2019. Increases in salinity
following a shift in hydrologic regime in a constructed wetland watershed in
a post-mining oil sands landscape. Sci. Total Environ. 653: 1445-1457. doi:10.
1016/j.scitotenv.2018.10.341. PMID:30759583.

Black, P.E. 1997. Watershed functions. ]. Am. Water Res. Assoc. 33: 1-11. doi:10.
1111/§.1752-1688.1997.tb04077 X.

Bocking, E., Cooper, D.J., and Price, J.S. 2017. Using tree ring analysis to deter-
mine impacts of a road on a boreal peatland. For. Ecol. Manage. 404: 24-30.
doi:10.1016/j.foreco.2017.08.007.

Boelter, D.H. 1968. Important physical properties of peat material. In Proceed-
ings of the Third International Peat Congress, National Research Council of
Canada, Quebec City, Que. pp. 150-156.

Boelter, D.H. 1969. Physical properties of peats as related to degree of decomposition.
Soil Sci. Soc. Am. J. 33: 606-609. doi:10.2136/sssaj1969.03615995003300040033x.

Boelter, D.H., and Close, G.E. 1974. Pipelines in forested wetlands: cross drainage
needed to prevent timber damage. J. For. 72(9): 561-563. doi:10.1093/jof]72.9.
561.

Borkenhagen, A., and Cooper, D.J. 2016. Creating fen initiation conditions: a new
approach for peatland reclamation in the oil sands region of Alberta. J. Appl.
Ecol. 53(2): 550-558. doi:10.1111/1365-2664.12555.

n

Borkenhagen, A.K., and Cooper, D.J. 2019. Establishing vegetation on a con-
structed fen in a post-mined landscape in Alberta’s Oil Sands Region: a four-
year evaluation after species introduction. Ecol. Eng. 130: 11-22. doi:10.1016/
j-ecoleng.2019.01.023.

Bothe, R.A., and Abraham, C. 1993. Evaporation and evapotranspiration in Al-
berta 1986 to 1992 addendum. Surface Water Assessment Branch, Technical
Services and Monitoring Division, Water Resources Services, Alberta Envi-
ronmental Protection, Edmonton.

Bourgeois, B., Rochefort, L., Bérubé, V., and Poulin, M. 2018. Response of plant
diversity to moss, Carex or Scirpus revegetation strategies of wet depressions
in restored fens. Aquat. Bot. 151: 19-24. doi:10.1016/j.aquabot.2018.07.006.

Brander, L., Brouwer, R., and Wagtendonk, A. 2013. Economic valuation of reg-
ulating services provided by wetlands in agricultural landscapes: a meta-
analysis. Ecol. Eng. 56: 89-96. d0i:10.1016/j.ecoleng.2012.12.104.

Branham, J.E., and Strack, M. 2014. Saturated hydraulic conductivity in
Sphagnum-dominated peatlands: do microforms matter? Hydrol. Process.
28(14): 4352-4362. d0i:10.1002/hyp.10228.

Braverman, M., and Quinton, W.L. 2016. Hydrological impacts of seismic lines in
the wetland-dominated zone of thawing, discontinuous permafrost, North-
west Territories, Canada. Hydrol. Process. 30: 2617-2627. doi:10.1002/hyp.
10695.

Bridgham, S.D., Pastor, J., Janssens, J.A., Chapin, C., and Malterer, T.J. 1996.
Multiple limiting gradients in peatlands: a call for a new paradigm. Wet-
lands, 16: 45-65. d0i:10.1007/BF03160645.

Bridgham, S.D., Updegraff, K., and Pastor, J. 1998. Carbon, nitrogen, and phos-
phorus mineralisation in northern wetlands. Ecology, 79: 1545-1561. doi:10.
1890/0012-9658(1998)079[1545:CNAPMI|2.0.CO;2.

Brown, J., Ferrians, O.., Jr., Heginbottom, J.A., and Melnikov, E.S. 1997. Circum-
arctic map of permafrost and ground ice conditions. National Snow and Ice
Data Center, Boulder, Colo. Available from http://nsidc.org/data/ggd318.html
[accessed 07 November 2019].

Brown, S.M., Petrone, R.M., Chasmer, L., Mendoza, C., Lazerjan, M.S.,
Landhiusser, S.M., Silins, U., Leach, J., and Devito, K.J. 2014. Atmospheric and
soil moisture controls on evapotranspiration from above and within a West-
ern Boreal Plain aspen forest. Hydrol. Process. 28: 4449-4462. do0i:10.1002/
hyp.9879.

Brown, S.M., Petrone, R.M., Mendoza, C.A., and Devito, K.J. 2010. Surface vegeta-
tion controls on evapotranspiration from a sub-humid Western Boreal Plain
wetland. Hydrol. Process. 24: 1072-1085. doi:10.1002/hyp.7569.

Bubier, J.L., Crill, P.M., Moore, T.R., Savage, K., and Varner, R.K. 1998. Seasonal
patterns and controls on net ecosystem CO, exchange in a boreal peatland
complex. Global Biogeochem. Cycles, 12(4): 703-714. doi:10.1029/98GB02426.

Cambi, M., Certini, G., Neri, F., and Marchi, E. 2015. The impact of heavy traffic
on forest soils: a review. For. Ecol. Manage. 338: 124-138. doi:10.1016/j.foreco.
2014.11.022.

Canada’s Oil Sands Innovation Alliance (COSIA). 2013. In-situ oil sands extrac-
tion reclamation and restoration practices and opportunities compilation.
Prepared by D. MacKenzie and K. Renkema. Available from https:/[www.
cosia.cajuploads/documents/id52/COSIA_In-Situ_Extraction_Reclamation_and_
Restoration_Compilation.pdf [accessed 20 October 2019].

Caners, R.T., and Lieffers, V.J. 2014. Divergent pathways of successional recovery
for in situ oil sands exploration drilling pads on wooded moderate-rich fens
in Alberta, Canada. Restoration Ecology, 22: 657-667. doi:10.1111/rec.12123.

Carey, S.K. 2008. Growing season energy and water exchange from an oil sands
overburden reclamation soil cover, Fort McMurray, Alberta, Canada. Hydrol.
Process. 22: 2847-2857. doi:10.1002/hyp.7026.

Carey, S.K., Quinton, W.L., and Goeller, N.T. 2007. Field and laboratory estimates
of pore size properties and hydraulic characteristics for subarctic organic
soils. Hydrol. Process. 21: 2560-2571. d0i:10.1002/hyp.6795.

Chasmer, L.E., Devito, KJ., Hopkinson, C.D., and Petrone, R.M. 2018. Remote
sensing of ecosystem trajectories as a proxy indicator for watershed water
balance. Ecohydrology, 11(7): 1-16. doi:10.1002/ec0.1987.

Chason, D.B., and Siegel, D.I. 1986. Hydraulic conductivity and related physical
properties of peat, Lost River peatland, Northern Minnesota. Soil Sci. 142:
91-99. doi:10.1097/00010694-198608000-00005.

Chee, W.-L,, and Vitt, D.H. 1989. The vegetation, surface water chemistry and
peat chemistry of moderate-rich fens in central Alberta, Canada. Wetlands,
9: 227-262. doi:10.1007/BF03160747.

Chen, J., Franklin, J.F., and Spies, T.A. 1992. Vegetation responses to edge envi-
ronments in old-growth Douglas-fir forests. Ecol. Appl. 2(4): 387-396. doi:10.
2307/1941873. PMID:27759269.

Chimner, R.C., Cooper, D.J., Wurster, F., and Rochefort, L. 2017. An overview of
peatland restoration in North America, where are we after 25 years. Restor.
Ecol. 25: 283-292. doi:10.1111/rec.12434.

Choi, Y.D., Temperton, V.M., Allen, E.B., Grootjans, A.P., Halassy, M., Hobbs, R ].,
et al. 2008. Ecological restoration for future sustainability in a changing
environment. Ecoscience, 15(1): 53-64. doi:10.2980/1195-6860(2008)15[53:ERFFSI|
2.0.CO;2.

Ciborowski, ].J.H., Grgicak-Mannion, A., Kang, M., Zeng, H., Kovalenko, K., Bay-
ley, S.E., and Foote, A.L. 2012. Development of a regional monitoring program
to assess the effects of 0il sands development on wetland communities. Final
Report for the Cumulative Environmental Management Association (CEMA).
286pp.

< Published by NRC Research Press


https://open.alberta.ca/dataset/dbe8811a-962e-4ce1-b2c2-ff40b8daad7a/resource/35be7d6d-083e-4d28-bf89-b92a7f3ab759/download/osm-annual-report-2017-2018-signed-by-aep-eccc.pdf
https://open.alberta.ca/dataset/dbe8811a-962e-4ce1-b2c2-ff40b8daad7a/resource/35be7d6d-083e-4d28-bf89-b92a7f3ab759/download/osm-annual-report-2017-2018-signed-by-aep-eccc.pdf
https://open.alberta.ca/dataset/dbe8811a-962e-4ce1-b2c2-ff40b8daad7a/resource/35be7d6d-083e-4d28-bf89-b92a7f3ab759/download/osm-annual-report-2017-2018-signed-by-aep-eccc.pdf
https://open.alberta.ca/dataset/16628671-0e7d-4a1f-bdf7-db19d8fc1e25/resource/12250234-4077-472c-8da7-0fbed2de9e48/download/2012-Best-Management-Practices-Conservation-Reclamation-Materials-Alberta-2011-main-report.pdf
https://open.alberta.ca/dataset/16628671-0e7d-4a1f-bdf7-db19d8fc1e25/resource/12250234-4077-472c-8da7-0fbed2de9e48/download/2012-Best-Management-Practices-Conservation-Reclamation-Materials-Alberta-2011-main-report.pdf
https://open.alberta.ca/dataset/16628671-0e7d-4a1f-bdf7-db19d8fc1e25/resource/12250234-4077-472c-8da7-0fbed2de9e48/download/2012-Best-Management-Practices-Conservation-Reclamation-Materials-Alberta-2011-main-report.pdf
https://open.alberta.ca/dataset/16628671-0e7d-4a1f-bdf7-db19d8fc1e25/resource/12250234-4077-472c-8da7-0fbed2de9e48/download/2012-Best-Management-Practices-Conservation-Reclamation-Materials-Alberta-2011-main-report.pdf
http://dx.doi.org/10.1306/8D2B2209-171E-11D7-8645000102C1865D
http://dx.doi.org/10.1306/8D2B2209-171E-11D7-8645000102C1865D
http://dx.doi.org/10.1002/esp.3290200607
http://dx.doi.org/10.1111/1365-2745.12530
http://dx.doi.org/10.1046/j.1365-2486.2003.00629.x
http://dx.doi.org/10.1016/j.agrformet.2011.05.017
http://dx.doi.org/10.2113/49.3.376
http://dx.doi.org/10.1672/0277-5212(2004)024%5B0277%3APCSAFD%5D2.0.CO;2
http://dx.doi.org/10.1672/0277-5212(2004)024%5B0277%3APCSAFD%5D2.0.CO;2
http://dx.doi.org/10.1002/hyp.1116
http://dx.doi.org/10.1080/15230430.2001.12003406
http://dx.doi.org/10.1111/j.1529-8817.2003.00783.x
http://dx.doi.org/10.1016/j.scitotenv.2018.10.341
http://dx.doi.org/10.1016/j.scitotenv.2018.10.341
http://www.ncbi.nlm.nih.gov/pubmed/30759583
http://dx.doi.org/10.1111/j.1752-1688.1997.tb04077.x
http://dx.doi.org/10.1111/j.1752-1688.1997.tb04077.x
http://dx.doi.org/10.1016/j.foreco.2017.08.007
http://dx.doi.org/10.2136/sssaj1969.03615995003300040033x
http://dx.doi.org/10.1093/jof/72.9.561
http://dx.doi.org/10.1093/jof/72.9.561
http://dx.doi.org/10.1111/1365-2664.12555
http://dx.doi.org/10.1016/j.ecoleng.2019.01.023
http://dx.doi.org/10.1016/j.ecoleng.2019.01.023
http://dx.doi.org/10.1016/j.aquabot.2018.07.006
http://dx.doi.org/10.1016/j.ecoleng.2012.12.104
http://dx.doi.org/10.1002/hyp.10228
http://dx.doi.org/10.1002/hyp.10695
http://dx.doi.org/10.1002/hyp.10695
http://dx.doi.org/10.1007/BF03160645
http://dx.doi.org/10.1890/0012-9658(1998)079%5B1545%3ACNAPMI%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1998)079%5B1545%3ACNAPMI%5D2.0.CO;2
http://nsidc.org/data/ggd318.html
http://dx.doi.org/10.1002/hyp.9879
http://dx.doi.org/10.1002/hyp.9879
http://dx.doi.org/10.1002/hyp.7569
http://dx.doi.org/10.1029/98GB02426
http://dx.doi.org/10.1016/j.foreco.2014.11.022
http://dx.doi.org/10.1016/j.foreco.2014.11.022
https://www.cosia.ca/uploads/documents/id52/COSIA_In-Situ_Extraction_Reclamation_and_Restoration_Compilation.pdf
https://www.cosia.ca/uploads/documents/id52/COSIA_In-Situ_Extraction_Reclamation_and_Restoration_Compilation.pdf
https://www.cosia.ca/uploads/documents/id52/COSIA_In-Situ_Extraction_Reclamation_and_Restoration_Compilation.pdf
http://dx.doi.org/10.1111/rec.12123
http://dx.doi.org/10.1002/hyp.7026
http://dx.doi.org/10.1002/hyp.6795
http://dx.doi.org/10.1002/eco.1987
http://dx.doi.org/10.1097/00010694-198608000-00005
http://dx.doi.org/10.1007/BF03160747
http://dx.doi.org/10.2307/1941873
http://dx.doi.org/10.2307/1941873
http://www.ncbi.nlm.nih.gov/pubmed/27759269
http://dx.doi.org/10.1111/rec.12434
http://dx.doi.org/10.2980/1195-6860(2008)15%5B53%3AERFFSI%5D2.0.CO;2
http://dx.doi.org/10.2980/1195-6860(2008)15%5B53%3AERFFSI%5D2.0.CO;2

Environ. Rev. Downloaded from www.nrcresearchpress.com by 192.0.131.250 on 07/03/20
For personal use only.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

12

Clymo, R.S. 1983. Peat. In Ecosystems of the world. Vol. 4A. Mires: swamp, bog,
fen and moor general studies. Edited by A.J.P. Gore. Elsevier, New York.
pp. 159-224.

Cobbaert, D., Rochefort, L., and Price, J.S. 2004. Experimental restoration of a fen
plant community after peat mining. Appl. Veg. Sci. 7: 209-220. doi:10.1111/j.
1654-109X.2004.tb00612.x.

Connon, R.F., Quinton, W.L., Craig, J.R., and Hayashi, M. 2014. Changing hydro-
logic connectivity due to permafrost thaw in the lower Liard River valley,
NWT, Canada. Hydrol. Process. 28: 4163-4178. d0i:10.1002/hyp.10206.

Cooper, D.J., MacDonald, L.H., Wenger, S.K., and Woods, S.W. 1998. Hydrologic
restoration of a fen in Rocky Mountain National Park, Colorado, USA. Wet-
lands, 18: 335-345. d0i:10.1007/BF03161529.

Creed, LF., and Sass, G.Z. 2011. Digital terrain analysis approaches for tracking
hydrological and biogeochemical pathways and processes in forested land-
scapes. In Forest hydrology and biogeochemistry. Edited by D.F. Levia.
Springer, the Netherlands. pp. 69-100.

Cronmiller, J.G., and Noble, B.F. 2018. The discontinuity of environmental effects
monitoring in the Lower Athabasca region of Alberta, Canada: institutional
challenges to long-term monitoring and cumulative effects management. Envi-
ron. Rev. 26(2): 169-180. doi:10.1139/er-2017-0083.

Cumulative Environmental Management Association (CEMA). 2014. Guidelines
for wetlands establishment on reclaimed oil sands leases (third ed.) Edited by
West Hawk Associates for the Reclamation Working Group and the Aquatic
Sub-Group and Wildlife Task Group of the Cumulative Environmental Man-
agement Association, Fort McMurray, Alta.

Dabros, A., Pyper, M., and Castilla, G. 2018. Seismic lines in the boreal and arctic
ecosystems of North America: environmental impacts, challenges, and op-
portunities. Environ. Rev. 26(2): 214-229. doi:10.1139/er-2017-0080.

Daly, C., Price, J., Rezanezhad, F., Pouliot, R., Rochefort, L., and Graf, M.D. 2012.
Initiatives in oil sand reclamation: considerations for building a fen peatland
in postmined oil sands landscape. In Restoration and reclamation of boreal
ecosystems, attaining sustainable development. Edited by D.H. Vitt and
J.S. Bhatti. Cambridge University Press. pp. 179-201.

Depante, M. 2016. Nutrient and hydrologic conditions post-fire: influences on
Western Boreal Plain Aspen (Populus trembloides michx.) re-establishment and
succession. M.Sc. thesis, University of Waterloo, Department of Geography
and Environmental Management, Waterloo, Ont.

Devito, K., Creed, I., Gan, T., Mendoza, C., Petrone, R,, Silins, U., and Smerdon, B.
2005a. A framework for broad-scale classification of hydrologic response
units on the Boreal Plain: is topography the last thing to consider? Hydrol.
Process. 19(8): 1705-1714. doi:10.1002/hyp.5881.

Devito, KJ., Creed, LF., and Fraser, C.J.D. 2005b. Controls on runoff from a
partially harvested aspen-forested headwater catchment, Boreal Plain, Can-
ada. Hydrol. Process. 19: 3-25. doi:10.1002/hyp.5776.

Devito, KJ., Creed, LF., Rothwell, R.L., and Prepas, E.E. 2000. Landscape controls
on phosphorous loading to boreal lakes: implications for the potential im-
pacts of forest harvesting. Can. J. Fish. Aquat. Sci. 57: 1977-1984.

Devito, K., Mendoza, C., and Qualizza, C. 2012. Conceptualizing water move-
ment in the Boreal Plains. Implications for watershed reconstruction. Envi-
ronmental and Reclamation Research Group for the Canadian Oil Sands
Network for Research and Development.

Devito, K.J., Hokanson, K.J., Moore, P.A., Kettridge, N., Anderson, A.E.,
Chasmer, L., et al. 2017. Landscape controls on long-term runoff in subhumid
heterogeneous Boreal Plains catchments. Hydrol. Process. 31: 2737-2751. doi:
10.1002/hyp.11213.

Ducks Unlimited Canada. 2014. Operational guide: forest road wetland crossings
learning from field trials in the boreal plains ecozone of Manitoba and
Saskatchewan, Canada Version 1.0. Available from https://www.ducks.ca/
resources/industry/operational-guide-for-forest-road-wetland-crossings/ [ac-
cessed 23 September 2019].

Ducks Unlimited Canada. 2019. Canadian wetland inventory progress map.
Available from http://maps.ducks.ca/cwi/ [accessed 11 December 2018].

Dyer, S.J., O’Neill, J.P., Wasel, S.M., and Boutin, S. 2001. Avoidance of industrial
development by woodland caribou. J. Wildl. Manage. 65: 531-542. d0i:10.2307/
3803106.

Dyke, A.S. 2004. An outline of North American deglaciation with emphasis on
central and northern Canada. Dev. Quat. Sci. 2: 373—-424. doi:10.1016/S1571-
0866(04)80209-4.

Eaton, B., and Charette, T. 2016. Drivers, stressors, and indicators of wetland
change in Alberta’s Oil Sands Region - potential for use in wetland monitoring.
Available from https:/fwww.abmi.ca/home/publications/451-500/455.html%
3Bjsessionid=A4840F6A2E8CF67A556E191CD56ADE79?mode=detail&;
andsubject=aquatic [accessed 21 June 2018].

Elmes, M., and Price, ].S. 2019. Hydrologic function of a moderate-rich fen wa-
tershed in the Athabasca Oil Sands Region of the Western Boreal Plain,
northern Alberta. J. Hydrol. 570: 692-1704. doi:10.1016/j.jhydrol.2018.12.043.

Elshorbagy, A., Jutla, A., Barbour, L., and Kells, J. 2005. System dynamics ap-
proach to assess the sustainability of reclamation of disturbed watersheds.
Can. J. Civ. Eng. 32(1): 144-158. d0i:10.1139/104-112.

Enbridge Pipelines Inc. 2012. Environmental guidelines for construction. June
2012 edition. Prepared by Enbridge Liquid Pipelines and Major Projects in
cooperation with TERA Environmental Consultants.

Environ. Rev. Vol. 00, 0000

Engering, A. 2018. Carbon gas exchange, primary production and litter decom-
position of a restored fen on a former oil well-pad. M.Sc. thesis, University of
Waterloo, Waterloo, Ont.

Fenton, M.M., Waters, E.J., Pawley, S.M., Atkinson, N., Utting, D.J., and Mckay, K.
2013. Surficial geology of Alberta. Alberta Energy Regulator, AER/AGS Map 601,
scale 1:1000 000. Available from https://ags.aer.ca/publications/MAP_601.html
[accessed 23 December 2018].

Ferone, ].M., and Devito, K.J. 2004. Shallow groundwater-surface water interac-
tions in pond-peatland complexes along a Boreal Plains topographic gradi-
ent. J. Hydrol. 292(1-4): 75-95. doi:10.1016/j.jhydrol.2003.12.032.

Ficken, C.D., Cobbaert, D., and Rooney, R.C. 2019. Low extent but high impact of
human land use on wetland flora across the boreal oil sands region. Sci. Total
Environ. 693: 133647. doi:10.1016/j.scitotenv.2019.133647. PMID:31635014.

Fisher, T.D., and Smith, D.G. 1993. Exploration for Pleistocene aggregate re-
sources using process depositional models in the Fort McMurray region, NE
Alberta, Canada. Quat. Int. 20: 71-80. doi:10.1016/1040-6182(93)90037-G.

FPInnovations. 2016. Resource roads and wetlands: a guide for planning, con-
struction and maintenance. Special Publication SP-530E. Available from
https://www.industrialtimberproducts.com/wp-content/uploads/2017/01/
Resource-Roads-and-Wetlands_July2016.pdf [accessed 23 September 2019].

Fraser, CJ.D., Roulet, N.T., and Moore, T.R. 2001. Hydrology and dissolved
organic carbon biogeochemistry in an ombrotrophic bog. Hydrol. Process. 15:
3151-3166. d0i:10.1002/hyp.322.

Freeze, R.A., and Cherry, J.A. 1979. Groundwater. Prentice-Hall, Inc., Englewood
Cliffs, New Jersey. 604pp.

Gauthier, M.E. 2014. Restoring peatland plant communities on mineral well
pads. M.S. thesis, Universite Laval, Quebec.

Gauthier, M.E., Rochefort, M.G.L., Nadeau, L., Hugron, S., and Xu, B. 2018. Testing
the moss layer transfer technique on mineral well pads constructed in peat-
lands. Wetl. Ecol. Manage. 26(4): 475-487. d0i:10.1007/s11273-017-9532-4.

Gibson, J.J., Yi, Y., and Birks, S.J. 2019. Isotopic tracing of hydrologic drivers
including permafrost thaw status for lakes across Northeastern Alberta,
Canada: a 16-year, 50-lake assessment. ]J. Hydrol. Reg. Stud. 26: 100643. doi:
10.1016/j.ejrh.2019.100643.

Goetz, J.D., and Price, ].S. 2015. Role of morphological structure and layering of
Sphagnum and Tomenthypnum mosses on moss productivity and evaporation
rates. Can. J. Soil Sci. 95(2): 109-124. doi:10.4141/cjss-2014-092.

Golder Associates Ltd. 2007. Suncor voyageur south project environmental set-
ting report. Prepared for Suncor Energy Inc., Canada, July 2007. Project Num-
ber 05-1344-021. Golder Associates Ltd., Calgary, Alta.

Gorrell, H.A. 1976. Regional hydrogeological study McMurray oil sands area,
Alberta. Prepared for The Oil Sands Environmental Study Group. doi:10.7939/
R3B27PSOW.

Government of Alberta. 2012. Lower Athabasca region groundwater manage-
ment framework. Edmonton, Alberta. Available from https://open.alberta.ca/
dataset/90a86c75-60a3-46aa-9893-cef9a040bc99/resource/bde418ba-c70e-
4bc4-ab77-0e72d4770b6a/download/6248198-2012-08-larp-framework-
groundwatermgt-finalv2.pdf [accessed 29 January 2019].

Government of Alberta. 2013. Alberta wetland policy. Available from https://
open.alberta.ca/publications/9781460112878 [accessed 13 November 2019].
Government of Alberta. 2015. Alberta wetland mitigation directive. Water Policy
Branch, Alberta. Environment and Parks. Edmonton, Alberta. Available from
https://aia.inltouch.org/document/2627/AlbertaWetlandMitigationDirective-

Jun2015.pdf [accessed 13 March 2019].

Government of Alberta. 2016. Alberta wetland restoration directive. Water Policy
Branch, Alberta Environment and Parks. Edmonton, Alberta. Available from
https://open.alberta.ca/dataset/b042aeb9-0830-4466-8765-07ad8393a8c8/
resource/2b73b063-b905-4f4b-8427-6e4a651b8b34/download/2016-alberta-
wetland-restoration-directive-november-1-2016.pdf [accessed 13 March 2019].

Government of Alberta. 2017a. Alberta wetland mitigation directive. Water Pol-
icy Branch, Alberta Environment and Parks. Edmonton, Alberta. Available
from https://open.alberta.ca/dataset/2e6ebc5f-3172-4920-9cd5-0c472a22f0e8/
resource/dfbea0b8-df23-4ddd-8038-a51f69fbfff7/download/alberta
wetlandmitigationdirective-june-2018.pdf [accessed 14 March 2019].

Government of Alberta. 2017b. Facts and statistics. [Online.] Available from
https://open.alberta.ca/dataset/b6f2d99e-30f8-4194-b7eb-76039e9be4d2/
resource/063e27cc-b6d1-4dae-8356-44e27304ef78/download/fsoilsands.pdf
[accessed 21 July 2018].

Government of Canada. 2018. Historical data. Available from http://climate.
weather.gc.ca/historical_data/search_historic_data_e.html [accessed 18 January
2019].

Graf, M. 2009. Literature review on the restoration of Alberta’s boreal wetlands
affected by oil, gas, and in situ oil sands development. Prepared for Ducks
Unlimited Canada. Available from http://www.biology.ualberta.ca/faculty/
stan_boutin/ilm/uploads/footprint/Graf%20Wetland_Restoration_
Review%20FINAL-Small%20File.pdf [accessed 13 March 2018].

Grasby, S.E., and Chen, Z. 2005. Subglacial recharge into the Western Canada
Sedimentary Basin - Impact of Pleistocene glaciation on basin hydrodynam-
ics. Bull. Geol. Soc. Am. 117(3-4): 500-514. doi:10.1130/B25571.1.

Grasby, S.E., and Londry, K.L. 2007. Biogeochemistry of hypersaline springs sup-
porting a mid-continent marine ecosystem: an analogue for Martian springs?
Astrobiology, 7: 662-683. d0i:10.1089/ast.2006.0029. PMID:17723097.

Guebert, M.D., and Gardner, T.W. 2001. Macropore flow on a reclaimed surface

< Published by NRC Research Press


http://dx.doi.org/10.1111/j.1654-109X.2004.tb00612.x
http://dx.doi.org/10.1111/j.1654-109X.2004.tb00612.x
http://dx.doi.org/10.1002/hyp.10206
http://dx.doi.org/10.1007/BF03161529
http://dx.doi.org/10.1139/er-2017-0083
http://dx.doi.org/10.1139/er-2017-0080
http://dx.doi.org/10.1002/hyp.5881
http://dx.doi.org/10.1002/hyp.5776
http://dx.doi.org/10.1002/hyp.11213
https://www.ducks.ca/resources/industry/operational-guide-for-forest-road-wetland-crossings/
https://www.ducks.ca/resources/industry/operational-guide-for-forest-road-wetland-crossings/
http://maps.ducks.ca/cwi/
http://dx.doi.org/10.2307/3803106
http://dx.doi.org/10.2307/3803106
http://dx.doi.org/10.1016/S1571-0866(04)80209-4
http://dx.doi.org/10.1016/S1571-0866(04)80209-4
https://www.abmi.ca/home/publications/451-500/455.html;jsessionid=A4840F6A2E8CF67A556E191CD56ADE79?mode=detail&
https://www.abmi.ca/home/publications/451-500/455.html;jsessionid=A4840F6A2E8CF67A556E191CD56ADE79?mode=detail&
https://www.abmi.ca/home/publications/451-500/455.html;jsessionid=A4840F6A2E8CF67A556E191CD56ADE79?mode=detail&
http://dx.doi.org/10.1016/j.jhydrol.2018.12.043
http://dx.doi.org/10.1139/l04-112
https://ags.aer.ca/publications/MAP_601.html
http://dx.doi.org/10.1016/j.jhydrol.2003.12.032
http://dx.doi.org/10.1016/j.scitotenv.2019.133647
http://www.ncbi.nlm.nih.gov/pubmed/31635014
http://dx.doi.org/10.1016/1040-6182(93)90037-G
https://www.industrialtimberproducts.com/wp-content/uploads/2017/01/Resource-Roads-and-Wetlands_July2016.pdf
https://www.industrialtimberproducts.com/wp-content/uploads/2017/01/Resource-Roads-and-Wetlands_July2016.pdf
http://dx.doi.org/10.1002/hyp.322
http://dx.doi.org/10.1007/s11273-017-9532-4
http://dx.doi.org/10.1016/j.ejrh.2019.100643
http://dx.doi.org/10.4141/cjss-2014-092
http://dx.doi.org/10.7939/R3B27PS0W
http://dx.doi.org/10.7939/R3B27PS0W
https://open.alberta.ca/dataset/90a86c75-60a3-46aa-9893-cef9a040bc99/resource/bde418ba-c70e-4bc4-ab77-0e72d4770b6a/download/6248198-2012-08-larp-framework-groundwatermgt-finalv2.pdf
https://open.alberta.ca/dataset/90a86c75-60a3-46aa-9893-cef9a040bc99/resource/bde418ba-c70e-4bc4-ab77-0e72d4770b6a/download/6248198-2012-08-larp-framework-groundwatermgt-finalv2.pdf
https://open.alberta.ca/dataset/90a86c75-60a3-46aa-9893-cef9a040bc99/resource/bde418ba-c70e-4bc4-ab77-0e72d4770b6a/download/6248198-2012-08-larp-framework-groundwatermgt-finalv2.pdf
https://open.alberta.ca/dataset/90a86c75-60a3-46aa-9893-cef9a040bc99/resource/bde418ba-c70e-4bc4-ab77-0e72d4770b6a/download/6248198-2012-08-larp-framework-groundwatermgt-finalv2.pdf
https://open.alberta.ca/publications/9781460112878
https://open.alberta.ca/publications/9781460112878
https://aia.in1touch.org/document/2627/AlbertaWetlandMitigationDirective-Jun2015.pdf
https://aia.in1touch.org/document/2627/AlbertaWetlandMitigationDirective-Jun2015.pdf
https://open.alberta.ca/dataset/b042aeb9-0830-4466-8765-07ad8393a8c8/resource/2b73b063-b905-4f4b-8427-6e4a651b8b34/download/2016-alberta-wetland-restoration-directive-november-1-2016.pdf
https://open.alberta.ca/dataset/b042aeb9-0830-4466-8765-07ad8393a8c8/resource/2b73b063-b905-4f4b-8427-6e4a651b8b34/download/2016-alberta-wetland-restoration-directive-november-1-2016.pdf
https://open.alberta.ca/dataset/b042aeb9-0830-4466-8765-07ad8393a8c8/resource/2b73b063-b905-4f4b-8427-6e4a651b8b34/download/2016-alberta-wetland-restoration-directive-november-1-2016.pdf
https://open.alberta.ca/dataset/2e6ebc5f-3172-4920-9cd5-0c472a22f0e8/resource/dfbea0b8-df23-4ddd-8038-a51f69fbfff7/download/albertawetlandmitigationdirective-june-2018.pdf
https://open.alberta.ca/dataset/2e6ebc5f-3172-4920-9cd5-0c472a22f0e8/resource/dfbea0b8-df23-4ddd-8038-a51f69fbfff7/download/albertawetlandmitigationdirective-june-2018.pdf
https://open.alberta.ca/dataset/2e6ebc5f-3172-4920-9cd5-0c472a22f0e8/resource/dfbea0b8-df23-4ddd-8038-a51f69fbfff7/download/albertawetlandmitigationdirective-june-2018.pdf
https://open.alberta.ca/dataset/b6f2d99e-30f8-4194-b7eb-76039e9be4d2/resource/063e27cc-b6d1-4dae-8356-44e27304ef78/download/fsoilsands.pdf
https://open.alberta.ca/dataset/b6f2d99e-30f8-4194-b7eb-76039e9be4d2/resource/063e27cc-b6d1-4dae-8356-44e27304ef78/download/fsoilsands.pdf
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html
http://www.biology.ualberta.ca/faculty/stan_boutin/ilm/uploads/footprint/Graf%20Wetland_Restoration_Review%20FINAL-Small%20File.pdf
http://www.biology.ualberta.ca/faculty/stan_boutin/ilm/uploads/footprint/Graf%20Wetland_Restoration_Review%20FINAL-Small%20File.pdf
http://www.biology.ualberta.ca/faculty/stan_boutin/ilm/uploads/footprint/Graf%20Wetland_Restoration_Review%20FINAL-Small%20File.pdf
http://dx.doi.org/10.1130/B25571.1
http://dx.doi.org/10.1089/ast.2006.0029
http://www.ncbi.nlm.nih.gov/pubmed/17723097

Environ. Rev. Downloaded from www.nrcresearchpress.com by 192.0.131.250 on 07/03/20
For personal use only.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Volik et al.

mine: infiltration and hillslope hydrology. Geomorphology, 39: 151-169. doi:
10.1016/S0169-555X(00)00107-0.

Haag, R.W,, and Bliss, L.C. 1974. Functional effects of vegetation on the radiant
energy budget of boreal forest. Can. Geotech. J. 11(3): 374-379. do0i:10.1139/
t74-038.

Halsey, L.A., Vitt, D.H., and Bauer, 1. 1998. Peatland initiation during the Holo-
cene in continental western Canada. Clim. Change, 40: 315-342. d0i:10.1023/
A:1005425124749.

Hendrikse, M., Gaspari, D.P., McQueen, A.D., Kinley, C.M., Calomeni, AJ].,
Geer, T.D., et al. 2018. Treatment of oil sands process-affected waters using a
pilot-scale hybrid constructed wetland. Ecol. Eng. 115: 45-57. doi:10.1016j.
ecoleng.2018.02.009.

Hoag, R., and Price, ].S. 1995. A field-scale natural gradient solute transport
experiment in peat at a Newfoundland blanket bog. J. Hydrol. 172: 171-184.
doi:10.1016/0022-1694(95)02696-M.

Hokanson, K.J., Lukenbach, M.C., Devito, K., Kettridge, N., Petrone, R.M., and
Waddington, J.M. 2016. Groundwater connectivity controls peat burn sever-
ity in the boreal plains. Ecohydrology, 9: 574-584. d0i:10.1002/ec0.1657.

Huang, M., Barbour, S.L., and Carey, S.K. 2015. The impact of reclamation cover
depth on the performance of reclaimed shale overburden at an oil sands
mine in Northern Alberta, Canada. Hydrol. Process. 29(12): 2840-2854. doi:
10.1002/hyp.10229.

Hwang, H.T., Park, Y.J., Sudicky, E.A., Berg, S.J., McLaughlin, R., and Jones, J.P.
2018. Understanding the water balance paradox in the Athabasca River Basin,
Canada. Hydrol. Process. 32: 729-746. d0i:10.1002/hyp.11449.

Ingram, H.A.P. 1978. Soil layers in mires: function and terminology. J. Soil Sci. 29:
224-227. doi:10.1111/j.1365-2389.1978.tb02053.x.

Ingram, H.A.P. 1983. Hydrology. In Ecosystems of the world 4A. Mires: swamp,
bog, fen and moor. Edited by AJ.P. Gore. Elsevier, Amsterdam. pp. 67-224.
Ireson, A.M., Barr, A.G., Johnstone, J.F., Mamet, S.D., van der Kamp, G.,
Whitfield, C.J., et al. 2015. The changing water cycle: the Boreal Plains eco-
zone of Western Canada. Wiley Interdiscip. Rev. Water, 2(5): 505-521. doi:10.

1002/wat2.1098.

Jasechko, S., Gibson, J.J., Birks, S.J., and Yi, Y. 2012. Quantifying saline ground-
water seepage to surface waters in the Athabasca oil sands region. Appl.
Geochem. 27: 2068-2076. do0i:10.1016/j.apgeochem.2012.06.007.

Johnson, C.E., Johnson, A.H., Huntington, T.G., and Siccama, T.G. 1991. Whole-
tree clear-cutting effects on soil horizons and organic matter pools. Soil Sci.
Soc. Am. J. 55: 497-502. d0i:10.2136/ss5a2j1991.03615995005500020034x.

Johnson, E.A., and Miyanishi, K. 2008. Creating new landscapes and ecosystems:
the Alberta oil sands. Ann. N.Y. Acad. Sci. 1143: 120-145. doi:10.1196/annals.
1439.007. PMID:18566092.

Jordaan, S.M., Keith, D.W.,, and Stelfox, B. 2009. Quantifying land use of oil sands
production: a life cycle perspective. Environ. Res. Lett. 4: 024004. d0i:10.1088/
1748-9326/4/2/024004.

Kelln, C., Barbour, L., and Qualizza, C. 2007. Preferential flow in a reclamation
cover: hydrological and geochemical response. J. Geotech. Geoenviron. Eng.
133: 1277-1289. doi:10.1061/(ASCE)1090-0241(2007)133:10(1277).

Kennedy, G.W., and Price, ].S. 2005. A conceptual model of volume-change con-
trols on the hydrology of cutover peats. J. Hydrol. 302: 13-27. doi:10.1016j.
jhydrol.2004.06.024.

Keshta, N., Elshorbagy, A., and Carey, S. 2011. Impacts of climate change on soil
moisture and evapotranspiration in reconstructed watersheds in northern
Alberta. Canada. Hydrol. Process. 26(9): 1321-1331. doi:10.1002/hyp.8215.

Kessel, E.D., Ketcheson, S.J., and Price, ].S. 2018. The distribution and migration
of sodium from a reclaimed upland to a constructed fen peatland in a post-
mined oil sands landscape. Sci. Total Environ. 630: 1553-1564. doi:10.1016j.
scitotenv.2018.02.253. PMID:29554772.

Ketcheson, S.J., and Price, ].S. 2016a. Snow hydrology of a constructed watershed
in the Athabasca oil sands region, Alberta, Canada. Hydrol. Process. 30(14):
2546-2561. doi:10.1002/hyp.10813.

Ketcheson, S.J., and Price, J.S. 2016b. Comparison of the hydrological role of two
reclaimed slopes of different ages in the Athabasca oil sands region, Alberta,
Canada. Can. Geotech. J. 53(9): 1533-1546. d0i:10.1139/cgj-2015-0391.

Ketcheson, S.J., Price, ].S., Carey, S.K., Petrone, R.M., Mendoza, C., and Devito, K.J.
2016. Constructing fen peatlands in post-mining oil sands landscapes: chal-
lenges and opportunities from a hydrological perspective. Earth-Sci. Rev. 161:
130-139. doi:10.1016/j.earscirev.2016.08.007.

Ketcheson, S.J., Price, ].S., Sutton, O., Sutherland, G., Kessel, E., and Petrone, R M.
2017. The hydrological functioning of a constructed fen wetland watershed.
Sci. Total Environ. 603-604: 593—-605. doi:10.1016/j.scitotenv.2017.06.101. PMID:
28646778.

King, K.S., and Yetter, J. 2011. Groundwater and Alberta’s oil sands mines.
Ground Water, 49(3): 316-318. doi:10.1111/j.1745-6584.2011.00819.x. PMID:
21410702.

Kompanizare, M., Petrone, R.M., Shafii, M., Robinson, D.T., and Rooney, R.C.
2018. Effect of climate change and mining on hydrological connectivity of
surficial layers in the Athabasca Oil Sands Region. Hydrol. Process. 32: 3698—
3716. doi:10.1002/hyp.13292.

Lafleur, P.M., McCaughey, J.H., Joiner, D.W., Bartlett, P.A., and Jelinski, D.E. 1997.
Seasonal trends in energy, water, and carbon dioxide fluxes at a northern
boreal wetland. J. Geophys. Res. Atmosph. 102(D24): 29009-29020. doi:10.
1029/96]D03326.

13

Laiho, R., Sallantaus, T., and Laine, J. 1999. The effect of forestry drainage on
vertical distributions of major plant nutrients in peat soils. Plant Soil, 207(2):
169-181. doi:10.1023/A:1026470212735.

Lamers, L.P.M., Vile, M.A., Grootjans, A.P., Acreman, M.C., van Diggelen, R.,
Evans, M.G., et al. 2015. Ecological restoration of rich fens in Europe and
North America: from trial and error to an evidence-based approach. Biol. Rev.
90: 182-203. doi:10.1111/brv.12102. PMID:24698312.

Leatherdale, J., Chanasyk, D.S., and Quideau, S. 2012. Soil water regimes of
reclaimed upland slopes in the oil sands region of Alberta. Can. J. Soil Sci.
92(1): 117-129. doi:10.4141/cjss2010-027.

Lemmeld, R. 1990. Water balance of a sandy aquifer an Hyryla in southern
Finland. Turku, Turun yliopisto. Annales Universitates Turkuensis, Sarja-Ser.
A, II. Biologica - Geogrophica - Geologica 73. [ISBN 951-880-428-1, ISSN 0082-
6979.]

Levesque, M., and Dinel, H. 1977. Fiber content, particle-size distribution and
some related properties of four peat materials in eastern Canada. Can. J. Soil
Sci. 57(2): 187-195. d0i:10.4141/cjss77-023.

Lieffers, V.J., Macmillan, R.B., MacPherson, D., Branter, K., and Stewart, J.D. 1996.
Semi-natural and intensive silvicultural systems for the boreal mixedwood
forest. For. Chron. 72: 286-292. doi:10.5558/tfc72286-3.

Lieffers, V.J., Caners, R.T., and Ge, H. 2017. Re-establishment of hummock topog-
raphy promotes tree regeneration on highly disturbed moderate-rich fens.
J. Environ. Manage. 197: 258-264. d0i:10.1016/j.jenvman.2017.04.002. PMID:
28391099.

Lima, A.C., and Wrona, F.J. 2019. Multiple threats and stressors to the Athabasca
River Basin: what do we know so far? Sci. Total Environ. 649: 640-651. doi:
10.1016/j.scitotenv.2018.08.285.

Lindsay, J.D., and Odynsky, W. 1965. Permafrost in organic soils of Northern
Alberta. Can. J. Soil Sci. 45(3): 265-269. d0i:10.4141/cjss65-037.

Little-Devito, M., Mendoza, C.A., Chasmer, L., Kettridge, N., and Devito, K.J. 2019.
Opportunistic wetland formation on reconstructed landforms in a sub-
humid climate: influence of site and landscape-scale factors. Wetlands Ecol.
Manage. 27: 587-608. d0i:10.1007/s11273-019-09679-y.

Locky, D.A., Bayley, S.E., and Vitt, D.H. 2005. The vegetational ecology of black
spruce swamps, fens, and bogs in southern boreal Manitoba, Canada. Wet-
lands, 25(3): 564-582. doi:10.1672/0277-5212(2005)025[0564:TVEOBS]2.0.CO;2.

Lovitt, J., Rahman, M.M., Saraswati, S., McDermid, G.J., Strack, M., and Xu, B.
2018. UAV remote sensing can reveal the effects of low-impact seismic
lines on surface morphology, hydrology, and methane (CH,) release in a
boreal treed bog. J. Geophys. Res. Biogeosci. 123(3): 1117-1129. doi:10.1002/
2017JG004232.

Lukenbach, M.C., Hokanson, K.J., Moore, P.A., Devito, K]., Kettridge, N.,
Thompson, D.K., et al. 2015. Hydrological controls on deep burning in a
northern forested peatland. Hydrol. Process. 29: 4114-4124. doi:10.1002/hyp.
10440.

MacFarlane, A.K. 2003. Vegetation response to seismic lines: edge effects and
on-line succession. M.Sc. thesis, Department of Biological Sciences, Univer-
sity of Alberta, Edmonton, Alta.

Mackendrick, N., Fluet, C., Davidson, D.J., Krogman, N., and Ross, M. 2001. Inte-
grated Resource Management in Alberta’s Boreal Forest: opportunities and
Constraints. Interim project report (Edmonton: Sustainable Forest Manage-
ment Network). Available from http://citeseerx.ist.psu.edu/viewdoc/
download?doi=10.1.1.893.5566&rep=repl&type=pdf [accessed 31 October
2018].

Marshall, LB., Schut, P., and Ballard, M. 1999. A national ecological framework
for Canada: attribute data. Environmental Quality Branch, Ecosystems Sci-
ence Directorate, Environment Canada and Research Branch, Agriculture
and Agri-food Canada, Ottawa/Hull.

Masch, F.D., and Denny, KJ. 1966. Grain size distribution and its effect on the
permeability of unconsolidated sands. Water. Resour. Res. 2(4): 665-677.
doi:10.1029/WR0021004p00665.

McCarter, C.P.R., and Price, J.S. 2017. Experimental hydrological forcing to illus-
trate water flow processes of a subarctic ladder fen peatland. Hydrol. Process.
31: 1578-1589. doi:10.1002/hyp.11127.

McNabb, D.H., Startsev, A.D., and Nguyen, H. 2001. Soil wetness and traffic level
effects on bulk density and air-filled porosity of compacted boreal forest
soils. Soil Sci. Soc. Am. J. 65: 1238-1247. d0i:10.2136/ss5aj2001.6541238x.

McNeil, P., and Waddington, J.M. 2003. Moisture controls on Sphagnum growth
and CO, exchange on a cutover bog. J. Appl. Ecol. 40: 354-367. doi:10.1046j.
1365-2664.2003.00790.x.

McQueen, A.D., Hendrikse, M., Gaspari, D.P., Kinley, C.M., Rodgers, ]J.H., and
Castle, J.W. 2017. Performance of a hybrid pilot-scale constructed wetland
system for treating oil sands process-affected water from the Athabasca oil
sands. Ecol. Eng. 102: 152-165. doi:10.1016/j.ecoleng.2017.01.024.

Meiers, G.P., Barbour, S.L., Qualizza, C.V., and Dobchuk, B.S. 2011. Evolution of
the hydraulic conductivity of reclamation covers over sodic/saline mining
overburden. J. Geotech. Geoenviron. Eng. 137: 968-976. d0i:10.1061/(ASCE)GT.
1943-5606.0000523.

Mitsch, W.J., and Gosselink, J.G. 1993. Wetlands (Second Edition). Van Nostrand
Reinhold, New York.

Moore, T.R., and Dalva, M. 1993. The influence of temperature and water table
position on carbon dioxide and methane emissions from laboratory columns of
peatland soils. J. Soil Sci. 44: 651-664. d0i:10.1111/j.1365-2389.1993.tb02330.x.

< Published by NRC Research Press


http://dx.doi.org/10.1016/S0169-555X(00)00107-0
http://dx.doi.org/10.1139/t74-038
http://dx.doi.org/10.1139/t74-038
http://dx.doi.org/10.1023/A%3A1005425124749
http://dx.doi.org/10.1023/A%3A1005425124749
http://dx.doi.org/10.1016/j.ecoleng.2018.02.009
http://dx.doi.org/10.1016/j.ecoleng.2018.02.009
http://dx.doi.org/10.1016/0022-1694(95)02696-M
http://dx.doi.org/10.1002/eco.1657
http://dx.doi.org/10.1002/hyp.10229
http://dx.doi.org/10.1002/hyp.11449
http://dx.doi.org/10.1111/j.1365-2389.1978.tb02053.x
http://dx.doi.org/10.1002/wat2.1098
http://dx.doi.org/10.1002/wat2.1098
http://dx.doi.org/10.1016/j.apgeochem.2012.06.007
http://dx.doi.org/10.2136/sssaj1991.03615995005500020034x
http://dx.doi.org/10.1196/annals.1439.007
http://dx.doi.org/10.1196/annals.1439.007
http://www.ncbi.nlm.nih.gov/pubmed/18566092
http://dx.doi.org/10.1088/1748-9326/4/2/024004
http://dx.doi.org/10.1088/1748-9326/4/2/024004
http://dx.doi.org/10.1061/(ASCE)1090-0241(2007)133%3A10(1277)
http://dx.doi.org/10.1016/j.jhydrol.2004.06.024
http://dx.doi.org/10.1016/j.jhydrol.2004.06.024
http://dx.doi.org/10.1002/hyp.8215
http://dx.doi.org/10.1016/j.scitotenv.2018.02.253
http://dx.doi.org/10.1016/j.scitotenv.2018.02.253
http://www.ncbi.nlm.nih.gov/pubmed/29554772
http://dx.doi.org/10.1002/hyp.10813
http://dx.doi.org/10.1139/cgj-2015-0391
http://dx.doi.org/10.1016/j.earscirev.2016.08.007
http://dx.doi.org/10.1016/j.scitotenv.2017.06.101
http://www.ncbi.nlm.nih.gov/pubmed/28646778
http://dx.doi.org/10.1111/j.1745-6584.2011.00819.x
http://www.ncbi.nlm.nih.gov/pubmed/21410702
http://dx.doi.org/10.1002/hyp.13292
http://dx.doi.org/10.1029/96JD03326
http://dx.doi.org/10.1029/96JD03326
http://dx.doi.org/10.1023/A%3A1026470212735
http://dx.doi.org/10.1111/brv.12102
http://www.ncbi.nlm.nih.gov/pubmed/24698312
http://dx.doi.org/10.4141/cjss2010-027
http://dx.doi.org/10.4141/cjss77-023
http://dx.doi.org/10.5558/tfc72286-3
http://dx.doi.org/10.1016/j.jenvman.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28391099
http://dx.doi.org/10.1016/j.scitotenv.2018.08.285
http://dx.doi.org/10.4141/cjss65-037
http://dx.doi.org/10.1007/s11273-019-09679-y
http://dx.doi.org/10.1672/0277-5212(2005)025%5B0564%3ATVEOBS%5D2.0.CO;2
http://dx.doi.org/10.1002/2017JG004232
http://dx.doi.org/10.1002/2017JG004232
http://dx.doi.org/10.1002/hyp.10440
http://dx.doi.org/10.1002/hyp.10440
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.893.5566&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.893.5566&rep=rep1&type=pdf
http://dx.doi.org/10.1029/WR002i004p00665
http://dx.doi.org/10.1002/hyp.11127
http://dx.doi.org/10.2136/sssaj2001.6541238x
http://dx.doi.org/10.1046/j.1365-2664.2003.00790.x
http://dx.doi.org/10.1046/j.1365-2664.2003.00790.x
http://dx.doi.org/10.1016/j.ecoleng.2017.01.024
http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000523
http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000523
http://dx.doi.org/10.1111/j.1365-2389.1993.tb02330.x

Environ. Rev. Downloaded from www.nrcresearchpress.com by 192.0.131.250 on 07/03/20
For personal use only.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

14

Mualem, Y. 1976. A new model for predicting the hydraulic conductivity of
unsaturated porous media. Water Resour. Res. 12: 513-522. d0i:10.1029/
WR012i003p00513.

Murray, K.R., Barlow, N., and Strack, M. 2017. Methane emissions dynamics from
a constructed fen and reference sites in the Athabasca Oil Sands Region,
Alberta. Sci. Total Environ. 583: 369-381.

National Wetlands Working Group. 1997. The Canadian wetland classification
system. Available from http://library.wur.nl/WebQuery/clc/1783071 [accessed
15 June 2018].

Natural Regions Committee. 2006. Natural regions and sub-regions of Alberta.
Compiled by D.J. Downing and W.W. Pettapiece for the Government of Al-
berta. Publ. No. T/852.

Negley, T.L., and Eshleman, K.N. 2006. Comparison of stormflow responses of
surface-mined and forested watersheds in the Appalachian Mountains, USA.
Hydrol. Process. 20(16): 3467-3483. doi:10.1002/hyp.6148.

Nicholls, E.M., Carey, S.K., Humphreys, E.R., Clark, M.G., and Drewitt, G.B. 2016.
Multi-year water balance assessment of a newly constructed wetland, Fort
McMurray, Alberta. Hydrol. Process. 30(16): 2739-2753. doi:10.1002/hyp.
10881.

Nwaishi, F., Petrone, R.M., Price, ].S., and Andersen, R. 2015. Towards developing
a functional-based approach for constructed peatlands evaluation in the Al-
berta Oil Sands Region, Canada. Wetlands, 35(2): 211-225. doi:10.1007/s13157-
014-0623-1.

O’Donnell, J.A., Jorgenson, M.T., Harden, J.W., McGuire, A.D., Kanevskiy, M.Z.,
and Wickland, K.P. 2011. The effects of permafrost thaw on soil hydrologic,
thermal, and carbon dynamics in an Alaskan peatland. Ecosystems, 15(2):
213-229. doi:10.1007/s10021-011-9504-0.

Oil Sands Wetlands Working Group (OSWWG). 2000. Guidelines for wetland
establishment on reclaimed oil sands leases. Edited by N. Chymko. Rep. ESD/
LM/00-1, Alberta Environment, Environmental Services Publication No. T/517.

Olsen, E.R., and Doherty, ].M. 2012. The legacy of pipeline installation on the soil
and vegetation of southeast Wisconsin wetlands. Ecol. Eng. 39: 53-62. doi:
10.1016/j.ecoleng.2011.11.005.

Osko, T., Gillies, C., and Pyper, M. 2018. COSIA In-situ oil sands shared practices
for working in and around wetlands. Available from https://www.cosia.ca/
sites/default/files/attachments/COSIA-WetlandSharedPracticesReport-2018-
02-27.pdf [accessed 19 September 2019].

Oswald, CJ., and Carey, S.K. 2016. Total and methyl mercury concentrations in
sediment and water of a constructed wetland in the Athabasca Oil Sands
Region. Environ. Pollut. 213: 628-637. doi:10.1016/j.envpol.2016.03.002. PMID:
27017139.

Ozoray, G., Hackbarth, D., and Lytviak, A.T. 1980. Hydrogeology of the
Bitumount-Namur Lake Area, Alberta, Earth Sciences Report 78-6, Alberta
Research Council. Available from https://ags.aer.ca/document/ESR/
ESR_1978_06.pdf [accessed 04 November 2019].

Peichl, M., Oquist, M., Ottosson Léfvenius, M., Ilstedt, U., Sagerfors, ]., Grelle, A.,
et al. 2014. A 12-year record reveals pre-growing season temperature and
water table level threshold effects on the net carbon dioxide exchange in a
boreal fen. Environ. Res. Lett. 9(5): 1-11. doi:10.1088/1748-9326/9/5/055006.

Pelster, D., Burke, J.M., Couling, K., Luke, S.H., Smith, D.W., and Prepas, E.E.
2008. Water and nutrient inputs, outputs, and storage in Canadian boreal
forest wetlands: a review. J. Environ. Eng. Sci. 7(Suppl. 1): 35-50. d0i:10.1139/
$s08-024.

Petrone, R.M,, Silins, U., and Devito, K.J. 2007. Dynamics of evapotranspiration
from a riparian pond complex in the Western Boreal Forest, Alberta, Canada.
Hydrol. Process. 21(11): 1391-1401. doi:10.1002/hyp.6298.

Petrone, R.M., Devito, KJ., Silins, U., Mendoza, C., Brown, S.C., Kaufman, S.C.,
and Price, ].S. 2008. Transient peat properties in two pond-peatland com-
plexes in the sub-humid Western Boreal Plain, Canada. Mires Peat, 3: 1-13.

Petrone, R.M., Solondz, D.S., Macrae, M.L., Gignac, D., and Devito, KJ. 2011.
Microtopographical and canopy cover controls on moss carbon dioxide ex-
change in a Western Boreal Plain peatland. Ecohydrology, 4(1): 115-129. doi:
10.1002/ec0.139.

Phillips, T., Petrone, R.M., Wells, C.M., and Price, J.S. 2016. Characterizing dom-
inant controls governing evapotranspiration within a natural saline fen in
the Athabasca Oil Sands of Alberta, Canada. Ecohydrology, 9: 817-829. doi:
10.1002/ec0.1685.

Plach, J.M., Wood, M.E., Macrae, M.L., Osko, T.]J., and Petrone, R.M. 2017. Effect of
a semi-permanent road on N, P, and CO, dynamics in a poor fen on the
Western Boreal Plain, Canada. Ecohydrology, 10(7): 1874. do0i:10.1002/eco.
1874.

Pollard, J., McKenna, G.T., Fair, J., Daly, C.A., Wytrykush, C., and Clark, ]J. 2012.
Design aspects of two fen wetlands constructed for reclamation research in
the Athabasca oil sands. In Proceedings of the Seventh International Confer-
ence on Mine Closure. Edited by A.B. Fourie and M. Tibbett. Australian Centre
for Geomechanics, Perth, pp. 815-829.

Pouliot, R., Rochefort, L., and Karofeld, E. 2011. Initiation of microtopography in
revegetated cutover peatlands. Appl. Veg. Sci. 14: 158-171. d0i:10.1111/j.1654-
109X.2010.01118.x.

Price, J.S. 1992. Blanket bog in Newfoundland: 2. Hydrological processes. ]J. Hydrol.
135: 103-119. doi:10.1016/0022-1694(92)90083-8.

Price, ].S. 1996. Hydrology and microclimate of a partly restored cutover bog,

Environ. Rev. Vol. 00, 0000

Quebec. Hydrol. Process. 10: 1263-1272. doi:10.1002/(SICI)1099-1085(199610)10:
10<1263::AID-HYP458>3.0.CO;2-1.

Price, J.S. 2003. Role and character of seasonal peat soil deformation on the
hydrology of undisturbed and cutover peatlands. Water Resour. Res. 39(9):
1-10. d0i:10.1029/2002WR001302.

Price, ].S., and Maloney, D.A. 1994. Hydrology of a patterned bog-fen complex in
southeastern Labrador, Canada. Hydrol. Res. 25: 313-330. doi:10.2166/nh.1994.
0011.

Price, J.S., and Schlotzhauer, S.M. 1999. Importance of shrinkage and compres-
sion in determining water storage changes in peat: the case of a mined
peatland. Hydrol. Process. 13: 2591-2601. doi:10.1002/(SICI)1099-1085(199911)
13:16<2591::AID-HYP933>3.0.CO;2-E.

Price, J.S., Rochefort, L., and Campeau, S. 2002. Use of shallow basins to restore
cutover peatlands: hydrology. Restor. Ecol. 10: 259-266. doi:10.1046/j.1526-
100X.2002.09997.x.

Price, ].S., Healthwaite, A.L., and Baird, A.J. 2003. Hydrological processes in
abandoned and restored peatlands: an overview of management approaches.
Wetlands Ecol. Manage. 11: 65-83. d0i:10.1023/A:1022046409485.

Price, J.S., Whittington, P.N., Elrick, D.E., Strack, M., Brunet, N., and Faux, E.
2008. A method to determine unsaturated hydraulic conductivity in living
and undecomposed Sphagnum moss. Soil Sci. Soc. Am. J. 72: 487-491. doi:10.
2136/sssaj2007.0111N.

Price, J.S., McLaren, R.G., and Rudolph, D.L. 2010. Landscape restoration after
oil sands mining: conceptual design and hydrological modelling for fen
reconstruction. Int. J. Mining Reclam. Environ. 24: 109-123. doi:10.1080/
17480930902955724.

Purdy, B.G., Macdonald, S.E., and Lieffers, V.J. 2005. Naturally saline boreal
communities as models for reclamation of saline oil sand tailings. Restor.
Ecol. 13(4): 667-677. d0i:10.1111/j.1526-100X.2005.00085..x.

Quinton, W.L., Hayashi, M., and Carey, S.K. 2008. Peat hydraulic conductivity in
cold regions and its relation to pore size and geometry. Hydrol. Process.
22(15): 2829-2837. doi:10.1002/hyp.7027.

Quinton, W.L., Hayashi, M., and Chasmer, L.E. 2011. Permafrost-thaw-induced
land-cover change in the Canadian subarctic: implications for water re-
sources. Hydrol. Process. 25: 152-158. doi:10.1002/hyp.7894.

Raab, D., and Bayley, S.E. 2013. A Carex species-dominated marsh community
represents the best short-term target for reclaiming wet meadow habitat
following oil sands mining in Alberta, Canada. Ecol. Eng. 54: 97-106. doi:10.
1016/j.ecoleng.2013.01.024.

Ramsar Convention on Wetlands. 2018. Global Wetland Outlook: state of the
World’s Wetlands and their Services to People. Ramsar Convention Secretar-
iat, Gland, Switzerland.

Redding, T.E., and Devito, K.J. 2008. Lateral flow thresholds for aspen forested
hillslopes on the Western Boreal Plain, Alberta, Canada. Hydrol. Process. 22:
4287-4300. doi:10.1002/hyp.7038.

Redding, T., and Devito, K. 2011. Aspect and soil textural controls on snowmelt
runoff on forested Boreal Plain hillslopes. Hydrol. Res. 42: 250-267. doi:10.
2166/nh.2011.162.

Repo, T., Sirkid, S., Heinonen, J., Lavigné, A., Roitto, M., Koljonen, E., et al. 2014.
Effects of frozen soil on growth and longevity of fine roots of Norway spruce.
For. Ecol. Manage. 313: 112-122. doi:10.1016/j.foreco.2013.11.002.

Rezanezhad, F., Quinton, W.L., Price, ]J.S., Elliot, T.R., Elrick, D., and Shook, K.R.
2010. Influence of pore size and geometry on peat unsaturated hydraulic
conductivity computed from 3D computed tomography image analysis.
Hydrol. Process. 24(21): 2983-2994. d0i:10.1002/hyp.7709.

Rezanezhad, F., Andersen, R., Pouliot, R., Price, ].S., Rochefort, L., and Graf, M.D.
2012. How fen vegetation structure affects the transport of oil sands process-
affected waters. Wetlands, 32: 557-570. doi:10.1007/s13157-012-0290-z.

Rezanezhad, F., Price, J.S., Quinton, W.L., Lennartz, B., Milojevic, T., and
Van Cappellen, P. 2016. Structure of peat soils and implications for water
storage, flow and solute transport: a review update for geochemists. Chem.
Geol. 429: 75-84. doi:10.1016/j.chemgeo.2016.03.010.

Riddell, J. 2008. Assessment of surface water-groundwater interaction at
perched boreal wetlands, north-central Alberta. M.Sc. thesis, University of
Alberta, Department of Earth and Atmospheric Sciences, Edmonton, Alta.

Rochefort, L., Quinty, F., Campeau, S., Johnson, KW., and Malterer, T.J. 2003.
North American approach to the restoration of Sphagnum dominated peat-
lands. Wetlands Ecol. Manage. 11: 3-20. doi:10.1023/A:1022011027946.

Rooney, R.C., and Bayley, S.E. 2011. Setting reclamation targets and evaluating
progress: submersed aquatic vegetation in natural and post-oil sands mining
wetlands in Alberta, Canada. Ecol. Eng. 37(4): 569-579. doi:10.1016[j.ecoleng.
2010.11.032.

Rooney, R.C., Bayley, S.E., and Schindler, D.W. 2012. Oil sands mining and rec-
lamation cause massive loss of peatland and stored carbon. Proc. Natl. Acad.
Sci. 109(13): 4933-4937. doi:10.1073/pnas.1117693108. PMID:22411786.

Roulet, N., Moore, T., Bubier, J., and Lafleur, P. 1992. Northern fens: methane flux
and climatic change. Tellus Ser. B, 44: 100-105. doi:10.1034/j.1600-0889.1992.
t01-1-00002.x.

Roy, M.-C., Foote, L., and Ciborowski, J.J.H. 2016. Vegetation community compo-
sition in wetlands created following oil sand mining in Alberta, Canada.

J. Environ. Manage. 172: 18-28. doi:10.1016[j.jenvman.2016.02.023. PMID:
26921562.

< Published by NRC Research Press


http://dx.doi.org/10.1029/WR012i003p00513
http://dx.doi.org/10.1029/WR012i003p00513
http://library.wur.nl/WebQuery/clc/1783071
http://dx.doi.org/10.1002/hyp.6148
http://dx.doi.org/10.1002/hyp.10881
http://dx.doi.org/10.1002/hyp.10881
http://dx.doi.org/10.1007/s13157-014-0623-1
http://dx.doi.org/10.1007/s13157-014-0623-1
http://dx.doi.org/10.1007/s10021-011-9504-0
http://dx.doi.org/10.1016/j.ecoleng.2011.11.005
https://www.cosia.ca/sites/default/files/attachments/COSIA-WetlandSharedPracticesReport-2018-02-27.pdf
https://www.cosia.ca/sites/default/files/attachments/COSIA-WetlandSharedPracticesReport-2018-02-27.pdf
https://www.cosia.ca/sites/default/files/attachments/COSIA-WetlandSharedPracticesReport-2018-02-27.pdf
http://dx.doi.org/10.1016/j.envpol.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27017139
https://ags.aer.ca/document/ESR/ESR_1978_06.pdf
https://ags.aer.ca/document/ESR/ESR_1978_06.pdf
http://dx.doi.org/10.1088/1748-9326/9/5/055006
http://dx.doi.org/10.1139/s08-024
http://dx.doi.org/10.1139/s08-024
http://dx.doi.org/10.1002/hyp.6298
http://dx.doi.org/10.1002/eco.139
http://dx.doi.org/10.1002/eco.1685
http://dx.doi.org/10.1002/eco.1874
http://dx.doi.org/10.1002/eco.1874
http://dx.doi.org/10.1111/j.1654-109X.2010.01118.x
http://dx.doi.org/10.1111/j.1654-109X.2010.01118.x
http://dx.doi.org/10.1016/0022-1694(92)90083-8
http://dx.doi.org/10.1002/(SICI)1099-1085(199610)10%3A10%3C1263%3A%3AAID-HYP458%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1099-1085(199610)10%3A10%3C1263%3A%3AAID-HYP458%3E3.0.CO;2-1
http://dx.doi.org/10.1029/2002WR001302
http://dx.doi.org/10.2166/nh.1994.0011
http://dx.doi.org/10.2166/nh.1994.0011
http://dx.doi.org/10.1002/(SICI)1099-1085(199911)13%3A16%3C2591%3A%3AAID-HYP933%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1099-1085(199911)13%3A16%3C2591%3A%3AAID-HYP933%3E3.0.CO;2-E
http://dx.doi.org/10.1046/j.1526-100X.2002.09997.x
http://dx.doi.org/10.1046/j.1526-100X.2002.09997.x
http://dx.doi.org/10.1023/A%3A1022046409485
http://dx.doi.org/10.2136/sssaj2007.0111N
http://dx.doi.org/10.2136/sssaj2007.0111N
http://dx.doi.org/10.1080/17480930902955724
http://dx.doi.org/10.1080/17480930902955724
http://dx.doi.org/10.1111/j.1526-100X.2005.00085.x
http://dx.doi.org/10.1002/hyp.7027
http://dx.doi.org/10.1002/hyp.7894
http://dx.doi.org/10.1016/j.ecoleng.2013.01.024
http://dx.doi.org/10.1016/j.ecoleng.2013.01.024
http://dx.doi.org/10.1002/hyp.7038
http://dx.doi.org/10.2166/nh.2011.162
http://dx.doi.org/10.2166/nh.2011.162
http://dx.doi.org/10.1016/j.foreco.2013.11.002
http://dx.doi.org/10.1002/hyp.7709
http://dx.doi.org/10.1007/s13157-012-0290-z
http://dx.doi.org/10.1016/j.chemgeo.2016.03.010
http://dx.doi.org/10.1023/A%3A1022011027946
http://dx.doi.org/10.1016/j.ecoleng.2010.11.032
http://dx.doi.org/10.1016/j.ecoleng.2010.11.032
http://dx.doi.org/10.1073/pnas.1117693108
http://www.ncbi.nlm.nih.gov/pubmed/22411786
http://dx.doi.org/10.1034/j.1600-0889.1992.t01-1-00002.x
http://dx.doi.org/10.1034/j.1600-0889.1992.t01-1-00002.x
http://dx.doi.org/10.1016/j.jenvman.2016.02.023
http://www.ncbi.nlm.nih.gov/pubmed/26921562

Environ. Rev. Downloaded from www.nrcresearchpress.com by 192.0.131.250 on 07/03/20
For personal use only.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Volik et al.

Ryder, A., Taylor, D., Walters, F., and Domeney, R. 2004. Pipelines and peat: a
review of peat formation, pipeline construction techniques and reinstate-
ment options. In International conference on terrain and geohazard chal-
lenges facing onshore oil and gas pipelines. Edited by M. Sweeney. Thomas
Telford Publishing, London, U.K.

Sakhalin Energy. 2005. EIA Addendum, Chapter 3: pipeline construction in wet-
land areas. Available from www.sakhalinenergy.com [accessed 12 September
2018].

Salonen, V. 1994. Revegetation of harvested peat surfaces in relation to substrate
quality. J. Veg. Sci. 5(3): 403—408. doi:10.2307/3235863.

Saraswati, S., Parsons, C.T., and Strack, M. 2019. Access roads impact enzyme
activities in boreal forested peatlands. Sci. Total Environ. 651: 1405-1415.
d0i:10.1016/j.scitotenv.2018.09.280. PMID:30360271.

Satterlund, D.R., and Adams, P.W. 1992. Wildland watershed management. John
Wiley & and Sons, Inc., New York. 448pp.

Scarlett, S.J., and Price, ].S. 2013. The hydrological and geochemical isolation
of a freshwater bog within a saline fen in north-eastern Alberta. Mires Peat,
12: 1-12.

Severson-Baker, C. 2003. Seismic exploration environment & and energy in the
north, the Pembina Institute Box 7558, Drayton Valley, AB T7A 1S7.

Shunina, A. 2015. Revegetation of fen peatlands following oil and gas extraction
in Northern Alberta. M.Sc. thesis, University of Alberta, Edmonton, Alta.

Silins, U., and Rothwell, R.L. 1998. Forest peatland drainage and subsidence
affect soil water retention and transport properties in an Alberta
peatland. Soil Sci. Soc. Am. ]J. 62(4): 1048-1056. doi:10.2136/sssaj1998.
03615995006200040028x.

Simhayov, R.B., Price, J.S., Smeaton, C.M., Parsons, C., Rezanezhad, F., and
Van Cappellen, P. 2017. Solute pools in Nikanotee Fen watershed in the
Athabasca oil sands region. Environ. Pollut. 225: 150-162. d0i:10.1016/j.envpol.
2017.03.038. PMID:28365512.

Simhayov, R.B., Weber, T.K.D., and Price, J.S. 2018. Saturated and unsaturated
salt transport in peat from a constructed fen. Soil, 4(1): 63-81. d0i:10.5194/
s0il-4-63-2018.

Smerdon, B.D., Devito, K.J., and Mendoza, C.A. 2005. Interaction of groundwater
and shallow lakes on outwash sediments in the sub-humid Boreal Plains of
Canada. ]. Hydrol. 314(1-4): 246-262. doi:10.1016/j.jhydrol.2005.04.001.

Smerdon, B.D., Redding, T., and Beckers, J. 2009. An overview of the effects of
forest management on groundwater hydrology. J. Ecosyst. Manage. 10(1):
22-44.

Smerdon, B.D., Mendoza, C.A., and Devito, K.J. 2012. The impact of gravel extrac-
tion on groundwater dependent wetlands and lakes in the Boreal Plains,
Canada. Environ. Earth Sci. 67: 1249-1259. doi:10.1007/s12665-012-1568-4.

Smith, K.B., Smith, C.E., Forest, S.F., and Richard, A.J. 2007. A Field Guide to the
Wetlands of the Boreal Plains Ecozone of Canada. Ducks Unlimited Canada,
Western Boreal Office, Edmonton, Alta.

Soon, Y.K., Arshad, M.A,, Rice, W.A., and Mills, P. 2000. Recovery of chemical and
physical properties of boreal plain soils impacted by pipeline burial. Can. J.
Soil. Sci. 80(3): 489-497. doi:10.4141/S99-097.

Spennato, H.M., Ketcheson, S.J., Mendoza, C.A., and Carey, S.K. 2018. Water table
dynamics in a constructed wetland, Fort McMurray, Alberta. Hydrol. Process.
32: 3824-3836. d0i:10.1002/hyp.13308.

Stanek, W., Jeglum, J., and Orldci, L. 1977. Comparisons of peatland types using
macro-nutrient contents of peat. Vegetatio, 33(2-3): 163-173. d0i:10.1007/
BF00205911.

Stoeckeler, ]J.H. 1967. Wetland road crossings: drainage problems and timber
damage. USDA For. Serv. Res. Note NC-27, 4 pp. North Cent. Forest Exp. Sta.,
St. Paul, Minn.

Strack, M., Waddington, J.M., Rochefort, L., and Tuittila, E.-S. 2006. Response of
vegetation and net ecosystem carbon dioxide exchange at different peatland
microforms following water table drawdown. J. Geophys. Res. 111(G2): 10.
d0i:10.1029/2005JG000145.

Strack, M., Keith, AM., and Xu, B. 2014. Growing season carbon dioxide and
methane exchange at a restored peatland on the Western Boreal Plain. Ecol.
Eng. 64: 231-239. d0i:10.1016/j.ecoleng.2013.12.013.

Strack, M., Cagampan, J., Fard, G.H., Keith, A.M., Nugent, K., Rankin, T., et al.
2016. Controls on plot-scale growing season CO, and CH, fluxes in restored
peatlands: do they differ from unrestored and natural sites? Mires Peat, 17:
1-18. do0i:10.19189/MaP.2015.0MB.216.

Strack, M., Softa, D., Bird, M., and Xu, B. 2017. Impact of winter roads on boreal
peatland carbon exchange. Glob. Change Biol. 24: 1-12. d0i:10.1111/gcb.13844.
PMID:28755391.

Sundstrém, E., Magnusson, T., and Hdnell, B. 2000. Nutrient conditions in
drained peatlands along a north-south climatic gradient in Sweden. For. Ecol.
Manage. 126(2): 149-161. doi:10.1016/S0378-1127(99)00098-5.

Sutton, O.F.,, and Price, J.S. 2019. Soil moisture dynamics modelling of a re-
claimed upland in the early post-construction period. Sci. Total Environ.
doi:10.1016/j.scitotenv.2019.134628.

Szumigalski, A.R., and Bayley, S.E. 1996. Decomposition along a bog to rich fen
gradient in central Alberta, Canada. Can. J. Bot. 74(4): 573-581. doi:10.1139/
b96-073.

Thompson, C., Mendoza, C.A., Devito, KJ., and Petrone, R.M. 2015. Climatic
controls on groundwater-surface water interactions within the Boreal Plains

15

of Alberta: field observations and numerical simulations. J. Hydrol. 527: 734—
746. doi:10.1016/j.jhydrol.2015.05.027.

Thompson, C., Mendoza, C.A., and Devito, K.J. 2017. Potential influence of cli-
mate change on ecosystems within the Boreal Plains of Alberta. Hydrol.
Process. 31(11): 2110-2124. doi:10.1002/hyp.11183.

Thormann, M.N., Szumigalski, A.R., and Bayley, S.E. 1999. Aboveground peat and
carbon accumulation potentials along a bog-fen-marsh wetland gradient
in southern boreal Alberta, Canada. Wetlands, 19: 305-317. d0i:10.1007/
BF03161761.

Téth, J. 1999. Groundwater as a geologic agent: an overview of the causes, pro-
cesses, and manifestations. Hydrogeol. J. 7: 1-14. doi:10.1007/s100400050176.

Trites, M., and Bayley, S.E. 2009a. Vegetation communities in continental boreal
wetlands along a salinity gradient: implications for oil sands mining recla-
mation. Aquat. Bot. 91(1): 27-39. doi:10.1016/j.aquabot.2009.01.003.

Trites, M., and Bayley, S.E. 2009b. Organic matter accumulation in western bo-
real saline wetlands: a comparison of undisturbed and oil sands wetlands.
Ecol. Eng. 35(12): 1734-1742. doi:10.1016[j.ecoleng.2009.07.011.

Trombulak, S.C., and Frissell, C.A. 2000. Review of the ecological effects of roads
on terrestrial and aquatic communities. Conserv. Biol. 14: 18-20. d0i:10.1046/
j-1523-1739.2000.99084.x.

Updegraff, K., Pastor, J., Bridgham, S.D., and Johnston, C.A. 1995. Environmental
and substrate controls over carbon and nitrogen mineralization in northern
wetlands. Ecol. Appl. 5(1): 151-163. d0i:10.2307/1942060.

Van Huizen, B., Petrone, R., Price, J., Quinton, W., and Pomeroy, J. 2019. Seasonal
ground ice impacts on spring ecohydrological conditions in a Western Boreal
Plains Peatland. Hydrol. Process. 37: 765-779. doi:10.1002/hyp.13626.

Van Seters, T.E., and Price, J.S. 2001. The impact of peat harvesting and natural
regeneration on the water balance of an abandoned cutover bog, Quebec.
Hydrol. Process. 15: 233-248. doi:10.1002/hyp.145.

Vitt, D.H., and Chee, W.-L. 1990. The relationships of vegetation to surface water
chemistry and peat chemistry in fens of Alberta, Canada. Vegetatio, 89(2):
87-106. d0i:10.1007/BF00032163.

Vitt, D.H., Halsey, L.A., and Zoltai, S.C. 1994. The bog landforms of continental
western Canada in relation to climate and permafrost patterns. Arct. Alp.
Res. 26: 1-13. doi:10.2307/1551870.

Vitt, D.H., and House, M. 2015. Establishment of bryophytes from indigenous
sources after disturbance from oil sands mining. Bryologist, 118(2): 123-129.
d0i:10.1639/0007-2745-118.2.123.

Vitt, D.H., Halsey, L.A., Thormann, M., and Martin, T. 1996. Peatland Inventory of
Alberta. Prepared for the Alberta Peat Task Force, National Center of Excel-
lence in Sustainable Forest Management, University of Alberta, Edmonton,
Alta.

Vitt, D.H., Halsey, L.A., Bauer, LE., and Campbell, C. 2000. Spatial and temporal
trends in carbon storage of peatlands of continental western Canada through
the Holocene. Can. ]. Earth Sci. 37(5): 683-693. d0i:10.1139/e99-097.

Vitt, D.H., Wieder, R.K., Scott, K.D., and Faller, S. 2009. Decomposition and peat
accumulation in rich fens of boreal Alberta, Canada. Ecosystems, 12: 360—
373. d0i:10.1007/s10021-009-9228-6.

Vitt, D.H., Wieder, RK., Xu, B., Kaskie, M., and Koropchak, S. 2011. Peatland
establishment on mineral soils: effects of water level, amendments, and
species after two growing seasons. Ecol. Eng. 37(2): 354-363. doi:10.1016/j.
ecoleng.2010.11.029.

Vitt, D.H., House, M., and Hartsock, J.A. 2016. Sandhill Fen, an initial trial for
wetland species assembly on in-pit substrates: lessons after three years. Bot-
any, 94(11): 1015-1025. doi:10.1139/cjb-2015-0262.

Volik, O., Petrone, R.M., Hall, RI., Macrae, M.L., Wells, C.M., Elmes, M.C., and
Price, J.S. 2017. Long-term precipitation-driven salinity change in a saline,
peat-forming wetland in the Athabasca Oil Sands Region, Canada: a diatom-
based paleolimnological study. J. Paleolimnol. 58(4): 533-550. doi:10.1007/
$10933-017-9989-4.

Waddington, J.M., Quinton, W.L., Price, J.S., and Lafleur, P.M. 2009. Advances in
Canadian peatland hydrology, 2003-2007. Can. Water Resour. J. 34(2): 139-
148. d0i:10.4296/cwrj3402139.

Waddington, J.M., Morris, PJ., Kettridge, N., Granath, G., Thompson, D.K., and
Moore, P.A. 2015. Hydrological feedbacks in northern peatlands. Ecohydrol-
ogy, 8(1): 113-127. doi:10.1002/eco.1493.

Webster, K.L., Beall, E.D., Creed, LF., and Kreutzweiser, D.P. 2015. Impacts and
prognosis of natural resource development on water and wetlands in Can-
ada’s boreal zone. Environ. Rev. 23(1): 78-131. doi:10.1139/er-2014-0063.

Wells, C.M., and Price, ].S. 2015a. A hydrologic assessment of a saline-spring fen
in the Athabasca oil sands region, Alberta, Canada - a potential analogue for
oil sands reclamation. Hydrol. Process. 29(20): 4533-4548. d0i:10.1002/hyp.
10518.

Wells, C.M., and Price, J.S. 2015b. The hydrogeologic connectivity of a low-flow
saline-spring fen peatland within the Athabasca oil sands region, Canada.
Hydrogeol. J. 23(8): 1799-1816. d0i:10.1007/s10040-015-1301-y.

Wells, C., Ketcheson, S., and Price, J. 2017. Hydrology of a wetland-dominated
headwater basin in the Boreal Plain, Alberta, Canada. J. Hydrol. 547: 168-183.
d0i:10.1016/j.jhydrol.2017.01.052.

Whitson, L.R., Chanasyk, D.S., and Prepas, E.E. 2003. Hydraulic properties of
Orthic Gray Luvisolic soils and impact of winter logging. J. Environ. Eng. Sci.
2(S1): $41-S49. doi:10.1139/503-033.

Whittington, P.N., and Price, ].S. 2006. The effects of water table draw-down (as

< Published by NRC Research Press


http://www.sakhalinenergy.com
http://dx.doi.org/10.2307/3235863
http://dx.doi.org/10.1016/j.scitotenv.2018.09.280
http://www.ncbi.nlm.nih.gov/pubmed/30360271
http://dx.doi.org/10.2136/sssaj1998.03615995006200040028x
http://dx.doi.org/10.2136/sssaj1998.03615995006200040028x
http://dx.doi.org/10.1016/j.envpol.2017.03.038
http://dx.doi.org/10.1016/j.envpol.2017.03.038
http://www.ncbi.nlm.nih.gov/pubmed/28365512
http://dx.doi.org/10.5194/soil-4-63-2018
http://dx.doi.org/10.5194/soil-4-63-2018
http://dx.doi.org/10.1016/j.jhydrol.2005.04.001
http://dx.doi.org/10.1007/s12665-012-1568-4
http://dx.doi.org/10.4141/S99-097
http://dx.doi.org/10.1002/hyp.13308
http://dx.doi.org/10.1007/BF00205911
http://dx.doi.org/10.1007/BF00205911
http://dx.doi.org/10.1029/2005JG000145
http://dx.doi.org/10.1016/j.ecoleng.2013.12.013
http://dx.doi.org/10.19189/MaP.2015.OMB.216
http://dx.doi.org/10.1111/gcb.13844
http://www.ncbi.nlm.nih.gov/pubmed/28755391
http://dx.doi.org/10.1016/S0378-1127(99)00098-5
http://dx.doi.org/10.1016/j.scitotenv.2019.134628
http://dx.doi.org/10.1139/b96-073
http://dx.doi.org/10.1139/b96-073
http://dx.doi.org/10.1016/j.jhydrol.2015.05.027
http://dx.doi.org/10.1002/hyp.11183
http://dx.doi.org/10.1007/BF03161761
http://dx.doi.org/10.1007/BF03161761
http://dx.doi.org/10.1007/s100400050176
http://dx.doi.org/10.1016/j.aquabot.2009.01.003
http://dx.doi.org/10.1016/j.ecoleng.2009.07.011
http://dx.doi.org/10.1046/j.1523-1739.2000.99084.x
http://dx.doi.org/10.1046/j.1523-1739.2000.99084.x
http://dx.doi.org/10.2307/1942060
http://dx.doi.org/10.1002/hyp.13626
http://dx.doi.org/10.1002/hyp.145
http://dx.doi.org/10.1007/BF00032163
http://dx.doi.org/10.2307/1551870
http://dx.doi.org/10.1639/0007-2745-118.2.123
http://dx.doi.org/10.1139/e99-097
http://dx.doi.org/10.1007/s10021-009-9228-6
http://dx.doi.org/10.1016/j.ecoleng.2010.11.029
http://dx.doi.org/10.1016/j.ecoleng.2010.11.029
http://dx.doi.org/10.1139/cjb-2015-0262
http://dx.doi.org/10.1007/s10933-017-9989-4
http://dx.doi.org/10.1007/s10933-017-9989-4
http://dx.doi.org/10.4296/cwrj3402139
http://dx.doi.org/10.1002/eco.1493
http://dx.doi.org/10.1139/er-2014-0063
http://dx.doi.org/10.1002/hyp.10518
http://dx.doi.org/10.1002/hyp.10518
http://dx.doi.org/10.1007/s10040-015-1301-y
http://dx.doi.org/10.1016/j.jhydrol.2017.01.052
http://dx.doi.org/10.1139/s03-033

Environ. Rev. Downloaded from www.nrcresearchpress.com by 192.0.131.250 on 07/03/20
For personal use only.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

16

a surrogate for climate change) on the hydrology of a patterned fen peatland
near Quebec City, Quebec. Hydrol. Proccess. 20: 3589-3600. doi:10.1002/hyp.
6376.

‘Whittington, P.N., and Price, ].S. 2012. Impact of mine dewatering on peatlands
of the James Bay lowlands: the role of bioherms. Hydrol. Process. 26: 1818—
1826. d0i:10.1002/hyp.9266.

Whittington, P.N., and Price, J.S. 2013. Effect of mine dewatering on the peat-
lands of the James Bay Lowland: the role of marine sediments on mitigating
peatland drainage. Hydrol. Process. 27: 1845-1853. doi:10.1002/hyp.9858.

Williams, T.G., and Flanagan, L.B. 1996. Effects of changes in water content on
photosynthesis, transpiration and discrimination against *CO, and C'#0'¢0 in
Pleurozium and Sphagnum. Oecologia, 108: 38-46. doi:10.1007/BF00333212.
PMID:28307731.

Williams, T.J., and Quinton, W.L. 2013. Modelling incoming radiation on a linear
disturbance and its impact on the ground thermal regime in discontinuous
permafrost. Hydrol. Process. 27(13): 1854-1865. d0i:10.1002/hyp.9792.

Willier, C. 2017. Changes in peatland plant community composition and stand
structure due to road induced flooding and desiccation. M.Sc. thesis, Univer-
sity of Alberta.

Winter, T.C. 1999. Relation of streams, lakes, and wetlands to groundwater flow
systems. Hydrogeol. J. 7: 28-45. doi:10.1007/s100400050178.

Winter, T.C., Rosenberry, D.O., and LaBaugh, ].W. 2003. Where does the ground-
water in small watersheds come from? Groundwater, 41(7): 989-1000. doi:10.
1111/§.1745-6584.2003.tb02440.x.

Environ. Rev. Vol. 00, 0000

Wood, M.E., Macrae, M.L., Strack, M., Price, J.S., Osko, T.J., and Petrone, R.M.
2016. Spatial variation in nutrient dynamics among five different peatland
types in the Alberta Oil sands region. Ecohydrology, 9(4): 688-699. doi:10.
1002/eco.1667.

Wright, G.N., McMechan, M.E., Potter, D.E.G., and Holter, M.E. 1994. Structure
and Architecture of the Western Canada Sedimentary Basin. In Geological
Atlas of the Western Canada Sedimentary Basin. Edited by G.D. Mossop and
I. Shetsen. Canadian Society of Petroleum Geologists and Alberta Research
Council. Available from http://ags.aer.ca/publications/chapter-28-geological-
history-of-the-peace-river-arch.htm [accessed 05 October 2019]

Wright, N., Hayashi, M., and Quinton, W.L. 2009. Spatial and temporal varia-
tions in active layer thawing and their implication on runoff generation in
peat-covered permafrost terrain. Water Res. Res. 45(5): W05414. d0i:10.1029/
2008WR006880.

Wytrykush, C., Vitt, D., McKenna, G., and Vassov, R. 2012. Designing landscapes
to support peatland development on soft tailings deposits. In Restoration and
reclamation of boreal ecosystems. Edited by D.H. Vitt and J. Bhatti. Cambridge
University Press, Cambridge. pp. 161-178. d0i:10.1017/CB09781139059152.011.

Yu, Z.C. 2012. Northern peatland carbon stocks and dynamics: a review. Biogeo-
sciences, 9(10): 4071-4085. doi:10.5194/bg-9-4071-2012.

Zedler, ].B., and Kercher, S. 2005. Wetland Resources: status, Trends, Ecosystem
Services, and Restorability. Annu. Rev. Environ. Resour. 30(1): 39-74. doi:10.
1146/annurev.energy.30.050504.144248.

Zhang, T. 2005. Influence of seasonal snow cover on the ground thermal regime:
an overview. Rev. Geophys. 43(4). d0i:10.1029/2004RG000157.

< Published by NRC Research Press


http://dx.doi.org/10.1002/hyp.6376
http://dx.doi.org/10.1002/hyp.6376
http://dx.doi.org/10.1002/hyp.9266
http://dx.doi.org/10.1002/hyp.9858
http://dx.doi.org/10.1007/BF00333212
http://www.ncbi.nlm.nih.gov/pubmed/28307731
http://dx.doi.org/10.1002/hyp.9792
http://dx.doi.org/10.1007/s100400050178
http://dx.doi.org/10.1111/j.1745-6584.2003.tb02440.x
http://dx.doi.org/10.1111/j.1745-6584.2003.tb02440.x
http://dx.doi.org/10.1002/eco.1667
http://dx.doi.org/10.1002/eco.1667
http://ags.aer.ca/publications/chapter-28-geological-history-of-the-peace-river-arch.htm
http://ags.aer.ca/publications/chapter-28-geological-history-of-the-peace-river-arch.htm
http://dx.doi.org/10.1029/2008WR006880
http://dx.doi.org/10.1029/2008WR006880
http://dx.doi.org/10.1017/CBO9781139059152.011
http://dx.doi.org/10.5194/bg-9-4071-2012
http://dx.doi.org/10.1146/annurev.energy.30.050504.144248
http://dx.doi.org/10.1146/annurev.energy.30.050504.144248
http://dx.doi.org/10.1029/2004RG000157

	Review
	1. Introduction
	2. Wetlands in the AOSR
	2.1. Wetland distribution in the AOSR
	2.2. Water balance of wetlands
	2.3. Geologic and geomorphic controls on wetland hydrologic functioning

	3. Alteration of wetland hydrologic function
	3.1. Alteration of peat hydrophysical properties
	3.2. Alteration of local and regional recharge–discharge patterns
	3.3. Wetland hydrology and alteration of micrometeorological conditions

	4. Wetland mitigation
	5. Wetland hydrological monitoring
	Conclusion

	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages true
	/ColorSettingsFile (None)
	/AutoRotatePages /PageByPage
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


