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Executive Summary

The relationship between groundwater and its receiving environment is of particular interest
in the Alberta oil sands region (OSR) where industrial operations have the potential to affect
both the quality and quantity of groundwater resources via e.g., landscape disturbance,
groundwater withdrawals, and tailings pond seepage. Despite groundwater's importance to
natural environments and species communities, monitoring of these interactions has been
limited. Groundwater dependent ecosystems (GDESs) are ecosystems that are maintained by
direct or indirect access to groundwater, and rely on the flow or chemical characteristics of
groundwater for some or all of their water requirements (Rohde et al,, 2017). Here, we present
the results from the first year of a literature review and modeling effort to map aquatic GDEs
within the OSR.

Our first year literature review included three components: (1) groundwater indicators of GDEs;
(2) biological indicators of GDEs to support mapping, with a focus on aguatic environments;
and (3) empirical methods for mapping GDEs.

The groundwater indicator review focused on 26 papers and some highly relevant grey
literature, specific to the oil sands region and our study area (Bickerton et al,, 2018; J. S. Birks et
al, 2012). We summarized both direct groundwater indicators such as water levels and
physicochemical properties of water (e.g., temperature, water quality, isotopic composition),
and indirect indicators derived from topographic and hydrogeological mapping, numerical
groundwater-surface water modeling and remote sensing. Many of these indicators are used
as input to our GDE mapping workflow.

While the biological indicator literature review focused on aquatic GDEs, it also provided some
preliminary knowledge of biological indicators for terrestrial and subterranean GDEs. The
current literature on these topics is limited, with only 28 papers identified in our review, 7 of
which are from Alberta. Despite coverage in the literature of some specific species, taxa, and
other environmental features that could serve as useful GDE indicators in certain contexts, we
conclude that GDE mapping is best informed by maps of wetland classes due to their known
association with groundwater inputs.

The GDE mapping methods literature review included 22 papers and summarizes approaches
used at a variety of scales (global to local) across the world, with an emphasis on methods
appropriate for the boreal region, including studies from Finland. We surmmarize approaches
using remote sensing (e.g., spectral vegetation indices and thermal imagery), integrated
hydrological modeling, suitability mapping and machine learning. The selected method was
machine learning, using the MLMapper tool (Martinez-Santos et al,, 2021) because it is capable
of leveraging multiple data sources of differing data types to achieve high predictive accuracy
where data limitations exist, and is scalable to large spatial areas.

We identified and collated available geographic, geologic, hydrologic and landcover data for
mapping GDEs. Over 50 datasets were identified, with over 40 datasets compiled. From the
available data, we selected appropriate data to serve as training & validation data and
explanatory variables in MLMapper model and identified data gaps. The key data gaps are
access to the McKay River Integrated Surface Water-Groundwater Model, hydraulic head data,
and higher resolution thermal data, among others.



Based on the results of the three literature reviews and data compilation, we undertook a
machine-learning based modeling approach in the McKay and Steepbank River watersheds
using a variety of topographic, hydrogeologic, and wetlandAegetation predictor data, with
indicators from the literature review informing variable selection. Final variables included in
the modeling were aquifer hosting sediment, bedrock, depth to water, elevation, flow
accumulation, normalized difference vegetation index (NDVI), permeability, wetness index,
slope, soil drainage, and wetland class. Model fit of the top-performing models, as assessed by
internal cross-validation, was very high. Outputs from the top five models were averaged into a
final ensemble model of GDE probability.

The CDE maps identify lower river reaches, riparian areas, and wetlands (e.g., fens) as GDEs, but
do not capture lakes, likely due to the lack of training data in the modeling pipeline. Upland
areas are mostly categorized as non-GDEs. We conclude with suggestions for next steps in
model development and application, as well as for potential improved or additional datasets
that could be integrated going forward.

1. Introduction and Background

Natural resource development in northwestern Alberta’s oil sands region (OSR) continues to
expand. Understanding the impacts of various related anthropogenic stressors on the region'’s
landscapes, water resources and biota is crucial to effective land use planning and
management. Since 2011, the federal and provincial governments have worked together on
environmental monitoring in the OSR through the Oil Sands Monitoring (OSM) Program. In
2017, both governments renewed their commitment to working together with Indigenous
communities and industry in the region. The OSM Program strives to improve and continue to
add to current understanding of environmental conditions and potential oil sands-related
effects, in the areas of air quality, terrestrial biology, wetlands, surface water and groundwater.
The latter is a less visible, and therefore sometimes overlooked, but essential component of the
hydrological cycle.

The Royal Society of Canada report on Environmental and Health Impacts of Canada's Qil
Sands Industry (2010) noted that groundwater and surface water are often treated separately
but are intimately linked and long-term environmental management should be based on an
integrated approach. To implement these recommendations, the Joint Oil Sands Monitoring
Plan (2011) for the Lower Athabasca River watershed included a groundwater component to
improve understanding of groundwater-surface water interactions recognizing that this is
essential knowledge for a program focused on aquatic ecosystem health impacts.
Foundational work has been completed on assessing groundwater influence on selected river
systems in the OSR (e.g., McKay) (Bickerton et al,, 2018). Nevertheless, a 2022 “Condition of the
Environment: Groundwater in the Oil Sands Region” report produced for the OSM Program by
InnoTech Alberta reviewed important pathways (e.g., groundwater water recharge, flow,
transport) by which stressors (e.g., landscape disturbance, groundwater withdrawals, spills,
leeks, or seepage, etc.) can impact groundwater and groundwater discharge quality and/or
quantity (3. S. Birks et al., 2022). While providing important insights on groundwater
stressor-pathway-response in the OSR, this report highlights a continued knowledge gap that



remains: the occurrence and condition of groundwater dependent ecosystems (CDEs) within
the area. In particular, key OSM program questions this work supports include:

e Do changesin groundwater have effects on the receiving environment?

e Do changes to groundwater impact harvesting and occupancy patterns, harvesting
volumes, intergenerational transfer of knowledge, sharing of resources linked to the
reinforcement of kinship bonds, people's relationship and obligations to the land?

With regard to the OSM's Groundwater Technical Advisory Committee, more specific key
questions include:

e \Where are the significant areas (e.g. groundwater dependent ecosystems) of
groundwater connectivity (i.e. groundwater discharge/recharge) to surface waters such
as streams, wetlands, springs and lakes?

e Has the quality and quantity of groundwater discharge to groundwater dependent
ecosystems (GDEs), or other surface waters of interest, changed?

e \Whatisthe cause of any unexpected changes identified in preceding items?

GDEs are defined by Rohde et al. (2017) as “Ecosystems that are maintained by direct or
indirect access to groundwater and rely on the flow or chemical characteristics of groundwater
for some or all of their water requirements.” Alternate definitions emphasizing slightly different
qualities such as species composition are found elsewhere (e.g., Serov & Kuginis, 2017)), but
here we rely on the definition fromm Rohde et al. (2017). GDEs themselves can be only partially,
intermittently, or seasonally dependent on groundwater inputs. Within the context of the OSR,
engineered or anthropogenic GDEs are likely to occur alongside natural GDEs, given the
existence of wetlands resulting from reclamation practices.

GDEs are important features of the OSR landscape, fulfilling important ecological functions by
supporting unigque vegetation communities, maintaining local water quality and quantity, and
acting as a mitigating factor in the face of climatic extremes (e.g., drought). They are of critical
cultural and traditional significance to local Indigenous communities because
groundwater-derived base flow supports navigation, and GDEs support vegetation and animal
communities harvested by Indigenous communities (e.g., they provide ungulate watering
holes, salt sources, waterbird habitat, base flow in fish habitat). Groundwater ecosystems
themselves are far more complex than previously thought, showing high levels of trophic
complexity and specialization often dominated by endemic microbial and other species (Saccd
et al, 2024). GDE and general groundwater conservation efforts lag behind those for more
visible surface water or terrestrial ecosystems, and where they exist, are in place because of the
economic value of a given aquifer or other groundwater source (Rohde et al., 2017; Sacco et al,
2024).

GDEs by their nature are sensitive to changes in groundwater discharge, both in quantity and
quality, and for this reason, act as an ecological assessment endpoint. While it is expected that
GDEs may be impacted by oil sands development, based on the known impacts to
groundwater, understanding of the stressor-pathway-response interactions that lead to
changes in GDEs and associated monitoring have been limited by a lack of understanding
regarding the extent and distribution of GDEs in the OSR. Improved identification of the
location of GDEs in the OSR (i.e, mapping) will help support baseline assessments and develop



appropriate long-term monitoring initiatives for cumulative impacts of local and regional oil
sands activities.

The overall objective of the GDE Project is to map GDEs across the OSR and provide
information on pathways in the conceptual model (impact of groundwater recharge and flow
and transport of constituents of concern on terrestrial and aquatic ecosystem health) and
identify opportunities to evaluate the response of biological commmunities to oil sands-related
stressors (see Figure Al and Figure A2 in Appendix A).

The objective of this work for the 2023-2024 fiscal year is to map aquatic GDEs across a pilot
area in the OSR so that they can be used to refine a long-term monitoring plan for
groundwater and contribute to identification of cumulative effects in agquatic and terrestrial
environments.

The current work is being undertaken using a phased approach. Given the long-term objective
of mapping GDEs across Alberta's OSR, this first phase consists of collaborative efforts between
the OSM GCroundwater Technical Advisory Committees (TACs), and the Alberta Biodiversity
Monitoring Institute (ABMI) and InnoTech Alberta. Outcomes of the work will also be shared
with the Terrestrial Biological Monitoring (TBM) Technical Advisory Committee in recognition of
the important relationships to their work. It forms a scientific and practical foundation for
future mapping phases, which are anticipated to incorporate wider OSM support of mutual
monitoring plan integration and knowledge sharing.

Deliverables for this project for the 2023-2024 fiscal year include:

e A technical report (i.e., the current document), presenting the outcomes of the tasks
listed below:

o Areview of the academic and grey literature on GDE mapping approaches and
groundwater indicators that includes:

= boreal GDE category definition;

= use of methods or rules for identifying and mapping GDEs using

examples from other jurisdictions; and

= recommendations for validating approaches used for GDE mapping and

identification of existing datasets that could be leveraged to support
these approaches;
o Areview of the academic literature on biological (i.e., key species and
community) indicators of aquatic GDEs in boreal systems (future work will
include terrestrial and subterranean GDEs);



o Theidentification, review, and collation of data sources currently available within
the OSR to support GDE mapping using identified approaches, including the
identification of data gaps and recormmendations for filling these gaps;

o Initial GDE mapping within a selected area of interest in the OSR, using the
collated data and identified approaches;

e Adigital, annotated geodatabase of the initial GDE map product, complete with
metadata and methods documentation; and

e Summary presentation of the project's outcomes and results to the Groundwater TAC.
GCDEs generally fall into the following broad categories:

e Aguatic (e.g, rivers, streams, lakes, wetlands, and springs);
e Terrestrial (e.g, riparian areas); and

e Subterranean (e.g, cave systems, aquifers).

The scope of the first year of the project’s (2023/24) initial GDE mapping work focuses on
aqguatic GDEs in the OSR.

2. Definitions and GDE Categories

Sustained hydrological sources are imperative to ensuring healthy ecosystem function;
conversely, during periods of hydrological scarcity, ecosystems can undergo drastic changes
depending on their water source. Groundwater dependent ecosystems (GDEs) have a diverse
range from aquatic, to terrestrial, to subterranean ecosystems. While their dependence on
groundwater contributions can fluctuate throughout the year as annual precipitation and
seasonal demand fluctuate, the presence of these ecosystems relies on a sustained source of
groundwater for maintaining ecosystem function (e.g., by providing hydrological and nutrient
inputs). GDE expressions are typically observed in both above-ground expressions (lakes, rivers,
streams, springs, and seeps during base flows) as well as subsurface presence where
phreatophytes (deep rooted plants) access water during periods of low hydrological availability
(Klausmeyer et al, 2018) or where there are wet cave ecosystems. Although the definitions of
GDEs evolve with the progression of the field and are defined differently within differing
jurisdictions, the definition set out by Rohde et al. (2017):

“Ecosystems that are maintained by direct or indirect access to groundwater, and rely
on the flow or chemical characteristics of groundwater for some or all of their water
requirements"

will be used for this project and encapsulates the generalized definition that GDEs may only be
partially dependent on groundwater or may only demonstrate seasonal or intermittent
dependence on groundwater. Serov and Kuginis (2017) provided a definition that emphasizes
natural elements, and ecological aspects rather than the more generic reliance on water
requirements:



“Natural ecosystems which have their species composition and natural ecological
processes wholly or partially determined by groundwater”,

Although natural ecosystem elements can be used to identify GDEs, this is significantly more
challenging within cooler high-latitude environments (Autio et al,, 2023), such as the boreal
forest of Alberta. These environments typically have shortened growing seasons and less
evaporative demands, as is the case of the wetland-dominated landscapes found in the OSR,
where vegetation indicators are more difficult to apply. In contrast, identifying GDEs within
southern Alberta, where higher hydrological demands occur, leverage the use of plant vigor for
detection of surface and groundwater interactions (Van Der Kamp & Hayashi, 2009). Currently
the definition of GDEs does not make distinctions between anthropogenic and naturally
developed systems, however within the context of Alberta, engineered GDEs are likely an
important component to consider as footprint is reclaimed.

Similar to quantifying whether an ecosystem is groundwater dependent, sensitivities of GDEs
can fall into finer class segments, and determination of ecosystem sensitivities is correlated to
the species and environmental conditions present within the GDE. The assessment of GDE
sensitivities can be broken down first into climate classifications. According to the
Thornthwaite climate regimes there are broadly five categories which are identified on the
basis of monthly precipitation to evaporation ratios (P/E): (hyper humid “wet” (127), humid
“forests” (127-64), subhumid “grasslands” (63-32), subarid (63-32), semi-arid “steppe” (31-16), arid
“desert” (<16)). The impacts of climatic shifts are more pronounced within arid and semi-arid
GDE environments, due to inherent water limitations present there. Disruptions to these
particular ecosystems makes them highly sensitive to fluctuations of groundwater, with
noticeable effects on ecosystem community composition such as changes in vegetation
communities from aquatic to drought tolerant species (Beasley-Hall et al,, 2023; Doody et al.,
2017). As a result, the prevalence of GDEs on the landscape can easily be quantified in arid and
semi-arid regions, as the water stress impacts plant and ecosystem functions, which is often
first reflected in the degree of measurable vigor in vegetation.

In high latitude climates that are not hydrologically limited, the presence of GDEs can be more
difficult to detect. Monitoring these ecosystems at a large scale serves as a critical pillar for the
OSM program, helping to ensure that any changes to these sensitive systems are identified
prior to significant adverse effects. However, the first step in developing an appropriate
monitoring program is the identification of their location within the OSR (Strategic modeling
plan TAC, 2019). GDES' inclusion into the OSM groundwater monitoring framework will serve to
highlight possible pathways through which stressors may influence these systems, while
understanding that the degree of reliance on groundwater has the potential for partitioning
GDEs into subcategories, which may help determine monitoring priorities. Within the OSM
Program'’s Technical Report Series Bickerton et al’s (2018) compilation of multiple techniques
for assessing groundwater influences within the OSR of Alberta highlights the influences of
groundwater on surface water expressions of tributaries to the Athabasca River and the need
for future monitoring of surface water - groundwater interactions. Specifically, there are direct
contributions of groundwater along various reaches of the MacKay River, and, as a whole,
groundwater might contribute as much as 35% during under ice flow compared to 2-10%
during low flows (Bickerton et al., 2018). Thus, consideration of both average and seasonal
contributions of groundwater to GDEs should be considered.
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Croundwater dependent ecosystems fall into three categories: aquatic, terrestrial and
subterranean.

2.21 Agquatic GDEs

Aquatic GDEs include all springs, rivers, streams, lakes, and wetlands with groundwater
contributions. All these aquatic ecosystems occur in the Boreal region of Alberta.

Springs occur when groundwater overflows onto the land surface and can range in size from
small seeps to pools. Springs with high mineral content can be associated with wet mineral
licks (or “salt licks”) which are utilized by ungulate species, can develop into muddy clearings
("*wallows") when used by elk and moose, and may influence the spatial structure and
movements of ungulate populations. In the OSR, discharge of saline groundwater occurs
where Devonian carbonate bedrock intersects the land surface (e.g., along river valleys).

Rivers and streams can receive base flow from groundwater, which provides flow during
low-flow and frozen conditions (e.g., supporting in-stream flow needs), constant-temperature
water supply, and refugia for aquatic species such as fish and benthic invertebrates. Rivers and
streams can have reaches that are “gaining” i.e. groundwater is contributing to the flow along
these sections. During the winter, when many surface water bodies are frozen, springs and
gaining sections of streams may remain unfrozen, providing access to liquid water for animals
(e.g., ungulate watering holes, waterbird habitat). During frozen conditions, aufeis, or a layered
mass of ice (also called icings), can also form from the freezing of successive flows of
groundwater over previously formed layers of ice which can maintain unfrozen conditions
beneath the insulating ice layer providing a perennial groundwater habitat (Huryn et al,, 2020).

Lakes with subsurface inflow contributing to the lake water balance are GDEs. Topographic
position, bathymetry, surficial and bedrock geology, and presence/absence of permafrost are
some of the factors that influence the groundwater dependence of lakes in the OSR.

By definition, all wetlands classified as fens are GDEs. Fens are estimated to cover 21% of the
recently mapped portion of the OSR (Alberta Biodiversity Monitoring Institute & Ducks
Unlimited Canada, 2023) and are thus a critical component of GDE mapping within the OSR.
Other classes of wetlands that may have groundwater input include shallow open water
wetlands, marshes, and swamps.

The movement of water between groundwater and surface water provides a major pathway
for chemical transfer between the subsurface and surface water. For example, groundwater
can supply carbon, oxygen, and nutrients such as nitrogen that affect biological processes.

2.2.2 Terrestrial GDEs

Terrestrial GDEs include vegetated land such as uplands and riparian areas where
groundwater provides water supply for plants but where surface water may not continually
present. These habitats often occur along rivers and streams (Luke et al,, 2007) and in
floodplains, and in upland areas where there are phreatophytes: vegetation that depend for
their water supply on groundwater that is within the reach of their root systems.
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2.2.3Subterranean GDEs

Subterranean GDEs include caves and aquifers. Caves are subterranean GDEs when the plant,
animal, or microbial communities within depend on the presence of groundwater on a
permanent or intermittent basis to meet all or some of their water needs. Underground caves
and streams can form in karst landscapes, which in the OSR form from the dissolution of
carbonate bedrock of Devonian age. At the surface, karst landscapes feature sinkholes.
Aquifers occur in many different geological formations, and at varying depths in the OSR.
These subterranean ecosystems are inhabited by microbial cormmunities, and can also host
stygofauna (i.e, agquatic animals such as arthropods and other invertebrates, as well as
vertebrates including fishes and salamanders).

Within Alberta, surface karstification is more prominent within the Rocky Mountains, where
both geological formations (limestones) are susceptible to dissolution from increased
hydrological gradients that help facilitate subterranean ecosystems to form (D. Ford, 1987; D. C.
Ford, 1997). In the far north-east of Alberta (e.g., in Wood Buffalo National Park) hundreds of
sinkholes are common landscape feature formed from dissolution of the at or near-surface
Middle Devonian Elk Point Group evaporites, as well as networks of underground cavernous
systems and prominent escarpments making this area some of the most extensive karst
landscapes in North America (Altosaar, 2013b; Parks Canada, 2022). Many of these “karstland”
features were mapped and reported on in 2012 and 2013 by Suncor (Altosaar, 2013a). These
systems contrast the OSR where karst formations are primarily caused via the dissolution of
highly soluble evaporites (halite) which are remnants of the region being an ancient inland sea
(S.J. Birks et al,, 2022; Broughton, 2018),and are located deeper in the formation offering higher
protection by the glacial till overburden from hydrological weathering (D. Ford, 1987; D. C. Ford,
1997).

3. Study Area

The oil sands region of Alberta covers 142,200 km? in northeastern Alberta, encompassing the
Athabasca, Peace and Cold Lake oil sands regions. These regions fall almost entirely within the
boreal ecoregion of Alberta. Terrestrial boreal habitats are peatland dominated mix of drier
upland and lower wetland habitats. Forested uplands consist of boreal mixed woods, mostly
spruce or aspen dominant stands with some pine stands in areas of sandy, well-drained soils.
Wetland habitats in the oil sands region fall into a few hydrologically- and ecologically-defined
classes, including fens, bogs, swamps, and shallow open-water wetlands. Fire is a major natural
driver of change in the boreal and creates a mosaic of variable forest stand ages across the
landscape. Forestry, energy development, and other industrial operations also create
widespread and notable linear (e.g., roads, seismic lines, pipelines) and polygonal (e.g., cut
blocks, mines, well pads) disturbance features throughout the region. Oil sands industrial
operations are composed of two main processes of bitumen extraction: (1) surface miningin a
relatively contained area north of Fort MacMurray, which creates the enigmatic mines and
roads typically associated with oil sands operations; and (2) in situ mining for below-ground
extraction, which creates a more widespread network of roads, wellpads, seismic lines, and
pipelines across the entire region.
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Sands Monitoring Program (JOSM) and OSM evaluating water balance, permafrost thaw and
pH changes (Gibson et al,, 2019) .

The study area map (Figure 1) shows the area of interest (focused on the McKay and
Steepbank watersheds) and the larger analysis boundary area. Data was acquired for the
analysis area and processed prior to clipping to the smaller area of interest. Analyzing the
larger area of analysis allowed for the establishment of baseline environmental and geological
conditions, offering background details that aid our understanding of the specific
characteristics defining our area of interest. The expanded analysis area helps to identify
potential external influences that might not be within the area of interest, but could have
effects on it. In this report, maps reflect the larger area of analysis to provide the important
context as identified above, evaluation and discussion of outcomes does, however, focus on the
smaller area of interest.

Figure 1. Map of the study area in the Alberta Oil Sands Monitoring program area, showing
the area within the Northern Athabasca Oil Sands Region, the area of interest, the analysis
boundary, and human footprint components.
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