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EDITOR'S NOTE:
This article is part of the special series “A Decade of Research and Monitoring in the Oil Sands Region of Alberta,

Canada.” The series documents the history of monitoring in the region and critically reviews a synthesis of monitoring results
published within key environmental theme areas to identify patterns of consistent responses or effects; significant gaps in
knowledge; and recommendations for improved monitoring, assessment, and management of the region.

Abstract
The desire to document and understand the cumulative implications of oil sands (OS) development in the ambient

environment of northeastern Alberta has motivated increased investment and release of information in the past decade.
Here, we summarize the knowledge presented in the theme‐based review papers in this special series, including air, surface
water, terrestrial biology, and Indigenous community‐based monitoring in order to (1) consolidate knowledge gained to
date, (2) highlight key commonalities and gaps, and (3) leverage this knowledge to assess the state of integration in
environmental monitoring efforts in the OS region and suggest next steps. Among air, water, and land studies, the individual
reviews identified a clear focus on describing stressors, including primarily (1) contaminant emission, transport, trans-
formation, deposition, and exposure, and (2) landscape disturbance. These emphases are generally partitioned by theme; air
and water studies focus heavily on chemical stressors, whereas terrestrial monitoring focuses on biological change and
landscape disturbance. Causal attribution is often stated as a high priority objective across all themes. However, studies
often rely on spatial proximity to attribute cause to industrial activity, leaving causal attribution potentially confounded by
spatial covariance of both OS‐ and non‐OS‐related stressors in the region, and by the complexity of interacting pathways
between sources of environmental change and ecological receptors. Geospatial and modeling approaches are common
across themes and may represent clear integration opportunities, particularly to help inform investigation‐of‐cause, but are
not a replacement for robust field monitoring designs. Cumulative effects assessment remains a common focus of regional
monitoring, but is limited in the peer‐reviewed literature, potentially reflecting a lack of integration among monitoring efforts
beyond narrow integrated interpretations of results. Addressing this requires greater emphasis on a priori integrated data
collection and integrated analyses focused on the main residual exposure pathways, such as atmospheric deposition. Integr
Environ Assess Manag 2022;18:428–441. © 2021 The Authors. Integrated Environmental Assessment and Management
published by Wiley Periodicals LLC on behalf of Society of Environmental Toxicology & Chemistry (SETAC).
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INTEGRATED ENVIRONMENTAL MONITORING
The status of the environment surrounding oil sands (OS)

operations in northeast Alberta, Canada, is a topic of global
profile, and the associated environmental monitoring rep-
resents a substantial effort to determine the extent and
magnitude of regional environmental change in the context
of local OS industrial activity. Since 2010, the intensity
of interest has increased across multiple stakeholders,
particularly as multiple program reviews criticized the
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then‐existing monitoring approach, highlighting the need
for greater attention from industry and the federal and
provincial governments (e.g., AEMP, 2011; Gosselin et al.,
2010). Soon after, several large‐scale monitoring initiatives
were launched, including the joint Canada and Alberta
Governments' Oil Sands Monitoring Program (OSM; Dubé
et al., 2021; Environment Canada, 2011), efforts by OS
companies to collaboratively address collective issues
(COSIA, 2012), government policy development and im-
plementation such as the Lower Athabasca Regional
Plan (LARP; Government of Alberta, 2012), the raising of
concerns and sponsoring of research by neighboring In-
digenous communities (e.g., Candler et al., 2010; Davidson
& Spink, 2018), the development of Indigenous community‐
based monitoring (ICBM) programs (Beausoleil et al., 2021),
as well as focused research that has been both industry‐
funded (e.g., Hall et al., 2012; Shotyk et al., 2014) and
independently funded (e.g., Kelly et al., 2009; Timoney &
Lee, 2009).
The result of this investment has been hundreds of pub-

lished papers, datasets, reports, and other media—much
from the past decade—examining potential environmental
impacts of the OS industry, but few consolidated outputs.
Although this work has produced a significant body of liter-
ature, calls have persisted to increase the integration among
regional environmental monitoring programs (Environment
Canada, 2011; Hopke et al., 2016) to implement an adaptive
monitoring approach focused on stressor–response path-
ways, particularly across environmental media for assessments
of cumulative effects and to overcome the familiar challenge
of drawing an inference and making decisions despite lin-
gering scientific uncertainties (Suter, 2007).
Conceptually, integration is straightforward and has clear

benefits. In practice, however, integration is challenging
(Arciszewski et al., 2021). At its simplest, integration consists
of the consideration of one's own results in the context of
the results of others, as in peer‐reviewed paper discussions,
and although straightforward to do, has limitations. In con-
trast, combining otherwise independent datasets in in-
tegrated analyses can facilitate addressing a wider range of
hypotheses and monitoring questions, but such approaches
must often contend with many challenges, such as data
compatibility. Integrated programs that oversee co-
incidental data collection, potentially within standardized
monitoring frameworks and experimental designs, have the
capacity to maximize the breadth of scientific and mon-
itoring questions that can be addressed, but also risk be-
coming methodologically inflexible or administratively
burdensome (Arciszewski et al., 2021). In the context of
environmental monitoring, integration is scale dependent,
ranging from synthesis of information within or across dis-
ciplines, to coordinated and coincident data collection, to
assessments that incorporate multiple knowledge systems
and ways of knowing. Unsurprisingly, the complexity of en-
vironmental interactions that operate at multiple scales,
disagreements among specialists regarding the selection of
indicators, and the attribution of cause in the context of

multiple pressures, can make an integrated design difficult
to implement.
The charge to regional ambient environmental

monitoring, including in the oil sands region (OSR; Figure 1),
is substantial. Ambient environmental monitoring in the OSR
must distinguish among multiple pressures whose influences
have accumulated across the landscape, and often when a
predevelopment comparison is unavailable. A desire to
document and understand the implications of these pres-
sures has motivated increased investment and release of
scientific knowledge in the past decade. Although some
topic‐specific reviews of this material are available on, for
example, landscape disturbances (e.g., Dabros et al., 2018;
Venier et al., 2014) or contaminants (e.g., Harner et al.,
2018), a comprehensive review of literature reporting the
status of environmental indicators in the ambient environ-
ments of the OSR is lacking. To address this, we undertook a
critical review series to consolidate this information to
compile and synthesize information contained in the
peer‐reviewed literature, with the objectives of (1) assessing
and cataloging monitoring effort and, by proxy, environ-
mental knowledge, in the OSR; and (2) identifying knowl-
edge gaps in the monitoring literature or opportunities for
future effort or monitoring focus.
We have reported on this review in this special series by

organizing the material into overlapping environmental
themes of atmospheric emissions and atmospheric deposi-
tion (Horb et al., 2021), surface water and aquatics
(Arciszewski et al., 2021), and terrestrial biology (Roberts
et al., 2021b). We have also presented an introduction to
environmental monitoring in the OSR (Dubé et al., 2021)
and a critical review of ICBM programs (Beausoleil et al.,
2021). Considered together, these documents report on the
breadth and depth of knowledge of environmental con-
dition in the OSR, identify both accumulations and gaps in
knowledge, and provide guidance where efforts should
align to increase knowledge acquisition within the region's
ambient monitoring programs. As with the individual theme
papers in this series, here we apply a conceptual model
approach to organize the information.
Although this review paper series satisfies only the nar-

rowest definition of integration (i.e., the collective inter-
pretation of published results of individual studies), it
remains a useful and appropriate approach to integrated
reporting, given the monitoring knowledge resources
available from the OSR. The informal weight of evidence
approach employed here demonstrates how studies can be
nested within pathways and ultimately within a program‐
scale conceptual effects model as an evaluation of hypoth-
eses about the influence of development on ecological
responses and, ideally, on meaningful indicators of change
that can inform decision‐making at various levels.

The conceptual model

A conceptual model is a tool for organizing and
communicating knowledge, and a useful model will create
opportunities for mutual understanding among holders of
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Traditional, local, and scientific environmental knowledge
(Suter, 2007). Development of a robust conceptual model is
essential to implementing sound scientific monitoring and
management by anchoring monitoring activities in a
common understanding of the system. As such, it is not
testable, but postulates the principal question about the
relationship between development‐related pressures and
ecosystem values. Rather, the model provides the frame-
work around which monitoring questions are formulated and
facilitates designing appropriate approaches to address
these questions (Lindenmayer & Likens, 2009). Delineating
complex change requires an understanding of relationships
between the various pathways of stressors, observed ef-
fects, and valued components, and many subhypotheses
that are themselves the subject of monitoring inquiry are
nested within the conceptual model. A commitment to
adaptation in a monitoring program demands constant
model revision as hypotheses are tested.
Conceptual models describe the expected linkages be-

tween a human activity and environmental receptors (Suter,
2007). The complex pressures from a variety of OS‐related
industrial activities, including both surface mining and in situ
bitumen extraction (Dubé et al., 2021), exist in the context of
other anthropogenic (e.g., forestry, urbanization, recreation)
and natural (e.g., wildfire, flooding) pressures. Climate
change also represents an anthropogenic pressure driving
changes in natural disturbance regimes, such as the fre-
quency and magnitude of natural phenomena. Although this

complex of natural and anthropogenic processes may seem
discouragingly large, visual tools such as conceptual models
can assist the organization of knowledge and understanding
of such environmental systems.

A conceptual model for OS environmental monitoring was
developed through collaborative, in‐person consultation
with Western scientists, policy‐makers, and industry and
Indigenous community representatives (Dubé et al., 2021;
Swanson, 2019). In this review series, we have organized this
program‐scale conceptual model into a Pressure‐Stressor‐
Pathway‐Response structure (Figure 2), associating actions
that potentially drive environmental change (stressors) and
their origins (pressures), resulting changes within the envi-
ronment (responses), and mechanisms (pathways) linking
sources (pressures or stressors) to responses. This approach
contextualizes responses into corresponding categories of
environmental concern and identifies more complex com-
ponents affected by change in a single or group of receptors
that reflect environmental and related cultural values (valued
components).

In this special series, we have expanded this model
within several monitoring foci, including air (Horb et al.,
2021), water (Arciszewski et al., 2021), land (Roberts et al.,
2021b), and ICBM (Beausoleil et al., 2021), prior to re-
combining these media‐specific models into a program‐
scale model that we also use to summarize monitoring
effort. Note that the valued components identified in this
program‐scale conceptual model are an interpretation of
community and ecosystem values, and are still being va-
lidated through ongoing dialog with Indigenous com-
munities and other stakeholders in the OSR (Dubé
et al., 2018).

Integrated interpretation of OS monitoring

Monitoring efforts in the ambient environments sur-
rounding OS developments have produced more than
300 peer‐reviewed publications over the past decade.
At the same time, reports and studies conducted by re-
gional multi‐stakeholder organizations provide another
large body of knowledge specific to the OSR. These are not
systematically included in the air, water, or terrestrial re-
views, but form a large portion of the ICBM literature, where
such reports are significant contributions to the state of the
knowledge otherwise not represented in the peer‐reviewed
literature. Our review effort in this special series divides
knowledge products by theme to simplify the task. Among
the themes, different monitoring objectives, discrepancies
in spatial and temporal resolution in collected data, and
natural divisions of scientific expertise are apparent, and it
can be a challenge to present work that links these themes
together. To help span the boundaries among individual
theme areas and theme‐centered reviews, we present in
this paper an integrated synthesis of the major findings,
gaps, and challenges across themes, from an integrative
perspective.

To visualize the focus of monitoring effort and resulting
evidence from the past decade based on the published
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FIGURE 1 The location of the three main subregions (Peace, Athabasca, and
Cold Lake) of the larger oil sands region in northeastern Alberta, Canada. The
extent of the surface minable area is shown in gray, and the remainder of the
bitumen reserves within the region is accessible only via in situ approaches.
Protected areas are shown in green
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literature, we consolidate the information from individual
conceptual models from the papers in this series here
(Figure 2). Papers on the conceptual model were counted if
the results support the inclusion of a model component or
pathway. Most papers fall into multiple boxes on the model,
as they address multiple conceptual components. If a paper
considers a conceptual model component but finds no
evidence for it, the paper is not included in the conceptual
model in Figure 2. Although not all papers are represented
on the conceptual model, summary tables reporting on key
findings of each paper are provided in the Supporting In-
formation for each of the individual theme papers in the
series (Arciszewski et al., 2021; Beausoleil et al., 2021; Horb
et al., 2021; Roberts et al., 2021b).
Because environmental effects are generally monitored

within living organisms, most of the literature considering
environmental responses (i.e., the right side of the conceptual
model) fell under the terrestrial theme. Although some biotic
responses are included in aquatic indicators (e.g., fish and
benthos), a much larger range of terrestrial indicators is
monitored in the OSR (e.g., mammals, birds, amphibians,
vegetation, etc.). Although this imbalance is largely a con-
struct of compartmentalizing monitoring into themes of air,
water, and land, it does suggest that integrating monitoring
knowledge across these traditional environmental and

expertise boundaries remains a challenge, potentially under-
mining the understanding of complete stressor–response
pathways in the OSR and thus limiting cause–effect inference.
Because Indigenous perspectives tend to be holistic in nature,
much ICBM literature is integrative across the other theme
areas of air, water, and land.
Although there are similarities between ICBM and

Western science‐themed monitoring programs, these sim-
ilarities arise largely from integrating science‐driven multi-
media monitoring at a regional scale, designed to assess
impacts on the environment. ICBM programs do assess
impacts on the environment, but are driven by the necessity
of assessing environmental impacts on the exercise of Ab-
original and Treaty rights (Beausoleil et al., 2021). Although
not directly linked to a conceptual model, much ICBM lit-
erature in this report series focuses on key principles and
frameworks for developing ICBM programs, and sub-
sequently how ICBM programs can fill knowledge gaps in
the OSR. Most ICBM programs focus on water (e.g., depth,
quality, aquatic biota) and air (e.g., quality, odors), with
more limited documentation of land (including wetlands)
and wildlife impacts. This does not characterize land and
wildlife as less significant, but rather suggests ICBM ap-
proaches currently support regional monitoring efforts
where data are more easily captured in regional scale
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FIGURE 2 The conceptual model for the oil sands region is a system‐scale visualization of the known and/or suspected relationships between development‐
related pressures and valued components. Pressures, including non‐oil‐sands pressures (left; gray shading) are conceptually related to valued components
(right) via pathways (middle) that represent intermediate processes, stressors, or ecological components. Numbers in parentheses represent the counts of peer‐
reviewed papers published between 2009 and 2020 providing evidence of a particular model component (i.e., if a paper investigated a component but found
no evidence of it, it was not counted). Individual publications may be counted in multiple boxes. References associated with each box are listed in Supporting
Information Appendix S1
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models, such as air and water quality analyses (Beausoleil
et al., 2021). Indigenous communities have monitored their
lands through their oral histories for centuries. Some com-
munities in the region have also led and implemented
community‐based monitoring in the region. Data and
knowledge exist, but are not commonly reported in the
peer‐reviewed literature. This is a limitation of our paper and
this review series in general.

Monitoring for change

Natural environments are dynamic. When combined with
climate change, natural disasters, increasing industrial de-
velopment, constantly changing human land use, and in-
dustrial activity, both OS and non‐OS‐related pressures, and
the mosaic of the OSR landscape, are constantly in flux.
Stressors arising from these changes have ecological con-
sequences and are manifest in observed biotic and abiotic
responses. To tease apart the various influences of natural
change and anthropogenic change, the reviewed literature
often documents changes across stressor gradients or
vis‐à‐vis some “reference” or “baseline” condition, often
defined by one or more sites from a spatially distant location
from inferred sources.
Monitoring data from a true baseline condition (e.g., from

the same location but in a largely undisturbed condition) is
limited in the OSR, because the OSR was disturbed decades
ago, before the importance of environmental monitoring
was recognized. Measurement technologies have also
evolved in some cases, potentially stranding some preex-
isting data. This is neither unique to Alberta nor to the OS
industry. Except for some paleolimnological methods,
baseline conditions in OSR research are often inferred either
by substituting space for time (i.e., reference sites spatially
removed from stressors of interest), by backfilling with pre-
dictive empirical models, or by monitoring across gradients
of stressors to quantify their relationships with responses.
Integrating Indigenous Knowledge, with the objectives
of (1) informing historic environmental conditions, and
(2) gathering first‐hand insight into environmental change
and drivers of that change, would contribute to an
informed and integrated monitoring system that assesses
cumulative impacts holistically and a move closer to
addressing Indigenous concerns collaboratively (e.g.,
Bill et al., 1996).
Changes can be observed at the most fundamental level

simply by monitoring stressors (i.e., stressor‐based assess-
ments). However, changes in stressors may not be reliably
informative of resulting environmental effects (i.e., through
the linkages of the conceptual model). Stressors may exist
on the landscape without observable ecological con-
sequence, but elevate risk so responses must also be
monitored. Of greater concern, especially to local In-
digenous communities, are changes in progressively larger
scale environmental components (e.g., abiotic chemical and
physical changes) or biological responses (e.g., changes in
organisms, populations, or entire ecosystems), which take
longer to observably manifest and are generally more

irreversible in their consequence (Munkittrick & McCarty,
1995). These changes cannot be inferred from stressors
alone so must be monitored directly. Such environmental
effects are also often observed by Indigenous communities,
either informally in daily life or more formally as part of ICBM
programs, and represent potential effects on traditional
lands, quality of traditional resources, and the exercise of
their constitutionally guaranteed rights.

As responses grow in scale and breadth (from the bio-
chemical, physiological to the population to the ecosystem),
irreversibility (and thus risk) increases. This progression may
take time as toxicological responses in populations from
exposure to contaminants progress from biochemical ef-
fects through to the level of the individual. Responses across
multiple individuals can manifest as population changes,
whereas responses across multiple taxa can manifest as
community changes, eventually potentially undermining
basic ecosystem function. Effects from individual stressors
may be exacerbated by exposure to multiple chemical and
nonchemical stressors, but they may also be ameliorated by
detoxification processes, selection of hardy individuals, or
by the sequestering, degradation, or removal of harmful
compounds.

Because environmental systems operate at multiple
spatial and temporal scales, in order to properly observe
and quantify phenomena therein, monitoring systems must
do the same. Spatially, this includes both extent (how much
landscape to cover) and grain (how close together or at what
resolution to monitor) of monitoring and analysis. On the
temporal side, this includes monitoring intervals (i.e., how
often to return to the same site) and periods of record (i.e.,
for how many years should a monitoring site be maintained).
Scientists can always implement power analyses to calculate
the monitoring effort required to detect changes of a given
magnitude. However, the appropriate balance of effort to
achieve adequate knowledge of all priority indicators within
given time frames, particularly when resources are limited, is
impossible to know a priori.

Current monitoring in the OSR at multiple spatial scales to
capture responses at various scales of biological organization
is sometimes achieved in some capacity, but seldom inten-
tionally or with consistent methodologies. Few indicators are
well‐represented across a meaningful breadth of scales. In the
aquatic theme, for example, this ranges from measurements
of local fish health to larger population‐level monitoring at the
regional scale (Arciszewski et al., 2021). In terrestrial mon-
itoring, responses, such as wildlife behavior or vegetation
community changes, contribute to local‐scale monitoring,
whereas larger scale population‐level monitoring is in the form
of wildlife abundance responses to regional landscape dis-
turbance rates (Roberts et al., 2021b). Across themes, geo-
spatial methods often contribute to regional or larger scale
analyses.

The manifestation of stressors and responses at different
spatiotemporal scales necessitates that (1) priority indicators
be clearly identified, and (2) monitoring program designs
be developed at the appropriate scale(s) to detect change
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in priority indicators within a reasonable period and with
appropriate power and resolution. Adaptive monitoring
components, such as baselines and monitoring triggers,
must also be spatially appropriate and matched to in-
dicators. With the exception of some legislated toxicological
limits for air and water, triggers remain largely undefined,
which represents a critical challenge to timely initiation of
investigations of cause. In this respect, terrestrial and other
biotic triggers are a notable gap and, if developed, are best
informed by both Western science and Indigenous Knowl-
edge. Inclusion of Indigenous perspectives, for baselines,
triggers, or otherwise, is uncommon in the examined
peer‐reviewed literature. Western scientists and Indigenous
Knowledge holders from Indigenous communities view
change through different lenses and approach monitoring
through different methodologies (Baker, 2017).
The ICBM process involves early engagement of

Indigenous peoples to improve integration of community
priorities in research projects from the onset to completion
(Wong et al., 2020), a step missing in virtually all reported
Western science. Despite this, some overlap exists in the
types of monitoring indicators used in Western science and
ICBM programs, including changes in biotic distributions
(e.g., occupancy, abundance), diversity (e.g., community
composition), and health (e.g., condition, reproduction).
However, whereas these different philosophical approaches
may have common indicators, observational approaches
can differ greatly. For example, whereas Western science
may assess wildlife health via quantitative metrics of
physiological function, local communities may prioritize ac-
cessibility and abundance of land and resources, such as
metrics of food quality reflecting traditional use, including
odor, taste, and texture (e.g., Baker, 2017; Bill et al., 1996;
Candler et al., 2010; Parlee et al., 2012). These differences
reflect the values of each community—although quantitative
metrics may resonate with Western scientists—they are less
valuable to local communities more concerned with, for
example, the perceived quality and availability of traditional
foods and water within the context of their historical
knowledge (Beausoleil et al., 2021).
Indigenous participation in monitoring has traditionally

taken the form of researchers gathering information from In-
digenous communities to be analyzed within an existing
Western science framework. This practice decontextualizes
the position of Indigenous Knowledge from the larger land
management ethic. Indigenous people wish to be involved in
monitoring not to further Western science, but to improve
land management and the health of their inextricably
linked landscapes and cultures (Baker, 2017). For this reason,
meaningfully including Indigenous perspectives and values
in monitoring is complicated by the lack of link to manage-
ment decisions. Ethical inclusion of Indigenous people
in environmental monitoring requires codevelopment of
research and a recognition that monitoring should improve
Indigenous peoples' ability to access, manage, and trust
the landscapes in which they live (Beausoleil et al., 2021;
Wong et al., 2020).

CONDITION OF ENVIRONMENT IN THE
ALBERTA OSR

Contaminants

Oil sands operations are highly regulated and are pro-
hibited from the release of process‐affected water. How-
ever, there are releases of depressurization water, domestic
wastewater, a single recorded industrial water discharge,
and stormwater runoff from industrial sites. Atmospheric
emissions from point sources such as stacks are also regu-
lated by facility, but emissions are released to the atmos-
phere from several sources during bitumen extraction,
transport, and upgrading processes, including facility stacks,
heavy vehicle fleet, and machinery operation. Additionally,
exposure of the mine faces and tailings pond surfaces
generates evaporative emissions in open‐pit operations
and, given the nature of surface mining operations and bi-
tumen processing, significant amounts of fugitive dust can
be emitted (Horb et al., 2021). Other fugitive emissions,
such as leaks from seals, welds, or other sources, also occur
from the substantial industrial infrastructure (Horb et al.,
2021). The published literature identifies challenges in
quantifying certain emissions, especially those from fugitive
sources that tend to be diffuse and variable. However, new
technology and innovative methods, including geospatial
applications, are being developed and applied to address
this gap (Horb et al., 2021). In addition, much relevant in-
formation remains in on‐site compliance reporting and data.
Although emissions databases (such as the Canadian Na-
tional Pollutant Release Inventory) exist, they may not ad-
equately record fugitive or nonpoint source emissions,
offering opportunities for additional facility‐specific mon-
itoring to contribute to integrated monitoring and analyses
in the OSR. In these instances, other industry‐reported fa-
cility data may overcome some challenges.
After release to the atmosphere, substances are further

transported and transformed in the air and eventually
deposited to the earth's surface. Measurements of depo-
sition indicate that contaminants are transferred from air to
the surface and enter aquatic and terrestrial ecosystems.
Surface aquatic environments are end receivers for several
contamination pathways: surface discharges, air deposi-
tion onto aquatic surfaces, contaminated precipitation,
surface runoff associated with rainfall events and
snowmelt, and contaminated groundwater discharges
(Arciszewski et al., 2021). However, the specific rate and
pathways of uptake and response in organisms is not well
understood (Arciszewski et al., 2021; Horb et al., 2021;
Roberts et al., 2021b). To address this gap, effort is re-
quired to integrate air deposition monitoring with other
themes, specifically aquatic and terrestrial, to begin to
connect our understanding of air emissions and deposition
with potential responses in organisms in aquatic and ter-
restrial environments. A notable exception is Forest Health
Monitoring, which is designed to detect specific types of
environmental effects (acidic and eutrophying deposition)
on the terrestrial environment using colocated deposition
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and terrestrial monitoring (Davidson et al., 2020). Some
other efforts have also been made through the use of
ICBM programs, integrating air‐quality deposition data
from culturally important plants, wetlands, and surface‐
water quality to better assess confounding hydrological
and land disturbance stressors within the OSR (Beausoleil
et al., 2021). Finally, industry‐reported data may be val-
uable and underutilized resources for integrated analyses.
Mammals, birds, and vegetation can be affected by

contaminants transported through the atmosphere. The
contaminants can originate from local industrial develop-
ment, but also from other sources, including wildfire,
urban activities, and global emissions (Horb et al., 2021;
Roberts et al., 2021b). These same contaminants can also
affect aquatic organisms. However, in the aquatic case, the
delivery mechanisms can be augmented by additional
processes, such as overland flow, and can thus be more
challenging to estimate than in the terrestrial environment.
Studies suggest that, although signals of industrially de-
rived materials are found in lake sediments, the same is
not true in flowing waters, suggesting the deposited
substances are retained in the landscape (Arciszewski
et al., 2021). Although some point‐source discharges
occur in the region (e.g., domestic wastewater effluents),
they are not common and many are not continuous. In
contrast, other influences are uncertain (e.g., seepage of
OS process‐affected waters from tailings ponds) or diffuse
(e.g., influences of geology), and undermine the clear
detection of effects related directly to OS industrial activity
(Arciszewski et al., 2021).
Despite an inability to specifically identify the source of

the agonists, there is evidence of exposure to bituminous
compounds and physiological or biochemical changes in
resident organisms. Detoxification enzymes in fish are
commonly elevated in areas adjacent to OS mines
(McMaster et al., 2020; Pilote et al., 2018; Tetreault et al.,
2020) and comparisons of upstream and downstream
tributaries have identified changes in both benthic com-
munities (Culp et al., 2020) and fish populations (Tetreault
et al., 2020). The exact sources and consequences of these
exposures are, however, not certain. For example, the
strength of bacula in river otters (Lontra canadensis) was
statistically lower than greater concentrations of some
petrogenic compounds in liver tissue, but in some cases
the inverse effect was also observed (Thomas et al., 2021),
which highlights the complexity of such relationships and
the challenges associated with working with limited
sample sizes in complex environments. Although the
spatial trends are consistent, it should be noted that causal
relationships have not been demonstrated in these
studies, and other contaminant‐related work has identified
other important natural covariates contributing to ob-
served responses (Godwin et al., 2019; Hebert, 2019; Te-
treault et al., 2020). However, preliminary analyses in the
water review suggest some influence of industrial activity
in fish captured in the high deposition zone (Arciszewski
et al., 2021). These analyses further suggest that

additional work should be done to explore this potentially
potent source of information.

The overwhelming concentration on contaminants as a
stressor in the OS‐related literature from the past decade
also likely reflects the widespread concerns around toxicity
issues both within local Indigenous communities and within
the larger public. Local concerns related to contaminants
are most often associated with food safety, including
traditional foods and clean water. For example, observed
elevated mercury concentrations in gull eggs led to a 2014
Alberta Health consumption advisory of this traditional food
source (Government of Alberta, 2014). Oil sands activities
are a source of mercury (Horb et al., 2021). However, their
relative potential to elicit related ecological responses
compared with non‐OS activities is still unknown. Regard-
less, this health consumption advisory contributed to an
erosion of trust in some wild resources. Through this lens of
Indigenous communities, there may be little difference be-
tween the safety of food or water consumption and the state
of the environment itself. For this reason, most ICBM
projects focus on contaminant pathways and responses,
including fish health, berry quality, and terrestrial wildlife
ecotoxicology (Beausoleil et al., 2021).

Defining baselines has been an ongoing challenge. For
example, although the data from some lake sediments
suggest the onset of industrial influence shortly after the
commercial opening of the first OS mine (Great Canadian
Oil Sands, 1967), other data suggest the potential influence
of petrogenic sources before this date (Arciszewski et al.,
2021). Studies have suggested the influence of construction
at some locations, but few studies have considered the
construction of the GCOS plant from 1964 to 1967 on in-
dicators of ecosystem status. There may also be influence of
precommercial activities, including Abasand, Bitumount,
and Cold Lake (Arciszewski et al., 2021).

The lack of preindustrial understanding of contaminant
burdens in the OSR undermines the ability to detect
change. Although contaminants occur in the ambient envi-
ronment, they are often, but not always, reported below
relevant environmental quality guidelines. These results,
however, are based on three assumptions: (1) all potentially
toxic contaminant concentrations are known and measured,
(2) all compounds that need them have exceedance
guidelines, (3) guidelines consider implications of chemical
interactions, and (4) below these guidelines consumption is
safe and above them it is not. These assumptions are un-
likely to be consistently met in practice, and certainly not
across all contaminants, undermining confidence that no
effects will occur and thus local uses are safe. Further,
although consumption guidelines may sometimes be ex-
ceeded for some biota, such as walleye or colonial water-
birds (eggs), there remains only indirect spatial association
with OS industrial operations, leaving source attributions
largely undefined (Arciszewski et al., 2021; Roberts et al.,
2021b).

In addition to assessments of chemical effects on water and
wildlife, considerable monitoring effort has also been spent
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on air‐quality metrics. Ambient air quality is monitored con-
tinuously in the OSR via dozens of permanent monitoring
stations within the Athabasca, Peace, and Cold Lake OS re-
gions, and via time integrated samples collected on variable
schedules (e.g., 1‐in‐6 day, monthly) in a ca. 150 km radius
from the mineable OS region and across the Cold Lake OSR.
Both monitoring and modeling approaches find OS industrial
operations to be a major contributor of both emitted and
chemically transformed atmospheric contaminants, including
SOx, NOx, particulate matter, volatile organic compounds
(VOCs), polycyclic aromatic compounds (PACs), trace ele-
ments, base cations, and reduced sulfur compounds (Horb
et al., 2021). Odors are of local concern in Fort McKay, a Cree,
Dene, and Métis community close to extensive OS industrial
development. Air quality throughout the OSR is generally
consistently reported as below thresholds set by the Alberta
government for the protection of human health with consid-
eration of socioeconomic factors. However, thresholds do not
exist for all compounds potentially contributing to air‐quality
issues in the OSR, including reduced sulfur and some VOCs
and PACs. The Air Quality Health Index is also reported in
many OSR communities; however, it was developed for urban
regions and it also does not include all compounds potentially
contributing to air‐quality issues in the OSR (Horb et al., 2021).
The Fort McKay Air Quality Index is a community‐driven
metric that includes compounds that contribute to regional
odor issues (Dann, 2016). Some monitoring stations have
previously reported air‐quality levels (based on PM2.5) within
the orange zone for Canadian Ambient Air Quality Standards
(CAAQS; www.ccme.ca), a ranking that triggers active air
management for the prevention of exceedances. However,
the two most recent CAAQS assessments (2014–2016; 2015–
2017) indicate that ambient PM2.5 and O3 levels are in the
yellow zone (which requires actions for continuous improve-
ment, but does not require active air management). Under the
LARP for NO2 and SO2, the latest assessment (for 2018) in-
dicates that nine stations exceeded triggers for NO2 and SO2,
including one exceeding an SO2 trigger for proactive man-
agement.
The atmospheric deposition of contaminants can po-

tentially affect biotic and abiotic components of terrestrial
and aquatic ecological systems. Concerns around soil
acidification caused by contaminant deposition prompted
the design of monitoring programs aimed at acid‐sensitive
lakes and the impacts of acid deposition in forests. These
programs have found that acidifying deposition tends to
be neutralized by the concurrent deposition of fugitive
dust containing high amounts of base cations. However,
although deposition and critical load exceedance mod-
eling has also predicted a region of base cation neutrali-
zation within 140 km of the sources, northern Alberta and
Saskatchewan are predicted to undergo acidification over
an area of 334 000 km2 if emission levels are maintained at
2013 levels (Makar et al., 2018). Although these mon-
itoring programs were originally designed to detect acid-
ification, they have instead observed local eutrophication
in forests and wetlands within roughly 50 km of OS

operations caused by enhanced N deposition levels (Horb
et al., 2021).

Landscape disturbance

Landscape disturbance forms a major focus within the
conceptual model for the OSR and includes components of
vegetation removal, soil disturbance, natural disturbance
regimes, increased human access, and habitat loss.
Although landscape disturbance as a stressor may be a rel-
evant covariate for surface‐water or atmospheric deposition
studies, its treatment in the literature is largely confined to
terrestrial biological topics. Although there are some spe-
cific topics that integrate with other theme areas, such as
fugitive dust contaminants from mine sites or erosion from
larger land clearings leading to increased sedimentation in
surface waters, these have received relatively limited con-
sideration in the peer‐reviewed literature. In publications
where landscape disturbance is the focal stressor, we find
that pathways are less often considered and, when they are,
they are often related to resource availability (e.g., micro-
habitats, food, light) or altered organism behaviors (e.g.,
movement, dispersal). Landscape disturbance‐associated
responses tend to focus on changes in species distribution
(e.g., occupancy, abundance) and diversity (e.g., community
composition), with most focus on mammals and birds as
receptors (Roberts et al., 2021b).
Landscape disturbance encompasses a wide breadth of

specific stressors, from very narrow linear disturbances to
large polygonal clearings, and from relatively natural (e.g.,
minimally disturbed or regenerating) features to highly
transformed landscapes (e.g., mine sites, roads, or agri-
culture). Further, terrestrial taxa that tend to be affected by
landscape disturbance are also not homogenous in their
habitat preferences, with some preferring disturbed or
young stage forest habitats and others thriving in intact old‐
growth forests. Consequently, responses among indicator
species to landscape disturbance tend to be mixed, pro-
ducing “winners and losers,” largely in line with habitat
preferences of focal taxa (Fisher & Burton, 2018; Roberts
et al., 2021b). Generally speaking, disturbances tend to
benefit generalists or young forest stage species, while
challenging old‐growth or intact forest specialists. However,
habitat relationships are not always straightforward, and
some complex interactions are notable. For example,
caribou populations are negatively associated with linear
disturbance, but not because they are intact forest special-
ists per se. Rather, this negative response is largely the
consequence of increased predation by wolves, itself largely
a consequence of increased deer populations throughout
the OSR, caused both by climate change and agricultural
conversion (Boutin et al., 2012; Roberts et al., 2021b).
Monitoring of landscape disturbance represents a key

opportunity for the continued development of geospatial
methods, given that the stressor can be quantified from
satellite imagery or other remote sensing approaches. Other
future work on landscape disturbance should include in-
creased feature resolution or similar enhancement of
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geospatial layers and continued focused monitoring to
clarify the quantitative and qualitative attributes of
disturbance that cause change in indicators of concern, with
the goal of informing restoration priorities or other
management actions.

Water quantity

Also largely unaddressed in the published literature are
related cross‐theme topics such as local alteration of top-
ography and potential resulting changes to runoff pathways,
and resulting water availability in wetland habitats, poten-
tially in combination with climate change and local surficial
dewatering in mining operations. Such investigations would
be of particular interest, as issues of surface‐water quantity
have been identified by local communities as being of high
importance, because navigable waterways are critical to
transportation and land access, ensuring the practice of
traditional lifestyles based on hunting and fishing (Beausoleil
et al., 2021; Candler et al., 2010).
Further, although ICBM programs and Indigenous

Knowledge holders have identified negative trends in water
depths, water flows, ice jam floods, ice thickness, and
changes in abundance of aquatic mammals such as muskrat
in the Peace–Athabasca Delta (PAD) region, the attribution
of cause to these trends is complicated by climate change
and extensive hydroelectric development on the Peace
River. Most investigations into causes of drying in the PAD
have focused on stressors on the Peace River (e.g., Beltaos,
2018; Prowse et al., 2006), whereas the limited literature on
the effects of OS operations have focused on the effects of
current water withdrawals, finding little evidence of an effect
(Arciszewski et al., 2021). However, the potential impacts of
hydrologic alteration caused by extensive landscape dis-
turbance and, potentially, much greater future withdrawals
during reclamation activities have not been assessed.

Attributing cause to OS industrial operations

Because a range of activities occur at or near OS industrial
operations, disentangling the multiple and co‐occurring
OS‐related activities along with accounting for natural or
other non‐OS anthropogenic sources of environmental
change can be challenging. This is partly the result of the
overlapping spatial structure of both OS and non‐OS‐
related stressors within the OSR, and partly the result of the
level of difficulty in delineating clear pathways between
sources of environmental change and ecological receptors,
as interactions among natural and anthropogenic mecha-
nisms along stressor–response pathways may negate,
attenuate, or aggravate ecological responses.
Monitoring of bitumen‐associated contaminants in

flowing waters exemplifies this challenge. Water sampling of
tributaries in the OSR has historically been focused on
reaches near their confluence with the Athabasca River.
Although these areas are adjacent to development, they
are also where natural bitumen outcrops are common,
confounding the upstream–downstream, time‐for‐space
designs (Arciszewski et al., 2021). Other spatially

confounding influences, such as upstream urban develop-
ment and bitumen‐rich geology, introduce spatial auto-
correlation when variables such as “proximity to” or
“upstream vs. downstream of” OS industrial development
are used as analytical predictors or explanatory model
components. Although diagnostic ratios can generally dif-
ferentiate between, for example, pyrogenic (i.e., combus-
tion derived, as from wildfire) and petrogenic (i.e., bitumen
or other petrochemical derived) PACs in sediment, source
profiling techniques for other contaminants of concern,
such as naphthenic acids originating from OS process
water occurring outside mine site containment in surface
and groundwater have proven to be less effective or are
still in development and less tested (Arciszewski
et al., 2022).

Although the coincidental location of bitumen‐rich geo-
logic formations and OS operations can undermine strong
inference of source attribution, in other cases, the spatial
autocorrelation of stressors centered on the active mining
areas of the OSR can be helpful if spatial gradients away
from OS operations are in themselves stressor gradients. For
example, source attribution of ambient air contaminants or
atmospheric deposition are more straightforward, at least
for some contaminants. Deposition patterns tend to follow
predictable patterns of exponential decline in deposition
away from emissions sources such as active operations, al-
though this does not necessarily hold true for secondary
pollutants produced in the atmosphere (Arciszewski et al.,
2021; Horb et al., 2021). In such cases, the strategy of using
spatial proximity to OS facilities or operations as a proxy for
exposure may be useful. However, ecosystem sensitivity
varies widely, and monitoring for specific effects should
consequently be designed and implemented in parallel with
existing ecosystem knowledge, modeling, and monitoring
of stressor pathways, compared with monitoring designs
using proximity to OS industrial operations as a proxy for
cause, which may be of more limited utility. Going forward,
it is advisable that monitoring, including modeling or the
use of facility production and fuel use data, be focused on
specific source–effect pathways designed to clearly delin-
eate cause. The potential impact of a diffuse pathway such
as atmospheric deposition is the clearest example of the
need for such a strategy.

For stressors such as habitat alteration and landscape dis-
turbance, quantifying source attribution of development (i.e.,
allocating disturbances to specific industries) may not be
possible with the current level of feature resolution of most
geospatial data, though refinement of monitoring designs,
geospatial methods, and finer resolution analytical ap-
proaches may improve this going forward (Roberts et al.,
2021b). This is only partly a matter of data resolution, how-
ever. Individual disturbance features may have multiple uses,
preventing attribution of features to specific industries or ac-
tivities, and thus complicating management. For example, a
single road originally built along a conventional seismic line
for forestry operations may see heavily increased traffic when
OS operations increase nearby or when used by the public.
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The exception to this is human footprint from ongoing and
active industrial use with restricted access, such as land
cleared for surface mines and other physical infrastructure. In
these cases, landscape disturbance was approved via regu-
latory processes such as Environmental Impact Assessments,
implying a socially acceptable, but also likely conditional
change. By contrast, the focal question for ambient mon-
itoring is limited in these cases to whether the systems reg-
ulating these known disturbances are functioning in expected
ways and if the regional environment is or is not within those
previously agreed limits.

Cumulative effects in the OSR

Cumulative effects encompass any impacts on the en-
vironment resulting from the incremental, accumulating,
and interacting impacts of an action, when combined with
other past, present, and future actions, both natural and
anthropogenic (Dubé, 2003). These effects may not only
be directly additive, but may also interact in compounding
or synergistic ways, and may represent some of the more
serious environmental effects of any industrial develop-
ment (Clark, 1994; Dubé, 2003). Although stressors tend
to be considered individually in the monitoring literature,
no stressor (natural or anthropogenic) acts in isolation, and
biota can be simultaneously influenced by, for example,
landscape disturbance, infrastructure, natural bitumen
exposure, and other anthropogenic contaminants, to say
nothing of changing natural disturbance regimes and
(closely related) climate change. Indeed, even individual
disturbance features may provide multiple pathways to
effects, from facilitating increased predation to increased
browsing to increased traffic and human use. Cumulative
effects are therefore distinguished from singular effects
not by consequence or manifestation, but by cause.
Nearly every component of the conceptual model is

affected by both OS and non‐OS pressures. These cumu-
lative pathways converge on the conceptual model under
responses of valued components, reflecting the difficult re-
ality that, by definition, all effects within the OSR are
cumulative effects. However, the difficulty in understanding
and teasing apart cumulative effects cannot be used as an
excuse for not investigating cause. There is a risk that
cumulative effects can be interpreted as a black box through
which undesirable environmental outcomes occur. Instead,
environmental monitoring must accept and work within the
reality that cumulative effects emerge from multiple stres-
sors on a heavily industrialized landscape, requiring rigorous
monitoring and assessment.
As environmental monitoring in the OSR continues, the

broad integrated structure of the conceptual model can
inform what questions need additional work, as well as what
monitoring efforts may have been sufficiently explored.
Consistent methodologies and experimental design that
clearly assesses relative impacts of covariates will help
ensure that (1) goals of identifying environmental change
are defined, (2) existing links between observed changes
and OS development are identified, and (3) the appropriate

policy and regulatory efforts are informed. There currently
exist worthwhile monitoring opportunities to address stres-
sors that we know (1) to be impactful drivers of change in the
OSR, (2) to have (at least in part) been attributed to OS
operations, and (3) to have a great deal of knowledge about
already: namely contaminants and landscape disturbance.
Local communities many also identify other priority stres-
sors, particularly those related to human and ecosystem
health, or those directly affecting the extent to which
Indigenous communities can exercise rights.
Climate change is an example of a global pressure that

must be constantly considered as a driver of change, op-
erating as a background process onto which all other cu-
mulative stressors must be overlaid. Despite climate
change potentially altering every facet of the natural en-
vironment, from hydrology to natural disturbance regimes
to habitat quality and resource availability, its consid-
eration in the peer‐reviewed literature from the OSR re-
mains peripheral (Arciszewski et al., 2021; Roberts et al.,
2021b). Certain stressors driven by climate dynamics are
often included as a key driver in OSR monitoring studies,
such as extreme weather events, natural disturbance re-
gimes, or even simple interannual variability, all of which
are projected to change into the future. Despite this
widespread impact (or perhaps because of it) climate
change is not often directly addressed in the OSR liter-
ature, though it is often included peripherally in dis-
cussions of results. Seldom are direct effects of climate
change incorporated into analyses of monitoring data
within the literature.
A barrier to including climate change in more OSR mon-

itoring studies may simply be issues of scale. As climate
change represents a global phenomenon with projected
impacts typically quantified at the continental or larger scale,
incorporating climate change projections at the regional,
landscape, or local scale within specific OS monitoring work
is challenging. These challenges are common for Indigenous‐
led environmental initiatives that collect holistic data over
time, space, and media. The sheer complexity of quantifying
and delineating complex change over time, especially in
sensitive regions such as the PAD, which is highly subject to
multiple influencing factors, is exacerbated by the additional
stress of a changing climate and often cannot be separated
completely from climate attribution. That said, any analysis
within the OSR that considers climatic covariates—particularly
work with hydrological, species habitat, or other predictive
models—should also be considered in the context of change
in those covariates over time. There may be opportunities to
formally incorporate climate change projections, either as raw
meteorological variables or as secondary ecological pre-
dictions of, for example, altered species ranges or predicted
habitat changes, directly into monitoring designs and anal-
yses. There already exist in the literature a plethora of species
distribution models for Alberta, Canada, or North America for
a wide range of taxa, and considering such projections,
particularly in the context of cumulative effects, represents an
opportunity.
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Moving towards comprehensive cross‐theme evaluations
of cumulative effects is a critical next step, as this has been
largely absent from the peer‐reviewed literature, which has
instead favored reporting on focused monitoring and spe-
cific topics. The peer‐review process and associated journal
preferences (i.e., research article formats) may not lend
themselves well to cumulative effect assessments, so there
are likely gaps identified here that may be filled by an ex-
tended review of the gray literature, particularly arising from
multiple years of multi‐stakeholder‐driven research in the
OSR. Further, although primarily limiting our scope to the
peer‐reviewed literature adds a measure of objectivity and
credibility to our findings, it also introduces issues asso-
ciated with publication bias, favoring positive over negative
results—although we did review many papers reporting, at
least partially, on negative results also.

THE FURTHER NEED FOR INTEGRATION
In this review, we considered many individual research pa-

pers that identify a wide breadth of change in both stressors
and effects. However, among these publications are limited
studies integrating data or knowledge along a complete and
specified pathway. Efforts to increase integration among re-
gional environmental monitoring programs are driven by the
desire to ask more useful scientific questions and address the
multiple demands of an educated audience seeking to un-
derstand the (potentially personal) consequences of a set of
results and assess threats. Supplying all information to satisfy
all possible inquires and standards of all interested parties,
particularly across environmental media for assessments of
cumulative effects in an area such as the OSR, remains chal-
lenging. Although integrated interpretation is common
among the peer‐reviewed studies from the OSR (e.g., dis-
cussions of results in the context of other research), integrated
analyses, which combine data from two or more studies, are
much rarer, and integrated data collection is nearly non-
existent, particularly across different theme areas. For ex-
ample, literature on contaminants spans all three major theme
areas: air, water, and land. Despite this, monitoring and re-
porting on contaminants tend to be both compartmentalized
within these themes, with little overlap. The contaminant in-
terfaces between some theme areas are recognized proc-
esses, such as atmospheric deposition onto land or water and
transport there from into waterways via snowmelt or runoff.
However, these processes exist in parallel with global back-
ground and local natural sources of contaminants (e.g., wild-
fire, local bituminous geology) and, if we are to clarify causal
connections within the OSR, for contaminants or any other
stressors, we require the capacity to trace, forwards or back-
wards, through the conceptual model, the linkages of con-
taminant transport and transformations. Although ICBM and
terrestrial effects monitoring can identify health or other re-
sponses, and whereas air monitoring can identify emissions
stressors and chemical transformations occurring in the at-
mosphere, filling in the pathways remains critical to estab-
lishing causal attribution. These issues are challenging but not
insurmountable.

Investigations of cause require thoughtful experimental
design, the complementary use of more refined data analysis
and, in some cases, further technological development (e.g.,
chemical signatures, regional chemical transport modeling,
and remote sensing). Integrated data collection—the mon-
itoring of multiple stressors and effects at coincident locations
—is required and should supplant using spatial proximity to
OS operations as a covariate of response. Thus far in the
literature, only a single program in the OSR satisfies the def-
inition of integrated monitoring across multiple theme areas:
The Forest Health Monitoring program measures deposition
of acidifying and eutrophying compounds, tissue and soil
concentrations, physiological responses and community re-
sponses colocated in ecosystems known to be sensitive to
acid deposition (Foster et al., 2019). Within individual themes,
integrations of monitoring and modeling can also provide a
quantitative estimate of cumulative impacts. For example,
regional air‐quality modeling and model‐measurement fusion
provide means by which source emissions may be linked via
chemical transformation through to acidifying deposition
(Makar et al., 2018). Such approaches can provide much
stronger inference and more confident attribution of cause
than simply measuring contaminant burdens on spatial gra-
dients away from (sometimes arbitrary) center points of OS
industrial development. Even when strong spatial correlations
exist between responses and stressors, mechanisms of cau-
sality (i.e., pathways) may still require validation in controlled
environments, such as in laboratory toxicology experiments.
Such integrated designs need to be expanded within
the OSR.

Within the recent literature from the OSR, methodological
developments within geospatial science are becoming more
common, including remote sensing, GIS, and landscape‐scale
modeling applications. Although the focus of most of these
developments is on air and terrestrial topics, they also have
important applications for a wide breadth of monitoring ap-
plications, both within and outside the OSR. Geospatial de-
velopments generally focus on improving the quality and
availability of spatial data, consistency in spatial data used for
modeling, and mismatches between spatial resolution of
monitoring and stressor data. There are also opportunities to
use remote sensing and GIS for regional scale monitoring and
integrated cumulative effects assessments, though these ap-
plications are less common in the recent literature.

Methodological advancements in geospatial sciences, in-
cluding GIS and remote sensing applications, have improved
the cataloging of surface disturbance in the OSR. However,
although accounting for landscape disturbance may be
straightforward, providing the attribute resolution to enable
meaningful analyses—particularly with respect to causal
attribution—remains challenging. Efforts are underway to re-
fine remotely sensed human footprint data layers (i.e., an-
thropogenic landscape disturbance) and map land use
change over time to identify specific OS contributions. Sim-
ilarly, continued engagement with industry and the increased
utilization of industry data resources and knowledge remains
critical. For example, industry data, such as estimates of
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emissions or effluent release and estimates of mine fleet and
tailings ponds emissions, although potentially invaluable for
modeling, may not be readily available. Accurate and timely
facility location data, industrial production data, or spatial
operational intensity data can be difficult to access and so
may not be used to their fullest potential.
Valuable integration opportunities for Indigenous

communities and ICBM also exist here, particularly with
respect to aligning or validating geospatial products with
community‐based observations of near‐real‐time environ-
mental change, identifying meaningful indicators of change,
and informing pathways of cause. Equally important, when
assessing impacts on land, is the need for Western scientists
to understand community perspectives; what constitutes an
impact; and how methods, indicators, and thresholds should
also be community‐driven and/or culturally appropriate.
Further to this, ICBM requires timely reporting and in-
creased capacity and support if communities are to direct
specific monitoring questions and integrate within a larger
monitoring framework. Also critical are increased commu-
nication and ethical information sharing, improved data re-
positories, and data mapping utilizing innovative geospatial
technologies. In this context, these technologies must also
be user‐friendly and must conform to culturally sensitive
principles of ethics, ownership, control, and access. It must
be recognized, however, that the barriers to meaningful
inclusion of Indigenous perspectives are not solely techno-
logical, but also arise from early challenges in developing an
equitable governance structure for monitoring in the OSR
(Dubé et al., 2021). Fundamentally, what is required to
achieve and maintain credibility is an integrated knowledge
translation approach where local Indigenous communities
are involved in all aspects of monitoring design, analysis,
and reporting.

FINAL THOUGHTS

The ongoing need for a monitoring framework for the OS

The spatial scale of OS industrial developments in
northern Alberta is vast, as is the scope of the monitoring
undertaken in the region. In this final paper of this special
series, we have summarized the peer‐reviewed literature
available from the past decade to inform the condition
of the environment in the OSR of northeastern Alberta.
We have taken the conceptual model approach, loading
the cross‐theme model with the publication counts from
the past decade. In doing so, we have identified model
components and linkages receiving comparatively high and
low attention. The published literature reveals the clear
emphasis of existing work on chemical stressors and their
association with atmospheric emissions, transport, trans-
formation, and deposition. Also clear is the emphasis on the
effects of landscape disturbance and the almost complete
occurrence of this work within the terrestrial monitoring
theme.
At the same time, some topics of regional concern, par-

ticularly to local Indigenous communities, such as water

quantity have received notably less attention. Our approach
of mapping results to conceptual models has also revealed
additional system‐wide gaps. Primary among them is the
disconnect between theme areas, such as links between
atmospheric emissions and implications for rivers and
aquatic ecosystems. Gaps in complete knowledge of func-
tional linkages is problematic as, in general, knowledge
amassed in the outer columns of the conceptual model
(stressors and responses) at the expense of the center
(pathways) limits the ability to inform regulatory and policy
assurance. Combining the results of papers that were not
explicitly designed together creates interpretative and an-
alytical challenges.
Overcoming these gaps may include future optimization

of and integration between targeted monitoring projects
(integrated data collection and integrated analysis) and
entire theme areas (an integrated program). There are,
however, implications of any optimization, including the
potential for greater efficiency through a reduction in field
monitoring effort. Other novel approaches may also be
introduced. Where the introduction of new core mon-
itoring efforts may be justified, achieving efficiency and
integration may also result in the cessation of some ex-
isting monitoring efforts. Although as scientists we may
wince at the thought of ceasing the collection of long‐term
data, adaptive monitoring dictates that, if we are willing to
add or increase critical monitoring components to the
program to fill knowledge gaps, we must also be willing to
subtract or scale back those for which knowledge is es-
tablished, and confidence in the consistency of measured
changes is high. Periodic optimization is necessary to
maintain relevance and utility of a monitoring program in
the OSR.
Although the use of conceptual models to organize

information is useful, the approach also has limitations.
While the emphases on the monitoring and research may be
clear from the conceptual model, the reasons for them are
not. Are these topics of greatest public or local community
concern? Are they of greatest scientific interest? Are they
topics with historic scientific inertia? Or do they merely
reflect what is easy and/or economical to monitor? The
alignment of monitoring effort (and by extension, it is to
be hoped, knowledge) with priority indicators for multiple
stakeholders is a foundational challenge for any ambient
monitoring program. Such decisions can be guided by a
monitoring framework for the OSR, emphasizing integrated
data collection and integrated analysis, and progressing
from a posteriori techniques, such as conceptual mapping of
existing information, to a priori methods: based on four
discrete and ordinal components: (1) an evolving conceptual
model, (2) principal questions, (3) testable hypotheses, and
(4) adaptive monitoring. This process should follow a
deductive model of question articulation, hypothesis for-
mulation, prediction, analysis, adjustment, and iteration by
incorporating a scoping, inference, and analysis phase,
culminating in characterization of the accumulated envi-
ronmental state.
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