Synthesis Report for
the Water Component, 1 . 1

Canada-Alberta Joint Report
Oil Sands Monitoring: series
Key Findings and
Recommendations

e
PG 3

Oil Sands Monitoring Program Technical Report Series

L

Canada Abertoos



Synthesis Report for the Water Component, Canada-Alberta Joint Oil Sands Monitoring: Key Findings and
Recommendations

Lead Authors: Joseph M. Culp?, lan G. Droppo' and Peter D. di Cenzo’

Contributing Authors: Alexa Alexander-Trusiak?, Donald J. Baird?, Greg Bickerton?, Spyros Beltaos', Barrie
Bonsal', Robert B. Brua', Patricia A. Chambers', Yonas Dibike', Nancy E. Glozier', Jane Kirk?, Lucie Levesque?’,
Mark McMaster?, Derek Muir', Joanne Parrott’, Daniel L. Peters?, Kerry Pippy! and Jim W. Roy'’

Environment and Climate Change Canada

This publication can be found at: https://open.alberta.ca/publications/9781460140253

Recommended citation:

Culp, J. M., Droppo, I. G., di Cenzo, P. D., Alexander-Trusiak, A., Baird, D. J., Bickerton, G., Beltaos, S., Bonsal,
B., Brua, R. B., Chambers, P. A., Dibike, Y., Glozier, N. E., Kirk, J., Levesque, L., McMaster, M., Muir, D., Parrott,
J., Peters, D. L., Pippy, K. & J. W. Roy. 2018. Synthesis report for the water component, canada-alberta joint oil
sands monitoring: key findings and recommendations. Oil Sands Monitoring Program Technical Report Series No.
1.1. 46 p.

Note that this report was updated in March 2019 to correct formatting issues to Figure 21 and 22 on pages 32
and 33.

June 2018
ISBN 978-1-4601-4025-3



Foreword

Since February 2012, the governments of Alberta and Canada have worked in partnership

to implement an environmental monitoring program for the oil sands region. In December

2017 both governments renewed their commitment to working together with Indigenous
communities in the region by the signing the Alberta-Canada Memorandum of Understanding
(MOU) Respecting Environmental Monitoring in the Oil Sands Region. The MOU establishes the
foundation for an adaptive and inclusive approach to program implementation ensuring that the
program is responsive to emerging priorities, information, knowledge, and input from key
stakeholders and Indigenous peoples in the region.

The Oil Sands Monitoring Program is designed to enhance the understanding of the state of the
environment and cumulate environmental effects as a result of oil sands development in the
region though monitoring and publically reporting on the status and trends of air, water, land and
biodiversity. Its vision is to integrate Indigenous knowledge and wisdom with western science to
design, interpret, assess, report and govern the program.

Canada and Alberta have provided leadership to strengthen program delivery, and ensure that
necessary monitoring and scientific activities meet program commitments and objectives. The oil
sands industry provides funding support for the program under the Oil Sands Environmental
Regulation (Alberta Regulation 226/2013). Key findings and results from the program inform
regional resource management decisions and importantly, are considered as an objective source
of scientific interpretation of credible environmental data.

A mandated cornerstone of the program is the public reporting of data, status and trends

of environmental impacts caused by development of oil sands resources. The Oil Sands
Monitoring Program Technical Report Series provides an objective, and timely, evaluation and
interpretation of monitoring data and information collected across environmental media of the
program. This includes reporting and evaluation of emission/release sources, fate, effects and
transport of contaminants, landscape disturbance and responses across theme areas including
atmospheric, aquatic, biotic, wetlands, and community based monitoring.



Executive Summary

The design of the integrated Joint and Oil Sands Monitoring Program (JOSM) was based on the
core principles identified by the Federal Oil Sands Advisory Panel (2010). These principles include
designing and implementing the program so that it is holistic and comprehensive, scientifically rig-
orous, adaptive and robust, inclusive and collaborative and transparent and accessible. These core
principles are reflected within all components of JOSM (Water, Air and Terrestrial Components),
however, this synthesis report and the seven individual technical reports (study/themes) that fol-
low, are specific to the Water Component. Further, it is important to note that these reports were
necessarily restricted to the information and data delivered by March 2015 (end of the three-year
implementation plan). Information and data acquired after March 2015 will be incorporated in
future reports and primary publications. All current JOSM data can be found on the Information
Portal: Canada-Alberta Oil Sands Environmental Monitoring (https://www.canada.ca/en/
environment-climate-change/services/oil-sands-monitoring.html).

The Oil Sands (0OS) Water Component’s monitoring design is structured from an integration of the
seven different study/themes which assess the physical/chemical and biological/ecological condi-
tion of the Lower Athabasca River (LAR), its tributaries and the extended geographical area (EGA
- including the Peace Athabasca Delta). This integrated approach further provides for a causal
assessment of ecological effects, which drives potential future changes to the monitoring
program. The adaptive nature of the program also allows for appropriate adjustments to reflect
new moni-toring questions and emerging issues of potential concern (e.g., climate change).

The JOSM Water Component retained some aspects of the pre-JOSM monitoring structure, while
incorporating significant improvements as directed by the outcomes of the seven technical
reports (study/themes). These enhancements included:

1. An improved integrated monitoring and assessment approach which informs on ecological

health of the aquatic environment, and advances the scientific/process understanding of

these systems;

Monitoring at more sites within rivers and with increased geographic coverage;

Increased sampling frequency to improve precision and accuracy;

Increased number of parameters to improve causal assessment of ecological effects

(e.g., nutrients, contaminants, sediments, etc.); and

5. Improved analytical and field techniques (increased sensitivity) for assessment of a broad
suite of compounds related to oil sands activities (e.g., metals, polycyclic aromatic
compounds, and naphthenic acids).

HWnN

The seven interconnected themes reflect a functional framework for the evaluation and moni-
toring of the contemporary state of aquatic health relative to potential environmental effects.
Atmospheric Deposition (Kirk et al. 2018) provides insight into, and a sampling strategy for, the
assessment of particulate deposition to the landscape via snow sampling and paleo-coring of lakes
relative to the industrial areas of the Oil Sands. This contemporary and historical assessment of
loadings to the terrestrial and aquatic environment has wide relevance to focused monitoring of
water, wildlife, biodiversity and additional atmospheric investigations. The atmospheric deposition
work is particularly relevant to the Water Quality Monitoring Program (Chambers et al. 2018;
Glozier et al. 2018), as surface water washoff (i.e., storm and snowmelt) will influence the water
quality and aquatic health of the tributaries, LAR and the EGA. This was particularly true during
the freshet (snowmelt) periods when the majority of contaminant loads are transported within
the rivers and delivered to downstream ecologically-relevant environments. As such, an increased
frequency of sampling was recommended for this period at key river sites in the LAR and EGA.
Further, the delivery and deposition of sediments and associated contaminants to lakes and rivers
of the oil sands region will have concomitant effects on fish (McMaster et al. 2018) and benthic
(Culp et al. 2018) community health (i.e., exposure concentrations). For water quantity, ground-



water flows (Bickerton et al. 2018) were found to have their most significant effect during the ice
covered winter months where they are important for maintaining ecological habitat. Numerical
modelling (Droppo et al. 2018) has provided insight into the implication of extreme events and
climate change (warming, more precipitation, less snow accumulation, earlier peak flows), with
respect to flows and sediment/contaminant transport. Key areas of deposition are identified for
the LAR and the modelling information can provide insight into frequency and locational change
sampling (chemical and biological) as dictated by a change in flow/loads.

Causal assessment of ecological effects was undertaken by linking effects in tributary, mainstem
and deltaic ecosystems to candidate causes, with consideration of the evidence supporting the im-
portance of particular effect pathways. The observed biological effects for LAR tributaries included
increased polycyclic aromatic compounds (PACs) in fish tissue and more tolerant invertebrate taxa
that appear to be associated with contaminant exposure. The source of this exposure is, however,
confounded by the presence of, and inability to differentiate between, oil sands operation activity
(principally atmospheric deposition) and natural bitumen inputs (e.g., erosion) within the aquatic
ecosystem. Ecological effects observed in the LAR mainstem below Fort McMurray included larger
white sucker size, higher EROD activity in fish, higher benthic invertebrate abundance, an in-
creased number of tolerant invertebrate taxa and decreased mussel condition. Causal pathways
suggest these LAR ecological trends were associated mostly with nutrient enrichment from treat-
ed municipal sewage effluent from Fort McMurray. Contaminant exposure from sewage effluent,
industrial operations, tailings pond seepage and natural exposure to bitumen may also contribute
to these ecological trends, but focused investigation of cause field studies and experiments are
required to separate the ecological effect of nutrients and contaminants. It is stressed that the
identification of effects caused by contaminants derived from natural bitumen or industrial activity
will remain limited until these natural and industrial-derived contaminants can be discriminated.
Finally, wetland benthic macroinvertebrate assemblages in the Peace-Athabasca Delta (PAD) ap-
pear to be in a healthy state, exhibiting high biodiversity. Assessments indicated that nutrients,
contaminants and sediments showed no adverse effects on benthic macro-invertebrates in the
wetland deltas from the major potential sources of inputs (atmospheric, fluvial).

Following the three years of JOSM, a number of knowledge and/or data gaps as well as research
needs were identified that could potentially improve the monitoring design. As JOSM was designed
to be an adaptive monitoring program, it has a built-in flexibility that allows the program to evolve
as new research validates a need for change. Such change may be reflected in a change in sample
sites (inclusion of new sites or the suspension of existing sites until a threshold or trigger is iden-
tified), frequency of sampling, or a change to the parameter list (new or suspended parameter).
Research may also drive a change in the monitoring program in terms of 1) methodology (field
and/or analytical), 2) instrumentation (field and/or analytical), 3) ecological health assessment,
4) biogeochemical understanding, 5) numerical model advancement and projection, and/or 6)
identification of new issues of interest.

The three years of JOSM resulted in numerous recommendations (stated in general above) and
provided suggestions and options for improving the ability of the JOSM monitoring program to
detect degradation in ecosystem health. The monitoring approach can be adapted through time
to reduce measurement variability and link ecological change to the environmental cause. These
recommendations provide options to improve monitoring based on interpretations of quantitative
results from JOSM. For more detailed information on aquatic condition, ecological effects, research
in support of monitoring and recommendations, readers are referred to the individual technical
reports (study/themes).
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1. Introduction

Public and scientific concern has been raised in
Canada and internationally as to whether devel-
opment of the Alberta oil sands (Fig. 1) has the
potential to adversely affect the environmental
health of the Lower Athabasca River (LAR) wa-
tershed and its downstream receiving ecosys-
tems. Moreover, questions have been raised as
to whether environmental monitoring of this
development was sufficient to provide the nec-
essary information to inform on environmental
status and trends and the protection and pres-
ervation of the environment. Although previous
monitoring programs and research activities
have generated considerable information on the
LAR system, there had been a lack of integra-
tion among these efforts, a situation identified in
several independent science reviews and jour-
nal papers (e.g., Timoney and Lee 2009; Kelly
et al. 2009, 2010; Giesy et al. 2010; Schindler
2010), as well as expert science panel reviews
(e.g., Royal Society of Canada 2010; Federal
Oil Sands Advisory Panel 2010; Alberta Water
Monitoring Data Review Committee 2011; Al-
berta Environmental Monitoring Panel 2011).

Collectively, these reviews and assessments es-
tablished that past monitoring efforts were dif-
fuse and disparate and did not deliver data of
sufficient quantity or quality to quantify the ef-
fects of oil sands development. Specifically, the
previous monitoring efforts lacked rigour in sta-
tistical design (e.g., inadequate spatial cover-
age of sites and/or related sampling frequency),
lacked clear objectives and hypothesis-driven
analyses, and lacked ability to measure change
cumulatively over space and/or time. In addi-
tion, oil sands monitoring of air, groundwater
and surface water had not been integrated in a
source, transport and fate construct.

To address the shortcomings identified in past
monitoring efforts, in 2011, the Governments
of Canada and Alberta developed the Joint Qil
Sands Monitoring (JOSM) plan, drawing upon
input on the scope and design solicited from key
experts from federal, provincial and territorial
departments/agencies, academia, and non-gov-
ernment organizations (NGO). It is noteworthy
that, although widely criticized and in need of
redesign, past monitoring activities had yielded
data at some sites and during some time periods
that were deemed critical to the optimal func-
1

tioning of the new monitoring plan. A major goal
of the new monitoring plan was to incorporate
the sound components of existing monitoring
and improve data collection activities to facili-
tate holistic assessment of contaminant sourc-
es, their transport and ultimate fate in the envi-
ronment. Additionally, the plan aimed to provide
risk-based assessments of impacts on environ-
mental health and examinations of causal-effect
relationships. Thus, an adaptive, integrated,
multi-media monitoring and research program
was developed to better understand, predict
and report on the status and trends of water
quality and quantity, the accumulated state of
the environment, and on changes in ecosystem
structure, function and health. Ultimately, the
JOSM program aims to determine cumulative
impacts of development on the LAR ecosystem.

The overall goal of the Joint Oil Sands Monitor-
ing Plan (JOSM) (Environment Canada and Al-
berta Environment 2012) was to obtain scientif-
ically credible information that would allow the
accurate description of the baseline physical and
chemical environmental conditions as well as
ecosystem structure and function. This baseline
will allow assessment of changes in ecosystem
condition and determination of trends in space
and time, high quality assessment of environ-
mental impacts, and reporting on the State of
Environment (SOE). Such an evaluation will also
allow improved assessment of environmental
and human health risk, support and feedback
for modelling, management, and policy devel-
opment, and should provide for meaningful
stakeholder input.

1a. Joint Oil Sands Monitoring (JOSM) Plan

Following recommendations made in the Feder-
al Oil Sands Advisory Panel report (Federal Oil
Sands Advisory Panel 2010) and in response to
the above concerns, the Governments of Cana-
da and Alberta jointly developed a series of five
technical plans for integrated monitoring in the
Alberta oil sands region. These plans, includ-
ing specific JOSM monitoring questions, were
developed with solicited and unsolicited input
provided by experts from federal, provincial and
territorial departments/agencies, academia,
First Nations and Metis, and NGOs. The five
plans released in 2011 include:
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Figure 1. Location of the Lower Athabasca surface minable Oil Sands area in NE Alberta, Canada,
along with the bedrock geology expressed at the land surface, and the Lower Athabasca River and

its tributaries.



1. Lower Athabasca Water Quality Monitor-
ing Program - Phase 1. (Environment
Canada and Alberta Environment 2011a);

2. Integrated Monitoring Plan for the Oil
Sands - Expanded Geographic Extent for
water Quality and Quantity, Aquatic Bio
diversity and effects, and Acid Sensitive
Lake Component (Environment Canada
and Alberta Environment 2011b);

3. Integrated Monitoring Plan for the Oil
Sands - Air Quality Component (Environ-
ment Canada and Alberta Environment
2011c);

4. Integrated Monitoring Plan for the Oil
Sands - Terrestrial Biodiversity Compo-
nent (Environment Canada and Alberta
Environment 2011d); and

5. An Integrated Oil Sands Environment
Monitoring Plan (Environment Canada
and Alberta Environment 2011e).

In 2012, the Joint Canada-Alberta Implemen-
tation Plan for Qil Sands Monitoring (hereaf-
ter referred to as “The Implementation Plan”),
guided by the above five technical plans, was
developed and phased in over a 3-year period
(2012/13-2014/15) (Environment Canada and
Alberta Environment 2012). To facilitate this
implementation, the series of five plans were
integrated into three component areas: Water,
Atmosphere, and Terrestrial (Fig. 2). Each of
these components was guided by the specific
JOSM monitoring questions which are intercon-
nected within and among components. The ra-
tional for the JOSM questions are articulated in
the technical plans (Environment Canada and
Alberta Environment (2011a, b, ¢, d, e) and
in the thematic technical reports summarized
within this synthesis report.

1b. Water Data Synthesis Report

This data syntheses report is specific to the Wa-
ter Component and focuses on key issues as they
relate to water quality and quantity, modelling,
benthic and fish health within the LAR and re-
ceiving water bodies. Text Box 1 highlights the
over-arching questions that focus the thematic
technical reports and this synthesis report to-
wards an improved monitoring design. The aim
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of the revised water monitoring design was to
facilitate the necessary modification to enhance
our ability to characterize the state of the envi-
ronment in the oil sands area and improve our
predictive abilities for future environmental con-
dition. The expanded water program increased
site-specific, reach-specific and regional-scale
information. This allowed for a systematic and
comprehensive quantification, assessment and
modelling of contaminant sources, transport,
loadings, fate, and effect on ecosystem health.
Wherever possible, monitoring activities were
co-located to allow for integrated ecological as-
sessment.

The Water Component synthesis report inte-
grates information obtained from the seven
study themes and long-term monitoring activ-
ities during the implementation phase of JOSM
(fiscal years 2012/13-2014/15) (Text Box 2) and
focusses on the physical-chemical (water qual-
ity and quantity) and ecological condition (fish
and benthic health) with respect to ecosystem
health impacts (Fig. 3). An integrative cross-
theme approach within the Water Component
allows for local/regional assessment of potential
ecological effects on a variety of end-points, and
for assessment of the overall environment. The
report encompasses the physical and chemical
condition of the aquatic ecosystems followed
by the biological/ecological condition (Sections
2 and 3 respectively); both cover the full geo-
graphical extent of JOSM. Section 4 integrates
the primary findings of the seven themes to pro-
vide a causal assessment of ecological effects.
Possible effects based on known sources and
candidate proximal causes are expressed and
rated for their strength of evidence. With such
a large monitoring program, it is not surprising
that after the implementation phase of JOSM
there are a number of research needs identified
that could further improve the monitoring de-
sign. These needs are provided in Section 5 and
point to strategies to improve knowledge and/
or data gaps in the monitoring program. Finally,
Section 6 summarizes the substantive recom-
mendations for an ongoing, adaptive monitoring
program to improve the ability of the program
to detect and assess environmental change and
possible ecological effects.

It is important to note again that this synthesis
and the seven study-theme reports, upon which
it is based, were necessarily restricted to the
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Figure 2. Scientific and information connectivity within the Integrated
Oil Sands Monitoring Program (adapted from Environment Canada and
Alberta Environment, 2011a).

information and data delivered by March 2015.
Information and data acquired after March 2015
will be incorporated in future reports and pri-
mary publications. Finally, it is important to em-
phasize that this synthesis focused strictly on
the Water Component. Atmospheric and Terres-
trial Component syntheses reports will be forth-
coming.
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the aquatic environment under JOSM.



2. Summary of Physical and Chemical Condition of Aquatic Ecosystems

The physical (water quantity) and chemical (wa-
ter quality) condition of the aquatic ecosystems
in the Oil Sands region is driven by both natural
processes (e.g., atmospheric deposition, runoff,
erosion, groundwater flow) and human activi-
ties (e.g., contaminant inputs deposited on land,
snow-cover or water; alterations to natural wa-
ter flow). Data evaluation from five themes (At-
mospheric Deposition; Tributary Water Quality;
Mainstem and Extended Geographical Area Wa-
ter Quality; Near-surface Groundwater Quanti-
ty/Quality; and Climate, Hydrology, Sediment
Modelling) was undertaken in order to ascertain
the past, present and projected future physical/
chemical conditions of the aquatic ecosystem.
These themes are linked together in an inte-
grated framework (Fig. 4) and provide: an eval-
uation of the contemporary state of the aquatic
health relative to potential environmental ef-
fects associated with both natural processes and
human activities; a benchmark for determining
if important changes have occurred since ear-
lier assessments; and a modelling approach to
allow for projections of water quality/quantity.

2a. Atmospheric Deposition (OSM Tech. Ser.
1.2)

This theme (Kirk et al. 2018) uses snowpack
measurements and dated lake sediment cores
to assess spatial and temporal trends in atmo-
spheric contaminant deposition. Showpack mea-

Atmospheric Deposition

Tributaries
(Water quality and quantity)

Mainstem

(Water quality and quantity)

Deltic/EGA

(Water quality and quantity)

Runoff and
Groundwater

surements are utilized because they represent a
temporally integrated measure of wet and dry
atmospheric deposition from various sources
(e.g., emissions, wind-blown dust) spanning the
period between first snowfall to sampling im-
mediately prior to spring melt. In the absence
of pre-development monitoring for this region,
high resolution dated lake sediment cores were
used to assess the natural range in contaminant
deposition to this region and to obtain a his-
torical perspective of contaminant loadings. The
principal JOSM questions addressed were:

o What is the aerial deposition to the land-
scape (including lakes) in the Athabasca
River Basin from Fort McMurray to the
Athabasca delta?

o How does the aerial deposition to the
landscape affect water quality in the
tributaries and mainstem?

Results of the snowpack program demonstrate
that a variety of contaminants [polycyclic aro-
matic compounds (PACs), metals, total mercury
(THg), methyl mercury (MeHg)] and a variety of
other constituents of interest [total suspended
solids (TSS), total phosphorous (TP), particulate
organic carbon (POC), and particulate organic
nitrogen (PON)] are deposited via wet and dry
deposition to the oil sands region. These results
suggest that, at snowmelt (spring freshet), a
complex mixture of chemicals enters aquatic

—_

Modelling

Surface

Figure 4. Flowchart illustrating the logical flow of data interpretation
and discussion for physical and chemical assessment under JOSM.



ecosystems that could impact biological com-
munities of the oil sands region. A large pro-
portion of the contaminants measured in snow-
packs located in close proximity to the major
developments were particle-bound, which may
affect transport and fate in aquatic and terres-
trial ecosystems. Deposition of PACs in the oil
sands region in winter 2012-2014 was highest
near the major development area with areas of
maximum deposition covering parts of the Atha-
basca, Steepbank and Muskeg river basins (Fig.
5). Contaminant deposition decreased rapidly
with distance from the major development and
was found to be close to background levels be-
yond 50-75 km. Interpolated snowpack loadings
were used to estimate atmospheric contaminant
loads to the region within 50 km of the major
development area. Interpolated snowpack load-
ings were compared to the National Pollutant
Release Inventory (NPRI) emission estimates
and results suggest that unreported elements,
such as fugitive dusts (e.g., mining, tailings, on/
off roads, etc.), may be important contributors
to contaminant deposition in the Athabasca oil
sands region.

Analysis of dated lake sediment cores collect-
ed from lakes located 10-200 km from the ma-
jor oil sands developments showed that atmo-
spheric deposition of PACs (Fig. 6) and inorganic
contaminants, primarily Vanadium (V), have
increased since oil sands development began
in this region in the 1960s, with impacts most
pronounced in lakes <50 km from the major
development. Examination of diagnostic PAC
ratios demonstrated that recent (post-2000)
sediment horizons showed evidence of great-
er petrogenic influence than those from before
oil sands development began (pre-1960s). Ca-
nadian Council of Ministers of the Environment
(CCME) Interim Sediment Quality Guidelines
(ISQGs) were exceeded for seven PAHSs in one
lake located close to mining and upgrading op-
erations. Comparison of metals concentrations
in lake sediments to the CCME sediment quality
guidelines demonstrated that the Interim Sedi-
ment Quality Guidelines (ISQG) were exceeded
for Arsenic (As) (in two lakes), Cadmium (Cd)
(in five lakes), Mercury (Hg) (in two lakes), and
Zinc (Zn) (in three lakes) of the 28 lakes stud-
ied. CCME Probable Effects Level (PEL) guide-
lines, which are higher than ISQG guidelines,
were exceeded for As in only two sediment in-
tervals in two study lakes. Results from prin-
cipal component analysis (PCA) analyses sug-
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gest that regional bedrock (i.e., McMurray and
Waterways formations, Birch Mountains) is the
primary determinant of the broad geochemical
composition of lake sediments.

Reconstructions of within-lake primary produc-
tion (expressed as algal Chlorophyll a) were
generated using visible near-infrared spectros-
copy (VNIRS). Modern primary production rates
are greater than background values at all 23
sites analyzed, regardless of proximity to indus-
try. Significant (p<0.05) positive correlations
were found between mean annual and seasonal
air temperatures and VNIRS-Chl a z-scores in
all lake sediment cores, suggesting that climate
warming is a driver of increased aquatic primary
production in the oil sands region. An assess-
ment of Cladocera fossil remains in five study
lakes showed shifts in composition of cladoc-
eran assemblages between 1960 and 1970. In
addition, Daphniids increased as a percentage
of the cladoceran assemblage between the mid-
1900s and modern times at all sites, suggest-
ing that the sentinel zooplankton Daphnia has
not yet been negatively impacted by decades
of high atmospheric PACs and metals deposi-
tion. The findings of changes in lake primary
productivity and Cladocera fossil remains over
the past ~100 years suggest that oil sands lake
ecosystems have entered new ecological states
distinct from those of previous centuries.

Atmospheric deposition is clearly a vector of
contaminants to the land and water surfaces of
the Oil Sands region and the EGA. The degree
to which this particulate material is delivered to
the water courses is at this point still unclear and
will require additional sampling and modelling.
The delivery of atmospheric particulate matter
to the river will depend on a number of factors
which may vary from year to year, including:
rate of snow melt, rate of ground thaw [frozen
ground surface (semi-impervious) or not frozen
(pervious)], basin slope topography, vegetation
layers, distance of surface runoff to nearest con-
necting channel, to name a few. Clearly more
research and modelling are required to deter-
mine: (1) the proportion of atmospheric deposi-
tion that is incorporated into the soil matrix due
to infiltration and entrapment processes versus
the proportion that enters aquatic ecosystems;
and (2) the relative contributions of contami-
nants deposited via atmospheric deposition ver-
sus contaminants entering the rivers via natural
processes of channel/bank erosion to river con-
taminant concentrations and loads.



" B O
SPAC Concentrations (ug L") . $ 2PAC Concentrations (ug L")
®0-0.15 @ ®0-0.76 %
© 0.15-0.42 > © 0.76-2.38 %
0 0.42 - 1.60 & © 2.38-6.30 %
© 1.60 - 10.0 N Y © 6.30-23
- T X
) luiberkhi o[ " McClelland Lake ® 23-465
EASZ K1n39gd Loads (ug m”) ’,’ 4 Firebag River ZPAC Kriged Loads (ug m?)
- C30-424
1136 - 320 1 424 - 848 ¢ McClelland Lake
[31320-528 3848 - 1272
[ 528 - 921 e 9 1272 - 1696
3 921 - 1850 3 1696 - 2120 / 7
B 1850 - 2632 B 2120 - 2544 Ofeee | S
B 2632 - 3578 B 2544-2968 | [ e off |x| i
B 3578 - 4720 ° B 2968 - 3392 8 S
= 4720 - 6057 = 3302 - 3816 e "\"@' °
ety . 3816 - 4240 of &y &
Other Features Other Features o) q-" Vi A
{223 Mineable Approved Producing {223 Mineable Approved Producing Fort MacKay Ml ‘@ '
X Bitumen Upgrader X Bitumen Upgrader © o
M City/Town 15 r- City/Town ey
River -t
Fort Mackay = 5 e °
0, 4 .t °
Fort Mackay River
- e  Ee g
2012 om O McMuTaY 2013
Q
C/ea (o)
W @ o
. “Phi, Q5 101520 |Q_5 10 15 20 e .
kilometers kilometers o)

Figure 5. Deposition of 3PACs to the Athabasca Oil Sands region in winters 2012 and 2013. Interpolated
>PACs loads (ng m2) produced using ArcGIS Geostatistical Analyst software are overlain by measured con-

centrations (ug L") at each site.

B Near-field 10-50 km (n=12) @ Far-field 60-185 km (n=13)

10.0
2unPAC

8.0 H
S 4.0
E 2.0 ./’E: : :%A
Sl
O 1915 1935 1955 1975 1995 20
[
— 60
poe 2aPAC
S 50 T
LL

40 *\i T

30 AN

20 vﬁ :

10 W

1915 1935 1955 1975 1995 20

15

10.0
XDBT T
8.0

6.0

4.0

2.0
o.b—--- 44—

6.0
5.0
4.0
3.0
2.0
1.01

Retene

1915 1935 1955 1975 1995 2015

Figure 6. Decadally averaged fluxes for the sum of unsubstituted (parent) PACs (ZunPAC), alkylated PAC
(ZaPAC) and Dibenzothiophene (ZDBT) in lake sediment cores from near-field and far-field lakes. Results
show an increasing trend following industrial development principally within the near-field lakes.

8



2b. Tributary Water Quality (OSM Tech. Ser.
1.3 and 1.5)

The uncertainty in ascertaining whether oil sands
development activities pose a threat to aquat-
ic ecosystem health required an assessment of
current tributary monitoring activities and the
development of an improved more informative
water quality monitoring program. In this re-
gard, the tributary monitoring program focused
on the following five key questions identified
within JOSM:

o What is the current state of the water
quality of lower Athabasca River tributaries?

o What is the distribution of contaminants
in surface water along tributaries to the
lower Athabasca River?

o Are toxic substances, such as mercury or
PACs, increasing or decreasing and what
is their rate of change?

o Are the substances added to the rivers
by natural and man-made discharges
likely to cause deterioration of the water
quality?

o What is the relative importance of both
inputs?

The monitoring program measured approxi-
mately 150 water chemistry constituents. While
the complete data set will be evaluated, for the
purposes of the theme report (Chambers et al.
2018) and for this synthesis report, only water
quality parameters that are typically associat-
ed with oil sands development (As, Hg, Se, V
and PACs) are discussed. Where appropriate,
a mass-balance approach was used to quanti-
fy and compare water chemistry among sites
and over time, thus permitting assessment of
sources, fate, and loadings of contaminants in
the lower Athabasca tributaries. Included within
this theme is the influence of groundwater on
tributary conditions (Bickerton et al. 2018), as
groundwater clearly affects both tributary flow
and water quality. In this regard, the groundwa-
ter program focused on the following key ques-
tion identified within JOSM;

o What is the relative importance and
contribution of groundwater quality and
quantity to surface waters?

It was evident that the original number of trib-
utary water quality sampling sites and the fre-
quency of sampling were inadequate to provide
9

adequate information on (1) the frequency of ex-
ceeding water quality guidelines or (2) changes
in water quality, both temporally and spatially,
along a tributary as a result of natural process-
es and mining activity. As such, under JOSM,
the number of sites sampled and the sampling
frequency (particularly at high flows) increased
substantially. Prior to JOSM, 43 tributary sites
were monitored with, at most, monthly sample
collection whereas under JOSM, 62 sites were
monitored, 14 sites with high frequency (daily
or alternate days during snowmelt and thereaf-
ter decreasing) and 48 sites monitored month-
ly, seasonally or annually. This effort resulted
in approximately 2800 samples collected during
JOSM, each of which was analyzed for a full
suite of water quality parameters.

Of the 46 contaminants (metals, metalloids, se-
lenium) and 52 PACs analyzed by Environment
and Climate Change Canada, 24 have Guide-
lines for the Protection of Aquatic Life (Cana-
dian Council of Ministers of the Environment
- CCME). Exceedances of guidelines are not
uncommon in many river systems within and
outside of the Oil Sands region and, in gener-
al, are associated with high flow events when
suspended solids and contaminant loads are the
greatest. Only a few parameters in the oil sands
region were classified with frequent exceedanc-
es (i.e., >10% of samples for total aluminum
(Al), total copper (Cu), total iron (Fe) and TSS).
Several parameters only occasionally exceeded
guidelines: <5% of samples for total cadmium
(Cd), total chromium (Cr), total silver (Ag), to-
tal zinc (Zn), total arsenic (As) and total seleni-
um(Se). All measurements of total Hg were be-
low the CCME guideline. Only pyrene from the
PACs showed occasional exceedances for estab-
lished guidelines (Chambers et al. 2018).

Seasonal variation for the majority of param-
eters within the Athabasca tributaries can be
strong and is often highly reflective of the hy-
drological regime (i.e., highest concentrations
during snowmelt periods or rain events as seen
with total PACs and total mercury in the Steep-
bank River in 2012; Fig. 7). A slight variation
to this general pattern is seen for MeHg which
showed increasing concentrations with increas-
ing flow during spring but was greatest during
the mid-to-late summer months when MeHg
production is principally controlled by microbial
pathways.



Groundwater contributions to surface water
also showed temporal variations relative to to-
tal river flows. Although only assessed in de-
tail on a portion of the MacKay River (i.e., 125
km), groundwater contributions during low flow
conditions of autumn were estimated to be be-
tween 2 and 10%. However, during under-ice
conditions, groundwater contributions may be
as high as 35% (Bickerton et al. 2018). It is
likely that the other main tributaries of the low-
er Athabasca will provide similar results but this
would need to be assessed. During open wa-
ter periods, the relatively small contributions of

groundwater are unlikely to have a major influ-
ence on the water quality parameters; however,
more research/monitoring will be required. The
significant contributions of groundwater during
winter under ice flows will likely be important
in the maintenance of thermal regimes favour-
able to biota and in the preservation of aquatic
habitat during under ice periods. The MacKay
River study may provide a reference condition
for comparison of groundwater contributions if
assessments of progressive impacts of develop-
ment on groundwater discharge are required.
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Figure 7. Discharge and concentrations of total
PACs, total mercury and dissolved arsenic in the
Steepbank River during 2012.
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Spatial variation of parameters within tributar-
ies generally showed a pattern of increasing
concentrations and loads between samples col-
lected upstream of development versus those
collected downstream of development (near
mouth of tributary - but above back water ef-
fects). Analysis of historical data (1972-2010)
showed no discernible change in concentrations
and loads of total V, dissolved Se and dissolved
As when sampled above versus below the Mc-
Murray formation prior to development. Howev-
er, following development, concentrations and
loads were often greater downstream of devel-
opment compared to measurements from ref-
erence sites (Fig. 8). This historical analysis is
suggestive of a possible influence of Oil Sands
development on these parameter concentra-

tions and loads, with concentrations being high-
est during the land clearing phase of develop-
ment due to overburden disturbance.

2¢. Mainstem and EGA Water Quality (OSM
Tech. Ser. 1.4)

Tributaries and associated groundwater of the
LAR contribute less than 20% of the Athabasca
mainstem flow volume, and is therefore great-
ly diluted by upstream sources (based on hy-
drometric data at Fort McMurray and Embar-
rass just upstream of the Delta). Clearly, there
is a strong dilution of tributary, and particularly
groundwater, inputs by the large volume of wa-
ter delivered to the Lower Athabasca River from
upstream sources. Nonetheless, monitoring on
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Figure 8. Mean annual (2012-2014) concentrations of dis-
solved arsenic (diss As), dissolved selenium (diss Se) and total
vanadium (total V) at upstream (U) and downstream (D) sites
on three Athabasca River tributaries (Ells, Muskeg, Steepbank).
Significant differences (P<0.05) are identified (*) between up-
stream and downstream sites on the same river (Ells, Muskeg
or Steepbank) or the three rivers overall.
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the Athabasca mainstem (quality and quantity)
has been occurring since the 1970s to provide
water quality data to assess temporal and spa-
tial variations and loadings to the Athabasca
Delta.

Building upon the existing monitoring, JOSM
was designed to provide improved information
(via more frequent measurements, at more
locations, and for a greater number of water
quality parameters) for the LAR, and for the
Expanded Geographical Area (EGA) comprising
the Peace River, Slave River, and tributaries of
the Peace-Athabasca Delta. The enhanced mon-
itoring information allows the following five key
JOSM questions to be addressed:

° What is the current state of the water
quality?

° What is the distribution of contaminants
in surface water?

° Are the substances added to the rivers
by natural and man-made discharges
likely to cause deterioration of the water
quality?

In order to address the JOSM questions, the
water quality program within the LAR and the
EGA was specifically designed to: (1) accurate-
ly determine the mass, or load, of water quali-
ty constituents transported from the upstream
boundary of the LAR to Lake Athabasca and the
expanded geographical area (downstream re-
ceiving environments including the Peace-Atha-
basca Delta); and (2) allow for status and trends
assessments in water quality at key sites.

Similar to the LAR tributaries, data collection
sites and sampling times in the LAR and EGA
prior to JOSM were sparse and generally only
occurred during open water seasons. The JOSM
mainstem water quality monitoring program ex-
panded the historical program by augmenting
with additional sites and increasing sampling
frequency to span the entire calendar year.
Thus, spatial representation increased with 15
additional sites added to the existing six his-
torical sites (all with enhanced frequency and
parameter numbers); in all, 1300 water quali-
ty samples were collected from 2011-2015 and
analyzed for Appendix B parameters (Environ-
ment Canada and Alberta Environment 2011a),
the result being a nearly five-fold increase in
samples for the LAR and EGA.

As stated for the tributary water quality theme
(Chambers et al. 2018), exceedances of guide-
lines are not uncommon in many river sys-
tems with the majority occurring with high flow
events when bed erosion, suspended solids and
contaminant loads are the greatest. From the
large number of samples and analysis, the rel-
ative percentage of exceedances of guidelines
were calculated for the LAR and EGA combined,
although it was observed that the percentag-
es were similar for the LAR and the EGA. Of
the water quality parameters with guidelines,
19 showed no exceedances in any samples
throughout the LAR and EGA (alkalinity, pH,
two nitrogen nutrients, five total metals, MeHg
and nine organics). In general, the remaining
parameters had excursion rates of less than
20% with the exception of total iron, aluminum
and copper (94-98%, 75-78% and 36-46% re-
spectively). Exceedances of guidelines of major
earth elements such as iron and aluminum are
not uncommon in rivers due to seasonal and
event-based changes in discharge (e.g., spring
freshet and storm events) and should not be
viewed as an alarming issue.

Many chemical constituents show consistent sea-
sonal change in concentration that are caused
either by dilution during high flows (in the case
of dissolved constituents) or by entrainment of
particulate matter also during high flows (in the
case of particulate constituents). Thus, in the
LAR mainstem, dissolved constituents typically
exhibited a pattern inverse to the hydrograph,
with minimum concentrations occurring during
high discharge periods and maximum concen-
trations occurring in low flow, under ice. Con-
versely, constituents associated with high sus-
pended sediment loads generally had higher
concentrations during high flow spring/summer
periods. These results will be of significance to
the benthic (Culp et al. 2018) and fish health
(McMaster et al. 2018) themes and are imple-
mented within their assessments.

In addition to seasonal patterns, strong inter-an-
nual patterns in water quality were established
at the downstream site in the LAR (M9). Histor-
ically (1989-1999), TP concentrations were in-
creasing at the LAR downstream site; however,
with an improved Fort McMurray sewage treat-
ment plant, TP concentrations have levelled off
over the last 15 years (although still higher than
values measured near the start of the historic
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record). Some dissolved and total metal levels,
however, are continuing to increase which will
require the continuation of long term monitor-
ing to ascertain if this is a global pattern for
rivers of this region.

While Appendix B of the Phase 1 document (En-
vironment Canada and Alberta Environment
2011a) included many parameters, only TP,
DOC, total mercury, methyl mercury and metals
(As, Se, V and B) have, at present, been as-
sessed for spatial variation in the LAR (work is
continuing on many of the other parameters).
In the LAR mainstem, water quality constituents
typically increased from upstream to down-
stream of Fort McMurray, likely as a result of
municipal sewage discharge, and influence from
the Clearwater River, but thereafter were rela-
tively consistent until the Peace Athabasca Delta
(PAD). PACs (as measured by Semi-Permeable
Membrane Devices—SPMDs) were highest in the
sites within the oil sands minable area. As water
transited through the PAD and connected with
the EGA tributaries and the Peace River, concen-
trations generally dropped due largely to dilu-
tion by the large volume of water entering from
the Peace River but also to biological process-
ing of nutrients (specifically dissolved nutrient
forms) in the productive PAD wetland system.

While not a specific component of the core
mainstem water quality monitoring program,
there was a clear need specified within JOSM to
assess if groundwater was seeping from indus-
trial installations or reclamation areas. This was
expressed under the key JOSM question; -

o Is there groundwater seepage from
tailings ponds and/or other oil sands
industrial operations entering the surface
water system?

To address this question an intensive ground-
water sampling program was conducted along
the west side of the Athabasca River below Sun-
cor Pond 1 (reclaimed tailings pond) (Bickerton
et al. 2018). While there are indications of Qil
Sands Process Water (OSPW) entering ground-
water and reaching the near-shore bed sedi-
ments of the Athabasca River beside Pond 1,
there is no broad-scale (i.e., covering 100s of
m) risk posed to aquatic life from groundwa-
ter discharging compared to other nearby ar-
eas. The groundwater program also provided
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a “toolbox” (2-tier suite of chemical analysis)
of methods for determination of OSPW present
within groundwater which will prove useful for
future monitoring actions should thresholds for
water quality or biological health (i.e., benthic
or fish) be surpassed and thus trigger effects
monitoring.

2d. Regional Hydro-climatic and Sediment
Modelling (OSM Tech. Ser. 1.6)

The broad objective of this aspect of JOSM was
to provide critical knowledge about, and im-
proved predictive modelling capability for, water
availability and sediment/contaminant transport
in the LAR (Droppo et al. 2018). Such an un-
derstanding will be essential for guiding future
strategic sampling within other research/moni-
toring initiatives investigating the ecological ef-
fect of any deposited material and to provide
loadings to the Athabasca Delta. In this regard
the modelling activities focused on the following
four key questions identified within JOSM:

° What is the historical, current and pro-
jected-future spatial and temporal vari-
ability of water flow and sediment trans-
port into and through the lower Athabas-
ca River (LAR) and from tributaries?

o What are the water and sediment
budgets for the LAR and tributaries,
considering upstream source regions?

o What are the effects of various oil sands
development activities on the spatial
and temporal variability of water and
sediment yields from the LAR tributaries
to the Athabasca River?

o Based on improved physically-based
knowledge and modelling capability, what
have been the conditions and changes in
the environment that have created
current state of flow and sediment condi
tions on the Athabasca River system, and
what are the projected possible outcomes
of future development?

Water availability within the Lower Athabasca
River is largely dependent on the alpine snow-
melt-fed headwaters, which is strongly affect-
ed by climate variability and change. Hence,
atmospheric and full-basin hydrologic modelling
studies were initiated to evaluate how the mag-
nitude and seasonality of flow in the region was
affected by various climatic drivers. Historical



(1900-2011) hydro-climatic variability assess-
ments suggest that over the entire Athabasca
River basin, there was considerable year to year
and inter-decadal variability in water availabili-
ty (as indicated by a standardized precipitation
evapotranspiration index (SPEI)), with a sugges-
tion of increased variability since approximately
1990. With regard to future projections, sever-
al climate model runs reveal a change toward
increasing occurrence of drier, warmer condi-
tions, however, there was considerable variabili-
ty among the projections (with some scenarios
indicating wetter conditions; see Fig. 9). Even
though the exact direction (wetter/drier) and
maghnitude is uncertain, most models revealed
considerable inter-annual and inter-decadal hy-
dro-climatic variability with the periodic occur-
rence of dry and wet extremes continue into the
future.

A process-based and distributed hydrologic
model of the Athabasca watershed was setup
and applied to investigate the effect of various
projected climate change scenarios on water
availability (streamflow) at many hydrometric
stations along the Athabasca River and its tribu-
taries. Overall, climate scenario simulations in-
dicate the following results:

o a projected increase in the annual and
seasonal precipitation and air tempera-
ture for the full Athabasca River basin,
however, summer precipitation projec-
tions have both positive and negative
values;

o projected increases in mean annual flow
resulting from increases in spring and
winter flows with a higher rate of increase
for a high greenhouse gas emissions
scenario compared to that of a moderate
one. These increases in spring and
winter flows and the associated increases
in annual flows were most significant
in the upper reach (mountainous area) of
the Athabasca River. Specifically, the
scenarios predict;

a. an overall shift in the flow regime to an
earlier start of the spring freshet and an
associated decrease in summer stream
flow; and

b. application of the currently preferred
water-management rules for industrial
withdrawal from the LAR under future
climate scenarios indicate possible future

improvement in system performance
and a reduction in storage requirements
resulting from the projected increases in
winter and spring flows.

Using further hydrologic modelling coupled with
different land-cover scenarios (intensity of de-
velopment), a comparison of the relative influ-
ence of climate and land-cover changes on hy-
drologic responses was also carried out for the
Muskeg River Basin. Results indicate that the
projected spring flows exhibit different respons-
es to climate and land-cover changes; that
is, decreasing flow with respect to land-cover
changes (due to modifications of evapotrans-
piration) and increasing flow under projected
climate conditions (due to wetter and warmer
conditions). Sensitivity analysis suggests that in
the near future, land-cover change may play a
much larger role than climate change in affect-
ing the Muskeg River Basin hydrologic regime,
except that of spring runoff (this is likely to be
reflective of other developed tributaries in the
oil sands region as well).

For the LAR an integrated deterministic numer-
ical modelling framework was developed and
implemented to study the spatial and tempo-
ral variations of river hydrodynamics, water
quality and sediments/chemical transport. The
framework was based on a combination of 1-di-
mensional and 2-dimensional hydrodynamics,
sediment transport and water quality models
externally coupled with a 1-dimensional river
ice process model to account for the cold sea-
son effects.

The sediment and chemical transport simula-
tions generally showed that the concentration
of chemical constituents in the bed sediment is
the major factor in determining the state and
variation of their concentration in the water col-
umn. The floodplain, back channels, and islands
were found to be the major areas for deposition
of sediment and associated chemical constitu-
ents while high flows periods transported the
majority of sediment and chemical constituents
in the LAR (Fig. 10). Dissolved oxygen, and nu-
trient modelling suggest temporal fluctuations
especially during summer periods with substan-
tial differences in levels between the main chan-
nel and flood plains. During ice cover conditions
water levels are increased and dissolved oxy-
gen decreases, however, sediment and chemical
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Figure 9. Projected future (2041-2070) SPEI changes over the Athabasca River basin from
selected Regional Climate Models (see full report for details) during summer (Jun-Jul-Aug)
a) CRCM-CCSM; b) WRFG-CGCM3; and the water year (Oct to Sep) ¢) HRM3-HadCM3; and
d) WRFG-CGCM3. Negative changes are indicative of drier, warmer conditions and positive
changes signify wetter, cooler conditions. Black dots signify grids with significant changes at
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transport are less significant at this time of year.
Such information proved useful for interpreta-
tion of data with the fish and benthic themes
(Culp et al. 2018; McMaster et al. 2018).

Hypothetical increased chemical inflow scenari-
os from tributaries (using JOSM data for selected
metals and PACs - see Droppo et al. 2018) were
also modelled and suggest a gradual decrease
in the effect of tributary inflow contribution to
the mainstem water column concentration with
distance downstream of the confluences due to
dilution and mixing. Further, scenario-based
studies to assess the impacts of projected cli-
mate, and associated changes in the hydrolog-
ic regimes showed projected increases in the
mean monthly water level and suspended sedi-
ment concentration for most seasons.

The McMurray Formation sediments (bitumen)
were found to be poorly flocculated and of a hy-
drophobic nature (Fig. 11). Hydraulic modelling
for the Ells and Steepbank Rivers suggest that
these characteristics promote poor setting (rel-
ative to non-bitumen containing particles) and
the possibility for long range transport. Howev-
er, the process of sediment entrapment within
the cobble bed river which forms large areas of
most LAR tributary’s riverbeds was found to be
the principal form of sediment and contaminant
removal from the water column (i.e., sediment
is forced through the pores of the bed and are
trapped until flows are sufficient to mobilize the
bed). This information is of key importance to
the fish and benthic themes (Culp et al. 2018;
McMaster et al. 2018).

While under-ice flow, sediment and contaminant
transport were assessed as above, the models
were unable to account for the highly dynam-
ic processes and bed disturbances that occur
during ice breakup with subsequent changes
to sediment and contaminant dynamics. Using
a reach of rapids above Fort McMurray (within
the McMurray Formation), 2013 and 2014 com-
prehensive field data collection programs during
the ice breakup resulted in detailed documenta-
tions of the spatial and temporal variation of the
water level within the study reach of the LAR.
Assessments indicate that ice-jam releases and
the ensuing energy waves in the water generat-
ed by the rapid release of an ice-jam (referred
to as Javes) generate extreme erosive forces
and suspended sediment concentrations (Fig.

12). This period typically generates the highest
TSS loads for the year with subsequent possible
downstream effects on aquatic health. The find-
ings of this study demonstrate the important
role played by breakup processes and will serve
as calibration/validation data sets for future ad-
dition of ice breakup modelling routines that will
be a key process in hydrodynamic models for
sediment/contaminant transport projections.
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Figure 10. a) Plan view of the 2-dimentional model domain within the
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Figure 11. Two micrographs showing an Ells River bacterial cell with external fibrils
coated by bitumen (left) and a principally inorganic small particle (floc) containing
bitumen (right). Bitumen containing sediment will result in a hydrophobic property
which will influence transport within the rivers.



Figure 12. Extreme suspended sediment concentration is visually evi-
dent during the early phase of the ice run just up-river of the Fort Mc-
Murray water treatment plant, April 27, 2014. Photo was taken by time-
lapse camera installed on the left (North) river bank and looking across
and slightly downstream. The water surface is exposed in the lower left
portion of the image.
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3. Summary of Biological/Ecological Condition of Aquatic Ecosystems

JOSM investigations for benthos and fish in the
LAR tributary, mainstem, deltaic and extend-
ed geographical ecosystems were undertaken
to evaluate the efficacy of monitoring designs
to answer bioassessment questions identified
in the Phase 2 Integrated Monitoring Plan for
the QOil Sands (Environment Canada and Alberta
Environment 2011b). This bioassessment eval-
uates the contemporary state of aquatic eco-
system health in relation to potential environ-
mental effects, determines if important change
has occurred since earlier assessments, and
describes associations among the biological and
the physical-chemical environment. Required
adjustments in the proposed monitoring ap-
proach are suggested with the aim of producing
a more robust assessment of long-term aquatic
health status and trends.

The principal bioassessment questions of the
JOSM Benthos and Fish themes include:

o What is the current status of benthic
assemblages and fish populations in these
ecosystems?

o Are there existing differences in benthic
assemblages and fish populations among
reference and potentially impacted sites?

. Are there significant changes in benthic
assemblages and fish populations since
historical studies?

o Do predictive relationships exist that link
system drivers (including development
stress) to benthic assemblage and fish
responses?

o Is there evidence of cumulative effects of
development on benthic assemblages
and fish populations in the Lower Atha-
basca River and/or in its tributaries?

o What additional data are required to
assess current and future developments?
What are contaminant levels in fish?

o What are the important aquatic routes of
exposure and potential effects in organ-
isms?

3a. Lower Athabasca Tributaries
Benthic Macroinvertebrates (OS Tech. Ser. 1.7)

Previous evaluations of biomonitoring programs
undertaken in the LAR tributaries recommend
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the development of a reference model to pro-
vide the baseline against which test sites could
be evaluated (Ayles et al. 2004; Dillon et al.
2011; Main 2011). These reviews also identified
the need to develop standardized sampling pro-
tocols and to focus the sampling design on more
clearly defined habitats. Further, modification of
study designs must aim to reduce variability by
determining relevant spatial and habitat scales
for sampling. The JOSM study of LAR tributaries
considered these recommendations and, where
possible, incorporated them into the study de-
sign and sampling approaches of the Phase 2
Integrated Monitoring Plan for the Oil Sands
(Environment Canada and Alberta Environment
2011b).

Bioassessment questions related to the ecolog-
ical condition of tributary benthos were aimed
at developing new monitoring approaches (Fig.
13) and improving understanding of the poten-
tial effects of development on benthic macroin-
vertebrate assemblages of the LAR tributaries
(Culp et al. 2018). Benthic invertebrate inves-
tigations categorized tributaries as outside of
the oil sands region, inside the natural deposit
with minimal industrial footprint, and inside the
natural deposit with increasing industrial foot-
print. The sampling design included Reference
Condition Approach model development, Be-
fore-After-Control-Impact designs, and gradi-
ent designs within individual streams. Sampling
method comparison and calibration was nec-
essary to align historical sampling (e.g., Hess
sampler) with contemporary Canadian Aquat-
ic Biomonitoring Network (CABIN) protocols
(time-limited kick net). In addition, an in situ
caging approach using the invertebrate, Hyalel-
la azteca (a freshwater amphipod crustacean),
was conducted at a subset of the benthic mac-
roinvertebrate monitoring sites representative
of the three exposure categories. As Hyalella
survival and growth responds to a number of
diverse chemical mixtures (PACs, metals, pes-
ticides, pulp mill effluents, municipal wastewa-
ter effluents), the objective was to evaluate this
approach for detecting effects of environmental
exposure at locations within the natural bitu-
men deposits as well as sites with surrounding
industrial activity.

The JOSM benthic program increased tributary
sampling effort by five-fold with the addition of
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Figure 13. Examples of sampling methodology used in the tributaries of the Lower Athabasca River benthic
biomonitoring study: a) collection of kick net sampling for benthic invertebrates — here different mesh sizes
are used to aid comparison of historical and contemporary samples; b) estimation of bank height as part of
the Canadian Aquatic Biomonitoring Network (CABIN) procedures; 3c) collection of algal periphyton on hard
substrate using the “scalpel-scraping” technique; and 3d) measurement of wetted width of sampling reach.

over 85 new sites. This improvement enhanced
the ability to characterize benthic macroinverte-
brate assemblages in both reference and expo-
sure sites. Benthic assemblages in LAR tributar-
ies generally exhibited good ecological condition
with high abundance of intolerant Ephemerop-
tera (mayfly), Plecoptera (stonefly) and Trichop-
tera (caddisfly) (EPT) taxa among the sites.
There was no significant difference between ref-
erence sites that were located outside of the oil
sands region compared to those within the nat-
ural deposit. In contrast, benthic assemblages
in areas with an increased industrial footprint
were divergent from reference sites (e.g., low-
er EPT abundance), a trend that may be in-
dicative of mild environmental stress. Further
investigation is required to determine whether
there is a causal relationship between exposure
to environmental stressors and altered assem-
blage composition as definitive statements on
this linkage are not yet possible. For example,
observations of lower proportions of sensitive
EPT taxa at test sites in the Steepbank and Ells
rivers were associated with higher land distur-
bance and increases in total PAC concentration.
The short-term, single species bioassays with
caged Hyalella did not detect any differences in
survival or body size at the sites where chang-

es were shown at the benthic community level.
A comparison of sampling methods using tax-
onomic composition as the measurement vari-
able revealed that the kick sampling method led
to a greater separation among sites; thus, on-
going assessments should employ the kick net
sampling approach to increase measurement
precision and accuracy.

Fish Health (OS Tech. Ser. 1.8)

JOSM studies of fish health (McMaster et al.
2018) for tributaries of the LAR mainstem were
undertaken to develop a comprehensive and ro-
bust monitoring program based on existing Envi-
ronmental Effects Monitoring (EEM) methods for
Pulp and Paper and Metal Mining industries. The
fish program focused on fish health endpoints in
select sentinel species as differences in growth,
reproduction, condition and survival put fish at
risk. Knowing this level of risk is important for
managing aquatic ecosystems and can be de-
tected earlier than changes in fish communities.
A primary objective was to develop health base-
lines for sentinel species, primarily the slimy
sculpin (Cottus cognatus), and use this infor-
mation to determine the potential for oil sands
development to affect overall fish health. The
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fish health assessment asked whether there are
effects of development on wild fish and, when
effects were observed, the following questions
were posed: 1) Are effects similar to those for
invertebrates? 2) Are the response patterns of
fish species of the mainstem LAR similar to one
another? 3) Are contaminants in fish exhibit-
ing similar patterns? 4) Can these changes be
linked to indicators of exposure and, ultimately,
what is causing the effects in wild fish? Toxico-
logical analyses were also completed on fathead
minnows (Pimephales promelas) to examine the
potential importance of different exposure path-
ways on fish health, and to contribute baseline
data for future site-specific comparisons.

Slimy sculpin were sensitive biological indi-
cators as shown by consistent changes in fish
health between reference and exposure sites
within the oil sands deposit (Fig. 14). The re-
corded endpoint changes included increases in
liver size with corresponding induction of EROD
activity for fish collected at exposure sites.
The EROD fish biomarker indicates exposure
to planar halogenated and polycyclic aromatic
hydrocarbon compounds, such as PACs. EROD
induction in slimy sculpin was associated with
reductions in energy invested in reproductive
development as represented by lower gonadal
development. These downstream responses are
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Figure 14. Polycyclic aromatic hydrocompounds (PAHs) levels in slimy sculpin collected
from the Steepbank River during the fall of 2012-13. Sites represent the Steepbank
lower site (lower and RAMP lower — same site), Steepbank mid site (MC Mid), Steep-
bank upper site (MC Upper) and a site further upstream (RAMP Upper). Values repre-
sent the mean =+ S.E. Parent PAHs - pink; Alkylated PAHs — green; total PAHs - blue.
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indicative of exposure to inducing compounds
as EROD activity followed a very similar pattern
to PAC body burden. Moreover, assessment of
sediment toxicity suggests that sediments are
the source of the elevated PACs in the water col-
umn. Although differences among sites were ob-
served in the condition of male and female fish,
these changes were not clearly associated with
a known environmental gradient. The JOSM re-
sults will aid comparison to historical fish health
studies conducted on the Steepbank River when
a smaller portion of the watershed was affect-
ed by oil sands development (Tetreault et al.,
2003). Additional years of data collection are
required on other tributaries to the LAR before
current status of fish health in those tributaries
can be determined with sufficient levels of con-
fidence.

Controlled exposures of fathead minnows to
natural oil sands sediment from two river sites
(Steepbank River and Ells River lower sites)
demonstrated decreased embryo-larval fish
survival. Early-life exposure to PACs was as-
sociated with some non-lethal deformities and
changes to social behaviour in the fathead min-
now, but the most significant impact was poor
egg production as adults. In addition, laboratory
exposure of fathead minnow larvae to melted
snow from sites near to mines and industrial
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Figure 15. Fathead minnow (Pimephales promelas) embryo-larval survival after
exposure to melted snow or freshet (FRS) water collected from the Athabasca,
Ells, and Steepbank rivers. Exposures were to 25, 50, and 100 % melted snow
or 100 % freshet. Some points are shifted slightly to allow overlapping data
points to be seen. Different coloured symbols show various snow and freshet

sampling years from 2010-2014.

stacks decreased larval fish survival (Fig. 15).
However, exposure to freshet water from either
location did not impact survival, which suggests
that dilution may be sufficient to limit impacts to
fish. Snow far from mines and stacks contained
lower contaminant levels and exposure to this
meltwater did not affect larval fish survival in
the lab. Continuous exposure of resident fish to
sediment within the oil sands deposit appears
to be required for the increased expression of
EROD activity at these sites.

Sufficient data were obtained through the JOSM
program to assess the spatial and temporal
variability of several endpoints, and to develop
reference baselines that can be used to sepa-
rate variability caused by exposure to oil sands
compounds from variability linked to natural en-
vironmental changes. Using a minimum three
years of data (more was available from the
Steepbank River), mean values for condition,
gonado- and liver somatic indices were calcu-
lated for slimy sculpin by sex. From these data,
the upper and lower limits of the critical effect
sizes (CES) and +2 SD (standard deviation) of

the mean of endpoints were calculated. The CES
for condition was +10% of the mean, while CES
values for the gonado- and liver somatic indices
were +25% of the mean (Environment Canada,
2012). All CES thresholds were derived using
Steepbank River Upper reference sites data from
2010-2013 in order to reflect the contemporary
reference state. Although some endpoints were
outside of the pre-determined CES, this portion
of the fish program (Steepbank River) has been
shifted to the long-term monitoring plan with
the next confirmation sampling period to occur
in 2016.

3b. Lower Athabasca Mainstem
Benthic Assemblage (OSM Tech. Ser. 1.7)

The benthic mainstem sub-theme examined
the efficacy of the Phase 2 technical plan (En-
vironment Canada and Alberta Environment
2011b) and focused on developing a robust
benthic monitoring approach for the LAR main-
stem (Culp et al. 2018). Key objectives were
to establish an appropriate sampling approach
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for this large river, and to determine which hab-
itat should be sampled in the bioassessment
program. Development of such a program was
complicated due to the Athabasca River’s large
width, depth, and flow. Previous efforts to mon-
itor the mainstem included limited sampling of
the depositional habitat using Ekman grabs or
the erosional habitat using Neill/Hess or Surb-
er samplers, both of which proved insufficient
methods to assess impacts. Samples for this
program were collected in cobble and sand hab-
itats from reference areas upstream of oil sands
development, sites within the oil sands forma-
tion but above active mining, sites in the active
mining extraction area, and sites downstream
of mining activity. In addition, an in situ cag-
ing approach using a freshwater mussel (Ano-
donta grandis simpsoniana) was undertaken at
LAR mainstem sites above and below oil sands
mining activity. Besides providing insights that
could improve the design of future monitoring
approaches, the work also assessed the ecolog-
ical condition of the LAR mainstem in relation to
the physical-chemical environment.

Between September 2011 and September 2014,
Environment Canada established 21 new sam-
pling sites (11 for cobble and 10 for sand hab-
itats) along 11 reaches in standardised benthic
habitats (Fig. 16). During the three-year study,
more than 300 benthic samples were collected
and processed at sites MO to M9 and 278 taxa
belonging to more than 80 families of inverte-
brates were identified. The substantial increase
in data collection produced by the JOSM main-
stem benthic sub-theme will improve the abili-
ty to detect biological change related to human
development.

The benthic assemblages of the LAR mainstem
largely exhibited good ecological condition with
intolerant EPT taxa found in large abundances at
all sampling sites. However, the middle reaches
of the study area that are exposed to munic-
ipal sewage effluent (MSE) from Fort McMur-
ray and oil sands development show increased
relative abundance of tolerant taxa. Moreover,
far-field sites considerably downstream of the
development shifted back towards reference
communities upstream of the disturbance such
that there is a decrease in relative abundance of
tolerant taxa, similar to the reference site (Fig.
17). OS-exposed mussels were also less able to
cope with stress tests and, compared to refer-
ence sites, mussel condition was lower at sites
downstream of the MSE and oil sands develop-
ment area.
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These longitudinal patterns in ecological condi-
tion may be an indicator of mild environmental
stress between sites M3 to M7C that is related
to the combined effects of nutrient and contam-
inant stressor exposure. Although the observed
difference in middle reach benthic communities
was associated with trends in Chlorophyll a,
POC, and V, definitive statements on the link-
age of environmental drivers to this ecological
change are not yet possible. Future assess-
ments should focus on examining associations
between the longitudinal benthic pattern and
key supporting variables (e.g., nutrients, PACs,
V). Future monitoring designs need to include
sediment chemistry and SPMD deployments as
these appear to measure critical environmental
variables that are associated with patterns of
benthic assemblage.

Analyses to date indicate that benthic assem-
blages in cobble habitat provide better resolu-
tion for detecting ecological change between
MO to M9 than sampling effort in sand habitat.
Ongoing monitoring of benthic assemblages us-
ing kick net approaches in cobble reaches of the
LAR mainstem are required to detect change
associated with human activities. Relative to
contemporary macroinvertebrate assemblages,
historical assemblages were comprised of more
tolerant taxa (e.g., chironomids). Although this
potentially suggests a reduced ecological condi-
tion in the LAR mainstem at that time, this trend
is most likely an artifact of the earlier studies
locating sampling in shallower, nearshore habi-
tats comprised of substrates with large amounts
of fine sediments. These nearshore environ-
ments would be less suitable for intolerant in-
vertebrates such as the EPT. In summary, this
work has developed a robust mainstem sam-
pling program that will be reproducible, and also
provides an initial assessment of the potential
effects of human development on the benthic
assemblages of the LAR mainstem.

Fish Health (OSM Tech. Ser. 1.8)

This investigation aimed to develop a compre-
hensive, robust fish health monitoring program
for the LAR mainstem by adapting methods de-
veloped for Canada’s EEM program (McMaster
et al. 2018). Challenges to designing and im-
plementing fish health monitoring were in part
related to multiple human developments and
the remoteness of this large, northern river eco-
system. Issues such as seasonality of fish dis-



Benthic Habitat

Cobbie s(ibstrate
'] "4 .

Figure 16. Benthic habitat in the Lower Athabasca River as shown by
aerial photograph of the main channel showing representative habitat
of cobble (east bank) and sand (west bank) substrate.
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Figure 17. Path ordination diagram (nonmetric multidimensional scaling) of the averaged
benthic macroinvertebrate community composition for 11 sites collected in September
2013 along the Lower Athabasca River. Composition changes from taxa associated with
reference sites (EPT; Ephemeroptera, Plecoptera, Trichoptera) to pollution tolerant forms in
mid-reaches in the area of development. Downstream sites considerably downstream of
the development shifted back towards reference communities upstream of the disturbance.
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tribution (e.g., migratory species), low species
richness (fewer fish available for capture), high
flow events, changes in river habitat within the
study area, and limited access for electrofishing
(Fig. 18) resulting in difficulties in sampling all
stretches of the river. Previous fish health sam-
pling on the LAR mainstem was limited to EEM
studies assessing pulp and paper mill discharg-
es and by Program of Energy Research and De-
velopment (PERD) studies in the late 1990’s.
Thus, the JOSM investigations targeted the de-
velopment of baseline fish health across the wa-
tershed as recommended in the Phase 2 Plan
(Environment Canada and Alberta Environment
2011b) and Canada-Alberta Implementation
Plan (Environment Canada, 2012). The main ob-
jective was to address key questions related to
the health of fish populations including evaluat-
ing growth, reproduction and survival, the pres-
ence of abnormalities and contaminants in fish.
Critical effect sizes developed through the EEM
programs and decision thresholds for ecological
effects endpoints were adopted. This informa-
tion provides the materials needed for cumula-
tive effects assessment and for the comparison
of contemporary and historical fish health.

Sampling locations included reference sites in-
side and outside the oil sands deposit that were
upstream of development; sites were also es-
tablished downstream of development with-
in the deposit. Two sentinel fish species were
identified, namely white sucker (Catostomus
commersonii) and trout perch (Percopsis omis-
comaycus). The large-bodied white sucker is a
benthic feeder, which provide linkages to the in-
vertebrate community bioassessment, and was
sampled during the fall because it demonstrates
high site fidelity in this season. Trout perch were
also included as a sentinel species as this spe-
cies has year-long site fidelity (i.e., low mobil-
ity) and its health should thereby more closely
reflect local conditions. Fish were assessed for
age, size at age, relative gonad size, condition,
and relative liver size. Additional species were
captured during the large bodied fish health
assessments for the determination of contam-
inants in a harvested fish species; e.g., walleye
(Sander vitreus).

White suckers were sensitive indicators of
fish health in the LAR mainstem as consistent
changes were documented in fish health down-
stream and within the oil sands deposit in 2011
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to 2012. This pattern is indicative of nutrient
enrichment as white sucker were older, lon-
ger, and heavier than reference fish, but had
increased condition and increased levels of in-
ternal fat stores (Fig. 19). Similar to the trib-
utary fish collections, white sucker within the
deposit also demonstrate exposure to inducing
compounds as EROD activity was higher within
the deposit with some increases downstream of
mining development. During the third year of
baseline data collection, white sucker collected
within the deposit more closely resembled those
of upstream reference fish (Fig. 19). As condi-
tions indicated improvements in fish health (ap-
proaching reference fish), the white sucker fish
health program shifted into the long-term pro-
gram with monitoring occurring on a three year
basis with collections planned in 2016.

Although trout perch are less mobile than the
white sucker, they were not consistently respon-
sive to the various environmental conditions in
the river. Results for both males and females did
not demonstrate consistent alterations in fish
health endpoints within sites and among years,
indicating that exposure to oil sand deposits or
development was not a major factor affecting
trout perch health. Nevertheless, these data do
provide a baseline for trout perch health that
can be used to assess ecological change as de-
velopment in the oil sands area progresses.
The trout perch fish health program has also
changed to the long-term monitoring plan with
collections planned in 2018.

The fish biomarker, EROD activity, was a good
indicator of exposure to PAC related compounds.
White sucker livers of fish sampled within the
deposit had significantly increased enzyme ac-
tivity. Moreover, increased PAC levels in liver tis-
sue and induction of enzyme activity was found
downstream of development in both sexes. PAC
levels were higher in male livers compared to fe-
male, a trend also observed for walleye. These
results indicate that fish within the deposit are
exposed to inducing compounds and that down-
stream of development appears to increase ex-
posure to these compounds.

Within this theme, fish health baselines have
been developed for the LAR mainstem. This in-
formation was used to define the normal range
of endpoint values for sites by calculating a cu-
mulative mean = 2 SD. With an improved un-
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Figure 18. Environment and Climate Change Canada staff undertaking an electrofish-

ing survey to evaluate the health of reference fish populations on the Athabasca River
upstream of the oil sands deposit.
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Figure 19. Male white sucker (Catostomus commersonii) body condition from sites collected on the Athabas-

ca River (AR) in 2011-2013. Mean * SE with the critical effects size of 10 percent and 2 SD of the reference
site means indicated.
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derstanding of reference site variability, this
knowledge can be used to develop critical en-
vironmental thresholds of change, assess al-
terations in fish health and identify differences
among sites. The work advances the ability to
assess the cumulative effects of development
on fish in the LAR mainstem by developing a
consistent set of monitoring indicators, a se-
ries of adaptable monitoring thresholds for end-
points, and links the environmental drivers to
the biological responses.

3c¢. Deltaic and Extended Geographic Area
(EGA)

Benthic Macroinvertebrates (OSM Tech. Ser. 1.7)

The Deltaic and EGA work focused on determin-
ing baseline conditions for benthic invertebrate
communities in wetland habitats (i.e., Slave
River drainage; Peace, Athabasca and Birch del-
tas) (Culp et al. 2018). Previous work on these
wetlands was limited and a Regional Aquatic
Monitoring Program (RAMP) network was never
established. In contrast, benthic macroinverte-
brate monitoring sites had been established by
RAMP on several LAR connecting channels (i.e.,
Embarras, Fletcher, Goose and Big Point). Thus,
the key aim of the deltaic invertebrate work was
to establish a monitoring network and methods
to observe and detect ecological change in wet-
land habitats attributable to downstream effects
of oil sands mining, with a particular focus on
potential contaminant effects. Questions eval-
uated included those identified in the Phase
2 monitoring plan (Environment Canada and
Alberta Environment 2011b) as outlined for the
LAR mainstem and tributary invertebrate sub-
themes.

Wetland monitoring sites within the PAD repre-
sent a gradient in terms of potential exposure
to oil sands contaminants. Two distinct expo-
sure pathways were identified: (i) surface flow
and associated sediment deposition from the
Athabasca River; and (ii) atmospheric transport
and deposition of emissions either in the form
of snow, rain and/or dust particles. Wetland site
selection was aligned, where possible, with his-
torical and ongoing vegetation monitoring car-
ried out by Parks Canada to assess long term
ecological effects of oil sands contaminants.

Baseline biotic and abiotic environmental con-
ditions were determined at each wetland mon-
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itoring site within the EGA. Local site hydrolo-
gy and land surface connection to rivers were
quantified, including the geospatial character-
istics for interpretation (permanent, temporary
or non-connections). Bioassessment involved
undertaking a retrospective risk assessment
of potential contaminant effects on delta
benthic species and establishment of baseline
levels of key oil sands contaminants in surface
waters, sediments, and biota. This assessment
compared seasonal versus annual sampling
regimes, evaluated multiple years of baseline
data to investigate ‘within-" and ‘between-site’
variability in bioticcomposition, identified benthic
invertebrate indicator taxa and derived cumula-
tive effects metrics. Biological sampling focused
on wadeable habitats at wetland margins dom-
inated by emergent vegetation, including shal-
low inundated wet meadows. The standardised
sampling method was based on the CABIN
(Environment Canada, 2012) standard kick net
(400pm mesh).

Delta wetland macroinvertebrate assemblages
appear to be in a healthy state. They exhib-
it high biodiversity (93 taxa), strong seasonal
and spatial variability of richness and compo-
sition, and to date there is no evidence of cu-
mulative effects on deltaic ecosystems arising
from oil sands activities. Athabasca and Peace
delta communities have divergent community
structure associated with different biogeograph-
ic origins and nutrient status. Tissue MeHg in
dragonfly larvae shows seasonal changes in
the PAD that suggests ongoing mercury meth-
ylation throughout the summer (Fig. 20). The
deltas differ with respect to water chemistry.
For example, the Whooping Crane Nesting Area
(WCNA) has a much greater specific conductivi-
ty and lower total alkalinity than PAD sites, like-
ly a result of the karst landscape of the WCNA.
The Peace and WCNA sites demonstrate greater
total nitrogen and lower TP than the PAD. For all
parameters except TP, Peace delta sites show
greater variation than Athabasca sites. These
biotic and abiotic patterns will be confirmed
as core sites numbers are expanded (i.e., full
network established in 2016-17), thereby per-
mitting improved determination of reference
conditions, effect size criteria and associated
statistical confidence to detect effects. As oil
sands operations approach the EGA, wetland
monitoring sites will be required in the eastern
Athabasca delta as well as reference sites north



of the PAD. Engagement of local stakeholders
with the Peace-Athabasca Delta Environmental
Monitoring Program (PADEMP) will be required
during selection of monitoring sites.

This work established a robust sampling method
for wetland invertebrates based on traditional
taxonomic method, and augmentation of the
approach with a trial of DNA-based identifica-
tion provided added value by increasing taxo-

nomic resolution and the overall number of taxa
observed. Hydrological connectivity mediated
by flooding in the PAD is affected by climate
change and flow variability related to the oper-
ation of upstream hydroelectric facilities. Thus,
improved understanding of hydrological drivers
of change within the system is a key require-
ment to distinguish potential effects arising
from any future oil sands contamination.
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Figure 20. Boxplots of seasonal variation in methylmercury concentra-
tions of dragonfly and damselfly tissues from sites in the Peace, Athabas-
ca and Birch Deltas from material collected in June and August 2014.
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4. Causal Assessment of Ecological Effects

Distinguishing among the ecological impacts of
multiple stressors requires establishing causal-
ity links among effects and possible stressors.
To aid this process for the JOSM Water Program,
we adopted the ecological causality assessment
method of Norton et al. (2015), which links eco-
logical effects to candidate causes and consid-
ers the evidence supporting the importance of
these effect pathways. Complicated environ-
mental issues, such as those encompassed by
the JOSM Water Program, require careful infer-
ence developed through a weight of evidence
approach that ensures that all pertinent in-
formation is considered in order to determine
which of the candidate causes are most strongly
supported. Evidence is assessed based on its
relevance, quality and strength, and can include
a disparate mixture of information including
site-specific observations, regional observa-
tions, modelling, laboratory tests, etc. (Norton
et al. 2015). Additionally, the approach incor-
porates effect categories thereby avoiding the
disadvantages of numeric systems that attempt
to combine weights from very different types of
evidence. The causal assessment models de-
veloped for the LAR ecosystems include effect
pathway diagrams (Figs. 21 and 22) support-
ed by Tables 1 and 2 that summarize evidence
on the importance of each causal pathway. This
material illustrates how ecological effect can be
linked to the source stressor through candidate
proximate causes with the strength of the rela-
tionship weighted according to the rating sys-
tem described below.

Besides establishing important ecological ef-
fects, the JOSM Water Program also produced
considerable new information on temporal and
spatial trends in physical and chemical vari-
ables, which at present cannot be directly re-
lated to ecological effects. For example, flow
regime affects sediment deposition and stream-
bed habitat (Droppo et al. 2018), but the eco-
logical effects of such changes are unknown for
the LAR. Thus, physical-chemical changes in the
LAR ecosystems that could be related to anthro-
pogenic or natural sources (e.g., surface runoff
rates), but not to ecological effects, are not in-
cluded in Tables 1 and 2. As future monitoring
programs acquire the additional information re-
quired for causal ecological assessments, there
will be improved understanding of the interre-
lationships among the physical, chemical and
biological variables.
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An important aspect of the weight of evidence
approach is to establish a formal method of
assigning importance to causal pathways. Fol-
lowing Norton et al. (2015), evidence is weighed
by recording a +, ++ or 0 to indicate the de-
gree to which each pathway is supported as the
cause of an observed ecological effect (Figs. 21
and 22). This weight of evidence approach can
be linked to risk assessment frameworks for
future monitoring through the probability
assessment of environmental occurrence and
impact (Fig. 23) and could identify where mon-
itoring resources would best be allocated. The
assignment of + (somewhat supports, Tier 2)
is based on statistically significant field obser-
vations, ++ (strongly supports, Tier 1) indi-
cates statistically significant field observations
and strong spatial co-occurrence of stressor and
effect, while 0 (Tier 3) indicates a pathway that
has no effect (or shows ambiguous results).
Pathways for which no supportive evidence
exists are not included in Figs. 21 and 22. Such
a weight of evidence approach can help guide
future assessment as + and ++ level pathways
would be the most likely linkages where more
detailed investigation of cause through monitor-
ing and research would yield information that
could aid management and potential remedial
action.

4a. Tributary Effects

The main tributary basins of the LAR represent
a large area where atmospheric deposition and
hydrological processes (e.g., overland flow,
groundwater inputs and river routing) occur to
varying degrees as influenced by climatic con-
ditions. Clearly, the temporal variations in the
candidate proximate causes of nutrients, con-
taminants, sediments and groundwater will vary
throughout the year with rain storms, snow melt
and duration of dry antecedent conditions (Table
1 and Fig. 21). Further, the magnitude and du-
ration of bitumen exposure for fish and benthos
increase with distance downstream as the water
and sediments move into and through the nat-
ural McMurray Formation and into higher levels
of industrial development (e.g., the Steepbank
River). These tributaries will contribute to the
ecological effects observed within the mainstem
of the LAR (Table 2 and Fig. 22).



Table 1. Lower Athabasca Tributaries: Summary of causal assessment of ecological
effects. Ratings are 0 (no support or ambiguous), + (some what supported) or ++

(strongly supported).

groundwater and
sediments)

Ecological Source | Candidate Cause Supporting Evidence Rating
Effect of Effect
(from upstream to
downstream)
Fish Health Oil sands Nutrient Atmospheric deposition includes TP and PON 0
o sculpin PAC| operation | enrichment but change in surface water nutrient
in body tissue concentrations were not observed within the
e T EROD industrial footprint™,
activity Contaminant In lower reaches downstream of increased +
e | survival in exposure area of land disturbance and in the zone of
sediment (surface water, atmospheric depositionz, fathead minnow
toxicity tests groundwater and survival was reduced in snow toxicity tests’,
(embryo- sediments) sculpin showed increased liver EROD activity
larvae) and increased PAC tissue levels®, and benthos
composition shifted to more pollution tolerant
Benthic Health taxa’. Caged mussels showed decrease
e 1 tolerant condition while sediment toxicity tests indicate
taxa in lower dgcreaseg embryo-larval survival of fafchead
stream minnows". No observed groundwater input
reaches from operations”.
e change in Natural Nutrient No change in total P and organic carl:;c;n 0
community Bitumen enrichment attributable to McMurray formation ™.
composition Contaminant Magnitude and duration of exposure for fish +
e | mussel exposure and benthos to bitumen-derived contaminants
condition (surface water, within water and sediment increases with

distance downstream ", In the upper
watershed sculpin liver EROD and PAC tissue
Ievelss, as well as benthic composition7, were
similar at reference sites outside and inside
exposed McMurray Formation geology. In
contrast, in lower stream reaches well within
the exposed bitumen deposit sculpin show
increased liver EROD activity and increased
PAC tissue Ievelsg, and benthos composition
changed to more pollution tolerant taxa’.
Furthermore, caged mussels showed decrease
condition while sediment toxicity tests show
decreased embryo-larvals. Toxicity tests with
Ells River groundwater showed reduced
fathead minnow survival®.

Sediment input
(habitat change)

Spatial co-occurrence in downstream reaches +
of more pollution-tolerant benthic taxa with
increased deposited sediments (as indicated
by numerical sediment modelling)6'7.

Superscript numbers represent the technical report as listed in Text Box 2 of this synthesis report.

The effects observed in the downstream portions
of tributaries of the LAR include, increased body
tissue PAC for sculpin fish, higher EROD activi-
ty in fish, decreasing survival of embryo-larvae
within sediment toxicity tests, an increased rel-
ative abundance of tolerant invertebrate taxa,
changes to benthic community composition and
a decrease in mussel condition. A summary of
the likely candidate causes and evidence sup-

porting causal pathways suggests that these
ecological trends were possibly associated with
contaminant exposure in surface water, ground-
water and sediments. The source of this expo-
sure is, however, confounded by the presence
of, and inability to differentiate between, oil
sands operation activity (principally atmospher-
ic deposition) and natural bitumen inputs (e.g.
erosion) within the tributaries (Fig. 21). Both
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Table 2. Lower Athabasca Mainstem: Summary of causal assessment of ecological
effects. Ratings are 0 (no support or ambiguous), + (some what supported) or ++

(strongly supported).
Ecological Source Candidate Supporting Evidence Rating
Effect of Effect Cause
(from upstream to
downstream)
Fish Health Municipal Nutrient Spatial co-occurrence between substantive ++
e 1 white effluent enrichment nutrient increase below municipal effluent
sucker size discharge discharge and change in benthic composition 7 as
e 1 EROD well as increase in fish size, age, condition and fat
activity stores®. Observed transition towards reference
condition downstream at M9 .
Benthic Health Contaminant Increase in benthic tolerant taxa, decrease in +
e 1 tolerant exposure mussel condition and higher EROD activity in fish
taxa downstream of municipal effluent discharge 78,
e composition Oil sands Nutrient Atmospheric deposition includes TP and PON but 0
change operation enrichment change in surface water nutrient concentrations
e | mussel were not observed within the industrial
condition footprint2’4.
Contaminant In river reaches downstream of mining activity +
exposure and in the zone of higher atmospheric deposition,
(surface water, | fish show increased liver EROD activity and
groundwater increased PAC levels in liver®. Intolerant
and sediments) | invertebrates declined and higher stress levels
were observed in mussels caged in these areas 4
Lab toxicity tests indicate reduced fathead
minnow survival in groundwater seepageB.
Natural Nutrient No change in total P and organic carbon 0
Bitumen enrichment attributable to McMurray formation™.
Contaminant Decrease in benthic intolerant taxa and caged +
exposure mussel condition, increased PAC levels in fish
(surface water, | liver and muscle, and increased liver EROD
groundwater activity in areas of exposed bitumen deposit.
and sediments) | Toxicity tests with groundwater seepage show
reduced fathead minnow survival.
Sediment input | No observed ecological effects associated with 0
(habitat sediment habitat change although numerical
change) model output indicates deposition occurs in areas
relevant to benthic and fish health.

Superscript numbers represent the technical report as listed in Text Box 2 of this synthesis report.

industrial operations and natural exposures to
bitumen were therefore characterized as “some-
what supported” (+, Tier 2) as important causal
pathways of effect (Table 1). In lower stream
reaches, well within the exposed bitumen de-
posit and the zone of atmospheric deposition,
sculpin showed increased liver EROD activity
and increased PAC tissue levels, while benthos
composition changed to more pollution toler-
ant taxa. Evidence of benthic habitat change
in downstream reaches is also “somewhat sup-
ported” (+, Tier 2) by the co-occurrence of more
pollution-tolerant benthic taxa with increasing
deposition of sediment within the bed matrix
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(during low flows and as supported by numerical
modelling - Droppo et al. 2018). Atmospheric
nutrient inputs were not associated with change
in surface water nutrient concentration or eco-
logical effects. Differentiation of cause will only
be possible once a discriminative test(s) is de-
veloped through further research and monitor-
ing as to the source of contaminants.

4b. Lower Athabasca Mainstem Effects
Ecological effects observed in the LAR main-

stem below Fort McMurray included larger white
sucker size, higher EROD activity in fish, higher



LAR Tributary: Causal Assessment of Ecological Effects

Natural Influences

Anthropogenic Influences

SOURCES NATURAL
OIL SANDS BITUMEN
INDUSTRY
- channel erosion
- atmospheric dep - overland erosion
- property (e.g. roads) - dissolved substances
0 N 0 - infiltration/interflow
CANDIDATE 0 N N
PROXIMATE
CAUSES
NUTRIENTS CONTAMINANTS SEDIMENTS
ALSERIL {{PACs| ilmetals i ifsuspended | {Ideposited

v

ECOLOGICAL
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- } intolerant taxa in

lower stream reaches

- change in community
composition

FISH HEALTH
- 1 sculpin PAC in liver
- } EROD activity

- | sediment toxicity test
survival (embryo-larvae)

Figure 21. Lower Athabasca Tributaries: causal assessment of observed ecological effects showing
linkages between sources of effects (industry and natural bitumen), candidate proximate causes
(nutrient enrichment, contaminant exposure via surface water and sediments, habitat change from
suspended and deposited sediment) and groundwater input (including contaminants).

benthic invertebrate abundance, an increased
importance of tolerant invertebrate taxa and
decreased mussel condition. A summary of the
likely candidate causes and evidence supporting
causal pathways suggests that these ecological
trends were associated with nutrient enrichment
and contaminant exposure (Fig. 22). Treat-
ed municipal sewage effluent (MSE) from Fort
McMurray is “strongly supported” (++, Tier 1)
as the cause of the increased biotic production
in the LAR. This conclusion is reinforced by the
spatial co-occurrence between the substantive
nutrient increase below the MSE discharge and
recorded changes in fish and benthos (Table 2).
In contrast, isolating the source of contaminant
exposure in the LAR was much more difficult as
the MSE, industrial operations and natural ex-
posure to bitumen were all “somewhat support-
ed” (+, Tier 2) as important causal pathways of

effect. For example, changes in biota, such as
the increase in benthic tolerant taxa, a decrease
in mussel condition and higher EROD activity in
fish, were initially observed at M3 downstream
of the MSE discharge. However, such ecologi-
cal effects were also recorded in river reaches
receiving higher atmospheric deposition of in-
dustrially derived toxic compounds where biota
are simultaneously exposed to toxic compounds
originating from erosion of natural bitumen. Be-
cause exposure to nutrients and contaminants
is spatially confounded in the LAR, future mon-
itoring effort should focus on investigating the
cause of the ecological effects through field
studies and experiments specifically designed
to separate the ecological effect of nutrients
and contaminants. However, the identification
of effects caused by contaminants derived from
natural bitumen or industrial activity will remain
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LAR Mainstem: Causal Assessment of Ecological Effects

Anthropogenic Influences

Natural Influences

SOURCES MUNICIPAL OIL SANDS NATURAL
DISCHARGE INDUSTRY BITUMEN
- municipal effluent - atmospheric dep - channel erosion
- urban runoff - property (e.g. roads) - overland erosion
- camps effluent - dissolved substances
+ + o + 0 - infiltration/interflow
CANDIDATE 0_x 7
PROXIMATE
CAUSES
NUTRIENTS CONTAMINANTS SEDIMENTS
tPi LING { {PACs | i Imetals | fsuspended | | {deposited:
Mediated by Flow Regime
(duration and energy of hydrologic interactions)
ECOLOGICAL - -
FISH HEALTH
EFFECTS BENTHIC HEALTH S

- T white sucker size
- } EROD activity

- | intolerant taxa
- composition change
-1 mussel condition

Figure 22. Lower Athabasca Mainstem: causal assessment of observed ecological effects showing
linkages between sources of effects (industry and natural bitumen), candidate proximate causes
(nutrient enrichment, contaminant exposure via surface water and sediments, habitat change from
suspended and deposited sediment) and groundwater inputs (including contaminants).

limited until these natural and industrial-derived
contaminants can be discriminated.

4c. Deltaic Wetland Effects

Overall, wetland benthic macroinvertebrate as-
semblages in the PAD appear to be in a healthy
state, exhibiting high biodiversity. Assessments
indicated that nutrients, contaminants and sed-
iments showed no adverse effects on benthic
macro-invertebrates in the wetland deltas from
the major potential sources of inputs (atmo-
spheric, fluvial). Although no guideline exceed-
ances of nutrients and contaminants of inter-
est were observed in the downstream receiving
wetland environment thus far, it is notable that
the analysis of data collected under this moni-
toring activity is still ongoing. Although the PAD
currently shows no adverse effects the reader is
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referred to recommendations on research and
monitoring needs to provide ongoing long-term
assessment and detection of stressors that could
lead to degradation of the ecological condition.
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Figure 23. The weight of evidence approach for assigning importance
to casual pathways can be linked to risk assessment frameworks by de-
termining the probability (likelihood) of occurrence and impact, allowing
for identification of where monitoring resources would be best allocated.
The casual pathway assignment of ++ (strongly supports, Tier 1) indi-
cates statistically significant field observations and strong spatial co-oc-
currence of stressor and effect, + (somewhat supports, Tier 2) is based
on statistically significant field observations, while O (Tier 3) indicates a
pathway that has no effect (or shows ambiguous results).

34



5. Research Needs to Support Monitoring

Following the three years of JOSM, a number of
knowledge and/or data gaps as well as research
needs were identified that could potentially im-
prove the monitoring design. As JOSM was de-
signed to be an adaptive monitoring program, it
has a built-in flexibility that allows the program
to evolve as new research validates a need for
change. Such modification may be reflected in a
change in sample sites (inclusion of new sites or
the suspension of existing sites until a threshold
or trigger is identified), frequency of sampling,
or a change to the parameter list (new or sus-
pended parameter). Research may also drive al-
teration of the monitoring program in terms of
1) methodology (field and/or analytical), 2) in-
strumentation (field and/or analytical), 3) eco-
logical health assessment, 4) biogeochemical
understanding, 5) numerical model advance-
ment and projection, and/or 6) identification of
new issues of interest.

Below are substantive suggestions for future
research in the support of monitoring from the
seven theme areas of the Water Component.
These are divided into the physical-chemical
condition and the ecological condition.

5a. Physical-Chemical Condition
Atmospheric Deposition

While significant information has been gener-
ated for the development of an atmospheric
deposition monitoring program, limitations or
knowledge gaps in the science became evident.
Snow samples were consistently collected in ac-
cessible open areas, but clearly there is signifi-
cant forest cover within the landscape of the Qil
Sands region. As such it has been recommend-
ed that both open and under-canopy samples
be collected to better understand the role of the
forest in controlling contaminant deposition to
the landscape. Further, there is a need to de-
velop, in conjunction with the atmospheric, hy-
draulic and water quality themes, a numerical
model and/or sampling program to assess the
proportion of particulate material delivered to
the surface by atmospheric deposition that ac-
tually enters the aquatic environment.

While loadings of atmospheric particulate depo-
sition are temporally and spatially quantified,
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the actual proportional contributions from dif-
ferent sources remain unknown. It is suggest-
ed that a source material library from industries
(e.g., emissions, road dust, truck emissions,
petcoke) be collected and analyzed for various
contaminants and markers to determine the rel-
ative importance of various sources to deposi-
tional loads to snowpacks and lake sediments.

Methyl mercury (MeHg) is an ecologically rele-
vant parameter that can bioaccumulate within
the food-chain, however, the biochemical pro-
cesses that control its production/concentration
is poorly understood, particularly as it relates to
snowpacks. Thus, there is a need to explore the
processes controlling MeHg in snowpacks (i.e.,
Is MeHg emitted from industrial processes or
produced in situ?).

Water Quality

Given that there are many parameters (e.g.,
metals, PACs, nutrients) quantified within the
water quality monitoring network, not all have
been analyzed (historically and contemporarily)
in order to establish regional reference concen-
trations. Clearly, this is work that will benefit
the monitoring program and may result in cost
savings if some parameters are not needed and
removed. In addition, there are some parame-
ters where CCME-type guidelines do not exist
and may need to be developed, or where guide-
lines developed for other regions are not appro-
priate for use in the oil sands regions due to the
presence of naturally occurring highly petrogen-
ic bitumen deposits at or near the land surface.
Furthermore, there is a need to continue the on-
going data analysis to establish regional fluxes
of contaminants in tributaries to the Athabasca
River in relation to mine development.

The atmospheric and hydrometric themes re-
quire additional quantitative comparisons be-
tween snowpack and runoff water loads as this
will help to determine the extent to which con-
taminants in the snowpack are transported to
proximate rivers and streams. This effort would
tie into any modelling work suggested above
for the atmospheric deposition theme. Further
geospatial interpretation (GIS mapping/interpo-
lation) of JOSM data would be helpful in spatial
gradations and contaminant hot spot identifica-



tion delineated by different land surface types
(e.g., wetlands, forested vs. open landscapes,
surficial geology, etc.).

As with atmospheric snow deposition (Section
2a) and benthic wetland environments (Section
3c), there is a need to understand inorganic
mercury speciation, bioaccumulation, pathways
and transformation mechanisms to MeHg. The
link of MeHg production to the microbial com-
munity is not well understood and will likely
vary between environments (e.g., wetlands vs.
tributaries). Such spatial distribution could be
tracked via an assessment of Hg stable isotopes
concentrations and speciation. A multi-theme
focused study on this important contaminant
dynamic is suggested.

While tailings pond seepage has been shown to
occur, but with no appreciable impact (Bickerton
et al. 2018), there is still a need to assess local
chronic ecological effects that may exist with ex-
posure to prolonged seepage. This includes the
need to continue existing research on refining
current OSPW detection methodology to identify
anthropogenic and natural chemical classes not
present in natural background or OSPW. These
methods have been applied to a limited num-
ber of tailings ponds and, given their known dif-
ferent biogeochemical makeups, other tailings
ponds need to be assessed for OSPW reference
composition of organic contaminants.

Water Quantity

While not a research need per se, the Water
Survey of Canada (WSC) is responsible for the
hydrometric data that supports the JOSM mon-
itoring program. WSC is gradually taking over
many of the former RAMP hydromet stations and
making sure they meet WSC and international
standards for data production. This is an ongo-
ing process with the flow data being a key input
variable for contaminant loading estimates and
for the modelling of water quality and quantity,
and sediment and contaminant transport.

Groundwater is known to contribute to riv-
er flow; however, in general its contribution is
limited relative to surface water flows during
open water within the LAR and its tributaries.
In contrast, it may be more important during
under-ice conditions where it likely sustains
aquatic habitat (where the ice does not freeze

to the bottom). The groundwater quantity work
was limited to the MacKay River and the re-
search (quantity, quality and habitat implica-
tions) should be expanded to other tributaries
of the LAR. In this regard there is a need to de-
termine the indirect groundwater contributions
via lower-order tributaries and the implications
this may have with land use change and ecolog-
ical monitoring needs. This continued work will
further allow for a refinement of methods for
groundwater assessment.

Modelling (Water Quantity and Quality)

Water quantity and quality modelling is an ongo-
ing, iterative process. The numerical models for
the simulation of flow and the transport of sed-
iments and contaminants transport in the LAR
must be updated as new and up-to-date infor-
mation and data become available. Model pro-
jections will gain accuracy as more data is used
to provide temporal and spatial trend analysis.
The models must also be updated with high res-
olution bathymetry and more spatially resolved
bed sediment data (physical and chemical) as
it becomes available. Further, the models have
only been assessed for a small number of metals
and PACs (long computational times required),
and as such there are many more variables that
need to be modelled for the LAR.

Projections to inform needed monitoring net-
work design changes (location of sampling and
frequency), and subsequent resource alloca-
tion, would benefit from applying the model-
ling framework under different scenarios (such
as future climate and loading scenarios). This
would also allow for the investigation of the fu-
ture state of sediment and contaminant trans-
port in the river and provide support in the sed-
iment/chemical constituents monitoring effort.

As stated above, modelling the infiltration
and overland transport of atmospherically de-
rived contaminants from the terrestrial surface
(during snow melt and/or rain events) to receiv-
ing water bodies is a key area of research that
is required to link the Atmospheric and Water
Components (an area currently lacking). While
useful to measure contaminant loadings to the
surface, it is of little use to aquatic health as-
sessment if we do not know the actual load of
atmospheric contamination to the aquatic envi-
ronment. Included in this, is the need for phys-
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ically-based modelling; process-driven research
to provide algorithms to assess the movement
of sediment and associated contaminants be-
tween and within terrestrial and aquatic envi-
ronments.

A new and emerging area of research that will
be of benefit to the monitoring program is the
linking of hydrodynamic and transport models
with biological and physical habitat simulation
models. This will provide more assessment in-
formation that will inform on the cause/effect
status of impairments on ecological health as
discussed above in Section 3.

5b. Ecological Condition
Benthos

Research needs of the benthic monitoring pro-
grams in tributaries, Athabasca mainstem and
the PAD include several common requirements
related to contaminant source toxicity as well
as specific needs for the individual programs.
All benthic monitoring programs require the de-
velopment of species sensitivity distributions for
oil sands priority substances (identified in Ap-
pendix B; Environment Canada and Alberta En-
vironment, 2011a), so that the hazardous con-
centration for 5% of the species (HC5) can be
determined. Obtaining HC5 information through
laboratory studies and data mining would aid
the development of additional guideline infor-
mation for the oil sands priority substances
and provide a better understanding of potential
sub-lethal toxicity effects of key contaminants
to invertebrates. Additionally, all three monitor-
ing programs should continue to explore, where
possible, the application of EEM thresholds
(e.g., critical effects size of 2 SD) to determine
the possible effects of oil sands development.
Specific needs for the mainstem benthic pro-
gram include a focused study in the oil sands
development region to investigate the observed
changes of the benthic community that is as-
sociated with co-occurring nutrient enrichment
and contaminant exposure (potential diagnos-
tic approaches include field sampling, as well
as field and mesocosm experiments). Tribu-
tary research needs include the development
of techniques to transform historical benthic
data collected with smaller kick-net mesh size
(250 um) so that this information can be com-
pared with contemporary benthic composition
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obtained from sample nets with larger mesh
(400 um) currently being used (as per CABIN
protocols). The Delta research needs to include
the testing of wetland biomonitoring metrics
developed under JOSM to confirm they respond
to contaminant exposure. Consistent with the
research requirements of the water quality and
atmospheric snow deposition themes, there is a
need to explore how MeHg transforms and bio-
magnifies. Finally, a thorough investigation of
the relative toxicity of surface water, groundwa-
ter and sediments to invertebrates is required
to determine which environmental components
may be the cause of any observed changes in
benthic community.

Fish

Research needs for fish monitoring in the trib-
utaries, Athabasca mainstem and Delta include
both common and specific requirements. All
programs need additional guideline develop-
ment for the oil sands priority substances and
improved understanding of sub-lethal toxicity
effects of key contaminants to fish and the com-
parative sensitivity of fish species. Comparisons
of fish community and fish health investigations
should be undertaken to compare and contrast
the ability of these levels of ecological resolu-
tion to associate environmental change with bi-
ological endpoint variability. Such assessments
should also focus on determining the statisti-
cal power required to detect biological effects
(e.g., changes in different fish species) in order
to establish environmental thresholds of good
ecological condition. Further investigation of
the effects of early-life exposure of fish to sed-
iments is required along with the assessment
of young-of-the-year abundance and body size
at downstream reaches of the Steepbank and
Ells rivers were sediment toxicity is highest.
Mainstem studies need to determine the sam-
pling frequency required to detect change in
large-bodied fish and whether small-bodied fish
results can be used to trigger large-bodied fish
sampling. Moreover, a focused study should be
initiated to attempt to determine the cause of
lower Steepbank River fish having smaller go-
nads and larger livers. Finally, a program to as-
sess delta fish community and fish health needs
to be established.



6. Monitoring Recommendations

The following recommendations provide sug-
gestions and options for improving the ability of
the JOSM monitoring program to detect degra-
dation in ecosystem quality and health as a re-
sult of anthropogenic activities. A basic assump-
tion of all monitoring approaches is that they
will be adapted through time to reduce mea-
surement variability and link ecological change
to the environmental cause as a more complete
understanding of causal pathways. These rec-
ommendations are not meant to be prescriptive
but rather represent options to improve moni-
toring based on interpretations of quantitative
results from JOSM.

6a. Tributaries
Physical-Chemical Condition

Snow pack atmospheric deposition to terrestrial
and aquatic systems, groundwater contributions
and water quality monitoring will be adjusted
over time to improve the ability of the moni-
toring program to detect and assess changes in
the aquatic environment. Improvements to the
quantification of atmospheric deposition may be
realized by having an annual snowpack sam-
pling at a subset of the original sites located at
varying distances from the major developments
and in the Peace Athabasca Delta to track short-
term temporal trends in contaminant deposition
and changes in background conditions. The larg-
er scale survey (n=~140 sites) at sites located
across a grid-work patterns on the landscape
should be carried out every ~2-3 years to allow
for the determination of net spring-time con-
taminant loadings to the lower Athabasca River
and its tributaries, and to examine changes in
spatial depositional patterns as Oil Sands devel-
opments evolve (Kirk et al. 2018). Snowmelt is
a key time of contaminant loading to tributaries
and it is recommended that the water quality
sampling frequency be increased to reflect this
reality (daily sampling followed by a tapered off
transition to a monthly sampling process). Fur-
ther, monitoring of water quality and discharge,
including both upstream and downstream of
industry and the McMurray formation, should
be maintained at theme co-located sites and
on major tributaries (MacKay, Ells, Steepbank,
Firebag, Muskeg). In addition, it is clear that
analytical laboratories must analyze parameters
with the same standard operating procedures

(SOPs) (Chambers et al. 2018; Glozier et al.
2018). At the time of this report there were still
some issues (principally for metals) that needed
to be resolved to ensure consistent data report-
ing for comparative purposes.

As part of future shallow groundwater and sur-
face water interaction investigations, detailed
assessments on the particular groundwater
conditions and interactions found in the major
tributaries stated above should be integrat-
ed with surface water and ecological monitor-
ing activities so that the effects (water quality,
benthic and fish health) of groundwater can be
separated from other influences. As the focus
of groundwater work under JOSM was on the
MacKay River, if development proceeds near the
discharge areas identified in the Bickerton et
al. 2018, it is recommended that groundwater
monitoring be developed and established to ap-
propriately monitor the groundwater discharge
areas to ensure that in-stream flow needs and
water quality are not adversely affected by
changes in groundwater conditions.

To complement water quality and quantity as-
sessments for both the tributaries and for the
LAR itself (Section 6b below), it is recommend-
ed that hydro-climatic, hydraulic and sediment/
contaminant transport models developed under
JOSM be continuously updated as new data be-
comes available. This iterative process will in-
crease the accuracy of model projections both
for the current condition, and under future
land-use and climate change scenarios. Further,
modelling will inform on future instream flow
needs (IFN), inform on potential adjustments to
sampling sites and frequency for multiple mon-
itoring themes given projected climatic and ex-
treme event influences, and contribute to deci-
sion frameworks that may inform future triggers
and thresholds (Droppo et al. 2018).

Ecological Condition

The benthos and fish monitoring programs for
the tributaries will be adapted over time to im-
prove the ability of the program to detect and
assess environmental change. Improvement for
benthic monitoring will include increasing the
number of reference sites to better define the
normal range of biological variability, to facili-
tate power analysis and the definition of critical
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effect size, and to allow for the application of
Before-After-Con—trol-Impact study designs to
assess future developments. The fish health as-
sessment program will apply the EEM approach
and move to cyclical, long-term monitoring such
that sampling will occur once per three-year pe-
riod with additional monitoring undertaken if
warranted from tiered assessment approaches
and effect thresholds developed from the base-
line data. Such data can be used to trigger ad-
ditional sampling requirements or to initiate de-
tailed investigation of cause studies as required.
While it is recommended that in situ toxicity
testing be discontinued, the sensitive fathead
minnow embryo-larval laboratory tests devel-
oped and used in JOSM to assess water samples
and sediments from oil sands areas can serve as
a potential tool in focused studies. For example,
lab exposures of fish could be used to inves-
tigate specific effects of contaminant sources
observed in the field, to assess samples from
areas of rivers where wild fish health or benthic
communities are affected, and for the testing of
end-pit lake waters prior to their potential regu-
lated release back to local rivers.

6b. Lower Athabasca Mainstem
Physical-Chemical Condition

Water Quality monitoring and modelling with-
in the Athabasca River is complicated as it is a
highly mobile bed river with the thalweg shifting
laterally over time. Cross-sectional variation as-
sessment (Glozier et al. 2018) showed that rep-
resentative water quality sampling is achieved
with a thalweg sample (depth-integrated);
hence, single vertical sampling at the thalweg
is the recommended method for water sampling
(with the exception of M3 where the left and
right bank panels are also required in order to
differentiate the upstream influence of the Fort
McMurray municipal waste water treatment
plant and Clearwater River confluence). Given
the mobile nature of the bed, it is required that
prior to each sampling period the location of the
thalweg be determined. Itis recommended that
samples be collected every two weeks from all
mainstem sites between mid-April and mid-Au-
gust with monthly sampling occurring outside of
this period. If environmental conditions permit,
additional samples should be collected during
ice-on and ice-off conditions.
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Installation of water quality data sondes are rec-
ommended at key locations (above and below
major tributary inflows, water intakes and out-
falls, etc.) within the LAR to provide continuous
high frequency information on standard WQ pa-
rameters (e.g., dissolved oxygen, pH, tempera-
ture, conductivity and turbidity). This informa-
tion is an important complement to the existing
monthly sampling and can capture event-based
responses. It is also recommended that other
remote autonomous water quality monitoring
systems such as automated river platforms and
instrumented lake buoys systems be considered
at key locations. In addition passive time-inte-
grated SPMDs are also recommended to allow
for the determination of chronic effects of low
level dissolved PAC exposure. Particulate bound
PACs and other contaminants should also be
sampled with time-integrated continuous flow
centrifugation.

Ecological Condition

Monitoring of benthos and fish in the mainstem
requires additional monitoring adjustments to
further improve the programs. For benthic moni-
toring, future sampling must continue to include
the critical environmental variables associated
with SPMD deployment and sediment chemis-
try sampling, and reference sites must be added
between MO and M2 to improve characterization
of the least disturbed environmental condition.
Diagnosis of the relative importance of nutri-
ents and contaminants as factors responsible
for observed changes in invertebrate would be
improved by the inclusion of in situ mussel cag-
ing studies and other novel sampling approach-
es (e.g., reciprocal transfer experiments) and
analytical techniques (e.g., nuclear magnetic
resonance spectroscopy, NMR). Similar to the
monitoring approach for the tributaries, the fish
monitoring program is now based on the EEM
approach with sampling once every three years.
Focused studies to determine the cause of ob-
served ecological effects in fish will be aided by
fish toxicity testing.

6c. Deltaic Wetlands
Ecological Condition
Future monitoring programs in the deltaic wet-

lands need to establish a robust program for
fish that, where possible, is integrated with



existing benthic sampling. In addition, the
benthic program requires increased spatial
coverage of delta wetland sampling sites with
an aim to include areas of the Athabasca Delta
outside Wood Buffalo National Park. DNA-based
biomonitoring and analysis of sediment sam-
ples should also be implemented as operational
mainstream techniques and include analysis of
sediment samples. The continued development
of benthic metrics suitable application to wet-
lands habitats metrics is needed to improve
the ability to relate ecological change to con-
taminant exposures, and to distinguish such
change from natural and human-driven shifts in
hydrological regime, will hinge on the continued
development of benthic metrics suitable appli-
cation to wetlands habitats.
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7. Summary

The Oil Sands Water Component’s monitor-
ing design is structured from an integration of
the seven different study/themes which assess
the physical/chemical and biological/ecologi-
cal condition of the Lower Athabasca River, its
tributaries and the extended geographical area
(including the Peace Athabasca Delta). The sev-
en interconnected themes reflect a functional
framework for the evaluation and monitoring of
the contemporary state of aquatic health rela-
tive to potential environmental effects. Atmo-
spheric Deposition (Kirk et al. 2018) provides
insight into, and a sampling strategy for, the as-
sessment of particulate deposition to the land-
scape via snow sampling and paleo-coring of
lakes relative to the industrial areas of the Oil
Sands. This contemporary and historical assess-
ment of loadings to the terrestrial and aquatic
environment has wide relevance to the water,
wildlife, biodiversity and additional atmospher-
ic focused monitoring. The atmospheric depo-
sition work is particularly relevant to the Wa-
ter Quality Monitoring Program (Chambers et
al. 2018; Glozier et al. 2018), as surface water
washoff (i.e., storm and snow melt) will influ-
ence the water quality and aquatic health of
the tributaries, the lower Athabasca River (LAR)
and the EGA - (including the Peace Athabasca
Delta and beyond). This was particularly true
during the freshet (snowmelt) periods when the
majority of contaminant loads are transported
within the rivers and delivered to downstream
ecologically relevant environments. As such, an
increased frequency of sampling was recom-
mended for this period at key river sites in the
LAR and EGA. Further the delivery and deposi-
tion of sediments and associated contaminants
to lakes and rivers of the oil sands region will
have concomitant effects on the fish (McMas-
ter et al. 2018) and benthic (Culp et al. 2018)
community health (i.e., exposure concentra-
tions). For water quantity, groundwater flows
(Bickerton et al. 2018) were found to have their
most significant effect during the ice-covered
winter months where they are important for
maintaining ecological habitat. Numerical mod-
elling (Droppo et al. 2018) has provided insight
into the implication of extreme events and cli-
mate change (warming, more precipitation, less
snow accumulation, earlier peak flows), with
respect to flows and sediment/contaminant
transport. Key areas of deposition are identified
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for the LAR and the modelling information can
provide insight into frequency and locational
change sampling (chemical and biological) as
dictated by a change in flow/loads. All current
JOSM data can be found on the Information
Portal: Canada-Alberta Oil Sands Environmental
Monitoring.

(https://www.canada.ca/en/environment-
climate-change/services/oil-sands-monitoring.
html).

Causal assessment of ecological effects was
undertaken by linking effects in tributary, main-
stem and deltaic ecosystems to candidate caus-
es, with consideration of the evidence support-
ing the importance of particular effect pathways.
The observed biological effects for LAR tribu-
taries included increased PAC in fish tissue and
more tolerant invertebrate taxa and appear to
be associated with contaminant exposure. The
source of this exposure is, however, confound-
ed by the presence of, and inability to differ-
entiate between, oil sands operation activity
(principally atmospheric deposition) and natural
bitumen inputs (e.g., erosion) within the trib-
utaries. Ecological effects observed in the LAR
mainstem below Fort McMurray included larg-
er white sucker size, higher EROD activity in
fish, higher benthic invertebrate abundance, an
increased number of tolerant invertebrate taxa
and decreased mussel condition. Causal path-
ways suggest these LAR ecological trends were
associated mostly with nutrient enrichment
from treated municipal sewage effluent from
Fort McMurray. Contaminant exposure from
sewage effluent, industrial operations, tailings
pond seepage and natural exposure to bitumen
may also contribute to these ecological trends,
but focused investigation of cause field studies
and experiments are required to separate the
ecological effect of nutrients and contaminants.
It is stressed that the identification of effects
caused by contaminants derived from natural
bitumen or industrial activity will remain limited
until these natural and industrial-derived con-
taminants can be discriminated. Finally, wetland
benthic macroinvertebrate assemblages in the
PAD appear to be in a healthy state, exhibiting
high biodiversity. Assessments indicated that
nutrients, contaminants and sediments showed
no adverse effects on benthic macro-inverte-



brates in the wetland deltas from the major po-
tential sources of inputs (atmospheric, fluvial).

Following the three years of JOSM, a number of
knowledge and/or data gaps as well as research
needs were identified that could potentially im-
prove the monitoring design. As JOSM was de-
signed to be an adaptive monitoring program, it
has a built-in flexibility that allows the program
to evolve as new research validates a need for
change. Such change may be reflected in a
change in sample sites (inclusion of new sites or
the suspension of existing sites until a threshold
or trigger is identified), frequency of sampling,
or a change to the parameter list (new or sus-
pended parameter). Research may also drive a
change in the monitoring program in terms of 1)
methodology (field and/or analytical), 2) instru-
mentation (field and/or analytical), 3) ecolog-
ical health assessment, 4) biogeochemical un-
derstanding, 5) numerical model advancement
and projection, and/or 6) identification of new
issues of interest.

The three years of JOSM resulted in humerous
recommendations (stated in general above) and
provided suggestions and options for improving
the ability of the JOSM monitoring program to
detect degradation in ecosystem health. The
monitoring approach can be adapted through
time to reduce measurement variability and link
ecological change to the environmental cause.
These recommendations provide options to im-
prove monitoring based on interpretations of
quantitative results from JOSM. For more de-
tailed information on aquatic condition, ecolog-
ical effects, research in support of monitoring
and recommendations, readers are referred to
the individual technical reports (study/themes
see Text Box 2 on page 4).
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