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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.
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Executive Summary

In 2011, the Governments of Canada and Alberta designed a monitoring plan for surface water 
quality and quantity, air quality and biodiversity of the lower Athabasca River between Fort Mc-
Murray and its confl uence with Lake Athabasca. This plan, known as the Joint Oil Sands Monitoring 
Plan (JOSM), included measuring aquatic ecosystem health by monitoring benthic invertebrate 
assemblages in the main stem of the Athabasca River, its tributaries and the deltaic and wetland 
ecosystems of the Peace-Athabasca Delta (PAD). The invertebrate program for JOSM focused on 
benthic macroinvertebrates because they are relatively sedentary, can be sensitive to multiple 
stressors, are critical components of fi sh habitat, and are the most common aquatic group used 
for aquatic bioassessments globally.
 
Specifi c bioassessment questions for the JOSM Benthic Invertebrate Theme include:

  1. What is the current status of benthic assemblages in these ecosystems?
  2. Are there existing differences in benthic assemblages among reference and potentially 
 impacted sites?
  3. Are there signifi cant changes since historical studies?
  4. Do predictive relationships exist that link system drivers (including development stress) 
 to benthic community responses?
  5. Is there evidence of cumulative effects of development on benthic assemblages in the 
 Lower Athabasca River and/or in its tributaries?
  6. What additional data are required to assess current and future developments?

The Benthic Invertebrate Theme report is divided into sub-themes that describe the work com-
pleted to date for benthic invertebrate biomonitoring in the Lower Athabasca River (LAR) main 
stem, tributaries, and the PAD. It concludes with a synthesis that integrates fi ndings from the main 
stem, tributaries and delta, and initiates the process of integrating benthic invertebrate informa-
tion with other primary Water Component Themes (i.e., Atmospheric Deposition, Water Quality, 
Groundwater Quality, Regional Hydrology and Sediment Dynamics Modelling, Wild Fish Population 
and Health, Fish and Invertebrate Toxicology). It is important to note that this technical report 
was necessarily restricted to the information and data delivered by March 2015. 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).

Benthic invertebrate sampling on the Athabasca River watershed north of Fort McMurray was fi rst 
conducted in 1970. By 2001 >60 investigations had been conducted in the LAR area. Approximate-
ly 75 % of these studies focused on LAR tributaries and adjacent standing water and 25 % were 
on the LAR main channel. Investigations in the PAD were not reported. Recent reviews by Ayles et 
al. (2004) and Main (2011) concluded that these previous studies were not suffi ciently rigorous to 
determine if impacts had occurred.

Our JOSM investigations aimed to provide information needed to assess strategic questions related 
to developing an integrated monitoring plan for the oil sands (i.e., Phase 2, Environment Canada 
2011b). We also evaluated the need for monitoring adjustments that would provide additional data 
and result in more robust assessment of aquatic health status and trends. The LAR Mainstem Sub-
theme consisted of 21 cobble and sand reaches and 315 samples collected from the Community 
of Athabasca to the lower portions of the main stem Athabasca River. The Tributary Sub-theme 
examined 90 reaches, of which 51 were reference sites on the MacKay, Muskeg, Steepbank, Ells, 
Firebag and several smaller rivers. The PAD program assessed >40 stations located in regions with 
inputs from the Peace, Athabasca and Birch watersheds.  
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The LAR main stem generally has good ecological condition with intolerant taxa, such as Ephem-
eroptera, Plecoptera and Trichoptera (EPT), found in large abundances at all sampling sites. Nev-
ertheless, the middle river reaches between M3 and M7C show signs of mild environmental stress 
that should be examined more closely through focused studies designed to tease apart the com-
bined effects of nutrient and contaminant stressors. Definitive statements on the linkage of envi-
ronmental drivers to ecological change in reaches M3 to M6 are not yet possible. Future assess-
ments should focus on examining associations between the longitudinal benthic pattern and key 
supporting variables (e.g., nutrients, polycyclic aromatic compounds (PACs), vanadium). Monitor-
ing designs should include sediment chemistry and Semi-Permeable Membrane Device (SPMD) 
deployments as these appear to measure critical environmental variables associated with patterns 
of benthic assemblage. Relative to current macroinvertebrate assemblages, historical assemblag-
es were composed of more tolerant taxa (e.g., chironomids). Although this suggests a reduced 
ecological condition in the LAR at that time, this trend is most likely an artifact of sample location 
in the earlier studies. Analyses to date indicate that benthic assemblages in cobble habitat provide 
better resolution for detecting ecological change between M0 to M9. Ongoing monitoring of benthic 
assemblages using kick net approaches in cobble reaches of the LAR main stem are required to 
detect change associated with human activities. Additional reference sites between M0 and M2 are 
recommended to improve the ability to detect change from the reference condition. 

Biomonitoring of the LAR tributaries revealed benthic assemblages associated with good ecologi-
cal condition (i.e., dominated by intolerant taxa). However, assemblages in areas with increased 
human disturbance exhibited divergence from reference sites and this trend may be associated 
with mild environmental stress. Moreover, in the Steepbank and Ells rivers, the composition of 
benthic assemblage was associated with gradients in catchment disturbance and PAC concentra-
tion. Further investigation is required to determine whether there is a causal relationship between 
exposure to environmental stressors and altered assemblage composition. Across LAR tributaries, 
future change in benthic assemblages will be examined through development of a Reference Con-
dition Approach model against which test sites can be compared to determine divergence from ref-
erence sites. Comparative analyses demonstrate that kick net sampling provides higher resolution 
taxonomic information compared to the Hess sampling method, and ongoing assessments should 
employ the kick net sampling approach. Core monitoring of 15 reference and 10 test sites should 
be completed annually with an additional five reference and five test sites sampled on a rotational 
basis. New sites in the mineable area may be required to address data gaps for reference sites as 
well as additional sites near development boundaries. Finally, assessments are underway to relate 
historical data collected by the Regional Aquatic Monitoring Program (RAMP) to current JOSM data.  

Benthic assemblages of the PAD wetlands exhibit high biodiversity and strong seasonal and spatial 
variability of macroinvertebrate richness and composition. To date, there is no evidence of cumula-
tive effects arising from oil sands activities in deltaic ecosystems, as all wetlands support healthy, 
diverse benthic assemblages. This pattern will be confirmed as the number of core sites is expand-
ed. This will improve capacity to determine reference conditions required for developing effect size 
criteria and associated statistical confidence to detect effects. As oil sands operations move closer 
to the Expanded Geographic Region, more wetland monitoring sites will be needed, particularly 
in the eastern Athabasca delta as well as north of the PAD for development of a comparison gra-
dient. Further involvement of local stakeholders through engagement with the Peace-Athabasca 
Delta Environmental Monitoring Program will be needed during the selection of these monitoring 
sites. A robust sampling method was developed to provide consistent measurements of benthic 
macroinvertebrate biodiversity at the site scale, and the application of DNA-based identification 
provided added value by increasing taxonomic resolution and overall number of taxa observed. 
Future work will investigate relationships between local benthic macroinvertebrate assemblages 
and key environmental drivers of composition and abundance. Finally, both climate change and 
flow variability related to hydroelectric generation affect hydrological connectivity flooding in the 
PAD; thus, improved understanding of hydrological drivers of change within the system is required 
to distinguish potential signals arising from any future oil sands contamination.
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Recommendations

The following recommendations provide options for improving the capacity of the JOSM benthic 
program to detect changes in ecosystem health resulting from anthropogenic activities. A basic 
assumption of biological monitoring approaches is that they will be adapted through time to re-
duce measurement variability and to better link ecological change to environmental cause as a 
more complete understanding of causal pathways is achieved. These recommendations represent 
adaptation options to improve biomonitoring based on interpretations of quantitative results from 
JOSM to date.

Research related to benthic assessments should focus on improving the ability to develop diagnos-
tic biomonitoring that associates biological effect with the underlying cause. New research efforts 
to support monitoring that would further assist with answering key JOSM questions include the 
following lines of investigation:

  • Develop and test improved biological metrics that relate benthic assemblage response  
 patterns in the main stem, tributaries and delta to nutrient and contaminant exposure  
 gradients, and use ecological causal assessment approaches to consider linkages of  
 benthos, fish and stressors (e.g., see Cormier et al. 2015);
  • Generate additional data for oil sands priority substances through laboratory studies and  
 data-mining to gain a better understanding of sublethal toxicity effects of key contami- 
 nants to invertebrates in the main stem, tributaries and delta (i.e., evaluate the applica- 
 bility of HC5 (Hazard Concentration 5%) and 2 SD (Standard Deviation) critical effect  
 size approaches as tools to set protective effect thresholds), and support guideline  
 development;
  • Develop focused investigations of the main stem and tributary benthos in the central OS  
 area to investigate the association of benthic assemblage with nutrient and contaminant  
 exposure signals (e.g., potential approaches include field sampling, field experiments,  
 riverside mesocosm);
  • Compare potential differences in current and historical data for tributaries by developing  
 models to transform historical (collected with 250 µm mesh sieves) to current data  
 (400 µm); and
  • Investigate how wetland food webs may transform and biomagnify methyl mercury,  
 including limited seasonal sampling at select core accessible sites.
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Monitoring recommendations 

The JOSM Benthic Team investigators recommend a set of core sites to be measured annually so 
that status and trends can be measured reliably. Additional monitoring adjustments include the 
following:

1) Main stem
  • Ensure that sediment chemistry and SPMD collection is replicated as these appear to  
 measure critical environmental variables;
  • Add reference sites between M0 and M2 to improve characterization of the least disturbed  
 environmental condition; and
  • Improve understanding of causal linkages between benthos and water quality, physical  
 disturbance and other environmental variables.

2) Tributaries
  • Increase the number of reference sites to better define the normal range of biological  
 variability and to facilitate power analysis and definition of critical effect size;
  • Create a rotational design for depositional sites and determine which sub-sample of  
 depositional sites requires regular monitoring; and
  • Continue sampling at established Before-After-Control-Impact (BACI) sites for the  
 assessment of future developments. 

3) Delta
  • Increase spatial coverage of delta wetland sampling sites to include areas of the  
 Athabasca Delta outside Wood Buffalo National Park;
  • Implement DNA-based biomonitoring as a mainstream technique and include analysis  
 of sediment samples; and
  • Continue development of metrics to improve the ability to relate ecological change to  
 contaminant exposures and to distinguish such change from natural and human-driven  
 shifts in hydrological regime.

The main stem, tributary and delta wetland sub-themes of JOSM developed robust benthic mon-
itoring approaches that have established baseline ecological condition and assessed biological 
change associated with current and future development in aquatic ecosystems of the LAR and the 
PAD. The continued application of systematic, replicated and rigorous sampling methods for ben-
thic assemblages will improve assessment of ecological state, detection of environmental change 
and establishment of ecological causal assessment for aquatic ecosystems of the oil sands region.
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Figure 4.1.  Map of the Deltaic study area: the Peace-Athabasca Delta (PAD), which includes the 
Birch Delta, indicating core study sites (red circles), additional network sites added since 2011 (black  
circles) and the previously established vegetation monitoring network operated by Parks Canada (black  
crosses).

Figure 4.2.  PAD surface water conditions mapped by Environment Canada (Toyra & Peitroniro, 2005) 
and Wood Buffalo National Park (WBNP 2015) via remote-sensing assessments for the post-1996 and 
1997 large ice-jam floods in the Peace Delta (e.g., Egg Lake) and Athabasca Delta (e.g. Johnny’s Cabin 
Pond). Note the extensive loss of surface water in Egg Lake by 2012 prior to the 2014 ice-jam flood 
event that recharged extensive areas of the PAD.

Figure 4.3.  Workflow for processing wetland benthic samples in this study. Further details are given in 
the CABIN Wetlands Sampling Manual (in review).

Figure 4.4.  Low resolution (2000 NASA SRTM – outer envelope) and available high resolution (2000, 
2012, and 2013 LiDAR available to EC - aqua polygons) landscape elevation data. Additional (LiDAR – 
red) is currently being acquired from Alberta Environment. The oil sand wetland monitoring network as 
of 2015 is shown with numbered site yellow pins.

Figure 4.5.  Preliminary results of wetland surface connectivity to main flow system simulation in the 
PAD. The example is based on a simulation of a sector in the Peace River Delta showing wetland basins 
connected to the main flow system and filled at an elevation of 210.4 m (yellow areas).

Figure 4.6.  Preliminary results of wetland contributing delineation for site located in a sector of the 
Peace River Delta.

Figure 4.7.  Box-and-whisker plots (median, maximum, minimum and inter-quartile ranges) of baseline 
water quality for select parameters summarised by delta across three sampling periods (August 2011; 
June 2012; August 2012). The sample sizes are as follows: Athabasca - June - n=4; Athabasca - Au-
gust - n=8; Peace - June - n=4; Peace - August - n=4; WCNA - June - n=8; WCNA - August - n=16.

Figure 4.8.  Box-and-whisker plots (median, maximum, minimum and inter-quartile ranges) of sea-
sonal variation in methylmercury concentrations of dragonfly and damselfly tissues from individuals 
collected at sites in the Peace, Athabasca and Birch Deltas from material collected in 2014. Sample size 
for each time point was n=4.

Figure 4.9.  Boxplots illustrating differences in Family-Order taxon richness of benthic samples collect-
ed in the Peace, Athabasca and Birch deltas during the period 2011-2014. Taxon richness from benthic 
samples collected in the Athabasca Tributary and Mainstem Biomonitoring programs (2011-2012) and 
benthic samples from the RAMP sampling of the PAD connecting channels (2002-2014) are provided 
for comparison.

Figure 4.10.  Multivariate nMDS plots of seasonal patterns of benthic macroinverebrate community 
composition within Athabasca and Peace delta wetland monitoring sites for samples analysed using 
the CABIN method (upper 3 panels) samples for the period 2012-2014 and using DNA metabarcod-
ing-based biodiversity (lower 2 panels) for the period 2012-2013.

Figure 4.11.  Multivariate nMDS plots of patterns of benthic macroinverebrate community composi-
tion within Athabasca, Peace and Birch delta wetland monitoring sites for CABIN samples for the peri-
od 2011-2014. For 2011, benthic macroinvertebrate comunity samples collected at Whooping Crane 
Nesting Area (WCNA) karst wetland sites are included for comparison purposes.
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1.  Introduction 

Results from the Joint Oil Sands Monitoring Plan 
(JOSM) presented here address the need to de-
velop a comprehensive and robust invertebrate 
biomonitoring program for oil sands develop-
ment in the Lower Athabasca River (LAR) and 
the Expanded Geographic Area (EGA). Benthic 
macroinvertebrate biomonitoring was conduct-
ed along the main stem of the LAR, its prima-
ry tributaries and in the Peace-Athabasca Delta 
(PAD) to assess spatial and temporal change in 
ecological condition within these aquatic habi-
tats. The benthic monitoring program for JOSM 
focused on macroinvertebrates because they are 
relatively sedentary, can be sensitive to multiple 
stressors, are critical components of fish habi-
tat, and are the most common group used for 
aquatic bioassessments globally. Aquatic bio-
monitoring of invertebrates provides a direct 
measure of change in biotic populations and 
assemblages in relation to benchmark or refer-
ence conditions, and can help identify ecological 
effects of cumulative stressors, such as oil sands 
development. By associating patterns of inver-
tebrate biodiversity with water and sediment 
chemistry, and physical habitat measurements, 
this program was designed to produce an in-
tegrated assessment that determines whether 
ecological effects are occurring in response to 
oils sands developments.

Benthic invertebrate sampling on the Atha-
basca River watershed north of Fort McMurray 
was first conducted in 1970 by Alberta Fish and 
Wildlife and Syncrude in the Beaver Brook area. 
Between 1970 and 2001, another 63 investi-
gations were conducted in the LAR area (Lin-
deman et al. 2011). Of these benthic studies, 
approximately 75 % focused on LAR tributaries 
and adjacent standing water (ponds and small 
lakes), 25 % were on the LAR main channel; 
investigations in the PAD were not reported. 
The historical studies aimed to collect baseline 
information or attempted to document any po-
tential effects of oil sands development. How-
ever, recent reviews by Ayles et al. (2004) and 
Main (2011) concluded that these studies were 
not rigorous enough to determine if impacts had 
occurred. Consequently, we reviewed this his-
torical work to gain insights for designing novel 
benthic biomonitoring approaches to adequate-
ly assess ecological condition of the LAR, its pri-
mary tributaries, and the PAD.

Our JOSM investigations were designed to pro-
vide information needed to develop and assess 
monitoring designs identified in the Phase 2 In-
tegrated Monitoring Plan for the Oil Sands (En-
vironment Canada 2011b). We also considered 
whether the biomonitoring design would col-
lect the information needed to assess strategic 
Phase 2 questions. Addressing these questions 
provides an assessment of the current state of 
aquatic ecosystem health in relation to potential 
environmental effects, determines if important 
change has occurred since earlier assessments, 
and describes associations among the biological 
and the physical-chemical environment. We also 
evaluated the need for monitoring adjustments 
that would provide additional data and result 
in more robust assessment of aquatic health 
status and trends. The specific bioassessment 
questions include the following:

  • What is the current status of benthic  
 assemblages in these ecosystems?
  • Are there existing differences in benthic  
 assemblages among reference and  
 potentially affected sites?
  • Are there significant changes since  
 historical studies?
  • Do predictive relationships exist that  
 link system drivers (including develop- 
 ment stress) to benthic assemblage  
 responses?
  • Is there evidence of cumulative effects  
 of development on benthic assemblages  
 in the Lower Athabasca River and/or in its  
 tributaries?
  • What additional data are required to  
 assess current and future developments?

The report is divided into sub-themes that de-
scribe the work completed to date for benthic 
invertebrate biomonitoring in the LAR tributar-
ies, the LAR main stem and the PAD. The report 
concludes with a synthesis integrating findings 
from the tributaries, main stem and delta, and 
initiates the process of integrating benthic in-
vertebrate information with the other prima-
ry water themes [i.e., Atmospheric Deposition 
(Kirk et al. 2018), Water Quality (Chambers 
et al. 2018; Glozier et al. 2018), Groundwater 
Quality (Bickerton et al. 2018), Regional Hydrol-
ogy and Sediment Dynamics Modelling (Droppo 
et al. 2018), Wild Fish Population and Health, 
Fish and Invertebrate Toxicology, McMaster et 
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Master et al. 2018)]. Integration of Water Com-
ponent theme information, as well as further 
development of monitoring approaches, will be 
ongoing as an adaptive management approach 
and will eventually be integrated with the 
Wildlife and Air Components of JOSM. It is im-
portant to note that this technical report was 
necessarily restricted to the information and 
data delivered by March 2015. Information 
and data acquired after March 2015 will be 
incorporated in future reports and primary pub-
lications. 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).
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2.1 Introduction

The LAR north of Fort McMurray flows through 
the McMurray and Clearwater bitumen depos-
its, with many of its tributaries draining through 
areas of active development (Fig. 2.1). This re-
sults in a potential for oil sands development 
to affect the LAR main stem. Near Fort McMur-
ray, the LAR is a 6th order system draining more 
than 150,000 km2. In this region, the river is 
deep, wide, and has abundant sand substrate; 
these conditions present numerous difficulties 
related to spatial scale and sampling logistics. 
Flotemersch et al. (2006) note that it can be dif-
ficult to obtain a standardized and representa-
tive sample for bioassessment from such rivers 
because of (1) diversity of habitat types (e.g., 
back channels, deep channels), (2) limited abil-
ity to identify reference conditions to assess ef-
fects caused by multiple stressors, and (3) haz-
ardous conditions associated with deep, swift 
waters because these techniques were primarily 
developed for shallow erosional rivers with hard 
substrate, or deep depositional habitat in ponds 
and lakes. 

LAR benthic studies between 1975 and 1997 
were conducted to develop baseline data, as 
well as to examine potential effects of oil sands 
development (Golder and Associates 2003). 
Depositional habitat was sampled more often 
than erosional habitat because sand substrate is 
the dominant habitat in the LAR (Golder and As-
sociates 2003). Erosional habitat was sampled 
along nearshore habitats using Neill/Hess and 
Surber samplers. Depositional habitat sampling 
with an Ekman grab generally occurred in deep-
er water farther from shore. Artificial substrates 
and airlifts were occasionally used in both habi-
tat types with limited success (Golder and Asso-
ciates 2003). Barton and Wallace (1980) eval-
uated use of these sampling techniques, and 
concluded that no single technique will work for 
all habitat conditions and future study designs 
for the LAR main stem must consider spatial 
and temporal variability in habitat characteris-
tics and  benthic assemblage of the river. 

Historical information indicates that total abun-
dance (i.e., density) of benthic invertebrates 
at erosional habitat sites was generally low 
(<5,000 individuals/m2), and low to moderate 

(<20,000 individuals/m2) at depositional habi-
tat sites (Golder and Associates 2003). Abun-
dance at erosional sites increased after spring 
flooding and reached a maximum in early fall 
(i.e., September). Family taxonomic richness of 
the benthic assemblage ranged between 10-20 
families in erosional habitat and 4-12 families in 
depositional habitat. On average, 68 % of the to-
tal abundance at erosional sites was composed 
of the Chironomidae and Oligochaete groups, 
both of which are considered “tolerant” taxa 
(Golder and Associates 2003). Although the his-
torical information collected on main stem ben-
thic macroinvertebrates provides background 
information on presence-absence of taxa, as 
well as other aspects of assemblage structure, 
the sampling approach and study design were 
not rigorous enough to assess if environmental 
impacts associated with oil sands development 
have occurred (Ayles et al. 2004, Main 2011).

Objectives

This three-year JOSM study aimed to develop 
a comprehensive and robust biomonitoring pro-
gram for benthic invertebrates of the LAR main 
stem. Our investigation examines the efficacy of 
the Phase 2 technical plan (Environment Can-
ada 2011b), provides insight on future moni-
toring approaches, and evaluates the potential 
for oil sands development to affect the ecolog-
ical condition of the river. Answering the broad 
questions listed above in Section 1 provides an  
assessment of current ecological condition of the 
LAR main stem in relation to the physical-chem-
ical environment, and allows for adjustments 
that could improve the monitoring design. 

2.2 Methods

Study design

Assessments of benthic biota along the LAR 
main stem were undertaken at Phase 1 Water 
Quality Plan site locations (Environment Cana-
da 2011a) extending from the Town of Athabas-
ca (M0) to the edge of Wood Buffalo National 
Park (M9) (Fig. 2.1). Sampling sites were lo-
cated within and outside the mineable bitumen 
deposits, within and outside of the active min-
ing and extraction area, and above and below 
the Fort McMurray municipal sewage effluent 

2.  Mainstem Benthic Invertebrate Assemblage Sub-Theme
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Figure 2.1.  Map of the study area showing the Lower Athabasca River sam-
pling reaches M0 to M9 with an overlay of geological formations and surface 
mineable area. Cross-hatched area indicates mineable deposits. Active mining 
within this area is shown by dark grey highlights.
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(MSE) (Table 2.1). This table was developed us-
ing best professional judgement assessment to 
determine reach exposure to natural bitumen, 
MSE or oil sands surface mining. The assess-
ment considered available information on water 
quality, landuse (Fig. 2.1) and the mass bal-
ance approach of the initial LAR monitoring de-
sign (Environment Canada 2011a). Exposure to 
natural bitumen was qualified as present or ab-
sent (reference). In contrast, exposure to MSE 
and oil sand surface mining was qualified ac-
cording to spatial overlap with these activities, 
and through an evaluation of water chemistry 
parameters affected by these anthropogenic 
disturbances. Spatial trends in water chemis-
try identified the extent of longitudinal distur-
bance among sampling reaches (e.g., chloride, 
PACs, total nitrogen and phosphorus, total sus-
pended solids, sestonic and benthic algal bio-
mass). Thus, comparison of difference in ben-
thic macroinvertebrate assemblage between 
M0 and M2 examines the effect of exposure to 
natural bitumen, M1 or M2 compared to M3 or 
M3b assesses MSE effects, while change in as-
semblage from M3 through M9 represents the 
gradient of oil sands mining from reference to 
high activity (Table 2.1; Fig. 2.1). In particu-
lar, the downstream reaches (M8, M9) were  
intended to serve as locations that might detect 
biological responses to cumulative effects or as 
a recovery zone.

Benthic habitat in the LAR main stem consists 
of cobble and sand substrate; thus, 500 m cob-
ble and sand substrate reaches were sampled 

at each site (Fig. 2.2). Cobble sites were on the 
east bank with sand on the west bank (Fig. 2.3). 
Within the wadeable near-shore of the cobble 
and sand reaches, we aimed to locate replicate 
kick net samples (n=5) according to standard-
ized criteria for mean depth (cobble ~0.7 m; 
sand ~0.5 m) and mean velocity (cobble ~0.4 
m/sec; sand ~0.3 m/sec) (i.e., depth and veloc-
ity ranges in Table 2.2). Replicate samples were 
located every 50-125 m such that a sufficient 
physical separation existed between samples to 
maximize statistical independence (Fig. 2.2). 
Additional supporting environmental variables 
were collected in each cobble and sand reach as 
described below.

Sampling methods

Benthic macroinvertebrates were collected  
annually in September by kick sampling,  
following the standard CABIN (Canadian  
Aquatic Biomonitoring Network) approach 
(http://cabin.cciw.ca). The collector held a 400 
μm mesh, kick net downstream and moved  
upstream for three minutes while disturbing the 
substrate by kicking and rubbing rocks (Envi-
ronment Canada 2012a) (Fig. 2.4a). The proce-
dure differed slightly from cobble to sand reach-
es, with less vigorous kicking on the sand reach 
side to minimize collection of inorganic material 
while maximizing collection of benthic inver-
tebrates. In addition, at a subset of LAR cob-
ble sites in 2013, Neill cylinder (210 μm mesh) 
samples were collected adjacent to kick sample 
locations so a direct comparison of the sampling 

Table 2.1. Description of sampling reaches exposed to natural or human disturbance along 
the lower Athabasca River, Alberta, Canada. Ref = Reference or no exposure to possible distur-
bance, Low = low exposure, Mod = moderate exposure, and High = high exposure to natural 
occurring bitumen and human disturbance.  Dark lines separate categories of exposure.
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Figure 2.2.  Schematic overview of the main stem Athabasca River 
study design showing the reference area upstream of development and  
outside oil sands geology, reference area upstream of development 
but inside oil sands geology and potentially impacted areas within and  
below active mining extraction. Five replicate kick samples were collect-
ed within a 500m reach at each site.

Figure 2.3.  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 2.4.  Examples of sampling methodology used for benthic biomonitoring in 
the main stem Athabasca River: a) kick net sampling, b) periphyton collection on 
hard substrate using “scalpel-scraping” technique, c) algal collection on soft substrate  
using “coring” method, d) suspended algal collection using syringe filters, e) water 
quality parameters determined using handheld meter, and f) river flow velocity deter-
mination using flow meter.

methods used by Alberta Environmental Protec-
tion and historical data could be undertaken. 
Invertebrate samples were preserved in 95 % 
ethanol and transported to the laboratory for 
sorting and identification to the lowest practical 
taxonomic level (genus when possible, though 
many early instar insects could only be iden-
tified to family or subfamily). Organisms were 

classified as intolerant or tolerant following Hil-
senhoff (1987).

Algal biomass, both from the benthic substrate 
and water column, was collected adjacent to 
the kick sampling area as follows. In the cobble 
reach, periphyton was collected from 5 rocks at 
each of the five reach substations using a scalpel 
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(Fig. 2.4b), combined as a single sample (total 
area ~50 cm2), and preserved in 95 % ethanol. 
Periphyton in the sand substrate reach was col-
lected using a small corer (60 ml syringe with 
the tip removed; Fig. 2.4c) pushed 5 cm into 
the sand layer, then gently extracting the cor-
er from the sand and collecting only the upper 
1 cm of sand for algal biomass measurement. 
Similar to the cobble procedure, five cores from 
the substation were composited into one sam-
ple and preserved in 95 % ethanol (total area 
~27 cm2). In both the cobble and sand reach-
es, algal biomass in the water column at each 
kick net sampling area was collected by filtering 
300 ml of water through a 45 µm pore-size fil-
ter (Fig. 2.4d). In the laboratory, chlorophyll-a  
(Chl a) concentration (mg/m2 for surfaces; mg/L 
for water column) was determined for cobble, 
sand or water column samples to estimate algal 
biomass by extraction in 90 % ethanol and sub-
sequent measurement of fluorescence following 
Sartory (1982).

Collection and analytical methods for physi-
cal-chemical supporting variables were collect-
ed at the time of benthic sampling as follows. 
Water temperature, pH, conductivity and oxy-
gen concentrations were measured during field 
sampling using a calibrated handheld sonde 
(Fig. 2.4e). Stream velocity was determined at 
the downstream portion of each substation (Fig. 
2.4f). A modified Wolman Pebble count (which 
measures the B axis, or width of substrate ran-
domly sampled in the kick sampling area) was 
conducted for 20 rocks at each subsampling site, 
providing a total of 100 substrate particle mea-
surements per cobble reach. Substrate particle 
size in the sand reaches was <0.5 mm. These 
substrate measurements provide information on 
stream and river hydrologic conditions, erosion 
potential, and benthic macroinvertebrate habi-
tat. Depositional sediment was collected using a 
stainless steel spoon and analyzed for polycyclic 
aromatic compounds (PACs) and trace metals 
as per the National Laboratory of Environmental 
Testing analytical protocols (Environment Cana-
da 1994). Water samples were collected at the 
most downstream kick-sampling location, and 
analyzed for major ions, trace metals, nutrients, 
total suspended solids (TSS) and PACs accord-
ing to analytical protocols of the National Labo-
ratory for Environmental Testing (Environment 
Canada 1994). 

Semi-permeable membrane devices (SPMD) 
were deployed for 28 days at cobble  
sampling sites on the LAR between mid- 
August and mid-September in 2013 and 2014. 
SPMD films of standard length (91.4 cm) were 
fixed on SPMD carriers placed within larger,  
protective canisters. These SPMD canisters were  
secured to heavy paving stones and deployed 
at water depths of approximately 80 cm.  
After 14 d canisters were cleared of any attached  
organic debris and, if necessary, re-positioned 
to deeper water to maintain a deployment depth 
of 80 cm. Field and trip blanks were used for 
all deployments and recoveries. At the end of 
the deployment period, SPMDs were retrieved,  
frozen, and sent to AXYS laboratories packed on 
ice. This laboratory determined the amounts of 
PACs as per established SPMD analytical tech-
niques (Glozier et al. 2018). PAC concentrations 
were estimated by integrating quantity of PACs 
on the SPMD over the time of deployment.

Statistical methods

Comparison of sampling methods and current to  
historical data

We calculated several common bioassessment 
metrics for each sampling site along the LAR. 
Kick net and Neill cylinder methods differ in area 
sampled and mesh size. For this reason, relative 
abundances (%) of benthic macroinvertebrate 
taxa were calculated and used in the statistical 
analyses. Percentages were used when compar-
ing methods and for relating results from this 
study to historical data. Data analyses of the 
benthic macroinvertebrate metrics and assem-
blages were performed primarily at the family 
level as this is the taxonomic resolution many 
jurisdictions use for biotic assessments. More-
over, we confirmed the use of family versus 
genus level resolution by applying the RELATE 
procedure in PRIMER (Clarke and Warwick 1994 
a & b) to determine the correlation between 
benthic assemblage ordinations produced from 
family or genus level data matrices. In contrast, 
comparison of current and historical macroin-
vertebrate data was at the order or family level  
because we chose to make comparisons be-
tween the common benthic macroinvertebrate 
metrics of Ephemeroptera, Plecoptera, and 
Trichoptera (EPT), percentage Chironomidae 
and Oligochaetes. To compare metrics calculated 
with current and historical data, we performed 
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a one-sample t-test and used the historical data 
summarized by Golder and Associates (Table 
6; 2003) as the population value to which the 
current sample means were compared. These 
historical data were very limited temporally and 
spatially as only 5 sites sampled in 1983 corre-
sponded to the current JOSM benthic program 
where sampling occurs only in September.

Analysis of benthic macroinvertebrate assemblages

Analyses of invertebrate assemblage composi-
tion collected with kick nets or Neill cylinders 
over the period 2012-2014 were performed using 
PRIMER software package (Clarke and Warwick 
1994, Clarke and Gorley 2001). Ordination of 
invertebrate assemblages (relative abundances 
[sampling methods] or absolute counts [habitat 
and longitudinal comparisons]) was first accom-
plished using non-metric multidimensional scal-
ing (nMDS) with square root transformation and 
Bray-Curtis similarities (Clarke and Green 1988, 
Clarke 1993). ANOSIM (Analysis of Similarities) 
randomization tests were performed (α=0.05) 
to assess differences in assemblage structure 
identified from MDS ordination. If the global val-
ue of R calculated from the ANOSIM was signifi-
cant, pairwise comparisons were made between 
treatment levels. Lastly, the SIMPER (Similarity 
Percentages) routine (Clarke 1993) was used to 
determine the contribution of each species to 
the overall difference in assemblage structure 
identified by the ANOSIM test.

Comparison of dissimilarity within benthic inver-
tebrate assemblages at sampling sites between 
cobble and sand habitats was performed using 
the Index of Multivariate Dispersion (IMD) rou-
tine in PRIMER. This routine calculates variabil-
ity in benthic invertebrate assemblages among 
samples within a habitat at each sampling site 
with values for IMD ranging from 0 to 1.  An IMD 
value of 1 indicates that dissimilarities within all 
samples for a habitat are higher than any of the 
dissimilarities within samples in the other habi-
tat. Comparison of benthic invertebrate metrics 
between cobble and sand habitat types was per-
formed with a Mann-Whitney U test.

To assess if certain environmental variables 
were correlated with the benthic macroinverte-
brate assemblage collected with kick nets over 
the period 2012-2014, a BIOENV (matching of 
biotic and environmental patterns) procedure 

was performed (Clarke and Warwick 1994). The 
BIOENV procedure calculates the degree of as-
sociation between two similarity matrices. These 
matrices include Bray-Curtis abundance similar-
ities for biotic variables and for abiotic variables, 
each of the possible (single variables to all vari-
ables simultaneously), normalized, Euclidean 
distance matrices (Clarke and Warwick 1994). 
Abiotic matrices included data for water quality, 
sediment metal chemistry and SPMD PAC con-
centrations. Matching of biotic and abiotic (en-
vironmental) data matrices is founded on the 
assertion that pairs of samples that are mostly 
similar in their values for a set of abiotic (en-
vironmental) data would be expected to have 
rather similar species composition. This BIO-
ENV calculation is done by rank correlating the 
matching elements in two similarity matrices, 
using Spearman rank correlation in this case.

2.3 Results

Progress Relative to the Joint Implementation Plan

Prior to the JOSM, sampling of benthic inverte-
brate assemblages along the main stem LAR had 
been undertaken only by Barton and Wallace 
(1980), Boerger (1983), and Anderson (1991). 
Furthermore, this main stem indicator assem-
blage was not included as part of the Regional 
Aquatic Monitoring Program (RAMP). Between 
September 2011 and September 2014, Envi-
ronment and Climate Change Canada (ECCC) 
established 21 sampling sites (11 for cobble 
and 10 for sand habitats) along 11 reaches in 
standardized benthic habitats. Along the LAR 
main stem, mean water depth of cobble habi-
tats at sampling locations ranged between 0.44 
to 0.85 m, while sampling depth in sand habitat 
was 0.41-0.64 m (Table 2.2). Benthic samples 
in cobble and sand were collected in mean wa-
ter velocities of 0.32-0.54 m/sec and 0.28-0.34 
m/sec, respectively. Median substrate size in 
cobble habitats was 3-5 cm and sand habitats 
were composed of medium sand particles <0.2 
cm. During the three-year study, 315 benthic 
samples were collected and processed (cobble 
= 165; sand = 150). These numbers are based 
on five kick net samples taken from cobble 
and sand habitat at sites M0 to M9. During the 
study 278 taxa were identified (i.e., generally at  
level of genus), including >80 families of inver-
tebrates. Results are presented at the family 
level because multivariate comparison of ben-
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Table 2.2. Mean (± SE) water depth (m) and current velocity (m/sec) for cobble and 
sand habitat in reaches of the lower Athabasca River during the 2012-2014 sam-
pling period. Median substrate particle size (cm) is listed for cobble sites. Median 
substrate size at sand sites was always <0.2 cm.

thic assemblages were not significantly different 
between data resolved to the genus or family 
level (r=0.91, RELATE).

Supporting Environmental Variables

Water chemistry
 
In general, ions, nutrients and physical parame-
ters were similar at sand and cobble sites within 
each reach of the LAR main stem at the time 
of benthic sampling (Tables 2.3, 2.4). A more  
in-depth analysis of these and other water qual-
ity parameters can be found in the water qual-
ity synthesis report (Glozier et al. 2018). This 
document provides a longitudinal and inter- 
annual assessment for several reaches extend-
ing from M0 to M9 during the JOSM.

At the benthic sample sites, LAR main stem  
waters were moderately hard ranging between 
73-117 mg/L CaCO3, resulting in a range of con-
ductivity (240-301 µS/cm) and total dissolved 
solids concentration (133-168 mg/L) (Tables 
2.3, 2.4). Nutrient values were indicative of oli-
gotrophic to mesotrophic conditions. Nutrient 
concentrations ranged from 0.21-0.53 mg/L for 
total nitrogen, 0.02-0.08 mg/L for total phos-
phorus, and dissolved phosphorus was  <0.01 
mg/L (Tables 2.3, 2.4). Nutrient concentrations 
were lowest at upstream reaches M0 and M1 
and highest at M3 and M3B located immedi-
ately downstream of the Fort McMurray munic-
ipal sewage discharge. Total suspended solids 

ranged between 7.8-40.2 mg/L and showed a 
similar longitudinal pattern to that of nutrients 
(Tables 2.3, 2.4).

Algal biomass

Biomass of attached and suspended algae  
provides information on nutrient status and 
productivity of the river. The primary longitudi-
nal trend in suspended algal biomass was that 
it tended to increase below the MSE discharge 
(P<0.05 for each year; Fig. 2.5). In addition, 
suspended algal biomass between cobble and 
sand sites was largely similar within all reaches 
during September 2012-2014 (p>0.05 for each 
year; Fig. 2.5). One consistent exception was 
M3, where biomass was higher on the eastern 
shore with cobble substrate. In contrast, at-
tached algal biomass was generally lower at the 
sand reaches M3, M3B and M4, and at the cobble 
sites between M3 to M7C (Fig. 2.6). Through-
out the entire LAR main stem, attached algal 
biomass tended to be lower in sand substrate 
compared with cobble habitat (p<0.05 for each 
year).

Sediment chemistry

There was a general pattern of increasing sed-
iment metal concentrations from upstream to 
downstream sampling locations (Tables 2.5, 
2.6). While metal concentrations in sand and 
cobble habitats were similar for most metals, 
values in sand were lowest at M2 and highest 
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Table 2.3. Summary of water chemistry variables (mg/L unless otherwise indicated, mean ± SE) at cobble 
habitat reaches of the lower Athabasca River during the 2012-2014 sampling period. Variables are grouped 
in categories of physical, ions and nutrients. * - Standard error not calculated due to insufficient replication.

Table 2.4. Summary of water chemistry variables (mean ± SE) at sand habitat reaches of the lower Athabas-
ca River during the 2012-2014 sampling period. Variables are grouped in categories of physical, ions and 
nutrients. * - Standard error not calculated due to insufficient replication.
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Figure 2.5.  Chlorophyl a (mg/L) (x ̅±SE; n=5) in water column of the lower 
Athabasca River at cobble and sand sample sites from September 2012 – 
2014.
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Figure 2.6. Chlorophyl a (mg/cm2) (x ̅±SE; n=5) on cobble and sand substrates 
of the lower Athabasca River from September 2012 – 2014.
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Table 2.5. Summary of sediment trace metal total concentrations (mg/kg, mean ± SE) at cobble habitat 
reaches of the lower Athabasca River during the 2012-2014 sampling period.

Table 2.6. Summary of sediment trace metal total concentrations (mg/kg, mean ± SE) at sand habitat reach-
es of the lower Athabasca River during the 2012-2014 sampling period.
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at M8. For cobble habitat, the lowest concentra-
tions were observed between M0 and M3, with 
the highest values at M9. Most metals increased 
in concentration from sites M3 to M4 in both 
habitats. Not all metals have Canadian Council 
of Ministers of the Environment (CCME) guide-
lines, and arsenic was the only metal that ex-
ceeded the CCME freshwater guideline for the 
protection of aquatic life (CCME 1999), with 
small exceedances at M1 (11 % of measure-
ments) and M9 (13 %) for cobble habitat, and 
at sites M1 (1 %), M4 (25 %), M7C (17 %) and 
M8 (22 %) for sand habitat.

Chemical concentration in semi-permeable membrane 
devices

SPMDs were used to quantify PACs at the LAR 
main stem sampling sites. PAC concentrations 
are estimations based on accumulated unsub-
stituted PACs, alkylated PACs and dibenzothio-
phenes on SPMD films integrated over exposure 
time (Table 2.7). Total PAC concentrations were 
lowest at M0 and highest at M2 in 2013 and 
2014. Most parameters showed a pattern of in-
creased concentration from the most upstream 
site at M0 to M2 at Fort McMurray. PAC con-
centrations downstream of M2 tended to remain 
at levels higher than at M0 but lower than M2. 
For several parameters, there was a slight in-
crease at M7C; PACs most strongly showing this 
pattern included phenanthrenes (C2, C3, C4), 
fluorenes (C2, C3), naphthalenes (C3, C4) and 
dibenzothiophenes (C2, C3, C4). Of the 75 PACs 
tested, the highest concentrations for 46 com-
pounds were observed at M2. The elevated PAC 
concentrations at M2 were not associated with 
aerial deposition estimates (Kirk et al. 2016), 
but a potential linkage with Steam Assisted 
Gravity Drainage operations within the water-
shed requires further assessment.

Assessment of benthic sampling approach and choice 
of focal biomonitoring habitat

Comparison of benthic macroinvertebrate as-
semblages collected during 2013 using kick 
net and Neill cylinder sample methods revealed 
similar longitudinal patterns along the river (Fig. 
2.7). Reaches M1 and M2, which were least dis-
turbed by human impacts, were separated from 
reaches downstream of the MSE (M3, M3B, M4 
and M6) and oil sands development (M3B, M4 
and M6). The sites furthest downstream of the 

central area of oil sands activity (M8, M9) show 
a trajectory path trending towards the compo-
sition of reaches M1 and M2. Although the two 
sampling methods produced similar longitudinal 
patterns among the sample reaches, their lon-
gitudinal trajectory paths along the LAR exhibit 
significant compositional differences (ANOSIM; 
R=0.90, p<0.001) (Fig. 2.7). SIMPER analysis 
indicated that Neill samples had more oligo-
chaete worms and chironomids, but fewer EPT 
than kick net samples. Assemblages based on 
invertebrates collected using the kick net ap-
proach contained a much higher percentage 
of EPT taxa that are sensitive (i.e., intolerant) 
to decreased water quality and environmental 
stress (Hilsenhoff 1987, Lenat 1993) with all 
main stem reaches exceeding 40 % (Fig. 2.8). 
In contrast, EPT values for Neill samples in all 
but reach M9 were below 30 %, and these as-
semblages were dominated by pollution tolerant 
taxa, including oligochaete worms, chironomids 
and other Diptera (Fig. 2.9). Thus, the kick net 
method was used for all other sampling given 
as it is more easily executed in deeper water 
with higher velocities where benthic diversity is 
increased relative to shallow, slower-flowing lo-
cations.

In 2013, primary benthic habitats of the river, 
namely sand and cobble substrates, were sam-
pled using the kick net method. A comparison 
of benthic invertebrate assemblages revealed 
significantly different benthic fauna (ANOSIM; 
R=0.96, p< 0.001; Fig. 2.10) between cobble 
and sand habitats. In addition, within-site vari-
ability tended to be much greater in sand com-
pared to cobble habitats. Specifically, the Index 
of Multivariate Dispersion (IMD) was ≥0.54 at all 
sites except for M3B (0.14) and M6 (0.38). For 
the IMD, a maximum value of one would occur 
if dissimilarities among all sand samples were 
higher than any of the dissimilarities among 
cobble samples. Sand habitats were less pro-
ductive than cobble as total invertebrate abun-
dance was significantly lower in sand (U=2,742, 
p< 0.0001; Tables 2.8, 2.9). Relative to cobble 
substrates, sand habitats had higher percentag-
es of intolerant taxa such as the Chironomidae 
(U=451, p< 0.0001) and total Diptera (U=636, 
p< 0.0001), and lower proportions of Odonates 
(Tables 2.8, 2.9). Although sand substrates tend-
ed to have similar proportions of EPT (U=1,609, 
p=0.13), this was due to low abundances of 
organisms biasing percent EPT (i.e., prepon-
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Table 2.7. Summary of semi-permeable membrane device (SPMD) polycyclic aromatic com-
pound (PAC) concentrations (in ng/L, means from triplicate films) at cobble habitat reaches of 
the lower Athabasca River during the 2013 and 2014 sampling season. * Concentrations are 
½ limit of quantification.

derance of a single EPT taxa in sand). These 
differences in taxonomic composition created 
striking differences in structural metrics with 
significantly higher richness (taxa [U=2,742, 
p<0.0001] and EPT [U=2,715, p<0.0001]) and 
diversity (Simpson [U=2,739, p<0.0001]), but 

lower evenness (Simpson [U=964, p=0.008]) 
observed in cobble habitats (Tables 2.8, 2.9). 
Thus, sand substrates contained depauperate 
benthic assemblages relative to erosional areas 
of cobble.
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Figure 2.7.  Non-metric multidimensional scaling ordination (NMDS) of the 
averaged benthic macroinvertebrate community samples at 8 sites (n=5) in 
September 2013. Samples were collected using a kick net with 400 µm mesh 
(blue triangles) or a Neill cylinder sampler with 210 µm mesh (red triangles).

Figure 2.8.  Percentage (x ̅±SE; n=5) of Ephemeroptera, Plecoptera and 
Trichoptera (EPT) in benthic macroinvertebrates samples collected by 
traveling kick net (400 µm) and Neill cylinder (210 µm) sample methods 
in the lower Athabasca River from September 2013.
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Figure 2.9.  Comparison of contemporary (x ̅±SE; n=5) and historical ben-
thic macroinvertebrate metrics (% EPT, % Chironomids and % Oligochaetes) 
in the lower Athabasca River from September 2013.  Historical data was 
from Table 6 of Golder and Associates (2003).
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Figure 2.10.  Non-metric multidimensional scaling ordination (nMDS) 
of benthic macroinvertebrate communities sampled in cobble (blue  
triangles) and sand (red triangles) habitats in the Lower Athabasca 
River in September 2013. Five replicate samples were made at each of 
11 cobble and 10 sand sites using the traveling kick method.

Table 2.8. Summary of benthic macroinvertebrate metrics (mean ± SE) from samples collected at cobble 
habitat reaches of the lower Athabasca River in September 2013.
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Table 2.9. Summary of benthic macroinvertebrate metrics (mean ± SE) from samples collected at sand  
habitat reaches of the lower Athabasca River in September 2013.

Comparison of benthic assemblage metrics in current 
and historical samples

Historical data for sampling sites in the prox-
imity of JOSM reaches M2, M3, M3B, M4 and 
M6 were available from studies summarized in 
Golder and Associates (Table 6; 2003). Direct 
comparisons of several metrics, namely % EPT, 
% Chironomidae and % Oligochaeta, were made 
among the historical information and the 2013 
kick net and Neill sample data. Because histor-
ical samples were collected in a similar manner 
as the 2013 Neill data, a direct assessment of 
potential differences between the early (1981-
1987) and present-day benthic assemblages 
was possible.

This assessment revealed a clear difference in 
benthic macroinvertebrate assemblages from 
the two time periods with % EPT observed in 
2013 higher than historical values (Fig. 2.9). 
Furthermore, current values of the % Chirono-
midae were lower than historical observations, 
while the % Oligochaeta were similar during 
both time periods except for greater historical 
values at sites M4 and M6. Additionally, compar-
ison of assemblage metrics derived from 2013 
kick net and historical information indicates 
current values of the % EPT were also greater 
than historical metrics at all sites (all p<0.05), 
whereas Neill cylinder samples were different 
at four of the six sites (Fig. 2.9). Kick sample 
values of both % Chironomidae and % Oligo-
chaeta in 2013 were lower than historical val-
ues at five of six sites (p<0.05). Neill cylinder 
samples in 2013 were also lower at four of six 

sites (p<0.05), higher at one site (p<0.05) and 
were similar to historical values at the remain-
ing site for % Chironomidae. Comparison of 
% Oligochaeta values of Neill cylinder samples 
with historical values was similar at four of six 
sites and lower at the remaining two sites (p< 
0.05). In summary, relative to current macroin-
vertebrate assemblages, historical assemblages 
were composed of more intolerant taxa (e.g., 
chironomids) most likely as a result of collecting 
samples in shallow, slower flowing locations. 

Cumulative assessment of benthic macroinvertebrate 
assemblages of the LAR main stem
 
In 2012, most benthic macroinvertebrate as-
semblages differed among sites (ANOSIM; 
R=0.75, p<0.001; Fig. 2.11a). However, sev-
eral middle reach sites exposed to both MSE 
and oil sands development, M3B and M7, did 
not differ while M4 was similar to M7 and M7C 
(Fig. 2.11a). Compared to benthic macroinver-
tebrate assemblages at reaches exposed to MSE 
and oil sands development (i.e., M3 to M7C), 
upstream reaches that were the least disturbed 
(M0 to M2) tended to have more intolerant EPT, 
primarily caddisfly families Hydrospychidae and 
Brachycentridae, and fewer tolerant oligochaete 
worms. Perlodidae stoneflies tended to be low-
est at sites closest to MSE exposure (M3 and 
M3B), but elsewhere had higher values. At  sites 
furthest downstream (M8, M9), Hydropsychidae 
and Brachycentridae caddisflies increased sub-
stantially in abundance and reached values sim-
ilar to upstream reaches (M0, M1 and M2). These 
downstream sites also tended to have more 
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Figure 2.11.  Comparison of lower Athabasca River ben-
thic macroinvertebrate communities based on non-metric 
multidimensional scaling (nMDS) for a) 2012, b) 2013 and 
c) 2014. Five replicate samples were taken at all 11 sites in 
2012, 2013 and 2014. For 2012 M1 site was removed as it 
was an outlier which obscured longitudinal trends.
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intolerant taxa, such as Perlodidae stoneflies, 
Odonates and the mayfly family Heptageniidae, 
but slightly more Oligochaetes, relative to the 
most upstream locations. The furthest down-
stream sites had higher abundances of Perlo-
didae stoneflies, the previously mentioned Hy-
dropsychidae caddisflies, and fewer oligochaete 
worms than middle reaches.

In 2013, similar patterns were observed with 
assemblages differing among sites (ANOSIM; 
R=0.79, p<0.001; Fig. 2.11b), except M3B and 
M4, M3B and M7C and between M4 and M7C 
(see Fig. 2.11b). Similar taxonomic differenc-
es among sites in 2012 existed in 2013 driving 
differences among sites. Hydrospychidae were 
most abundant at upstream, least disturbed 
reaches and the two reaches furthest down-
stream when compared to middle reaches ex-
posed to MSE and oil sands development (M3–
M7C). Also, these middle reaches tended to 
have more Chironomid midges, Odonates and 
mayflies, such as Heptageniidae, Ephemerelli-
dae, and Leptophlebidae than upstream sites. 
Similarly, sites furthest downstream tended to 
have more Heptageniidae and Ephemerellidae 
mayflies, Perlodidae stoneflies, Odonates and 
Chironomid midges than upstream reach sites. 
However, these downstream sites were differ-
ent from middle reach sites as they had higher 
abundances of Perlodidae stoneflies and Hydro-
spychidae caddis flies, but fewer intolerant Chi-
ronomid midges.  

All sites differed from each other in 2014 (ANO-
SIM; R=0.81, p<0.001; Fig. 2.11c). Least dis-
turbed sites (M0 and M1), had much higher Hy-
dropsychidae larvae than all middle reach sites, 
while sites furthest downstream had abundanc-
es of Hydropsychidae larvae similar to reference 
areas. In 2014, M2 had low abundances of Hy-
drospychidae larvae. Abundances of Chironomi-
dae larvae were greatest at M3, the site clos-
est to the MSE, but Chironomidae abundances 
were relatively similar at all other sites. Mid-
dle reaches (M3 through M7C) tended to have 
higher abundances of mayflies, such as Hepta-
geniidae and Leptophlebiidae, and dragon fly 
nymphs (Gomphidae) compared with upstream 
sites. The furthest downstream sites (M8 and 
M9) had even higher abundances of mayfly lar-
vae, such as Heptageniidae, than upstream and 
middle reach sites. In addition, these furthest 
downstream sites had the highest abundanc-

es of Perlodidae stoneflies and Pisidiidae clams 
compared to all other sites.

Ordination analysis of the benthic macroinverte-
brate assemblages showed a similar longitudinal 
pattern for all years. Reaches least disturbed by 
human activity (i.e., M0, M1 and M2) were sepa-
rated from those exposed to MSE (M3, M3B, M4, 
M6, M7 and M7C) and oil sands development 
(M3B, M4, M6, M7 and M7C). In summary for all 
years, SIMPER analysis revealed that the most 
upstream sites (M0–M2) had the highest Hydro-
psychidae larvae abundances, but fewer mayfly 
taxa (Heptageniidae), dragonflies and tolerant 
taxa, such as oligochaete worms or chironomid 
midges compared to middle reach sites (M3 – 
M7C). Middle reach sites tended to have low-
er abundances of EPT taxa, such as Perlodidae 
stoneflies and Hydropsychidae, but more toler-
ant taxa like oligochaete worms or chironomid 
midges than downstream sites. Downstream 
sites were different from upstream as they had 
higher abundances of Perlodidae stoneflies, 
Heptageniidae mayflies and odonates, but tend-
ed to have similar abundances of Hydropsychi-
dae larvae and tolerant taxa such as oligochaete 
worms and chironomid midges.

Environmental drivers associated with trends in  
benthic macroinvertebrate assemblages

In general, principal component analysis (PCA) 
ordination patterns for the environmental char-
acteristics were similar among sampling years 
2012-2014 (Figs. 2.12a-c).  Least disturbed 
upstream sites (M0–M2) were most separated 
from the reach closest to MSE (M3), but not ex-
posed to OS mining activity. The remaining sites 
(M3B, M4, M6, M7, M7C, M8 and M9), which 
are exposed to MSE and OS mining activity, 
were ordinated between the least disturbed up-
stream sites (M0–M2) and the reach closest to 
MSE (M3).  PCA exhibited a relatively consistent 
pattern among years with increasing nutrients, 
such as total dissolved nitrogen (TDN), total 
dissolved phosphorus (TDP) and total phospho-
rus (TP) highlighted as an important environ-
mental driver along PC1, whereas key drivers 
of PC2 frequently consisted of decreasing sedi-
ment metals, such as vanadium (Figs. 2.12a–c; 
Table 2.5, 2.6).

In 2012, the first two PCA axes explained 69% 
of the variation in environmental variables, with 
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PC 1 (39%) describing an increasing gradient 
of nutrients (TDN, TP and TDP), TSS and a de-
crease in conductivity, hardness and total dis-
solved solids.  PC 2 explained 30% of the varia-
tion in the data with a decrease along the axes 
of several sediment metals (vanadium, nickel, 
antimony and molybdenum), sediment arsenic 
and particulate organic nitrogen (Fig. 2.12a).  
The first two PCA axes in 2013 explained 58% 
of the variation in the data with similar envi-
ronmental variables along both axes from 2012 
explaining the variation in the data.  However, 
in 2013, total hydrocarbons determined from 
SPMD analysis and sestonic Chl a were includ-
ed in PC2 and decreased along the PC 2 (Fig. 
2.12b).  Similar results in the 2014 PCA analy-
sis of environmental variables was found (58% 
of the variation explained) as in the previous 
two years, with increasing nutrients along PC1 
and decreasing sestonic Chl a along PC2 (Fig. 
2.12c).  However, no metals or total hydrocar-
bons were associated along PC2 in 2014.

Relationships between the longitudinal pattern 
of benthic macroinvertebrate and that of the 
environmental drivers were relatively consis-
tent among years, particularly for nutrients. In 
2012, the BIOENV analysis, which compares the 
benthic macroinvertebrate nMDS with the ordi-
nation of the environmental drivers (compare 
Fig. 2.11a–c with Fig. 2.12a–c), revealed that 
TP, TDP, TSS and vanadium were best correlat-
ed (r=0.72) with the benthic macroinvertebrate 
assemblage. In 2013, the benthic assemblage 
was best associated (r=0.69) with periphyton 
biomass (measured as Chl a) (a biotic endpoint 
associated with nutrients), sediment molyb-
denum and total hydrocarbons from SPMDs. 
The best association (r=0.57) between benthic  
assemblage in 2014 was TP, TDP, specific con-
ductivity, TSS and sediment particulate organic 
nitrogen. No metals or hydrocarbons were as-
sociated with the benthic assemblage in 2014.

2.4 Discussion

This JOSM investigation had the primary objec-
tive of producing a robust program for monitor-
ing benthic invertebrates of the LAR main stem. 
Below we recommend sampling approaches and 
study designs for future biomonitoring of the 
LAR main stem, as well as providing an initial 
assessment of ecological condition of this eco-
system. We also address the primary questions 

of the Phase 2 plan as they relate to the benthic 
assemblages of the LAR.

Assessment of benthic macroinvertebrate assemblages: 
sampling approach and focal habitat

Our work aimed to assess the efficacy of the 
Phase 2 sampling design for benthic macroin-
vertebrates (Environment Canada 2011) and 
recommend appropriate sampling methods and 
habitats for a long-term monitoring program. 
Both the kick net and Neill cylinder sampling 
methods produced replicate samples that de-
tected longitudinal differences among the main 
stem study reaches. However, the kick net meth-
od, which is used by the vast majority of inter-
national benthic biomonitoring programs (Buss 
et al. 2015), allowed collection of samples from 
deeper water where higher amounts of intoler-
ant EPT taxa reside. Hughes and Peck (2008) 
suggest that a primary advantage of kick nets 
is their usefulness in sampling a variety of habi-
tats including deeper water (i.e., up to 1 m) with 
coarse substrates. Due to their limited depth 
range of sampling, the location of Neill samples 
was restricted to shallower water depths adja-
cent to the shoreline where water velocities are 
low. These conditions allow sediments to fall out 
of suspension and fill interstitial spaces with fine 
particles (i.e., <2 mm). Thus, this depositional 
zone is composed of substrate that offers envi-
ronmental conditions conducive to benthic as-
semblages often dominated by tolerant midge 
and Oligochaete taxa (Gray and Ward 1982). 
Although the Neill cylinder method is likely ap-
propriate for small shallow rivers, kick sam-
pling is more appropriate in deep, large rivers 
where samples need to be taken away from this 
nearshore deposition zone. Therefore, the kick 
net approach is the superior macroinvertebrate 
sampling method in the LAR for two reasons. 
First, it delivers replicate samples with relatively 
low variability in cobble relative to sand sub-
strate habitats so that longitudinal differences 
among river reaches can be detected. Second, 
this sampling method affords good resolution to 
identify impacts going forward because detec-
tion of pollution intolerant taxa will provide an 
indication of environmental degradation of ben-
thic food webs (Resh and Jackson 1993).  

Benthic macroinvertebrate habitat in the LAR 
consists of large areas of mobile sand bars in-
terspersed with occasional erosional zones of 
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Figure 2.12.  Principal component analysis (PCA) of water and sediment 
chemistry, water quality and total hydrocarbon data at sites M0, M1, M2, M3, 
M3B, M4, M6, M7, M7C, M8 and M9 in the Athabasca River, Alberta, Canada 
for a) 2012, b) 2013 and c) 2014. Note that site M3B in 2013 is not shown in 
the plot as the SPMD data for that site was compromised due to atmospheric 
exposure for an unknown period of time.
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cobble substrate associated with bedrock out-
crops (Barton and Wallace 1980, Golder and As-
sociates 2003). Previous benthic biomonitoring 
occurred mostly in these sand habitats (McCa-
rt et al. 1977, Noton 1979, Barton and Wallace 
1980, EVS 1996, Golder 1998) or in nearshore 
erosional zones with high amounts of fine sub-
strate particles (Barton and Wallace 1980, Bo-
erger 1983, Anderson 1991). Our comparison of 
benthic assemblages in sand and cobble habitat 
demonstrated that cobble substrates had great-
er attached algal production, higher abundance, 
and diversity of macroinvertebrate taxa. Barton 
(1980) also found that variability of invertebrate 
samples from cobble habitats was much lower 
than in sand meaning that a sampling program 
based on cobble habitat with higher biodiversi-
ty would provide increased sensitivity to detect 
impacts (sensu Resh et al. 1995). To create an 
efficient and cost effective sampling program 
that can be consistently applied over the large 
spatial scale of the LAR, we recommend use of 
the kick net approach in cobble habitat, with 
sampling occurring annually at a subset of crit-
ical sites located above, within and below oil 
sands development.

Change in benthic macroinvertebrate assemblages 
since historical sampling approach

Historical analysis of main stem macroinver-
tebrate assemblages near JOSM reaches is 
constrained to the data summary provided by 
Golder and Associates (2003). Moreover, direct 
comparison of assemblage metrics calculated 
from historical and current data were restricted 
to Neill samples collected in the shallow near-
shore erosional zone with higher amounts of 
fine particles and lower current velocities. This 
is because valid comparisons could not be made 
between Neill and kick net samples because 
the JOSM kick net approach samples habitat of 
much higher velocity and larger substrate.

Neill samples indicate that invertebrate as-
semblages of the earlier period were dominat-
ed by tolerant midges and oligochaete worms. 
Although this could indicate a lower ecological 
condition in the 1980s, it is more likely that this 
trend is an artifact of earlier samples being col-
lected in depositional substrate. Compared to 
current sample locations, historical samples ap-
pear to have been located in more shallow, near-
shore substrates that contained larger amounts 

of fine sediments, and provided environmental 
conditions less conducive to intolerant inverte-
brates such as the EPT. Thus, the historical data 
cannot be used to reliably make statements 
about change in ecological condition over the 
period from 1980 to the present when oil sands 
development rapidly increased. This inference is 
weakened by the extremely limited availability 
of historical data that correspond temporally to 
JOSM benthic data.

Ecological status and cumulative effects of  
development of main stem benthic assemblages

Future status and trend assessment will  
benefit from the 2012-2014 baseline established 
during JOSM. For example, analysis of benthic 
invertebrate metrics of 2013 found the greatest 
abundance at M3, with the lowest abundances 
in the least disturbed sites (M0–M2). Although  
metrics of taxonomic composition (i.e., EPT, 
midge, percentage Trichoptera, and EPT tax-
onomic richness) showed differences among 
sites, other metrics, including Simpson’s  
Diversity, Evenness, and Taxonomic Richness, 
showed no strong trends among sites. 

EPT taxa were the major component of  
benthic macroinvertebrate assemblages of the 
LAR. While this indicates the river has good 
ecological condition, there are signs of environ-
mental stress in the middle river reaches (i.e., 
sites M3 to M7C). The sampling design was 
able to detect changes in benthic assemblages  
between reference sites and those associated 
with exposure to MSE and oil sands development. 
In particular, middle river reaches had higher 
abundances of tolerant chironomid midges or 
oligochaete worms, but fewer Hydropsychidae 
than the least disturbed sites (M0–M2), located 
upstream, as well as the furthest downstream 
sites (M8 and M9). Middle river sites had higher 
abundances of several Ephemeroptera families 
(Heptageniidae) and dragonflies (Gomphidae) 
compared to upstream sites, whereas the fur-
thest downstream sites tended to have higher 
abundances of intolerant taxa, such as stone-
flies (Perlodidae) and Heptageniidae mayflies. 
Moreover, EPT taxonomic richness was great-
est at M3, the site closest to the MSE, but was  
relatively similar at the other sites. These  
patterns of benthic assemblages are indicative 
of nutrient enrichment.  
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The BIOENV routine was used to ascertain the 
possibility of nutrient-contaminant effects on 
the benthic macroinvertebrate assemblage of 
the main stem LAR. This analysis found associa-
tions between the benthic assemblages and key 
environmental drivers, such as nutrients and 
contaminants (metals and PACs). In 2012 and 
2014, there was an association with TDP and 
TP and benthic macroinvertebrate assemblages. 
Although this association of nutrients with ben-
thic pattern was not evident in 2013, algal bio-
mass, which is associated with nutrient levels, 
was correlated with benthic assemblages. The 
highest nutrient concentrations were associat-
ed with sites downstream of the MSE and pro-
vide weight to the nutrient enrichment pattern 
seen in the benthic assemblages: i.e., increases 
of tolerant taxa in the middle sites (M3–M7C) 
relative to upstream, minimally disturbed sites. 
Furthermore, sites upstream of Fort McMurray 
had the lowest TDP and TP concentrations with 
levels downstream of the MSE being much high-
er.

Relationships between benthic macroinverte-
brate composition and contaminants were weak 
and not conclusive. For example, concentrations 
of sediment vanadium in 2012 and concentra-
tions of sediment molybdenum and total PACs in 
2013 were associated with benthic assemblag-
es, but in 2014 metals and PACs were not as-
sociated with benthic assemblages. The nature 
of these associations between metals and PACs 
and biota is unclear as sediment vanadium was 
highest at the sites furthest downstream (M8 
and M9), both of which had abundant intolerant 
taxa, such as EPT. Similarly, in 2013 substantial 
abundances of EPT taxa were associated with 
high sediment molybdenum concentrations at a 
minimally disturbed site, M1, and total PAC con-
centrations were highest at minimally disturbed 
site, M2.

In contrast, decline in abundance of Hydropsy-
chidae larvae in areas of greater exposure to 
suspended particles of bitumen has been found 
by Barton and Wallace (1979) and Brua et al. 
(2003) in tributaries of the Athabasca River and 
was speculated to interfere with net function, 
i.e., clogged with bitumen, or captured sus-
pended bitumen particles may be toxic when 
fed upon. Reduced abundance of filter feeding, 
sensitive Hydropsychidae larvae in the middle 
reaches may be associated with more frequent 

exposure to suspended bitumen particles that 
collect in the webs of these insects. Indeed, in 
two of three years, TSS concentrations were 
greatest in the middle reaches.  The upstream 
and most downstream reaches had lower TSS 
concentrations, but greater abundances of Hy-
dropsychidae larvae, than the middle reach-
es.  Furthermore, these middle reaches receive 
higher levels of aerial deposition from oil sands 
operations (Kirk et al. 2018). This hypothesis 
of the association of between reduced Hydro-
pyschidae abundance and increased bitumen 
availability needs further study.

2.5 Summary and Conclusions

During JOSM investigations of LAR main stem 
benthic assemblages, considerable progress 
was made on answering questions posed in the 
Phase 2 Integrated Monitoring Plan for the Oil 
Sands (Environment Canada 2011b). Each of 
the main questions is listed below along with 
a brief summary of our state of knowledge and 
the extent to which questions have been an-
swered through three years of monitoring.

  • What is the current status of Athabasca  
 main stem benthic assemblages?

 The LAR main stem exhibits good  
 ecological condition with intolerant taxa,  
 such as the EPT, found in large abundanc- 
 es at all sampling sites. However, the  
 middle reaches of the study area that  
 are exposed to MSE from Fort McMurray  
 and oil sands development suggest  that  
 changes in benthic assemblages may be  
 associated with mild environmental stress  
 (e.g., increased relative abundance of  
 tolerant taxa). 

  • What is (1) the baseline against which  
 future change will be assessed and (2)  
 what baseline data need to be collected  
 in areas of future development?

 (1) Analyses to date indicate that ben- 
 thic assemblages in cobble habitat  
 provide better resolution for detecting  
 ecological change between M0 to M9. 
 JOSM data collected from 2012-2014  
 provide high quality information for the  
 LAR main stem that will serve as a baseline  
 time period against which future assess- 
 ments can be compared.
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(2) Ongoing monitoring of benthic assemblages 
using kick net approaches in cobble reaches 
of the LAR main stem are required to detect 
change associated with human activities. Addi-
tional reference sites between M0 and M2 are 
recommended to improve the ability to detect 
change from the reference condition. 

  • Are there significant changes since  
 historical studies?

Relative to current macroinvertebrate assem-
blages, historical assemblages were composed 
of more intolerant taxa (e.g., chironomids). Al-
though this potentially suggests a reduced eco-
logical condition in the LAR at that time, this 
trend is most likely an artifact of sample loca-
tion (i.e., reduced water depth and velocity) in 
the earlier studies. Historical samples appear to 
have been located in shallower, nearshore hab-
itats composed of substrates containing large 
amounts of fine sediments. These environments 
would be less conducive to intolerant inverte-
brates such as the EPT.  
 
  • Are there existing differences in benthic  
 assemblages among reference and  
 potentially impacted sites?

The middle reaches below M3 to M7 show dif-
ferences in benthic assemblages that are con-
sistent with signs of stress.  These differences 
need to be examined more closely through fo-
cused studies designed to detect and document 
the individual and combined effects of nutrient 
and contaminant stressors.

  • Do predictive relationships exist that  
 can link system drivers (including devel- 
 opment stress) and variability within   
 sites in benthic assemblage responses?

A definitive statement on the linkage of envi-
ronmental drivers to ecological differences in 
reaches M3 to M7C is not yet possible. Future 
assessments should focus on examining associ-
ations between the longitudinal benthic pattern 
and key supporting variables (e.g., nutrients, 
PACs, vanadium). Moreover, this adaptive mon-
itoring design should include sediment chem-
istry and SPMD deployments as these appear 
to measure critical environmental variables  
associated with patterns of benthic assemblage.  
In addition, focused studies should be con-

ducted using novel methods to document and  
diagnose linkages between system drivers and 
ecological differences in these middle reaches.  
Upon review, successful novel methods could be  
incorporated into the monitoring design at a  
later date.

  • Is there evidence of cumulative effects  
 of development on benthic assemblages  
 in the Lower Athabasca River and is 
 there evidence of cumulative effects  
 further downriver?

Middle reaches, from M3 to M7C, show differ-
ences in benthic assemblages that are consis-
tent with signs of stress associated with the  
cumulative effects of MSE and oil sands min-
ing activity. However, sites furthest downstream 
have a benthic assemblage consisting of more 
sensitive EPT taxa than the middle reaches,  
potentially indicating a zone of recovery in these 
most distant reaches on the Athabasca River. 
Future integration with fish and toxicity moni-
toring, atmospheric deposition and hydrology/
sediment dynamics will likely improve causal 
assessment.
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3.1 Introduction

Benthic invertebrate sampling in major trib-
utaries to the Lower Athabasca River (LAR) 
in the oil sands area began in the late 1970s,  
(Barton and Wallace 1980, Brua et al. 2003, 
Golder and Associates 2003, Lindeman et al. 
2011). Tributaries sampled most often in these 
early studies were the MacKay, Muskeg (and 
its tributaries, notably, Jackpine, Muskeg and 
Wapasu creeks) and Steepbank rivers. Small-
er streams such as Poplar Creek, Beaver, Tar, 
Calumet and Dover rivers as well as the larger 
Ells River were sampled only occasionally at one 
or two sites (Golder and Associates 2003). The 
Firebag River was not included in these early 
benthic invertebrate studies. 

Several different sampling approaches have 
been used in these tributary streams. Most his-
torical benthic surveys were conducted in the 
Muskeg River (>40 sites in 10 surveys over 22 
years), which is distinct among the LAR tribu-
taries because habitat changes from erosional 
in the lower reaches to depositional in the mid 
to upper reaches. In erosional habitats, kick 
nets (500 µm mesh) were used in the earliest 
surveys and then Neill cylinder sampling pre-
dominated from 1979 onwards. In depositional 
reaches, replicate Ekman grabs were consistent-
ly used. Historical erosional reaches are within 
the area sampled in the JOSM tributary program 
(MUSKRIFF 1 and 2), while the upstream dep-
ositional areas are similar to those that contin-
ued to be sampled through the Regional Aquatic 
Monitoring Program (RAMP).
 
In erosional habitats of the MacKay River, the 
Neill sampler (210 µm mesh) was used most 
frequently (Golder and Associates 2003, Lin-
deman et al. 2011), although Surber samplers 
(600 µm mesh) were used in the earliest stud-
ies (McCart et al. 1978). Sampling locations 
ranged from near the mouth to mid-watershed 
and overlapped with several tributary sites that 
were sampled currently. Finally, in the Steep-
bank River, Barton and Wallace (1980) conduct-
ed kick net (500 µm mesh) and Surber (202 µm 
mesh) sampling in 1976 and 1977 at sites from 
the mouth to upstream areas above the conflu-
ence with the North Steepbank River in prox-
imity to current upstream sites (STBRIFF 11). 

A Neill cylinder sampler (250 µm mesh) was 
used for sampling between late 1990 and early 
2000s, with sites located in the mid to lower 
reaches (similar in location to sites STBRIFF 1, 
21, and 8) (Golder and Associates 2003). 

For all rivers, benthic samples from erosional 
habitats were dominated by chironomids and 
mayflies, and densities were typically in the 
5,000-10,000 individuals/m2 range. However, 
as with most area-delimited sampling, such as 
Neill or Surber samplers, high variability was 
found, with some densities recorded as low 
as 142 and others reaching >24,000 individu-
als/m2. In the depositional sites of the Muskeg 
River, Chironomids, Molluscs and Oligochaetes 
were dominant taxa and densities were even 
more variable, ranging from 2,000-62,000 indi-
viduals/m2. Along with densities, a large range 
in number of taxa was observed among all 
studies; at erosional sites taxa richness (at the  
genus level) ranged from 20 to 77 taxa and 18 
to 72 at the depositional sites of the Muskeg 
River (Golder and Associates 2003).  

More recently, reports and data have been  
released annually through RAMP with the latest 
information issued in April 2015 (RAMP 2015, 
www.ramp-alberta.org). RAMP was implement-
ed in 1997 to assess aquatic health and cumu-
lative effects of the oil sands area. Sampling 
of benthic invertebrate assemblages through 
RAMP in tributaries of the Athabasca River  
began in 2000 (one depositional site was sam-
pled in 1999), with four reaches sampled in the 
MacKay, Steepbank and Muskeg rivers. Three 
erosional sites in the lower section of these 
three watersheds have been sampled annually 
for the past 15 years, while other sites were 
assessed on a rotational basis as determined 
by the multi-stakeholder committees (RAMP 
2015). Similar to the historical studies, typical 
benthic assemblages for erosional habitats have 
been documented in many of these reports in-
cluding EPT, Diptera (including Chironomidae), 
and aquatic worms (Oligochaete, Naididae).  

Recent evaluations of biomonitoring programs 
undertaken in the LAR tributaries cite the val-
ue of historical and current macroinvertebrate 
data sets because this information provides a 
baseline for future assessments (Ayles et al. 

3.  Tributary Benthic Invertebrate Assemblages Sub-Theme
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2004, Dillon et al. 2011, Main 2011). While ac-
knowledging the importance of historical data, 
these reviews also list several improvements 
that would benefit future benthic invertebrate 
assessment programs of LAR tributaries. These 
include standardizing sampling protocols and 
focusing sampling design on clearly defined 
habitats in order to reduce the signal to noise 
ratio and thus improve the statistical power 
of assessments. Modification of study designs 
must aim to reduce variability by determining 
relevant spatial and habitat scales for sampling. 
Such improvements would allow more robust 
statistical assessments of biological differenc-
es between reference and test reaches. Final-
ly, these reviews recommend development of a 
reference model to provide the baseline against 
which test sites could be evaluated. Our JOSM 
study considered these recommendations and, 
where possible, incorporated them into the 
study design and sampling approaches of the 
Phase 2 Integrated Monitoring Plan for the Oil 
Sands (Environment Canada 2011b).

Objectives

Design elements proposed in the Phase 2 mon-
itoring plan (Environment Canada 2011b) in-
cluded adoption of national CABIN protocols, 
development of a defined sampling habitat (i.e., 
erosional habitat), and collection of additional 
abiotic (e.g., contaminants) and biotic support-
ing variables (e.g., periphyton biomass). Here 
we address the broad questions listed in Sec-
tion 1 to assess ecological condition of the ben-
thic assemblages of LAR tributaries and suggest 
changes that could improve monitoring design. 

A key objective of the LAR tributary benthic as-
sessment was to characterize the natural range 
in assemblage structure at reference sites to 
establish biological reference conditions. Es-
tablishing such reference conditions increases 
the ability to differentiate from potentially af-
fected sites and is a key step in the Reference 
Condition Approach (RCA) (Reynoldson et al. 
1997, Rosenberg et al. 1999 Environment Can-
ada 2011b). The study design is complicated 
by the fact that bituminous bearing formations 
are naturally exposed along the lower reaches 
of the LAR tributaries; bituminous material can 
be found within the substratum and along the 
banks. Reference locations with minimal land 
disturbance were selected within the stream 
catchments both upstream and downstream of 

areas exposed to these deposits. Thus, a key 
objective was to determine whether benthic 
communities were similar within and outside 
stream areas with exposed oil sands geology. 
A second objective was to evaluate if macroin-
vertebrate assemblages within areas of increas-
ing oil sands development differ from those in 
the reference areas. With the data available 
from the study period (2012-2014), two with-in 
stream evaluations examining changes in ben-
thic communities along a gradient of increasing 
land use disturbance are presented using the 
Steepbank and Ells rivers as test cases. Final-
ly, we compared different field sampling meth-
ods used for historical and current studies to 
gain improved knowledge to allow incorporation 
of historical data into future assessments and 
model development. 

3.2 Methods

Study Design 

Assessments of benthic invertebrate assem-
blages in LAR tributaries followed the design 
elements outlined in the Phase 2 Integrated 
Monitoring Plan for the Oil Sands (Environment 
Canada 2011b) as well as the Joint Canada- 
Alberta Implementation Plan for Oil Sands Mon-
itoring (Canada and Government of Alberta 
2012). The JOSM sampling conducted by ECCC 
from 2012-2014 focused on erosional habi-
tats in three priority areas (Fig. 3.1): 1) trib-
utaries with existing oil sands activities, many 
of which have been sampled historically (e.g., 
RAMP; Steepbank, MacKay, and Muskeg rivers), 
2) areas with no or minimal OS activities but 
for which future OS activities may occur (i.e., 
existing leases, Firebag and McIvor rivers) so 
that Before-After-Control-Impact (BACI) sam-
pling design assessments may be implement-
ed, and 3) areas that are currently in reference 
condition and are not slated for oil sands devel-
opment (i.e., long term reference sites; Birch 
Hills, tributaries in the Firebag River, additional 
upstream locations in  priority tributaries). The 
sampling design for each priority area followed 
a longitudinal gradient of increasing human  
disturbance, which was quantified using Alberta 
Geographical Information System (GIS) infor-
mation from 2014.  Although bitumen mining is 
the dominant activity near the LAR tributaries, 
co-occurring activities, including forestry and 
steam-assisted gravity drainage bitumen recov-
ery, are present to a minimal degree and are 
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Figure 3.1.  Benthic invertebrate monitoring locations for the LAR tributaries as proposed by Environ-
ment Canada (2011). Both priority tributaries and BACI (Before-After-Control-Impact) areas for small 
streams and rivers are illustrated.
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included in disturbance measurements. Sites 
were stratified within three categories based 
on both the natural exposure to bitumen and 
the proportion of upstream disturbance in the 
catchment (Fig. 3.1):

  1) ”Outside Exposed Bitumen Reference”  
 sites (located outside of the exposed  
 bitumen deposit): 
       a)   Had no or minimal disturbance in  
         the upstream catchment (< 10 %  
         active lease area and <1 % land  
         change/disturbed area); 
       b) Were outside of the designated Oil  
  Sands Minable Area (OSMA, Fig.  
  3.1); and 
       c) Had no observable bitumen in the  
  substrate or in upstream exposed  
  cliffs (site surveys for bitumen  
  exposure were conducted in 2014  
  and 2015).  

  2) ”Inside Exposed Bitumen Reference”   
 sites (located within the exposed bitu- 
 men deposit but where the industrial  
 footprint is minimal):
    

   a) Had no or minimal disturbance in  
  the up stream catchment (<10 %  
  active lease area and <1 % land  
  change/disturbed area); 
       b) Were within the designated OSMA; 
       c) Had observable bitumen in the  
  substrate or in upstream exposed  
  cliffs; and/or
       d) Were downstream from a site at  
  which  bitumen was observed. 

  3)   Potentially impacted sites, which had con 
 firmed or suspected exposure to natural  
 OS bitumen deposits at the stream  
 surface and had >10% active lease and  
 disturbance areas in the upstream  
 catchments.

The percent disturbance and active lease area 
in the upstream catchments of study sites were 
determined using GIS land change information 
from 2014. In total, 51 reference sites and 65 
potentially impacted sites were established in 
tributaries of the LAR from 2011-2014 (Table 
3.1).  

Table 3.1:  Number of reference sites from each catchment that 
are outside and inside the exposed bitumen deposit.
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Biological and environmental data were collect-
ed following the CABIN protocol for wadeable 
streams, which is described in more detail be-
low (Environment Canada 2010). An annual re-
view of the numbers of sampling sites within 
each catchment and exposure category was un-
dertaken in order to identify spatial gaps which 
were addressed in subsequent years up to fall 
2014.

Throughout the 2012-2014 JOSM period, sam-
pling under the RAMP/AEMERA program con-
tinued in some established tributary locations 
with yearly modifications as described in annual 
RAMP reports (www.rampalberta.org). Although 
site locations varied from year to year (Hatfield 
Consultants et al. 2015, Table 3.2.) sampling 
primarily continued in reaches that were either 
depositional in nature, in areas not targeted by 
the Phase 2 Integrated Monitoring Plan (e.g., 
streams south of Fort McMurray), and at sever-
al lower reaches of LAR tributaries to maintain 
sampling continuity at these sites while JOSM 
program evaluations were underway.

Two comparative studies of sampling meth-
ods were conducted concurrently within the oil 
sands area to help reveal potential differences 
in assemblage composition related to sampling 
technique and enhance our ability to incorpo-
rate historical and current sampling results for 
future assessments. First, a joint study evaluat-
ing the RAMP sampling approach using a Hess 
cylinder sampler (similar in style to the Neill cyl-
inder samplers used historically) and the CAB-
IN integrated kick sampling (both described in 
more detail below) was completed in 2012 and 
2013 at 40 replicate riffles in the Steepbank, Ells 
and MacKay rivers. ECCC staff joined the RAMP 
sampling crews in early September of each year 
and samples were collected side-by-side using 
both approaches at five of the 10 replicate rif-
fles within a RAMP-designated reach. The key 
differences between sampling methods are 1) 
mesh size (Hess = 210 µm, standard CABIN 
Kick = 400 µm), and 2) the area sampled with-
in a single riffle; the Hess cylinder produces an 
area delimited sample (0.1 m2) while the kick 
net produces an integrated, three minute sam-
ple which covers several meters as the sampler 
travels in a zig-zag pattern within the stream-
bed.  Thus kick sampling covers a much greater 
surface area of the stream bed and is consid-
ered a catch per unit effort sampling approach. 
As mesh size has been suggested to have a 
large contribution to differences in benthic as-

semblages observed between collection meth-
ods (Glozier et al. 2002), a second compara-
tive study focused on mesh size was completed 
over the course of four years. Between the fall 
of 2011 (preliminary sampling prior to JOSM) 
and fall 2014, 30 side by side kick samples were 
taken within riffles, one kick net with the stan-
dard 400 µm mesh and one with 250 µm mesh. 

Sampling Methods

The CABIN protocol for wadeable streams  
(Environment Canada 2010, Environment and 
Climate Change Canada 2016) was implemented 
for sampling in tributaries during the fall of 2011 
and has been conducted on an annual basis, up 
to and including September 2015. The CABIN 
approach is centered on collection of benthic in-
vertebrates using a three-minute travelling kick 
technique, in which a large area of riffle habitat 
is sampled by traversing the riffle in a zig-zag 
pattern while continuously disturbing the sub-
strate. Invertebrates are dislodged from the 
substrate and are carried by stream flow into 
the kick net and attached collection jar.  In the 
laboratory, invertebrates are sub-sampled from 
a Marchant box following standard procedures 
(Environment Canada 2010).

The CABIN approach also incorporates the col-
lection of standard habitat variables that may 
be important drivers of community change and 
can be used to develop predictive models. These 
include:

  • Water chemistry (nutrients, major ions,  
 metals, pH, etc.).
  • Channel measurements (channel width,  
 depth, velocity, slope, etc.).
  • Reach characteristics (aquatic habitat  
 types, macrophyte coverage, canopy  
 coverage, etc.).
  • Substrate characteristics (particle size,  
 embeddedness, etc.).

In addition, ecological monitoring in the oil sands 
incorporates several parameters considered to 
augment the standard CABIN suite of measure-
ments (Environment and Climate Change Cana-
da 2016). These include:

  • Analysis of waterborne contaminants,  
 such as PACs with semi-permeable mem- 
 brane devices (SPMDs).
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Table 3.2. Summary of JOSM yearly planned activities and sampling achieved (Environment Canada 2011b, 
RAMP 2015).

  • Analysis of fine sediment contaminants.
  • Quantification of periphyton biomass,  
 using Chl a.

Along with GIS-derived hydrological, geological 
and land-use information, the habitat parame-
ters and information collected contribute to the 
development of a reference condition model and
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address specific oil sands-related questions. 
As well as the CABIN manuals cited, detailed 
method descriptions are available from multi-
ple ECCC Standard Operating Protocols (SOPs), 
including water quality, SPMD, Biomonitoring, 
Quality Control/Quality Assurance (Environment 
and Climate Change Canada 2016), as well as 
in Section 2A. 

Data Analysis and Statistical Approach

This report examines the status of benthic in-
vertebrate assemblages in both reference and 
potentially affected sites in several major tribu-
taries of the LAR from 2011-2014. Multivariate 
statistics, including nMDS, ANOSIM and SIMPER 
procedures were calculated using the PRIMER 
software package v.7.0 (Clarke and Warwick 
1994; Clarke and Gorley 2001), and used to ex-
amine patterns in benthic assemblage compo-
sition, both among tributaries and across longi-
tudinal gradients within tributaries. Analyses of 
benthic macroinvertebrate data were performed 
at the family level, as this approach is widely 
used in bioassessment, including the federal En-
vironmental Effects Monitoring (EEM) program 
(Glozier et al. 2002) and the nationally stan-
dardized CABIN (Environment Canada 2010) 
wadeable streams biomonitoring program. 

The RELATE procedure in PRIMER (Clarke and 
Gorley 2001) was used to confirm the use of 
family level aggregation by measuring the cor-
relation between resemblance matrices pro-
duced at both family and genus levels. Data 
were square root-transformed prior to analy-
sis. Key endpoints (such as taxonomic richness, 
Simpson’s Diversity, dominant taxon (%), pro-
portion of EPT, and proportion of Chironomidae) 
were also calculated to assess assemblage pat-
terns. Biological patterns were then associated 
with potential environmental drivers to devel-
op a weight-of-evidence argument for assess-
ing cumulative ecological effects. A preliminary 
investigation of potential environmental driv-
ers of community change included a principal 
components analysis (PCA) of standard CAB-
IN habitat variables. Finally, univariate (paired 
t-tests) and multivariate analyzes were used to 
evaluate potential methods differences in his-
torical and current benthic data sets. Statistical 
significance was indicated by p< 0.05. Means 
±1SE and actual p values are reported, unless 
otherwise noted. For water quality and SPMD 
data, where concentrations of ‘less than detec-

tion limit’ were reported by the laboratories, 
values equal to half of the detection limit have 
been used for statistical calculation and graphi-
cal presentation (Gilbert 1987).

3.3 Results and Discussion

The results of the LAR tributary benthic pro-
gram summarize progress made in the JOSM 
plan and include assessment of the current sta-
tus of reference areas, assessment of potential-
ly impacted areas relative to reference areas, 
and comparison of Hess cylinder and kick net 
sampling techniques. Because the benthic as-
semblage data aggregated to either family or 
genus levels were highly correlated (r=0.93; 
RELATE), results are presented at the family 
level. The scope of the analyses is intended as 
a synopsis of key data available to date. For ex-
ample, assessments of potentially affected sites 
will be refined upon development of a Reference 
Condition Model, and incorporation of additional 
results (e.g., additional water quality and sed-
iment quality samples) following completion of 
detailed verification and validation processes.  

Progress Relative to the Joint Implementation Plan

In the 5-year pre-JOSM period (2006-2010), on 
average 15 reaches were sampled each year, 
nine of which were consistently sampled annu-
ally as core sites (Table 3.2). During the first 
year of JOSM (2011), total sampling effort in 
the tributaries more than doubled to a total of 
38 reaches (combined ECCC and RAMP). Over 
the JOSM study period, the number of reaches 
sampled increased to 54, 75 and 90, respective-
ly, in 2012, 2013 and 2014. Thus, the number 
of tributary reaches sampled on an annual basis 
has increased by more than fivefold since the 
implementation of JOSM in 2012. Spatial ex-
tent of sampling activities has also been greatly 
expanded to include reaches outside of the oil 
sands geology, particularly to the north (Birch 
Mountains).

Current locations of ECCC sites within each pri-
ority tributary as well as the BACI (Before-Af-
ter-Control-Impact sampling design) areas are 
provided in Fig. 3.2 for each major tributary 
and Fig. 3.3 for the Expanded Geographical 
Area (EGA). Visual representation of the 2014 
disturbance foot print and underlying geological 
formations is also provided. Spatial coverage for 
the RAMP/AEMERA reaches over this time period
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Figure 3.2.  Location of tributary sites in the Oil Sands Minable Area showing a) disturbed/land change 
areas and b) geological formations.
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Figure 3.3.  Location of tributary sites in EGA showing a) disturbed/land change areas and  
b) geological formations.
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is summarized in the latest RAMP technical  
report (Hatfield Consultants et al. 2015).

Current Status of Benthic Macroinvertebrate  
Assemblages in Reference Sites

Macroinvertebrate Assemblage Characteristics

Ordination of benthic macroinvertebrate assem-
blages from reference sites in the Steepbank, 
Ells, Mackay, Firebag, Muskeg and Birch Moun-
tains rivers revealed that community assem-
blages differed among these catchments (Fig. 
3.4; R=0.511; p=0.001; ANOSIM). Most dis-
tinct were assemblages from streams draining 
the Birch Mountains (Fig. 3.4), which generally 
had lower proportions of the families Baetidae 
and Chironomidae. A SIMPER analysis showed 
these taxa contributed a combined 17–30 % 
of the average dissimilarity between the Birch 
Mountains assemblages and those from other 
catchments. A large range in composition was 
evident among the Birch Mountains streams, 
highlighting the need for additional assess-
ment and monitoring in the area — particularly 
as oil sands development expands northward. 
The analyses reported below focus on four ma-
jor sub-basins of the Athabasca River: the Ells, 
MacKay, Steepbank and Firebag rivers.

Benthic invertebrate assemblages from the 
Steepbank River were the most distinct of the 
major tributaries in the mineable area (Fig. 
3.5a), although assemblages from each catch-
ment group were statistically different (R=0.228 
– 0.704; p=0.001 – 0.002; ANOSIM). As above, 
differences were driven primarily by the families 
Baetidae and Chironomidae, which contributed 
a combined 16-25 % of the average dissimilar-
ity between the four catchment groups (SIM-
PER).  In the Steepbank River, Baetidae were 
fewest in abundance but EPT were present in 
highest proportion, Chironomidae made up only 
a small fraction of the assemblage (Fig. 3.6). 
However, total richness and Simpson’s diversity 
were lowest in the Steepbank River (Fig. 3.6).  
In contrast, richness and diversity were highest 
in the Firebag River, where Baetidae were most 
abundant but the proportion of EPT was lowest 
(Fig. 3.6). The average abundance of Chiron-
omidae was also highest in the Firebag River, 
where total assemblage abundance (13,070) 
was nearly 2.5 times higher than in the oth-
er three catchments. The higher abundance of 
benthic invertebrates in the Firebag River may 
be linked to the mean biomass of benthic algae, 
which was approximately two times higher rel-
ative to other catchments when averaged over 
sampling years (Fig. 3.7).

Figure 3.4.  Ordination (nMDS) of benthic invertebrate communities collected 
from reference sites in the oil sands area between 2011 and 2014.  ANOSIM 
showed significant differences (*) among the six catchments.
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Figure 3.5.  Ordination (nMDS) of benthic invertebrate communities collect-
ed from reference sites in four major tributaries of the lower Athabasca River, 
showing (a) significant difference (*) among catchments and (b) no significant 
difference (ns) between surficial geology categories.
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Figure 3.6.  Key benthic metrics (x ̅±SE) calculated for four major tribu-
taries of the Athabasca River.  Data from all sampling years were pooled 
per catchment.

Figure 3.7.  Chlorophyll a (x̅±SE) calculated for four major tributaries 
of the Athabasca River.  Data from all sampling years were pooled per 
catchment.
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Because there were clear differences in benthic 
assemblage structure between major catch-
ments, potentially affected sites were assessed 
against reference sites from the same catch-
ment. No statistical difference was found be-
tween reference sites located within the exposed 
bitumen deposit (but with minimal industrial 
footprint) (“Inside Exposed Bitumen Reference” 
sites) and those located outside the exposed 
deposit (“Outside Exposed Bitumen Reference” 
sites) (Fig. 3.5b; R=-0.02; p=0.69; ANOSIM).  
Thus, these sites were considered collectively as 
the baseline against which to evaluate potential 
impacts of land change/disturbance on tributary 
biota.

Environmental Drivers of Assemblage Structure at 
Baseline 

Initial evaluation of potential environmental 
drivers included physical habitat variables from 
the standard CABIN suite of measurements (En-
vironment Canada 2010). Where variables were 
redundant (Pearson r>0.8), only one was re-
tained for analysis (resulting in a total of six vari-
ables). Ordination of these variables revealed a 
clear catchment pattern, which appeared to be 
strongly related to median particle size (D50; Fig. 
3.8). In general, median particle size was larg-
est in the Steepbank River and smallest in the 
Ells River, which contained the highest propor-
tion of silt and clay (Fig. 3.8). The proportion of 
silt and clay was highly associated with the sec-
ond PC axis. The decreasing gradient in particle 
size (Steepbank>MacKay>Ells) was consistent 
with a decreasing gradient in % EPT (Steep-
bank>MacKay>Ells) and an increasing gradient 
in % Chironomidae (Ells>MacKay>Steepbank; 
see Fig. 3.6). Bankfull width and flow velocity 
appeared to influence the separation of the Fire-
bag River from other catchments and also ap-
peared to produce a large gradient within Fire-
bag River sites (Fig. 3.8). Those with the largest 
bankfull widths (and thus a larger surface area 
to volume ratio) may be linked with higher pe-
riphyton biomass, which was shown above to be 
linked with higher invertebrate abundance, rich-
ness and diversity in the Firebag River. Future 
analysis will combine other environmental data, 
including GIS-derived hydrological, geological 
and land-use information, with CABIN variables 
to investigate additional environmental vari-
ables associated with benthic assemblage pat-
terns.  

Current Status of Benthic Macroinvertebrate Assem-
blages in Potentially Impacted Sites

This assessment uses the JOSM 2012-2014 
data to address questions regarding the status 
of benthic assemblages in potentially affected 
reaches (i.e., Accumulated State) (Environment 
Canada 2011b, Dube and Wilson 2013). It also 
explores linkages of biological pattern with en-
vironmental drivers and oil sands development 
stressors. Determining if differences are pres-
ent between reference and exposure areas is 
the first step in tiered monitoring programs, 
such as Canada’s EEM program (Glozier et al. 
2002). The Steepbank and Ells rivers were se-
lected as case studies to evaluate cumulative 
shifts in benthic assemblage structure from ref-
erence to potentially affected sites. Where dif-
ferences in benthic assemblage structure be-
tween reference and potentially impacted sites 
are present, future steps in a tiered monitoring 
approach similar to EEM will include (1) confir-
mation of benthic assemblage differences and 
(2) determination and identification of develop-
ment stressors as potential drivers of biological 
change.
   
Macroinvertebrate Assemblage Characteristics at Po-
tentially Impacted Sites

Potentially impacted sites were those in close 
proximity to oil sands activity as determined 
from GIS land-change information produced in 
2014 (see Methods:  Study Design). Once iden-
tified, potentially impacted sites in the Ells and 
Steepbank rivers were sub-divided into ‘test’ 
groups representing a gradient of increasing dis-
turbance and active lease area in the upstream 
catchment (Fig. 3.9; Tables 3.3, 3.4). Three 
test groups (each including several sites that 
had similar disturbance and active lease area 
in the upstream catchment) were established 
for the Ells and Steepbank rivers, with the first 
test group being closest to reference sites and 
the third test group being farthest downstream, 
near areas of active development. Multivariate 
analyses (nMDS, ANOSIM) were used to assess 
whether there were statistical differences in bi-
ological assemblages among test groups. The 
results below describe the status of test sites in 
the Steepbank and Ells rivers relative to their 
respective reference sites.  
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Figure 3.8.  Principal Components Analysis (PCA) of physical habitat 
variables collected from four catchments as part of the standard CABIN 
sampling program.  Redundant variables (p > 0.8) were removed.

Ordination of benthic invertebrate assemblag-
es from the Steepbank and Ells rivers revealed 
that assemblage structure differed along a lon-
gitudinal gradient (Fig. 3.10; Tables 3.3, 3.4). 
Steepbank Test Group 1 and Ells Test Group 
1 were statistically similar to reference sites, 
while downstream assemblages in Test Groups 
2 and 3 from both rivers were significantly dif-
ferent from their respective reference sites (Fig. 
3.10; Tables 3.3, 3.4). SIMPER analysis showed 
that in the Steepbank River, the families Baeti-
dae and Lepidostomatidae were the strongest 
contributors (21 % combined) to assemblage 
dissimilarity between Test Group 3 and refer-
ence sites, with test sites having lower average 
abundances. Test sites also had lower average 
abundances of most EPT taxa (contributing a 
combined 63 % to dissimilarity between refer-
ences sites and Test Group 3), with the excep-
tion of the families Heptageniidae and Perlodi-
dae. A distinguishing feature of Test Group 3 
assemblages was the lower average abundance 
of Chironomidae, which in Test Groups 1 and 2 
was equivalent to reference (SIMPER). In the 
Ells River, the families Ephemerellidae and Chi-
ronomidae contributed a combined 17 % of as-
semblage dissimilarity between Test Group 3 
and reference sites (SIMPER), with test sites 
having higher and lower average abundances, 

respectively. Ephemeroptera families, such as 
Ephemerellidae, Baetidae, Heptageniidae and 
Leptohyphidae, were generally more abundant 
in test sites than in reference sites (contributing 
a combined 29 % to dissimilarity between refer-
ence sites and Test Group 3. However, Trichop-
tera (e.g., Hydropsychidae, Brachycentridae, 
Leptoceridae) and Plecoptera (e.g., Pteronarcy-
idae, Chloroperlidae, Perlidae) were generally 
more abundant at reference sites (contributing 
a combined 25 % to dissimilarity between refer-
ence sites and Test Group 3; SIMPER).

Suzanne (2015) also reported longitudinal 
changes in benthic invertebrate assemblag-
es along the Steepbank and Ells rivers. In that 
study, benthic invertebrates were collected on 
a monthly basis in 2012 by both kick net (us-
ing standard CABIN method) and by rock basket 
artificial substrates at four sites in the Steep-
bank River and three sites in the Ells River. All 
sites but one overlapped with ECCC JOSM sites. 
The most upstream site sampled on each river 
was located within the ECCC-defined reference 
group, while the furthest downstream site was 
located within ECCC-defined Test Group 1. Both 
the kick net and rock basket sampling techniques 
revealed significantly different benthic commu-
nities between the upstream reference sites 
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Figure 3.9.  Sampling sites in (a) the Steepbank River and (b) the Ells River, showing 
test site group (red circles) and analytical groupings.

(a)

Test Group 2

Test Group 3

Test Group 1

(b)
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Table 3.3.  Habitat and GIS-derived measurements for reference and test groups 
from the Steepbank River, including total active lease and disturbance areas (% catch-
ment).  Proportional data were arcsine √x-transformed prior to statistical analysis. 

Table 3.4.  Habitat and GIS-derived measurements for reference and test groups 
from the Ells River, including total active lease and disturbance areas (% catchment).  
Proportional data were arcsine √x-transformed prior to statistical analysis. 

and furthest downstream test site in both rivers 
(Steepbank p=0.003 for kick net and p=0.001 
for rock baskets; Ells p=0.003 for both tech-
niques). Differences in assemblage structure 
were driven primarily by Baetidae in the Steep-
bank River and Chironomidae in the Ells River 
(both of which were highest in reference sites).  
In summary, the rock basket and kick net ap-
proaches revealed similar longitudinal patterns 
in invertebrate assemblage as observed in the 
JOSM tributary monitoring program.

Potential co-occurring habitat and disturbance 
gradients were evaluated by comparing the 
means of several environmental variables be-
tween test and reference groups (one-way ANO-
VA or Kruskal-Wallis tests followed by post hoc 
analysis where applicable). Variables included 
were identified as drivers of assemblage struc-
ture between catchments groups (PCA above) 
as well as GIS-derived variables related to land 
change areas in the upstream catchment (to-
tal active lease and total disturbance areas). 
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Figure 3.10.  Ordination (nMDS) of benthic invertebrate communities from test and 
reference site groups in the Steepbank and Ells Rivers.  ANOSIM shows Test Group 
1 from both catchments were not statistically different (ns) from reference sites 
while Test Groups 2 and 3 from both catchments were significantly different (*) from  
reference sites.

In both Steepbank and Ells rivers, significant, 
increasing gradients in total disturbance area 
were identified (Tables 3.3, 3.4). In the Steep-
bank River, the total active lease area was not 
statistically different between any of the groups; 
however, bankfull width was lower (p<0.001) in 
upstream reference sites than in all test groups 
(Table 3.3). In the Ells River, a significant, in-
creasing gradient in total active lease area and 
a less-pronounced decreasing gradient in mean 

chlorophyll a were identified (Table 3.4). Median 
particle size (D50) and proportion of clay and 
silt were statistically similar from upstream ref-
erence sites to the most downstream test sites 
in both the Steepbank and Ells Rivers (Tables 
3.3, 3.4). Although additional habitat and wa-
ter quality measures will be evaluated as driv-
ers during the RCA model development, these 
results suggest that differences in benthic as-
semblage composition from upstream reference 
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Figure 3.11.  Longitudinal pattern in total PAHs in the LAR and EGA 
tributary reaches in the 2013 and 2014 as measured in month long de-
ployments of SPMDs.



46

sites to downstream test sites are not driven 
by changes in substrate and habitat character-
istics, but are correlated with increased distur-
bance area in the catchment.   

Longitudinal trends in total PACs within a tribu-
tary were associated with disturbance patterns. 
PACs were measured at a subset of sites in 
2013 and 2014 with SPMDs. In the Steepbank 
River (Fig. 3.11) minor increases (~20 %) in 
concentration occurred between reference sites 
and Test Group 1 sites, a larger increase (~300 
%) occurred at sites within the next test group 
while the biggest increase (1000%) occurred 
between Test Group 2 and 3 sites (Fig. 3.11). In 
the Ells River (Fig 3.11), the pattern was some-
what different, with the largest increase occur-
ring between reference and Test Group 1 sites 
with subsequent increases at Test Group 2 and 
3 (which had similar concentrations). Although 
a clear pattern of increasing exposure to total 
PAC concentrations is evident in downstream 
river sections, further assessments will include 
examination of PAC analyte patterns between 
the Inside Exposed Bitumen Reference sites and 
the potentially impacted test sites to enhance 
the ability to elucidate differences in contami-
nant source. 

Evaluation of Historical Benthic Invertebrate Methods 
with Current Methods

Comparison of Benthic Invertebrate Data Collected by 
Kick Net and Hess Cylinder
 
Ordination of benthic invertebrate assemblag-
es collected by kick net and Hess cylinder re-
vealed a clear pattern related to method type 
(Fig. 3.12a; R=0.335; p=0.001; ANOSIM). A 
SIMPER analysis showed that the family Chiron-
omidae contributed most (9 %) to the average 
dissimilarity between method groups, with a 
higher average relative abundance of this taxon 
collected by the Hess cylinder. The Hess cylinder 
method also produced higher average relative 
abundances of Trombidiformes as well as the 
families Naididae and Enchytraeidae (contrib-
uting a combined 13 % to average dissimilar-
ity among method groups; SIMPER). In com-
parison, the kick net method produced higher 
average relative abundances of most EPT fam-
ilies than in samples collected by Hess cylinder 
(EPT = 56 % of average dissimilarity; SIMPER). 
Exceptions were the mayfly families Caenidae 
and Baetiscidae; the caddisfly families Polycen-
tripodidae and Helicopsychidae; and the stone-

fly family Chloroperlidae, which were in higher 
average relative abundance when collected by 
Hess cylinder. Ordination of assemblage data by 
method showed that while a similar site pattern 
was produced by both methods, kick net sam-
ples had lower intra-site variability, which pro-
vides an increased capacity to detect communi-
ty change (Fig. 3.12b).

Paired t-tests revealed a significant difference 
between endpoints calculated from kick net and 
Hess samples when sites were combined (Fig. 
3.13). All measures of richness, abundance 
and diversity were higher in kick net samples 
and all endpoints involving EPT showed a high-
er proportion collected by kick net (Fig. 3.13). 
In contrast, samples collected by Hess cylinder 
had higher proportions of chironomids, dipter-
ans and non-insects (Fig. 3.13). Because the 
kick net sampling produced a higher proportion 
of EPT, taxa that are more sensitive to distur-
bance and are of particular importance in bi-
ological monitoring, and because site patterns 
were more easily distinguished among the kick 
net samples, the CABIN kick sampling protocol 
is recommended for ongoing benthic monitoring 
in the oil sands area. 

Comparison of Benthic Invertebrate Data Collected 
by 250 µm and 400 µm mesh Kick Nets

A comparison between the standard CABIN kick 
net (400 µm mesh) and a smaller mesh size 
kick net (250 µm mesh) was undertaken to (1) 
ascertain whether differences between the kick 
net and Hess methods were due to mesh size 
and (2) enable comparisons with historical ben-
thic data sets collected with similar mesh siz-
es.  Samples were collected side-by-side during 
fall JOSM sampling events (2011-2014; n=30). 
Ordination of benthic invertebrate assemblages 
revealed a significant difference between those 
collected by 250 µm mesh and 400 µm mesh 
kick nets (Fig. 3.14a; R=0.168; p=0.001; ANO-
SIM), with the family Chironomidae contributing 
most (7 %) to average dissimilarity (SIMPER). 
However, the pattern and direction of catchment 
groups was consistent between methods (Fig. 
3.14b). Total abundance was 2 times higher and 
average abundances of Chironomidae, Naididae 
and Enchytraeidae were 3-4 times higher in 
samples collected by 250 µm than with the 400 
µm mesh kick net (contributing a combined 15 
% to the average dissimilarity; SIMPER), which 
is consistent with the Hess cylinder and kick 
net comparison. A review of endpoints revealed 
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other similarities with the comparison above: 
namely, the significantly higher proportion of 
dipterans and non-insects (p < 0.001), as well 
as significantly higher proportion of dominant 
taxon collected by the smaller mesh size (p = 
0.025).  However, in contrast to the sampling 
method comparison above, mesh size did not 
have an effect on total, insect or EPT richness 
(p=0.142-0.303; paired t-tests). Additional-
ly, total abundance was statistically higher (p< 
0.001; paired t-test) in the 250 µm mesh kick 

net samples. These findings suggest that the 
decreased richness and abundance produced by 
Hess sampling may largely be a result of the 
collection method (as opposed to mesh size), 
in which less habitat area is sampled relative to 
the traveling kick technique. For example, the 
height of Hess samplers limits the location of 
samples to shallow depths where water veloc-
ities are lower and a large portion of taxa, in-
cluding sensitive EPT taxa, are less likely to be 
found.

Figure 3.12.  Ordination (nMDS) of benthic invertebrate communities col-
lected by kick net and Hess cylinder in the Ells, MacKay and Steepbank Riv-
ers.  Communities were (a) statistically different among sampling methods 
and (b)communities sampled by kick net were more distinctly clustered by 
site.  Each colour represents replicates from specific tributary reaches.
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Figure 3.13.  Benthic metrics (x ̅±SE) calculated for invertebrate communities sampled by kick net 
and Hess cylinder in 2012 and 2013.  Asterisks (*) identify metrics that are significantly different (a 
= 0.05) between kick net and Hess cylinder samples in paired t-tests.
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Figure 3.14.  Ordination (nMDS) of benthic invertebrate communities 
sampled in six catchments by kick net with either 250µm or 400µm mesh.  
There was (a) a statistical difference between mesh size groups but (b) the 
global pattern (and direction) was consistent between catchment groups.
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3.4  Summary and Conclusions

Key questions addressed during JOSM were 
aimed at developing new monitoring approach-
es and improving understanding of the poten-
tial effects of development on benthic macroin-
vertebrate assemblages of the LAR tributaries. 
Study components completed between 2012 
and 2014 are summarized in Table 3.2. Estab-
lishment of 85 new sites (>5x previous mon-
itoring programs) has enhanced the ability to 
characterize benthic macroinvertebrate assem-
blages in reference and exposure sites and as-
sess their accumulated state. Predictive rela-
tionships between assemblage composition and 
system drivers (including development stress) 
are under development and results to date 
demonstrate that correlations exist between 
longitudinal differences in benthic assemblage 
structure and increased land use disturbance in 
the lower reaches of the major tributaries. Fur-
thermore, differences observed between ben-
thic assemblages in reference and test areas in 
the Steepbank and Ells rivers are largely caused 
by lower abundances and proportions of sensi-
tive taxa in test areas. Compositional differenc-
es were greater at sites with higher disturbance 
footprints, which suggest that communities in 
the lower reaches of the major tributaries are 
experiencing potential cumulative impacts of 
on-going and expanded mining development. 
Investigation of additional co-occurring habi-
tat and exposure gradients is ongoing and will 
include development of a RCA model. Finally, 
upon development of a translation/conversion 
routine between sampling methodologies, fur-
ther assessments of changes through time may 
be possible. 

Each of the main questions investigated by the 
tributary benthos program is listed below with 
a brief summary of our state of knowledge and 
the extent to which JOSM questions have been 
answered through three years of monitoring.

  • What is the current status of benthic  
 assemblages in these LAR tributaries?

Good ecological condition in LAR tributaries was 
generally indicated by the presence of intolerant 
EPT taxa across sites. However, assemblages in 
areas with increased disturbance are divergent 
from reference condition, which may be indica-
tive of mild environmental stress.  

  • (1) What is the baseline against which  
 future change will be assessed? and (2)  
 what baseline data need to be collected  
 in areas of future development?

(1) Future change in benthic assemblages of 
LAR tributaries will be determined through de-
velopment of an RCA model and comparisons 
to established reference conditions. Test sites 
can also be used as temporal benchmarks to 
determine improvement or further divergence 
relative to reference sites in these areas. Com-
parative analyzes demonstrate that kick net 
sampling provides higher resolution taxonom-
ic information compared to the Hess sampling 
method and assemblage data collected by kick 
net will be considered as baseline information to 
assess change from reference condition.  

(2) Core monitoring of 15 reference sites and 
10 test sites is to be completed annually, with 
five additional reference sites and five addition-
al test sites sampled on a rotational basis, such 
that all current sites are visited at least once in 
a five year period. Additional sites in the Birch 
Mountains (~10) will be established to char-
acterize benthic assemblage variability in the 
area more adequately, with 10 core sites to be 
monitored on an annual basis. New sites in the 
mineable area (up to 10) may be established 
to address data gaps for reference sites (e.g., 
sites with natural exposure to bitumen) and test 
areas (e.g., additional sites near development 
boundaries to capture more information about 
invertebrate and habitat variability).

  • Are there significant changes since  
 historical studies?

A conversion routine is under development to 
relate historical (i.e., RAMP) data to current data 
collected through JOSM. Comparative studies 
undertaken during the JOSM program (kick net 
and Hess; 250 and 400 µm mesh size) have 
revealed that although the various methods 
capture slightly different aspects of the benthic 
assemblage, they produce similar assemblage 
patterns across sites.  

  • Are there existing differences in benthic  
 assemblages among reference and  
 potentially impacted sites?
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In both the Steepbank and Ells rivers, there 
were significant, longitudinal differences in as-
semblage structure that may be associated with 
mild environmental stress. Test sites in both 
rivers had lower proportions of sensitive taxa 
(EPT) than their corresponding reference sites 
and assemblage changes were correlated with 
gradients in land change/disturbance area as 
well as total PAC concentration.  

  • Do predictive relationships exist that  
 can link system drivers (including devel- 
 opment stress) and variability within sites  
 in benthic assemblage responses?

Initial results indicated that particle size and 
bankfull widths were important drivers that 
distinguished reference sites among the major 
tributaries. However, there were no significant 
longitudinal patterns in particle size and bank-
full widths among sites in either the Steepbank 
or Ells rivers. Rath er, differences in benthic as-
semblage compo sition in both catchments were 
correlated with longitudinal gradients in distur-
bance and PAC concentration.Investigation of 
other potential drivers is underway via develop-
ment of a predictive model following the RCA. 

  • Is there evidence of cumulative effects  
 of development on benthic assemblages  
 in the LAR tributaries?

Longitudinal differences in benthic assemblage 
structure were evident in the Steepbank and 
Ells Rivers and were associated with significant 
gradients in disturbance and PAC concentra-
tions. Future analyses will further investigate 
the relationship between benthic assemblage 
structure and environmental conditions to de-
termine whether there is a causal relationship 
between exposure to disturbance stressors and 
altered assemblage composition. This will in-
volve increased sampling effort at key locations 
such as development boundaries and areas of 
assemblage transition.  
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4.1 Introduction

This section outlines the current status of an 
ongoing JOSM sub-theme that focuses on the 
health of delta wetland habitats located within 
the EGA of the JOSM downstream of oil sands 
activities. At the end of JOSM (March 2015), the 
Deltaic monitoring project was still under de-
velopment having started with a pilot phase in 
2011. The formal JOSM work began in April 2012 
with new sites being added to the monitoring 
network in 2016. Unlike other components, no 
RAMP network had been in operation in wetlands 
in the EGA, although there are benthic macroin-
vertebrate monitoring sites on the LAR connect-
ing channels at Embarras, Fletcher, Goose and 
Big Point channels (http://www.ramp-alberta.
org/data/map/default.aspx?c=Benthos). While 
the EGA has been the focus of previous large-
scale ecosystem studies — most notably during 
the Peace-Athabasca Delta Project Group (PAD-
PG 1973), Northern River Basin Study (NRBS 
1996), Peace-Athabasca Delta Technical Studies 
(PAD-TS 1996), and Northern Rivers Ecosystem 
Initiative (NREI 2004) — there has been little 
or no historical work on benthic assemblages of 
these critically-important wetland habitats, nor 
on their sensitivity to potential contaminant ex-
posure. 

Objectives

The objectives of the Delta Benthic Invertebrate 
Assemblages Sub-theme were reduced relative 
to those for the main stem and tributaries as 
this study took place outside the direct area of 
oil sands mining. Areas of investigation specific 
to the Deltaic subcomponent included:

  • A retrospective risk assessment of poten- 
 tial contaminant effects on delta benthic  
 species to support development of new  
 metrics for cumulative effects monitoring; 
  • A detailed study of the hydrology of the  
 wetland monitoring sites. Existing  
 mapping and elevation data were insuff- 
 icient in detail and accuracy to permit the  
 hydrological connectivity of sites to be  
 determined, and new data were required  
 to delineate site catchments and provide  
 a suitable classification framework; and

  • A review of international wetland biomon- 
 itoring studies with a specific focus on  
 invertebrates. This review provides a  
 critical examination of existing metrics  
 and their relevance to the JOSM purposes  
 and was carried out as part of this study,  
 but is not reported further here.

4.2 Methods

Study design

The aim of the Delta Benthic Invertebrate As-
semblages Sub-theme is to establish a moni-
toring network to observe and detect ecologi-
cal change in wetland habitats attributable to 
downstream effects of oil sands mining, with 
a particular focus on potential contaminant ef-
fects. In the initial period of the program devel-
opment, efforts focused on developing a suit-
able methodology and site network within the 
Peace-Athabasca Delta (PAD). 

Wetlands are complex habitats and, although 
they remain a focus for monitoring in many 
countries, available biomonitoring methods are 
limited, and most activity has centred on moni-
toring wetland habitats and associated plant as-
semblages. Such assemblages can be observed 
either directly by quadrat vegetation survey 
(e.g., Timoney and Argus 2006) or by remote 
sensing methods (Töyrä and Pietroniro 2005). 
While monitoring plant assemblages can pro-
vide valuable evidence of habitat shifts (see also 
below), macroinvertebrates, which are sensitive 
to oil sands contaminants, were the focus of the 
Delta wetland biomonitoring efforts.

The PAD region, which also includes the lesser 
Birch Delta, is composed of a network of wet-
lands of varying connectedness to the main river 
channel and lake network (Peters et al. 2006a, 
b). The selected wetland monitoring sites rep-
resent a gradient of connectivity, both in terms 
of potential exposure to oil sands contaminants 
via two distinct pathways: (1) surface flow and 
associated sediment deposition from the Atha-
basca River as it moves through the oil sands 
region in the LAR and downstream into the PAD; 
and (2) atmospheric transport and deposition of 
emissions either in the form of snow, rain and/
or dust particles. 

4.  Delta Benthic Invertebrate Assemblages Sub-theme
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The initial phase of study design and implemen-
tation focused on wetlands with varying levels 
of connectivity ranging from isolated (i.e., re-
ceiving largely atmospheric contaminant input 
and infrequent overland flow via extreme flood 
events), to intermittently connected (i.e., re-
ceiving water and sediment-borne contaminants 
via occasional overbank flow and ice-jam-relat-
ed flood events) to regularly connected (i.e., re-
ceiving regular inputs of water and sediment). 
Wetland site selection has been aligned, where 
possible, with historical and ongoing vegeta-
tion monitoring carried out by Parks Canada 
since the 1990s. This facilitates comparison of 
any change potentially linked to contamination 
while factoring out changes due to wetland hab-
itat shifts in relation to wet-dry climate cycles 
known to occur in the region and anthropogen-
ically-driven climate warming and flow regula-
tion (Prowse et al. 2006).

Site network

In its initial phase (2011-2012), the focus for 
establishing wetland monitoring sites was on 
perched basin wetlands, which are not direct-
ly connected to the main channel flow system 
except during high-water events (Fig. 4.1). 
As these sites are the ultimate sink for sedi-
ments and associated contaminants potentially 
transferred from the mining area, they present 
a long-term ‘worst-case scenario’ for contami-
nant accumulation. In subsequent years (2012-
2015), the focus expanded into the Birch delta, 
and towards ensuring a balance between rel-
atively connected and isolated wetland basins. 
This was supported by previous knowledge of 
delta hydrology (e.g., Peters et al. 2006a, b), 
coupled with direct observations via satellite and 
airborne remote sensing, airborne and field sur-
veys, and seasonal deployment of water depth 
recorders in PAD wetland habitats.

Figure 4.1.  Map of the Deltaic study area: the Peace-Athabasca Delta (PAD), 
which includes the Birch Delta, indicating core study sites (red circles), addition-
al network sites added since 2011 (black circles) and the previously established 
vegetation monitoring network operated by Parks Canada (black crosses).
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Monitoring strategy

The Delta subcomponent focused its efforts on 
gaining an understanding of the nature and 
variability of benthic macroinvertebrate assem-
blages in PAD wetlands, which had not previ-
ously been the focus of any systematic historical 
study. At an early stage, a decision was made to 
focus on a standardised rapid assessment sam-
pling method based on the use of the CABIN 
standard kick net (Environment Canada 2012a; 
400 µm mesh net with a removable collection 
cup). Benthic macroinvertebrate sampling in this 
region is challenging, given the large geograph-
ic area, sparse human population and lack of a 
road network. Travel between sites was initially 
by boat and air boat, but this shifted towards 
helicopter as the network expanded. However 
accessed, the focus of wetland sampling during 
this expansion remained wadeable habitats, at 
wetland margins dominated by emergent veg-
etation, including very shallow inundated wet 
meadows.

As a first step towards development of effect 
criteria for contaminant impact, it was neces-
sary to understand data properties of samples 
collected using this rapid assessment method. 
Given the lack of historical data on wetland 
benthic macroinvertebrate assemblages, it was 
considered prudent to obtain multiple years of 
baseline sampling data to explore ‘within’ and 
‘between’ site variability in benthic assemblage 
composition. Initial studies on wetland benthos 
thus included an exploratory component to de-
velop a basic understanding of the nature and 
scope of benthic macroinvertebrate assemblage 
structure within these poorly structured wetland 
habitats. As the site network has expanded, the 
site survey has been expanded to obtain criti-
cal information on key habitat features likely to 
drive local and regional variability in hydrologi-
cal connectivity.

Hydrological, chemical and biological methods

Hydrological methods

The Peace-Athabasca Delta is typical of north-
ern deltas in terms of the effects of snow and 
ice processes on its hydrology. Distinctive to the 
PAD system is its formation at the confluence of 
two major tributaries at the west-end of Lake 
Athabasca in the headwaters of the Mackenzie 

River, and the episodic outflow obstruction that 
can result in flow reversal from the Peace River 
into the PAD (Peters and Buttle 2010). The PAD 
has experienced natural and human-induced 
hydrological changes, and wetlands have expe-
rienced extensive intervals of drying and wet-
ting in the last 40 years (Fig. 4.2), instigating 
several multi-disciplinary engineering, monitor-
ing and research initiatives since the introduc-
tion of flow regulation to the system in 1968 
(Peters 2003, 2013).

The PAD contains >1,000 small wetland and 
lake basins with varying degrees of hydraulic 
connection depending on location and elevation 
(Jaques 1989). Basins typically have low relief 
(<2 m) with maximum depths ranging from 
~0.05 to 12 m (mean of 1.5 m) and surface 
water areas ranging from 0.1 to ~20 km2. Most 
basins in the main portion of the delta are en-
closed by narrow, abrupt levees that comprise a 
small fraction of the total area. Vegetation cover 
is important in limiting surface runoff and influ-
encing evaporation rates, while bedrock outcrop 
in the northeastern areas enhance surface run-
off contribution to ponded areas (Peters 2003, 
Peters et al. 2006a, Wolfe et al. 2007). Surface 
water inputs (snow melt and rainfall) from di-
rect precipitation onto, and surface runoff from, 
contributing areas are key controls on the per-
sistence of ponded water in wetlands when 
not connected to the main flow system (Peters 
2013). Based on surface hydraulic connection of 
delta basins to the main flow system (PAD-PG 
1973) and isotopic signatures of waters (Wolfe 
et al. 2007), three delta basin water-level re-
gimes can be distinguished in the PAD: 1) an 
open or active hydraulic connection with the 
main flow system; 2) a restricted connection, 
such as a perched channel or levee entry, to an 
adjacent lake or river; and 3) isolated basins 
farther inland. The water level fluctuation of the 
latter two types is independent of the main flow 
system, except when connected during high 
water events; these are referred to as perched 
basins.

The distinctive local delta hydrology and region-
al upstream stressors on wetland hydrology, 
along with historical research/monitoring and 
local resident information, were considered in 
the selection of network monitoring sites in the 
Birch, Peace and Athabasca sectors of the PAD. 
Although the Water Survey of Canada (WSC 
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Figure 4.2.  PAD surface water conditions mapped by Environment Canada 
(Toyra & Peitroniro, 2005) and Wood Buffalo National Park (WBNP 2015) via 
remote-sensing assessments for the post-1996 and 1997 large ice-jam floods 
in the Peace Delta (e.g., Egg Lake) and Athabasca Delta (e.g. Johnny’s Cabin 
Pond). Note the extensive loss of surface water in Egg Lake by 2012 prior to the 
2014 ice-jam flood event that recharged extensive areas of the PAD.

2015) maintains a hydrometric monitoring net-
work in the connected channel and lake system, 
no wetlands were being monitored for water 
level in the PAD prior to our delta work. Thus, 
it was necessary to implement seasonal water 
depth/level monitoring at each wetland site, as 
per the approach established by Peters et al. 
(2006a, b), to complement the biophysical and 
water quality monitoring. The in-situ wetland 
hydrometric data was necessary to establish 
essential information on wetland hydroperiod, 
hydrological variability, and connectivity (timing 
and duration) with adjacent lakes or river chan-
nels.  

A digital elevation model (DEM) composed of 
low resolution Shuttle Radar Topography Mis-
sion (SRTM) data, plus available and higher 
resolution ground-based and aerial-based (Li-
DAR) topographic surveys, is in development. 
Building on the work of Peters et al. (2006b), 
the DEM will be used to establish source wa-
ters reaching the wetland monitoring sites, i.e., 
Peace vs Athabasca River waters (Fig. 4.1). The 
DEM will also provide essential corroborating 
information on the topographic elevation and 

location at which a wetland site connects to ad-
jacent surface source waters. Once the location 
(latitude and longitude) and elevation (metres 
above sea level) of surface water connection are 
established via use of DEM information, the con-
tributing area to wetland can be delineated and 
the saturated surface area at full capacity can 
be estimated. Combining information extract-
ed from the DEM with National Hydro Network 
(WSC 2015) information provides the basis for 
estimating surface water distance downstream 
from oil sands development, which can be con-
trasted with aerial downwind distance.  

Water chemistry and Hg body burden methods

Site-level water chemistry samples were col-
lected to support interpretation of patterns in 
macroinvertebrate composition across sites. 
The standard suite of analyses conducted in 
the Deltaic wetland sites matched that used by 
the Tributary and Mainstem biomonitoring sub-
themes, and QA/QC procedures were identical. 
For further details see the Methods section and 
Tables 2.2 and 2.3 of the main stem sub-theme 
report above.

Environment Canada developed and 
WBNP applied the method to produce 
annual maps outlining extents:

- Open water (blue)
- Flooded vegetation (green)
- Non flooded land (pale yellow)
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A pilot study to deploy semi-permeable mem-
brane devices (SPMD) was carried out at two 
sites (PAD 14 and PAD 37) in 2013, providing 
preliminary baseline values for PACs in the wa-
ter column. The results supplied exposure level 
data for the Ecological Risk Assessment analy-
ses, but are not reported further here.

Given the potential for aerial and aquatic depo-
sition of mercury in the PAD from upstream oil 
sands development (Kirk et al. 2018), the po-
tential for localised mercury biomagnification 
was examined in PAD aquatic food webs. This 
was achieved by collection of the benthic lar-
val stages of predatory aquatic insects (drag-
onflies/damselflies, diving beetles) and adult 
and larval life-stages of wood frogs (Lithobates 
sylvaticus) associated with wetland monitoring 
sites. While dragonfly, damselfly and beetle lar-
vae are exclusively benthic (in contrast to their 
more mobile winged adult life-stages), frogs will 
move locally between wetlands. Total mercury 
(THg) and the more toxicologically active meth-
yl (MeHg) mercury were assessed for dragon-
fly/damselfly larvae collected from 12 sites in 
June 2014 and 25 sites in August 2014. Twen-
ty-two of these sites were revisited in July 2015 
(some sites were inaccessible for sampling due 
to drying out or active local fires which restrict-
ed access), when collections were augmented 
by addition of beetle larvae and frog life stages. 
Laboratory analysis of THg and MeHg was con-
ducted following the method outlined by Bloom 
(1989).

Ecological risk assessment methods

A probabilistic ecological risk assessment (ERA) 
of the major contaminants associated with oil 
sands development to wetland ecosystems in 
the PAD was conducted for the specific purpose 
of identifying the key contaminants that pose 
the greatest risk of adverse effects and/or tox-
icological hazard and the likelihood and mag-
nitude of possible effects (US EPA 1992). The 
focus of the ERA consisted of metals and poly-
cyclic aromatic compounds (PACs) in the water 
and sediment (listed in Table 4.1, 4.2, 4.3 and 
4.4). Results of the ERA will directly inform on-
going wetlands biomonitoring work in the PAD 
and EGA but has wider applicability for the trib-
utary and mainstem biomonitoring work. 

Biomonitoring methods

Wetlands have been traditionally monitored by 
measuring changes in aquatic vegetation, and 
Parks Canada has conducted regular vegeta-
tion transect surveys at a number of sites in 
the PAD since 1993. While sensitive to hydro-
logical change and nutrient enrichment, plants, 
including wetland macrophytes, are relative-
ly tolerant to trace levels of metals and PACs 
(e.g., Alkio et al. 2005, Clemens 2006) when 
compared to benthic invertebrates (see also 
Hering et al. 2006). Benthic macroinvertebrates 
(BMIs) exhibit a range of sensitivities to these 
contaminants (Clements 1991). BMIs also have 
intermediate-length life cycles (~1-3 years in 
temperate regions, Merritt et al. (2008)), so 
their assemblages can respond to both pulsed 
and chronic exposures within time frames rele-
vant for monitoring. A number of other factors 
make BMIs good bioindicators: they are typi-
cally abundant and ubiquitous in wetlands, they 
are relatively easy to collect and preserve, and 
can be collected in large numbers without major 
impacts on local populations (Resh 2008). Their 
movements cover short distances compared 
with vertebrates, so assemblages tend to reflect 
local-scale environmental conditions.
In the absence of historical data for aquatic in-
vertebrates in the PAD, particularly for wetland 
habitats, immediate development of monitor-
ing and assessment models was not possible. 
It was first necessary to quantify current spatial 
and temporal variability in benthic macroinver-
tebrate biodiversity and to identify the major 
abiotic drivers of assemblage composition. This 
information will be used to identify appropriate 
gradients along which sampling will be strati-
fied — seasonal (early vs. late summer), spa-
tial (Peace vs. Athabasca vs. Birch deltas) and 
environmental (habitat connectivity, hydroperi-
od). It will establish a baseline and an envelope 
of expected variability in macroinvertebrate 
assemblage composition against which poten-
tial effects of contaminants can be assessed. 
Standing water habitats such as wetlands are 
inherently more variable than river habitats 
(Hutchinson 1957); as such considerably more 
sampling is required to establish current base-
line conditions.

Given the remoteness of the Peace-Athabasca 
and Birch deltas and the difficult terrain for ac-
cessing sites, the aim was to develop a rapid 
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Table 4.1.  Site-specific risk criteria for EGA wetland habitats, based on aqueous phase (water-column) 
toxicity of key oil sands metals based on toxicity to freshwater macroinvertebrates.
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assessment method that could be applied con-
sistently across sites, provide robust estimates 
of BMI biodiversity, and be employed by lo-
cal groups, Parks Canada staff or consultants 
with suitable training. Internationally-accept-
ed, standardised methods for biomonitoring 
of wetlands with BMIs currently do not exist. 
However, recent efforts by the CABIN program 
to develop a standard approach to wetland bio-
monitoring at the national level were under-

way before sampling began; a draft protocol is 
currently under review by the CABIN Science 
Team (Environment Canada, in prep). We ad-
opted the proposed CABIN method with some 
minor modifications for biomonitoring in the 
Peace-Athabasca and Birch deltas. The focus 
of the macroinvertebrate sample is a time-lim-
ited (two-minute) sample collected with a 400 
µm mesh, triangular D-frame net, while walk-
ing forward and sweeping the net from side to 

Table 4.2.  Site-specific risk criteria for EGA wetland habitats, based on aqueous phase 
(water-column) toxicity of key oil sands polyaromatic compounds (PACs) based on toxicity 
to freshwater macroinvertebrates.
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Table 4.3.  Site-specific risk criteria for EGA wetland habitats, based on sediment phase 
toxicity of key oil sands metals to aquatic macroinvertebrates. 

side from the edge of the emergent vegeta-
tion zone into the submerged vegetation zone.  
Care was taken to avoid excessive entrainment 
of sediment in the samples. The reason for re-
ducing collection time is the excessive amount 
of organic material captured in wetland sweep 
samples. Excess vegetation that accumulated in 
samples was rinsed and discarded in the field, 
and the residue preserved in 95 % ethanol. Lab-
oratory processing followed procedures outlined 

in the CABIN laboratory protocols manual (Envi-
ronment Canada 2012b). Samples were subsa-
mpled, with a minimum of 300 individuals and 
5 % of the sample identified. Taxa not normal-
ly included in CABIN counts (e.g., pelagic zoo-
plankton) were enumerated and identified sep-
arately. These taxa were not counted towards 
the minimum 300 macroinvertebrate count, but 
were included in the preliminary nMDS compar-
isons in this report. In future analysis, we aim to 
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explore different combinations of taxa for use in 
indicator development, so no invertebrate taxa 
collected were excluded during the enumeration 
process. Further details on field and laboratory 
sample processing are provided in (Fig. 4.3).

Triplicate samples were collected from August 
2011 to June 2014 to characterize within-site 
variability. This was reduced to a single sam-
ple for August 2014 and August 2015 to permit 
expansion of the sampling network to 40 sites. 

However, triplicate samples were still collected 
at every 5th site for QA/QC purposes.

Statistical approach

Ecological Risk Assessment

Risks of adverse effects of oil sands contami-
nants were determined by analysing the sen-
sitivities of freshwater macroinvertebrates to 
key substances, including metals and PACs, and 

Table 4.4.  Site-specific risk criteria for EGA wetland habitats, based on sediment phase 
toxicity of key oil sands PACs to aquatic macroinvertebrates.
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constructing species sensitivity distributions 
(SSDs) to estimate the hazardous concentra-
tion at which 5 % of species are affected (HC5) 
(Newman et al,, 2000). Contaminant concentra-
tions from wetland sites monitored since 2011 
were also used to characterize the likely expo-
sure conditions in the PAD by fitting the data to 
probability distributions. Because of the limited 
monitoring data within the PAD (i.e., 4 years for 
water quality and 1 year for sediment quality 
data), historical data from a long-term water 
quality monitoring site on the lower Athabasca 
River (M9) located upstream of the PAD were 
also analyzed to provide additional information 
about the likely exposure conditions. The HC5s 
along with the existing water and sediment 
quality guidelines (CCME 2001; CCME 2015) 
were then incorporated with the exposure pro-
files to determine the probabilities of exceed-
ances and formally quantify and rank ecological 
risk. All analyses were conducted using @Risk 
V6.0 software (Palisade Inc., 2013), and joint 
risk of contaminants was also determined us-
ing the conditional probability theory. For some 
contaminants, a preliminary assessment was 
conducted by estimating hazard quotients and 
where possible by determining the probability 
of exceeding the lowest reported toxic thresh-
old concentration and/or guideline value under 
present exposure conditions.  As an additional  
level of assessment, the potential bioavailabil-
ity of contaminants (both parent and alkylated 
PAHs) and toxicity to aquatic life was deter-
mined using the Equilibrium Sediment Bench-
mark approach (USEPA 2010).

Hydrology

Several important hydrological metrics for del-
ta wetlands were extracted from the literature, 
such as the commonly derived surface water 
area (e.g., Töyrä and Pietroniro 2005), while 
others are being developed to support interpre-
tation of delta biomonitoring data, such as the 
river-to-lake connectivities/renewal approach of 
Lesack and Marsh (2010) applied in the Macken-
zie Delta. As outlined above, development of a 
high resolution DEM for the PAD is a critical step 
in deriving the following wetland habitat met-
rics: (1) wetland water level and ponded water 
depth; (2) surface area saturated and volume at 
full capacity; (3) spill elevation at which water 
enters or leaves the wetland site; (4) occurrence 
and duration of connectivity with an adjacent 

water body (when hydrometric station data are 
available nearby); and (5) location and direc-
tion of potential waterways supplying water and 
sediments to a wetland. The latter is important 
in establishing how, when and where potential-
ly-contaminated LAR source water and associ-
ated sediment load may result in pollutant flux 
into a wetland. In terms of aerial deposition, for 
each wetland site, the distance downwind and 
downstream of the LAR oil sands development 
was also calculated. Together, these metrics al-
low potential contamination routes from devel-
opments via airborne and waterborne sources 
to be estimated. Based on the observed water 
level and the metrics delineated above, various 
statistical approaches will be used to establish 
the range of wetland elevation and size mon-
itored and the potential/actual connectivity to 
the main flow system (e.g., Lesack and Marsh 
2010). 

Biomonitoring

Boxplots were used to compare variability in 
the number of taxa observed between deltas, 
Whooping Crane Nesting Area, Athabasca tribu-
taries and main stem and PAD connecting chan-
nels sampled by the RAMP. No formal statistical 
testing was employed, as different collecting 
methods were employed by various studies.

Spatial (among delta) and seasonal (June vs. 
August) variability in benthic macroinvertebrate 
composition was compared using two-dimen-
sional nMDS. This approach places observations 
in a two-dimensional space based on a mul-
tivariate measure of dissimilarity, in this case 
Bray-Curtis dissimilarity (Bray and Curtis 1957). 
nMDS attempts to preserve the rank-ordering 
of dissimilarity among observations, while plot-
ting them in a specified number of dimensions. 
Thus, the proximity of observations in a plot is 
roughly proportional to the dissimilarity of their 
assemblages. nMDS also returns a stress value, 
a measure of how strongly correlated plotted 
dissimilarities are to actual dissimilarities. Low-
er stress values indicate stronger correlation. 
This ordination technique allows both the over-
all variability of samples and differences among 
sets of samples to be visualized.

All analyses and plots were created using the 
statistical computing program R (version 3.2.3).
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Figure 4.3.  Workflow for processing wetland benthic samples in this study. Further details are given in the 
CABIN Wetlands Sampling Manual.
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4.3  Results and Discussion

Hydrology

Several sources of elevation data in the PAD 
were available from space- and airborne sur-
veys carried out by various groups since 2000 
(Fig. 4.4). The SRTM data was recently made 
available to Canadians by NASA at a relatively 
low spatial resolution of 30 m horizontally and 
1 m vertically. High resolution LiDAR data in the 
Peace River and Athabasca River sectors from 
the summers of 2011 to 2013 were obtained 
by and/or available to Environment Canada. An 
additional area in the Athabasca River Delta has 
recently been obtained from Albert Environment 
and Parks Canada to cover potential wetland net-
work expansion in the southeast portion of the 
PAD. Assessments of these remotely-sensed, 
elevation data are ongoing, with comparisons to 
ground-based GPS surveys.

Unlike the LAR region where RAMP and WSC 
have delineated watershed areas, the deltaic 

sub-component needed to develop and apply 
a methodology for identifying the point of and 
elevation of surface water entry in each of the 
wetland monitoring sites in the network. Results  
illustrate a single time point from a computer 
simulation using the DEM for areas of the Peace 
River sector estimated to be connected to the 
surrounding channel/rivers at an elevation of 
210.4 m (Fig. 4.5). Upon establishing the loca-
tion and elevation of surface water connection, 
it was then possible to develop a methodology 
and commence work on estimating the contrib-
uting areas to the wetlands, something that is 
not commonly or easily accomplished due to 
the low relief of wetland environments general-
ly, and deltaic environments in particular. Wet-
land basin delineation for select monitoring net-
work sites in the Peace River sector of the PAD 
were made (Fig. 4.6). After further compar-
ison with available ground-based surveys and 
remote sensing imagery of high water events, 
the methodology of identifying connectivity and 
contributing areas can be applied to the Atha-
basca River Delta sector (Figs. 4.5, 4.6). 

Figure 4.4. Low resolution (2000 NASA SRTM – outer envelope) and 
available high resolution (2000, 2012, and 2013 LiDAR available to EC 
- aqua polygons) landscape elevation data. Additional (LiDAR – red) is 
currently being acquired from Alberta Environment. The oil sand wetland 
monitoring network as of 2015 is shown with numbered site yellow pins.
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Figure 4.5.  Preliminary results of wetland surface connectivity to main flow system simulation in the PAD. 
The example is based on a simulation of a sector in the Peace River Delta showing wetland basins connected 
to the main flow system and filled at an elevation of 210.4 m (yellow areas).

Figure 4.6.  Preliminary results of wetland contributing delineation for sites  
located in a sector of the Peace River Delta.
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Once the ground-based GPS and geodetic cor-
rections have been applied, wetland water lev-
els will be analyzed to assess seasonal and in-
ter-annual variability. An important outcome 
of future water level and connectivity analyzes 
based on computer simulations and observa-
tions of actual flood events (e.g., PAD ice jam 
and open water floods since 2013 and 2014) will 
be establishment of a wetland network that cap-
tures a suitable range in surface connectivity to 
source waters. For instance, we anticipate that 
future expansion into the southeastern portion 
of the Athabasca Delta sector may be required 
to capture additional wetland sites that are con-
nected openly and intermittently to LAR source 
waters.

Water chemistry and Hg body burden

Basic water chemistry data were available for 
three sampling periods: August 2011, June 2012 

and August 2012 but no basic water chemistry 
data were available for Birch delta sites. Given 
the limited data available (55 samples across 16 
sites in three sampling periods), trends in wa-
ter chemistry should be interpreted cautiously.  
The distinct geology of the Whooping Crane 
Nesting Area (WCNA) is reflected by its much 
greater specific conductivity and lower total al-
kalinity than PAD sites, likely a result of the karst 
landscape north of the Peace River in which the 
WCNA is situated (Fig. 4.7). The WCNA also 
demonstrates differing nutrient conditions than 
the PAD, with greater total nitrogen and lower 
total phosphorus in both June and August. The 
Peace and Athabasca delta sites demonstrate 
a similar range of total alkalinity and specific 
conductivity, although pH appears to be greater 
in the Peace sector sites. Total nitrogen did not 
differ appreciably among Peace and Athabas-
ca sites; however, concentrations were much 
higher in August than June in both sectors of 

Figure 4.7.  Box-and-whisker plots (median, maximum, minimum and inter-quartile ranges) of baseline 
water quality for select parameters summarised by delta across three sampling periods (August 2011; June 
2012; August 2012). The sample sizes are as follows: Athabasca - June - n=4; Athabasca - August - n=8; 
Peace - June - n=4; Peace - August - n=4; WCNA - June - n=8; WCNA - August - n=16.
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the delta. Athabasca sector sites appear to 
have greater median total phosphorous concen-
trations than either the Peace or WCNA sites.  
For all parameters except total phosphorus, 
Peace delta sites show greater variation than 
Athabasca sites. Further water quality data  
covering more sites and replicates will likely 
bring regional differences in water chemistry 
into better resolution.

Mercury: Initial results from tissue analysis of 
mixed dragonfly/damselfly samples collected 
in June and August 2014 indicate higher lev-
els of MeHg in late summer, which suggests 
ongoing methylation of mercury in PAD wet-
lands throughout the summer (Fig. 4.8). How-
ever, these results require confirmation by fur-
ther, more detailed study. Additional sampling 
of dragonfly/damselfly and diving beetle larvae 
across 22 sites in the Peace, Athabasca and 
Birch deltas was conducted in June 2015. Ju-
venile and adult wood frogs were also collected 
during the 2015 sampling event, and are being 
analyzed for THg and MeHg. This material will 
complement ongoing mercury monitoring in the 
oil sands area.

Ecological Risk Assessment

Risks posed by the studied OS contaminants in 
water were estimated to be extremely low for 
contaminants (Mn, As, Cu), and zero or negligi-
ble for the remainder of contaminants based on 
estimated exposure conditions in the PAD (Ta-
ble 4.1, 4.2).  In contrast, discernible levels of 
risk were apparent for some OS contaminants in 
sediment (Cu, Zn, Cd, As, Ni and for individual 
PAHs ) (Table 4.3, 4.4) and particularly by the 
sum of PAHs including alkylated PAHs as indi-
cated by the Equilibrium Sediment Benchmark 
approach (not shown). However, overall risks 
were still considered to be low to negligible. 
This was expected given the present distance 
to the development (i.e., >150 km). However, 
uncertainties remain regarding certain elements 
of the ERA that need consideration: (1) contam-
inant data to derive SSDs for many of the PACs 
(and their many alkylated derivatives) that are 
the predominant contaminants associated with 
mining activities and as a group present a poten-
tial toxic hazard to wetland biota were severely  
limited; (2) toxicity data used for the ERA were 
derived from single-species laboratory tests  
consisting of only a limited number of standard 

Figure 4.8.  Box-and-whisker plots (median, maximum, minimum and 
inter-quartile ranges) of seasonal variation in methylmercury concen-
trations of dragonfly and damselfly tissues from individuals collected at 
sites in the Peace, Athabasca and Birch Deltas from material collected in 
2014. Sample size for each time point was n=4.
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test species and conducted under controlled  
environmental conditions. However, these stan-
dard test species were crustacean invertebrates, 
one of the dominant groups, and key food sourc-
es for migratory species; (3) exposure profiles 
of the contaminants to quantify risks were  
estimated using very limited data (i.e., 4 years 
of water quality and 1 year of sediment quality 
monitoring) and (4) certain PAD wetlands may 
also have naturally high levels of oil sands con-
taminants through the natural erosion of bitu-
men outcrops, and quantifying ecological risk by 
determining the probabilities of exceeding the 
protective guideline values may not be appro-
priate in this context (i.e., risks could be over-
estimated).
 
Biomonitoring

Ninety-three unique macroinvertebrate taxa 
were observed during sampling of deltaic wet-
lands from 2011-2014. These taxa were primar-
ily identified to the level of taxonomic family 
(n=76), as well as four phyla, three classes, one 
sub-class, eight orders and one sub-order. The 

median number of taxa observed was greatest 
in samples from Birch delta sites and lowest 
in samples from sites in the WCNA (Fig. 4.9). 
The median number of taxa observed in Peace/
Athabasca/Birch delta samples was greater 
than that observed in the Athabasca River main 
stem and tributaries, and much greater than 
observed in historical sampling of connecting 
channels by RAMP (Fig. 4.9). Direct compari-
son of taxa observed between wetland samples 
to those from main stem/tributary monitoring 
and RAMP delta channel samples is difficult due 
to differences in sampling methods and labora-
tory processing among programs. In terms of 
taxonomic sample composition from the three 
deltas comprising the PAD complex, differenc-
es in relative abundance for certain groups are 
discernible within the data, although it should 
be emphasised, particularly for the Birch Delta, 
that this is based on a relatively small number 
of observations (Table 4.5).

The proximity of sampling points in 2-dimen-
sional nMDS plots (taxonomic family or low-
est practical level ID) is generally indicative of 

Figure 4.9.  Boxplots illustrating differences in Family-Order taxon rich-
ness of benthic samples collected in the Peace, Athabasca and Birch 
deltas during the period 2011-2014. Taxon richness from benthic sam-
ples collected in the Athabasca Tributary and Mainstem Biomonitoring 
programs (2011-2012) and benthic samples from the RAMP sampling of 
the PAD connecting channels (2002-2014) are provided for comparison.
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Table 4.5. Average per-sample estimated abundance of taxa contributing to dif-
ferences in composition among deltas.

similarity between their macroinvertebrate as-
semblages. Patterns from 2013 and 2014, and 
to a lesser extent 2012, are indicative of con-
siderable seasonal differences in composition 
amongst PAD wetlands (Figs. 4.10, 4.11). These 
differences may be driven by the dynamics of 
zooplankton assemblages. Populations of zoo-
plankton tend to increase rapidly during spring 
and early summer, then decrease throughout 
the summer, tracking the growth of the phyto-
plankton resource base. 

It is evident that the macroinvertebrate as-
semblages of the Peace and Athabasca deltas 
show differences in composition (Table 4.5). 
The Athabasca and Peace portions of the delta 
were distinguished primarily by the abundance 
of oligochaete worms, calanoid and harpacti-
coid copepods, amphipods, caenid mayflies, 
oribatid mites, physid snails, flatworms (Turbel-
laria), libellulid dragonflies, bivalves and Lyncei-
dae. Both deltas yielded relatively few phantom 
midges (Chaoboridae). Although more limited 
sampling has been done to date, samples from 
the Birch Delta demonstrated high abundance of 
oligochaetes, amphipods, planorbid and physid 
snails, caenid mayflies, phantom midges (Chao-
boridae) and damselflies (Coenagrionidae) and 
libellulid dragonflies. Calanoid and harpacticoid 
copepods and nematodes (Nemata) were far 
less abundant in the Birch sites than elsewhere.

Compositional differences among the deltas 
were not always apparent (Fig. 4.11). For in-
stance, while there was a clear divergence 
among Peace and Athabasca delta sites in June 
2012 and August 2013, considerable overlap 
was observed in August 2014 following exten-
sive ice-jam flooding in the area, likely indicating 
the homogenising effect of increased within-del-
ta connectivity among wetland sites associated 
with flooding events. Macroinvertebrate data for 
the WCNA was available only for August 2011; 
however, the nMDS analysis suggests that these 
wetland assemblages are considerably different 
from those sampled in the PAD, illustrating the 
ability of the sampling method to distinguish 
unique wetland assemblages within a complex 
mosaic wetland habitat. In addition, the limited 
data available for sites in the Birch River delta 
(2013-2014), suggests that their macroinverte-
brate assemblage composition exists within the 
range of variability observed in the Peace and 
Athabasca deltas. 

Overall, delta wetland macroinvertebrate as-
semblages appear to be in a healthy state, ex-
hibiting high biodiversity. The sampling meth-
ods employed, and methods of sample analysis 
have been augmented with a trial of DNA-based 
benthic sample analysis, which although not 
presently funded by the JOSM program, has pro-
duced promising results. Focusing on samples 
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collected in August 2012, Gibson et al. (2015) 
showed that differences in macroinvertebrate 
assemblages among the Peace and Athabasca 
deltas could be better discerned using higher 

resolution (genus-level) taxonomic information 
resulting from DNA-based identification than 
with morphological identification.

Figure 4.10.  Multivariate nMDS plots of seasonal patterns of benthic macroinverebrate community com-
position within Athabasca and Peace delta wetland monitoring sites for samples analysed using the CABIN 
method (upper 3 panels) samples for the period 2012-2014 and using DNA metabarcoding-based biodi-
versity (lower 2 panels) for the period 2012-2013.
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Figure 4.11.  Multivariate nMDS plots of patterns of benthic macroinverebrate 
community composition within Athabasca, Peace and Birch delta wetland monitor-
ing sites for CABIN samples for the period 2011-2014. For 2011, benthic macroin-
vertebrate comunity samples collected at Whooping Crane Nesting Area (WCNA) 
karst wetland sites are included for comparison purposes.
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4.4  Summary and Conclusions

Responses to key monitoring questions below 
should be viewed in the context that this as-
sessment was only able to include information 
available prior to April 2015.

  • What is the baseline against which future  
 change will be assessed?

Ongoing data collection is addressing this ques-
tion. To date we have gained a stronger under-
standing of distribution and variability of benthic 
macroinvertebrate richness and composition in 
Peace-Athabasca Delta wetlands, including clear 
temporal (June vs. August) and spatial (Peace 
vs. Athabasca) components. We have developed 
a robust sampling method that provides con-
sistent measurements of benthic macroinverte-
brate biodiversity at the site scale. DNA-based 
identification provides added value to these ob-
servations, greatly increasing taxonomic reso-
lution and the overall number of taxa observed 
and further resolving broad spatio-temporal 
patterns in biodiversity. With the development 
of accurate and precise measurements of hy-
drological connectivity, we can begin to explore 
relationships between local benthic macroin-
vertebrate assemblages and key environmental 
drivers of composition and abundance.

While observed biodiversity patterns have been 
seasonally variable, yet otherwise generally 
consistent from year to year, these observa-
tions are primarily based on a limited number 
of “core” sites in the Peace and Athabasca del-
tas sampled from 2011-2013. Expansions to the 
monitoring network in August 2014 and August 
2015 have provided further information that has 
confirmed these patterns; however, spatial gaps 
in the monitoring network remain, particularly 
in the eastern Athabasca Delta.

Completing design of the metrics will support 
change assessment of spatio-temporal variabil-
ity and sensitivity to specific contaminants of 
interest, a critical component.  Moreover, the 
expansion of the site network and our improved 
understanding of delta hydrology will allow us 
to evaluate these metrics with adequate sample 
size.

Once the site network is fully established, which 
should be with the 2016-17 field season, we will 

establish reference conditions within the study 
areas, based on data gathered within the pro-
gram since 2011. This will allow baseline condi-
tions to be quantified, suitable metrics to be cal-
culated and effect size and associated statistical 
confidence to detect effects to be established.

As oil sands operations continue to move north-
wards, closer to the EGA, it is necessary to 
consider adding additional wetland monitoring 
sites to the network, particularly in the east-
ern Athabasca delta, and north of the PAD for 
development of a comparison gradient based 
on wetland site proximity to oil sands emission 
sources, together with variations in hydroperiod 
and wetland contributing basin size, and to seek 
involvement of local stakeholders in selection 
and addition of these monitoring sites through 
engagement with the Peace-Athabasca Delta 
Environmental Monitoring Program.

  • What baseline data need to be collected  
 in areas of future development?

As the EGA is downstream of all planned mining 
activities, our network currently includes ade-
quate coverage to capture potential effects aris-
ing from northward advance of oil sands mining 
projects in the foreseeable future, with the ex-
ception of the eastern Athabasca Delta. To rem-
edy this, new sites will be added to the deltaic 
monitoring network in succeeding years to im-
prove geographic coverage.

Initial results indicating elevated mercury levels 
in wetland macroinvertebrate tissues requires 
follow-up with more focused study. This could 
best be achieved through co-operation with sci-
entists working in the Biodiversity Theme ongo-
ing at co-located sites in PAD. In this way, infor-
mation generated on wetland food webs can be 
linked to wider amphibian and avian monitoring 
programs. This work has already begun through 
a linked frog and invertebrate study carried out 
in summer 2015.

A further critical gap in the current wetland 
monitoring program is development and testing 
of appropriate macroinvertebrate metrics sen-
sitive to oil sands contaminants. To support the 
testing of such metrics, it would be prudent to 
carry out limited in-situ mesocosm studies to 
gauge their response to relevant oil sands-spe-
cific drivers. This should also be supported by 
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adding additional wetland macroinvertebrate 
monitoring sites in the active mining area as an-
other line of evidence to test the robustness of 
the monitoring protocol.

  • Are there significant changes since  
 historical studies?

The only previous data describing conditions in 
benthic assemblages in this area are the sedi-
ment samples collected by RAMP in river chan-
nels within the delta network. As these areas 
support a fauna of reduced richness, and do 
not cover the same area as our network, it is 
not possible to make any meaningful compari-
sons beyond noting the reduced level of taxon 
richness typical of large river sediment habitats 
(see Fig. 4.9 for further details).

  • Are there existing differences in benthic  
 assemblages among reference and  
 potentially impacted sites?

Since the EGA wetland sites are far downstream 
from oil sands activities, we did not anticipate 
observation of significant contaminant impacts 
at this time. However, our sampling network was 
designed to allow comparison among deltas. 
In this way, wetlands in the Athabasca Delta, 
which receives input directly from waters drain-
ing the LAR oil sands region can be compared 
and contrasted with wetlands in the Peace Del-
ta, which predominantly drains an area outside 
LAR oil sands deposits. The Birch delta is known 
to drain an area with oil sands deposits, but 
not yet actively mined. From results obtained 
to date, it is clear that differences in macroin-
vertebrate composition can be observed among 
the deltas, but overall, these differences more 
likely reflect biogeographic differences among 
deltas, as rich benthic assemblages were found 
at all locations studied. Moreover, the Peace 
River has been subject to hydrological modifica-
tion as a result of construction and operation of 
reservoirs for generation of electricity in British 
Columbia, altering connectivity and flooding in 
certain areas of the PAD (Peters et al. 2006b, 
Beltaos 2014). Also the entire delta complex is 
located in a region that has been, and contin-
ues to be, influenced by both delta-scale and 
contributing basin-scale climate change and 
variability (Peters 2013). These two factors un-
derline the importance of understanding hydro-
logical drivers of change within the system to 

permit interpretation of potential signals arising 
from any future oil sands contamination.

  • Do predictive relationships exist that link  
 system drivers (including development  
 stress) and variability within sites to  
 benthic assemblage responses?

More exploration of the ways in which hydro-
logical connectivity influences composition and 
variability of the benthic macroinvertebrate 
assemblages of delta wetlands is needed. Hy-
drology is likely a major driver of both compo-
sition (through provision of habitat diversity) 
and abundance (through supply of nutrients 
supporting productivity) of wetland assemblag-
es. As the monitoring network is completed, 
and sufficient data gained to explore hydrology 
versus contamination as compositional drivers, 
study design and assessment tools will be re-
fined.

  • Is there evidence of cumulative effects  
 further downriver?

To date there is no evidence to support occur-
rence of cumulative effects from oil sands ac-
tivities in deltaic ecosystems, and all wetlands 
studied appear to support healthy, diverse as-
semblages of benthic macroinvertebrates. How-
ever, two items require further investigation: 
(1) examination of mercury methylation within 
PAD wetlands, and uptake by benthic macroin-
vertebrates, which requires confirmation both of 
its magnitude, and the role, if any, of oil sands 
activities in supplying mercury to these habitats 
as a result of land clearing or industrial emis-
sions associated with mining development; and 
(2) while preliminary evidence suggests that 
the Athabasca Delta is a potential site of nu-
trient enrichment, as regards phosphorus, this 
requires verification from other components of 
the monitoring program.

Integration of results from delta monitoring with 
the water quality monitoring theme will be com-
pleted when water and sediment analyses have 
been received (only 2011/2012 and 2013 pilot 
SPMD study of theme-collected sample results 
provided to date). Moreover, only limited mea-
surements of water chemistry are available for 
PAD wetland sites. This creates challenges when 
attempting, for example, to make statements 
on the nutrient status of PAD wetlands.  Also, 
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discussion with the air theme has revealed gaps 
in assessment of relevant airborne contaminant 
transport pathways (i.e., while snowpack depo-

sition of contaminants is being assessed, con-
taminants in rainfall are not measured).
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Critical reviews of previous sampling of ben-
thic invertebrates for RAMP recommended that  
future programs standardize sampling protocols 
and focus biomonitoring on an effects-based 
framework that integrates water quality, ben-
thos and fish monitoring program information. It 
was also suggested that sampling designs focus 
on clearly defined habitats, attempt to reduce 
variability among replicate samples, and devel-
op a benchmark against which future change 
associated with development and environmen-
tal change can be measured. Our investigations 
directly addressed these criticisms when de-
veloping the sampling design and methods for 
the JOSM benthic program. Below we summa-
rize key findings of the work and provide rec-
ommendations for continued development of a 
biomonitoring program for robust assessment 
of aquatic health status and trends.  

Integration of benthic sub-themes

The Mainstem, Tributary and Delta sub-themes 
of JOSM focused on developing robust benthic 
monitoring approaches that could establish 
baseline ecological condition and assess biolog-
ical change associated with current and future 
development in aquatic ecosystems of the LAR 
and the PAD. With the exception of the tribu-
taries, there is a relative lack of historical in-
formation suitable for determining if changes 
have occurred over time. Furthermore, prior to 
JOSM, systematic and rigorous sampling meth-
ods for benthic assemblages were lacking for 
the main stem and deltaic wetlands. Therefore, 
an important goal of the benthic sub-themes 
was to determine an appropriate sampling ap-
proach to use in these ecosystems and to define 
which main stem, tributary and wetland habi-
tats should be sampled to develop status and 
trend assessments. For main stem and tributary 
benthic assemblages, a comparison of kick net 
and Neill/Hess sampling approaches indicated 
kick samples allowed for improved separation of 
sample sites based on assemblage composition. 
This was particularly evident in the main stem 
where Neill samples were dominated by toler-
ant groups such as midges and oligochaetes, 
while kick samples collected more intolerant 
groups such as the EPT. These large differences 
in composition reflected the contrasting habitats 

sampled by each method, with kick net meth-
ods providing better resolution for determining 
biotic change in the main stem and tributaries. 
In addition, future sampling efforts should focus 
on cobble habitat in both the main stem and 
tributaries. Thus, revisions to sampling meth-
ods for the main stem and tributaries have im-
proved estimates of benthic taxonomic richness 
by sampling additional habitats and collecting 
previously under-represented taxa (e.g., EPT), 
allowing for a more accurate description of ben-
thic assemblages and establishing reference 
benthic assemblages. Finally, a replicated sam-
pling design was developed for the main stem 
while recommended designs for the tributaries 
includes Reference Condition Approach (RCA) 
model development, BACI designs, and with-
in-stream gradient designs.

Prior to the JOSM water program there were no 
standard approaches for benthic invertebrate 
monitoring in wetlands suitable for detection 
of environmental effects related to develop-
ment. A number of approaches were evaluated 
(seasonal vs. annual, within and between site 
replication) to develop a standard method and 
effects-based assessment tool. Although this 
benthic sub-theme is still developing, a modi-
fied 2-minute kick-and-sweep sampling method 
is effective at establishing baseline conditions 
in these delta wetland ecosystems. Moreover, 
macroinvertebrate composition varies seasonal-
ly between June and August, but these differ-
ences are primarily driven by relative abundance 
and not composition. Thus, future sampling of 
wetland status can focus on a single season with 
the network of sites distributed across wetlands 
of the Peace-Athabasca and Birch deltas.

The benthic sub-themes provide initial assess-
ments of ecological state although these ear-
ly evaluations require further refinement. First, 
benthic assemblages of the LAR main stem ex-
hibit good ecological condition with intolerant 
taxa, such as the EPT, found in large abundanc-
es at all sampling sites. However, the middle 
reaches of the study area exposed to MSE from 
Fort McMurray and oil sands development show 
early warning signals associated with mild en-
vironmental stress. Second, although tributary 
benthic assemblages also are dominated by in-

5. Theme Assessment
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tolerant taxa, differences exist between benthic 
assemblages in reference and areas associat-
ed with oil sands development (i.e., Steepbank 
and Ells rivers). Future assessments of tributary 
benthos will investigate potential associations 
between ecological condition and environmental 
drivers. Third, current conditions in EGA deltas 
indicate negligible to zero risk of contaminant 
effects. However, there is evidence of possible 
mercury methylation and high levels of MeHg 
that requires further confirmation. Finally, for 
JOSM benthic monitoring sub-themes, it has 
been possible to detect differences among sites 
and samples, leading to early assessments of 
industrial effects within these systems. JOSM 
benthic sampling has been spatially intensive 
and can detect biological change. Each benthic 
sub-theme is defining linkages among biota and 
the physical and chemical drivers in these sys-
tems.

Integration with other Water Component Themes

JOSM benthic assessments will be integrated 
where possible with other themes to improve 
cumulative effects interpretation. Initial in-
tegration of the JOSM Water Program results 
show the following specific connections as well 
as suggesting possible among theme linkages.

  • Toxicology results indicate that surviv- 
 al of embryo-larval fathead minnows and  
 the condition of caged mussels were  
 lower when biota were exposed to sedi- 
 ments from the lower Steepbank and Ells  
 rivers (McMaster et al. 2018). Benthic  
 assemblages at these river sites were  
 also different from reference assemblag- 
 es suggesting a potential association  
 between contaminant exposure and  
 ecological condition. In the main stem  
 LAR, higher proportions of intolerant  
 benthic taxa were present in assemblag- 
 es below the confluence of the Steep- 
 bank River and this corresponded directly  
 with observations that caged mussel  
 condition was reduced in the same reach.
  • Nutrient concentrations increase sub- 
 stantially below Fort McMurray (Cham- 
 bers et al. 2018; Glozier et al. 2018).  
 This area of the LAR shows a marked  
 change in benthic macroinvertebrate  
 assemblages as the proportion of tolerant  
 taxa increases as does abundance, thus  
 suggesting an early warning of mild  
 nutrient stress.

  • The Atmospheric Deposition Theme  
 (Kirk et al. 2018) shows an increased  
 deposition of airborne contaminants in  
 the snowpack of the lower Steepbank  
 River and in the core region of develop- 
 ment. The area of highest accumulation  
 is associated with change in benthic  
 assemblages. This association requires  
 further investigation to evaluate possible  
 cumulative effects of atmospheric depo- 
 sition of contaminants.
  • If groundwater contaminants from  
 tailings ponds are shown to reach  
 tributary or main stem sites (Bick- 
 erton et al. 2018), then future benthic  
 assessments should determine if this  
 potential exposure leads to localized  
 biological effects.
  • Modelling of sediment deposition  
 (Droppo et al. 2018) provides important  
 information on sediment transport and  
 deposition that should be more thorough- 
 ly integrated with benthic assessments  
 in the future. For example, sediments  
 from the tributaries and main stem may  
 be transported for long distances and it is  
 possible that the material can deposit and  
 impact delta wetland biota.

Future research needs in support of monitoring

Research related to benthic assessments should 
focus on improving the ability to develop diag-
nostic biomonitoring that associates biological 
effect with the underlying cause. As a result 
of investigations conducted under the Ben-
thic Theme of the JOSM Water program, new 
research efforts to monitor that would further 
assist with answering key JOSM questions are 
suggested. These include the following lines of 
investigation:

  • Develop and test improved biological  
 metrics that relate benthic assemblage  
 response patterns in the main stem, trib- 
 utaries and delta to nutrient and  
 contaminant exposure gradients, and use  
 ecological causal assessment approaches  
 to consider linkages of benthos, fish and  
 stressors (e.g., see Cormier et al. 2015);
  • Generate additional guideline data for oil  
 sands priority substances through labo- 
 ratory studies and data-mining to gain  
 a better understanding of sublethal toxic- 



76

 ity effects of key contaminants to inver- 
 tebrates in the main stem, tributaries and  
 delta (i.e., evaluate the applicability of  
 HC5 and 2 SD critical effect size approach- 
 es as tools to set protective effect thresh- 
 olds);
  • Develop focused investigations of the  
 main stem and tributary benthos in the  
 central oil sands area to investigate  
 association of benthic assemblage with  
 nutrient and contaminant exposure  
 signals (e.g., potential approaches  
 include field sampling, field experiments,  
 riverside mesocosm);
  • Compare potential differences in current  
 and historical data for tributaries by  
 developing models to transform historical  
 data (250 µm mesh nets) to current data  
 (400 µm mesh nets); and
  • Investigate how wetland food webs may  
 transform and biomagnify methyl mercu- 
 ry, including limited seasonal sampling at  
 select core accessible sites.

Monitoring recommendations 

The Benthic Theme of the JOSM Water Compo-
nent recommends a set of core sites to be mea-
sured annually so that status and trends can 
be measured reliably over a long time period. 
Knowledge of the natural interannual variability 
in benthic macroinvertebrate assemblage struc-
ture and biodiversity (or any other variable) is 
crucial for the ability to draw conclusions on ef-
fects caused by anthropogenic exploitation. The 
JOSM study and monitoring recommendations 
strengthens benthic biomonitoring in the LAR 
and PAD regions by formalizing standard oper-
ating practices with sampling for the main stem 
and tributaries focused on the cobble habitat 
and kick sampling. Delta wetland work requires 
use of sweep net sampling in late summer. For 
all regions (main stem, tributaries, and delta 
wetlands), it is suggested that causal assess-
ment be used to relate benthos to potential 
stressors. This approach will better define po-
tential nutrient-contaminant interactions (i.e., 
subsidy-stress relationships) and identify key 
environmental drivers of biological change. Ad-
ditional monitoring adjustments for the benthic 
sub-themes include the following:

1) Main stem

  • Ensure that sediment chemistry and  
 SPMD collection is replicated as these  
 appear to measure critical environmental  
 variables;
  • Add reference sites between M0 and M2  
 to improve characterization of least  
 disturbed environmental condition; and
  • Improve understanding of causal linkag- 
 es between benthos and water quality,  
 physical disturbance and other environ- 
 mental variables.

2) Tributaries

  • Increase the number of reference sites  
 to better define the normal range of bio- 
 logical variability and to facilitate power  
 analysis and definition of critical effect  
 size;
  • Create a rotational design for deposi- 
 tional sites and determine which sub- 
 sample of depositional sites requires  
 regular monitoring; and
  • Continue sampling at BACI established  
 sites for the assessment of future  
 developments. 

3) Delta

  • Increase spatial coverage of delta  
 wetland sampling sites with an aim to  
 include areas of the Athabasca Delta  
 outside Wood Buffalo National Park;
  • Implement DNA-based biomonitoring as  
 a mainstream technique and include  
 analysis of sediment samples; and
  • Continue development of metrics to  
 improve the ability to relate ecologi- 
 cal change to contaminant exposures and  
 to distinguish such change from natural  
 and human-driven shifts in hydrological  
 regime.
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