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ABSTRACT
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Co-advisors:
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The objective of this thesis was to assess the physical (concentrations, durations,
and sedimentation) and biological effects of total suspended solids (TSS) in Arctic lakes
following in-lake construction of dikes. TSS concentration and duration estimates were
applied in a Severity of Ill Effects model which predicted possible habitat degradation
and a reduction of feeding of salmonids with no significant difference between stations
(ANOVA, p=0.153). Benthic invertebrates collected inside suspended sediment
containment curtains showed a decrease in richness and abundance (Tukey’s, p<0.05),
with no effects elsewhere. Stable isotope analysis from lake trout and arctic char muscle
tissue suggested no differences in isotopic signatures following TSS exposure, but stable
isotope analysis of stomach contents in lake trout had a significant increase in δ15N
compared to the reference basin (Tukey’s, p<0.05). These findings suggested that lake
trout adapted their food sources under moderate TSS exposure and benthic invertebrates
rapidly recovered to pre-disturbance values.

PREFACE
This thesis has been organized as a series of manuscripts (list below) that will be
submitted to peer-reviewed scientific journals with the intent to publish two focused
articles on the physical and biological effects of suspended solids in Arctic lakes. As a
result, there is some repetition among chapters, particularly in the introductions and
discussions. All chapters were written by Ryan VanEngen, the primary author on
submitted manuscripts. As Senior Environmental Coordinator in 2008-2009 and
Environmental Biologist (2009 to present) at the Agnico-Eagle Mines: Meadowbank
Division (AEM), I was responsible for the implementation of the studies, participated in
most of the sampling and led the design of the studies in conjunction with Azimuth
Consulting Group, which worked on behalf of AEM. More specifically, during the field
seasons I was involved in water quality sample collection (2008 and 2010), I collected
most of the benthic invertebrate samples (2008-2010), a portion of the sediment trap
samples (2008-2010), collected fish and sampled fish tissue and stomach contents for
stable isotope analyses (2010). Additional contributors by chapter are listed:
Chapter 2: - VanEngen R, Mann G, McConnell M, Sibley PK and Solomon KR. 2012.
Assessment of the effects of suspended sediments and sediment-deposition on benthic
invertebrate communities following mining disturbance in Arctic lakes.
On behalf of AEM, Gary Mann and Randy Baker (Azimuth Consulting Group), provided
guidance and coordination of sediment trap location and laboratory analysis as part of the
construction of dikes monitoring and effects assessment studies. Gary Mann and Ryan
Hill (Azimuth Consulting Group) developed a site specific relationship for total
suspended solids and turbidity on behalf of AEM. On behalf of AEM, Gary Mann and
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Maggie McConnell (Azimuth Consulting Group), completed some of the data collection
and participated in the study design as part of the mine related annual benthic invertebrate
monitoring and effects assessment studies. ZEAS Incorporated (a third party team of
benthic taxonomists lead by Danuta Zaranko) completed the aquatic invertebrate
taxonomy on behalf of AEM.
Chapter 3: VanEngen R, Mann G, Baker R, Sibley PK and Solomon KR. 2012
Characterization of feeding of lake trout following disturbance of sediments in an Arctic
lake using stable isotope analysis.
Gary Mann and Randy Baker (Azimuth Consulting Group), on behalf of AEM, collected
samples for analysis of stable isotopes from fish removed during the 2008 Second
Portage Lake northwest basin fish-out program.
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CHAPTER ONE:

INTRODUCTION & LITERATURE REVIEW
Recently, the Canadian Arctic has experienced significant industrial growth due
to the region’s high reserves of natural resources, including precious metals, diamonds,
oil and gas. Water bodies, which dominate the landscape of the Arctic are valued
culturally and are important fisheries resources (Mallory et al. 2006). As industry
continues to grow in the north, there is a need to evaluate the sensitivity of the aquatic
resources as they may become increasingly exposed to anthropogenic stressors (Spencer
et al. 2008). There is generally less diversity in northern aquatic systems than southern
ecoregions and the harsh climate tends to favour taxa with broad ecological tolerance
(Evans et al. 2005). Given the pace at which industry is advancing in the Canadian
north, and in particular Nunavut, it is vital that environmental and management decisions
uphold and protect these resources based on sound scientific evaluation and monitoring
(Ogbebo et al. 2009).
As is common with licensing of industrial projects in the Arctic, stringent
environmental regulations and monitoring are a requirement of development and
operation. This applies to the Agnico-Eagle Mines (AEM) Limited Meadowbank Mine
which is located about 70 km north of Baker Lake, Nunavut (67°0’75” N, 96°4’39” W) in
the northern sub-Arctic eco-region and is situated within the study lakes. Under the
Nunavut Water Board Water License A, Nunavut Impact Review Board Project
Certificate and Department of Fisheries and Oceans Authorization, construction of the inlake East Dike in Second Portage Lake was undertaken to isolate the pit, attenuation area,
1

and tailings impoundment from the adjacent south-east basin of Second Portage Lake.
During construction of the dike, concentrations of Total Suspended Solids (TSS) in
Second Portage Lake southeast basin exceeded licensed limits for local water-bodies.
This was the impetus to complete this study which was conducted as a series of projects
to assess the physical and biological effects of suspended sediments resulting from minerelated disturbance of sediments. In this chapter, I describe the environmental setting of
the study lakes, complete a literature review of the physical characteristics of suspended
sediments and the effects of total suspended sediments on aquatic organisms, and
introduce the Agnico-Eagle Meadowbank Mine project, including the regulatory context,
in-lake construction of the dike, environmental monitoring of construction activity and,
finally, present study objectives and hypotheses.

1.1

Environmental Setting and Aquatic Ecology of Study-Lakes
The landscape around the study area is dominated by many interconnected lakes

and isolated ponds with indistinct drainage patterns, lying between rolling hills, boulderfields and outcrops of bedrock. Situated near the border of the Northern and Southern
Arctic ecozones, the terrain in the study area is typical barren-ground sub-arctic, with
low-growing vegetation in poorly developed soil with continuous permafrost (Appendix
A: photographs). The study lakes are located at the headwaters of the Quioch River
system, which flows southeast through Chesterfield Inlet into Hudson Bay (Figure 1.1).
The study lakes are pristine, ultra-oligotrophic, head water lakes with low productivity
and short food chains common in the Arctic (Chetelat et al. 2010).
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Ecologically, Arctic lakes are low in species diversity and the food webs consist
of top predatory salmonids such as lake trout (Salvelinus namaycush) and arctic char
(Salvelinus alpinus), chironomids and basal resources with low species diversity and
abundance (Chetelat et al. 2010, McDonald et al. 1992). The lakes have low productivity
and short food chains where limited availability of resources results in a bimodal
distribution of fish sizes comprised of large lake trout and landlocked arctic char and
small and medium sized fish, which are forced into suboptimal habitat due to competition
from the larger fish (McDonald et al.1992). The dominant fish species in the study lakes,
and in much of the surrounding region, are lake trout, landlocked arctic char, round
whitefish (Prosopium cylindraceum), with small numbers of burbot (Lota lota), ninespine
stickleback (Pungitius pungitius) and slimy sculpin (Cottus cognatus) (Cumberland
2005). Arctic grayling (Thymallus arcticus) are not found within the study lakes as there
are only small ephemeral streams and poorly connected lakes that limit the available
habitat within these headwater lakes needed by this species to thrive. The diversity of
species at lower trophic levels is low. Most abundant among invertebrates are calanoid
copepods, which comprise a large proportion of the zooplankton community and
Chironomidae, which dominate the benthic macroinvertebrate community. Bivalve
clams, oligochaetes, amphipods and mites are less abundant (Cumberland 2005).

1.2

Effects of Suspended Sediments on Aquatic Organisms
Elevated levels of suspended solids generally lead to changes in the chemical and

physical characteristics of aquatic environments, with implications for biological
functioning and productivity (Caux et al. 1997, Rossi et al. 2006, Bilotta and Brazier
3

2008, Donohue and Molinos 2009). Metals or other contaminants are often bound to
suspended solids which, when deposited along with the particulate (referred to as
sedimentation) may potentially alter the chemical properties of the sediment and/or lead
to sediment-associated toxicity (Rossi et al. 2006, Wall et al. 1978, Droppo 2001, Stecko
and Bendell-Young 2000). Potential direct physical effects of sedimentation on aquatic
receptors include loss of suitable living habitat for both fish and invertebrates, smothering
of fish eggs or benthic invertebrates, decreased primary productivity due to reduced light,
altered feeding and behaviour due to limited visibility, and clogging and/or abrasion of
gills in fish and invertebrates (Rossi et al. 2006, Bilotta and Brazier 2008, Newcombe and
Macdonald 1991, Caux et al. 1997, Donohue and Molinos 2009). Subsequently, these
physical effects may have significant indirect impacts on lake trout and other fish species
that are dependent on macroinvertebrates as food sources (Rowe et al. 2003).
1.2.1

Effects of Suspended Sediments on Salmonids
Investigations into the effects of suspended sediments on fish, particularly

salmonids, have a long history (Newcombe and Macdonald 1991, Bilotta and Brazier
2008, Caux et al. 1997, Newcombe 2003). Effects on fish may occur at the individual or
community level. Individual effects on salmonids may include increased mortality at
high, prolonged exposure to suspended sediments but are more likely to include changes
in foraging and reproductive (spawning site selection) behavior (Newcombe 2003), gill
flaring and abrasion damage, increased susceptibility to disease, and increased
physiological stress resulting from hypoxic/anoxic conditions in areas of high suspended
solids (Bilotta and Brazier 2008). Community and population-level effects may include
4

reduced population sizes, decreased diversity, and altered community dynamics (Bilotta
and Brazier 2008, Caux et al. 1997, Crosa et al. 2010). To summarize the range of effects
on fish, Newcombe and Jenson (1996) developed a “severity of ill effects” scale based on
264 studies that provided data on suspended sediments concentration, species of fish,
natural history, life history stage, sediment particle size distribution, and duration of
exposure and effects. From this, a severity of ill effects value (SEV) was developed
based on a 15-point scale that was separated into four subcategories of effects: no
behavioural effects (0), behavioural effects (1-3), sublethal effects (4-8) and lethal or
paralethal effects (i.e., >80 to 100% mortality) (9-14). Newcombe and Jenson (1996)
developed models for determining SEVs by organizing the data into six groups based on
life stage of salmonids or non-salmonids and particle size. Based on the available data,
regressions were developed that Newcombe and Jenson (1996) proposed could be used as
a monitoring tool to evaluate biological effects. The data and method used by
Newcombe and Jenson (1996) were reviewed and applied by Caux et al. (1997) and later
adopted by CCME (CCME 2002b) and now forms the basis for the regulatory limits of
total suspended sediments in Canada that were applied at the study lakes.
There are two predominant indirect effects of increased suspended solids on fish:
altered feeding patterns due to reduced visibility and diminished efficiency of feeding.
These effects result in reduced growth rates on various species, including salmonids
(Bilotta and Brazier 2008). Many studies have specifically evaluated the effects of
suspended sediments on changes and modification of movement and feeding behaviors of
salmonids (Vogel and Beauchamp 1999; De Robertis, Ryer et al. 2003; Rowe, Dean et al.
2003). Rowe (1984) found that feeding of rainbow trout (Oncorhynchus mykiss) in clear
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oligotrophic lakes, where trout primarily fed within the epi-pelagic zone on smelt
(Retropinna retropinna), differed from small turbid lakes where they foraged within the
benthic zone (Rowe 1984). Rowe et al. (2003) later investigated the feeding behavior of
juvenile rainbow trout and found that, under moderate levels of suspended sediments,
feeding of rainbow trout on macrobenthic invertebrates was not impaired or reduced. In
the Rowe et al. (2003) study, under moderate levels of turbidity (0 to 160 Nephelometric
Turbidity Units or NTU), feeding was focused away from small prey items and there was
reduced ability to capture large prey. At higher levels of suspended sediments (>160
NTU), trout fed more on smaller prey and chironomid larvae (Chironomus zealandicus
and polypedilum sp.) than on zooplankton. Juvenile lake trout switched from a diet of
small benthic invertebrates and plankton to small fish and larger benthos as adults
(McDonald et al. 1992).
Various studies have evaluated the feeding behavior of salmonids under a variety
of concentrations of suspended sediments. Vogel and Beauchamp (1999) found that the
reaction distance of lake trout to different sizes of rainbow trout and cutthroat trout
(Oncorhynchus clarki) declined with increasing turbidity. Rowe et al. (2003) suggested
that predation can be sustained in waters with moderate and high suspended sediments by
olfactory senses, the lateral line system, or non-visual mechanisms. This was supported
by Utne-Palm (2002) who found that moderate to low levels of suspended sediments
decreased rates of predation and improved survival for juvenile, larval, and planktivorous
fish and suggested that this could subsequently alter populations. This is primarily
because turbidity can decrease visual contrast of prey against their background and
provide refuge from potential predators (De Robertis et al. 2003, Bilotta and Brazier
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2008). Overall, these studies demonstrated a consistent switch in dependency of juvenile
and adult salmonids from planktonic species (e.g., zooplankton) to benthic
macroinvertebrates as a food source in turbid lakes because visual acuity may be reduced
by elevated levels of suspended sediments.
1.2.2

Effects of Suspended Sediments on Benthic Macroinvertebrate Communities
Within arctic lakes, benthic invertebrates, in particular chironomids, provide an

important food source for fish, especially for the predominant fish species: lake trout and
as juveniles, arctic char (Chetelat et al. 2010). It is well established that energy flow is
primarily through the benthic food web in arctic lakes, which is critical in the
sequestration and recycling of nutrients, inorganic and organic materials deposited on the
lake bottom (Schindler and Scheuerell 2002, Donohue and Molinos 2009, Chetelat et al.
2010, Vander Zanden et al. 2006). As a result, changes to the physical and chemical
composition of benthic habitat have been found to cause direct and indirect effects on
benthic invertebrates (Donohue and Molinos 2009). Deposition of sediments may have
direct effects on invertebrates by altering habitat (e.g., change in granulometry of
sediment outside of a species preference range), causing respiratory effects (via gill
abrasion), and by filling and reducing interstitial spaces (Anderson 1996. , Rossi et al.
2006, Bilotta and Brazier 2008, Newcombe and Macdonald 1991, Caux et al. 1997,
Donohue and Molinos 2009, Newcombe and Jensen 1996). Caux et al. (1997) and more
recently Donohue and Molinos (2009) reviewed the effects of sedimentation on benthic
invertebrates and found that they are equally as sensitive to high levels of suspended
sediments as salmonids. Reduced population densities and changes in community
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structure of benthos were noted in long-term exposure to deposited sediments leading to
effects throughout the food chain (i.e., food sources may change and impact benthic and
littoral predation) (Bilotta and Brazier 2008).
The particle-size composition of sediments can have a significant influence on the
impacts of sediment loading on benthic invertebrates (Donohue and Molinos 2009). Fine
sediments have been found to have greater effects on survival and growth rates of benthic
invertebrates than course sediments (Donohue and Irvine 2003, Hoss et al. 1999). Subtle
differences in the size, shape, and chemical properties of suspended sediments may
change physicochemical interactions with sediment pores thus reducing availability of
oxygen, impacting microbiological processes and consequently causing direct and
indirect effects on benthic invertebrates. Due to their sedentary nature and sensitivity to
physical and chemical changes in deposited sediments, macroinvertebrate benthic
communities are ideal indicators to determine the effects of sediment deposition in
aquatic systems and the reason why they were chosen to assess potential impacts in the
lakes of the present study.

1.3

Physical Characteristics of Suspended Solids
Shape, particle size, and geochemistry of suspended sediments are generally

recognized as the primary determinants of the distribution, sorption-capacity, and
duration of suspension in the water-column (Bilotta and Brazier 2008, Caux et al. 1997,
Fortino et al. 2009, Danger et al. 2012). In general, small particles will remain in
suspension longer than larger particles and it is generally accepted that suspended
sediments are not transported as single particles, but rather as a collection of both organic
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material (e.g., detritus) and inorganic particles (e.g., clay and silts) (Droppo 2001). The
proportion of organic material can greatly alter the physical characteristics of suspended
solids; as it is composed of living (e.g., bacteria and algae) and/or non-living substances
(e.g., water contained in pore spaces, organic detritus, extra-cellular polymers, and
cellular debris), which can alter its ability to aggregate (Droppo 2001). Although it is
accepted that suspended sediments are transported as aggregates (i.e., water stable soil
aggregates (Wall et al. 1978) often referred to as flocculants (i.e., formed within the
water column or on the lake bottom)) few studies have specifically documented the
chemical properties of aggregates and their related effects on aquatic biota (Stecko and
Bendell-Young 2000).
Physical characteristics of suspended sediments may be influenced by the
chemical and organic characteristics of the flocculant. Droppo (2001) evaluated a variety
of geochemical and microbial properties that influence the physical (i.e., the size, shape
and angularity), chemical and biological properties of suspended sediments. As Droppo
(2001) describes a floc as being composed of inorganic, active and inactive biota and
bioorganics, micro and maco-pores, and water, both bound and free. This composite of
materials interacts and influences the behavior of the suspended sediments (i.e., how it is
transported or settles and how contaminants and nutrients are adsorbed).
Hydrodynamic processes can also influence the behavior and transport of
suspended solids (Cózar et al. 2005). In lakes that have sufficient depth and
stratification, a bottom density boundary layer that is defined by the thermocline, is
created which often reduces the influence of wind-driven turbulence in the benthic zone
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and ultimately provides an area in which suspended sediments can be deposited. The
shallow well mixed lakes in the study area are subjected to high winds, do not have this
boundary layer, and therefore much of the suspended sediments remain in the water
column simply due to wave action and wind-associated turbulence (Chao et al. 2008,
Fortino et al. 2009).
The chemical characteristics of suspended-sediments flocs are commonly
neglected when evaluating the effects of suspended solids on aquatic biota (Bilotta and
Brazier 2008, Danger et al. 2012). Although the concentration of total suspended solids
and relative turbidity are both useful tools to evaluate discrete concentrations of
suspended sediments, the duration of exposure to suspended sediments is also very
important to consider. Chronic loss of habitat and exposure to TSS is more likely to
cause effects than acute exposures (Cózar et al. 2005, Chao et al. 2008, Schwartz et al.
2008, Bilotta and Brazier 2008, Rossi et al. 2006, Newcombe and Jensen 1996,
Newcombe 2003). This study characterized suspended sediments introduced during inwater construction of dikes in an Arctic inland lake by evaluating spatial changes in TSS
and depositional depth and rates through sediment trap collection. This evaluation
provided the concentrations and durations of TSS for the application of a SEV model 1
from Newcombe and Jenson (1996) to predict biological effects of TSS disturbance at
monitoring stations throughout Second Portage Lake southeast basin and the assessment
of macrobenthic invertebrate community structure.

10

1.4

Mineral Exploration and Development in Nunavut
In the past, the Canadian Arctic was considered remote and untouched, however

improvements in travel, shipping, and transportation in the north have made areas of the
Arctic more accessible for exploration and research. As a result, development in the
North has been increasing in the past half century (Mallory et al. 2006). Exploration for
and development of minerals and petroleum have been central to the economic
development of the Canadian Arctic over the past two decades (Nunavut Bureau of
Statistics 2010). In 2010, commodity prices recovered from their 2009 recession-low
which resulted in a 50% increase in spending on mineral exploration in Nunavut. During
the period of 2007 to 2010, AEM spent $1.5 billion in construction and predevelopment
costs which included over $200 million in services and supplies from Inuit owned firms
(AEM 2010b). As a result, in 2010, the Nunavut economy increased the market value of
all goods and services produced, calculated as its’ real gross domestic product in 2010
(RGDP), by 11.4% (Nunavut Bureau of Statistics 2010). This was the largest increase of
all the provinces or territories in Canada (which averaged a 3.2% RGDP increase in 2010
from a 2.8 % contraction in 2009). Increases in economic investment through
development in the Arctic have led to economic changes over the past decade; these
changes have the potential to provide autonomy for the Nunavummiut.
The terrestrial and aquatic ecological resources of the North have great cultural
and domestic importance to members of local communities who have used these
resources for millennia. Nunavummiut were traditionally nomadic hunters and many
remain dependent on harvesting food resources from the land. In present day Nunavut,
40% of Nunavummiut dietary energy comes from foraged foods such as fish and wild
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game (Van Oostdam et al. 2005). In Baker Lake, the most inland community in Nunavut,
approximately 20% of the inhabitants are hunters (Gebauer 2010) who provide caribou
meat for most of the year for many of the inhabitants and periodically ice fish or spear for
arctic char and lake trout during the short open water season.
The environmental regulatory framework in Nunavut is in accordance with
Nunavut Land Claims Agreement (NCLA) which was formed to protect the interests of
the Nunavummiut. The NCLA stresses the importance of protecting the natural resources
and heritage of the community, including the conservation and protection of both
terrestrial and aquatic habitats. With low human population densities in the North there
are few sources of anthropogenic disturbance (Evans et al. 2005). As development and
extraction of minerals continues to expand in Nunavut, there is a need to increase the
knowledge of these isolated and unique ecosystems through research that includes
evaluation of the potential impacts of anthropogenic disturbance on culturally important
aquatic resources (Spencer et al. 2008, Evans et al. 2005, Schindler and Smol 2006,
Wrona et al. 2006).

1.5

Project Location and Description
The study lakes are located near the Meadowbank Mine which is located 75 km

north of the Hamlet of Baker Lake, in the Kivalliq Region of the Territory of Nunavut
(67°0’75” N, 96°4’39” W). Agnico-Eagle Mines Limited (AEM): Meadowbank Division
began construction of the Meadowbank Mine in 2007, with predevelopment taking place
in 2008 and production beginning in 2010. Construction of the mine facilities included
the 2008 completion of a 115 km all-weather road between the hamlet of Baker Lake and
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the mine which provided site access for personnel and 24-h fuel delivery and cargo
shipment (AEM 2010b).
The development and extraction of ore in three open pits (Goose Pit, Portage Pit and
Vault Pit), is planned to continue at the mine until 2017. The Portage Pit (currently the
only pit in operation) is located on the northern shore of Second Portage Lake and
extends southward under Second Portage Lake and Third Portage Lake (approximately
2.4 km in a north-south direction) (Figure 1.3). The Goose Island deposit lies
approximately 1 km to the south of the Portage Pit, and beneath Third Portage Lake. The
Vault deposit is located adjacent to Vault Lake, approximately 7 km north from the
Portage Pit.
A significant portion of the Portage Pit and all of Goose Pit occur below a lacustrine
environment, namely Second Portage Lake and Third Portage Lake (Figure 1.2). In
2008, construction began on a series of in-lake dikes. East Dike (approximately 0.85 km
in length) located in Second Portage Lake was the first dike completed in 2009, followed
in 2009 and 2010 by the two-phase construction of the Bay-Goose dike (approximately
2.2 km in length) located in Third Portage Basin. These dikes were constructed to isolate
pits and permit access to the sub-lacustrine gold-bearing bodies of ore. The diked-off
portions of these lakes were ultimately drained beginning with the northwest basin of
Second Portage Lake (from 2009 to 2011) concomitant with development in the Portage
Pit. Dewatering was completed in Second Portage Lake and in the Bay-Goose basin in
Third Portage Lake in 2011. Construction of the dike and dewatering has not yet begun
at Vault Lake.
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Figure 1.1 -Location of the study lakes
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Figure 1.2- Illustration of gold bearing ore body occurring below Second Portage and Third
Portage Lakes

Figure 1.3- 3-D illustration of mine site facilities, Portage and Goose Pits
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Prior to dewatering, a program of fish-removal in Second Portage Lake northwest
basin was conducted under Department of Fisheries and Oceans approved fish-out
protocols. This was completed in 2008. A total of 3,079 fish weighing 1,123 kg were
removed from the Second Portage Lake (Azimuth 2009b). About two-thirds of the fish
were lake trout (Salvelinus namaycush), followed in abundance by arctic char (Salvelinus
alpinus), round whitefish (Prosopium cylindraceum), and burbot (Lota lota). As
specified in the DFO authorization and DFO protocol, estimates of populations of fish
were made to predict time to total removal of fish biomass and foodweb and fish
meristics were collected (Tyson et al. 2011). In 2008, fish removed from Second Portage
Lake were distributed to the Baker Lake community for domestic consumption,
respecting the commitments made during the Nunavut Impact Review Board hearings
and in agreement with the objectives of the DFO Fish-out Protocol.
In 2010, under DFO authorization, a fish-out was conducted in the Bay-Goose basin
of Third Portage Lake. The fish-out removed a total of 2139 fish from the basin
weighing 273 kg (North/South-Consulting 2011). Ninety percent of the fish collected
were arctic char, lake trout, and round whitefish, the remainder was ninespine
stickleback. Unlike the fish-out in the northwest basin of Second Portage Lake, an
attempt was made to transfer as many fish as possible from the Bay-Goose Basin to the
main water body of Third Portage Lake. From August 6th to October 4th, 2010,
approximately 60% of the fish were successfully transferred, the majority of which were
arctic char, followed by lake trout, round whitefish and burbot. To meet the targets for
data collection within the approved DFO protocol for fish-out, the remaining fish were
processed and food web data were collected (Tyson et al. 2011). Much of the food web
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data collected in 2008 and 2010 form the basis for the food web comparison discussed in
Chapter 3.
Following the completion of the rock-fill placement and cut-off wall of the East
Dike, (see Box 1.1 for a brief explanation of in-lake construction of dikes), dewatering of
Second Portage Lake northwest basin (15.3 Mm3) started in March 2010. Approximately
60% of the water from Second Portage Lake northwest basin was discharged without
requiring treatment. Following the completion of the Bay-Goose dike, dewatering of
Third Portage Lake Bay Goose basin (3.0 Mm3) started in July 2011 and was completed
in the middle of November of that year.
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Box 1.1: Summary of the construction process of the in-lake dike
The material for construction of dikes was hauled by mine trucks from the material source to the edge of dike face and then
placed into the water by an excavator or a bull dozer. The dike face advances while the excavation of a trench was undertaken
to remove material to the bedrock. This formed two rock-fill crests and a cut-off wall-trench that was then backfilled with
course gravel or filter material. A cut-off wall was completed by slurry mixing and grouted with bentonite thus creating an
impermeable wall to bedrock, in the middle of the dike which prevented seepage from the adjacent water body. The placement
of construction -material, cut-off-wall-trenching and backfilling was completed during the four months of open water to ensure
that the structural integrity of the cut-off was maintained.

Illustration of components of the dike provided by (Golder 2009). Refer to Appendix A- Photo – Rock-fill material placement
by earth-mover and bulldozer.
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Dewatered discharge consisted of natural water that had not been in-contact with
mine site waste rock or mill tailings (i.e., water that had not contacted potentially acidgenerating rock material). Water from the mine-site (often referred to as contact water)
that may have come into contact with acid-generating rock and may have contained
elevated concentrations of metals and sulphate were directed to the tailings storage
facility where it was reclaimed for milling. As dewatering progressed and water levels
were lowered in 2009 and 2010 in the Second Portage Lake northwest basin, previously
submerged sediment beaches were exposed to wind driven wave currents. The shorelines
in Second Portage Lake were sources of suspended sediments as dewatering caused
shoreline slumping and mixing of shoreline sediment with natural water that was being
dewatered. As a result, a water treatment facility, consisting of two modular on-site John
Meunier Actiflo ACP Packaged water treatment plants, was used to manage naturallyoccurring suspended sediments if concentrations approached the limits of the license and
therefore reduced the amounts of TSS entering the receiving water. Approximately
50,000 m3/day of water were treated by the two units. In 2011, nearly all the water from
Bay Goose basin dewatering bypassed the water treatment plant because it did not require
treatment. All of the treated and untreated water was discharged directly to Third Portage
Lake in the North Basin. To prevent increased re-suspension of sediments, the intake
pipes were located far enough away from the shoreline in an area with significant water
depth and low-value fish habitat (AEM 2010a). Although there were a few instances of
elevated TSS levels during dewatering, overall, the proximity of the discharge location
minimized impacts in water quality, benthic and fish collection results in Third Portage
North Basin and are unlikely to confound this assessment (Azimuth 2010b).
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1.6

Regulatory Context
In accordance with the Nunavut Land Claims Article 12.5.12, a Nunavut Impact

Review Board (NIRB) Project Certificate was issued to the Meadowbank Gold Project in
December 2006 (NIRB 2010). This project certificate outlined numerous conditions that
the proponent, Agnico-Eagle Mines: Meadowbank Division, committed to comply with
to protect the Nunavummiut terrestrial and aquatic resources. In June 2008, the Nunavut
Water Board (NWB) authorized the use of water and disposal of waste as it was approved
within the terms of the NWB License A (NWB 2008). More specifically, this license
established guidelines and regulatory limits for the protection of water resources based on
board approved management plans. Further to this, a land lease was established annually
with the Kivalliq Inuit Association to permit the activities of the mine (KIA 2011).
Within a framework of consensus building, which involved community input and
facilitation by several federal and territorial regulatory agencies, the NWB authorization,
NIRB project certificate, and the Kivalliq Inuit Association land lease permitted mine
construction and production at the Meadowbank Mine, and a project proposal was
approved. Additionally, NIRB approval and Department of Fisheries and Oceans
authorizations were required to collect scientific data related to this research study.
Specific to this research project, in collaboration with the NWB and the Department
of Fisheries and Oceans, the construction of the in-lake dikes required the development
and implementation of water management plans and the use of best available
technologies, including the installation of kilometers of turbidity curtains to control
construction-related inputs (i.e., suspended sediments). The mine committed to extensive
monitoring of water quality near the dike-construction activities and periodically in broad
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areas within the project lakes (AEM 2010a). As stipulated in the water-license, trigger
values were developed and presented in the approved water management plan (AEM
2010a) to ensure that regulatory limits for suspended sediments (specifically Total
Suspended Solids-TSS) were not exceeded. If concentrations of TSS at pre-established
monitoring locations exceeded the trigger values during construction of the dikes,
additional management action or mitigative measures were to be taken. These measures
included additional water quality monitoring, stoppage of construction of dikes, repair of
turbidity-curtains, installation of additional turbidity curtains, and installation of pumping
systems. The specific details of these management actions are not the focus of this study,
however, management of suspended sediments using impermeable turbidity curtains is
briefly discussed in Chapter 2, as two of the benthic community monitoring stations were
located inside the turbidity curtains. The trigger value for the short term maximum
(STM) concentration during open water construction of dikes was defined as a single
TSS monitoring value that exceeded the STM in the license. The license limit was the
maximum monthly mean (MMM) which was based on the maximum 7-day moving
average concentration in any month. Table 1.1 outlines the allowable TSS concentrations
in accordance with the NWB Type A water license, Part D, Item 15 (NWB 2008).
The limits of TSS (CCME 2002b) were based on numerous studies in stream,
laboratory, and lake studies analyzed by Caux et al. (1997). The guidelines are intended
to be protective of the most sensitive taxonomic group in the most sensitive life stage and
may not be relevant to the species in the study lakes. The MMM limits are based on
long-term exposure and sensitivity of eggs of fish to low concentrations of suspended
sediments (Caux et al. 1997, Newcombe and Jensen 1996). This value is likely to be
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overly conservative because the likelihood of suspended sediments inputs impacting egg
incubation of lake trout in the lakes was low due to the fact that spawning occurs in the
fall when construction of the in-lake dike was completed.

Table 1.1: Maximum Allowable TSS Concentrations at Meadowbank Mine during
Construction of Dikes
Parameter

Maximum
Source
Monthly
Mean (mg/L)

Short Term
Maximum Source
(mg/L)

TSS in areas where there was
spawning habitat and at times
when eggs or larvae were
expected to be present (applied at
monitoring stations located
closest to high value shoal areas
starting Sept 1, 2008)

6

(CCME
2002b)*

25

(CCME
2002b)

TSS in all other areas and at times
when eggs/larvae were not
present

15

(MMER
2002)

50

(Caux et al.
1997)

TSS in impounded areas (e.g.
northwest arm of Second Portage
Lake) at all times in all areas

15

(MMER
2002)

50

(Caux et al.
1997)

Source: Adapted from (AEM 2010a)
*CCME (2002a) – Maximum average increase of 5 mg/L from background levels for long term exposures
(e.g. Inputs lasting between 24 h and 30d); measured background levels were 1 mg/L.

1.7

In-lake Construction of Dikes at Meadowbank
In July 2008, under approved management plans and licenses, construction of the

East Dike in Second Portage Lake began to isolate the pit, attenuation and tailings
impoundment area in Second Portage Lake. As per the specifications of the supplier, one
layer of turbidity curtains was installed which served as the most important management
effort to control suspended solids (Box 1.2). As much as possible, the locations for the
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installation of the turbidity curtains were selected to reduce the depth and length of the
curtains to make the curtains and anchoring system less prone to breakage from wind
action; this was achieved by installing curtains nearest to the dike face and anchoring to a
nearby island (AEM 2010a). The specifications of the supplier suggested keeping the
curtains raised off the bottom of the lake sediment by approximately 0.5 m to ensure
water currents were able to pass and to reduce stirring of natural sediment. During
construction of dikes, AEM used best management of rock material selection and
placement to reduce potential disturbance from construction activity. To minimize the
impact of material deposition during dike platform construction, the rock-fill was
deposited into the lake at a controlled rate in which mine haul trucks placed the rock-fill
material at the active end of the dyke and the material pushed with a dozer or placed with
an excavator into the lake (Appendix A aerial photographs).
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Box 1.2: Turbidity curtain installation management of suspended sediments at
Meadowbank Mine
Turbidity curtains were installed to effectively deflect and contain suspended
sediments; they were used to provide sufficient retention time within an enclosed area
surrounding East Dike and Bay Goose in-lake construction activities. Turbidity
curtains were prefabricated devices that included flotation units, impermeable
geotextile, load lines and bottom ballasts (Layfield 2011). The anchors were fabricated
on-site and deployed in the water by helicopter or placed on the ice and left to sink
prior to the spring ice thaw. The anchors had floating buoys attached for connection
and to locate the load lines. The curtains were pulled into place by boat and attached to
the anchor lines or shorelines. The curtains were suspended vertically in the lake with
floats at the top and a ballast chain at the bottom which held the curtain in a vertical
position.

Illustration of turbidity curtain taken from (Layfield 2011). See aerial photos in
Appendix A of turbidity curtains installed in Second Portage Lake

Despite these efforts, during in-water construction in 2008, concentrations of total
suspended solids in portions of the Second Portage Lake receiving-environment exceeded
the guideline-limits of 25 mg/L TSS with the highest levels (median 13.94 mg/L, 28.72
mg/L 75th centile and a maximum of 493.185 mg/L at the most elevated station in this
study) detected in August 1 until October 13, 2008 (Azimuth 2009a, CCME 2002b). The
suspended sediments associated with the in-water construction of dikes are highly
colloidal and thus did not readily settle or deposit as wind-and current-driven vertical and
horizontal mixing occurred in the Second Portage Lake southwest basin adjacent to the
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construction of the dikes (Appendix A- aerial photographs). Concentrations of TSS
decreased through the remainder of the 2008 open water season and after ice cover. The
exceedences of the CCME short term exposure maximum of 25 mg/L TSS from
background levels (for a 24 h period) and maximum average increases of 5 mg/L from
background levels for long term exposures (inputs between 24 h and 30 d) were the
impetus to conduct additional research exploring the ecological effects of suspended
sediments in Second Portage Lake and Bay-Goose Basin.
In July 2009, Bay-Goose Dike Phase One was constructed under regulatory
authorization and updated management plans. Similar management practices to control
suspended sediments as those described above were used during this construction period,
however, to provide additional control of suspended sediments, two layers of turbidity
curtains were installed, one close to the proposed dike face and the other approximately
50 m from the first layer. Learning from the perceived ineffectiveness of a single
turbidity curtains in 2008 (due to extreme changes in water clarity), the mine deployed
both layers of turbidity curtains to the lake bottom to improve containment of suspended
sediments (Appendix A aerial photographs). These methodological changes provided
improvement in the ability of the turbidity curtains to contain suspended sediments and
maintain water clarity outside of the curtains until mid-August 2009, when winds
exceeded 80 km/hour and damaged the integrity of the curtains. As a result, wind-driven
currents spread construction-deposited material and suspended sediments throughout
Third Portage East basin but these were either contained inside the curtains or settled in
deep natural depositional areas (Azimuth 2010b, 2011). Although there were few
exceedences of TSS license limits, elevated levels of total suspended solids were
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confined within Third Portage East Basin with only slightly elevated levels of suspended
sediments monitored in Second Portage Lake.
Under regulatory approval using best management of rock material selection and
placement, a causeway was built during the winter of 2010. The cold climate of Nunavut
provided deep ice cover which reduced the spread of suspended solids due to wind-driven
currents (AEM 2011). In addition to mitigation against wind driven currents, the
causeway served as an anchor for near-shore curtain installation creating a series of small
containment cells for suspended sediments. The concept of the causeway was developed
based on observations from the high wind events of 2009, which determined that the
integrity of the inner curtain closest to the rock platform was not greatly affected by the
wind. A second layer of turbidity curtains were also installed in the outer reaches in
shallow depths to provide an extra layer of containment (Appendix A aerial
photographs). Furthermore, a series of pumps were installed in advance of construction
of the platform and in trenched areas (i.e., areas presumed to be the greatest sources of
suspended sediments) creating a net average influx of clean water that reduced the spread
of suspended solids. This water was pumped to the water treatment plant, treated, and
discharged into Third Portage Lake as part of dewatering. As in 2009, the approach used
in 2010 greatly improved the ability of the turbidity curtains to allow for the TSS to settle
inside the contained area. As a result, there were no open-water exceedences of license
limits for TSS.
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1.8

Monitoring of In-lake Construction of Dikes at Meadowbank
During construction of the dike, dike material and construction activity, such as

trenching and the disturbed lake bottom sediments, were sources of suspended solids
(AEM 2010a). In anticipation of this, AEM developed site-specific monitoring of water
quality during construction of the dikes to meet the NWB license A limits that were in
addition to monthly basin level water quality and aquatic ecology monitoring programs
such as the Core Receiving Environmental Monitoring Program. In the absence of
containment with turbidity curtains and other control measures, suspended sediments
were expected to spread throughout the southeastern basin of Second Portage Lake,
during construction of the east dike and in Third Portage Lake east basin during
construction in Bay Goose. In response to these potential sources of suspended
sediments, monitoring plans were developed and approved by the Nunavut Water Board
(NWB) to ensure that the environmental department of AEM at the mine site was able to
respond to early detection of movements of suspended sediments and implement
appropriate management actions. Six monitoring stations nearest to the dike and eight
moving stations1 in Second Portage Lake were established a priori for consistent
collection of data for suspended sediments. If the 24-h average total suspended solids
limit was exceeded, construction activity would be halted or altered and additional
monitoring activity would determine the spatial extent of the exceedence. If the

1

These stations were part of a monitoring grid that radiated away from the turbidity curtains and
evaluated the turbidity levels in SPL southeastern basin outside of the daily monitoring
stations (located approximately 100 m from the curtains). Turbidity monitoring using NTU
values converted into TSS and TSS gravimetric samples were routinely taken at these
moving stations if exceedences occurred during daily monitoring. Furthermore EAS
gravimetric TSS water samples were taken in September as reported in Azimuth (2008 and
2009).
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maximum monthly mean was exceeded, follow-up ecological studies would be
completed in conjunction with the core receiving environmental monitoring program.
Daily monitoring consisted of taking water column profiles using turbidity meters at
six monitoring stations on the southeastern side of the turbidity curtain, and water
chemistry samples weekly at these stations and at broad monitoring stations (AEM
2010a). As outlined in the preface, I led the study design in conjunction with Azimuth
and collected some of the water sampling. The complete TSS monitoring data set
presented in (Azimuth 2009a, c) and (Azimuth 2010b) were provided by AEM to me for
use in this study and formed the basis for my evaluation in subsequent chapters.
Additionally, sedimentation traps were deployed to monitor suspended sediments settling
in representative areas throughout Second Portage Lake southeastern basin.
Along with sampling for water quality, suspended sediment traps were used to
monitor deposition rates, deposition depth, and chemistry of suspended sediments settling
in fish nursery, rearing, and foraging habitat areas (Box 1.3). Numerous methods have
been used to estimate deposition of sediment including: optical measurements, various
suspended sediment trap methods, modeling and mass balance calculations (Guo et al.
2010, Bloesch and Burns 1980, Danger et al. 2012, Fortino et al. 2009, Wood and
Armitage 1997, Koelmans 1997). Specifically, researchers use sediment traps to
determine changes in loading of sediment and availability of nutrients, which may be
significantly influenced by allocthonous sources and the transport of suspended and
resuspended sediments (Poister and Armstrong 2003, Koelmans 1997). Fortino et al. (
2009) conducted a study of sedimentation in arctic lakes using sediment traps and found
that landscape factors, such as weather and geology, also greatly influence material
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transport. Despite limitations discussed by Horpila and Nurminen (2005), sediment traps
provide a useful means to characterize the vertical and horizontal transport and deposition
of suspended sediment (Danger et al. 2012, Fortino et al. 2009). Chemistry of sediment
are presented and briefly discussed in Appendix B, sediment deposition rates and depth
of sedimentation were investigated and are discussed in greater detail in this study.
The Core Receiving Environmental Monitoring Program (CREMP, formerly
referred to as the Aquatic Ecosystem Management Program- AEMP) data collection is
completed on a monthly basis to evaluate mine-related impacts at temporal and spatial
scales as required in the NWB license (NWB 2008). The program was initially designed
to collect baseline ecological information and has been adapted to respond to mine
developments (Azimuth 2010a). In general, the program evaluates the physical and
ecological changes at 12 stations, each representing near-field areas (stations located
nearest to the mine site and include Third Portage North, Third Portage East, Second
Portage, Tehek Lake and Wally Lake); far-field areas (including Tehek farfield station)
and reference areas (station locations that are unaffected by mine related construction or
point sources including Third Portage Lake South, Inuggugayualik Lake and Pipedream
Lake). Monthly monitoring includes thorough water chemistry (TSS gravimetric results)
and collection of phytoplankton data, annual measurements of sediment chemistry,
collection of samples of benthic macroinvertebrates and zooplankton at specific stations
to meet the requirements of the project NWB license-A. The results of these studies are
reported annually to the NWB. The data prior to 2008 and collected during the CREMP
was provided by AEM for use in this study. Benthic macroinvertebrate data in Second
Portage Lake from 2008 to 2010 were collected specifically for this study by the author.
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Box 1.3: Sediment trap design
Sediment traps are commonly used to evaluate sedimentation due to their simplicity
and effectiveness at capturing suspended sediment deposition. (Bloesch and Burns
1980) completed a thorough review of sediment trap techniques and designs. The traps
used in this study consisted of a 0.6 m x 0.6 m angle-iron base with vertical supports
on each corner that provided support for 4 replicate sediment trap tubes with capped
bottoms. As recommended in (Bloesch and Burns 1980) the poly vinyl chloride tubes
were designed to meet an aspect ratio greater than 5; in 2008 all of traps set in July to
August and August until July 2009 contained tubes that were 7.2 cm diameter x 40.2
cm in height; in the summer of 2009 the traps contained PVC tubes with a diameter of
7.7 cm by 51 cm in height. Retrieval lines were attached to the base of the traps and
carefully deployed to the bottom of the lake. A buoy was attached for retrieval.

Photograph of sediment traps used (trap bases consisted of painted 0.6 x 0.6 m bases )

1.9

Measurement of Suspended Solids
Field measurements of turbidity are commonly used as a surrogate for TSS

(Earhart 1984, Ginting 2006, Minella et al. 2008, Stubblefield et al. 2007). Following the
(CCME 2002b) guidance, the most up to date monitoring data was used at the study site
to develop a relationship between turbidity (in NTU) and TSS (in mg/L). This took into
account the site-specific nature of the lake suspended sediments which is influenced by
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shape, size, chemistry and organic complexity. Given the isolation of the site and
stringent guidelines, equations were developed by Azimuth Consulting Group on behalf
of AEM (presented in Chapter 2) and adopted for use during dike-construction
monitoring as an effective cost savings measure that provided real-time TSS data to
immediately compare to TSS limits, respond to elevated levels of suspended sediments
and manage construction activity accordingly.
As previously noted, many studies have measured the effects of turbidity on fish
species using either total suspended solids or an optical measurement of turbidity (i.e., in
nephlometric turbidity units- NTUs) (Newcombe 2003, Newcombe and Jensen 1996,
Rowe et al. 2003, Rowe 1984, Utne-Palm 2002), however few studies have had large
enough data sets to develop site specific TSS correlations and related these values to
ecological effects endpoints (Schwartz et al. 2008). Discrete gravimetric limits for TSS
are often adopted by regulatory agencies without consideration of duration. Although
threshold limits for suspended sediments are useful for screening and environmental
management, they are less relevant for evaluating ecological effects, as inputs of
suspended sediments are often episodic (Rossi et al. 2006, Schwartz et al. 2008).
Descriptive statistics such as means or centiles are useful but do not adequately describe
the nature of suspended sediments events (Schwartz et al. 2008). The TSS values in this
study were generated from a combination of TSS conversion values from turbidity
monitoring based on TSS-turbidity correlation equations and gravimetric values of TSS
collected during construction of the dikes, effects assessment monitoring, and the core
monitoring program of the receiving-environment to provide median concentrations.

31

Durations were estimated using a concentration and duration frequency method outlined
in Schwartz et al.(2008) and discussed in Appendix B.

1.10 Study Objectives and Hypotheses
As industrial development continues to expand in the north, it is important to
improve the understanding of arctic lake ecology, and monitor the effects of perturbation
(such as TSS inputs) in arctic lakes. The current lack of research evaluating the effects of
suspended sediments at a whole lake level using field collected effects measurements has
been noted by Schwartz et al. (2008), Bilotta and Brazier (2008) and Donohue and
Molinos (2009). The overall goal of this study was to assess the physical and biological
effects of suspended sediments in arctic lake ecosystems, following in-lake disturbances
resulting from construction of dikes. Specific objectives, and associated hypotheses, of
the research are listed below:
1. The objective of chapter two was to use a distance gradient to evaluate the
concentration of suspended sediments from August until October 2008, apply
concentrations and estimates of duration to a Severity of Ill Effects model
(Newcombe and Jensen 1996) to predict TSS effects on salmonids, assess the depth
of deposition, rate of deposition, and evaluate the effects on benthic invertebrates in
Second Portage Lake following in-lake construction of dikes.
Ho: Construction of dikes did not lead to a suspended sediments distance gradient
in Second Portage Lake. Specifically, distance from the station with the highest
TSS monitoring values (exposed station TRB-2) did not have an effect on the
rates of deposition, deposition depth, or predicted effects on salmonids as
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indicated by the SEV model by Newcombe and Jenson (1996). There were no
effects on macroinvertebrate benthic communities as indicated by taxa richness,
total abundance, and Simpson’s diversity.
2. The objective of chapter three was to assess the effects of suspended sediments on
salmonids using stable isotope food web comparisons. This was done by evaluating
stable isotopes in fish collected in Second Portage Lake Northwest Basin and BayGoose Basin (that experienced different exposures of suspended sediments) compared
to Third Portage Lake North Basin (reference station).
Ho: Exposure to suspended sediments did not result in significant changes in food
web position of salmonids (lake trout and arctic char) as indicated by stable
isotope analysis. Stable isotope signatures of stomach contents of lake trout and
arctic char were not different following exposure to TSS.

33

2

CHAPTER TWO:

EFFECTS OF SUSPENDED SEDIMENTS AND SEDIMENT DEPOSITION ON
BENTHIC INVERTEBRATE COMMUNITIES FOLLOWING MINING
DISTURBANCE IN ARCTIC LAKES
2.1

Introduction
The Canadian Arctic is experiencing rapid industrial growth due to increased

development of reserves of precious metals, diamonds, oil, and gas (Nunavut Bureau of
Statistics 2010). A unique feature of the Arctic is the many water bodies that dominate
the landscape; these are valued culturally, are important fisheries resources (Mallory et al.
2006), and may be impacted as industry such as mining continues to grow in the
Canadian Arctic. One of these stressors is suspended sediments and increased turbidity,
which has largely unknown consequences in this unique and potentially sensitive
landscape (Spencer et al. 2008).
Many studies have measured the effects of suspended sediments and turbidity on
fish using either gravimetric measures of Total Suspended Solids (TSS) or optical
measurements of turbidity (i.e., in nephlometric turbidity units- NTU) (Newcombe 2003,
Newcombe and Jensen 1996, Rowe et al. 2003, Rowe 1984, Utne-Palm 2002).
Newcombe and Jenson (1996) developed a severity of ill effects (SEV) scale that
summarizes the effects of TSS concentrations as a function of duration of exposure on
fish. This scale was based on 264 studies that provided data sets on discrete
concentrations of suspended sediments, species of fish, natural history, life history phase,
sediment particle sizes, duration of exposure, and effects for a variety of taxonomic
groups of freshwater or estuary fish. From these data, Newcombe and Jenson (1996)
developed various models to predict SEV of TSS on fish. These models were developed
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to be used as a monitoring tool that incorporated duration of TSS exposure, however
regulatory agencies have commonly adopted threshold TSS limits based on the SEV on
salmonids without consideration of the exposure duration, as originally intended by
Newcombe and Jenson (1996). Although discrete limits for suspended sediments are
useful for screening and environmental management, inputs of suspended sediments are
often episodic and therefore limits are less relevant for evaluating ecological effects
because exposure to aquatic organisms is often short in duration (Rossi et al. 2006,
Schwartz et al. 2008).
Suspended particles can be associated with direct and indirect effects on aquatic
organisms and these effects are often a function of particle size. For example, finer
particles are more likely to behave as colloids, affecting respiration of fish and
invertebrates via coating and interference of respiratory structures (i.e., gills). Finer
particles also tend to be associated with greater chemical binding, increasing exposure to
aquatic organisms. Larger particles more rapidly deposit onto bottom sediments, may
also bind chemicals, and lead to physical effects such as smothering of spawning or
habitats for macrobenthos (Stecko and Bendell-Young 2000). Within arctic lakes,
benthic invertebrates provide an important food source for fish, especially for lake trout
(Salvelinus namaycush) the predominant fish species in the study lakes (Chetelat et al.
2010). It is well established that flow of energy in Arctic lakes is primarily through the
benthic food web, which is critical in the sequestration and recycling of nutrients,
inorganic, and organic materials deposited on the lake bottom (Schindler and Scheuerell
2002, Donohue and Molinos 2009, Chetelat et al. 2010, Vander Zanden et al. 2006,
Sierszen et al. 2003). As a result, changes to the physical and chemical composition of
35

benthic habitat due to deposited particles that have been found to cause direct and indirect
effects on benthic invertebrates that may cascade through the food web by, for example,
altering feeding behavior of apex predators such as lake trout (Donohue and Molinos
2009, Bilotta and Brazier 2008).
Deposition of sediments may have direct effects on invertebrates by altering
habitat, causing respiratory effects, and by smothering and reducing the interstitial space
(Anderson 1996. , Rossi et al. 2006, Bilotta and Brazier 2008, Newcombe and Macdonald
1991, Caux et al. 1997, Donohue and Molinos 2009, Newcombe and Jensen 1996).
Reduced populations and changes in community structure of benthic invertebrates are
commonly observed after long-term exposure to deposited sediments (Bilotta and Brazier
2008). Caux et al. (1997) and, more recently, Donohue and Molinos (2009) reviewed the
effects of sedimentation on benthic invertebrates and found that they are as sensitive to
high levels of suspended sediments as salmonids.
In this study, we evaluated the effects of suspended sediments and sediment
deposition on benthic invertebrates in a study lake located 70 km north of the community
of Baker Lake, Nunavut, Canada where water quality (i.e., increased concentrations of
suspended sediments) was disturbed by construction of dikes at a nearby mine site owned
and operated by Agnico-Eagle Mines Ltd. (AEM): Meadowbank Division (67°0’75” N,
96°4’39” W) (See Figure 1.1). For 8 months of the year, this area experiences extreme
arctic conditions defined by extreme cold (< -25˚C), frozen tundra, and frozen lakes.
During approximately 3 months of “summer”, the landscape is dominated by open water
(e.g., ephemeral runoff, riverine, and lacustrine). Lakes in the study area were pristine,
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ultra-oligotrophic head-water lakes with low productivity and short food chains, as is
common in the Arctic (Chetelat et al. 2010).
The benthic invertebrate community has been studied at this site since 1997 with
greater replication at sample locations and reference lakes beginning in 2006
(Cumberland 2005). The benthic community in littoral and sub-littoral zones consists
mainly of chironomids, oligochaete worms, caddisflies, mayflies, and stoneflies. Other
major taxa include amphipods, mites, fingernail clams, harpaticoid copoepods, and
tadpole shrimp. The benthic community is dominated in abundance and in richness of
species by aquatic insects in their larval stage, especially chironomids (Cumberland
2005). As is common in oligotrophic lakes, richness of taxa and abundance is low and is
affected by abiotic interactions, including morphology of lakes, depth, and total organic
carbon in sediments (Babler et al. 2008, Beaty et al. 2006).
Few studies assessing the effects of TSS, and even fewer in the Arctic, have
estimated concentration and exposure duration of suspended sediments, have been
conducted at the level of entire lakes, and have been used in the context of ecologically
relevant endpoints such as benthic invertebrate community abundance, richness, and
diversity (Schwartz et al. 2008, Bilotta and Brazier 2008). The in-lake construction of
dikes at Meadowbank provided an opportunity to conduct such a study under Arctic
conditions. A predetermined zone of potential impact, considered acceptable by
regulatory agencies, and mitigated by the mine, was enclosed immediately outside of the
dikes by impermeable turbidity curtains to contain suspended sediments. Despite
installation of the curtains, during in-lake construction of the east dike, levels of total
suspended solids exceeded Canadian Council of Ministers of the Environment (CCME
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2002b) guidelines of 25 mg/L above background levels in parts of Second Portage Lake
southwest basin.
This chapter characterizes the physical properties and patterns of suspended and
deposited sediment nearest to the dike and throughout Second Portage Lake southeast
basin (approximately 221 ha). Estimates of concentration and duration were applied to a
SEV model from the Newcombe and Jensen (1996) to assess the likelihood of effects on
salmonids. In addition, due to their importance as a food source for lake trout (Salvelinus
namaycush), the predominant fish species in the project lakes, sedentary nature, and
sensitivity to deposition of sediment, macroinvertebrate benthic communities were used
to evaluate the impact of sediment deposition in exposed stations located inside the
turbidity curtain and throughout Second Portage Lake southeast basin, following the mine
related suspended sediments disturbance.

2.2
2.2.1

Methods
Physical Data

2.2.1.1 Total Suspended Solid Concentrations in Second Portage Lake
Data from total suspended solids field monitoring (an in-field optical
measurement in nephelometric turbidity units (NTU), that is converted into TSS),
measured gravimetrically in the laboratory (mg/L), and sedimentation data were
combined from data collected in Second Portage Lake South East Basin (Azimuth 2009a,
2010a, c). Locations of the TSS sampling stations were identified prior to construction of
the dike and laid out in a grid pattern radiating away from the east dike. Exposed stations
(inside the turbidity curtain identified as stations SP-TRB-1 and SP-TRB-2) were < 100
m from construction activity, near-field stations were between 500-750 m (SP, SP-N1,
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SP-N2, SP-N3) and far-field stations were > 1500 m from the exposure station (SP-F1
and SP-F2) (Figure 2.1). Maximum daily TSS values from the 2008 and 2009 field
monitoring data were organized into aggregate stations that were assigned station
equivalents (i.e., monitoring stations within a 150 m radius of one-another) that
corresponded with benthic stations and provided consistency between years and different
monitoring programs at the mine site. All distances between stations were measured
using ArcView 10.0 mapping software.
Due to the discontinuous nature of environmental monitoring in the Arctic (i.e., it
is limited by wind during the open water season and in the winter by ice), data collected
prior to and after the 2008 construction of dikes was based on monthly monitoring data
collected at stations that were randomly selected within the southeast basin of Second
Portage Lake (Azimuth 2010a). Although preferable, turbidity data loggers were not
used due to short open water season and costs. All daily monitoring data for turbidity
(NTU) were collected in the field using a field calibrated McVan’s Analite NEP160-305R portable turbidity meter/logger with a high sensitivity NEP260 90 degree probe
(range of 0 to 3000 NTU). This probe measures turbidity following the ISO 7027
method. Field turbidity monitoring values were converted into TSS values using the
following equations:
Equation 1: Log10 (NTU) = 0.273 + (1.19 x Log10 (TSS)) [ r2 = 0.79, p<0.001]
(developed for use in 2008 based on available data (Azimuth 2010b))
Equation 2: Log10 (NTU) = 0.62196 + (0.95619 * Log10(TSS)) [ r2 = 0.81, p<0.001]
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(updated for use in 2009 and 2010 monitoring based on site specific data in 2008 and
2009 (AEM 2010a))
All water samples for gravimetric analysis of TSS were collected using a prerinsed whale pump and silicon lined tubing. Most of the water samples were collected at
a standardized depth (3 m below the surface), however, on some occasions, the samples
were either taken at the maximum turbidity depth (based on field turbidity readings) or as
an integrated sample of the water column. Pre-rinsed bottles were used to store the
samples, which were immediately placed in coolers (< 4°C) and shipped to a certified
laboratory for gravimetric analysis
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Figure 2.1 –Water quality, sedimentation and benthic invertebrate sample locations
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2.2.1.2 Deposition of Sediment
Sediment traps were used in this study and provided a simple and effective means
of measuring deposition of suspended sediments. Similar to what was described for the
TSS field monitoring (Section 2.2.1.1), station equivalents for sediment traps were
assigned based on the proximity to TSS monitoring stations and benthic invertebrate
sampling stations. The sediment traps used in this study were mounted on a 0.6 m x 0.6
m angle-iron base with vertical supports on each corner that provided support for four
replicate sediment trap tubes with sealed bottoms. As recommended in Bloesch and
Burns (1980), the poly-vinyl chloride (PVC) tubes had an aspect ratio (length: diameter)
greater than five to provide the most effective dimension for capturing deposited
sediment. All traps set in July to August, 2008 (during open water) and August, 2008
until July, 2009 (winter or below ice) contained tubes that were 7.2 cm diameter x 40.2
cm in height. In the summer of 2009, PVC tubes with a diameter of 7.7 cm and height of
51 cm were used. Sedimentation deposition rates were normalized (g ww/cm2/day) for
the differences in tube diameters between years. Retrieval lines were attached to the base
of the traps and carefully deployed. Special care was taken to ensure that the traps were
placed on the lake bottom in such a way that they did not disturb the bottom sediment. A
buoy was attached to mark the trap location.
Sediment traps were carefully hauled by the retrieval line from their location onto a
platform that was fixed to the side of the boat. Prior to removing the tubes from their
bases, PCV caps were placed on the tubes. The tubes were removed and taken back to
the laboratory and the suspended sediments were allowed to settle for greater than 24 h.
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Water was carefully decanted to avoid disturbance, the sediment was transferred from the
tube by rinsing with distilled water into a 1-L plastic container and shipped to a certified
laboratory. In 2008, the combined wet sediment from the four replicate samples was
filtered through 45 micron filter paper, dried at 60˚C for 8 h and the dry weights
recorded. In 2009, the four replicate tube samples were shipped to the laboratory and
analyzed independently as above, but dried at 100 ˚C for 8 h.
2.2.1.3 Statistical Analysis (TSS and Deposited Sediments)
Concentrations and durations in this study were developed using a method
outlined in Schwartz et al. (2008) (Appendix B: supplemental information).
Concentrations and mean durations were applied to the severity of ill effects value using
the following Model 1 equation from Newcombe and Jenson (1996):
Equation 3: SEV=1.0642 + 0.6068 [loge (Duration in hours)] + 0.7384[loge (mg TSS/L)]
This was completed for exposed (TRB-2 and TRB-1) and near-field stations (SP and SPN1). The other stations did not have continuous monitoring data sufficient to complete
these analyses.
ANOVA followed by a Tukey’s pairwise comparison test were used to test for
differences between stations along the distance gradient. If the data did not meet
statistical assumptions of ANOVA, a non-parametric Kruskal-Wallis on ranks test
followed by a Dunn’s method of comparison was used. Regression analysis was used to
assess the relationship between distance from the exposed station with the highest levels
of TSS (station TRB-2) and depth of deposition (cm). Linear regression analysis was
conducted to determine a gradient effect by distance and sediment deposition depth. A
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studentized residual deletion (> 4.0) method was used to evaluate regression outliers. All
statistics were completed in Systat (2008). The level of statistical significance was p ≤
0.05.
2.2.2

Assessment of the Benthic Invertebrate Community

2.2.2.1 Sample Collection
Samples of benthic invertebrates were collected at thirteen stations in August
2009 and 2010 to determine the effects of TSS on the benthic invertebrate community.
As described above for the TSS sediment traps, locations of benthic invertebrate
sampling stations were identified prior to construction of dikes throughout Second
Portage Lake southeast basin with exposed, near-field and far-field stations in a grid
pattern radiating away from the east dike (Figure 2.1). An internal reference station was
selected (SP-DT) and stations in reference lakes were also selected (TPN, TPS, WAL,
INNUG). Data on benthic invertebrates collected prior construction of dikes in 2008
(pre-disturbance) were from annual monitoring data completed by the mine.
Additionally, samples of benthic invertebrates were collected in July 2008 at exposed
stations (inside the turbidity curtain TRB-1 and TRB-2; pre-disturbance), and at one nearfield station (SP) in August 2006, 2007 and 2008 (pre-disturbance). Samples were
collected at these stations (TRB-1, TRB-2 and SP) in July, August, and September in
2009 and 2010 following the construction to document the temporal recovery of the
benthic community.
Samples of sediment were collected using a Petite Ponar (0.023 m2) at all stations
between a depth of 6 and 12 m. Data collected in 2006 had 3 replicates; each station had
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5 replicates for the other years (2007-2010). Each sample was composed of 2
composited grabs collected within 15 m of one-another. The benthic samples were
sieved using a 500 μm sieve, stored in containers, preserved with a 10% buffered
formalin solution and submitted for third-party laboratory taxonomic identification. As
per standard methods according to environmental effects monitoring (EEM) protocol,
taxonomic identification was at least to family (Mallory et al. 2006) and conducted by an
external laboratory. Previous work has suggested that identification to the family-level
provides sufficient resolution for detecting the effects of anthropogenic disturbance
(Jones 2008, Bowman and Bailey 1997).
2.2.2.2 Statistical Analysis
The benthic invertebrate effect endpoints selected for this study were:


Taxa richness (i.e., corresponds to the number of taxa per sample and provides a
measure of diversity).



Total abundance (i.e., number of organisms per m2).



Simpson’s Diversity index (D), calculated as follows:

where: N is the total number of organisms/station; ni is the total number of organisms of the ith taxa/station.
Temporal changes of benthic invertebrate communities at exposed stations (TRB-1
and TRB-2) and one near-field station (SP) were evaluated by year and month (July,
August, and September) using ANOVA to compare intra-station differences. Pre45

disturbance-data from exposure stations were also compared with SP-pre-disturbancedata to determine within-lake differences using ANOVA. ANOVA was used to
demonstrate a temporal change and possible recovery of benthic invertebrate community
at the three stations, by month and by year for all of the data (predisturbance-data, 2009
and 2010). Where a significant difference was identified, a post-hoc Tukey’s HSD pairwise comparison was used to analyze these data. If data did not meet statistical
assumptions, ANOVA on non-parametric Kruskal-Wallis ranks followed by a Dunn’s
method comparison was used. Linear regression analysis was conducted to determine a
gradient effect by distance and sediment deposition depth. A studentized residual
deletion (> 4.0) method was used to evaluate regression outliers; if determined to be an
outlier, the data was removed from the regression. The above comparisons were made
for each of the described metrics and all statistics were completed in Systat (2008). The
level of statistical significance was p ≤ 0.05.

2.3
2.3.1

Results
Water Quality and Sedimentation
Median TSS from daily monitoring August 1st to October 13th, 2008 of the

exposed station (TRB-2) was 13.92 mg/L (range 489.73 to 3.45 mg/L) (Table 2.1).
Median TSS at the near-field station (SP-N1) was 9.51 mg/L (range 47.11 to 3.42 mg/L).
TSS at both exposed stations were significantly different from near-field stations
(ANOVA p<0.001, Tukey’s p<0.05). The median monitoring data showed similar trends
to the gravimetric TSS values following multiple regression analysis (despite median
TRB-1 values which are greater due to few data; n=4, see Appendix B), as exposed
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stations were significantly different from all near-field and far-field stations (Table 2.1
and Figure 2.1). During peak daily monitoring on August 18, 2010 (Figure 2.2),
concentrations of TSS were greatest in the south portion of the dike near the exposed
stations. Evaluation of the data using concentration and duration frequencies (CDFs: in
Appendix B) identified a gradient of decreasing suspended sediments away from the east
dike, similar to median TSS values presented in Table 2.1. Although grain size of the
material was not tested, qualitatively, there is an indication that coarse suspended
material likely caused elevated values of optical and gravimetric TSS that settled due to
turbidity curtain containment and were deposited immediately adjacent to the dike.
Highly colloidal, natural suspended sediments, previously deposited on the lake bottom,
appeared to be spread uniformly throughout the southeast basin of Second Portage Lake
by wind driven currents as near-field and far-field stations had similar TSS values
(Tukey’s p>0.05).
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Figure 2.2 Total suspended solids at exposed, near-field and far-field stations over time in Second Portage Lake stations (indicated by*) and
at external reference stations. Data from July-October 2008 in foreground, and 2006 to 2011 are in the top right caption.
Construction of dikes began on July 30th until mid-October, 2008.
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Table 2.1: Median gravimetric and daily monitoring TSS (nephelometric), sedimentation, and severity of ill effects values in Second Portage
Lake southeast basin and reference stations.
Lake identification Station id

Distance
from SPTRB-2

TSS from daily monitoring data
(converted from nephelometric turbidity
units)
(August - October 2008)

Second Portage Lake SP-TRB-2
Second Portage Lake SP-TRB-1

Median
gravimetric TSS
data
(August-October
2008)

m

n

Median
mg/L

25.00

74

13.94

a

6.14

28.82

4

15.50

a

8.76

a

4.96

23.77

4

16.22

a

247.46

74

25th centile 75th centile
mg/L
mg/L
n

2008 to 2010

2008 to 2009

2009 to 2010

(August - October 2008)

(g ww/cm / day)

SP

722.11

74

6.23

b

3.51

12.21

4

10.48

b

Second Portage Lake

SP-N1

662.13

74

9.51

b

4.89

16.29

4

9.91

b

Second Portage Lake

SP-N2

612.21

-

2

27.15

Second Portage Lake

SP-N3

575.97

-

2

15.20

Second Portage Lake

SP-F1

1517.76

-

4

8.10

b

Second Portage Lake

SP-F2

1881.55

-

4

11.25

b

Second Portage Lake

SP-DT

1912.31

1.00*

4

1.00

b

0.0091
-

2.183
-

0.943
-

3.126
-

6.437

5.976

7.437

6.534

6.128

7.492

0.0053
-

1.154
-

0.913
-

1.960
-

5.820

5.542

6.562

6.282

5.939

6.433

0.0094
-

1.047
-

0.913
-

2.067
-

-

0.0113
-

1.316
-

2.448
-

3.764
-

-

0.0026

0.454

0.454

0.907

5.6044*

Tehek
TE
5390.25
2
2.30
Third Portage Lake
TPN
6
1.50
Third Portage Lake
TPS
3
1.50
Wally
WAL
2
1.50
Innugugayualik
INNUG
2
1.50
Notes:
*
From laboratory data collected on August 22, September 2, 13, 25
**
No significant difference between SEVs at all stations in Second Portage Lake (ANOVA, p=0.153)
a,b
Significant difference between stations with n>3 in Second Portage Lake (ANOVA p<0.001, followed by Tukey's pairwise comparison)
1

2008 to 2010

Depositional rate Deposition depth Deposition depth Deposition depth Median 25th centile 75th centile
2
1
(cm)
(cm)
(cm)

mg/L

Second Portage Lake

4

Severity of ill effects (SEV)
from model 1 in Newcombe and
Jenson (1996)**

Sediment deposition (Azimuth 2009, 2010)

3

Assumes 84% moisture content and mean material density of 2 g/cm
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-

TSS (mg/L)

N3

TRB 1
SP
TRB 2
N2

N1
DT
F1

F2

Figure 2.3 – Gradient of total suspended sediment (mg/L) on August 18, 2008 at TSS
monitoring stations and benthic invertebrate stations (adapted from Azimuth,
2009a).
2.3.2

Sediment Deposition Depth by Distance from Source
The depth of suspended sediment deposited in the sediment traps decreased

significantly with increasing distance from exposed station (TRB-2) (Figure 2.3 and
Table 2.1). Rate of deposition and total depth of deposited sediment in the traps was
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consistent with the characterization of TSS monitoring data (Table 2.4.1). Station SP-F1
was removed from the regression analysis as an outlier with a studentized deletion
residual greater than 4.0.

Figure 2.4- Depth of sediment deposition from sediment traps versus distance from
construction of dikes from data collected between July 2008 to July 2010. Outlier is
circled indicating a studentized deletion residual value >4.0 and therefore not
included in regression analysis.
2.3.3

Severity of Ill Effects Values
The application of the duration and concentration estimates for TSS to the

severity of ill effects (SEV) model 1 from Newcombe and Jenson (1996) predicted a
median range of 5.82 to 6.53. There was no significant difference between SEVs at all
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stations (ANOVA, p = 0.153) (Table 2.4.1). The upper 75th centile predicted effects on
physical habitat near exposed stations located within the turbidity curtain (TRB-2 and
TRB-1). Benthic invertebrate sampling data were used to validate the habitat effect
predictions of the SEVs.
2.3.4

Community Composition and Recovery of Benthic Invertebrates
The benthic invertebrate communities at stations in Second Portage Lake (TRB-2,

TRB-1, and SP) were composed primarily of chironomids (55%) (Order Diptera),
subfamilies Chironominae, Diamesinae, Orthocladiinae, Tanypodinae, and other insects;
oligochaete worms (6%) of the family Enchytraeidae and Lumbriculidae; mites (Order
Acarina) (3%); fingernail clams (family Sphaeriidae) and other mollusc taxa (36%).
Pre-disturbance abundance of macrobenthic invertebrates by month and year
between exposed stations and at near-field station were significantly different, illustrating
the natural variability of benthic invertebrate composition (Figure 2.4). Specifically,
significant difference occurred between SP-pre-disturbance-data and SP-August 18,
2006, SP-August 2007, and TRB-2 pre-disturbance-data (Tukey’s p<0.05). SP-August
2010 was significantly different from SP-before- data and SP-September 2010
abundance. TRB-2 in September 2010 was significantly increased compared to all other
TRB-2 abundance data (Tukey’s p<0.05) and TRB-2 July 2008 was less than a few
stations.
Similar trends were observed for richness of benthic invertebrate species; there
were no differences in pre-disturbance-data by month, year and station combinations
(Figure 2.4). Richness of species at the TSS exposed station TRB-2 on July and August
2009 demonstrated a significant decrease compared to pre-disturbance data and
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September 2010 (2 years following dike construction). Similar trends were observed at
exposed station TRB-1 with significant decrease in July 2009 and August 2009 compared
to September 2010. Significant decreases in richness were observed at SP-August 2010
compared to SP-pre-disturbance and SP-September 2010 data. In contrast, trends
indicated by Simpson’s Diversity index for the benthic invertebrates differed from those
of the other metrics. All-pre-disturbance-data using Simpson’s diversity showed
differences between all stations and year and month combinations (Figure 2.4).
Furthermore there was a significant decrease in Simpson’s diversity index at exposed
station TRB-2 September 2010 which did not demonstrate a recovery as was indicated by
richness and abundance.
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Figure 2.5– Abundance, richness and Simpson’s diversity index of benthic invertebrates at
exposed stations TRB-1 and TRB-2 and near field station SP over time. Construction
of dikes began on July 30th , 2008 (indicated by the vertical line). Error bars are 95%
CI. Statistics are presented in the text.
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2.3.5

Composition of the Benthic Invertebrate Community throughout Second Portage
Lake and at Reference Lake Stations
In 2009 and 2010, near-field and far-field stations had similar benthic community

compositions described above to exposed stations; internal reference stations and external
reference stations had the same benthic invertebrate composition with a few more genera
of chironomidae and caddisflies (Trichoptera, Limnephilidae).
In August 2009 and 2010, a significant difference (ANOVA, p<0.001) in the
richness of the benthic invertebrate community was observed for exposed station TRB-2
and near-field station SP-2010 compared to many of the reference stations (SP-DT, TPN,
TPS, and WAL for both 2009 and 2010, (Tukey’s p<0.05; Figure 2.5). The data for
abundance failed tests for normality; ranked data demonstrated a significant difference
(ANOVA p<0.001) between exposed station TRB-2 2009/2010 and reference station
Wal-2009 (Dunn’s method) and differences between near-field SP-2010 and far field SPF1-2010 stations, and reference stations TPS 2009 and Wal 2009 (Dunn’s method). No
differences (ANOVA p>0.05) between stations were observed from August 2010 and
2009 using Simpson’s diversity index. Based on these results, there was a significant
effect at TSS exposed station TRB-2 in 2009 and near-field station SP in 2010 compared
to external reference lakes (Figure 2.5).
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Figure 2.6– Boxplots (25th and 75th centiles with the median line) from August 2009 and 2010
benthic invertebrate richness, abundance and Simpson’s diversity index at exposed,
near-field, far-field, internal reference and external reference post dike construction.
Statistics are presented in the text.
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2.3.6

Response of the Benthic Invertebrate Community to Depth of Deposited Sediment
The effects noted at exposed station TRB-2 and near-field station SP were further

evaluated by comparing richness, abundance, and Simpson’s Diversity index at stations
TRB-2, SP, SP-N2, SP-F1, and SP-DT (reference) to depth of deposited sediment in 2009
and 2010 (Figure 2.6). Only these stations were evaluated due to limitations in available
sediment trap data. Linear regression of deposited sediment depth by mean richness and
abundance showed a decrease in richness and abundance with increasing sedimentation
depth based on 2009 data. The linear regression for 2009 benthic invertebrate richness
(r2 = 0.805, p = 0.039) and abundance (r2 = 0.882, p=0.061) indicated decreases that were
explained by increasing distance and related to depth of sedimentation; these results
corresponded to exposure to TSS from the 2008 dike construction. Simpson’s diversity
index did not follow this trend in 2009. An inconsistent trend for all indices of benthic
community assemblage versus depth was observed in the 2010 data (Figure 2.6); this is
consistent with TSS levels, which did not substantially increase in 2009 to 2010.
2.3.6.1 Benthic Invertebrate Community Richness and Abundance and Deposition Depth by Distance
Linear regression analysis of benthic invertebrate community species richness for
2009 by distance showed a significant trend of increasing richness with distance from the
construction of dikes (p=0.030, r2= 0.243) (Figure 2.7). Abundance demonstrated a
similar but weaker (and non-significant) correlation (p=0.101, r2= 0.202). Depth of
deposition had a negative slope with decreasing depth that corresponded with increasing
distance (r2=0.637).
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1

Figure 2.7 – Regression analysis of mean benthic invertebrate community monitoring (richness, abundance and Simpson’s diversity index)
by depth of deposited sediment in 2009 and 2010. Outlier is circled indicating studentized deletion residual value >4.0
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Figure 2.8– Linear regression of benthic invertebrate community richness and abundance
(August 2009) and deposition depth (2008 to 2009 deposition) by distance at exposed,
near-field, far-field and reference stations in Second Portage Lake Southeast Basin.
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2.4
2.4.1

Discussion
TSS Monitoring and Depth of Sedimentation in Second Portage Lake Southeast
Basin
The results showed a decrease in concentrations and duration of TSS with

increasing distance from the dikes, with significantly greater levels occurring at exposed
monitoring stations immediately adjacent to the turbidity curtains compared to all other
stations. The sediment trap and gravimetric TSS data qualitatively suggested that denser,
larger flocs of suspended sediments settled nearest to the dike face, whereas small
particles, likely from disturbed natural sediments (previously deposited on the lake
bottom), were spread throughout the southeastern basin of Second Portage Lake.
Hydrodynamic processes can significantly influence the behavior and transport of
suspended solids (Cózar et al. 2005). In lakes that have significant depth and
stratification, a bottom density boundary is created which reduces the influence of winddriven turbulence in the benthic zone and ultimately provides an area where suspended
sediments are deposited (Chao et al. 2008, Fortino et al. 2009). As determined during
monitoring of TSS and from the sediment trap data, the southeast basin of Second
Portage Lake is shallow and does not have this boundary. As a result, TSS was
distributed homogenously throughout most of the basin as large amounts of suspended
sediments remained in the water column due to wave action and wind-associated
turbulence in the lake.
Data from the sediment traps showed that rates of deposition of sediment and total
depth of deposition generally decreased with increasing distance from the source; this
followed the trends for TSS exposure, with the exception of station one far-field station
(SP- F1). This station was an outlier with depth of sediment. The unique findings at SP60

F1 may be due to water currents at that station which originate from the main basin of
Second Portage Lake to the north, rather than southern currents originating from Third
Portage Lake (passing through station SP-N1). Alternatively, the elevated levels of
sediment may be explained by re-suspension during deployment, a deep pocket of fine
sediment that the trap was placed in, and/or it may have been placed in a deeper
depositional area where sediment was deposited following ice-over and therefore would
not be strongly associated with concentrations of TSS in the water column during the
open water season.
2.4.2

Effects of Deposition of Suspended Sediment on Benthic Invertebrates
Common to arctic lakes, the macrobenthic community in Second Portage Lake

South East Basin was dominated by chironomids (Beaty et al. 2006) and finger clams
with a few oligochaete, mites and a few caddisflies at reference stations. Baseline
richness and abundance for all stations were generally comparable with the exception of
the exposed station TRB-2, which was located inside the turbidity curtain. This station
experienced a decrease in 2009 relative to baseline conditions. The decreases in
abundance of the benthic invertebrate community at this station were consistent with the
increased concentrations of TSS, and the SEV which predicted degradation of habitat
closest to the dike (upper 75th centile of 7.5 SEV). Seasonal evaluation of benthic
invertebrates at exposed stations and at a long-term monitoring station (SP) showed that
richness and abundance data for September 2010 was greater compared to all-predisturbance and post-disturbance data. The results suggested that the benthic
macroinvertebrate community recovered at these stations in 2010. This is consistent with
significantly exposure to TSS nearest to the dike. Furthermore, the 2009 data for benthic
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macroinvertebrates exhibited similar trends, with decreasing mean richness and
abundance with increasing depth of sediment deposited between 2008 and 2009.
Despite an apparent recovery in richness and abundance of the benthic
community at exposure stations, near-field station SP, located 722 m away from exposure
stations exhibited a decrease in the August 2010 values. These results contradict trends
associated with TSS exposure, sediment deposition, and recovery or re-stabilization of
benthic invertebrate community structures throughout the basin. Fine sediment that may
have been deposited in 2008 and perhaps hydrodamically resuspended and redistributed
within the bottom water column in 2009 and 2010 have been found to have greater
effects on survival and growth rates of benthic invertebrate (Donohue and Irvine 2003,
Hoss et al. 1999). However, if this was the case, it would be expected that a decrease in
richness or abundance would have also occurred in 2009 and July 2010 at the near-field
station SP, yet this was not observed. Furthermore, Beaty et al. (2006) found that
variations in habitat patches with differing availability of resources and depth contributed
to altered abundance, diversity, and biomass of benthic invertebrates. Location, depth
and sediment type between years and seasons of the SP station remained consistent
(Azimuth 2011). Although predation may explain a small change, the large inconsistency
at near-field station SP in August 2010 appears to be an anomaly which may be due to
field sampling error or a small change in patch resource that was not detected seasonally.
In 2010, sediment toxicity testing was conducted on bulk sediment taken near exposure
station TRB-2 and compared to a reference station (SP-DT). There were no lethal or
sublethal effects on Hyalella azteca (14-d survival/growth) and Chironomus tentans (10d survival/ growth) (Azimuth 2011). These studies provide additional support that short62

term physical effects, such as altered habitat and reducing pore space on benthic
invertebrates, were limited to a small area located inside the turbidity curtain.

2.5

Conclusions
The physical and biological assessment of TSS in this study showed that effects

were restricted to exposed station TRB-2, located inside the turbidity curtain and
immediately adjacent to the east dike. This station had the highest exposure
concentrations of TSS, which exceeded the CCME guideline of 25 mg/L for 24 days with
a median of 13.9 mg/L and maximum 489.7 mg/L. These findings are consistent with the
monitoring data for TSS at the exposed station TRB-2, deposition depth of sediment, and
predictions of the SEV model (Newcombe and Jensen 1996), which suggested habitat
degradation due to elevated TSS exposure at station. Seasonal data for benthic
invertebrates showed a rapid recovery to pre-disturbance values at stations located inside
the turbidity curtain, less than 2 years following the disturbance of sediments with no
effects elsewhere in near-field and far-field stations. Thus, our findings illustrate the
effectiveness of turbidity curtains as a management strategy for containing sedimentation.
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3

CHAPTER THREE:

CHARACTERIZATION OF FEEDING OF LAKE TROUT FOLLOWING
SUSPENDED SEDIMENTS DISTURBANCE IN AN ARCTIC LAKE USING STABLE
ISOTOPE ANALYSIS
3.1

Introduction
Isolated arctic lakes can offer valuables insight into the dynamics of food-webs

given their simplicity, low species diversity, and stable fish populations (Johnson 1994,
McCann et al. 2005). Use of trophic position and food sources to understand the role of
individual species in these systems provides insight into the dynamics of aquatic
ecosystems (Cott et al. 2011, Amundsen et al. 2003, Lepak et al. 2006, Johnson 1994,
McCann et al. 2005). It is generally accepted that Arctic lakes may not fit the nutrient
paradigms or predatory structure relationships largely developed in temperate lakes
(Bonilla et al. 2005, Danger et al. 2012). This is because there is generally less diversity
than in southern eco-regions and that Arctic ecology favours taxa with broad tolerance to
environmental conditions due to the harsh climate (Evans et al. 2005, McCann et al.
2005). The response of apex predators such as lake trout (Salvelinus namaycush) in
arctic systems under perturbation may also provide an excellent basis on which to
generate disturbance-based hypotheses that yield further insight into the dynamics of
food web feeding behaviours.
As industry continues to grow in the north, ecologically sensitivity environments
may become exposed to anthropogenic stressors (Spencer et al. 2008). This was the case
during in-lake construction of dikes at the Meadowbank Gold Mine in Nunavut during
which levels of total suspended solids (TSS) periodically exceeded Canadian Council of
Ministers of the Environment (CCME) (2002b) guidelines (25 mg/L). This is a common
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outcome of industrial development and construction activities such as mining project
development (Rossi et al. 2006). Threshold limits are often adopted by regulatory bodies
for suspended sediments; this is useful for screening purposes and decision making for
environmental management, however inputs of suspended sediments are often episodic
and therefore discrete limits are less relevant for evaluating ecological effects because
exposure to aquatic organisms is often short in duration (Rossi et al. 2006, Schwartz et al.
2008).
Many studies have evaluated the effects of suspended sediments on salmonids
(Newcombe and Macdonald 1991, Bilotta and Brazier 2008, Caux et al. 1997,
Newcombe 2003). These studies have indicated that, in salmonids, suspended sediments
cause a range of behavioral effects as well as direct effects, such as increased mortality
and decreased growth rates (Newcombe 2003). To summarize the range of effects on fish
Newcombe and Jenson (1996) used a severity of ill effects scale based on 264 studies that
provided data on concentration of suspended sediments, species of fish, natural history,
life history stage, sediment particle sizes, duration of exposure, and effects for a variety
of taxonomic groups. From this, a severity of ill effects value (SEV) was developed based
on a 15-point scale that was separated into four subcategories of effects: 0 (no
behavioural effects), 1 to 3 (behavioural effects), 4 to 8 (sublethal effects) and 9-14
(lethal or paralethal effects (i.e., >80 to 100% mortality)). This study uses Newcombe
and Jenson (1996) to provide a benchmark for evaluating the environmental effects of
total suspended sediments on salmonids, following exposure to different concentrations
and durations of exposure to TSS .
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There are two predominant indirect effects of increased suspended solids on fish:
altered feeding patterns due to reduced visibility and diminished feeding efficiency.
Sustained exposure to TSS, can result in reduced growth rates as has been shown in
various species, including salmonids (Bilotta and Brazier 2008). Studies have shown that
under highly turbid conditions (>80 NTU) salmonids switch to feeding on smaller prey
and feeding rate increases (Rowe et al. 2003) and that under low turbidity conditions
(<25 NTU) reaction distance may increase (Vogel and Beauchamp 1999). Rowe et al.
(2003) and Utne-Palm (2002) found that, under moderate to low concentrations (<25
NTU) of suspended sediments, survival of smaller fish may improve as they may be a
less likely food sources for larger predators.
Stable isotope analysis is emerging as an important tool in aquatic ecology and is
commonly used to quantify dietary habits of fish (Grey 2006, Post 2002, Peterson and
Fry 1987). Analysis of stable isotope using δ15N and δ13C ‰ in the consumer organism
and its diet provides a characterization of the dietary source and trophic position of the
fish (Post 2002). Most researchers who have evaluated the position of salmonids in the
food web choose to measure stable isotope composition using samples of white muscle,
such as the dorsal muscle of fish, because of the low lipid content and ease of
homogenization (Jardine et al. 2005). However, depending on the growth rate and age of
the fish, the muscle tissue may integrate days, months, or years of dietary sources
(Hesslein et al. 1993). Stomach contents through laboratory analysis are commonly used
to evaluate diets and trophic linkages among fish species because they provide a
characterization of sources of food within the timeframe of hours or days (Vinson and
Budy 2011). As discussed by Vinson and Budy (2011), enumeration of stomach content
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are often inconsistent as these data are quite variable depending on digestion rates,
feeding habits, and time of collection for individual species. Furthermore, few studies
provide high precision in describing dietary composition and few statistical tests on
counts, volume or frequency of organisms in the stomach contents has hindered
comparisons. To reduce these inconsistencies, recent studies have analyzed stable
isotopes of stomach contents (Brush et al. 2012, Vinson and Budy 2011).
The objectives of this chapter were to characterize the concentration and duration
of suspended sediments from mining activities in isolated basins in arctic lakes and
investigate the effects of exposure to TSS on position of lake trout (Salvelinus
namaycush) and arctic char (Salvelinus alpinus) in the food-web using δ15N and δ13C ‰
from muscle tissue. Furthermore this study investigated the changes in dietary sources
and feeding adaptation of lake trout and arctic char as a result of mine-related disturbance
of sediments by evaluating δ15N and δ13C ‰ of stomach contents and enumeration of
stomach contents. The objectives of this study were guided by the ecological
significance, cultural value, role of lake trout and arctic char in the food chain of Arctic
lakes, and the previous documentation of feeding adaptation of salmonids under different
exposure to suspended solids.

3.2
3.2.1

Methods
Study Design and Monitoring Data Collection
The study lakes were located 70 km north of the community of Baker Lake,

Nunavut, Canada at an operational mine site owned and operated by Agnico-Eagle Mines
Ltd. (AEM): Meadowbank Division (67°0’75” N, 96°4’39” W) (See Figure 1.1). For
eight months of the year, this area experiences arctic conditions defined by extreme cold,
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frozen tundra, and frozen lakes. During approximately three months of temperate climes,
the landscape is dominated by open water systems (i.e., ephemeral runoff, riverine, and
lacustrine). Three basins in two different lakes were evaluated; one in Second Portage
Lake called Second Portage Lake northwest basin, enclosed by a dike, and the other two
in Third Portage Lake, referred to as Bay-Goose basin, which was also enclosed by a
dike, and Third Portage Lake North basin (reference basin) (Figure 3.1 and Table 3.1 for
morphometric features of the study lakes). Both of these lakes are ultra-oligotrophic
head-water lakes with low productivity and short food chains, as is common in the Arctic
(Chetelat et al. 2010).

Table 3.1: Location and morphometric features of study lakes
GPS Coordinates

Lake/

Volume

Basin Area
Lake or Basin ID

Easting

Northing

(ha)

Second Portage Lake

14W 639869

7213961

374.44

Second Portage

14W 639000

7214220

130.00

Third Portage Lake

14W 639012

7211529

2571.15

Bay Goose Basin (in

14W 638641

7213022

68.00

(million m3)

14.60

Northwest Basin

Third Portage Lake)
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3.00

Figure 3.1 – Sample locations for water quality and fish collection
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Data on concentrations of suspended solids (electronically measured using
McVan’s Analite NEP160-3-05R and gravimetrically-derived from laboratory filtering
through a 1.5 µm Whatman 934-AH glass microfiber, dried at 105 ˚C and weighed) were
collected in Second Portage Lake North West Basin, Bay-Goose West Basin and Third
Portage North Basin (Azimuth 2010b, AEM 2011, Azimuth 2009b, a). Data for
maximum daily TSS from the 2008 to 2010 monitoring data were organized by
representative stations. In this study, locations of stations were identified prior to
construction of East Dike in Second Portage Lake and Bay-Goose dike and were
supplemented with data from Bay-Goose West station sampling, and Third Portage North
mine monitoring (Reference Station) (Figure 3.1). Due to the discontinuous nature of
environmental monitoring in the north (i.e., it is limited by wind during the open water
season and in the winter by freezing of the surface of the lake), data collected prior to and
after construction of dikes in 2008 was based on monthly monitoring data collected at
stations that were randomly selected within the southeast basin of Second Portage Lake
(Azimuth 2010a). All daily turbidity monitoring data was collected in the field using a
field calibrated McVan’s Analite NEP160-3-05R portable turbidity meter/logger with a
high sensitivity NEP260 90 deg probe (range of 0 to 3000 NTU). This probe measured
turbidity following the ISO 7027 method. Field turbidity monitoring values were
converted into TSS using Equations 1 and 2 presented in Chapter 2.
All samples of water collected for laboratory analysis of TSS were collected using
a pre-rinsed whale pump and silicon lined tubing. Most of the water samples were
collected at a standardized depth (3 m below the surface), however, on some occasions
the samples were either taken in maximum turbidity depths based on field readings or
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integrated column depths. Pre-rinsed glass bottles were used to store the samples, which
were immediately placed in coolers (4°C) and shipped to third-party certified laboratory.
All samples collected met laboratory QA/QC standards.
3.2.2

Collection of Tissue for Analysis of Stable Isotopes
Tissues from fish, benthic invertebrates, and zooplankton were collected for stable

isotope analysis (SIA) for food web characterization following DFO authorized animal
used protocols (FWI-ACC-2010 022) and licenses to fish for scientific purposes (#S10/11-1011-NU). In 2008, during the Second Portage Lake Northwest Basin Fish
removal under DFO Authorization, four replicates of zooplankton were collected in
Second Portage Lake and one sample in Third Portage Lake East basin using a 70-µm
nitex mesh net with a 30 cm diameter opening and a length of 2.2 m. Four replicates of
benthic invertebrate tissues were collected in Second Portage Lake and five replicates
were collected in Third Portage Lake using a Petite Ponar grab (0.023 m2); all replicates
were filtered through a 500-µm sieve. In 2008 and 2010, fish were collected in Second
Portage Lake northwestern basin, Bay-Goose basin and Third Portage North basin using
fine mesh index gill nets (panels of 25, 38, 51, 76, 102 and 126 mm sized mesh). In
2008, dorsal muscle tissue (approximately 5 g/sample) was collected from 90 fish (30
samples each of arctic char, lake trout and round whitefish). All samples were frozen,
kept at ≤ 2˚C and sent to the Stable Isotopes in Nature Laboratory (SINLAB) at
University of New Brunswick, in Fredericton, NB, Canada, for analysis of δ13 carbon and
δ15 nitrogen isotopes.
In 2010, under DFO Authorization, during the Bay-Goose fish removal, fish
tissue and stomach content tissue were submitted for SIA. From a total of 42 fish,
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approximately 5 g/sample of dorsal muscle tissue were submitted for SIA (10 samples
from arctic char, nine samples from lake trout, 11 from round whitefish and 12 from
burbot). In 2010, index gill nets were set for a total of 40 h in Third Portage Lake in a
northern reference area. During this period, a total of 42 fish were collected; only lake
trout and arctic char were caught despite efforts to target round whitefish and burbot.
Many of the specimens were collected live, measured for length, and then released. The
remaining fish were sampled for stable isotope analysis. Approximately 3 g/sample of
stomach contents were collected from the fish caught in Bay-Goose Basin and in Third
Portage Lake North. Samples were submitted for δ13 carbon and δ15 nitrogen isotope
analysis to the Saskatchewan Isotope Laboratory at the University of Saskatchewan,
Saskatchewan, Canada.
Stomach contents for laboratory identification and enumeration were collected from
a subsample of the salmonids during the 2008 Second Portage Lake Northwest Basin and
2010 Bay-Goose basin fish removal (Azimuth 2009b, North/South-Consulting 2011).
Stomachs with contents were labeled with unique identifiers and placed in a 10%
buffered formalin solution in whirl-pac bags in the field. Stomachs contents were emptied
and examined in the laboratory. Body parts of fish and eggs consumed by lake trout were
separated from lower trophic biota and were identified by major taxonomic group,
weighed wet, dried at 60oC for 4 h, and then weighed dry. Mean biomass of important
invertebrate groups were averaged across fish species. Empty stomachs were also
reported. Laboratory identification of stomach contents was not completed for fish
stomachs collected in the Third Portage Lake North basin.
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Only one replicate of zooplankton was collected for δ13 carbon and δ15 nitrogen
isotope analysis in Third Portage Lake. To provide a rational for pooling and to establish
a consistent isotopic baseline according to Post(2002), the benthic and zooplankton data
were separately analyzed to detect inter-lake differences using δ13C and δ15N isotopes
using ANOVA. Furthermore this provided a rationale for pooling inter-lake lower
trophic biota data.
3.2.3

Analysis of Stable Isotopes
Tissue samples were submitted to an accredited laboratory for analysis of δ15N

and δ13C. Carbon based material and lipids were extracted and the residue was
homogenized and loaded into tin capsules. Stable isotope values were obtained using a
Thermo Finnigan Flash 1112 EA coupled with a Thermo Finnigan Delta Plus XL through
a Conflo III. Analyses were calibrated against laboratory standards. The difference,
represented by δ15N or δ13C (in parts per thousand, ‰), was calculated using the
equation:
Equation 4: δ15N or δ13C ‰ = ([Rsample /Rstandard]-1) x 1000 (where R =
15

N:14N or 13C:12C).

%C and %N measurements have a precision of ±10% of the reported value.
3.2.4

Statistical Analysis
Estimates of TSS exposure duration and concentration were derived using the

methods outlined in Appendix B- Supplemental Information. These data were applied
for a basin comparison of severity of ill effects (SEV). SEV predictions were determined
by using the following Model 1 equation from Newcombe and Jenson (1996) (Equation 3
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in Chapter 2). The data were evaluated to meet statistical assumptions and were analyzed
using an one-way repeated measure univariate analysis (ANOVA) to assess the
differences in δ15N and δ13C ‰ stable isotopes between muscle tissue, stomach contents,
and lower trophic biota (zooplankton and benthic invertebrates), as well as between
locations. If there was a significant difference, Tukey’s HSD pairwise comparison was
used. All statistics were completed in Systat (2008). The level of statistical significance
was p≤0.05.

3.3
3.3.1

Results
Concentration and Duration of Suspended Sediment and Severity of Ill Effects
Values
Total suspended solid concentrations by station (Figure 3.1) were used to

calculate the SEV values for Second Portage Lake Northwest Basin, Bay-Goose Basin,
and Third Portage Lake North Basin (reference) sites (Table 3.2). Based on estimates of
concentration and duration of TSS (See Appendix B: Supplemental Information on
concentration and duration frequencies) the SEV model-1 from Newcombe and Jenson
(1996) predicted a mean range of 5.37 and 6.88 SEV for all basins (Table 3.2). The
station SEVs were not significantly different (p=0.254). This model predicted sub-lethal
effects such as short term reduction in feeding and minor/moderate physiological stress
on freshwater juveniles and adult salmonids exposed to fine and course suspended
sediments.

74

Figure 3.2- Total suspended solids (mg/L) versus time at Second Portage Lake Northwest
Basin, Bay-Goose West in Third Portage Lake East and Third Portage North Basin
(reference) stations (2006-2010).
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Table 3.2: Concentration, duration, and severity of ill effects values by basin
Concentration Duration Frequency
Concentration
TSS (mg/L)
5.00
25.00
50.00
5.00
25.00
50.00
118.00
339.00

Duration
(hours)
288.00
152.00
24.00
430.74
171.43
64.00
36.00
96.00

SPL
NW

1.12

1056.00

5.37

BGW

1.12

12144.00

6.26

Station
SPL NW

BGW

TPN (Reference)

3.3.2

Severity of Ill Effects
Value (Newcombe and
Jenson, 1996) (Standard Error)
Mean- Model 1
6.25 (0.27)

6.98 (0.34)

Comparisons of Food webs in the Study Lakes
Meristics data from the specimens collected for stable isotope analysis are

summarized in Table 3.3. Overall, mean length, weight and condition factor (K) were
similar between basins by species and >1.0 for all species with the exception of burbot
(Lota lota) (mean range for species other than burbot was 1.02-1.17). Burbot had a
similar condition factor range between all lake basins (0.68-0.76 K). Meristics data on
the subset of fish collected for stable isotope analysis demonstrated similar results for the
fish-out population in both 2010 and 2008 (Azimuth 2009b, North/South-Consulting
2011) which indicated the specimens used for analysis of stable isotopes adequately
represented the larger population for the purposes of food web comparisons.
Food web position of fish species based on δ15N and δ13C are presented in Figure
3.2. As expected, arctic char exhibited a δ13C signature that indicated pelagic feeding,
with slightly enriched δ15N in the reference basin. Lake trout had similar stable isotope
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signatures between basins, including the reference station, and burbot, which was only
sampled in Bay Goose, tended towards enriched δ15N. Slimy sculpin were only
collected in Bay Goose and demonstrated lower δ15N ratios and omnivorous signatures
for δ13C. Round whitefish exhibited a littoral feeding signature for δ13C in Bay-Goose
Basin and Second Portage Lake Northwest Basin.
There was a significant increase in arctic char δ15N from Third Portage North
(reference station) compared to Second Portage Lake Northwest basin (Figure 3.3;
ANOVA, p= 0.013; Tukey’s pairwise, p=0.011). There was no significant difference for
δ13C (p>0.05) in arctic char and no significant difference for δ15N and δ13C (p>0.05) in
lake trout and arctic char.
.
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Table 3.3: Summary of fish meristics by basin collected for stable isotope analysis during the 2008 Second Portage Lake Northwest Basin
(Azimuth 2009b), during the 2010 Bay-Goose Basin (North/South-Consulting 2011), and Third Portage North Basin
(reference)
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Table 3.4: Summary of lake trout and arctic char diets from laboratory and field observations by basin from data collected in 2008 Second
Portage Lake Northwest Basin ((Azimuth 2009b), 2010 Bay-Goose Basin (North/South-Consulting 2011), and Third Portage
North (reference).
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Figure 3.3- Food web based on fish stable isotope analysis by basin. Mean +/- SE δ13C and
δ15N ‰.
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*

Figure 3.4- Food web position of lake trout and arctic char by lake from dorsal muscle tissue
(mean +/- SE: δ13C and δ15N ‰) (* indicates a statistically significant difference of
δ15N (‰), Tukey’s pairwise p=0.011)
3.3.3

Changes in Food Sources of Lake Trout and Arctic Char using Stable Isotopes
Benthic and zooplankton food-source data were separately analyzed to demonstrate

consistent isotopic baseline according to Post (2002). There was no inter-lake differences
using δ13C and δ15N isotopes (ANOVA, p=0.988). Due to low replication of zooplankton
in Third Portage Lake, this also provided a rationale for pooling benthic and zooplankton
data.
There was no significant difference between isotopic signatures of stomach contents
for arctic char (Figure 3.4), but there was a significant difference for lake trout isotopic
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signatures in Bay-Goose compared to the reference lake. There was a statistically
significant increase in mean δ15N between stomach contents of lake trout from Bay
Goose stomach contents of lake trout from the Third Portage North (Reference)
compared to benthic invertebrates (ANOVA, p=0.05, Tukey’s p<0.05) indicating a shift
toward larger prey items. However, no significant difference was observed compared to
zooplankton and slimy sculpin (ANOVA, p>0.05). Furthermore, there was no significant
difference in δ13C for stomach contents between lakes for lake trout compared to benthic
invertebrate, zooplankton or slimy sculpin (ANOVA, p>0.05). Identification of stomach
content by species and study area showed that stomach content was variable with arctic
char predominantly feeding on pelagic food sources whereas lake trout were omnivorous,
feeding predominantly on fish in Bay-Goose Basin (Table 3.4). These observational data
are consistent with the analysis of stable isotopes in stomach contents.
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Figure 3.5- Stable isotopes of dorsal muscle and stomach contents of lake trout and arctic
char collected in Bay-Goose Basin compared to Third Portage North (reference),
zooplankton, benthic invertebrates and slimy sculpin. Mean +/- SE δ13C and δ15N
(‰) (* indicates a statistically significant difference for BG δ15N lake trout stomach
contents, Tukey’s p<0.05 and demonstrates a shift toward larger prey items).
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3.4

Discussion
Analysis of δ15N signatures from fish in the study basins demonstrated near

identical inter-lake signatures for food webs, in which lake trout occupy the highest
trophic position, and burbot , round whitefish, and arctic char occupying lower trophic
levels. Lake trout and burbot demonstrated neutral δ13C and arctic char had a pelagic
signal, while round whitefish had δ13C signatures typical of littoral feeding. These
findings were consistent with Cott et al. (2011) who found similar relative foodweb
positions for lake trout and burbot during an evaluation of food-web structure in four
experimental lakes in the Northwest Territories, Canada. The findings demonstrated in
this study supported Hecky and Hesslein’s (1995) prediction that apex predators such as
lake trout are increasingly omnivorous and therefore have a narrow δ13C range in arctic
lakes because their food sources derive from both pelagic and benthic sources (Cott et al.
2011, McCann et al. 2005).
Arctic char taken from the reference basin versus Second Portage Lake Northwest
basin and Bay-Goose basin demonstrated a slight shift in δ15N for muscle tissue that
indicate a change in food source. This may be due to differences in exposure to TSS,
however, the analysis of stomach contents, which indicated little difference in the
composition of consumed prey items, did not support these findings. It is possible that
the difference in isotopic signatures reflects differences in lake morphology, such as size
and depth, which has been reported by Dolson et al. (2009) and Hampton et al. (2011) for
salmonid food webs. Bay-Goose basin was generally shallow with a maximum depth of
12 m and contained many shoals and islands (North/South-Consulting 2011); Third
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Portage North basin was described as having steep shorelines with portions of the lake
greater than 40 m deep, therefore it was difficult to rule out that morphometric
differences between basins may have caused these differences in δ15N.
The SEV’s calculated for this study (5.37-6.88) predicted sub-lethal effects such as
short term reduction in feeding and minor/moderate physiological stress in the basins
isolated by dike construction. The SEVs incorporated the exposure duration and
concentration and evaluated the episodic nature of the TSS disturbance rather than simply
comparing mean TSS values (Schwartz et al. 2008, Rossi et al. 2006). The SEV values
for the basins provide a preliminary indicator for potential for behavioral and
physiological effects of exposure under unique concentrations and durations of TSS. The
SEVs are consistent with the stable isotope signatures which suggested no differences
between basins in δ13C and δ15N of muscle tissue taken from lake trout and arctic char.
There are two predominant indirect effects of increased suspended solids on
salmonids: altered feeding patterns due to reduced visibility and diminished feeding
efficiency (Vogel and Beauchamp 1999; De Robertis, Ryer et al. 2003; Rowe, Dean et al.
2003). Rowe (1984) studied feeding of rainbow trout (Oncorhynchus mykiss) in clear
oligotrophic lakes, where trout primarily fed within the epi-pelagic zone on smelt
(Retropinna retropinna) and small turbid lakes, where they foraged near the benthic zone.
In a separate study, Rowe et al (2003) showed that, under higher levels of suspended
sediments, trout switched from visual prey detection and pelagic feeding to benthic
feeding on larger organisms (e.g., chironomid larvae such as Chironomus zealandicus
and Polypedilum sp.) by utilizing non‐visual senses (e.g., lateral line) to capture prey.
Although integrated food sources from the muscle tissue did not demonstrate differences
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in feeding, that could be explained by moderate exposure to TSS, the δ15N from stomachcontents of lake trout demonstrated a statistically significant shift toward feeding on
larger prey compared to δ15N lake trout stomach contents collected from the reference
area. This may indicate an adaptive response of lake trout under conditions of moderate
TSS exposure in an isolated basin.
The feeding response of salmonids under different conditions of turbidity and
suspended sediments appear to be highly variable. Vogel and Beauchamp (1999)
reported that the reaction distance of lake trout to different sizes of rainbow trout and
cutthroat trout (Oncorhynchus clarki) declined with increasing turbidity levels of 0.09
NTU to 7.40 NTU (0 to approximately 2.2 mg/L). Rowe et al. (2003) suggested that
predation can be sustained in waters of moderate to high suspended sediments by
olfactory sense, lateral line system, or other nonvisual sensory mechanisms. In the
present study, this is supported by the results of the analyses of muscle tissue, mean fish
condition factors, and stomach contents, all of which indicated few biological effects due
to TSS exposure. Furthermore, during the TSS events, settling occured in littoral and
deep depositional areas where predation might be expected to decrease. As a result, lake
trout likely avoided these areas and may have fed more in the pelagic zone, which had
lower TSS. As supported by our results, due to improved visibility, they likely preyed
upon larger food sources, such as fish. This is supported by Utne-Palm (2002) who found
that moderate to low levels of suspended sediments decreased predation of juvenile and
smaller fish primarily because turbidity decreased visual contrast of prey against their
background.
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The results of the stomach content analysis were limited because samples were
not collected from lake trout in the 2008 Second Portage Lake Northwest basin.
Although there is evidence of a shift in δ15N, without samples from multiple basins or
lakes, the validity of this trend is not definitive. Vinson and Budy (2011) discussed the
use of stable isotope analysis for stomach contents and found that trophic distinction in
diet, amount of piscivory, and relationship between fish size and piscivory could be
discerned from such analyses. Changes in isotopic signatures in slow-growing fish could
take months to become manifest in fish tissues (Hesslein et al. 1993) and variations in
stable isotope signatures of stomach contents appear to be most strongly influenced by
ontogenic changes, seasonal differences, and variations among individuals (Vinson and
Budy 2011). All tissue samples were collected in August, which could explain the
differences in isotopic signatures of lake-trout muscle tissue versus stomach content as
lake trout become more active predators during the open water season when light and
levels of oxygen increase. Variation in size of lake trout and life stage may also explain
the changes in feeding because larger lake trout would be expected to prey on larger food
items; however, our results indicate the opposite as mean length of lake trout was greater
in the reference basin than in Bay Goose basin where we observed a shift toward larger
prey. To save costs and provide high quantitative precision for statistical comparison,
future studies should consider using analysis stable isotopes in stomach contents rather
than only muscle tissue to determine changes in feeding behaviour for lake trout or other
omnivourous species exposed to environmental perturbations.
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3.5

Conclusions
Studies have indicated that suspended sediments causes a range of behavioral

effects on salmonids including feeding and in particular changes in prey selection. To
assess the effects of TSS following isolated disturbance events in two enclosed basins,
this study used the SEV model from Newcombe and Jenson (Newcombe and Jensen
1996). The SEV model predicted sub-lethal effects on juvenile and adult salmonids such
as the reduction in feeding and moderate physiological stress in TSS exposed areas of
Bay-Goose Basin and Second Portage Lake Northwest Basin. Stable isotope analysis
based on muscle tissue taken from lake trout and arctic char from the three basins
suggested no difference in isotopic signature despite exposure to different concentrations
and durations of TSS. This was not unexpected as isotopes in muscle tissue integrate
food sources over months and possibly years for slow growing fish specimens such as of
lake trout or arctic char in the study lakes. Under moderate TSS exposure within BayGoose Basin which was isolated due to dike construction, food web position did not
change following disturbance induced by mining activity which is consistent with the
SEV model. However, stable isotope analysis based on stomach contents collected from
arctic char and lake trout in Bay-Goose Basin had a significant shift in δ15N compared to
the reference basin. As industry such as mining increases in the north, elevated TSS
exposure may require routine mitigation and control to reduce potential impacts to the
aquatic systems. Our findings suggested that lake trout, the predominant species in the
project lakes, modified their sources of food and under perturbation from TSS, adapted
toward larger items of prey, which suggested continous omnivory and placisity of
selection of food sources.
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4
4.1

CHAPTER FOUR: CONCLUSIONS

Summary and Conclusions
As industry such as mining increases in the north, elevated concentrations of

suspended sediments may require mitigation and control to reduce potential impacts to
the aquatic systems. During in-lake construction of dikes at the Meadowbank Mine, TSS
levels exceeded CCME limits of 25 mg/L(CCME 2002b) at stations immediately
adjacent to the dikes and in parts of Second Portage Lake south east basin (Table 4.1).
There were obvious effects on water clarity, however, there were no other substantive
limnological effects due to elevated concentrations of TSS and no significant changes in
water chemistry aside from turbidity and TSS (Azimuth 2009c) (See Table 4.2).
Temporal data for benthic invertebrates showed transitory impacts immediately
following construction of dikes at exposed stations, followed by a rapid recover to predisturbance richness and abundance and no effects at other, more distant, stations (Table
4.2). Sediment toxicity testing conducted in 2010 on Hyalella azteca (sublethal and
lethal 14 day survival) and Chironomus dilutus (10-day survival), demonstrated no
adverse effects to survival or growth (Azimuth 2011). Furthermore, the fish toxicity
testing in 2010 with rainbow trout (Oncorhynchus mykiss 96-hr LC50, 7-day sub-lethal
embryo test with renewal, and 7-day sub-lethal larvae swim-up test) revealed no
toxicological effects (Azimuth 2009c). Short-term effects on biomass of phytoplankton
were reported in Azimuth (Azimuth 2009c), however these effects did not appear to
effect zooplankton as acute toxicity tests with Daphnia magna (48-hr LC50) and 7-day
growth, survival, and reproductive toxicity testing with Ceriodaphnia dubia found no
direct effects on zooplankton from surface water collected near the dikes in 2008
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(Azimuth 2009c). Impaired development was observed in the sublethal rainbow trout 7day embryo test without renewal suggesting that sedimentation may harm development
of rainbow trout (Azimuth 2009c).
The activities related to construction of the dikes in two basins provided an
opportunity to assess TSS exposure on adult fish within two isolated basins compared to
a reference area and more specifically to assess the changes in feeding behavior of lake
trout and arctic char. Stable isotope analysis based on muscle tissue taken from lake trout
and arctic char suggested no differences in isotopic signature despite exposure to elevated
concentrations of TSS. Other studies have shown trout to have altered feeding behavior
under increased levels of TSS. The stable isotope analysis of stomach-contents collected
from lake trout exposed to TSS revealed a significant increase in δ15N compared to the
reference area. This indicated adaptation toward larger items of prey and plasticity of
selection of food sources.
The field studies, as part of this thesis, and toxicity testing conducted by AEM,
have contributed to the understanding of the short and long-term effects of TSS in Arctic
lakes. The toxicity tests are consistent with the Severity of Ill Effects Value (SEV) which
predicted habitat degradation at one exposure station. Our study found degradation of the
benthic community inside of the turbidity curtain under high TSS exposure and the
toxicity testing suggested impaired development of fish embryos at similar TSS exposure.
This validates the predictive power of the SEV model in Arctic lakes. The SEV models
were developed to integrate concentration and duration of TSS and ultimately provide
fisheries managers with a better indication of the risk and impact for fish exposed to
excess sedimentation. Among various studies, CCME limits of 25 mg/L for suspended
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sediments were based on the work by Newcombe and Jenson (1996) and are enacted
without consideration for duration of exposure. Although our data may not be robust
enough to propose revised TSS limits, the results suggest that the current CCME
guideline is protective, however overly conservative in Arctic lakes as no adverse
biological effects were found in parts of Second Portage Lake that exceeded 25 mg/L for
17 and 14 days with maximum concentrations of 128.17 and 47.11 mg/L(Table 4.1). Our
findings suggest that the guidelines for TSS be reviewed to incorporate both the
concentration and duration of exposure to suspended sediments through the application of
the Severity of Ill Effects model as a Tier 2 screening mechanism. This would provide
environmental managers the ability to screen physical disturbance of TSS and predict
biological responses that are protective of lake trout, arctic char and benthic invertebrate
communities in arctic lakes.
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Table 4.1: Median TSS, maximum TSS, duration of exceeding CCME ((CCME 2002b) guideline for TSS and severity of ill effects value
(SEV) from Newcombe and Jenson (1996)

Lake identification

Station id

TSS from daily monitoring data (converted from
nephelometric turbidity
units)

Duration exceeding 25.0 mg/L

SEV
Biological effects?

Median

Maximum

(CCME 2002b)

Median

mg/L

mg/L

days

mg/L

Second Portage Lake

SP-TRB-2

13.94

493.19

24

6.437

See Table 4.2

Second Portage Lake

SP-TRB-1

8.76

128.17

17

6.534

No adverse effects

Second Portage Lake

SP

6.23

18.70

0

5.820

No adverse effects

Second Portage Lake

SP-N1

9.51

47.11

14

6.282

No adverse effects

Third Portage Lake
Second Portage Lake

BGW
SPL NW

5.44
1.30

203.00
26.90

15
1

6.71
6.22

See Table 4.2
No adverse effects
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Table 4.2: Median TSS, maximum TSS, and a summary of effects endpoints from field studies and laboratory toxicity testing.

Test
Zooplankton
Toxicity Testing

Endpoint

Species

TSS Exposure
Concentration
Median* Maximum
mg/L

mg/L

Results

Lethal

48 h LC50

Daphnia magna

13.94

-

Sublethal

7 d growth/survival/
reproduction
14 d survival/
growth
10 d survival/growth

Ceriodaphnia dubia

13.94

-

Hyallella azteca

13.94

-

Chironomus tentans

13.94

-

Richness, Abundance and Simpson's
diversity

Community
Assessment

13.94
8.76
6.23
9.51

493.19
128.17
18.70
47.11

Lethal

96 h LC50

Oncorhynchus mykiss

13.94

-

No adverse effects

Sublethal

Swim-up larvae 7 d
survival and growth

Oncorhynchus mykiss

13.94

-

No adverse effects

Embryo 7 d with
Oncorhynchus mykiss
renewal
Sublethal
Embryo 7 d without
Oncorhynchus mykiss
renewal
Salvelinus namaycush
Behaviour of
Feeding- change in
Adult Fish: Field
lake trout stomach
content using δ15N
Study
analysis compared to
reference site
*TSS concentration from daily monitoring assumed for toxicity testing

13.94

-

No adverse effects

13.94

-

5.44

203.35

Benthic Invertebrate Toxicity
Testing

Lethal/Sublethal
Lethal/Sublethal

Benthic Invertebrate: Field Study
Fish Toxicity
Testing

Sublethal
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Source

No adverse effects

(Azimuth
2009c)
No adverse effects
(Azimuth
2009c)
No adverse effects
(Azimuth
2010b)
No adverse effects
(Azimuth
2010b)
Decrease in richness and abundance
No adverse effects
No adverse effects
No adverse effects
(Azimuth
2009c)
(Azimuth
2009c)

(Azimuth
2009c)
Impaired devel(Azimuth
opment
2009c)
Shift in δ 15N isotope toward increased prey size

4.2

Future Research
Additional whole-lake-level studies are necessary to validation our findings and the

proposed application of SEV as a decision tool for environmental management of
suspended sediments. Future characterizations of TSS in lakes should consider using
data loggers for monitoring turbidity which would deliver a complete data set, unbroken
by ice-over or other seasonal events. This would provide future studies with improved
precision and estimates of concentration and duration frequencies according to Schwartz
et al. (2008), which would also improve on the ability to capture the episodic nature of
events that release suspended sediments.
Future studies should consider the use of stable isotope analysis to evaluate
perturbations and effects on feeding behaviour of fish. It is also recommended that future
studies consider time-series collection of stomach contents for isotopic analysis alongside
muscle tissue to investigate and compare time-integrated isotopic signals in muscle tissue
versus instantaneous signals in food sources in the stomach contents. As well,
consideration should be to collect liver and blood samples of fish for isotopic analysis.
These data would provide insight into changes of feeding behavior that may be due to
ontogenic changes or seasonal events rather than exposure to anthropogenic stressors.
Furthermore, there should be follow-up field studies in the Arctic to evaluate the effects
of deposition of suspended sediments on embryos of fish to validate the non-renewal
laboratory toxicity test that determined impaired development on rainbow trout embryos.
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APPENDIX A: PHOTOGRAPHS

Photo 1.1.1- Ground photo of turbidity curtain installation at Second Portage Lake

Photo 1.2.1- Rockfill material placement by mine Haul truck and Bulldozer
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Photo 1.3.1: Aerial photo of East Dike construction on Second Portage Lake (July 2008)

Photo 1.3.2: Aerial photo of Second Portage Lake in mid August, 2008.
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Photo 1.3.3: Aerial photo of Second Portage Lake in mid August, 2008.

Photo 1.3.4: Aerial photo of Third Portage Lake East Basin during Bay-Goose Phase 1
(July 2009)
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Photo 1.3.5: Aerial photo of Third Portage Lake East Basin during Bay-Goose Phase 2
(July 2010)

Photo 2.1: Photo of Ponar Sampling
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Photo 2.2: Photo of Benthic Community sieving and sample preparation

Photo 2.3: Photo of sediment trap collection- Thanks for your help Morgan!
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Photo 2.4: Sediment trap collection, decanting and sample preparation

Photo 3.1: Fish collection using index gill nets for stable isotope analysis
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Photo 3.2: Releasing lake trout caught in the reference area

Photo 3.3: Recording GPS coordinates while collecting water quality samples in BayGoose Basin
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APPENDIX B: SUPPLEMENTAL INFORMATION
B.1 Estimating Concentration and Duration Frequencies from Schwartz et al. (2008)
Development of Total Suspended Solid (TSS) concentration and duration
frequencies (CDF) used a Poisson arrival approach to estimate the duration of specific
TSS exceedences. This statistical method provides stochastic analysis of episodic
suspended sediment events by characterizing the frequency and duration of events over a
TSS level of interest (Schwartz et al. 2008). Figure B.1 shows a hypothetical plot for
monitoring data at one station, illustrating several exceedences of the TSS limit of
interest (TSSo). Duration (Dm) of the exceedence is the continuous time that TSS is
greater than TSSo. These concentrations and durations were used in the model to predict
severity of ill effects (SEV) in Chapter 2 and Chapter 3 (Newcombe and Jensen 1996).

Figure B.1- Example of TSSo (mg/L) limit for a hypothetical plot of total suspended solids vs.
time (t). Days (D) - adapted from Schwartz et al. (2008).
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B.2 Concentration and Duration Frequency of TSS in Second Portage Lake (Chapter 2)
Values for total suspended solids at stations with continuous monitoring were
analyzed to calculate the duration for exceedence of the relevant limit. The limit values
of interest applied in this study were 5, 25, 50, 118, 339 and 500 TSS mg/L. The three
lower limits were based on regulatory short-term maximum TSS limits for the mine site
and the remaining were selected from Newcombe and Jenson (1996) and Newcombe
(2003) based on levels potentially causing feeding behavior, high physiological stress and
possible mortality. As described in Chapter 2, prior to data analysis, maximum daily TSS
data were organized spatially into station equivalents. As is commonly adopted in risk
assessment and discussed by Antweiler and Taylor (2008), all TSS values less than the
method detection limit were assigned a value of one half the detection limit. Method
detection limits varied depending on the date analyzed; in all cases it was either 3.0
mg/L, 2.0 mg/L or 1.0 mg/L. From August 1st, 2008 to October 13th, 2008, Second
Portage Lake stations TRB-2, TRB-1, SP and N1 had continuous daily data that was
adequate to calculate concentration and duration frequencies (CDF). The remaining
stations did not have continuous data for TSS to allow the development of a CDF for
TSS. CDFs were produced using the methods described in Schwartz et al. (2008). The
data presented in Table B1 provides an example calculation for station TRB-2. This was
repeated for the other stations based on daily maximum TSS data collected during
constuction of the east dike (Azimuth 2009a). The mean duration of exceedences were
used in the calculation of SEVs.

112

Table B.1: Example concentration and duration frequency & SEV calculation at exposure station TRB-2
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As in Schwartz (2008), CDF data were plotted on a log scale for stations SP-TRB-2,
SP-TRB-1, SP, SP-N1 and SP-DT. Mean duration versus TSS limits (5, 15, 25, 50, 118,
339 and 500 mg/L) are presented in Figure B.2. Stations N1 and SP did not exceed 50
and 25 mg/L, respectively, from August to October 2008. The results show a decrease in
the duration of limit exceedences with increasing TSS (mg/L) at all stations.

Log Mean Duration (hours)
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TRB-1 (r2= 0.64)
SP(r2=0.74)
N1 (r2 =0.15)

10
1

10

100

1000
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Figure B.2 Best fit regression analysis of duration in hours versus TSS from the
concentration and duration frequency (CDF) estimate at stations TRB-2, TRB-1, SP
and N1 (August -October 2008)
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B.3 Concentration, Duration, and Frequency of TSS in Northwest Basin of Second Portage
Lake and Bay-Goose West Basin (Chapter 3)
Total suspended solids values with continuous monitoring were analyzed to
calculate the duration of exceedence for relevant limits. Identical to Chapter 2,
concentration and duration frequency (CDF) TSS limit values of interest for Bay-Goose
Basin West (BGW) were 5, 25, 50, 118, 339 and 500 mg/L TSS. Method detection limits
varied depending on the date analyzed; in all cases it was either 3.0 mg/L, 2.0 mg/L or
1.0 mg/L and assigned a value of half the detection limit as in Chapter 2. CDFs were
established for station SPLNW from August 2nd to October 15th, 2008 (the end of the
fish-out in Second Portage Lake Northwest basin) and the end of in-lake construction of
the east dike (44 days) (Azimuth 2009a) and BGW from July 27th, 2009 to September
19th, 2010 (near the end of the fish-out of Bay-Goose Basin) and the end of in-lake
construction of dikes in Bay-Goose.
The Bay-Goose West data set combines monitoring data from the 2009 BayGoose Phase I construction of dikes (Azimuth 2010b), 2010 causeway construction, and
Bay-Goose Phase II construction of dikes (for a total of 506 d) (AEM 2011). Station
TPN did not have sufficient data to develop a CDF based on the TSS limits of interest as
all of the data were less than 5 mg/L (maximum 3.1 mg/L with median value of 0.5 mg/L
over 506 d). CDFs were produced using the methods described in Schwartz et al. (2008)
and as described in the previous supplemental information section.
B.4 Evaluation of field monitoring TSS to gravimetric TSS analysis (Chapter 2).
Four stations (TRB-2, TRB-1, SP and SP-N1) had continuous monitoring data
from August 1st to October 13th, 2008. All other stations were sampled nearly weekly
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during the peak TSS disturbance in 2008 (July to October). These data sets were
compared to determine correspondence and comparability. All of the monitoring data for
TSS at relevant stations are summarized from July 2006 to September 2010 in Chapter 2.
Best fit regression was applied to the data for TSS collected from August 1 to October
13, 2008 and laboratory data collected on August 22, September 2, 13 and 25th (during
peak TSS levels) at specific stations in Second Portage Lake South East Basin. This was
compared to distance from exposed station TRB-2. Multiple regression analysis was
used to evaluate the similarity between laboratory data and daily monitoring data with
distance as the dependent variable and TSS as the independent variable.
The concentration of TSS decreased with increasing distance from SP-TRB-2.
Multiple regression analysis demonstrated no significant difference (p = 0.164 Adjusted
r2 =0.919) between laboratory data and daily field-monitoring data. Values for TSS can
be predicted by distance from station TRB-2 (β =0.703). ANOVA on non-parametric
Kruskal-Wallis ranks followed by Dunns method comparison showed that SP-TRB-2 and
SP-TRB-1 were significantly different from the other stations (p=0.009 for laboratoryvalues and p <0.001 for monitoring data).
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Figure B.3 Median total suspended solids from daily monitoring and gravimetric TSS versus
distance from TRB-2 (August-October 2008)
B.5 Sediment Trap Chemistry Evaluation (Chapter 2)
Along with the wet weight sediment analysis pH, total organic carbon and total
metals (mg/kg dw) were measured at two stations (SP and SP TRB-2) in 2008. In 2009,
the four replicate tube samples were shipped to the laboratory and analyzed
independently for total metals (mg/kg dw). Results were compared to the CCME (2002a)
probable effects levels and interim sediment quality guidelines for freshwater.
Concentrations of metals in sediment trap sediment exceeded the CCME (2002a)
probable effects level (PEL) and interim freshwater sediment quality guidelines for
chromium, copper, and zinc at all sediment trap stations in 2008 and 2009 (Table B.2).
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Cadmium also exceeded the PEL at stations SP-N3 and SP-F2 in 2009 as did mercury at
the internal reference station SP-DT. These results did not identify potential effects due
to elevated metal concentration as all stations were comparable to the reference station
(Azimuth 2009a, 2010b).
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Table B.2: Chemistry of depositional sediment collected from sediment traps screened
against CCME (2002) sediment quality guidelines (July 2008 to October
2009)
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