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anada has a long history of

reliance upon rich and diverse

fisheries. These valuable natural

-esources have sustained

zenerations of fishers, their
families, and communities, and have contributed
substantially to the nation’s economic prosperity
and to the health and cultural identity of its
citizens.

The dawning of industrialization in the 19th
century began to impose serious threats to the
health and sustainability of Canada’s aquatic
ecosystems. These threats now include release of
industrial and domestic effluents, changing land
use patterns, increasing urbanization, loss of fish
habitat, overfishing of some species, and the
inappropriate use and disposal of chemicals
harmful to fish. The chemicals causing risk
include many substances made by humans used
to produce a myriad of industrial and consumer
products.

Some chemicals can have immediate and long-
lasting effects on Canada’s aquatic environment
and the life it sustains. Chemicals once deemed
harmless have been found to accumulate in the
aquatic environment, eventually reaching
concentrations that can cause serious and
unpredictable harm to aquatic life and to its
economic value.

In recent years, understanding of how
chemicals are transported throughout the
environment, and the resulting consequences for
fish, other aquatic life, and the habitat has
dramatically improved. Scientific studies have
shown that some chemicals can travel great
distances, remain for long periods in the
environment, accumulate and magnify in aquatic
food chains, and cause harm to aquatic life,
including fish and marine mammals. Some
chemicals freely cross the boundaries between air,
land, and water and the ultimate sinks for many
chemicals are aquatic sediments, irrespective of
where the chemicals are used and released. These
scientific studies form the basis upon which

effective and timely action can be taken to solve
chemical problems, prevent future problems, and
promote sustainability of fisheries resources.

This report focuses on those chemicals that
persist in the Canadian aquatic environment and
that are accumulated by aquatic organisms. The
terms “toxic chemical,” “contaminant,” and
“pollutant” are often used inter angeably in the
literature. In this report, “contaminant” is used to
describe a chemical that is foreign to an
ecosystem, or a natural chemical present in
unnaturally high concentrations. A “pollutant™ is
defined as a chemical that has an adverse effect
on an ecosystem, or on some component of it.
From the perspective of determining harm to
aquatic life, and also 2 need for regulatory or
other actions, this distinction is very important.
A contaminant may be present in a particular
aquatic ecosystem but may not be regarded as a
pollutant until an adverse effect has occurred.

In this report, “fish” is frequently used as it is in
the Fisheries Act to include mar 2 mammals,
finned fish, fish larvae and eggs, and the
organisms that live in and comprise the living
habitat, including algae, microorganisms,
invertebrates and larger plants.

OBJECTIVES OF
THIS REPORT

The primary objectives of this report
concerning contaminants in Canada’s fisheries
resources are:

+  to examine how contaminants get into and
are transported through the aquatic
environment;

*  to examine the geographic variability and
temporal trends of chemical contamination in
fish and fish habitats;

*  to understand how chemical contaminants
affect fish and fish habitat;

*  to identify important gaps in our knowledge;
and

*  to identify chemical contaminant issues that
may become future problems.



ScoPE AND CONTENT

The report summarizes scientific information
collected on contaminants previously, with
emphasis given to Canadian research findings
published in the last 10 years. Where appropriate,
studies from other countries are included for
comparative purposes. Although the amount of
scientific information on chemical contaminants
has dramatically increased in recent years, it is
beyond the scope of this report to provide an
exhaustive review of all available information.
Instead, it highlights those chemical contaminants
of primary concern to Canada’s fish and fish
habitat by using examples of scientific studies to
help explain contaminant fate and effects. The
report includes studies in fresh, estuarine and
marine waters. Some information on chemical
contaminants in air, on land, in vegetation, and in
the water column is given to provide a context for
explaining the fate and effects of the chemicals
discussed in this report.

The report emphasizes those chemical
contaminants that persist in the environment,
accumulate in aquatic ecosystems, and are toxic
to fish and fish habitat. It does not encompass the
significant problems of eutrophication and
acidification in which the causative agents are not
persistent nor accumulated. These subjects are
treated extensively in other publications. This
report also does not attempt to deal with
radionuclides in detail and deals with petroleum
hydrocarbons only briefly. Where information is
not available on contaminants in fish, studies on
other aquatic species (birds and mammals) are
reviewed to provide insight on how such
substances behave in aquatic foodwebs.
Suggested readings of recently published
information are identified at the end of each of
the regional chapters.

Chemical contaminants can adversely affect
Canada’s fisheries resources in a number of ways.
Some contaminants are directly toxic to fish and
other aquatic life. Others cause subtle changes to
the structure and functioning of aquatic
ecosystems that eventually lead to adverse effects
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such as reduced fish populations. Still others
accumulate to unacceptable concentrations in
edible fish. While the matter of safety of fish
and shellfish for human consumption is beyond
the scope of this report and is the concern of
various agencies in Canada that are directed
towards the protection of human health, this
report does record cases where the human
consumption of fish is restricted because of
chemical contamination.

There is enormous natural variability and
unpredictability in environmental conditions, both
within and among aquatic ecosystems. Depending
upon the environmental conditions, a chemical
contaminant may cause harm to fish in one
location, but not in another. Fish and other
aquatic life display a vast biological diversity
in Canadian waters. Because of such variability
and unpredictability, it is often difficult to
differentiate human-induced effects of
chemicals from natural processes.

Chemical contaminants are not the sole agents
responsible for causing harm to Canada’s
fisheries. A combination of many different
stresses, including natural processes, habitat
alteration, and the discharge of effluents, can
affect fish and fish habitat. Although it is beyond
the scope of this report to examine all stress
factors in aquatic ecosystems, some information
on natural environmental processes and human-
induced changes is included to help place the role
of chemical contaminants into the overall context
of ecosystem health.

STRUCTURE OF THE REPORT

The report is divided into three parts. The first
part introduces the general features of aquatic
ecosystems and gives basic information on the
fate and effects of chemical contaminants.

The second part is divided into broad
geographic areas. Contaminant issues are
reviewed for the following areas: Atlantic marine
ecosystems including the St. Lawrence, Bay of
Fundy and general northwest Atlantic; freshwater
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ecosystems including the Great Lakes and inland
waters; the Arctic marine ecosystem; and Pacific
aquatic ecosystems including the British
Columbia coastal ecosystem, the open coast and
some of the major rivers. Although each chapter
1s written to reflect the unique features of the
particular aquatic ecosystems, all chapters have a
similar structure in that they discuss the major
contaminant issues, important oceanographic or
limnological features, biological resources, and
the sources of contaminants as well as
contaminant distribution, trends, and effects.
Current and emerging chemical contaminant
issues and associated research topics are

summarized at the end of each ecosystem chapter.

Detailed information is contained in tables and
figures. Throughout the text, all measurements
are given in metric units using two

significant figures.

The third part is an overall assessment of
current knowledge of chemical contaminants and
their effects on fish and fish habitat and an
identification of major current and emerging
contaminant issues confronting Canada’s fish
and fish habitat.

The report is structured to permit the reader
to gain a broad perspective on chemical
contaminants as they relate to Canada’s fisheries.
It is intended to be understandable by the non-
specialist, albeit one with a general knowledge of
contemporary natural science. At the same time,
the report is intended to give the specialist a

broad overview of current information on the fate
and effects of chemical contaminants. Highlights
at the beginning of each chapter capture the main
points of interest. Conclustons  the end of each
chapter provide overviews of the key findings and
their context and importance. Throughout the
report, examples of specific scientific
investigations are illustrated in Case Studies.
Brief natural histories of some fish, birds, and
mammals and their importance in the chemical
contaminant story appear throughout the text. For
those seeking more detailed information,
references are listed at the end of each chapter. A
glossary of terms provides defi  ions of technical
terms used in the report. A second glossary of
chemicals outlines the major physical-chemical
and toxicological properties of substances covered
in the text. A detailed index permits readers to
locate specific topics within the port.

This report relies extensively on data and
information in published literature. However,
since scientific information is not static, some
pre-publication information is included.

All information has been reviewed by both the
authors of this report and other scientific experts.
The results of Canadian research used in the
preparation of this report can be accessed either
through the scientific literature or by contacting
the Environmental Science Branch, Department of
Fisheries and Oceans, Ottawa, Ontario, Canada,
KI1A OE6.
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reats to the health and
sustainability of Canadian fisheries
>an result from activities ranging
rom changes in land use patterns to
he discharge of chemicals in
industrial and domestic effluents. The release of
chemicals into air and water and on land result
serious and unpredictable effects on
aquatic ecosystems.

This chapter introduces some basic concepts
concerning how chemicals behave in Canadian
aquatic ecosystems and how they can affect fish
and fish habitat. The main features of aquatic
ecosystems are described to emphasize that all
ecosystem components are interconnected, so that
changes to any one component may affect others.
The physical-chemical properties that control the
behaviour of chemicals in aquatic ecosystems are
also summarized, as well as some of their better-
studied biological effects. For detailed
descriptions of those chemicals discussed
in this report, see the Glossary of Chemical
Contaminants.

The terms “toxic chemical,” “contaminant,”
“toxic contaminant,” and “pollutant”™ are used
interchangeably in the literature. In this report,
the term “chemical contaminant” is used to
describe a chemical which is foreign to an aquatic
ecosystem, or a natural chemical present in
unnaturally high concentrations (Government of
Canada 1991). A “pollutant” is defined as a
substance which has an adverse effect on an
ecosystem, or on some component there in
(derived from GESAMP 1987). Such adverse
effects can include harm to aquatic life, hazards
to human health, hindrance to human activities,
or reduction of amenity value. The distinction
between “contamination” and “pollution” is
particularly important. A chemical contaminant
that is present in one or more components of an
aquatic ecosystem cannot be regarded as a
pollutant unless it elicits an adverse effect.

Generally, the main factors that determine
whether a chemical contaminant poses a risk of
harm are its quantity or concentration and the
duration of exposure of the aquatic organism to
it. It must be noted however, that there is also a
limitation in our ability to relate an observed
effect to a specific cause.

AquAaTic ECOSYSTEMS

An ecosystem is a dynamic complex of living
organisms including plant, animal, and micro-
organism communities (the “biotic component”)
and zir non-living environment of the substrates
including sediments, water, and atmosphere, (the
“abiotic component”). These two components
interact as a functional unit (UNEP 1992). The
ecosystems discussed in this report include
freshwater streams.  vers and lakes; estuaries and
coastal waters; and the open ocean. The division
of ecosystems into separate categories is
somewhat arbitrary, since these ecosystems
interact on local, regional, and global scales.
With respect to the environmental dynamics of
chemical contaminants, the significant feature of
ecosystems is the interdependence of their
components — events in one component will
affect others (Figure 1). Substances released to
the environment may become distributed widely
throughout the environment and may reach a
variety of aquatic ecosystems, where they may be
transported to or incorporated by certain abiotic
and biotic components. The concept of a
chemical moving and becoming distributed
among the different compartments of an
ecosystem is fundamental to understanding and
eventually predicting >w such chemicals behave
in the environment. Lindane, an organochlorine
insecticide, may be used as an illustration of the
mechanisms for the distribution of chemical
contaminants in the environme  When sprayed
on crops to control insect pests, a certain portion
of the lindane will evaporate into the air, some of
the lindane will adsorb to soil or other
atmospheric particles and may eventually enter
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stability or persistence. All of these properties are
a function of temperature.

Vapour pressure or volatility describes how a
chemical is distributed between the chemical’s
solid or liquid phase and the air. This property
has an important effect on the magnitude of
atmospheric transport. Chemicals with
appreciable vapour pressures are likely to become
widespread, volatilizing where they have been
used and moving to locations where they have
never been used.

The distribution of a chemical between the air,
water and solids controls the movement of the
chemical, either through the environment or
through the food web.

Movement from liquid or gaseous phases on to
particles is a crucial process that controls
chemical transport in the environment. Whereas
fluids such as air and water are constantly in
motion carrying the dissolved components with
them, particles tend to settle. Chemicals that
attach strongly onto particles, therefore, are prone
to removal from the air or water and often end up
near the source in soils or sediments. For
example, lindane readily separates out of the
atmosphere and into water, but only weakly onto
solids. Lakes, rivers, ground water and oceans
now contain most of the lindane released to the
environment. Examples of chemicals that strongly
attach to particles include lead, high-molecular-
weight polycyclic aromatic hydrocarbons (PAHs),
highly chlorinated biphenyls (PCBs) and dibenzo-
p-dioxins (PCDDs) and dibenzo-furans (PCDFs).
Organic carbon strongly enhances the attachment
of many chemicals (i.e. organochlorine
compounds, PAHs and mercury) to solids, as does
a small particle size because of its large surface
area per unit mass. Therefore, fine, organic
carbon-rich sediments are particularly prone to
capturing the particle-reactive chemicals.
Chemicals with low water solubility and high
lipid solubility or high attraction to particulate
material tend to adsorb (attach) to particulates
and are therefore said to be hydrophobic.

10

Chemicals that do not degrade rapidly in the
environment are said to be persistent. In principle,
because metals are part of the natural geological
makeup of the earth’s crust, they persist
indefinitely in the environment. However,
concentrations can become clevated in aquatic
ecosystems as a result of human activities.

Metals are often predominantly accumulated
in their organic form by biota; i.e. mercury
as methylmercury.

Perhaps of greatest interest is the uptake of
chemicals by biota because the uptake will clearly
have the potential to produce toxic effects.
Chemicals that have a high affinity for fats
(lipids) are particularly prone to accumulate in
the fat of aquatic animals. High lipid solubility
is the basis for both bioaccumulation and
biomagnification of many of the organochlorine
compounds through the food chain. For example,
PCB concentrations can increase by factors of
greater than 103 going from water to the top
predators.

Some chemicals exhibit more than one form in
the environment. Different forms have different
physical and chemical properties. The best
example is mercury for which transformations
between elemental mercury (dissolved or
gaseous), dissolved ionic mercury, and
methylmercury are possible. Methylmercury,
which bioaccumulates and exhibits high toxicity,
has a greater biological effect than the other
forms which tend to attach to ¢ anic and
sulphur-containing sediments. ] mental and
methylmercury can be transported in both water
and atmosphere, whereas the ionic form is

transported in water.

The behaviour of all contaminants is
determined by a range of physical-chemical
properties. The property of greatest influence will
depend upon specific circumstances within a
particular ecosystem. For example, the insecticide
lindane is appreciably lipid soluble, but is also
measurably soluble in water, and it is volatile.
Therefore, its distribution in an ecosystem will









plants and pollen, as well as breakdown products,
excretions, exuviae (cast exoskeletons) and wastes
(fecal pellets) from algae, zooplankton, and other
aquatic organisms. Some of the chemical
components of the organic matter are simple
(amino acids, sugars, fatty acids) and readily
absorbed and assimilated by bacteria and some
algae. Other components are complex (proteins,
cellulose, chitin, lipids, some alcohols, some
esters, humic acids, fulvic acids, lignin) and are
less easily assimilated. Bacterial assemblages
which comprise the living portion of the organic
matter contained in particulate material are
responsible for consuming and chemically
transforming non-living organic matter. They
also synthesize new compounds as the
particulates sink through the water column

or become buried deeper in the sediment.

The amount and character of the organic matter
of sediments, including the characteristics and
amount of bacteria present, are important in that
they control the chemical properties of sediment.
These properties include buffering capacity, and
metal binding capacity for and the availability of
hydrophobic organic chemicals. Therefore, if
contaminant concentrations in sediments and
their effects are to be compared over time and
space, it is important to compare sediments that
are similar in grain size, have the same organic
matter content and organic matter quality, and
other chemical parameters such as oxygen
content. Depending upon the circumstances, the
organic matter of sediments can either increase or
decrease the bioavailability of some chemical
contaminants in aquatic ecosystems.

All species have evolved the ability to
selectively extract and use essential chemical
elements and natural compounds from their
environment. The uptake, distribution and
accumulation of chemical contaminants in biota
depend on their physical-chemical properties, as
well as on the behaviour of the organism. The
higher the lipid solubility of a chemical, the more
readily is it bioaccumulated. Persistent chemicals
tend to biomagnify as they move up the food
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chain. Predators retain contaminants in the prey
and accumulate them to increasing concentrations
(Figure 2). Uptake of chemicals by aquatic
organisms may be passive or active. For example,
phytoplankton can accumulate chemical
contaminants such as PCBs by adsorption to their

irfa It seems that at higher trophic levels,
ingestion gradually replaces absorption as a route
by which contaminants are accumulated. For
example, seals accumulate virtually all of their
chlorinated hydrocarbon burden through feeding,
whereas clams may accumulate significant
amounts by absorption through gills.

Once taken up by complex organisms, chemical
contaminants may undergo several processes.
Very lipid-soluble (lipophilic) compounds (e.g.,
PCBs) become deposited in fatty tissue. The
compound’s behaviour in the organism generally
follows the way in which fat is used. A dynamic
equilibrium between lipid and aqueous phases
will exist within organisms. Some fraction of the
overall amount of PCBs that are circulating in the
bloodstream are presumably carried to
metabolically active tissue. That tissue may be
able to convert some compounds to metabolites
which could then be excreted. However, in
general, complex compounds such as PCBs are
quite resistant to biological degradation. As a
result, as animals grow older, they generally
accumulate increasing concentrations of these
compounds. Similarly, mercury becomes bound to
proteins in the form of methylmercury and may
not be easily excreted, so that mercury
concentrations in fish tend to increase as fish get
older. Since contaminant concentrations may vary
with age, comparisons in biota over time and
space must account for age differences.

The distribution, metabolism, and excretion of
chemical contaminants is affected by many
factors. Contaminants present in media such as
sediments and water may not be readily detectable
in fish. PAHs are a class of chemicals detected
primarily as the unmetabolized compounds at low
concentrations in fish. However, metabolites of
PAHs can accumulate in liver tissues of fish

13
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where they may produce toxic effects. Metals,
when present in their organic form (for example,
methylmercury, alkyllead, tributyltin) are more
toxic than their inorganic counterparts. The
organic form of some metals is preferentially
accumulated by biota. More than 90% of the
mercury found in fish consists of the organic
form. Female fish and marine mammals can
export large amounts of fat into eggs or milk,
respectively, with their accompanying burdens of
chemical contaminants, which are then passed
along to their offspring. Consequently, females
often contain lower contaminant burdens than
males. Often, the early life stages of species are
more susceptible than adults to the adverse effects
of chemical contaminants.

EFFECTS

The presence of a chemical in an aquatic
ecosystem or in an organism does not necessarily
imply an adverse effect. A chemical contaminant
may elicit an adverse effect if the organism is
exposed to and accumulates a sufficiently high
concentration. Some chemicals may adversely
affect an organism at very low concentrations
such as those chemicals responsible for genetic
alterations. Some aquatic organisms may be
killed rapidly upon exposure for a very short time
to a particular chemical. Alternatively, a chemical
may be present at a very low concentration in
water but may gradually bioaccumulate or
biomagnify in an aquatic ecosystem. Lifetime or
multigenerational exposure to low concentrations
of some chemicals may cause chronic effects.
Once a chemical reaches a certain concentration
within an organism or a sensitive tissue, an
adverse effect may be detectable.

The effects of exposure to a contaminant may
be observed at the cellular, organ, whole
organism, population or community level
(Government of Canada 1991). Since all
components of an aquatic ecosystem are linked,
the effects of a chemical contaminant on a
particular organism can have far reaching impact
on other organisms and ultimately affect both the

14

overall structure and functioning f
ecosystems and the sustainability of the resources
they contain.

Two biochemical processes involving chemical
contaminants that can occur within organisms are
of special interest, as they are used increasingly
as indicators of exposure to chemicals and their
biological effects. These biochemical indicators
are the induction of mono-oxygenases, or
mixed-function oxidases (MFO), and the
induction of metallothionein.

Mono-oxygenases are a group of enzymes
(biological catalysts) found in vertebrate liver.
They appear to contribute to detoxification by
promoting reactions that convert lipid-soluble
compounds to more water-soluble products which

Figure 3

The enzyme induction process.

1. Entry of
Inducer (I}

3. Binding to
Ah Receptor (R);
transcription to
CYP 1A mRNA;
synthesis of CYP 1A

2. Circulation
to Liver

4. Increased mono-ox) nase activity:
Substrate CYP1A
0,.NADPH

Product

Source: R.F. Addison 1997.



can then be more easily excreted. The distinctive
feature of mono-oxygenasecs is that they can be
induced. When an organism is exposed to certain
chemicals, its mono-oxygenase activity increases,
apparently assisting in its metabolism and
eventual excretion of the target chemical. Mono-
oxygenases can be thought of as a kind

of latent defence mechanism. Under normal
circumstances, their activity remains low, but

if the organism is exposed to certain chemicals,
their activity is induced to help eliminate

the chemical.

Over the past few years, measurements of
mono-oxygenase activity have been used
increasingly to diagnose exposure to chemicals
and their effects on organisms. These
measurements are usually expressed as activities
of indicator enzymes, such as EROD
(ethoxyresorufin-O-deethylase), AHH (aryl
hydrocarbon hydroxylase) or, more recently, as
concentrations of the catalytic protein,
cytochrome P-450 1A (CYP 1A). Figure 3
illustrates the induction process for these
enzymes. Inducers include contaminants such as
PAHSs, PCBs and PCDDs.

Induced MFO activity can precede the onset of
more serious cellular and physiological changes,
such as liver damage, tumour formation,
reproductive toxicity and other toxic effects.

The persistent induction of MFO may lead to
increased oxidative stress to cells and organs,
increasing elimination of endogenous substances
such as vitamins and hormones, and increased
formation of carcinogenic and cytotoxic
compounds (J. Payne personal

communication 1996).

Metallothioneins function much like the mono-
oxygenases. They are a group of low molecular
weight proteins rich in sulphydryl groups which
bind strongly to certain metals, such as mercury,
copper, zinc and cadmium. Metallothioneins can
also be induced. When an organism (either
vertebrate or invertebrate) is exposed to a metal,
metallothionein concentrations will increase so
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that metals bond to the protein and toxicity is
thereby reduced.

Measurements of mono-oxygenase and
metallothionein activities are increasingly being
used along with supporting chemical analyses of
contaminants to investigate relationships between
cause and effect in aquatic ecosystems. The
chapters in this report dealing with specific
aquatic ecosystems describe some of these data.

ADVANCES IN THE SAMPLING AND
ANALYSIS OF CHEMICAL
CONTAMINANTS

Our ability to compare concentrations of
chemical contaminants over space and time, and
our ability to relate those concentrations to
biological effects, are limited by the sampling and
analysis techniques used. Several abiotic and
biotic variables must be measured during
sampling. These include abiotic factors such as
grain size, organic matter content, and particulate
matter composition; and biotic factors such as
age, size, sex, reproductive status and lipid
content of organisms. Even with the elimination
of these variables, there will still be unexplainable
variations in chemical concentrations between
individual organisms in a sample. These
variations may reflect differences in biological
factors such as diet, growth rate or reproductive
patterns. It is often not possible to control all
variables and, as a result, strictly comparable
samples may not be available at different places
or times. In this report, attempts are made to
report and interpret all data taking into account as
many of the confounding variables as possible.
Where information is available, ranges of data are
given, as well as mean values.

Most information about concentrations of
contaminants in aquatic ecosystems have been
gathered during the last three decades. Since the
early 1970s, many of the common analytical
methods used in environmental studies have
evolved considerably. The sensitivity of most
analytical techniques has increased by about one
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thousand-fold per decade for the past two

decades. Thus, in the early 1970s, PCBs could be
measured with some difficulty in the microgram-
per-gram range (i.e. 10°% g.g"! range). Today,
individual compounds (congeners) in a complex
mixture of PCBs can be routinely analyzed in the
picogram-per-gram range (i.e. 10-12 g.g-1 range).
The fact that modern analytical methods can now
measure individual components of complex
mixtures and at very low concentrations makes it
difficult to compare modern results with older
data. However, where possible in this report, data
collected over long time periods are compared in
an attempt to determine whether concentrations of
certain chemic contaminants are increasing or
decreasing in aquatic ecosystems.

For the analysis of metals, advances have been
made in analytical capability, particularly with
respect to the use of clean techniques. In the past
decade, samples of water, sediment and biota
were often unknowingly contaminated with trace
amounts of metals during sampling and analysis.
Hence, reported concentrations were often high.
Since using clean techniques, more precise and
accurate measurements have been possible. As a
result, the concentrations of metals reported in the
recent literature more accurately reflect the actual
concentrations occurring in the environment.

CHEMICAL CONTAMINANTS IN THE
CONTEXT oF GENERAL
CONTAMINATION AND POLLUTION

Although this report focuses on a limited suite
of chemical contaminants, their presence is not
the only factor to threaten aquatic ecosystems
and the resources that they contain. Other
chemical, physical and biological stressors
can have a dramatic and adverse effect
on aquatic ecosystems.

Sewage usually comprises a mix of domestic
and industrial waste. The ratio will depend on the
community from which it is collected and
discharged. Most sewage which contains a
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considerable amount of organic matter consists
primarily of feces, paper products, food waste,
and household chemicals, along with related
micro-organisms. Historically, industrial effluents
containing a high concentration of organic matter,
such as pulp mill wastes, have also been
discharged into both freshwater d marine
ecosystems. Many anadian coastal communities
discharge such wastes directly into estuaries or
into the sea, sometimes with only minimal
treatment. When such material enters the aquatic
environment, natural chemical and biological
processes begin to break these organic materials
down to simpler products. These degradation
processes use oxygen dissolved in the water, and
depending upon the process, the discharged waste
creates a chemical oxygen demand (COD) or a
biochemical oxygen demand (BOD) in the water
receiving the wastes. BOD and ( 'D can
appreciably reduce oxygen concentrations in
water, making aquatic habitat unsuitable for fish

or other organisms.

The discharge of nutrients such as phosphate,
nitrate and silicate, into water can lead to
eutrophication. In this process aquatic plants
(usually microscopic algae) take up these
nutrients, undergo significant increases in growth
(algal blooms), and then die. Both living and dead
algae create a large BOD and COD, which in turn
lead to a reduction in the amount of oxygen in
water thereby creating aquatic habitats unsuitable
for fish or other aquatic life. Eutrophication can
result from either natural or human activities,
such as the introduction of fertilizers into aquatic
ecosystems or the release of nuti  1ts in sewage.
Eutrophication caused by human activities is
termed cultural eutrophication. A well-publicized
example of cultural eutrophication occurred in the
Great Lakes during the 1970s, when discharges of
domestic detergents containing ' h amounts of
phosphates stimulated massive algal growth,
lowered oxygen levels and resulted in widespread
fish kills (Vallentyne 1974). Although controls on
the use and discharge of phosphates have
significantly reduced cultural eutrophication in



the Great Lakes, the discharge of nutrient-rich
material into marine coastal areas may be of
growing concern, particularly in areas of high
population density and limited flushing rates to
disperse discharges. Eutrophication of marine
coastal areas may be related to the incidence of
algal blooms which release natural toxins, such as
the compounds responsible for paralytic

shellfish poisoning.

One of the most significant and pervasive
impacts on fish and fish habitat in eastern Canada
is the acidification of freshwater aquatic
ecosystems resulting from emissions of sulphur
dioxide and oxides of nitrogen into the
atmosphere. Approximately 38% of Canada’s
surface fresh water is in regions susceptible to
acidic atmospheric deposition. This includes some
390 000 lakes on the Precambrian Shield of
eastern Canada with its thin soils and rocks that
resist weathering. These lakes generally have low
productivity, clear water, and are poorly buffered
(Kelso er al. 1990). Lakes in the Sudbury metal-
smelting region and Nova Scotian rivers were
acidified in the 1950s, 1960s and early 1970s and
have well-documented losses of fish species and
fish productivity (Kelso ez al. 1990). More than
15 000 of the susceptible lakes are estimated to be
very acidic (pH less than 4.7) and to have lost
fish populations, resulting in an economic loss
of $53 million per year (Kelso et al. 1990).

Acidification has affected more than fish
populations. Using mathematical models that
combined geological, chemical and biological
data, scientists have predicted that at least 20% of
all lakes (i.e. about 55 000 lakes) in 15 of 38
secondary watersheds in eastern Canada had lost
at least 20% of their species by 1980. The highest
loss of species is believed to have been in mollusc
populations. Rotifer and crustacean populations
were determined to have the fewest species losses
(Minns et al. 1990). Acidification of water bodies
can mobilize chemicals, such as aluminum and
other metals, from soils and sediments (Schindler
1988). Acidification and elevated concentrations
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of metals in soft fresh waters often occur together
because non-ferrous metal smelters — the major
source of sulphur dioxide — also emit metals. In
response to legislation by the governments of
Canada and the United States to control smelter
emissions, there is evidence of chemical and
biological recovery in lakes in Ontario’s Sudbury
region, one of the longest affected areas in
Canada (Keller et al. 1992). The historical
contamination of these lakes by metals is believed
to slow the rate of biological recovery. With time
however, the metal concentrations in the water are
decreasing (Yan er al. 1996).

Physical alteration of fish habitat has also had a
significant impact on aquatic ecosystems
(Environment Canada/U.S. EPA 1995). Such
changes have included the filling of lakes and
wetlands in urban and agricultural areas, the
dredging of channels and harbours, the
construction of docks, ports, breakwaters, and
buildings on shorelines, and the erection of dams
and other water control devices. Similarly, the use
of water bodies as areas for human recreation,
water supply and waste disposal has also had a
significant effect on the physical character and
functioning of some ecosystems. Such changes
have not only eliminated and altered habitats, but
have also fundamentally modified the structure
and functioning of ecosystems. The removal of
river bank vegetation, for example, can change
water temperature and increase sedimentation.
These sediments, in turn, can blanket valuable
aquatic habitats including nursery areas for many
fish species as well as alter the cycling of
chemical contaminants.

The introduction of new or exotic species can
have a significant impact on aquatic ecosystems.
For example, zebra mussels, which were
accidentally introduced through the discharge of
ballast waters into the Great Lakes in 1986, have
not only altered biological patterns through
increased competition for food and space, but
have also effectively changed the flow of energy,
nutrients and chemical contaminants in these
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ecosystems through their feeding on plankton and
detritus (Kidd 1994).

Alterations in fish community composition
occur over time. These changes may be the result
of invasion of exotic species, over-harvesting of
stocks including the selective removal of top

predators, loss of h itat, purposeful introduction

of desired species, or potential effects of climate
change. Resulting changes in ecosystem structure
and function serve to alter the p iways and fate
of contaminants in aquatic systems. Thus,
information on trends over time  ay reflect shifts
in contaminant accumulation patterns caused by
community alterations as much as changes in

chemical loadings to the system (Egerton 1985).
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The St. Lawrence Marine Ecosystem

There are several small estuaries, embayments and nearshore ar¢  that
are affected by local industrial and municipal effluents. These include
the Baie des Anglais on the north shore of the St. Lawrence Estt  y
and Belledune Harbour in Chaleur Bay. In both of these areas,
contaminants have accumulated in sediments.

Commercially valuable fisheries in the St. Lawrence marine ecosystem
affected by chemical contamination are the northern shrimp of the
Saguenay Fjord (mercury), and the American lobster of the Belledune
Harbour area in Chaleur Bay (cadmium). The beluga population in

the St. Lawrence Estuary (mercury, PCBs and various pesticides)

is also affected.

Contamination has resulted in the closure of some commercial fisheries
(i.e. the northern shrimp fishery in the Saguenay Fjord). Species ving
in the ecosystem have also shown symptoms of stress. ealth and
reproductive impairment likely related to contaminants have been
observed in belugas of the St. Lawrence. These stresses may affect the
long term recovery of the population.

In general, chemical contamination has significantly decreased in the
St. Lawrence marine ecosystem over the past 20 years. However. s
general trend does not apply to all contaminants or to all habitats and
resources found in the region.
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The St. Lawrence Marine Ecosvstem

the surface waters recirculate around the Gulf,
rather than leaving through Cabot Strait
(Boudreault and Héritier 1971; Messieh 1974).

BioLoGic: RESOURCES

More than 25 different species of marine fish
are harvested commercially in the Estuary and
Gulf of St. Lawrence (Messich and El Sabh
1988). In 1994, total landings for the St.
Lawrence marine system reached 252 000 t
with a landed value of $450 million. Since the
establishment of the 200 mile limit in 1976,
landings (total catch) of commercial fish from
the Gulf represent 20% of the fishery in the
Northwest Atlantic (Chadwick and Sinclair 1991).

Since 1960, cod, herring and redfish comprised
75% of the total catch in the Gulf of St.
Lawrence. This proportion fell to 65% in 2
1980s, largely because of an increase in
invertebrate landings, including crab, lobster and
shrimp (Chadwick and Sinclair 1991). Following
a collapse in groundfish stocks in the early 1990s,
the cod, redfish and silver hake fisheries were
gradually closed from 1994 to 1996 throughout
the entire Gulf. The limited fisheries for
American plaice and winter flounder have
remained unchanged from previous years.
Lobster, shrir  and snow crab fisheries have
expanded steadily through the 1980s and
currently provide the greatest economic return
and employment in the Gulf (Chouinard and
Fréchet 1994). At present, the largest landings of
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polychlorodibenzo-furans (PCDFs), originate
mainly from the local pulp and paper mills
(Courtenay et al. 1995).

The atmosphere is a significant pathway for
the transport and deposition of anthropogenic
chemicals. This is particularly important for
Atlantic Canada which is in the downwind path
of many weather patterns that first pass through
highly industrialized regions of North America.
Several contaminants that are released into the
atmosphere in these regions may be subsequently
deposited in eastern Canada (Eaton ef al. 1986).
Brun et al. (1991) have shown that in the early
1980s, PCBs, chlorinated pesticides, and
PAHs were deposited with precipitation in
Atlantic Canada.

The atmosphere is an important source of
contaminants found in the Estuary and Gulf of
St. Lawrence. For example, a significant
proportion of the anthropogenic mercury in
sediments of the Laurentian Channel in the Gulf
of St. Lawrence was likely brought to the system
via the atmosphere (Gobeil and Cossa 1993).

The isotopic composition of anthropogenic lead in
sediments of the St. Lawrence Estuary is similar
to that of atmospheric lead in urban regions in
Canada (Gobeil ef al. 1995). This suggests that
atmospheric transport and deposition of lead is an
important loading mechanism. As well, for
organochlorine compound contaminants, the
recent accumulation of PCDDs and PCDFs in
sediments of the St. Lawrence Estuary has been
attributed mostly to atmospheric inputs (Lebeuf
et al. 1995a, 1996a).

DisTriBUTION, TRENDS AND EFFECTS
Covering a total area of about 230 000 km2, the
Estuary and Gulf of St. Lawrence constitute a
large ecosystem in which contaminants adsorbed
to suspended particles are not uniformly
distributed. A large proportion of incoming
contaminants accumulate in sediment depositional
areas. A smaller proportion is incorporated into
the food chain or remains dissolved in the water
column. Thus, sediments in these regions are
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important reservoirs where large amounts of
contaminants have accumulated since the
beginning of industrialization. The major area of
sediment deposition in the St. Lawrence marine
ecosystem is the Laurentian Channel, in the lower
estuary and the Gulf of St. Lawrence. Another
important area for the deposition of sediments
and associated contaminants is the inner basin of
the Saguenay Fjord. The accumulation of
contaminants in these areas decreases downstream
because the highest rates of sedimentation occur
upstream where abrupt changes in topography
and circulation favour the deposition of
outflowing suspended particles (Loring and

Nota 1973; Silverberg et al. 1986; Smith and
Walton 1980).

MEeTaLs AND ORGANOMETALLIC
CoMPOUNDS

Mercury has accumulated in sediments of both
the inner basin of the Saguenay Fjord and the
Laurentian Channel. Before the 1971 government
regulations on effluents from chlor-alkali plants
limited the discharge of industrial mercury into
the St. Lawrence drainage basin, mercury
concentrations up to 50 and 10 times higher
than natural concentrations were measured in
sediments of the inner basin and the Laurentian
Channel respectively (Loring 1975). Although
anthropogenic inputs of mercury into the
Saguenay Fjord and the St. Lawrence Estuary
have since decreased significantly, concentrations
of mercury in recently deposited sediments of
the Saguenay’s inner basin and the Laurentian
Channel are still much higher than pre-industrial
concentrations (Smith and Loring 1981; Gobeil
and Cossa 1993). Overall, it has been estimated
that approximately 120 t of industrial mercury
have been deposited and remain stored in
sediments of the Saguenay Fjord (Loring 1978a),
and 170 t in the lower estuary (Gobeil and
Cossa 1993).

Mercury concentrations in some fish of the
St. Lawrence marine ecosystem parallel spatial
variations of this contaminant in sediments
(Gobeil et al. 1997). The muscle tissue of
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Canuel 1988). Cadmium does not appear to be a
significant contaminant in sediments of the St.
Lawrence Estuary, in which concentrations are
typical of the natural abundance of this metal
(Gobeil et al. 1987).
wever, cadmium is ¢ gnificant contaminant
in fisheries of the St. Lawrence marine system,
although problems related to this contaminant are
localized. Cadmium concentrations in the muscle
tissue of fisheries resources from most areas of
the Estuary and Gulf of St. Lawrence are below
detection limits (Gobeil et al. 1997), except in
Belledune Harbour on the south coast of Chaleur
Bay. Cadmium concentrations in the muscle tissue
of lobsters from this area reached 2.7 pg.g"! in
1979 and were high enough to close the fishery
in the harbour in 1980. Following a decrease in
contamination in the early 1980s (See section
on a Recent Decrease in Contaminant
Concentrations), the lobster fishery was
reopened under harvesting restrictions.

ORGANIC CHEMICALS

Several organic contaminants are found in
habitats and biota of the St. Lawrence marine
ecosystem. There are concerns regarding
organochlorine compound and other organic
contaminants, given that some fish of the St.
Lawrence are highly contaminated and suffer
from health problems (See Case Studies on the
beluga and the American eel at the end of
this chapter).

ORGANOCHLORINE COMPOUNDS

Organochlorine compound contaminants have
been detected in sediments of the Laurentian
Channel in the Lower St. Lawrence Estuary,
including PCBs (Cossa 1990; Gobeil and
Lebeuf 1992; Lebeuf et al. 1995b),
dichlorodiphenyltrichloroethane (DDT) (Cossa
1990), mirex (Comba ef al. 1993), as well as
PCDDs and PCDFs (Lebeuf et al. 1995a). They
are not naturally found in the environment, and
the accumulation history of these contaminants in
sediments follows the evolution of their industrial
and commercial use since the 1930s and 1940s.

The St. Lawrence Marine Ecosystem

PCBs, PCDDs, and PCDFs in sediments of the
Laurentian Channel and Saguenay Fjord include
specific congeners which are highly toxic but
their concentrations are rather low (Brochu ef al.
1995; Lebeuf ef al. 1995a, 1995b). Current
concentrations of most organochlorine compound
contaminants in sediments of t ~ Saguenay Fjord
and Laurentian Channel are approximately 5 to 10
times lower than highest values reported for Lake
Ontario sediments (Czuczwa and Hites 1986;
Oliver et al. 1989; Cossa 1990; Gobeil and

Lebeuf 1992; Comba et al. 1993).

High organochlorine compound contamination
occurs, however, in sediments of Baie des
Anglais, in the lower estuary (See Case Study
Contamination of Near-Shore Sediments in Baie
des Anglais), and at the immediate site in the
southern Gulf where the sunken barge Irving
Whale rested for 26 years with its cargo and load
of fuel oil, PCBs and chlorobenzenes. After the
recovery of the barge in July 1996, PCB
concentrations ranging from 10 to 10 000 pg.g™!
were found in sediments within a small area of
less than 0.02 km2 (Government of Canada 1997).
The total amount of PCBs remaining in sediments
around the /rving Whale site was estimated at 150
to 350 kg, which represents less than 0.8% of
the 38 to 44 t of PCBs that are believed to be
present in sediments of the Gulf of St. Lawrence
(Gilbert and Walsh 1996).

The first evidence of organochlorine compound
contamination in biota of the Estuary and Gulf of
St. Lawrence was provided by studies conducted
in the 1960s and 1970s. By the early 1970s,
plankton from the southern Gulf of St. Lawrence
was found to be heavily contaminated by PCBs
(Ware and Addison 1973; Harding et al. 1997);
(See Case Study Biomagnification of
Contaminants in Marine Food Webs: PCBs).
Concentrations reached 20 pg.g-! off the northern
coast of Prince Edward Island in 1972 and were
reported as the highest concentrations ever found
in natural plankton (Ware and Addison 1973).
PCBs and other organochlorine compound
contaminants were also found to accumulate in
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other biota of the Estuary and Gulf in the 1970s.
PCBs and DDT were detected in the muscle
tissue of at least 11 species of fish and
invertebrates. The most contaminated of these
were herring and mackerel (Couillard 1982). In
the late 1960s, oil extracts from herring and seals
in the Gulf were contaminated by PCBs and DDT,
but dieldrin was detected only in herring oil
(Addison er al. 1972).

Recent studies conducted with more
sophisticated analytical techniques than those
used in the 1970s show that some organisms of
the Estuary and Gulf St. Lawrence marine
ecosystem are still contaminated by
organochlorine compounds, particularly the
American eel and the beluga (See Case Studies in
this chapter). In the Maximum Turbidity Zone of
the upper estuary, the PCB contamination of the
local food chain was found to be significant, with
total PCB concentrations in smelt and tomcod
exceeding 0.1 ug.g! (Gagnon ef al. 1990).
Further downstream, concentrations of PCDDs
and PCDFs do not exceed 0.06 ng.g*! in snow
crab, whelk, northern shrimp, Atlantic cod,
Greenland halibut, and American plaice from the
Saguenay Fjord and the Lower St. Lawrence
Estuary (Brochu et al. 1995). In the Estuary, some
highly toxic PCB congeners are also found to
accumulate at low concentrations in the lipid-rich
liver of Atlantic cod and in the muscle tissue of
Greenland halibut (Lebeuf ef al. 1995a).

A monitoring program of organochlorine
compound contamination in seabird eggs has been
conducted since 1972 by the Canadian Wildlife
Service of Environment Canada (Noble and Elliot
1986; Elliot ef al. 1988; Pearce et al. 1989).

This program, which involves several species
from different marine habitats, has shown that
PCBs and DDT-group chemicals are the dominant
organochlorine compounds found in seabird

eggs. In the early 1980s, concentrations were
higher in seabird eggs from the Gulf, and
particularly the Estuary, than in those from all
other Canadian coastal sites. In the early 1990s,
however, concentrations of organochlorine
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compounds in the Estuary and Gulf were similar
"but2to 4
times lower than in similar species from the Great

to those found in the Bay of Fur

Lakes. Nevertheless, seabird eggs remain more
contaminated by organochlorine compounds in
the Estuary than in Newfoundland, the west coast,
and Arctic regions of Canada (N. Burgess
personal communication).

OTHER AROMATIC C  APOUNDS

PAHSs have accumulated in considerable
amounts in sediments of the Saguenay Fjord
(Cossa 1990; Martel er al. 1986; Schafer et al.
1990). Until 1964, the principal source of PAHs
in the Saguenay Fjord was atmospheric transport.
However, between 1964 and 1976, direct
discharges of industrial effluents far exceeded
atmospheric sources (Smith and Levy 1990).
Around 1968, the rate of PAH inputs into the
sediments of the Fjord reached about 1400 kg.yr!
(Martel et al. 1987). Smith and Levy (1990)
estimated that, by 1976, more than 1100 t of
PAHs had entered the Saguenay River Fjord
system. The highly carcinogenic benzo[a]pyrene
(B[a]P) represents 3% of the total PAHs generated
by smelters and its loading in the Saguenay Fjord
is estimated at approximately 500 kg, 22% of
which would be buried in sediments (Lun and
Mackay in press).

PAHs were also detected at relatively low
concentrations in some fish of the St. Lawrence
marine ecosystem (Hellou et al. 1994, 1995).
Concentrations of PAHs in the muscle tissue of
Atlantic cod caught at contaminated sites of the
Saguenay Fjord and the St. Lawrence Estuary
(Baie des Anglais) do not exceed 0.05 ug.g”! on
average (Hellou er al. 1994). American plaice and
Greenland halibut from the same areas have
higher concentrations of PAHs than cod, with
average concentrations reaching 14 and
1.5 ug.g-! respectively (Hellou et al. 1995). PAH
concentrations in the muscle tissue of Greenland
halibut decrease with increasing distance from
sources of this contaminant, whi  are located in
the upper reaches of the Saguenay Fjord
(Hellou et al. 1995).



EcoLoGicAL CONSEQUENCES

Studies of the biological effects of organic
contamination in the St. Lawrence marine
ecosystem are rather limited. Most fisheries
resources in the system are exposed to chemicals
such as PAHs, PCBs, chlorinated pesticides,
PCDDs and PCDFs, but concentrations of these
compounds are generally below those for
which biological effects have been reported.
Nevertheless, health problems have been observed
in the St. Lawrence beluga population (See Case
Study: Contamination of the St. Lawrence beluga
population) and in American eels migrating in
the St. Lawrence Estuary (See Case Study:
Contamination of the St. Lawrence American eel
population). Although these disorders were
thought to be linked to chemical contamination,
their relation to a specific contaminant could not
be made, and the effects may be the result of
exposure to a variety of chemicals, or have some
other non-chemical cause.

An array of biological effects of organic
contamination have also been observed in biota
from locally contaminated areas that receive
industrial and municipal effluents (See Case
Study: Contamination of Near-Shore Sediments
in Baie des Anglais). Disorders of the liver and
other organs have been found in winter flounder
collected near pulp and paper mill discharges in
western Newfoundland (Khan ef al. 1992, 1994).
In the Miramichi Estuary, fin erosions, vertebral
lesions and modifications of the reproductive
cycle were observed in mummichogs living
downstream of a bleached kraft pulp and paper
mill (Leblanc et al. 1997; Couillard and Légaré
1994). Also, exposure indicators related to
enzymes such as cytochrome P450 are found at
higher concentrations in tomcod from the
Miramichi Estuary than in those from
undeveloped areas of the Gulf (Courtenay et al.
1995); but concentrations are lower than in
tomcod from the highly industrialized Hudson
River, on the east coast of the United States
(Wirgin et al. 1994).
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The history of the Northern Gannet community
is the best documented case of chemical
contamination causing the population decline of a
Gulf seabird species. Approximately 70% of the
North American population of Northern Gannet
breed at three colonies in the Gulf (Nettleship and
Chapdelaine 1988). Nesting gannets substantially
increased over the last century, reaching a peak in
1966 (Nettleship 1975). The population then
decreased by 23% between 1966 and 1972 to
1973 due to very low hatching success between
1966 and 1970. The data strongly implicate
dichlorodiphenyldichloroethylene-(DDE) induced
shell thinning and embryonic mortality as the
main factors in reduced productivity (30% net
productivity in 1966 to 1967 versus 77% in 1979;
Chapdelaine et al. 1987). Improved breeding
success, with increased eggshell thickness and
increased population have coincided with a
significant drop in DDE and dieldrin levels in
eggs (Elliot ef al. 1988; Figure 7). On
Bonaventure Island, where 75% of gannets in the
Gulf breed (Nettleship and Chapdelaine 1988), a
1984 survey indicated that the population had
recovered to pre-1966 levels.

A ReceNT DECREASE IN
CONTAMINANT CONCENTRATIONS

Sediment studies have shown a significant
decrease in contaminant inputs into marine
environment of the St. Lawrence over the past
two decades. Signs of improvement were first
obtained from the inner basin in the Saguenay
Fjord where mercury concentrations decreased in
surface sediments during the 1970s (Loring and
Bewers 1978; Barbeau ef al. 1981; Smith and
Loring 1981). Contaminant accumulation profiles
in sediments of the Laurentian Channel in the
Lower St. Lawrence Estuary confirmed a similar
trend for mercury (Gobeil and Cossa 1993) and
other contaminants, including lead (Gobeil et al.
1995), PCBs (Cossa 1990; Gobeil and Lebeuf
1992; Lebeuf ef al. 1995b), DDT (Cossa 1990),
PCDDs and PCDFs (Lebeuf ef al. 1995a). PAH
contamination also decreased in sediments of the
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These contaminants appear to be metabolized by
belugas so that they do not accumulate in their
tissues (Ray et al. 1991; Muir ef al. 1996a).
However, potential toxic effects may result from
exposure to these contaminants. The degradation
products of PAHs have been detected in tissues of
both Arctic | St. Lawrence belugas (Ray et al.
1991). However, those of B[a]P, which was
released in great quantities in the Saguenay Basin
as a byproduct of aluminum production (Martel
et al. 1986), were found only in the St. Lawrence
beluga (Shugart et al. 1990).

Several contaminants which were found in the
tissues of St. Lawrence belugas are toxic. These
included mercury, lead, PCBs, DDT and mirex.
The stranded belugas in which these compounds
were measured had rarely-observed chronic
lesions, numerous tumors, and presented signs of
an affected reproductive system (Martineau et al.
1988; DeGuise et al. 1994; Béland et al. 1993).
In contrast, none of these lesions and diseases
were found in much less contaminated Arctic
belugas (Béland et al. 1993). Contaminants are
thus believed to be the cause of health and
reproductive impairments observed in St.
Lawrence belugas. However, it is not possible to
link a specific contaminant to a given observed
effect when several toxic compounds are present
and act simultaneously in a number of tissues of
the same animal (Béland er al. 1993).

Although signs of reproductive impairment in
St. Lawrence belugas were linked to the presence
of contaminants in their tissues (Massé et al.
1986; Martineau et al. 1987; Béland et al. 1993),
there is no evidence that contamination has
affected the growth of the St. Lawrence beluga
population in recent years. Contamination does
not appear to affect the longevity of St. Lawrence
belugas since more contaminated males die at an
age similar to that of females (Lesage and
Kingsley, 1995). In addition, a recent study
indicates that the beluga population may have
increased since the official end of its hunt in
1979, and that the proportion of juveniles in the
population is indicative of a normal reproduction
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rate (Kingsley 1996). Nevertheless, the
contaminant burden of the St. Lawrence beluga
population raised sufficient concerns to help
bring about remediation strategies and regulations
for reducing contaminant inputs into the St.
Lawrence marine ecosystem. These actions are
now showing signs of effectiveness with the
recent decrease in contamination of some aquatic
biota, including the beluga, where declines in
PCB and DDT concentrations were observed in
the blubber of males between 1982 and 1994
(Muir et al. 1996b).

In 1995, the St. Lawrence Beluga Recovery
Plan was developed by representatives of
Department of Fisheries and Oceans and the
World Wildlife Fund (WWF) in collaboration
with independent specialists. The plan sought to
improve population numbers and conditions so
that natural events and human activities would
not threaten the survival of the St. Lawrence
beluga whale population. Several complementary
strategies were proposed to achieve this goal.
One of these strategies involves actions to
supplement existing efforts already in place to
reduce pollution, and to prevent the introduction
of potentially deleterious substances. More
specifically, the St. Lawrence Beluga Recovery
Plan recommends that: 1) industries discharging
PAHs, mercury and lead should develop
pollution prevention plans in order to eliminate
inefficiencies and adopt the best available non-
polluting technologies; 2) non-point sources for
these contaminants and banned substances
(PCBs, DDT and mirex), such as sewage
treatment plants, leachate from dump sites, and
LRTAP be identified and reduced; and 3)
contaminated sediment sites which pose a threat
to belugas should be characterized and
decontaminated. The St. Lawrence Beluga
Recovery Plan is currently being implemented.
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30 ng.g-! in sediments of the Laurentian Channel
(Lebeuf et al. 1996b; Figure 15). However, the
elevated PCB contamination of sediments is
confined to the immediate vicinity of Baie des
Anglais as concentrations decrease rapidly within
a few kilometers outside the Bay to those usually
found in sediments of the Laurentian Channel
(Figure 15). Concentrations of PCDFs are also
higher in sediments of Baie des Anglais while
those of PCDDs are lower than in sediments of
the St. Lawrence Estuary (Lebeuf ef al. 1996b).

PCDDs and PCDFs in Baie des Anglais
sediments apparently originated from the PCB
contamination, which is also related to the
presence of the aluminum smelter (Brochu et al.
1995). Indeed, the congener composition of
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PCBs, PCDDs and PCDFs in the Bay is typical
of a commercial PCB mixture. However, Baie des
Anglais is not a major source of PCBs, PCDDs
and PCDFs to the St. Lawrence Estuary (Lebeuf
et al. 1996b). In the case of PCDDs and PCDFs,
most of the contamination in sediments of the
Lau tian Channel origin | from the
atmosphere (Lebeuf ez al. 1996a.b).

Chronic toxicity tests with American plaice
have shown that exposure of males to the
contaminated sediments of Baie des Anglais
reduces both their capacity for fertilization and
the hatching success of fertilized eggs (Nagler
and Cyr 1997). However, the long-term impacts
of sediment contamination in Baie des Anglais on
local fisheries resources are unknown.
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The Bay of Fundy Marine Ecosystem

In the 1970s, polychlorinated biphenyls (PCBs) and
dichlorodiphenyltrichloroethanes (DDTs) were the most prominent
organochlorine compounds found in biological organisms such as
seabirds and porpoises. In response to later regulatory measures which
banned their use in Canada and the United States, there have been
significant decreases in PCBs and DDT-related compounds in seabirds
and porpoises in the Bay of Fundy since the 1970s. However, these
contaminants still make up the majority of organochlorine compounds
found in biological organisms today, demonstrating the extreme
persistence of PCBs and DDTs in the environment.

Recent studies on seabirds and porpoises indicate that for many
organochlorine compound contaminants there appears to be a shift
from local sources to remote sources such as the long-r: e transport
via the atmosphere (LRTAP) or ocean currents.

There are a mber of current and emerging contaminant issues in the
Bay of Fundy. These include impacts associated with continued
industrial and municipal growth in the region, especially in the Saint
John River Basin, and those associated with the intense aquaculture
activities in the outer bay.
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The Bay of Fundy Marine Ecosvstem

1¢ Bay of Fundy marine ecosystem
s known for its diverse habitats,
yroductive fishery grounds, and
iique oceanographic conditions.
The Bay is part of the Gulf of
Maine ecosystem (Figure 1) that twice daily
receives a tidal ebb and flow 2 000 times the
volume of the St. Lawrence River. The turbid
inner regions of the Bay, where tide heights are
among the highest in the world, are as unique
biologically as they are oceanographically.

Research on the Bay of Fundy marine
ecosystem has been episodic, reaching peaks of
intensity when practical questions have arisen.
For example, proposals for development of tidal
power on a large scale precipitated basic research
on the Bay in the 1920s and 1930s, the 1950s,
and again in the 1970s (Charlier 1982). Recent
information on contaminant issues is generally
lacking except for some long-term
monitoring programs.

MAJOR CONTAMINANT ISSUES

The Bay is a high-energy dynamic system.
Contaminants tend to become dispersed
throughout the system and do not readily
accumulate near their point sources. Little
information is available on the extent to
which near shore areas and embayments
are contaminated.

Information on long-term trends in
organochlorine compound contaminants is
available only for seabirds and porpoises,
primarily for the outer bay and the waters of the
nearby North Atlantic. Long-term monitoring
indicates that polychlorinated biphenyls (PCBs)
and dichlorodiphenyltrichloroethanes (DDTs)
made up the majority of organochlorine
compounds in both seabirds and porpoises in the
1970s and 1980s and continue to do so today,
despite declines from high concentrations in the
1970s. This demonstrates the persistence of these
chemicals in the environment. It is thought that
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the decline in PCBs and DDTs can be attributed
to government regulations which have banned
their e in Canada and the U.S. At present, there
are very small inputs of PCBs and DDTs into the
Bay of Fundy system. These originate from
leaching of landfill sites and long-range transport
and deposition from remote sources, respectively.

Long-range transport of contaminants via the
atmosphere (LRTAP) or the ocean is an
increasingly important contaminant source as
regulations have decreased the input from local
(riverine) sources. For example, Leach’s Storm
Petrel, a seabird which feeds on organisms found
on the ocean’s surface have higher organochlorine
compound concentration (excep CBs) than
species which feed inshore or in deeper waters.
After PCBs, chlorinated bornanes (CHBs) were
the most common organochlorine compound
found in harbour porpoises. Canadian use of
CHBs is very limited and theref
thought to originate from LRTAP and ocean

: they are

currents, from the southern U.S.

OCEANOGRAPH FEATUI S OF
IMPORTANCE TO CONTAI NANT

DynAr cs

The physical oceanography of the Bay of Fundy
is briefly summarized below and relies on recent
reviews by Greenberg et al. (1997) and Daborn
(1997). Discussion of sediment dynamics
was contributed by T. Milligan
(personal communication).

The Bay of Fundy is funnel st ed, 150 km in
length, 100 km wide at its mouth and 45 km wide
at the head of the main bay. The
the Bay is 75 m (Figure 1). Oceanographic

erage depth of

features differ between the upper and lower bay.
The boundary between these two areas can be
defined by a line joining the Saint John Harbour
to the Annapolis Basin and corresponding roughly
to the 100 m depth contour (Daborn 1986).
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The size distribution of bottom sediments
ranges from coarse sand to fine mud in intertidal
areas of the upper bay (Amos 1984) to areas
where cobbles and boulders predominate such
as Digby, Brier Island and Cape Split (Figure 2).
Larger-size bottom sediments contain relatively
little consolidated settled material. For example,
settled materi  accounts for less than 5% of
the total weight of sediment in the Annapolis
Basin. This is reflected in very low trace
metal concentrations in the sediment
(Loring et al. 1996).

In the upper reaches of the Bay, the
concentration of fine-grained material, such as
silts and clays in sediment increases during
summer months ar is released to the water
during winter months (Allen 1982). The increase
in settled material is due to biological processes
(Daborn et al. 1993). Concentrations of settled
material in surface sediments can increase from
less than 5% «

during the winter and early summer months to

the total weight of sediment

more than 40% during the September bloom
(T. Milligan, Fisheries and Oceans Canada,
Dartmouth, NS, unpublished data).

In sheltered areas where bottom erosion is low
due to low current velocities, fine sediment
accumulation can be quite rapid due to the high
concentration of suspended sediment. Courtney
Bay and the finger piers in Saint John Harbour
are examples of such areas. Parts of the
Passamaquoddy Bay, such as in the Letang
Harbour region, also have high concentrations
of settled material, but accumulation rates are
lower because of lower suspended sediment
concentrations (Milligan 1994; Hargrave
et al. 1995).

Perturbations of the Bay of Fundy system can
result in major changes in sediment dynamics,
especially in areas dominated by high sediment
concentrations. For example, construction of the
causeway at Windsor, Nova Scotia, in the upper
bay resulted in restriction of the tidal flow which
lead to extremely rapid (1 m.yr!) deposition of

62

both fine and coarse sediment. Increased
sedimentation in this area may continue for a
long time. There is now an extensive mudflat on
the seaward side of the causeway. This mudflat is
rapidly on its way to becoming a marsh.

BioLocGicAL RESOURCES

Two distinct finfish communities are found in
the Bay (Dadswe =2t al. 1984;  dswell 1997).
An estuarine group, consisting of small-bodied
species remain in the Bay year-round. This group
includes a large number of anadromous species
including smelt, tomcod, stickleback, silversides
and flatfishes. Many of these species occur in
immense numbers but have relatively low total
biomass because of their small size. They
dominate inner low-salinity regions such as the
Cumberland Basin and Cobequid Bay (Figure 2).
The second group consists mostly of large-bodied
species which are summer migrants to the Bay.
This group includes anadromous species such as
American shad, Atlantic sturgeon, river herring
(alewife, etc.), Atlantic salmon, striped bass; and
oceanic fish such as cod, haddock, pollock,
flatfishes, herring and sharks (dogfish, porbeagle,
etc.). These fish make up the bulk of commercial
fishes and support landings as high as
100 000 t for species such as herring.

During spring, summer and f , anadromous
fish tend to be found in the inner regions. In the
outer bay oceanic species predc inate. There is a
mix of pelagic and benthic feeders in all regions
of the Bay. Seasonal distributions are primarily as
her than food
availability. Migratory fish generally follow the

a result of migratory behavior,

counter-clockwise currents of the Bay such that
they enter the Bay on the Nova Scotia side and
leave on the New Brunswick side.
Fishery management units dc ot isolate the
Bay as a single unit; hence fishery production
information is not available for 2 Bay of Fundy
able for the
* (or the Fundy

supports a

alone. Recent information is av
the Quoc
Isles) region (Figure 4). This ar

outer bay, specifica

productive and commercially valuable fishery.















Copper, zinc and lead concentrations in scallop
muscle tissue collected from the Digby and
Passamaquoddy Bay were comparable to those
from non-contaminated areas (Ray and Jerome
1987; Table 2). Cadmium concentrations at the
offshore sites of Georges Bank and Browns-
Baccaro Banks were higher than those from
Belledune in Chaleur Bay which has a known
source of anthropogenic input of cadmium from
smelting activities. The finding of high
concentrations of cadmium in scallops from the
offshore sites (Table 2), far removed from any
known source of anthropogenic input, suggests
that these elevated concentrations of cadmium are
likely natural in origin.

Concentrations of cadmium, mercury, lead and
18 other metals in seabird tissues collected during
the 1988 breeding season in Atlantic Canada,
including two locations in the Bay of Fundy, were
similar to those from other seabird species from
different locations around the world (Elliott ef al.
1992a). The highest mean concentrations of
mercury (21 to 28 pg.g'! dry weight) were found
in the livers of Double-crested Cormorants from
Saint John Harbour and highest mean lead
concentrations (32 to 63 pg.g-! dry weight) were
found in bone tissue of Herring Gulls from three
colonies in the Bay of Fundy. Leach’s Storm
Petrels had the highest cadmium concentrations in
kidney tissue of all species studied. The highest
mean concentration of cadmium was found in
petrels from the Gulf of St. Lawrence (65 to
180 pg.g! dry weight), but petrels from the Bay
of Fundy also had high concentrations (130 to
150 pg.g! dry weight) compared to other species
(0.3 t0 92 nug.g-! dry weight). Histological
examination of liver and kidney tissues did not
reveal any evidence of tissue damage associated
with elevated concentrations of metals. Elliott et
al. (1992a) concluded that marine birds are able
to carry appreciable body burdens of cadmium

and mercury without any apparent adverse effects.

Mercury concentrations in blubber, muscle,
liver and brain tissues of 12 harbour seals
collected in 1971 were similar to concentrations
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found in porpoises in the early 1970s (Gaskin ef
al. 1973). However, total mercury concentrations
in liver tissues of seals from the Bay of Fundy
were considerably greater than those in seals
from southern Maine.

Total mercury concentrations increased with
age in muscle, brain, kidney and liver tissues of
harbour porpoises taken during 1969 to 1977 in
the Bay of Fundy and adjacent waters (Gaskin et
al. 1972, 1979). However, mercury concentrations
in various tissues, except the liver, did not show a
strong relationship with either body length or
weight of porpoises. Mercury concentrations in
livers of both sexes decreased from 1970 to 1971,
remained low for 3 years and increased from 1974
to 1977. Mercury in muscle was virtually all in
the methylated form, while in the liver only 17%
was in the methylated form. Other tissues had
intermediate proportions of methylated mercury.
These results are similar to those reported by
Gaskin et al. (1973) for harbour seals and two
species of whales from the Lesser Antilles.

Mean concentrations of mercury in Fundy
porpoises sampled in 1989 (Johnston 1995) were
significantly lower then those previously recorded
for porpoises from the area (Gaskin et al. 1979),
but were similar to those reported for porpoises in
other locations (Teigen et al. 1993; Joiris ef al.
1991). Other than mercury, no long-term studies
of metal concentrations in porpoises exist.

Copper and zinc concentrations in liver, kidney
and muscle tissues of Bay of Fundy porpoises
sampled in 1989 (Johnston 1995) were similar to
values previously published for similar species
from other locations worldwide (Falconer ef al.
1983) as well as for other cetaceans in Canadian
waters (Wagemann ef al. 1990). Mean cadmium
concentrations in Fundy porpoises were somewhat
higher than concentrations reported for porpoises
in British waters (Law et al. 1992).

ORGANOMETALLIC COMPOUNDS
Tributyltin (TBT) is a biocide used in marine
paints to prevent fouling of boats and ships and
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can cause detrimental effects on marine
organisms. One effect, called imposex, is the
masculinization (the development of a penis and
vas deferens) in female neogastropod snails.
Imposex leads to reproductive failure and
consequently population decrease. In 1995 in
eastern Canada, the occurrence of imposex in
intertidal dogwhelks was examined at 34 harbour
sites near areas of boating activity (N. Prouse
personal communication). At 7 sites that were
not near boating activity or other sources of TBT,
no female dogwhelks had imposex. Dogwhelks
with imposex were found at 13 sites and the
frequency of affected females ranged from 20 to
100%. Two important harbours, Halifax and
Sydney in Nova Scotia, had sites where all
females were affected. The only site surveyed in
the Bay of Fundy was Saint John Harbour where
imposex frequency was 66%.

In other areas, such as the west coast of Canada
and the United Kingdom, neogastropods have
disappeared as a result of TBT contamination.
Dogwhelks were absent from 14 harbour sites in
eastern Canada with seemingly ideal habitat,
possibly as a result of TBT.

ORGANIC CHEMICALS

Little if any published information exists on the
concentration of organic contaminants in the
waters, suspended particulate matter, or sediments
of the Bay of Fundy.

ORGANOCHLORINE COMPOUNDS

No organochlorine compounds (DDT or
derivatives) or PCBs were either detected or
found in significant amounts (less than 5 pg.g!
wet weight) in soft-shelled clams sampled from
two intertidal sites located in Annapolis Basin
(Prouse et al. 1988), or in amphipod tissues (less
than 1 ng.g-! wet weight) collected from the
Minas Basin (Napolitano and Ackman 1989).

Average concentrations of PCBs in blue
mussels from the Gulfwatch Monitoring Program
exhibit a clear north to south increasing pattern in
the Gulf of Maine. This pattern of distribution can

68

be attributed to local historical use around large
population centres with long-term retention
within the sediments and benthic community.
DDTs were by far the predominant pesticide with
a spatial distribution 1
of P(
local sources, rather than a more diffuse

ch closely paralleled that
s. This also strongly suggests historic,
atmo heric fallout. It is surprising that higher
concentrations were not found in mussel tissues
furth
New Brunswick because these two jurisdictions

to the north, particularly off Maine and

used DDT extensively in forest spraying for
spruce budworm in the 1950s and 1960s.

One of the longest running marine monitoring
programs is that of the Canadian Wildlife Service
of Environment Canada, which has been
analyzing seabird eggs for organochlorine
compounds at three sites (Manawagonish [sland,
Kent Island and Machias Seal Island in New
Brunswick; Figure 2) in the Bay of Fundy since
1972 (N. Burgess, personal communication;
Elliott et al. 1992b; Pearce et al. 1989). Eggs of
the Double-crested Cormorant, Atlantic Puffin
and Leach’s Storm Petrel were sampled every four
years. Contaminant concentrations in each species
reflect contamination in different marine waters.
Organochlorine compound concentrations in
storm petrels reflect contamination of surface
organisms in continental shelf regions; those
found in the Atlantic
of fish in deeper waters of the continental shelf;

affin reflect contamination

and those found in the cormorant reflect
contamination of fish in inshore areas. However,
since seabirds tend to range over considerable
areas in their seasonal movements, it is sometimes
difficult to pinpoint the exact geographic source
of the contamination.

In cormorant and puffin eggs, PCBs make up
more  an two-thirds of the total organochlorine
compound concentration; the DDT group makes
up approximately 20%, and the other
organochlorine compounds make up the rest
(N.  rgese er communication; Noble

and Burns 1990).
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Concentrations of DDE and PCBs in cormorant
eggs have declined markedly since 1972, but
plateaued at low levels from the mid 1970s to
1992 (N. Burgess personal communication; Elliott
et al. 1992b; Pearce et al. 1989; Figure 5). These
declines are similar to the trend reported in gannet
eggs from the Gulf of St. Lawrence (Elliott ef al.
1988). The decreases have been attributed to the
cessation of PCB use in 1977 and to the ending of
extensive use of DDT in New Brunswick forests
to control spruce budworm (Pearce et al. 1989).
In 1992, concentrations of DDE and PCBs in Bay
of Fundy seabirds were higher than those off the
coast of Newfoundland but comparable to those
in the Gulf of St. Lawrence. Currently, the highest
concentrations of all organochlorine compounds,
except PCBs and DDE, are found in Leach’s
Storm Petrels (Figure 5). These concentrations
may reflect trends in LRTAP of these compounds
because this bird feeds on organisms found on the
ocean’s surface. Based on trends in marine birds,
DDE, PCBs, and dieldrin residue concentrations
in the near shore ecosystem of the North
American continental shelf have generally
declined in response to regulatory actions. In the
open sea, dichlorodiphenyldichloroethylene
(DDE) and PCBs appear to have decreased,
although concentrations of other organochlorine
compounds did not show any declining trend
(Elliott er al. 1992b).

In 1979, concentrations of PCDD congeners in
cormorants in the Bay of Fundy were 3 to 7 times
lower than concentrations in cormorants from
British Columbia in 1988 to 89 (Elliott et al.
1992b). This finding is consistent with the
generally lower concentrations of PCDDs and
PCDFs found in Atlantic ecosystems compared to
Pacific ecosystems (See Pacific Marine and
Freshwater Ecosystems Chapter). In contrast to
DDT-group-related egg-shell thinning observed in
Northern Gannet populations in the Gulf and
cormorants in the Bay of Fundy in the 1970s,
current polychlorodibenzo-p-dioxin (PCDD)
conc  rations pose no apparent threat to
seabird populations.
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The only information on organochlorine
compound concentrations in seals comes from a
study conducted in 1971 in which DDT-group
pesti .es, dieldrin and PCBs were measured in
muscle, liver, blubber and brain tissues of harbour
seals from the Bay of Fundy (Gaskin et al. 1973).
Concentrations of total DDT were less than half
those 1 porpoises sampled in the same year
(Gaskin et al. 1971). In contrast to porpoises
sampled at that time, relatively little dieldrin was
found in seal blu  >r.

PCBs were the most prominent among 90
individual organic contaminants in blubber tissue
of Fundy porpoises sampled during 1989 to 1991
(Table 3; Westgate et al. 1997). CHBs were the
second most prominent organochlorine compound
contaminant found in all porpoises in the western
North Atlantic. The use of CHBs has been very
limited in Canada. e presence of CHBs is
thought to originate from LRTAP and ocean
current transport from the southwest U.S.

Chlordane-related compounds (CHL) were
found in lower concentrations than PCBs, CHBs
and [ Ts (Table 3; Westgate et al. 1997).

Chlor  nes were detected in most porpoise tissues
in 1975-1977 in the Bay of Fundy, although their
concentrations were much lower than those of

Table3 Mean anochlorine compound concentrations in
the bl er of male and female harbour porpoises
from the Bay of Fundy/Gulf of Maine, 1989-1991.

Organochlorine Concentration
comf nd (ng.g”1 wet weight)
Male? Female?
17
12
77
6.1
0.37
0.33
1{N=bb]
2 (N=53]

Source: Westgate et al. 1997.
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compounds in right whales were low (e.g., Gaskin
1992; Gaskin ef al. 1983; Muir et af. 1988).
Woodley et al. (1991) caution that concentrations
may have been underestimated in their samples.
This underestimate may have occurred as the
blubber samples had a relatively low fat content
and samples were obtained during the summer
months. In the summer months, right whales are
laying down fat reserves, with the result that
existing concentrations of contaminants may
have been diluted.

OTHER AROMATIC COMPOUNDS

Polycyclic aromatic hydrocarbons (PAHs) in
blue mussels monitored in the Gulfwatch program
exhibited a pattern similar to that observed for
silver, lead and chromium. The highest
concentrations and the most frequent detection of
PAHs were found in the southern Gulf of Maine,
particularly near large population centres.

The Bay of Fundy is an integral part of the
larger Gulf of Maine ecosystem. It is a highly
dynamic hydrologic system with strong tidal
currents and some of the highest tides in the
world. The system is a highly dispersive
environment for both suspended sediment and
contaminants. Sediment dynamics are relatively
complex with extremely high suspended sediment
loads in the upper bay and much lower suspended
sediment loads in the lower bay.

Fisheries resources in the Bay, particularly the
outer bay, are of substantial value. The outer bay
has a thriving aquaculture industry. The upper bay
is an important area for development and growth
of young fish.

Metal contamination is generally of little
concern in the Bay. Concentrations in sediments
and blue mussels in most areas reflect what would
be expected from local geological sources.
Anthropogenic sources of metals do not appear to
be sufficient to lead to local accumulation in the
Bay’s highly dispersive environment.
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The downward trend of DDT-group and PCB
conc (rations in seabirds and porpoises indicates
that regulatory controls have been effective in
reducing input of these persistent compounds
into the local environment. Some data on seabirds
and porpoises indicate that input of persistent
organic contaminants has shifted from riverine
to ati spheric sources. Except for higher level
predators such as se  irds and marine mammals,
relatively little is known regarding contaminant
distribution, fate and effects in biota in the

Bay of Fundy.

Although source management has had a
positive effect on concentrations of contaminants,
there are nevertheless some important current
and emerging issues. Only a few of the most
important issues are described briefly below. For
a comprehensive review of current and emerging
issues in the Bay of Fundy, see Percy (1997) and
Percy and Wells (1997).

Wastes discharged from municipalities and
industries have been shown to have detrimental
effects on shellfish and other aquatic life.
Closures of shellfish harvesting areas are
principally the result of bacterial contamination
from human and animal wastes and agricultural
run-off (Menon 1988). Since 1940, there has
been steady increase in the number of shellfish
closures throughout the Bay of Fundy and
Atlantic Canada (I chell and Menon 1992).
Reversing this trend will require improved
sewage treatment ar improved effluent quality
from industries and municipalities throughout

the region (Menon 1988).

Few waste waters entering the Bay of Fundy
have been characterized from a chemical
contamination perspective. Contaminant discharge
estim  2s for most industrial and municipal
effluents in New Brunswick and Nova Scotia are
incomplete and are frequently based on typical
contaminant concentrations for each industry or
data (NOAA

" important to characterize

municipality and not on monitori:
1994). It is particuls
contaminant discharge in multi-use industrialized



harbours where local fisheries are significant. As
local sources are controlled, the long-range
transport and deposition of contaminants will
assume greater relative importance.

The potential impact of the rapidly-growing
salmon aquaculture industry is one of the major
habitat concerns in the Bay of Fundy (Chang et
al. 1995). There are more than 60 aquaculture
sites in the Quoddy region. Aquaculture can
have adverse impacts on marine habitat due to
the discharge of wastes (e.g., food, feces) and
chemicals (such as disinfectants, pesticides and
therapeutants) that can affect bottom sediments,
water quality and native wild species. Aquaculture
operations can also obstruct fish migration routes,
fishing activity, and navigation routes. Recent
studies indicate that the aquaculture industry in
some areas of the region may be approaching
holding capacity, and that addition of new
aquaculture sites may degrade the surrounding
water quality and benthic environment
(Strain et al. 1995).

Changes in sediment dynamics and
hydrological processes, whether as a result of
human activities or long-term global changes in
sea level and climate, have the potential to make
profound changes in the functioning of the Bay.
The consequences of such changes on the fate
and biological effects of chemical contaminants
are largely unknown. Because most contaminants
in the Bay are tied up in suspended sediments
and bottom sediments, changes in sediment
dynamics are expected to also affect the fate
of contaminants.

The Bay of Fundy Marine Ecosystem

Recent observations of changes in sediment
dynamics and properties at the head of the Bay
indicate large-scale erosion in some areas and
deposition in others, implying movement of large
amounts of sediment material in the upper Bay.
Human alteration of the habitat (i.e. diking,
building of causeways, upstream dams, ri
barrages and other river obstructions) has had
measurable impact on local areas. The
contribution of these developments to wide-scale
sediment changes is only now being observed.
Natural variability, such as long-term cycles in
tidal amplitudes, water temperatures and sea
levels, may also contribute to observed changes in
sediment dynamics. Currently, there are plans for
large-scale aggregate mining within the Bay of
Fundy to remove gravel. It is not clear what
impact this might have on the sedimentary
dynamics of the Bay.

Changes in fish species assemblages and food
web dynamics may affect the pathway of
contaminants and their ultimate fate and effects in
the ecosystem. For example, in recent years there
has been a shift from the harvesting of cod and
other groundfish to dogfish and skate in the Bay
of Fundy. Fishers now exploit new resources such
as seaweed and baitworms. Because relatively
little is known about the biology and role in the
food web of these species, their role in altering
the fate of chemical contaminants is unknown.
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biota. The concentrations of contaminants found
offshore are generally low but the contaminants
that are present are widespread. Large quantities
of contaminants are shipped through the area,
presenting a possible risk from spills. There are
also large reserves of petroleum which will come
into commercial production. Hibernia, Terra
Nova, White Rose and Sable Island are all
offshore developments which, under normal
circumstances, pose little threat of contaminant
effects on benthic communities except in the
vicinity of the production platform or in the case
of a spill. Effects on other aquatic organisms
(particularly larval fish) may extend considerably
beyond this distance, however, risks are not yet
clearly defined.

The potential impacts of the nickel/cobalt
mining operation at Voisey’s Bay, Labrador, and
of the associated smelter at Argentia, Placentia
Bay have not yet been evaluated.

OCEANOGRAPHIC FEATURES
oF IMPORTANCE TO

CONTAMINANT DYNAMICS

The NWA area is characterized by a wide and
shallow continental shelf, strong currents and a
large riverine input. There are also large areas of
seasonal ice cover with a strong storm-driven
wave action.

The continental shelf stretches along an
extensive coastline of about 10 000 km with
width varying from 100 km off Labrador, to about
500 km on the Grand Banks. The depth varies
from less than 50 m on the Georges and Sable
Island Banks to 75 to 250 m over most of the
area, with the exception of the Laurentian
Channel where it is about 450 m. The shallow
shelf provides good habitat for adult fish species,
including: cod; halibut; haddock; redfish;
flounder; skate; grenadier; hake; herring; eel;
salmon; capelin; sandlance; and turbot as well as
invertebrates; including shrimp; crab; lobster;
scallops; squid; mussels; and clams.

The Northwest Atlantic Marine Ecosystem

The Labrador Current originates in the Arctic
and flows south over the shelf off Labrador and
Newfoundland. As it progresses over the shelf, the
current splits into two branches. The westward,
inshore branch sweeps the south coast of
Newfoundland as it proceeds to the Gulf of St.
Lawrence. The offshore branch follows ¢ edge
of the continental shelf around the Grand Banks
and along the Scotian Shelf. The Labrador
Current is very cold, with temperatures ranging
from -1.6 to -1°C in winter and 10 to 15°C in
summer. The cool waters and ice cover make this
region much colder than the northeast Atlantic at
similar latitudes. The volume of water carried by
the Labrador Current is more than two orders of
magnitude larger than the flow of the St.
Lawrence River (Hildebrand 1984).

The Labrador Current carries nutrients and
fresh water from terrestrial run-off of major
Canadian rivers over the continental shelf. As the
current passes over the shelf it mixes with riverine
fresh water from the coastline as well as
underlying and offshore waters, and gains heat
from solar radiation. The mixing of nutrients from
fresh water together with warming over a shallow
shelf provides conditions for high plankton
productivity and a good nursery for juvenile fish
(Anon. 1984). The principal fisheries resources
are located either at the areas of high primary
productivity of plankton, or further downstream
of these regions (Scarratt 1982).

In the south, the predominant currents on the
shelf are waters emanating from the Gulf of St.
Lawrence and the Nova Scotia Current flowing
westwardly along the coast of Nova Scotia. The
Nova Scotia Current increases in heat and nutrient
content as it progresses southward due to mixing
with offshore waters. The salinity of this water is
less than that on the Grand Banks due to the
freshwater from the St. Lawrence; while the
inshore water mixes with warmer water from the
Gulf Stream which originates in the tropics. Since
this water is much warmer than that of the north,
the marine environment in the southern part of the
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northwest Atlantic is different, in terms of species
composition and growth rates, than that in the
northern part.

B10LOGICAL RESOURCES

[n 1994 there were approximately 720 000 t of
fish and shellfish caught and marketed in the
NWA with a value of $1.1 billion. Groundfish
accounted for about 48% of the catch tonnage,
pelagic fish about 28%, and shellfish 24%.
Shellfish amounted to 60% of the landed value
of the fisheries, groundfish accounted for 33%
(Anon. 1994).

The NWA groundfish stocks have shown
dramatic declines in recent years. At the same
time, shellfish stocks, particularly shrimp and
crab, have increased. Cod normally represented
about half of the groundfish catch. The remainder
consisted of redfish and flatfish; including: three
species of flounder; turbot in the Newfoundland
Shelf and Grand Banks area; and haddock,
pollack and flatfish in the Nova Scotia area
(Anon. 1994).

Lobster has the highest landed value,
accounting for more than one-quarter of the
landed value of shellfish on the Atlantic coast.
The next most valuable shellfish are crab, shrimp
and scallops (Anon. 1994).

Marine mammals are a resource of considerable
historic importance. Both whales and seals were
once exploited extensively and whales are now
highly valued by the ecotourism industry. During
most of the past century, 250 000 seals a year
(mostly harp seals) were harvested primarily for
skins, fat, and to some extent, for the meat. Since
1982 less than half of the annual quota of 86 000
have been taken. Harp seals, the most abundant
seals, are found throughout the area. They are
seasonal migrants and most of their feeding is in
the Atlantic and Arctic Oceans. Hooded seals are
found in the same areas. Grey seals are found
around Sable Island, the coast of Nova Scotia, and
in the Gulf of St. Lawrence. Polar bears prey on
seals on the sea ice and are common on the spring
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ice as far south as the east coast of

Newfoundland. As the ice breaks up, bears

swim north or in some cases come ashore in
abrador and return overland to the Arctic.

Marine birds are found in the areas of high
pelagic fish abundance, including the Grand
Banks, along the coast of Newfoundland and
southern Labrador, off the southern coast of Nova
Scotia, and off the coast of Cape Breton Island.
The birds feed on fish or other marine organisms
and bioaccumulate contaminants.

SOURCES

In the NWA, natural environmental processes
result in the leaching of metals from rocks and
soils while mining, ¢ zlting, other industrial
activities and domestic sewage all add metals to
the environment. These metals are transported to
the sea either as run-off or through the

atmosphere (Brandon and Yeats 1984).

DisTRIBUTION, TRENDS AND EFFECTS
METALS AND
ORGANOMETALLIC COMPOUNDS

Several assessments have been made of the
input of metals to the NWA from two major
sources of fresh water, namely the Hudson Strait
and the Gulf of St. Lawrence (Bewers and Yeats
1977: randon and Yeats 1984; Yeats 1993).
Measurements of the metal content of some of the
rivers of Labrador, Newfoundland, and Nova
Scotia are available from the DOE ENVIRODAT
environmental database. Measurements of trace
elements in NWA seawater have been reported
(Bruland 1983); however there are no published
studies of metals in offshore Newfoundland
sediment and water. Sediments from harbour
dredging and other such harbour sampling in



Newfoundland show a range of 0.1 to

1 900 pg.g-! dry weight sediment for cadmium

in Newfoundland harbour sediments. Elevated
concentrations of cadmium are not known to exist
offshore. Limited measurements are available for
offshore Nova Scotia sediments and water

1974; Yeats 1987). N
have been made of metals in water and sediments

(Buckley e surements
of Nova Scotia harbours and estuaries (e.g.,
Buckley et al. 1974; Cranston et al. 1975;
Windom et al. 1991), including a major study of
Halifax Harbour (Nichols 1989). A chronological
study on the metal contamination of sediment
cores from Halifax Harbour indicated that the
metals copper, zinc, lead and mercury increased
from 1890 to 1980, with maximum
concentrations among the highest reported from
urban and industrialized coastal marine areas in
the world (Gearing et al. 1991). Recently, metal
concentrations in sediments were reported for a
number of harbours in Nova Scotia (Loring et al.
1996) and high concentrations of metals were
observed in several industrialized harbours
(Figure 2). A large proportion of the cadmium in
these sediments, and smaller proportions of the
other metals, were found to be bioavailable.

A series of elements was examined in muscle,
liver and gonad of various fish species inhabiting
the inshore and offshore waters of the NWA
(Hellou et al. 1992a, 1992b, and 1996a). In
general, muscle was enriched in cesium and
arsenic. Liver was enriched in silver, manganese,
iron and molybdenum when compared to muscle
and gonads. The above results in finfish tissue
collected offshore provide a point of reference.
They may be used to compare concentrations of
elements in finfish inhabiting areas close to point
sources of contamination with offshore fish.
Hellou et al. (1996) found between 2 and 4 times
higher concentrations of lead, aluminum, calcium
and lithium in muscle of inshore yellowtail
flounder than those found in the offshore species.
For example, the concentration of aluminum was
of 1.1 to 1.3 pg.g’! dry weight in muscle of
inshore fish, as opposed to 0.1 to
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0.8 png.g-! dry weight in offshore fish. The
concentration of lithium was 0.16 to 0.18 as
opposed to 0.02 to 0.09 pg.g-! dry weight in
these two groups.

High concentrations of methylmercury
commonly occur in large predatory offshore,
pelagic fish such as tuna and swordfish. Selenium
counteracts some toxicological effects of the high
mercury concentrations (Cappon 1994a; Cappon
1994b). Data for both swordfish and tuna from
the NWA indicate that the mercury concentrations
exceed the 0.5 ug.g! wet weight limit
recommended by the World Health Organization
for human consumption (Freeman et al. 1978;
Hellou et al. 1992a). However, Freeman et al.
(1978) and Hellou et al. (1992a) show that there
is enough selenium in swordfish and tuna to
counteract the effects of the mercury. Mercury
concentrations in the muscle of harp seals, which
are also predatory, (although perhaps having a
different diet than fish), do not exceed 0.28 pg.g-!
(Botta et al. 1983). These data imply that
although top predator fish are high in mercury,
predatory mammals such as seals do not
accumulate high concentrations of mercury in
their flesh due either to dietary or metabolic
differences or to the selenium in their diet which
may control mercury accumulation.

Tributyltin (TBT) compounds are biocides used
in marine anti-fouling paints. Although its use
was regulated in 1989, TBT is still permitted for
use on aluminum boats, naval vessels and vessels
over 25 m in length. Prior to regulation, TBT was
detected at < 0.1 pg.L-! in the water of
Conception Bay, Newfoundland and in the
harbour sediments of Argentia, Halifax and Port
Hawkesbury at < 0.01 mg.kg™! dry weight as tin
(Maguire et al. 1986). The same study found
measurable TBT in sediments from Sydney
Harbour and Conception Bay, at 0.01 and 0.03
mg.kg-! dry weight respectively. These
concentrations were low relative to those
measured in Vancouver Harbour (up to
11 mgkg! dry weight).
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Concentrations in the sediments of Sydney
Harbour are highest near the ponds (about

2 000 mg.g'! dry sediment) and decrease with
distance away from the ponds. A similar gradient
was reported for B[a]P concentrations found in
the digestive glands of different lobsters from
the s:
wet weight in the lobster from the south arm of

areas, with values as high as 930 ng.g"!

the harbour compared to 1 to 1.6 ng.g-! for
lobster from the open coast near Port Morien
(Uthe and Musial 1986).

The lobster fishery in the south arm of Sydney
Harbour has been closed since 1982 due to the
high concentrations (710 to 1 300 ng.g! wet
weight) of the B[a]P in the digestive gland, and 27
to 37 ng.g-! wet weight in the tail muscle of
aromatic compounds found in lobsters from the
area. The high concentrations remained at least
until recent times (Vandermeulen 1989).

The assessment of the state of the NWA
environment focuses mainly on determining
the concentration of contaminants in various
environmental matrices (biota, sediments and
water). Contaminant concentrations are higher
nearshore, near point sources of contamination,
such as untreated sewage discharges, harbours,
industrial inputs, dump sites and water run-off.
Although chemical contaminants are widespread,
it was found that their concentrations were
relatively low in the NWA offshore sediments,
water and biota.

The concentration of DDT compounds has
declined in NWA biota since the mid 1970s.
However toxaphene concentrations have
increased. Dated sediment cores from Halifax
Harbour have shown increases in contaminant
concentrations over the past 100 years. Although
some have been banned since the 1970s,
organochlorine compounds are persistent and
bioavailable in the NWA. The occurrence of
organochlorine compounds in NWA biota is
widespread but the concentrations are generally
low. Higher concentrations are found in fattier
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tissues, as well as older organisms within a
species and at higher trophic levels in a
food chain.

TBT occurs in sufficient concentrations in
NWA harbours to cause imposex in dogwhelks.
The effects of TBT on other t
commercially important species such as lobster

1, particularly

and shellfish, have not been thoroughly
investigated on the east coast. For example,
imposex has been observed in the edible whelk in
Europe (Ten Hallers-Tjabbes et al. 1994). This
same species is caught commercially in the Gulf
of St. Lawrence and the St. Lawrence estuary. The
feasibility of a whelk fishery has been examined
in Newfoundland (Flight 1987) and Nova Scotia
(E. Kenchington personal communication).
Studies on how TBT could affect this and other
fisheries are needed as is a better understanding
of TBT bioavailability and the extent and
dynamics of its adverse effects on biota.

Biota inhabiting areas of the Grand Banks of
the NWA slated for petroleum development have
higher concentrations of PAHs in their tissues
than other offshore biota. The first extensive study
on the bioaccumulation of PAHs in finfish
indicates that younger or smaller finfish would
be more susceptible to contamination in the case
of a spill. Large quantities of crude oil are
currently shipped through the NWA. There are
also a number of ongoing petroleum development
projects. Due to the magnitude of the possible oil
spills and the harsh environmental conditions
prevailing in the NWA, there is a constant risk of
detrimental effects on the various organisms.

Metals have been found at low concentrations
in sediments and biota of offshore areas with
higher concentrations in the harbours and the near
inshore. High concentrations of mercury in
offshore predatory fish are an exception to this
general trend. There have been no measurable
biological effects in the NWA except in the case
of TBT, however, there have been closures of
some fisheries. These include the fishery in the
area around Long Harbour, closed due to a local
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elemental phosphorus contamination. The tuna
and swordfish fishery were also closed for a
period of time due to naturally occurring high
concentrations of mercury in the fish. The
potential effect of the Voisey’s Bay mining
activities and the associated smelter in Argentia
need to be evaluated.

SYDNEY HARBOUR
ydney Harbour is an example of an
industrial harbour that continues to
have high concentrations of several
contaminants, both in sediments and
in some aquatic biota, notably
invertebrates. Although it is expected that
controlling the sources of contaminants on
land will reduce their input to the harbour,
contaminants already in the sediments will
likely persist for many years. Thus, the risk to
fisheries from chemical contamination will exist
for some time, necessitating careful management
of the resource.

Sydney Harbour, on the north coast of Cape
Breton Island is a Y-shaped embayment about 15
km long and 3 km at the mouth. South Arm has a
shallow sill, 13 m deep, and increases in depth to
about 18 m at the centre, thus forming a basin.
Northwest Arm shallows gradually to its head.
The water of the outer harbour is generally well
mixed, primarily by tidal currents. Within south
arm there is a two-layer estuarine circulation due
to the input of fresh water from Sydney River.
The combination of estuarine conditions with the
sill results in the accumulation of organic matter,
coming from the river and sewage from Sydney.
Decomposition of organic matter produces anoxia
in sediments, particularly during the summer,
which is detrimental to marine life.

The cities around the harbour have a combined
population of about 41 000 (1991 census). Major
industries and commercial activities around the
harbour area include shipping, a ferry terminal,
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ship repair, fish processing, coal processing, and a
major steel mill (Vandermeulen 1989; Hildebrand
1984). Untreated sewage enters the harbour from
the cities of Sydney on South Arm, Sydney Mines
and North Sydney. The steel mill dumps effluent
containing ammonia, phenols, cyanide, organic
carbon, and other pollutants into South Arm
(Hildebrand 1984). Aromatic hydrocarbons,
nitrogen and oxygen heterocyclic compounds are
also present in the harbour. These tar ponds are
the residue from coke ovens that operated in the
area until the mid-1980s. There are an estimated

1 million m3 of contaminated sediment containing
a total of between 2 and 4 million kg of aromatic
material (Vandermeulen 1989) at concentrations
from 600 to 30 000 ug.g! dry weight
(Vandermeulen 1989).

Runoff from Muggah Creek passes over the
deposits and flows into South Arm. Some water
samples from the harbour had the highest
concentrations of P+ s found in surface waters
in Atlantic Canada, falling in the range of 0.1 to
1.0 ug.L-!. One san = exceeded the maximum
acceptable concentration for drinking water B[a]P

of 0.01 pg.L-! (O’Neill and Kieley 1992).

In the sediments the highest concentrations of
aromatics, heterocyclic aromatics and trace metals
were found at the source, the mouth of Muggah
Creek, and declined seaward through South Arm
and the outer harbour (Vandermeulen 1989). The
concentrations of aromatic hydrocarbons were
over 100 pg.g-! dry weight at the source and 30 to
100 pg.g! in the middle of South Arm (Figure 5).
Northwest Arm had lower concentrations of
aromatics (3 to 10 ug.g1). Heterocyclic aromatic
hydrocarbons were present at levels of 10 to
5200 ng.g'! dry weight in the sediment of South
Arm but rarely were detected outside South Arm
(Kieley et al. 1988). Phthalate esters,
chlorophenols and organochlorine compounds
such as dieldrin, heptachlor epoxide, trans
chlordane, DDT and mirex were also found in
the sediments of Muggah Creek
(Vandermeulen 1989).
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downstream of the plant. The herring typically
exhibited extensive hemorrhaging, particularly
around the gills. As a result of the redness of the
herring, this occurrence was referred to as the
“red herring” problem. Large numbers of other
fish, mostly cod, were found dead on the bottom
in Long Harbour towards the end of April. As a
result of concerns over the fitness of fish for
consumption, part of Placentia Bay near Long
Harbour was closed to fishing in May. Due to the
adverse publicity, the phosphorus plant was also
closed for a short period. During operation the
plant discharged 1 250 pounds of elemental
phosphorus per day as well as considerable
amounts of sulphur dioxide and fluoride, together
with lesser amounts of cyanide and ammonia
(Idler 1972). Subsequent scientific investigations
found elemental phosphorus to be highly toxic to
some fish, although less toxic to lobsters. This
study experimentally exposed fish to known
amounts of contaminants in water but also
initiated the development of a sensitive analytical
method for the analysis of the phosphorus in

water, sediment and tissue (Addison and Ackman
1970). It was found that upon exposure to
phosphorus in water at concentrations as low as
2.5 pg.L-1, the bloc
thus allowing the hemoglobin (the red pigment in
bloc  to leak into tissues (Zitko ef al. 1970). The
other contaminants detected were of much lower

of fish tended to hemolyze

toxicity. Phosphorus was thus identified as the
causal agent. Large quantities of phosphorus were
found in the sediments of Long Harbour (up to
2 000 pg.g'!) (Addison et al. 1972). The operators
of the plant agreed to remove the contaminated
sediment from the harbour by suction dredge,
contain the sediment and treat the water to
remove the phosphorus prior to releasing the
water in the bay. In the spring of 1973 there
was a rupture of a pipeline on the wharf during
phosphorus loading. About 5 t of phosphorus
were spilled into the caissons of the wharf
structure. When the plant was decommissioned
in 1989, the phosphorus was left in the caissons
of the wharf.
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Inc. 1993) and cover an area of nearly

250 000 km2, about the size of the United
Kingdom. The lakes have 17 000 km of coastline
and drain adjacent lands totaling more than half a
million square km, via 750 000 km of tributaries
and more than 80 000 small upland lakes. The
system includes five of the world’s 14 largest
freshwater lakes (Environment Canada/U.S. EPA
1995). Portions of four of the five Great Lakes
are in Canada. Only Lake Michigan is entirely
within the borders of the U.S. Table 3 shows

the maximum depth, mean depth, surface area,
volume, shoreline length and retention time

of each lake.

The flushing time of the lakes is very long,
leading to the accumulation of contaminants in
the system. Less than 1% of the volume of the
Great Lakes exits the system each year out
through the St. Lawrence River. While in the
Great Lakes system, contaminants tend to bind
to particles and sink to the bottom. There they
become part of the lake sediments, or they are
ingested by organisms and incorporated into the
food web. Contaminants can be retained for many
years, and can pass back and forth between water
and other components of the ecosystem
(Government of Canada 1991b).

Lake Superior is the largest body of fresh water

in the world and is the deepest of the Great Lakes.

It contains more than half the water in the Great
Lakes system, a volume which takes about 190
years to flow into Lake Huron via the St. Mary’s
River (Environment Canada/U.S. EPA 1995).

The Great Lakes Ecosystem

Lake Huron is the world’s third-largest body of
fresh water and drains an area of 134 000 km?2,
the largest drainage basin of all the Great Lakes.
It is the second shallowest of the Great Lakes.
Lake Huron’s waters flow via the St. Clair River,
Lake St. Clair, and the Detroit River into Lake
Erie (Environment Canada/U.S. EPA 1995).

Lake Erie is by far the shallowest of the Great
Lakes, containing the smallest volume of water.
Lake Erie drains into Lake Ontario via the
Niagara River and the Welland Canal
(Environment Canada/U.S. EPA 1995).

Lake Ontario is the smallest of the Great Lakes
in surface area, but it is nonetheless the world’s
fourteenth-largest freshwater lake by volume.

It has the smallest drainage basin, 64 000 km2.
On average however, it is the second deepest of
the lakes. Lake Ontario’s water volume takes

six years to flow into the Atlantic Ocean via

the St. Lawrence River (Environment Canada/U.S.
EPA 1995).

BioLogICAL RESOURCES

In 1992 commercial fisheries accounted for a
total of about 18 000 t with a value of $36 million
(DFO 1994). Eighty percent of the commercial
catch of the Great Lakes fishery, representing
80% of the total earnings, was harvested from
Lake Erie. Lake Huron, with 12% of the catch
and 16% of the income, was the source of most of
the remainder (DFO 1994). Smelt (41%), yellow
pickerel or walleye (23%), white perch (14%),
yellow perch (14%), and lake whitefish (12%)

Table 3  Physical characteristics of the Great Lakes.
Lake Maximum depth Mean depth Surface area Volume Shoreline length Retention time
{m} (m) (kn?) (k) {km) {wr)
4]0 82000 ........... ‘00 ........................... 4800 .............................
280 58 000 100 2700
230 60 000 00 5100
64 26 000 80 1400
250 19000 i00 1200

Source: Government of Canada 1991a.
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accounted for the largest proportions of the catch.
Pickerel was the most valuable species landed
($13 million), followed by yellow perch

($11 million), lake whitefish ($4.5 million),
smelt ($2.7 million) and white perch ($2.2
million) (DFO 1994). The success of recreational
fishing, which accounts for a total (Canada/U.S.)
annual value of $2.8 billion, is based on stocking
of desired species. It is a “put-and-take” fishery,
dependent on annual inputs of lake trout, splake,
rainbow trout, coho, chinook and Atlantic salmon
(LTI, Limno-Tech Inc. 1993).

SOURCES

The Great Lakes are used for industry,
agriculture, domestic water supply, sewage
disposal, transportation and navigation, fishing
and power production. Industries employing
more than two million Canadian workers, and
accounting for half of Canada’s industrial
capacity, are located near the shores of the
Great Lakes. The Great Lakes Basin industrial
activity accounts for 20% of U.S. industry if
all the lakes, especially the heavily industrialized
basin of Lake Michigan, are included.

Agricultural activities in the Great Lakes
Basin encompass approximately 11 million ha
in the U.S. As well, the vast majority of Ontario’s
approximately 5.4 million ha of farmland is
located within the basin (Allardice and
Thorpe 1995).

Land uses include urbanized areas and
industrial facilities, agricultural and private
recreational land. The surrounding population is
distributed unevenly. Three-quarters of the
inhabitants are concentrated in the Lake Erie and
Lake Michigan basins, and another fifth in the
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Lake Ontario basin, leaving the Lake Huron and
Lake Superior basins sparsely populated. Of the
nearly 8.5 million Canadians in the region,
nearly two-thirds (5.5 million) live in the Lake
Ontario basin. Just six urban areas contain 75%
of the Canadian Great Lakes Basin population
(Allardice and Thorpe 1995). The most
significant trend in the region has been urban
sprawl of lower density residential and other
developments. These developments are more
environmentally stressful than crowded urban
forms (Environmen  anada/U.S. EPA 1995).
The large water surfaces of the five Great
Lakes and the other lakes in the basin make them
particularly vulnerable to atmospheric deposition
of contaminants (Government of Canada 1991b).
Table 4a shows loadings of hexachlorobenzene
(HCL and total polychlorodibenzo-p-dioxins
(PCDDs) and polychlorodibenzo-furans (PCDFs)
to the Great Lakes from both air and water
sources. Table 4b provides estimates of the inputs
and losses for total PCBs in the Lake Superior
basin from various sources. The upper Great
Lakes — Superior, Michigan and Huron —
receive a significant fraction of their lead, PCBs,
and DDT directly from the atmosphere (IJC
1988). Compared to
larger surface areas and fewer local contaminant

2 lower lakes, they have

point sources. Therefore, the predominant

atmospheric source of toxic chemical loadings to
the upper Great Lakes is more difficult to reduce
than the major point sources which are important

to the wer Great Lakes. Due to local sources,

Table4a  Amounts of HCB, PCDDs and PCDFs contributed to
the G at Lakes from air and water sources.
B loadings PCDD and PCDF loadings
(kg.yr) {g.TEQ.yr')
" 'A"ir Water Air Water
Superior 1 0.1 56 14
Huron 16 06 8.6 1.4
Erie 15 <72 73 11
Ontario 23 35 6.4 <39

Scurce: Cohen et af 1995.




total PCB inputs to the lower Great Lakes are
4 times higher than to the upper Great Lakes
(1JC 1988).

Municipal and industrial direct discharges
contribute sizable quantities of chemical
contaminants to the Great Lakes and their
tributanies. Industrial dischargers to the Great
Lakes surface water system include pulp and
paper mills; major chemical plant complexes
on the Ontario side of the St. Clair River; and
on the American side of the Niagara River,
petroleum refineries, and iron and steel mills.
Other sources of contaminants are automotive
plants, wood preserving facilities, metal
processing and finishing plants, municipal sewer
systems, leaking municipal and industrial dumps,
and urban and agricultural run-off (1JC 1991).

Throughout the Great Lakes Basin, 42 “Areas
of Concern” (AOC) have been identified. In these
areas, chemical contamination has impaired the
functioning of the ecosystem. Of the 42 sites,

17 are totally within Canadian jurisdiction.

Some of these sites, which are often harbours or
embayments, act as point sources of contaminants
to the main lake. A study by Fox ef al. (1996)
identified Hamilton Harbour, an AOC, as a net
source of polycyclic aromatic hydrocarbons

Table 4b Estimates of total PCB loadings and losses
for Lake Superior 1992.

alance!

Amount
{kgyr )

Wet and dry deposition
Tributary input

Direct discharges
Vapour deposition
Sediment burial

River outflow

Volatilization

1 Total amount is not the sum of individual amounts due to rounding.

Source: Hoff et al. 1996.
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(PAHs) and PCBs to Lake Ontario. However, the
total loading was not significant in comparison
to the atmospheric input which is estimated to
be as much as 100 times greater. Often, point
source loadings in the Great Lakes are small

in comparison to atmospheric inputs which
sometimes originate from sources outside

the basin.

For some chemical contaminants, such as lead,
mercury and PCBs, there are no large and easily
identifiable individual sources discharging
directly to the Great Lakes, and the impact from
emissions from individual sources to the
atmosphere 1s not known. Most recognizable
sources have already been subjected to controls.
Remaining sources tend to be widely dispersed
and, in the case of air emissions, often outside
the Great Lakes Basin.

Lead, mercury and PCBs, are subject to
regional and long distance transport and may
then be deposited from the atmosphere. In
addition, the so-called “grasshopper effect.”
(successive emission, transport, deposition and
re-emission processes from sources within and
beyond the Great Lakes Basin), may contribute
significantly to the loading of contaminants to the
Great Lakes (1JC 1993). For a more detailed
description of the “grasshopper effect” see the
discussion of the Cold Condensation Theory in
the Arctic Marine Ecosystem Chapter.

Remote and local sources contribute to the
atmospheric mercury fallout into the Great Lakes.
Some of the atmospheric deposition of lead in the
Great Lakes comes from sources outside the
basin. For example, preliminary calculations
performed by the U.S. Environment Protection
Agency (EPA) indicate that sources located 500 to
1 000 km south of Lake Superior contributed
more than 30% of the lead deposited into the
lake in 1985 (IJC 1993).

There has been a marked reduction in lead
concentrations in the atmosphere in the last
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decade. This is expected to result in lower lead
concentrations in Great Lakes water, surficial
sediments and biota. This decrease is due
primarily to reduced emissions caused by the
introduction of unleaded gasoline (IJC 1993).

Point and diffuse sources of PCB contamination
of the Great Lakes have been identified.
Atmospheric deposition is also a major source
of PCBs (L Italien 1993). Analysis of suspended
solids in streams entering the Great Lakes from
1974 to 1976 found the highest concentrations of
PCBs in the Humber and Niagara rivers, both of
which flow into Lake Ontario (Frank er af. 1981).

Spottail shiners taken from inshore Ontario
waters at the western end of Lake Erie had
higher concentrations of PCBs than those from
the eastern end of the lake, suggesting that the
Detroit River is a significant source of PCBs
(See Figure 2). Spottail shiners collected near the
Love Canal toxic waste dump (102nd Street and
Cayuga Creek. sites) in Niagara Falls, N.Y., had
high PCB concentrations, suggesting the Love
Canal as another significant source of PCBs.
Figure 2 also shows that PCB concentrations in
these forage fish collected from Etobicoke Creek
and the Humber and Don Rivers in Metro Toronto
were higher than fish collected from nearby sites
in Lake Ontario, indicating watershed inputs of
PCBs to Lake Ontario (Suns ef al. 1993).

The primary source of the most toxic forms of
PCDDs and PCDFs (tetrachloro-) in the upper
Great Lakes (Superior and Huron) was pulp and
paper mill effluents from operations which
employed chlorine bleaching. The primary source
in the lower Great Lakes is from old chlorophenol
production sites and chemical waste dumps
(Whittle et al. 1992).

DISTRIBUTION,
TRENDS AND EFFECTS

Concentrations of chemical contaminants in the
Great Lakes are generally dramatically lower now
than they were when measurements were first
taken in the mid-1970s. However, declines in
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PCBs. DDT and some other organochlorine
compounds in biota have ceased, and even
reversed, in the past decade. The reason for this
is uncertain, and factors other than contaminant
loadings may be responsible. One possible reason
is that changes in the food web may have altered
contaminant pathways to the top predator fish
species and made these fish more vulnerable to
excessive contaminant accumulation (See Case
Study: Increases in Contaminant Burdens Related
to the Invasion of Lake Erie by Zebra Mussels).

Overall, concentrations of several chemical
contaminants in water and aquatic biota exceed
values recommended r the protection of
human health, resulting in fish consumption
advisories for each of the Great Lakes. With
local exceptions, Lakes Ontario, Michigan, and
Erie and the connecting water bodies continue
to be more severely contaminated than Lakes
Superior and Huron. Lake Ontario, situated at
the end of the system, is the most contaminated
as it receives the cumulative loading from all
water bodies upstream. In the past the highly
contaminated Niagara River has accounted for
more than half of Lake Ontario’s contaminant
loading (Government of Canada 1991).

The Ontario Sport Fish Contaminant
Monitoring Program, in operation since the
early 1970s, provides consumption advice for
anglers for more than 1 600 locations throughout
the province including Lakes Ontario, Erie,

iron, and Superior. Dorsal muscle samples
are analyzed for a range of metals, pesticides and
industrial organic chemicals. Table 5 shows the
percentage of sites with consumption restrictions
in any size class of Great Lakes top predator fish
in 1993 and 1995. The long term trend observed
by the monitoring program is a decline of
contaminant concentrations in fish once the
source of contamination is eliminated or curtailed.

METALS AND
ORGANOMETALLIC COMPOUNDS

Analysis of Canadian Great Lakes sediments in

the early 1970s founc 1e lowest mean
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concentrations of mercury in Lake Superior
(83 ng.g-1), and the highest in Lake St. Clair
(630 ng.g"), Lake Erie (610 ng.g™"), and
Lake Ontario (650 ng.g!) (Thomas 1974).

Concentrations of mercury in fish have
generally declined, although data for some Lake
Huron fish have also shown minimal increases
in the early 1990s. Analysis of lake trout show
similar concentrations of mercury (about
0.1 ng.g'! wet weight) in all four Canadian Great
Lakes for samples taken in 1994 (Figure 3).
Rainbow smelt, a prey fish species, has been
routinely monitored by the Department of
Fisheries and Oceans since 1977. Results showed
that concentrations of mercury in smelt samples
are highest in Lake Superior, and have declined
significantly in Lakes Superior, Huron, Erie and
Ontario (Figure 4) (De Vault et al. 1995). Suns
et al. (1985) reported that a survey of more than
80 Great Lakes sites, using spottail shiners as
the indicator organism, identified the highest
concentrations of mercury in fish from a
collection site on the Niagara River prior to
its entry into Lake Ontario. Overall mercury
concentrations at most sites sampled declined
significantly from 1976 to 1982.

Table 5

Most lead entering the lakes settles to the
bottom (IJC 1993). An Environment Canada
analysis of metals in Great Lakes sediments
collected from 19¢  to 1993 found median
lead concentrations higher in Lake Ontario
(55 pg.g’! dry weight) and Georgian Bay
(47 pg.g’! dry weight) than in the other Canadian
Great Lakes (Superior 23 ug.g-!; Huron 22 pg.g-!
dry weight; Erie 25 ug.g-! dry weight)
(Reynoldson et al. 1997).

Because lead is not significantly
bioaccumulated, it is not routinely monitored
in fish tissue. Special studies indicate very low
concentrations in most Great Lakes fish (Hodson
et al. 1984a). Much of the concern about lead
contamination in the Great Lakes is related to
alkyllc . an organometallic compound. Sources
of alkyllead include sites on the Detroit and St.
Clair Rivers (Chau et a/. 1985) and the
St. Lawrence River (Wong er al. 1988). Alkyllead
compounds were detected in fish, sediment,
macrophyte and water samples collected near
these sites. Subsequent reductions in
environmental concentrations of alkyllead
compounds were reported after the closure of
production facilities arising from the 1985

Percentage of sites with consumption restrictions | any

size class of Great Lakes top predator fish in 1993 and 1995.

Percentage (number of sample sites)

Lake trout

1993
1995

1993
1995

1993
1995

Rainbow trout Coho salmon Chinook salmon
................ 55(”) ))90“0)
86 {7) 3 100 (8)

0 (4 ')
0 (2) H
0 (13) ) 0 {11}
75 {4) - 83 (6]
0 (B} - 0 (6)
50 (2) - 83 (6)

Source: Government of Ontario 1995.
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movement of chemicals from U.S. based
industrial complexes and chemical waste
storage facilities also add contaminants to
the Great Lakes ecosystem.

The pulp and paper industry has a
concentration of mills on the shores of the
upper Great Lakes. Formerly, a large volume of
chemicals was discharged from these facilities.
However, recent pollution abatement measures
have reduced the amounts of chemicals released
from the mills. There are also ongoing joint
studies involving the industry as well as
environmental agencies to minimize or eliminate

the discharge of those chemicals considered toxic.

Point source loadings of chemical contaminants
to the Great Lakes have declined over the past
two decades. The marked improvement is a
result of implementation of pollution abatement
measures required by binational agreements such
as the Canada-U.S. GLWQA and the Niagara
River Toxic Chemical Management Plan. These
declines have been seen for industrial chemicals
such as PCBs, pesticides (including DDT and
mirex) and metals such as mercury.

The rapid decline in contaminant
concentrations in the lower Great Lakes system
has recently slowed. However, present
concentrations are still many times lower than
those measured in the 1970s. The slowing decline
or the reversal of the downward trend at some
sites is reason for continued assessment of the
situation. This general downward trend in
contaminant burdens in fish is similar to long
term patterns of reductions in consumption
advisories for sport fish. However, despite this
general downward trend, there has been a modest
increase in the number of advisories issued for
some sport fish species in all lakes since 1993.

For many contaminants of the Great Lakes,
documented point source loadings have declined.
Increases in concentrations in the ecosystem must
therefore result from either internal redistribution
or from sources located outside the Great
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Lakes Basin. One explanation for the internal
redistribution of contaminants is that the invasion
and proliferation of zebra mussels has caused
dramatic changes in the composition and
functioning of some Great Lakes ecosystems (See
Case Study: Increases in Contaminant Burdens
Related to the Invasion of Lake Erie by Zebra
Mussels). The large volume of international
shipping traffic on the Great Lakes-St. Lawrence
River system has provided a significant vector for
the introduction of exotic species via the
exchange of ballast water within the systems. As a
result, contaminant dynamics within these
systems have changed. Previously unavailable
contaminant sources in sediments and elsewhere
are now being incorporated into the food web.
These changes in pathways have resulted in

slight increases of contaminant concentrations

in some fish communities.

The proliferation of accidentally introduced
fish species such as the ruffe and goby have
also disrupted the function of some Great Lakes
ecosystems. It is unclear at this time what impact
these accidental introductions will have on the
movement of chemical contaminants within the
ecosystem and their effects.

In 1995, consumption advisories were issued
for some species of Lake Superior fish as a result
of toxaphene contamination. Since toxaphene is
not registered for use in Canada, and identified
sources exist outside the Great Lakes Basin, this
contaminant has been most likely introduced into
the Lake Superior system by LRTAP.

Experiments identified reproductive effects
on fish exposed to complex organic effluents.
Further studies will need to be directed at
identifying the specific causative agents.
Additional eftorts should focus on the complex
issue of endocrine disruptors.

Continued research efforts will be required
to identify specific chemicals and describe the
significance of their effects on the form and
function of the Great Lakes freshwater ecosystem.
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Remediation efforts to restore ecosystems are
underway at many sites throughout the Great
Lakes Basin. Much of this remediation effort is
directed at eliminating or minimizing the impact
of chemical contaminants present at these sites.

Many of the contaminant issues documented
within the Great Lakes ecosystem have the
potential to impact on the downstream aquatic
communities of the St. Lawrence River, the St.
Lawrence Estuary, and ultimately the Gulf of St.
Lawrence (See the St. Lawrence Marine
Ecosystem Chapter).

The effects of climate warming, the continued
introduction and proliferation of exotic species,
and the cumulative impact of as yet unidentified
chemicals are all part of the future of the Great
Lakes ecosystem. These remaining undefined
impacts on the ecosystem will influence the
direction of both scientific investigations and
management of chemical contaminants.

INCREASES IN CONTAMINANT BURDENS
RELATED T0 THE INVASION OF LAKE ERIE
BY ZEBRA MUSSELS

1e invasion and rapid proliferation
»f zebra mussels has caused
framatic changes in the physical,
*hemical and biological functioning
»f the Lake Erie ecosystem. It is
thought that zebra mussels were introduced into
Lake St. Clair in 1986 via ballast water discharge
from a European vessel. By the time the mussel
was discovered in 1988, it was abundant
throughout Lake St. Clair and northern
Lake Erie. Zebra mussels adapted readily to
their new environment and quickly spread to
many of the Great Lakes. Of the Great Lakes,
Lake Erie provided the most ideal habitat for
these mussels. Abundant plankton (the food of
zebra mussels) and rocky reefs (the preferred
substrate of mussels) enabled these molluscs
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to reach the highest recorded population
densities in the wor

Most changes to the Lake Erie ecosystem
attributed to zebra mussels are due to the filter-
feeding activity of large mussel populations,
which remove plank n and other particulate
matter from the water column. Vast numbers of
mussels deposit feces and pseudofeces, the
products of digestion and rejected food particles,
on the lake bottom. These carbon-rich deposits
prov:  food for bottom dwelling (benthic)
organisms, and the population of the benthic
organisms has increased. Unfortunately in
Lake Erie, the plankton digested and excreted
by mussels also contain chemical
contaminants (Bruner ef al. 1994a). Some of
these contaminants accumulate in the tissues of
mussels and some g deposited in feces and
pseudofeces only to be ingested by benthic
organisms feeding on these deposits (Bruner e?
al. 1994b). As a food source for top predators,
including fish, benthic organisms act as a
biological conduit for contaminants.

As a result of these processes, Lake Erie
has been transformed from a system where a
significant portion of the chemical contaminants
were carried in the water columns to a system
dominated by benthic organisms and benthic
pools of contaminants. Chemical contaminants,
which previously were flushed rapidly through
the lake, are scavenged from the water column
and trapped in a flourishing benthic layer.
This benthic layer then becomes a focal point
for contaminant accumulation and transfer
ie food web. The fish
nity in Lake Erie is shifting towards

of contaminants intc
comr
lower valued benthic feeding fish while valued
top predators are declining in numbers and
becoming more contaminated. The increased
contaminant burdens in fish have been

caus¢ 0y a change in the pathway of
contaminants through the ecosystem, rather

than by an increase in contaminant loadings.
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Field testing conducted in 1993 identified the
disappearance of steroid hormone depressions in
fish exposed to effluent collected from Terrace
Bay, presumably linked to some changes in mill
processes. These findings were confirmed in
laboratory tests conducted in the fall of 1993
and in the spring of 1994. Several studies are
continuing in an attempt to determine why the
disappearance of steroid depressions took place.

THE OccuRReNCE oF TumouRs IN WHITE
SUCKERS FROM THE GREAT LAKES

Jjor to 1970, there were occasional

‘eports of tumors in Great Lakes fish,

ut no systematic surveys had

seen conducted to determine if

he presence of tumors in fish
represented a risk to fish populations. There was
very little background information and it was not
understood how tumor prevalence was influenced
by fish age, gender, diet and chemical exposure.
Scientists suspected that some fish were sensitive
to chemical carcinogens, and postulated that fish
tumour surveys would be a useful tool for
assessing the health of fish populations. Such
surveys could also serve to identify sites
contaminated with chemical carcinogens.

Early surveys reported a high prevalence of
skin tumours in walleye, pike, muskellunge,
brown bullhead and white suckers. Viruses were

ALLARDICE, D.R., and S. Thorpe. 1995. A changing Great Lakes economy and environment

implicated as the agents responsible for skin
tumours in walleye, pike and muskellunge, but
there was no obvious cause for the tumours in the
two bottom-dwelling species. Surveys of tumor
incidence in white sucker populations in Lakes
Ontario and Huron conducted in the late 1970s,

owed an increase in lip and body papillomas in
western Lake Ontario (30 to 50%). Papilloma
frequency increased with age and was
independent of gender. There were no adverse
affects of the papilloma on fish growth, year class
strength, reproduction or migratory behavior.
White sucker populations were affected with liver
disease and at least two types of liver tumours.
Both tumours are thought to be caused by
chemical carcinogens.

Surveys are being repeated for the second time
in 10 years to determine if their frequency has

anged since the first observations. Most of the
individuals present ir e original survey have
been replaced by the next generation of white
suckers and presumably reflect changes in the

vironmental quality that have occurred over the
past 15 years. The completed study will identify

inges in tumour frequency and sites
contaminated with chemical carcinogens. Results
from Hamilton Harbour indicated that the
frequency of lip papillomas has not changed from
the high rate reported in the late 1970s. The
frequency of body papillomas increased from 3%
in 1979 to 23% in 1994.
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High concentrations of toxaphene in certain areas have resulted in the
closure of some fisheries. Mercury is frequently responsible for
consumption advisories for Ontario sport fish. In some areas,
restrictions and limits have been placed on consumption of fish
containing elevated concentrations of some chemical contaminants.

Many metallic and organic contaminants ave declined in
concentration in air, water, sediments and biota over the last several
decades due to the implementation of pc  ition and regulatory controls.
Nevertheless, the presence of persistent anthropogenic organic
contaminants in the environment is unnatural and potentially
significant.

Mercury is an exception to declining trends in that atmospheric
deposition to Canada’s aquatic ecosystems appears to be increasing
with time. In Canada, most metals, including mercury, vary widely in
natural concentrations because of highly variable geology. Therefore,
contamination by metals must be evaluated in the context of site-
specific background concentrations.
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southern waters compromising some consumptive
uses, recreational fisheries, and other recreational
uses. Not all of Canada’s freshwater systems
serve human uses equally well.

Canada’s freshwater ecosystems naturally vary
widely in water quality from highly coloured,
organic-laden waters of the northern muskegs,
to the white, chloride precipitate-laden playa
lake waters in parts of the Prairies, to the
pure, sediment-free run-off and lakes of the
Precambrian Shield (Healey and Wallace 1987).

This chapter discusses chemical contaminants
in Canada’s inland waters, including those in the
Arctic. Contaminant issues in the four Canadian
Great Lakes are discussed in the chapter on the
Great Lakes ecosystem. The diversity of aquatic
ecosystems within the various freshwater
drainage basins of Canada is immense. As
well, many contaminant issues are specific to
particular types of freshwater ecosystems. It is
beyond the scope of this chapter to provide an
exhaustive summary of the available information
on contaminants associated with fresh waters and
their fisheries resources. Therefore, this chapter
focuses on selected contaminants of general
relevance throughout most or all of the

ecosystems describe  More detail on some
contaminant issues or on specific localities 1s

provided in case studies.

MAJOR CONTAMINANT ISSUES

There are a numb  of major contaminants
associated with the various freshwater ecosystems
in Canada. In northern and eastern areas on the
Precambrian Shield, metals are released by non-
ferrous mining, smelting and refining activities.
These metals enter ¢ atic ecosystems through
emission into the atmosphere followed by
deposition, by direct release of effluents into
water, or via drainage from tailing ponds. In
reservoirs that have been created by hydroelectric
development, methylmercury is produced by
microbial activity. Contamination is also
associated with general industrial development,
including agriculture and human population
centres. Numerous organochlorine compounds
such as polychlorinated biphenyls (PCBs) and
the dichlorodiphenyltrichloroethane- (DDT)
group compounds are universally present in the
fresh water environment. The presence of
other organochlorine compounds, such as
polychlorodibenzo-p-dioxins (PCDDs) and
polychlorodibenzo-furans (PCDFs), in the
aquatic environment may be the result of direct

Tabie 2 Provincial or territorial land and freshwater areas.

Land Area

{km2}

Province or Territory

Freshwater Area Largest Lake
{(km?)
30 1servoir
2700 )
1400
180 10 ni
180 000
100 )0 ]
8 10 pr:|
170
10 )0
4500
130 000 e

T Amount is too small to be expressed.
2 Excluding the Laurentian Great Lakes.

Source: Statistics Canada 1994.
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SOURCES, DISTRIBUTION,

TRENDS AND EFFECTS
METALS AND ORGANOMETALLIC

ComPOUNDS
MERCURY

Metals are natural constituents of the earth’s
crust and occur at measurable natural background
concentrations in water, sediments and all biota
in Canada (Mierle 1992). Background
concentrations of metals are highly variable
reflecting Canada’s vast geological variability.
Because of this, contamination must be
examined in the context of site-specific
natural background levels.

Background mercury concentrations in
sediments range from 5 to 310 ng.g'! dry weight
determined under the National Geochemical
Reconnaissance program with 180 000 sites
covering 2.2 million km? (Friske and Coker
1995). Highest background concentrations were
23 times the lowest values for streams, and 9
times those for lakes. Lowest mercury
concentrations were encountered in sediment
underlain with shale, while highest values were
obtained in areas overlain with shale. Some of
the highest sediment mercury concentrations
occurred in relatively isolated areas, while some
of the lowest sediment mercury concentrations
occurred in highly industrialized southeastern
Ontario (Friske and Coker 1995).

Anthropogenic global sources of mercury have
been estimated to exceed natural ones by about
two to three times and to have increased the
atmospheric burden by about 1.5%. A significant
source of mercury to the global environment is
the deliberate use of mercury in gold mining in
the Amazon. As much as 800 to 1 000 t of
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mercury is estimated to have reached the
atmosphere from the 1 200 t of metallic mercury
used in the Amazon over the past 10 years
(Homero 1989 in Barbosa ef al. 1995).

Although the major current sources of mercury
contamination to Canadian fresh waters are
global, reaching Canada via LRTAP, there are
substantial Canadian sources. Canadian sources
released an estimated 39 t of mercury to the
atmosphere in 1990 (Nriagu 1994). More than
half of this input was from non-ferrous metal
production (Nriagu 1994). Lesser sources were
the recycling of metals, power generation,
commercial fuel and fuel wood combustion, and
municipal and hospital refuse (Nriagu 1994).

In Canada in the past, industrial point sources,
especially mercury cell chlor-alkali plants,
directly released large quantities of mercury to the
freshwater environment that resulted in the
contamination of fish and fish habitat (e.g.,
English-Wabigoon River system, See Rudd et al.
1983). With government regulation and voluntary
industry controls, the direct point source
discharges of mercury to the environment have
decreased significantly over the past 20 years.

The creation of reservoirs is another important
source of mercury contamination to fish
(Morrison and Thérien 1991). Unlike industrial
and LRTAP sources, it does not add new mercury
to the system. Rather, the mercury that is present
in newly flooded land becomes more bioavailable
and toxic because of the increased rate of
conversion to methylmercury. Reservoir
development leads to increased concentrations of
methylmercury in water, sediment and biota (e.g.,
in South Indian Lake, La Grande, and Churchill
Falls); (See Case Study: Hydroelectric
Developments and Mercury Contamination in
Northern Aquatic Environments).
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of surface waters elevates mercury concentrations
in tributaries of the Gulf of St. Lawrence (Van
Coillie et al. 1984) and other regions of Canada.

Mercury contamination of fish is pervasive in
Canada’s fresh waters, even in areas with no
known point sources of anthropogenic
contamination (Table 4). It is due almost entirely
to accumulation of methylmercury through the
food web (Bloom 1992). Because methylmercury
accumulates over the life span of a fish and is
expected to be of higher concentration in larger,
older fish, some provinces restrict the size of fish
that can be consumed from certain lakes. For
example, the Ontario Ministry of the Environment
and Energy’s Guide to Eating Ontario Sport Fish
has restrictions for various contaminants based on
fish sizes and human consumption frequencies for
over 1 600 lakes in Ontario. Mercury is the most
prevalent of these contaminants. Mercury
concentrations in fish flesh above the 0.5 pg.g-!
(wet weight) guideline, established by Health
Canada for unrestricted commercial sale, have
been found in lake trout from some arctic and
subarctic lakes, particularly in larger, older fish
(Muir et al. 1996b).

Elevated concentrations of mercury in fish have
been measured in flooded waterways in northern
Manitoba (Bodaly and Hecky 1979; Bodaly et al.
1984; Jackson 1991) and other reservoirs
including those in Quebec, Newfoundland and
Ontario. Elevated mercury concentrations due to
mercury chlor-alkali production have also been
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found in fish in northwestern Ontario (Scott and
Armstrong 1972; Armstrong and Hamilton 1972;
Armstrong and Scott 1979; Rudd and Turner
1983; Rudd et al. 1983 Parks et al. 1984,
Figure 3a).

There are cases where mercury from natural
sources can cause mercury concentrations in fish
to be well above the recommended guidelines for
human consumption. Walleye, lake trout and
northern pike collected from uncontaminated
Lac Ste. Therese in the Northwest Territories
historically have mean concentrations of mercury
around 1 pg.g-! wet weight, concentrations
attributed to water quality and basin morphology
(Stephens 1995). Lake trout from a commercial
fishery on Kamick Lake, Northwest Territories,
had concentrations that ranged from 0.57 to
2.0 ug.g! wet weight. This was attributed to the
release of gaseous mercury during the weathering
process of sulphide-bearing black slates
(Shilts and Coker 1995).

Due to the slow biological loss of mercury
from the fish, mercury concentrations in fish
in contaminated areas remain elevated for
many years, even where the pollution source
is controlled. Figure 3a shows that mercury
concentrations in northern pike from Clay Lake
(part of the Wabigoon/English/Winnipeg River
system in northwestern Ontario that was highly
contaminated by a chlor-alkali plant during the
1960s) in 1987 were still 20 times greater than
the background concentrations of mercury found

Mean mercury concentrations in reservoir surface waters from various sites in Canada.

Year Sampled Methylmercury Total Mercury Reference

Concentrations

------------- {ng.L)} ~-----mmeae-
OpmacaOuebec e ééaéi&/“.'(ﬂr‘{ﬁﬂi)'lli"s'ﬁé'd"d'é'{éi .....
Ladouceur, Quebec 0.08 N
LG2, Quebec 0.09
South Indian Lake, Manitoba {inshore} 0.07
South Indian Lake, Manitoba {offshore) 0.06
Sundance Cooling Pond 0.25 AGRA 1996

1. D. Bodaly, Freshwater Institute, Winnipeg, Canada.
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and Manitoba (Anderson 1994; Currie and
Williamson 1995), as well as in areas where
pesticide use has been virtually non-existent
(Barrie et al. 1992), such as northern Ontario
(McCrea and Fischer 1986; Muir and Grift 1995),
northern Quebec (Langlois 1987), and the Arctic
(Bidleman er al. 1995) (Table 5). Because

most of these pesticides are hydrophobic,
concentrations in water are usually quite low.
Historically used pesticides such as total DDT
in surface water are usually only slightly above
the detection limit in most areas in Canada.
Lindane, y—hexachlorocyclohexane (y-HCH),
methoxychlor, and y-endosulfan, currently

used in Canada for a variety of pest control
applications, are found more often than total
DDT in surface waters in Canada; nevertheless,
detection frequencies are still quite low. The
highest concentrations shown in Table 5 were
reported from a long-term database on Manitoba
surface waters; the lowest concentration was
detected in an arctic freshwater lake.

Overall, there is little information on long-term
temporal trends of organochlorine pesticides
in fresh water other than in the Great Lakes.
Generally o—HCH is decreasing in fresh water
in various sites across western Canada such as
the Assiniboine, Dauphin, Pembina, Red, Roseau,
Saskatchewan, Souris, Winnipeg, and Hayes
Rivers and Pipestone Creek in Manitoba (Currie
and Williamson 1995), and the Qu’Appelle,
Carrot, North Saskatchewan, Churchill and Red
Deer Rivers in the Prairie provinces (Dunn 1995).
This decrease may be a result of the reduction in
the amount of a—HCH present as an impurity in
the HCH insecticide used globally from 60 to
70% prior to 1972 to less than 1% now. From
1974 to 1994, lindane concentrations have
remained fairly constant in Manitoba surface
waters, although some rivers showed increases
while others had decreasing concentrations
(Currie and Williamson 1995).

Concentrations of total PCBs in surface waters

throughout some freshwater systems of Canada
are quite low, ranging from less than detection
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limits (these vary among studies) to 16 ng.L"!
(Table 5). It is more common to find PCB
residues in the sediments and suspended
sediments than in water. Table 6 shows the
range of concentrations of PCBs in sediment
sampled from various Canadian sites. Highest
concentrations of PCBs (530 ng.g-!) were
detected in sediment from the St. Lawrence
River in southern Quebec.

Total DDT, total PCBs and toxaphene are
the major organochlorine compounds found
in sediments from various sites. Other
organochlorine compounds such as
chlordane, nonachlor, heptachlor epoxide.
hexachlorobenzene (HCB) and dieldrin are
also detected in sediments across Canada.
These compounds are detected less frequently
and usually at lower concentrations than total
DDT, total PCBs or toxaphene.

The major organochlorine compounds present
in all sediment samples collected from
northwestern Ontario to Hazen Lake in the
Northwest Territories were DDT-related
compounds, HCHs, chlorobenzenes (CBz),
toxaphene and PCBs. Toxaphene was the major
pesticide in sediments of most of the arctic lakes
(63°N; Muir et al. 1995a). Concentrations of total

DT in surface sediments in these lakes decrease
with increasing northerly latitude. In contrast,
concentrations of total CBz were generally higher
in the surface sediments of the arctic lakes at
latitudes greater than 63°N than in the lakes
located in northwestern Ontario (Figure 7; Muir
et al. 1995a). The figure also shows that,
generally, the deeper sediment slices of most
lakes contained lower concentrations of total DDT
and total CBz, indicating that transport of these
compounds to remote areas is recent. Peak
deposition occurred in the 1980s in the northern
areas and in the 1960s and 1970s in the southern
areas (Muir et al. 1995a). Other pesticides such as
toxaphene, chlordanes, dieldrin and HCHs did not
show consistent latitudinal gradients but were
kes at 63°N and 75°N.
These findings support the cold condensation

most concentrated ir





















were contaminated, mainly with tetrachlorinated
PCDFs and octachlorinated PCDDs (Trudel
1991). The most toxic PCDD congener 2,3,7,8.-
tetrachlorodibenzo-dioxin (2.3,7,8-TCDD), was
absent in most sediments collected, but a PCDF
congener, 2,3,7,8-tetrachlorodibenzo-furan
(2,3,7,8-TCDF) was found at the majority of the
freshwater sampling sites (Trudel 1991). Table 8
shows the minimum and maximum concentrations
of PCDD and PCDF (toxic equivalents) TEQs at
each of the bleached kraft mills; arcas where
concentrations exceeded 60 pg.g-! TEQs are
denoted by an asterisk. Of the total 31 inland
mills sampled, 10 were found to have high
concentrations in the sediments (Trudel 1991).
Four of these mills were located in British
Columbia, five in Ontario, and one in Quebec.
None of the other mills in Quebec, the Prairie
region, New Brunswick or Nova Scotia showed
high concentrations of sediment contamination.

PCDD and PCDF congeners are found not only
in the vicinity of mills but have also been detected
in various arctic lakes, away from any point
sources that may contribute these contaminants.
Concentrations of 2,3,7,8-TCDD and 2,3,7.8
TCDF ranged from less than the detection limit
value up to 28 pg.g-! wet weight in burbot liver
(Muir et al. 1996a). The concentrations of these
compounds were consistently lower in muscle and
whole fish than in the liver. Concentrations in fish
muscle from arctic lakes ranged from less than
the detection limit to 3 pg.g-! wet weight in
Arctic char, lake trout and whitefish (Muir et al.
1996a). The most commonly detected PCDD
and PCDF congener in fish from arctic lakes
was octachlorodibenzo-dioxin (OCDD). This
was present in muscle of lake trout from Lake
Laberge and Kusawa Lake at 7.5 and 13 pg.g’!
wet weight, respectively (Muir er al. 1996a).

Emissions of PCDDs and PCDFs to freshwater
systems at all inland mills have decreased in the
past few years in response to new regulations that
specify that 2,3,7,8-TCDD TEQ concentrations
must be less than 15 pg.L-! (CCME 1995). Pulp
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and paper mills are reducing the emissions of
PCDDs and PCDFs to the aquatic environments
by substituting chlorine dioxide for molecular
chlorine in the bleaching process.

The Northern River Basin (NRB) study
provides information on the PCDD and PCDF
concentrations in northern Alberta rivers in the
early 1990s when mills were undergoing
processing changes (Pastershank and Muir 1995).
The major PCDD and PCDF congeners tected
in muscle of mountain whitefish and northern
pike collected in the Athabasca River downstream
of Hinton in 1992 were 2,3,7,8-TCDD and
2,3,7,8-TCDF. The concentrations detected
exceeded the draft guideline (CCME 1995) for
protection of fish-eating wildlife (1.1 pg.g-1),
and exceeded the guideline (CCME 1995) for
the protection of aquatic life (50 pg.g'! lipid
basis) (Pastershank and Muir 1995). Other
PCDDs and PCDFs that were de  ted in the
sediments were not found in the mountain
whitefish and northern pike, suggesting that
they were eliminated or metabolized by the fish.
Walleye and goldeye had the lowest 2,3,7,8,-
TCDD and 2,3,7,8-TCDF TEQs of all fish
species sampled on the Athabasca River in 1992.
Lower accumulation in these fish may be
explained by such factors as different food webs
and uptake parameters, and their location, which
at 300 and 630 km downstream was much greater
than for the northern pike, whitefish, and
longnose suckers (less than 200 km downstream).
The Weldwood of Canada Ltd. mill at Hinton
on the Athabasca River did not shift from
45 % to 100% chlorine dioxide until 1993. The
Weyerhauser Canada Ltd. mill at Grande Prairie
on the Wapiti River progressed from 25% to 70%
to 100% chlorine dioxide substitution in 1989,
1991, and 1992, respectively. Owens et al.

(1994) found a steep decline in TCDD and
TCDF concentrations in mountain whitefish
following process changes at the bleached kraft
mill at Grande Prairie, especially after the shift
to 100% chlorine substitution.
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In 1990, Health and Welfare Canada
recommended consumption restrictions to
safeguard the health of those who consume
mountain whitefish, burbot and bull trout due to
elevated PCDD and PCDF concentrations in the
Athabasca River near Hinton, Alberta
(Gov n  of Canada News Release 1990-66).
Restrictions were also placed on the consumption
of mountain whitefish from the Wapiti River near
Grande Prairie, Alberta.

Exposure to pulp and paper mill effluents
directly affects fish in inland waters (Munkittrick
et al. 1994; Servos er al. 1994; Gagnon et al.
1994). However, these effects may not be related
solely to the organochlorine compounds in the
effluent since fish from water with treated
effluent and effluent from mills employing newer
chlorine dioxide processes also show these effects
(See Case Study: Impact of Pulp and Paper Mill
Discharges at Jackfish Bay, Lake Superior in the
Great Lakes Ecosystem Chapter). Effects can
include increased condition factors, decreased
gonad size, increased liver size, induction of
hepatic mixed function oxidase (MFO) or
ethoxyresorufin-O-deethylase, (EROD) enzyme,
and reduced circulating concentrations of sex
steroids (Servos et al. 1994). The most common
biological response in fish across many sites has
been the induction of MFQO activity (Servos ef al.
1994). Other effects, such as altered immune
response (Andersson ef al. 1988; Larsson ef al.
1988), differential growth, and impaired
reproduction (Larsson ez al. 1988) have also been
observed. Nevertheless, many responses at the
physiological and population level are not
consistent, not well understood and appear to be
site specific (Gagnon er al. 1994). For example,
in the St. Maurice River, Quebec, white suckers
downstream of a major bleached kraft mill had
decreased serum testosterone concentrations in
males, and increased concentrations in females,
and reduced gonad size in both sexes. In addition,
MFO activity decreased with distance from the
mill (Hodson et al. 1992). Gagnon et al. (1994),
however, found decreased 1 1-ketotestosterone but
not serum testosterone in male white suckers
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downstream of the mill. Female white suckers
downstream of the mill had decreased
testosterone and 17-estradiol levels. Decreases
in gonad size were not observed in either sex by
Gagnon et al. (1994). A clear relationship
between the physiological effects observed by
Gagnon et al. (1994) and impaired reproduction
as measured by gonad weight and fecundity was
not apparent in white suckers. This was in
contrast to reduced gonad size observed by
Hodson et al. (1992) in both sexes. Pulp mill
effluents can have a severe impact on the
biotransformation of steroid hormones in fish and
on the reproductive success of exposed

~ populations. The identity of the compounds

responsible for reproductive hormonal effects is
unknown (Munkittrick er al. 1997).

OTHER AROMATIC COMPOUNDS

Natural seepage of PAH-containing
hydrocarbons into the Mackenzie River is
estimated to be as high as 7 900 L per day at Fort
McMurray in Alberta to less than 16 L per day at
the Liard Plateau in the Northwest Territories
(Carey et al. 1990). The movement of PAHs into
freshwater environments can also occur via
atmospheric transport to distant areas such as
northern Canada (Lockhart et al. 1992). This
process also plays a very important role in the
contamination of more developed areas such as
the St. Lawrence River (Roche Ltee. 1995).

In general, data on PAHs in water, sediment
and fish in most freshwater environments
throughout Canada are limited. Concentrations
of total PAH at non-contaminated sites such as
the North Saskatchewan River, Lake 375 in
northwestern Ontario, upstream sites on Rainy
River, Ontario, and Hawk Lake, Northwest
Territories, were much lower in water, suspended
sediments, and sediments than those in naturally-
impacted or anthropogenically-contaminated
areas such as downstream sites on the Rainy
River, Ontario; the sites downstream of areas
draining wood preserving operations in New
Brunswick and Nova Scotia; and the Mackenzie
River, Northwest Territories (Table 9). In areas
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that have high environmental concentrations of
PAHs, concentrations appear to decrease in water
and sediment downstream of the source (Kieley et
al. 1986; Merriman et al. 1991). Nevertheless,
concentrations of PAHs in water of the St.
Lawrence River showed increases from Cornwall
to Quebec City; the opposite of other contaminant
gradients observed in the river (Roche Ltee.
1995).

PAHs in fish are of particular concern in
locations where they are found at high
concentrations as a result of industrial loadings.
Because fish metabolize and excrete aromatic
hydrocarbons, concentrations of total PAH in
muscle of fish from uncontaminated sites
such as in the Slave River area are usually low
(Table 10). In the Mackenzie River, the most
frequently detected compounds in burbot
liver were naphthalene, phenanthrene,
chrysene/benzo[alanthracene, fluorene and
fluoranthene (Lockhart et al. 1989; Table 10;
Muir et al. 1996a). Concentrations of PAHs in
muscle were generally lower than in liver
(Lockhart et al. 1989). The higher molecular
weight PAHs, such as benzo[a]anthracene,
benzofluoranthene and benzo[a]pyrene (B[a]P),
were generally undetectable in muscle and liver
from the Mackenzie River burbot (Lockhart
et al. 1989). Given that PAHs are metabolized,
the concentrations of PAHs in organisms will be
lower than the concentration of exposure. To
determine if fish are exposed, it is often more
reliable to look for these substances in other
environmental compartments and to observe
biochemical changes in fish.

No spatial patterns were apparent in PAH
concentrations in fish collected from various
ecosystems. Concentrations of PAHs in fish
from freshwater systems that drain hydrocarbon-
bearing oil sands were similar to those in fish
from isolated lakes that have no identifiable
point sources (Muir ez al. 1996a). This implies
that the PAHs found in fish from the Slave River
region of the Northwest Territories are of natural
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orig  or the result of LRTAP. Bile from some
fish species analyzed from this region contained
much higher total PAH concentrations than
muscle (Muir er al. 1996a). This again reflects
the ability of fish to metabolize and excrete
aromatic hydrocarbons and helps explain the
low concentrations found in muscle.

A amber of studies have linked
concentrations of | 1s in sediments to the
concentrations of aromatic compounds in bile,
the hepatic activities of contaminant-induced
enzymes, and the presence of hepatic neoplasms
in bottom fish (Krahn er a/. 1986; Varanasi et al.
1987; Stein e al. 1990; Johnson et al. 1993).
Cancer-related biological effects associated with
individual PAHs are shown in Table 11. In areas
with low or undete  ble concentrations of other
organic compounds but high concentrations of
PAHs, lesions or tt  ors have been found in or on
fish (Krahn ez al. 1986; Varanasi er al. 1987).
Consequently. it is believed that PAHs alone are
sufficient to induce biological effects such as
lesions, including gonadal tumors (Dickman and
Steele 1986), oral and skin papillomas, and
dermal and liver tumors (Baumann et al. 1987).

Table 11  Cancer—related hiological activities associated
with selected individual PAHs.
Compound Biological Activity
ane
|pyrene
tumor initiator
hene tumor initiator
racene tumor initiator
alP
alP
ene ajP

Source: Gammage 1983.



Sources of contaminants to freshwater
ecosystems in Canada include industrial, and
agricultural activities and municipal effluents.
Agricultural uses are the main source of
pesticides. LRTAP brings contaminants to aquatic
ecosystems from sites far removed from their
origin both within Canada and outside of Canada.

Increased controls on direct discharges to water
and air from point sources over the last 20 years
and the banning of many pesticides and PCBs in
favour of more biodegradable products has led to
decreased contamination of water, sediment and
biota in many Canadian aquatic ecosystems.
Nonetheless, some of these persistent chemicals
are still being used outside of Canada, and
Canadian ecosytems contain large quantities
available for recycling. Therefore, the data
suggest that the trends towards lower
concentrations of contaminants seen over
the past decades may have slowed or ended.
Concentrations may decline, remain stable, or
increase over time depending upon the
chemical, its use and chemical behaviour.

Compared with point sources, LRTAP is
becoming an increasingly significant factor in
delivering contaminants to freshwater ecosystems
and is especially important for volatile, persistent
contaminants that are released to the atmosphere
outside of Canada.

Concentrations of naturally occurring
substances in the environment such as metals
(i.e. mercury, cadmium, lead and nickel) and
PAHs in petroleum hydrocarbons can become
elevated through anthropogenic activities.
Complicating the assessment of contamination
by substances that have both natural and
anthropogenic sources is the fact that
concentrations of these substances may naturally
vary widely in water, sediment and biota. This
variation may be due to geological variability or
natural processes such as petroleum hydrocarbon
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seepage that can result in elevated local
concentrations. Other complications include

the vast variability in types of water bodies

and water chemistry in Canada, rates of flow or
water turnover, climate and other influences.
Human activities significantly influence the

mo t and concentrations of chemical
contaminants in water bodies. These activities
and their resulting effects include over-harvesting
of fish or other resources, destruction of habitat,
flooding, diversion of water, water level
manipulation, eutrophication and acidification.
Thus, detailed assessments of contamination
must be specific to a particular site, locality,

or type of aquatic environment.

Despite the complexity and variability in
ecosystem types throughout Canada’s inland fresh
waters, some patterns of current contamination
emerge. Mercury, cadmium, lead, PCBs, DDT
and other organochlorine pesticides (including
some not registered for use in Canada, e.g.,
toxaphene), PCDDs and PCDFs are significant
contaminants in many freshwater ecosystems.
High concentrations of toxaphene and mercury
in certain areas have resulted in fishery closures
and consumption restrictions.

Elevated concentrations of mercury in fish
due to reservoir development remain a major
contaminant issue in Canadian fresh waters.
Depending upon the local conditions of the
particular reservoir, mercury concentrations in
fish can remain elevated for many years. Recent
findings are showing that climate warming may
increase the concentration of mercury in fish.

Most contaminant monitoring in freshwater
fish has focused on measurements of metals in
edible portions (e.g., muscle) of fish. However,
many contaminants also accumulate in liver,
kidney, gills and other body organs. To determine
if deleterious effects are occurring in fish,
emphasis needs to be placed on analysis of
tissues in addition to muscle, including liver,
kidney and gills.
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There is a large amount of evidence that the
organisms respond to exposure to a range of
contaminant types. Some organisms may adapt
to these exposures. Biological responses such as
MFO and metallothionein induction have been
observed in some fish species. Although there
are few data on direct toxic effects to fish,
chronic exposure to these compounds may affect
the overall health of the biota, consequently
increasing susceptibility to other stresses. Further
studies are necessary to distinguish contaminant
effects that may be occurring from the
background of high variability in physiological
and life history responses due to seasonal,
regional, latitudinal and site-specific differences
among the diverse freshwater habitats in Canada.

Physiological changes including decreased
gonad size, increased liver size, and MFO
induction have been observed in fish downstream
from industrial sites such as pulp and paper mills.
It is becoming clear, however, that some or all of
the adverse effects of pulp and paper mill
effluents on the hormonal status and reproduction
of fish downstream of the mills are not due solely
to the presence of organochlorine compounds.
Notwithstanding the importance of controlling
highly toxic PCDDs and PCDFs in fisheries
resources, it appears that other substances in the
effluent are more closely linked to the fish
reproductive effects. Natural toxins produced by

trees r protection from their insect and fungal
pests, and then concentrated during the pulping

process, possibly play a role.

Emerging issues in freshwater ecosystems
include increasing urbanization, with an
associated increase in effluents containing a wide
range of domestic and industrial compounds,
increasing pharmaceutical use by the population,
and the introduction of new drugs and chemicals.
Some compounds of concern are a class of
nonionic surfactants (nonylphenol
polyethoxylates) that have been found
to be  e2rsistent in marine sediments and

likely behave similarly in freshwater sediments.

There is growing concern that increasing
penetration of UV-B radiation into clear,
oligotrophic lakes may influence contaminant
dynamics, concentrations and effects. Three
wide read environmental problems are all
acting to increase exposure of aquatic ecosystems
to UV-B radiation. There is an increasc in the
amount of UV-B radiation reaching Canada’s
surface as a result of stratospheric ozone
depletion. Penetration of UV-B radiation is
increased by climate warming and acidification
(Schindler er «l. 1996). These stresses reduce
the concentration of dissolved organic carbon
in the water which normally acts as a shield
against the radiation. As summarized by

Table 12 Mercury concentrations in food chains of north-central Quebec lakes and
recently created hydroelectric power reservoirs in northc 1 Manitoba and Quebec.

Trophic Level

Mercury concentration
{ug.g'1 wet weight)

North-central
Quebec reference Lakes

Periphyton 0.190
Benthic insects 0.330
Plankton 0.070
Fish (muscle)

Long nose sucker 0.320
Lake whitefish 0.300
Northern pike 0.900
Walleye 1.300

South 1 Indian and LG-2

Notigi {Manitoba) {Quebec)

........... - e
— 014-17

0.02-0.10 ).060 - .14
— 410-0.67

017 -071 ).480 - b7

035-24 1.30-30

0.23-26 190-28

Source: Chaire en environnement 1993, Schetagne 1990, Brouard et af. 1990, Jackson 1988, Bodaly et a/. 1984, all cited in Tremblay et al. 1993.
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species usually feeds on zooplankton and benthos
but was found to feed actively on fish or fish
parts coming through the turbines of the LG-2
generating station (Brouard et al. 1992).

Further downstream in estuaries and the coastal
environment, the effects of mercury export from
reservoirs appear to be limited to the freshwater
plume of affected rivers. In James Bay and
Hudson Bay, there is no evidence of increased
mercury contamination related to hydroelectric
developments in marine organisms
(Brouard er al. 1990).

The decrease in mercury concentrations in fish
in hydroelectric reservoirs over time appears to
depend on the extent of flooding and the fish
species involved (Bodaly and Johnston 1992).
Mercury concentrations in non-piscivorous fish
began to decline after 3 years post-impoundment
in Southern Indian Lake and after 9 years in LG-2
reservoirs, whereas concentrations in piscivorous
species were still stable or increasing at least 12
years after impoundment (Brouard et al. 1990;
Strange et al. 1991; Morrison and Thérien 1995).
This same trend, over a longer period of time,
was observed in the Smallwood Reservoir in
Labrador. Non-piscivores returned to background
concentrations of mercury after 16 years, while
mercury concentrations in piscivores remained
elevated after 21 years (Anderson et al. 1995).
Continued monitoring in reservoirs will be
required to determine the length of time for
methylmercury to return to pre-impoundment
concentrations, but the available information
suggests that the problem of mercury
contamination in hydroelectric reservoirs will
persist for decades (Bodaly and Johnston 1992).

To better understand how to ameliorate or
minimize methylmercury production and
accumulation by fish, a small wetland and pond
ecosystem at the Experimental Lakes Area (ELA)
in northwestern Ontario was subjected
to experimental flooding over several years.
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This flooding increased the depth of the pond
by 1.3 m, the surface area by a factor of 3. and
the water volume by a factor of 6 (Kelly ef al.
1997). Each winter the reservoir was drained
to pre-flood levels to simulate winter

draw wn practiced in many northern

hydroelectric reservoirs.

After flooding, the methylmercury
concentrations in the flooded pond were up
to 20 times higher than they were in water in
the pre-flooded pond (Figure 12). Overall, the
flooded wetland pr¢  ced 35 times more
methylmercury thar  2fore flooding (Kelly et al.
1997). After flooding, small fish (finescale dace)
held in enclosures in the pond accumulated about
4 to 5 times more methylmercury than they did
under pre-flood conditions. The route of uptake
was through food rather than directly from the
water. After flooding, predatory insects had 2.5
to 3 times and zooplankton had 4 to 5 times the
pre-flood body burdens of methylmercury (Hall
et al. 1997). Freshwater unionid mussels from a
nearby lake introduced in cages increased their
methylmercury body burdens by 2.4 times in

3 months (Malley et al. 1996).

The increase in waterborne methylmercury
with flooding was ¢ sed by mechanisms that
increased the production of methylmercury. First
flooc g increased the microbial decomposition
of the flooded vegetation. This process produced
low-oxygen conditions which promoted mercury
methylation. Further, the flooded environment
was warmer than before. This rise in temperature

also stimulated mercury methylating organisms.

This experiment demonstrated that natural
wetlands are important sites of methylation of
mercury and that flooding of a wetland increases
the already high natural rate of methylmercury
an 30-fold. The
decomposition of the flooded vegetation

production by more

ads to increased methylmercury concentrations

inw: , the food ct 1, and eventually, fish.









CONTAMINANT CYCLING IN FRESH
WATER: THE LAKE LABERGE STORY

gh concentrations of toxaphene
n fish from Lake Laberge, Yukon
ferritory, resulted in the closure
»f an important commercial, sport
ind native subsistence fishery in
1991 (Muir et al. 1996a). On May 8 1991,
Yukon’s Chief Medical Officer of Health warned
against the consumption of burbot liver, and
recommended a limitation on the consumption of
lake trout flesh due to high concentrations of
toxaphene. The flesh of burbot, northern pike, and
whitefish and whitefish eggs from Lake Laberge
were deemed as safe to eat by the Yukon
Government. Concentrations of toxaphene and
other organochlorine compounds such as DDT
and PCBs in Lake Laberge fish were up to 125
times higher than those found in the same species
in other regional lakes (Kidd et al. 1993; Muir
and Lockhart 1994). Analysis of sediments from
Lake Laberge indicated that this lake does not
receive greater loadings of toxaphene than other
regional lakes. It was hypothesized that different
food web structure in Lake Laberge resulted in
elevated concentrations of atmospherically-
deposited contaminants in the fish (Muir et al.
1996a). To find out if the food web structure of
Lake Laberge was different from that of the other
lakes the food web of Lake Laberge and two
reference lakes (Fox Lake and Kusawa Lake) were
characterized using stable nitrogen isotope ratios
(815N) and fish stomach content analyses (Kidd
et al. 1995a). The increases in 815N in the trophic
levels is presented in Figure 14, along with the
general increase in toxaphene concentrations up
the food chain. The food chain in Lake Laberge
was found to have three levels of consumers
with lake trout and burbot at the top. Organisms
in the lowest level were lowest in 815N, those
in the second level were intermediate, and the
top predators, burbot and lake trout, had the
highest amounts.

The Inland Freshwater Ecosystems

The fish community structure in Lake Laberge
is thus different from that in the reference lakes,
with few lake trout (high in lipid) and lake
whitefish and many burbot and longnose sucker
(Muir et al. 1996a). The lake trout and burbot in
Lake Laberge feed at a higher trophic level than
those species in the reference lakes, a factor
which has been implicated elsewhere in higher
contaminant concentrations in lake trout
(Rasmussen et al. 1990). Thus, the high
concentrations of toxaphene in lake trout
and burbot in Lake Laberge are attributed
to their position at the top of an exceptionally
long food chain.

RAPID RELEASE OF CONTAMINANTS
IN MELTING SNOW AND ICE:
Fuin FLon, MANITOBA

‘hough emissions from smelters.
nd the subsequent deposition of
cidic substances and metals,
ccur year—round, winter transport
5 aquatic systems is restricted
by snow and ice on the lake surface. In the spring
the metals that have accumulated over the winter
enter the water in a “slug discharge™ that may
result in the release of high concentrations of
metals and low pH. This in turn can result in
acute adverse effects on aquatic life as has
been documented in the vicinity of Flin Flon,
Manitoba (Franzin and McFarlane 1981).
The slug discharge may pose a particular risk
because early spring is also a time for egg
development and spawning.
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Ecosystera

: Arctic marine ecosystem includes 173 000 km of coastline. The
ecosystem has a continental shelf equivalent in area to the combined
extent of that in Canada’s Atlantic and Pacific Oceans.

The Arctic marine ecosystem has many unique attributes including
relatively simple but long food chains, low species diversity, low
productivity, long-lived species with low reproduction rates and
multi-year and seasonal ice.

The Arctic is unique in Canada because its waters have been harvested
chiefly to meet the subsistence and cultural needs of the Inuit. The
marine and freshwater subsistence fisheries are of greater value than
commercial or sport fisheries. The estimated annual per capita country
food harvest for fish and marine and terrestrial mammals in certain
Inuit communities is 270 kg, of which about 60 kg is whole fish.

The commercial fishery of the Canadian Arctic is relatively small with
arctic char worth about $1.2 million annually and Greenland halibut
(turbot) worth about $1 million annually.

Organochlorine compounds, especially toxaphene, polychlorinated
biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT) and
chlordane, are the major contaminants in Arctic biota. Toxaphene and
chlordane have never been used in the Arctic but were found in nearly
every species of Arctic marine fish and mammal that has been
examined. Other contaminants in the Arctic include mercury, metals
from mine development, and petroleum hydrocarbons from oil spills.
The Arctic marine environment is no longer pristine. Having become a
sink, it is now also becoming a source of some contaminants.
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Long-range atmospheric transport (LRTAP) is the main route of
delivery of contaminants to the Arctic marine ecosystem. Secondary
routes are via ocean currents and rivers. Local sources are also
responsible for some contamination.

Several lines of evidence suggest that concentrations of mercury are
increasing in the Arctic, including in biota, probably as a result of
increasing global anthropogenic mobilization of mercury. Since natural
background concentrations of these met  in organisms vary through-
out the Arctic, it is often difficult to distinguish between the
proportions of mercury from natural versus anthropogenic sources.
Cadmium is very high in some marine mammals, although its

source is probably natural.

Although Arctic biota co  in a range of organic and inorganic
contaminants, there has been little to no research on the biological
effects of contaminants on populations of Arctic marine fish and
mammals in their natural environment.
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Inuit, country foods provide health, well-being
and identity (Egende 1995). However, there are
concerns that chronic exposure to chemical
contaminants such as polychlorinated biphenyls
(PCBs), other organochlorine compounds and
metals in the diet may impair the health of the
Inuit and t Ith of top predators such as

small-toothed whales and polar bears.

MAJoR CONTAMINANT ISSUES

Organochlorine compounds, especially
toxaphene and chlordane, are major contaminants
in Arctic biota. Toxaphene and chlordane have
never been used in the Arctic but are found in
nearly every species of Arctic marine fish and
mammal examined (Muir et al. 1992). Other
organic contaminants in the Arctic include PCBs,
dichlorodiphenyltrichloroethanes (DDTs),
hexachlorocyclohexane (HCH),
hexachlorobenzene (HCB), polycyclic aromatic
hydrocarbons (PAHs), and petroleum (aliphatic)
hydrocarbons.

Concentrations of mercury appear to be
increasing in Arctic biota (Wagemann et al.
1996). Since there are varying natural background
concentrations of these metals in organisms in
various parts of the Arctic, it is often impossible
to distinguish between the proportion of mercury
contributed by natural versus anthropogenic
sources. Cadmium is very high in some marine
mammals, but the source of the cadmium is
probably natural. Anthropogenically-contributed
cadmium is not believed to be an important
contaminant in the Arctic marine ecosystem.

OCEANOGRAPHIC FEATURES OF
IMPORTANCE TO CONTAMINANT
DynAMICS

Contaminants enter the Arctic Ocean through
inflowing ocean currents, deposition from the
atmosphere, northward flowing rivers, direct run-
off from the land, and direct disposal into the
ocean (Macdonald and Bewers 1996). The
primary controller of contaminant distribution in
the Ocean is the vertical stratification into ocean
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layers that reflects several sources of water
masses, and processes on the continental shelf
(Macdonald and Bewers 1996). The surface layer
of the Ocean, or polar mixed layer, 30 to 50 m
deep, floats upon the denser salt water. It is highly
influenced by the brine released during ice
formation in winter, by melting ice in summer,
and by freshwater run-off via the rivers. These
processes establish horizontal density gradients
that drive the surface ocean currents (Barrie ef al.
1992). Below the polar mixed layer are thick
layers of water originating from the Pacific or
Atlantic Oceans (Macdonald and Bewers 1996).
Most of the marine primary production occurs in
the polar mixed layer and within the ice. This
polar mixed layer collects contaminants from the
atmosphere, from run-off, or from ice-melt water.
These contaminants may enter the food chain in
these biologically-active surface waters and
potentially have direct adverse effects.

A dominant feature of the Arctic Ocean is the
presence of multi-year and seasonal ice that
influences all of its biological regimes. Ice
provides a surface on which atmospheric
contaminants fall, and into which contaminated
sediments from the coastal shelf can be
incorporated. As ice moves off the shelves and
circulates around the central Arctic Ocean, it is a
vehicle for transporting contaminants from the
atmosphere and the rivers over long distances
across the sea. It is speculated that annual freeze-
melt cycles cause non-volatile contaminants to
become more concentrated at the ice surface. The
period of melting of snow and ice with associated
release of contained contaminants coincides with
the period of maximum primary productivity,
providing enhanced opportunity for contaminants
to enter the food chain (Macdonald and Bewers
1996). In addition to these seasonal ice edges, in
the high Arctic seas and bays there are extensive
areas of permanently open water, (polynyas) that
do not freeze over or freeze lightly. These open
areas tend to be at fixed geographical locations
indicating they are controlled by recurring
physical processes (Lewis ef al. 1996).
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resuspension, directly entrained into ice, or
entrained into ice after sedimentation. Dissolved
contaminants enter the Arctic Ocean and are
diluted (Macdonald and Bewers 1996).

BioLoGicAL RESOURCES

Productivity is generally low in the Arctic
primarily because the sunlight needed for growth
is limited. Ice algae bloom in the spring as light
increases seasonally and snow begins to melt, but
the major phytoplankton bloom, responsible for
most of the aquatic primary production, occurs in
June and July with the ice melt. Although spring
and summer days are very long in the Arctic, the
presence of seasonal ice cover prevents most of
the light from reaching the water column from

about the time of summer equinox until early July.

Thus, about half of the growing season is
unavailable to most of the primary producers.
Cloud cover tends to increase after the spring,
further reducing available light. The ice edge,
whether at a polynya or at seasonally melting ice
is an area where marine mammals and seabirds
congregate to feed. It is a site where contaminants
that are present can move quickly from the
environment into primary producers, and other
biota, including higher predators.

Nutrient inputs to the Arctic marine ecosystem
are from aerial deposition, upwelling of nutrient-
rich water from southern water masses, and
riverine inputs. Although Arctic productivity is
generally low, there are areas of unusually high
productivity such as Lancaster Sound where
upwelling under the polar ice and near the ice
edge provides a rich source of nutrients. High
productivity occurs in the Northwater Polynya in
Smith Sound and the northern part of Baffin Bay
where upwelling brings nutrients to upper waters
and keeps the ice thin and unconsolidated on a
large area of sea. Here, chlorophyll has been
recorded at the very high concentration of
510 mg.m~ (Lewis et al. 1996).

Arctic food webs have unique characteristics

that influence the extent and manner in which
contaminants accumulate. The Arctic is relatively
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low in species diversity. Because of this low
diversity, some food chains may be very simple,
although most Arctic food chains are longer than
in the temperate regions. A generalized Arctic
marine food web based on that in Lancaster
Sound is shown in Figure 2. In Arctic marine food
webs, bicaccumulation of organic contaminants

- and metals in surface waters can begin with ice

algae, phytoplankton, or kelp that take up
dissolved contaminants from the water. Nutrient
inputs to Arctic waters tend to carry particulate
and dissolved organic matter, and with them,
contaminants. Nutrients consumed by
microorganisms or zooplankton are excreted to be
used again by primary producers. Persistent
contaminants tend to remain and accumulate in
lower food chain organisms and up the food
chain. Invertebrates feed on the ice algae,
bacteria, protozoa, and microscopic and larger
algae, and in turn are consumed by marine fish.
Seabirds and marine mammals, including seals
and toothed whales, may be at a higher trophic
level. Polar bears, humans and sled dogs are on
the top level of the Arctic marine food chain,
however, humans and dogs may be higher if they
consume polar bear. A difference between the
Arctic and temperate food chains is that there
may be several levels of carnivory; for example,
the polar bear is a third-level carnivore in the food
chain. Humans in the Arctic are at a higher place
in the
latitudes, who tend to consume relatively more

yod chain than humans in southern

plant material. Therefore, people in the Arctic are
subject to more levels of biomagnification of
contaminants through the food chain.

Productivity is highly cyclic due to extreme
seasonal fluctuations in temperature, light levels
and nutrient inputs. As a result, many marine
mamimals migrate for overwintering, feeding, or
breeding and accumulate contaminants from
outside the Arctic. Another consequence of this
cyclic  zhaviour 1s that contaminants can move
through several levels of a food chain very
rapidly during periods of high biological
activity in the summer.









intake, contaminants in their food resources are a
human health concern (Gilman et al. 1997); (See
Case Study on Contaminants in Country Foods).

In keeping with the traditional dependence of
the Inuit on aquatic resources for subsistence, the
marine and freshwater subsistence fisheries are of
greater value than commercial or sport fisheries
(Lanno et al. 1994). About 60 kg of whole fish
per capita, are harvested annually in the
subsistence fisheries (Berkes 1990). The estimated
annual per capita country food harvest for fish
and marine and terrestrial mammals in the Inuit
communities of Keewatin, Kitikmeot and Baffin
regions ranges from 110 to 600 kg, with a mean
of 270 kg (Wong 1985). 1n the Arctic region, 410
beluga, 350 narwhal and 380 walrus were reported
harvested during the 1994/95 season, entirely
from the eastern Arctic region (DFO 1995),
although these data may be incomplete. Ringed
seals are also important in the harvest.

The commercial fishery of the Canadian Arctic
is relatively small with arctic char valued at about
$1.2 million annually and Greenland halibut
(turbot) worth about $1 million annually (Welch
1995). In 1994/95, the Northwest Territories
commercial fisheries sold approximately
72 000 kg of sea-run arctic char for about
$190 000 (DFO 1995). During the same period,
approximately 280 000 kg of turbot was harvested
that had a landed value of about $590 000 (DFO
1995). Most of this turbot was harvested from the
Pangnirtung district of South Baffin Island in the
eastern Arctic. There is no commercial fishery in
James Bay or Hudson Bay; however, there is a
subsistence fishery utilized mainly by aboriginal
peoples (Morin and Dodson 1986). Arctic cod is
the only marine fish species that is relatively
abundant in many Arctic areas. Ringed seal is the
most common and most important seal in the
Canadian Arctic and is used for food and clothing
by the northern populations.
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oUURCES

Atmospheric transport is a route of entry of
mercury to the Arctic (Pacyna and Keeler 1995).
A large amount of the mercury is of
anthropogenic origin. The main global sources of
anthropogenic emissions to the atmosphere are
the combustion of fossil fuels to produce
electricity and heat, the incineration of refuse, and
industrial manufacturing (Pacyna and Keeler
1995). Evidence suggests that up to 50% of
various metallic atmospheric contaminants in the
Arctic during winter and summer are from fuel
burning (Pacyna and Keeler 1995). Emissions
from sources in Europe and Asia (the Urals, the
Norilsk area, and the industrial regions in central
Europe) contribute more than half of the
atmospheric contamination measured in the
Arctic. Europe seems to contribute less
contamination than Russia to the Canadian Arctic
(Pacyna 1995).

Reservoirs, known to promote the production of
methylmercury, are potential sources of mercury
to the Arctic. These have been developed for
hydroelectric power along freshwater rivers that
drain into James Bay and Hudson Bay (i.e. the
Churchill River and the Nelson River in
Manitoba; La Grande River in Quebec); (See
Case Study in the Inland Freshwater Ecosystems
Chapter: Hydroelectric Developments and
Mercury Contamination in Northern
Aquatic Environments).

Although most of the anthropogenic inputs of
metals to the Arctic come from distant sources,
there are numerous natural and anthropogenic
local point sources in the Arctic. Point sources of
metals, such as mercury and cadmium, include
mineral outcrops, mining activities, and
abandoned mines (Thomas et al. 1992). Metals
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are released from the Smoking Hills at Cape
Bathurst, Northwest Territories, an area of
spontaneous burning bituminous shales (Thomas
et al. 1992). Anthropogenic point sources include
oil and gas exploration and production (over

1 200 wells have been drilled in the Arctic),
disposal of drilling fluids and sump materials
(Thomas er al. 1992), and combustion of fossil
fuel for heating (particularly for mercury) (Ottar
et al. 1986).

The major source of organochlorine compounds
to the Arctic is the atmosphere. The transportation
cycle begins with release of contaminants in
warmer southern regions, transport to a colder
region, condensation or deposition and
revolatilization (Wania and Mackay 1993; Gregor
and Gummer 1989; See Sidebar on Cold
Condensation Theory). The presence of widely-
used organochlorine compounds (especially
toxaphene and chlordane) and their metabolites in
fish and marine mammals in the Arctic may be
indicative of contaminants from North American,
Asian, or European sources transported to the
Arctic via LRTAP. Asian and European LRTAP
sources include soil dust and polluted air masses
(Welch er al. 1991; Wania and Mackay 1993; Sece
Sidebar on Brown Snow). North American
LRTAP sources include the use of toxaphene as a
pesticide on agricultural crops in the southern
U.S. during the 1960s, 1970s and 1980s
(Bidleman et al. 1989; Stern er al. 1992). It is
estimated that 90 to 95% of PCBs that were
present in soils in Asia, Europe and North
America when concentrations peaked in the early
1970s have revolatilized since the 1970s and
become available for LRTAP, probably to the
Arctic (Gregor 1994). Thus, no decrease in
deposition of PCBs to the Arctic is expected in the
short term. HCHs are the most abundant
pesticides in arctic air and water. Barrie ef al.
(1997) provided estimated annual uses of a-HCH
and y- HCH by country in both 1980 and 1990. In
1980, China used more than 10 fold as much of
each of these as the next largest user, India. In
1990, Chinese HCH use declined to a minute
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fraction of its previous level and India, the former
Soviet Union, and France were the largest users.

There are very few point sources of the above
organic contaminants in the Arctic since they have
never been manufactured or systematically used
there. Two identifiable sources are abandoned
Distant Early Warning line (DEW-line) sites and
some orthern airports (Thomas ef al. 1992).
Direct disposal of PCBs into soils occurred at
DEW-line sites in the Canadian Arctic that
resulted in contamination of the nearby marine
environment (Bright er al. 1995a). Oil exploration
and production offshore on the Canadian Beaufort
Shelf may also contaminate the Arctic marine
environment. (Thomas ez al. 1986).

Ar  -opogenic point sources of PAHs include
waste oils, aviation fuel, and diesel fuel that have
been found in abandoned DEW line sites and at
some northern airports (Thomas ez al. 1992).
Petroleum hydrocarbons are also released into the
Arctic environment from local oil spills and
landfills and waste sites that contain abandoned
fuel drums. Natural releases of hydrocarbons and
smoke containing sulphur dioxide and sulfuric
acid aerosols occur from the Smoking Hills at
Cape Bathurst, Northwest Territories, an area of
spontaneously burning bituminous shale (Thomas
et al. 192). Natural hydrocarbon releases to the
Mackenzie River occur at Norman Wells (Wilson
etal. I73).

Some contaminants in water or ice in the Arctic
marine environment are transported directly by
ocean currents via the Bering Strait from the
Pacific Ocean and Fram Strait from the Atlantic
Ocean (Alexander 1995). Contaminants may also
be transported via freshwater river transport
(Barrie ef al. 1992). The Mackenzie River, and the
rivers of Asia and Europe that flow northward into
the Arctic drain approximately 110 km? of
northern Asia, northern Europe and North
America (Barrie er al. 1992). These rivers may
transport contaminants to the Arctic Ocean that
originate from point sources, atmospheric



deposition and reservoirs. It is estimated that the
Mackenzie River carries about 100 kg of total
HCH, 30 kg of total DDT, 370 kg of total PCBs,

5 kg of total chlordane, and 530 kg of lead to the
Arctic Ocean annually (Barrie ef al. 1997). All the
other Canadian rivers entering the Arctic Ocean
and Hudson Bay introduce quanti
Russian rivers are much greater sources of
organochlorine compounds to the Arctic Ocean
than the Canadian ones, bringing 15 000 to

30 000 kg of total HCH annually compared with
150 kg by all the Canadian rivers (Barrie et al.

1997).

DisTRIBUTION, TRENDS AND EFFECTS
METALS

Present loading of mercury to the Arctic is
considerably higher than in the past (Wagemann
et al. 1995). Pacyna and Keeler (1995) estimate
that 60 to 80 t of mercury annually emitted in
Asia, Europe and North America is deposited in
the Arctic. Judging from increases in the
uppermost layers of sediments, mercury
deposition in the Arctic appears to have increased
more in recent times than other metals, perhaps
by a factor of two (Macdonald and Bewers 1996).
This is seen in sediment cores taken from Hudson
Bay in 1992 and 1993 where mercury
concentrations are as high as 34 ng.g"! in the top
slice, compared with 15 to 22 ng.g-! deep in the
core (Figure 3; Lockhart ef al. 1995). High
sedimentation rates (up to 1 400 g.m2.yr1)
resulted in mercury fluxes up to 47 pg.m-2.yr!
(Lockhart et al. 1995). The observation of
increasing mercury in recent sediment layers is
evidence that there are anthropogenic sources in
addition to the natural ones (Barrie ef al. 1997).
The evaluation of mercury concentrations in
Arctic marine biota and attribution to natural and
anthropogenic sources is complex because natural
background concentrations can vary considerably
(Wagemann et al. 1995). Determining the relative
contributions from natural and anthropogenic
sources to mercury concentrations in biota at
particular sites may not be possible.

The Arctic Marine Ecosystem

Information on mercury concentrations in
Arctic marine fish is very limited. Rarely is the
most toxic form, methylmercury, measured. Table
1, with data from 1976 to 1994 on the
concentrations of metals in muscle shows that the
concentrations of mercury are generally low,
below the 0.5 ug.g-! wet weight, established by
Health Canada for the protection of human
consumers of fish. Much of the information
comes from studies carried out in the 1970s and
1980s prior to and following mining
developments (Bohn and McElroy 1976; Bohn
and Fallis 1978; Fallis 1982). Little or no metal
contaminant information exists on Arctic marine
fish from Hudson Bay, Hudson Strait or areas
south and west of Lancaster Sound (Muir et. al.
1996). Methylmercury is found at higher
concentrations in liver and kidney than in muscle.
Data on methylmercury in these organs or in the
whole body are needed for assessment of
biological effects of mercury on aquatic
organisms (See the Inland Freshwater
Ecosystems Chapter).

Marine mammals had considerably higher
mercury concentrations in liver than in muscle,
with the lowest concentrations in muktuk (the fat
and skin layer of the animal, Table 2). Ringed
seals and beluga from the western Arctic had
significantly higher concentrations of mercury in
liver than those from the eastern Arctic (Figure 4;
Wagemann et al. 1995). Average mercury
concentrations in muscle of beluga from the
western Arctic were more than twice the Health
Canada guideline for fish muscle (Muir et al.
1996). Total mercury concentrations in beluga
liver were 18 times and in beluga kidney were 4
times higher than the concentrations in muscle
(Muir et al. 1996). Concentrations of mercury in
polar bear liver from the western Arctic were
much higher than from the eastern Arctic and
appeared to be highest in areas bordering the
Beaufort Sea (Braune er al. 1991). This
geographical pattern was also reported for
mercury concentrations in liver of ringed seal and
beluga. Data on geographic distribution reflect the
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declined with time (Bidleman et al. 1995b).
Concentrations of HCH (total HCH as isomers o
and v-HCH) at Resolute Bay decreased from 880
pg.m-3 in 1979 to approximately 100 pg.m-3 in
1992 (Bidleman 1994a) bringing the
concentrations to within the range of annual mean

ce tion of total H(C  observed in air in
southern Ontario (210 pg.m-3; Hoff et al. 1992).
HCH isomers are also the most prevalent
organochlorine pesticide compounds in
precipitation of the northern hemisphere, in Arctic
snow (McNeely and Gummer 1984; Gregor and
Gummer 1989; Welch er al. 1991; Swyripa and
Strachan 1994), and in Arctic seawater (Figure 5;
Hargrave et al. 1988, 1989; Bidleman et al. 1989,
1995b). From October to June the source of
contaminants in the seawater is mainly snow and
dryfall. Total HCH concentration in the seawater
column at the Canada Basin decreased with
increasing depths (Macdonald and McLaughlin
1993) but the total inventory in the water column
has remained high.

Snow from ice caps and sea-ice surfaces in the
Arctic contain several organochlorine compounds
including «-HCH, B-HCH, y-HCH, heptachlor
epoxide, B-endosulfan, chlordane and dieldrin
(Gregor and Gummer 1989). Decreasing amounts
of organochlorine residues were observed in
annual snow layers from 1970 to 1986 in the
Agassiz Ice Cap on Ellesmere Island (Gregor and
Gummer 1989).

HCB was second in concentration to total HCH
in Arctic air (Figure 5; Hargrave ef al. 1988;
Fellin et al. 1996). Concentrations of HCB in
Arctic air were within the same range as those
observed in air in southern Ontario (greater than
54 pg.m=3; Hoff et al. 1992).

Toxaphene tends to be less concentrated in air
than total HCH and HCB but more concentrated
in seawater than HCB (Figure 5; Bidleman et al.
1989, 1993; Barrie et al. 1993; Hargrave et al.
1988). Concentrations of toxaphene in Arctic air
were similar to the annual mean concentration in
air in southern Ontario (26 pg.m-3; Hoff et al.
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1992). Toxaphene was detected in Arctic snow
(Welch et al. 1991; See Brown Snow Sidebar).
Chlordane is ubiquitous in air of the Northern
Hemisphere (Barrie ef al. 1992). Concentrations
of total chlordane in the Arctic (1.9 to 5.1 pg.m-3)
were much lower than in southern Ontario

(40 pgm3; 1 fetal 1992).

There appears to be no evidence of a consistent
long-term trend of PCB deposition to the ice cap
or to the entire Arctic. In 1993, snow samples
spanning 30 years from the Agassiz Ice Cap
showed total PCB concentrations ranging from
1.2 to 6.7 ng.L"! (Gregor et al. 1995). High inter-
annual variability in PCB concentrations masked
any time trend (Gregor et al. 1995). The total
DDT in the “brown snow” falling on the District
of Keewatin in the central Canadian Arctic was 2
to 10 times higher than in previous studies of
Arctic snow (Welch et al. 1991).

Despite their prevalence in air, precipitation,
snow and seawater, HCH isomers were the least
concentrated residues found in biota, i.e., fish,
around the Canadian Ice Island (Table 3;
Hargrave 1994; Muir ef al. 1996). The relatively
low potential of these compounds for
bioaccumulation is attributed to their low lipid
solubility compared with PCBs and DDT-related
compounds. This causes them to be
proportionately less associated with particulates
that are the main route of uptake of
organochlorine compounds into the food chain.

HCB was among the least concentrated of the
organochlorine pesticides in Arctic biota. HCB
tended to be slightly more concentrated than total
HCH in biota, particulate matter, all size classes
and taxa of pelagic and benthic zooplankton, and
amphipods and tissues from Arctic cod, char, and
eelpout from around the Canadian Ice Island
(Table 3; Hargrave 1994; Muir et al. 1996).

Toxaphene was the major organochlorine
compound contaminant in marine fishes, followed
by total PCBs, total DDT and total chlordane
(Hargrave 1994; Muir et al. 1996). Toxaphene
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increase in concentrations from west to east than
the other organochlorine compounds sampled.
Highest dieldrin concentrations were detected in
polar bears from the Hudson Bay at Belcher
Island. These results may indicate atmospheric
transport to this area after volatilization from soil
surfaces, and perhaps the Great Lakes, in North
America during the summer. Eastern Hudson Bay
is the only area of those sampled that is in the
direct path of average continental airflow in the
summer (Barrie et al. 1992). Concentrations of
total CBz and total HCH were similar in polar
bears from all areas of the Arctic; however, unlike
the other compounds measured, highest
concentrations were found in the western regions
(Figure 9).

Although the information on
polychlorodibenzo-p-dioxins (PCDDs) and
polychlorodibenzo-furans (PCDFs) in Arctic
marine fish is very limited, the little there is
indicates that concentrations are low, ranging
from below detection limits to 2 pg.g-! (Muir et
al. 1996). Concentrations are also low in Arctic
marine mammals (Norstrom et al. 1990).
Concentrations of 2,3,7,8,-tetrachlorodibenzo-
dioxin (2,3,7,8-TCDD), 2,3,7,8-
tetrachlorodibenzo-furan (2,3,7,8-TCDF), and
octachlorodibenzo-p-dioxin (OCDD) and
1,2,3,6,7,8-HxCDD were found at levels ranging
from 2 to 41, 2 to 7, less than 15 to 43, and less
than 4 to 9 pg.g-1, respectively, in ringed seal
blubber samples from various sites in the Arctic.
In beluga, concentrations of these compounds
were less than 2, less than 2 to 3, less than & to
17, and less than 4 to 5 pg.g-!, respectively
(Norstrom et al. 1990). Highest concentrations of
2,3,7,8-TCDD and OCDD in seals were found in
the central Canadian Arctic Archipelago and the
lowest were found in Hudson Bay, the reverse of
PCB concentration distribution (Norstrom et al.
1990). The reason for higher concentrations of
TCDD and OCDD in the Arctic than in the sub-
Arctic may be transpolar movement of
atmospheric particulate matter with combustion-
related origins in Asia or Europe (Norstrom et al.
1990). PCDDs and PCDFs have also been
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detected in polar bear tissues (Norstrom et al.
1990).

OTHER AROMATIC COMPOUNDS

The particle-bound PAHs measured in air at
Alert in 1992 showed clear seasonal differences
with high values in winter and low values in
summer. PAHs contribute to Arctic haze that
consists of anthropogenically-generated
compounds originating in temperate latitudes and
transported to the Arctic region during the winter
months (Fellin et al. 1996). Fluorene and
phenanthrene were the PAHs present in highest
concentrations at Alert in 1992 at mean
concentrations of 17 and 28 pg.m™ in summer
and 590 and 210 pg.m-3 in winter, respectively,
Other PAHs, such as pyrene, retene, chrysene and
benzo[a]pyrene, (B[a]P), and perylene were
present at 5 to 10-fold lower concentrations, but
all showed strong seasonal variation (Fellin et al.
1996).

Recent historical trends in the deposition of
PAHs to the Arctic were determined when the
Agassiz Ice Cap on Ellesmere Island was sampled
and total PAHs determined for the last 30 years
(Figure 10; Peters et al. 1995). PAH
concentrations ranged from 36 to 660 ng.L-! most
of which was napthalene. The flux of total PAHs
to the Arctic has remained relatively constant
since the 1970s at an annual total PAH loading of
about 37 t per year assuming the area of Canada’s
Arctic and sub-Arctic is 3.4 x 10 km? (Barrie et
al. 1992). Prior to 1972 to 1973, loading of total
PAH was almost 7 times higher. The decline in
PAH loading may be indicative of changes in
global fossil fuel use with time.

Although atmospheric sources of PAH
combustion products to the Arctic may be
important in areas that are remote from the
influence of large rivers, they are a minor
contribution to the PAHs of the Mackenzie Shelf.
The massive particulate flux provided by the
Mackenzie River is the major source of PAHs to
the Mackenzie Shelf (Yunker and Macdonald
1995). PAHs are present at higher concentrations
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Mathieu et al. (1995) detected “uncharacterized’
PAH-DNA adducts in brain, liver and kidney of
Arctic beluga. This was the first evidence for
PAH-related adducts in Arctic wildlife in general
and in marine mammals in particular (Muir et al.
1996). Covalent bonding of many chemicals or
their  tabolites to DNA can result in t
formation of DNA adducts. Such adducts are
believed to be important in mutagenesis and
carcinogenesis (Muir et al. 1996).

The relationships between the presence of
chemical contaminants and overall ecosystem
effects have not been fully studied. Although
other stress factors may not be directly related to
chemical contamination, they may nevertheless
enhance the detrimental effects of contaminants.
Such stressors include habitat destruction due to
hydroelectric development, increased human
settlement and activity, resource extraction,
chemical spills, climate change, and over-
harvesting (Welch 1995).

The coastline of the Arctic Ocean is twice as
long as that of the Pacific and Atlantic coastlines
combined. The Arctic coast includes more than
one million km? of continental shelf, equivalent to
the combined extent of the shelf in the Atlantic
and Pacific waters within Canada’s 200-mile
economic zone. The vast coastline and area
represented within the Arctic is a unique and
fragile environment in which the living resources
are limited.

Of all the ocean basins, the Arctic Ocean Basin
is the least known from an ecological perspective.
In the Canadian Arctic marine ecosystem, little is
known about spatial and seasonal variability in
primary production (Alexander 1995). In spite of
the fact that species diversity is relatively low in
the Arctic, the feeding relationships among
species, including predator-prey relationships, can
be complex and are not well known. This
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information is required for sustainable
management of important subsistence and
commercial fish and mammal stocks (Beckmann
1995), and for understanding the Arctic marine
pathways by which contaminants find their way
into marine mammals and fisheries resources.

A dominant feature of the Arctic is the presence
of multi-year and seasonal ice that influences the
biological regimes of the region. The ice edge is
an area where marine mammals and birds
congregate to feed, and where the contaminants
that are present can readily enter the food chain.
Because of ice cover during half of the growing
season and other factors, annual marine primary
production is relatively low and it is highly
seasonal. Fish and marine mammals have adapted
to the cold temperatures and variable productivity
by accumulating large lipid reserves. These
reserves serve as energy stores and for
thermoregulation in the mammals. Most of the
persistent contaminants are lipophilic and
accumulate in the lipid body reserves. Although
Arctic food chains may be relatively simple, they
are long, with up to three levels of carnivory. This
leads to elevated concentrations of some
contaminants as they biomagnify up the food
chain. For example, some contaminants in polar
bear lipids are 17 000 times the concentrations
found in particulate matter in seawater. Compared
with the concentrations of some organochlorine
compounds dissolved in seawater, the
bioconcentration factors in polar bears are even
more dramatic, 7 x 104 for toxaphene, and 2 x 100
for PCBs (Muir and Norstrom 1994).

By far the largest source of chemical
contaminants to the Arctic marine environment is
LRTAP. Contamination of the Arctic has its
origins in regions as far away as Asia and Europe
where contaminants are produced, used, or
emitted to the environment. Contaminants are also
brought to the Arctic marine ecosystem by the
major routes of ocean currents and inflow of
rivers. Less important routes are direct run-off
from the land, such as from local point sources,
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and direct disposal into the ocean. There are a few
anthropogenic point sources in the Arctic marine
ecosystem, such as mines, oil and gas exploration
and production sites, and waste disposal sites.

Concentrations of mercury have been reported
to be increasing in the abiotic environment (air
and sediments) and in certain biota (beluga and
ringed seal). The major source is considered to be
LRTAP. Loading of anthropogenic mercury can be
detected from sediment core profiles. The
biological consequences of higher metal loading
to sediments associated with anthropogenic
activity are not known (Lockhart 1994).
Nevertheless, there is a great deal of variability of
natural background concentrations of mercury in
biota. This variability is related to geological
variability. The sedimentary geology of the
western Arctic has higher concentrations of
natural mercury than that in the central and
eastern Arctic. This evidence that mercury is
increasing in the Arctic is viewed with concern,
but the amount of data available is too limited to
associate the increases in the biota with the
increased global mobilization of mercury by
human activity with certainty (Barrie et al. 1997).

Cadmium concentrations are elevated in the
organs of some marine mammals. Concentrations
of cadmium found in the liver and kidney of
narwhal from Pond Inlet were high enough to be
potentially chronically toxic. Geological
formations in the eastern Arctic are high in
cadmium with resultant elevated concentrations in
organisms. There 1s a contrasting east-west
geographical variation for mercury. Mammals in
the western Arctic have elevated concentrations of
mercury compared with those in the central and
eastern Arctic. Anthropogenically-mobilized
cadmium is reaching the Arctic Ocean via rivers,
ocean currents and the atmosphere, but is
insignificant in amount compared with the large
natural pool in the Arctic Ocean. Further
information is needed on the concentrations of
mercury and cadmium in the liver and kidney of
marine mammals and fish from a wide
geographic range.
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Although the source is believed to be natural
rather than anthropogenic, cadmium was found in
the liver and kidney of narwhal from Pond Inlet at
high enough concentrations to be potentially
chronically toxic were it not for the accompanying
high concentrations of metallothionein.
Geological formations in the eastern Arctic are
high in cadmium with resultant elevated
concentrations in organisms. There is a
contrasting east-west geographical variation for
mercury. Mammals in the western Arctic have
elevated concentrations of mercury compared
with those in the central and eastern Arctic.
Anthropogenically-mobilized cadmium is
reaching the Arctic Ocean via rivers, ocean
currents and the atmosphere, but is insignificant
in amount compared with the large natural pool in
the Arctic Ocean. Further information is needed
on the concentrations of mercury and cadmium in
the liver and kidney of marine mammals and fish
from a wide geographic range.

Numerous organic contaminants that are neither
produced nor used in the Arctic continue to be
delivered there by LRTAP. Toxaphene is the major
organochlorine compound contaminant in marine
fish, followed by PCBs, DDT and chlordane. Past
and present widespread use of organochlorine
compounds in Canada and elsewhere makes it
difficult to accurat  assign sources of the
contaminants, or t¢  redict loadings to the Arctic

environment.

Organochlorine compounds appear in nearly all
cor onents of the Arctic marine ecosystem,
although some are at very low concentrations.
HCH isomers and HCB are the most prevalent in
air, seawater, snow and precipitation. Toxaphene,
DDT and PCBs are the most prevalent
compounds measured in marine fish, ringed seals
anc  luga. These differences in occurrence have
to do with the relatively low lipid solubility of
HCH compared with that of the organochlorine
compounds that accumulate in biota.



Spatial distributions of organochlorine
compounds in Arctic marine mammals are
relatively well known. Nevertheless, there are
very few data on concentrations of these
substances and PAHSs, in Arctic marine fish (Muir
et al. 1996), and little knowledge of temporal
trends. The mechanisms for transfer of
organochlorine compounds between various
compartments of the Arctic marine environment
and food web are poorly understood (Hargrave
1994).

A major temporal trend in contaminants in the
Arctic is the reported increase in mercury loading
mentioned above. Dramatic decreases in loadings
since the 1970s have been recorded for lead,
HCH, and PAHs. PCBs have declined in marine
mammals over that period but there is either a
smaller or a lack of decline in DDT
concentrations.

Although there are measurable responses of
some bioindicators in marine mammals, they are
less than those seen in animals from more
contaminated areas of the world. The ecological
significance of such responses is not clear.
Consequently, there is a general lack of
information by which to link contaminant
concentrations and biochemical indicators of
effects to biological effects on Arctic marine
animals at the whole organism or population
level. Nevertheless, there is concern that
contaminants are approaching concentrations that
may elicit adverse biological effects.

Today the Inuit and other northern residents
combine aspects of traditional life styles with
modern lifestyles. Traditionally, the consumption
of country foods such as fish, land and marine
mammals was a necessity. Despite increasing
access to market or imported foods, aboriginal
people still depend upon country foods. To the
Inuit, country foods are directly associated with
physical health and spiritual well-being.
Nevertheless, the fish and marine mammals that
are consumed are often large, long-lived
individuals. These species would have
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accumulated contaminants over long periods of
time and could have the highest contaminant
concentrations in the populations.

Developments in the North, including mineral
and hydrocarbon exploration and production,
tourism, ecotourism, hunting and guiding, and
trophy fishing place added stress on fragile Arctic
marine ecosystems. Increases in both permanent
and transient populations and shifts in the
population base may also present a cumulative
risk to local ecosystems. These human activities
could enhance the detrimental effects of
contaminants or be negatively affected by the
presence of contaminants.

CoNTAMINANTS IN COUNTRY FoODS

»untry foods include traditional
1ative foods such as berries, game,
marine mammals, birds and fish
‘Wein et al. 1991). Consumption
>f country foods can result in
increased exposure to contaminants (Dewailly
et al. 1989, 1994). Measurable concentrations of
several organochlorine compounds and metals are
present in biota, including country foods, throughout
the Arctic and northern regions of Canada (Cameron
and Weis 1993; Kinloch er al. 1992).

Consumption patterns of country foods differ
considerably among northern communities
(Mackey and Orr 1987) due to game availability,
seasonal patterns, and food preferences. At
Sanikiluaq on the Belcher Islands, Northwest
Territories, beluga, ringed seal, arctic char,
common eider and Canada goose were found to
be important components of the native diet; 80%
of all meals during a two-week study period in the
summer consisted of country food with 27% of
these meals consisting of sea-run arctic char
(Cameron and Weis 1993).

Concentrations of organochlorine compound
contaminants in the country foods of Sanikiluaq
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gradual re-opening of fisheries. However, where sediments are
remobilized by tidal waves or bioturbation, PCDD and PCDF
concentrations in biota remain elevated; hence, some fisheries remain
closed. Sublethal biological effects are also found in fish exposed to
pulp mill effluents.

Tributyltin (TBT) continues to be used in anti-fouling paints,
particularly on commercial and naval shipping, although it was banned
from use on most recreational vessels in 1989. TBT concentrations in
sediments from harbours used by small boats have declined since the
late 1980s, but sediments from commercial ports such as Vancouver
remain contaminated. One effect of TBT contamination is imposex
(development of male characteristics in females) in some marine snails.
The frequency of TBT-caused imposex is declining in recreational
areas, but remains elevated in commercial ports.

Acid mine drainage leaches metals, particularly copper and zinc.
Shore-based tailings sites near abandoned mines, and tailings
discharged to fjords also release metals. Although rates of metal
leaching or release are high, most of the metals are confined to
sedimentary basins in fjords. There is no evidence of widespread
fishery contamination at present.

As the point source discharges of contaminants become better
controlled and as environmental concentrations decline, future
concerns about contamination may focus on the impact of the growing
population density in the lower mainland and southern Vancouver
Island. Population growth may put increasing pressure on the
environmental quality of the Strait of Georgia. Increasing discharges of
nutrients and organic matter or sewage may lead to eutrophication.

Hitherto undetected synthetic chemicals may survive sewage treatment
and cause unforeseen problems, such as disruption of normal endocrine
processes in biota or in those who consume 2 fish. Increasing use and
discharge of pharmaceuticals through sewage by an increasingly aging
population may also have unforeseen effects.

The growth of aquaculture may lead to increased accumulation of
sludge and to releases of nutrients, antibiotics, or pesticides, which may
affect inshore ecosystems.
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1 this chapter, the British Columbia

>oastal ecosystem is considered to consist

>f three components: the Strait of Georgia;

‘he British Columbia open coast and

Jjords, including some local “hot-spots™
such as Kitimat Arm; and the Fraser, Columbia,
Nass, and Skeena river systems.

MAJOR CONTAMINANT ISSUES

Environmental regulations in general have
reduced some of the conventional contaminants
entering the region. However, less familiar
contaminants whose production is increasing will
require attention. These include non-ionic
surfactants, some of which are potential endocrine
disrupters. Therefore, the current scientific
emphasis on the study of the “classic” range of
organochlorine compounds, polycyclic aromatic
hydrocarbons (PAHs) and metals will almost
certainly change.

Eleven of British Columbia’s pulp mills are
situated on the coast. These mills discharge
to the coastal environment and their effluents
have a direct impact on inshore ecosystems.
Polychlorodibenzo-p-dioxins (PCDDs) and
polychlorodibenzo-furans (PCDFs) were
released in pulp mill effluents until the late
1980s, when the federal government issued
harvesting regulations and began developing
legislation to reduce the release of these
chemicals. Although residues of PCDD sand
PCDFs remain in sediments near several pulp
mills (Macdonald et al. 1992; Hagen et al.
1995), current emissions of these chemicals
are very low. As a result, pulp mills are now
considered to be of declining importance
as a source of these contaminants.

Direct comparisons can be made between the
use of dichlorodiphenyltrichloroethane (DDT)-
group insecticides and the polychlorinated
biphenyls (PCBs) in B.C. and Eastern Canada.
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Studies of similar environmental compartments
in both regions show lower concentrations of
these chemicals in B.C. than in Eastern Canada.
However, PCDDs ar  PCDFs are found at
higher concentrations and are more widely
distributed in B.C.

PAHs are introduced to coastal B.C. from
various sources (Waldichuk 1983). Non-point
sources, defined as those which are not well
quantified (West et al. 1994), include general
urban and industrial run-off in the lower
mainland. These are most significant for the Strait
of Georgia. The better-defined point sources are
associated with particular locations, such as
the aluminum smelter at Kitimat and the coal-
loading terminal at Prince Rupert.

With the closing of many of the region’s coastal
mines, concerns over metal contamination from
mine tailings have decreased. In addition, those
contaminants already in place are considered to
be well contained. This is due to the fact that
contaminants from these mines were often
discharged directly into fjords, such as the
Observatory Inlet system, where the water
circulation and sediment transport patterns
do not promote great movement, thereby
reducing the risk of widespread contamination
(Macdonald and O’Brien 1996). However, acid
mine drainage continues to be a problem in Howe
Sound, where perhaps as much as 600 kg.d-! each
of copper and of zinc enter the sea (McCandless
1995). Similar though smaller discharges may
occur at other abandoned mine sites. Mercury
discharges from a chlor-alkali plant at Squamish,
which contaminated at least the upper part of
Howe Sound, have now ceased, though mercury
may still remain in the system. Concern about
metal contamination in the region now focuses
primarily on organo:  tallic compounds. The best
example of this is tributyltin (TBT), which
originates from anti-fouling paints.
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The topography of today’s B.C. coast originated
about 150 million years ago when the Pacific and
North American crustal plates collided. The
consequent buckling and folding formed two
mountain ranges, which over time have been
further changed by upward movements, deposits,
erosion and the movement of glaciers. These
two mountain ranges are well identified today.
The western mountain range is comprised of
the Vancouver [sland Range and its extensions
to the Queen Charlotte Islands and the Olympic
Range in the U.S. The eastern range includes the
Coastal Range and its extension to the Cascades
in the northwestern U.S. A trough, stretching from
Alaska to the Gulf of California, separates the
two ranges, and includes the Strait of Georgia and
the Hecate Strait. The coastline is mountainous,
with peaks rising to almost 4 000 m, and
penetrated by deep inlets and fjords. Offshore,

a complex system of islands is separated by
deep channels. Rivers carry glacial till to the sea
or, as in the case of the Fraser, Skeena and Nass
rivers, large amounts of other particulate loads.
Figure 1 shows the major topographical

features of the region.

Oceanographic conditions on the outer B.C.
coast are controlled by large-scale oceanic
processes. The Aleutian Low atmospheric system
in the northern North Pacific creates cyclonic
(counter-clockwise) winds. During the winter,
these winds blow predominantly from the
southeast, creating an inshore current which
sets to the northwest. The Fraser River via
Juan de Fuca Strait, the Columbia River and
local coastal run-off (Macdonald and Pedersen
1991) all provide important freshwater inputs to
this surface flow. During the summer, as the
Aleutian Low recedes and the more southerly
North Pacific High pressure zone expands, anti-
cyclonic winds blow from the northwest. These
winds produce offshore currents that create
coastal upwelling. This constant supply of deep,
nutrient-rich cold water stimulates biological
productivity in the region.
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However, two localized conditions —
freshwater inputs from rivers, and tides — affect
these large scale oceanographic processes and
create conditions that are very site specific.
This makes it difficult to generalize about the
movements of water masses. For example, the
Fraser River flow is sufficiently large that the
Strait of Georgia can be considered an estuarine
system, with a net surface outflow of fresher
water being replaced by deeper inflow of water
with a higher saline content. Tidal oscillations
are complicated by the convoluted coastline
and abundance of islands and channels
(Thomson 1981).

While there is little data from B.C. coastal
areas, it is likely that wind is the predominant
distribution mode of the more volatile organic
contaminants. However, in the Strait of Georgia,
which is surrounded by a large population with
associated urban and industrial contaminant
sources, the Fraser River provides the distribution
mode through its suspended particulate material.
The large natural  ply of particulate matter
from the Fraser River scavenges contaminants,
depositing them predominantly within this coastal
basin (Macdonald and Crecelius 1994). A similar
process can be also seen on a more local scale at
Howe Sound and Kitimat Arm.

Most information about chemical contaminants
refers to the Strait of Georgia and to a few local
“hot-spots” on the B.C. coast. In this chapter, the
discussion of rivers focuses on two aspects: as a
source of contaminants to marine ecosystems,
and on effects in the rivers themselves.

BioLoGicAL F SOURCES

The British Columbia commercial fishing and
seafood industries generated about $1.2 billion in
1994. In addition, the recreational fishing and
marine tourism industries generated over
$200 million, accounting for about one-third of
all tourism dollars spent in the province. About
25 000 people are  rectly employed in the
fishing industry in B.C., which represents about



19 000 full-time jobs. About 20% of the
commercial salmon fishery is conducted by
Aboriginals. Of the commercial landings, six
species of salmonids (sockeye, coho, chinook,
chum, pink and steelhead) represent over 40%
of the total landed value. Herring, groundfish
(principally halibut and sablefish) and
invertebrates (mainly geoduck and crab) each
represent slightly under 20% of total landed
value. Farmed salmon (of which Atlantic
salmon accounts for about 68%) now represent
about one-third the total landed value of
salmonids (Anon. 1995).

The health of this economic base is, of course,
affected by the health of the fishing grounds.
In the late 1980s, chemical contaminants,
particularly releases of PCDDs and PCDFs from
pulp and paper mills, led to closures of the crab
and shellfish fisheries. At the beginning of 1995,
about 1200 km? of fishing grounds remained
closed. By the end of 1995, about 40% of the
grounds were reopened due to reductions in the
concentrations of these contaminants.

THE STRAIT OF GEORGIA

AND Howe Sounp

The Strait of Georgia is about 200 km long and
about 20 to 40 km wide, with a surface area of
6 800 km2. It drains an area of about
290 000 km? (Thomson 1994). Flushing time in
winter is 100 to 200 days; in summer, 50 to 70
days. While geographically connected to the Strait
of Georgia, Howe Sound is a fjord which contains
both a sedimentary basin and several local
sources of contamination.

SOURCES
The largest centres of population surrounding
the Strait of Georgia are in Vancouver (population
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1.8 million) and Victoria (population 260 000).
Several smaller communities stretch along the
mainland coast north of Vancouver and on the
southeast coast of Vancouver Island. Industrial
waste enters the Strait not only from the cities,
but from pulp mills and from isolated mines at
points along the coast (Waldichuk 1983; Kay
1989; Macdonald and Crecelius 1994). The
sediment carried down the Fraser River plays

a significant role in controlling the

distribution of particulate bound compounds.
Local topographical features such as fjords may
control the dispersal of contaminants originating
from point sources.

DisTriBUTION, TRENDS AND EFFECTS
METALS AND ORGANOMETALLIC COMPOUNDS

Metals enter the Strait of Georgia from several
sources, including discharges from pulp mills and
from metal working shops and shipyards in the
urban areas of Vancouver, Victoria and Nanaimo,
and from pulp mills. More general urban inputs
include sewage and urban run-off. Tailings from
an abandoned mine in Howe Sound had also
been considered as a potential source of metal
pollution, though this now appears unlikely
(Drysdale and Pedersen 1992). Acid mine
drainage in the abandoned workings maybe
more important source of metals.

A general picture of metal distribution in the
Strait of Georgia during the past century emerges
from analyses of dated sediment cores from the
Ballenas Basin, Thornbrough Channel and Howe
Sound (Macdonald ef al. 1991; Macdonald and
Crecelius 1994). Since the Ballenas Basin has no
immediate source of metal contamination, trends
in metal distribution in that core represent
contamination associated with increasing
industrialization and population growth in the
entire region. The other cores were taken at the
mouth of Howe Sound. At the head of Howe
Sound, a chlor-alkali plant near Squamish which
had released significant amounts of mercury, and
a mine at Britannia from which copper and zinc
continue to be released, may have caused or
continue to cause local contamination.
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Lead concentrations in several sediment cores
show a fairly general increase, particularly after
about 1930, when lead-based anti-knock additives
were first used in gasoline. These concentrations
have decreased since the 1970s, following the
elimination of lead additives from gasoline. Strait
of Georgia sediments also show detectable copper
contamination after about 1930; and in Howe
Sound, where Britannia Mines had disposed of
tailings since 1905, the sediments have contained
much higher concentrations since about 1930
(Macdonald and Crecelius 1994).

The historical trend for zinc is similar to that of
copper except that it is displaced about 10 to 20
years later, probably reflecting the later emphasis
on zinc production at the Britannia Mine.
Mercury concentrations in Ballenas Basin
sediments have remained fairly constant over
time, but in Howe Sound cores, mercury
increased dramatically during the 1960s and then
declined more slowly after the mid 1970s. This
pattern reflects the release during the late 1960s
of as much as 20 kg.d"! mercury from the chlor-
alkali plant at Squamish and the dramatic
reduction in mercury discharges following
controls imposed in the early 1970s (Thompson
et al. 1980). Despite attempts to determine the
relative contribution from the plant, much of the
mercury released to Howe Sound cannot be
accounted for in local sediments. Some of the
mercury may have been either volatilized or
moved out of Howe Sound. Establishing a time
trend for cadmium from sediment core data is
complicated by geochemical processes. Because
cadmium tends to precipitate as an insoluble
sulfide (Pedersen et al. 1989), elevated
concentrations in sediments may reflect
geochemical processes rather than contamination.
For example, cadmium concentrations in surface
sediment of up to 7 ug.g-! dry weight in Ucluelet
Harbour were interpreted as reflecting natural
processes (Pedersen et al. 1989). In contrast,
sediments from the Strait of Georgia have
uniformly low cadmium concentrations
(Macdonald et al. 1991). Near sites where
particulate or elemental cadmium may have
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entered the environment from boat repair,
metalworking, or paint shops, increases in
cadmium in surface sediments may reflect local
contamination (Goyette and Boyd 1989). It is
nevertheless difficult to interpret cadmium
trends from sediment core data, due to the
biogeochemical processes affecting the
movement of cadmium, and its long

residence time in the water.

Where data are available, metal distribution in
biota generally follows the trends found by
sediment analyses. During the 1970s, metal
concentrations in a range of biota in Georgia
Str were generally quite low (Harbo et al.
1983). Thus, mercury was usually below
0.2 pg.g'! wet weight in most species, except
for dogfish. This is
relatively high trophic level and long lived fish

robably an example of a

accumulating high concentrations from natural
sources, as has been observed in swordfish and
tuna on the Atlantic coast. Copper concentrations
were usually under 5 pg.g-! wet weight in
molluscs, under 10 pg.g-! wet weight in
crustaceans, and below 2 pg.g-! wet weight in
fish. Zinc and cadmium concentrations in Pacific
oysters were much higher than in other molluscs,
but this species is well known for accumulating
unusually high zinc concentrations. In other
molluscs, zinc and cadmium concentrations

were similar to those from biota in
uncontaminated environments. Although zinc
based whiteners had been used at the pulp and
paper mill at Crofton until the 1970s, oysters
sampled in the 1990s showed no elevation

of zinc (J.A.J. Thompson unpublished data).

In contrast to biota from Georgia Strait proper,
organisms samplec  om Howe Sound during the
early 1970s revealed evidence of chlor-alkali
plant mercury discharges, and of tailings disposal
from the Britannia Beach copper and zinc mine.
Mercury concentrations in crabs and other biota
sampled near the chlor-alkali plant at Squamish
often exceeded 0.5 pg.g-!, the recommended
threshold for human consumption, forcing

closure of the crab fishery. Samples taken further







































accumulations of clean sediment, and PCDD and
PCDF concentrations in crabs which live and feed
on the sediment surface are declining. However,
where surface sediments are mixed, contaminated
sediments are redistributed to the surface layers
and PCDD and PCDF concentrations in crabs
occupying this habitat declinc e slowly.
Concentrations of the DDT-group of
insecticides and of PCBs in the Strait of Georgia
are generally lower than those in eastern Canada.
From the few data available, concentrations
appear to be declining at rates similar to those
in eastern Canada.

Metal contamination has been a problem in the
past, mainly as a result of mercury discharges
from a chlor-alkali plant and from local mining
activity. These sources have been reduced or
controlled for several years, and metal
contamination probably does not present a
major concern in the Strait of Georgia, though
the impact of acid mine drainage from the
former Anaconda Mine to Britannia Bay
remains to be evaluated.

TBT continues to be of concern in harbours
such as Vancouver, where it is introduced from
anti-fouling paints used on commercial shipping.
The ban on the use of TBT based anti-fouling
paints on small vessels seems to have resulted
in a decline in TBT concentrations in recreational
harbours, and in the frequency and extent of
imposex in marine snails.

THE BriTisH CoLumBIA OPEN

CoAsT AND FJORDS

THE OPEN CoAsT
SOURCES

Since the open coastline of British Columbia is
relatively sparsely inhabited, contaminant issues
tend to arise at the few sites where there are or
have been mining or other industrial operations
(Macdonald and Pedersen 1991). These sites
include: Prince Rupert (pulp mill); Kitimat Arm
(aluminum smelter, pulp mill); and Alice Arm
(lead and molybdenum mines).
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Because coastal fjords and basins effectively
trap particulate matter, the outer coast tends to
have fewer terrestrial inputs (Macdonald and
Crecelius 1994; Macdonald and Pedersen 1991).
As a result, particulate-bound contaminants
entering from the land near urban or industrial
areas tend to be removed before reaching the
outer coast. However, the entire British Columbia
coast is expected to receive contaminants from
trans-Pacific atmospheric transport or advection
from ocean currents, particularly those coming
from the south (Macdonald and Pedersen 1991).
At present, there are few data describing the scale
of this process in British Columbia, although
U.S.-based research on the Washington Shelf
(reviewed in Carpenter and Pedersen 1989)
provides a useful reference. For example, the
Washington Continental Shelf has been
shown to sequester excess radioactive fallout
products delivered by on-shelf transport of
water (Beasley ef al. 1982).

DisTRIBUTION, TRENDS AND EFFECTS

The background contaminant concentrations in
British Columbia coastal waters, some of which
have been referred to in the discussion of the
Strait of Georgia, tend to be very low, suggesting
that long range transport has not been a
significant route of contaminant supply to the
region, and that local sources are more important.
Metal concentrations in sediments and biota
from various sites around the coast in the late
1980s (Harding and Goyette 1989) generally
show no measurable contamination. Relatively
few data describe organochlorine compound
concentrations remote from point sources.
Stout and Beezhold (1981) reported DDE at
18 ng.g-! and PCBs at less than 8 ng.g-! wet
weight in a Pacific halibut caught in 1971;
concentrations of the DDT-group in a Pacific
cod caught in 1970 were not detectable. More
recently, Jarman et al. (1996) reported high
concentrations of total DDT and related
organochlorine compounds in west coast marine
mammals: in the blubber of mature male false
killer whale, total DDT reached 1 900 pg.g-!.
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mouth had PAH concentrations less than
0.3 nug.g-l; and dated cores showed a sharp
increase in PAH concentrations from about
the late 1940s to early 1950s, coincident
with the start up of the smelter.
Concentrations of PAT  in surface sediments
from the vicinity of the smelter are similar to, or
lower than, those recorded in Sydney Harbour,
Nova Scotia (See the Northwest Atlantic Marine
Ecosystem Chapter), a bay heavily contaminated
with PAHs (Addison et al. 1994). However, as
sediment contamination may reflect the intensity
of local point source discharges, it is more useful
to compare concentrations more removed from
obvious sources of contamination. The
background concentrations found at Kitimat
(less than 0.3 pg.g-!) are similar to those
recorded outside Sydney Harbour
(less than 1 pg.g'!) (Addison et al. 1994).

The profiles of sediment cores from Kitimat
in 1993 show a maximum concentration of PAHs
in the early 1970s and a decline of about 10 fold
by 1993. During this period the aluminum smelter
undertook process changes and improved
emission controls to reduce environmental
contamination by PAHs and other by-products
of the smelting process (W. I. Cretney
unpublished data).

PCDDs and PCDFs have also been investigated
at Kitimat. These compounds were released from
a local pulp mill; sawmill; and wood treatment
facility some of which may have used materials
contaminated with chlorophenols. Sediment cores
from near the head of Kitimat Arm have PCDD
and PCDF concentration profiles that are
consistent with the history of industrial activity in
the area. PCDD and PCDF concentrations in the
cores increased almost 10 fold during the 1960s,
coinciding with the development of the sawmill
and the pulp mill. Concentrations reached a
maximum in the early 1970s, then declined to
pre-industrialization concentrations. This
historical record is consistent with the operation
of a sawmill and wood treatment facilities until
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1981, and with the elimination of chlorophenol-
contaminated woodchips as a feedstock (Yunker
and Cretney 1995b).

Concentrations of PCDDs and PCDFs in
Dungeness crab hepatopancreas have also fallen
dr atically since the pulp mill ceased using
chlorophenol contaminated feedstock and, in
consequence, a fishery closure has been lifted.
Unlike other coastal British Columbia pulp mills,
the mill at Kitimat never used chlorine bleaching.
The PCDD and PCDF congener pattern is
therefore quite different from that seen in crab
hepatopancreas influenced by bleached kraft mill
effluent and is more like that seen in major
British Columbia harbours. Although the pattern
is consistent with that expected from the
formation of PCDD and PCDF precursors in
chlorophenol wood treatment formulations, the
contaminants cannot be unequivocally attributed
to the pulp mill.

0BSERVATORY-HASTINGS ARM FJORD

Alice Arm is part of the Observatory-Hastings
Arm fjord system on the northwest coast of
British Columbia (Figure 12). Mining and
smelting operations were carried out first at
Anyox (copper mining and smelting 1911 to
1935) and later at Kitsault (lead/molybdenum
mining until 1981 to 1982) (Odhiambo et al.
1996). The Anyox operation produced copper rich
tailings and slag, both of which were deposited in
the intertidal zone and in Granby Bay. The
Kitsault operation disposed of tailings first into
Lime Creek and then later directly into Alice Arm
via a 50 m discharge pipe (Pedersen et al. 1995).
As a result of these operations, the sediments in
Alice Arm and upper Observatory Inlet have
elevated concentrations of metals including
copper, zing, lead and cadmium. During
assessments of the later operation in Alice Arm
(Burling ef al. 1981), questions were raised as to
whether the discharged tailings would spread
significantly beyond Alice Arm to contaminate
other water bodies. Based on sediment trap data
(Macdonald and O’Brien 1996), the tailings
discharge system eventually used by the mine was
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local contamination, the available time trend data
imply that contamination is declining in response
to regulatory actions and improved industrial
practices. Background concentrations of
contaminants in the region are similar to those
reported in other relatively uncontaminated areas.

THE RIVERS
FRASER RIVER

During the last thirty years, the main concern
about contaminants in the Fraser River has arisen
from pulp mill activities and their potential
impact on various salmon and other species that
spawn in the Fraser tributaries. Throughout the
1960s and 1970s, many studies showed that
discharge of organic matter from the mills
resulted in biological oxygen demand (BOD)
and chemical oxygen demand (COD), often
resulting in acutely toxic effects on migrating
fish. However, steady reduction in such
discharges has shifted the focus to the subtle
effects of chemical contaminants. Recent concern
has therefore concentrated on the impact of
releases of PCDDs and PCDFs and related
compounds. However, agricultural run-off has
also been a longstanding problem causing
degradation of smaller tributaries because of
BOD and ammonia can reach toxic levels.

Juvenile chinook salmon that over-winter in
the upper Fraser River are a useful monitoring
species for recording changes in contaminant
concentrations and detecting contaminant
impacts. In early 1988, samples of these fish
taken at uncontaminated sites above pulp mills
on the Fraser River contained undetectable
concentrations of PCDDs and PCDFs (Rogers et
al. 1989). Samples taken downstream of the mills,
however, contained measurable concentrations of
2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-
TCDD) (up to 68 pg.g-! wet weight), 1,2,3,6,7,8-
HxCDD (28 pg.g-! wet weight); and 2,3,7,8-
TCDF (up to 370 pg.g-! wet weight), all of which
are typical of some pulp mill effluents. Hepatic
mono-oxygenase activity which was measured as
ethoxyresorufin O-deethylase (EROD) induction
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was also induced between about 10 and 50 fold
over reference samples taken downstream from
the pulp mills.

Following regulatory actions and changes to
the process chemistry in the mills, PCDD and
PCDF concentrati
sampled downstream from the mills have
declined steadily since 1988 (R. W. Gordon
et al., unpublished data). There has been a

in juvenile chinook

parallel reduction in the extent of EROD
induction, with EROD activity (and cytochrome
P450 1A concentrations) in downstream samples
taken in 1995 the induction was measured at only
about twice those in upstream samples (Wilson et
al. 1995; Figure 13a,b).

Taken together, these results show that PCDD
and PCDF plus other releases to the Fraser River,
and their effects on juvenile chinook, have
declined appreciably since the late 1980s.
However, other subtle impacts remain. For
example, in spite of the decline in and releases of
other compounds, juvenile chinook sampled near
pulp mills in the Upper Fraser River have
increased interrenal nuclear diameters (D. W.
Martens et al. unpublished data). This implies a
potential effect on the endocrine system, since the
interrenal tissue is the site of some steroid
synthesis (Donaldson et al. 1984).

CoLumslA RIVER

The Columbia River, in the southeastern corner
of British Columbia, supports several species of
fish, including rainbow trout, kokanee, mountain
whitefish, white sturgeon, burbot and walleye.
Although there is no commercial or subsistence
fishery on the river, sport fishing is very popular.
The main chemical contaminants in the lower
Columbia River, from the Hugh Keenleyside Dam
to the international border, include PCDDs and
PCDFs associated with the discharge of effluent
from the bleached kraft pulp mill at Castlegar and
metals associated with the lead/zinc smelter and
fertilizer complex at Trail. Effluents from these
plants have been associated with contamination of
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Contamination from various sources has
affected fisheries and fish habitat throughout
British Columbia, but mainly in the Fraser and
Columbia Rivers, around the Strait of Georgia,
and at local sites on the  itish Columbia coast.
Contaminants have sometimes reached
concentrations high enough to lead to the
closure of fisheries, as in the case of mercury
pollution in Howe Sound in the 1970s, and
PCDD and PCDF contamination in the late
1980s. Consumption advisories for sport fishing
have been issued, i.e., the Columbia River.
These closures or consumption advisories have
been imposed to protect the human consumer
from the potential risk of exposure to these
chemicals via contaminated food. Biological
effects of contamination on biota have been
demonstrated, as in the cases of imposex in
whelks exposed to TBT, the oiling of some
seabirds and perhaps mammals during the
Nestucca spill of 1988, and biochemical
changes in fish exposed to pulp mill effluents.

To the extent to which large scale east coast
versus west coast comparisons are possible,
concentrations of PCDDs and PCDFs in
habitat and biota are higher in British Columbia
than in eastern Canada, and those of the DDT-
group and PCBs are probably lower. Metal and
PAH concentrations are difficult to compare.
Too few data exist to allow comparisons
of TBT concentrations.

Following changes made by the pulp mills in
response to the development of legislation
introduced by the federal government, PCDD and
PCDF discharges have declined since the late
1980s. This is reflected in declining PCDD and
PCDF concentrations in some shrimp, prawn,
oyster and crab stocks. This decline in turn has
led to the lifting of closures imposed on some of
these fisheries. However, in some sites, the
mobilization of previously contaminated
sediments results in crab being continuously
exposed to PCDDs and PCDFs. Hence, these
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fisheries remain closed. Similarly, following

restrictions on the use of TBT in 1989,

concentrations of TBT in recreational harbour

sediments have declined, as has the frequency of

its effects on whelks. However, in commercial

harbours such as Vancouver, TBT concentrations
in elevated.

The successful regulation of some
contaminants, at least at some sites, has meant
that the future focus on contaminant issues may
shift. Continuing contamination by PCDDs and
PCDFs and by TBT at some sites will remain a
concern, as well as continuing acid mine drainage
and the release of metals at some sites containing
improperly discharged tailings.

There are, however, new concerns. Population
growth in the lower mainland and south-east
Vancouver Island will lead to increasing
discharges of domestic, municipal and industrial
wastes. The organic matter and nutrients present
in these discharges may lead to eutrophication in
some parts of the Strait of Georgia.

Discharges of hitherto unexpected
contaminants, such as the non-ionic alkylphenol
ethoxylates used in detergents, which may be
endocrine disrupters, are emerging as an issue in
terms of their identification, analysis, and
environmental significance.

The expected growth of the aquaculture
industry will raise concerns about the impact of
increasing use of antibiotics and pesticides, and of
the accumulation of waste food and feces near
aquaculture sites.

Although some components of pulp mill
effluents, such as PCDDs and PCDFs, are
being controlled, these and other industrial
effluents continue to affect fish and fish habitat.
The ecological significance of these effects
is not known.

The significance of non-point sources of
contamination, including LRTAP, needs to be
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Studies in the 1990s led to the conclusion that
there had been an overall improvement in fish
habitat in this foreshore area of the Fraser River
estuary. Concentrations of contaminants in
sediments decreased by varying amounts (e.g.,
copper 12%, lead 41%, and mercury 56%) since
the discharge ceased in the late 1980s. PAHs in
sediments were within Canadian water quality
guidelines for the protection of aquatic life
set for these compounds. A similar pattern of
environmental improvement was shown in
sediment toxicity measured at identical sites in
1977 and 1994 using clams. Sampling of benthic
invertebrate community structure showed an
abundance of polychaete worms and amphipod
crustaceans at stations where previously there had
been none. Statistical analyses of the 1974 data
found that a number of sites had no populations
of aquatic life. However, a similar analysis of
1992 data found all sites had aquatic life. Post
discharge monitoring of fish populations showed
a significant increase in fish abundance compared
to when the effluent was present. Relative to the
1980 data, more species of fish were caught at
stations closest to the former outfall site
(Nishimura ef al. 1996).

THE EFrecTs OF Low DiSSOLVED
OXYGEN CONCENTRATIONS ON
SALMON IN ALBERNI INLET

serni Inlet is an arm of the

‘acific measuring 45 km long

n the west coast of Vancouver

sland, British Columbia. The

omass River enters the head of
the Inlet at Port Alberni, where a pulp mill is
located. The inlet and river are used by sockeye
salmon which migrate each summer to their
spawning grounds in Sproat Lake and Great
Central Lake.
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During the unusually warm summer of 1990,
about 100 000 salmon died in upper Alberni Inlet.
Studies by DFO showed that the salmon preferred
to occupy the cooler bottom water of the estuary
rather than to migrate through the warmer and
less saline surface water. Unfortunately, the
bottom water of the Somass Estuary has
consistently low oxygen concentrations; this is
due partly to poor water exchange resulting from
the natural topography of the area, and also to the
oxygen demand of organic matter discharged
from the pulp mill. Over the last forty years,
oxygen concentrations in the bottom water have
declined by about 60%. The prolonged exposure
to the stressful conditions caused by low oxygen
concentrations in upper Alberni Inlet may also
have made the salmon more susceptible to
parasite infections. Similar, but less dramatic
losses, have occurred more recently.

Industry, provincial and federal authorities are
working together to try to understand and remedy
this situation. Water and oxygen “budgets” have
been calculated by DFO for the Somass Estuary.
The energy requirements of salmon during
migration have been measured (also by DFO), so
that the success of migration during different
environmental conditions can be predicted.
Mechanisms to introduce cooler oxygenated lake
water to the Somass River have been devised by
DFO in collaboration with the provincial
government and with local organisations. Finally,
the pulp mill operators have changed the mill
processes to reduce effluent discharges and to
provide more effluent treatment, and have
begun a water quality monitoring programme
in the summer time. All of these approaches
should help to solve the problem in Alberni
Inlet. However, one question that remains is
whether climate change and global warming
will continue exacerbate the existing problem,
or work against the cooperative ventures
of government and industry.
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THE NesTuccA OiL SeiLL: FATE AND
EFrecTs oF AN OiL SPiLL

zrhaps the largest contaminant
impact, at least in spatial terms, on
‘he British Columbia open coast was
‘hat of the Nestucca spill (Duval et
2{. 1989). During the night of
December 23, 1988, in bad weather, the fuel
barge Nestucca collided with its tender tug and
spilled about 875 000 L of Bunker “C” (No. 6)
oil off Grays Harbour, Washington. By
December 31, the oil had moved north and
was stranded at Carmanah Point, on southwest
Vancouver Island. Seventeen days later it had
spread as far as Cape Scott, on the northwest
tip of Vancouver Island; and on January 27, 1989
it was reported near Bella Bella. The spill raised
concerns about contamination of habitat and
fisheries and on the amenity value of the
beaches in Pacific Rim National Park.

Because of circulation patterns, tides and
winds, little oil penetrated the fjords and inlets
and oiling was confined to exposed outer
shorelines. The Broken Island group in Barkley
Sound (part of Pacific Rim National Park) was
contaminated by a fairly large slick, but a
combination of physical clean-up measures and
natural dispersion by wave action had removed
much of the oil by the end of January 1989.
Oil persisted longest in sheltered muddy beaches
which are least exposed to wave action, while
exposed rock shorelines cleaned up the
most rapidly.

Most of the biological impact of the spill
appeared to affect organisms in places where the
oil accumulated. About 1 000 oiled and dead
birds were collected from Vancouver Island
beaches, though a subsequent report by Vermeer
et al. (1992) estimated that the total kill in U.S,
and Canadian waters was approximately 56 000.
One sea otter was known to have died as a result
of oil exposure. Other mammals, including seals
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and sea lions, did not appear to be severely
affected. Some commercial fishery areas were
closed to shellfish harvesting and crab fishing
due to fouling of gear. There appeared to be no
impact on the herring roe industry, nor was
salmonid aquaculture affected. Overall, the
impact of the spill, though widespread, was of low
intensity. However, no follow up studies on
possible long term effects have been conducted.

G METALS IN
MARINE SEDIMENTS:
StuDIES IN UCLUELET INLET

luelet Inlet, on the west coast of

7ancouver Island (See Figure 1),

as sediments containing

admium reaching concentrations

fup to 8 ug.g’!. However, no
anthropogenic source  1s been found in this area.
A likely cause for the elevated concentrations of
cadmium is natural geochemical processes. There
is an appreciable supply of organically rich
material which causes the sediment surface layers
to become anoxic, and rich in sulfides. Dissolved
cadmium diffuses from the overlying water into
the sediments, and is precipitated, for example, as
pyrites. These accumulate in the anoxic layer to
become buried as the sedimentation process
proceeds (Pedersen ef al. 1989).
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Conclusions

ar understanding of how

chemicals enter and move

‘hrough the environment and how

‘hey affect fish, other aquatic life,

and their habitat has dramatically
increased in recent years. This chapter
summarizes the major scientific conclusions on
the fate and aquatic effects of the suite of
contaminants that were reviewed in detail in the
preceding chapters. It also discusses the
significance of contaminants in aquatic
ecosystems in relation to other factors that could
affect the conservation and protection of fish ar
fish habitat and the sustainable utilization of
fisheries resources. The chapter concludes with
the identification of current and emerging
chemical contaminant issues.

CANADA'S FISHERIES RESOURCES

Canada benefits from diverse fisheries
resources in coastal, offshore and fresh waters.
In 1993, fisheries production was valued at
$2.9 billion of which 86% was exported to more
than 100 countries around the world. Although
Canada ranks 15th in the world in terms of
tonnage of fish caught, it ranks fifth in tonnage
in the export of fish and fish products, 90% of
which is exported to the U.S., Japan and the
European Community. In 1993, Canada’s fishing
industry employed approximately 76 000
fishermen, 1 500 aquaculturalists, 1 100
importers, 75 000 fish plant workers and
supported 5 200 jobs in the aquaculture sector.
In addition, more than 6 million recreational
fishermen were licensed in Canada, including
roughly 5 million Canadians and | million
visitors. These activities generated $7 billion in
economic activity and supported more than
150 000 full-time jobs (DFO 1995).

On a national basis, commercial fishing
contributes about 0.5% to Canada’s Gross
National Product; however, it is a major
contributor to the economies of coastal provinces
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and northern communities. For many coastal

res  nts, fishing constitutes the only source of
economic activity and represents the only viable
means of earning an income. On the Atlantic
coast, one in four residents lives in one of 1 300
fishing communities. Half of these communities
depend primarily on fishing for their livelihood.
In the North, fishing provides both a source of
subsistence food and disposable income where
other employment is limited or non-existent.
Fishing is also an integral part of the cultural
identity of many C  adians (DFO 1995).

DiversiTY oF ECOSYSTEMS AND

ENVIRONMENTAL VARIABILITY

Occupying 6.7% of the world’s total land area,
Canada is a large geographically and ecologically
diverse country (World Coast Conference 1993).
Freshwater lakes and rivers cover about
750 000 km? of Canada’s surface area (Energy,
Mines and Resources Canada 1985 ‘tom
Government of Canada 1996]). Lakes range in
diversity from some of the largest freshwater
lakes in the world to small, brown-water acidic
lakes. For example, the Great Lakes ecosystem
includes five of the 14 largest freshwater lakes in
the world. Freshwater rivers range from massive
systems such as the St. Lawrence, Fraser and
Mackenzie Rivers to small streams. The 25 river
basins of Canada drain an area of about
10 000 km? and discharge freshwater into the
Atlantic, Pacific and Arctic oceans as well as into
the Gulf of Mexico, James Bay and Hudson Bay.
Sixty percent of this discharge flows into the
Arctic Ocean and Hudson Bay (Pearse ef al.
1985).

Canada has the longest coastline in the world,
one that stretches nearly 240 000 km and borders
on three oceans (Statistics Canada 1994). The
Canadian coastline is characterized by a range of
geological features, ranging from deep inlets and
fjords to large coastal plans (such as the Grand

Banks). Estuaries - x the fresh waters of rivers



draining upland areas and the saline waters of the
oceans. The oceanographic, limnological and
biological processes occurring within and
between these freshwater, coastal and marine
systems are even more complex.

The variability and unpredictability of
environmental conditions hampers our ability to
distinguish between those changes that are due to
human activities from those that are natural. As a
result, it is often difficult to identify and predict
long-term trends in concentrations of chemical
contaminants and their spatial distribution.
Determining contaminant effects on fish and fish
habitat and on the sustainable utilization of
fisheries resources is a complex problem. For
these reasons, it is more useful to examine
chemical contaminants on an ecosystem basis,
which was done in preceding chapters of this
report. This chapter summarizes some of the
similarities across regions and ecosystems in an
attempt to provide an integrated picture of
chemical contamination and its effects on fish
and fish habitat in Canada.

Most of Canada’s population is found in the
southern portion of the country. Residents here
have the greatest water demands, however,
northern Canada tends to have most of the fresh
water supply. Therefore, the overall amount of
freshwater that is readily accessible to Canadians
is rather limited. This imbalance between supply
and demand is most evident in the Great Lakes
region where there are urbanized areas with dense
population concentrations and industrial facilities,
as well as agricultural and recreational lands.
Most Canadians (two-thirds) live in the Lake
Ontario basin and just six urban areas contain
75% of the Great Lakes Basin population.

In general, the highest concentrations of many
of the chemical contaminants resulting from
human activities are found in a small number of
fresh water bodies located near urbanized areas
while the vast majority of freshwater remains
relatively pristine. Exceptions to this
generalization include chemical contamination
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due to atmospheric input to more remote areas
and the release of effluents from specific
industrial point sources including, for example,
pulp and paper mills, metal mining operations,
smelters and the petrochemical plants.

Most o1
inhabited. As a result, concerns about chemical

nada’s coastline is sparsely

contamination have tended to focus on the more
populated areas, especially those where there
have been mining operations and other industrial
activities. Since many coastal fjords, basins and
estuaries retain much of the particulate material
entering them, other outer coastal and offshore
areas tend to have relatively lower concentrations
of chemical contaminants. Exceptions include
releases of chemical contaminants from offshore
activities, accidents and spills and disposal of
waste material.

CLAsses oF CHEMICAL CONTAMINANTS
This report focuses on a limited subset of the
many organic and inorganic chemicals that are
detected in Canadian freshwater and marine
ecosystems. Emphasis is placed on those
chemicals that are widespread, persistent,
accumulate in aquatic biota and have the
greatest likelihood of posing a risk to fish,
fish habitat and the sustainable utilization of
fisheries resources. Persistence of a chemical is
related to its resistance to natural breakdown or
metabolism. Chemicals that are not rapidly
degraded in the environment are said to be
persistent. In principle, because metals are
part of the natural geological makeup of the
earth’s crust, they persist indefinitely in the
environment. However, concentrations of
specific metals can become elevated in aquatic
ecosystems as a result of human activities.

In Canada, the major identifiable releases of
chemical-containing effluents into the
environment have been curtailed. In addition, the
uses of some chemicals have been either banned
or severely restricted. However, some of these
chemicals are still being detected in fish and fish
habitat, either as the parent chemical or as
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breakdown products. The classes of compounds
described in this report include metals and
organometallic compounds, organochlorine
compounds used as pesticides, polychlorinated
biphenyls (PCBs), polychlorodibenzo-p-dioxins
(PCDDs), polychlorodibenzo-furans (PCDFs),
and polycyclic aromatic hydrocarbons (PAHs).

Mercury, lead and cadmium represent metals
that have been found to have elevated
concentrations in fish and fish habitat due to
both natural processes and anthropogenic
activities. All three metals accumulate in aquatic
biota. Information on other metals, such as nickel,
zinc and copper, is included where appropriate.

Organometallic compounds in this report are
represented by organotin compounds such as
tributyltin (TBT) and alkyllead. TBT is used as a
biocide in anti-fouling paints. Alkyllead use as an
additive in gasoline was standard until 1989. Its
use has been phased out since then.

Organochlorine pesticides have been detected in
most biotic and abiotic elements of all Canadian
ecosystems. Dichlorodiphenyltrichloroethane
(DDT), dieldrin, toxaphene, hexachlorobenzene
and mirex are examples of major organochlorine
pesticides that are discussed in this report. DDT
and its primary breakdown product, DDE, are
routinely identified in all regions of Canada
despite a general ban on their use in 1972.
Organochlorine pesticides such as toxaphene and
mirex are detected over a large geographic range,
although their sources are either confined to a
small region within Canada or are outside of the
country. Other organochlorine pesticides include
dieldrin, aldrin, endrin, chlordane, oxychlordane
and hexachlorocyclohexane (lindane).

Organochlorine compounds such as the
complex mixtures of PCBs, PCDDs and PCDFs
are examples of industrial chemicals detected in
the Canadian environment. Their presence
originated either from the direct manufacture for
specific applications {PCBs) or as the inadvertent
byproducts of industrial processes such as pulp
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and paper production and chlorophenol
manufacture (PCDDs and PCDFs).

PAHs are a group of organic compounds that
can have both natural and anthropogenic sources.
Because they are readily metabolized by
vertebrates, PAHs are routinely detected
usually only in bottom sediments and
invertebrate species.

In general, elevated concentrations of chemical
contaminants occur in Canada’s heavily populated
or industrialized regions. Some of these areas
include the Great Lakes Basin, with its
concentration of large cities and manufacturing
facilities, the west coast, with its predominant
forest products and pulp and paper industry,
and the busy maritime shipping harbours of
the Pacific and Atlantic. Chemical contaminants
can also occur in sites remote from these
locations. Atmospheric transport of materials to
the Arctic or downstream transport of toxic
substances from the Great Lakes via the St.
Lawrence River system are some mechanisms
which result in the distribution of contaminants
over large areas of Canada.

Chemical contaminants enter aquatic
ecosystems through releases from point and non-
point sources. Most major point sources are
anthropogenic in origin and include municipal
and industrial effluents, solid waste discharges,
leaching of materials from hazardous waste sites,
and accidental releases or spills either directly
into water or a watershed. For some metals, point
sources may be natural in origin. Non-point
sources may be natural or anthropogenic in origin.
They include urban and agricultural run-off,
mineral outcrops, and the long-range transport of
chemical contaminants from distant sources.
Riverine inputs, ocean currents, biotic transport
and remobilization of chemicals from sediments
have become increasingly significant routes of
entry for the introduction of chemical
contaminants into aquatic ecosystems.



Although anthropogenic point sources still
contribute sizable quantities of chemical
contaminants into aquatic ecosystems, many of
these sources are being controlled or regulated.
Accordingly, atmospheric and other non-point
sources are now playing a greater role in the
relative ¢ ribution of chemical cont  nants to
aquatic ecosystems. Unlike most point sources,
which are relatively easy to identify, non-point
sources tend to be more widely dispersed and may
be located at substantial distances from a

contaminant’s destination.

The atmosphere is an important medium for the
transport and deposition of chemicals into aquatic
ecosystems, including mercury, lead, PCBs, and a
number of organochlorine pesticides. DDT, for
example, 1s still used in areas outside Canada and
continues to enter the Canadian aquatic
environment through long range transport of
atmospheric pollutants (LRTAP). Many large
lakes, with their huge surface areas, receive a
significant proportion of contaminant loadings
through atmospheric deposition. The Arctic has
likewise become increasingly contaminated as a
result of the continued transport and deposition of
chemical contaminants via the atmosphere. When
contaminants enter systems with long or slow
turnover rates such as cold arctic systems or large
volume lakes, the potential for long-term
accumulation is increased.

FOT INE€ mMOSst part, e ransport, aissemirdlorn,
and consequent distribution of chemical
contaminants in Canadian waters is primarily
controlled through their association with
suspended particulate matter or through air-water
partitioning. In Canadian freshwater ecosystems,
the dynamics of suspended particulate matter are
influenced primarily by river flow rate and the
topography of the various hydrographic basins. As
a result, chemical contaminants tend to
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accumulate at the bottom of lakes and in those
portions of rivers where the flow rate is less.

Sediment transport in Canadian marine
ecosystems is influenced by a variety of factors,
including topography, strength of ocean currents,
w s, tides and freshwater run-off. The latter is
particularly important because of its role in the
transport of chemical contaminants downstream
from freshwater to marine ecosystems. A
significant proportion of contaminants that are
released into fresh water in Canada is eventually
exported to marine estuaries and basins via
coastal rivers. For example, St. Lawrence River
transport of contaminants from the Great Lakes
downstream to the Estuary. In marine areas of
Canada that are less influenced by coastal rivers,
sediment transport and deposition, and the
associated accumulation of sediment-bound
chemical contaminants, are essentially controlled
by ocean currents and bottom topography.

Although it is well recognized that individual
aquatic ecosystems are not spatially homogeneous
and that environmental conditions change with
the seasons, it is generally less well understood
that there are also marked variations over both
short and long time periods. The diversity among
and within Canadian ecosystems makes it
difficult to compare contaminant concentrations
over large geographic scales (spatial distribution)
and over long periods of time (temporal trends)
with any degree of certainty. Attributing specific
causes to changes that are observed in ecosystems
is even more difficult. However, keeping these
challenges in mind, some general conclusions on
the spatial distribution and temporal trends of
chemical contaminants in aquatic ecosystems
of Canada can be made.

For each of the classes of contaminants
presented in this report, this chapter summarizes
some of the specific problems associated with
these chemicals in various regions of Canada.
These summaries are not meant to be exhaustive,
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but they illustrate the variety of contaminant
conditions that occur throughout a variety
of regional ecosystems.

METALs

Elevated concentrations of metals, such as
cadmium, mercury, lead, zinc, nickel and copper,
found in freshwater ecosystems resulting from
anthropogenic activities are often local or
regional in nature. These metals are associated
with activities such as non-ferrous mining,
smelting and refining, and with industrialized
urban centres. Increasing distance from the
point source usually can be related to decreasing
metal concentrations in sediment and biota.
Background concentrations of metals vary
with geology and often complicate or prevent
an accurate differentiation between natural
and anthropogenic sources.

Elevated concentrations of mercury in
ecosystems are associated primarily with
reservoir development, which results in the
leaching of mercury from geological sources,
and with certain industries, such as mercury
cell chlor-alkali plants. Natural sources of
mercury are also important. Generally,
concentrations of mercury in the muscle of
most freshwater fish are below the concentrations
established for safe consumption. Nevertheless,
mercury concentrations in some fish species
remain high in several areas, necessitating
restrictions on consumption.

Accumulation of lead and possibly other metals
in the sediments of eastern Canadian lakes is
related to the pattern of acidic deposition.
Concentrations in sediment decrease in a
northerly gradient from the Toronto-Montreal
area to the James and Hudson Bay area, and do
not reflect natural metal concentrations in
stream and river sediments.

Elevated concentrations of metals in marine
ecosystems are usually associated with particulate
matter that has been carried by freshwater or may
result when freshwater and salt water mix. Such
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mixing will lead to precipitation of insoluble
metal complexes. Well-flushed coastal areas, such
as in the northwest Atlantic, the Bay of Fundy,
parts of the Gulf of St. Lawrence and some
coastal areas in British Columbia, tend not to
accumulate particulate material and precipitated
metals. Consequently, metals generally occur in
low concentrations in invertebrates, fish and
marine mammals. However, the biomagnification
of metals originating from natural sources can
occur. For example, mercury accumulates in
biota, particularly in long food chains. As a
result, concentrations can exceed recommended
consumption limits.

Elevated concent: ions of metals in sediments
and biota are generally the result of discharges
into embayments or poorly-flushed areas. Point
sources include industrial activities and sewage
outfalls. For example, long-term discharges from
a chlor-alkali plant in Howe Sound, British
Columbia, and a copper and zinc mine at
Britannia Beach, B1  sh Columbia, resulted in
elevated metal concentrations in sediment and
loca. iota. Elevated concentrations of mercury
have been found in the Saguenay Fjord of the St.
Lawrence marine ecosystem due to past industrial
activities and natural weathering.

Metals can also accumulate in sediment
deposition zones of large marine systems. For
example, elevated concentrations of metals are
n Channel of the
ywer estuary) marine

found in the Lauren
St. Lawrence River
ecosystem. Before 1971, concentrations in
sediments from the Channel were 10 to 50 times
higher than background values. Additionally,
sediment cores collected from the Ballenas Basin
in the Strait of Georgia had metal concentrations
that corresponded to increasing industrialization
and population grov 1.

East-west variations in geological formations in
the Arctic result in higher background
concentrations of mercury in biota in the western
Arctic than in the central and eastern Arctic. High
concentrations in the western Arctic are found



particularly in the liver of ringed seals, beluga
and polar bear. Cadmium concentration shows
the reverse natural pattern.

Many of the discharges of metals directly into
freshwater ecosystems from point sources, such
as chlor-alkali plants and non-ferrous mines,
smelters and refineries, are being eliminated
or controlled. These actions are reflected in
lower metal concentrations in surficial sediments
and local biota. Inputs of metals such as
cadmium, zinc and lead, have declined in
freshwater and arctic lakes. However, despite
such declines, concentrations of these metals
in surficial freshwater sediments are still
above background values.

Whereas inputs of metals to freshwater
ecosystems from industrial point sources have
declined in recent decades, discharges from
industrialized urban centers and atmospheric
deposition are becoming more important
contributors. In contrast to metals such as lead,
mercury has been increasing in some freshwater
sediments and biota over the past few years.
The atmosphere appears to be an increasingly
important medium through which mercury
originating from anthropogenic and natural
processes is being delivered to freshwater
ecosystems. For example, there has been a
slow continuous increase in atmospheric
deposition of mercury into arctic lakes. As
well, the increasing number of reservoirs raises
the probability that mercury concentrations will
increase in freshwater sediments and biota as a
result of the release of the metal from natural
(geological) sources within the reservoir basin.

ORGANOMETALLIC COMPOUNDS

TBT is routinely found in both fresh and
saltwater harbours in Canada as a result of its use
in anti-fouling paints. Since its use on small boats
(less than 25 m) was banned in 1989 there has
been a decrease in concentrations in the sediments
of some harbours along the British Columbia
coast. A national survey of sediments in 265
recreational boating harbours in 1986 detected the
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highest tributyltin concentrations in sites
throughout the Great Lakes (Maguire et al. 1986;
See the Great Lakes Ecosystem Chapter).
Concentrations of TBT in sediment cores from
recreational harbours have declined since 1989.
However, TBT concentrations have not decreased
in sediment cores from commercial ports such as
Vancouver Harbour. Commercial ports are more
likely than recreational harbours to accommodate
TBT-treated boats. Declines in populations of
marine oysters and whelks (snails) and incidences
of increased male characteristics in female
whelks have been linked to elevated
concentrations of TBT in marine ecosystems.
Surveys have shown increased concentrations of
imposex in association with elevated
concentrations of TBT. On the east coast, the
concentrations of TBT tend to be lower than in
Vancouver Harbour. However, whelks are missing
from some habitats that are considered suitable
for them. There is insufficient information on
TBT in freshwater and in marine waters of the
east coast to determine long-term trends.

ORGANOCHLORINE PESTICIDES
Concentrations of DDT in Atlantic offshore
flatfish species, such as Greenland halibut
(turbot) American plaice and yellowtail flounder,
are lower in liver and muscle tissues than those
reported for various flatfish species from Maine
and the European Baltic Sea. Similarly, DDT
concentrations in muscle tissue of cod from
offshore Newfoundland were at the low end of
the range reported from North Sea fish. Dieldrin,
aldrin, endrin, chlordane, oxychlordane and mirex
were detected at low concentrations in all inshore
flounder samples analyzed. DDT concentrations
in Bay of Fundy seabird eggs were comparable
to those reported for Gulf of St. Lawrence
populations but higher than concentrations
found in birds off the coast of Newfoundland.
In 1984, toxaphene concentrations in storm
petrel eggs from Newfoundland were higher than
concentrations in the Bay of Fundy. No recent
measurements are available to describe the current
pattern. DDT concentrations in marine mammals,
including harp seals and grey seals from offshore
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sites in this region, are lower than concentrations
reported in European populations and from
communities offshore of Nova Scotia.

DDT concentrations in fish and eggs of fish-
eating birds are higher in Lakes Ontario and Erie
than in other Great Lakes. Mirex has been
detected at significant concentrations in biota
from Lake Ontario near the sites where it was
originally manufactured. It has also been found in
trace amounts in fish and sediments of upstream
lakes (Erie, Huron and Superior). Mirex is also
found in eels and beluga whales from the St.
Lawrence River and Estuary, where the source is
upstream in Lake Ontario. Toxaphene is detected
in fish from all the Great Lakes, although the
highest concentrations occur in the Lake Superior
ecosystem. Atmospheric loadings to a large
surface area body of water such as Lake Superior,
combined with an extremely slow turnover time,
account for higher concentrations in this lake.

Concentrations of DDT in sediments of Arctic
freshwater lakes decrease with increasing
northerly latitude. Organochlorine pesticide
concentrations in fish are usually found to be
higher at sites near more industrialized or
developed areas compared to more remote regions
(e.g., southern compared to northern Ontario
lakes). In general, there is a decline in the
concentrations of organochlorine pesticides in the
livers of burbot with increasing northerly latitude
from northwestern Ontario to the Northwest
Territories. However, there is no decline in
organochlorine concentration in lake trout tissues
with increasing latitude. Interpretation of these
spatial trends must await further investigation.

In the Arctic, concentrations of DDT in the
blubber of male ringed seals from Hudson Bay
are significantly higher than in males from
more nottherly locations. In general, higher
concentrations of organochlorine pesticides
were found in Hudson Bay samples than in
samples from Arviat and Pangnirtung to the
west. However, concentrations of organochlorine
pesticides are about one order of magnitude lower
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than in seals from the east coast of Canada.

DDT concentrations in male beluga whales are
sign cantly higher in samples from Cumberland
Sound than in samples collected further south in
Hudson Bay. However, concentrations of DDT,
mirex, toxaphene and chlordane in beluga whale
blubber are still lower than concentrations found
in similar samples from the St. Lawrence Estuary.

A 1982 to 1984 survey of the geographic
distribution of organochlorine pesticides in polar
bear fat and liver showed that concentrations
tended to be highest in the southeast range of
sample collection (Hudson Bay). and lowest
in the northwest (Beaufort Sea). A 1989 to 1993
study showed that organochlorine pesticide
concentrations are uniformly distributed in the
western Arctic. There were some geographic
gradients with dieldrin concentrations in polar
bear blubber, with concentrations being higher in
the east than the west. Highest concentrations of
lindane were found in polar bear samples from
the western regions of the Arctic. Toxaphene
concentrations in beluga whales in the Arctic
show no geographical trend. Again, interpretation
of spatial trends must await further investigation.

Organochlorine pesticides such as DDT are
present at lower concentrations in the Pacific
region than in eastern Canada. Specifically,
concentrations of DDT in fish from the Strait
of Georgia are lower than those found in similar
fish species on the east coast of Canada. There
are few recent data on organochlorine pesticide
concentrations from the B.C. coastal environment
to permit current ¢ (parisons to concentrations

in other Canadian ecosystems.

DDT was generally banned from use in the
western hemisphere in the early 1970s. Since
that time, concentrations of DDT and its major
breakdown products have declined in most
fish, marine mammals and birds. This trend in
declining concentrations has been found not
only in Canada, but also in the U.S. and in
Scandinavia, where long-term records have been
kept. Concentrations of DDT in Great Lakes and



Atlantic coast aquatic biota have plateaued since
the mid 1980s and early 1990s. However, DDT
concentrations in Arctic cod appear to be
increasing. Although scientists suspect that
international sources are contributing to LRTAP
to the Arctic, uncertainties exist with respect to
sources, transport and ecological cycling.

Little information is available on temporal
trends for toxaphene, except for the northern
Atlantic where concentrations have increased in
seabirds, and in liver from burbot from the Red
River in Manitoba, where concentrations have
decreased. Not enough data are available to
determine the causes of these trends.

PCBs, PCDDs ano PCDFs

In general, PCBs in biota and sediments are
higher on the east coast than on the west coast.
In the Great Lakes region, concentrations of
PCBs are highest near industrial sources. Highest
sediment PCB concentrations are found in the
St. Lawrence River in southern Quebec and Baie
des Anglais, Quebec. Among the Great Lakes,
Lake Superior is least contaminated with PCBs,
while Lake Erie and Lake Ontario are the most
contaminated. In smaller lakes, concentrations in
fish liver of more-highly chlorinated PCBs tend
to decrease with increasing northerly latitude.
This may be due to increasing distance from
the sources of PCBs. Concentrations of PCBs
in Arctic belugas are about one-tenth the
concentration found in St. Lawrence belugas.
PCDDs and PCDFs were not used in the Arctic,
yet they are present in all biota.

In Canada, PCBs in biota have generally
declined since the 1970s. In the Great Lakes, PCB
concentrations in fish and birds have decreased
substantially from maximum values detected in
the 1970s. This is similar to trends observed in
Atlantic Canada. PCBs in biota from some of the
Great Lakes have recently fluctuated but are only
a fraction of the high concentrations found in the
1970s. Concentrations of PCBs in water from
Lake Superior have declined steadily between
1978 and 1992. Contaminant concentrations in
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Ontario recreational fish generally showed a
decline over time when the contaminant source
was eliminated or curtailed.

Concentrations of PCDDs and PCDFs are
highest near sources. For example, of the pulp and
paper mills surveyed in the late 1980s, the highest
concentrations of PCDDs and PCDFs in sediment
were found near 10 of the mills; four in British
Columbia, five in Ontario, and one in Quebec.
None of the other mills surveyed in Quebec, the
Prairies, Nova Scotia or New Brunswick had
sediment concentrations as high as these mills.
Higher concentrations of PCDDs and PCDFs have
generally been found in biota and sediments on
the west coast compared to the east coast. On a
lakewide basis, concentrations in fish from Lake
Ontario are higher than in fish from Lake
Superior. Although information is limited,
concentrations of PCDDs and PCDFs are low in
marine shellfish, fish and mammals.

Concentrations of PCDDs and PCDFs in biota
and sediments are declining near point sources.
Declines in concentrations have also occurred in
lake trout in Lakes Superior, Michigan and
Huron, and for Lake Erie walleye collected from
1978 to 1992. However, there have been no
significant declines in Lake Ontario lake trout
over the same time period.

PAHs

PAHs are found in freshwater and marine
ecosystems as a result of both natural process and
anthropogenic activities. Their presence in high
concentrations appears to be limited to areas close
to identifiable point sources. High concentrations
have been found in sediments in Halifax and
Sydney Harbours, Nova Scotia; Baie des Anglais,
Quebec; the inner basin of the Saguenay Fjord,
Quebec; Hamilton Harbour and the Rainy River,
Ontario; the Mackenzie River, the Northwest
Territories and the Kitimat Fjord, British
Columbia. In most of these areas, PAH
concentrations decrease rapidly with distance
from their source. However, low concentrations of
PAHs have been found in areas further removed
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from identifiable point sources, such as in
northern Canada, the Gulf of St. Lawrence, and
offshore areas. Although few data are available,
PAH concentrations in Arctic marine biota tend
to be low. These low concentrations are probably
the result of long range atmospheric and
riverine transport, plus natural sources.

PAHs found in most fish throughout Canada are
usually at low concentrations, sometimes close to
the limit of detection, even in areas where high
concentrations have been found in sediments.
This is because PAHs are metabolized by fish
and other vertebrates. However, PAH compounds,
such as benzo[a]pyrene and its metabolites, have
been detected in some aquatic biota, most
notably invertebrates such as lobsters in
industrial harbours and marine mammals
such as belugas in the St. Lawrence Estuary.

In areas of Canada for which temporal trend
information is available, concentrations of PAHs
have decreased over the past few decades. For
example, in the Saguenay and Kitimat Fjords,
PAH concentrations in sediments peaked in the
1960s to 1980s and decreased afterwards when
local aluminum smelters undertook process
changes and improved emission controls. In the
Arctic, PAH concentrations in ice samples
decreased in the early 1970s but have remained
relatively constant for the past 20 years. The lack
of decrease in concentration may be due to
LRTAP or natural sources such as petroleum
seeps and natural combustion.

1HC CLICLLd UL LHCHIIILAL vulllailiiidlits ull
aquatic biota can be manifested at various trophic
levels within an aquatic ecosystem. These can
range from molecular (biochemical), cellular
(histological), organ (physiological), organism
(death, behaviour change), population
(reproductive or life-cycle) and community
(composition) level effects. Biological effects
that are observed both in the field and under
controlled laboratory conditions range from an
adaptive, transitory response, to an adverse,
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irreversible change in an individual or a
population. For the chemical contaminants
discussed in this report, many of the observed
changes are subtle and sublethal, and result from
prolonged exposure which may ultimately lead to
the demise of populations of aquatic organisms.

Some effects at the molecular and cellular,
organism, population and community levels are
briefly summarized and illustrative examples are
given below. Short descriptions of the effects of
these chemicals are given in the Glossary of
Chemical Contamine 3.

Effects may be observed initially at the
molecular level, usually as a biochemical
response. Specific biochemical indicators of
exposure to individual chemicals or groups of
chemicals have been used to determine
geographical distribt  n and trends over time.
For example, the activity of mixed function
oxidases (MFO), particularly the hepatic
aryl hydrocarbon hydroxylase (AHH) or
ethoxyresorufin-O-deethylase (EROD) enzymes
in fish, is an indicator of exposure to several
chemical contaminants, including PCBs, PCDDs
and PAHs. Surveys conducted in Ontario, British
Columbia, Quebec and New Brunswick identified
increased concentrations of EROD enzymes in
the livers of fish collected downstream of pulp
mills, particularly those that used molecular
chlorine in the bleaching process. Elevated
concentrations of another biochemical indicator,
metallothionein, in k ey and liver tissues of
fish is a direct response to exposure to metals in
the environment. Surveys in freshwater
ecosystems have demonstrated that elevated
concentrations of hepatic metallothionein were
in direct proportion to concentrations of metals
in the water. The activity of 8-amino levulinic
acid dehydratase (ALAD) enzyme system is
inhibited upon exposure to lead. Within the Great
Lakes ecosystem, surveys have shown that fish
had depressed ALAD activity when exposed
to both inorganic and organic forms of lead.
Although the linkages between exposure to a
chemical and biochemical changes are relatively



well known, their relationship to eventual adverse
effects in aquatic ecosystems is still subject to
scientific debate. It is speculated, however, that
continued exposure, coupled with persistent
induction of some of these enzyme systems,

may lead to adverse effects.

Depending on their position in the food web,
fish accumulate chemical contaminants to
different concentrations. Top predator fish
species, which feed at the top of the food chain,
accumulate the highest concentrations of available
chemicals. The degree of accumulation varies
with biological factors such as age, sex, diet and
lipid content. Prey species, positioned in the
middle of a typical food chain, usually have
lower concentrations. The base of the food chain
for most aquatic ecosystems includes the
invertebrate community where the concentrations
of most contaminants are the lowest. Excessive
chemical accumulation at any trophic level
within an ecosystem will initially result in
adverse behaviourial or acutely toxic effects
to individuals. The severity and extent of
such an accumulation pattern has been observed
at the population and community level for
some fish and bird species in the Great Lakes
and in the St. Lawrence Estuary.

Effects at the population level directly
attributable to chemical contaminants can be
illustrated by the thinning of the eggshells of
birds exposed to DDT. The widespread use of
DDT in the 1970s resulted in population
declines in many bird species, including those in
freshwater and marine ecosystems. Similarly, the
increased incidence of shell thickening in oysters
and the development of male characteristics in
female marine snails exposed to TBT is another
example of a population level effect of an
identifiable chemical contaminant. This later
condition, known as imposex, has been identified
in populations of snails from harbours on both
the west and east coasts of Canada.

Evidence of a direct causal link between
exposure to a specific chemical contaminant and
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an identifiable effect on an organism, population
or community is limited to a few cases. Instead,
there are a number of biological responses that
are occurring in aquatic ecosystem communities
that cannot be attributed to any single compound
or class of compounds. An example of one such
response is the impairment of t  reproductive
potential of populations of some aquatic biota.
Recent surveys of reproductive impairment in fish
communities downstream of industrial sources,
such as pulp and paper mills, have found
decreased gonad size, reduced concentrations of
sex steroids, decreased concentrations of serum
testosterone in male fish, increased age to
maturity, lower fecundity and an absence of
secondary sex characteristics in males. It is not
yet known whether these responses are transitory
in nature or whether they will lead to adverse,
long-term effects in exposed populations.

Aside from their biological and ecological
effects in aquatic ecosystems, the presence of
chemical contaminants in edible fish products at
concentrations above those established for safe
human consumption can have a major impact on
the utilization of fisheries resources. While this
report does not review scientific studies on
chemical contaminants and associated human
health effects, nor review the rationales for
establishing concentrations for safe consumption,
it does highlight incidents where elevated
concentrations of chemical contaminants in
fisheries products have resulted in closures or
recommendations for restricted consumption.
Examples include fishing closures, harvest
restrictions and consumption advisories for
freshwater and marine ecosystems. Most of the
consumption advisories for recreational fish in the
Great Lakes relate to the presence of high
concentrations of PCBs in large top predator fish.
In the late 1980s a number of crab and shrimp
fisheries were closed on the west coast due to
elevated concentrations of PCDDs and PCDFs.

Recent changes in pulp and paper

manufacturing technology have allowed some
formerly closed fisheries to be re-opened.
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Domestic and foreign markets for Canadian fish
products have been restricted in the past due to
high concentrations of some chemical
contaminants in edible portions of fish. For
example, some European markets are currently
closed to the import of commercial fish species
due to contaminant concentrations which exceed
foreign market guidelines (e.g., mirex in Great
Lakes eels). Subsistence fisheries, especially in
the Arctic, are also affected by elevated
contaminant concentrations in aquatic biota. The
diet of subsistence fishers usually consists of food
items such as organ tissues and whole animals
that have higher contaminant concentrations than
seen in diets of other consumers.

CHANGING SOURCES

With improvements in regulations and
management practices, the input of chemical
contaminants to Canadian waters has been
significantly reduced over the past few decades.
For example, changing technology in the pulp
and paper industry has resulted in reductions of
PCDDs and PCDFs in west coast fish species.
The use of DDT was effectively banned
throughout the western hemisphere in the early
1970s. As a result, concentrations of DDT
and its major breakdown products have declined
in fish, marine mammals and birds. This trend
in declining concentrations has been found not
only in Canada, but also in the U.S. and in
Scandinavia, where long-term records have

zen kept. Similar trends exist for some
industrial chemicals such as PCBs where
concentrations have been declining since the
mid-1970s in phytoplankton, shellfish, fish
and marine mammals.

However, some chemicals that are banned or
restricted in Canada continue to be manufactured
and used on a large scale elsewhere in the world.
Some of these chemicals are sufficiently volatile
to be transported through the atmosphere. There is

278

mounting evidence that concentrations are
increasing in those aquatic ecosystems systems
vulnerable to long range atmospheric transport
(LRTAP) and deposition. Not only can LRTAP
bring chemical contaminants into Canada, but it
can also re-distribute them among aquatic
ecosystems within Canada.

As industrial activities are better managed and
controls on industrial point sources tighter, other
sources, such as municipal effluents, will assume
greater importance. Such sources still deliver
significant amounts of organic waste material to
aquatic ecosystems, including chemical
contaminants. As populations increase and
concentrate in certain areas of Canada, the input
of known chemicals, as well as chemicals of
untested ecological relevance, will increase. The
increasing use and discharge of pharmaceuticals
and endocrine-disrupting chemicals may have
unforeseeable effects on aquatic biota.

As the inputs of chemical contaminants into
Canadian waters are reduced and general
environmental conditions improve, the
remobilization of contaminants that have
accumulated in freshwater and marine sediments
is of growing significance. Remobilization of
metals and organic contaminants can occur
from sediments to the water column through
natural processes, such as bioturbation and
bioaccumulation by bottom-dwelling organisms,
and by anthropogenic activity. Depending upon
the physical-chemical properties of the chemical
and the prevailing environmental conditions, a
certain portion of chemicals will also enter the
atmosphere. This process of remobilization from
sediments and redistribution among water and air
is exemplified in observations of the recent shift
in PCB dynamics in Lake Superior where PCB
output from the lake now exceeds input,
essentially making the lake a source of PCBs (in
Canada) rather than a sink.

NEw FISHERIES RESOURCES
As new markets are developed, fisheries
resources will expand beyond traditional species



and fish products. However, little or no
information is currently available for new
species to assess whether they are being exposed
to accumulating chemical contaminants or
whether there are any effects on these

species or their predators.

New fisheries bring new harvesting methods
and potential new disturbances to the natural
environment, all of which may affect the
mobilization, accumulation or remobilization of
contaminants in aquatic ecosystems. Harvesting
species that have never been harvested before
may also alter community composition and
interactions in the ecosystem, which may
eventually affect movement of chemical
contaminants in ecosystems in unknown ways.

ReSOURCE-USE CONFLICTS

The amount of space with suitable
environmental requirements for each potential
new resource use is limited. Often, other users
already occupy the site. Such competing demands
on resources can have adverse effects on fish and
fish habitat. For example, as industrial activities
intensify in coastal areas, the potential for conflict
between new and traditional uses of marine
resources may increase. Activities carried out by
one user group may release contaminants into the
environment which are unacceptable to other
users in the area. For example, the use of
therapeutants and other control agents in
aquaculture facilities could pose contaminant
problems for other aquaculture species, or
wild stocks which live in the same area. The
development of aquaculture facilities may result
in the introduction of feed into coastal bays and
estuaries. This may alter local system ecology to
favour retention of contaminants, and pose a
problem for other resource users, or the
aquaculture facilities themselves. High density
shellfish aquaculture operations have the potential
to alter the retention time and ultimate fate of
particulate matter and their contaminant burden,
resulting in unanticipated effects on aquatic life.

Conclusions

Physical disruption of the natural environment
may also pose a threat to other activities within
the same area. Activities associated with vessel
traffic and harbours, including construction and
maintenance of harbour and port facilities and
associated dredged channels, often involve the
r  2ment or redistribution of sediments,
thereby increasing the potential of
re-introducing chemical contaminants
into the aquatic ecosystem.

/‘\llllUUgIl UIC concenuduons ot idary Uléd“lc
and inorganic contaminants are decreasing in
aquatic ecosystems, it does not necessarily follow
that overall aquatic environmental quality is
improving. As explained throughout this report,
the presence of a contaminant in some component
of an aquatic ecosystem does not necessarily
imply that an adverse effect is occurring.
Traditional monitoring of contaminants in aquatic
biota has focused mainly on contaminant
concentrations in edible tissue, such as muscle.
While important for the protection of the health
of consumers, these measures are less useful
when attempting to determine the risk of
chemicals to fish health or to consumers of
non-traditional fishery products. Contaminants
usually accumulate in liver, kidney, gill and
lipids. 1t is these tissues and organs that should
also be monitored to measure both the impacts
on ecological health and the potential for
human health effects.

Increasingly, studies are finding that prolonged
exposure to low concentrations of chemicals
affects fish health in subtle ways such as altering
sex steroid production, delaying sexual maturity
and depressing reproductive hormones. Such
effects have been found in fish exposed to
complex mixtures. The beluga whale community
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in the St. Lawrence River is exposed to a complex
mixture of contaminants. Past studies have
documented a range of contaminant related
adverse health effects in this population of
marine mammals.

The complexity of contaminant mixtures must
be understood to assess their total impact on fish
and fish habitat. Other factors affecting the action
of contaminants include habitat quality and
quantity, changes in the composition and
complexity of the food web, and changes to the
utilization patterns of the aquatic community

affected by toxic chemicals. An understanding
of contaminant loadings and the natural
compensating ability of a system is needed to
evaluate the total cumulative impact of
chemical contaminants in aquatic ecosystems.

As knowledge is gained on the fate and effects
of contaminants in aquatic ecosystems, our ability
to more precisely assess their impact on
ecosystems and fisheries resources will increase.
The acquisition of knowledge applies to both
existing chemicals and those new chemicals that
will be produced or identified in the future.
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Glossary of Terms

Abundance A measure of the total number of
individuals of a species within a defined group
(population) or area (stock).

Acidic deposition (also known as acid rain or acid
precipitation): Refers to deposition of a variety of
acidic contaminants (acids or acid-forming
substances) on biota or land or in waters of the
Earth’s surface. Deposition can be in either wet
forms (e.g. rain, fog, snow, or dry forms (e.g.,

gas, dust particles).

Acute toxicity State of being toxic enough to
cause severe biological harm or death within a
short time, usually 96 hours or less. See also
chronic toxicity.

Adsorption The attachment of one substance onto
the surface of another.

Adduct A chemical compound that is formed
from the chemical addition of two species.

Advection The transport of a property (e.g., heat)
by fluid motions such as currents or winds.

Advection The process of transport of water
solely by the mass motion of oceans or lakes,
most typically by horizontal currents.

Age-class All the fish in a stock that are a
particular age.

Alkalinity Alkalinity represents the acid-
neutralizing capacity of an aqueous system.

Amphipod A member of the order Crustacea
(crustaceans).

Anadromous Refers to species, such as salmon,
that migrate from salt water to fresh water to
breed (Upper Great Lakes Connecting Channels
Study, Management Committee 1988).

Anoxia The absence of oxygen necessary to
sustaining most life. In aquatic ecosystems,
this refers to the absence of dissolved
oxygen in water.
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Anoxic bottom waters and sediments Waters and
sediments whose oxygen content has been
depleted by high levels of decomposition and
biological activity.

Anthropogenic To do with humans — to be
caused by humans.

Antifouling agents Various chemical substances
added to paints and coatings to combat mildew
and crustaceous formations, such as barnacles,
on the hulls of ships.

Bathymetry The science of measuring ocean
or lake depths in order to determine the
sea floor topography.

Benthic Of or living on or in the bottom of a
water body. See also benthos.

Benthic fish Fish such as flounder, cod and
stingrays that spend much of their life at or near
the sea bottom.

Benthos Plants and animals and bacteria that live
on or in bottom sediments. Benthos can include
benthic fish as well as true bottom dwellers such
as shellfish and sea worms.

Bioaccumulation A general term describing a
process by which chemical substances are
ingested and retained by organisms, either
from the environment directly or through
consumption of food containing the chemicals.
See also biomagnification.

Biochemical oxygen demand (BOD) The amount
of dissolved oxygen required for the bacterial
decomposition of organic waste in water.

Biodegradable Capable of being broken down by
living organisms into inorganic compounds.

Biological diversity odiversity) The variety of
different species, the genetic variability of each
species, and the variety of different ecosystems
that they form.

Biological productic T  sroduction of organic
matter by the organisms in a specific area.



Biomagnification A cumulative increase in the
concentration of a persistent substance in
successively higher levels of the food chain. See
also bioaccumulation.

Biomarker measurement of biological changes in
an organism in response to environmental stress.

Biomass The total mass of a species or group of
species within a defined area. In fisheries, the
area is often defined by the region inhabited by a
particular fish stock, and the biomass measured in
metric tonnes per stock.

Biota Collectively, the plants, bacteria, and
animals of a certain area or region.

Bioturbation The movement and mixing of
sediments by animals such as worms that burrow
in and ingest sedimentary material.

Bloom (also known as algal bloom) A relatively
high concentration of phytoplankton that is
readily visible in a body of water as a result

of proliferation during favourable growing
conditions generated by nutrient or

sunlight availability.

BOD See biochemical oxygen demand.

Breeding The act or ritual of sexual interaction
leading to reproduction between adult animals.
Fish, marine mammals and seabirds frequently
breed in large groups in specific breeding or
nesting areas.

Carcinogen A substance which induces cancer in
a living organism.

Carnivory The eating of flesh or subsistence on
nutrients obtained from animal protoplasm.

Carnivores Biological organisms that eat flesh.
Catadromous Fish such as American eels that

live in fresh water and migrate to the sea
to spawn.

Glossary of Terms

Chlor-alkali plants Industrial plants that produce
chlorine (for use in bleaching, chemical
manufacturing [e.g., production of chlorinated
organic compounds], water purification) and
caustic soda (for use in making soap and paper),
by electrolysis of brine. Worldwide, two processes
are in common use: the diaphragm cell process
and the mercury cell process.

Chronic toxicity Toxicity marked by a long
duration that produces an adverse effect on
organisms. The end result of chronic toxicity can
be death, although the usual effects are sublethal
(e.g., inhibition of reproduction or growth).
These effects are reflected by changes in the
productivity and population structure of the
community. See also acute toxicity.

Congenital anomalies Birth defects.

Congener A chemical substance that is related to
another substance, such as a derivative of a
compound or an element belonging to the same
family as another element in the periodic table.

Contaminant A substance foreign to a natural
system or present at unnaturally high
concentrations.

Crustal Dealing with the outermost solid layer
of the earth.

Cytotoxic Having the ability to cause harmful
effects to cells.

Demersal Living near or at the bottom of the sea.

Detection limit The smallest concentration or
amount of a substance which can be reported as
present with a specified degree of certainty by an
analytical procedure.

Detritus Unconsolidated sediments composed
of both inorganic and dead and decaying
organic material.

Diadromous Fish such as Atlantic salmon that

live in the sea and migrate to fresh water to
spawn.
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Diffuse source Source of contaminants that
are widespread and do not come from a
specific location.

Dioxin equivalent A relative measure of toxicity
expressed as enzyme induction in rat liver tissue
culture. Dioxin-like chemicals (e.g., PCBs,
furans) are compared to the most toxic dioxin
congener (2,3,7,8 — TCDD).

Dissolved organic carbon (DOC) Organic carbon
that is dissolved in the water column.

Drainage basin The land mass drained by fresh-
water, including wetlands, streams, rivers
and lakes.

Echolocation The process of locating distant
objects (e.g. prey) by means of sound waves
reflected back to the emitter (e.g. predator).

Ecosystem An integrated and stable association
of living and non-living resources functioning
within a defined physical location. The term
may be applied to a unit as large as the entire
ecosphere. More often it is applied to a

smaller division.

Eddies Water flows running counter to the
direction of the main current. Eddies play an
important role in the transport of dissolved
substances and energy.

Effluent A liquid waste material that is a by-
product of human activity (e.g., liquid industrial
discharge or sewage), which may be discharged
into the environment.

Embryotoxicity Adverse toxic effects of chemical
agents on the developing embryo.

Endocrine Glands in animals that produce
hormones.

Entrainment The process of drawing into and
transporting by the flow of a fluid. For example,
air bubbles are entrained into rapidly flowing and
turbulent water.

Epidemiology The study of the prevalence and
spread of disease in a community.
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Epifauna Bottom dwelling animals (benthos),
such as scallops, crabs, lobster and shrimp.
See infauna.

Estuary A water passage where the tide meets a
river current. An arm of the sea at the lower end
of a river.

Eutrophication The process of over-fertilization
of a body of water by nutrients that produce more
organic matter than the self-purification processes
of the water can overcome. Eutrophication is a
natural process. It can be accelerated by an
increase of nutrient loading to a water body by
human activity.

Fauna The animal population of a specific
environment.

Flora The plant population of a specific
environment.

Fluvial Of or relating to, or living in a stream.

Food Chain A specific nutrient and energy
pathway in ecosystems proceeding from producer
to consumer. Along the pathway, organisms in
higher trophic levels gain energy and nutrients by
consuming organisms at lower trophic levels.

Food web The interrelationships between the
different food chains found in a particular locality.
Whereas food chains are simple linear
relationships, food webs are more complex and
encompass both predator/prey and
predator/predator relationships.

Glycoprotein Any oroup of conjugated proteins
containing both ca >hydrate and protein units —
also known as glycopeptide.

Grain size distribution The percentage (by weight
or count) of mineral particles of different sizes in
particular sediments. These particles and their
sizes include clay (less than 2 um), silt (2 to 64
pum), sand (64 pm to 2 mm), granules (2 to

4 mm), gravel (4 mm to 6 cm), cobbles (6 to

25 c¢m) and boulders (greater than 25 cm).

Groundfish (also known as bottom fish): Those
species of fish that normally occur on or close to
the seabed, such as cod and haddock.



Gyre A circular, horizontal movement of water
formed by wind activity, upwelling or currents,
especially when the latter pass obstructions

or when two adjacent currents run counter

to each other.

Habitat The environment in which a population
or individual occurs. The concept of habitat
includes not only the place where a species is
found, but also the particular characteristics of
that place, such as climate or the availability of
suitable food and shelter, which make it
especially well-suited to meet the life-cycle
needs of that species.

Habitat degradation Physical or chemical harm
done to natural areas that are important to an
animal population for feeding, breeding or
nesting. The source of harm can be local, such
as siltation that occurs during construction of
shoreline facilities, or more distant, such as

the transport of toxic materials to the sea

from terrestrial run-off.

Hardness A measure of dissolved salts in water
related to concentrations of calcium and
magnesium in water.

Heavy metal Metallic elements with relatively
high atomic weights. These include lead,
cadmium and mercury.

Hepatic To do with the liver.

Hydrocarbons Organic compounds containing
only hydrogen and carbon. Crude oil consists, for
the most part, of a complex mixture of
hydrocarbons.

Histopathology Pathology that deals with tissue
changes associated with disease.

Impoundment A body of water which has been
backed up by a dam to create a reservoir for
purposes such as hydroelectric power.

Indicator species An organism that may be used
to indicate the presence or absence of a substance,
such as heavy metals.
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Infauna Bottom dwelling animals (benthos) that
spend most of their lives buried in bottom
sediments, such as sea worms, clams and oysters;
also known as endofauna.

Inorganic Matter other than plant or animal,
and not containing a combination of carbon /
hydrogen / oxygen as in living things.

Insecticides Chemicals used to kill insect pests.
Interrenal Located between the kidneys.

Kraft mill A pulp and paper mill which utilizes
chemicals in an alkaline medium to release
cellulose fibres from logs by dissolving the lignin
in a caustic solution of sodium hydroxide and
sodium sulfide.

Leachate A solution formed by leaching.

Leaching Washing out of soluble substances by
water passing down through soil, rock or ore.
Leaching occurs when more water falls on the
soil than is lost by evaporation from the surface.
Rainwater running through the soil dissolves
mineral nutrients and other substances and
carries them via groundwater into water bodies.

Lesion An abnormal change in structure of an
organ or part due to injury or disease.

Limit of detection The smallest concentration of a
particular substance that can be determined by
chemical analysis.

Lipid tissue Animal tissue made up primarily of
organic substances such as fats, oils and waxes;
commonly known as “fatty tissue”.

Lipophilic compound A compound that has an
affinity for fat or lipid tissues.

Loadings Total mass of contaminants delivered to
a water body or to the land surface over a
specified time (e.g., tonnes per year of
phosphorus).
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Long range transport of atmospheric pollutants
{LRTAP) The movement of chemical substances to
a remote location often over a number of days or
weeks via the atmosphere.

Macrophyte A macroscopic plant usually found
in an aquatic habitat.

Metabolic rate A mecasurement of an organism’s
chemical processes that create energy through
decomposition of complex substances and the
storage of complex substances and energy.

Nesting The construction and occupation by
birds of temporary shelter in which to lay eggs
and rear young. Among seabirds, nesting
normally occurs annually, frequently

within large colonies.

Neoplasm An aberrant new growth of abnormal
cells or tissues; a tumor.

Non-point source Source in which pollutants are
discharged over a widespread area or from a
number of small inputs rather than from distinct,
identifiable sources. See also diffuse source.

Nutrient A chemical that an organism must take
in from its environment because it cannot produce
it or cannot produce it as fast as it needs it.

Organic Describes compounds based on carbon,
and also containing hydrogen, with or without
oxygen, nitrogen, or other elements.

Organochlorine Chlorine-containing organic
compound, in some cases also containing oxygen
and other elements such as phosphorus.

Papilloma A growth of proliferating epithelial
cells.

Particle-active compound Compound that is
readily attracted to and binds with solid particles,
either in the air or in water.

Particulates Fine solid particles which remain

individually dispersed in gases (and stack
emissions).
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PCB congener Any of over 209 possible
configurations of polychlorinated biphenyls
(PCBs) differing only in the number or position of
the chlorine atoms in their molecular structure.

Pelagie Pertaining to organisms that swim or
drift in a sea or lake in mid-water or close to the
surface as distinct from those that live on the
bottom (see benthic). Includes plankton, many
fish species, ar  oceanic birds. Pelagic fish such
as herring are free swimming species that feed at
mid water or surface depths. Migratory pelagic
fish such as tuna and swordfish are species that
travel regularly between feeding, breeding and
spawning areas.

Persistent toxic si tanece Any toxic substance
that is difficult to destroy or that degrades slowly;
generally those with a half-life in water greater
than eight weeks.

pH A numerical expression of the concentration
of hydrogen ions in solution. pH 0-<7 is acidic,
pH 7 is neutral, and pH>7-14 is basic or alkaline.

Photosynthesis The process by which chlorophyll
containing organisms such as algae use the energy
of sunlight to produce new organic material
(carbohydrates) from inorganic carbon dioxide
and water.

Phytoplankton Minute, microscopic aquatic
vegetative life; plant portion of plankton; the
plant community in marine and freshwater
situations that oats free in the water and
contains many species of algae and diatoms.
See also zooplankton.

Piscivorous Feeding on fish.

Plankton Collective term for organisms that drift
around in water because they are not capable of
swimming against currents in the water. See also
phytoplankton and zooplankton.

Point source A source of pollution that is distinct
and identifiable.



Polychaete Describing an invertebrate in the
phylum Annelida with paired lateral appendages
on most segments.

Polynyas Recurring area of open water or
reduced ice cover surrounded by frozen seas.

Population A closely associated group of
individuals of the same species that may occupy a
common area, such as cod on the Grand Banks.

Population biomass The total mass of a single
species that occupies a common area or space.

Predator An animal that hunts and consumes
other animals for food.

Primary production The amount of new organic
matter produced from inorganic material by
organisms using photosynthesis.

Primary wastewater treatment First step in
sewage treatment to remove large solid objects
by screens (filters) and sediment and organic
matter in settling chambers. See also
secondary wastewater treatment and

tertiary wastewater treatment.

Productivity The rate at which a population,
species or ecosystem produces organic material
over a specific time period.

Recruitment The entry of maturing juvenile
fish into the adult (sexually mature) portion
of the population.

Remobilization The transfer of dissolved
contaminants from sediments to the overlying
water through chemical processes. Remobilization
may be enhanced by processes such as physical
mixing or bioturbation.

Reproductive success The proportion of
reproductive attempts which produce healthy,
independent young.

Resuspension The remixing of sediment particles
back into the water by storms, currents, and

biological and human activities.

Salinity The quantity of dissolved salts in water.
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Secondary wastewater treatment After primary
wastewater treatment, removal of biodegradable
organic matter from sewage using bacteria and
other microorganisms, inactivated sludge, or
trickle filters. See also tertiary wastewater
treatment.

Sediment Solid material that may contain
inorganic and organic matter. Sediment may be
suspended in water or deposited at the bottom
of a water body.

Slimicide A chemical used to kill or arrest the
growth of moulds.

Spawning biomass The sexually mature portion
of a fish population that is ready to reproduce. In
some species (e.g., haddock), spawning adults
congregate into a distinct group referred to as a
spawning aggregate.

Species A group of individuals that share certain
identical physical characteristics and are capable
of producing fertile offspring.

Stable nitrogen isotope ratios Used as a
measurement of trophic relationships between
different biota in freshwater and marine systems.
All matter contains nitrogen. When an organism
eats something the heavier isotope of nitrogen
I5N, increases from the prey to the predator due
to the preferential excretion of the lighter isotope
(14N) during metabolic processes. Relative
trophic positions of different biota can therefore
be determined.

Stratification The separation of a body of water
into vertical layers (strata) that have differing
densities due to variations in temperature, salinity
and (to a lesser degree) pressure. Stratified
marine systems of this type are generally
characterized by warmer, less dense waters on top
and colder, denser waters on the bottom.

Sublethal Involving a stimulus below the level
that causes death.

Sustainable development Development that
ensures that the current use of resources and the
environment does not damage prospects for their
use by future generations.
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Sustainable use Use of an organism or
ecosystem at a rate within its capacity for renewal
or regeneration.

Teratogen An agent that increases the incidence
of congenital malformations (birth defects).

Tertiary wastewater treatment Removal of
nitrates, phosphates, chlorinated compounds,
salts, acids, metals, and toxic organic compounds
after secondary wastewater treatment. See also
primary wastewater treatment.

Toxic substance A substance that can cause
death, disease, birth defects, behavioural
abnormalities, genetic mutations or physiological
or reproductive impairment in any organism or its
offspring or that can become poisonous after
concentrating in the food web or in combination
with other substances.

Toxicity The inherent potential or capacity of
a material to cause adverse effects in a
living organism.

Toxicology The study of the adverse effects of
chemical agents on biological systems.

Trophic Relating to processes of energy and
nutrient transfer from one or more organisms to
others in an ecosystem.

Trophic level Functional classification of
organisms in a community according to feeding
relationships; the first trophic level includes
green plants, the second level includes
herbivores, and so on.

- Trophic status A measure of the biological
productivity in a body of water. Aquatic
ecosystems are characterized as oligotrophic (low
productivity), mesotrophic (medium productivity),
or eutrophic (high productivity).

Turbidity A decrease in water clarity, thus
preventing penetration of light. Turbidity results
from suspended matter such as clay, silt, small
organic and inorganic debris, plankton and
microscopic organisms.
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Upwelling The rising to the sea surface of cold,
dense subsurface water. Upwelling can occur
where two currents diverge or where surface
water is displaced by physical forcing. Upwelled
water, in addition to being cooler, is also often
rich in nutrients, so that regions of upwelling are
generally also regions of rich fisheries. Tidal
upwelling occurs when tide induced currents
flow away from the coastline, displacing

surface waters.

Vertical mixing The transport and distribution of
properties such as temperature, salinity and
chemical composition between surface and
subsurface waters by forces such as waves, tides
and currents. Vertical mixing is generally most
intense in the surface layer of water and can be
inhibited in deeper layers.

Volatile anthropogenic chemicals Chemical
compounds made by humans that evaporate
readily at ordinary mperatures or on exposure
to air.

Volatilized The conversion of a chemical
substance from a liquid to a gas.

Water column The volume of water between the
surface and bottom of a water body.

Wet deposition A process of precipitation
whereby acidic chemicals, including dilute
sulfuric and nitric acids and sulphates, are
deposited in the form of rain, snow, fog, etc.
See also acidic deposition.

Zooplankton Microscopic animals that move
passively in aquatic ecosystems. See also
phytoplankton anc  lankton.

Information sources:

MecGraw-Hill Dictionary of Scientific and
Technical Terms, Third Edition. 1984.

The State of Canada’s Environment 1996.
Minister of Public Works and Government
Services, Ottawa 1996.
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ORGANIC CONTAMINANTS

In this report, chemical contaminants are
grouped into organic contaminants and heavy
metals and organometallic contaminants. Organic
contaminants include chlorine-containing
compounds, such as the familiar pesticide DDT,
and the group of industrial chemicals known as
PCBs. These compounds are termed
organochlorine contaminants in the text. Non-
chlorine containing organic contaminants, such as
polycyclic aromatic hydrocarbons or PAHs, are
also included under organic contaminants.

Strictly speaking, heavy metals such as lead,
mercury and cadmium, are not considered
contaminants unless their concentrations exceed
some natural level. For this reason, the term heavy
metal is used instead of inorganic contaminant or
metal contaminant.

Where possible, simple names for all chemicals
are used. On occasion, it is necessary to use
specific chemical names in order to adequately
explain the complicated processes that affect the
transport of these chemicals in the environment
and their effects on aquatic life. Examples of this
include dioxins and furans, PCBs and some
pesticides, as are explained later in this chapter.
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ORGANOCHLORINE COMPOUNDS
Organochlorine compounds describe a range of
synthetic organic chlorine containing compounds
that share, to varying degrees, properties which
govern their environmental behaviour. They are
insoluble in water (hydrophobic), but are soluble
in fat (lipophilic). When they enter water they
become adsorbed to particulate material, and
accumulate in sediments. When they enter
organisms, they accumulate in fatty tissues
including blubber, organs, blood, and stored fats.
Their chemical structure (derived from
hydrocarbons) makes them stable and resistant to
chemical or biological degradation. As a result
they persist in the environment, often for decades.
They are volatile enough that they can be
transported through the atmosphere. As a result,
they are found in regions where they have
never been deliberately used, such as in the
Canadian arctic.



CHLORDANE
Technical chlordane is a mixture of various
chlorinated hydrocarbons including heptachlor,
nonachlors, and chlordane (Brooks 1974;
Cochrane and Greenhalgh 1976; Noble 1990).
Until December, 1985 it was used in Canada to
- control a variety
of insects and
insect larvae
| on ornamental
| plants,
o emoraane, vegetables,
bulbs,
strawberries, lawns and turfs (CCREM 1991). It
was also used to control wood-boring insects in
houses and other buildings. In 1985, all uses of
chlordane were suspended with the exception of
its use in termite control. All uses of chlordane
were later terminated at the end of 1995.

Although chlordane is volatile, it readily
adsorbs to particulate matter and is found in
aquatic sediments. It is also persistent and can

biocaccumulate in
B aquatic
organisms.
Chlordane
( degrades to
oxychlordane
Trans-chlordane which is more
persistent and
more toxic than most other organochlorine
pesticides (Stickle et al. 1979; Noble 1990).
Chlordane, and especially two of its breakdown
products, oxychlordane and heptachlor epoxide,
have been shown to be lethal to birds in
laboratory tests and have been implicated in the
deaths of a number of birds in the wild

(Hoffman et al. 1995).
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DDT

DDT (Dichlorodiphenyltrichloroethane) was
introduced as an insecticide in the 1940s (Carson
1962; Noble 1990). The parent compound, p,p'-
DDT, is usually found in the environment with
two metabolites, p,p’-dichlorochlorophenylethane
(DDD) (p,p’-DDD) and p,p’-
dichlorodiphenyldichloroethylene (p,p’-DDE),
and with the
corresponding
o,p’-isomers
(present in
technical-grade
DDT); these are
often grouped
together as “total-
DDT”. Because ¢
DDE is more
stable in the environment than DDT, the age of
DDT residues can be estimated roughly by the
ratio of DDE to DDT. The use of DDT in Canada
(and most western countries) was restricted in the
early 1970s, but -~
DDT is still used
widely as an
insecticide in R
other countries,
and continues to
enter the
Canadian C
environment LT
through long-range atmospheric transport
(Environment Canada et al. 1991). All uses
of DDT in Canada were terminated at the
end of 1990.

DDE is bioaccumulated in biological tissues
and is biomagnified as it moves through aquatic
food chains (Noble 1990). DDE has been
identified as the cause of eggshell thinning in
many fish-eating birds and has since been found
to cause sterility, alter hormonal balances in bird
and wildlife embryos and to change the activity of
liver enzymes in many organisms (1JC 1991,
Environment Canada/US EPA 1995).
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DiBENZO-DIOXINS

Polychlorodibenzo-dioxins (commonly referred
to as dioxins or PCDDs) are formed as a by-
product of the manufacture of chlorinated phenols
(themselves used as disinfectants, wood
preservatives) or during incineration or other high
temperature processes involving chlorine and
phenolic compounds. Seventy-five compounds
(congeners) exist, and those which attract most
attention have a 2,3,7,8 chlorine substitution;
2,3,7,8-tetrachlorodibenzo-dioxin (2,3,7,8-TCDD)
is one of the most toxic substances known. The
combined toxicity of PCDDs and some related
compounds is often reported as “2,3,7,8-TCDD
toxic equivalents” (TEQs) by summing the
individual toxicities of PCDD congeners
calculated from experimental studies (See Sidebar
on Toxic Equivalents in the Inland Freshwater
Ecosystems Chapter).

In Canada, pulp mills used to
be a major source of PCDDs.
Following bans on the use of
pentachlorophenol (a preservative
for wood chips), and after changes
to the pulping process chemistry
used by pulp mills, they have become a less
important source of PCDDs. Municipal
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Dibenzo-p-dioxins S

incinerators plus some old landfill sites near
chemical manufacturing facilities now seem to be
the major sources of these compounds. Some
chlorophenols, or compounds derived from them
such as the chlorophenoxyacetic acid herbicides
2,4-D and 2.,4,5-T contain PCDDs and
polychlorodibenzo-furans (PCDFs) as impurities.

PCDDs and PCDFs (discussed below) have
similar toxic effects on the organisms that
consume them. While their level of toxicity may
greatly vary according to their chemical make-up,
all forms demonstrate a degree of toxicity in
aquatic organisms. Dioxins, especially 2,3,7,8-
TCDD are highly toxic to many animals in low
doses and are believed to be responsible for the
fatal edema disease in Lake Ontario Herring
Gulls in the 1970s (IJC 1991) Other impacts on

aquatic organisms may include

MFO induction, reproductive

impairment, weight loss,
oression of the immune

system, and hormonal

alterations. While effects on
humans are not well understood, PCDDs are .
nonetheless considered to be very hazardous
chemicals (IJC 1991).



DIBENZO-FURANS
Like PCDDs, polychlorodibenzo-furans

{(commonly referred to as furans or PCDFs), are
usually formed as a by-product of incineration or
other high temperature processes involving
chlorine and phenolic compounds. Their physical

properties,

and hence

environmental

Dibenzo-furans behaviour, are

similar to those
of the PCDDs, and the two groups of compounds
are usually analyzed together. One hundred and
thirty five PCDF congeners exist. At present, the
main source of PCDFs to the environment seems
to be from municipal incinerators.

Like PCDDs, PCDFs can also act as endocrine
disrupters and thus alter the hormonal balances
and reproductive structures of wildlife
{Environment Canada/US EPA 1995). Although
less toxic than dioxins they are nevertheless
considered to be very hazardous to living
organisms (IJC 1991).
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DIELDRIN

Dieldrin is one of a group of synthetic
organochlorine insecticides which was widely
used in the 1960s and 1970s to control crop pests
found in soil and
on lawns and golf
courses. Most
uses of dieldrin
except for termite
control, however, e
were phased out
in the 1970s. All uses of dieldrin in Canada were
terminated at the end of 1995.

In addition to being an insecticide itself,
dieldrin is a metabolic product of the related
compound, aldrin which was also applied to soil
and plants to control insects (CCREM 1991).
Dieldrin is persistent and bioaccumulates in
aquatic organisms thus explaining its continued
occurrence in many environmental samples. Both
aldrin and dieldrin are toxic and have been
implicated in numerous incidents of wildlife
mortality (Hoffman ef a/. 1995). Dieldrin, in
particular, has been linked to the death of adult
bald eagles in the Great Lakes Basin (1JC 1991).
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HEPTACHLOR
Heptachlor was widely used in Canada on
agricultural crops and for protecting seeds and
bulbs against insects and insect larvae. Like
dieldrin it was often applied to soil (Noble 1990).
The technical mixture
of heptachlor contains
mainly the parent
compound but also
several related
compounds. Like other
- organochlorine
frooeee compounds, it can
move about the
environment and be taken up by aquatic
organisms. Once inside an organism it is rapidly
metabolized. However, the metabolic product,
heptachlor epoxide, is persistent and is as toxic as
the original compound. Heptachlor has been
demonstrated to lower reproductive success and to
cause mortality in a variety of bird species,
including Canada geese, as well as induce
mortality in predators, such as foxes, that feed on
these birds (Hoffman er al. 1995). With the
exception of its use on narcissus bulbs, all uses of
heptachlor were suspended at the end of 1976.
All uses of heptachlor in Canada were
terminated at the end of 1990.
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HEXACHLOROBENZt

Hexachlorobenzene (HCB) is a by-product of
several industrial chlorination processes, often
associated with chlor-alkali plants (CCREM,
1991). It is among the most volatile of
organochlorine compounds
(hence its wide h
distribution) but is also
very lipid soluble and
hence is readily
bioaccumulated. Between
1948 and 1972 HCB was
used as a seed dressing for ]
several crops to prevent F A
fungal diseases. Although
HCB has not been used commercially in Canada
since 1972 it is still released in small quantities
into the environment as a by-product of the
manufacture and use of chlorinated solvents and
pesticides. All uses of HCB as a pesticide in
Canada were terminated at the end of 1981.

Hexachlorobenzene can interfere with enzymes
that control the production of hemoglobin, a
component of blood, and can suppress immune
system components. HCB can also affect the
nervous system, liver, and reproductive system of
various aquatic organisms and has been shown to
produce cancer in laboratory animals (IJC 1991,
Environment Canada/US EPA 1995).



HEXACHLOROCYCLOHEXANE
Hexachlorocyclohexane (HCH) describes a
group of compounds with the same molecular
formula (CgHgClg), but which differ in the
positions of the
chlorine atoms in
relation to the
cyclohexane ring;
these are “isomers”
and the most common
are known as the
alpha (o), beta (),
and gamma () forms.
Technical HCH (1,2,3.,4.5,6-
hexachlorocyclohexane) consists of 50 to
70% o-HCH, 5 to 14% B-HCH, 10 to
18% y-HCH, 6-HCH and impurities. o-HCH
seems to be formed from y-HCH in the
atmosphere by the action of sunlight. Lindane,
a mixture of isomers which initially contains
greater than 90% y-HCH, is the only form of
HCH used in North America, where it is used
as a seed treatment, to control flea beetles,
wereworms, lice and ticks on livestock. It was
used as a household insecticide until 1970
(CCREM, 1991). Other HCH isomers have been
banned for use in North America and most other
circumpolar countries since the late 1970s. All the
HCHs are volatile. This property leads to their
wide distribution by atmospheric transport. HCHs
are appreciably water soluble and are found in all
the world’s oceans. Technical HCH is still used
extensively throughout other parts of the world.
Although much less hazardous than some of the
other organochlorine compound pesticides which
it replaced, HCH nonetheless has been implicated
in reduced egg production and hatchability,
eggshell thinning, and increased mortality in
some bird species (Hoffman er al. 1995}, in liver
and thyroid tumors in some mammals.
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MIREX

Although once used in the U.S. to control fire
ants, mirex has never been registered as a
pesticide in Canada (Noble 1990). Other non-
pesticide uses, under
the name of
Dechlorane, used in
both Canada and the
United States have
included, its use as a
flame retardant in
plastics, as a smoke
generator in
pyrotechnics, in anti-fouling paints, rodenticides
and antioxidants and various industrial products
(Verschueren 1983; CCREM 1991). In 1978, the
import, manufacture and processing of mirex was
banned in Canada for any uses that would lead to
its dispersion into the environment (Environment
Canada 1985; CCREM 1991). The main routes by
which mirex enters the Canadian environment are
two facilities in the U.S. which discharge their
effluent into rivers draining into Lake Ontario and
from toxic chemical dumpsites within the Lake
Ontario basin (CCREM 1991; Sergeant et al.
1993). By exposure to sunlight mirex is converted
slowly to photomirex, which is also toxic
(CCREM 1991).

Mirex is a very persistent chemical (Metcalf et
al. 1973; Kaiser 1978; Neely 1980). It is insoluble
in water and is not volatile (Smith er al. 1978;
CCREM 1991). It readily adsorbs to organic
materials in the aquatic environment and can
bioaccumulate in aquatic organisms (CCREM
1991). Mirex has potential for chronic toxicity
because it is only partly metabolized and is
eliminated slowly (Hoffman ef al. 1995).

Mirex has been demonstrated to cause
reproductive problems in birds and cancer in
laboratory animals (1JC 1991; Environment
Canada/US EPA 1995).
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POLYCHLORINATED BIPHENYLS

Polychlorinated biphenyls (PCBs) were first
synthesized in the late 1920s, and were used until
the early 1970s throughout the world. They were
used where chemically stable compounds
available in a range of physical properties were
needed such as in heat transfer mixtures and
hydraulic fluids (Government of Canada 1991).
They were also used as electrical insulators
(CCREM 1991). Two hundred and nine individual
PCBs (congeners) exist, each with a different
pattern of chlorine substitution, though usually
only about fifty are found in
environmental samples. Modern
analytical methods allow the
measurement of each congener C

but in the older literature PCBs

were usually reported as

commercial mixtures (Aroclor 1254, Clophen
AS50). Therefore, it is sometimes difficult to
compare modern PCB measurements with those
in the older literature.

Manufacture, importation and most non-
electrical uses of PCBs were banned in Canada in
1977 (Government of Canada 1991).
Nevertheless, some PCBs still remain in use or in
storage in Canada. Some PCBs have escaped into
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the environment over the years, primarily as a
result of inadequate disposal, especially in landfill
sites as well as the result of accidental spills or
when PCB-impregnated products are incinerated
(CCREM 1991, Government of Canada 1991).

The characteristics of PCBs that make them
desirable for industrial applications also make
them a hazard to the aquatic environment.
Because they are chemically stable and not
readily metabolized by aquatic organisms they are
very persistent and tend to accumulate in the fatty

tissues of organisms. Once
absorbed into aquatic organisms,
PCBs are often carcinogenic and

(numbered as CB 118, 153, 138) -.FCB may alter physiological

____________

functions including growth,

molting and reproduction as well
as the ability of organisms to eliminate foreign
organic compounds and waste products. PCBs, in
particular, have been linked to a number of health
problems in wildlife including embryo mortality,
hormonal alteration and physical deformities and
are suspected of causing developmental problems
in human infants (IJC 1991, Environment
Canada/US EPA 1995).



TOXAPHENE

Toxaphene (polychlorinated camphenes) is
actually a complex mixture of many different
compounds (CCREM 1991). There may be as
many as 32,768 possible isomers of toxaphene.
Currently, typical analytical methods can only
detect about 150 to
200 of these individual
isomers. Toxaphene is
a broad spectrum
pesticide that was used
in Canada until 1980
to control insect pests
and in experimental
fish eradication
programs (Eisler and
Jacknow 1985; Noble 1990). Because of its
volatile nature, it can be widely dispersed in the
atmosphere and like the other chlorinated
hydrocarbons, it is readily bioaccumulated.

Toxaphene is acutely toxic to fish, but less toxic
to mammalian species. It has, however, been
identified as an animal carcinogen (US EPA
1980; Environment Canada/US EPA 1995) and is
suspected of being responsible for a number large
bird die-offs in areas where it has been used
(Hoffman et al. 1995).
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NonN-CHLORINE CONTAINING
OrGANic COMPOUNDS

PoLycycLIC AROMATIC HYDROCARBONS

Polycyclic aromatic hydrocarbons (PAHs)
are a group of aromatic compounds that arise
from natural and anthropogenic sources. Some
are components of oil, and may be released
from natural oil seeps or during spills. Others
are by-products of incomplete combustion,
including municipal and industrial incineration,
car exhaust, forest and grass fires and smelter
and refinery operations. Some may be directly
introduced into the environment such as from
creosote used to preserve marine pilings. Some
PAHSs are natural products of plants, bacteria
and fungi (Hoffman et al. 1995).

PAHs may be divided into low-molecular
weight PAHs and high molecular-weight PAHs
depending upon their physical make-up (CCREM
1991). Vapour pressures and water solubilities of
PAHs likewise vary in accordance with their
molecular weights and physical 1 ctures.

PAHs are usually found concentrated near
specific point sources. Most of the PAHs which
enter the aquatic environment are localized in
rivers, lakes, estuaries and coastal marine waters,
and their concentrations tend to decrease rapidly
with distance from their source (CCREM 1991).
There is usually a direct relationship between
PAH concentrations in the aquatic environment
and the degree of industrialization or urbanization
in a watershed (NRCC 1983).

PAHs are introduced to the environment usually
bound to particles, most commonly soot (carbon
particles). While water- and land-based discharges
may represent significant and localized inputs,
atmospheric deposition is another significant
route of entry of PAHs into aquatic environments
(NRCC 1983, CCREM 1991). In the aquatic
environment, PAHs tend to adsorb to particulate
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material and settle out in aquatic sediments. Since
microbial degradation of PAHs in cold sediments
is slow, these compounds persist, especially in
colder climates.

All PAHs are toxic to some extent and can
cause a number of effects in aquatic organisms
(Environment Canada 1991). Some PAHs,
especially benzo[a]pyrene (B[a]P) are
carcinogenic to fish, animals and humans (1JC
1991). Fish taken from PAH-contaminated waters,
for example, often have an increased frequency of
liver and other tumours (Environment Canada et
al. 1991). PAHs also can disrupt the glycoprotein
coating on the surface of gills and other epithelia
of fish, taint the flesh of lobsters, suppress the
immune systems of clams, and reduce the egg
production and hatching success of both marine
vertebrates and invertebrates (J. Kiceniuk personal
communication).

In vertebrates, liver mono-oxygenase enzymes
metabolize PAHs, usually to hydroxylated
products some of which can bind to DNA and
initiate carcinogenesis (Dunn 1991). In this
situation, it is not clear whether mono-oxygenase
activity represents detoxification (by metabolizing
PAHs as a first step in their excretion) or an
exacerbation of their toxicity by converting them
to a more toxic product. In either case, the result
is that PAHs tend not to be accumulated to any
significant extent in vertebrates. Their break-
down products or metabolites, known as adducts,
however, may be more harmful than their parent
compounds. Invertebrates lack a mono-oxygenase
system, and although they can metabolize
PAHs by other processes, they accumulate
them more than vertebrates.
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METALS AND
ORGANOMETALLIC COMPOUNDS

In certain forms and in sufficient
concentrations, heavy metals such as cadmium,
lead, mercury, and tin can be toxic to living
organisms (Government of Canada 1991). These
metals are naturally present in the environment
but are not considered to be biologically essential.
While their natural concentrations are usually too
low to pose any threat to aquatic life, human
activities have greatly increased their
concentrations in some aquatic ecosystems
(Nriagu and Pacyna 1988; Nriagu 1990). Metals
in aquatic biota can, however, have natural or
anthropogenic sources. As a result, it is
sometimes difficult to differentiate the
importance of diverse sources.

In uncontaminated aquatic sediments, metals
are usually in mineral lattices or bound tightly to
organic molecules, and so are not readily
biologically available (Environment Canada
1991). Dissolved metals from riverine or effluent
sources tend to precipitate upon entering seawater.
Although metals in these forms generally pose
little direct threat to aquatic life, under certain
conditions they can become transformed or
methylated into biologically available forms
which are toxic (Environment Canada 1991).



CADMIUM

Cadmium is often found at elevated
concentrations in aquatic organisms (Noble 1990).
High concentrations in aquatic life can result from
both natural cycling or from human activities. The
main natural sources of cadmium include the
windblown transport of soil particles, forest fires
and volcanic emissions. Industrial sources include
base metal mines, smelters, fertilizer plants and
thermal electric plants (Noble 1990). Cadmium is
used in electroplating other metals or alloys for
protection against corrosion, in the manufacture
of pigments, nickel-cadmium storage batteries,
solders, electronic equipment, lubricants,
photography supplies, glass, ceramics and as a
stabilizer in plastics (CCREM 1991). Some
cadmium compounds are used in the production
of polyvinyl chloride (PVC) and in tubes for
television sets (CCREM 1991).

Metallic cadmium is insoluble in water;
however, several cadmium compounds are
soluble. In general, cadmium is found attached to
organic and inorganic particulate matter. Its
mobility in aquatic ecosystems is increased by
low pH, low water hardness, low levels of
particulate matter and low salinity (U.S. EPA
1979; CCREM 1991).

Cadmium is accumulated by aquatic organisms,
including macrophytes, phytoplankton,
zooplankton, invertebrates and fish (Florence
1982; CCREM 1991). Water hardness may
influence the uptake of cadmium by aquatic
organisms; tissue concentrations decrease with
increasing water hardness (Kincade and Erdman
1975; CCREM 1991). A reduction in water pH
such as that resulting from acid rain can lead to
increased uptake of cadmium especially in
bacteria and algae (CCREM 1991).
Bioaccumulation of cadmium in aquatic
organisms also tends to increase with increasing
water temperature (Remacle ef al. 1982;
Rombough and Garside 1982; CCREM 1991).
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While cadmium bioaccumulates in the tissues of
aquatic organisms, however, it does not
biomagnify in aquatic food chains.

The main clinical signs of cadmium toxicity in
aquatic organisms are anemia, retarded gonad
development, enlarged joints, scaly skin, liver and
kidney damage, and reduced growth. While the
toxicity of cadmium to fish and other aquatic
organisms is greatly influenced by species type, it
is also known that age and life cycle stages are
important in regulating its impact on specific
organisms. Fish embryos and newly hatched
alevins, for example, are relatively tolerant to
cadmium but young birds may be more
susceptible than older birds. Despite these
variations, however, because the excretion of
biologically incorporated cadmium is relatively
slow, in general most organisms continue to
accumulate it over their lifetime.

LEAD

Lead is mobilized in the environment by natural
processes such as the weathering of rocks,
volcanic activity and radioactive decay of uranium
and thorium. Until leaded gasoline was phased
out in 1990, the combustion of motor fuels
containing tetraethyl lead was the largest
anthropogenic contributor of lead to the
environment (Government of Canada 1991).
Other anthropogenic activities resulting in
important contributions to environmental lead
include mining and smelting of lead-bearing ores
and metals, use of lead plumbing and solder,
thermal power plants, sewage sludge, paints and
ceramic glazes, and the disposal of lead-zinc
batteries in landfill sites. Lead also enters the
environment through the use of lead shot and lead
sinkers for fishing (Noble 1990).

Beyond increasing the total amount lead
released into the environment, anthropogenic uses
have substantially altered the natural
environmental distribution of lead both locally
and globally (Hoffman ef al. 1995). High lead
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emissions from urban centres, for example, have
increased urban and near urban concentrations to
several thousand times greater than those found in
natural concentrations. Lead reaches the aquatic
environment through precipitation, fallout of lead
dust, street run-off and industrial and municipal
wastewater discharges (U.S. EPA 1976; Jaques
1985, CCREM 1991).

The chemical form of lead in aquatic
ecosystems varies and depends on factors such
as pH, dissolved oxygen and the presence of
coexisting inorganic and organic compounds.
In general, lead compounds that are soluble are
removed from solution by adsorption to sediments
and particulate matter suspended in water
(Leland er al. 1974; CCREM 1991).

Lead is a non-essential, highly toxic metal,
and all its known effects on biological systems
are deleterious (Hoffman er al. 1995). Its
bioaccumulation by aquatic organisms, however,
depends on a wide range of factors including
the amount of lead present in the immediate
environment, its physical and chemical form,
the physical and chemical properties of the water
body into which it has been deposited, and the
biology of the exposed organisms. Organic lead
compounds which accumulate in lipids, for
example, tend to be taken up and accumulated
more readily than inorganic lead compounds
(Hoffman er al. 1995). Similarly, organic lead
compounds are generally more toxic to aquatic
organisms than inorganic compounds, and toxicity
tends to increase with the degree of alkylation.

Although biomagnification does not appear to
occur with lead, there is significant evidence that
it does bioaccumulate in a number of aquatic
organisms, including benthic bacteria, freshwater
plants, invertebrates and fish (CCREM 1991).
One method now used to indicate lead exposure
in fish is through the measurement of erythrocyte
d-amino levulinic acid dehydratase (ALAD)
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activity (Hodson er af. 1983). Although the effects
of lead may vary according to a number of factors
such as those described above, low concentrations
of lead have been associated with anemia,
reduced growth rates, kidney and liver damage,
the depression of immune systems, and possibly
some impairment of nervous systems especially
in younger organisms, including humans
(Scheuhammer 1987; Noble 1990). Lead, in

fact, is the only toxic contaminant that has
accumulated in humans to average

concentrations that approach the threshold

for potential clinical poisoning (Southwood

1983; Hoffman er al. 1995).

MERcury

Anthropogenic activities have greatly increased
mercury concentrations in some parts of the
environment including aquatic ecosystems
(Government of Canada 1991). In Canada, the
main anthropogenic sources of mercury during
the 1960s were chlor-alkali plants that produced
bleach and pulp mills that used mercurial
slimicides (Fimreite 1971; Noble 1990). These
industries were often located on the shores of
large rivers and lakes such as in the Great Lakes —
St. Lawrence River system, or along the coasts. In
1970, legislation was passed to reduce mercury
discharges from sources such as smelters,
municipal wastewater treatment plants, and pulp
mills. An additional use of mercury, in seed
dressings, was banned in 1973 (Noble 1990).

Today, anthropogenic sources of mercury in the
environment include leaching from areas of past
industrial activity, smelting, coal-burning power
plants, the use of some paints and the release of
mercury from soil and plants following flooding
behind hydroelectric dams (Bodaly er al. 1984;
Noble 1990). Much of the mercury released by
these processes is in a form that poses little threat
to aquatic organisms. Bacteria, however, can
transform mercury into an organic form of
mercury called methylmercury which is toxic.



Methylmercury readily biomagnifies through
aquatic food chains (Scheuhammer 1987). It is
chemically stable and accumulates in various
tissues including muscle (Noble 1990). While
methylmercury readily accumulates in some
aquatic organisms, animals such as otters, seals
and whales, can demethylate it back to the less
harmful inorganic mercury (Hoffman et al. 1995).

Mercury accumulates rapidly in fish. In
Canadian fresh waters it has been found in high
concentrations in lake trout, pike and walleye
(NRCC 1979; CCREM 1991). Its capacity to
biomagnify in aquatic food webs was revealed the
presence of high concentrations in fish-eating
birds sampled in the late 1960s in areas near
chlor-alkali plants and pulp mills using slimicides
(Firmreite 1971; Noble 1990). Mercury can
inhibit photosynthesis and growth in
phytoplankton and is known to cause nervous
system disorders, spinal cord degeneration and
brain lesions in birds (Scheuhammer 1987;

Noble 1990). It can also accumulate in the kidney,
liver and brain of fish-eating mammals, including
humans, resulting in neurological damage,

kidney damage, severe weight loss and even
death (Government of Canada 1991;

Environment Canada/US EPA 1995).

OrGANOTIN COMPOUNDS

Major uses of organotin compounds in Canada
include their use as a heat stabilizer in polyvinyl
chloride (PVC) products; catalysts in resins,
paints and coatings; and as additives to anti-
fouling paints used to protect aquaculture nets
and ship hulls. The latter use, however, was
restricted in 1989 to vessels greater than 25 m
in length (Government of Canada 1993). The
release of organotin compounds into the aquatic
environment is, in general, the result of direct
input into the air or water from production,
processing, use or disposal, and indirectly through
biotic and abiotic transformations (Thompson et
al. 1985; Evans and Karpel 1985). The most
significant entry into the aquatic environment is
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from their use, especially that of tributyltin
(TBT), in biocidal applications where high
concentrations have been attributed to the use of
biocidal paints (Thompson et al. 1985).

Little information is available on the forms and
fate of organotin compounds in the aquatic
environment (CCREM 1991). Their persistence
is known, however, to depend significantly on
ecosystem characteristics, including light,
temperature, oxygen concentration and the kinds
and concentrations of other organisms that may
be present (DFO 1996). In general, they also do
not volatilize from water (Maguire et al. 1983,
Government of Canada 1993). Accordingly,
given the climatic conditions present in Canada
they may persist for periods ranging from
years to decades.

Although methylation and de-methylation of
organotin compounds occurs in the aquatic
environment via both abiotic and biotic
mechanisms they may, nonetheless be
bioaccumulated by some organisms (CCREM
1991). Studies indicate that these compounds,
especially TBT, cause shell chambering and
thickening in bivalves, such as oysters, and induce
abnormalities in the reproductive organs of
female whelks (snails) which may lead to reduced
fertility, possible sterility and eventual population
declines (DFO 1996).

303



Slossary of Chemical Contaminants

BODALY, R.A., R.E. Hecky, and R.J.P. Fudge. 1984. Increascs in Fish Mercury Levels in Lakes Flooded by the Churchill River
Diversion. Northern Manitoba. Can. J. Fish. Aquat. Sci. 41: 682-691.

BROOKS, Gi.T. 1974. Chlorinated Insccticides. Vol. 1. Technology and Applications. CRC Press, Inc. Cleveland, Ohio.

CANADIAN Council of Resource and Environment Ministers (CCREM). 1991, Can. Wat. Qual. Guide. Inland Wat. Direct.,
Environ. Can., Ont.

CARSON, R. 1962. Silent Spring. Houghton-Mifflin Co. Boston.

COCHRANE, W.P, and R. Greenhalgh. 1976. Chemical Composition of Technical Chlordane. J. Off. Analyt. Chemists.
59: 696-702.

DEPARTMENT of Fisheries and Oceans (DFO). 1996. Institutc of Ocean Sciences Fact Sheet: Snail’s Pace Recovery From
Restricted Toxic Paint. Inst. Ocean Sci. Sidney. B. C.

DUNN. B.P. 1991. Carcinogen adducts as an indicator for the public health risks of consuming carcinogen-exposed fish and shell-
fish. Env. Health Pers. 90: 111-116.

EISLER, R., and J. Jacknow. 1985. Toxaphene Hazards to Fish, Wildlife and Invertebrates: A Synoptic Review. U.S. Fish Wild.
Serv. Biol. Rept No. §5.

ENVIRONMENT Canada. 1985. Canada Gazctte Announcements - Environmental Contaminants Act. Environ. Prot. Serv.,
Ottawa, Ont.

ENVIRONMENT Canada. 1991. Health of Our Oceans: A Status Report on Canadian Marine Environmental Quality. Peter
G. Wells, and Susan J. Rolston [eds.] Min. Sup. Serv., Ottawa, Ont. 1991,

ENVIRONMENT Canada, and U.S. Environmental Protection Agency. 1995. State of the Great Lakes 1995,

ENVIRONMENT Canada, Department of Fisherics and Oceans. and Health and Welfare Canada. 1991. Toxic Chemicals in the
Great Lakes and Associated Effects: Synopsis. Min. of Sup. Serv. Can.. Ottawa, Ont.

EVANS, C.J., and S. Karpel. 1985. Organotin Compounds In Modern Technology. Elscvier SCI. Publ.. Amsterdam, The
Netherlands.

FIMREITE, N. 1971. Mercury uses in Canada and their possible hazards as sources of mercury. Environ. Poll. 1: 119-131.
FLORENCE. T.M. 1982. The speciation of trace elements in water. Talanta 29: 345-304.

FRANK. R., M. Van Hove Holdrinet, and W.A. Rapley. 1975. Residue of Organochlorine Compounds and Mercury in Bird’s Eggs
from the Niagara Peninsula, Ont. Arch. Environ. Contam. Toxic. 3: 205-218.

GOVERNMENT of Canada. 1991. The Statc of Canada’s Environment. Min. of Sup. Serv. Can., Ottawa, Ont.

GOVERNMENT of Canada, Environment Canada, and Health Canada. 1993. Canadian Environmental Protection Act Priority
Substances List Assessment Report: Non-pesticidal Organotin Compounds. Min. Sup. Serv. Can., Ottawa, Ont.

HODSON. PV, B.R. Blunt, and D.M. Whittle. 1983. Suitability of a Biochcmical Method for Assessing the Exposure of Feral
Fish to Lead, p. 389-405. /n W.E. Bishop, R.D. Cardwell, and B.B. Heidolph [eds.] Aquatic Toxicology and Hazard Assessment:
Sixth Symposium, ASTM STP 802. Amer. Soc. Test. Mat., Philadelphia., Penn.

HOFFMAN, D.J.. B.A. Rattner, G.A. Burton, Jr., and J. Cairns, Jr. 1995. Handbook of Ecotoxicology. Ann Arbor, Mich.
CRC Press, Inc.

INTERNATIONAL Joint Commission (IJC). 1991. Cleaning up our Great Lakes: A Report from the Water Quality Board to the
International Joint Commission on Toxic Substances in the Great Lakes Basin Ecosystem.

JAQUES, A.P. 1985. National Inventory of Sources and Relcases of Lead (1982). Environ. Prot. Serv., Environ. Can., Ottawa,
Ont.

KAISER, K.L.E. 1978. The rise and fall of mirex. Environ. Sci. Technol. 12: 520-528.

KINCADE, M.L., and H.E. Erdman. 1975. The influence of hardness components (Ca2* and Mg2+) in water on the uptake and
concentration of cadmium in a simulated freshwater ccosystem. Environ. Res. 10:308-317.

304



Glossary of Chemical Contaminants

LELAND, H.V., S.S. Shukla, and N.F. Shimp. 1974. Factors affecting distribution of lead and other trace e¢lements in sediments of
southern Lake Michigan. /n PC. Singer [ed.] Trace Metals and Metal-Organic Interactions in Natural Waters. Ann Arbor Sci.
Publi. Inc., Ann Arbor, Mich.

MAGUIRE, R.I., ] H. Carey, and E.J. Hale. 1983. Degredation of tri-n-butyltin species in water. J. Agric. Food Chem.
31: 1060-1065.

METCALF, R.L., J.P. Kapoor, P-Y. Lu, C.K. Schuth, and P. Sherman. 1973. Model ecosystem studies of the environmental fate
of sic organochlorine pesticides. Environ. Health Perspect. 4: 35-44.

NEELY, W.B. 1980. A method for selecting the most appropriate environmental experiments on a new chemical, p. 287-296.

In R. Haque [ed.] Dynamics. Exposure and Hazard Assessment of Toxic Chemicals. Ann Arbor Sci. Publ. Inc., Ann Arbor, Mich.
287-296 p.

NOBLE, David G. 1990. Contaminants in Canadian Seabirds. State Environ. Rep. No. 90-2. Min. Sup. Serv., Ottawa. Ont.

NRCC. 1979. Effects of Mercury in the Canadian Environment. Assoc. Comm. Scient. Crit. Environ. Qual., Natl. Res. Coun.
Can., Ottawa, Ont. NRCC No. 16739,

NRCC 1983. Polycyclic Aromatic Hydrocarbons in the Aquatic Environment: Formation, Sources, Fate and Effects on Aquatic
Biota. Assoc. Comm. Scient. Crit. Environ. Qual., Nat. Res. Coun. Can., Ottawa, Ont. NRCC No. 18981.

NRIAGU, 1.0. 1990. Global metal pollution: Poisoning the biosphere? Environ. 32 (7): 7-11, 28-33.

NRIAGU, J.O., and J.M. Pacyna. 1988. Quantitative assessment of worldwide contamination of air. water and soils by trace met-
als. Nature 333: 134-139.

REMACLE, J., C. Houba, and J. Ninane. 1982. Cadmium fate in bacterial microcosms. Wat. Air Soil Poll. 18: 455-465.

ROMBOUGH, PJ., and E.T. Garside. 1982. Cadmium toxicity and accumulation in eggs and alevins of Atlantic salmon (Salmo
salar). Can. J. Zool. 60: 2006-2014.

SCHEUHAMMER, A M. 1987. The Chronic toxicity of Aluminum, Cadmium, Mercury and Lead in Birds: A Review. Environ.
Poll. 46: 263-295.

SERGEANT, D.B., M. Munawar, P. V. Hodson, D. T. Bennie, and S.Y. Huestis. 1993. Mirex in thc North American Great Lakes:
New Detections and Their Confirmation. I. Great Lakes Res. 19(1): 145-157.

SMITH, J.H., W.R. Mabey, N. Bohonos, B.R. Holt, S.S. Lee, T.-W. Chow, D.C. Bomberger, and T. Mill. 1978. Environmental
Pathways of Selected Chemicals in Freshwater Systems. Part 11. Laboratory studies. Off. Res. Dev., U.S. Environ. Prot. Agency,
Athens, Georgia. EPA-600/7-78-074.

SOUTHWOOD, TR.E. 1983. Lead in the Environment. Cmnd. 8852. HMSO, Royal Comm. Environ. Poll., London, England.
STICKEL, L.F.,, W.H. Stickel, R.D. McArthur and D.L. Hughes. 1979. Chlordane in Birds: A Study of Lethal Residues and Loss
Rates. In W.B. Deichman (org.), Proceedings of 10th International Conference on Toxicology and Occupational Medicine. North
Holland, N. Y.: Elsevier. 387-396 p.

THOMPSON, J.A.J., M.G. Sheffer, R.C. Pierce. Y.K. Chau, J.J. Cooney, W.R. Cullen, and R.J. Maguire. 1985. Organotin
Compounds in the Aquatic Environment: Scientific Criteria for Assessing their Effects on Environmental Quality. Asso. Comm.

Scient. Crit. Environ. Qual., Natl. Res. Coun. Can., Ottawa, Ont. NRCC No. 22494.

U.S. EPA. 1976. Quality Criteria for Water. Off. Wat. Plan. Stand., U. S. Environ. Prot. Agency, Washington, D.C.
EPA-440/9-76-023.

U.S. EPA. 1979. “Cadmium” in Water-Related Environmental Fate of 129 Priority Pollutants. Vol. 1. Introduction, Technical
Background, Metals and Organics, Pesticides, Polychlorinated Biphenyls. Off. Wat. Plan. Stand.. U.S. Environ. Prot. Agency.
Washington, D.C. EPA-440/4-79-029a.

U.S. EPA. 1980. Ambient Water Quality Criteria for Toxaphene. Off. Wat. Reg. Stand., Crit. Stand. Div., U. S. Environ. Prot.
Agency, Washington, D.C. EPA-440/5-80-076.

VERSCHUEREN, K. 1983. Handbook on Environmental Data on Organic Chemicals. Van Nostrand Reinhold Co., N. Y.

305



Glossary of Chemical Contaminants

ENVIRONMENT Canada. and U.S. Environmental Protection Agency. 1995, S.O.L.E.C. 1994 State of the Lakes Ecosystem
Conference Background Paper: Toxic Contaminants.

GOVERNMENT of Canada, Environment Canada, and Health Canada. 1990. Canadian Environmental
Protection Act Priority Substances List Assessment Report No 1: Polychlorinated Dibenzodioxins and Polychlorinated

Dibenzofurans. Min. Sup. Serv. Can., Ottawa, Ont.

GOVERNMENT of Canada, Environment Canada, and Health Canada. 1994. Canadian Environmental Protection Act Priority
Substances List Assessment Report: Polyeyclic Aromatic Hydrocarbons. Min. Sup. Serv. Can., Ottawa. Ont.

Personal Communications

KICENIUK, J. Department of Fisheries and Oceans, St. John's, Newfoundland. 1995.

306









Zommon and Scientific Names

BROOK SILVERSIDE . . .. .....ccvvvnnnnn LABIDESTHES SICCULUS
BROWNBULLHEAD .. ..........ccvuunn IcTALURUS NEBULOSUS
BULLTROUT ........cciiviiiennnnn SALVELINUS MALMA

BURBOT (EELPOUT) ..........cocvnnn. Lota LoTA

CANADAGOOSE . .. ..ovvvennnnnennnns BRANTA CANADENSIS

Y. 1 MaLLotus viLLOSUS

CARIBOU ........'ovniiinvrnnnnennnn RANGIFER TARANDUS GRANTI
CASPIANTERN . .....vvvnrrnrnnnnnnn HYDROPROGNE CASPIA
CHINOOK SALMON . .........covvenvnnn ONCORHYNCHUS TSHAWYTSCHA
CHUM ... .. it ONCORHYNCHUS KETA

T o COREGONUS ARTEDII
COHOSALMON ................c.c... ONCORHYNCHUS KISUTCH
COMMON DOLPHIN .........c0ovvunnnn DELPHINUS DELPHIS
COMMONEIDER .......civvvvnnnnnes SOMATERIA MOLLISSIMA
COMMONLOON ..........vvvvnvnnnn. GAVIA IMMER
COMMONMURRE . . ....ovvveenennnnns URIA AALGE

COMMONTERN . .....ovvivvvvnnnnnnn STERNA HIRUNDO
COPPERROCKFISH .. .....ovvvennnnnnn SEBASTES CAURINUS

CRAYFISH .....civiiiiiiniinnnnns ORCONECTES SP.
DALL'SPORPOISE ..........ovvvuivunn PHOCOENOIDES DALLI
DouBLE-CRESTED CORMORANT . ......... PHALACROCORAX AURITUS
DUNGENESSCRAB .. ...ocovvvvnnnnnnn CANCER MAGISTER
ENGLISHSOLE .........covivnnennnnn PAROPHRYS VETULUS
EUPHAUSID .........cccivvieinnnn, EuPHAUSIA SPP.
EURASIANRUFFE ... ...ovivvnvnnnnnnn GYMNOCEPHALUS CERNUUS
GOLDEYE ........ociiiiinrnnnnnnns Hiopon ALOSOIDES

GREEN SEAURCHIN .........0ovvnvnnnn STRONGYLOCENTROTUS DROEBACHIENSIS
GREENLAND HALIBUT (TURBOT) .. ........ REINHARDTIUS HIPPOGLOSSOIDES
GREY SEAL .......cvvvirnvnnnnnennnn HALICHOERUS GRYPUS
HappOCK ..........coviiiiinnnt MELANOGRAMMUS AEGLEFINUS
HAKE ........ .t Urorhyceis TENUIS
HARBOURPORPOISE .. .......ovvvnnnnn PHOCOENA PHOCOENA
HARBOUR SEAL ...........covvuvvunnn PHoca vITULINA CONCOLOR
HARPSEAL .........civiiiinnnns. PHOCA GROENLANDICA
HERRING GULL ............cccvvnnn. LARUS ARGENTATUS

HOODED SEAL ........ccovvivvnnnnn. CYSTOPHORA CRISTATA
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Common and Scientific Names

HOOKER'S SEALION .................. PHocARCTOS HU  KERI
HUMPBACK WHALE .................. MEGAPTERA NG EANGLIAE
KILLERWHALE ...........ovveeennt. ORCINUS ORCA

KOKANEE SALMON ... ................ ONCORHYNCHUS NERKA
LAKETROUT .........coviiniiinnnnn. SALVELINUS NA \YCUSH
LAKE WHITEFISH . ......oviienninnnn. COREGONUS CLlL “AFORMIS
LEACH'S STORM PETREL .............. OCEANODROMA LEUCORHOA
LOGPERCH . .. ...t ii i it ie et PERCINA CAPRG 'S
LONG-FINNED SQUID . ................ LoLiGo PEALEI

LONGNOSE SUCKER .............0n.s. CATOSTOMUS CATOSTOMUS
MOUNTAIN WHITEFISH ... ............. PROSOPIUM WILLIAMSONI
MUD DOG WHELK ............c0uvun. NASSARIUS 0OBSOLETUS
MUSKELLUNGE ...........ccvvvvnnnn. Esox mAsauINe  GY
MYSIDSHRIMP . ...........covnnnn.. Mysis RELICTA

NARWHAL ........ccviiiiiiiiinnnn. Monopon MoNOCEROS
NORTHERN FULMAR .. ................ FULMARUS GLACIALIS
NORTHERN GANNET ................. MoRrus BASSANUS
NORTHERNPIKE ..........c.cvvvunn. Esox Lucius

NORTHERN SHRIMP . ...........0..... PANDALUS BOREALIS
PACIFIC GEODUCKCLAM ............... PANOPEA ABRUI |
PaciFiccop ............cccvvvnn.s. GADUS MACROCEPHALUS
PACIFICHALIBUT .........cc.ivvnnnn. HipPoGLOSSUS STENOLEPIS
PACIFICOYSTER .. ......ovviveinnnn, CRASSOSTREA ¢ A4S
PILOTWHALE ...................... GLOBICEPHALA .  LAENA
PLAICE ... HiPPOGLOSSOID,  PLATESSOIDES
POLARBEAR ........covviiiiiinnens Ursus marimiv: ;
PoLlocK ........cvi i PoLLACHIUS VIR 'S
PRAWN ...........cciiiiiiinnt. PANDALUS PLATYCEROS
RAINBOW SMELT . .............cu.... OSMERUS MORL ¢
RAINBOWTROUT .........ovvvvnenn. ONCORHYNCHUS 1YKISS
RIGHTWHALE ...........cccvvvnn.. EUBALAENA GLACIALIS
RINGED SEAL. ........coviviinnnnnn. PHoca HisPiDA
RIVERHERRING ..........covvvuvnnn. ALOSA AESTIVALIS
RIVEROTTER ........civiviiinnnt LUTRA CANADEN S
ROCKGRENADIER . . . .. ..o vieen e CORYPHAENOIDES RUPESTRIS
ROUNDGOBY ..........covvvinnnn.. NEeocoBius MEI  j0STOMUS
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Zommon and Scientific Names

ROUND WHITEFISH . .. ..o i inenns PRrOSOPIUM CYLINDRACEUM
SABLEFISH . ....vvineniiirennnnsnn ANOPLOPOMA FIMBRIA
SAUGER . ......c'ovviiiiinnnnnnnnnn STIZOSTEDION CANADENSE
SEAOTTER .......ovviiiiinnrnnnnnns ENHYDRA LUTRIS
SEASCALLOP .........ccvvvivnnnnnn PLACOPECTEN MAGELLANICUS
SHORTCLAM . .......oviiiiiiinnnn Mya TRUNCATA
SHORT-FINNED SQUID . . ........c...... [LLEX ILLECEBROSUS
SILVERHAKE .......covvvvnnnnnnnnes MERrLuccIUS BILINEARIS
SMALLMOUTHBASS .. ....ccvvvvnrnnn. MICROPTERUS DOLOMIEUI
SNOWCRAB .......civivrnvenennann CHIONOECETES OPILIO
SOCKEYESALMON . ...........0cnn.ns ONCORHYNCHUS NERKA
SOFT-SHELLCLAM ...........ccnninnnn MYA ARENARIA
SPINYDOGFISH . ....ovvieenennrnnnnn SQUALUS ACANTHIAS
SPOTTAILSHINER . . ..t eei v veennnnn Nortroris HUDSONIUS
SPRUCEBUDWORM . ................. CHORISTONEURA FUMIFERANA
STEELHEAD ........¢o'vvivevnvnrnnnn ONCORHYNCHUS MYKISS
STELLER SEALION ........vvvuvennnn. EUMETOPIAS JUBATUS
STICKLEBACK . ......'vovvenrrnnnnnsn APELTES QUADRACUS
STRIPEDBASS . ... vvvvinneinenrnnnss Roccus SAXATILIS
SWORDFISH ..........civivvnvnnnnn XIPHIAS GLADIUS

THORNY SKATE . .....oovvvivnvnnnn. RAJA RADIATA

WALLEYE (YELLOW PICKEREL) .......... STIZOSTEDION VITREUM VITREUM
WALRUS .. ..o ii e it i e ODOBENUS ROSMARUS
WHITEPERCH . ........ccivivnnnnnn. APLODINOTUS GRUNNIENS
WHITE STURGEON ................... ACIPENSER TRANSMONTANUS
WHITE SUCKER ........covvvrnrnnnnn. CATOSTOMUS COMMERSONI
WINTER FLOUNDER . .......cevnnvvunn. PSEUDOPLEURONECTES AMERICANUS
WRINKLED WHELK .. ........covvvunnn. THAIS LAMELLOSA
YELLOWPERCH ..........cvvvvnrnnn. PERCA FLAVESCENS
YELLOWTAIL FLOUNDER . . . .. v vv e e LIMANDA FERRUGINEA
ZEBRAMUSSEL ......covvvvnnenrnnss DREISSENA POLYMORPHA
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UniTs of WEIGHT
1 kilogram (kg)

I gram (g)

I milligram (mg)

| microgram (LLg)

1 nanogram (ng)

1 picogram (pg)

UniTs oF VOLUME
I litre (L)

1 cubic metre (m3)

1000 grams (g)
103 kg

103 g

106 g

109 ¢

10-12 g

FRACTIONAL MuLTIPLIERS (COEFFICIENTS)

m = milli =
il = micro =
n = nano =

10-3
10-6
10-9

WEIGHT T0 WEIGHT RELATIONSHIPS

1 part per million (ppm)
1 part per billion (ppb)
1 part per trillion (ppt)

CoNCENTRATIONS IN LiauiD

1 part per million (ppm)
1 part per billion (ppb)
1 part per trillion (ppt)

Il

I

l

i

1 mg/kg or 1 pg/g
1 nug/kg or 1 ng/g
1 ng/kg or 1 pg/g

1 mg/kg or 1 pg/g
1 ug/kgor 1 ng/g
I ng/kg or | pg/g

WEIGHT T0 VOLUME RELATIONSHIPS

1 part per million (ppm)
1 part per billion (ppb)
1 part per trillion (ppt)

I

]

1 mg/m3
1 pg/m3
1 ng/m3

lpgg!
1 ng.g!
I pgg!

1 pg.L-!
1 ng.L-!
1 pg.L-!

1 mg.m3
1 ug.m-3
1 ng.m3

Units of Measurement

In general, the International System (S1) has been used. For considerations of spacing and enhanced
readability, the “dot” indicating multiplication has been placed on the line and the term “yr” has been
used for year. L is used for the symbol for litre, as per Canadian practice. Where possible, numerical
expressions are reduced to two indicative figures for simplicity. Where possible, varying local usage,
especially for capitalization, has been retained for generic geographic features. The references and
reference lists were supplied by authors. As per practice of the Department of Fisheries and Oceans, the
term “Aboriginal” refers to the First Nations of Canada. In tables, DL indicates a measurement at the
detection limit. NA, a dash, or a space indicates not available or not applicable.
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St. Lawrcnce 25,29, 42
airports, Arctic 202
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about 270, 295
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Northwest Atlantic 87
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Athabasca River, AB 142-43, 166-67, 168, 169
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about 16-17
Arctic 195, 197, 202-3, 215
Bay of Fundy 54. 58, 63,72
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Great Lakes 110, 112-14, 119,128
Northwest Atlantic 84, 86
St. Lawrence 19, 25, 31
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automotive plants 113
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Barrow Strait, NWT 210, 212
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fresh water 151, 161, 171
Bay of Fundy marine ecosystem
about 58
aquaculture 54. 63, 66, 72-73
biological resources 62-63
contaminant distribution 53-54, 64-72
contaminant effccts 67-68, 70, 72-73
contaminant issues 58
contaminant sinks 64-66

contaminant sources 53-54, 58, 63-64, 72

maps 59-61, 63
oceanographic featurcs 58, 60-62
bearded seals see seals
Bceaufort Sea, NWT/YT 205, 210, 213-16
Belcher Island, NWT 215
Bella Bella, BC 260
Belledune, NB
contaminant reduction 36
contaminant sink 20, 25, 38. 67
lobster fishing 26, 33, 39
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smelters 152 Canada-U.S. Great Lakes Water Quality Agreement 110, 120-
Belot Lake, NWT 148 21,124,129
beluga whales sce whales Canada goose 221
benzo[a]anthracene Canadian Wildlife Service. seabird cgg monitoring 34, 37-38,
carcinogenic effects 172 68, 121,123, 131
freshwater contamination 172 Cape Bathurst, NWT 202
benzo[a]pyrene Cape Hatt, NWT 216
Arctic 215 capelin
carcinogenic effects 172 Arctic 199
concentrations at various sites 92 Gulf of St. Lawrence 71
freshwater contamination 170 Northwest Atlantic 85
Great Lakes 109, 126-27 St. Lawrence 28
Northwest Atlantic 92, 95 Cape Scott. BC 260
St. Lawrence 34,45 carbon 10
benzo[b]tluoranthene 172 caribou 222
benzo[g.h.i]perylene 172 Carmanah Point, BC 260
beryllium 65 Carrot River. MB/SK ' 160
biota Caspian Terns sce terns
contaminant accumulation 12, 13-14 Castlegar. BC 166. 255-56
contaminant effects 14-15, 80 Celgar, BC 256
contaminant uptake 10, 12,13 cesium 87
cffect of new species 17 Chaleur Bay, NB
sampling and analysis 15-16 contaminant sink 20. 25, 67
species ot importance in contaminant studics lobster fishery 33
306-9 channel dredging 17, 30
bivalves 217 char
Black River Bay, ON 119, 126 arctic 189, 199, 201, 205, 210. 221-22
bluebacks 40 fresh water 151, 167
blue musscls see mussels CHRBs see chlorinated bornanes
Bonaventure Island, PQ 35 chemical contaminants see contaminants
Bras d"Or Lake. NS 144 chemical plants
Breakwater, BC 243 freshwater contamination 147, 149
Brier Island, NS 61 Great Lakes 113-14
Britannia. BC 237-39, 251 Pacific 234, 237-39.252-53
British Columbia, see also Pacific marine and freshwater chemicals sce contaminants
ecosystems Chesterfield Inlet. NWT 196, 205
contaminant sources 168, 234, 241, Chester, NS 88-89
244-45, 247 Chignecto Bay. NB/NS 60
fishing 146, 229-30, 236-37 China
freshwater and land arcas 144 coal use 196
freshwater contamination 167 HCH use 196
open coast contamination 251-55, 257 pesticide use 202
pestictde usc 247 chinook salmon see salmon
Broad Cove, NS 66 CHL see chlordane
Broken Islands, BC' 260 2-chloranaline see 4.4-mcthylenebis
brook trout see trout chlordane (CHL.)
Broughton Island, NWT 222 Arctic
Browns-Baccaro Banks, Atlantic Ocean 66, 67. 71 in biota 209-14, 214, 222
buffering capacity of sediment 13 major contaminant 189, 195, 208, 209
bullheads 128, 132 sources 202-3. 220
bull trout sce trout Bay of Fundy 70-71
burbot conclusions 273-74
case study 179 freshwatcr contamination 160, 163-65
organochlorine compounds 161, 162, 164, Great Lakes 109
165, 167,169, 255 Northwest Atlantic 89, 90, 92
PAHs 171.172 St. Lawrence 43
butyltins 63 chlorinated bornanes (CHBs) 58, 70-71
chlorobenzenes

Arctic 214,215
freshwater contamination 160, 163, 164
St. Lawrence 30, 33

chlorobiphenyls 97

Cabonga Re chlorophenols 96, 114, 253
cadmium chromium

Arctic 5-8.217- Bay of Fundy 64-66

1 freshwater contamination 156

Atlanti Gulf of Maine 66

Bay ot Pacific 256

conclu St. Lawrcnee 32

freshwaier conanmaton 157, 151-54, 173.177-78 chrysenc

Great Lakes 117 Arctic 215

Gulf of Maine 66 carcinogenic effects 172

Gulf of St. Lawrcnee 66 freshwater contamination 172

Northwest Atlantic 87, 38 Chukchi Sea 205

Pacific 238-39, 241. 253, 256, 260 chum salmon sce salmon

St. Lawrence (marine) 19-20, 33, 36, 39 Churchill River, MB 142-43, 160. 197, 201
calcium 87, 155 cisco 217
Cambridge Bay. NWT 205,210 clams, sec also mussels
Campbell River, BC 166 Arctic 200,210
Canada-Ontario Great Lakes Agreement 109 Bay of Fundy 63, 68

contaminant accumulation 13
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Great Lakes 118
Northwest Atlantic 85, 93
Pacific 257
St. Lawrence 28
Clark's Harbour, NS 92
Clay Lake. ON 149, 150
climate warming
effect on Arctic 219
effect on freshwater ecosystems [73-75
ceffect on Great Lakes 130
cffect on Pacific 259
Clover Point. BC 243
Cluff Lake, SK 156
cobalt 65, 156
Cobequid Bay, NS 62
cod
Aretic 197, 199- 201, 205-6, 209-10, 216-17
Bay of Fundy 62-63, 73
Northwest Atlantic 85-86. 89-90, 93, 97
Pacific 251
St. Lawrence 28, 32, 33, 34, 36
coho salmon see salmon
cold condensation thcory 196-97, 202
Columbia River, BC 142-43. 168, 255-56
Columbia River Integrated Environment
Management Program 256
Colville Lake. NWT 148
Come-by-Chance. NF 89
Conception Bay, NF 87,92
contaminants
bchaviour in ccosystems 9. 268-69
classes 269-70
defined 2.8
distribution and trends
about &, 269, 271-72
metals 272-73
organochlorine compounds 273-75
organometallic compounds 273
PAHs 275-76
cffects 3, 10, 14-15, 276-80
hydrophobic 10 :
in context of pollution 16-18
in sediments 10
pathways 11-12
physical-chcmical properties 9-11
proccssed in biota 13-14, 145, 279
recycling from sinks 11
reductions 269, 271, 273
sampling and analysis 15-16, 279-80
sinks 11-13
sources 11, 270-71, 278

copper 32, 64-67. 87-88. 153-56, 230, 234, 237-39, 253, 256,

259,272
copper rockfish 247, 249
Coral Harbour. NWT 207
cormorants
about 44
and freshwater contamination 150
Bay of Fundy 67-68.69. 70
St. Lawrence 37, 39
Cornwallis Island, NWT 151
Cornwall, ON 166
Country Harbour, NS &8
Courtney Bay, NB 62, 65
crab
about (Dungeness) 239
Northwest Atlantic 85-86
Pacific
metals 239, 240-41
oil spill effects 260
organochlorine compounds 229, 237,
242-43, 245, 251, 253-54, 257
PAHs 250
St. Lawrence 28, 32. 33, 34
Cranbrook, AB 166
crayfish 156, 178
Credit River, ON 120
Creswell Bay, NWT 212
Crofton, BC 166, 243
Cumberland Basin, NB/NS 61-62
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Cumberland Sound. NWT 207.212-13

cyanide ’
freshwater contamination 155-56
Northwest Atlantic 98

dace 176
Dall’s pory
dams 17
Dauphin R
DDD sce ¢ :
DDE sec ¢ ne
DDT see ¢ B
Decase Stre
Dechlorane sec mirex
Deer Island. NB 61
Detroit River, ML 111, 115,116
DEW-linc 202
dibenz[a,h]anthracene 172
dibenzo-dioxins, about 294
dibutyltin 242
1.4-dichlorobenzene 109
3.3-dichlorobcnzene 109
dichlorodibenzodioxin 165
dichlorodiphenyldichloroethane (DDD) 89
dichlorodiphenyldichloroethylene (DDE)
Arctic 214
Bay of Fundy 69, 70
Great Lakes 120, 122-23, 125
Northwest Atlantic 89, 91
Pacific 246, 251
St. Lawrcnce 35, 37, 39
variations across Canada 249
dichlorodiphenyltrichloroethane (DDT)
Arctic 189, 195, 200, 203, 209-13. 220-22
Bay of Fundy 54, 58, 68, 69, 70-72
conclusions 273-75, 278
freshwater contamination 137, 144, 157,
158, 160-65, 173,179
Great Lakes 109, 112, 114, 122-23, 129
Gulf of Maine 68
Northwest Atlantic 89-91, 95-96
Pacific 234, 245-47. 251
St. Lawrence 19, 29-30. 33-34, 37, 41-45
dicldrin
Arctic 208, 209, 214-15, 222
Bay of Fundy 69, 70-71
conclusions 273-74
freshwater contamination 160. 162-63, 164
Great Lakes 109, 124
Northwest Atlantic 89-90, 96
St. Lawrence 34-35, 37, 39, 41
Digby. NS 66-67
dinitropyrene 109
dioxins sce polychlorodibenzo-dioxins
direct discharges 11
Distant Early Warning line 202
dogfish
Bay of Fundy 62.73
Pacific 238-39
dogwhelks, sce also whelks
Bay of Fundy 68
Northwest Atlantic 89, 95
dolphins
Atlantic Ocean 71
Northwest Atlantic 90, 91
St. Lawrence 20, 25, 28
Don River. ON 114
Double-crested Cormorants see cormorants
Douglas Channel. BC 252
drainage regions in Canada 142, 143
dredging
Bay of Fundy 63
St. Lawrence 30
source of contaminants 17
Dryden, ON 166
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dump sites 45. 95, 113-14, 128,202, 220, 270
Dungeness crab see crab

Far Lake, NWT

fats 10, 13

fish, see also spe
eaglcsA 150 defined .[“.)
East Siberian fish doctor 205

East Whitefis]

fisheries see fishing, commercial
ccosystems, s¢

Fisheries and Occans

contamis monitoring in Great Lakes 114,116
contami =78 St. Lawrence Beluga Recovery Plan 45
contamu fish farming sce aquaculture; fishing, commercial
$Jefmcd fishing, commercial, see also aquaculture
interdepenuence o, v, 203-0v Arctic (fresh water) 156
Edmunston, NB 166 Arctic {marine) 189, 201, 219
eelpout. Arctic 209, 217 Atlantic 238
cels Bay of Fundy 53, 62-63. 72-73
Northwest Atlantic 85 Ca?;udian resource statistics 268
St. Lawrence (marine) fresh water 137, 142, 146, 165. 179
case study 41-42 Great Lakes 104, 108-9, 111-12
commercial fishery 23 Northwest Atlantic 80. 86, 95-98
contaminant effects 25, 39 Pacific 229-30. 236-37. 239, 255. 257, 260
contaminant reduction 36 restrictions caused by contamination 116, 277-78
metals 41 . St. Lawrence 19-20. 24-25, 28, 32, 35, 38-40
organochlorine compounds 34-35, 41 fishing, recreational
} PAHs 34 Arctic 201, 221
cider duck 221,222 . fresh water 137, 142, 146. 149, 179
Ellesmere [sland. NWT 209, 215 Great Lakes 104, 108, 110, 112. 114, 146
endosulfan Pacific 229-30, 236, 255. 257

Arctic 196, 209

freshwater contamination 157, 158, 160 St Lawrence 38

fishing, subsistence

endrin _ Arctic 189, 201, 219, 268
conclusions 273 frosh water 137, 142, 145-46, 149, 156-57,
Northwest Atlantic 90 165. 179, 201

English sole sce sole Pacific 29

Environmentat Effects Monitoring St. Lawrence 38
mining 155 fjords, BC coast

pulp and paper 162

. . o taminant distribution 236, 252-54
Environment Canada, seabird egg monitoring 34, 37-3%, 68, contamnant Gisiribution i

contaminant sources 234, 252-54

121-23, 131 flatfish
cnzyme induction Atlantic Canada 250
Arctic mammals 218 Bay of Fundy 62
causes 276-77 Northwest Atlantic 86
freshwater fish 169 Pacific 246-47
Great Lakes fish 104, 117,127 Flin Flon, MB 152, 152-53. 157. 179
Northwest Atlantic fish 93-94 ﬂoundcrq T T
Pacific fish 255-56 Arctic 205,217
process 14-15 Northwest Atlantic 85-87. 89, 93-94, 97
Espanola, ON 166 St. Lawrence 28, 35
Eureka, NWT 207,212 fluoranthenc
Europe Arctic 216, 21
LRTAP contamination of Arctic 197, 201-3, Carr?ilr:ogen’ibhcﬁzccts 172
2.15'4219 L . freshwater contamination 170-71. 172
riverine contamination of Arctic 202-3 Great Lakes 126
eutrophication fluorene
causes 16-17 Arctic 215

fresh water 173

freshwater contamination 171. 172
Great Lakes 128

at fluoride
5 Pumflc 258 freshwater contamination 155
Experimental Lakes, ON Northwest Atlantic 98
cadmium 152, 177-78 food chain and contaminant accumulation 12, 13, 277
mercury 148, 176 Fort Frances, ON 166
organochlorine compounds 159, 163 Fort Good Hope, NWT 164, 165
PAHs 169. 170 Fort McMurray, AB 169

Foxe Basin. NWT 194,204
Fox Lake, YT 148,179
France 202
Fraser River, BC
case study 258-59
contaminant distribution 239, 248, 255,257
contaminant sources 168, 241, 255
fresh water see inland freshwater ecosystems: rivers; lakes
freshwater mussels see mussels
Frobisher Bay, NWT 205, 207
fucl burning 196. 201-2, 215
fulmars 199
Fundy Isles see Quoddy region, NB
furans see polychlorodibenzo-turans
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gannets 35, 37, 3¢

Gasp¢ Current 27

gaspercau 40

geoduck 237

Georges Bank, Atl

Gcorgian Bay, ON 116-17

goby 129

goldeye 151,165, 167

Gold River, BC 166

Granby Bay, BC 253

Grande Prairic, AB 166, 167, 169

Grand Lake, NB 144

Grand Manan Island, NB 61, 65

grasshopper effect 113, 196

graylings 171

Grays Harbour, WA 260

greasc see petroleum

Great Bear Lake, NWT 142, 144, 145

Great Central Lake, BC 259

Great Lakes ecosystem, sce also specific lakes; St. Lawrence

marine ecosystem
about 104, 108, 110, 268
as source of contamination 159, 270
biological resources 111-12, 129
case studics 130-32
contaminant distribution 114, 116-29
contaminant cffects 104, 127-32
contaminant issucs 104, 108-10
contaminant sources 112-14. 128-29. 160, 270
cormorant populations 44
critical contaminants 109-10
drainage basin 142-43
limnological features 110-11
map 108
water discharge 25
zebra mussels 17

Great Slave Lake, NWT 142, 157

Great Whale River, PQ 153, 197

Greenland halibut see halibut

grenadicr 85

grey seals sce seals

Grimsby, ON 126

Grisc Fiord, NWT 207, 212

guillemot 199

Gulf of Maine
aquaculture 66
contaminant distribution 66, 70, 72
contaminant sink 66
contaminant sources 63-64
map 59
tidal forces 60

Gulf of Mexico 142, 143, 268

Gulf of St. Lawrencc
contaminant distribution 66, 71, 90-91, 248-50
contaminant reduction 36-37
contaminant sink 31, 33-34, 38
contaminant sources 29-31, 39-40, 84
effect of Great Lakes contamination 110, 130
fishing 24, 28, 95
freshwatcr source 86
freshwater tributaries 149
occanographic features 25-28
puftins 71

Gulf Stream 85

Gulfwatch Monitoring Program 66, 68, 72

Gull Island, Lake Michigan 126

gulls
about (Herring Gulls) 131
and freshwater contamination 150
Arctic 199
Bay of Fundy 67
Great Lakes 121-23, 125, 126, 128

haddock
Bay of F
Northwe:
hake
Northwc
St. Lawrencc 2¥
halibut, scc also turbot
Northwest Atlantic 85
Pacific 239, 251
St. Lawrence 28, 32, 33, 34
Halifax, NS
contaminant distribution 68, 87-90. 95
contaminant sources 91, 93
lobster fishing 26
Hall Beach, NWT 210
Hamell Lake, MB 157-58
Hamilton, ON 113, 126, 132
harbour porpoises see porpoises
harbours
Bay of Fundy 63
construction 17,279
fresh water 157
Great Lakes 113
Northwest Atlantic 84, 86-88, 95
Pacific 240-41, 242, 257
St. Lawrence 30
Hastings Arm, BC
contaminant distribution 253-54
contaminant sources 253-54
Hawk Lake, NWT 148, 159, 169, 170
Hayes River, MB 160
Hazen Lake, NWT 159
HCB sec hexachlorobenzene
HCDD see heptachlorodibenzo-p-dioxin
HCH see hexachlorocyclohexane
heavy mctals sec metals
Hendrickson Island, NWT 207
heptachlor
about 293,296
Arctic 209
Bay of Fundy 71
freshwater contamination 160
Northwest Atlantic 96
St. Lawrencc 35
heptachlorodibenzo-p-dioxin (HCDD)
Northwest Atlantic 97
Pacific 246
herbicides
Arctic 196
St. Lawrence 29
herring
Arctic 205
Bay of Fundy 62-63
Northwest Atlantic 85, 90, 97-98
Pacific 237
St. Lawrence 27, 32, 34, 40
Herring Gulls scc gulls
heterocyclic aromatic hydrocarbons 96
hexachlorobenzene (HCB)
Arctic 195, 208, 209, 210, 214, 220
Bay of Fundy 69, 71
freshwater contamination 160
Great Lakes 109, 112, 124
Northwest Atlantic 89-90
St. Lawrcnce 35, 36, 38, 39
hexachlorocyclohexane (HCH)
Arctic 195-96, 202-3, 208-10. 214-15, 220, 222
Bay of Fundy 69
conclusions 274
cnvironmental distribution 8-11
freshwater contamination 158, 160-63, 164
Great Lakes 109
Northwest Atlantic 89
St. Lawrence 37, 39
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hexachlorodibenzo-p-dioxin (HxCDD)
Arctic 215
Pacific 244, 246,255
variations across Canada 248
Hibernia, Northwest Atlantic 85, 93
Hinton, AB 166-67, 169
Holman Island, NWT 207, 211,212
Hope Brook, NF 156
Howe Sound. BC
about 237
contaminant distribution 237-39, 241, 248, 250, 257
contaminant sources 234, 236, 239, 241
Hudson Bay, NWT
mercury 203-4, 206-7
organochlorine compounds 158, 212, 213-
power plants 176, 201
river drainage basin 142, 143, 197, 268
subsistence fishing 201
Hudson River, U.S. 35
Hudson Strait, NWT 86, 194
human activities
Arctic 190, 219, 221
Bay of Fundy 73
freshwater contamination 173, 269
Pacific 230,235,257
St. Lawrence 25,29, 39, 46
Humber River, ON 114
hunting 200, 221
HxCDD see hexachlorodibenzo-p-dioxin
hydrophobic chemicals 10

Ice Island, NWT 208, 2
lceland 210
ice melt
i Arctic 195,198, 2
He aux-Coudres. PQ 26
lle d’Orléans, PQ 26
Mposcx
cause 273,277
dogwhelks
Bay of Fundy 68
Northwest Atlantic 89, 95
European whelk 95
Pacitic whelks 240-41, 243, 257
snails
Bay of Fundy 68
Pacific 230, 251
incinerators
Pacific 244
source of contaminants 11, 201
inconnu 216, 217
indeno[1.2.3-c.d]pyrene, carcinogenic effects 172
India 202
industrial activities
Arctic 201
Bay of Fundy 33-54, 63-64
conclusions 270
freshwater contamination 137, 154, 172
Gireat Lakes 112-13
Northwest Atlantic 80, 86, 95-96
St. Lawrence 19, 25, 29-30, 46
industrial etffluents
about 11, 16-17,270, 278
Bay of Fundy 63-64. 72
freshwater contamination 143-45, 147, 173-
Great Lakes 113,121, 126-28
Northwest Atlantic 96-97
Pacific 234, 237,257
St. Lawrence (marine) 20, 34, 39-40, 42
St. Lawrence River 165
inland freshwater ccosystems
about 137, 142-44, 268
biological resources 146
case studies 175-79
contaminant distribution 137, 151-77
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contaminant effects 150, 155, 165, 169, 172,
174-75
contaminant issucs 144-45
contaminant sources
agriculture 144, 157, 159-60, 173
industry 144-45. 147, 149, 154, 173
LRTAP 137,145, 147,173
mining and metal production 147, 151-
56
municipal effluents 151,173
power production 144, 147, 149, 173
pulp and paper mills 144-45, 162, 165-
(S
imbalance between supply and demand 269
limnological features 145
insecticides. see also specific types
Arctic 196, 200
freshwater contamination 160
Pacific 234
international toxicity equivalent factors 165
Inuit, see also Aboriginal Canadians
beluga whales 42
dicet and Arctic contamination 194-95, 198,
200-201, 221-22
subsistence fishing 189
Inukjuak, PQ 207,212
Inuvialuit Settlement Region, NWT 205
lona Island, BC 258-59
Iqaluit, NWT 217
iron 64-66. 87, 113, 155-56
Irving Whale 30. 33, 39

Jackfish Bay. ON |
James Bay. NWT
Arctic water
power plants
river drainage
subsistence fis
Jones Sound. NWT
Jonquicre. PQ 166

Kamick Lake. !

Kaministiugia F

Kamloops, BC

Kangigsualujjuz

Kangiqsujuag, |

Keewatin river |

Kent Island, NE

Kingston, ON

Kitimat Arm, BC 236, 251-53
Kitimat. BC 234, 252

Kitimat River, BC 168, 252

Kitsault, BC 253

kittiwakes 199

Kluane Lake, YT 144

kokanee 255

Kootenay Lake, BC 154

Kootenay River, BC' 168

Kugmallit Bay, NWT 205

Kusawa Lake, YT 14K, 167,179



Labrador
contaminant
fishing 146
freshwater ¢ 161
puffins 71

Labrador Current 27. 85

Ladouceur Reservoir, PQ 149

La Grande River, PQ 175, 197, 201

La Have Estuary, NS 88

Lake 375, ON 148, 159, 169, 170

Lakc 382, ON 152,178

Lake 625, ON 163

Lake Athabasca, SK 144

Lakc Brile, Labrador 153

lake char sec char

Lake Clair, AB 144

Lake Eric
contaminant distribution 115-28
fishing 111,114
physical characteristics 111, 142
surrounding population 112
zebra mussels 130

Lake Huron
contaminant distribution 115, 116-26, 127, 128
contaminant effects 132
contaminant sources 112
fishing 111,114
physical characteristics 111, 142
surrounding population 112

Lake Laberge, YT 148, 163, 164, 167, 178, 179

Lake Laporte, PQ 148

Lake Michigan 92, 110-14, 123, 126-27, 131

Lakc Mistassini, PQ 144

Lake Nipigon, ON 144

Lake Ontario
contaminant distribution 114, 115, 116-26
contaminant effects 132
contaminant sources 30, 41-42, 113-14
fishing 114
human population 269
most contaminatcd Great Lake 104, 114, 128
physical characteristics 111, 142
surrounding population 112

Lac Saint Pierre, PQ 170-71

Lac Ste. Therese, NWT 149

lakes. see also inland freshwater ecosystems; specific lakes
abundance and size 142, 268
contaminant factors 145, 271
contaminant storage 145
filling 17
plankton biomass 145
water characteristics 145

Lake St. Clair, ON
contaminant distribution 115, 116
zebra mussels 130

Lake St. Francis, ON 115

Lake Superior
contaminant distribution 110, 113, 115-29
contaminant sources 112-13, 131, 168
fishing 114
least contaminated Great Lake 104, 128
physical characteristics 111, 142
surrounding population 112

lake trout see trout

lake whitefish sec whitefish

Lake Winnipeg, MB 142, 144, 157, 162, 165

Lancaster Sound, NWT 198, 206, 210

La Tuque, PQ 166

Laurcntian Channel
contaminant reduction 35, 38
contaminant sink 19, 31-32, 38, 46-47
oceanographic features 26

Leach’s Storm Petrels see petrels

lead
Arctic 197, 203, 208, 221

Index

Atlantic Occan 66
Bay of Fundy 64-67
conclusions 272-73
freshwater contamination 137, 152-55, 173
Great Lakes 112-13, 116-17
Gulf of Maine 66
Gulf of St. Lawrence 66
Northwest Atlantic 87, 88
Pacific 238, 253, 255-56, 259
St. Lawrence 19, 31-32. 35, 38, 44-45
Lebel-sur-Quevillon. PQ 166
Lena River, Siberia 197
Letang Harbour, NB 62
LG-2 Reservoir, PQ 149,174,175
Lime Creek, BC 253
lindane scc hexachlorocyclohexane
lipids see fats
lithium 87
Liverpool. NS 88. 92
lobster
about (American) 26
Bay of Fundy 63
Northwest Atlantic 85-86. 92, 95, 97
Pacific 246
St. Lawrence 20, 26-27, 36, 39
Lockeport, NS 92
Longbar, BC 256
Long Harbour, NF 95, 98
long range transport of atmospheric pollutants
about 11, 270-71, 278
Arctic 190, 196-97, 200-202. 210, 215,
219-20
Bay of Fundy 54, 58. 63.70. 72

freshwatcr contamination 137, 145, 147, 157, 159, 169,

172-73

Great Lakes 110, 113, 128-29

Northwest Atlantic 84, 86

Pacitic 244-45, 247,251, 257

St. Lawrence 39-40, 45
loons 150
Love Canal, NY 114
LRTAP see long range transport of atmospheric pollutants
Lunenburg, NS 88, 89, 92

Machias Sca
Mackenzic,
Mackenzic I
discha 218
drainay
mctals
organo
PAHs .o, 0o iuyuin
mackercl 19, 28, 34
Magdalen Islands. PQ 28
Maine
pesticidc use 68
puffins 71
mammals
and Aretic contamination 195, 198, 200,
208. 219
and freshwater contamination 150
Manawagonish Island. NB 66, 68
manganese
Bay of Fundy 65
Northwest Atlantic &7
Manitoba
fishing 146
freshwater and land arcas 143, 144
freshwater contamination
case study 179
metals 149, 153,174, 175-76, 179
organochlorine compounds 157, 160,
161, 162, 165
Manitounuk Sound NWT 210
Marathon, ON 166, 168
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marine mammals, sec also specific types
Arctic 195, 198-201, 203-4, 206-7, 218-21
Bay of Fundy 72
contaminant accumulation 13
Northwest Atlantic 86. 93
oil spill effects 218
Pacific 251
St. Lawrence 19, 25, 28, 40
Maritime Coastal river basin region 142-43
Mason Bay, NWT 217
Matagami River, ON 168
maximum turbidity zone (MTZ) 26
mereury
Arctic 189-90, 195-96, 200-201, 203-5,
206-7, 208, 220
Bay of Fundy 64-67
conclusions 272-73
freshwater contamination 137-38, 147-50.
151, 153,173, 175-77
Great Lakes 109, 113. 116, 117-18, 129
Gulf of Maine 66
lake trout 110
Northwest Atlantic 84, 87, 88
Pacific 234, 238-39. 251, 256-57, 259
St. Lawrence 19-20. 31-32, 33, 35-36, 38-39, 41, 45
metal binding capacity of sediment 13
metallothioncin induction
causes 276
freshwater fish 157, 178
marine mammals 217
process 14-15
metal production, scc also smelters
freshwater contamination 146, 151-52, 154-
55
Great Lakes 113
Pacific 237
metals, see also specific types
about 10, 12, 14, 270, 300
analysis 16
and water acidity 146
Arctic 189, 195-97, 201-8, 217-18, 221
Atlantic Ocean 66
Bay of Fundy 53.64-67.72
conclusions 272-73
freshwater contamination 137-38, 144, 147-
57,165,173, 175-77
Great Lakes 104, 109, 116-18, 129
Gulf of Maine 66
Gulf of St. Lawrence 66
inducing metallothioneins 15
Northwest Atlantic 84, 86-89, 95-96
Pacific 230, 234, 237-39, 251, 253-57,
259-60
St. Lawrence 19, 35-36. 37, 44-45
stability 10
methoxychlor
Arctic 196
freshwater contamination 158, 160
4.4-methylcnebis 109
methylmercury
Arctic 201, 203, 208
Bay of Fundy 67
freshwater contamination 144, 146-49
Northwest Atlantic 87
reservoirs 175-76
methyltins 63
Minas Basin, NS
contaminant distribution 68
contaminant sourccs 53, 64
tidal forces 60-61
mining
Amazon 147
Arctic 189, 201, 205, 219
Bay of Fundy 73
Environmental Effects Monitoring 155
freshwater contamination 144, 151-56
Northwest Atlantic 85-86. 96
Pacific 230, 234, 237-39, 251, 253, 257
St. Lawrence 29
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Miramichi Estuary. NB
contaminant sink 38
contaminant sources 30, 35
mirex
Arctic 213
Bay of Fundy 69
conclusions 273-74
freshwater contamination 157,159, 161, 162
Great Lakes 109, 120, 123-24, 129
Northwest Atlantic 90. 96
St. Lawrence 19, 30, 33, 38, 39, 41-45
Missouri River, U.S. 142-43
Mistassini River, PQ 168
molluscs
Bay of Fundy 65
etfect of acidification 17
Pacific 238
molybdenum
Bay of Fundy 65
freshwater contamination 156
Northwest Atlantic 87
monobutyltin 242
mono-oxygenase induction process 15
Monroe 122
Moose River, ON 151
mountain whitefish sce whitefish
mummichogs 35
municipal effluents
about 11,258,270, 278
Bay of Fundy 54. 63,72
freshwater contamination 137, 143, 173-74
Great Lakes 112-13, 128
Northwest Atlantic 8
Pacific 257
St. Lawrence 20, 29, 35. 39-40
murres 199
muskcllunge 132
musscls
Bay of Fundy 53. 65-66.72
fresh water 156, 176, 178
Great Lakes 17, 129-30
Gulf of Mainc 66, 68, 72
Northwest Atlantic 85, 96
Pacific 246
Mussel Watch Program 65

Nackawic, NB 1¢
naiads see musscl
Nanaimo, BC 16
Nanasivik. NWT
naphthalene
Arctic (mari
freshwater ¢
narwhal see whalc,
Nass River, BC 236. 256
Nastapoka. PQ 207
National Geochemical Reconnaissance program 147
Nelson River, MB  142-43, 197, 201
Nestucca oil spill 257, 260
New Brunswick
contaminant sources 63-64, 72. 168
fishing 146
freshwater and land areas 144
freshwater contamination 151, 153, 161, 167, 169. 170
pesticide use 38, 68, 70, 247
puffins 71
Ncweceastle, NB 166, 170
Newfoundland
contaminant distribution 71, 89-90, 248-50
contaminant sources 35, 87
fishing 95, 146
freshwater and land arcas 144
freshwater contamination 149, 156
pesticide use 91
puffins 71
scabirds 90-91. 93



Newfoundland-Labrador river basin region 142-43
New Glasgow, NS 166
New York State Aquatic Resource Protection Criteria 119
Niagara Falls, NY 114
Niagara River, ON
contaminant distribution 114,115, 116,
121-22, 125
contaminant sources 119, 126
drains into Lake Ontario 111
Toxic Chemical Management Plan 129
nickel
Bay of Fundy 65-66
conclusions 272
freshwatcr contamination 137, 155-56, 173
Gulf of Maine 66
Nipigon Bay, ON 168
nitrates
effects 16
freshwatcr contamination 155
St. Lawrence 29
nitrogen 64
Noire River, PQ 161
nonachlor
Arctic 222
freshwater contamination 160
nonachlorobiphenyls 162
Norman Wclls, NWT 202, 218
Northern Contaminants Program 194
Northern Gannets see gannets
Northern Ontario river basin region 142-43
northern pike see pike
Northern Quebec river basin region 142-43
northern shrimp sce shrimp
North Saskatchewan River, AB/SK
basin region 142-43
HCH 160
mercury 151
PAHs 169, 170
PCDDs and PCDFs 168
North Shore-Gaspé- river basin region 142-43
Northwest Atlantic marine ecosystem
about 84
biological resources 86
case studies 96-98
contaminant distribution 86-95
contaminant effects 89, 93-94
contaminant issues 84-85
contaminant sources 80, 86-87, 95
map 84
oceanographic features 85-86
shipping 87-88, 91
Northwest Ontario Lake Size Series, ON 151
Northwest Territorics
fishing 146
freshwatcr and land areas 144
freshwater contamination
metals 146, 157
organochlorine compounds 160, 161,
162-64
PAHs 169-72
Northwoods, BC 256
Notigi Lake, MB 174
Nova Scotia
contaminant distribution 89, 91
contaminant sources 64, 72, 86-88, 168
fishing 95, 146
freshwater and land areas 144
freshwatcr contamination
metals 150, 153, 156
organochlorine compounds 161, 167
PAHs 169, 170
puffins 71
river acidification 17
Nova Scotia Current 85
Nunavik, PQ 157
Nunavut. NWT 157
nutrients
effects 16-17
St. Lawrcnce 29
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Oak Island. NS &
Ob River, Siberia
Obscrvatory Inlet
contaminant
contaminant
OCDD sec octachiorodibenzo-p-aioxin
ocean currents
Arctic 190, 195-96, 202, 219-20
Bay of Fundy 60-62
conclusions 270-71
Northwest Atlantic 85
Pacific 251
St. Lawrence 26-27
octachlorodibenzo-p-dioxin (OCDD)
Arctic 215
freshwater contamination 167
Northwest Atlantic 97
Pacific 246
octachlorostyrene 109
octopus 239
oil see petroleum
oil sands 172
oil spills
about 11,218,270
Arctic 189, 202, 216, 218
Northwest Atlantic 84, 93, 95
Pacific 257, 260
St. Lawrence 20, 39
Okanagan-Similkameen river basin region 142-43
Old Welland Canal, ON 168
Ontario
agriculturc 112
contaminant sources 152, 168
fishing 146
freshwatcr and land areas 143, 144
freshwater contamination
metals 138, 146, 149-50, 151, 152, 154-
56, 176-77
organochlorine compounds 158, 161,
162-63, 167
PAHs 169, 170-71, 172
Ontario Ministry of Environment and Energy 121, 149
Ontario Sport Fish Contaminant Monitoring Program 114
Opinaca Rescrvoir, PQ 149
organic chemicals
about 292
Arctic 208-16
Bay of Fundy 68-72
freshwater contamination 137, 157-72
Great Lakes 119-27
Pacific 241-50
St. Lawrence 19, 33-34
organic matter in particulates 12-13
organisms see biota
organochlorine compounds, sce also pesticides: specific types
about 10-12, 270-71, 292
Arctic 189, 195-97, 200-203, 208-15, 219-22
Bay of Fundy 54. 58, 68-72
conclusions 273-75
freshwater contamination 144-45, 157-69,
173-74. 179
Great Lakes 114, 119-26
Northwest Atlantic 84, 89, 95-96
Pacific 241-50
St. Lawrence 31, 33-34, 36-38, 42-45
organometallic compounds
about 270, 300
Bay of Fundy 67-68
conclusions 273
freshwater contamination 157
Great Lakes 116
Pacific 234, 240-41
St. Lawrence 31-33
organotins
Bay of Fundy 63
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Great Lakes 117-18

Pacific 242
Oswego River, ON 122, 126
Ottawa River, ON/PQ 142-43, 168
overharvesting 17, 109, 128,173, 219
oxides of nitrogen 16
oxychlordane

Arctic 214

Bay of Fundy 69

conclusions 273

Northwest Atlantic 90

St. Lawrence 35, 38, 39
oxygen 259
oysters

cffects of tributyltin 240

Pacific 229, 238,257

Pacific Canada

contaminan 18t
coast 70,2 7,274
contaminan

cormorant |

neogastropc

Pacific Coastal river pasin region 14.2-43
Pacific marinc and freshwater ecosystems
about 229,234
aquaculture 230, 235, 247,249, 257
biological resource 236-37
casc studies 25%-60
contaminant distribution 237-58
contaminant effects
open coast and fjords 247, 260
rivers 255-56
Strait of Georgia and Howe Sound 240-
41,257
contaminant issucs 234-35
contaminant reduction 229-30, 257
contaminant sources 229-30, 234-35
open coast and fjords 251-55, 257
rivers 255, 257
Strait of Georgia and Howe Sound 234,
237, 244-45, 250-51, 257
maps 235,252,254
occanographic features 229, 235-36
Pacific Ocean
contaminant distribution 92
discharge into Arctic 196-97, 202
river drainage basin 142, 143
Pacific Rim National Park 260
Pacific salmon sce salmon
PAHSs see polycyclic aromatic hydrocarbons
Pangnirtung, NWT 205,212
particles 12-13
partitioning of chemicals 10
Passamaquoddy Bay. NB 62, 65. 67
pathways 11
Paulatuk. NWT 207
PCBs sce polychlorinated biphenyls
PCDDs see polychlorodibenzo-p-dioxins
PCDFs see polychlorodibenzo-furans
Peace River, AB/BC 142-43
Pecl River, NWT 163
Pembina River, MB 160
pentachlorobiphenyls 162
1,2.3.7 &-pentachlorodibenzodioxin 246
pentachlorophenol
Great Lakes 109
Pacific 245,250
perch
fresh water 151, 161, 171
Great Lakes 111-12
persistence see stability
perylene 215
pesticides, see also organochlorine compounds: specific types
about 11-12.270
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Arctic 202, 208-10, 213-15
Bay of Fundy 70
conclusions 273-75
freshwater contamination 137, 143, 157-65, 173
Great Lakes 104. 109, 120, 123-25. 129
Northwest Atlantic 91
Pacific 230, 235, 257
St. Lawrence 19-20, 30, 35,39, 41, 44
Peter Lake, NWT 151
Petpeswick Inlet, NS &8
petrels
about (Leach’s Storm Petrel) 93
Bay of Fundy 58, 67-68, 69, 70
Northwest Atlantic 90-91
petroleum contamination 30. 33, 64, 89-92, 96, 165, 173,
189, 195,202
petroleum exploration and production 29, 63, 80, 85, 95.
113.116. 126, 202. 219
Phantom Lake, MB 153
pharmacecuticals
conclusions 27
freshwater contamination 174
Pacific contamination 230, 235, 257
St. Lawrence 40
phenanthrene
Arctic 215-16, 217
freshwater contamination 170-71, 172
Great Lakes 126
phorphorus, Bay of Fundy 64
phosphates
cffects 16
St. Lawrence 29
phosphorus, Northwest Atlantic 97-98
phthalate esters 96
physical-chemical properties
and temperature 9
buftering capacity 13
metal binding capacity 13
partitioning into solids 10
solubility 10-11
sorptive capacity 13
stability 10
volatility 10
phytoplankton 13
pickerel 111-12
Pictou. NS 91,92
pike
freshwater ecosystems
cadmium 153, 154
copper 153
mercury 149-50, 151, 174, 175
organochlorine compounds 161, 167, 179
PAHs 171
zinc 153
Great Lakes 118, 132
pink salmon see salmon
Pipestone Creek, MB 160
Placentia Bay, NF &5, 92, 97-98
plaice
Northwest Atlantic 89, 93
St. Lawrence 28, 34,47
plankton
fresh water 145
Great Lakes 130
Northwest Atlantic &5
St. Lawrence 33, 36. 40
Point Lepreau. NB 65
polar bears 86, 195, 198-200., 203, 208, 214-15, 218-19
pollock
Bay of Fundy 62-63
Northwest Atlantic 86
pollutants, see also specific types
defined 2. 8
effects 16-1¥
polonium 157
polychlorinated biphenyls (PCBs)
analysis of 16
Arctic 189, 195-97,200, 202-3, 208, 209-14, 219-22
Bay of Fundy 54, 58, 68-72



conclusions 275
Detroit River 114, 115
freshwater contamination 137, 144, 158,
159-65, 173, 179
Great Lakes 109, 112-14, 115, 119-21, 129
Gulf of Mainc 68
Niagara River 115
Northwest Atlantic 89-91
Pacific 247-50, 256
St. Lawrence 19-20. 30, 33-34, 35, 36-47
variations across Canada 250
polychlorodibenzo-p-dioxins (PCDDs)
Arctic 215
Bay of Fundy 70
conclusions 275, 278
freshwater contamination 137, 144, 165-69, 173-74
Great Lakes 109, 112, 114, 124, 125-26
international toxicity cquivalent factors 165
Northwest Atlantic 90, 96
Pacific 229-30, 234, 237, 239, 241-42, 245,
250-51, 253-55. 257
rivers 256
St. Lawrcnce 19, 30, 33-34, 38, 44, 46-47
polychlorodibenzo-furans (PCDFs)
Arctic 215
Bay of Fundy 70
conclusions 275,278
freshwater contamination 137, 144, 165-69, 173-74
Great Lakes 109, 112, 114, 124, 125-26
international toxicity equivalent factors 165
Northwest Atlantic 90, 96
Pacific 229-30. 234, 237, 241-42, 245, 250-
51, 253-55.257
rivers 256
St. Lawrence 19, 30, 33-34, 38, 44, 46-47
polycyclic aromatic hydrocarbons (PAHs)
Arctic 195-97, 202, 215-16, 217, 221
Bay of Fundy 72
carcinogenic effects 172, 247
conclusions 275-76
freshwater contamination 137, 145, 165,
169-72
Great Lakes 109, 113, 126-27
Gulf of Maine 72
Northwest Atlantic 84, 91-97
Pacific 234, 250, 252-54
St. Lawrence 19, 26, 30-31, 34, 38, 45-46
Pond Inlet. NWT 206, 207, 212, 218, 220
porbeagle 62
porpoiscs
Atlantic Ocean 70
Bay of Fundy 54, 58, 67, 70-72
Pacific 244, 247,250
St. Lawrence 20, 25, 28
Portage-du-Fort, PQ 166
Port Alberni, BC 166
Port Alice, BC 166
Port Dalhousie, ON 122
Port Hawkesbury, NS 87, 92, 166
Port Hope, ON 118
Port Mellon, BC 166
Port Mouton, NS 88
Port Weller, ON 122
Powell River, BC 166
power production 29,42, 63, 137, 142, 144, 147, 151,
175-77, 201, 219
Prairies
freshwater contamination 160, 167
pulp and paper mills 168
prawn 257
Prince Albert, SK 166
Prince Edward Island 143, 144
Prince George, BC 166
Prince Rupert, BC 166, 234, 251, 254
Pubnico, NS &8, 92
puffins
about (Atlantic puffins) 71
Bay of Fundy 68, 69
Puget Sound, WA 245, 247-48
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pulp and paper mills
Bay of Fundy 63
chlorine bleaching locations 166. 168
Environmental Effects Monitoring 162
freshwater contamination 137, 145, 162, 165-69, 174
Great Lakes 113-14, 127-28, 131-32
Pacific 229-30, 234, 237-39. 241-45, 250-57, 259, 270
St. Lawrence (marinc) 29, 35, 46
technological changes 278
pyrene
Arctic 215-16
carcinogenic cffects 172
concentrations at various sites 92
freshwater contamination 170-71

Qu’Appelle River
Quatsino Sound, |
Quebec
contaminant
contaminant
fishing 28,
freshwater a
freshwater ¢
metals 75
organc 1,
PAHs ... ..
importance of St. Lawrence 24
Qucen Charlotte Islands, BC 93
Quesnel, BC 166
Quevillion River, PQ 168
Quoddy region, NB
aquaculture 63, 72-73
contaminant distribution 64-65
fish 62
map 63

167, 169

radioactive metals
rainbow trout see
Rainy River, ON
Rankin Inlet, NW’
recreation
Arctic 201,
effects on ec
fresh water 137, 142-44, 146, 149, 134, 157,179
Great Lakes 104, 109-10, 112, 114, 117-18, 146
Northwest Atlantic 87-88
Pacific 229-30. 236, 240-41, 242, 251, 255, 257
St. Lawrence 24-25, 38
Red Deer River, MB 160
redfish
Northwest Atlantic 85-86
St. Lawrence 28
redhorse sucker sce sucker
Red River, MB 142-43, 158, 160, 165
Red Rock, ON 166
Repulse Bay, NWT 207,217
reservoirs
Arctic 201
hydroclectric development 144
mercury contamination 147-49. 173, 175-77, 272
Resolute Bay, NWT
biota growth cfficiency 200
hydrocarbons 216, 217
metals 205, 207
organochlorine compounds 208, 209, 212
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retence, Arctic 215
ringed seals see seals
river herring see herring

rivers. sce inland freshwater ecosystems; specific rivers

rockfish 247,249

Roseau River, MB 160

round whitcfish sec whitefish

ruffe 129

run-off
about 11.270-71
Arctic 195, 219

freshwater contamination 157
Great Lakes 113,128
Northwest Atlantic 80, 86, 96
Pacific 234,237,255
St. Lawrence 19, 25,29

sablefish 237

Sable Island. Northy
Sachs Harbour, NW
Sagucnay Fjord. PQ

contaminant re 9
contaminant si ,42
contaminant sc

map 24

oceanographic ieatures 27
Sagucnay River, PQ 168
St. Clair River, ON 111. 115, 116
St. Croix River. NB/NS 142-43
St. Felicien. PQ 166
St. Frangois River 168
St. George's Bay, NF 94
St. Georges Bay, NS 40
Saint John, NB 62, 65, 67-68. 166
Saint John River. NB/NS
contaminant sources 53-54. 64, 168
discharge into Bay of Fundy 60-61
drainage basin 142-43
St. John's, NF 90, 92
St. Lawrence Beluga Recovery Plan 45
St. Lawrence Estuary
contaminant sink 20, 31-34, 38, 41-42, 43, 46
contaminant sources 29-31, 39
effect of Great Lakes contamination 130
fishing 24, 28,95
map 24
oceanographic features 25-27
seabirds 34
Lawrence marine ccosystem
about 19, 24
aquaculture 40
biological resources 28
case studies 40-47
contaminant distribution 19-20, 31-34
contaminant effects 33, 35, 40-42, 44-45, 47
contaminant issues 24-25
contaminant sinks 19-20, 38
contaminant sources 19, 29-31, 38
map 24
oceanographic features 25-28
shipping 30. 39
Lawrence River
contaminant distribution
metals 148, 152-55, 207

S

by

St.

4

organochlorine compounds 115, 124, 158, 165
contaminant sources 29-31, 42, 116, 159. 169, 172

drainage basin 142-43
cffect of Great Lakes contamination 110, 130
pulp and paper mills 168
water discharge 25, 111, 270
St. Margaret’s Bay, NS 246
St. Mary’s Estuary, NS 88
St. Mary's River, ON 111
St. Maurice River, PQ 168, 169
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salmon

Bay of Fundy 53. 62-63. 72

Great Lakes 112,116

Northwest Atlantic 85

Pacific 120, 237, 239, 255, 258-59

Salmon River, NS 170

salts

156

Sambro, NS 88

sandlance &5

Sanikiluaq. NWT 207, 210. 212, 221-22
Sarnia, ON 124

Saskatchewan

fishing 146
freshwater and land areas 143, 144
freshwater contamination 153, 156, 158, 169, 170

Saskatchewan River, MB/SK 142-43. 158, 160, 168
sauger 151,165

sawmills 253

scallops

Bay of Fundy 63. 66, 67
Northwest Atlantic 85-86, 93

sculpin 239

Arctic 205, 210

seabirds, see also specific types

and freshwater contamination 150

Arctic 198, 199,219

Bay of Fundy 54. 58. 67-68, 69, 70-72

eggshell thinning 33, 37-38, 68, 121-23. 126, 131, 277
Great Lakes 104

Northwest Atlantic 86, 90-91

Pacific 257, 260

St. Lawrence 28, 34-35, 37

sea lice 235
sea lions 218

seals

and contaminant accumulation 13
bearded 199
grey 28, 86,91
harbour 28, 67, 70, 244
harp 28, 86-87. 90-91, 199, 206, 208, 218
hooded 86
organochlorine compounds 34
ringed
about 200
in food web 199, 200-201
metals 203-4. 206, 207, 220
organochlorine compounds 210-12, 213.
215, 218.221-22

sea otter 260
sea urchins

Arctic 217
Bay of Fundy 63

Sechelt Inlet. BC 247
sediments

and chemical stability 12

chemical propertics 13

chemical remobilization 270-71, 278
composition [2-13

selenium

Arctic 204, 206, 208

Bay of Fundy 65

freshwater contamination 153, 156
Great Lakes 117

Northwest Atlantic 87

Severn Estuary, UK 92
Severn River, ON 151, 197
scwage. sec also wastewater

shad

about 11.16-17, 258

Bay of Fundy 64

freshwater contamination 137,151
Great Lakes 112-13

Northwest Atlantic 80, 86, 95-96
Pacific 230, 237, 239, 257-59

St. Lawrence 29, 45

Strait of Georgia 230

62

sharks 62
Shelburne, NS 88, 92
shellfish. sec also tish: specific types



Arctic 200

Atlantic coast 258

Bay of Fundy 63, 66-67, 72

effcet of acidification 17

Northwest Atlantic 80, 85-86, 93, 95
oil spill cffects 260

Pacific 237-39

Pacific coast 258

St. Lawrence 19, 28

Shingle Point, NWT 207
Ship Harbour, NS 88
shipping

Atlantic Canada 63, 87-88, 91, 270

frcshwater contamination 142, 151, 154, 157

Great Lakes 112, 128-30

Pacific 230, 237, 240-41, 242, 250-51, 257. 270

St. Lawrence 30, 39

shoreline alteration 17
shrimp

Northwest Atlantic 85-86

Pacific 229, 257

St. Lawrence (maring)
commercial fishery 25, 28
mcreury 20, 31, 33, 36, 38, 39
organochlorine compounds 34

Siberia 214
Siberian Sea 214
silicates 16

Gulf of Maine 66
Northwest Atlantic 87
Pacific 239, 240

silversides 62
sinks 11

Bay of Fundy 73
Northwest Atlantic 85

Skeena River, BC 236, 256

Slave River, NWT 171,172

sled dogs 198, 200

Slocan River, BC 256

smallmouth bass see bass

Smallwood Reservoir, Labrador 144, 176

Bay of Fundy 62
Great Lakes 111-12.116, 118, ,121-23, 129
St. Lawrence (marinc) 34

smelters

about 17

British Columbia 255

freshwater contamination 144, 150-57, 179
Northwest Atlantic 86, 96

Pacific 234, 251-53

St. Lawrence 29-30, 34, 36, 46

Smith Sound, NWT 198
Smoking Hills, NWT 155, 202
Smooth Rock Falls, ON 166
snails, see also whelks

Bay of Fundy 68
Northwest Atlantic 89
Pacific 230, 251

“brown™ 196, 209, 216
melt 179, 195

sockeye salmon see salmon
Soda Creek, BC 256
soft-shelled clams see clams

about (English) 247
Pacific 246. 250

solid waste discharges 11, 270
solubility of chemicals 10-11
Somass River, BC 259

Sophia Lake, NWT 159

sorptive capacity of sediment 13
sources 11, 270-71

Souris River, MB 149, 150-51, 160
South Buttle Lake 157

Southern Indian Lake, MB 174, 176

South Indian Lake, MB 149, 163

South Saskatchewan river basin region 142-43

Soviet Union 202
Spanish River, ON 168
splake 112
spottail shiners 114, 115, 116, 121,123
Sproat Lake, BC 259
Squamish, BC 166. 234, 237-38
squid 85
stability of chemicals 10
starfish 217
steelhead salimon see salmon
steel mills 113
stickleback 62
Stoner, BC 256
Strait of Georgia, BC 229, 235-51,257-58
Strathcona Sound, NWT 205
streams sce rivers
striped bass see bass
strontium 256
sturgcon

Bay of Fundy 62

Pacific 255
sucker, white

fresh water

metals 153, 154, 157,174, 178

organochlorinc compounds 161, 165,

167, 169, 179

Great Lakes 127-28, 132
Sudbury, ON

lake acidification 17

lake recovery 17

smelters 152, 155-56
sulfate 155-56
sulphur dioxide 17, 98
Sundance Cooling Pond 149
sunfish 151
surfactants, nonionic

freshwater contamination 174

Pacific contamination 234
swordfish 84, 87, 96
Sydncy, NS 26, 91-97
synthetic chemicals 11

Tadenac Lakc, ON [

TBT see tributyltin

TCDD see tetrachloro

TCDFs sce tetrachlorc

Temiscaming, PQ 16

tempcrature 9

Ten Mile Point, BC 2

terns 123, 150

Terrace Bay, ON 131-32. 166

Terra Nova, Northwest Atlantic 85

tetrachlorobiphenyls 162

tetrachlorodibenzodioxin (TCDD)
Arctic 215
freshwater contamination 167
Great Lakes 109, 125-26, 126-28, 131

international toxicity equivalent factor 165

Northwest Atlantic 97

Pacific 246,255
tetrachlorodibenzo-furans (TCDFs)

Arctic 215

freshwater contamination 167

Great Lakes 127

international toxicity equivalent factor 165

Northwest Atlantic 90, 97
Pacific 255
variations across Canada 248
Thompson, BC 256
Thompson Lake, MB 157
Thompson, ON 155
Thompson River, BC 168, 241
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thorium 157

Thornbrough Channel. BC 237, 250

Thorold, ON 166

Thunder Bay, ON 166

Thurso. PQ 166 vanadium 63

Tokyo. Japan 92 Vancouver, BC 237, 2.

Toledo. ON 122 Vancouver Island, BC

tomeod 34-35, 62 ase studies 259-
N 114 122, 126 case stq 18 2D

Toronto. O - les. contaminant sours

touns;ﬁl\lrctiC - grokv)v_'i?jg Q;)}pulutk
\ 2 ] seabirds
T;Of_tp\}'051 Atlantic 86 vapour pressure 9-10
acific 7:3(’ 10,25 2 Victoria. BC 237, 245
' EL Lawrence 19,2528 Voisey’s Bay. Labrador 85. 96
toxaphcene volatility of chemicals 10

about 270, 299
Arctic 189, 195-97, 202, 208, 209-10, 212-
13.219
conclusions 273-75
freshwater contamination 137-38, 157, 158,
160-65, 173,178, 179
Great Lakes 109, 110, 124, 129
Northwest Atlantic 90, 95
toxic chemicals see contaminants
Trail. BC 152, 255-56
trans chlordane 96
tributyltin (TBT)

Wabigoon River, C
walleye
case study |
commercial

! onsumpti
Bay of Fundy 67-68 ;:)CHISCILTVP 1101n7
conclusions 273 organochlorir 165. 167

freshwater contamination 157
Alls 171
Great Lakes 109, 117-18 PAlls 17

sport fishing 255
Northwest Atlantic 87-89. 95 sport fishing 235

Pacific 230. 234, 240-41, 242, 251, 257 walru,isn food web 199, 200-201
trichlorobiphenyls 162 metals 204. 206. 208
trichlorocthylene 11 oil spill effects 218
trifluralin 196 PCBs 222
Triqcomali Channel, BC 246-47, 250 Wapiti Ri\;er A_B 167. 168. 169
Trois Rivieres, PQ 166 wastewatcer. see also sewage
trout . . about 11,17

brcl)lokI 619, 1 Bay of Fundy 53.63-64, 72

u Treshwater ¢ inati 5

lake 104, 109-10, 112, 116-20. 122-28, 149, 153. 161, eshwater comtamination 133

163. 167, 171. 179 New Brunswick 63-64

rainbow 112, 116, 157,255
Trout Lake. ON 163
Truro. NS 170
Tuktoyaktuk. NWT 205,216,217

St. Lawrence 29
water-control devices 17, 173
water supply for human use

about 17
tarbo, See o haliur froh water 12
- See also sreat Lakes
Arctic 189,199, 201, 210 Wellgear Lakes 12
Northwest Atlantic 85-86, 89 Welland River. ON 155, 168
Twelve Mile Creck, ON 168 Wellington Bav. NWT 210
wetlands ’
filling 17

flooding 176-77

percentage of Canada’s fresh water 137, 142
whalcs

and ecotourism 2§, 86

Ucluclet, BC 238 and oil spills 218

Ucluelet Inlet, BC . al 218
Ungava, PQ 158 Eglﬁg
unionids see musscl about 42

United Kingdom 6t
Umted‘St'utcs § case study 42-45
Great Lakes ir contaminant effects 25, 39

Mussel Watch ) in food web35-36, 199, 200-201
source of LRTAP >%, /0. 129, 202, 24/ metals 20. 203-4, 206. 207. 220

uranium 156-57

and ecotourism 28

organochlorine compounds 20, 34. 71,

urban centres and growth 2 2 2 22(0-2
conclusions 270, 278 pA“;lz(l)l;_B' 215, 218, 22031
freshwater contamination 144, 152, 174 blue 20.25. 28
Great Lakes 112, 128, 269 bowhead 199
Pacific 230, 235 fin 20.25.28
St. Lawrence River 149 humpback 20, 25, 28

killer 251
minke 20, 25, 28
narwhal
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in food web 199, 201
metals 204, 206, 207, 217-18, 220
organochlorinc compounds 71, 212, 222
pilot 90. 91
right 71-72
small-toothed 195
sperm 20, 25, 28
whelks. see also snails
Europcan 95
Northwest Atlantic 93
Pacific 240-41, 243,257
St. Lawrence 34
Whitby. ON 118
whitcfish
casc study 179
commercial fishing 111-12
mercury 174,175
organochlorine compounds 160, 161, 163,
164, 167, 169, 256
PAHs 171,217
sport fishing 255
white perch sce perch
White Rose. Northwest Atlantic 85
Williston Lake, BC 144, 168
Windsor. NS 62
Windsor. PQ 166
Winisk River, ON 151
Winnipeg River, MB 142-43, 160
Witless Bay, NF 71
World Wildlife Fund 45

5, Great Lakes

7

treshwatcr contanination 153, 155-56
Great Lakes 117

Gulf of Maine 66

Gulf of St. Lawrence 66

Northwest Atlantic 87, 88

Pacific 230, 234, 237-39, 253, 255-56
St. Lawrence 32
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