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ABSTRACT

Increased fish mercury concentrations are often observed following impoundment
of a reservoir. Following impoundment, there is a flux of organic matter and nutrients
from the flooded soil, providing food to bacterial communities which methylate inorganic
mercury. Based on the hypothesis that mercury enters a reservoir via the flooded soil,
1 investigated whether the change in fish mercury concentrations could be predicted from
the change in reservoir size. Mercury monitoring data for three fish species, northern
pike (Esox lucius), walleye {Stizostedion vitreum), and lake whitefish (Coregonus
clupeaformis) from reservoirs in northern Manitoba and northern Quebec were used to
derive parameter estimates for four models. Models were evaluated on their ability to
predict cases not used in the model development. Models were applied for predictive
purposes to assess the impact of creating a reservoir and to assess the impact of altering
the size of an existing reservoir, Skill (closeness of predicted and observed values) and
explained variance were also used to assess the models. The preferred models consisted
of a single enrichment term (a measure of change in flooded area) that successfully
predicted the mercury ratio. This study also demonstrated that parameter estimates for
one species could be applied successfully to predict the mercury ratio for species with

comparable food habits.
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1.0 INTRODUCTION

"Mercury and mercury compounds have received a great deal of attention over
the last two decades because of environmental and health concerns. Methylmercury
poisoning can be lethal to humans and wildlife. Historically, mercury contamination
has been associated with sources of industrial or agricultural pollution. More recently
it has been linked to natural phenomena. Because of these health concerns, mercury
concentrations need to be monitored as well as modeled. Before quantitative models
are developed, the system being modeled must be understood as completely as
possible, including the nature of and relation between biological, chemical, and
geological components.

‘The models developed later in this thesis are based on a biological
understanding of processes affecting fish mercury concentrations following reservoir
impoundment. Before the models were developed, a review of the literature was
undertaken. This included general background information about mercury chemistry
(Section 2.0) and the effects of reservoir impoundment (Section 3.0). A detailed
development of two models is presented in Section 4.0. The location of reservoirs
used in this study, the data used in the analyses, the validation procedure and the
application of the models are presented in Section 5.0. Data available for this study
are presented in Section 6.0. Results from this study are presented in Section 7.0 and

discussed in Section 8.0.



2.0 BACKGROUND

2.1 Mercury Chemistry

Mercury is ubiquitous, mostly in trace amounts (Huckabee et al., 1978).
Mercury is a group IIB heavy metal with oxidation states 2 and 1, an atomic number
80, and atomic weight 200.59. It is highly volatile, a liquid at room temperature, and
certain compounds can be toxic. In water, mercurial ions are generally associated
with chloride ions (CI7) or hydroxide ions (OH™). The mercuric ion (Hg?*) is a
typical class "b" acceptor (Ahrland, 1966; Pearson, 1968a, 1968b) and readily forms
covalent compounds, preferring sulfur (S) and selenium (Se) donor atoms
(Ramamoorthy and Blumhagen, 1984). In nature it occurs predominately in its
sulfide form, cinnabar (HgS), which can be mined and roasted to yield metallic

mercury (Bligh, 1970). Itis i to the envi through hot

springs, magmatic sources (Siegel and Siegel, 1975), and as a result of evaporation

from the earth’s crust. It is then distril by aerial ci ion and p:
(Stoch and Cucuel, 1934).

The same properties that make mercury a unique element also make it very
economically valuable. Mercury has been used since the time of the Roman Empire,

and its compounds are found in cosmetics, medicinal treatments, dental amalgams,

paints, electrical equip.nent, thermometers, and batteries (Fitzgerald and Clarkson,
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1991). At one time, mercury was used extensively in the recovery of gold and silver
from ore. This use has been declining for years (Bligh, 1970), with the notable
exception of the Amazon region of Brazil. Following World War II the industrial use
of mercury increased, primarily because of chlor-alkali plants and electrical industries
(Bligh, 1970). The pulp and paper industry used organic mercurials such as
phenylmercuric acetate as slimicides to prevent fouling of mill equipment (Bligh,
1970; Nuorteva et al., 1979; Lodenius, 1991). Ethylmercury phosphate has been
used for the treatment of bacterial infections in hatchery fish and has led to increased
body burdens of mercury in these fish (Rucker and Amend, 1969). The major fluxes
of mercury into the atmosphere can be linked to oil and coal combustion, incineration
of solid wastes, and smelting processes associated with the production of copper and

zinc (Nriagu and Pacyna, 1988).

2.2 Toxicology

Despite the widespread use of mercury and mercury compounds, the severity
of mercury poisoning was not realized until the late 1950’s at Minimata Bay, Japan
where 111 documented casualties occurred from the consumption of fish and shellfish

contaminated by mercury (Lofroth, 1969). The toxic agents were found to be

'y iginating from chemical plants using mercury-based
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catalysts; either mercuric oxide in preparation of acetaldehyde or mercuric chloride in
preparation of vinyl chloride (Bligh, 1970). Foliowing the Minimata disaster, and
due to concems for human welfare, mercury became a closely monitored substance.
Canada, along with many countries around the world, has imposed restrictions
regulating mercury consumption by humans (Royal Society of Canada, 1971).

The concern about elevated fish mercury levels is due to the propensity of fish
to accumulate mercury, thus producing a potential hazard to humans if consumed
(Nriagu, 1979). At present, the most effective indicator of both the degree of
mercury pollution and the potential hazards to humans and wildlife is the mercury
content of fish. Crayfish are also good indicators of mercury contamination in
various water bodies (Vermeer, 1972). Elevated levels of inorganic mercury and
methylmercury in humans have been linked to fish consumption (Berglund er al.,
1971; Suzvki et al., 1971; Yamaguchi ef al., 1971). Simpson et al. (1974) showed
that fish is man’s primary exposure pathway to mercury; the consumption of fish and
fish products is esentially the only pathway for human exposure to methylmercury
(World Health Organization, 1976). Researchers in Finland found mercury
concentrations of up to 35 ppm in the hair of people consuming fish from Finnish
reservoirs (Lodenius ef al., 1983; Alftan et al., 1983). Native people consuming fish
from Ball Lake (Wabigoon-English-Winnipeg River System) and other polluted lakes
are known to have elevated blood-mercury levels (Anon., 1973).

Many governments have imposed restrictions on mercury contaminated fish.
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In Sweden, areas where fish are caught with mercury levels greater than 1.0 ppm are
“black-listed" (Bjorklund er al., 1984). These fish cannot be sold or distributed for

the purpose of ion (Statens 1i forfattni ing, 1983). In

Finland, the National Board of Health recommended a decrezse in consumption of
reservoir fish with mercury concentrations greater than 0.5 ppm. The Board forbade
the sale of fish with mercury levels greater than 1.0 ppm (Verta ef al., 1986a). In
Canada, the mercury consumption guideline for fish or fish products has been set at
0.5 ppm. Products containing higher than 0.5 ppm mercury cannot be sold within
Canada but may be sold on the world market to countries with higher mercury

tolerances. In the United States, based on findings from acidified lakes in Wisconsin,

a health advisory was issued by both the Wi in D of Natural
and the Wisconsin Division of Health (1988) for people consuming sport fish from
certain areas linked to high mercury levels.

Globally, fish with mercury concentrations less than 0.5 ppm have been
accepted as representative of natural mercury levels for unpolluted water systems
(Holden, 1972). Conversely, fish having mercury levels greater than 0.5 ppm
indicate evidence of industrial pollution or allogenic loading. Like Canada, Finland
had a problem with industrial pollution and fish with elevated levels of mercury
(Hisinen and Sjoblom, 1968). A ban on the use of mercury compounds has led to
reduced mercury levels in fish from many locations (Nuorteva er al., 1979; Lodenius,

1991). However, many investigators have found elevated mercury levels in fish from
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pristine lakes and other remote areas unaffected by industrial sources of mercury, due
to autogenic loading (Korityohann er al., 1974; Wobeser er al., 1970; Johnels et al.,
1967; Bodaly e al., 1984a; Holden, 1972; Kleinert and Degurse, 1972; Surma-Aho
et al., 1986a; 1986b; Lodenius ez al., 1983; Mannio er al., 1986; Rask and Metsila,
1991).

2.3 Remediation

Of great public concern is how quickly and effectively a polluted or
contaminated site can be cleaned and restored to its former uses. Because the
removal of all forms of mercury from an aquatic system is virtually impossible,
Bisogni and Lawrence (1975) suggest reducing or eliminating methylmercury
formation. They present three possible remedial procedures to reduce the amount of
mercury available for methylation: (1) change the mercury binding characteristics of
the sediments; (2) eliminate or reduce the amount of organic or nutrient input to the
benthic region; and (3) reduce the total inorganic mercury concentration. Fitzgerald
et al. (1991) suggest that the in-lake production of metallic mercury (Hg% would

reduce the amount of mercuric (Hg?*) substrate available to the microbial community

for mercury i y and gen (1984) that

increased levels of organic matter decreased the uptake of mercury by fish. Verta
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(1984) hypothesized that decreased fish mercury levels could be attained by removing
methylmercury from the fish biomass, thereby reducing the amount of mercury
available for cycling. In an extensively fished lake, Verta (1990) found decreased
mercury levels in fish as a result of faster growth rates and reduced dietary intake of
methylmercury. Verta (1990) indicates that for small lakes, overfishing may be a
reasonable way to reduce the mercury levels in top predators to an allowed marketing
level as a younger age structure would likely be created. Billen er al. (1974) suggest
that methylmercury-degrading bacteria can exist in locations with high methylmercury
concentrations thereby reducing the amount of methylmercury in a particular
environment. Biodegradation could take place through the use of the pollutant (for

energy and carbon i or through i ification to the pollutant

without a nutritional benefit from the toxin (Billen et al., 1974). For acidified lake
systems, Winfrey and Rudd (1990) suggest that fish mercury levels could be
decreased through a reduction in a lake’s acidity. Rudd e al. (1980b) and Tumner and
Rudd (1983) suggested that low-level additions of selenium to the water column may
also reduce fish mercury body burdens. This suggestion was tested and was found to
reduce fish mercury levels for a Swedish system (Bjérnberg ef al., 1988) and a
polluted Canadian system, the English-Wabigoon River System in northwestern
Ontario (Rudd and Turner, 1983a; 1983b; Turner and Rudd, 1983). In addition,
Turner and Swick (1983) indicated selenium additions to the water column were not

as effective at reducing a fish’s mercury burden as selenium additions to food



organisms. Jemeldv and Lann (1973) discuss the feasibility of restoring mercury
contaminated ecosystems and the methods employed, such as the removal of mercury
deposits through dredging. They indicate that there are both technical and economic
problems which must be overcome before the processes can be practically applied. In
addition, they provide evidence that the disturbance caused by dredging would serve

to resuspend particulate matter and could actually increase mercury methylation.

2.4 Biogeochemistry

‘The processes by which mercury compounds are assimilated, stored and
eliminated from biota constitute a small fraction of the total mercury cycle. Winfrey
and Rudd (1990) present a figure of the biogeochemical cycling of mercury species
within a freshwater lake (Figure 1). Biota add complexity to the mercury cycle due
to the dynamics of, and interactions between, various food web components. As

shown in Figure 1, the organic methylmercury ion (CH,Hg*) is the primary mercury

in fish. 'y has recently been detected in rain
(Bloom and Watras, 1989) and water from catchment areas (Lee and Hultberg, 1990)
but it is rarely deposited in large quantities directly into lakes (Winfrey and Rudd,
1990). It is probable that the methylmercury is formed either in the catchment area

or in the lake from the methylation of inorganic mercury (Hg?*).



The bioavailability of mercury species is also of concern. Suspended

and

sediments are believed to be i in the bi ilability (]

1984) and the bi ion of toxic (Gibbs, 1973; Hem,

1976; Karickhoff and Brown, 1978; Popp and Laquer, 1980; Tessier et al., 1980).
Studies have shown that the mercuric ion (Hg*) is readily absorbed by organic and
inorganic particulates (Bene$ and Havlik, 1979; Rudd and Turner, 1983; Rogers ef
al., 1984; Cranston and Buckley, 1972; Hannan and Thompson, 1977) and by
dissolved organic carbon, DOC (Miller, 1975). These processes may limit the
amount of mercury available for methylation (Rudd and Turner, 1983; Miskimmin,
1989). In the presence of hydrogen sulfide (H,S) the mercuric ion (Hg?*) precipitates
as mercuric suifide, HgS (Winfrey and Rudd, 1990). Jernelov (1968) suggested that
mercuric sulfide would only become mobilized after oxidation to mercuric sulfate
(HgSO,). Furutani and Rudd (1980) showed that mercury could be methylated in the
water column and in the presence of mercuric sulfide. Therefore, the mercury was

not being into the sedi as mercuric sulfide (Furutani and

Rudd, 1980). Gillespie and Scott (1971) showed that under aerobic conditions,

mercuric sulfide in the sediments could be mobilized and absorbed by fish.
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Figure 1 Mercury cycle (after Winfrey and Rudd, 1990).

2.5_Methylation

Methylation of mercury is a small part of the total mercury cycle but has a
critical influence on fish mercury concentrations. Methylmercury is produced in both
the sediment and the water column (Westdd, 1966; Jensen and Jernelov, 1969;
Jerneldv, 1970) and in soils (Van Faassen, 1976; Yamada and Tonomura, 1972).

Methylation may occur abiotically (Rogers, 1977; Nagase et al., 1982; 1984; Lee et
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al., 1985) or biotically through bacterial mediation (Jensen and Jemelév, 1969). The
mercuric ion (Hg?*) may be formed through photocatzlytic reactions (Lindgvist and

Rodhe, 1985; Brosset, 1987; Iverfeldt and Lindgqvist, 1986) of elemental mercury

(Hg", which is the i ic mercury d (Lindqvist and
Rodhe, 1985; Slemr ef al., 1985). Ramamoorthy and Blumhagen (1984) also detected

photochemical methylation of mercury.

A varicty of i ylate mercury inson and Tuovinen, 1984;
Gilmour and Henry, 1991). Wood er al. (1968) first showed that methanogenic
bacteria could produce methylmercury. Landner (1971) showed that Neurospora sp.
was capable of methylation while Yamada and Tonomura (1972) demonstrated that
Clostridium cochlearium could do the same. A number of aerobic gram-negative rods
and gram-positive cocci that Hamdy and Noyes (1975) isolated from river sediments
also proved able to methylate mercury. As well, sulfate-reducing bacteria can
methylate mercury; their metabolism may be enhanced by sulfate-deposition (Gilmour
and Henry, 1991). Methylation of inorganic mercury and mercury compounds occurs
rapidly via microbial action in aquatic environments (Bisogni and Lawrence, 1975;
Ramlal er al., 1987; Williams and Coffee, 1975; Sommers and Floyd, 1974). Most
of the mercury entering an aquatic ecosystem is inorganic and is strongly adsorbed
onto organic and inorganic particulates in the water (Bene§ and Havlik, 1979; Rudd e
al., 1980b) or reversibly bound to humic acid (Strohal and Huljev, 1971; Miller,

1975; Benes et al., 1976; Jackson et al., 1980). Organic particulates, notably
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undergo on that frees previously bound inorganic mercury

for methylation (Ramlal er al., 1987). Methylmercury is produced by
microorganisms that metabolize the mercuric (Hg?*) ion to detoxify their environment
(Pan-Hou and Tmura, 1982) or as a result of errors in the synthesis of organic
molecules such as amino acids (Wood er al., 1972). Some bacteria can eliminate
methylmercury by converting it to methane (CH,) and elemental mercury, Hg®
(Tonomura and Kanzaki, 1969; Tonomura et al., 1972). Mercury must be present in
its mercutic ion form to undergo biological methylation (DeSimone et al., 1973).

Methylation rates are influenced by organic content (Olson and Cooper, 1976;
Rudd ez al., 1983); pH (Ramlal er al., 1985; Xun ef al., 1987); the concentration of
inorganic mercury (Yamada and Tonomura, 1972); the bacterial species present
(Vonk and Kaars Sijpesteijn, 1973); the growth rate of methylating microbes (Bisogni
and Lawreace, 1975); and the oxygen concentration in the water (Bisogni and
Lawrence, 1975). Consequently, methylation rates are site specific and difficult to

generalize.

2.6 Biozc L Bi ificat

The literature on uptake and accumulation of essential and nonessential metals

in fish is both confusing and conflicting (McFarlane and Franzin, 1980). To varying



degrees, living creatures possess the ability to accumulate, within their tissues,
substances that are only slightly biodegradable (Boudou er al., 1979).
Bioaccumulation occurs naturally when the assimilation rate of a specific compound is
greater than the excretion rate. This contrasts with biomagnification, the process by

which a slightly bil is ified through the food chain.

Mercury, when dissolved in the water column, is at its lowest concentration. Each
successive level of the food chain displays a higher concentration than the previous
level. Biomagnification continues to the top of the food chain where top predators
display the highest concentrations. The accumulation of mercury in fish due to
biomagnification was generally associated with industrial discharges of mercury to
natural waters (D’Itri, 1972; Kleinert and Degurse, 1972; Rai et al., 1992). More
recently, increased fish mercury concentrations have been found in natural lakes
without industrial or point sources of pollution (Wren and MacCrimmon, 1983; Sloan
and Schofield, 1983; McMurtry et al., 1989; Grieb er al., 1990; Wiener et al., 1990;
Bodaly et al., 1993). Globally, human activities have raised the mercury
concentration in the environment well above natural levels (Johnels ef al., 1967) and
these increased mercury levels might be detected in aquatic biota.

occurs i with lipid soluble compounds such as

DDT (1,1-bis(4 2,2,2-ri and y. Fish show
increased mercury levels in their tissues due to this process (Stock and Cucuel, 1934;

Racder and Snekvik, 1941; Rankama and Saham, 1950). The retention time of
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lipophilic substances in fish flesh can be years. This partly accounts for the effect of

size and age on tissue concentrations (Leland et al., 1976; Hasselrot, 1974), In
general, large fish have greater white muscle mercury concentrations both within
species and within populations (Scott, 1974). However, the relationship between
mercury concentration and length is not consistent within species (Scott and
Armstrong, 1972; Scott, 1974). It is well documented that fish mercury levels
increase with fish size (Scott and Armstrong, 1972; Scott, 1974; Huckabee et al.,
1979). However, the increases in mercury body burdens of fish from newly
impounded reservoirs in northern Manitoba were not a result of changes in the
average size of fish sampled (Bodaly ef al., 1984a). In addition, Bodaly et al.
(1984a) found that during the same time period and at the same location, there were
no increases in fish mercury concentrations from undisturbed lakes. Phillips (1976)
showed that the mercury concentrations present in fish representing the same year
class from a contaminated reservoir were independent of size.

Methylmercury (CH;Hg?*) is the most hazardous mercury species. It is more

toxic and more easily bioaccumulated than inorganic forms because it can casily

penetrate barriers, facilitating the ion of the i in

organisms and its transport and fixation in different tissues (Goudou er al., 1979).
This mercury compound is readily bound to thiol or sulfhydral groups, SH~
(Takahashi and Hirayama, 1971), which are associated with neurons. Consequently,

methylmercury is a neurotoxin and, if exposure is high, can cause Minimata disease
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(methylmercury poisoning). Methylmercury also demonstrites a high capacity for

storage, thus i ing the biological half-life of the toxicant in the

organism (Boudou ef al., 1979). Westd6 (1966) first demonstrated that most of the
mercury found in fish is in the methylated form. Recently, thi. finding has been
confirmed by Bloom (1992) and Lasorsa and Allen-Gil (1995). Olson et al. (1973)

suggested that the rate of methylmercury accumulation is greater than the rate of

inorganic mercury ion as by the tissue di;

of these two mercurials, suggesting inorganic mercury does not require methylation
prior to entry into the fish. Gavis and Ferguson (1972) concluded that aquatic
organisms can extract methylmicrcury compounds from the water in preference to
inorganic mercury. However, more recent experiments have indicated the
overwhelming importance of food as the primary mercury uptake pathway for fish
(e.g. Hall ez al., 1994). Potter et al. (1975) suggested that the patterns of mercury
uptake, accumulation, and elimination in fish were species specific. The biological
half-life of methylmercury may also be species specific (Friberg and Vostal, 1972).
Reported values range from about five months for bluegills, Lepomis macrochirus
(Burrows and Krenkel, 1973), to over 200 days for rainbow trout, Oncorhynchus
mykiss (Giblin and Massaro, 1972), to nearly 700 days in northern pike, Esox lucius
(Lockhart et al., 1972), and to more than 1,000 days in flounder, (Jirrenpii ef al.,
1970). The reported differences could be partly size related.

Methylmercury enters fish through two different pathways: either direct



adsorption from the water column across the gill membrane or absorption of
methylmercury from ingested food items. Predicting the relative importance of
methylmercury from food or water is complicated by geographical and seasonal
variations in methylmercury availability and by seasonal changes in prey availability
and predator feeding habits (Phillips and Buhler, 1978). Mercury uptake via the gills

is directly related to metabolic rate, which is determined primarily by fish size and

by water and the ion of dissolved oxygen (Phillips
and Buhler, 1978). Ribeyere et al. (1991) found that both pH and temperature affect
mercury bioaccumulation. Norsirom et al. (1976) reported a 12% efficiency for

respiratory assimilation of ry while om and Asell (1973) reported

a14% iency for assimilation of dietary y. The net iency of
methylmercury assimilation ranges from 67% — 94% (Hannerz, 1968; deFreitas et
al., 1974; Suzuki and Hatanaka, 1975; Matida et al., 1971; deFreitas et al., 1977).
There has been some debate over the primary pathway for mercury
accumulation by fish. Exposing pond animal communities to methylmercury,
Hannerz (1968) found that the tissue concentrations in the organisms were not related
to trophic level, suggesting that direct adsorption from the water column was the
major route for methylmercury accumulation. Armstrong and Hamilton (1973) found
that, in a mercury contaminated system, mercury concentration was related to food
selection. Their study indicated that omnivorous organisms, detritus feeders, and

bottom dwelling invertebrates had considerably higher mercury levels than either
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or i Phillips et al. (1980) found the rate of

mercury ion was faster in pisci species (i.e. northern pike, walleye

Stizostedion vitreum, and sauger than in p} i (i.e.
black crappie Pomoxis nigromaculatus, and white crappie Pomoxis annularis). Wren
and MacCrimmon (1986) found significantly higher mercury levels in predatory
species than in other species of comparable age. Small yellow perch Perca flavescens
are common prey items for walleyes (Colby er al., 1979) and other piscivorous
species and presumably play a primary role in the trophic transfer of mercury up the
food chain (Cope et al., 1990). Jernelv and Lann (1971) attributed 60% of the
mercury present in northern pike from 3 Swedish rivers to mercury in the fish’s food.
The percentage of organic-to-total mercury has been found to increase with position in
the food chain (Gardner et al., 1975; Hildenbrand et al., 1975; Leland et al., 1976;
Meister et al., 1979) with top predators having the greatest concentrations of toxic
methylmercury. deFreitas ef al. (1977) suggest that an organism’s lifespan and

growth rate are important i of pollutant ions in tissues.

Recently, field experiments relating mercury concentrations in the water to mercury
concentrations in fish (Hall et al., 1994) demonstrated that in lakes the primary
methylmercury accumulation pathway was the food. This implies that the quantity of
mercury accumulated directly from the water column is negligible when compared to
the quantity accumulated via the food chain.

Regardless of the uptake path, mercury has toxic effects on wildlife. Spry and



‘Wiener (1991) present a critical review of bioavailability and toxicity of mercury

compounds to fish, Mercury poisoning in its final (i ible) stage is

from sensory-motor ions as mercury within the central nervous

system (Carley et al., 1971; Putman, 1972). Hartman (1978) found that, when trout
were given food with moderate to high doses of mercury, deficiencies in conditioned
avoidance performance resulted. However, Rucker and Amend (1969) and Amend
(1970) found no prolonged effects of organic mercury poisoning in fish as fish growth
rates diluted the initial mercury burden. Burrows and Krenkel (1973) suggest that
demethylation could be occurring in the liver and kidneys. Trout have been observed
to have increased mucus production in the presence of sublethal concentrations of
mercuric chloride (Lock and Van Overbeeke, 1981). Vamasi er al. (1975) suggest
that the structural properties of the mucus covering the gill epithelium changes,

resulting in increased permeability to methylmercury.

In addition to industrial sources of mercury, there are a number of
environmental stresses that result in increased mercury concentrations in biota.
Recently, there have been mercury problems associated with "pristine” environments.

Many of these areas are remote and isolated from point sources of mercury pollution
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such as mining, chlor-alkali plants, or pulp and paper mills. Research has shown that
the cause of increased mercury levels in fish and wildlife may be acid stress,

Teservoir i or some ination of these.

Acidification was thought to aggravate the already harmful ecological impacts

of mercury ination through the ion of y (Jerneldv and

Lann, 1973; Brouzes ef al., 1977). Elevated fish mercury levels have been observed
in poorly buffered, low pH lakes in areas remote from point sources of emissions for
lakes on the Canadian Shield (Wren and MacCrimmon, 1983); in the Adirondaks
(Sloan and Schofield, 1983); in Maine (Akielazek and Haines, 1981), Michigan
(Grieb er al., 1990), and Wisconsin (Wiener ez al., 1990; Wiener, 1983); in Sweden
(Bjorklund er al., 1984; Lindqvist et al., 1984) and Finland (Verta er al., 1986); and
in Ontario (Scheider er al., 1979; Suns et al., 1980). However, several researchers
found that, in acidified waters, mercury was methylated more slowly than water at
neutral pH levels (Baker er al., 1983; Furutani er al., 1984; Ramlal er al. 1985).
Mercury concentrations in water have been closely associated with color,
possibly due to the concentration of humic and fulvic matter and the corresponding
complexations between mercury and humic material (Mierle and Ingram, 1991).
Jackson et al. (1980) found that mercury was rapidly removed from the water column
at pH 6.7 — 6.8 due to its strong electronegativity but was removed more slowly at
PH 5.1 due to its large ionic radius. Jackson er al. (1980) found that mercury formed

exceptionally strong covalent bonds with humic matter. Rask and Metséld (1991)
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found a trend towards higher mercury levels in northern pike from areas which were
either acidic or humic as compared to uncolored and nearly neutral lakes. Driscoll er
al. (1994) found a strong, positive relationship between fish mercury concentrations
and dissolved organic carbon (DOC) to a maximum of about 8 mg C/L, after which
fish mercury concentrations began to decline. Other researchers have reported
elevated mercury body burdens for fish inhabiting natural, unpolluted lakes with
humic, brown water (Hultberg and Hasselrot, 1981; Bjorklund, 1982; Paasivirta et
al., 1983; Verta et al., 1986b; Driscoll et al., 1995).

Increased fish mercury concentrations have also been observed for newly
impounded reservoirs across Canada and around the world. Once a reservoir is
impounded, mercury levels in fish begin to rise beyond the Canadian consumption
guideline of 0.5 ppm mercury. The effects of reservoir impoundment on fish
mercury concentrations are reviewed in the next section, before quantitative models

are developed.



3.0 EFFECTS OF RESERVOIR IMPOUNDMENT

Following reservoir impoundment, species shifts and rearrangements are
common as a fluvial system is converted into a lotic one (Lindstrdm, 1973).
Reservoir formation severely alters the existing chemical and physical characteristics
of an aquatic ecosystem. Impoundment of Southern Indian Lake and the diversion of
the Churchill River in northern Manitoba affected the optical, thermal, and biological
regimes (Hecky, 1984). After impoundment, lake temperatures, light available for
photosynthesis (PAR) and Secchi disk transparencies all decreased (Hecky, 1984).
Primary production in a new reservoir will change in a variety of ways depending on
the specific location (Rodhe, 1964; Funk and Gaufin, 1971; Chamberlain, 1972;
Soltero and Wright, 1975; Duthie and Ostrofsky, 1975; Pyrina, 1979; Hecky and
Guildford, 1984). Hecky and Guildford (1984) found that phytoplankton increased
the efficiency of light utilization during photosynthesis when mean light intensity was

lowered as a result of il Given d d and Secchi disk

transparencies (Hecky, 1984), Patalas and Salki (1984) concluded that compositional
changes in the zooplankton community were a result of decreased primary production.
However, in regions of Southern Indian Lake where no changes in phytoplankton
production had occurred (Hecky and Guildford, 1984), standing crops of zooplankton
decreased (Patalas and Salki, 15%4) while zoobenthos increased (Wiens and

Rosenberg, 1984).
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‘The drastic change in the distribution of fish populations after flooding could

affect exposure to mercury. After Southern Indian Lake was flooded, there was an
observed dispersion of lake whitefish out of the lake and into the diversion channel.
This may have resulted from the decrease in light pcnetration as a result of shoreline
erosion and increased levels of suspended sediment (Bodaly et al., 1984b; Newbury
and McCullough, 1984). The light intensities on the bottom during the day (Hecky,
1984) were below those required for effective schooling and feeding for most species
(Blaxter, 1970).

Increased fish productivity has been observed in new reservoirs at all trophic
levels (Ellis, 1936; Stroud, 1967; Nilsson, 1973; Bodaly and Lesack, 1984). One
species for which impoundment effects have been studied is the northern pike
(Hassler, 1970; June, 1970; 1971; Cooper, 1971). Bodaly and Lesack (1984) found
that Wupaw Bay (Southern Indian Lake) produced a very strong year class of northern
pike during the first year of impoundment. This trend has been observed in other
Teservoir systems where terrestrial vegetation becomes covered by water, providing
increased spawning habitat (Gasaway, 1970; Beckman and Elrod, 1971; Sumari and
Westman, 1969; Holcik, 1968; Domanevskii, 1957; Hassler, 1969; 1970).

The problem of increased mercury concentrations in reservoir fish populations
has been known for some time (Smith ef al., 1974; Abernathy and Cumbie, 1977;
Lodenius et al., 1983; Bodaly er al., 1984a; Boucher et al., 1985). Typically, fish

mercury levels rise rapidly in a few years following impoundment. They then
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gradually decline, remaining above the normal background levels observed for natural
environments for many years (Johnston ef al., 1991). The observed rate of decline in
fish mercury concentrations is variable. Initial investigators suggested a return to
baseline mercury concentrations within five years (Abernathy and Cumbie, 1977; Cox
et al., 1979). More recently Bodaly et al. (1984a) predicted a slower decline with
fish mercury levels remaining elevated for decades. Even after mercury found in lake
sediments has been depleted, biomagnification in higher organisms is expected to
continue for some time (Hildenbrand et al., 1975; Pfister, 1978). Verta (1984)
proposed that elevated fish mercury body burdens can occur even if the mercury
loading is low due to an efficient recycling of methylmercury through lacustrine food
webs. Ramsey (1990) estimated that fish mercury levels would remain elevated by a
factor of 2 ~ 3 for at least 50 years and mercury concentrations could remain
elevated above the baseline level for as long as 150 years. Cox et al. (1979) note that
if impoundments are used for fisheries, there needs to be close monitoring of mercury
levels in predatory fish.

After impoundment the source of mercury to fish is not apparent because
excessive mercury levels are not typically present in the water (Meister e al., 1979).
‘The primary source of mercury to new impoundments is not anthropogenic. Meister
et al. (1979) identified inundated soil as the source but other sources are possible
(Cox et al., 1979). Smith et al. (1974) suggested that the mercury source to a Utah

reservoir was either insoluble mercury salts or sulfides found in the mud. Meister et
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al. (1979) hypothesized that mercury was being assimilated through food sources
rather than directly from the water column. These authors eliminated point source
pollutants as the mercury source because fish showed no unusual levels of other heavy
metals or pesticides.

‘The flooding of terrestrial soil and vegetation during impoundment adds both
inorganic mercury and organic nutrients to the aquatic system. The bottom of the
reservoir is disturbed by washouts and flooding, resulting in a release of organic
matter and nutrients from decomposition (Grim4s, 1965). Also, nutrients are released
from cleared land around new reservoirs (Romell, 1967). These additions can
accelerate microbial methylation (Rudd er al., 1980a; Wright and Hamilton, 1982;
Bodaly et al., 1984a). Substantial methylation occurred in the three years following
impoundment of La Grande 2 Reservoir in northern Quebec (Verdon er al., 1991).
‘The decomposition of organic matter (i.e. inorganic carbon, total phosphorous)
peaked after three or four years (Schetagne, 1990).

Hecky et al. (1991) suggested that the organic matter from flooded soil and
vegetation has a greater impact on fish mercury levels than either inorganic mercury
or nutrients. Measures of organic content have been linked to fish mercury
concentrations in both natural lakes (McMurtry et al., 1989) and reservoirs (Mannio
et al., 1986; Verta et al., 1986a). When primary production is stimulated, there are
two opposing mechanisms affecting the concentration of mercury in fish. In the first

process, the increased supply of algal carbon sti the
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bacteria, eventually increasing fish mercury body burdens at upper trophic levels
(Furutani and Rudd, 1980; Rudd e al., 1983; Rudd and Turner, 1983b). In the

second process, the stimulation of primary production tends to reduce the

of y in fish if the bi ion of mercury is diluted
by faster fish growth rates (Rudd and Tumner, 1983b; deFreitas et al., 1974; Beijer
and JernelGv, 1979). Thus, the tissue concentration of mercury in faster growing
species (i.e. prey) would be lower relative to the slower growing species (i.e.

predators). However, in field experiments, Rudd ef al. (1983) found that increasing

fish growth rates through sti ion of primary ion resulted in

increases in fish mercury body burdens. Under natural conditions, Abernathy and

Cumbie (1977) found that mercury levels in bass (/ )7
from three reservoirs in the same drainage basin of the Southeastern United States
were highest in younger, relatively oligotrophic reservoirs and were significantly

lower in older, more eutrophic reservoirs.

of mercury oceurs at every level in aquatic food
chains (Nriagu, 1979). Algae accumulate and concentrate mercury from the water
primarily by surface absorption and also by adsorption (Hannerz, 1968; Glooschenko,
1969). For algae, the uptake of both organic and inorganic mercury is proportional to
the length of exposure and the concentration (Fang, 1973; Mortimer and Kudo,
1975). Since forage fish contain much higher concentrations of methylmercury than

zooplankton (Jemelév and Lann, 1971; Cox et al., 1975), it has been suggested that
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large, piscivorous species may ingest most of their mercury body burden through the
food chain while lower trophic feeders may absorb most of their mercury via the skin
or gills (Bruce, 1984; Phillips and Buhler, 1978; Armstrong and Scott, 1979; Boétius,
1960; Hannerz, 1968; Hasselrot, 1968; Amend er al., 1969; Backstrom, 1969;
Rucker and Amend, 1969; Olson et al., 1973; Olson and Fromm, 1973; Uthe ef al.,
1973; deFrietas ef al., 1974; Hasselrot and Géthberg, 1974). Some higher species
may possess the ability to convert inorganic mercury into methylmercury (West66,
1968; Imura et al., 1972). Pennachioni er al. (1976) could find no evidence of
methylation in fish. Rudd er al. (1980a) suggested methylmercury was being
produced by methylating microbes in the intestines of fish. The ccnflicting reports

and di ing mercury bi ion in fish arises both from a lack

of information conceming the specific mercury exposure regimes experienced by fish
and from a lack of quantitative data relating food uptake to water uptake (Phillips and
Buhler, 1978).

Adsorption of mercury from the water column is another pathway for mercury
accumulation in fish. Wobeser ef al. (1970) suggested the epithelia was an important
route for direct mercury accumulation. In their opinion, this may partially explain the
lack of specific variation in fish mercury concentrations, even among species with
different feeding habits. Some authors have suggested that mercury is taken up
through a fish’s mucus layer and/or through the skin (McKane ef al., 1971; Burrows

et al., 1974). Strange et al. (1991) suggested that passive accumulation of mercury is
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highest in littoral zone species (e.g. northern pike), which spend a majority of their
time nearshore where methylation rates are highest,

The food chain is a critical source of mercury to fish (Huckabee er al., 1978;
Huckabee et al., 1975; Lock, 1975). Huckabee et al. (1978) found that about 50% of
the muscle mercury content was derived from the food. Surma-Aho er al. (1986a,
1986b) suggested that large amounts of methylmercury or mercury that was ready to
be methylated are dissolved into the water phase and accumulated, particularly by the

, following i Boudou et al. (1979) demonstrated

that, for a simple food chain consisting of a green algae (Chlorella vulgaris), a
zooplankter (Daphnia magna) and first level carnivorous fish (Gambusia affinis), the
quantities of the substance bioaccumulated by the consumer fish corresponded to the
amount of mercury ingested. Potter er al. (1975) and Lodenius ez al. (1983) found
that species in the highest trophic levels had the highest tissue mercury
concentrations. For Labrador fishes, Bruce and Spencer (1979) observed the highest
(> 0.5 ppm) mean mercury values in the two piscivorous species studied (lake trout
Salvelinus namaycush and northern pike) while lower mercury levels (< 0.5 ppm)
were observed in the non-piscivorous species (whitefish Coregonus clupeaformis,
white sucker Catostomus commersoni, longnose sucker Catostomus catostomus, and
brook trout Salvelinus fontinalis). Similarly, Smith et al. (1974) found a trophic level
effect for mercury concentrations in fish from a Utah reservoir, with predators having

the highest mercury body burdens. Surma-Aho et al. (19862, 1986b) showed that, in
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Finnish lakes and reservoirs, the concentration of mercury increased substantially up

the food chain. Phillips er al. (1980) showed that mercury was accumulated more
rapidly in piscivorous species (northern pike, sauger and walleye) than in
planktivorous species (black and white crappies) apparently due to the amount of
mercury consumed. Further evidence for food chain bioaccumulation of
methylmercury comes from laboratory experiments (Kania ef al., 1974). Fish
demonstrated decreased ability to avoid predators as sublethal concentrations of
mercury increased. This result indicates that, under natural conditions, predatory fish
could have high body burdens of mercury because mercury enriched prey are easier to
catch and less energy is required to catch them,

The physical and chemical istics of an aquatic may limit,

enhance, or otherwise modify a fish’s uptake of mercury from the water (Burkett,
1974). Lathrop er al. (1991) list several variables that influence fish mercury levels.
Briefly these include: sediment mercury (Hikanson, 1980; Hikanson er al., 1988;
Cope et al., 1990); chlorophyll-a, total phosphorous, and other lake bioproductivity
indices (Hakanson, 1980; Helwig and Heiskary, 1985; Lawrop e al., 1989); water
aluminum (Helwig and Heiskary, 1985); dissolved organic carbon or color (McMurtry
et al., 1989; Cope et al., 1990; Grieb er al., 1990); sediment organic matter
(Hakanson, 1980; Verta er al., 1986a; Cope et al., 1990); and lake morphometry
(Wren and 1acCrimmon, 1983; Helwig and Heiskary, 1985). Increased temperature

has been skown to increase fish mercury levels because fish are less tolerant of
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mercury at higher temperatures (Amend, 1969; Hasselrot, 1968; Boétius, 1960;
MacLeod and Pessah, 1973). The rate of methylmercury uptake in fish has been
positively correlated with metabolic rate and oxygen consumption in natural
environments (Rodgers and Beamish, 1981) perhaps because fish increase their
exposure to methylmercury by respiring larger volumes of water (Ponce and Bloom,
1991). Generally, factors that influence metabolic rates are the same as those that
control mercury kinetics: the amount of mercury to which the organism is exposed
(concentration in ambient water, sediment and food); temperature; water quality (pH,
total dissolved solids, dissolved oxygen, degree of eutrophication, complexing ligands,
etc.); sex; breeding status; ingestion rate; species; and metabolic differences (Nriagu,
1979; Forrester et al., 1972; Olsson, 1976; Bishop and Neary, 1977; MacLeod and
Pessah, 1973). Weight and age also affect mercury accumulation by fish because
large, older fish tend to have higher mercury concentrations than small, younger fish
(Uthé and Bligh, 1971; Jernel6v and Lann, 1971; Branson ef al., 1975). Scott and
Armstrong (1972) found a positive correlation between mercury concentration and fish
length. Similarly, mercury concentration was found to increase with fish length for
all species collected from the Tongue River Reservoir in Montana (Phillips et al.,

1980). A positive relationship was also demonstrated between time of exposure to

ry and tissue ions of mercury ( itas et al.,
1977). Wren and MacCrimmon (1986) suggested that exposure time to waterborne

mercury is less important than diet type in determining tissue mercury levels from



inhabiti it lake envi Variation in fish mercury

concentrations may be due to ions in fc ion and ition of
methylmercury in response to differences in water chemistry between lakes,
differences in mercury loading, watershed to lake area ratios and retention of mercury
by watersheds (Mierle and Ingram, 1991).

Like other chemical in aquatic the

concentration of methylmercury is regulated by the concurrent processes of production
and degradation (Brosset, 1981; Lexmond et al., 1976). Inorganic mercury and

mercury ini can be rapidly by microbial action in

aquatic environments (Ramlal er al., 1987). Anaerobic conditions enhance microbial

methyl transfer which occurs when the methyl groups (CH,*) are transferred from

{CH,-Co-5,6-di imi ide) to the mercuric ion
(Hg?*) to form methylmercury (CH,Hg*) using both enzymatic and nonenzymatic
reactions (Wood et al., 1968; Sorensen, 1991). Bacteria capable of synthesizing
alkylcobalamines in the presence of increased levels of nutrients also enhance
methylation (Sorensen, 1991). Meister et al. (1979) suggested that anacrobic
conditions favour the uptake of mercury from the soil through methylation under
conditions present in lake sediments. Other bacteria eliminate methylmercury from
aquatic systems by converting it to methane (CH,) and elemental mercury, Hg®
(Tonomura and Kanzaki, 1969; Tonomura et al., 1972).

In reservoirs, most methylation takes place in flooded zones (Ramsey, 1989)



where the methylation/demethylation ratios are higher than at deep water sites
(Ramsey and Ramlal, 1987). In Southern Indian Lake in northern Manitoba, the
highest methylation/demethylation ratios occurred along the flooded shoreline (Ramlal
et al., 1986). This provides one explanation for increased mercury body burdens of
fish following impoundment since most fish species spend the majority of their time in
the littoral zone where habitat and feeding conditions are favourable. This
observation points to increased bacterial methylation under aerobic conditions due to
the oxygen regime associated with the littoral zone of most reservoirs. In contrast,

Rudd er al. (1983) and Parks et al. (1984) found that, for the highly polluted

igoon-English River system, ion rates were orders of magnitude higher
under anaerobic conditions than under aerobic conditions. It appears that the
observed differences between anaerobic and aerobic conditions are likely a function of
the microbial species present, the microbial community’s growth rate and the
availability of mercuric ion species for methylation, rather than due to direct effects
of oxygen concentrations.

In general, reservoir creation leads to elevated mercury levels at all levels of
the aquatic food chain, especially in fish. The ability to predict these levels prior to
impoundment would be useful in future environmental impact assessments (Johnston
et al., 1991). Bodaly e al. (1984a) found that fish mercury levels responded quickly
to impoundment, with substantial increases within the first two to three years.

Mercury concentrations in fish in Manitoba reservoirs showed no significant decline
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after five to eight years of impoundment (Bodaly ef al., 1984a). Assuming that the

increase in y ion is i to the amount of organic matter
introduced to the system, a relationship between the extent of flooding (ie. organic
matter inundated) and mercury levels in reservoir fish is expected (Bodaly ef al.,
1984a; Johnston er al., 1991). The largest mercury flux to fish is seen where the rise
in lake level and the areal extent of flooding are the greatest (Jackson, 1987).
Modelling fish mercury levels as a function of extent of flooding in reservoirs
has been attempted with mixed results. Jones et al. (1986) related fish mercury
concentrations to several physical and chemical characteristics of Canadian reservoirs.
They found that the extent of flooding was not a useful predictive variable by itself.
Johnston et al. (1991) also modeled fish mercury concentrations as an extent of
flooding using two linear models. Their study included within-lake effects (change in
surface level, percent flooding and flooded area to volume ratio) and upstream effects
(upstream percent flooding and upstream flooded area to volume ratio). Johnston er
al. (1991) demonstrated that upstream effects had a greater explained variance than
within-lake effects but indicated that differences between predicted and observed mean
mercury body burdens for some test cases may have been caused by the equal
weighting given to with-in lake and upstream effects. The models of Johnston ef al.

(1991) also indicated the presence of i i as some

were closer to the observed-predicted line than otters. Hakanson ef al. (1988) found

a weak inverse correlation between lake size and mercury concentration in northern
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pike in Swedish lakes, while McMurtry et al. (1989) found a positive correlation
between the same two variables for Ontario lakes. For natural lakes in northwestern
Ontario, Bodaly et al. (1993) found a strong inverse relationship between fish
mercury concentrations and lake size. Also, fish mercury coucentrations have been
correlated with watershed area (Verta et al., 1986b; McMurtry et al., 1989; Suns and
Hitchin, 1990). The results of these correlative studies are conflicting, perhaps
because of the difficulty of isolating mechanisms in such studies. Experimental
studies designed to identify mechanisms of mercury methylation showed that the
addition of organic matter increased the rate of microbial activity and subsequently,
the rate of mercury methylation (Rudd ez al., 1983). As part of the Experimental
Lakes Area Reservoir Project (ELARP), Heyes er al. (1994) showed that newly
flooded peat is ideal for sustaining high methylation rates due to increased
temperatures and carbon and nutrients from decaying vegetation. Based on
experimental studies (e.g. Rudd et al., 1983; Heyes ef al., 1994), and on

with area (e.g. Verta er al., 1986b; McMurtry et

al., 1989; Suns and Hitchin, 1990), I investigated whether change in fish mercury

concentrations can be predicted from change in reservoir size.



4.0 MODEL DEVELOPMENT

A variety of factors can influence the tion of mercury in

biota (Huckabee et al., 1979). Comprehensive models of the kinetics of mercury in
natural aquatic environments have not been developed (Bisogni, 1979) as they have
for limiting nutrients such as phosphorus (Grimard and Jones, 1981). One
consequence of this is that quantitative assessments of change in fish mercury levels
due to development or alteration of reservoirs cannot be made. Recently, Harris et
al. (1994) have developed a mass-balance mercury model using bioenergetics
equations to simulate mercury dynamics following reservoir impoundment.
Bioenergetics equations are commonly used to describe mercury accumulation by fish
(e.g. Norstrom er al. 1976; Korhonen er al., 1995). Parameters for Harris's model
are currently being refined in an ongoing project involving Tetra Tech Inc.,
Department of Fisheries and Oceans Freshwater Institute, and Hydro Quebec. The
predecessor of the current model was developed as part of a Master’s thesis in
conjunction with Ontario Hydro (Harris, 1991).

‘Work to date on the biogeochemistry of mercury in natural waters has focused
largely on experimental studies of single factors under laboratory conditions although
more recent studies on the biogeochemistry of mercury have been field oriented.
These studies can provide some insight into the kinetics of mercury in natural systems

but cannot be used to evaluate change in mercury level in fish under natural
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conditions for several reasons. First, quantitative models have been developed from
some factors but not for others. Second, the relative contributions of concurrent
processes remain unknown. A third reason is that considerable unexplained variation
exists in those parameters that have been estimated. Given the current state of
knowledge, it is not feasible to construct highly detailed models based on a large
number of parameters describing important processes leading to mercury uptake by
fish,

An alternative to highly detailed models is the development of aggregate
models that summarize the relation of a variable of interest (i.e. mercury levels in
fish) to one or more readily measured env..onmental variables of known importance
(i.c. change in area). Parameters of highly aggregated models can be completely
empirical (Ryder, 1965; Peters, 1986), a hybrid of empirical and rational parameters
(Platt er al., 1981), or completely rational (Lehman, 1986). The present study
presents two hybrid models to describe increase in mercury levels in fish as a function
of change in reservoir size. This variable (change in area) was chosen for several
reasons.  First, this variable is easily obtained prior to impoundment thereby allowing
for a useful prediction of fish mercury levels. The area of the lakes to be flooded can
be calculated and the area of the reservoir has already been estimated by the
hydroelectric developer. The evidence from correlation studies (e.g. Johnston et al.,
1991; Bodaly et al., 1993) indicates that the change in area is a key variable. In

addition, previous studies indicated that the source of mercury to new impoundments
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was the flooded soil (e.g. Meister ez al., 1979; Bodaly er al., 1984a), which would

vary with reservoir size. Finally, experimental studies have shown that the addition
of organic matter increases the rate of microbial methylation (e.g. Rudd er al., 1983;
Heyes et al., 1994).

Bodaly er al. (1984a) first reported that the increase in mercury body burdens
of three fish species appeared to be related to the change in flooded terrestrial arca.
This informal (verbal) model was used to develop a formal model as follows. Change

in body burden can be defined formally as a ratio:
Ry = Ma M. )
where M, is mercury body burden (ppm) of fish in the postimpoundment reservoir

and M, is mercury body burden (ppm) of fish in the preimpoundment lakes.

Preimpoundment fish mercury levels are easily obtained and are a necessary

for envi impact A ing this ratio increases in

proportion to increase in mercury load:

dRy/IH =k @

and
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Ry = kH 3

where H is total mercury load of a reservoir (g km™), and k; is a coefficient
measuring transformation of environmental mercury into tissue mercury. These
equations assume that k; does not change due to reservoir creation. Environmental
load (H) can be partitioned into two components, the dilution of the present load (due
to an increase in volume), and the enrichment by the added load (due to an increase

in flooded area). That is:

H=coViVi" + (A= A) Vi @

where ¢, is the mercury concentration prior to flooding (g km=3); V. is the lake
volume (km’) prior to flooding; Vy is the reservoir volume (km?) after flooding; cs is
the concentration of mercury released from the soil (g km™2); A, is the lake area
(km?) prior to flooding; and A, is the reservoir area (km?) after flooding.

For geometrically similar bodies of water:

V =by A ©®)

where § is a dimensionless shape factor with values of approximately 3/2 and by is a

constant with dimensions of length’~?, For lakes and reservoirs on the Canadian
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shield, the value of S falls closer to 4/3 than 3/2, based on regression estimates

(Schneider and Haedrich, 1989):

V =8.2674x 107 AV (6)

The estimated shape parameter (S = 1.321), differs significantly from 3/2:

t = (1.50 — 1.321)/0.05306 U]

where the denominator is the root mean squared residual from a regression of the
logarithm of volume against the logarithm of area, using data from Ryder (1965).
The probability of obtaining the observed t-ratio of 3.37 under the null hypothesis S
= 3/2,isp < 0.001, df = 22, using the t-distribution,

Substituting equation (6) into (4), and then (4) into (3) gives:

Ry = ki ey (AJADY + ki Cs (Ag = A) by AT ®)

This model, which is a hybrid between a purely empirical and a purely rational
model, assumes that mercury concentration in fish changes in direct proportion to
environmental load (H).

An alternative model is that change in mercury level in fish is proportional to



change in mercury loading:
H' 3R, /3H =k ©
and hence
Ry = ¢ (10
Taking natural logarithms and substituting (6) into (4), and then (4) into (10) gives:
InRyY = k¢, (A/ADYH + k; o5 (Ag — AY by~ A1 [¢3)]

Equations (8) and (11) are formal expressions developed from the informal model of
Bodaly ef al. (1984a) that fish tissue mercury depends on the amount of area flooded.

The goodness of fit of the data to an equation was evaluated by least squares
regression, weighted for sample size. Goodness of fit was measured as the variance

explained by multiple regression of observed values of Ry, against a set of explanatory



40

variables. For equation (8), Ry was regressed against a dilution factor (D) and an

enrichment factor (E):

Ry = byD +byE (12)
where D = (A/Ap"" and E = (Ag — A by™' Ag™"*. by, is an estimate of ki,
(equation 8) and by, is an estimate of kcs (equation 8). For equation (11) the
regression equation was:

In(Ry) = bpD + bk (13

where by, is an estimate of k¢, (equation 11) and by, is an estimate of kycg (equation

11). Calculations were carried out with the SAS package (SAS, 1985).



5.0 METHODS AND MATERIALS

5.1 Location of Reservoirs Used in this Study

Three major regions were chosen for this study, due primarily to mercury
monitoring efforts in these regions. The first region was northern Manitoba and
contains the reservoir complex created during the Southern Indian Lake/Churchill
River Diversion Project (Figure 2). The second region was northern Quebec and
contains the La Grande Complex (Figure 2). The reservoirs in this region were also
created for the purpose of hydroelectric generation on a very large scale. The third
region was insular Newfoundland (Figure 2). These developments are not on the
same scale as either the Southern Indian Lake/Churchill River Diversion Project or
the La Grande Complex, but were also created for the purpose of hydroelectric
generation,

1t is important to note that many of the reservoirs used in this study were

impounded before mercury monitoring became a priority. 'This is especially true for
many of the reservoirs impounded as part of the Southern Indian Lake/Churchill
River Diversion Project and many of the reservoirs impounded in insular
Newfoundland. Therefore, in order to determine "baseline" mercury concentrations,

selected lakes within the same region were used as control lakes. These lakes were

isolated from the reservoir systems under study and were remote from point sources
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of mercury input.

Figure2 Location of the three main areas of study: (1) Southern Indian
Lake/Churchill River Diversion Project; (2) La Grande Complex; (3) Cat Arm
Reservoir.
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5.1.1 Southern Indian Lake/Churchill River Diversion Project -- Northern Manitoba

‘The Southern Indian Lake/Churchill River Diversion Project, located in
northern Manitoba, diverted the Churchill River south for the purpose of hydroelectric
generatic~. Figure 3 is a map of this project (after Newbury ef al., 1984). This
region has been described in detail by Newbury er al. (1984). Briefly the climate of
this region can be classified as continental, consisting of long cold winters and short
cool summers. In winter, severely cold waves of polar continental air move
southeastward across the region. The summer pattern is characterized by frequent
cool periods following eastward-moving cyclones. The annual mean temperature for
this region of Manitoba is —5°C. The annual precipitation is about 430 mm,
associated with frontal weather systems. One third occurs as snow during the mid-
October to late May. Snow cover period lasts approximately 200 days, with an
average accumulated depth of snow of about 60 cm. The period of ice cover on
Southern Indian Lake lasts from early November to late May. The vegetation in the
Southern Indian Lake region is typical of the wide band of boreal forest or taiga that
crosses midlatitude Canada. The black spruce (Picea mariana) is the predominant
tree species in most areas while tamarack (Larix laricina) occurs in most of the
wetlands in this region. Jackpine (Pinus banksiana) is abundant in well drained areas
of the northern third of the basin and deciduous species are interspersed in the conifer
forests (especially with recent fires). The most common species are aspen (Populus

tremuloides), balsam poplar (Populus balsamifera), paper birch (Betula papyrifera),
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willow (Salix spp.) and alder (Alnus spp.). The aquatic fauna is diverse. Seine

catches have indicated the presence of: spottail shiner (Notropis hudsonius); emerald
shiners (Notropis atherinoides); and yellow perch (Perca flavescens); while northern
pike (Esox lucius); walleye (Stizostedion vitreum vitreum); and lake whitefish

(Coregonus cli are the i ial species.

‘The impoundments created as part of this massive river diversion had

effects on li gi it light available for
photosynthesis, and Secchi disk transparencies have all declined since impoundment.
In addition, alteration of energy flux and storage terms in the lake's energy budget (a
primary effect) was caused by increased mean depth diluting heat income in all
regions. The impoundment of Southern Indian Lake has resulted in higher
efficiencies of primary production in all regions, as indicate by higher light-saturated
rates of carbon uptake per unit chlorophyll and by higher initial slopes of the
hyperbolic light response relation of the suspended sediment from eroding shorelines,

while deeper areas had relatively light i C ison of the

mean water column light intensities from those turbid regions with the values of
(light intensity at the onset of light saturation) for phytoplankton indicated that these
turbid regions are now light deficient on average. Phosphorus deficiency prior to
impoundment as indicated by alkaline phosphatase activity per unit ATP, has been
eliminated as the mean water column light intensity declined below 5 mEinsteins m~?

min~!, Table 1 (after Hecky er al., 1984) shows differences observed before and
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after impoundment for various regions of Southern Indian Lake. Inundation ratio is
the proportion of flooded land to postimpoundment water area (Wiens and Rosenberg,
1984). Table 2 (after Bodaly ef al., 1984a) shows the changes in water level and

surface areas of several lakes impounded as part of this project.



Table 1: C of

and

factors for four Southern Indian Lake regions before and after impoundment

(Hecky et al., 1984).
REGION
Pre Post Pre Post Pre Post Pre Post
Inundation ratio o 0.09 0 0.16 0 031 0 0.08
Mean depth (m) 8.0 10.1 121 13.0 49 59 35 5.8
Flushing time (yr) 0.12 0.17 023 1.4 L5 2.8 42 0.03
Temperature change (°C) 0 -08 0 -13 0 -1.4 0 =13
Suspended sediment 32 81 1.2 63 1.7 4.1 3.0 1.0
(mgL™)
I (mE m™2 min~) 62 40 100 49 159 98 139 55
Secchi disk (m) 1.4 09 29 1.3 30 23 1.6 0.7
Erosive input g m~2yr™) =0 1390 0 3312 0 770 =0 1700
Primary production 530 460 570 S60 400 720 220 290
(mg m~2d~Y)
Chlorophyll (mg m~%) 46 50 29 40 24 4.4 1.9 3.6
Zooplankton biomass 905 707 930 625 1855 957 1486 933
(mg m™)
Zoobenthos density 6200 5500 3800 8300 2800 6100 1000 1500

# m™)
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Figure 3 Location of reservoirs impounded as a result of the Southern Indian
Lake/Churchill River Diversion Project (after Newbury ez al., 1984).
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Table 2: Changes in water level and surface area of several lakes affected by the
Churchill River Diversion Project (Bodaly ef al., 1984a)

Lake Pre- Post- Pre- Post- Relative
i i Change
Level (m) Level (m) Area (km?) Area (k) (%)
Southern Indian 255.0 258.0 1977 2391 +21
Notigi Reservoir' 153 584 + 282
Issett 250.6 258.2 3.7
Karsakuwigamak 248.1 258 18.8
Pemichigamau 2478 258 19.3
Central Mynarski 251.1 258 1.5
‘West Mynarski 249.0 258 6.2
Rat 247.8 257.9 784
Notigi 242.0 2572 15.1
Wapisu 239.9 2432 49 67 +37
‘Threepoint 239.0 242.6 s 103 +31
and Footprint
‘Wuskwatim 231.0 233.0 70 9 + 13

1 - Preimpoundment water area for Notigi reservoir is the sum of the several lakes
(listed under Notigi Reservoir) that existed before impoundment
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5.1.2 La Grande Complex -- Northern Quebec
The La Grande complex located east of James Bay in northern Quebec is
shown in Figure 4 (after Brouard er al., 1989). The La Grande Complex has been
described extensively by Brouard et al. (1989). Briefly, the watershed covers some

175 000 km?. ‘The climate in this area is typically cold continental due to its location

in the humid subarctic zone. The annual mean is —4°C. The

winds blow from the west to the east and precipitation increases gradually from west
to cast, diminishing from south to north. The annual mean precipitation for this area
is 765 mm. The hydrological regime is governed by rain and snow with heavy spring
floods, decreased summer runoff and rain-induced fall flooding. Typically, there is
very low runoff from November to early May followed by ice break-up and flooding
until early June. The vegetation in the La Grande complex is dominated by open
forests of black spruce, jack pine, larch and aspen. There are numerous peat bogs,

especially on the coastal plain. The is i by eri shrubs,

moss and lichens while riparian vegetation is dominated by willow shrubs. The
terrestrial fauna of this region consists of 39 mammal species. In general, wildlife
densities are lower than more southerly areas. The James Bay coast is characterized
by high-potential waterfowl habitats. The aquatic fauna is also quite diverse and rich,
There are 27 species of fish including: longnose sucker (Catostomus catostomus);
white sucker (Catostomus commersoni); lake whitefish (Coregonus clupeaformis);

cisco (Coregonus artedii); northern pike (Esox lucius); lake trout (Salvelinus



namaycush); walleye (Stizostedion vitreum); brook trout (Salvelinus fontinalis);
landlocked salmon (Salmo salar); burbot (Lota lota); lake sturgeon (Acipenser
Jfulvescens); yellow perch (Perca flavescens); and round whitefish (Prosopium
cylindraceum). Typically, these fish exhibit slower growth than in southern Quebec
but with longer lifespans, lower fecundity, later sexual maturity and spaced
reproductive cycles. The water in the La Grande complex is highly transparent
(secchi depth = 1.5 to 4.0 m); very well oxygenated (80% to 100% saturation);
slightly acidic (5.9 to 6.9 pH units), slightly buffered (0.6 to 11.0 mg L™"
bicarbonate), has a low mineral content (8 to 30 uS em™), is relatively rich in

organic matter and poor in nutrients (0.004 to 0.01 mg L' total phosphorous). Table

3 izes some of the istics of La Grande Complex reservoirs (after
Brouard ef al., 1989). It is important to note that during the impoundment of La
Grande 3 reservoir, there were some delays. There was an initial filling period of
about 13 months then impoundment was halted for an additional 13 months due to
technical difficulties. A second period of filling followed, lasting 12 months.

However, 75% of the reservoir’s surface had been flooded after the first year.



Table 3: Characteristics of La Grande Complex Reservoirs after Brouard ef al. (1989)

Reservoir Mean Maximum Area of Mean Total Water Mean Impoundment
Drawdown Area of Flooded Depth Volume Residence Annual Period
(m) Water Land (m) (10° m’) (months) Flow (year-month)
(Maximum (km?) (k) (%) (@ s™)
Drawdown)
La Grande 33 2835 2630 220 61.7 6.9 3374 78-11to
2 an 92%) 79-12
La Grande 5.5 2420 2175 244 60.0 1.0 2064 81-04 to
3 (122) ©0%) 8408
La Grande 8.0 765 700 294 19.5 4.8 1534 83-03 10
4 11.0) (89%) 8311
Opinaca 3.6 1040 740 82 8.4 38 845 80-04 to
@.0) 1%) 80-09
Caniapiscau 2.1 4275 3430 16.8 53.8 25.8 790 81-10 to
(12.9) (20%) 84-09

19
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Figure 4 Location of reservoirs impounded in the La Grande Complex located in

northern Quebec (after Brouard ez al., 1989).



53
5.1.3 Newfoundland
The Newfoundland region consists of three separate reservoir systems. One
system contains Cat Arm Reservoir, the only reservoir impounded on the Great
Northern Peninsula. The second system is also a single reservoir system that contains

the Hinds Lake i The third d system is the Bay d’Espoir

area, which contains a series of several reservoirs. Long Pond Reservoir is located
within this reservoir complex. Table 4 shows some of the physical characteristics of

the reservoirs and control lakes found in insular Newfoundland.

CAT ARM RESERVOIR

Cat Arm Reservoir was constructed on a plateau in a mountainous area of the
Long Range Mountains, on the Great Northern Peninsula of Newfoundland. Figure 5
is a map of Cat Arm Reservoir (after Newfoundland and Labrador Hydro, 1981).
The Cat Arm Reservoir region has been described by Beak Consultants Ltd. (1980a;
1980b). Briefly, the climate of this area can be described as having short, cool
summers and long, cold winters. Most of the precipitation in this region falls during
the winter months as snow. The Cat Arm watershed has been glacially smoothed and
scoured to the bedrock and only a thin overburden of glacial till remains. Prior to
flooding, Cat Arm Lake showed no evidence of thermal stratification and oxygen
levels were near saturation at all depths. Typical of many Newfoundland systems, the

Cat Arm system supports relatively few species and a relatively small biomass with
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the predominant phytoplankton being Chrysophyta. Nutrient levels are low and

flushing rates are high thereby limiting the build up of phytoplankton communities.

Resident fish populations consist of brook trout and Arctic char. Like many other

areas of the fish ions can be ized as being abundant,
slow-growing, short-lived and small in body size. The vegetation around Cat Arm
Reservoir has an abundance of fir and spruce in the sheltered valleys of the mountain
range. Scrub transition zones are typical between the wetlands and the wooded areas.
The waterfowl of the area is limited. The area generally supports Canada geese,
black ducks, and mergansers. It is believed that other bird species also inhabit this
area. Moose and caribou are the primary big game mammals in this area, Other
furbearing mammals are also believed to inhabit the area around Cat Arm Reservoir,

notably the Newfoundland pine marten.



Table 4: Characteristics of Reservoirs and Control Lakes in Newfoundland

Reservoir Surface Area of Water Mean Depth  Impoundment
Area Flooded Residence (m) Period
(km?)  Land (km?) Time (year-month)
(%) (days)
BAY d’ESPOIR
Great Burnt Lake 55 25 3 10 82-11 to
45%) 83-05
Cold Spring Pond 17 T 2 8 82-11 to
(41%) 83-05
Long Pond 210 130 45 16 66-12 to
(62%) 67-05
Rocky Pond 7.9 N/A unknown unknown N/A
(Control)
HINDS LAKE
Hinds Lake 46.54 21.41 144 unknown 79-11 to
(46%) 80-05
Eclipse Pond 3.9 N/A unknown unknown N/A
(Control)
CAT ARM
Cat Arm 52.40 43 199 18 84-05 to

(78%) 85-06
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Figure 5 Map of Cat Arm Reservoir (after Newfoundland and Labrador Hydre,
1981).

5.1.4 Summary
Each of the three regions have their similarities and differences. Major

similarities include climate and forest vegetation. Each of the three regions, northern

Manitoba, northern Quebec and are typical north boreal
regions. The climate of these regions is continental, with long cold winters and short
cool summers. The ice-cover period is typically November to May. The vegelation,

coniferous forest, is also comparable between euch of the three regions.
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The most notable difference between the three regions is the aquatic fauna,
which is more diverse in northern Manitoba and northern Quebec than in

Common ial fishes of the former areas include northern

pike, walleye, and lake whitefish. Other species of note are yellow perch, longnose
sucker, white sucker, burbot and cisco. Cyprinids are common in these regions. In
contrast, Newfoundland reservoirs only contain salmonids. Typically brook trout and
ouananiche (landlocked Atlantic salmon) are the species present but Cat Arm
Reservoir contains only Arctic char and brook trout. There are no cyprinids present
and the only forage fish, found in some reservoirs, is the stickleback.

Differences also exist in geology. Reservoirs impounded as part of the
Southern Indian Lake/Churchill River Diversion Project and the La Grande Complex

were created on the Canadian Shield. The reservoirs impounded in Newfoundland lie

on sedimentary rock of the A ians (western or

seafloor (central Newfoundland).

5.2 Mercury Data Used in the Analyses

It is important to note that mercury in fish is predominately in the

methylmercury form (Westdd, 1966, 1973; Bache er al., 1971; Kamps et al., 1972;

Bishop and Neary, 1976; Bloom, 1992) as it is for man;’ other types of aquatic
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organisms. Wobeser et al. (1970) found that the concentration of mercury in fish

livers and kidneys was about two times that found in the muscle. However, fish
muscle mercury concentrations are generally reported since the muscle is the part of
the fish commonly consumed by humans.

Fish mercury concentrations were determined in a comparable manner between

each of the three regions, Manitoba, Quebec, and Newfoundland. Mercury

for fish in irs i as part of the Southern Indian
Lake/Churchill River Diversion Project in northern Manitoba were based on muscle
samples. These samples were analyzed by the procedure described by Hendzel and
Jamicson (1976) (Bodaly er al., 1988; Strange er al., 1991; Strange, 1993). Mercury
concentrations for fish in La Grande Complex reservoirs were also based on muscle
tissue (fillets). The muscle underwent acid digestion (Environment Canada procedure
Nagquadat method No. 80601-2) and mercury levels were determined by an atomic
absorption spectrophotometer (Brouard er al., 1989). Mercury concentrations for Cat
Arm Reservoir brook trout and Arctic char and Long Pond Reservoir brook trout and
ouananiche (landlocked Atlantic salmon) were determined by the Fish Inspection Lab,
Department of Fisheries and Oceans, St. John's, Newfoundland (LeDrew, Fudge
Associates Limited, 1992; Buchanan, 1990; 1991; 1993; 1994). Mercury
concentrations were determined for fish muscle (fillet) samples using flameless atomic
absorption techniques (Uthé et al., 1970; Armstrong and Uthé, 1971; Hendzel and

Jamieson, 1976). Fish mercury data is presented in Appendix A.
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5.3.1 Definition of the Response Variable

‘When a reservoir is impounded, it is known that the mercury levels in all
biota inhabiting the flooded lakes will increase. In general, fish mercury levels
increase quite rapidly following impoundment and it is of interest to predict the

change in fish mercury ions following i Also of concern,

especially for commercial and native groups, is how high the mercury levels will
increase and whether fish body burdens will surpass the Canadian consumption
guideline of 0.5 ppm. Therefore, Models I and II (equations 12 and 13) were
evaluated on their ability to predict both immediate and maximum fish mercury
concentrations. The first ratio was determined based on the first complete sampling
period following impoundment. In general, these data were collected for each
reservoir approximately three years following impoundment. The second ratio
determined was based on the maximum mercury concentration reached following
impoundment,

For each model, the prei mercury ion was an average,

by species, based on the entire sample taken from each location. The mean fish size
for each of the samples collected was relatively consistent both within regions (i.e.
Manitoba and Quebec), as well as between reservoirs within each region. In cases

where there was no preimpoundment fish mercury data, control lakes from the same



area were used.

35.3.2 Validation Procedure

Due to a small data set (i.e. 12 reservoirs), it was decided the most effective
use of this limited data would involve successive predictions and revisions rather than
using all the data at once to derive a single set of parameter eslimates. Parameter
estimates were initially derived for each of the three species; northern pike (Esox
lucius), walleye (Stizostedion vitreum), and lake whitefish (Coregonus clupeaformis),
using the Manitoba data. The parameter estimates were then used to predict the
mercury ratio for a single reservoir, La Grande 2 Reservoir in northern Quebec. The
value predicted from the model could then be compared to the observed value of the

ratio (between posti and prei d mercury i for

each of the three species. The data collected from La Grande 2 was then combined
with the Manitoba data. This procedure increased the sample size and provided
revised parameter estimates. These revised parameter estimates were then used to
predict the mercury ratio for the next reservoir, La Grande 3. Once again, the
predicted value could then be compared with the observed value, known for this
reservoir. The same procedure was repeated for the remaining three reservoirs from
Quebec for which data had been obtained. The order in which reservoirs were added
to increase the sample size and revise parameter estimates were La Grande 2, La

Grande 3, La Grande 4, Opinaca, and Caniapiscau. Both Models I and II (equations
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12 and 13) were evaluated based on the first complete sampling following
impoundment and the peak mercury concentrations reached following impoundment,
for each of the three species common between regions (i.e. northern pike, walleye,

and lake whitefish).

34 ication of the Models -- N F

One criterion ly used to dil iate among competing models is the

ability to predict cases not used to develop the model. This criterion can be applied
by comparing the predicted and observed values for cases not used in the model

development (e.g. Drinkwater and Myers, 1987).

3.4.1 Different Species -- Cat Arm Salmonids

The island of Newfoundland is unique in several ways. Of concern for this
study were the differences in food webs between the island and the mainland.
Typically, mainland food webs are more complex with many trophic levels while food
webs for Newfoundland systems tend to be simpler with fewer trophic levels. For
example, Cat Arm Reservoir contains only two fish species, brook trout and Arctic
char. In general, there are no forage fish such as cyprinids on the island and fish are

forced to feed primarily on benthic invertebrates such as chironomids. Many



62

freshwater systems contain the pine sti (G which

may act as a forage fish in some Newfoundland systems. However, Newfoundland
systems typically contain brook trout and/or ouananiche (landlocked Atlantic salmon),
not many of which reach a size capable of foraging on the threespine stickleback.

It was of interest to know whether the two models developed for mainland
reservoirs were able to predict the change in mercury concentrations in fish inhabiting
a different type of reservoir ecosystem (i.e. Newfoundland reservoirs). ‘The data
collected from Cat Arm Reservoir included preimpoundment mercury data collected
for both species (brook trout and Arctic char) inhabiting this reservoir and a
postimpoundment monitoring effort.

Current research indicates that the food web is the primary pathway for
mercury to fish (Hall ef al., 1994). Therefore, when applying a model based on a
biological understanding of a system to species that have previously not been included
in the analyses, @ priori, one would use the fish species that most closely resembles
the food habits of the species of concern. For this study, there were two species for
which not enough data existed to derive parameter estimates, namely brook trout and
Arctic char. No evidence of piscivory has been found for species inhabiting Cat Arm
Reservoir. Therefore, both species are considered to be primary camivores. Based
on the data collected from Manitoba and Quebec, both northern pike and walleye arc
piscivorous and are not comparable in food habils to brook trout or Arctic char from

Cat Arm Reservoir. However, lake whitefish are also primary carnivores and thus
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their tropic level was close to the two species inhabiting Cat Arm. Models I and II
(equations 12 and 13) were evaluated based on the first complete sampling period
following impoundment and peak mercury concentrations reached following
impoundment, for the two species in Cat Arm Reservoir (brook trout and Arctic char)

using parameter estimates derived for lake whitefish,

5.4.2 Different Reservoirs -- The Long Pond Prediction
It was also of interest to know if the models developed for predicting the

change in fish mercury ions following i of a reservoir would

predict the change in fish mercury concentrations when altering the size of an existing
reservoir. Newfoundland and Labrador Hydro reimpounded one of its insular
Newfoundland reservoirs, Long Pond, in 1990, in order to increase the generating

and

capacity of this station. As part of their envi mandate,
Labrador Hydro agreed to monitor fish mercury levels prior to, during, and after
flooding (i.e. the years 1989, 1990, 1991, and 1992). The reimpoundment of Long
Pond resulted in the flooding of an additional 10 km? of terrestrial area (L. LeDrew,
pers. comm., Newfoundlar.d and Labrador Hydro, St. John's, Newfoundland, 1995).
Thus there were mercury data collected before the reimpoundment of this system, for
both species inhabiting this reservoir (brook trout and ouananiche or landlocked
Atlantic salmon). In addition, the area of the reservoir was known both prior to and

after reimp This allowed a iction of %4 mercury levels following




ds Models I and 1T ions 12 and 13) were used to predict fish

mercury levels during the first complete sampling following reimpoundment and peak
mercury concentrations reached following reimpoundment, for the two species
inhabiting Long Pond (i.e. brook trout and ouananiche). The two predictions for each

species could then be compared to the observed changes in fish mercury

following rei of Long Pond.



6.0 AVAILABLE DATA ON FISH MERCURY CONCENTRATIONS

Data on fish mercury concentrations came from a variety of sources. Bodaly
et al. (1984a; 1988), Strange er al. (1991), and Strange (1993) reported fish mercury
concentrations for reservoirs impounded as part of the Southern Indian Lake/Churchill
River Diversion Project. Mercury concentrations for fish in control lakes in northern
Manitoba were provided by Johnston (Department of Fisheries and Oceans,
Freshwater Institute, Winnipeg, Manitoba, unpublished data). Fish mercury
concentrations for reservoirs impounded as part of the La Grande Complex in
northern Quebec and control lakes in northen Quebec were provided by Doyon
(Groupe Environnement Shooner inc., Quebec City, Quebec, unpublished data). Fish
mercury concentrations for Cat Arm Reservoir were reported by LeDrew, Fudge and
Associates Limited (1992) and mercury concentrations for fish in Long Pond

Reservoir were reported by Buchanan (1990; 1991; 1993; 1994).

Mean mercury concentrations in northern pike collected during sampling
surveys in northern Manitoba reservoirs impounded as part of the Southern Indian

Lake/Churchill River Diversion Project are shown in Figures 6 and 7. The most



extensive sampling was conducted on Southern Indian Lake (Figure 6), the most
important reservoir commercially and Issett Lake (Figure 7), impounded as part of

Notigi reservoir. Fish mercury i rose following i of

Southern Indian Lake and remained around 1.0 ppm. The 1992 sampling effort
showed that mean mercury concentrations in northern pike began declining towards
baseline levels. Preliminary data from the 1994 sampling effort showed that mercury
concentrations were approaching baseline levels (R.A. Bodaly, pers. comm.,,
Department of Fisheries and Oceans, Winnipeg, Manitoba, 1995), Mean mercury
concentrations for northern pike collected from Issett Lake (Figure 7) rose gradually
in the first few years following iinpoundment and peaked around 1985. In subsequent
years, the trend was towards decreasing mean mercury concentrations. It was not
possible to determine trends for the data collected from Threepoint, Footprint,
‘Wauskwatim, Notigi or Rat reservoirs due to incomplete sampling efforts.

Mean mercury concentrations for walleye sampled in reservoirs impounded as
part of the Southern Indian Lake/Churchill River Diversion Project are shown in
Figures 8 and 9. Again, due to sporadic sampling, it was not possible to determine
trends for Threepoint, Footprint, Wuskwatim, Notigi or Rat reservoirs. Sampling
focused on two major reservoirs, Southern Indian Lake and Issett Lake (part of Notigi

reservoir). For walleye sampled in Southern Indian Lake (Figure 8), there was an

increase in mean mercury ions i iately following impound: thena

trend towards decreasing concentrations. The trend was different for walleye sampled
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from Isselt Lake (Figure 9) where the trend was a cycle of increasing and decreasing
mean mercury concentrations.

Mean mercury concentrations for lake whitefish sampled in reservoirs
impounded as part of the Southern Indian Lake/Churchill River Diversion Project are
shown in Figures 10 and 11. As for northern pike and walleye, there were
insufficient data to determine trends for Threepoint, Footprint, Wuskwatim, Notigi or

Rat reservoirs. Lake whitefish collected from Southern Indian Lake showed a

dramatic increase in mean mercury ions i ing
impoundment (i.e. between 1975 and 1978) and then a gradual decrease (Figure 10).
Lake whitefish in Southern Indian Lake are expected to reach baseline mercury
concentrations within 30 years of impoundment (R.A. Bodaly, pers. comm.,
Department of Fisheries and Oceans, Winnipeg, Manitoba, 1995). A similar trend
was observed for lake whitefish collected from Issett Lake (Figure 11) although with

more variability than Southern Indian Lake (i.e. Figure 10).

The change in mean mercury concentrations through time for northern pike
sampled in Quebec reservoirs is shown in Figure 12, The trends are clearest for the

oldest Quebec reservoirs, La Grande 2 and Opinaca. For these reservoirs, there was
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a gradual increase in mean mercury concentrations, peaking around 1990 and 1992

for La Grande 2 and Opinaca, i The ining three irs, La
Grande 3, La Grande 4 and Caniapiscau are younger reservoirs and the trends
observed for mean mercury concentrations in northern pike from these systems
indicate the initial rise. The highest mercury concentration for these reservoirs
occurred in the last year of sampling.

Figure 13 shows the mean mercury concentrations through time for walleye
sampled in Quebec reservoirs, In the older reservoirs (La Grande 2 and Opinaca)
mean mercury concentrations rose following impoundment, peaking around 1988 for
La Grande 2 and 1990 for Opinaca. Although mercury levels have started to decline
in these reservoirs, it is important to note that the levels are still roughly four times
the Canadian consumption guideline of 0.5 ppm. Peak mercury concentrations for
walleye in La Grande 3 Reservoir coincided with the last year of sampling.

Mean mercury concentrations for Quebec reseivoir lake whitefish are shown in

Figure 14. As with lake whitefish sampled in Manitoba reservoirs, this species

than the two pisci species i ined (northern
pike and walleye). Even in the youngest of the Quebec reservoirs, lake whitefish
have started to decline after reaching their maximum. Inall cases, mean mercury
concentrations are now below the Canadian consumption guideline of 0.5 ppm
mercury.

The temporal trends are similar for each reservoir when each species is



considered separately (Figure 15). From this figure, it can also be seen that the
trends observed for northern pike, walleye and lake whitefish were different.
Although the trends were similar within species with respect to the changes in mean
mercury concentrations, there was evidence of inter-reservoir variability (Figure 16),
most notably for the two piscivorous species, northern pike and walleye. Lake
whitefish, a non-piscivorous species, followed the same pattern, independent of
reservoir. This figure shows mean mercury concentrations plotted against reservoir
age for each of the three species examined. Negative numbers indicate the number of

years prior to impoundment; a value of —3 represents control lakes.

6.3 Newfoundland

Mean mercury concentrations for Arctic char and brook trout sampled at Cat
Arm Reservoir are shown in Figure 17. The 0.5 ppm Canadian Guideline for
mercury is also indicated. Cat Arm Reservoir was impounded in 1984, therefore the

1982 data represent preimp mercury Mean mercury

concentrations peaked around 1990, six years following impoundment, for both
species inhabiting this reservoir. The mean mercury concentration for Arctic char
surpassed the Canadian limit in 1986, only two years following the impoundment of

Cat Arm Lake. Brook trout approached, but never surpassed, the Canadian limit.
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Due to the effect of size on fish mercury concentrations, it was of interest to
know if the mean mercury concentrations of brook trout or Arctic char (used in the
analyses) were unduly influenced by a few, larger fish with extremely high mercury
concentrations. For each year of sampling at Cat Arm Reservoir, flesh mercury
concentrations were plotted against fork length, for Arctic char (Figure 18) and brook
trout (Figure 19). After 1988, Arctic char sampled in Cat Arm demonstrated a
relatively strong positive relationship between mercury concentration and fork length.
This trend was not apparent for Arctic cher prior to sampling in 1988 and was never

observed for brook trout sampled at Cat Arm (Figures 18 and 19). Because fish

weight is a function of fish length, it was not ising to find similar
between flesh mercury concentration and fish weight for Arctic char (Figure 20) and
brook trout (Figure 21). Based on Figures 18 — 21, mean mercury concentrations

were representative of the entire sample.
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Figure 19 Mercury concentrations plotted against fork length, by year, for brook trout
sampled at Cat Arm Reservoir. The correlation coefficient (r) is also shown,
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Figure 20 Mercury concentrations plotted against weight, by year, for Arctic char
sampled at Cat Arm Reservoir. The correlation coefficient (r) is also shown.
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Figure 21 Mercury concentrations plotted against weight, by year, for brook trout
sampled at Cat Arm Reservoir. The correlation coefficient (r) is also shown.



7.0 RESULTS

1.1 The Models

7.1.1 Model I (Equation 12)

Skill, defined as the closeness of the predicted and observed values of the
mercury ratio, increased for northern pike with Model I for the first sampling period
following impoundment (Figure 22A). Model I, based on the Manitoba reservoirs,
worked well at predicting the ratio for La Grande 2 Reservoir. Revised models
overpredicted the mercury ratio for La Grande 3 and La Grande 4 reservoirs and
underpredicted the mercury ratio for Opinaca Reservoir. Skill increased for the fifth
Quebec reservoir predicted, Caniapiscau, where a model based on four Quebec
reservoirs plus the Manitoba reservoirs was used.

In general the skill of Model I, for peak mercury concentrations in northern
pike, improved with the successive addition of Quebec reservoirs to those from
Manitoba (Figure 22B). For all but La Grande 4 Reservoir, this model
underpredicted the change in fish mercury concentrations. For La Grande 4, the
model overpredicted the mercury ratio.

The skill of Model I decreased for walleye sampled during the first period
following impoundment (Figure 23A). The predicted and observed values were close

for the first two Quebec reservoir predictions, La Grande 2 and La Grande 3. When
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a model based on two Quebec reservoirs plus the Manitoba reservoirs was used to
predict the mercury ratio for Opinaca Reservoir, the skill of Model I decreased. This
model underpredicted the mercury ratio,

The skill of Model I also decreased for walleye sampled at peak mercury
concentrations (Figure 23B). The predicted and observed values were close for the
La Grande 2 and La Grande 3 predictions but not for the Opinaca prediction. The
mercury ratio was underpredicted for La Grande 2 and Opinaca and overpredicted for
La Grande 3.

The skill of Model I, for the first sampling period following impoundment for
lake whitefish, increased markedly with the successive addition of Quebec reservoirs
1o those from Manitoba (Figure 21A). The predicted and observed values were close
for the last two Quebec reservoirs, Opinaca and Caniapiscau. Parameter estimates
from the Manitoba reservoirs underpredicted the mercury ratio for La Grande 2
Reservoir, Revised models overpredicted the mercury ratio for both La Grande 3 and
La Grande 4 reservoirs.

The skill of Model I also increased with the successive addition of Quebec
reservoirs for lake whitefish sampled during peak mercury concentrations (Figure
24B). Closeness of the predicted and observed values increased for both the Opinaca
and Caniapiscau reservoirs. A model based on Manitoba reservoirs underpredicted
the observed mercury ratio for La Grande 2. Revised models then overpredicted the

mercury ratio for both La Grande 3 and La Grande 4 reservoirs.
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Trends in explained variance with increasing sample size depended on species
for Model I, for the first sampling period following impoundment (Figure 25A). For
walleye the explained variancc was constant around 90% and around 80% for lake
whitefish. For northern pike the explained variance was initially high (Manitoba and
La Grande 2), dropped with the successive addition of the next two reservoirs (La
Grande 3 and La Grande 4) and remained constant for the last two Quebec reservoirs
predicted, Opinaca and Caniapiscau.

Trends in explained variance with increasing sample size also depended on
species for Model I, for peak mercury concentrations (Figure 25B). For walleye, the
explained variance decreased slightly. For lake whitefish, the explained variance was
constant. Northern pike showed a decrease in explained variance similar to the trend
noted for northern pike sampled during the first period following impoundment (c.g.
Figure 25A).

‘The explained variance of Model I was high on a regional basis for the first
sampling period following impoundment (Figure 26A). The explained variance of
Model I was greater than 70% within each region and again when both regions were
combined for northern pike, walleye and lake whitefish. However, regional
differences were observed. For each of the three specics, the explained variance was
higher for Quebec reservoirs than for Manitoba reservoirs or both regions combined.

The explained variance of Model I was also high when applicd to peak

mercury concentrations on a regional basis (Figure 26B). The explained variance of
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Model I was greater than 80% for all three species when each region was considered
separately and greater than 75% when the two regions were combined. For this
model, the explained variance was similar between regions for each of the three
species (northern pike, walleye, and lake whitefish). However, when the regions
were combined, two trends emerged. For northern pike and lake whitefish, the
explained variance decreased when the two regions were combined. For walleye, the

explained variance increased when the two regions were combined.

7.1.2 Model II (Equation 13)

The skill of Model II increased for northern pike, for the first sampling period
following impoundment (Figure 27A). Skill was highest for the last reservoir,
Caniapiscau, when the predicted and observed values were almost identical. A model
based on Manitoba reservoirs was good at predicting the natural logarithm of the
mercury ratio for La Grande 2. Subsequent models overpredicted the ratio for both
La Grande 3 and La Grande 4 and underpredicted the ratio for Opinaca.

The skill of Model 11, for peak mercury concentrations in northern pike,
increased (Figure 27B). The predicted and observed values were close when a model
based on four Quebec reservoirs plus the Manitoba reservoirs was used to predict the
fifth Quebec reservoir, Caniapiscau. For all but the La Grande 4 prediction, this
moxici underpredicted the natural logarithm of the mercury ratio.

The skill of Model II decreased slightly for walleye sampled during the first



sampling period following impoundment (Figure 28A). The first two predictions
were close to the observed values but the third prediction had a larger difference
between the predicted and observed values. A model based on two Quebec reservoirs
plus the Manitoba reservoirs underpredicted the natural logarithm of the mercury ratio
for Opinaca Reservoir,

The skill of Model II was constant for walleye sampled at peak mercury
concentrations (Figure 28B). This figure shows that the predicted and observed
values of the natural logarithm of the mercury ratio were close for each prediction.
This model underpredicted the observed value for La Grande 2 and Opinaca and
overpredicted the observed value for La Grande 3.

The skill of Model II increased for lake whitefish, for the first sampling
following impoundment (Figure 29A). Initially, a model based on the Manitoba
reservoirs underpredicted the observed value for La Grande 2 Reservoir. However,
the successive addition of Quebec reservoirs improved the skill of this model as the
predicted and observed values were close for La Grande 3, La Grande 4, Opinaca and
Caniapiscau reservoirs.

The skill of Model II increased for lake whitefish sampled during peak
mercury concentrations (Figure 29B). A model based on the Manitoba reservoirs
underpredicted the observed value for La Grande 2 Reservoir. The predicted and
observed values were close for the remaining four reservoirs from Quebec, La Grande

3, La Grande 4, Opinaca and Caniapiscau.
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Changes in explained variance for Model II depended on species for the first
sampling period following impoundment (Figure 30A). The explained variance for
walleye remained constant. For lake whitefish, the explained variance of this model
initially decreased slightly (La Grande 2) then increased with each successive addition

of Quebec reservoirs. For northemn pike, the explained variance increased when La

Grande 2 Reservoir was added, d d ially with the ive addition of
the next two Quebec reservoirs (La Grande 3 and La Grande 4), and increased
slightly with the successive addition of the two remaining Quebec reservoirs (Opinaca
and Caniapiscau).

Trends in the explained variance with increasing sample size with Model II
depended on species for peak mercury concentrations (Figure 30B). The explained

variance for lake whitefish was constant. For walleye, the explained variance

slightly with the ive addition of each reservoir from Quebec. For
northern pike, the explained variance decreased.

Regional trends in the explained variance of Model II depended on species
when applied to the first sampling period following impoundment (Figure 31A). The
explained variance was greater than 80% for walleye and lake whitefish for both
Manitoba and Quebec reservoirs. For northern pike the explained variance was
around 80% for Manitoba reservoirs and around 70% for Quebec reservoirs. When
the two regions were combined, the explained variance for walleye and lake whitefish

remained high at around 80%. For northern pike, the explained variance decreased to
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around 55%.

Regional trends in explained variance of Model II also depended on species
when applied to peak mercury concentrations (Figure 31B). The explained variance
was high for northern pike, walleye and lake whitefish both within Manitoba and
Quebec and when the two regions were combined. Explained variances were
comparable between regions for walleye and lake whitefish. For northern pike, the

explained variance decreased when the two regions were combined.

7.2 ions with Parameter Estil -- Models I and 11 (! ions 12 and 13)

Parameter estimates for Model I (equation 12) were derived for each of the
three species (northern pike, walleye, and lake whitefish) for Manitoba reservoirs,
Quebec reservoirs and all the reservoirs combined for both the first sampling period
following impoundment (equations 14 — 22) and peak mercury concentrations

(equations 23 — 31).

MANITOBA: FIRST SAMFLING FOLLOWING IMPOUNDMENT

Northern Pike Ry = 1.305D + 2.480x 107 E (i)

Walleye Ry = 0.846 D +2.951x 107 E (15)



Lake Whitefish Ry =7.504 D + 3.060 X 107" E (16)

QUEBEC: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northem Pike Ry = 25.800 D + 1.000X 10~ E 0]
Walleye Ry = 16325 D + 2.200 X 107 E (18)
Lake Whitefish R, = 10.948 D + 2.600 X 10~ E 19)

COMBINED: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northern Pike Ry = 1.666 D +2.300X 10" E 20)

Walleye Ry =0.892D +3.151 X 1077 E @1

Lake Whitefish Ry =7.576D +2.970X 107 E (22)



MANITOBA: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike Ry = 1.960D + 2.830x 107 E
Walleye Ry =0.937D +3.792x 107" E
Lake Whitefish Ry =7.568D + 3.550 X 10”7 E

QUEBEC: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike Ry =29.872D + 1.900 X 107 E
Walleye Ry =14.227D + 3300 X 107 E
Lake Whitefish Ry =7.693D + 2.700X 107 E

COMBINED: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike Ry =2.088D +3.320X 107 E
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Walleye Ry = 0.962 D + 4.004 X 10" E 30)

Lake Whitefish Ry = 14.177D + 3.430X 10 E @1

Similarly, parameter estimates for Model II (equation 13) were derived for each of the

three species for Manitoba reservoirs, Quebec reservoirs and all the reservoirs

combined for both the first sampling period following impoundment (equations 32 —

40) and peak miercury concentrations (equations 41 — 49).

MANITOBA: FIRST SAMPLING FOLLOWING IMPOUNDMENT

ik X 7. &
Northern Pike Ry = (0.451 D + 7.850x 10* E) @
Walleye 0.245D + 9.830x 10 E)
¥ R =e )
Lake Whitefish 1.911 D + 8.500 X 10-*
e Whitefisl Ry 56 ( E) )

QUEREC: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northern Pike (8.969 D + 2.700 X 10~* E)
Ry = ¢ (35)



Walleye —e (4.308 D + 8.800 X 10-*E)
Lake Whitefish (3.799 D + 8.700 X 10™* E)
=e

Ry

COMBINED: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northern Pike (0.616 D + 6.280 X 107 E)
Ry = ¢

Walleye (0.249 D + 1.056 X 1077 E)
Ry =e¢

Lake Whitefish R (1.922D + 9.100 X 10™* E)
M =€

MANITOBA: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike (0.743 D + 9.430 x 10 E)
Ry = ¢

Walleye (0.451D + 1.122x 10”7 E)
Ry =¢

Lake Whitefish R (1.937D + 9.800 X 10" E)
=e

M
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QUEBEC: MAXIMUM MERCURY CONCENTRATIONS

i 7.477D + 7.200 X 10~ E)
Northern Pike Ry = e ( ) @
it 3.358 D + 1.180 X 10”7 E)
Walleye Ry = ¢ (: ) @s)
Lake Whitefish 4.331 D + 9.400 X 10°* E)
@ Whitelis Ry ¢ ) ue)

COMBINED: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike (Q.774D + 1.061 X 10-7 E)
Ry = ¢ @7
Wall 0.443D + 1.208 X 107
¥ B e B s
Lake Whitefish (1.958D + 1040 X 107 B
Ry =e¢ @)

7.3 _Newfoundland Predictions

7.3.1 Different Species -- Cat Arm Salmonids
Model I failed to predict the mercury ratio for brook trout (Figure 32) or

Arctic char (Figure 33) in Cat Arm either for the first sampling period following
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impoundment or peak mercury concentrations. The parameter estimates derived for
lake whitefish from each of Manitoba reservoirs, Quebec reservoirs, and all the
reservoirs combined, greatly overpredicted the observed mercury ratio,

Model 1I overpredicted the observed ratio for brook trout (Figure 34) or
Arctic char (Figure 35) in Cat Arm for the first sampling period following
impoundment or peak mercury concentrations. The parameter estimates derived for
lake whitefish from Manitoba reservoirs, Quebec reservoirs and all the reservoirs

combined, overpredicted the observed ratio.

7.3.2 Different Reservoirs -- The Long Pond Prediction

Mean mercury concentrations of ouananiche and brook trout in Long Pond
Reservoir before and after reimpoundment are shown in Figure 36. Model [ failed to
predict the mercury ratio for brook trout (Figure 37) or ouananiche (Figure 38) in
Long Pond for the first sampling period following reimpoundment or peak mercury

following rei Parameter estimates derived for lake

whitefish from each of Manitoba reservoirs, Quebec reservoirs, and all the reservoirs
combined, overpredicted the observed mercury ratio.,

Model II failed to predict the natural logarithm of the mercury ratio for brook
trout (Figure 39) or ouananiche (Figure 40) in Long Pond for the first sampling

period following rei or peak mercury i Parameter

estimates derived for lake whitefish from Manitoba reservoirs, Quebec reservoirs, and



all the reservoirs combined, overpredicted the observed ratio.

7.4_Revision of Models T and IT

A close look at the parameter estimates for the three original species used in
these analyses (northern pike, walleye, and lake whitefish) provided some insight into
the problem of large overpredictions. Changes in fish mercury concentrations have
been related to both a dilution term and an enrichment term. Given that the food
chain is the primary pathway for mercury accumulation in fish (e.g. Hall et al.,
1994), one would expect the dilution term to be negligible in these models. Instea+,
the dilution term was dictating the outcome of Models I and II (i.e. equations 14 —
49).

Both models were revised by eliminating the dilution term. Equation 12

becomes:

Ry = bnE (50)

where E = (Ag — Ap) by™" Ay™"! and by, is an estimate of kcs (equation 8).

Similarly, equation 13 becomes:

In(Ry) = byE [62))
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where by, is an estimate of kycg (equation 11).
These two new models were evaluated following the same procedure as Model

1 and Model I1.

Z e Revi 1

7.5.1 Model 11l (Equation 50)

The skill of Model 11T for northern pike increased with the successive addition
of Quebec reservoirs for the first sampling period following impoundment (Figure
41A). The predicted and observed values were close for the first prediction, La
Grande 2. The predicted and observed values were also close when a model based on
four Quebec reservoirs plus the Manitoba reservoirs was used to predict the fifth
Quebec reservoir, Caniapiscau. Revised models overpredicted the mercury ratio for
both La Grande 3 and La Grande 4 and underpredicted the mercury ratio for Opinaca
Reservoir.

The skill of Modei III for northem pike increased for peak mercury
concentrations (Figure 41B). In general, the difference between predicted and
observed values decreased as reservoirs were added in succession. For all but La
Grande 4 Reservoir, this model underpredicted the change in fish mercury

concentrations.
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The skill of Model I1I for walleye decreased when applied to the first sampling
period following impoundment (Figure 42A). The predicted and observed values
were close for both the La Grande 2 and La Grande 3 predictions. The difference
between predicted and observed values was greater for the Opinaca prediction. A
model based on two Quebec reservoirs plus the Manitoba reservoirs underpredicted
this ratio.

The skill of Model III remained constant for walleye when applied to peak
mercury concentrations (Figure 42B). This model underpredicted the observed
mercury ratio for La Grande 2 and Opinaca and overpredicted the ratio for La Grande
3.

The skill of Model II for lake whitefish increased with the successive addition
of reservoirs for the first sampling period following impoundment (Figure 43A). The
difference between the predicted and observed values was less for the last two
reservoirs, Opinaca and Caniapiscau. This figure shows that a model based on the
Manitoba reservoirs underpredicted La Grande 2 Reservoir. Revised models
overpredicted the mercury ratio for La Grande 3 and La Grande 4 reservoirs and
underpredicted the ratio for Opinaca and Caniapiscau,

The skill of Model 111 for lake whitefish increased for peak mercury
concentrations (Figure 43B). The predicted and observed values were closer for the
last two Quebec reservoirs predicted, Opinaca and Caniapiscau. For this model, the

observed values for La Grande 2, Opinaca and Caniapiscau were underpredicted while
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the observed values for La Grande 3 and La Grande 4 were overpredicted.

Trends in explained variance with increasing sample size depended on species
for the first sampling period following impoundment (Figure 44A). For walleye, the
explained variance remained constant at around 90% when reservoirs from Quebec
were added in succession. For lake whitefish, the explained variance increased with
the successive addition of Quebec reservoirs. For northern pike, the explained
variance was initially high (Manitoba and La Grande 2), dropped with the successive
addition of the next two reservoirs (La Grande 3 and La Grande 4) and remained
constant with the successive addition of the remaining two Quebec reservoirs (Opinaca
and Caniapiscau).

Trends in explained variance with increasing sample size also depended on
species for peak mercury concentrations (Figure 44A). The explained variance for
walleye remained constant (greater than 90%) as Quebec reservoirs were added in
succession. The explained variance for lake whitefish increased as reservoirs from
Quebec were added in succession. For northern pike, the trend in explained variance
was similar to the one observed when Model III was applied to the first sampling
period following impoundment (i.e. Figure 44A). In general, the explained variance
was higher for each of the three species when Model III was applied to peak mercury
concentrations than when this model was applied to the first sampling period
following impoundment.

Regional trends in explained variance of Model 11 depended on species for the



first sampling period following impoundment (Figure 45A). For each of the three
species the explained variance of Model IIT was generally greater than 70% within
each region (i.e. Manitoba and Quebec). The exceptions were lake whitefish in
Manitoba (explained variance around 45%) and northern pike in Quebec (explained
variance around 50%). When the two regions were combined, trends differed for
each species. For walleye, the explained variance remained unchanged. ¥or lake
whitefish, the explained variance was higher than Manitoba reservoirs but
substantially lower than Quebec reservoirs. For northern pike the explained variance
was higher than Quebec reservoirs but lower than Manitoba reservoirs.

Regional trends in explained variance for Model III also depended on species
for peak mercury concentrations (Figure 45B). The variance explained by this model
was greater than 70% for each of the three species when the regions were considered
separately. The exception was Manitoba lake whitefish, which had an explained
variance around 50%. Three different trends were observed when the regions were
combined. For walleye, the explained variance remained constant. The explained
variance for lake whitefish was slightly higher than Manitoba reservoirs but
substantially lower than Quebe: reservoirs. For northern pike, the explained variance

was higher than Quebec reservoirs but less than Manitoba reservoirs.

7.5.2 Model IV (Equation 51)

The skill of Model IV for northern pike increased for the first sampling period



following impoundment (Figure 46A) and remained constant, except for the last
prediction where skill increased, for peak mercury concentrations (Figure 46B). As
reservoirs were added in succession, the predicted and cbserved values became closer
for the first sampling period following impoundment. For the last prediction,
Caniapiscau, the observed and predicted values were almost identical when a model

based on four Quebec reservoirs plus the Manitoba reservoirs was used. For peak

mercury i this model i the observed value, with the
exception of La Grande 4.

The skill of Model 1V for walleye decreased for the first sampling period
following impoundment (Figure 47A) and remained constant for peak mercury
concentrations (Figure 47B). For the first sampling period following impoundment,
the observed and predicted values were close for the first two predictions. This
model underpredicted the observed ratio for La Grande 2 and overpredicted the ratio
for La Grande 3. The difference between predicted and observed values was greater
for the last prediction, Opinaca. For peak mercury concentrations the predicted and
observed values were close in each case.

The skill of Model IV for lake whitefish increased for the first sampling
period following impoundment (Figure 48A) and peak mercury concentrations (Figure
48B). Skill increased for the second reservoir prediction, La Grande 3 and with the
successive addition of each Quebec reservoir. The predicted and observed values

were close for La Grande 3, La Grande 4, Opinaca and Caniapiscau reservoirs.
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Trends in explained variance for Model IV with increasing sample size
depended on species for the first sampling period following impoundment (Figure
49A). For walleye, the explained variance remained constant around 95%. For lake
whitefish, the explained variance increased with the successive addition of reservoirs.
The explained variance for northern pike increased with the addition of La Grande 2,

with the ive addition of La Grande 3 and La Grande 4,

and increased with the addition of the remaining two Quebec reservoirs (Opinaca and
Caniapiscau).

Trends in explained variance for Model IV with increasing sample size also
depended on species for peak mercury concentrations (Figure 49B). The explained
variance for lake whitefish increased with the successive addition of Quebec
reservoirs. For walleye, the explained variance remained constant around 95%. For
northern pike, the explained variance remained constant around 90% when the first
two Quebec reservoirs (La Grande 2 and La Grande 3) were added to those from
Manitoba. For the La Grande 4 prediction, the explained variance dropped to about
80%. This level of explained variance was maintained for the remaining two
Teservoirs.

Regional trends in explained variance for Model IV depended on species for
the first sampling period following impoundment (Figure 50A). In general, within
each region, the explained variance was high (greater than 70%) for each species.

For Manitoba lake whitefish, the explained variance was around 50% and for Quebec
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northern pike the explained variance was around 20%. Three trends were observed

when the regions were combined. For walleye, the explained variance remained
constant around 90%. For lake whitefish, the explained variance was greater than
Manitoba reservoirs but substantially lower than Quebec reservoirs. For northern
pike, the explained variance was substantially lower than Manitoba reservoirs but
substantially higher than Quebec reservoirs.

Regional trends in explained variance for Model IV for peak mercury

concentrations depended on species (Figure 50B). For walleye and northern pike, the

variances were between Manitoba and Quebec and when the
two regions were combined. For lake whitefish, the explained variance of the
combined reservoirs was greater than Manitoba reservoirs but less than Quebec

Teservoirs.

6.6 ions with Parameter Esti for Models Il and IV (Equations 50 and 51)

Parameter estimates for Model III were derived for each of the three species
based on Manitoba reservoirs, Quebec reservoirs and all the reservoirs combined.
Paraineter estimates were made for both the first sampling period following
impoundment (equations 52 — 60) and peak mercury concentrations (equations 61 —

69).



MANITOBA: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northem Pike Ry = 2.78x 107E
Walleye Ry = 3.114x 10"E
Lake Whitefish Ry = 4.111X 107E

QUEBEC: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northem Pike Ry = 2.260X 107E
Walleye Ry =3.920X 107 E
Lake Whitefish R, = 3.461 X i07E

COMBINED: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northem Pike Ry =2.555X 10E
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Walleye Ry =3.304 X107 E

Lake Whitefish Ry =3.860 X 1077 E

MANITOBA: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike Ry =3.203x 107 E
Walleye Ry =3.973x 1077 E
Lake Whitefish Ry = 4.609 X 1077 E

QUEBEC: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike Ry =4.377X 1077 E
Walleye Ry =4.805 X 107 E
Lake Whitefish Ry =3.900 X 107 E

(59)

(60)

®1)

(62)

63)

64)

(65)

(66)
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COMBINED: MAXIMUM MERCURY CONCENTRATIONS

Northem Pike Ry = 3.636 X 107 E 7
Walleye Ry = 4.169 X 107 E (68)
Lake Whitefish Ry = 4.335 X 107 E (69

Parameter estimates for Model 1V were derived for each of the three species based on
Manitoba reservoirs, Quebec reservoirs and all the reservoirs combined. Paramcter
estimates were derived for both the first sampling period following impoundment

(equations 70 — 78) and peak mercury concentrations (equations 79 — 87).

MANITOBA: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northern Pike ,720 x 107 E)
jorthern Pil R..=e(8 0 x 10~* E) a0

Walleye B (1.030 x 1077 E) an
‘M

Lake Whitefish (1.114 X 1077 E)
M =€



QUEBEC: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northern Pike (4.660 X 107 E)
Ry =¢
Wallg 1.320 X 1077
i Ry =e ¢ )
Lake Whitefish (1.182 X 107 E)
Ry =¢

COMBINED: FIRST SAMPLING FOLLOWING IMPOUNDMENT

Northern Pike (7.220 X 107* E)
Ry =¢

Walleye (1.099 X 10" E)
Ry =¢

Lake Whitefish (1.141 X 107 E)
Ry =e

MANITOBA: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike (1.086 x 10°7 E)
Ry = ¢

Walleye (1,209 x 107 E)
=e

m

a3)

(74)

@5)

6)

78)

)

80



Lake Whitefish " (1.256 X 107 E)

QUEBEC: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike (1.337X 1077 E)
Ry = ¢

Walleye (1.528 X 1077 E)
Ry =¢

Lake Whitefish (1.301 X 1077 E)
Ry =e

COMBINED: MAXIMUM MERCURY CONCENTRATIONS

Northern Pike (1.179 X 107 E)
Ry = ¢

Walleye (1.285 X 10 E)
Ry =¢

Lake Whitefish (1.274 X 1077 E)
Ry =e
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1.1 ictions Using Models IIl and IV.

7.7.1 Different Species -- Cat Arm Salmonids

Model III was good at predicting the mercury ratio for brook trout (Figure 51)
and Arctic char (Figure 52) in Cat Arm for the first sampling period following
impoundment and peak mercury concentrations. The predicted and observed values
were close when parameter estimates were made for lake whitefish from each of
Manitoba reservoirs, Quebec reservoirs, and all the reservoirs combined.

Model 1V was good at predicting the natural logarithm of the mercury ratio
for brook trout in Cat Arm for both the first sampling period following impoundment
(Figure 53A) and peak mercury concentrations (Figure 53B). The predicted and
observed values were close. For the first sampling period following impoundment the
observed values were overpredicted and for peak mercury concentrations the observed
values were underpredicted.

Model 1V was able to predict the natural logarithm of the mercury ratio for
Arctic char in Cat Arm for the first sampling period following impoundment (Figure
54A). The prediction was close for peak mercury concentrations (Figure 54B). The
observed ratio was predicted by the parameter estimates derived for lake whitefish
from each of Manitoba reservoirs, Quebec reservoirs, and all reservoirs combined,
for the first sampling period following impoundment. For peak mercury

concentrations, the observed values were slightly underpredicted.
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7.7.2 Different Reservoirs -- The Long Pond Prediction

Model III was good at predicting the mercury ratio for brook trout (Figure 55)
and ouananiche (Figure 56) in Long Pond for the first sampling following
reimpoundment and peak mercury concentrations after reimpoundment. The predicted
and observed values were close when parameter estimates for Manitoba reservoirs,
Quebec reservoirs, and all the reservoirs combined, were used. The observed values
were slightly underpredicted by this model.

Model IV was good at predicting the natural logarithm of the mercury ratio
for brook trout in Long Pond for both the first sampling period following
reimpoundment (Figure 57A) and peak mercury concentrations (Figure 57B). The
predicted and observed values were close for the first sampling period and identical
for peak mercury concentrations.

Model IV was also good at predicting the natural logarithm of the mercury
ratio for ouananiche in Long Pond for both the first sampling period following
reimpoundment (Figure 58A) and peak mercury concentrations (Figure 58B). The
observed values were slightly overpredicted by parameter estimates from Manitoba

reservoirs, Quebec reservoirs and all the reservoirs combined.
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Figure 22 Predicted (¢) and observed (v) values of the mercury ratio for northern
pike, for Model I using: (A) the first sampling following impoundment; and (B) the
peak mercury concentration.
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Figure 23 Predicted (*) and observed (v) values of the mercury ratio for walleye, for
Model I using: (A) the first sampling following impoundment; and (B) the peak
mercury concentration.
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Figure 24 Predicted (*) and observed (v) values of the mercury ratio for lake
whitefish, for Model I using: (A) the first sampling following impoundment; and (B)
the peak mercury concentration,
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Figure 25 Explained variance of Model I for northern pike (®), walleye (), and lake
whitefish (v) plotted by reservoir using: (A) the fitst sampling following impoundment;
and (B) the peak mercury con:isitration.
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Figure 26 Explained variance of Model I for northern pike (¢), walleye (v), and lake
whitefish (*) by region and when combined for: (A) the first sampling following
impoundment; and (B) the peak mercury concentration.
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Figure 27 Predicted (*) and observed (v) values of the natural logarithm of the
mercury ratio for northern pike, using Model II for: (A) the first sampling period
following impoundment; and (B) the peak mercury concentration.
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Figure 28 Predicted (*) and observed (v) values of the natural logarithm of the
mercury ratio for walleye, using Model II for: (A) the first sampling period following
impoundment; and (B) the peak mercury concentrations,



4
5 A
T 3
o
e
5 24
5 § :
bt L
= 14 . v .
<~ . ped .
o
S oA
E
2
<]
z
-2 T T T T T
LaGronde 2 LoGronde 3 LoGronde 4 Opinaca  Coniopiscou
Successive Addition of Quebec Reservoirs
4
5] B
T 3
o
&
3 2
3 v " v
O .
= 1o - L v M
o
S o
2
3 -1
S
=z
=2 T T T T T
LaGrande 2 LaGrande 3 LaGrande 4 Opinaca Caniopiscau
Successive Addition of Quebec Reservoirs

Figure 29 Predicted (°) and observed (v) values of the natural logarithm of the
mercury ratio for lake whitefish, for Model II using: (A) the first sampling period
following impoundment; and (B) the peak mercury concentrations.
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Figure 30 Explained variance of Model II for northern pike (), walleye (v), and lake
whitefish (s), by reservoir for: (A) the first sampling period following impoundment;
and (B) the peak mercury concentrations.
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Figure 31 Explained variance of Model 1I for northern pike (®), walleye (v), and lake
whitefish (w), for each region and when combined for: (A) the first sampling following

impoundment; and (B) the peak mercury concentrations.
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Figure 32 Predicted (*) and observed (v) values of the mercury ratio for brook trout
in Cai Arm Reservoir using Model I for: (A) the first sampling following
impoundment; and (B) the peak mercury concentration.
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Figure 33 Predicted (*) and observed (v) values of the mercury ratio for Arctic char
in Cat Arm Reservoir using Model I for: (A) the first sampling following
impoundment; and (B) the peak mercury coacentration.
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Figure 34 Predicted (*) and observed () values of the natural log of the mercury
ratio for brook trout in Cat Arm using Model II for: (A) first sampling following

impoundment; and (B) peak mercury concentration.
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Figure 35 Predicted (*) and observed (v) values of the natural log of the mercury
ratio for Arctic char in Cat Arm using Model II for: (A) first sampling following
impoundment; and (B) peak mercury concentration.
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Figure 36 Mean mercury concentrations of ouananiche and brook trout sampled in
Long Pond after rei The year of rei (F) and the Canadian
consumption guideline of 0.5 ppm mercury are shown.
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Figure 37 Predicted (*) and observed (v) values of the mercury ratio for Long Pond

brook trout using Model I for: (A) first sampling following reimpoundment; and (B)
peak mercury concentration.
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Figure 38 Predicted (¢) and observed (v) values of the mercury ratio for Long Pon
ouananiche using Model I for: (A) first sampling following reimpoundment; and (B)
peak mercury concentration.
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ﬁgnre 39 Predicted (*) and observed (v) values of the natural log of the mercury
ratio for Long Pond brook trout using Model II for: (A) first sampling following
reimpoundment; and (B) peak mercury concentration.
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Figure 40 Predicted (*) and observed (v) values of the natural log of the mercury
ratio for Long Pond ouananiche using Model II for: (A) first sampling following
reimpoundment; and (B) peak mercury concentration.
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Figure 41 Predicted (°) and observed (v) values of the mercury ratio for northern
pike, for Model III using: (A) the first sampling following impoundment; and (B) the
peak mercury concentration.
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Figure 42 Predicted (*) and observed () values of the mercury ratio for walleye, for
Model III using: (A) the first sampling following impoundment; and (B) the peak
mercury concentration.
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Figure 43 Predicted (*) and observed (v) values of the mercury ratio for lake
whitefish, for Model IIT using: (A) the first sampling following impoundment; and (B)
the peak mercury concentration.
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Figure 44 Explained variance of Model III for northern pike (¢), walleye (v), and lake
whitefish (=) plotted by reservoir using: (A) the first sampling following impoundment;
and (B) the peak mercury concentration.
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Figure 45 Explained variance of Model I1I for northern pike (¢), walleye (v), and lake
whitefish (%) by region and when combined for: (A) the first sampling following
impoundment; and (B) the peak mercury concentration.
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Figure 46 Predicted (*) and observed (v) values of the natural logarithm of the
mercury ratio for northern pike, for Model 1V using: (A) the first sampling period
following impoundment; and (B) the peak mercury concentration.
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Figure 47 Predicted (¢) and observed (v) values of the natural logarithm of the
mercury ratio for walleye, for Model IV using: (A) the first sampling period following
impoundment; and (B) the peak mercury concentrations.
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Figure 48 Predicted (*) and observed (v) values of the natural logarithm of the
mercury ratio for lake whitefish, for Model IV using: (A) the first sampling period
following impoundment; and (B) the peak mercury concentrations.
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Figure 49 Explained variance of Model 1V for northern pike (*), walleye (v), an
lake whitefish (=), by reservoir for: (A) the first sampling period following
impoundment; and (B) the peak mercury concentrations.
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Figure 50 Explained variance of Model 1V for northern pike (¢), walleye (v), and
lake whitefish (=), for each region and when combined for: (A) the first sampling
following impoundment; and (B) the peak mercury concentrations.
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Figure 51 Predicted (*) and observed (v) values of the mercury ratio for brook trout
in Cat Arm Reservoir using Model III for: (A) the first sampling following
impoundment; and (B) the peak mercury concentration.
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Figure 52 Predicted (*) and observed (v) values of the mercury ratio for Arctic char
in Cat Arm Reservoir using Model III for: (A) the first sampling following
impoundment; and (B) the peak mercury concentration.
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Figure 53 Predicted (*) and observed (v) values of the natural log of the mercury
ratio for brook trout in Cat Arm using Model IV for: (A) first sampling following
impoundment; and (B) peak mercury concentration,
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Figure 54 Predicted (*) and observed (v) values of the natural log of the mercury
ratio for Arctic char in Cat Arm using Model IV for: (A) first sampling following
impoundment; and (B) peak mercury concentration.
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Figure 55 Predicted (*) and observed (v) values of the mercury ratio for Long Pond

brook trout using Model III for: (A) first sampling following reimpoundment; and (B)
peak mercury concentration,
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Figure 56 Predicted (*) and observed (v) values of the mercury ratio for Long Pond

ouananiche using Model III for: (A) first sampling following reimpoundment; and (B)
peak mercury concentration.
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Figure 57 Predicted (*) and observed (v) values of the natural log of the mercury
ratio for Long Pond brook trout using Model IV for:' (A) first sampling following
reimpoundment; and (B) peak mercury concentration.
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Figure 58 Predicted () and observed (v) values of the natural log of the mercury
ratio for Long Pond ouananiche using Model 1V {or: (A) first sampling following
reimpoundment; and (B) peak mercury concentration.



8.0 DISCUSSION

1L 1 i 2,

8.1.1 Model 1

Model I performed well for both the first sampling period following
impoundment and peak mercury concentrations for northern pike (Figure 22), walleye
(Figure 23), and lake whitefish (Figure 24). For two of the three species, the skill
increased with the last Quebec reservoir since a model based on four Quebec
reservoirs plus the Manitoba reservoirs was good at predicting the mercury ratio for
both northern pike and lake whitefish in Caniapiscau Reservoir. For walleye,
Opinaca Reservoir was the last Quebec reservoir to be predicted and the skill of
Model 1 decreased. It was interesting that both of the piscivorous species (northern
pike and walleye) showed a substantial difference between the predicted and observed
values for Opinaca Reservoir. This trend was not observed for lake whitefish, a first
level camnivore, in Opinaca Reservoir. This cannot be attributed to differing food
habits because the skill of this model was good for other Quebec reservoir
predictions, for each of the three species.

The explained variance of Model I remained high with increased sample size
(Figure 25) and despite change in region (Figure 26) for both the first sampling

period following impoundment and peak merci:ry concentrations. As reservoirs were
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added in succession, the explained variance remained constant for walleye and lake
whitefish. For northern pike, there was a decrease in explained variance. The
explained variance for Manitoba reservoirs, Quebec reservoirs and all the reservoirs
combined, was greater than 70% for each of the three species examined.

Model I did not accurately predict the mercury ratio for salmonids (brook
trout and Arctic char) in Cat Arm Reservoir. For both the first sampling period
following impoundment and peak mercury concentrations, the observed mercury ratio
for brook trout (Figure 32) and Arctic char (Figure 33) was greatly overpredicted
because the dilution term was far more influential than the enrichment term.
Predominance of the dilution term was also inconsistent with the findings of Hall er
al. (1994) who demonstrated the food web was the primary pathway for mercury
accumulation by fish.

Model I was similarly unsuccessful at predicting the mercury ratio for brook

trout and iche following the rei of Long Pond Reservoir. This

model greatly overpredicted the observed value of the mercury ratio for brook trout
(Figure 37) and ouananiche (Figure 38). Parameter estimates for lake whitefish were
used to predict brook trout and ouananiche but it was unlikely that this alone caused
such a difference between the predicted and observed values. It is more likely that
the problem of an inaccurate dilution term worsened for Long Pond due to the very

small change in area associated with its reimpoundment.
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8.1.2 Model I

Model II performed well for northern pike (Figure 27), walleye (Figure 28),
and lake whitefish (Figure 29), for both the first sampling period following
impoundment and peak mercury concentrations. The predicted and observed values
of the natural logarithm of the mercury ratio were close for each of the three species.
The largest differences between the predicted and observed values occurred for the
piscivorous northern pike. It appeared Model II worked better for walleye and lake
whitefish than for northern pike.

The explained variance for Model II was generally high when applied for
increasing sample size (Figure 30) and across two regions (Figure 31) for both the
first sampling period following impoundment and peak mercury concentrations.
Explained variances tended to be greater than 85% for each of the three species.
However, there were definite trends among species. As reservoirs were added in
succession, the explained variance for northern pike decreased. One possible
explanation for this is the low explained variance observed for northern pike in
Quehec reservoirs.

Model 11 failed to predict the natural logarithm of the mercury ratio for either
brook trout or Arctic char in Cat Arm Reservoir, when applied to either the first
sampling period following impoundment or peak mercury concentrations. For peak
mercury concentrations, this model was good at predicting the natural logarithm of

the mercury ratio for brook trout (Figure 34) and Arctic char (Figure 35). But, when
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applied to the first sampling period following impoundment, there was a far greater
difference between the predicted and observed values. One possible explanation for
the failure of this model is species differences. However, it is more likely that this
difference was a result of an overly influential dilution term.

Model II failed to predict the natural logarithm of the mercury ratio for brook
trout or ouananiche in Long Pond Reservoir following reimpoundment. For both the
first sampling period following reimpoundment and peak mercury concentrations, the
natural logarithm of the mercury ratio was greatly overpredicted for brook trout
(Figure 39) and ouananiche (Figure 40). One explanation for the differencz between
predicted and observed values is species differences. However, the difference

between predicted and observed values is more likely due to an inaccurate model.

8.1.3 Model 1l

Model II1, a revision of Model I, performed as well as Model I for northern
pike (Figure 41), walleye (Figure 42), and lake whitefish (Figure 43), for both the
first sampling period following impoundment and peak mercury concentrations. The
difference between the predicted and observed values was small, except for northern
pike and walleye in one reservoir, Opinaca. The skill of this model increased for
northern pike and lake whitefish but decreased for walleye. One explanation for the
different trends in skill is the difference in the number of reservoirs with each

species. Northern pike and walleye were present in all five Quebec reservoirs while
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walleye were only present in three.

Trends in explained variance for Model III for both the first sampling period
following impoundment and peak mercury concentrations depended on species both
within (Figure 44) and among (Figure 45) regions. The explained variance was high
for northern pike and walleye but not for lake whitefish. One explanation is regional
differences in lake whitefish populations. The explained variance was low for
Manitoba lake whitefish but high for Quebec lake whitefish. When the two regions
were combined, the overall explained variance was reduced.

Model 11, unlike Models I and II, predicted the mercury ratio for Cat Arm
brook trout (Figure 51) and Arctic char (Figure 52) for both the first sampling period
following impoundment and peak mercury concentrations. It was interesting that
Model 1l consistently predicted too low a ratio for peak mercury concentrations.
One explanation may be differences in the evolution of mercury regimes in Cat Arm
compared to the mainland reservoirs, Lake whitefish mercury levels rose rapidly
following impoundment in Manitoba and Quebec but brook trout and Arctic char in
Cat Arm took several years to reach peak mercury concentrations. Small fish size
and low growth rates in Newfoundland fish suggest that limited food intake may
occur, which could reduce mercury accumulation.

Model III was also good at predicting the mercury ratio for brook trout
(Figure 55) and ouananiche (Figure 56) in Long Pond Reservoir for both the first

sampling period following reimpoundment and peak mercury concentrations. For
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both species the predicted values were close to the observed values of the mercury

ratio. The predicted lack of change in the mercury concentration of brook trout and
ouananiche in Long Pond following reimpoundment was confirmed by the observed
lack of change.

8.1.4 Model IV

Model 1V, a revision of Model II, performed as well as Model II for northern
pike (Figure 46), walleye (Figure 47), and lake whitefish (Figure 48), for both the
first sampling period following impoundment and peak mercury concentrations. The
skill of this model was better for walleye and lake whitefish than for northern pike.

Trends in explained variance for Model IV when applied to both the first
sampling period following impoundment and peak mercury concentrations depended
on species within (Figure 49) and among (Figure 50) regions. With increasing
sample size, the explained variance for walleye was high. For lake whitefish, the
explained variance incrcased. Generally, the explained variance was lower for
northern pike. One explanation may be regional differences. The explained variance
for northern pike was consistently lower for Quebec reservoirs than for Manitoba
Teservoirs.

Like Model III, Model IV was successful at predicting the observed value of
the natural logarithm of the mercury ratio for the two salmonids inhabiting Cat Arm

Reservoir. When applied to the first sampling period following impoundment, the
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predicted and observed values were very close for brook trout (Figure 53) and almost
identical for Arctic char (Figure 54). When Model IV was applied to peak mercury
concentrations, the predicted and observed values of the natural logarithm of the
mercury ratio were close for both species.

Model 1V also performed well when applied to the Long Pond reimpoundment
prediction. The predicted and observed values of the natural logarithm of the
mercury ratio were close for brook trout (Figure 57) and ouananiche (Figure 58) for
both the first sampling period following reimpoundment and peak mercury
concentrations. Once again, the predicted lack of change in the mercury

concentration of brook trout or ouananiche was confirmed by the observed values.

8.1.5 Comparison of the Four Models

The four models performed well when Quebec reservoirs were added in
succession to predict the mercury ratio, or natural logarithm of the mercury ratio, for
the next Quebec reservoir. However, when these models were applied to reservoirs
not used in their development it was evident that Model I (equation 12) and Model I
(equation 13) did not adequately predict the mercury ratio for fish in Cat Arm or
Long Pond. For both models, an overprediction resulted from an overly influential
dilution term. There was no reason for the dilution term to play a more significant
role than the enrichment term in these models. Recent experimental work (e.g. Hall

er al., 1994) suggests that the enrichment term should be influential due to the
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increased organic matter from flooded soils (e.g. Heyes er al., 1994). The two

models in which the dilution term was omitted (Model 11T and Model 1V) were able to
predict accurately the mercury ratio and natural logarithm of the mercury ratio for
salmonids in both Cat Arm Reservoir (following impoundment) and Long Pond
Reservoir (following reimpoundment). It is unlikely that Models I or II could
successfully predict changes in the mercury ratio for small changes in reservoir size in
cither Manitoba or Quebec.

‘The failure of Models I and II to predict the mercury ratio for Newfoundland
salmonids did not result from using parameter estimates derived for a different
species. In a few isolated cases, when parameter estimates derived for lake whitefish
for Model I and Il were used, the predicted and observed values of either the mercury
ratio or the natural logarithm of the mercury ratio were close. However, the
accuracy with which Model III and Model IV predicted the mercury ratio or natural
logarithm of the mercury ratio does indicate that lake whitefish parameler estimales
could be used to predict species with a comparable trophic level. The parameter
estimates derived for northem pike and walleye should also be applicable to fish

species of similarly high trophic levels.



A large number of variables can influence fish mercury concentrations either

directly (e.g. ing the rate of bi

or indirectly (e.g. controiling

the rates of availability through ion and i Under natural

conditions, the uptake of mercury by fish is highly variable (Cope et al., 1990;

Mierle and Ingram, 1991; Wren and MacCrimmon, 1986) leading to both intra- and

inter-lake variability. Fish size could be used ially as a source of imp

for these models, Some studies have found a positive correlation between fish size
and fish mercury concentration (e.g. Phillips ef al., 1980; Scott and Armstrong, 1972;
Jemneldv and Lann, 1971). The size data presented herein for brook trout and Arctic
char from Cat Arm Reservoir indicated that the relation of fish mercury concentration
to fork length or weight was highly irregular (Figures 18 — 21). In some cases there
were positive correlations between fish mercury concentrations and size (either fork
length or weight) and hence including this relation may prove useful.

For cach of the four models, some impi in precision of

is possible. This includes the preimpoundment surface area of lakes to be flooded,
the postimpoundment surface area of the newly impounded reservoir, and the mercury
concentration of fish both prior to and after impoundment. Of these variables, the
one least precise is the mercury concentration in preimpoundment fish. For most

reservoirs flooded as part of the Southern Indian Lake/Churchill River Diversion
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Project in northern Manitoba and some reservoirs impounded as part of the La

Grande Complex in northern Quebec, there were no measurements of

mercury i In these cases it was necessary to use
mercury concentrations from fish in control lakes in either northern Manitoba or
northern Quebec. Control lakes used in all analyses were: a) remote from
anthropogenic (i.e. kraft effluent) or natural mercury inputs (i.e. mercury faults); b)
located within the same geographical region as the reservoirs; and c) not connected,
either directly or indirectly, to an existing reservoir, However, differences may exist

between mercury concentration in fish from control lakes and the “true"

mercury ions for fish i iting lakes, which were later
impounded.

Accounting for the type of soil flooded during impoundment may also improve
the models. This study focused largely on three definable regions: 1) Manitoba and
the Southern Indian Lake/Churchill River Diversion Project; 2) Quebec and the La
Grande Complex; and 3) Newfoundland and Cat Arm Reservoir and Long Pond
Reservoir. Of these three regions, Newfoundland differs the most from the other
two. Recently, Heyes ef al. (1994) showed that flooded peat contains many sites for
microbial methylation of mercury resulting in increased methylmercury production

and i ification of this sub through the food chain. Future

models may thus consider including the volume of mercury generated through the

type of soil flooded during impoundment. That is, fish from a reservoir where 75%
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of the flooded area was peat would be expected to show higher mercury
concentrations than from a reservoir with peat forming only 30% of the flooded area.

‘Water color, which is related to the type of soil, is another potential area for
improvement of the models. Previous studies have associated water mercury
concentrations with water color (Mierle and Ingram, 1991). Measures of organic
content have been linked to fish mercury concentrations in natural lakes (McMurtry ez
al., 1989) and reservoirs (Mannio ef al., 1986; Verta et al., 1986). Inorganic
mercury is strongly adsorbed onto organic and inorganic particulates (Bene$ and
Havlik, 1979; Rudd ef al., 1980b) and Rask and Metsila (1991) found higher
mercury concentrations in northern pike from humic water than from uncolored
water,

‘Water residence time for reservoirs may be considered in future models as it

affects the biological p: ion of methyl 'y, its export rate, and the duration of
filling which in turn influences the quantity of organic matter available over time
(Verdon er al., 1991). If water is rapidly turned over, the organic material and
nutrients are rapidly flushed, depriving the bacterial communities of food required for
mercury methylation. However, water residence time is often difficult to measure
because reservoirs behave differently than natural lakes. Reservoirs tend to have
large areas of dead space where water is not mixed or circulated. Reservoirs also

tend to be drawn down in the fall and flooded in the spring. This may serve to

stimulate methylmercury production.
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Often reservoirs are impounded in series and not as a single, isolated system.
Future models may address the flow dynamics of a reservoir complex and the order
of impoundment. The La Grande Complex in northern Quebec currently consists of
five reservoirs. The first to be impounded (La Grande 2) was the last in a chain and
the last reservoir impounded (Caniapiscau) was the furthest upstream. Thus, the
initial increase in methylmercury production due to nutrient and microbial fluxes
following impoundment was re-initiated several times within this complex. The
outflow of a new reservoir is likely to be rich in organic matter, thereby providing a
new surge of microbial substrate and nutrients to downstream locations. This flux
may result in secondary periods of methylmercury production for older reservoirs.
The Southern Indian Lake/Churchill River Diversion Project was impounded in a
different manner. The first reservoir to be impounded (Southern Indian Lake) was
the furthest upstream and the last reservoir was the furthest downstream. In addition,
most of the reservoirs in this project were impounded at nearly the same time while
those in the La Grande Complex were impounded over a period of several years. In
Manitoba it is less likely that reservoirs downstream of the initial impoundment would
experience additional fluxes of organic material other than those expected within the
first three years. Future models may also address behaviour differences between
single reservoir systems such as Cat Arm and multi-reservoir complexes such as the

La Grande Complex or the Southern Indian Lake/Churchill River Diversion Project.
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8.3 o

Previous work on modelling fish mercury concentrations following reservoir
impoundment has focused on the use of empirical models (e.g. Bodaly et al., 1984a;
Johnston er al., 1991). The empirical model of Jones ez al. (1986) indicated that the
extent of flooding was not a useful predictor variable by itself. The research reported
here showed that the extent of flooding can be a very useful predictive variable,
Models Il and 1V, based upon the extent of flooding, were able to accurately predict
the change in fish mercury concentrations for different species. When applied to
reservoirs not used to develop the models, Models IIl and IV were skilful at
predicting the change in mercury concentrations due to both a large change in area
such as Cat Arm (i.e. the impoundment of a lake) and a small change in area such as
Long Pond (i.e. altering the size of an existing reservoir). This thesis also showed
that if trophic level is comparable, parameter estimates derived for one species could

successfully be applied to another,
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APPENDIX A: RAW DATA FOR MERCURY IN FISH

Species: Northern Pike

Reservoir: Southern Indian Lake

Year
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1992

Mean Mercury Concentration (ppm)
0.7700
0.5880
0.6500
0.7180
0.7660
0.7200
0.7200
0.6275
0.7425
0.6933
0.7475

0.3950



Reservoir: Threepoint

Year
1980

1981

Reservoir: Footprint

Year
1978
1980
1981

Reservoir: Wuskwatim

Year
1979
1980
1981

21

Mean Mercury Concentration (ppm)
1.28

133

Mean Mercury Concentration (ppm)
0.60
1.38
L12

Mean Mercury Concentration (ppm)
091
1.03

0.80



Reservoir: Issett

Reservoir: Notigi

Reservoir: Rat

1978
1982
1983
1984
1985
1986
1987

1988

Year
1980
1981

1982

Year

1978

222

Mean Mercury Concentration (ppm)
0.6080
0.9004
1.0371
1.0867
1.1248
0.8956
0.8091

0.9724

Mean Mercury Concentration (ppm)
1.95
1.70

1.85

Mean Mercury Concentration (ppm)

2.05
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Control Lakes: Mean Mercury Concentration: 0.3983 ppm

Species: Walleye

Reservoir: Southern Indian Lake
Year
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1992

Mean Mercury Concentration (ppm)
0.8000
0.4880
0.5625
0.5760
0.5975
0.5100
0.5200
0.5867
0.4400
0.5233
0.5475

0.5050



Reservoir: Threepoint

Year
1980
1981

Reservoir: Footprint

Year
1978
1980

1981

Reservoir: Wuskwatim

Year
1979
1980
1981

224

Mean Mercury Concentration (ppm)
118

135

Mean Mercury Concentration (ppm)
0.82
0.92

110

Mean Mercury Concentration (ppm)
0.76
1.00

0.89



Reservoir: Isselt

Reservoir: Notigi

Year
1978
1982
1983
1984
1985
1986
1987

1988

1978
1980
1981
1982

225

Mean Mercury Concentration (ppm)
1.5200
0.7863
1.3728
0.4609
1.0175
1.3667
0.6780
0.9640

Mean Mercury Concentration (ppm)
141
2.90
1.88
1.23



Reservoir: Rat

Year
1978
1979
1980

226

Mean Mercury Concentration (ppm)
2.56
2.32

L15

Control Lakes: Mean Mercury Concentration: 0.4024 ppm



Species: Lake Whitefish

Reservoir: Southem Indian Lake

27

Mean Mercury Concentration (ppm)
0.0600
0.2200
0.2100
0.1800
0.1580
0.1400
0.0950
0.1400
0.1050
0.1175
0.1167
0.1100
0.1350



Reservoir: Threepoint

Year
1980
1981

Reservoir: Footprint

No Data

Reservoir: Wuskwalim
Year

1981

228

Mean Mercury Concentration (ppm)
0.56
023

Mean Mercury Concentration (ppm)
033



Reservoir: Issett

Reservoir: Notigi

Year
1975
1978
1982
1983
1984
1985
1986
1987

1988

Year
1980
1981

Mean Mercury Concentration (ppm)
0.1458
0.3240
0.2076
0.1700
0.2293
0.2488
0.0893
0.1830
0.1706

Mean Mercury Concentration (ppm)
0.12
0.23



Reservoir: Rat
Year Mean Mercury Concentration (ppm)
1978 0.40
1980 0.32

Control Lakes: Mean Mercury Concentration: 0.0480 ppm

Region: Quebec
Species: Northern Pike

Reservoir: Caniapiscau

Year Mean Mercury Concentration (ppm)
1980 0.5990
1987 0.9127
1989 1.2917
1991 1.6903

1993 2.1159



Reservoir: La Grande 2

Year

1982
1984
1986
1988
1990
1992

Reservoir: La Grande 3

Year
1984
1986
1988
1990
1992

231

Mean Mercury Concentration (ppm)
0.5714
1.2375
2.4662
2.3027
2.8280
2.8471
2.4790

Mean Mercury Concentration (ppm)
0.5054
1.2870
1.8325
2.4127

3.2581
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Reservoir: La Grande 4
Year Mean Mercury Concentration (ppm)
1987 0.7434
1989 0.9844
1991 1.0680
1993 1.3505
Reservoir: Opinaca
Year Mean Mercury Concentration (ppm)
1978 0.3206
1984 1.95%0
1986 1.5655
1988 1.8105
1990 24298
1992 2.5900

Control Lakes: Mean Mercury Concentration: 0.7968 ppm



Species: Walleye

Reservoir: La Grande 2

Year
19.78
1982
1984
1986
1988
1990

1992

Reservoir: La Grande 3

Year
1984
1986
1990

233

Mean Mercury Concentration (ppm)
0.6628
2.0252
2.7083
2.4751
3.1579
2.9813

2.7390

Mean Mercury Concentration (ppm)
1.4863
1.1033
24127



Year Mean Mercury Concentration (ppm)
1978 04304
1984 2287
1986 1.8928
1988 23505
1990 2.5832
1992 21073

Control Lakes: Mean Mercury Concentration: 0.7022 ppm

Species: Lake Whitefish

Reservoir: Caniapiscau

Year Mean Mercury Concentration (ppm)
1980 0.1669
1987 0.4727
1989 0.5082
1991 0.5212

1993 0.3332



Reservoir: La Grande 2

Year
1978

(7]
1984
1986
1988
1990

1992

Reservoir: La Grande 3

Year
1984
1986
1988
1990
1992

235

Mean Mercury Concentration (ppm)
0.0988
0.5133
0.5659
0.5061
0.5015
0.5009

0.5067

Mean Mercury Concentration (ppm)
0.3287
0.3608
0.4414
0.3914

0.3942



Reservoir: La Grande 4

236

Year Mean Mercury Conceniiation (ppm)
1987 0.4400
1989 0.3998
1991 0.3825
1993 0.2957

Reservoir: Opinaca

Year Mean Mercury Concentration (ppm)
1978 0.1056
1984 0.4730
1986 0.4403
1988 0.5757
1990 0.4890
1992 0.4763

Control Lakes: Mean Mercury Concentration: 0.1692 ppm



Region; Newfoundland
Species: Arctic Char

Reservoir: Cat Arm

Year
1982
1984
1985
1986
1988
1990
1993

237

Mean Mercury Concentration (ppm)
0.1550
0.2518
0.3209
0.4926
0.7825
0.8515

0.6258



Species: Brook Trout

Reservoir: Cat Arm

Year
1982
1984
1985
1986
1988
1990

1993

Species: Ouananiche

Reservoir: Long Pond

Year
1989
1990
1991

1992

238

Mean Mercury Concentration (ppm)
0.1103
0.1227
0.1869
0.2537
0.3527
0.4271

0.2597

Mean Mercury Concentration (ppm)
0.81
0.73
0.64
0.70



Species: Brook Trout

Reservoir: Long Pond
Year
1989
1990
1991

1992

239

Mean Mercury Concentration (ppm)
0.23
0.18
0.18

0.24
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