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CHAPTER 16

Bioaccumulation of Mercury by Aquatic
Biota in Hydroelectric Reservoirs: A Review
and Consideration of Mechanisms
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Institute for Environmental Studies,
University of Toronto,
Toronto, Ontario, Canada

ABSTRACT
Methylation is accepted to be a major process controlling the biological availability
of mercury, and a number of recent articles and reviews have addressed this process.
Recently, the occurrence of elevated mercury in fish tissues from systems in regions
considered to be remote from point or local sources of mercury have been documented. These appear to be related to acidification of surface waters and to recent
impoundments, usually in connection with hydroelectric dam construction. The
present chapter addresses this second phenomenon, which is being investigated for
Canadian Reservoirs by Environmental and Social Systems Analysts (ESSA) Ltd,
LGL Associated and the University of Toronto in an ongoing study funded by the
Canadian Electrical Association.
Elevated mercury levels have been detected in fish from a number of Canadian
reservoirs. A preliminary study in 1976 of approximately 6000 fish throughout
Labrador revealed that the highest mercury levels were found in fish from the
Smallwood Reservoir and waters of the Churchill River downstream of the Control
Structure. The maximum mercury levels in burbot (1.93 Jlwgm) and in lake trout
(3.9 Jlwgm) were in fish from the reservoir.
Southern Indian Lake has the largest commercial fishery in northern Manitoba,
and is of particular interest since the water level was raised 3 metres in order to
divert water from the Churchill River. Mercury levels in commercially caught fish
appear to have increased along the Churchill-Rat-Burntwood
River system from
the early 1970s to 1978 and 1979. The average mercury content of commercially
caught northern pike and pickerel (walleye) in 1971was 0.26 JLglgmand 0.19 JLglgm
respectively. In 1979, the mean mercury level was 0.75 Jlwgm in pickerel and 0.88
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Jlglgm in pike. The maximum allowable mercury contents for commercial fish are
1.0 Jlglgm for shipments exported to the United States, and 0.5 Jlglgm for domestic
markets.
In Saskatchewan, the government has recommended that fish from the Cookson
Reservoir not bd consumed by humans due to elevated mercury levels in the fish.
These three examples may suggest that elevated mercury levels in Canadian reservoirs are a well documented phenomenon. However, both the source of mercury
in new impoundments, and the mechanisms resulting in high fish mercury level
have yet to be clearly identified.
Hypotheses relating specifically to the factors controlling mercury levels in fish
from recent impoundments (in contrast to factors more generally related to mercury concentration in biota) include:
1. The amount and quality of organic matter in flqoded sediments will affect microbial activity.
2. The mercury concentration of flooded soils, rocks or vegetation is not limiting
for fish uptake.
3. Rates of methylation in the flooded area determine the concentration of methyl
mercury in water or in food items for fish.
4. Shoreline erosion influences the amount of organic content in flooded sediment.
5. The composition of upper soil horizons and vegetation in the flooded area influences the organic content of flooded sediment.
6. Physical characteristics of the reservoir influence the sedimentation of organic
matter. which influences the organic content of flooded sediment.
These hypotheses are discussed with emphasis on mechanisms, practical consequences and duration in time of the phenomenon, and possible amelioration-a
priori or a posleriori-of the fish mercury problem in reservoirs.
INTRODUCTION

The recognition of mercury as a risk to human health from environmental rather than from occupational exposure dates from the late 1950s and
includes a number of examples relating to mercury from specific sources
(D'}tri and D'Itri, 1977). Mercury readily accumulates in tissue and is also
biomagnified through the aquatic food chain. Methylation of mercury is accepted to be a major process controlling its biological availability in aquatic
ecosystems, and a number of recent articles and reviews have addressed this
process (e.g. Nriagu, 1979).
More recently, occurrences of elevated mercury levels in tissues of fish
from regions considered to be remote from point or local sources of mercury
have been documented. These appear to be related to: (1) acidification of
surface waters (Lindqvist et at., 1984) and, (2) recent impoundments, usually
in connection with hydroelectric dam construction (e.g. Bodaly et at., 1984).
The present chapter briefly reviews the second phenomenon and attempts
to explain possible mechanisms leading to elevated mercury levels in fish
from reservoirs.
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MERCURY UPTAKE BY FISH
Fish can accumulate mercury either through food or directly from the water.
In natural ecosystems, it is most likely that fish accumulate mercury via
these two vectors concurrently. However, the relative importance of these
two uptake processes has not been clearly established even under laboratory
conditions and is probably related to species and site-specific conditions.
The efficiency of mercury assimilation from food appears to vary among
species. Experimental studies have shown that 68-80% of mercury ingested
is assimilated by rainbow trout (Phillips and Buhler, 1978; Rodgers and
Beamish, 1982), about 20% in northern pike (Phillips and Gregory, 1979),
and an efficiency of 80% has been used in uptake models for yellow perch
(Norstrom el al., 1976). However, it has also been shown that mercury assimilation across the gut will begin to decrease above certain critical concentrations (Rodgers and Beamish, 1982).
The amount of mercury accumulated directly from the water by fish is
more difficult to calculate due to problems in accurately measuring mercury
concentrations in surface waters. Mercury uptake from the water will be
determined by the water concentration, fish metabolic rate and efficiency of
uptake (bioavailability) as determined by the ambient water characteristics.
The latter factor is the least understood and perhaps the most important
condition governing mercury uptake in fish living under natural conditions.
Detailed models have been developed relating mercury uptake in fish to
fish metabolic rate (Norstrom el aI., 1976; Rodgers and Beamish, ]981). Biotic and abiotic variables affecting fish metabolic rate and mercury uptake
include water temperature (MacLeod and Pessah, 1973; Reinhart ~l al., 1974)
and fish body size (Defreitas and Hart, ]975; Sharpe el ai., ]977). Rodgers
and Beamish (1981) showed that uptake of waterborne methylmercury by
rainbow trout was linearly related to oxygen consumption and methylmercury concentration at values less than 8.0 JLg/litre.
The uptake efficiency of methylmercury from water by salmonids has
been estimated at 7.1% (Boddington el al., 1979) and 8.3% (Rodgers and
Beamish, 1981). The latter value was obtained while running the experiment
in hard water (385 mg/Iitre CaC03). When the experiment was repeated in
soft water (30 mg/litre CaC03), the uptake efficiency was increased to 25%
(Rodgers, ]982). Increased uptake efficiency may therefore partially explain
elevated mercury levels in fish from low pH lakes. The rate of accumulation and toxicity of several metals to fish are known to be reduced by
increased water hardness or calcium levels (Pickering, 1974; Davies el aI.,
1976; Howarth and Sprague, 1978; Carrol el ai., 1979). The mechanism to
account for this effect is thought to be increased gili permeability at low
calcium levels (Spry el at., 1981), or competition between metals and calcium for cellular binding sites (Zitko and Carson, 1976). Observations from
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field studies also show correlations between fish mercury level and water
calcium concentration (MacFarlane and Franzin 1980; Wren and MacCrimmon, 1983).
A variety of other physiochemical conditions within lakes have been empirically related to mercury levels in fish. Prominent among these relationships are elevated mercury levels at lower lake pH (Jernelov et aI., 1975;
Brouzes et at., 1977; Hakanson, 1980; Suns et aI., 1980; Wren and MacCrimmon 1983). Sloan and Schofield (1983) reported that mercury levels
were higher in brook trout from drainage lakes (pH s 5) than in brook
trout from seepage and bog-type lakes (pH> 5.0). However, they also state
that trout mercury levels did not change after liming one lake, and this conflicts with the pattern of other data presented. A recent evaluation of data
from over 200 lakes in Sweden suggests that mercury levels are elevated
in fish within specific regions due to increased atmospheric deposition of
mercury, and also lake acidification (Bjorklund et aI., 1984). Despite these
studies, no plausible mechanism to account for the effect of water pH on fish
mercury levels has yet been put forth. The original hypothesis concerning
the production of monomethylmercury from sediment~ at pH < 6.0 (e.g.
Beijer and Jernelov, 1979) is almost certainly an oversimplification of the
processes occurring within natural ecosystems. To elucidate the mechanisms
governing mercury uptake in fish in freshwater systems there remain at least
two important tasks:
I. development of a reliable technique to accurately measure mercury and
methylmercury concentrations in water.
2. identification of the function and relative importance of chemical variables (e.g. calcium, humic acids) on the bioavailability of mercury to fish
in water.
MERCURY IN FISH FROM RESERVOIRS
The earliest documemation in the literature of mercury in fish from impoundments appeared in 1974, when Smith et al. (1974) reported high mercury levels in fish from Willard Bay Reservoir, Utah. This is a shallow reservoir with a pH of 8.1-8.3. As shown in Table 16.1, predatory fish in particular
contained high total mercury (from 0.27-7.3 mg/kg). However, only two of
the fish species from Willard were common to other Utah water bodies reported by the same authors, and the authors at that time provided some
evidence that Willard was in fact 'naturally' polluted with mercury. They
stated that 'a major contribution of mercury to Willard Bay Reservoir may
be made from insoluble mercury salts or sulfides in the muds deposited from
the time of Lake Bonneville which receded to form the highly saline Great
Salt Lake'. The only geochemical measurements referred to were those of
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the 1971 ge')logical survey which reported 'The greatest concentration of
mercury found in a sort sample was from Summit Country, Utah'. Without
any more specific data it is not possible to speculate further on the significance of the observations on fish mercury; the study is included as an
example of the high Hg levels attained in predatory fish in reservoirs.
Table 16.1 Mercury levels in various fish species for reservoir studies in the USA
(All values in mg/kg wet weight)
Carp
Willard Bay
0.520-1.210
Rese rvo ir,
Utah
Reference
0.040-0.820
area. Utah
Lake Powell. 0.181-0.339
N. Mexico

Walleye

Largemouth
bass

Brown trout

Reference

0.160-3.890

0.270-7.300

-

-

1.330
(1 sample)
0.130-0.430

0.209-0.763

0.192-0.688

0.073-0.101

Smith el a/.,
1974
Smith el at..
1974
Potter el a/..
1975

More comprehensive are the results of a study on mercury in a manmade desert reservoir (Lake Powell) in New Mexico reported by Potter et
af. (1975). Flooding commenced in 1963 and by 1971 the volume of the
reservoir was 17 860 x 106 m3. These workers measured mercury in seven
different fish species, for eleven different tissues. Ranges in mercury concentration for four of the species for axial muscle (which was the tissue
highest in mercury for most samples) are given in Table 16.1. Predatory
fish commonly had mercury >0.5 mg/kg but some exceeded 1.0 mg/kg. Fish
mercury levels were related to body weight and trophic status. There are no
pre-impoundment data nor reference areas, and as shown in Table 16.1, the
mercury levels in fish, where there are species in common, were generally
much lower than for the Utah study of Smith et al. (1974). Nevertheless
the Lake Powell study is valuable because the authors present a mercury
budget for the reservoir, which indicates that apart from fish, the highest
mercury levels were in 'water transported' plant debris, which contained up
to 0.145 mg Hg/kg (dry weight), significantly higher than for live plants in
the terrestrial and aquatic systems, which never exceeded 0.034 mg/kg in
leaves.
The authors gave evidence for 'bioamplification' of mercury, and considered that in this man-made reservoir, remote from pollution sources and
with 'only very slight and very local pollution', mercury was released by
'natural weathering' of the basin. They calculated that 800 kg/year might
accumulate in the reservoir.
Abernathy and Cumbie (1977) reported on mercury accumulation in
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largemouth bass for three reservoirs in South Carolina. The waters contained very low mercury levels (ND-0.06 j.Lg/litre).These authors showed
relatively high fish mercury with differences among reservoirs of different
ages (Table] 6.2). Highest fish mercury levels were in a young, oligotrophic
reservoir, and the lowest levels in the older, eutrophic reservoirs. However,
the results do not conclusively relate fish mercury to impoundment or to
reservoir age. There were other large differences among reservoirs, for example, in water quality parameters such as conductivity, alkalinity, pH and
turbidity, all of which can affect mercury availability. The authors suggested
that anaerobic conditions in the more nutrient-rich systems would result in
binding of mercury to sulphur compounds and organics, which would remove the mercury from the food web. They refer briefly to methylation,
which they consider would be favoured by aerobic conditions prevailing in
the more oligotrophic systems, and conclude that the source of mercury to
fish 'could easily have been provided by background levels of mercury which
were present in topsoil which formed the sediments of the reservoirs after
filling' .
In a follow-up study for Lake Jocassee, which had the highest fish mercury, Abernathy and Cumbie (]977) found a decrease in fish mercury levels
between ]974 (1.9 :i::0.]2 mg/kg) and ]975 (0.69 :i::0.06 mg/kg). Based on
this and on the data for different aged systems, the authors concluded that
'elevated mercury in fish of new reservoirs is probably transitory, declining
within 3-5 years after reservoir filling under conditions which exist in the
systems we have studied'.
Meister el ai. (] 979) also identified soil from the flooded area which sedimented into the reservoir as the original source of mercury in crappie and
largemouth bass in Cedar Lake Reservoir, Illinois. Some of the largest (3.55.5 kg) bass contained more than 0.5 ppm mercury (Table 16.2). Meister
et at. (1979) considered that microbial methylation of the sediment mercury, combined with food chain biomagnification, resulted in elevated fish
mercury particularly in predatory fish, and that 'anaerobic conditions that
favour the uptake of mercury from soil by methylation can occur at the
lake bottom'. They concluded that 'elevated mercury in predatory fish in
new impoundments is to be expected and is independent of water quality'.
Furthermore, they expected that eventually the concentration should drop
because of constant removal of water, fish harvest and volatility of organic
mercury. In a report on Cedar Lake, Cox el al. (]979) considered that the
source of mercury was natural and cautioned that if reservoirs are to be used
as fisheries, close monitoring of mercury in predatory fish should be carried
out during the first few years.
A number of other studies on mercury levels in fish from reservoirs in
the USA and Canada have been published during the late ]970s and early
1980s. In order to give the reader a sense of the extent of the studies and
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Table 16.2 Mercury concentrations
ber of reservoir studies

( Jlglgm wet weight) in bass from a num-

Reservoir

Mercury concentration
(Jlglgm)

References

Lake Jocassee,
S. Carolina
(1 year)
Lake Hartwell,
S. Carolina
(11 years)
Lake Keowee,
S. Carolina
(3 years)
Cedar Lake
Reservoir.
Illinois

1.87-4.49

Abernathy and Cumbie, 1977

0.38-0.68

Abernathy and Cumbie, 1977

0.34-3.99

Abernathy and Cumbie, 1977

0.07-0.50

Meister el at.. 1979

Ress Bainett,
Mississippi
Occoquan Res..
Virginia
Wallace Bay,
Utah
Lake Powell,
New Mexico

>0.05-0.74

Knight and Herring, 1972

0.00-0.8

Gawlick. 1979

0.27-7.3

Smith el at., 1974

0.192-0.688

Potter el at., 1975

their respective limitations, these are summarized in Table 16.3. Even when
one excludes those situations where a specific source of mercury is identified, for example, mining activity (PhiJIips et aI., 1980; Cooper, ]983) or
contamination from a chloralkali plant (Hildebrand et al., 1980), it is clear
that fish mercury is frequently unacceptably high in impoundments remote
from major point sources and that the phenomenon has been described for a
variety of geographic regions, from east to west of the North American continent. Whether there are conspicuous exceptions remains to be seen; with
one exception no studies report on data which show no change in fish mercury (Environment Canada, 1979). Furthermore, many of the earlier studies
were commenced after flooding and time trends or pre-impoundment data
are not available.
Within Canada, several recent studies which are fairly complete can be
highlighted as examples of the geographical extent of the phenomena. In
Labrador, preliminary studies in 1976 (Bruce and Spencer, ]979) on the
Smallwood Reservoir which was filled in ]971 showed 'above background'
levels of mercury in several fish species.A comparison of mercury in the
different fish species from 88 locations in Labrador showed that the highest

Table

Water body

16.3

Location

S. Indian L (SIL) Man.

Rat L. (RL)

Man.

Notigi L.

Man.

Waskwatim

Man.

Proposal to B.C.
Smallwood R.
Cookson

B.C.
Labrador
Sask.
N.W.T.

Strutt

L.

Various

Cedar L.

Lake Powell
Tongue R.

N. Finland

Illinois

Arizona
Montana

tV
0'tV

Summary of available reservoir studies
References
Bodaly and Hecky, 1979
Bodaly et ai., 1984
McGregor, 1980
Env. Canada, 1979

McGregor, 1980
Bodaly et ai., 1984
McGregor, 1980
Bodaly et ai., 1984
McGregor, 1980
Bodaly et ai., 1984
Bodaly and Hecky, 1982
Bruce and Spencer, 1979
Waite et ai., 1980
Weagle and Cameron,
1974
(ABST)
Lodenius et ai., 1983

Meister el ai., 1979
Cox el ai., 1979
Potter et ai., 1975
Phillips et ai., 1980

Comments
Experimental

+ Se data

Good informative statistics.
4 fish spp. Ref. to some sites
where Hg(fish) not increased
Good statistics. 4 fish spp.
(RL Hg fish) > SIL
Good statistics. 4 fish spp.
Good statistics. 4 fish spp.
Waskwatim Hg(fish) >SIL
Highest in piscivores, 14 spp
Walleye highest. Water Hg low
Abstract only Bodaly (1982)
refers to Hg levels from
this study
Increased Hg in reservoir and
more in top predators. Highest
hair Hg in people eating
reservoir fish
Soil probable origin of Hg
Samples dried at temperatures
too high for Hg
Sites contaminated
from

mining

t"-'
('\)

;:,

.

('\)

;:;
::::
(J
;:,
.
;:,

;::;
J:.
('\)

;::;

;:;.

s.
;;.

('\)

t11
;::;
'<:.

;::;
('\)
:::.

Hartwell,
Keowee and
Jocassee

S. Carolina

Abernathy and Cumbie,
1977

Major
reservoirs (9)
Willard
Bay R.

S. Carolina

Pueblo R.

Colorado

Herrman and Mahan,
1977

American
Falls R.

Idaho

Kent and Johnson,

Utah

Elephant
Butte R.

N. Mexico

Lahonatan R.

Nevada

B. Everett
Joshia R.
General

N. Carolina
Canada

Various (80)

lllinois

High levels in fish from
reservoir; differences not
clearly related to impoundment. Jocassee and
Keowee have highest fish
Hg

Abernathy, 1979

R

::::
::::

[

75% fish in reservoir
> 0.55 ppm. Reference sites
much lower

Smith el ai., 1974

c'
;::
.Q,

No biological data
::::

1979

Very high Hg in water> 1.78
nglHtre. Methods not given.
Johnson el al.. 1978
Follow-up of 1974 paper
'Water Hg stillage'
Great fluctuation in
Garcia and Kidd, 1979
water level; difference in
water Hg across reservoir
Cooper, 1983
Impounded 1915. weightIHg
correlation for some (11 spp.
examined). Source of Hg is
old mining
Cooper el ai., 1983
Reservoir is eutrophic. Carp
mortality in 1980 and 1981
Shuman el ai., 1983
Municipal discharge contains
Hg, and natural source
Baxter and Glaude, 1980 Has list of reservoirs
across Canada
Hullinger, 1975

t:I::!

c'
;:,

Map of locations in lllinois.
High Hg (water) seemes to
be in certain geographical
regions but only 1 sample
1 year

..t::)

::::

;:;.
t:I::!

c'
i:)

N

0\

v.>

Table 16.3
Boundary

Saskatchewan

Allan and Richards.
1978

Liard River
Branager
(Prior to
reservoir
formalities)
La Grande 2
and Opinacca

B.C. Canada

Sekerak and Mace. 1982

Dam

Cherokee

IV
0'

Cont'd.

-l:>

Original water quality
poor, surface sediment high
in Hg (as for other metals)
TDS downstream improved
after dam built
Metals low in water.
sediment and fish

t"""
,

Quebec
James Bay

Virginia and

Boucher and Schetagne,
1983

Hildebrand et aI., 1980

Reservoir
B. Everett
Jordan
Falls L

Tennessee
N. Carolina

Weiss and Bond, 1978

B. Everett
Jordan
Falls L

N. Carolina

Shuman el aI., 1983

Occaquan
Reserve
La Grande 2
and Opinacca

Virginia

Gawlick, 1979

Quebec

Boucher and Schetagne,
1983

Lots of raw data and good
time trends. Fish Hg
increased years 1-2 and more
in year 4. Erosion negligible,

pH low
Chloralkali plant was
source of Hg.
Over 140-150 days, Mercury
increased. Decreased after
suggest IHg] associated with
richness of organic
content
Goldmining area 1032 sports
fish sampled. One arm of
system fish collected 28% had
Hg > 0.5 ppm
Agricultural and urban
run off

;::;

0
3
-.
3
;:s

;:s

;::;.

S.
S.

('1)

;:s
-.

d;:s
3
;:

('1)
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mercury levels were in fish from the Smallwood Reservoir and the Churchill
Reservoir downstream of the Lobstick Control structure. The highest levels
were for lake trout (3.9 p,g/gm) and burbot (1.93 p,glgm) from the reservoir.
Thus, although no pre-impoundment data were available, spatial comparisons indicated abnormal levels in the reservoir fish.
In Quebec, reservoirs constructed on La Grande river were studied over
the period 1978-82 (Boucher and Schetagne, 1983). These authors compared
mercury in fish for pre-impoundment with post-impoundment conditions.
At all sites, mercury was consistently higher in the piscivorous pike and
walleye. For all fish species there was a correlation between age and mercury,
or between length and mercury, but a great deal of variability existed in the
data. After impoundment, mercury in fish increased: for example, walleye
year 2 (2 X) and year 4 (3.5 X), and for whitefish in year 2 (3 X) and in
year 4 (5.5 x). Table 16.4 summarizes some of their results. Most fish in the
reservoirs exceeded the federal 0.5 mg/kg limit, and it was recommended
that fish consumption should be limited.
Table 16.4 Pre- and post-impoundment mercury levels (in lLf/gm wet
weight) in fish from Quebec reservoirs. (From Boucher and Schetagne,
1983)
Reservoir
La Grande 2
Opinacca
Caniapiscau
La Grande 2
Opinacca

Fish species
Lake whitefish
Longnose sucker
Pike
Walleye

Pre-impoundment
levels
0.09-0.17
0.13-0.19
0.52-0.60
0.6

Year 2

Year 4

0.26

0.51
0.40
1.24
2.05

1.28

In a discussion of the possible mechanisms, Boucher and Schetagne considered the role of sediments resulting from erosion and of organic matter as
factors mediating the influx of mercury and the methylation of mercury. For
La Grande Reservoir, however, erosion had been negligible and no increase
of organic matter had been observed. These authors considered that a major
controlling factor for methylation in the specific systems under consideration was a decrease in pH of surface waters from about 6.5 to 6.0, with
slightly lower (5.4-5.9) pH in subsurface water. Inundation of vegetation
was also considered an important factor, since terrestrial plants, especially
mosses, have a high metal binding capacity, and may be loaded with mercury (originally from the atmosphere). A third factor which these authors
discussed was the concentration of nutrients, which could enhance methy-

lation of mercury.After flooding,La Grandeand Opinaccareservoirsdid,
in fact, have higher concentrations of nutrients than hitherto.
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The Cookson Reservoir in Saskatchewan was created in 1976 in an area
remote from anthropogenic sources of mercury. Data for mercury were collected in 1979 (Waite et at., 1980). Walleye in the reservoir exceeded the 0.5
mg/kg limit, but there were no pre-impoundment or reference site data. For
this study, there were insufficient data on other factors to permit speculation concerning the mechanism, but 'preliminary information on mercury
concentrations in terrestrial soils and reservoir sediments do not show unusually high levels'. The authors speculate that 'if the mercury source is
newly inundated soil containing average southern Saskatchewan mercury
concentrations, and if there are no other sources, it is likely that mercury
concentration in the fish of Cookson Reservoir will peak and then begin to
decline'.
The most comprehensive studies to date in the mercury-reservoir problem
come from a hydroelectric development in the Churchill and Nelson river
valleys in Northern Manitoba. This is an immense development in which
the combined flow of two of Canada's major rivers are utilized to provide
hydroelectric power to Manitoba. Approximately 820 m3/s of the 960 m3/s
of the Churchill River is now diverted into the Nelson River basin (Bodaly et
at., 1984). The ecosystems prior to development were riverine lakes (10-2000
km2) on the precambrian shield, with bedrock overlain by glacier-lacustrine
and glacial deposits of clay, silt and sand. The climate is subarctic and much
of the soil is permanently frozen. In 1976, the diversion began, and details
of the works and hydrology are described in Newbury et at. (1984). In 1976,
the level of South Indian Lake was raised by 3 metres which flooded 414
km2. Since then work proceeded on impoundments and diversion until 1980,
when construction was suspended indefinitely.
.
In the context of the present review it is pertinent to note that part of the
higher areas surrounding the lake are permanently frozen and the deposits
in the flooded area are being severely eroded. Pre-and PQst-impoundment
studies on a number of ecological and physical aspects are being conducted
and have been described in a recent series of papers (Newbury and McCullough, 1984; Hecky and McCullough, 1984; Hecky, 1984; Becky and Guildford, 1984; Bodaly et at., 1984). Based on the reservoir paradigm (Rzoska,
1966) a number of predictions of physical changes were correct, but for the
most part biological changes were not correctly predicted and in particular the measurement increases in the fish mercury concentrations had not
been predicted. Table 16.5 gives some pre-and post-impoundment mercury
levels for whitefish, pike and walleye. Other lakes in the same area show
corresponding and comparable post-impoundment increases (Le. in the order of 20-40%) (Bodaly el at., 1984) also shown in Table 16.5. In the latter
document, reference is made to spatial comparisons. Data for fish mercury
levels were available for 30 other lakes in Northern Manitoba and during
the 1970s these did not show any trends toward increasing concentrations.
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Bodaly el al. reject the hypothesis that differences in deposition rates could
account for the sudden surge in fish mercury beginning in 1976, although
according to lake sediments there has been a very slow increase in mercury
deposition, with an approximately 2 x increase in flux sediments in pristine
areas since 1900; It is also convincingly argued that anthropogenic point
sources could not explain the surge, and mercury-rich geologic formations
are also unlikely to be the cause.

Table 16.5 Pre- and post-impoundment mean Hg levels (in Jlg/gm wet weight)
in three fish species in lakes flooded by the Churchill River Diversion, Northern Manitoba
Fish species

Lake

Lake whitefish
(Coregonus
clupeaformis)

Pre-impoundment

Post-impoundment

SIL area 4
SIL areas 2 and 6
IS
WK

1975 0.05
1975 0.06
19750.15
19700.08

19780.22
1978 0.30
1978 0.32
1970 0.33

Northern pike
(Esox Lucius)

SIL
IS
WK

1971-730.29(12)*
1978 0.61 (5) t
1979 0.91 ("75)t

1976-790.47 (33)*
19820.90 (26)t
1982 1.13 (1)t

Walleye
(Stizostedioll
vitreum)

SIL
IS
WK

1971-730.25 (12)*
1978 1.52 (5)t
19700.34 (l)t

1975-790.40 (21)*
19820.79 (19)T
1981 0.89 (34)T

(N)
SIL
]S

(25)*
(50)*
(24)*
(1)t

(16)*
(17)*
(5)*
(28) t

= South Indian L, Churchill River, at point of diversion.
= Issett L., upper end of Notigi Reservoir.
= Waskwatin L., on Burntwood R. basin, Notigi Reservoir.

WK
* Bodaly and Hecky, ]979
t Bodaly el al.. 1984

Mercury analysis of vegetation litter, other soil horizons, lake and suspended sediment and water are given, and none of these are high enough
to be considered contaminated; rather they tend to be below average compared with similar materials elsewhere. The authors consider that the activity
of flooding soils resulted in increased bacterial methylation of naturallyoccurring mercury, with the primary source of mercury in the organic rich
upper soil horizon. The study of Furutani and Rudd (1980) supports the idea
that increased bacterial production would occur when terrestrial vegetation,
moss, peat and humus is inundated.
While there are problems related to small sample size for some parts of
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the study (Table 16.5) referred to by Environment Canada (1979) there
seems no reasonable doubt that the phenomenon of elevated fish mercury
is real, and in a number of instances the differences between pre-and postimpoundment fish mercury are significant (Bodaly and Hecky, 1979). The
post-impoundment levels of mercury in fish frequently exceeded 0.5 mg/kg
for pike and walleye but not for whitefish. It is nevertheless of interest to
note that in a summary of all available data for the Southern Indian LakeBurntwood River system, comparing 1978 and 1979 data with previous years,
Environment Canada (1979) identifies from commercial samples six sites
where fish mercury levels have changed significantiy and nine where they
have not changed significantly. In no cases did they find significant decreases.
POSSIBLE MECHANISMS
There is little disagreement that regardless of the situation, methylmercury
results in higher levels of uptake into fish than does inorganic mercury
(e.g. Ribeyre and Boudou, 1983). This assumption <;anbe applied to highly
polluted situations such as the English Wabigoon River System (Jackson and
Woychuk, 1980) as well as to lakes and rivers in remQte areas which have not
been impacted by man (Lindqvist et at., 1984) and re~ervoirs which although
impacted by man have no known local anthropoge~ic source of mercury.
There is also general agreement that 70-80% of the mercury in fish muscle is
methyl mercury (Westoo, 1966; Lockhart et at., 197f). The explanation for
the now widely recognized phenomenon of elevated fish mercury in recent
impoundments can therefore be narrowed down to finding an explanation
for mechanisms of increases in methyl mercury in the systems of interest.
Where mercury in the environmental compartmen~s of the reservoirs and
their adjacent environment has been measured, there is rarely any evidence
of contamination or above background concentratiolls of mercury. (Exceptions to this have been noted in Table 16.3.) Abernathy (1979) in a rough calculation provided evidence that there was sufficient mercury in the flooded
soils which formed the sediments of the reservoir to aqcount for the fish mercury and others have referred to 'natural levels' of mercury as the source.
This is probably true for any situation except the remote pre-industrial conditions described by Lindqvist et at. (1984). It is therefore reasonable to
assume that the source of mercury is either the materials already in the lake
or river prior to flooding or the flooded soils and vegetation, and that this
mercury is either natural, or at least background even if not pre-industrial
levels (Lindqvist et at., 1984). There is no immediate atmospheric source in
these situations. The question of mechanism then becomes one of mobilization and methylation of existing mercury resulting from the factors which
change between pre-and post-impoundment.

Bioaccumulalion of Mercury by Aquatic Biola

269

From the studies which have been reviewed in the present paper, it is
possible to reach a consensus that soils and vegetation in the flooded areas
are the source of mercury. The Churchill River studies show a relationship
between the area flooded and the mercury levels in predatory fish (Bodaly
el al., 1984). There is also strong evidence that methylation is promoted
by vegetation and/or already decaying vegetation or other organic matter
in the flooded area. Methylation may occur in the previously exposed soil
and vegetation, or in the material which is washed into the reservoir and
becomes bed sediment or suspended particulate matter.
Experimental studies are now underway at the Churchill River diversion
site, using large enclosures (Iimnocorrals) in which additions of the various
types of vegetation in the flooded area are made, and actual methylation rates
or fish mercury as a surrogate for methylation rates are measured. Preliminary results (Hecky el al., 1986) indicate that the best source of mercury
and promoter of methylation is Sphagnum moss. In contrast, the addition
of inorganic subsoil to the experimental enclosures did not have the same
effect (Newbury el aI., 1984). While these studies can be considered sitespecific, they are nevertheless consistent with the results of other experimental studies which have shown that additions of organic material-microbial
substrate--increased rates of microbial mercury methylation (Furutani and
Rudd, 1980). A recent review of the Swedish mercury problem (Lindqvist
el aI., 1984) which did not in fact consider the reservoir phenomenon, but
rather considered remote lakes and the related fish mercury problem, concluded that a major route of mercury for fish is transport from surrounding
soils and vegetation (which in Southern Sweden are already contaminated
by increased atmospheric fallout of Hg from long range transport). If this
is so for unflooded systems, then flooding would probably further enhance
this tendency. There is also some evidence from Japanese studies (Nagase
el al., 1984a,b), and from Swedish studies (Hultberg, personal communication) that non-microbial methylation (probably via a free radical reaction)
is important in these systems. Non-microbial mercury methylation in experiments was also stimulated by organic matter and certain metals such as Fe,
Mn, and Cu (Hultberg, personal communication).

REHABILITATION AND CONTROL MEASURES
With the recognition of the risks to humans associated with mercury in the
aquatic environment, a number of measures have been proposed, or have
been the subject of experimental manipulation, to ameliorate or control the
mercury problem in contaminated lakes and river systems.
Several studies are summarized in Table 16.6. It is immediately apparent,
based on the proposed explanation of the mechanism of mercury accumula-

Table 16.6
Major Concern/
impact

Summary of proposed amelioration

Source of Hg

Location

methods to restore mercury-contaminated

Type of study

Treatment

N

waterways

Rationale

-...J
0

References

Fish Hg
(low 02)
organic pollution
benthos effects

Bed sediment

Tokyo Bay,
Japan

Dredging
(7-40 mg/kg Hg)

Sediment the major
source.

Sameshima, 1977

Fish Hg

Chisso chern
Hg

Minaomata
Bay, Japan

Dredging and
settling

Yoshida and
Ikegaki, 1977

.

Fish Hg

Release from
sedimtmts

Wabigoon R.
Ontario

Field studies
to test sources
and transport
MisceJJaneous Pilot
SLC1air R.
experiments
Detroit R,
Islair Cr.

Dredging most
contaminated
sediments
Cover with crushed
automobiles the
sand or cJay

Dredge soil particJes
not likely to
cause Hg release
Removal of source

Jackson and
Woychuk, 1980
Wilkins, 1978
Feick el aI., 1972

9

Wabigoon R.

Plough
sediments

Fish Hg

Fish Hg
Fish Hg

Contaminated
sediments

Contaminated
sediments
Bottom
sediments

Fish Hg

Fish Hg

Contaminated
sediments
S. Indian Lake

Accumulate
Hg in settling
ponds,
immobilize
chemically
and dredge
Wabigoon R,
Clay L.

t'-'

Fe removes
soluble Hg

I':>

;:;
;::

Q
;:

i::'
;:
Dilute contaminated
with clean sediment.

Wilkins, 1978

Control of
source and
remainder

;:::

""
;:s
;::;.
S.

S""
Limmocorrals

Limnocorrals

Resuspension of
sediments and
downstream deposit
Add clay

Control Hg in water
and at sediment-water
interface
Reduction of toxicity
in fish

Rudd el aI., 1983

t11
;:::

<:::

:::;.
Q
;:s

Hecky el aI.,
unp. data

;:
""

:::

Fish Hg

Contaminated
sediments

Proposed field
studies

Cover sediments
with organic
sediment

Jernelov and
Lann, 1973

Fish Hg

Contaminated
sediments

Swedish
Lakes

Proposed field
studies

Maintain or
increase
eutrophic
conditions, add
fertil izer

Dilute CH3Hg+ with
large and rapidly
growing biological
community

Jernelov and
Lann. 1973

Fish Hg

Contaminated
sediments

Wabigoon R.

Field

accumulate Hg
in settling ponds,
immobilize
chemically and
dredge
Intensive fishing

Control of source

Jackson and
Woychuk, 1980

No point
source of Hg

S. Sweden

Fish Hg

Contaminated
sediments

Contaminated
dredge spoil

Impounded
spoil area

Wabigoon R,
Clay L.
Dokai Bay
Kitakyushu
city

Dredge spoils

Contaminated
dredgate

Detroit R.
St. Clair R.

Field
experiments
Limnocorrals

Addition of
selenium

Jernelov and
Lann, 1973
c'
;:::

:t:.

s::.

;::;.
Change in
'biological flow'
ofHg
Decreased rate of
Hg uptake by biota

Line sea walls
with Plasma
and cover with
rafts of bamboo,
plastic sheets
and sand
Proposed
experiments

t:tJ
c'

s::.
I")
I")

Swedish
Lakes

Fish Hg

Add lime

Maintain reducing
conditions and high
rates of sulphide
production
Prevent form
of CH3Hg+ favour
(CH3)2Hg

sediments

Fish Hg

Contaminated

Swedish
Lakes

Gothberg, 1983

b::J

c'

Rudd et aI., 1983
Fujino, 1977

Dredged sediments
leached with
hypochlorite

Dredgate cleaned
and can be added
to water or
land fill

Feick at aI., 1972
IV
-..J
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tion in fish from reservoirs, that most of these approaches are not relevant
to the problem of concern. Any measure which aims at sealing or removing
sediments, appropriate enough for a system with contaminated sediment,
will not be appropriate for a reservoir if the problem originates in the vegetation or soils of the watershed. Similarly, neither the diversion of a water
course, nor a control of the source of mercury, are feasible in the reservoir
situation.
Until it is determined whether the phenomenon is relatively transient and
short-lived, in which case it would be proposed to limit or control fishing for
the appropriate number of years, it is not economically realistic to propose
remedial measures. However, assuming that the phenomenon is sufficiently
serious and long-lived that manipulations towards decreasing fish mercury
are realistic, only four approaches appear to be even remotely appropriate.
The first involves removal of the vegetation and, possibly, the organic soil
horizon from the area to be inundated, prior to flooding. The second involves addition of selenium to water, as proposed by Rudd et at. (1983).
Thirdly, with the observation, also by Rudd et al. (1983) that resuspension
of sediments decreased mercury uptake by biota in experimental enclosures
in the English-Wabigoon River system, deliberate addition of suspended
sediment, assuming that the sediment itself is not contaminated, could be
investigated. However, since the assumption of this method in which mercury is scavenged from the water is that mercury per se becomes limiting, it
is probably not applicable to the reservoir situations, where it appears that
methylation rates are limiting, rather than mercury concentrations. The final
possibility relates to Gothberg's (1983) observation that intensive fishing can
result in decreased levels of mercury in fish. The most tenable explanation
for this effect appears to be an alteration of the 'biological flow of mercury'
since the fishing caused very little reduction in the total mercury content of
the lake. Control of erosion would also be indicated as an adjunct to any of
the above.
Of these four possibilities, only the first appears to be even remotely
practical. For reservoirs much could be discussed concerning site selection
from the point of view of watershed and soil characteristics, but again from
a practical standpoint, hydrological, physical and engineering considerations
would probably overwhelm those pertaining to mercury.
It has to be emphasized that pre-impoundment studies of the hydrology,
soils, vegetation and water quality and fish Hg should be conducted, as well
as ongoing monitoring of the fish mercury as an indicator and integration of
methylation. Only by such careful and systematic studies can the extent and
duration of the problem of mercury in fish in impoundments be evaluated.
In many instances it is clearly too late to conduct such longitudinal studies,
and spatial comparisons have to be used.
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