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and Jacob Kalff and Joseph B. Rasmussen

Cabana, G., A. Tremblay, ). Kalff, and ).B. Rasmussen. 1994. Pelagic food chain structure in Ontario
lakes: a determinant of mercury levels in lake trout (Salvelinus namaycush). Can. J. Fish. Aquat.
Sci. 51: 381-389.

The trophic structure of pelagic communities in glaciated regions is highly variable due to restricted dis-
persal of glacial relict taxa and recent species introduction. Much of the between-lake variation in Hg
in lake trout (Salvelinus namaycush) flesh from the St. Lawrence system (non-point-source contaminated
lakes), which spans more than two orders of magnitude (0.03-3.96 wg/g), results from differences in the
length of pelagic food chains. Hg levels from the longest food chains where pelagic forage fish and the crus-
tacean Mysis relicta were present were about 3.6-fold higher than those from the shortest food chains
where these last two trophic components were missing. A lack of correlation between Hg levels in small-
mouth bass (Micropterus dolomieu), which do not exploit the pelagic food chain, and the length of the
pelagic food chain confirmed that the positive relationship observed in lake trout could not be attributed
to the confounding effect of some physicochemical factors covarying with our pelagic food chain classi-
fication. Our results confirmed that the food chain biomagnification model developed by Rasmussen et al.
(1990. Can. ). Fish. Aquat. Sci. 47: 2030-2038) to predict PCB levels in lake trout can also be applied
to Hg biomagnification.

La structure trophique des communautés pélagiques dans les régions de glaciation est extrémement vari-
able a cause de la dispersion restreinte de taxons reliques de I’ére glaciaire et de I'introduction d’especes
récentes. Une bonne partie de la variation entre les lacs de la concentration de Hg dans la chair du
touladi (Salvelinus namaycush) dans le réseau du Saint-Laurent (lacs qui ne sont pas soumis a des sources
ponctuelles de pollution), qui couvre plus de deux ordres de grandeur (0,03-3,96 pg/g) provient de dif-
férences dans la longueur des chaines trophiques pélagiques. Les concentrations de Hg dans les chaines
les plus longues, ol étaient présents des poissons fourrages pélagiques et le crustacé Mysis relicta, étaient
environ 3,6 fois plus élevées que celles des chafnes plus courtes ol manquaient au moins deux com-
posantes trophiques. L’absence de corrélation entre les teneurs de Hg de "achigan a petite bouche
(Micropterus dolomieu), qui n’exploite pas la chaine trophique pélagique, et la longueur de la chaine
pélagique confirme que la relation positive observée chez le touladi ne peut étre attribuée a |’effet
trompeur de certains facteurs physico-chimiques qui varient en méme temps que notre classification de la
chaine trophique pélagique. Notre résultat a confirmé que le modele de bioamplification de la chafne
trophique mis au point par Rasmussen et al. (1990. ). can. sci. halieut. aquat. 47 : 2030-2038) pour
prédire les concentrations de BPC chez le touladi peuvent aussi s’appliquer a la bioamplification du Hg.
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two complementary routes through which contami-

nants such as heavy metals and organic chemicals
accumulate in aquatic organisms (reviewed by Biddinger
and Gloss 1984). While bioconcentration from water appears
to be the predominant pathway for bioaccumulation of a
large number of chemicals (Biddinger and Gloss 1984),
uptake from food has also been shown to be important for a
number of persistent compounds (e.g., DDT: Macek and
Korn 1970; PCBs: Thomann 1981; Sodergren 1984; sele-
nium; Sandholm et al. 1973; Bertram and Brooks 1986; Hg:

U ptake from food and water have been shown to be
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Boudou et al. 1979). The bioaccumulation of these often
toxic substances from food implies that they become bio-
magnified along the food chain, reaching high concentra-
tions in top consumers such as large predators, including
man. While this popular concept is by no means recent
(Woodwell et al. 1967; Macek and Korn 1970), some prob-
lems have so far limited its role in the development of a
predictive theory of the ecological fate of biomagnifying
contaminants (but see Thomann 1981).

For example, predators generally have higher contami-
nant concentrations than their potential prey, as predicted
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by the biomagnification hypothesis (e.g., PCBs: Niethammer
et al. 1984; Hg: Ratkowsy et al. 1975; Philips et al. 1980;
Akielaszek and Haines 1981; Wren et al. 1983). However, it
has been suggested that other confounding factors, such as
differences in size, age, or metabolic rate between predator
and prey, may well be causing this apparent biomagnification
(Moriarty 1975; Biddinger and Gloss 1984).

A further complication resides in the inherent difficulty
in defining concepts such as “food chain” and “trophic level”
in measurable terms (Peters 1991). This last problem becomes
more apparent when one is concerned with intraspecific
variation in trophic level rather then interspecific predator/
prey comparisons. For example, while it can be safely argued
that adult pike and zooplankton differ in trophic level, it is
much more difficult to establish that pike in one lake occupy
a trophic level higher than in another lake.

Rasmussen et al. (1990) attempted to overcome these
problems in their study of PCB concentration in lake trout
(Salvelinus namaycush) from 81 Canadian Precambrian
Shield lakes. They showed that intraspecific biogeographical
variation in the length of the food chain leading to these
pelagic predators determined their white muscle PCB con-
centration. Trophic level of lake trout was operationally
defined by the presence or absence of intermediate species
(the crustacean Mysis relicta and pelagic forage fish such
as smelt and coregonids) trophically linking lake trout to
small zooplankton. PCB concentrations were found to approx-
imately triple with each additional intermediate trophic step
(from lakes free of Mysis and pelagic forage fish, through
Mysis-free lakes containing pelagic forage fish, to lakes
containing both Mysis and pelagic forage fish).

In principle, this predictive model of the fate of PCBs in
lake communities based on a simplified description of the
pelagic food chain should be applicable to other potentially
biomagnifying persistent chemicals. Here, we test the
Rasmussen et al. (1990) model using Hg concentrations in
lake trout from Ontario lakes not subjected to point-source
contamination. We predict that Hg concentration in lake
trout should parallel that of PCBs, increasing from lakes
where lake trout are mostly limited to eating zooplankton
to lakes with the longest food chains (lakes containing both
Mysis and pelagic forage fish).

Smallmouth bass (Micropterus dolomieu) can be found
in the three trophic classes of lakes we investigated and is a
predominantly littoral species feeding mainly on crayfish
and cyprinids (Scott and Crossman 1973). Being essentially
“disconnected” from the pelagic food chain, smallmouth
bass represent a good control for the effect of some physico-
chemical variable(s) influencing Hg levels in fish indepen-
dently of food chain length. Lack of a relationship between
the length of the pelagic food chain and Hg in smallmouth
bass, in conjunction with a positive relationship in lake
trout, would, therefore, further support the importance of
food chain biomagnification per se in explaining variation in
Hg in fish. It would also weaken the possibility that a pos-
itive relationship between Hg concentration and trophic
level in lake trout could be attributed to the spurious effect
of some lake characteristic(s) covarying with the length of
the pelagic food chain.

Physicochemical variables related to lake morphometry
(maximum depth: Wren and McCrimmon 1983; lake area:
Wren et al. 1991) and water chemistry (e.g., pH: Wren and
McCrimmon 1983; Suns and Hitchins 1990; McMurtry et al.
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1989; Wren et al. 1991; calcium: Wren et al. 1991; alka-
linity: Swain and Helwig 1989) have been shown to influence
Hg levels in freshwater fish. Such factors could either obscure
trophic level effects on Hg in fish or create a spurious rela-
tionship between trophic level and Hg concentration in fish
by covarying with fish trophic level. Here, we examined
potential effects of lake area and maximum depth, Secchi
depth, pH, and conductivity on Hg concentration in lake
trout and smallmouth bass.

Methods

The fish Hg database was obtained from the Sports Fish
Contaminants Monitoring Program of the Water Resources
Branch, Ontario Ministry of the Environment (MOE). Total
Hg was analyzed by flameless atomic absorbtion spectro-
photometry with a minimun detection limit of 0.01 ppm
(MOE 1981). Recent work (Grieb et al. 1990) has shown
that in fish, practically all Hg is in the form of methyl mer-
cury and therefore, total Hg essentially measures methyl
mercury. Fish were homogenized followed by oxidation
with hydrogen peroxide and digestion with a solution of
2:1 sulfuric acid at 60°C. Further technical details pertain-
ing to sample handling are in MOE (1981). We set an arbi-
trary minimum sample size of 10 individuals before includ-
ing any species in the study. Fish Hg measurements were
reported over the period 1975-84 and data were pooled in the
few cases where information from more than one year was
available.

Data on lake morphometry and physicochemical variables
were obtained from the computerized data inventory of the
Ontario Ministry of Natural Resources (MNR), the Ontario
Acid Sensitivity Database (MOE) (Neary et al. 1990), and
Dadswell (1974).

The food chain classification was based on the presence or
absence of pelagic forage fish species (smelt, ciscoes, lake
and round whitefish, alewife, and ninespine stickleback) as
determined from a published database (MNR). The pres-
ence or absence of Mysis was determined from Dadswell’s
(1974) extensive monograph. In those lakes not studied by
Dadswell, the presence/absence of Mysis was determined
from a map showing the maximum extent of glacial lakes
(Douglas 1970). Dadswell found Mysis to be absent from
only about 10% of lakes situated within the glacial-lake
boundaries in Ontario. Thus, there is a slight chance of clas-
sification error among the lakes classified as Mysis posi-
tive on the basis of glacial lake maps. He also never found
Mysis in southern Ontario lakes shallower than 18 m (max-
imum depth), and we accordingly classified such lakes as

" Mysis free.

Following Rasmussen et al. (1990), lakes were classified
according to the number of intermediate trophic levels link-
ing zooplankton to lake trout. These intermediates include the
opossum shrimp M. relicta and pelagic fish such as core-
gonids (C. artedi and C. rotundiformis), rainbow smelt,
alewife, and ninespine stickleback. We refer to lakes with-
out Mysis or pelagic forage fish as Class 1, lakes with pelagic
forage fish but no Mysis as Class 2, and lakes with both
Mysis and pelagic forage fish as Class 3. While we do not
claim to know the exact trophic relationships within the
pelagic communities of individual lakes, a number of studies
on feeding relationships in lakes have supported this clas-
sification. Studies on adult lake trout from Class 3 lakes

Can. J. Fish. Aquat. Sci., Vol. 51, 1994
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contain both Mysis and pelagic forage fish.

have shown them to be piscivorous, feeding mainly on smelt,
ciscoes, alewife, and whitefish (Dymond 1928, Rawson
1930, 1951, 1961; Van Oosten and Deason 1937; Dryer et al.
1965; Scott and Crossman 1973; McCrimmon et al. 1983).
The pelagic forage fish eaten by lake trout in these lakes
(mainly smelt, coregonids, and alewife) feed heavily on
Mysis (Rawson 1951; Wells 1968; Scott and Crossman 1973),
and Mysis prey on zooplankton and some large phytoplankton
(Carpenter et al. 1974; Martinez and Bergersen 1989). When
Mysis is absent (Class 2 lakes), the pelagic forage fish uti-
lize mostly zooplankton (Price 1963).

If both Mysis and pelagic forage fish are absent (Class 1
lakes), lake trout feed exclusively on zooplankton and ben-
thic invertebrates for a large part of the year because for
most of their growing season, they are isolated from inshore
forage fish by a thermal barrier (Martin 1954, 1966; Monroe
and Hicks 1984). We hypothesized that if variation in food
chain length is responsible for much of the variation in lake
trout Hg levels, the lowest Hg concentration should be found
where Mysis and pelagic forage fish are absent (Class 1)
and the highest levels where both trophic links are present
(Class 3).

In contrast with lake trout, smallmouth bass is a littoral
species that feeds very little, if at all, on pelagic corego-
nids and smelt (Doan 1940; Westman and Westman 1949,
Emery 1975). We therefore used smallmouth bass as a con-
trol for the potential confounding effect of some physico-
chemical factors influencing Hg levels in fish that could
also fortuitously covary with the length of the pelagic food
chain. While we did not expect to see an effect of pelagic
food chain structure on Hg levels in bass, we did expect to
find some correspondence between Hg levels in lake trout and
bass, reflecting the extent to which the two species are influ-
enced by lake-specific variation in the overall exposure to Hg.
Thus, this two-species analysis will allow us to, in effect, par-
tition the variation in lake trout Hg level explained by food

Can. J. Fish. Aquat. Sci., Vol. 51, 1994

chain structure from the variation associated with lake-
specific contamination factors, even though the latter fac-
tors are not yet explicitly modelled.

All statistical analyses were based on lake averages of
mercury concentration and fish weight. We investigated the
effects fish weight, trophic level, and physicochemical vari-
ables (such as area and maximum depth, pH, conductivity,
and Secchi depth) on Hg in lake trout and smallmouth
bass through multiple regression and analysis of variance
(ANOVA) (Draper and Smith 1981). Logarithmic transfor-
mations were used for all these variables (except pH) to
normalize the data and reduce heteroscedasticity. The sta-
tistical significance of each parameter in a multiple regres-
sion model was tested using r-tests.

Results

Hg levels in Ontario lake trout increased with the length
of the pelagic food chain (ANOVA, P < 0.001) (Table 1;
Fig. 1a). Trout from lakes with the shortest food chains
(Class 1 lakes) had the lowest Hg levels (geometric mean
Hg = 0.18 ng/g), followed by lakes with food chains of
intermediate length (Class 2 lakes; geometric mean Hg =
0.47 pg/g). Trout from lakes with the longest food chains
(Class 3 lakes) had the highest Hg levels (geometric mean
Hg = 0.65 pg/g). The relative increase in Hg levels attributed
to the presence of forage fish in the pelagic food chain
(Class 2/Class 1: 2.6-fold biomagnification factor) was there-
fore about twice as important as that attributed to the pres-
ence of Mysis in food chains containing pelagic forage fish
(Class 3/Class 2: 1.4-fold biomagnification).

Multiple regression showed that three variables, average
body weight, food chain class, and maximum lake depth,
were found to explain a significant (s-test, P < 0.05) pro-
portion of the total variance in Hg in lake trout. Other vari-
ables tested were not significant when subsequently added and
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TaBLE 1. Hg content of lake trout and smallmouth bass from Ontario Lakes with different pelagic communities. For each lake, the
following physicochemical variables are listed: latitude (lat), longitude (long), lake area, maximum depth (Z_, ), pH, conductivity
(cond.), and Secchi depth.

Lake trout
Area Z ax Cond.  Secchi Forage Weight Hg
Lake Lat. Long. (ha) (m) pH (nS/cm) (m) Mysis® fishb (g) (ng/g) n
Class 1 (Mysis and pelagic forage fish absent)
Bear 45°20" 78°42' 95 36.6 6.1 34 7.9 —* - 402 0.28 22
Beaver 46°57' 80°51’ 6.9 58 —* - 109 0.05 49
Big Porcupine 45°27' 78°37" 235 31.7 6.0 27 7.6 —* - 410 0.18 24
Blue 49°10" 81°15' —* - 744 0.06 14
Blue Chalk 45°12"  78°56' 50 22.0 6.9 29 6.4 —* - 1309 0.24 19
Bluesucker 47°10" 80°37" 144 21.4 5.1 36 8.8 —* - 1275 0.23 18
Bonnechere 45°28' 78°35" 104 22.0 5.6 27 6.7 —* - 542 0.33 26
Camp 45°26' 78°55" 189 42.7 6.2 32 6.2 - - 396 0.15 21
Canisbay 45°34' 78°35" 152 25.9 6.3 34 6.4 —* - 1440 0.64 11
Centre 45°01" 78°03' 144 17.7 3.1 —* - 1325 0.49 10
Eels 44°54’ 78°08' 945 29.9 6.7 33 - - 488 0.09 13
Fletcher 45°21" 78°47" 256 23.2 6.1 34 3.9 —* - 860 0.25 21
Iron 47°04' 79°55' 172 27.0 5.7 42 10.3 —* - 426 0.03 44
Kimball 45°21" 78°41'" 212 67.1 6.3 30 9.1 —* - 690 0.32 36
Kukagami 46°44’  80°33' 5.8 59 —* - 779 0.05 24
Laundrie 47°07" 80°52" 374 20.4 52 33 9.3 —* - 324 0.14 109
Livingstone 45°22" 78°43" 189 36.6 6.5 37 4.6 - - 1392 0.38 22
Louisa 45°28" 78°29' 490 61.0 6.1 32 7.7 - - 540 0.44 30
McCraney 45°34" 78°54' 361 61.3 —* - 505 0.35 16
McFadden 45°20" 78°51" 54 30.5 6.5 37 7.2 —* - 901 0.18 22
McGarvey 45°26' 78°34" 70 20.0 5.9 23 3.6 —* - 2533 0.35 12
Miskwabi 45°03" 78°19" 264 44.2 —* - 867 0.13 20
Nunikani 45°12" 78°44' 116 24.1 6.2 29 7.2 —* - 670 0.17 23
Pedro 46°55" 80°32' 64 11.0 5.9 39 5.3 —* - 782 0.03 58
Percy 45°12" 78°22" 596 7.4 47 3.0 —* - 502 0.39 14
Pilgrim 47°11"  80°41" 123 25.0 52 32 8.0 —* - 383 0.06 38
Red Chalk 45°11"  78°57" 58 32.0 30 6.1 —* - 1195 0.22 20
RedPine 45°127 78°42' 380 41.5 6.4 32 1.5 —* - 805 0.18 18
Regan 47°14"  80°50" 122 38.0 6.2 43 —* - 463 0.04 36
Round Island 45°44’ 78°12" 156 17.0 6.4 35 4.5 —* - 973 0.54 15
Saymo 46°59’ 83°31’ 6.7 38 —* - 833 0.39 13
Seagram 47°06" 80°32" 102 19.0 5.1 36 6.5 —* - 706 0.15 15
Silent 44°55" 78°04" 115 23.1 6.9 33 5.4 —* - 1018 0.24 15
Slipper 45°17"  78°42' 34.0 6.4 28 —* - 387 0.15 20
St.-Peter 45°19"  78°02' —* - 858 0.43 17
Geometric mean 686.1 0.18
Class 2 (no Mysis, pelagic forage fish present)

Bark 45°27' 77°51" 3792 875 6.6 45 - W, S 2788 1.53 30
Bella 45°26’ 79°02" 328 40.0 6.8 33 - W, S 3532 0.55 31
Bending 49°19"  92°08" 1137 45.8 7.0 29 4.6 -* W, C 1565 0.67 20
Caribou 45°56" 80°04" 529 59.5 - C 1488 0.51 17
Carson/Stubb 45°30"  77°45' - W 1636 0.57 15
Como 47°55" 83°30" 1596  26.0 7.0 76 4.7 —-* SB 3797 1.29 15
Drag 45°04" 78°23" 912 55.0 6.9 73 5.5 - C, W 367 0.14 11
Fernow 49°55’" 86°05" 688 38.0 —* S, W, P 1364 0.39 21
Greenwater 48°34’ 90°26" 3340 549 7.7 64 4.4 -* C, W 1216 0.34 24
Harp 45°23"  79°07" 72 33.0 6.7 35 3.7 - C 621 0.88 18
Kamaniskeg 45°25'  77°41" 2909  40.0 6.7 50 - S, W, C 3613 0.96 10
Kawagama 45°18" 78°45" 2819 732 6.5 8.4 - C, W 485 0.17 29
Koshlong 44°58" 78°29' 401 42.7 6.3 36 7.0 - S, C 1818 0.91 30
Lamuir 45°50" 78°35" 757 393 —* W 2028 0.50 11
Lavieille 45°51' 78°14' 2428  48.8 6.6 48 4.7 - C, W 2273 1.04 11
Limerick 44°53"  77°37" 829 30.0 8.5 53 - RW 1922 0.63 19
Littlehawk 45°09' 78°43" 343 93.0 6.2 32 6.9 - C, SB 931 0.33 15
McKay 49°37" 86°25' 139 48.8 5.6 26 3.4 —-* C, W 1234 0.41 16
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TaBLE 1. (Continued)

Lake trout

Area  Z,,, Cond.  Secchi Forage Weight Hg
Lake Lat. Long. (ha) (m) pH (pS/cm) (m) Mysis® fishb (g) (pg/g) n
Opeongo 45°42' 78°23" 5158 494 6.5 43 5.5 - W, C 1107 0.50 16
Oxtongue 45°22" 78°55" 250 26.8 6.2 35 44 - S, W, C 2812 1.61 19
Papineau 45°21"  77°49' 792 61.0 6.5 94 5.6 - C, W 583 0.51 11
Peshu 46°58’ 83°08" 389 50.6 7.3 43 6.1 —* w 72 0.16 13
Pedstone 45°11"  78°42" 1194 82.4 6.4 38 8.1 - w 567 0.24 16
Round 45°38'  77°30" 3069 54.9 7.7 66 —* W 2578 1.40 39
Shakwa 46°46' 81°59" 649 27.5 6.5 33 5.9 —* w 75 0.04 41
Sherborne 45°11"  78°47" 252 35.1 5.7 31 9.2 - S 5907.7 0.19 20
Smoke 45°31" 78°41" 608 54.9 6.5 35 6.7 - RW 1011.1  0.30 41
Treeby 47°52'  84°51" 130 6.9 73 3.8 —* C,W 1498.7 0.76 10

Geometric mean 1213.2 047

Class 3 (Mysis and pelagic forage fish present)

Aegean 50°49' 94°48' 482 59.0 6.7 25 4.8 +* W 1913 1.32 18
Bear 46°12" 81°27" 683 36.6 7.0 60 8.3 +* C 2001 0.23 16
Bernard 45°45' 79°23" 2058 47.9 6.7 39 + S, W 2423 0.67 32
Boshkung 45°04' 78°44" 1716 71.1 7.1 6.0 + S, W, C 1161 0.44 20
Charleston 44°32" 76°00" 2519 91.5 8.5 3.7 + A, W, C 966 0.36 15
Delaney 50°05" 94°03' 1282 81.4 +* w 1880 0.27 31
Eden 50°40" 94°59' 489 24.6 +* C, W 1343 0.33 39
Fairy 45°20"  79°11" 712 69.5 6.5 3.6 + S, W, C 4163 2.68 28
Gillies 45°12"  81°21" 228 34.0 8.3 +* C, W 170 0.17 16
Gooseneck 50°02" 94°48" 172 29.9 4.3 +* C 2126 0.73 31
Hawley 54°30" 84°39' 1235 54.0 +* C, W, P 1081 0.38 15
Joseph 45°10"  79°44" 4268 90.0 6.7 9.6 + S, W 2205 0.35 25
Kioshkokwi 46°05’ 78°53’ 1127 45.8 . + C,W 1173 1.25 10
Lake of Bays 45°15"  79°04’ 6105 53.0 6.5 4.2 + S, W, C 3280 1.07 58
Larder 48°05’ 79°38’ 3704 335 + C, W 1351 0.35 10
Loughborough 44°27'  76°25" 1066 34.0 4.8 + C,W, S, A 2821 0.36 26
Mazinaw 44°50"  77°12" 1572 135.0 7.3 6.0 + C, W 1591 1.22 21
McCarroll 46°26" 83°56’ 198 33.6 7.1 45 5.0 +* C 1242 0.56 12
Miskokway 45°39" 80°14' 238 41.2 +* C 787 0.72 28
Muskoka 45°00° 79°30" 12215 66.5 6.7 46 4.9 + C,W,S 2947 1.97 83
Muskrat 45°40"  76°55" 1202 64.0 8.4 1.5 + N 2617 0.58 19
Quetico 48°34' 91°55’" 4265 61.0 6.9 23 34 +* C, W 1632 0.67 17
Raven 48°03' 79°33" 617 46.9 6.9 2.9 + w 1381 0.62 12
Rosseau 45°10" 79°35" 6374 90.0 + C,W,S 2027 0.86 44
Snook 50°12"  94°41’ 263 37.2 6.7 33 1.8 +* C 1316 0.80 71
Sutton 54°15" 84°44' 3764 82.0 +* C,W,P 1403 1.00 15
Trout 45°35"  80°10" 290 37.2 6.0 28 2.4 +* C 1349 0.36 21
Trout 46°18'  79°20" 1675 69.2 7.1 78 3.8 + S, W, RW, C 5331 0.96 22
Trout 46°13’ 80°35" 930 36.6 6.6 45 32 + C 1932 0.55 11
Trout 50°14" 94°54’ 110 34.8 4.6 +* C 2152 0.65 16
Twelve Mile 45°01" 78°43" 337 27.5 6.8 52 4.1 + S 740 0.36 20
Vernon 45°20"  79°17" 1506 37.5 6.1 3.1 + S, W 3129 3.94 36
Wilson 50°30" 95°02" 312 42.7 1.5 +* C, W 912 0.90 13

Geometric mean 1614.9 0.65

were dropped from the regression model. Even though there
was a large amount of overlap in maximum depth between
the three classes of lakes (Table 1), there was a significant
increase in maximum depth from Class 1 to Class 3 lakes
(ANOVA, P <0.001). This raised the possibility that the
significant positive regression coefficient between Hg and
maximum depth could simply be the result of a collinearity
between the length of the pelagic food chain and maximum
depth, as was observed by Dadswell (1974). Alternatively,
maximum depth could truly represent the effect of some
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physicochemical factor(s) influencing Hg concentration in
lake trout, independent of the trophic structure of the lake.
However, even though maximum depth varied greatly within
food chain class (Table 1), it was not retained in the multi-
ple regression when the analysis was performed within food
chain classes (z-test, Class 1: P > 0.10; Class 2: P > 0.45;
Class 3: P > 0.14). This shows that the significant regression
coefficient of maximum depth in the multiple regression
model was due to a collinearity with the length of the pelagic
food chain rather than an independent effect of maximum
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TABLE 1. (Continued)

Smallmouth bass

Area  Z_,. Cond.  Secchi Forage Weight Hg

Lake Lat. Long. (ha) (m) pH (pS/cm) (m) Mysis® fishb (g) (rg/g) n

Class 1 (Mysis and pelagic forage fish absent)

Bear 45°20'  78°42' 95 36.6 6.1 34.0 7.9 — * - 615 0.48 18
Centre 45°01" 78°03" 144 17.7 39 —* - 282 0.71 14
Kimball 45°21" 178°41' 213 67.1 6.3 30.0 9.1 i - 472 0.72 29
Lower Hay 45°24'  78°12" 420 32.3 1.9 —* - 216 0.38 10
McKenzie 45°22' 78°01" 312 27.8 6.5 46.0 38 —* - 363 0.44 16
Miskwabi 45°03' 78°19’ —* - 402 0.35 17
Nunikami 45°12" 78°44' 116 24.1 6.2 29.0 7.2 —* - 88 0.23 37
Redpine 45°12"  78°42" 380 38.7 7.3 32.0 7.5 - - 285 0.28 23
Silent 44°55' 78°04' 115 23.1 6.9 33.0 54 —* - 357 0.41 15
Geometric mean 305.2 0.42

Class 2 (no Mysis, pelagic forage fish present)

Baptiste 45°07’" 78°03" 1952 31.0 - W, C 903 0.84 12
Bella 45°26' 79°02" 337 35.0 6.8 3.3 - W, S 745 0.37 20
Calabogie 45°16' 76°45’" 1316  31.1 7.7 —* W 601 0.59 39
Eagle 45°50" 79°30° 991 22.0 6.4 36.0 5.0 -~ W, S 800 0.33 18
Galeairy 45°30" 78°17" 889 229 6.4 36.0 4.3 - w 222 0.41 16
Jack 44°42' 78°02" 1237 51.2 3.6 - C 678 0.40 21
Kamaniskeg 45°25"  77°41" 2909 40.0 6.7 50.0 - S, W, C 264 0.25 11
Kashagawigamog 44°59’ 78°36’ 818 39.7 7.1 79.0 5.2 -* W, C 391 0.24 16
Koshlong 44°58' 78°29’ 401 42.7 6.3 36.0 7.0 - S, C 1003 0.91 12
Limerick 44°53'  77°37" 744 29.0 5.3 - RW 452 0.52 20
Littlehawk 45°09’ 78°43" 343 86.9 6.2 32.0 6.9 - C, SB 705 0.56 20
Opeongo 45°42' 78°23" 6000  45.0 6.5 3.6 - W, C 325 0.37 46
Oxtongue 45°22" 78°55" 246 27.0 6.1 2.2 - S, W, C 266 0.50 32
Paudash 44°58' 78°03" 755 46.4 7.0 110.0 5.2 - C 525 0.36 22
Smoke 45°31" 78°41" 607 54.9 6.5 35.0 6.7 - RW 293 0.31 11
Sydemham 44°25" 76°33" 451 36.6 3.7 - C 439 0.42 10
Windermere 47°58' 83°47' 3832 30.0 4.8 —* W 1059 0.37 11
Geometric mean 507.8 0.43
Class 3 (Mysis and pelagic forage fish present)

Bay 45°30°  79°12' 133 31.1 6.5 6.2 + W, S 592 0.61 21
Bernard 45°45’  79°23" 2058 479 6.7 3.9 + S, W 403 0.41 20
Boshkung 45°04’ 78°44’ 1716 71.1 7.1 6.0 + S, W, C 784 0.50 16
Brandy 45°06" 79°31' 105 7.5 +* C 421 0.93 10
Caribou 45°56’ 80°04" 529 59.5 +* C 615 0.48 19
Cecebe 45°38" 79°33" 770 19.5 +*  W,C,S 613 0.59 19
Delaney 50°05" 94°03" 1282 814 +* S 668 0.27 24
Fairy 45°20"  79°11" 667 740 6.5 3.6 + S, W, C 353 1.14 40
Falls 46°17"  83°02" 169 10.1 +*  W,C,S 293 0.29 15
Gloucester Pool 44°51' 79°42" 1378  30.5 7.9 + W, C, A 1139 0.57 13
Gooseneck 50°02" 94°48" 172 29.9 43 + % C 983 0.96 40
Haines 45°21"  79°56' 112 19.2 6.1 45.0 3.2 +* C 130 0.57 12
Joseph 45°10" 79°44" 4268  90.0 6.7 9.6 + S, W 1015 0.58 21
Kagawong 45°49’ 82°18’ 5556  33.5 +* 8 395 0.39 15
Lake of Bays 45°15" 79°04’ 6105 53.0 6.5 4.2 + S, W, C 940 0.80 33
Lang 46°10" 81°40" 597 21.0 7.2 70.4 6.3 + w, C 161 0.30 15
Mackie 45°05" 76°59’ 157 22.9 + * W 391 0.32 14
Mazinaw 44°50"  77°12" 1572 135.0 + C, W 972 0.78 12
Mill 45°22'  80°00" 619 40.9 7.0 2.1 +* W, C 459 0.80 16
Miskokway 45°39’  80°14" 238 41.2 +* C 152 0.14 24
Muskoka 45°00" 79°25" 12215 66.5 6.7 46.0 4.9 + C,W,S 426 0.99 40
Oliver 45°31"  79°48" 52 15.0 +* C 414 0.31 14
Peninsula 45°20"  79°11" 650 33.0 6.8 5.2 + S 539 0.46 31
Rainy 45°32"  79°30" 259 9.2 +* C 321 0.49 20
Rousseau 45°10" 79°35" 6374  90.0 + C,W,S 822 0.78 15
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TABLE 1. (Concluded)

Smallmouth bass

Area  Z_.. Cond.  Secchi Forage Weight Hg
Lake Lat. Long. (ha) (m) pH (pnS/cm) (m) Mysis® fishb (2) (ng/g) n
Tomiko 46°32" 79°49' 1542  24.0 6.1 33 + w 547 0.94 16
Trout 46°13" 80°35" 930 36.6 6.6 45.0 32 + C 647 0.37 15
Twelve Mile 45°01' 78°43" 337 27.5 6.8 52.0 4.1 + S 639 0.30 20
Vernon 45°20' 79°17" 1506  37.5 6.1 33 + S, W 364 0.98 49

Geometric mean

489.2 0.53

*Presence or absence for lakes marked with an asterisk was predicted from the distribution of proglacial lake sediments.
A = alewife (Alosa pseudoharengus); C = lake cisco (Coregonus artedi); W = lake whitefish (Coregonus clupeaformis); RW = round
whitefish (Prosopium cylindraceum); S = rainbow smelt (Osmerus mordax); P = ninespine stickleback (Pungitius pungitius).

depth on Hg bioaccumulation. Removing maximum depth
from the multiple regression, the final model for lake trout
was

(1) log Hg (pg/g wet) = —2.72 + 0.21 (£0.04) no. of
trophic levels (1, 2, or 3) + 0.61 log weight (g) (x0.09);

SE,, = 0.28, R? = 0.56, n = 96.

Both predictor variables were highly significant (z-test, P <
0.0001). The number of trophic levels represents the lake
Class number, i.e., the number of trophic levels above
zooplankton.

Hg levels in smallmouth bass were not related to the
length of the pelagic food chain (r = 0.22, n = 55, P > 0.05)
(Fig. 1b). Power analysis (Cohen 1969, table 3.3.5) showed
that the probability of wrongly accepting the null hypothesis
of no effect of food chain class on Hg concentration in
smallmouth bass (type II error), when the true correlation
between these two variables would have been the same as
that found in lake trout (r = 0.59), was less than 1%. The lack
of a relationship between Hg concentration in smallmouth
bass and the classification of the pelagic food chain cannot
therefore be ascribed to the somewhat smaller number of
lakes in the bass data set. The best model to predict Hg con-
centration in smallmouth bass included only body weight
(P < 0.05); the other morphometric and chemical variables
did not enter into the model (P > 0.05):

(2) log Hg (pg/g wet) = —2.50 + 0.65 log weight (g)
(+0.08); SE,, = 0.33, R* = 0.34, n = 55.

Discussion

Our results support previous observations that the Hg con-
centration in top predators such as lake trout and northern
pike (Esox lucius) is greatly influenced by the presence or
absence of certain species representing important trophic
links between these species and zooplankton (Akielaszek
and Haines 1981; Bjorklund et al. 1984; Meili 1991; Rask
and Metala 1991). This study extends that of Rasmussen
et al. (1990) by showing that a simple food chain classifi-
cation based on the presence/absence of well-known pelagic
taxa can be used to predict the concentration in fish of two
chemically unrelated compounds, Hg and PCBs. Indeed,
PCB levels in lake trout obtained from Rasmussen et al.
(1990) were significantly correlated (P < 0.0001) with Hg lev-
els in the lake trout in the lakes for which information about
both contaminants is available (Fig. 2). Patterns observed
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FiG. 2. Relationship between the levels of Hg in the muscle and
the levels of PCBs (wet weight) in lake trout in 34 Ontario lakes.
PCB data were obtained from table 1 in Rasmussen et al. (1990);
Hg data are from this study (Table 1). The geometric mean
regression line is shown.

in the distribution of Hg in this study paralleled those
observed by Rasmussen et al. (1990) for PCBs in similar
communities: contaminant concentration in pelagic species,
such as lake trout, was related to the length of the pelagic
food chain and contaminant concentration in littoral species,
such as smallmouth bass, could not be predicted from the
length of the pelagic food chain. Taken together, these two
results suggest that pelagic food chains in these Ontario
lakes are essentially disconnected from litoral food chains.
This has several important consequences for our under-
standing and prediction of the distribution of biomagnifying
compounds in freshwater lakes.

Contaminant concentration in species positioned in dif-
ferent, disconnected food chains within the same lake will
show little or no covariation across lakes. For example,
Wren et al. (1991) found a statistically significant but only
moderate correlation (#* = 0.60) between Hg in pike and
walleye (Stizostedion vitreum) in 79 Ontario lakes. While
these species usually feed on similar prey (Scott and
Crossman 1973), their diets diverge considerably in some
lakes. For example, in some lakes, walleye, but not pike,
feed extensively on pelagic fish such as smelt (Mathers and
Johansen 1985), and the relatively large amount of between-
lake variation in walleye Hg concentration (40%), unex-
plained by Hg concentration in pike, might be due to
between-lake variation in the walleye’s position along the
littoral/pelagic gradient. Species more trophically isolated, as
in the case of lake trout and smallmouth bass, will be
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F1G. 3. Relationship between Hg levels in lake trout and small-
mouth bass in 29 Ontario lakes. Class 1, 2, and 3 lakes are rep-
resented by open circles, solid squares, and solid circles, respec-
tively. The geometric regression lines for each lake trout trophic
level class are shown (z-test, Class | (fine solid line): P < 0.01;
Class 2 (broken line): P < 0.05; Class 3 (bold lines): P < 0.001).

expected to show even weaker correlations. Indeed, Hg lev-
els in these two species in lakes where both species were
represented in our data set were poorly (but significantly,
P < 0.01) correlated with each other (r> = 0.34, n = 29)
(Fig. 3). This correlation was essentially unchanged (+* =
0.31, relationship not shown) when the residuals from the
Hg/body weight relationships were used instead of the sim-
ple mean Hg levels. An analysis of covariance including
Hg in bass as a covariate and lake trout trophic class as an
effect accounted for 61% of the total variation in Hg in lake
trout. This increase in predictive power from the simple
two-species relationship indicates that the effect of varia-
tion in a common environment, which is reflected by the
relationships between the two species within trophic level
class, is approximately equal to the effect of trophic level
variation in lake trout. Thus, food chain effects on Hg level
in lake trout appear to be as important as the effects of
between-lake variation in methyl mercury exposure. Results
from monitoring only one species as a means to assess the
general level of Hg contamination in fish (e.g., Hakanson
et al. 1990) should therefore be interpreted with caution
before they are applied to other fish species or to the general
contamination status of a lake.

The failure of the model to explain bioaccumulation of
both PCBs (Rasmussen et al. 1990) and Hg (this study) in lit-
toral species suggests that lakes are heterogeneous envi-
ronments with regard to processes leading to the bioaccu-
mulation of contaminants in fish. Apart from food chain
biomagnification, these processes could also include spa-
tial and temporal variation in Hg bioavailability at the base
of the food chain. There is no systematic way to classify
complex littoral food webs, and it is therefore difficult to
separate variation in biomagnification through food chains
of variable length from variation in bioavailability at the
base of the food chain.

Our study echoes Rasmussen et al.’s (1990) warning about
the introduction of pelagic forage species such as Mysis,
smelt, or coregonids as a source of fish food in lakes pre-
viously devoid of them. This practice, which has been favored
in the past (e.g., Mysis: Martinez and Bergersen 1989), will
likely result in increases in the concentration of Hg (this
study) and PCBs (Rasmussen et al. 1990) in the salmonids
situated at the top of the pelagic food chain.

388

Reports of increased Hg concentration toward the top of
aquatic food chains have almost always dealt with compar-
isons of species that differ not only taxonomically (e.g.,
fish, invertebrates, zooplankton, and phytoplankton) but also
in body size and physiology (e.g., Boudou et al. 1979;
Philips et al. 1980; Ribeyre et al. 1980). The interpretation
of this increase in Hg upward through the food chain as
being the result of transfer via food uptake has been criticized
by Huckabee et al. (1979) who suggested that factors such
as differences in longevity (duration of exposure to Hg),
growth rates, uptake, and depuration rates among species
belonging to different trophic levels could well be as impor-
tant as food chain transfer. Here, we have related between-
lake variation in Hg concentation within a single species
(lake trout) to the length of the pelagic food chain leading to
this top predator. While the selection of a single species
should minimize the effects of the confounding factors dis-
cussed by Huckabee et al. (1979), some of the objections
raised against the interspecific comparisons of Hg concen-
trations could also apply to between-population studies such
as the present one. For example, differences in age of the
specimens, potentially related to demographic differences
between Class 1 and 3 lake trout, could explain our results
if Class 3 trout were generally found to be older than Class 1
fish. In addition, as pointed out by deFreitas (1974), faster
growth rates resulting in a growth dilution and therefore
lower Hg concentration can also be a confounding factor
in interspecific studies. This raises the possibility of a growth
rate artifact in our study if Class 1 trout generally grow
faster than Class 3 trout, leading to higher growth dilution
and lower Hg concentration in Class 1 populations. How-
ever, both the age and growth rate explanations appear to
be ruled out in our study because piscivorous populations
of lake trout (Classes 2 and 3) have been shown to grow
faster than planktivorous (Class 1) populations (Martin
1966). When body size is statistically held constant, as was
done in our final model (eq. 1), Class 3 fish are younger
than Class 1 fish, since they grow faster and have therefore
been exposed to Hg for less time. If there is any impor-
tance to factors such as age and growth dilution, these would
help obscure rather than favor the trends observed in the
present study. Consequently, the importance of biomagni-
fication up through the food chain from Class 1 to Class 3
populations may well be more important than revealed by the
differences in mean Hg concentrations across the three food
chain classes. This could explain the difference between
our estimate of the average biomagnification factor per
trophic level (1.95) and the higher value of 3.33 obtained
by Meili (1991) for the water/seston—zooplankton—
roach/perch—pike food chain.

Acknowledgements

We acknowledge the cooperation of Mr. B. Neary who made
available to us data from the Ontario Ministry of Natural
Resources and the Ontario Ministry of the Environment com-
puterized data inventories. This study was supported by an
NSERC operating grant to J.B.R.

References

AKIELASZEK, J.J., AND T.A. HAINES. 1981. Mercury in the muscle tissue
from three Northern Maine lakes. Bull. Environ. Contam. Toxicol.
27: 201-208.

Can. J. Fish. Aquat. Sci., Vol. 51, 1994



BERTRAM, P.E., AND A.S. BROOKS. 1986. Kinetics of accumulation of sele-
nium from food and water by fathead minnow. Water Res. 20: 877-884.

BIDDINGER, G.R., AND S.P. Gross. 1984. The importance of trophic transfer
in the bioaccumulation of chemical in aquatic systems. Residue Rev.
91: 103-145.

BJORKLUND, L., H. BORG, AND K. JOHANSSON. 1984. Mercury in Swedish
lakes — a regional distribution and causes. Ambio. 13: 118-121.
Boupou, A., A. DELARCHE, F. RIBEYRE, AND R. MARTY. 1979. Bioaccu-
mulation and bioamplification of mercury compounds in a second
level consumer, Gambusia affinis — temperature effects. Bull. Environ.

Contam. Toxicol. 22: 813-818.

CARPENTER, G.F., E.L. MANLEY, AND N.H.F. WATSON. 1974. Abundance
and life history of ‘Mysis relicta in the St. Lawrence Great Lakes.
J. Fish. Res. Board Can. 31: 319-325.

COHEN, J. 1969. Statistical power analysis for the behavioral sciences.
Academic Press, New York, N.Y.

DADSWELL, M.J. 1974. Distribution, ecology, and postglacial dispersal in cer-
tain crustaceans and fishes in Eastern North America. National Museum
of Canada, Ottawa, Ont.

DEFREITAS, A.S.W., S.U. QADRI, AND B.E. Cast. 1974. Origins and fate
of mercury compounds in fish. In Proceedings of the International
Conference on Transport of Persistent Chemicals in Aquatic Ecosystems,
May 1-3, 1974. National Research Council of Canada, Ottawa, Ont.

DoaN, K.H. 1940. Studies of the smallmouth bass. J. Wildl. Manage.
4: 241-267.

DoucLas, R.J.W. 1970. Geology and economic minerals of Canada. Depart-
ment of Energy, Mines, and Resources, Ottawa, Ont.

DRrAPER, N.R. AND H. SMiITH. 1981. Applied regression analysis. John
Wiley, New York, N.Y.

DRYER, W.R., L.F. ERKkiILA, AND C.L. TETZLOFF. 1965. Food of the lake trout
in Lake Superior. Trans. Am. Fish. Soc. 94: 169-176.

DyMonD, J.R. 1928. Some factors affecting the production of lake trout
(Cristivomer namaycush) in Lake Ontario. Univ. Toronto Stud. Biol.
Ser. 31, Publ. Ont. Fish. Res. Lab. 33: 27-41.

EMERY, A.R. 1975. Stunted bass: a result of competing cisco and limited
crayfish stocks. In Black bass. Biology and management. S.F. Institute,
Washington, D.C.

Gries, T M., C.T. DriscoLL, S.P. GLoss, C.L. SCHOFIELD, G.I. BOWIE, AND
D.B. PORCELLA. 1990. Factors favoring mercury accumulation in fish
in the Upper Michigan Peninsula. Environ. Toxicol. Chem. 9: 919-930.

HAKANSON, L., T. ANDERSSON, AND A. NILSSON. 1990. Mercury in fish in
swedish lakes — linkages to domestic and european sources of emis-
sion. Water Air Soil Pollut. 50: 171-191.

HUCKABEE, J.W., ].W. ELwoop, AND S.G. HILDEBRAND. 1979. Accumulation
of mercury in freshwater biota, p. 277-302. In J.O. Nriagu [ed.] The bio-
geochemistry of mercury in the environment. Elsevier, New York, N.Y.

MAcek, K.J., AND S. KoORN. 1970. Significance of the food chain in DDT
accumulation by fish. J. Fish. Res. Board Can. 27: 1496-1498.

MARTIN, N.V. 1954. Catch and winter food of lake trout in certain Algonquin
Park Lakes, J. Fish. Res. Board Can. 11: 5-10.

MARTIN, N.V. 1966. The significance of food habits in the biology, exploita-
tion, and managment of Algonquin Park, Ontario, Trans. Am. Fish.
Soc. 96: 415-422,

MARTINEZ, P., AND E.P. BERGERSEN. 1989. Proposed biological manage-
ment of Mysis relicta in Colorado lakes and reservoirs. N. Am. J. Fish.
Manage. 9: 1-11.

MATHERS, R.A., AND J.P. JOHANSEN. 1985. The effects of feeding ecology on
mercury accumulation in walleye (Stizostedion vitreum) and pike (Esox
lucius) in Lake Simcoe. Can. J. Zool. 63: 2006-2012.

McCRIMMON, H.R., C.D. WREN, AND B.L. GoTts. 1983. Mercury uptake by
lake trout, Salvelinus namaycush, relative to age, growth, and diet in
Tadenac Lake with comparative data from other Precambrian Shield
lakes. Can. J. Fish. Aquat. Sci. 40: 114-120.

McMurTrRY, M.J., D.L. WaALES, W.A. SCHEIDER, G.L. BEGGS, AND
P.E. DiMOND. 1989. Relationships of mercury concentrations in lake
trout (Salvelinus namaycush) and smallmouth bass (Micropterus
dolomieui) to the physical characteristics of Ontario lakes. Can. J.
Fish. Aquat. Sci. 46: 426-434.

MEILI, M. 1991. Methylmercury in food chains: a concept and a factor of bio-
magnification. In Mercury in boreal forest ecosystems. Ph.D. thesis,
Uppsala University, Uppsala, Sweden.

MOE. 1981. Outline of analytical methods. Water Quality Section, Ontario
Ministry of the Environment, Toronto, Ont.

MONROE, B.P., AND F.J. Hicks. 1984. Louisa Lake data summary. Algonquin
Fisheries Assessment Unit, Ontario Ministry of Natural Resources,
Toronto, Ont.

Can. J. Fish. Aquat. Sci., Vol. 51, 1994

MorIaRTY, F. 1975. Organochlorine insecticides: persistent organic pollu-
tants. Academic Press, New York, N.Y.

NEARY, B.P., P.J. DILLON, J.R. MUNRO, AND B.J. CLARK. 1990. The acidi-
fication of Ontario lakes: an assessment of their sensitivity and current
status with respect to biological damage. Limnology Section, Dorset
Research Centre, Dorset Ont. 171 p.

NIETHAMMER, K.R., D.H. WHITE, T.S. BASKETT, AND M.W. SAYRE. 1984.
Presence and biomagnification of organochlorine chemical residues in
Oxbow Lakes of Northeastern Louisiana. Arch. Environ. Contam.
Toxicol. 13: 63-74.

PETERS, R.H. 1991. A critique for ecology. Cambridge University Press,
Cambridge.

PHiLLIPS, G.R., T.E. LENHART, AND R.W. GREGORY. 1980. Relation between
trophic position and mercury accumulation among fishes from the
Tongue River Reservoir, Montana. Environ. Res. 22: 73-80.

PrICE, J.W. 1963. Study of the food habits of some Lake Erie fish. Bull. Ohio
Biol. Surv. New Ser. 2: 1-89.

RAsk, M., AND T.R. METSALA. 1991. Mercury concentration in northern
pike, Esox lucius L., in small lakes of Evo area. Southern Finland.
Water Air Soil Pollut. 56: 369-378.

RASMUSSEN, J.B., D.J. RowaN, D.R.S. LEAN, AND J.H. CAREY. 1990. Food
chain structure in Ontario lakes determines PCB levels in lake trout
(Salvelinus namaycush) and other pelagic fish. Can. J. Fish. Aquat.
Sci. 47: 2030-2038.

RATKOWSKY, D.A., T.G. Dix, AND K.C. WILSON. 1975. Mercury in fish in the
Derwent Estuary, Tasmania, and its relation to the position of the fish
in the food chain. Aust. J. Mar. Freshwater Res. 26: 223-231.

RAwsoN, D.S. 1930. The bottom fauna of Lake Simcoe and its role in the
ecology of the lake. Univ. Toronto Stud. Biol. Serv. 34, Publ. Ont.
Fish. Lab. 40: 1-183.

RawsoN, D.S. 1951. Studies of the fish of Great Slave Lake. J. Fish. Res.
Board Can. 8: 207-240.

RawsoN, D.S. 1961. The lake trout of Lac La Ronge, Saskatchewan. J. Fish.
Res. Board Can. 18: 423-462.

RIBEYRE, F., A. DELARCHE, AND A. Boupou. 1980. Transfer of methyl-
mercury in an experimental freshwater trophic chain — témperature
effects. Environ. Pollut. Ser. 1: 259-268.

SANDHOLM, M., H.E. OKSANEN, AND L. PESONEN. 1973. Uptake of selenium
by aquatic organisms. Limnol. Oceanogr. 18: 496-499.

Scort, W.B., AND E.J. CROsSMAN. 1973. Freshwater fishes of Canada. Bull.
Fish. Res. Board Can. 184.

SODERGREN. A. 1984. Transfer of PCB (pentachlorobiphenyl) in a simu-
lated aquatic food chain. Ecol. Bull. 36: 31-34.

Suns, K., AND G. HITCHIN. 1990. Interrelationships between mercury levels
in yearling yellow perch, fish condition and water quality. Water Air Soil
Pollut. 650: 255-265.

SwaiN, E., AND D.D. HELWIG. 1989. Mercury in fish from Minnesota lakes:
historical trend enviranmental correlates, and potential sources. J. Minn.
Acad. Sci. 55: 103-1W9.

THOMANN, R.V. 1981. Equ‘librium model of fate of microcontaminants in
diverse aquatic food chains. Can. J. Fish. Aquat. Sci. 38: 280-296.

VAN OSTEEN, J., AND H.J. DEASON. 1937. The food of the lake trout (Cristi-
vomer namaycush) and of the lawyer (Lota maculosa) of Lake Michigan.
Trans. Am. Fish. Soc. 67: 155-177.

WELLS, L. 1968. Seasonal depth distribution of fish in southeastern Lake
Michigan. U.S. Fish. Wildl. Serv. Fish. Bull. 67: 1-15.

WESTMAN, J.R., AND C.B. WESTMAN. 1949. Population phenomena in certain
game fishes of Lake Simcoe, Ontario, and some effects upon angling
returns. Part I. The smallmouth bass, Micropterus dolomieu Lacépede.
Can. J. Res. 27: 7-29.

WOoODWELL, G.M., C.F. WURSTER, AND P.A. IsaAcsoN. 1967. DDT residues
in an east coast estuary: a case of biological concentration of a per-
sistent insecticide. Science (Wash., D.C.) 156: 821.

WREN, C.D., aND H.R. MACCRIMMON. 1983. Mercury levels in sunfish,
Lepomis gibbosis, relative to pH and other environmental variables in
Precambrian Shield lakes. Can. J. Fish. Aquat. Sci. 40: 1737-1744.

WREN, C.D., H.R. MACCRIMMON, AND B.R. LOESCHER. 1983. Examination
of bioaccumulation and biomagnification of metals in a Precambrian
Shield lake. Water Air Soil Pollut. 19: 277-291.

WREN, C.D., W.A. SCHEIDER, D.L. WALES, B.W. MUNCASTER, AND .M. GrAY.
1991. Relation between mercury concentrations in walleye (Stizostedion
vitreum vitreum) and northern pike (Esox lucius) in Ontario lakes and
influence of environmental factors. Can. J. Fish. Aquat. Sci. 48: 132-139.

389


https://www.researchgate.net/publication/249531256

