


temperatures during the current year (spawning year for
each cohort) and the previous year (i.e., an integration of
thermal conditions across two summers). Daily summer air
temperature was calculated as the average of temperature
readings at Toronto and Kingston, which are located at
opposite ends of Lake Ontario (Fig. 1).

Results

Temporal patterns—Based on average annual concentra-
tions, exponential decay models best described changes in
[POPs] in Lake Ontario coho and chinook salmon, such
that declines occurred most rapidly during the first few
years that measurements were taken and more slowly with
time (Fig. 3–c; Table 2 Eqs. 2–4, 6–8). Total PCB
concentrations decreased from maxima of 4,2176 1,674
(average6 1 SD) ng g21 in 1976–1977 (coho salmon) and
4,139 6 1,188 ng g21 in 1983–1984 (chinook salmon) to
minima of 324 6 110 ng g21 (coho salmon) and 4326
101 ng g21 (chinook salmon) in 2002–2003 (90–94%
decrease; Fig. 3a). [Mirex] reductions were similar, with con-
centrations decreasing 90–95% over the record (Fig. 3b).
Reductions of [p,p9-DDT] in coho salmon decreased from
a maximum of 158 6 86 ng g21 in 1976–1977 to
a minimum of 5 6 0 ng g21 in 2002–2003 (97% decrease),
with those in chinook salmon decreasing from 916 47 ng
g21 in 1983–1984 to 96 2 ng g21 in 2002–2003 (90%
decrease; Fig. 3c). Regressions of annual variability (SD)
versus year showed linear decreases ofSPCB (r2 5 0.60–
0.68; p , 0.001), mirex (r2 5 0.35–0.47;p 5 0.001–0.004),
and p,p9-DDT ( r2 5 0.61–0.62; p , 0.001) variability in
coho and chinook salmon over the record (Fig. 3a–c). In
comparison, declines in average annual [Tot-Hg] in Lake
Ontario coho and chinook salmon were very slight,
although statistically significant, with linear models best
describing changes over the record (Fig. 3d; Table 2 Eqs.
5, 9). While among-year variability in [POPs] declined
linearly in coho and chinook salmon over the record,
variability in average [Tot-Hg] remained constant for both
species.

Closer examinations of the trend lines revealed that
[POPs] and [Tot-Hg] oscillated upward and downward at
approximately the same frequency through the record.
Using [SPCB] in chinook salmon as an example (Fig. 3a),
concentrations declined to a minimum from 1988 to 1990,
then increased to a maximum from 1990 to 1992. After the
1990 to 1992 maximum, concentrations declined to
a minimum from 1993 to 1995. The next concentration
maxima occurred in 1996–1997 and in 2000, with the next
minima occurring in 1998–1999 and in 2000 to the end of
the record (Fig. 3a). Another conspicuous trend was that
the amplitude and duration of the upward and downward
oscillations decreased as time progressed (Fig. 3). These
concentration oscillations were subsequently linked to
trophodynamic and climatological factors.

Trophodynamic links—Average annual [POPs] in Lake
Ontario coho and chinook salmon tracked the abundance
of large alewife during the portion of the record extending
from 1980 to 2003 (Fig. 3a–c). During this period, linear

models showed that alewife abundance accounted for 44%
to 55% ( p 5 0.002–0.010) of variations in average annual
concentrations in coho salmon, and 39% to 56% ( p 5
0.001–0.007) of those in chinook salmon (Table 2 Eqs. 10–
12, 14–16). Associations between average annual [Tot-
Hg] and alewife abundance were not as strong (r2 5 0.26–
0.29); however, they were statistically significant (p 5
0.036–0.048) (Fig. 3d; Table 2 Eqs. 13,17). The association
between alewife abundance and salmon contaminant
burdens did not hold for years prior to 1980 when
[POPs] and [Tot-Hg] in coho salmon were highest despite
the very low numbers of large alewife (Fig. 3, coho salmon
panels).

It appears that bottom-up trophic changes have driven
the overall downward trend of Lake Ontario alewife
abundance and associated reductions in coho and chinook
salmon contaminant burdens. Although they sometimes
prey on small fishes, alewife feed primarily on zooplankton.
Based on epilimnetic samples, zooplankton densities in
Lake Ontario have declined substantially since the early
1980s, and the alewife decline tracked this trend (r2 5 0.51,
p 5 0.003; Fig. 4a). In turn, the zooplankton decline
tracked reductions in average summer [Chla] (r2 5 0.24, p
5 0.064; Fig. 4b), with the reduction in [Chl a] having
tracked reductions in spring overturn [Tot-P] (r2 5 0.36, p
5 0.011; Fig. 4c). Reductions in spring overturn [Tot-P] in
Lake Ontario from the early 1970s to the mid-1980s were
attributable to reduced external Tot-P loadings (r2 5 0.64,
p 5 0.013); however, [Tot-P] continued to decline from the
mid-1980s to the early 1990s despite there being years with
elevated Tot-P loading (Fig. 4d). The breakdown of the
positive correlation between spring overturn [Tot-P] and
Tot-P loading occurred in conjunction with the prolifera-
tion of zebra (Dreissena polymorpha) and quagga (Dreis-
sena bugensis) mussels (Fig. 4d, inset).

Climatic cycles—Average summer air temperatures at
Kingston and Toronto were highly variable during the
study period, with average temperatures during the last
three years of record (2001–2003) being 2.4uC warmer than
those during the earliest three years (1976–1978) (Fig. 5).
Upward and downward oscillations in summer tempera-
tures were linked to strong El Niño (warming) and La Niña
(cooling) cycles and to the Mt. Pinatubo (Philippines)
eruption (cooling) (Fig. 5c). Summer epilimnetic tempera-
tures at the Lake Ontario sites can be approximated from
those in the Bay of Quinte with models given in Table 3
(Eqs. 26–29). Linear regression, in turn, showed that
average summer epilimnetic temperatures in the Bay of
Quinte were positively correlated with average summer air
temperature over the record (Table 3 Eq. 30). Thus, it was
concluded that average summer epilimnetic temperatures at
the Lake Ontario sites are at least partially dependent on
summer air temperatures. The temperature associations
suggest that average summer epilimnetic temperatures in
Lake Ontario have changed in an upward trajectory over
the record.

Log10 of average annual [POPs] in Lake Ontario coho (r2

5 0.43–0.56,p , 0.001) and chinook (r2 5 0.50–0.51,p ,
0.001) salmon decreased with increasing average summer

Salmon organic contaminants and mercury 2799



Fig. 5. Following the initial rapid reductions in (a) [SPCB], (b) [mirex], (c) [p,p9-DDT], and
(d) [Tot-Hg] during the late 1970s and the early 1980s, concentrations oscillated in a downward
trajectory to 2003. The regularly observed downward oscillations in contaminant concentrations
(vertical bars) were often associated with warming El Nin˜o events. Warming (up arrows marked 1
[5 strong El Niño] and 2 [5 moderate El Niño]) and cooling (down arrows marked 3 [5 strong
La Niñ a], 4 [5 moderate La Niña], and 5 [5 Mt. Pinatubo, Philippines, eruption]) events are
indicated on panel (c).
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a rapid resurgence of the population from 1978 to 1983
when densities of large adults reached a 25-yr maximum
(Fig. 4a). Because alewife growth rates are density-de-
pendent, growth rates during this period were very high
(O’Gorman and Schneider 1986), and this would have
resulted in growth-related contaminant dilution (Borg-
mann and Whittle 1991, 1992; Madenjian et al. 1995).
Therefore, reductions of [POPs] in alewife during this
period of fast growth (e.g., Madenjian et al. 1995) would
have decreased the exposure of coho and chinook salmon
to contaminants. In this view, we suggest that the 1976–
1977 alewife winterkill accelerated the initial rates at which
contaminant concentrations declined in Lake Ontario coho
and chinook salmon.

Salmonine stocking rates to Lake Ontario increased
steadily from 2.5 million fish yr21 in 1978 to 8 million fish
yr21 by 1984 (Mills et al. 2003). Since coho and chinook
salmon feed preferentially on the largest available alewife,
enhanced stocking would have, theoretically, reduced
average alewife size. Because contaminant concentrations
in alewife are lowest in the smallest individuals (e.g.,
Madenjian et al. 1995) stocking would be expected to reduce
the rate at which contaminants are transferred from alewife
to their predators. Supporting this idea, surveys by Rand et
al. (1994) found that the average size of Lake Ontario
alewife decreased steadily from 1974 to 1990, with direct
observations and modeling simulations showing that [mirex]
and [PCB] in alewife have decreased substantially over the
past 20+ yr (Madenjian et al. 1995; Makarewicz et al. 2003).
Growth-related contaminant dilution in alewife would have
contributed to the reduction of contaminants in Lake
Ontario coho and chinook salmon for a period immediately
following the 1976–1977 winterkill, with the relative in-
fluence of enhanced salmonine stocking increasing after the
recovery of the alewife population in the early 1980s.

As discussed, there is circumstantial evidence that
reductions of [POPs] and [Tot-Hg] in Lake Ontario coho
and chinook salmon were accelerated by the 1976–1977
alewife winterkill and by the gradual decline of large
alewife from 1983 onward (Fig. 3; Table 2). Following the
abundance peak of 1983 (Fig. 4a), the alewife population
decline was triggered by increased salmonine stocking rates
(Jones et al. 1993; O’Gorman et al. 1997; Madenjian et al.
2002). However, although stocking programs have had
a major role in controlling the alewife population, alewife
numbers continued to decline from 1992 onward even
though stocking rates were reduced by an average of 3
million fish yr 21 during this period (Fig. 4a). Therefore,
factors in addition to salmonine stocking must have
contributed to the alewife decline. Canada–United States
nutrient abatement programs reduced Tot-P loadings to
Lake Ontario by about 15% between 1974 and 1991, with
reduced loadings, in turn, resulting in lower spring overturn
[Tot-P] (Fig. 4d). As suggested by the bottom-up trophic
cascade depicted in Fig. 4, reduced nutrient availability at
low trophic levels can at least partially explain the decline
of alewife abundance over the record. Interestingly, while
nutrient loading rates to Lake Ontario were periodically
elevated in the mid-1980s and early 1990s, offshore spring-
overturn [Tot-P] continued to decline (Fig. 4d). This

breakdown of the loading-spring [Tot-P] relationship
(Fig. 4d, inset) was presumably caused by a net transfer
of phosphorus to inshore areas and benthic cycling by
invasive zebra and quagga mussels (e.g., Hecky et al. 2004).
We suggest that the overall downward trend of Lake
Ontario alewife since the early 1980s has been driven by
two major factors: (1) reduced offshore nutrient availability
resulting from nutrient abatement programs and inshore,
benthic cycling by invasive mussels and (2) salmonine
stocking programs. The decline of large alewife has, in turn,
reduced the rate at which contaminants are incorporated
into coho and chinook salmon tissues via trophic transfer.
It has been suggested that Lake Ontario coho and chinook
salmon switched their feeding preferences to rainbow smelt
(Osmerus mordax) and/or slimy sculpin (Cottus cognatus)
during the period of alewife decline. However, because
these species typically have higher contaminant burdens
than alewife (Niimi 1996; Tomy et al. 2004), an increase in
contaminant concentrations in coho and chinook salmon
would have been expected if prey switching had occurred to
a significant degree.

Our analysis shows that upward oscillations in [POPs]
and [Tot-Hg] were often associated with cooling La Niña
cycles (Fig. 5, vertical bars) and that the overall downward
trajectories of contaminant concentrations were negatively
correlated with summer air temperature (Fig. 6; Table 2).
The ecological and physiological responses of alewife and
coho and chinook salmon to rising temperatures might
explain the negative correlation between contaminant
concentrations and temperature. Survival rates of young-
of-the-year (YOY) alewife increase with increasing ambient
water temperatures (Kellogg 1982; Eck and Wells 1987;
Casselman et al. 1999). Increased YOY survival during
warm years would increase competition for resources
within the cohort, thereby reducing the probability that
individuals recruit to larger, more contaminated size
classes. Such competition would have been intensified by
Canada–United States nutrient abatement programs, the
invasion of zebra and quagga mussels, and the ensuing
bottom-up trophic cascade (Fig. 4). Supporting this, Rand
et al. (1994) determined that the average weight of Lake
Ontario alewife aged 2 yr and older decreased from 41 g in
1978 to 19 g in 1989. They also reported that the spring
energy density of Lake Ontario alewife decreased from
6,259 J g21 in 1979 to 4,600 J g21 in 1990. Since the
bioenergetic demands of salmon increase with increasing
temperature over the range observed in Lake Ontario
(Wurster et al. 2005), temperature increases over the study
period would have increased the rate at which coho and
chinook salmon feed on alewife. Declines in the nutritional
quality (i.e., energy density) of alewife over the study period
would have further increased food intake requirements.
Supporting this position, outputs from bioenergetic models
suggest that predation rates by Lake Ontario chinook
salmon increased nearly three-fold from 1978 to 1990
(Rand et al. 1994), and stomach-content analyses indicate
that the reliance of coho and chinook salmon on small,
lower-quality alewife increased with time from 1983 to 1993
(Rand and Stewart 1998). Thus, it appears that stocking
and nutrient abatement programs, zebra and quagga
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