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This study presents the development, application, 
and partial validation of an integrated time-dependent 
whole ecosystem environmental fate and food-chain 
bioaccumulation model of the time response of PCB 
concentrations in various media and organisms of 
Lake Ontario to changes in external PCB loadings to 
the lake. The model and observed PCB concentration 
time trends in herring gull eggs, lake trout, sculpins, 
smelt, water, and sediment data are used to 
reconstruct the time response and PCB loading history 
for Lake Ontario and to assess the past and future 
time response of PCB concentrations in the Lake Ontario 
food web to PCB inputs. Estimates of loadings, 
concentrations, half-lifetimes, and changes in PCB 
composition over time are discussed. 

Introduction 
During the last 20 years, a considerable amount of effort 
and resources have been allocated to monitor the elimina- 
tion of PCB emissions into Lake Ontario. However, there 
is still uncertainty regarding the extent of the reductions 
in PCB loadings to the lake that have actually been achieved 
and, hence, the success of the “virtual elimination” initiative 
of the 1978 U.S.-Canada Water Quality Agreement. For 
example, from 1978 to 1992, PCB concentrations in herring 
gull eggs dropped by approximately5-fold ( I ) ,  whereas over 
the same time period, PCB concentrations in 4-year-old 
lake trout dropped by only 2-fold (21, and PCB concentra- 
tions in smelt and slimy sculpins showed no statistically 
significant decline (3). In addition, it has been suggested 
that reductions in PCB loadings may have slowed down or 
come to a complete halt (4,  5 ) .  A possible explanation for 
these observations is that biological species respond to 
changes in PCB loadings at different or “species-specific” 
rates, causing PCB concentrations in certain species to fall 
over the same time period by a greater amount than those 
in other organisms. There may also be lag times between 
the times of loading and concentration reductions, and the 
rate of concentration decline as well as the composition of 
PCB mixtures may not be constant over time. If some of 

* Telephone: 604-291-5928; Fax: 604-291-4968; E-mail address: 
gobas@sfu.ca. 

2038 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 29, NO. 8,1995 

these explanations are correct, then knowledge of the time 
response of PCB concentrations in various organisms and 
media of Lake Ontario to changes in total PCB loadings is 
important for (i) the interpretation of biomonitoring time- 
trend data in terms of changes in loadings that have 
occurred, (ii) the prediction of the past and future response 
of PCB concentrations to PCB loadings, and (iii) the design 
of monitoring programs that are most effective in detecting 
reductions or increases in PCB loadings. It is the purpose 
of this study to explore the fundamental mechanisms 
underlying the time-dependent relationship between PCB 
loadings and concentrations in various organisms and 
media in Lake Ontario. Our methodology is based on the 
development and partial validation of a time-dependent 
whole Lake ecosystem simulation model of the transport 
and food-chain bioaccumulation of PCBs. Since there are 
no reliable PCB loading data for Lake Ontario to evaluate 
the success of PCB loading reductions and to construct 
empirical time-dependent relationships between loadings 
and concentrations, modeling studies have been used 
before to characterize the response of Lake Ontario to PCB 
loadings. Most notably is the modeling work by Mackay 
(61, Mackayet al. (7). and Endicott et al. (81, who combined 
steady-state and pseudo-steady-state environmental fate 
and a food-chain model to relate inputs of PCBs to 
concentrations in Lake Ontario water, sediments, and biota. 
Although these and other modelling studies have advanced 
the understanding of chemical dynamics in aquatic eco- 
system considerably and form much of the basis of this 
study, certain limitations for describing the time response 
of PCB concentration in Lake Ontario have remained. For 
example, the existing whole-lake models assume equilib- 
rium, steady-state, or pseudo-steady-state conditions and 
are not truly temporally dynamic. Also, some models ignore 
the effect of changes in the composition of PCB mixtures, 
and existing models have been sparingly tested and 
calibrated against observed time-trend data. 

This study attempts to address these limitations by 
developing a truly time-dependent “ecosystem” model, 
combining an environmental fate and food-chain bioac- 
cumulation model to predict concentrations of PCB ho- 
mologs and total PCBs in water, sediments, phyto- and 
zooplankton, four fish species, and herring gulls from 
chemical inputs over time and visa versa to interpret time 
trends of contaminant concentrations in Lake Ontario in 
terms of changes in contaminant inputs over time. The 
model is applied to PCBs in Lake Ontario, but when 
parameterized accordingly, it may be applicable to other 
organic chemicals and possibly to other lake ecosystems. 

The Lake Ontario ecosystem model is a combination of (i) 
a time-dependent environmental fate model, which relates 
total external PCB loadings, including inputs from the 
atmosphere and river discharges but excluding internal PCB 
recycling between the water and the sediments, which is 
addressed within the model, to concentrations in water 
and sediments and (ii) a food-chain bioaccumulation 
model, which relates concentrations in water and sediments 
to those in various organisms over time. 

Environmental Fate Model. The environmental fate 
model for Lake Ontario used in this study is a modification 

Lake Ontario Ecosystem Model 
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T a w  i 

Mass Balance Eyuations and Methods for Assessment of Rate Constants Used in Environmental Fate Model 
Mass Balance Eouations and Concentrations 

total mass of PCB in water Mw (g) 
total mass of PCB in sediments MS (g) 
concentration of PCB in water (g/L) 
concentration of PCB in sediments (g/kg dry) 
freely dissolved concentration of PCB in water (g/L) 
sediment solids mass balance & resuspension flux (kg/d) 

outflow (d-l) 
volatilization (d-l) 
overall water-to-sediment transport (d-l) 
overall sediment-to-water transport (d-l) 
solids settling (d-l) 
water-to-sediment diffusion (d-l) 
solids resuspension (d-l) 
sediment-to-water diffusion (d-l) 
burial (d-l) 
degradation in water (d-l) 
degradation in sediment (d-l) 

volatilization mass transfer coefficient (m d-l) 
air-water partition coefficient (unitless) 
temperature dependence of Henry law constant ( H )  
fraction of freely dissolved PCB in water (unitless) 
fraction of freely dissolved PCB in sediments (unitless) 
settling of sediment solids flux (kg/d) 
burial flux of sediment solids (kg/d) 

Rate Constants 

Other Equations 

d f i / d t =  L + kswMs - (kv + ko + k w ~  + k w s ) h  
dMddt= k w s f i  - (ksw + ke + ksd& 
cw = xw/vw 
cs = Xs.4 VSCSS) 

ResFlux = SetFlux - BurFlux 
CWD = dDWCW 

Lake and Chemical-Specific Properties 
lake surface area (m2) 
sediment surface area (m2) 
average water depth (m) 
depth of active sediment layer (m) 
water volume of lake (m3) 
sediment volume (m3) 
water temperature (“C) Tw 
water in- and out-flow (L d-l) 
concentration of particles in water (kg L-l) 
concentration of solids in sediment (kg L-l) 
density of suspended solids (kg L-l) 
density of sediment solids (kg L-l) 
organic carbon content of suspended solids (unitless) 
organic carbon content of bottom sediment (unitless) 
density of organic carbon (kg L-l) 
water-side evaporation mass transfer coefficient (m d-l) 
air-side evaporation mass transfer coefficient (m d-l) 
solids settling rate (m d-l) 
water-to-sediment diffusion mass transfer coefficient (m d-l) 
sediment burial mass transfer coefficient (m d-l) 
total external loading (g/d) L 
pH of water p H = 7  

SAW = 1.95 x 1O’O 
SAS = 1.17 x 1O’O 
I& = 85.6 
& = 0.025 
Vw= 1.67 x lo1’ 
Vs = 2.93 x I O *  

F =  7.04 x 10” 
cpw = 1.0 x 10-6 
Css = 0.16 
dpw = 1.5 
dss= 2.0 
OCpw = 0.05 
OCss= 0.027 
doc = 1.0 
KW = 24.0 

= 0.24 
vs = 1.0 
vDX2.4 x 10-3 
~ ~ = 6 . 2  x 

of the one developed by Mackay et al. (71 with the help of 
the participants of the Lake Ontario Mass Balance Work- 
shop, organized by the International Joint Commission in 
Niagara on the Lake, from May 31 to June 2, 1991. The 
model is based on two mass balance equations describing 
the net movement of individual PCB homologs in and out 
of the water and sediment (Table 1). Rate constants are 
used to represent the key processes controlling the fate of 
PCB homologs in Lake Ontario, i.e., direct chemical inputs 
to the water (kd, volatilization to the atmosphere (k~), 
outflow to the St. Lawrence River (b), chemical degrada- 
tion in water and sediments (km, k ~ d ,  sediment burial 
(kd, settling of suspended solids ( ~ w s I ) ,  sediment resus- 
pension (kswl), and chemical diffusion between the water 
and sediments ( ~ W S Z ,  ~ S W Z ) .  A conceptual diagram of the 
model is presented in Figure 1. The recipes and data used 
for deriving and parameterizing the rate constants are 
presented in Table 1. Octanol-water partition coefficients 

(Kow) and Henry law constants (H) for individual PCB 
homologs were taken from ref 9. The Henry law constant 
was corrected for temperature according to ref 10 to 
represent seasonal variations in volatilization rates. The 
water and sediment degradation rate constants were 
assumed to correspond to a half-lifetime of 56 years (7). 
Although their true value is unknown, it is generally 
recognized to be small compared to other processes in the 
lake, and hence it has no significant effect on the model 
calculations. The mass balance equations were solved 
numerically for each PCB homolog through an Euler-type 
numerical integration, and total PCB (t-PCB) concentrations 
were derived by adding the concentrations of the individual 
homologs. By treating the water and sediments as single 
homogeneous compartments, the model ignores spatial 
differences in PCB concentrations to gain a whole- 
ecosystem understanding of PCB dynamics in the lake. This 
assumption may be reasonable for PCBs in Lake Ontario 
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FIGURE 1. Conceptual diagram of the Lake Ontario environmental fate and food-chain bioaccumulation model. 

considering that PCB concentrations in surfacial sediments 
show a reasonably uniform distribution among the three 
main sedimentation basins in the lake (4). The mass 
balance for sediments solids in the lake is based on a settling 
flux of 1.67 g (m2 of sediment)-l day-l, a burial flux of 1 g 
(m*ofsediment)-’ day-‘andaresuspensionratecalculated 
as the difference between the settling and burial fluxes of 
0.67 g (m2 of sediment)-’ day-’, ignoring the role of 
mineralization of organic carbon. 

Fwd-Chain Bioaccumulation Model. The food-chain 
bioaccumulation model consists of several submodels 
characterizing chemical bioaccumulation in net plankton; 
zooplankton (Mysis relict);  the dominant benthic inver- 
tebrate Diporeia hoyi; four fish species, i.e., alewife (Alosa 
pseudoharengus), slimy sculpin (Cornrscognatus), rainbow 
smelt (Osrnem mordar), lake trout (Saluelinus namaycush), 
and their eggs; and herring gull (Larus argentatus) and their 
eggs. These species were chosen because (i) they include 
the species that have traditionally been used as biomonitors 
of PCBs in Lake Ontario and (ii) contaminant time-trend 
data for these species are available on a whole-lake hasis 
to test or validate the model. The individual submodels 
arelinked togetherthrough feeding interactions to represent 
the Lake Ontario food web (Figure 1). The food-chain 
bioaccumulation model is a dynamic interpretation of the 
steady-state bioaccumulation model developed by Gobas 
(11) and a dynamic toxicokinetic model for herring gulls 
modified after the pharmacokinetic model by Clark et al. 
(12). The models were modified by incorporating changes 
in organism weight, lipid content, and diet composition 
overtheLifespanoftheorganismandbysimulatingmultiple 
generations or age classes of organisms. These modifica- 
tions make it possible to (i) simulate changes in chemical 
concentrations that occur seasonally and throughout the 
life span of the organisms, (ii) to compare contaminant 
levels between age classes since several generations coexist 
at one time, and (iii) to represent intergenerational transfer 
of contaminants between adults and their respective 
offspring. Inaddition, an equation for simulatingchemical 
magnification in the gastrointestinal tract of fish (13) was 
included. Methods and data used for the simulation of 
chemical bioaccumulation in the Lake Ontario food chain 
are summarized in Table 2. Additions and modifications 
made to the earlier models are discussed below. 

Planktonand Benthic lnvextebrntes. Bioaccumulation 
of PCB in phytoplankton, zooplankton, and benthic in- 
vertebrates is represented by an equilibrium partitioning 
of PCB with respectively the freely dissolved chemical in 
the overlying water for plankton and the sediment pore 
water for the benthos. This assumption is reasonable for 
Diporeia since observed concentrations of a variety of PCB 
congeners in the lipids of Lake Ontario Diporeia (14) were 
found not to be significantly (P < 0.05) different from those 
inthesedimentwhenexpressedonanorganiccarbon basis 
(15). There are empirical evidence (16) and theoretical 
grounds to indicate that biomagnification of PCBs beyond 
the thermodynamically controlled partition coefficient can 
occur in benthic invertebrate species. However, we have 
applied the simpler equilibrium model because (i) the 
equilibrium condition between overlying water and sedi- 
ments, which needs to be met to achieve biomagnification, 
does not apply in Lake Ontario for the period of time that 
PCB concentration measurements were made and (ii) data 
for a more sophisticated kinetic model for PCB bioaccu- 
mulation are not available. The equilibrium assumption 
is also reasonable for phytoplankton andzooplankton with 
the possible exceptions of periods when rapid increases in 
phytoplankton biomass occur (17, 18). Our model takes 
into account that zooplankton absorb chemicals fromtheir 
diet, but it assumes that biomagnification beyond its 
partition coefficient with the water and sediments, respec- 
tively, is insignificant due to its small size. Since, the half- 
lifetime of PCBs in the water and sediment compartments 
rate exceed the half-lifetimes of PCBs in plankton and 
benthic invertebrates, it is assumed that changes in 
concentrations in the plankton and benthos mirror those 
occuninginthewaterandthe sediments, respectively. Lipid 
levels for net phytoplankton. M. relicra and D. hoyi, were 
obtained from ref 14. 

Fish. The model for PCB bioaccumulation in fish 
consists of a whole-fish mass balance equation for each 
generation, whichincludesuptakeviathegillsandthrough 
the ingestion of food and elimination via the giU, through 
fecalexcretion, and by metabolic transformation. The rate 
of each of these processes is represented by a first-order 
rate constant, and the mass balance equation is solved 
numerically, applying a condition of “no dietary intake” 
for newborn fish to initialize the model. The methods for 
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TABLE 2 

Equations and Methods For Assessment of Concentrations of PCB in Time=Dependent Lake Ontario 
Food4hain Bioaccumulation Model 

(a) Plankton and Benthic Invertebrates 
chemical concentration in phytoplankton (g kg-' ww) 
concentration in Mysis relicfa (g kg-l ww) 
concentration in Diporeia hoyi (g kg-l ww) 
density of lipids (kg L-l) 
lipid content of phytoplankton (kg of lipid kg -l wwt) 
lipid content of Mysis relicfa (kg of lipid kg -l ww) 
lipid content of Diporeia hoyi(kg of lipid kg-l ww) 

CP = CWDLPKOW 
Cz = CWDLZKOW 
CB = (LedLCs)/(docOCss) 
dL = 1.0 
L p  = 0.005 
Lz = 0.03 
LB = 0.03 

mass of chemical in fish (g) (MF) 
concentration in fish (g kg-l ww) 
concentration in the diet (g kg prey-') 
gill uptake rate constant (L kg-l d-l) 
gill elimination rate constant (d-l) 
metabolic transformation rate constant (d-l) 
dietary uptake rate constant (kg kg -l d-l) 
fecal egestion rate constant (kg kg-l d-l) 
aqueous phase gill uptake transport rate (L d-l) 
lipid phase gill uptake transport rate (L d-l) 
dietary uptake efficiency in fish (unitless) 
food ingestion rate for fish (kg of food d-l) 
lipid content of fish (kg of lipid kg-l) 
fish weights (kg) 
gut-to fish partition coefficient (unitless) 

mass of PCB in lipids of herring gull (9) (MGL) 
concentration in gull (g kg-l) 
concentration in diet (g kg -l) 
concentration in egg lipids (g kg of lipid-l) 
concentration in whole egg (g kg -l) 
initial concentration in newborn (g kg - l )  
whole body clearance rate constant (d-l) 
dietary uptake rate constant (kg d-l kg-l) 
dietary uptake efficiency (unitless) 
food ingestion rate (kg d-l) 
lipid fraction of herring gull (kg of lipid kg-l) 

as a function of air temperature TA ("C) 
lipid fraction of herring gull egg (kg of lipid kg-l) 
herring gull weight (kg) as a function of time t (days) 
monthly mean air temperature ("C) 

GG = 0.997 exp[-exp(-O.O88(t - 14.8))l 
T ,  (from Toronto weather station) 

parameterizing the rate constants are given in Table 2 and 
are essentiallythose used in ref 11 with the exception of the 
equation for k ~ .  Growth dilution is not represented by a 
rate constant as in other bioaccumulation models, but it 
is taken into account by solving the mass balance equation 
for the total mass of chemical in the fish rather than the 
chemical concentration. Data regarding the weight-age 
relationship for each of the fish species were obtained from 
refs 2, 3, 19, and 20. Age-dependent data for the lipid 
content of lake trout, which increases from 2.15 to 24.5% 
over the life span of this species, were obtained from refs 
2 and 3. Lipid contents for sculpins, alewife, and smelt (2, 
3) were not available on an age-dependent basis and were 
assumed to be constant. The metabolic transformation 
rate constant k~ is assumed to be zero because, although 
its true value is unknown, it is generally recognized to be 
small compared to other elimination rates in fish, and hence 
it can be ignored. 

Herring Gulls. The model for herring gull was modified 
from that in Clark et al. (12) by simplifying the plasma and 
lipid storage compartments into a single "whole-organism'' 
compartment with an age-dependent weight and lipid 
content. Dietary uptake in the gulls is simulated as the 
product of the feeding rate, the dietary uptake efficiency, 
the concentration in the diet, and dietary feeding prefer- 

ences used to determine the proportion of each prey species 
in the diet. The feeding rate is estimated from the metabolic 
energy requirement of 9.3 x lo4 kcallyear (21) of a herring 
gull and the approximate energy density of 1280 kcallkg 
(22) of the herring gull's most important prey species, i.e. 
alewife and smelt. PCB elimination is through fecal egestion, 
metabolic transformation, and egg laying, in female birds, 
and is represented by afirst-order elimination rate constant 
k ~ .  In the absence of an elimination rate constant for PCB 
homologs, we used the elimination rate constant for 
photomirex (12) to approximate that of PCBs because the 
two substances share similar physical-chemical properties 
and biomagnification factors in herring guUs (23). Herring 
gulls in Lake Ontario reach adulthood and begin laying 
eggs in their fourth year. To represent PCB transfer to eggs, 
we used the egg/@ PCB concentration ratio for PCBs of 
0.47 (23). The mean PCB concentrations deposited in the 
eggs are used to estimate the initial PCB concentration in 
newborn gulls; hence, the internal concentration of adults 
influences the concentration in their young. Juvenile gulls 
(Le., less than 1 year old) have higher lipid levels than adults, 
and the size of their fat pools are simulated by an inverse 
relationship with the air temperature given in ref 22 (Table 
2). Average monthly temperatures were taken from the 
Toronto Island weather station to simulate the seasonal 
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TABLE 3 
Diet Compesitiea (in K) Cr Fishes nl Hm Sdls in Me Oatan3 

prey species 
predator age zooplankton benthos alewife 

alewife 1-2 99 
2-8 93 

sculpin 1-2 3 
2-5 19 

smelt 1-2 72 
2-5 54 

trout 1-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-8 

herring gull 0-25 

1 
7 

97 
81 
28 
21 

15 (0-1) 
15 (1-2) 
35 (1-2) 
45 (2-3) 
50 (2-3) 
70 (2-3) 
70 (3-4) 
45 (2-3) 

“The values in parentheses indicate the age class of prey organism consumed, 

sculpin smelt 

25 (0-1) 
55 (1-2) 30 (2-3) 
40 (2-3) 45 (3-4) 
25 (2-3) 40 (3-4) 
25 (2-3) 30 (4-5) 
20 (3-4) 30 (4-5) 

30 (4-5) 
30 (4-5) 
55 (2-3) 

fluctuations in lipid content. The lipid contents of herring 
gull eggs were taken from ref 23. Changes in the gull’s 
body weight over its entire life span were simulated using 
an equation (22), which relates the gull’s bodyweight to its 
age in days (Table 2). Herring gul ls  are assumed to live for 
25 years; hence, model calculations are carried out for 25 
generations or age classes of gulls. Concentrations in gull 
eggs are calculated as the average of the concentrations in 
eggs of the entire population taken into account the 
population age structure. 

Food Chain, A conceptual diagram of the feeding 
interactions in the Lake Ontario food chain is shown in 
Figure 1. Diet composition of individual species is sum- 
marized in Table 3 and is based on various sources. In 
recent years, there have been significant changes in the 
diet composition of some of the organisms in Lake Ontario 
due to reductions in the alewife and smelt stocks. Gut 
content studies (24) show that the diet composition of 4+ 
lake trout has shifted from an 80-81% alewife diet in 1983- 
198511986 to a 84% and 64% smelt diet in 1991 and 1992, 
with the benthic sculpin becoming a more important diet 
item over time by increasing from 1% in 1983 to 13% in 
1991 and to 31% in 1992. 

Application of the Model 
To interpret observed t-PCB concentration time trends in 
various media of Lake Ontario in terms of changes in the 
total external PCB loadings to the lake over time, model 
simulations were conducted by selecting loading scenarios 
for each PCB homolog for the period of 1929-2000. Each 
loading scenario consisted of a period where the loading 
of a specific PCB homolog increased at a constant rate per 
year up to a maximum value, followed by a period where 
loading declined at a constant annual rate. Although this 
may be a simplified representation of the actual unknown 
loading scenario, it provides a systematic approach for 
estimating historical PCB loadings as rates of increase and 
decline can be systematically changed and tested for their 
ability to fit observed data by the sum of the squared relative 
differences, Le., z ( (C&s , i  - Cpred,i)*/Cpred,i), between all 
observed (Cabs,i) and predicted (Cpred,i) concentrations. The 
loading scenario that resulted in the best agreement 
between observed and predicted concentration data over 
time was considered to be the best available estimate of 
the changes in loadings that have actually occurred. The 

quality of agreement between observed and predicted 
concentrations was first derived for each individual PCB 
homolog based on homolog-specific concentrations in 
sediment core profiles (4 ) .  However, since the resulting 
loading scenarios are based on a small set of homolog- 
specific PCB concentration data, we also derived estimates 
of the concentrations of t-PCBs by adding the concentra- 
tions of the homologs in each of the media and organisms 
of Lake Ontario, which were then compared to the large 
data set of observed t-PCB concentrations from refs 2-5, 
14, and25-29. Observed t-PCBs concentrations are based 
on a summation of individual PCB congeners as reported 
by the original authors. This may introduce a small error 
in the comparison between observed and predicted con- 
centrations since different authors base their t-PCB con- 
centrations on a summation of a different number of PCB 
congeners, although the most abundant PCB congeners 
are accounted for. 

The best overall agreement between observed and 
predicted PCB homolog and t-PCB concentrations in water, 
sediments, and biota between 1930 and 1993 was achieved 
when the model was executed with a loading scenario 
consisting of an annual increase in loading of 25% up to 
a maximum loading of 23 200 kglyear in 1961, followed by 
an annual decline in loading of approximately 15%/year, 
resulting in a 1991 loading of 619 kglyear, close to 
Thompson’s 1991 estimate of 553 kglyear (30). Figure 2 
depicts the agreement between t-PCB concentrations in 
sediments, water, and Lake Ontario biota that were observed 
and predicted by our model using this single loading 
scenario. The majority of the predicted t-PCB concentra- 
tions in herring gull eggs, lake trout, and smelt are within 
a single standard deviation of the mean of the observed 
data, and in all cases are within the 95% confidence limits 
associatedwith the measurements, suggesting that the data 
sets could be explained by the model’s time response to 
this loading scenario. Observed and predicted t-PCB 
concentrations in Diporeia are in good agreement. t-PCB 
concentrations, in Lake Ontario water from 1983 to 1990 
of 0.44-1.2 nglL are in good agreement with observed 
concentrations of 0.95-1.41 ng/L (14 ,  31-33), although 
the predicted drop in concentration is not apparent in the 
observed concentrations possibly due to experimental 
errors, variability, and small sample size associated with 
these difficult measurements. Agreement between ob- 
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FIGURE 2. : Predicted (solid lines) and observed 1-PCB concentrations in Lake Ontario sediments (a); water, benthic invettebrates (Dipomir 
hoyi), zooplankton (Mysir relicti?), net plankton (b); slimy sculpins, rainbow smelt (4 ;  and 4+ lake trout and herring gulls Id) in Lake Ontario 
es a function of time (years). Concentrations in sediments from the mouth of the Niagara River are presented at 20% of their actual levels. 
Estimated total PCB loadings are presented as the solid line in panel e. 

served and predicted concentrations in net phytoplankton 
and Mysis is poor but within a factor of 3, which may be 
due to the inability of lipids to correctly describe PCB 
partitioning in phytoplankton or experimental error and 
small sample size (e.g., n = 3 for phytoplankton and n = 
2 for zooplankton (14)) .  Apart from experimental error in 
observed plankton data, the apparent contradiction be- 
tween the satisfactory concentration predictions for the 
upper trophic fish species while concentration predictions 
for the lower trophic phyto- and zooplankton levels are 
relatively poor can be explained by the large fraction of the 
total PCB intake in fish through the consumption of benthic 
invertebrates instead of pelagic plankton. For example, in 
1990, approlcimately92% of the total t-PCB intake in 2-year- 
old sculpins, 65% in 4-year-old smelt, and 53% in 4+ lake 
trout are from the consumption of benthic invertebrates. 

It should be stressed that the temporal response of the 
model is sensitive to the selection of the value for the depth 
of the sediment layer that can be accessed by PCB, which 
is unfortunately a model input parameter that currently 
cannot be conclusively measured. It may thus be argued 
that the predicted rate of decline in PCB loadings reflects 
the sediment depth chosen. This appeared not to be the 
case. In model simulations, the value for the sediment 
depth controlled the relative (Le., differences) in the rates 
of decline in PCB concentration over time between the 
various media, and an active sediment layer of 2.5 cm was 
selected because it produced the best agreement with the 
observed data. The rate of decline of PCB loading controlled 
the absolute rates of decline in the PCB concentrations. A 
sensitivity analysis revealed that the magnitude of the 
maximum loading is sensitive to the selection of the value 

for the Henry law constant. An overestimation of Hresults 
in an overestimation of the maximum loading. 

Temporal Response of the Lake Ontario Ecosystem 
If the agreement between observed and predicted con- 
centration vs time curves is an indication of the model’s 
ability to describe the dynamics of PCBs in the Lake Ontario 
ecosystem, then it is interesting to analyze the model’s 
behavior and results in an effort to further improve insights 
into the interplay of processes controlling the dynamics of 
PCBs in the Lake Ontario ecosystem. This is a useful 
endeavor considering that the interpretation of concentra- 
tion-time curves in terms of historic loadings as well as 
the prediction of the future response of PCB concentrations 
in biota to further changes in PCB loadings ultimately 
requires an understanding of the processes and mecha- 
nisms controlling the ecosystem dynamics of PCBs. 

One of the interesting results of the time-dependent 
model is that t-PCB loadings may have peaked around 1961, 
which is 4-7 years before t-PCB concentrations in sedi- 
ments of the lake’s sedimentation basins reached their 
maximum levels of approximately 0.74 mg/kg in 1965- 
1968 (Figure 2). The model’s estimate of the time of 
maximum loadings is in agreement with sediment core 
data collected from the mouth of the Niagara River, which 
show peak t-PCB concentrations of 3.6 mglkg in 1959- 
1962 (34), corresponding to a maximum total t-PCB loading 
of approximately 12 100 kg/year. Since estimates of t-PCB 
loadings into Lake Ontario (30) suggest that the Niagara 
River has been the main source of PCBs to Lake Ontario, 
it is reasonable to assume that the timing of maximum 
t-PCB concentration in the sediments of the Niagara River 
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should approximately agree with that of the total combined 
maximum external t-PCB loadings. Hence, both the model 
results and the sediment core data suggest that there is a 
significant lag time between the occurrence of maximum 
t-PCB loadings and maximum t-PCB concentrations in the 
lake. One of the implications of this is that significant t-PCB 
loading reductions to Lake Ontario may have taken place 
before the implementation of the PCB ban in 1974 and 
before commercial PCB sales in the United States peaked 
around 1968-1970 (30). 

The lag time is the result of the fact that, during the 
period of loading increase, the concentration in the water 
climbs seeking to achieve (but not reach) a steady state 
with the continually increasing loading. Hence, after the 
maximum PCB loading has been reached, the PCB con- 
centration in the water has still not achieved its steady- 
state concentration with the earlier lower loading levels, 
causing it to keep increasing while the loadings are actually 
declining. In a similar fashion, the concentration in the 
sediment increases attempting to achieve (but not reach) 
a steady state with the concentration in the water. After 
the maximum concentration in the water has been reached, 
the concentration in the sediments continues to increase 
because, due to its slower time response, it has not been 
able to reach its steady-state concentration with the less- 
than-maximum concentration in the water before the 
concentration in the water peaked. This behavior is a 
reflection of the quicker response time of the PCB con- 
centrations in water compared to that in the sediments. An 
important effect of the rise and the fall of the external PCB 
loadings to the lake over time and the difference in response 
times of the PCB concentrations in the water and sediments 
is that the PCB concentrations in water and sediments were 
probably continuously out of equilibrium and steady state 
for the period from 1929 up to now. Model simulations 
show that after 1962, when external loadings started to 
decline, the t-PCB concentration in the water fell quickly 
compared to that in the sediments, causing a sediment- 
water disequilibrium where the sedimentlwater PCB fugac- 
ity ratio increased from approximately 0.5 to a value of 
approximately 2.8 in 1982 and 3.2 in the year 2000, which 
is in agreement with observed data in 1982 (141, which 
show that the observed whole-lake sedimentlwater parti- 
tion coefficient of, for example, PCBlOl of 27 kt 10) pg 
kg-'1130 (k 36) pg L-' or 2.1 x lo5 Llkg is higher than its 
steady-state level of 7.1 x lo4 Llkg or its chemical 
equilibrium value (equal fugacities) of approximately 0.027 
x lo6.* or 6.8 x lo4, estimated according to ref 35 based on 
the freely dissolved water concentration. The significance 
of this sediment-water disequilibrium for the Lake Ontario 
food chain is that since 1961 the consumption of sediment- 
dwelling benthic invertebrates has become increasingly 
more important as a source of PCBs to fish than the 
consumption of plankton. For example, the t-PCB intake 
through the consumptionofbenthic invertebrates increased 
from 68 to 92% in sculpins and from 9 to 35% in 4-year-old 
smelt. 

Figure 3 illustrates that after t-PCB loadings fell the rate 
of t-PCB concentration decline in the water exceeded that 
in the sediments. The rates of t-PCB concentration decline 
and hence the actual half-lifetimes of t-PCB in the lake 
water and sediments are not expected to be constant over 
time, as steady-state models may suggest, but are expected 
to increase slowly over time, hence causing the half-lifetime 
to drop in response to loading reductions. The drop in 

kulpln 

-s"" - 
1800 1970 1980 1990 

FIGURE 3. Predicted annual changes (in % per year) of the t-PCB 
concentrations in water, sediments, alewife, rainbow smelt slimy 
sculpin, lake trout, and herring gull eggs as a function of time (yaan) 
in response to a 15% annual decline in PCB loadings to Lake Ontario 
after 1961. 

half-lifetime is a reflection of the reduction in combined 
external and internal (Le., from the sediments) t-PCB 
loadings into the water, which initially reflects predomi- 
nantly the rate of reduction in external t-PCB loadings since 
t-PCB concentrations in the sediments initially do not 
decline, but later reflects the higher rate of decline in 
combined external and internal loadings as t-PCB con- 
centrations in the sediments are starting to decline in 
response to the lower t-PCB concentration in the water. 
Ultimately, the rates of concentration decline in water, 
sediments, and biota are expected to converge at a half- 
lifetime of approximately 5.5 years, corresponding to the 
maximum rate at which PCBs can be removed from the 
active sediments layer. 

Figure 3 illustrates that s i w c a n t  differences in the time 
response of PCB concentrations in the various organisms 
of Lake Ontario can be expected after PCB loading reduc- 
tions occur but that ultimately PCB concentrations will fall 
at a similar annual rate of approximately 13% if loadings 
continue to fall. The time response of the t-PCB concen- 
tration to reductions in PCB loadings to Lake Ontario is 
predicted to be the shortest in alewife and the longest (i.e., 
slowest) in sculpins and increases in the order of alewife 
< smelt, herring gull eggs < 4+ lake trout < sculpins. This 
is generally in agreement with field observations since t-PCB 
concentrations in herring gulls eggs have fallen over the 
same time period by a greater amount than concentrations 
in 4+ lake trout and t-PCB concentrations in sculpins did 
not show asignificant reduction. It should be stressed that 
the variability in the sculpin data set is large, making it 
difficult to compare the actual and expected drop in t-PCB 
concentrations over time. Since the likelihood of detecting 
large changes in concentrations over time is greater than 
detecting small changes in concentrations, assuming-for 
simplicity-a similar variability in concentrations, it follows 
that the organisms with the faster time response to PCB 
loadings may be more suitable as biomonitors of changes 
in loadings than organisms with the slower time response. 
The most important reason for the difference in time 
response of the PCB concentrations in the various organisms 
of the Lake Ontario is diet composition. In essence, the 
PCB concentration in the sculpin responds slowly to 
changes in loadings because its diet consists primarily of 
benthic invertebrates, which in turn receive most of their 
PCB intake from the sediments, which in comparison to 
the water respond slowly to changes in PCB loadings. In 
contrast, the PCB concentration in herring gull eggs 
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responds more quickly because herring guUs consume 
predominantly alewife and smelt, which consume primady 
pelagic zooplankton, which follow the relatively more rapid 
changes in the PCB concentration of the water. Growth, 
weight, and lipid content, which control the rate of PCB 
elimination from fish, dso play a role. A large rate of 
elimination due to small weight, low lipid content, and 
high growth rate will result in a faster time response, while 
a slow rate ofeliminationwill cause a slower time response. 
However, if the rate of PCB elimination in the organisms 
exceeds that in the diet of the organisms. then the rate of 
concentration decline in the diet becomes the rate control- 
ling step and controls the rate of concentration decline. 
The relationships between weight, lipid content, growth, 
sediment-water disequilibria, diet composition, and time 
response of the PCB concentration are complex and best 
investigated byconductingmodel simulations. Simulations 
of the homolog composition of t-PCB concentrations in 
fish and herring guUs are presented in Figure 4 and suggest 

40% 1 1 

a gradual shift toward a larger contribution of the more 
chlorinated homologs, reflecting a similar pattern in the 
sediments and greater bioaccumulation factors of the more 
chlorinated congeners. 

Histow and Futun of PCBs in Lake Ontario 
Assumingthat the model providesarealistic description of 
the time-dependent relationship between the PCB loadings 
and concentrations in Lake Ontario, it is interesting to 
investigatewhat t-PCBconcentrationsinLakeOntariobiota 
may have been before the earliest PCB concentration data 
wererecorded. Thisinformationmayberelevant tostudies 
of the ecotodcological effects of PCBs in the lake since the 
reproductive failure of Lake Ontario lake trout stocks since 
the 1950s is often suggested to be linked to the high PCB 
concentrations in these fish. It should be stressed that the 

.use of our results for estimating an ecotodcologically 
relevant dose ofPCBsinLake Ontario biotamaybelimited 
since to evaluate the ecotodcological significance of PCBs 

VOL. 29. NO. 8.1995 I ENVIRONMENTAL SCIENCE h TECHNOLOGY. 2045 



it is important to know the concentration of individual PCBs 
congeners rather than PCB homologs or t-PCBs (36, 37). 
t-PCB concentrations are estimated to have reached 
maximum levels of 335 mglkg in herring gulls, 122 mglkg 
in gull eggs, 20 mglkg in 4+ lake trout, 9 mglkg in 4+ lake 
trout eggs, 6 mglkg in smelt and alewife, and 3.4 mglkg in 
sculpins. 

Several authors have suggested that PCB loadings may 
have stopped declining since the mid 1980s and have 
reached a constant value (4-6). There is indeed evidence 
to support this. A statistical analysis shows a significant 
change in the rate of decline of the PCB concentrations in 
herring gull eggs from 14 f 2 (95% confidence limits) per 
year before 1987 to 4.4 f. 20%lyear (Le,, not significantly 
different from a zero decline) after 1987. PCB concentra- 
tions in 4+ lake trout and smelt also appear to have been 
constant since 1985. Model simulations, in which PCB. 
loadings dropped annually by 15% from 1961 to 1985 and 
then remained constant, did not show a significantly better 
agreement between observed and predicted concentrations 
partly due to the slow time response of the system and the 
variability in the data. The hypothesis that atmospheric 
inputs originating from out of Lake Ontario basin may come 
to dominate the total loadings into Lake Ontario, and 
causing a decline in concentration reductions is supported 
by the marked increase in contribution of trichlorinated 
PCBs to the estimated t-PCB loadings (Figure 4). If 
atmospheric t-PCB loadings remain at the estimated levels 
of 107 kglyear (301, they are expected to dominate total 
PCB loadings by 1998, and total PCB concentrations will 
gradually stop declining. In addition to possible reductions 
in the rate of PCB loading decline, changes in the Lake 
Ontario food-chain structure may have contributed to a 
possible reduction in the rate of concentration decline. 
Model predictions indicate that the large increase in the 
contribution of sculpins in the lake trout's diet can cause 
a reduction in the rate of decline of the PCB concentrations 
over time due to the fact that PCB concentrations in sculpins 
drop in response to reductions in external PCB loadings at 
a slower rate than those in smelt and alewife, which were 
replaced by the sculpins in the lake trout's diet. 
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