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Abstract. The biomagnification of polychlorinated bi- 
phenyls (PCB), toxaphene, and the DDT family of metabo- 
lites was investigated in the epibenthic Mysis relicta 
(mysid), the benthic Pontoporeia hoyi (amphipod), 
plankton, particulate flux, surficial sediments, and Myoxo- 
cephalus thompsoni (deepwater sculpin) in southeastern 
Lake Michigan. DDE was the most strongly biomagnified 
compound, increasing 28.7 times in average concentration 
from plankton to fish. PCB increased 12.9 times in average 
concentration from plankton to fish while toxaphene in- 
creased by an average factor of 4.7. Particle flux was com- 
prised of lower chlorinated PCB homologues (average chlo- 
rine number = 3.8) than the biota (4.5-5.0) and sediments 
(4.6), possibly reflecting strong influences from atmospheric 
deposition and/or zooplankton egestion. The percent of 
higher chlorinated PCB homologues (5 and 6 chloline atoms 
per PCB molecule) increased from 54-56% of the total PCB 
in plankton and M. relicta, to 61% in P. hoyi, to 74% in 
sculpins. Amphipods contained greater concentrations than 
mysids of PCB, DDT residues, and toxaphene, possibly re- 
flecting differences in habitat (benthic vs epibenthic) and 
diet (detritus vs plankton). Based on estimates of average 
areal biomass and contaminant concentration, offshore 
Lake Michigan P. hoyi populations contain approximately 
15.0 times as much toxaphene, 9.5 times as much total DDT, 
and 12.0 times as much PCB as the offshore M. relicta popu- 
lations. Thus, amphipods may represent a greater reservoir 
than mysids for contaminant storage and subsequent recy- 
cling in offshore Lake Michigan. 
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Certain classes of organic contaminants are highly persistent 
and continue to be of environmental concern years after pro- 
duction bans have been implemented. Polychlorinated bi- 
phenyls (PCB), the DDT (dichloro-diphenyltrichtoroethane) 
family of residues, and toxaphene (a complex mixture of 
polychlorinated terpenes) are familiar examples of such 
compounds which are of continuing concern in regions such 
as the Laurentian Great Lakes (Hallett 1988). These com- 
pounds continue to enter the Great Lakes where they are 
bioconcentrated by the biota and biomagnified through suc- 
cessively higher trophic levels. Contaminants also become 
associated with sinking particles, eventually reaching the 
lake floor. Some contaminants may re-enter the water 
column with resuspension and through food web pathways. 
Of particular relevance to this paper, is the distribution and 
potential recycling of PCB, DDT residues, and toxaphene 
through benthic-based food webs. 

This paper presents the results of a study investigating 
PCB, DDT (and its metabolites), and toxaphene body 
burdens in the mysid Mysis relicta and the amphipod Ponto- 
poreia hoyi, their potential food, and a major fish predator at 
a 97-m deep station in eastern Lake Michigan. In addition, 
data are presented on the average chlorine number of the 
PCB homotogues in these various ecosystem compartments. 
Finally, the relative roles of amphipods and mysids in con- 
taminant biomagnification and recycling were investigated. 

Materials and Methods 

Field Methods 

The organic-contaminant study was conducted in 1982 as part of a 
larger study investigating particle flux dynamics. With the exception 
of the particle flux samples (see below), all other samples for or- 
ganic-contaminant analysis were collected in April, Jane, August, 
and September 1982. All collections were made at a single, 97-m 
station located approximately 20 km offshore of Grand Haven, 
Michigan. This station has been the site of many ecological investi- 
gations (Evans et aL 1982; Evans and Landrum 1989). 

Mysids were collected at dusk by towing a 1024 lzm mesh net 
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vertically through the metalimnion. Mysids were sorted into three 
size categories; 7-10 mm, 10-14 mm, and >14 mm. Plankton, rep- 
resenting the mysid diet, was collected by hauling 156-l~m and 
76-~m mesh, 50-cm diameter nets vertically through the upper 50 m 
of the water column. 

Sediment and P. hoyi were collected in August and September. A 
PONAR dredge was used. The surficial layer (upper 2 cm) of sedi- 
ment, representing the amphipod diet, was subsampled. Amphipods 
were gently sieved from the remaining sediment. 

Deepwater sculpins (Myoxocephalus thompsoni) were sampled in 
June, August, and September. Fish were collected with a semi-bal- 
loon, nylon otter trawl equipped with a 4.9 m headrope and 5.8 m 
footrope. The body and codend of the trawl were composed of 1.6- 
cm-bar mesh. All biological (plankton, mysids, amphipods, fish) 
and surficial-sediment samples were placed in solvent-rinsed mason 
jars and immediately frozen. 

Sediment traps were used to collect particle flux samples at 20, 
30, 40, 80, and 95 m depth for organic contaminant analysis. Traps 
were 10 cm in diameter and 50 cm long. A funnel placed at the 
bottom of each trap channelled particles into a sampling bottle con- 
taining either chloroform or mercuric chloride; the latter were 
added to retard decomposition: there were no significant differences 
in contaminant concentration nor composition between mercuric 
chloride and chloroform-preserved samples. Traps were deployed 
for one-month intervals between April and October. Samples col- 
lected between June and September were combined for each of the 
five depths to characterize contaminant flux during summer at each 
of the five depths. 

Sediment trap samples were analyzed for two reasons. First, be- 
cause particle flux is largely composed of detritus and resuspended 
minerals (Evans, unpublished data), flux samples provide a second 
estimate (in addition to surficial sediments) of the organic contami- 
nant component of the amphipod diet. Second, particle flux repre- 
sents the major pathway by which organic contaminants entering 
the lake surface are transported to the lake floor. 

L a b o r a t o r y  M e t h o d s  

were conducted. Mass spectrophometric analysis was a standard 
confirmation procedure employed during the batch run of samples 
collected during this and related contaminant studies. 

Polychlorinated biphenyls were quantified by the method de- 
scribed by Rice and White (1987), a modification of the technique 
proposed by Webb and McCall (1973) and refined by Sawyer (1978). 
The Sawyer method for packed-column quantification is based on 
the application of peak-specific response correction factors and ulti- 
mately allows for total PCB homologue characterization. The Rice 
and White modification improves Sawyer 's  response correction 
factors by correcting for peak overlap. Application of these re- 
sponse factor corrections assumes that the relative proportions of 
PCB homologues are the same as in standard PCB mix, i.e., that 
PCB homologue composition was not altered due to weathering. 
This assumption probably is incorrect. To investigate the signifi- 
cance of this, an error analysis was performed for the correction 
factors developed for regions of peak overlap. Assuming the worst 
case, i.e., a 100% error in the assignment of area to one or the other 
peak, resulted in an approximate error estimate of only 20% for 
total peak area: the actual error was probably much smaller. 

Average chlorine numbers were calculated by dividing the sum of 
the products of homologue concentration times the homologue chlo- 
rine number (1-10) by total PCB concentration using the following 
equation: 

10 10 

Average chlorine number = ~ (Ci * Cli)/E Ci 
i ~ l  i = l  

where Ci = concentration of the homologue with i substituted chlo- 
rine atoms 

C1 i = number of chlorine atoms in the i th homologue. 

Contaminant concentrations are expressed in terms of txg/g dry 
weight. Because sculpins were not freeze-dried, contaminant con- 
centrations were initially calculated in terms of wet weight. These 
values were converted to dry weight by assuming that sculpins were 
80% water (M. Simmons, University of Michigan, personal commu- 
nication). 

Except for sculpins, all samples were prepared for extraction by 
freeze drying. Samples were lyophilized in the side arms of the 
freeze drier's main lyophilization chamber. The possible loss of the 
volatile contaminant constituents during freeze drying was investi- 
gated by placing two soft polyurethane foam plugs in the sidearm 
prior to sample freeze drying. Subsequent chemical analysis of the 
plugs (following sample freeze drying) confirmed that no significant 
volatilization loss of contaminants had occurred during lyophiliza- 
tion. Moreover, contaminant recoveries averaged greater than 70% 
through all of the sample cleanup and subsequent fractionations. 
Replicate analyses had a relative error of less than 25%. 

The resulting lyophilized samples were ground with a mortar and 
pestle, and extracted for 16 hr in a microsoxhlet apparatus with pe- 
troleum ether: sculpins, which were not lyophilized, were homoge- 
nized in a blender. A 5 g subsample (from each sample) was mixed 
with 20 g NazSO 4 and extracted with a hexane-acetone mixture 
(50:50) for 24 hr in a Soxhlet apparatus. Coextractable interferences 
were removed from the extracts by alumina column chromatog- 
raphy (Evans et al. 1982). PCB and pesticides were fractionated by 
silicic acid (Evans et al. 1982) and were analyzed with a Varian 3700 
gas chromatograph equipped with an electron-capture detector. 
PCB was separated on a 2 m column packed with 5% SP-2100 on 
100/120 Supelcoport| PCB Aroclors | 1242 and 1254 provided the 
best match with the PCB mixture found in the samples and were 
used for quantification. Pesticides (p,p'-DDT, p,p ' -DDE, p,p'- 
DDD, and toxaphene) were resolved with a 50 m SE-54 capillary 
column. This instrument was not available when the PCB analyses 

C o n t a m i n a n t  R e s e r v o i r s  and  R e c y c l i n g  in M .  r e l i c t a  
and  E h o y i  

The relative contribution of M. relicta and P. hoyi to the offshore 
contaminant reservoir (Ixg contaminant/m z) was calculated by multi- 
plying average contaminant  body burden (~g/g: this study) by 
average annual standing stock (g/m2). Estimates of average P. hoyi 
biomass (B) and productivity (P) are based on Lubner 's  (1979) de- 
terminations at a 90- and 115-m station in Lake Michigan. Estimates 
of average M. relicta biomass and productivity are based on Sell's 
(1982) determinations at a 74- and 115-m station in Lake Michigan. 

Contaminant turnover rate (yr-  1) also was compared for offshore 
P. hoyi and M. relicta populations. Contaminant turnover occurs 
through two processes. The first is the direct chemical elimination 
(K) of the compound. The second is through biomass turnover (P/B) 
and includes considerations of organism growth and mortality. Over 
the long-term, where both elimination and growth take place, con- 
taminant elimination rates are the sum of instantaneous growth rate 
(estimated by P/B) and K (Pentreath and Jefferies 1971). K provides 
a lower estimate while the sum of K and P/B provides an upper 
estimate of contaminant turnover rate. 

Estimates of K are based on laboratory studies conducted by 
Evans and Landrum (1989). For the purposes of these calculations, 
it is assumed that their estimates of DDE elimination are represen- 
tative of that for total DDT: this is reasonable given the fact that 
DDE is the predominant component of total DDT in P. hoyi and M. 



Biomagnification of PCBs, Toxaphene and DDT in Lake Michigan 89 

relicta. It is also assumed that their estimates of 2,4,5,2',4',5'-hex- 
achlorobiphenyl (HB) elimination are representative of that for total 
PCB, which appears to be a reasonable assumption. Previous 
studies have shown that the elimination rate of the polynuclear aro- 
matic compounds benzo(a)pyrene, anthracene, and phenanthrene 
are remarkably similar within both P. hoyi (0.002-0.004/tl) and M. 
relicta (0.012-0.0t5/hr): the major differences in elimination rate 
are associated with species rather than compound (Frez and Lan- 
drum 1986). HB is a significant component of total PCB in various 
regions of the Great Lakes (Oliver 1984; Smith et al. 1985). Esti- 
mates ofP. hoyi and M. relicta P/B are based on Lubner (1979) and 
Sell (1982) as described above. 

Population contaminant turnover rate (~g/m2/yr) incorporates 
considerations of population areal contaminant concentration 
(~g/m 2) and contaminant turnover rate (yr- 1). The lower estimate is 
the product of population areal contaminant concentration and K: 
the upper estimate is the product of population areal contaminant 
concentration and the sum of K and P/B. 

Results 

Con taminan t  Concentra t ions  

There was no evidence that organic contaminant concentra- 
tions differed substantially between the two plankton mesh- 
size series, the three mysid size-categories, or the five par- 
ticle-flux depth intervals. Therefore, data from each of these 
collection series were pooled. Mean contaminant concentra- 
tions were calculated for each of the investigated ecosystem 
components: plankton, M. relicta, P. hoyi, sculpins, sedi- 
ment, and particle flux. 

Total PCB concentration (Figure 1) varied substantially 
between the various ecosystem components from a mean 
low value of 0.09 Ixg/g in sediments to a mean high value of 
4.46 Ixg/g in sculpins. PCB concentrations in particle _flux 
(mean = 0.45 p~g/g) were considerably higher than in the 
sediments and approximated that of the plankton (mean = 
0.35 Ixg/g). Total PCB body  burdens  were subs tant ia l ly  
higher in P. hoyi (mean = 1.12 Ixg/g) than M. relicta (mean 
= 0.49 Ixg/g). There  was l i t t le ev idence  that  PCB was 
strongly biomagnified from plankton to mysids. In contrast, 
PCB was strongly biomagnified from macrobenthos (am- 
phipods and mysids) to sculpins and from detritus (sedi- 
ments, particle flux) to P. hoyi (Table 1). 

Sediment trap material had an average chlorine number of 
3.8, a value substantially lower than the other ecosystem 
compartments.  Surficial sediments and plankton were com- 
posed of more highly chlorinated PCB homologues (average 
chlorine number = 4.6). The average chlorine number of the 
PCBs increased from 4.5 in M. relicta to 4.7 in P. hoyi and 
5.0 in sculpins. 

Sediment trap material was dominated by the lower chlo- 
rinated PCB homologues with 36% of the PCBs containing 
two or three chlorine atoms. This percentage decreased to 
12-16% in sediment, plankton, and M. relicta, and to 5 - 6 %  
in P. hoyi and sculpins. Higher chlorinated (five and six 
chlorine atoms per molecule) PCB homologues accounted 
for 23% of  the  to ta l  PCB in par t i c le  flux,  5 4 - 5 6 %  in 
plankton, sediments, and M. relicta, 61% in P. hoyi, and 
74% in sculpins. 

Toxaphene concentrations (Figure 1) ranged fi-om below 

4-" 
-C 

3: 

L. 
v 
O) 

:t 

4 . 0  T o t a l  PCB 

2 . 0  

I I  . = .  m l  

3 . 0  

2 . 0  

1 .0  

5 . 0  

3 . 0  

$ . 0  

6 . 0  

4 .  0 

Flux Sod. Plankton t4ys is Pont, Scuipins 

Toxaphene 

m.d. J 
Flux Sod,  Planklon Mysls Pent. Sculpins 

DDE 

n.d, 

F l u x  Sod. Plankton Nys~8 

T o •  DDT 

Pont, Sculpins 

I 2n0 

n.~. __ - �9 L 
F l u x  Sed.  P l a n k t o n  Nys t s  P o n t ,  S c u l p i n s  

Fig. 1. Mean (plus 1 standard deviation) contaminant concentra- 
tions in particle flux, surflcial sediments, plankton, Mysis relicta, 
Pontoporeia hoyi, and deepwater sculpins at an offshore station in 
Lake Michigan. n.d. = not detez-mined 

detection limits for sediments to a mean value of 2.57 ~xg/g 
for sculpins. Like PCB, toxaphene concentrations were sim- 
ilar in sediment trap material (mean = 0.55 txg/g) and in the 
plankton (mean = 0.55 p~g/g). Toxaphene concentrat ions 
(also like PCB) were substantially higher in P. hoyi (mean = 
0.47 Ixg]g) than in M. reticta (mean = 0.18 txg/g). However,  
in contrast to PCB, toxaphene concentrations did not in- 
crease from the plankton to M. relicta nor to P. hoyi (Table 
1). Moreover, M. relicta, P. hoyi, and sculpins contained 
approximately half as much toxaphene as PCB. 

DDE was the p redominan t  form of DDT in the Lake  
Michigan ecosystem, accounting for over 75% of total DDT. 
Its distribution, while generally similar to that of PCB, dif- 
fered in some aspects (Figure 1). For example,  like PCB, 
DDE concentrations were greater in P. hoyi (mean = 0.53 
~xg/g) than in M. relicta (mean = 0.30 ~xg/g). Highest con- 
centrations were observed in sculpins (mean = 2.64 txg/g) 
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T a b l e  1. Biomagnification factors for PCB, total DDT, toxaphene, and mercury between successive trophic levels in Lakes Michigan and 
Ontario food webs. Data for Lake Ontario were calculated from Tables 1 and 2 from Borgmann and Whittle (1983) 

Lake Lake Ontario 
Michigan Western" Eastern u Mean 

P o l y c h l o r i n a t e d  biphenyls 
Mysids: plankton 1.3 
Amphipods: plankton 3.2 
Fish: plankton 12.9 
Amphipods: mysids 2.4 
Fish: mysids 9.2 
Fish: amphipods 4.0 
Amphipods: sediment 12.2 

T o t a l  D D T  

Mysids: plankton 3.0 
Amphipods: plankton 5.4 
Fish: plankton 28.7 
Amphipods: mysids 1.8 
Fish: mysids 9.7 
Fish: amphipods 5.3 
Amphipods: sediment 21.0 

T o x a p h e n e  

Mysids: plankton 0.4 
Amphipods: plankton 0.9 
Fish: plankton 4.7 
Amphipods: mysids 2.6 
Fish: mysids 14.3 
Fish: amphipods 5.5 

Mercury 
Mysids: plankton 
Amphipods: plankton 
Fish: plankton 
Amphipods: mysids 
Fish: mysids 
Fish: amphipods 

1.3 1.5 1.4 
5.4 8.5 5.7 

21.8 19.1 17.9 
4.3 5.9 4.2 

17.3 13.2 13.2 
4.0 2.3 3.4 

12.2 

3.5 2.0 2.8 
6.0 11.5 7.6 

27.5 16.2 ~.1 
1.7 5.8 3.1 
7.9 8.1 8.6 
4.6 1.4 3.8 

- - 21.0 

0.4 
0.9 
4.7 
2.6 

14.3 
5.5 

3.0 1.7 2.4 
- 1.8 1.8 

9.0 11.8 10.4 
- 1.1 1.1 

3.0 7.1 5.1 
- 6.5 6.5 

a Fish calculations based on smelt 
b Fish calculations based on slimy sculpins 

while lowest concentrations were associated with surficial 
sediments (mean = 0.03 ~g/g). However, in contrast to PCB 
(and toxaphene), DDE concentrations were substantially 
higher in mysids than in the plankton (mean -- 0.09 p~g/g). 
Particle flux samples were not analyzed for DDT and its me- 
tabolites. 

DDD and DDT concentrations were substantially lower 
than DDE. Concentrations appeared to follow the same 
basic distribution as DDE, i.e., greater concentrations in 
amphipods than mysids and highest concentra t ions  in 
sculpins. Total DDT concentration patterns (Figure 1) fol- 
lowed that of DDE. Total DDT concentrations averaged 0.03 
wg/g in sediment, 0.11 p~g/g in plankton, 0.33 v~g/g in M. re- 
licta, 0.61 ~g/g in P. hoyi, and 3.25 v~g/g in sculpins. 

E hoyi  and M. rel icta  Area l  Con taminan t  Concentra-  
tions and  Turnover  Offshore 

Amphipod biomass averaged 3.2 g/m 2 versus 0.7 g/m 2 for 
mysids (Table 2). Because of its greater areal biomass and 
contaminant concentration, the offshore P. hoyi contains ap- 
proximately 12.0 times more PCB, 9.5 times more total 
DDT, and 15.0 times more toxaphene than the offshore M. 
relicta population. 

T a b l e  2. Comparative population dynamics and contaminant con- 
centrations in Pontoporeia hoyi and Mysis relicta in the offshore 
region of Lake Michigan. See text for additional explanation 

P. M, 
hoyi relicta Amphipod:mysid 

(1) Standing stock & productivity 
Biomass (g/m 2 dry wt.) 3.2 0.7 4.6 
Production (g/m2/yr) 3.6 2.1 1.7 
Production:biomass (yr- 1) 1.1 3.0 0.4 

(2) Population areal contaminant concentration 
Total DDT (p.g/m 2 dry wt.) 1.9 0.2 8.4 
PCB (~g/m 2 dry wt.) 3.6 0.3 10.5 
Toxaphene (p~g/m 2 dry wt.) 1.5 0.1 10.7 

Lower estimates of contaminant turnover rate (K), based 
on laboratory studies, suggest that an individual P. hoyi is 
1.9 times more efficient at eliminating DDE (and presumably 
total DDT) and 6.2 times more efficient at eliminating HB 
(and possibly total PCB) than an individual M. relicta: how- 
ever, M. relicta is approximately 2.8 times more efficient 
than P. hoyi at eliminating the polyaromatic hydrocarbon 
BaP (Table 3). Upper estimates of contaminant turnover rate 
(based on the sum of K and P/B) also suggest that P. hoyi 
turns over DDT and PCB at a greater rate than M. relicta 
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Table 3. Comparative contaminant parameters for Pontoporeia 
hoyi and Mysis relicta in the offshore region of Lake Michigan. 
elimin. = elimination, contam. = contaminant. See text for addi- 
tional explanation 

Population 
Contamin. contam. 

K (elimin.) turnover turnover 
(yr- 1) (yr- 1) (p~g/m2/yr) 

DDT 
P. hoyi 8.6 8.6-9.7 
M. relicta 4.5 4.5-7.5 

Polychlorinated biphenyl 
P. hoyi 6.8 6.8-7.8 
M. relicta 1.1 1.1-4.1 

Benzo(a)pyrene 
P. hoyi 14.7 1.1-15.9 
M. relicta 41.2 3.1-44.2 

16.6-18.8 
1.0-1.6 

24.4-28.4 
0.4-1.3 

a From experimental studies of Evans and Landrum (1989). Con- 
taminant haft-life and elimination rate for DDT and PCB based on 
DDE and the PCB congener 2,4,5,2',4',5'-hexachlorobiphenyl, re- 
spectively 

while M. relicta turns over BaP at a higher rate than P. hoyi 
(Table 3). 

Population contaminant turnover rates incorporate con- 
siderations of population areal contaminant concentration 
(Table 2) and the upper and lower estimates of contaminant 
turnover rate (Table 3). Based on the results of these calcu- 
lations, the offshore P. hoyi population recycles approxi- 
mately 12-17 times more total DDT and 22-61 times as 
much PCB as the offshore M. relicta population. 

Discussion 

F o o d  Chain Biomagni f ica t ion  

The distributions of PCB, toxaphene, and DDE in the Lake 
Michigan ecosystem were similar in some respects and 
markedly different in others. All three classes of compounds 
exhibited a pronounced trend of trophic biomagnification 
(Table 1). DDE was the most strongly biomagnified com- 
pound increasing 28.7-fold in concentration from plankton to 
sculpins: PCB concentration increased 12.9-fold from 
plankton to sculpins while toxaphene concentration in- 
creased only 4.7-fotd from plankton to sculpins. Although 
there were large differences between PCB, DDT, and toxa- 
phene biomagnification from plankton to fish, differences 
were considerably smaller for mysid:amphipod:sculpin com- 
parisons than for mysid:plankton and amphipod:plankton 
comparisons. Similarly, Oliver and Niimi (1988) observed a 
much greater differential partitioning of PCB congeners at 
the lower end of the food chain (water to plankton to 
mysids) than at the higher end (mysids to smelt to sal- 
monids). 

Relative differences in contaminant concentration be- 
tween trophic levels are similar in Lake Michigan (this 
study) and Lake Ontario (Table 1; Borgmann and Whittle 
1983). Moreover, the southeastern Lake Michigan data 
verify the general relationship between animal size and con- 

taminant (PCB, DDT) body burden as established by Berg- 
mann and Whittle (1983). These observations suggest that 
approximate estimates of contaminant (PCB, DDT) concen- 
tration in higher trophic levels may be obtained from deter- 
minations of contaminant concentrations in lower trophic 
levels, i.e., through the application of the appropriate bio- 
magnification factor (BMF). For example, a BMF of 3.4 
would be applied to estimate PCB concentrations in forage 
fish based on P. hoyi PCB determinations. 

Polychlor ina ted  B ipheny l  H o m o l o g u e  Compos i t ion  

Depuration of organic contaminants such as PCB from or- 
ganisms often involves the selective loss of the lower chlori- 
nated compounds (Brown etal.  1987), resulting in a propor- 
tionate increase in the more highly chlorinated compounds 
within the organism. Thus, biomagnification and chlorine- 
number composition may be interrelated as our data sug- 
gest. Sculpins and P. hoyi, which contained the highest con- 
centrations of PCB, also contained a greater percentage 
(74% and 61%, respectively) of the higher chlorinated (5 and 
6 chlorine atoms per molecule) PCB homologues than 
plankton and M. relicta (54% and 56%, respectively). The 
greater proportion of more highly-chlorinated PCB homo- 
logues in P. hoyi and sculpins does not appear to be directly 
related to the benthic habitat of these organisms. Sediments 
had an average chlorine number of 4.6, a value similar to 
that for plankton and mysids. Other researchers also have 
observed that total PCB concentration and chlorine content 
increases with increasing trophic level (Oliver and Niimi 
1988). 

Although PCB concentrations in plankton and particle 
flux were similar, there were marked differences in average 
PCB chlorine number. Particle flux was strongly dominated 
by the lower chlorinated PCB molecules, with an average 
chlorine number of 3.8 vs 4.6 in the plankton. Relatively low 
PCB average chlorine numbers may be associated with the 
two major sources of these PCB molecules, ioe.~ zoo- 
plankton egestion products and atmospheric inputs. 

Zooplankton fecal pellets may contain relatively high con- 
centrations of PCB (Elder and Fowler 1977; Evans et al. 
1982). Moreover, egestion may involve the selective loss of 
the lower-chlorinated PCB homologues with the egested 
matter. For example, whiLle M. relicta contains greater 
amounts of the Aroclor 1254| than the less chlorinated Aro- 
clor t242 | its fecal pellets contain proportionately more 
Aroclor 1242 | than 1254 | (Evans et al. 1982). Zooplankton 
egestion products dominate particle flux (on a dry weight 
basis) during much of the year (Evans, unpublished data). 
Zooplankton, by egesting proportionately high concentra- 
tions of the lower chlorinated PCB homologues, may be an 
important factor affecting particle-flux PCB composition. 

Another important factor affecting the PCB composition 
of particle flux is atmosp]heric sources of PCB. Aroclor 
1242 | predominates over Aroclor t254 | in air but is under- 
represented relative to aroclor 1254 | in lake water (Rice et 
al. 1982); this suggests that atmospheric inputs are relatively 
enriched in the lower-chlorinated PCB congeners. Because 
PCB is relatively insoluble in water, it may be rapidly ad- 
sorbed onto the organic matter comprising particle flux. 
Thus, atmospheric sources of PCB may also account for the 
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fact that particle flux is dominated by the lower chlorinated 
PCB molecules. 

Role o f  E hoyi and M. relicta in Recycl ing 
o f  Contaminants  

Dif ferences in E hoyi and M. relicta Contaminant  
Body Burdens 

In comparison to M. relicta, P. hoyi contains relatively high 
concentrations of total DDE and PCB. This observation is 
unexpected, given the results of other studies. Body size 
and contaminant (PCB, total DDT, mercury) body burden 
are linearly related for Lake Ontario biota (Borgmann and 
Whittle 1983), suggesting that contaminant concentrations 
should be slightly lower in P. hoyi than the larger M. relicta. 
Moreover, M. relicta is more effective than P. hoyi at bio- 
concentrating DDE and HB from water (Evans and Lan- 
drum 1989), suggesting that field populations of P. hoyi 
would contain lower DDE and PCB concentrations than M. 
relicta: the converse was observed. Discrepancies between 
predicted and measured relative differences in DDE and 
PCB concentrations in P. hoyi and M. relicta could be due 
to several factors. 

Although P. hoyi and M. relicta were collected from the 
same region (sediment-water interface) of the offshore zone 
of Lake Michigan, these two species exhibit significant dif- 
ferences in their ecology. Mysis relicta is predominantly an 
epibenthic species, inhabiting the sediment-water interface 
during the daylight hours and migrating to the surface at 
night (Mozley and Howmiller 1977). This vertical migration 
into warmer waters may result in an thermally-induced in- 
crease in contaminant elimination rates. In contrast, P. hoyi 
is a benthic species, found primarily in the upper few centi- 
meters of the sediments (Mozley and Howmiller 1977). 
Thus, P. hoyi is exposed to relatively low and constant tem- 
peratures (<9~ in the offshore region: its average daily 
contaminant elimination rate may also remain low. More- 
over, by burrowing in the sediments, P. hoyi may be ex- 
posed to higher concentrations of dissolved organic contam- 
inants in the pore water than the epibenthic M. relicta is 
exposed to in the water column. 

Differences in feeding characteristics may also be an im- 
portant factor affecting differences in mysid and amphipod 
contaminant body burdens. Early M. relicta instars are her- 
bivorous while later instars are omnivorous: P. hoyi is pri- 
marily a detritivore ingesting sediments, associated organic 
matter, and bacteria (Mozley and Howmiller 1977). As a 
consequence of dietary differences, amphipods may ingest 
greater amounts of material and associated organic contami- 
nants (such as DDE and PCB) than mysids. 

Amphipods, as detritivores, feed intermittently during 
some seasons (Quigley 1988): interrupted feeding may result 
in decreased egestion rates and increased contaminant 
bioaccumulation rates (Leversee et al. 1982). Decreased 
feeding results in a decrease in defecation and a possible in- 
crease in contaminant assimilation rate (Klump et al. 1987). 
In contrast, M. relicta, as a vertical migrator, is exposed to a 
more constant food supply and thus is less likely to exhibit 
seasonally-interrupted feeding with a concomitant increase 
in contaminant assimilation rate. 

The relative roles of P. hoyi and M. relicta in the offshore 
storage and recycling of PCB, DDT, and toxaphene are sub- 
stantially different and are due to three factors: the relative 
differences in P. hoyi and M. relicta standing stocks, con- 
taminant body burdens, and contaminant turnover rates. In 
the offshore region, P. hoyi occur in approximately 4.6 times 
greater standing stocks than M. relicta: in addition, P. hoyi 
have higher total PCB, DDT, and toxaphene body burdens 
than M. relicta. Thus, P. hoyi represents a greater (by a 
factor of 10-12) reservoir than M. relicta for these organic 
contaminants in the offshore region of Lake Michigan. 
These results are significant given the fact that, as a major 
food item for a variety of Great Lakes fish, P. hoyi is impor- 
tant in the food web biomagnification of organic contami- 
nants from sedimentary sinks to benthic- and pelagic-feeding 
fish (Jensen et al. 1982; Breck and Bartell 1988). 

In the laboratory, P. hoyi is more efficient than M. relicta 
at eliminating DDE (and presumably total DDT) and HB 
(and possibly total PCB). This is especially significant, since 
P. hoyi also has a higher P/B and areal contaminant concen- 
tration than M. relicta. Thus, offshore populations ofP. hoyi 
may recycle 12-17 times more total DDT and 22-61 times 
more PCB than the offshore M. relicta population. 

Finally, the relative importance of P. hoyi in contaminant 
recycling in the Lake Michigan ecosystem can be evaluated 
in the context of total DDT precipitation inputs. The annual 
precipitation loading of DDT residues to Lake Michigan has 
been estimated at 2.4 txg/mZ/yr (Murphy 1984), a value some 
7-8 times lower than the estimated DDT turnover rate 
(16.6-18.8 ~zg/mZ/yr)by offshore P. hoyi. PCB atmospheric 
loadings have been estimated at 86.2 p~g/mZ/yr (assuming a 
total deposition of 5,000 kg/yr over the 58,000 km z surface 
area of Lake Michigan; Murphy and Rzeszutko 1977). As- 
suming that P. hoyi recycles total PCB at the same rate as 
estimated for HB, the offshore population may recycle the 
equivalent of 28-33% of the precipitation of PCB falling di- 
rectly into offshore Lake Michigan. 

In summary, the results of this study suggest that P. hoyi 
is an important macroinvertebrate species in the storage and 
recycling of total DDT, PCB, and toxaphene in offshore 
Lake Michigan and support the suggestion that P. hoyi could 
serve as a useful biological indicator of Great Lakes eco- 
system quality (Ryder and Edwards 1985). 
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