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Abstract

Six species of waterfowl including greater scaup (Aythya marila), lesser scaup

(Aythya affinis), bufflehead {Bucephala albeola), canvasback (Aythya valisinenia),

mallard (Anas platyrhynchos), and redhead (Aythya americana) were collected

and analyzed for diet content, organic contaminant patterns (pesticides and
potychlorinated viphenyls [PCBs]), and stable isotope (14C and 15N) signatures
from 3 sites in the lower Great Lakes (Fighting Island, western Lake Erie, and Big
Creek). Lesser and greater scaup from Fighting Island were classified into groups
according to the percentage dry mass of zebra mussel (Dreissena polymorpha) in
the diet. Lesser and greater scaup classified as Dreissena-consumers had, on
average, 85 and 67%, respectively, zebra mussel diet content as compared to 6
and 3% for individuals classified as macrophyte-consumers. Other taxa
consumed little (6%; bufflehead) or no (0%; canvasback, mallard, redhead)
Dreissena at the Fighting Island location. Drejssena was the primary food source
of lesser scaup (100%), greater scaup (97%), and bufflehead (72%) in western
Lake Erie.

Stable isotope analyses revealed that 'Drejssena-consumer’ lesser and
greater scaup were enriched 2.9%. and 2.4%. in 15N relative to 'macrophyte-
consumer conspecifics. As well, these 'mussel-consumer' waterfowl had 2.6%.
and 2.3%. higher 15N levels relative to Drejssena, their principal prey.

Using chemical octanol-water partition coefficients (Kow) a representative
group of low- (pentachlorobenzene [QCB], polychlorinated biphenyl [PCB] # 28),
mid- (PCBs # 105, 153) and high- (PCBs # 194, 206) Kow compounds were
examined in liver tissues for each group of waterfowl. Two-way ANOVAs on lipid-
adjusted, log-transformed contaminant values for greater and lesser scaup from

Fighting Island revealed significant (p< 0.05) differences with respect to diet for



high-Kow (PCBs # 194, 206) compounds, though differences among species were
insignificant (p>0.10). In each case, mussei-consumers had elevated
concentrations of these compounds relative to individuals that avoided Dreissena.
Among Dreissena-consumer species, all six compounds axcept QCB were
present in significantly (p<0.05) higher concentrations in lake individuals.
Bufflehead from Lake Erie also had significantly higher concentrations of PCB
#153 and high-Kow compounds than individuals from Fighting Island. Differences
in concentrations of all six compounds in mallard from Fighting Island and Big
Creek were insignificant. Concentrations of each compound in Fighting Island
canvasback and redhead were low (<50 pg kg1 lipid).

Principal component analysis (PCA) was conducted for duck livers using four
each of low-, mid-, and high-Kow compounds. PC 1 was determined primarily by
high Kow compounds (PCBs # 206, 153, 194, 180, 105}, whereas PC 2 and PC 3
were respectively determined by low Kow compounds QCB and PCB # 28.
Waterfowl that consumed mainly Dreissena separated clearly on PC 1 and/or PC
2 from ducks that avoided Dreissena. Fighting Island greater and lesser scaup
that consumed mussels exhibited PC i and PC 2 scores that were similar to
conspecifics from Lake Erie.

Biomagnification factors (BMFs), calculated for 39 organic compounds for
mussei-consumer scaup were generally below four. BMFs in lesser scaup tended
to be fower than those in greater scaup, possibly owing to consumption of smaller,
less contaminated mussels by lesser scaup. BMFs tended to increase with
increasing log Kow above ~5.8.

Results from this study indicate that concentrations of most contaminants
biomagnify in waterfowl that consume D. polymorpha as a primary food source.
Consequently, zebra mussels may serve as both an energy source and conduit for

transfer of persistent organic contaminants to higher trophic levels in the Great



Lakes. However, it is not clear whether consumption of Dreissena portends

adverse reproductive effects in Great Lakes waterfowl.

Vi
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introduction

The Laurentian Great Lakes have been subject to species introductions since
the onset of European settlement in early 1800s. More than 140 non-indigenous
species have successfully established in the basin (Mills et al. 1993). Only 10% ot
these exotic species have had significant economical and/or ecological impacts
(Mills et al. 1993). Zebra mussels (Dreissena polymorpha Pallas), potentially the
most damaging invader, were likely introduced from ship ballast water discharged
into Lake St. Clair or western Lake Erie in 1985 or 1986 (Hebert et al. 1989;
Griffiths et al. 1981). The North American distribution of Dreissena includes much
of Green Bay, Saginaw Bay, Lake St. Clair, western Lake Erie, Long Point Bay,
and shoreline fringes of Lakes Michigan, Huron, Erie, and Ontario (New York Sea
Grant 1994). The Mississippi River from Duluth to New Orleans, as well as the
tributary rivers lllinois, Ohio, and Arkansas are also inhabited by populations of D.
polymorpha. Other river systems that have been colonized by the mussel are the
Tennessee and Cumberland in the south, and the Genesee, Susquehanna,
Mohawk, Hudson, and St. Lawrence in the northeast. Numerous small inland
lakes of Ontario, Ohio, and Michigan also harbour populations of the mussel. The
rapid range expansion demonstrates the tremendous invasive capability of
Dreissena.

Zebra mussels are now dominant contributors to benthic biomass in Great
Lakes ecosystems including western and central Lake Erie, Lake St. Clair, and
Saginaw Bay (Leach 1992; Mackie 1991; Griffiths 1892; Nicholls and Hopkins
1993; Holland 1993; Nalepa 1994). Well-established effects of Dreissena include
enhanced water transparency, reduced turbidity, and reduced abundances of

phytoplankton, zooplankton, and unionid molluscs (Maclsaac 1996). Less well



known are effects of predators on Dreissena abundance, size structure, and the
role of the mussel in contaminant dynamics.

Recent siudies have described predation of Dreissena by a host of taxa
including crayfish (Macisaac 1994), fishes (French and Bur 1992; French 1993)
and waterfowl (Wormington and Leach 1992; Mitchell and Carlson 1993; Hamilton
ot al. 1994). Waterfowl appear the most likely candidates to have significant
impacts on Dreissena populations both in Europe (Stempniewicz 1974; Suter
1982; Stanczykowska et al. 1990; Bij de Vaate 1991; Cleven and Frenzel 1993)
and North America (Hamilton et al. 1994). Stanczykowska et al. (1990) estimated
that a guild of 4 molluscivorous waterfowl reduced standing Dreissena biomass by

up to 20.2% per year in Lake Zegrzynskie, Poland. Coot (Eulica atra) and

common goldeneye (Bucephala clangula) were found primarily in areas of Lake
Zegrzynskie supporting Dreissena (Stanczykowska et al. 1990). In the river
Rhine, wintering tufted ducks {Aythya fuliguia) and coots fed extensively on
Dreissena, reducing standing biomass by 97% (Suter 1982). However, mussel
colonies quickly restored pre-predation biomass levels during summer months
through recolonization and growth.

Waterfow| associated with D. polymorpha on Lake Erie include greater scaup

(Aythya marila), lesser scaup (A. affinis), common goldeneye and bufflehead

(Bucephala aibeola) (Wormington and Leach 1992; Hamilton et al. 1994).

Waterfowl have long utilized the north shore of Lake Erie as a staging point during
migration. For example, McCuliough (1981) reported mixed greater and lesser
scaup flocks of up to 39,000 individuals during staging periods near Nanticoke,
Ontario. Wormington and Leach (1992) recorded dramatic increases in the
number of staging greater and lesser scaup and common goldeneye subsequent
to establishment of massive Dreissena populations in the western basin of Lake

Erie. Moreover, staging duration for diving ducks appears to have iengthened



following Dreissena establishment (Wormington and Leach 1992; C. Custer pers.
comm.). Recent studies indicate that during their stay in the Lake Erie area, ducks
may have a significant impact on littoral Dreissena biomass. Hamilton et al.
(1994) determined that waterfow!| staging during autumn in the Point Pelee,
Ontario, area of western Lake Erie consumed 57% of Dreissena biornass in
nearshore waters. Waterfowl have also been reported drowned in commercial gill
nets deployed in deeper regions of western Lake Erie known to support
Dreissena.

Bivalve molluscs are excellent biomonitors of contaminants in marine and
estuarine environments. The National Oceanic and Atmospheric Administration's
Status and Trends Mussel Watch Program was developed to monitor the current
status and long-term trends of chlorinated pesticides, PCBs, polycyclic aromatic
hydrocarbons and trace metals in bivalves and sediments along the coasts of the
United States of America {(Farrington et al. 1983; Sericano et al. 1990). In
European freshwater systems, Kraak et al. (1991) and Mersch et al. (1892)
employed D. polymorpha as a biomonitor; the mussel provided a time-integrated
picture of bioavailable levels of metals and organochlorine compounds exposed
to biota. Both research groups identified D. polymorpha as an optimal sentinel
organism for biomonitoring. In 1992, NOAA adopted D. polymorpha in their
"mussel watch® program to monitor freshwater sites in the Great Lakes. For
example, organic contaminants (total PCBs) in zebra mussels from Grosse lle
(Detroit River), Put-in-Bay (westemn Lake Erie), and the Saginaw River were more
than one standard deviation above national mean values (Robertson et al. 1893).

Other studies have demonstrated the utility of D. polymorpha as a biomonitor
of metal (e.q. Secor et al. 1993; Mersch et al. 1993; Kraak et al. 1994) and organic
(e.g. Duursma et al. 1984; Doherty et al. 1993; Fisher et al. 1993; Brieger and

Hunter 1993; Marvin et al. 1994) contamination. The species appears particularly



well suited as a biomonitor owing to its rapidly increasing North American
distribution, large sedentary populations, and ability to concentrate PCBs to a
greater extent than native taxa. For example, Brieger and Hunter (1993) reported
that zebra mussels from Lake St. Clair and Lake Erie had higher accumulations of
Arochlors 1242 and 1254 than native Lampsilis siliquoidea clams. In addition,

Kreis et al. (1991) found that in some cases, total PCB concentrations in zebra

mussels were an order of magnitude greater than in native L. radiata from the
Huron-Erie corridor. A number of workers have speculated but not demonstrated
that Dreissena may serve as a conduit for transfer of contaminants to higher
trophic levels (Landrum et al. 1980; Kraak et al. 1991; Kreis et al. 1891).

Little information exists regarding potential biomagnification of organic
contaminants in predators that feed on Dreissena. However, de Kock and
Bowmer (1993) found that European tufted ducks fed zebra mussels contaminated
with a wide array of organic compounds (PCBs, DDE, HCB) laid fewer eggs,
abandoned nests more often and had higher embryo and chick mortality rates
than ducks fed less polluted mussels. Greater and lesser scaup wintering in Long
Island Sound, Connecticut, had high levels of metals and DDT, DDE, and DDD
(Barclay and Zingo 1993). These wintering migrant scaup populations of Long
Island Sound have been in decline since the 1950's, possibly owing to low
breeding success, high juvenile bird mortality, or because juveniles now winter
farther west on the Great Lakes (Barclay and Zingo 1993).

Because waterfowl do not bioconcentrate organic contaminants like gilled
aquatic organisms, the predominant source of exposure may be through diet or
drinking water (Heath et al. 1972; Nebeker et al. 1992). Exposure through dermal
contact with water is generally limited by low water solubilities of organic
contaminants. Studies investigating accumulation or heaith effects of organic

contaminants in waterfowl rely almost exclusively on spiked diets to administer the



dose (Heath et al. 1972; Custer and Heinz 1980; Haseltine and Prouty 1980;
Scholten et al. 1989; de Kock and Bowmer 1893; Nebeker et al. 1994).
Accumulation through ingestion depends on the concentration of contaminant in
the food source, amount of food consumed, and assimilation efficiency.
Macrophytes can bioconcentrate PCBs 6,000 - 9,000 times the concentration
in surrounding water (Painter 1990). However, contaminant concentrations in
macrophytes are considerably lower than in Dreissena, which bioconcentrate
PCBs up to ~178,000 times levels in water (Landrum et al. 1990). Waterfowl that
consume contaminated Dreissena may thus be exposed to higher concentrations
of contaminants than individuals that consume macrophytes. Evidence exists from
other systems demonstrating elevated concentrations of contaminants in members
of 'high' trophic levels (Rasmussen et al. 1990; Russeli et al. 1995).
Bioaccumulation of PCBs and other organic compounds in a Lake Ontario food
chain was found to be higher than that expected by bioconcentration from water
alone {Oliver and Niimi 1888). Contaminant data was lipid normalized to account
for increased lipid levels of higher trophic level organisms (salmonids), yet
observed bioaccumulation factors were still five times higher than predicted.
Biomagnification or uptake from food was implicated in the increased contaminant
levels in top fish predators (Oliver and Niimi 1988). As waell, highly chlorinated
compounds, including hexachlorobiphenyis and heptachlorobiphenyls, comprised
a greater proportion of total PCB concentration in high trophic position species.
Stable isotopes have been successfully applied to food chain and
contaminant bioaccumulation studies (Peterson and Fry 1987; Keough 1994). For
example, in biota from freshwater systems, Cabana and Rasmussen (1994) and
Kidd et al. (1995) found strong correlations between measures of stable nitrogen
isotope levels and both trophic level and contaminant burden. Typically, there is

an increase of 3%. and 1%. of 815N and §13C signatures, respectively, with each



increase in trophic level owing to time-integrated isotope assimilation and
enrichment over dietary food sources {Peterson and Fry 1987; Hobson and Clark
1992; Hobson et al. 1994).

The purpose of this study is to address whether waterfowl that exploit zebra
mussels in the Detroit River and western Lake Erie are exposed to higher levels of
organic contaminants than con- or heterospecific individuals with different diets.
Specifically, | explore inter- and intraspecific variation in contaminant burden in
relation to diet. Because conventional analyses are limited to correlations
between present duck diet and contaminant concentration, an accurate picture of
exposure may not emerge if, for example, present diet does not reflect past diet
nor past contaminant exposure. Thus, in this study, | complement conventional
diet and contaminant analyses with those of stable isotopes for waterfowl and
putative food sources. The specific hypothesis tested is that body burden and
biomagnification of persistent organic compounds is not related to waterfowl diet,

species or collection site.



Methods

Collection Site Descriptions

Watr.;owl were collected from three major sites, Fighting Island (42"11'N
83°07'W) in the lower Detroit River, western Lake Erie between Middle Sister
(41°51'N 83°00'W) and Hen Islands (41°47'N 82°47'W) and the north shore, and
Big Creek Marsh (42°02'N 83°03'W) (Figure 1). The lower Detroit River has been
documented as a major over-wintering site for waterfowl with suitable habitat and
food resources (Davis and Erwin 1982). Historically, Fighting Island was a
dumping site for Wyandotte Chemical (Michigan). Herring gull eggs from Fighting
Island contained among the highest levels of PCBs detected from 25 Great Lakes
sites from 1979 to 1982 (Struger et al. 1985). A wetland downstream of Fighting
Island is used extensively by migrating and local waterfow! (Prince et al. 1992).
Hunting is prohibited in the wetland, which serves as a sanctuary. Nearby shallow
areas within the river support extensive beds of aquatic macrophytes, including

Vallisneria americana, Elodea canadensis and Potamogeton spp. (Drobney et al.

1982; Prince et al. 1992). Gastropods and Dreissena occur on macrophytes and
on mud flats in the area (Drobney et al. 1982; pers. obs.).

Hen island is located 8 km west of Pelee Island in western Lake Erie. Middle
Sister Island is located west of Hen Island, 15.7 km from the Canadian mainiand
(Colchester, ON) in the central region of the basin. Mean water depth for the basin
is 7.6 m, though 8 - 10 m deep passages exist between the islands (Bartish 1987).
Commercial fishermen employ gill nets seasonally throughout the western basin

of the lake, including in the study area.



Waterfow! Collection

121 waterfow! were collected for the study. Individuals from Fighting Island
were donated by duck hunters from LaSalle Sportsmen's Club who agreed to
participate in the study. Fighting Island taxa collected included mailard,
canvasback (Aythya valisineria), bufflehead, redhead {Aythya americana), and
greater and lesser scaup. All Fighting Island individuals were collected during
autumn 1993 or autumn 1994. Whole carcasses of lake ducks were cbtained from
commercial fishermen who found individuals entangled and drowned in gill nets
at depths up to 7 m. Lake Erie greater and lesser scaup, common goldeneye, and
bufflehead were collected between autumn 1993 and December 1994. In

addition, on November 12, 1993, a sample of 19 mallards (Anas platyrhynchos)

were obtained from Big Creek on the Canadian mainland from hunters affiliated
with the Big Creek Hunters Club. Waterfowl species, age and sex were identified
according to Carney (1992}, and later verified by Norm North of the Canadian
Wildlife Service, London, Ontarie. Duck mass was determined to the nearest 25 g
using a spring balance (Ohaus), wingspan and length measurements were
recorded to the nearest 0.5 ¢cm using a measuring tape, digestive tracts were
removed for diet analysis, and liver and/or wing tissues were collected for
organochlorine contaminant and stable isotope analysis. Although common
goldeneye were collected, neither organochlorine nor stable isotope analyses
were carried out since only Lake Erie individuals were available in late 1994; thus

goldeneye resulits are limited to diet analysis only.

Diet Analysis
Contents of digestive tracts (esophagus, proventriculus and gizzard) excised
from ducks were analyzed for all study ducks. Decomposition of food items,

particularly in the gizzard, limited taxonomic resoiution. Diet contents were



Vallisneria, and Potamogeton spp.) or amphipod. With the aid of a stage
micrometer and dissecting microscope (Zeiss), whole mussels obtained from the
digestive tracts of all ducks were measured to the nearest 0.01 mm to determine
right valve length and right internal septa length (Figure 2). Least squares linear
regression of valve length on septa length allowed reconstruction of whole musset
size from shell fragments for which only right septa lengths could be obtained from
the gizzard (Olszewski 1978; Hamilton 1992). Diet contents were air dried for at
least 72 hours to a constant weight at 20°C and expressed as proportion dry
biomass. Diet content dry mass {+ 0.0005 g) was determined using an e!sctronic
balance (A&D).

While it is possible that the collection methods at different sites (hunting
versus gill-net drowning) may have biased diet surveys, this possibility is unlikely
considering that all waterfow! were actively engaged in food acquisition when
killed or drowned. All hunted ducks were in identified feeding sites when killed,
while drowned individuals were often found at considerable depth in areas with
Dreissena. In addition, many drowned ducks had zebra mussels in their mouth
and esophagus.

When possible, samples of primary diet items of waterfowl were collected
fresh from field sites for organochlorine contaminant and stable isotope analysis.
Aquatic macrophytes from Fighting Island were collected by hand in 1.5 m of water
in August 1994, while snails and zebra mussels were obtained by benthic dredge
(mesh size 2 mm) in 1.5 - 2.5 m depth on December 18, 1994. Dreissena,
macrophytes and gastropod samples from Middle Sister island, Lake Erie were

collected by SCUBA during September 1994 in 2 - 3 m water.



QOrganochiorine Contaminant Analysis

Excised wing and liver tissues from ducks were immediately wrapped in
hexane-rinsed aluminum foil following collection and frozen untii analyzed.
Sample preparation and gas chromatography methods follow Lazar et al. (1992)
and are presented here only briefly. Tissue was dehydrated and prepared by
grinding 3 - 5 g of tissue with 20 g of sodium sulfate with the use of mortar and
pestle. Prepared tissue mixture was added to 4 g sodium sulfate in a glass-wool-
plugged 2.1 cm X 33 cm glass column for extraction, and capped with an
additional 10 g of sodium sulfate. Just enough hexane was added to submerge
the column contents; the column was then allowed to sit for one hour to saturate.
250 mL of dichloromethane/hexane (50/50 solution) was added to the column and
eluted through at a 5 - 10 mL minute-! rate, collected in a round bottom glass flask,
then roto-evaporated to 25 mL. Two mL of this extract was used for lipid
determination by oven drying at 105°C. The remaining 23 mL was evaporated to
2 mL, then brought back up to volume by the addition of 5 mL isococtane, then
further evaporated to 1 mL. This isooctane carrier was cleaned-up ona 1 cm X 24
cm glass column containing 6 g of activated florisil topped with 2 cm of sodium
sulfate. Up to three fractions were collected in evaporating flasks that initially
contained 5 mb of isooctane. First, 50 mL of hexane was run through the florisil
column at a slow drip and collected as fraction one. The addition of 36 mL 15%
dichloromethane/hexane and subsequent collection yielded fraction two. Finally,
52 mL of 50% dichloromethane/hexane was added, and the eluate was
considered fraction three. All fractions were evaporated to 2 mL, transferred to a 5
mL. volumetric flask and brought up to volume with hexane used to rinse the
evaporating flask. Each fraction was run separately on a Hewlett Packard-5890
Gas Chromatography / 83N-Electron Capture Detector instrument. Canadian

Wildlife Service standards were run as references every 6 - 8 samples. PCB
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identification numbers and associated log Kow vaiues are based on IUPAC
classification system (Shiu and Mackay 1986; Hawker and Connell 1988).

Organochlorine contaminant analysis of 65 different compounds was
conducted on a total of 52 ducks based on species, site, and diet. Some
chemicals were deleted from further analysis owing to coelution properties or
because the majority of samples had nondetectable levels (<0.05 pg kg-! wet
weight), leaving 39 suitable compounds. When more than half of the samples had
detectable levels of a particular contaminant, the remaining ‘nondetect’ values
were replaced with random values between 0.00 and 0.05 pug kg-! wet weight
generated in Quattro Pro.

The percent lipid in liver and wing ranged between 3.3 and 5.7% but did not
vary among groups of waterfowl. Wet weight chemical concentrations were lipid
normalized.

in a subsample of 11 ducks, both wing and liver tissues were analyzed. Lipid-
normalized liver concentrations were regressed on lipid-narmalized wing
concentrations for these individuals. The R2 values for all chemicals (39
compounds) were assessed against their respective log Kow to determine the
relationship between contaminants in wing and liver based on the log Kow of the
contaminant. Equivalent lipid-adjusted liver concentrations were calculated using
the regression equations described above for eight individuals for which only
lipid-adjusted wing values were available. R? values for the 12 compounds used
in statistical models (see below) ranged from 0.72 (QCB and PCB # 28) to 0.99
(PCB # 174 and 180). The number of individuals analyzed for contaminants
(sorted by site, species and diet) ranged between 3 and 8.

Biomagnification factors (BMFs) were calculated for greater and lesser scaup
from Lake Erie using zebra mussels from Middle Sister Island as a prey reference.

Of the mussels that were collected in September 1994, a size distribution similar
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to that consumed by waterfowl {deiermined from previous diet analysis), was
selected for organic contaminant analysis. BMFs were calculated as:

BMF = [pred] - [prey]
where [pred] and [prey] are respective lipid-normalized concentrations of

contaminants in waterfowl predators and Dreissena prey.

Stable Isotope Analysis

Stable carbon and nitrogen isotope analysis was carried out on 24 waterfowl
wing tissue samples and 9 gut content diet item samples (macrophytes, snails,
and Dreissena) collected from the field. The analysis requires that all samples be
lipid-free and as dry as possible. Waterfowl sample preparation involved trimming
all visible fat off excised wing tissue, and dicing tissue into & mm square cubes.
Zebra mussels and snails collected from Lake Erie were shucked and the soft
tissue diced similarly. Cubes were placed in a glass-stoppered flask and swirled
in an ncetone suspension (100 mL) for 15 minutes. Cubes were then rinsed with
dichloromethane (50 mL) for 1 minute. Tissue was oven dried for 48 - 72 hours at
60°C and powdered with a mortar and pestlie. Plant material from Fighting Island
was oven dried then powdered in a Wiley Miil. Powdered samples were sent to
Department of Fisheries and Oceans, Winnipeg, for analysis in conjunction with
Canada Centre for Inland Waters, Burlington. Analysis followed a modified
Dumas automated combustion, continuous flow method (+esslein et al. 1989; Fry
et al. 1992). Samples (~20 mg) are combusted to gases at 850°C for2hina
sealed Vycor tube with 1 g copper wire, 1 g copper oxide, and a 1 mm2 piece of
silver foil. High temperature will fully oxidize the sample to gaseous COp, Np, and
H20. Oxides of nitrogen are reduced over copper. Cold vapour traps allow
cryogenic separation of the gases based on differential volatilization. The sample

gas enters a dual-inlet isotope ratio mass spectrometer (VG Micromass 602E) and
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run against standards for separate determination of 313C and §'5N values. The
del (8) notation represents parts per thousand (%.) or the ratic of the heavier

isotope to the lighter isotope in the sample relative to the standard:

5X = [___—Rsamp'e - 1] * 1000
I:‘standard

where X is 13C or 15N and R is the corresponding ratio 13C:12C or 15N:14N.
Peedee belemnite and atmospheric nitrogen were used as standards for 13C and
15N, respectively (Peterson and Fry 1987).

Typically 13C and 15N are enriched approximately 0 - 1%. and 3 - 5%
respectively per trophic level (Peterson and Fry 1987; Hamilton et al. 1992;
Cabana and Rasmussen 1994; Keough 1994). When combined with isotope
profiles of food sources (macrophytes, snail, Dreissena), it may be possible to
assess long-term assimilation pattems in waterfowl in relation to patterns in

putative food sources (e.g. see Hobson et al. 1994).

Statistical Analysis

Diet

Preliminary diet analysis revealed that Fighting Island waterfowl consumed
either mussels as a majority component of the diet and were termed 'mussel-
consumer, or foraged mainly on macrophytes and were classified as
'macrophyte-consumers'. Waterfowl diet comparisons were conducted using
ANOVAs and t-tests on arcsine square root-transformed proportions of plant, snail,
Dreissena, or amphipod dry mass in the diet. ANOVAs were performed to detect
diet differences on the following sets of waterfowi that were used in contaminant

analysis (Table 1). First, the proportion zebra mussel, snail or amphiped in Lake

Erie bufflehead, lesser scaup, and greater scaup were compared using separate
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ANOQOVAs. In order to justify ‘'mussel' and ‘macrophyte’ diet classifications, a 2-way
ANOVA was conducted on proportion Dreissena in the diet of Fighting Island
lesser and greater scaup that were classified into ‘'mussel-consumer' or
'macrophyte-consumer' groups; similarly, separate tests were conducted using
proportion macrophyte and snail. Next, the proportion of plant in the diet of all
Fighting Island plant-consumer waterfowl {mallard, redhead, canvasback,
bufflehead, and ‘macrophyte-consumer' lesser and greater scaup) were analyzed
by ANOVA. Additionally, a 2-way ANOVA was carried out on the proportion on
zebra mussels in the diet of Fighting Island lesser and greater scaup 'mussel-
consumers' versus Lake Erie lesser and greater scaup 'mussel-consumers' to
determine if consumption of Dreissena was comparable across species and sites.

Student's t-tests were performed on transformed proportion Dreissena,
macrophyte, snail and amphipod in diets of Lake Erie and Fighting Island
bufflehead to determine whether diet preferences differed between sites. As well,
a Student's t-test was conducted on the proportion plant in Fighting Island and Big
Creek mallard to determine whether diets were similar at each site. The level of
significance was set at 5% (Systat 1992).

Also, diet comparisons between GC analyzed and non-GC analyzed
waterfowl were made to assess whether individuals selected for GC analysis had
diets similar to or typical of additional waterfowl that were coilected. Therefore,
Student's t-tests were carried out on gas chromatography contaminant analyzed
waterfowl and other non-GC analyzed waterfowl using transformed diet data for
respective waterfowl of all groups (by site, species, and consumer type; see Table
1).

Size distributions of mussels consumed were compared statistically using
Kolmogorov-Smirnov tests for ail combinations of Lake Erie bufflehead, lesser

scaup and greater scaup, using an adjusted probability of o = 0.016 (.05/3).
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Orqanochlorine Contaminants

Analysis of differences in contaminant concentrations were limited 10 a group
of four low-Kow (HCB, OCS, QCB, PCB # 28), mid-Kow (PCBs # 105, 118, 149,
153) and high-Kow (PCBs # 174, 180, 194, 206) compounds. These compounds
were selected because, within each category, they had the lowest correlations
between chemicals (R2=0.46 to 0.91). As well, | attempted to use compounds that
are frequently utilized in published studies. However, substitution of other
compounds for the ones included here had no material effect on results (pers.
abs.). Although many comparisons were possible to test for diet effects on
contaminant burdens, | have limited most analyses to greater and lesser scaup
collected at Fighting Isiand and Lake Erie. A two-way ANOVA was conducted
using lipid-normalized, log(x+1)-transformed chemical concentration data to
assess species and diet effects. Tests were repeated for each of QCB and PCBs #
28, 105, 153, 194 and 206 (i.e. two low-, mid- and high-Kow compounds as log
Kow representatives).

Location effects (Lake Erie versus Fighting Island) were also analyzed using
2-way ANOVA and 'mussel-consumer' greater and lesser scaup from the two
sites. Location effects were also analyzed, separately, using t-tests (with adjusted
o=0.0085) on bufflehead from Lake Erie and Fighting Island, and also mallard
from Big Creek and Fighting Island. The former analysis involving bufflehead is,
however, confounded by diet diiferences between sites. Contaminant levels in
Dreissena from Fighting island and Lake Erie were also compared by t-test.

Biomagnification factors for Lake Erie lesser and greater scaup were
regressed on log Kow for a select class of compounds. Compounds included in
this analysis were limited to 33 PCBs exclusive of QCB, HCB, dieidrin, DDE, OCS,
and mirex. Analysis of covariance was used to assess the relationship of

biomagnification factor and chemical log Kow in lesser and greater scaup.
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Principal component analysis (PCA) was conducted for the 12 organochlorine
compounds described above. Data were lipid-adjusted and log(x+1)-transformed
prior to analysis. The model employed a correlation matrix and varimax rotation to
generate principal components (Systat 1992). Compounds that loaded greater
than 0.70 on a component were regarded as significant in determining that
component. Variables that simultaneously loaded > 0.30 on more than one
component were complex variables and were not considered important in
determining components. Variable loadings were used to determine scores for
individual ducks which were then plotted to display associations between groups
of waterfowl in two major principal component dimensions. Mean waterfowl| factor
scores on Principal Component (PC) 1 and PC 2 were analyzed using two-way
ANOVAs to assess diet and location effects. One-way ANOVA was used to assess
differences in factor scores for all ducks from Fighting Istand that avoided
Dreissena; Scheffé's multiple comparisons test was used to identify waterfowl with

significantly different mean PCA scores (Day and Quinn 1989).

Stable Isotope

Carbon and nitrogen signatures in Fighting Island and Lake Erie scaup
(greater and lesser) were subject to a multivariate-ANOVA in order to compare the
effects of species and diet. To include all species, stable isotope data for 13C and
15N were analyzed separately using two way ANOVAs (diet and species) to
compare whether 'mussei-consumer’ waterfowl were enriched in 13C and 15N
over ‘macrophyte-consumer' waterfow! and whether any species differences were
evident. Finally, 1-way ANOVAs with post hoc Dunnett's one sided tests were run
separately for carbon and nitrogen on all species of waterfowl compared to their
respective food source (Systat 1992). Separate tests were conducted on Fighting

Island and Lake Erie food chains.
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Results

A total 121 ducks were collected for this study, all of which were in fine
physical shape and appeared healthy. Only one duck, a common goldeneye
collected from Lake Erie, was discovered with a grossly visible tumour (1 cm dia.)
located on the intestine. Overall the sample contained 47% female and 53% male
individuals, of which 55% were hatching-year juveniles and 45% adults. Mallard
drakes comprised the majority of the Big Creek sample; hatching-year females
were most commonly collected at both Fighting island and Lake Erie (Table 2).
Big Creek mallard were the largest and heaviest ducks, while bufflehead from
Lake Erie were the smallest and lightest ducks studied. Lesser and greater scaup
from Lake Erie were slightly larger and heavier than conspecifics from Fighting
Island (Table 2). Over half of the waterfowi in this study were obtained in the
month of November.

Mean (£ 1 standard error) lipid levels for GC analyzed waterfowl| were 4.4% +
2.3. Lipid levels did not vary significantly by species or diet (3-way ANOVA,
p>0.10) and insignificant differences were found by site (F=2.82, df=2,43, p=0.07).
GC analyzed waterfowl were representative of total waterfowl collected with

respect to mass and size (Table 3).

Waterfow! Diet

Diets of mallard and redhead from Fighting island and mallard from Big Creek
consisted of macrophytes only (Figure 3). Canvasback diets consisted of >94%
macrophytes, with a small component of snaii (Figure 3). Bufflehead from Fighting
Island also consumed primarily macrophytes (80%), and only small amounts of
snail {12%) and Dreissena {8%) (Figure 4). This pattern was reversed in western

Lake Erie, where bufflehead consumed 72% Dreissena, 26% amphipod, 2% snail

-
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and no macrophytes. Lake Erie bufflehead consumed a significantly greater
proportion of Dreissena (Student's t-test, t=6.78, p<0.01) than Fighting Island
individuals. However, the two groups had insignificant differences in the
proportion of snail consumed (t=2.18, p=0.0654). Only bufflehead from Lake Erie
consumed amphipod, while only Fighting Island individuals consumed
macrophytes. Common goldeneye whether coilected from Fighting Island or Lake
Erie had consumed over 83% Dreissena (Figure 4). Lake Erie common
goldeneye utilized 15% amphipod.

Lake Erie lesser and greater scaup consumed primarily or exclusively
Dreissena (Figures 5, 6). By contrast, individuals from Fighting Island could be
divided into those that ate either mainly Dreissena or mainly macrophyte (Figures
5, 6}.

The three species of Lake Erie birds, bufflehead, lesser scaup, and greater
scaup, differed significantly in the proportion of zebra mussel in the diet (1-way
ANOVA, F=74.22, df=2,15, p<0.01). Bufflehead consumed a significantly lower
(72%) proportion Dreissena than greater scaup (97%), which in turn consumed
significantly less Dreissena than lesser scaup (100%) (Scheffé's test, 0=0.05).
The three species also differed in the proportion of snail ingested (ANOVA,
F=8.48, df=2,15, p<0.01). The proportion of snaii did not differ among bufflehead
(2.4%) and greater scaup (3.2%), though lesser scaup (0%) differed significantly
from the other two (Scheffé's test, =0.05). Additionally, the proportion of
amphipod in diet differed among the three species (ANOVA, F=221.05, df=2,15,
p<0.01), being significantly higher in bufflehead (26%) than in lesser scaup (0%}
and greater scaup (0%) (Scheffé's test, a=0.01).

Considering Fighting Island lesser and greater scaup only, 'mussel-
consumers' (85% and 67%) consumed significantly more Drejssena than

'macrophyte-consumers' (6% and 3%) (2-way ANOVA, F=118.20, df=1,10,
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p<0.01), though differences among species were not evident (F=2.21, df=1,10,
p>0.10). As well, the species*diet interaction was not significant (F=1.42, df=1,10,
p>0.10). Similarly, 'mussel-consumer’ ducks consumed significantly less plant (2-
way ANOVA, F=16.00, df=1,10, p<0.01) than 'macrophyte-consumers'; the species
and species+diet interaction were insignificant (F=0.00, df=1,10, p>0.10; F=0.47,
df=1,10, p>0.10; respectively). Neither diet pattern (F=1.44, df=1,10, p>0.10) nor
species (F=1.09, df=1,10, p>0.10} affected the proportion of snail consumed.
Based on proportion plant and Dreissena in their diets, 'macrophyte-consumer'
and 'mussel-consumer' classifications identified waterfowl that had significant diet
differences.

There were no significant differences in the proportions of ptant, snail, or
Dreissena in any Fighting Island 'plant-consumer' species of waterfowl (ANOVA,
df=5,18, p>0.05). These waterfowl included mallard, redhead, canvasback,
bufflehead, as well as lesser and greater scaup 'macrophyte-consumers'.

Resuits of a 2-way ANOVA on proportion Dreissena in diet of lesser and
greater scaup 'mussel-consumers' from Fighting Island (85 and 67%) and Lake
Erie (100 and 97%) revealed both site (F=113.30, df=1,15, p<0.01} and species
(F=24.44, df=1,15, p<0.01) differences, though the site*species interaction was
insignificant (F=0.80, df=1,15, p>0.10). Diets of both lesser and greater scaup
from Lake Erie contained a higher proportion of zebra mussels than Fighting
Island individuals (Figure 5, 6). However, Fighting Island lesser scaup ingestad
insignificantly different proportions of zebra mussels than greater scaup (Student’s
t-test, t=2.45, p=0.0701), as well Lake Erie lesser and greater scaup utilized
similar amounts of Dreissena (t=1.43, p>0.10). The proportion snail utilized by
Fighting Island and Lake Erie scaup did not differ by site (2-way ANOVA, F=1.15,
df=1,15, p>0.10) or by a site*species interaction (F=0.29, df=1,15, p>0.10), though

species differences were evident (F=13.21, df=1,15, p<0.01). However, lesser
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and greater scaup consumed similar amounts of snail at both Lake Erie (Student's
t-test, t=1.44, p>0.10) and Fighting Island (t=1.52, p>0.10) sites. Mussel-consumer
Fighting Island lesser and greater scaup consumed significantly higher
proportions {15 and 24%) of macrophytes than Lake Erie (0%) individuals (2-way
ANOVA, F=97.22, df=1,15, p<0.01), Though no significant species (F=1.70,
df=1,15, p>0.10) or site*species effects (F=1.70, df=1,15, p>0.10) were evident
(Figure 5, 6).

A series of Student's t-tests were run on transformed diet proportions of plant,
snail, Dreissena, and in some cases, amphipod, for two categories of waterfowl.
One group was analyzed for both diet and contaminants, while the other was
analyzed for diet only. Of all possible tests (see groups in Table 1) only a few
revealed significant differences in consumption of specific diet items. Fighting
Island bufflehead that were analyzed for contaminants utilized significantly more
snail than non analyzed birds (1=2.71, p<0.05). Lake Erie bufflehead analyzed for
contaminants consumed significantly more Dreissena (t=3.17, p<0.05) and less
amphipod (t=3.55, p<0.01) than Lake Erie individuals not analyzed for
contaminants. All other combinations resulted in insignificant differences with
respect to diet content (p>0.05). Thus, in general, waterfow! used for GC analysis
were representative of all individuals collected.

Waterfowl from Lake Erie consumed significantly different (Kolmogorov-
Smirnov, =0.016) size classes of Dreissena (Figure 7). Bufflehead, the smallest
diving duck studied, consumed the smallest mussels, while greater scaup
consumed the largest mussels. Lesser scaup consumed intermediate size

Dreissena.

20



Contaminant Concentrations and Profiles

Lipid normalized liver concentrations were regressed on wing tissue
concentrations for 39 compounds obtained from 11 ducks. For all compounds the
correlations were high (R2>0.65) except for PCBs # 52, 49, 60, 70, 97, and 77
which had insignificant regressions of (linear regression, R2<0.14, p>0.10) (Table
4). Dieldrin, mirex and PCB # 101 had correlation coefficients between 0.55 and
0.65. Most compounds had concentrations close to or greater than a 1:1 ratio in
liver to wing, except PCBs # 52, 49, 60, and 70 which were <0.55, and PCB # 97
which had a negative relationship.

Concentrations of most contaminants were strongly related to diet and
location (Figures 8, 9, 10, 11). For example, no contaminant averaged more than
50 ug kg1 lipid in any Fighting island duck that avoided Dreissena (Figures 8, 9,
10, 11), except for dieldrin and PCB # 138 in mallard, p,p'-DDE and PCB # 153 in
canvasback, and dieldrin, p,p'-DDE, OCS, PCBs # 118, 138, and 153 in
bufflehead (Appendix A). By comparison, however, conspecifics (buffleshead,
greater and lesser scaup) that consumed Lake Erie Dreissena exceeded 150 ug
kg-! lipid for an array of compounds including dieldrin, p,p'-DDE, OCS and PCBs
# 149, 118, 138, 153, 180, 201 and 206 (Figures 9, 10, 11). Diet differences both
among and within sites influenced contaminant profiles and concentrations
(Figures 8, 9, 10, 11). For example, ducks that consumed macrophytes and snails
tended to have relatively high concentrations of low Kow compounds, while higher
Kow compounds were typically present in higher concentrations in ducks that
utilized mussels (Figures 9, 10, 11). PCB coplanar congeners # 77, 126, 169, and
189 were present in very low concentrations in all waterfowl (see Appendix A for
congener # 77). Concentrations of total PCB as well as individual congeners
were highest in Lake Erie greater scaup and other 'mussel consumer’ groups of

waterfow! (Appendix A).
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Fighting Island waterfowl that consumed mussels had consistently higher
concentrations of contaminants than conspecifics that had little or no Dreissena in
their diet. As examples, relative to individuals with largely macrophyte diets,
average concentrations were always higher for QCB (1.3 to 1.4x}, p,p-DDE (10.4
to 16.1x), OCS (1.9 to 38.5x), PCBs # 28 (1.1 to 0.55x), 105 (2.5 to 9.2x), 153 (4.5
to 12.9x), 180 (4.5 to 23.3x), 194 (4.1 to 18.2x) and 206 (5.6 to 18.1x) in lesser and
greater scaup respectively that consumed mussels (Table 5). Almost without
exception, differences were even more profound between Lake Erie scaup and
Fighting Island 'macrophyte-consumer' scaup (Table 5).

Diet and species effects were explored by testing each of six compounds
(QCB, PCBs # 28, 105, 153, 194, 206) as log Kow representatives in iesser and
greater scaup from Fighting island (Table 6). No significant species (2-way
ANOVA, p>0.10) or species+diet interaction effects (p>0.10) were observed for any
of these compounds. However, 'mussel-consumers' had slightly but insignificantly
higher concentrations of PCBs # 105 and 153 (p=0.0631 and p=0.0508,;
respectively) than ducks from the same site that consumed little Dreissena.
Significantly higher concentrations of PCBs # 194 and 206 (p<0.05) were
detected in 'mussel-consumers'. Thus, only moderate to high Kgw compounds
accumulated to a greater extent in scaup that consumed mussels (Figures 10, 11).

Contaminant levels in Lake Erie 'mussel-consumer’ lesser and greater scaup
were generally two to fourteen times higher than levels in 'mussel-consumer’
conspecifics from Fighting Island (Table 5). Contaminant concentrations for
'mussel-consumer' scaup did not vary by species (p>0.10) or by species+*site
interactions (p>0.10) for any of the six compounds selected (QCB, PCBs # 28,
105, 153, 194, 206) (2-way ANOVAs). For each of these compounds except QCB,
Lake Erie scaup had significantly higher concentrations than individuals from

Fighting Island (p<0.05) (Table 7; Figures 10,11}.
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Among bufflehead, Lake Erie ducks had two to ten times higher
concentrations of most compounds relative to individuals from Fighting Island
(Table 5). Similarly, 'mussel-consumer' Lake Erie butfilehead had significantly
higher concentrations of PCBs # 153, 194 and 206 than Fighting Island
conspecifics that consumed mainly macrophytes (Student's t-test, «=0.0085)
(Figure 9); slight but insignificant (p=0.0104) differences in concentrations of PCB
# 105 were found in the two consumer groups, while concentration differences
among groups for low Kow compounds (QCB, PCB # 28) were not evident
(p>0.10). Finally, mallard from different sites (Fighting Island and Big Creek) did
not vary significantly with respect to concentrations of any of the six compounds
tested (Student'’s t-test, ¢=0.0085).

Fighting Island zebra mussel contaminant levels were generally higher
relative to Lake Erie Dreissena. However, concentration differences between
sites were insignificant (Student's t-test, a=0.0085) for the six compounds tested
(QCB, PCBs # 28, 105, 153, 194, 206). Contaminant patterns for the two mussel
samples were similar and were much elevated compared to macrophytes from
Fighting Island (Figure 12).

Biomagnification factors for Lake Erie lesser and greater scaup varied by
chemical Kow (ANCOVA, F=73.39, df=1,63, p<0.01) and by species (F=6.28, df=
1,63, p<0.05), though not by a species*Kow interaction (F=0.12, df=1,62, p>0.10).
BMFs tended to be higher for greater scaup compared to lesser scaup, and varied
according to contaminant log Kow (Figure 13). Most BMFs were less than 4,
though values for p,p’-DDE, OCS, mirex and PCBs # 195 and 206 were quite high
(>4). The highest BMF (21.7) was observed in greater scaup for the most
hydrophobic substance (PCB # 206) studied.
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Principal Component

Principal component analysis was conducted on contaminant data for 52
ducks, representing all six species, using four fow-, mid- and high-Kow
compounds. Principal component 1 (PC 1} accounted for 45% of the original data
variability, and was determined primarily by high Kow compounds (PCBs # 208,
153, 194, 180, 105; Table 8). Principal component 2 (PC 2) accounted for an
additional 18% of the variability and was determined by low-Kow compound QCB.
Principal component 3 (PC 3) was determined by the low-Kow compound PCB #
28 and accounted for 10% of original data variability (Table 8).

Waterfowl that consumed mainly Dreissena separated on PC 1 and PC 2 from
those that avoided Dreissena. Mussel ‘consumer' and 'macrophyte-consumer’
ducks had high and low PC 1 scores, respectively, with Fighting Island ducks with
a Dreissena dist (though supplemented with macrophyte) located closer to other
'mussel-consumer’ groups (Figure 14). Canvasbacks had the highest PC 1 score
of any species that avoided Dreissena, due largely to relatively high
concentrations of PCBs # 105, 153, 180, 194, and 206 in two of the ducks studied
(see Appendix A). Differences in PC 2 scores depended primarily on relatively
small, absolute differences in concentrations of QCB (<10 ng kg-1 lipid) and HCB
(<30 ug kg1 lipid).

Two-way ANOVAs were conducted to determine whether PC 1 and 2 scores
varied by species or by location for 'mussel-consumer’ scaup. No significant site
(F=0.71, df=1,15, p>0.10), species (F=0.27, df=1,15, p>0.10) or site*species
(F=0.98, df=1,15, p>0.10} effects were detected with respect to PC 1 scores for
scaup from different locations. Similarly, no significant species (F=0.58, df=1,15,
p>0.10) or species+*site (F=0.87, df=1,15, p>0.10) effects were observed with
respect to PC 2 scores, though there was a slight but insignificant (F=3.95,

df=1,15, p=0.0654) difference in PC 2 scores by site for scaup; PC 2 scores
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tended to be slightly lower for Lake Erie scaup relative to Fighting Island
individuals (Figure 14).

Fighting Island greater and lesser scaup PC 1 scores differed significantly by
diet (F=6.92, df=1,10, p<0.05) but not by species (F=0.53, df=1,10, p>0.10) or by a
diet*species interaction (F=0.14, df=1,10, p>0.10). Indeed, scores for Fighting
Island scaup that consumed and avoided mussels were located near opposite
ends of the PC 1 axis. While 'macrophyte-consumers' differed from conspecifics
that consumed mussels on this axis, their scores were very similar to those of
other waterfowl| taxa that avoided Dreissena (Figure 14). PC 2 scores of Fighting
Island scaup did not vary by species (2-way ANOVA, F=1.38, di=1,10, p>0.10),
diet (F=1.04, df=1,10, p>0.10) or by an interaction (F=0.05, df=1,10, p>0.10) of
these factors.

PC 1 score for Lake Erie 'mussel-consumer' bufflehead was significantly
(Student's t-test, t=5.07, df=7, p<0.05) higher than that of Fighting Island
individuals that ate little Dreissena, though no difference was detected with
respect to PC 2 scores (t=1.89, df=7, p>0.10). Although these findings are
consistent with results for scaup (Figure 14), they are confounded by site.

Big Creek mallard and Fighting Island waterfowl that avoided Dreissena (i.e.
mallard, canvasback, redhead, bufflehead, and some greater and lesser scaup)
did not differ with respect to PC 1 scores (1-way ANOVA, F=0.64, df=6,21, p>0.10),
though PC 2 differences were significant (F=3.35, df=6,21, p<0.05). Bufflehead
had slightly but insignificantly (Scheffé's test, p=0.0785) higher PC 2 scores than

those of Big Creek mallard.

table Isotope
Stable isotope results revealed that samples clustered into three groups:

macrophytes and snails from Fighting Island, Dreissena and ‘macrophyte-
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consumer ducks from Fighting Isiand, and a final cluster of Lake Erie 'mussel-
consumer' and Fighting Island ‘plant-consumer’ ducks (Figure 15). MANQVA on
scaup (greater and lesser) indicated no significant difference by species for either
$13C (F=0.40, df=1,8, p>0.10) or §15N (F=0.01, df=1,8, p>0.10). Scaup 13C
signatures do not differ by diet (F=0.00, di=1,8, p>0.10), unlike 15N signatures
which were significantly higher in ‘mussel-consumer' ducks {F=9.79, df=1,8,
p<0.05) than in 'macrophyle-consumer' ducks, with multivariate Hotelling-Lawley
Trace being significant (F=4.92, df=2,7, p<0.05). No significant species*diet
interaction terms were observed for either carbon (MANOVA, F=3.19, df=1,8,
p>0.10) or nitrogen (F=0.09, df=1,8, p>C.10) isotope values. Two-way ANOVA on
all waterfowl indicated that carbon signatures differed neither by duck species
(F=0.62, df=5,17, p>0.10) nor by diet (F=0.01, df=1,17, p>0.10). However,
nitrogen signatures differed significantly by species (F=4.24, df=5,17, p<0.05) and
diet (F=11.21, df=1,17, p<0.01). Nitrogen signatures in 'mussel-consumer’ ducks
were higher than those of 'plant-consumer' waterfowl. All Fighting Island
'macrophyte-consumer' ducks also differed significantly with respect to §13C
values relative to macrophyte, their putative food source (Dunnett's test, df=16,
p<0.01). Nitrogen signatures were also significantly different in Fignting Island
‘macrophyte-consumer' waterfowl and macrophyte food sources (1-way ANOVA,
F=8.03, df=6,16, p<0.01); significantly higher levels of 15N were found in
bufflehead, canvasback, and redhead as compared to macrophyte (Dunnett's test,
df=16, p<0.01). In the Lake Erie food chain, 'mussel-consumer' scaup did not
differ from Middle Sister Dreissena with respect to either §13C (1-way ANOVA,
F=1.43, df=2,5, p>0.10} or §15N (F=1.81, df=2,5, p>0.10) signatures. However,
greater scaup nitrogen signatures were significantly higher than those of
Dreissena {Student's t-test, t=9.06, p<0.01). Carbon signatures of greater scaup
and Dreissena did not differ significantly (t=0.71, p>0.10). Similarly, §'3C and
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S15N signatures were similar in lesser scaup and Dreissena (t=0.93, p>0.10;

1=1.40, p>0.10; respectively).
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Discussion

Detroit River sediments are extensively polluted with organochlorine
compounds (Furlong et al. 1988), and river inputs serve as the primary source
(73%) of organochlorine compounds into western Lake Erie (Kauss and Hamdy
1985; Carter and Hites 1992). Koslowski et al. (1994) observed significant
accumulations of a wide array of organochlorine compounds in the Lake Erie food
web, and argued that trophic interactions may play an important role in
contaminant exposure. Results from this study indicate that recent diet is a good
predictor of relative contaminant concentration in lower Great Lakes' waterfowl.
These patterns hold both between (Lake Erie vs. Fighting Island) and within
(Fighting Island) sites. For example, ducks that consumed Dreissena tended to
have elevated concentrations of most contaminants relative to conspecifics that
had little or no Dreissena in the diet (Figures 10, 11}. Small sample sizes used to
determine contaminant concentration differences in conspecifics revealed
significant differences in some mid- and all high-Kow compounds, however, larger
sample sizes may have determined significant differences in all mid-Kow
representatives. At present it is not possible to determine whether these patterns
are owing to disproportionate effects on contaminant concentrations of recent

feeding, or whether fidelities of waterfowl to particular food types is pronounced.

Waterfowl Predation of Mussels

Many studies have explored the distribution of waterfow! with respect to
habitat, food resources, compstition, and disturbance (McCullough 1981; Prince et
al. 1992; Einarsson and Magnusdottir 1993; Haramis et al. 1993; Nummi and
Poysa 1993; Fox et al. 1994; Gardarsson and Einarsson 1994; Michot et ai. 1994,

Winfield and Winfield 1994). A number of workers have implicated Dreissena
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prey as a primary factor influencing waterfowl distribution (Stanczykowska et al.
1990; Wormington and Leach 1992; Mitchell and Carlson 1993; Hamilton et al.
1994: Suter 1994). Valuable insights into waterfowl-Dreissena interactions have
emerged from studies of migrating waterfowl. Stempniewicz {1974) calculated
that coot were responsible for a reduction of 32.5% Dreissena biomass, and 70%
of yearly mussel production in Lake Goplo, Poland. Stanczykowska et al. (1990)
estimated that waterfowl could remove up to 20.2% of the annual production of
Dreissena in areas of Lake Zegrzynskie, Poland, owing to intense foraging by
high densities of migrant diving ducks. The location of congregating waterfowl
coincided with areas of mass occurrence of Dreissena, suggesting active
selection of foraging sites by these birds. In a field study, Draulans (1982)
described significant increases in predation rate by tufted ducks following
increases in Dreissena density; in addition, predation caused a significant change
in size composition of the mussel population through selective harvest of 1-1.75
cm mussels. Also, mussel densities at 2 - 3 m depth, which were easily accessible
to waterfow!, decreased significantly more than those at 4 - 6 m depth (Draulans
1982). In a region of the upper Rhine river that supported high Dreissena biomass
(9.9 - 12 kg m-2 fresh biomass) and densities, tufted ducks and coots consumed
over 90% of the standing biomass during their winter stay (Suter 1982; Cleven
and Frenzel 1993). Each autumn, mussel biomass was fully restored and the
population consisted almost entirely of 1-year olds that apparently emigrated from
a refuge population that existed beyond the diving capabilities of the waterfowl.
Indeed diving waterfowl are considered the most voracious predators of
Dreissena; however, control of Dreissena populations by waterfowl is temporal at
best, as Dreissena's reproductive potential, migration ability, and growth rates

allow re-establishment of mussel populations.
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Intense predation by waterfow! on Dreissena paraliels results from marine

systems. For example, Faldborg {1994) described a Danish Wadden Sea
population of blue mussels (Mytilus edulis) that consisted of a single year class
characterized by failed recruitment over 6 years. The population declined from
8,000 individuals m-2 to 1,500 individuals m-2. Waterbirds, mainly common
eiders, oystercatchers and herring gulls, were estimated to remove 64% of the
blue mussel biomass production in the third year. Despite intensive predation by
waterbirds, steady growth rates of the mussel cohort resulted in an increase in
total biomass sufficient to support the eider population. Plagued by years of faiied
recruitment and intensive fishing, the mussel beds on tidal flats of the Dutch
Wadden Sea were virtually eliminated (Beukema 1993). Predation of Dreissena
by waterfowl depletad stocks on the river Rhine and the western Wadden Sea to
the point that waterfowl experienced food shortages {Suter and Van Eerden
1992). in combination with an unusual cold spell in 1986, starvation resulted in
the deaths of an estimated 2,700 - 6,200 river Rhine and 14,000 Wadden Sea
diving ducks (mainly scaup, tufted duck, goldeneye, pochard, and eider) (Suter
and Van Eerden 1992).

Predation on Dreissena by North American waterfowl has alsoc been
documented (Wormington and Leach 1992; Mitchell and Carlson 1993; Hamilton
et al. 1994; R. Knapton, pers. comm.; C. Custer, pers. comm.). Wormington and
Leach {1992) recorded 13,500 lesser scaup (80 times historical counts) in
maximum one-day counts of waterfowl off the Point Pelee shore. Field
observations of waterfowl predation were confirmed by analysis of digestive tracts
(Wormington and Leach 1992). Also evident was an increase in stopover duration
as birds lingered in the area longer. The availability of Dreissena as a food
source has altered the migratory behaviour and distribution of some diving ducks,

mainly lesser and greater scaup (Wormington and Leach 1992). in Lake

30



Michigan, Mitchell and Carlson (1993) found that lesser scaup consumed zebra
mussels exclusively. The zebra mussels had only settled on the water intake
structures of Cook nuclear plant the preceding year, yet migrating waterfowl found
this new food source almost immediately. Twenty-one lesser scaup obtained from
Cook Nuclear Plant ingested much smaller size mussels of 4.1 mm (Mitchell and
Carlson 1993) compared to 11.2 mm musseis consumed by lesser scaup from this
study. In the fall of 1991, Hamilton et al. (1994) determined that waterfowl! staging
off of Point Pelee, Ontario, consumed 57% of Dreissena biomass in near shore
waters. Predation was size selective, as ducks chose individuals between 11 and
21 mm. Size selective predation altered the size structure of the mussel
population in that area. However, as very few birds remained after mid-winter,
mussel populations regained biomass and abundance by spring 1992. Because
this region of the lake is very shallow and should therefore experience maximal
impact, duck predation probably exerts only ephemeral regulatory effects on the
Lake Erie Dreissena population. Similar effects would be expected on mussel
beds located in Lake St. Clair, a proximal shallow lake that is intensively utilized

by migrating diving ducks.

Contaminant Concentrations

Uptake and assimilation of polychlorinated biphenyls is considered to occur
very rapidly in waterfowl (Weseloh et al. 1994). Gebauer and Weseloh (1993)
reported accumulation of PCBs in domestic mallard 5,300 times higher than initial
levels within ten days of natural exposure to contaminants. Mallard exposed to
dieldrin achieved steady state concentrations in muscle, liver, skin, and fat within 7
- 8 days and depuration was estimated to be at least 3 weeks (Nebeker et al.
1994). Thus migrating waterfowl are susceptible to short term contaminant

exposure and body burdens should reflect prior exposure.
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Significant positive regressions between lipid normalized concentrations in
liver and wing of 11 ducks were observed for all but 6 of 39 compounds studied.
Metabolism and/or low environmental concentrations may have influenced the
very low concentrations detected in liver and wing for these compounds. The
strong influence of relatively high wing or liver concentrations in one or two
samples disrupted potential correlations for PCBs # 49, 52, 60, 70, 77, and 97.
Total lipid-adjusted PCB levels in the 11 duck subsample were on average 1.23
times higher (range 1.06 - 1.95) in liver than in muscle. On a wet weight basis,
values were an average of 2.2 times higher (range 1.04 - 7.35) in liver than in
wing muscle.

The relationship between contaminants in scaup was diet dependent as
Fighting Island 'plant-consumers' were the least contaminated, intermediate levels
were encountered in Fighting island 'mussel-consumers’, and Lake Erie ‘mussel-
consumers' were most contaminated. The relationship is even more complex, as
higher log Kow compounds were more prevalent in ‘'mussel-consumers' and low
Kow compounds more prevalent in 'plant-consumers'. For example, the
proportion of total PCBs contributed by a single congener increases for high log
Kow compounds in each successive trophic 'tier' (Figure 16). The tendency of
selective compounds to bicaccumuiate through food chains has been
documented in aquatic systems involving zooplankton, fish, herring gulls, and sea
birds (Connolly and Pederson 1988; Oliver and Niimi 1988; Braune and Norstrorn
1989; Boumphrey et al. 1993; MacDonald et al. 1993; Koslowski et al. 1994;
Russell et al. 1995).

When contrasted against Fighting Island 'plant-consumers’, co-occurring
'mussei-consumers' had similar, slight but insignificantly higher, and significantly
higher concentrations of the pairs of low-, mid-, and high- Kow representatives

(Figures 10, 11). If sample sizes were larger the differences between mid-Kow
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representatives may have been significant. Select congeners such as PCBs #
180, 194, and 206 were 23.3, 18.2, and 18.1 times higher in 'Dreissena-
consumer' scaup. A similar pattern of chemical fate was observed hetween
'mussel-consumer' scaup from Lake Erie versus those from Fighting Island, where
5 out of 6 log Kow representatives were significantly higher in Lake Erie waterfowl
(Figures 10, 11). Although absolute levels of contaminants are highest in the lake
group, PCBs # 180, 194, and 206 were only 3.4, 3.9, and 14.0 times higher than in
Fighting Island conspecifics. Considering Fighting Island Dreissena were
somewhat more contaminated than Lake Erie mussels, it is surprising that Lake
Erie scaup were more contaminated. This pattern may be due to diet differences,
as Lake Erie ducks consumed significantly more mussels (~100%) whereas
Fighting Island individuals periodically consumed plants which limited mussel
intake (~75%). The fidelity to which waterfowl maintain these diets was not
studied; however, on occasion Fighting island scaup were observed to rest and
feed in areas of lush marsh plants and macrophytes (pers. obs.). Unfortunately,
Fighting Island ‘mussel-consumer scaup' were not analyzed for §13C and §15N
isotopes. Thus, it was not possible to ascertain whether these scaup had fed on a
mixed Dreissena-macrophyte diet in the recent past. By contrast, immense flocks
of Lake Erie diving ducks have been observed feeding for months in areas where
the benthos is dominated by Dreissena (Wormington and Leach 1992; Hamilton et
al. 1994).

A similar condition exists between buffiehead, where the Lake Erie 'mussel-
consumer' group were significantly more contaminated than the Fighting Island
group for 3 of the 6 higher-Kow organochlorine representatives (Figure 9).
Organochlorine contaminant concentrations in all plant-consumer waterfowl in this
study were similariy quite low and in agreement with or slightly higher than levels

determined in two plant-consumer hatching-year lesser scaup collected from
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Blackstrap Lake, Saskatchewan (unpubl. data). Among plant-consumer
waterfowl, bufflehead were the most contaminated. This was expected since
Fighting Island bufflehead consumed 20% animal matter and had elevated 315N
values relative to ducks that ate only macrophytes. Lake Erie bufflehead
consumed smaller Dreissena than lake scaup yet bufflehead were more
contaminated than lesser scaup. Since bufflehead were preying on smaller, less
contaminated, Dreissena (Morrison unpubl. data) they would be expected to be
less contaminated than lesser scaup. It is possible that bufflehead may have
received exposure to higher levels of contaminants through amphipod which
comprised 26% of bufflehead diet.

Evidence of metabolism of compounds was not discernible. Patterns of
compounds in plant-consumer scaup (Figure 10, 11} were similarly low in
macrophytes (Figure 12). Lake Erie scaup (Figure 10, 11) contaminant patterns
resembled those of Lake Erie Dreissena (Figure 12); major chemical peaks were
consistent. If a compound was apparent in the prey species yet absent or only
detectable at low concentrations in the predator then efficient metabolism of that
compound could be invoked.

This study revealed very low (<10 ug kg-1) concentrations of coplanar PCBs
(# 77, 189, 126, 169) in all ducks, though concentrations of the former two were
highest in musse! consumers from Lake Erie. By contrast, Koslcwski et al. (1994)
reported concentrations of PCB # 77 in carp, gizzard shad, silver bass,
smallmouth bass and herring gull eggs up to forty times the maximum values
recorded here.

Biomagnification factors for p,p'-DDE, octachlorostyrene, mirex, and PCBs
#195 and 206 ranged between 4.0 and 21.7 in greater scaup. Octachlorostyrene
and mirex may be assimilated from different sites i.e. OCS is prevalent in the

upstream St. Clair River and Lake St. Clair (Kovats and Ciborowski 1993), while
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mirex is more or less isolated to downstream Lake Ontario (Kaiser 1978). Mobile
waterfow| could be exposed to these contaminants, though the zebra mussels
studied here would not be, leading to high BMFs. PCBs # 195 and 206 have such
high Kow values that once incorporated these chemicals are retained to a higher
degree than low Kow compounds (Wolff and Schecter 1981, Brieger and Hunter
1983). As well, high Kow compounds are very hydrophobic and are less likely to
be associated with the water column and lipid-poor plankton. Nevertheless,
exposure through suspended sediment and trace levels in algae and water can
result in uptake of these compounds in mussels (Brieger and Hunter 1993; Fisher
et al. 1993). However, consumption of mussels leads to exposure to contaminants
recently acquired by the mussels. Zebra mussels are not exposed to these
congeners to the same extent or duration that greater scaup are exposed, possibly
explaining the high BMFs observed. Most biomagnification factors increased
from 1 - 4 as Kow increased, which is consistent with findings of Russell et al.
(1995). However, absolute BMFs for PCBs # 52, 87, 138, and 180 in greater
scaup were raspectively only 10, 37, 82, and 54% relative to BMF values reported
in white bass of western Lake Erie (Russell et al. 1995). Russell et ai. (1995)
demonstrated that lipid levels of white bass intestinal contents (emerald shiners)
decreased significantly as prey items were digested. Subsequently the fugacity
capacity of the prey items decreased and chemical concentration in these
digested intestinal contents increased. This resulted in a fugacity gradient
between the intestinal contents and the white bass that was adequate to drive
biomagpnification of high Kow compounds (PCBs # 87, 138, and 180). Russell et
al. (1995) concluded that chemical concentration differences between emerald
shiner and digested emerald shiner suggest a fugacity model of chemical
accumulation not exclusive of a lipid co-assimilation model. Tufted ducks have

fast metabolism, and therefore they ingest and excrete relatively large quantities
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(35%} of organic material (Gere and Andrikovics). Perhaps waterfowl are less
efficient in lipid assimilation than fish explaining the lower biomagnification factor
values of waterfowl relative to white bass.

Rasmussen et al. (1990) investigated values of biomagnification factors in
lake trout from a series of lakes with progressively longer foed chains. Trout from
lakes with longer food chains were associated with higher absolute levels of total
PCB. Rasmussen et al. (1990) reported total PCB biomagnification factors of 3.5
per trophic level. Congener specific BMFs were not available for comparison.

Greater scaup that consumed mussels tended to have higher concentrations
(and BMFs) of most contaminants than lesser scaup from the same location that
also fed on Dreissena. It is not clear what factors may account for this pattern,
though greater scaup ingested significantly larger mussels than lesser scaup
(Figure 7). Because larger mussels have higher lipid-normalized contaminant
concentrations (Morrison unpubl. data}, greater scaup may be exposed to higher
levels of contaminants than lesser scaup consuming essentially the same
resource. The divergence of contaminant profiles of waterfowl at one location
feeding on one food type indicates that contaminant exposure may vary both as a
function of trophic position and by feeding strategy (Connolly and Pederson 1988;
Evans et al. 1991; Koslowski et al. 1994). In particular, feeding strategy could
complicate attempts to model contaminant exposure if individuals select
seemingly similar food items that, in fact, differ considerably in contaminant levels.

Although lesser and greater scaup in this study are migratory it is likely that
contaminants were assimilated in the study area, rather than from other locations
visited throughout their flyway (Figure 17). Field and laboratory studies show that
waterfowl can assimilate organic contaminants within 10 days (Gebauer and
Weseloh 1993; Weseloh et al. 1994) and may depurate them in just over three

weeks (Nebeker et al. 1994). Limited data show that migrating juvenile scaup
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collected before they reach the Great Lakes possess very low contaminant
concentrations (unpubl. data). Lake Erie hatching year scaup that consumed
Dreissena were contaminated with patterns consistent of Dreissena and
consistent to concentrations in adult scaup. Because hatching year scaup had not
yet frequented the East Coast their contaminant burdens cannot be attributed to
accumulation at these southern localities.

Although contaminant levels were elevated in scaup that consumed
Dreissena, concentrations in these individuals are much lower than those
reported for these species from the Detroit River (Table 9). For example, Smith et
al. (1985) reported p,p'-DDE whole carcass (field dressed) wet weight
concentrations between 8 and 13 times higher than the maximum values
observed in this survey for lesser and greater scaup. The disparity between
contaminant levels observed here and in the Smith et al. (1985) study may be
owing to sample preparation techniques and resulting differences in lipid levels of
analyzed tissues. For instance, Smith et al. (1985} used field dressed lesser and
greater scaup, the mixed tissue of which contained mean lipid levels of 17.8 and
16.3%, respectively. These values are 3.6 and 2.9 times higher than liver lipid
levels from Lake Erie scaup in this study. It has been demonstrated that PCB and
DDE levels can be 25 - 40 and 20 - 90 times higher, respectively, in fat tissue as
compared to muscle in waterfowl (Table 9} (Kim et al. 1984; fFoley 1992; Swift et
al. 1993). Smith et al. (1985) also reported that total PCB concentration increased
with decreasing lipid concentration in lesser and greater scaup and goldeneye
coliected in the Detroit River. This suggested differential PCB mobility, since more
persistent (higher Kow compounds) were retained and lower Kow compounds
were lost as lipid reserves were utilized over the course of winter. No such pattern
was apparent in this study, though lipid levels in liver varied much less (3.3 -

5.7%) than in whole bird carcasses of Smith et al.'s study (~6 - 26%).
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Levels of contaminants (HCB, trans-nonachlor, p,p'-DDE, oxychlordane,
dieldrin, and total PCBs) in waterfowl from this study are compared with values
from other studies in Tabte 9. Because congener specific concentrations in
waterfow! liver tissue are scarce in the literature, comparisons are based on total
PCB concentrations. Excluding vailues obtained from whole carcass, fat tissue
and those in mergansers, levels of all six contaminants in ‘mussel-consumer’
Middle Sister waterfowl are in agreement with results from other studies.
Mergansers are piscivorous waterfowl and tend to have elevated levels of
contaminants (Weseloh 1986). Contaminant levels in the Fighting Isiand 'plant-
consumers’ are among the lowest reported in any of the studies. The use of
adipose tissue as a common currency in future studies would be recommended
owing to high concentrations of contaminants that can be detected in this tissue.

Herring gulls nesting on Middle Sister Islands have total PCB concentrations
at least 1 order of magnitude higher than Lake Erie scaup from this study (G. Fox,
pers. comm.). Greater and lesser scaup wet weight DDE levels are also at least
two orders of magnitude lower than values reported for eggs of double-crested
cormorants, Caspian temns and Forster's tern from a variety of Great Lakes
locations (Kubiak et al. 1989; Yamashita et al. 1993). These results are not
surprising since species of fish-eating birds are considered to be at a higher

trophic level than 'mussel-consumer' waterfowl.

Principal Component

Principal component analysis was performed on liver contaminant data (12
organochlorine compounds) in six Great Lakes species of waterfowl. Principal
component one was determined by high Kow compounds while components two
and three were determined by low Kow compounds. All 'macrophyte-consuming’

waterfowl had lower PC 1 scores relative to 'Dreissena-consumer' ducks. Fighting
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Island Dreissena-consumer scaup possessed significantly higher PC 1 scores

than 'macrophyte-consumer' scaup while Dreissena-consumer scaup from
Fighting Island and Lake Erie with similar diets had similar PC 1 scores. The
influence of diet and not location on PC 1 scores was evident. Lake Erie
Bufflehead 'mussel-consumer' individuals also had higher PC 1 scores in

comparison with Fighting Istand 'macrophyte-consumer' conspecifics.

Stable Isotope

Although some of the stable isotope results are difficult to interpret, some
patterns and associations were noted. As an assimilation time reference,
laboratory-raised quail subjected to a dietary increase in $13C experienced a
comparable shift in muscle tissue in just over 25 days (Hobson and Clark 1992).
Because fishermen and researchers have observed large flocks of diving
waterfowl in tihe western basin of Lake Erie from October through December
(Wormington and Leach 1992; Hamilton et al. 1994; G. Penner, pers. comm.},
ducks should have had sufficient time for equilibration of different isotopes.
Trophic level enrichment of 15N is evident in Lake Erie scaup relative to Dreissena
prey, averaging 2.6%. in lesser scaup and 2.3%. in greater scaup (Figure 15).
Lesser scaup from Lake Erie had 2.9%. higher levels of 15N than Fighting Island
lesser scaup. As well, Lake Erie ‘'mussel-consumer' greater scaup were
significantly enriched in 15N (2.4%0) and 13C {1.9%.) relative to 'plant-consumer’
Fighting Island conspecifics (Figure 15). These examples indicate trophic
enrichment of isctopes assimilated from Dreissena.

The basis of this food chain appears to be a §13C source between -20 and
-25%., values consistent with phytoplankton and zooplankton (Peterson and Fry
1987; Junger and Planas 1993; Fry and Quinones 1994; Zohary et al. 1994); both

of these trophic levels are accessible food sources for Dreissena. Plant-consumer
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greater scaup, lesser scaup, and mallard aggregated with Dreissena in a lower
trophic level isotope position (315N of 6 - 7%.) (Figure 15) and exhibit 13C levels
intermediate to terrestrial plants (-28%.; Peterson and Fry 1987) and macrophytes
from this study (~-10%.). Because omnivores' 815N signature are determined by
their animal prey (R. Hesslein pers. comm.), Fighting Island bufflehead that
consumed a diet of 20% snail and Dreissena should group with the higher 815N
trophic level 'mussel-consumer' Lake Erie scaup. Although Fighting Isiand
redhead were not observed to consume animal matter in this study, their §15N
signatures suiggests consumption of some animal diet iterns. Redheads have
been documented to consume 13 to 42% animal matter (gastropods) and are
omnivores (Michot and Nault 1993). As well, canvasback are known to consume
marine mussels in Chesapeake Bay and are considered omnivores (Perry and
Uhler 1988; Lovvorn 1989; Jorde et al. 1995). Both canvasback and redhead
displayed higher 515N signatures than expected relative to Fighting Island scaup.

Unfortunately, Fighting Island 'mussel-consumer' scaup and Lake Erie
bufflehead were not analyzed for carbon and nitrogen isotopes. Subsequently,
within site comparisons among scaup and bufflehead were not possible. Though
unknown, their §13C and 815N isotope signatures might have been similar to Lake
Erie scaup and Fighting Island bufflehead, owing to their substantial proportion of
animal diet.

Trophic level differences between waterfowl 'mussel-consumers' and 'plant-
consumers' have been defined by diet contents, organochlorine levels, and 15N
stable isotope signatures. Previous studies have employed stable isotopes to
analyze trophic relationships and contaminant biomagnification for Great Lakes'
systems (Rasmussen et al. 1990; Cabana and Rasmussen 1994; Keough 1994;
Kidd et al. 1995). The research described here illustrates the value of stable

isotopes to identify Dreissena-based food webs in the lower Great Lakes.
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Reproductive Issues

Reproductive problems associated with organochlorine contaminants have
been reported for a number of Great Lakes' waterbirds (see reviews, Fox 1993,
Bosveld and Van den Berg 1994; Geisy et al. 1994}. Concern has centered on the
possibility that scaup which consume contaminated Dreissena may accumulate
sufficient burdens of contaminants as to experience reproductive impairment. For
example, European work demonstrated reduced clutch size, egg size, egg weight,
and hatch success for captive tufted ducks ted contaminated Dreissena relative to
a control group fed 'clean' mussels (de Kock and Bowmer 1993). Both sources of
mussels occurred naturally in areas of different contaminant history and loadings.
The control group of ducks successfully formed pairs, courted, built nests, laid
eggs and incubated eggs resulting in 100% reproductive success. The
'contaminated' group built untidy nests and abandoned their nests after eggs were
laid; all eggs would have perished in absence of parental incubation. As a
consequence, seventeen abandones eggs were artificially incubated, of which
only 7 hatched. Embryo mortality accounted for 60% of the reproductive failure,
which the authors attributed to high concentrations of maternally transferred PCBs
found in the eggs {de Kock and Bowmer 1993). Respective mean liver
concentrations of PCBs # 138, 153, and 180 in ug kg-! dry weight were 450, 520,
and 175 in the contaminated group and 100, 100, and 45 in the control group (de
Kock and Bowmer 1993). The highly contaminated group of waterfowl also had
corresponding egg contaminant levels that were 2.1, 4.2, and 3.2 times higher
than those found in liver. Lake Erie greater scaup, the most contaminated
waterfowl in this study, had PCBs # 138, 153, and 180 mean liver concentrations
of 124, 91, and 95 pug kg-! dry weight, respectively. These values correspond to
27.5, 17.5, and 54.3% of the levels fourd ir the reproductively-impaired group
from de Kock and Bowmer's (1993) study. Levels (ug kg-? dry weight basis) were
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higher in Lake Erie greater scaup than in the reproductively successful tufted duck
controls for PCBs # 138 and 180 and similar for congener 153. Total PCBs (wet
weight} in greater scaup were only 12.4% of those found in reproductively-
impaired tufted duck from de Kock and Bowmer (1993).

Using toxicity equivalent factors from Safe (1992), 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) toxicity equivalents (TEQs) for Lake Erie greater scaup liver were
calculated to be 20.6 ng TCDD kg1 wet weight and 460 ng TCDD kg-! lipid.
Higher TEQs would be expected in eggs produced from these scaup. In a toxicity
study, Murk et al. (1994) administered single intraperitoneal injections to eider
ducklings using two different dosanes of PCB # 77 and Clophen A50 (a PCB
mixture). Respective, levels of TCDD-TEQs of 140 - 875 and 23 - 129 pg kg™ lipid
were detscted in internal eider abdominal fat, levels 50 - 1,900 times higher than
greater scaup liver from this study. Ten days after exposure, significant
correlations resulted between internal TEQs and parameters studied by Murk et al.
(1994). Parameters with positive correlations with TEQs were relative liver weight,
cytochrome P4501A activity (in PCB 77 and A50 grcuhs), and plasma retinol
levels and plasma retin/hepatic retinyl palmitate ratio (in PCB 77 group). Negative
correlations occurred with body weight gain, beak length growth (in AS0 group),
and plasma thyroid-hormone and hepatic retinoid levels (in PCB 77 group). Murk
et al. (1994) cautioned that eider ducks may be at risk to adverse health effects in
highly contaminated areas due to their sensitivity to PCB toxicity. White and
Seginak (1994) linked dioxins and furans to reproductive impairment in wood
ducks. Wood duck eggs with a greater than 20 - 50 ng kg-1 wet weight 2,3,7,8-
TCDD TEQ were taken from nests which incurred significantly lower nest success
(~30% clutch reduction), hatching success (~26% lower), and duckling production
(~2 ducklings less) when compared to nests with cleaner eggs having TEQs <5 ng

kg-1 wet weight (White and Seginak 1994). One duckling from a failed nest
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exhibited bill deformities and subcutaneous edema of the head and neck.
Analysis of this embryo revealed whole body TEQ of 42 ng kg'! wet weight, a
value approximately twice as high as those found in greater scaup livers.

Effects of PCBs and other compounds on waterfowl have been documented
mainly through acute exposure studies involving contaminants. in mallard, dietary
ingestion of 150 mg kg1 Arochlor 1242 was related to a decrease in eggshell
thickness of 8.9% and PCB levels reached 100 mg kg-! wet weight in some of the
same eggs (Haseltine and Prouty 1980). However, mallard fed a dietary dosage
of 25 mg kg-1 Arochlor 1254 demonstrated no reproductive impairment or
decreased nest attentiveness (Custer and Heinz 1980). Heath et al. (1872)
demonstrated related egg shell thinning, egg cracking, and reduction in hatching
success in mallards fed 10 mg kg-! dietary DDE. Concentrations of DDE and
PCBs were correlated with egg shell thinning in grebes (Forsyth et al. 1994},
Nebeker et al. (1992) observed decreased activity, growth impairment and
mortality in mallard ducklings exposed to as little as 16.4 mg kg-! dieldrin in feed;
liver tissue concentrations reached ~28 mg kg1 wet weight within tei1 days.
However, Nebeker et al. (1994), observed no effects of dieldrin on growth in
mallard ducklings which accumulated 4.1 mg kg-! wet weight in liver. Greater
scaup from lake Erie exhibited wet weight liver concentrations of 0.02 mg kg-! for
batn p,p'-DDE and dieldrin. Although effects of acute exposure to specific
compounds on waterfowl are known to a limited degree, effects of long term
chronic exposure are poorly understood.

Biological effects of organochlorine compounds are known to vary by orders
of magnitude depending on the species being studied (lkemoto et al. 1992;
Peterson et al. 1993; Hoekstra et al. 1994). For this reason, species should be
considered in interpreting bioassay results, just as tissue type and the mode of

sample preparation (i.e. wet versus lipid) require consideration when evaluating
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contaminant concentrations and effects. Nevertheless, Yamashita et al. (1993)
reported PCB concentrations in double crested cormorant eggs from the Great
Lakes that ranged from 3,600 to 7,300 ug kg! (wet weight). These levels
correspond to TCDD-TEQs of 334 - 1,280 ng kg-! (wet weight). Higher levels of
total PCBs and coplanar PCBs were associated with 'live-deformed' cormorant
embryos compared to normal embryos (Yamashita et al. 1993). Deformities
included crossed bill and clubbed foot. In the same study, Caspian tern eggs from
Saginaw Bay, Michigan, expressed PCB levels 2.6 and 3.4 times higher in infertile
eqggs and deformed-embryos than in normal eggs, respectively. Yamashita et al.
(1993) concluded that TEQs was likely associated with the occurrence of live-
deformed embryos in Great l.akes cormorant eggs and that non-orthc copianar
PCBs contributed most toward the TEQs. In the Netherlands, Dirksen et al. (1995)
observed that cormorants in contaminated areas of Rhine and Meuse rivers had
extremely reduced breeding success relative to other less-contaminated Dutch
colonies. As well, significant correlations were found for egg DDE concentrations
and eggshell thinning, and for egg PCB concentrations and hatching and
breeding success (Dirksen et al. 1995). High reproductive impairment (75%} in
Green Bay Forster's tem was associated with 11 fold higher TCDD TEQs (mean
egg TEQ of 2,175 ng kg-! wet weight) relative to a reference colony (Kubiak et al.
1989). On a positive note, Harris et al. (1993) suggested that improved
reproductive performance in Green Bay Forster's tern in 1988 was associated with
lower egg PCB concentrations. The same colony had higher [evels of
reproductive failure and higher egg PCB levels in 1983. Although the levels of
contaminants and organochlorine sensitivities may vary by species, an underlying
association of higher levels of contaminants with increased reproductive

impairment are evident in many avian species.
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U.S. Fish and Wildlife midwinter counts have revealed declining scaup
numbers in alt flyways of the U.S. and Canada (summarized in Barclay and Zingo
1993). In North America, greater scaup fly through, among other areas, the Lake
Erie region during migrations to and from Alaskan breeding grounds (Figure 17).
Aithough birds staging on Lake Erie may avoid hunting pressure during the
southerly fall migration, thereby decreasing adult and juvenile mortality (C. Custer
pers. comm.), this benefit may be offset by contaminant-induced reproductive
impairment. During 1993, greater scaup suffered an unusually high (37%) rate of
reproductive failure in Alaska, where 25% of eggs were infertile and 12% were
addled beyond classification (J. Barclay, pers. comm.). It is not known whether
ducks that staged on Lake Erie and consumed Dreissena were among those that
experienced reproductive problems in Alaska. However, lesser scaup chicks
reared solely on a diet of zebra mussels from the Middle Sister Island area had
depressed levels of vitamin A and a compromised immune system (C. Tessier,
pers. comm.) and are summarized below. Results from the feeding study showed
significant decreases in hexa- and copro-porphyrin in mussel-fed scaup
compared to control animals fed contaminant free duck chow. As well, a
significant decrease in retinol (active form of vitamin A) concentration occurred
compared to controls, and phagocytic activity of immune cells was significantly
reduced (27%). Liver masses of mussel-fed lesser scaup were significantly
increased. However, no differences in EROD activity was observed between the
'mussel-fed' group and control individuals. These mussel-fed lesser scaup
accumulated total PCBs of 1,600 ug kg -1 lipid, in comparison Lake Erie greater
scaup, lesser scaup, and bufflehead values were 4,464, 2,734 and 3,722 pg kg -1
lipid, respectively. Clearly, however, additional work is warranted to identify
whether greater scaup frequenting western Lake Erie experience reproductive

impairment owing to consumption of contaminated Drejssena. Of concern is the
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subsequent maternal transfer of organochlorine contaminants to eggs since

developing embryos appear to be at greater risk than adults.
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Summary

Different techniques were used to assess organochlorine contaminant profiles
in Great Lakes' waterfowl. Waterfow| gut content analyses revealed diet varied
among species, and between and within sites. Waterfowl from Fighting Island
were classified into 'mussel-consumer’ or ‘'macrophyte-consumer' groups based
on 'snapshot’ diet analysis. Lipid-adjusted liver concentrations of contaminants,
mid- and high log Kow compounds, were marginally and significantly related to
'snapshot' diet; for example Fighting Island 'mussel-consumer’ scaup typically had
much higher concentrations of most contaminants relative to conspecific
'macrophyte-consumers' from that site. As well, ‘'mussel-consumer' buffiehead
were more contaminated with the three higher log Kow representatives than
individuals that consumed mainly macrophyte. Location effects were significant in
5 of 6 chemicals studied owing to higher concentrations of contaminants in
'Dreissena-consumer' Lake Erie scaup relative to Fighting Island individuals,
possibly because lake scaup fed more intensively on mussels. Significant
species differences occurred only between 'mussel-consumers’ and 'macrophyte-
consumers' species. Principal component analysis of log-transformed, lipid-
adjusted, liver contaminant concentrations separated waterfowl groups on
components one and two based principally on diet differences.

Stable isotope analyses established that two separate trophic levels exist in
the Lake Erie Dreissena-waterfowl component of the food web. Lake Erie scaup
had elevated 815N values relative to Lake Erie Dreissena and Fighting Island
'macrophyte-consumer' scaup. These differences approximated those observed
between trophic levels in other aquatic ecosystems.

Toxic equivalents (TEQs) for Lake Erie greater scaup liver were calculated to

be 20.6 ng TCDD kg-! wet weight and 460 ng TCDD kg lipid, which are one half
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or less than the levels associated with reproductive impairment in wood duck. The
effects of chronic exposure to levels of dieldrin, p,p’-DDE, and PCBs found in
waterfowl in this study are not fully known except for diminished vitamin A and
phagocytic immune responses. Greater scaup had the highest concentration of
most contaminants in this study, and experienced reproductive failure during 1993
at Alaskan nesting grounds. However, it has not been established whether
individuals that suffered reproductive failure had previously exploited
contaminated Dreissena in the Great Lakes region.

This study illustrates that Dreissena has become fully integrated in lower
Great Lakes food webs, and is responsible for alteration of contaminant pathways

through modification of predator-prey relationships.
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Table 1. Groups of waterfowt categories by site, species, and diet (consumer
type). Species included are M=mailard, CA=canvasback, RH=redhead,
BH=bufflehead, LSC=lesser scaup, and GRS=greater scaup. Consumer
type or diet are designated as follows P=plant (macrophyte) or ZM=zebra

mussel.

Site Species-Consumer type
Big Creek M-P

Fighting M-P CA-P RH-P BH-P LSC-P LSC-ZM GRS-P GRS-ZM
island

Lake Erie BH-ZM LSC-ZM GRS-ZM
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Table 2. Basic description of waterfowl obtained including location collected,
species, number, sex, mass, wingspan, length, and date collected.

Legend: BC=Big Creek, FI=Fighting Island, LE=Lake Erie.

Total Total Female Female Total Male Male

Site Species number Female Hatching Adult Male Hatching Adult
Year Year
n n (%) n n n (%) n n
BC mallard 19 3(16) 2 1 16(84) 5 11

FI  mallard 7 4 (57} 2 2 3(43) 2 1
FI  canvasback 9 4 (44) 0 4 5(56) 4 1
FI  redhead 7 4(57) 1 3 3(43) 0 3
FI  bufflehead 13 5(38) 4 1 82 5 3
FI lesser scaup 11 5 (45} 3 2 6(55) 4 2
Fl greater scaup 14 8 (57) 7 1 6(43) 4 2
LE bufflehead 11 7(64) 4 3 4(36) 3 1
LE goldeneye 5 3 (60) 1 2 2 (40) i 1
LE lesser scaup 19 10 (53) 8 2 9(47) 3 6
LE greater scaup 6 4 (67) 3 1 2(33) 1 1

TOTAL 121 57 (47) 35 22 64 (53) 32 32
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Table 2. continued.

Dimensions Date Date
Site Species Mass Wingspan Length Collected Collected
g cm cm from to

mean {se) mean (se) mean (se) YYMMDD YYMMDD

BC mallard 1308 (26) 94 (1) 61 (1) 931111 931111
FI mallard 1122 (58) 85 (2) 54 (1) 931014 940929
FI canvasback 1222 (36) 82 (2) 54 (1) 931102 941021
FI redhead 1064 (53) 80 (1) 50 (1) 931020 941017

FI  bufflehead 464 (20) 57 (1) 34 (1) 931014 931129
Fi lesser scaup 803 (42) 67 (2) 42 (1) 931012 940827
FI  greater scaup 1019 (34) 72 (1) 42 (1) 931030 931115

LE bufflehead 443 (15) 58 (1) 35 (1) 941206 941206
LE goldeneye 1120 (83) 75(2) 46 (2) 931125 941206
LE lesserscaup 985 (30) 73 (0) 44 (0) 931125 940423
LE greater scaup 1250 (27) 79 (1) 48 (1) 931125 941206
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Table 4. Pearson correlation coefficients from lipid-normalized liver versus wing
concentration regressions for 38 compounds (numbers given denote PCB
congenrrs). Chemical data was obtained from 11 ducks from which both
wing and liver were analyzed. Log Kow and slope of the resulting equation
are given for each compound.

Compound n log Kow R2 slope
Qce 11 5.00 0.72 0.88
dieldrin 9 5.43 0.56 2.70
HCB 11 5.50 0.93 1.00
p,p'-DDE 11 5.65 0.93 0.88
28 11 5.67 0.72 0.86
44 11 5.75 0.85 3.37
52 11 5.84 0.003 0.10
49 11 5.85 0.13 0.55
60 11 6.11 0.14 0.52
70 11 6.20 0.002 0.04
74 11 6.20 0.98 0.75
87 11 6.29 0.69 2.06
97 11 6.29 0.04 -1.20
0CS 11 6.29 0.97 9.16
77 9 6.36 0.04 3.81
101 11 6.38 0.61 1.19
g9 11 6.39 0.95 0.95
110 11 6.48 0.81 2.95
151 11 6.64 0.96 1.23
105 11 6.65 0.67 1.47
149 11 6.67 0.97 1.15
129 11 6.73 0.97 1.25
118 11 6.74 0.82 0.82
141 11 6.82 0.88 0.65
138 11 6.83 0.99 1.34
mirex 11 6.89 0.63 0.80
146 11 6.89 0.99 1.03
153 11 6.92 0.98 0.80
171 11 7.11 0.99 1.03
174 11 7.11 0.99 1.12
183 11 7.20 0.99 0.97
200 11 7.27 0.95 1.93
172 11 7.33 0.99 0.85
180 11 7.36 0.99 1.C0
195 11 7.56 0.97 1.0
201 11 7.62 0.98 1.04
203 11 7.65 0.98 1.01
194 11 7.80 0.98 1.00
206 11 8.09 0.76 0.95
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Table 5. Comparisons of ratios of lipid-adjusted concentrations of QCB, p.p'-DDE.

OCS, PCBs # 28, 105, 153, 180, 194 and 206 in waterfow! with differing diets

or from different sites. Legend: LSC=lesser scaup, GRS=greater scaup,

BH=bufflehead, FIZM/FIPL=[Fighting Island 'mussel-consumer'] - [Fighting

Island 'macrophyte-consumer'], LEZM/FIPL={Lake Erie 'mussel-consumer’] :

[Fighting Island ‘macrophyte-consumer’], LEZM/FIZM=[Lake Erie 'mussel-

consumer'] + [Fighting Island ‘mussel-consumer’]. With exception of DDE,

ratios generally increase with Kow of the compounds. Greater scaup ratios

are higher than lesser scaup ratios. Larger ratios exist between 'mussel-

consumers' and 'macrophyte-consumers' than between 'mussel-consumers'

from different locations.

Comparison QCB DDE 28 OCS 105 153 180 194 206

logKow 5.00 565 5.67 6.29 665 692 736 7.80 8.09
BH, LEZM/FIPL 0.9 25 16 09 47 63 106 80 44
LSC, FiZM/FIPL 1.3 104 11 1.9 25 45 45 41 56
LSC, LEZM/FIPL 14 105 26 8.8 55 10.2 156 158 154
LSC, LEZM/FIZM 1.1 1.0 23 46 22 23 34 39 27
GRS, FIZM/FIPL 1.4 16.1 0.6 385 9.2 12.9 233 182 181
GRS, LEZM/FIPL 1.0 224 35 142 242 29.4 585 43.1 2537
GRS, LEZM/FIZM 0.7 1.4 64 04 26 23 25 24 140
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Table 6. Two-way ANOVA resuits examining the effects of species and diet on the
concentration of each log Kow representative (QCB, PCBs # 28, 105, 153,
194, and 206) in Fighting Island 'macrophyte’ and 'Dreissena’ consumer

scaup (lesser and greater).

Compound Source of variation  d.f. MS F P

QCB SPECIES 1 0.0899 1.8170 >0.10
DIET 1 0.0311 0.6288 >0.10
SPECIES x DIET 1 0.0002 0.0049 >0.50
Error 10 0.0495

28 SPECIES 1 0.0003 0.0098 >0.50
DIET 1 0.0276 1.0038 >0.10
SPECIES x DIET 1 0.0079 0.2889 >0.50
Error 10 0.0275

105 SPECIES 1 0.0890 0.3814 >0.50
DIET 1 1.0180 4.3686 0.0631
SPECIES x DIET 1 0.0001 0.0006 >0.50
Error 10 0.2333

153 SPECIES f 0.0310 0.0981 >0.50
DIET 1 1.5544 49210  0.0508
SPECIES x DIET 1 0.0389 0.1233 >0.50
Error 10 0.3159

194 SPECIES 1 0.0002 0.0010 >0.50
DIET 1 1.6628 6.7174 0.0269
SPECIES x DIET 1 0.0001 0.0006 >0.50
Error 10 0.2475

206 SPECIES 1 0.1980 0.9474 >0.10
DIET 1 2.0262 9.6936 0.0110
SPECIES x DIET 1 0.0105 0.0502 >0.50
Error 10 0.2090
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Table 7. Resulis of two-way ANOVAs examining the effects of collection site and
species on the concentration of each log Kgow representative {QCB, PCBs #
28, 105, 153, 194, and 206) in Fighting Island and Lake Erie 'Dreissena-

consumer' scaup (lesser and greater®

Compound Source of variation  d.f. MS F P

QCB SITE 1 0.0050 0.1166 >0.50
SPECIES 1 0.0265 0.6180 >0.10
SITE X SPECIES 1 0.0321 0.7489 >0.10
Error 15 0.0429

28 SITE 1 0.7119 16.8977 0.0009
SPECIES 1 0.0212 0.5020 >0.10
SITE X SPECIES 1 0.0676 1.6034 >0.10
Error 15 0.0421

105 SITE 1 1.0895 8.2076 0.0118
SPECIES 1 0.0026 0.0194 >0.50
SITE X SPECIES 1 0.1306 0.9841 >0.10
Error 15 0.1327

153 SITE 1 1.5591 8.2062 0.0118
SPECIES 1 0.0002 0.0010 >0.50
SITE X SPECIES 1 0.1532 0.8063 >0.10
Error 15 2.8499

194 SITE 1 1.8611 12.5612 0.0029
SPECIES 1 0.0084 0.0568 >0.50
SITE X SPECIES 1 0.0077 0.0519 >0.50
Error 15 0.1482

206 SITE 1 2.0784 9.1462 0.0085
SPECIES 1 0.0112 0.0494 >0.50
SITE X SPECIES 1 0.2380 1.0473 >0.10
Error 15 0.2272
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Table 8. Rotated loadings of components 1, 2, and 3 from a principal component
analysis on lipid-adjusted levels of 12 organochlorine compounds in lower
Great Lakes' waterfowl collected. Chemicals important in determination of

components are highlighted in bold,

Loadings
Chemical PC 1 PC 2 PC 3
Variance explained 44.5% 18.1% 9.7%
PCB 2086 0.91 0.12 0.04
PCB 153 0.88 0.25 0.21
PCB 194 0.88 0.20 0.11
PCB 180 0.88 0.20 0.11
PCB 105 0.77 0.22 0.17
PCB 118 0.82 0.35 0.25
OCS 0.52 0.56 0.01
PCB 174 0.51 0.11 0.28
QCB 0.07 0.93 0.18
HCB 0.48 0.79 0.01
PCB 28 0.20 0.15 0.91
PCB 149 0.36 0.16 0.24
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Figure 1. Location of waterfow! collection sites.
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Figure 2. Dreissena right valve length versus right internal septa length.
Measurements were taken only from whole mussels (n=441) found in the

esophagus and proventriculus of waterfowl.
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Figure 3. Percentage dry biomass diet composition {mean + 1 standard error) of

Big Creek mallard and Fighting Island mallard, canvasback, and redhead.

Virtually only plant material was detected, including Vallisneria americana,

Potamogeton spp., and Elodea canadensis.
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Figure 4. Percentage dry biomass diet composition (mean * 1 standard error) of
bufflehead and common goldeneye from Fighting Island and Lake Erie.
Fighting Island bufflehead consumed mainly macrophyte, others consumed
mainly Dreissena. Lake Erie bufflehead and common goldeneye were the

only ducks that consumed amphipod.
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Figure 5. Percentage dry biomass (mean * 1 standard error) of macrophyte, snail,
and Dreissena in the diet of Fighting Island and Lake Erie lesser scaup.
Fighting Island individuals were categorized as 'macrophyie’ or 'Dreissena’
consumers based on diet analysis. Lake Erie scaup consumed the most

Dreissena.

82



Lesser Scaup

100"

(83 ] -~
o 18]
1 1

Dry Biomass (%)

N
(6]
1

_l_.
2 L

macrophyte shail Dreissena

[0 Fighting Island 'macrophyte-consumer'
P4 Fighting Island ‘Dreissena-consumer’
B Lake Erie

Figure 5.

83



Figure 6. Percentage dry biomass {(mean % 1 standard error) of macrophyte, snalil,
and Dreissena in the diet of Fighting Island and Lake Erie greater scaup.
Fighting island individuals were classified as 'macrophyte’ or 'Dreissena’
consumers based on diet analysis. Lake Erie scaup consumed Dreissena to

the greatest extent.
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Figure 7. Size class distribution of Dreissena consumed by Lake Erie bufflehead,
lesser scaup, and greater scaup. On average (mean * 1 se, n) bufflehead
consumed the smallest mussels (4.6 + 0.1 mm, n=391), lesser scaup
consumed intermediate size mussels {11.1 £ 0.1 mm, n=1,101), and greater
scaup consumed the largest mussels (15.3 + 0.2 mm, n=282). Size

distributions were significantly different among all three species of waterfowl

(Kolmogorov-Smirnov tests, «<0.016).

86



Percentage Diet (%)

60 7

I
o
1

N
o
1

NN

1-3

4-6

7-9 10-12 13-15 16-18 19-21 22-24 25-27
Size class (mm)

OO0 Bufflehead
Lesser scaup
B Greater scaup

Figure 7.

87



Figure 8. Contaminant profiles of Big Creek mailard and Fighting Island mallard,
redhead, and canvasback. Each profile is based on lipid-adjusted liver
tissue means of 39 compounds that appear in the same order as in Appendix
A, ranging from low Kow on the left to high Kow on the right. Error bars
represent + 1 standard error. Open bars from left to right are the log Kow
representative compounds QCB, PCB # 28, 105, 153, 194, and 206. Only
dieldrin and PCB # 138 in Fighting Island maliard and p,p'-DDE and PCB #
153 in canvasback exceed 50 g kg-! lipid. Canvasback are the most
contaminated owing to high leveis of high Kow compounds found in two

individuals. See Appendix A for sample sizes used in each profile.
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Figure 9. Lipid-adjusted mean (+ 1 standard error) contaminant profiles of liver
tissue in bufflenead from Fighting Is!and and Lake Erie. Order of
contaminants and figure legends (Kow representatives) as per Figure 8.

Overall Lake Erie bufflehead are significantly more contaminated with the

higher Kow representatives # 153, 194, 206.
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Figure 10. Lipid-adjusted mean contaminant profiles of liver tissue in lesser scaup
from Fighting Island and Lake Erie. Order of contaminants and figure
legends (Kow representatives) as per Figure 8. Error bars denote t 1
standard error. Fighting Island ducks were sorted by major diet component.

Higher levels of contaminants were found in 'mussei-consumer’ lesser

scaup.
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Figure 11. Lipid-adjusted mean (+ 1 standard error} contaminant profiles ot liver
tissue in greater scaup from Fighting Island and Lake Ene. Order of
contaminants and figure legends (Kow representatives) as per Figure 8.
Fighting Island ducks were sorted my major diet component. Higher levels of
contaminants were found in 'mussel-consumer' greater scaup. Contaminant
concentrations detected in Lake Erie greater scaup were the highest found in
this study. Standard error bar (not shown} for OCS in Fighting Island

‘Dreissena-consumer' is = 834,
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Figure 12. Mean (+ 1 standard error) lipid-adjusted contaminant profiles ot
Dreissena, snail and macrophytes. Order of contaminants and figure
legends (Kow representatives) as per Figure 8. Fighting Island mussels were
generally more contaminated than Lake Erie mussels, yet insignificant
differences of Kgw representatives exist. Macrophyte concentralions were
very low and are reported on an organic carbon basis. Concentrations in

snail are generally lower than those found in Dreissena.
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Figure 13. Biomagnification factors of 33 PCBs in lesser and greater scaup from
western Lake Erie that utilized Dreissena as a primary food source. BMFs
are based on lipid-adjusted concentrations in waterfowl and Dreissena from
Middle Sister Island. Greater scaup (open circles) had consistently higher
BMFs than lesser scaup (solid circles). Linear regression yielded equations
for lesser scaup of log BMF = -3.59 + 0.52 * log Kow, R2 = 0.54 (dashed line)
and for greater scaup of log BMF = -3.70 + 0.57 * log Kow, B2 = 0.54 (solid

line).
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Figure 14. Factor score plots (mean * 1 standard error) for waterfowl on PC 1 and
PC 2 from the principal component analysis of twelve contaminants in liver
tissues. Ducks are plotted by species, location, and diet. Mussel-consumers
had higher PC 1 and PC 2 scores and clearly separated from ‘macrophyte-
consumers’. PC 1 was determined by high Kow compounds. Legend:
BH=buffiehead; CA=canvasback; GRS=greater scaup; LSC=lesser scaup;

M=mallard; RH=redhead.
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Figure 15. Mean (x 1 standard error) 813C and §'SN isotope signatures of
Fighting Island and Lake Erie waterfowl and prey items. Standard error bars
not shown are concealed within the symbol chosen. Fighting island food
chain is depicted with squares; open squares are prey items and solid
squares are 'macrophyte-consumer’ waterfowl. Open circles represent Lake
Erie diet items and solid circles Lake Erie waterfowl. Waterfowl legend:
BH=bufflehead, CA=canvasback, GRS=greater scaup, LSC=lesser scaup,
M=mallard, and RH=redhead.
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Figure 16. Relative proportions of 33 PCB congeners in bufflehead, lesser scaup.
and greater scaup from both Fighting Island and Lake Erie. Proportions are
based on means of single-congener lipid-adjusted liver tissue concentrations
divided by the total amount of PCBs in each individual. Error bars are
equivalent to 1 standard error. PCB congeners are arranged in order of
increasing log Kow from left to right. For all three species the 'macrophyte-
consumer' waterfowl usually have a higher proportion of lower PCBs (i.e.
PCBs # 28 to 101). Mussel-consumers have consistently higher proportions
of PCBs # 138 to 206 reiative to 'macrophyte-consumers’, with Lake Erie
'mussel-consumer’ scaup usually having the highest proportion of these
PCBs. Compounds in between (i.e. PCBs # 99 to 141) have relative

proportions that are equal or are variable among waterfowl groups.
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Figure 17. Greater scaup migration corridors from their breeding grounds in

western Alaska to their wintering areas (Taken from Barclay and Zingo 1993).
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Appendix A. Concentrations of kpid normalized organochlonng compounds nean » 1sey i diet ilen and
watertow! coltected trom Fighting Island and Lake Eoe.

diet items

location Fighting Island Fighting Island Lake Erle
species macrophyte Oroissena Drelssenn
consumer type R N )
sample size 8 2 s
% lipld 40°% carbon 10t0t1  10ten
compound . log Kow

QcB 5.00 0.2+0.1 16102 KRR P
DIELDRIN 5.43 ND BO 19 97136
HCB 5.50 0.4 +01 78 + 16 13110
DDE 5.85 0.9t01 100 114 109 ¢+ 53
#28 5.67 ND 4.0t03 38108
#44 575 05204 90 + 3.2 34139
#52 5.84 40+1.4 135 + 26 50+687
#49 5.85 ND 451 74 22128
#60 6.11 0100 KRS A 21t53
#70 6.20 11106 B3t 22 41422
#74 6.20 6.3+02 25+43 19122
#e7 6.29 08%£03 170 + 45 47136
#97 6.29 0.3+0.1 82 + 20 24120
Qcs 6.29 21106 82+10 15:6.3
#77 6.36 ND 19+ 11 Jo+6.4
#101 6.38 24+03 268t 75 118 +74
#99 6.39 16103 118+ 28 47122
#110 6.48 0.4 +£041 260 £ 69 93166
#151 6.64 021002 57t10 66 £ 4.2
#105 6.65 0.1£0.01 9a3+21 54 +36
#149 6.67 0301 190 + 37 193 8.6
#129 6.73 ND 28t28 14 £ 06
#118 6.74 0.2+01 245 + 60 87+ 49
#1141 6.82 0.2x01 57+14 46 £ 3.2
#138 6.83 0.6+0.1 354 £ 71 247 +£13
MIREX 6.89 0.1 £0.04 22+04 06+03
#146 6.89 021003 J4+441 Bt+23
#153 6.92 0.7 £0.03 203 £ 35 224 +13
#1171 71 0.1 £0.03 38 +5.6 28+ 26
74 7.1 0.1+001 17£1.0 A2 x32
#183 7.20 0.4+0.1 3217 58 1 3.8
#200 7.27 0.1£0.01 22+1.3 14415
#172 7.33 0.1+£00 55+10 93107
#180 7.36 0.210.04 99+33 169+ 11
#1495 7.56 01001 24 +4.0 16+ 1.3
#2M 7.62 0.1£0.01 43+52 58 £4.7
#203 7.65 0.1£001 27+25 3630
#194 7.80 0.1+ 0.01 20+32 29t15
#206 8.09 0.1£00 37t43 12122
Total PCB 25+2.3 3375 £ 580 2359 £ 97
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Appendix A contnued  Concentrations of ipid normatized organochlerine compounds {mean = 158} in ciet tems
and wateriowt collected from Fighting Island and Lake Ene

7 o waterfowl|

focation Blg Creek Fighting Isl.  FightingIsl. Fighting isl.  Fighting lsl. Lake Erie
spocies mallard mallard canvasback redhead bufflehead  butflehead
consumer type macrophyte macrophyte macrophyte macrophyte macrophyte Dreissena
sample size 4 3 6 3 4 5

% lipid 5014 3.7 +01 32+02 1604 3605 6.5+05
compound log Kow

CCcB 5.00 13205 25:03 21+£1.0 3318 58:x05 5411
DIELDRIN 543 19+ 11 83 £ 47 22167 21163 140 + 40 146+ 35
HCB 5.50 40+1.2 4109 9252 5.0+21 29+3.2 3055
DDE 5.65 45+8.2 45 + 32 84 + 43 21 £51 13328 331 67
%28 5.67 38112 25t05 2608 2710 B9+286 7622
44 575 62+£25 3527 32%x1.0 8407 1449 37+ 59
#52 5,84 14+ 88 54+04 43115 1022 1219 29+4.7
#49 5.85 29+1.1 09102 10204 1.2+02 39=x11 1421
HEOD 611 23+1.8 0701 2011 09x03 10+ 4.6 31147
470 6.20 66£42 16107 1.2+04 09102 3608 18+3.2
w74 6.20 56+32 08+02 a9z+27 1.0+£01 14+68 3143
#a7 6.29 16+£10 75%12 6.4t21 6862 2028 36126
#a7 6.29 6.8+5.1 1.1+0.6 1.4+04 3.7+£26 2508 6511
ocs 6.29 56+36 15£12 28108 1.3+09 116 £ 38 191 £ 57
K77 6.36 43+29 0.4 0.1 20x049 1.0£02 6.1+04 8205
1 6.38 26 +16 14+6.1 B7+26 131 B.0 2945 78171
#99 6.39 12+6.7 8.0+3.0 11+58 6.1+32 29+83 110+ 11
#110 6.48 22+16 8.6+22 7.7+£22 14178 2339 11310
#4151 5.64 37+1.8 36120 1.4%02 28+23 69+23 44 +54
4105 6.65 1177 J4zx21 56+4.0 50+45 13150 59143
#1149 6.67 14+8.9 1377 36112 B2+56 27+58 154 £ 10
#129 6.73 KEVER| 47+32 1.2+01 0.5+041 5017 44 £33
#118 6.74 3116 16+ 3.8 A7 +24 1483 5011 145 £ 22
#141 6.82 49+ 32 1506 1.0%£03 29+24 B1+23 3328
#138 6.83 37x16 71140 43+ 26 2089 105+ 28 50971
MIREX 6.89 08104 0.6+02 20107 0.4 £0.04 1.0+£0.2 54109
146 6.89 47113 10£6.9 10+6.7 0.8+01 1654 89113
#153 6.92 3055 29+14 67 £ 42 16152 73+19 462 + 93
#1771 n 32213 29125 3728 0502 7827 60£8.6
74 711 34+16 4.44+£27 18103 i.0£03 11£25 B1£5.2
#183 7.20 3606 58£3.7 11£73 06+03 12+3.3 115t 20
#200 7.27 1.2+06 2715 301 1.0£0.3 54+25 29125
#172 7.33 1.2+03 24115 1.8+05 0902 3.0+1.0 2646
#1180 7.36 13+45 22+13 45+ 33 6.7+189 42+89 445 +93
mas 7.56 21+01 23%1.7 14+ 8.7 08+£03 46+1.1 37x86.2
#201 7.62 53+1.0 7858 24 £17 1103 1328 12319
#203 7.65 3.0£1.2 3522 15+ 11 0.8x03 9720 8515
#194 7.80 3002 aot22 10274 0.7+0.3 94+£22 75¢t15
#2086 8.09 1.5£04 08+03 29+ 19 0903 6315 28+5.0
Total PCB 347 + 149 330+£172 443 + 238 179175 693 + 154 3722 £ 496

109



Appendix A contnued.  Concentrations of ipid normahzed erganochlonne compounds gmean ¢ 1se) in diet lems
and waterfow! collected from Fighting Island and Lake Ene.

waterfowl!
location Fighting Isl.  FightingIsl. Fighting Isl.  Fighting Isl. Lake Erie Lake ErieA'
species lesser scaup greater scaup lesser scaup greater scaup lesser scaup greater scaup
consumer typo macrophyte  macrophyte a agenn |
sample size 4 4 3 3 8 5
% lipid 3.3+0.3 36102 49£15 3302 49402 55105
compound  log Kow
QcB 5.00 23108 35+09 3012 49+20 33t05 36110
DIELDRIN 5.43 19+3.4 24+6.2 42+8.7 34 +37 169 ¢+ 25 221117
HCB 550 13408 13125 AN +37 524 23:28 a0t
DDE 5.65 2613 20426 274 £ 163 314 £ 290 277183 437 t 253
428 5.67 15203 1.8+04 17210 1.0£02 39:109 G412
#44 5.75 271 B.1+22 50+ 38 35+22 21 34 33t 6.1
#52 5.84 98+59 59+2.1 BE+22 56425 12:1.3 14125
#49 5.85 28x16 1.3+05 11206 21108 53+1.0 561t 0.4
#60 6.11 26116 2516 41+20 48+19 15+4.0 16121
#70 6.20 3s5t21 21x06 16108 27415 251086 48107
#74 6.20 1.1+£03 0.7+0.% 151 13+ 11 16154 27 £ 10
#87 6.29 12168 65122 84114 23+13 28t33 61+ 11
#a7 6.29 48+032 281048 25:£09 2621 3.5+04 41110
oCs 6.29 18+£7.2 23181 3512 892 + 834 163 + 32 329 + 97
#77 6.36 47+ 3.0 28%1.4 3607 1.5x1.1 60+1.4 86t 1.4
#f 6.38 18£10 11£25 114186 18162 45145 66159
#9% 6.39 B3+49 66:07 27+ 11 31123 60113 9514 22
#110 6.48 15+9.1 §.2+1.7 9.1+1.7 15£6.0 55t7.7 g9179
5 6.64 26+14 22+06 39+22 51+23 24t 4.0 42+ 6.1
#105 6.65 6.4:46 24110 1652 22118 35+56 59t 14
#1489 6.67 11+6.8 8817 66140 7.51t45 90115 141 114
#129 6.73 26215 1.4+03 1405 45+27 23t39 BL76
#118 6.74 21+13 14+1.8 72137 90 + 72 87 +23 172 + 60
#141 6.82 3722 15204 16207 3212 16 £ 2.8 24125
#138 6.83 3017 23136 119+ 46 221 19 3551+ 73 624 + 166
MIREX 6.89 0.61£0.1 0801 50t22 12+94 64111 7.3+ 31
#146 6.89 44+26 29106 22+79 37+ 34 62114 103133
#153 6.92 29+ 20 1629 131 £55 200 + 182 298 1 77 457 + 165
#1171 711 21+1.7 1.2+01 90+41 24+21 44 + 8.1 68120
#1174 7.1 3.0+x19 16205 0.7x02 1.3:04 52196 B6+ B2
#183 7.20 8.5+56 2906 26+ 11 53149 94 + 214 141 + 47
#200 7.27 1.0+03 0B8+03 68+19 8.5%£6.7 41172 50+ 10
72 7.33 1.3:06 09102 39+13 6.7+56 16£3.5 22t 47
#180 7.36 21+19 8.0+1.3 9341 187 £ 173 322 £ BO 470 t 162
#195 7.56 27+20 0602 15+ 5.6 23+20 54412 128 1+ B4
#201 7.62 B2x76 3110 38:£14 60 t 55 150 t 27 216+ 78
#203 7.65 85.7%5.1 22+05 28 + 11 41138 93+18 128 + 49
#194 7.80 40136 1.8£05 16+ 6.9 a3t 29 63 x11 78+ 25
#206 8.09 52+45 1.0+£0.2 29117 19£15 80 + 27 260 t 208
Total PCB 300 + 150 185+ 21 914 + 317 1462 + 1191 2734 + 483 4464 t 1363
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