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INTRODUCTION 

Heavy metals, such as cadmium and lead, are cumulative 

toxins in vertebrates. A variety of processes integral to 

modern industrial societies is increasing concentrations of 

these metals above naturally-occurring levels in many 

ecosystems. Due to the persistent nature of these elements, 

the potential exists for concentrations of heavy metals to 

gradually increase in human-impacted systems. Also, many 

heavy metals are relatively persistent within organisms and 

concentrations can rise gradually over time in sensitive 

tissues and cause delayed injury. Therefore, it is 

important that concentrations of heavy metals are monitored 

in potentially stressed ecosystems and the effects of these 

concentrations on organisms be assessed. This study is an 

effort to determine heavy metal concentrations in waterfowl 

and important components of their environment in the 

Chesapeake Bay estuary and to assess the potential hazards 

of these concentrations to waterfowl. 

Estuaries are of great importance, particularly as 

wintering habitat, to most species of waterfowl. In the 

United States, this is particularly true of the lower 

Atlantic and Gulf coasts which are dominated by relatively 

shallow estuaries of high productivity. However, due largely 

1 
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to the high densities of people and industries they 

typically support, estuaries are susceptible to pollution by 

a variety of contaminants, including heavy metals. Such 

pollution of estuaries 

populations either by 

may adversely affect waterfowl 

direct toxic effects of the 

pollutants, or indirectly by changes in habitat or food 

supplies (Blus et al. 1977). 

The Chesapeake Bay, largest estuary in the U.S., has 

been the most important wintering area along the Atlantic 

coast for a number of waterfowl species (Munro and Perry 

1981). Historically, an abundance of submerged waterfowl 

food plants such as wildcelery (Vallisneria americana) 

widgeongrass (Ruppia maritima), eelgrass (Zostera marina), 

and pondweeds (Potamogeton spp.) has been considered a major 

factor in the attraction of the Bay to migratory waterfowl 

species (Cottam 1939, Bayley et al. 1978, Carter and Haramis 

1980, Munro and Perry 1981). However, during the 1970's, 

submerged aquatic macrophytes in the Chesapeake Bay declined 

sharply (Stevenson and Confer 1978, Orth et al. 1979, Orth 

and Moore 1981), and plant densities remain depressed at 

present (1982). The causes for this decline are unclear; 

changes in temperature or salinity, increased turbidity due 

to nutrient loading or soil erosion, and increases in toxic 

contaminants (particularly agricultural herbicides) are 
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among factors under consideration ( Stevenson and Confer 

1978). 

The responses of waterfowl to the decline in submerged 

aquatic macrophytes have been variable. Some species such 

as mallards (Anas platyrhynchos) and black ducks (~. 

rubripes) have apparently altered their distribution within 

the Bay region (Munro and Perry 1981). In contrast, American 

wigeon (~. americana) and redheads (Aythya americana) now 

winter at greater densities in North Carolina estuaries, 

which continue to support thriving submerged macrophyte 

communities ( Bellrose 1976: 201-202, Perry et al. 1981). A 

third response by waterfowl has been a change in food habits 

to diets composed largely of benthic invertebrates rather 

than plants. This change has been most pronounced for the 

canvasback (Aythya valisineria), but a similar trend may 

apply to other species (Perry and Uhler 1976, Munro and 

Perry 1981, Perry et al. 1981). 

The decline of submerged macrophytes in Chesapeake Bay 

and the resulting change in the food habits of some 

wintering waterfowl provided the original impetuses for this 

study. How such a change in waterfowl food habits may affect 

waterfowl tissue concentrations of heavy metals was the 

original question posed. Upon further consideration, this 

question evolved into a broader query of the relationship 
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between food habits and tissue metal concentrations in 

waterfowl and the potential impacts of the metal levels 

observed on their health. The Chesapeake Bay winters an 

ecologically di verse array of waterfowl species which 

provides an excellent basis for taking a comparative 

approach to examining the food habit - metal accumulation 

relationship. Additionally, the Chesapeake Bay region 

supports a relatively dense and rapidly expanding human 

population (Cronin 1981) which in all likelihood will 

continue to modify the estuary in a variety of ways, 

including the release of heavy metal contaminants. 

Therefore, Chesapeake Bay provides a very suitable system in 

which to make the inquiry this study comprises. Furthermore, 

the continued accrual of the tremendous values - aesthetic, 

recreational, and economic, derived from the Bay 

necessitates an understanding of impacts, such as metal 

pollution, on this biologically and culturally fecund 

system. 

The objectives of this study were: 

1. To determine tissue concentrations of 

cadmium, copper, lead and zinc in 

selected waterfowl species having a 

variety of food habits within the 

Chesapeake Bay region. 
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2. To determine cadmium, copper, lead and 

zinc concentrations of important 

benthic invertebrate and macrophyte 

food items of these waterfowl. 

3. To elucidate the relationship between 

food habits and heavy metal 

accumulation in waterfowl wintering in 

the Chesapeake Bay region. 

4. To examine potential impacts of chronic 

cadmium and lead ingestion on energy 

metabolism in penned mallards. 



LITERATURE REVIEW 

Heavy Metals in Estuaries and Waterfowl 

Estuarine Transport and Accumulation 

Heavy metals entering estuaries come from a variety of 

sources including ore extraction and processing, urban 

sewage and solid waste dumps, a wide variety of 

manufacturing industries, and geological weathering 

(Forstner and Prosi 1979). Additionally, the major direct 

source for bioavailable lead in many regions is the 

combustion of leaded gasoline (National Academy of Science 

1972). 

Heavy metals are transported in rivers to estuaries as 

dissolved ions and organics, organic solids, adsorbed on 

suspended particulate matter, in metallic oxide-hydroxide 

coatings on solids, and in the crystalline stucture of 

solids (Wolfe and Rice 1972, Gibbs 1973, Lee 1975) . The 

majority is generally associated with suspended material 

( Cranston and Buckley 1972, Gibbs 1973, De Groot and 

Allersma 1975). Upon reaching increased salinities in 

estuaries, the bulk of river-borne metals is precipitated 

out of the water column and deposited in estuarine sediments 

(Windom 1975, Cranston 1976, Burrell 1979, Goldberg 1979). 

6 
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This phenomenon is probably related to the process of 

nutrient-trapping by estuaries, which in part accounts for 

the high productivity of these systems (Odum 1971:357, 

Menzel 1979) . In addition, anaerobic conditions, which 

sometimes occur in estuarine sediments, may enhance 

sedimentary accumulation of metals by causing them to bind 

with sulfides (Burton and Leatherland 1971, Holmes et al. 

1974). 

De Groot and Allersma ( 1975) suggested that metals 

bound to suspended matter entering estuaries could be 

mobilized from particulates as soluble species and 

transported to offshore regions. They used this theory to 

explain the gradient of decreasing sediment metal 

concentrations observed with increasing distance offshore. 

However, several other workers have subsequently attributed 

this observation to a simple mixing of metal-rich estuarine 

sediments with relatively metal-free marine sediments 

(Mueller and Foerstner 1975, Salomons and Mook 1977, 

Salomons and De Groot 1978, Goldberg et al. 1979). The bulk 

of relevant literature supports the concept of estuarine 

sediments as sinks for river-borne heavy metals. For this 

reason, in part, heavy metal concentrations in estuarine 

sediments have been used extensively as monitors of 

elemental contamination (for examples see Huggett et al. 
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1971, Armstrong et al. 1976, Harding and Brown 1976, Helz 

1976, Trefry and Presley 1976, Goldberg et al. 1977, 1979, 

Greig and McGrath 1977, Grieg et al. 1977, Hallberg 1979). 

Metals deposited in estuarine sediments are not 

inaccessible to biotic components of the system, but may 

readily enter estuarine food chains. Cord grass (Spartina 

alterniflora), a dominant primary producer in salt marshes, 

accumulates heavy metals including cadmium, lead, mercury, 

and zinc (Banus et al. 1974, 1975, Windom 1975, Windom et 

al. 1976, Gardner et al. 1978). The decomposition of this 

plant plays a key role in the detrital food web 

characteristic of many Atlantic and Gulf coast estuaries. 

In this light, the capacity of detritus to accumulate 

considerably higher concentrations of heavy metals than the 

parent plant material is noteworthy (Lindberg and Harriss 

1974, Odum and Drifmeyer 1978). The potential for cycling 

of heavy metals in estuarine food chains is apparent. The 

persistence of these elements and their more or less 

continuous input into many estuarine systems magnifies the 

importance of heavy metal cycling phenomena. 

A variety of submerged aquatic macrophytes also have 

been shown capable of accumulating heavy metals. Examples 

include cadmium by Najas guadalupensis (Cearley and Coleman 

1973) and Zostera marina (Faraday and Churchill 1979, 
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Brinkhius et al. 1980), cadmium and lead by Elodea 

canadensis (Mayes et al. 1977), cadmium, copper, lead, 

mercury, and zinc by Myriophyllum spp. (Dietz 1972, Franzin 

and McFarlane 1980), and Potamogeton spp. ( Ray and White 

1976, Getz et al. 1977, McIntosh et al. 1978, Peter et al. 

1979), and chromium, copper, lead, and zinc by Vallisneria 

americana (Friant 1979). The decomposition of these plants 

could potentially play a similar role in the cycling of 

metals in estuarine food chains as described for cord grass. 

Of more immediate concern to the present study, many of 

these plants occur in the Chesapeake Bay where they serve as 

important waterfowl food items (Stevenson and Confer 1978, 

Munro and Perry 1981). 

Benthic invertebrates, particularly bivalve molluscs 

(Mollusca: Pelecypoda) play a key role in the detrital food 

chain of estuaries and are, therefore, very important to 

both nutrient and nonnutrient metal cycles in estuaries 

(Menzel 1979). Numerous studies have documented the 

capacities of benthic invertebrates, particularly bivalves 

and worms (Phylum Annelida), to accumulate relatively high 

concentrations of several heavy metals in soft tissues 

(Pringle et al. 1968, Butterworth et al. 1972, Darracott and 

Watling 1975, Phillips 1976a, 1976b, Bloom and Ayling 1977, 

Beddington et al. 1979, Genest and Hatch 1981, Ray et al. 
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1981). This capacity, as well as other properties such as 

their sessile nature, size, population densities, and ease 

of sampling, has fostered great interest in the use of 

bivalves as monitors of heavy metal pollution. The Mussel 

Watch program, begun in the U.S. in 1976, was a large-scale 

monitoring effort resulting from this interest (Goldberg et 

al. 1978a). 

The concentrations of some metals in bivalve tissue, 

particularly nonnutrient elements such as cadmium and lead, 

may be related to sediment metal concentrations (Bryan and 

Hummerstone 1978, Bryan and Uysal 1978, Genest and Hatch 

1981). This may be due to the ingestion of particulate 

matter, which often has an elemental compositiop similar to 

sediments (Goldberg et al. 1978a, Forstner and Prosi 1979). 

The importance of sediments and particulate matter as 

reservoirs of heavy metals probably accounts in part for the 

greater concentrations of non-nutrient metals in benthic 

invertebrates versus fishes generally observed in aquatic 

systems (Emerson et al. 1976, Enk and Mathis 1977, Forstner 

and Prosi 1979, Mathis et al. 1979). 

The higher concentrations of heavy metals observed in 

benthic organisms occupying lower trophic levels contrast 

with food chain biomagnification observed for many 

persistent, lipid-soluble organic contaminants. An 
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important exception to this is mercury. Mercury can be 

methylated by bacteria in sediments, a process that 

increases lipid solubility (Wood et al. 1968, Jensen and 

Jernelov 1969, Bisogni and Lawrence 1973). The resulting, 

highly-toxic methylmercury has displayed biomagnification in 

food chains (Jernelov 1972). 

From the foregoing discussion, it is apparent that 

routes exist for the cycling of heavy metals in estuaries. 

While emergent plants, such as cord grass, may play a major 

role as primary producers in the detri tal food web 

characteristic of estuaries, submerged benthic plants and 

invertebrates, due to their intimate association with metal-

rich sediments and particulate matter, are apt to accumulate 

the highest concentrations of inorganic heavy metals among 

reident organisms. Therefore, animals which prey upon 

benthic plants and invertebrates are more likely to ingest 

injurious amounts of metals than animals occupying higher 

trophic levels. In this light, waterfowl feeding upon 

benthos would be expected to accumulate higher levels of 

metals relative to most other higher vertebrates inhabiting 

estuaries. 

Heavy Metals in Waterfowl 

Among heavy metals, lead has received the most 

attention as a hazardous contaminant affecting North 
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American waterfowl. Records of lead poisoning in waterfowl 

date back to the 1890's (Bellrose 1976:68). Most of the 

concern for lead has centered on the ingestion of spent shot 

deposited by waterfowl hunters (Cottam 1939, Bellrose 1951, 

1959, Trainer and Hunt 1965, Bagley et al. 1967, Wills and 

Glasgow 1967, USDI 1976). Bellrose (1959) estimated annual 

waterfowl mortality from lead shot ingestion to be 2-3% of 

the fall population. Based on the observation that 6.8% of 

the mallards examined contained lead shot in their gizzards, 

he estimated that 25% of the mallard population ingests at 

least one shot per year. More recent evidence (USDI 1976) 

indicates that the incidence of lead shot ingestion has 

remained at levels roughly equal to those reported by 

Bellrose (1959). 

Regional and species differences in tissue lead 

concentrations and lead shot ingestion rates have been 

reported. Wing bones from Atlantic Flyway adult mallards 

contained a median lead concentration of 14.0 ug/g (dry 

weight, d.w.), while median levels from other flyways ranged 

from 2. 9-5. 2 ug/g (USDI 1976). Most of this lead was 

believed to have originated from ingested lead shot. Ducks 

collected from the South Atlantic coastal region of the U.S. 

had the highest incidence of lead shot in gizzards (12.7%) 

among seven regions around the country (Bellrose 1951). 
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Ingestion incidences ranged from 2. 7 to 8. 8% in the 

remaining regions. Members of the genus Aythya seem to be 

particularly prone to lead shot ingestion. Ring-necked 

ducks(~. collaris), redheads, and canvasbacks had ingestion 

incidences of 14.2%, 13.1%, and 11.8%, respectively 

(Bellrose 1959). An earlier study by Bellrose ( 1951) 

indicated similar elevated ingestion rates for these divers 

(based on similar occurrence frequencies in gizzards). 

Cottam (1939) suggested that lesser scaup (~. affinis) were 

particularly susceptible to lead shot ingestion due to their 

feeding behavior. 

The lead burdens of waterfowl tissues have sources 

other than expended lead shot. The bimodal distribution of 

wing bone lead concentrations in waterfowl from some areas 

may indicate two sources of lead, expended shot and "other" 

(presumably more chronic sources, such as foods) (USDI 

1976). Waterfowl mortality has been attributed to lead-rich 

mine drainage at sites in Idaho where lead probably 

accumulated in food plants (Bensen et al. 1964, Chupp and 

Dalke 1964). Vermeer and Peakall (1979) observed greater 

mean liver lead concentrations in greater scaup (~. marilla) 

(1.33 ug/g wet weight, w.w.) than in surf scoters (Melanitta 

perspicillata) (0.24 ug/g, w.w.) collected near a sewage 

outfall near Vancouver, British Columbia. They suggested 
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that this difference was due to these scaups' greater 

ingestion of sediments, which was apparently required as 

grit for digesting an essentially plant diet. Less sediment 

was observed in gizzards of surf scoters which ate 

principally bivalves, the shells of which presumably 

provided grit .. Similar trends between these two species 

were observed for copper and zinc. In canvasbacks collected 

from the upper Mississippi River, Fleming (1981) observed 

mean lead concentrations in wingbones of 7.0 ug/g, d.w. in 

adults and 1.4 ug/g in immatures. 

While mercury was not measured in this study, it has 

received considerable attention as a contaminant in 

waterfowl, and a few highlights of this research will be 

mentioned here. In a nationwide survey of wings of mallards 

and black ducks, Heath and Hill (1974) found that black 

ducks from the Atlantic Flyway with 0.2 ug/g (w.w.) had an 

average of twice the mercury burdens of mallards from across 

the country. Several researchers have noted that diving and 

sea ducks generally have higher concentrations of mercury 

than dabbling ducks (Dustman et al. 1972, Vermeer and 

Armstrong 1973, Baskett 1975). Stendell et al. ( 1977) 

detected mercury in 18% of canvasback eggs collected from 

throughout the species' breeding range. A significant 

correlation was observed between mercury in hens' livers and 
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incubating eggs among pintails (Anas acuta) (Krapu 1973). 

Relatively high concentrations of mercury have been found in 

waterfowl from lakes known to receive waste mercury (Dustman 

et al. 1972, Annet et al. 1975, Clay and Brisbin 1978). 

Cadmium has only recently received attention as a 

contaminant in waterfowl. Ruddy ducks (Oxyura jamaicensis) 

collected from the Delaware River had a mean liver 

concentration of 0.61 ug/g (w.w.) (White and Kaiser 1976). 

Canvasbacks from the upper Mississippi River contained 

kidney cadmium concentrations ranging from 0.02 to 4.6 ug/g 

(w.w.) (Fleming 1981). These concentrations are below 

cadmium concentrations reported in several seabird species 

collected from the North Atlantic region. Bull et al. 

(1977) reported kidney concentrations ranging from 33 to 240 

ug/g in fulmars (Fulmar glacialis), 67 to 231 ug/g in Manx 

shearwaters (Puffinis puffinus), and 15 to 18 ug/g in 

razorbills (Alea torda). The authors speculated that 

cadmium in these birds was principally from natural sources, 

such as ocean upwellings. Stoneburner and Harrison (1981) 

also concluded that relatively high concentrations of 

cadmium and mercury observed in sooty tern (Sterna fuscata) 

populations in the Gulf of Mexico (Dry Tortugas, Florida) 

and the north central Pacific Ocean (Lisianski Island, 

Hawaii) were derived from natural sources, probably 

upwellings. 
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Heavy Metals in Chesapeake Bay 

In a relatively comprehensive study of sediment metals 

throughout the Chesapeake Bay, Helz et al. (1981) found a 

general trend of decreasing metal concentrations seaward 

(i.e. towards the mouth of the Bay). Two major sources of 

metals entering the Bay's northern end are the metal-rich 

Susquehanna River, which accounts for 51% of freshwater 

inputs into the Bay, and industrial activities associated 

with Baltimore Harbor (Turekian and Scott 1967, Helz et al. 

1981). In a study of sediment metals in the northern half 

of the Bay, Helz ( 1976) concluded that natural sources, 

including river discharges (mainly from the Susquehanna}, 

shore erosion, and salt water advection from the ocean 

accounted for the majority of cobalt, iron, manganese, 

nickel, and zinc inputs. 

major. sources of copper 

Direct industrial discharges were 

and chromium, while municipal 

wastewater apparently accounted for the bulk of sediment 

cadmium. Atmospheric dust and rain were primary sources of 

lead. These conclusions contrast somewhat with those of 

Goldberg et al. ( 1978b), who concluded that natural and 

anthropogenic inputs of copper, lead, and zinc were fairly 

equal in the Chesapeake Bay. Metal profiles in sediment 

cores, which show increasing concentrations towards the 

sediment surface, suggest industrial impacts (Schubel and 
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Hirschberg 1977, Goldberg et al 1978b, Helz et al. 1981), 

but possibly confounding factors make conclusions difficult 

(Helz et al. 1981). 

More regional studies have reported relatively high 

metal concentrations in sediments of the Potomac River near 

Washington, D.C. (Pheiffer 1972), and in the Baltimore 

Harbor region of the Patapsco River (Villa and Johnson 1974, 

Tsai et al. 1979). Huggett et al. ( 1971) found generally 

similar concentrations of mercury (0.4-2.6 ug/g, d.w.) in 

sediments of the James, York, and Rappahannock Rivers. 

Relatively high copper and zinc levels were observed in York 

River sediments, apparently due to drainage from abandoned 

pyrite mines on upriver tributaries (Huggett et al. 1975). 

Few studies have examined heavy metals in Chesapeake 

Bay benthos. Huggett et al. (1975) examined copper and zinc 

in American oysters from the Rappahannock and York Rivers 

and observed an inverse relationship between metal 

concentrations in soft tissues and salinity. No significant 

correlation was found between metal concentrations in 

tissues and sediments. Larsen (1979) found generally higher 

concentrations of cadmium, copper, and zinc in soft tissues 

of quahogs (Mercenaria mercenaria) from the James River than 

from the York River. This may be due to the extensive urban 

. and industrial development surrounding the mouth of the 
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James River. Larsen ( 1979) found a similar relationship 

between salinity and tissue concentrations of cadmium and 

zinc as observed by-Huggett (1975), but no relationship was 

observed for copper. Croonenberghs (1974) examined cadmium, 

copper, lead, and zinc concentrations in Rangia cuneata from 
\ 

the James and Rappahannock Rivers. Lead concentrations were 

below detection limits, and concentrations of the other 

metals were similar in both rivers. No significant 

correlations were observed between tissue metal 

concentrations and sediment particle size, composition, or 

metal concentrations; metal uptake from water was suggested 

as the principle factor governing tissue metal 

concentrations . White et-al. (1979) measured cadmium and 

lead in a variety of clams of importance as food items to 

canvasbacks in the Chesapeake Bay. Mean lead and cadmium 

concentrations (ug/g, w.w., in whole clams, inluding shells) 

were 0.37 and 0.06 in Rangia cuneata, 0.56 and 0.05 in 

Macoma balthica, 0.28 and 0.02 in Macoma mitchelli, 0.30 and 

0. 10 in Mya arenaria, and O. 02 and O. 02 in Mulinea 

lateralis. 

Due to widely fluctuating populations and the 

historical importance of the Bay as wintering habitat for 

the canvasback, this species has received the most attention 

in relation to environmental contaminants among Chesapeake 



19 

Bay waterfowl. Using several blood enzyme activities of 

known responsiveness to either organochl0rine or lead 

poisoning, Dieter et al. (1976) concluded that lead was a 

more significant contaminant than organochlorines in 

canvasbacks wintering in the Chesapeake Bay. Greater than 

50% inhibition of del ta-aminolevulinic acid dehydratase 

(ALAD) activity, a sensitive and specific indicator of blood 

lead levels, was observed in 17% of the ducks examined. In 

a related study examining ALAD-blood lead relationships in 

canvasbacks from the Chesapeake Bay and upper Mississippi 

River (Dieter 1979), 13.4% of the Bay birds examined had 

abnormally low levels of ALAD activity ( <50 uni ts) compared 

to 7.0% in birds from the Mississippi River. Elevated blood 

lead concentrations ( >O. 20 ug/g) occurred in 27. 2% of 

Chesapeake Bay canvasbacks versus 11.4% of ducks from the 

Mississippi River. The relatively normal distributions of 

ALAD activities and blood lead values for the Bay ducks, 

which contrasted with the sharp delineation between normal 

and abnormal values observed in Mississippi River birds, was 

suggested to be indicative of lead accumulation via the food 

chain, rather than from spent shot ingestion. 

In another study of heavy metals in Chesapeake Bay 

canvasbacks, White et al. ( 1979) found mean liver lead 

(w.w.) and wingbone lead (d.w.) concentrations of 0.18 ug/g 
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and 7. 8 ug/g, re spec ti vely. The mean kidney cadmium 

concentration (w.w.) was 2.3 ug/g. Liver concentrations of 

copper, chromium, mercury, and zinc were also reported. In 

upper Mississippi River canvasbacks, Fleming (1981) observed 

a mean wingbone lead concentration (d.w.) of 5.1 ug/g and a 

mean kidney cadmium concentration (w.w.) Of 0.72 ug/g, which 

are lower than the respective values found among Chesapeake 

Bay canvasbacks by White et al. (1979). However, direct 

comparisons of these two data sets must be tentative because 

White et al. (1979) reported arithmetic means while Fleming 

(1981) reported geometric means. Additionally, Fleming's 

(1981) samples were evenly distributed among age (adults and 

juveniles) and sex classes, while the age and sex 

composition of birds in the study by White et al. (1979) was 

not reported. 

In a study of liver lead concentrations and lead shot 

in gizzards of species collected from the Chesapeake Bay 

region, Scanlon et al. (1980) found greater liver lead 

values in mallards, black ducks, and Canada geese (Branta 

canadensi s) that had lead shot present in their gizzards 

than in birds of these repective species without shot in 

their gizzards. The lowest mean liver lead concentration 

observed (5.7 ppm, d.w.) occurred in white-winged scoters 

(Melani tta deglandi), a species for which no shot were 
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observed in any of the 53 gizzards examined. They suggested 

that the liver lead concentrations of this species may 

represent background concentrations for a largely 

invertebrate-eating species. Shelhorse (1976) measured 

wingbone lead concentrations in a 

species collected from Back Bay, 

approximately 35 km south of the 

variety of waterfowl 

Virginia, which is 

southern terminus of 

Chesapeake Bay. Representative mean concentrations (ug/g, 

d.w.) included 7.7 for mallards, 9.4 for black ducks, 4.6 

for American wigeon, 15. 2 for ring-necked ducks, 3. 3 for 

lesser scaup, and 2.3 for buffleheads (Bucephala albeola). 

Heavy Metal Toxicology and Biochemistry 

The primary basis for the toxic effects of heavy metals 

is believed to be their strong electroposi tivi ty which 

renders them extremely reactive with nucleophiles (Vallee 

and Ulmer 1972, Luckey et al. 1975). In biological systems, 

heavy metals actively bind with ligands such as sulfhydryl, 

carboxyl, hydroxyl, and phosphate groups on enzymes, nucleic 

acids, and membranes. Although the chemical basis for the 

reactivity of most heavy metals appears similar, there is 

much variation among metals in their toxicology. This 

variation is probably. related to differences in solubility, 

electropositivity, and ionic radius (Luckey et al. 1975). 
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Lead 

Major target systems of lead in higher vertebrates are 

the hematopoetic system, the kidneys, and the nervous system 

(Goyer and Rhyne 1973, Miettenen 1975, Granick et el. 1978). 

The major biochemical bases of lead toxicity are its strong 

interactions with sulfhydryl groups of enzymes and its 

chemical similarities to calcium; interactions with nucleic 

acids, poorly understood at present, may also be important 

(Vallee and Ulmer 1972, Granick et al. 1978). In humans, 

approximately 10% of ingested lead is absorbed via the 

gastrointestinal tract and the bulk (about 90%) of absorbed 

lead accumulates in the skeleton ( Goyer and Rhyne 1973) . 

However, these values may vary considerably according to 

ingestion rate, sex and age, nutrition, and so forth. The 

kidneys and liver generally accumulate the greatest 

concentrations of lead following the skeleton (Bremmer 1974, 

Neathery and Miller 1975). 

Perhaps the most studied aspect of lead toxicity is its 

interference with heme production via inhibition of two 

sulfhydryl enzymes critic al to heme synthesis, ALAD and 

ferrochetalase ( Goyer and Rhyne 1973, Shukla and Leland 

1973, Bremmer 1974, Finelli et al. 1975, Tephly et al. 

1978). Of these enzymes, ALAD is the more sensitive to lead 

inhibition; ALAD activity in erythrocytes has been used 
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extensively to rnoni tor lead exposure in humans ( Finelli 

1977). In addition to supressing hemoglobin formation via 

enzyme inhibition, lead increases fragility and shortens the 

life span of erythrocytes; the resulting anemia is sometimes 

the first and only clinical symptom of lead poisoning (Goyer 

and Rhyne 1973, Bremmer 1974). 

The interference of lead on heme synthesis may account 

in part for the toxic effects this metal exerts against 

other tissues, such as kidneys and nervous tissue. Herne is 

the structural basis not only of hemoglobin but also of the 

cytochrornes of the electron transport system, a key 

component of the mitochondrial energy generating system. 

Kidney mitochondria from lead poisoned animals have 

exhibited swelling and impaired respiration and 

phosphorylation capacities (Goyer 1972, Bremmer 1974). Much 

of the arninolevulinic acid (ALA) observed in the urine of 

lead-poisoned animals is believed to be from kidney 

mitochondria (Granick et al. 1978). Impairments of 

mitochondrial energy metabolism, critical to the transport 

function of nephrons, are probably important in the 

expression of lead-induced kidney damage at the organ level. 

The resulting nephropathy is characterized by tubular 

dysfunction, particularly of the proximal convoluted 

tubules, which leads to arninoaciduria, glycosuria, and 
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hypophosphatemia (Goyer 1972, Goyer· and Rhyne 1973, Bremmer 

1974). An interesting feature of lead metabolism in the 

kidney, which is of some diagnostic value, is the appearance 

of acid-fast intranuclear inclusions in tubule cells (Choie 

and Richter 1972, Goyer 1972). These bodies consist of a 

lead-protein complex in which lead is concentrated about 

50-100 times greater than in the kidney as a whole. These 

bodies are apparently synthesized de novo in the cytoplasm 

and migrate to nuclei (McLachlin et al. 1980). They are 

presumed to protect lead-sensitive enzymes by segregating 

lead from such enzymes. 

The sensitivity of brain tissue to lead, particularly 

in children, has generated considerable research concerning 

the neurotoxic effects of lead. Lead concentrations below 

those associated with kidney damage or anemia have been 

linked to brain damage (Goyer and Rhyne 1973, Granick et al. 

1978). Manifestations of lead-induced damage to the central 

nervous system include cerebral edema, increased 

cerebrospinal fluid pressure, and neuronal degeneration. 

Biochemically, these effects may again be related to the 

impacts of lead on mitochondrial processes, via interference 

with heme synthesis, for example (Bull 1977, Granick et al. 

1978). Additionally, lead has been shown to inhibit adenyl 

cyclase in the laboratory rat cerebellum which may affect 
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transmitter function (Nathanus and Bloom 1975). Lead also 

affects the peripheral nervous system, in part by mechanisms 

which suggest the importance of lead-calcium interactions. 

At both the synapse and the neuromuscular junction, lead 

inhibits calcium-mediated transmitter release (Granick et 

al. 1978). Lead also appears to induce segmental 

demylination, which reduces conduction velocity. Lead-

induced peripheral neuropathy results in general motor 

weakness and palsy (Goyer and Rhyne 1973). 

Lead also has been implicated in impairing heart 

function (Checkunova 1978, Hejtmancik and Williams 1979a, 

1979b, Kopp et al. 1980), and thyroid function (Sandstead et 

al. 1969, Goldman et al. 1977). Relatively high dosages of 

lead have resulted in impaired reproduction in rats 

(Hildebrand et al.. 1973) and Japanese quail (Coturnix 

coturnix japonica) (Stone and Soars 1974, Edens et al. 

1976). Kendall and Scanlon (1981) observed no changes in 

egg production or fertility due to lead ingestion in ringed 

turtle doves (Streptopelia risoria), although testes weights 

and spermatozoa production were reduced in males. 

The effects of lead on avian wildlife, particularly 

waterfowl, have been studied largely out of concern for 

spent shot ingestion. These studies have revealed many 

similar effects of lead on waterfowl as described above for 
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laboratory animals and humans. Gross symptoms of acute lead 

poisoning in waterfowl include bile-stained diarrhea, 

lethargy, cephalic edema and impaction of the proventriculus 

(Cook and Trainer 1966, Bagley et al. 1967, Karstad 1971, 

Roscoe and Nielsen 1979). Pathological lesions include gall 

bladder distension and bile-staining of the gizzard lining, 

liver congestion, necrosis of kidney tubules, and 

infarctions of skeletal, cardiac, and smooth muscle tissue. 

Intranuclear inclusion bodies have been observed in renal 

tissue of several waterfowl species ( Locke et al. 1966, 

Locke and Bagley 1967, Clemens et al. 1975, Roscoe and 

Nielsen 1979). The presence of intranuclear inclusion 

bodies and/or liver lead concentrations greater than 6 ug/g 

(w.w.) are considered diagnostic of acute lead poisoning in 

ducks (Locke et al. 1966, Longcore et al. 1974). 

Inhibition of erythrocyte ALAD has been observed in 

waterfowl dosed with lead shot (Finley et al. 1976a, 1976c, 

Dieter and Finley 1978). In mallards, ALAD activity was 

reduced to 25% of control values by blood lead 

concentrations of 0.2 ug/ml, which is approximately one-half 

of the lead concentration required for a similar inhibition 

in mammals (Finley et al. 1976a). It should be noted, 

however, that severe lead-induced erythrocyte ALAD 

inhibition has been observed in birds unaccompanied by 
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anemia (Finley et al. 1976c, Kendall et al. 1981). While 

blood ALAD activity may be of great diagnostic value, lead-

induced ALAD inhibition may be of greater toxicological 

significance in other tissues. March et al. ( 1976) 

suggested that abnormal plasma concentrations of free fatty 

acids, uric acid, and p~olactin observed in lead-poisoned 

Canada geese were due to impaired aerobic energy metabolism, 

which is consistent with an impaired mitochondrial 

cytochrome system. Dieter and Finley ( 1979) found the 

cerebellum of mallards to be more sensitive to lead-induced 

ALAD inhibition than liver or cerebral hemisphere tissues. 

In addition to ALAD inhibition, the ingestion of one lead 

shot apparently resulted in the destruction of 

nonregenerating neuronal cells in the cerebellum, which are 

critical to the integration of auditory, visual, motor, and 

reflex reponses. 

The reproductive systems of waterfowl are apparently 

not particularly sensitive to lead toxicity. In studies by 

Cheatum and Benson ( 1945) and Elder ( 1954), lead-shot 

ingestion by mallards had no effect on egg fertility, 

embryonic survival, or hatchability, although other signs of 

lead toxicosis were observed. Interestingly, laying mallard 

hens accumulated higher concentrations of lead in blood, 

livers, kidneys, and wingbones than drakes (Finley et al. 
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1976b). This trend was most marked in wingbones, where hens 

accumulated lead concentrations approximately 10 times 

greater than those observed in drakes. Increased calcium 

metabolism and mobilization from bone, required by egg-

laying in hens, probably played a role in the observed sex 

differences in lead accumulation. 

Diet plays an important role in plumbism. The severity 

of lead toxicosis in waterfowl dosed with lead shot has been 

observed to be much greater for birds eating corn rather 

than coontail (Ceratophyllum demersum) or commercial duck 

chow (Jordan and Bellrose 1951, Roscoe and Nielsen 1979). 

Anorexia is sometimes a feature of acute lead poisoning in 

waterfowl (Cook and Trainer 1966). Jordan (remarks 

following Bellrose 1951) noted that control mallards pair-

fed with lead shot-dosed birds (which became anorexic) 

exhibited similar mortality rates and similar symptoms, such 

as weight loss, bile-stained feces and "paralysis", as 

treated ducks. Unfortunately, food consumption data are 

lacking in many toxicological studies. 

Cadmium 

Cadmium, like lead, is a cumulative poison; toxic 

effects may not ensue for some time after initial exposure. 

Cadmium is chemically closely related to zinc and the two 

elements naturally occur together in soils and minerals at a 
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typical zinc: cadmium ratio of 100-1000: 1 ( Friberg et al. 

1974). The biochemical bases for cadmium toxicity include 

the replacement of zinc in zinc metalloenzymes, binding with 

nucleophiles such as carboxyl, phosphate, and particularly, 

sulfhydryl groups, and interference with biosynthesis via 

binding with ribosomes and/or inhibiting RNA polymerase 

activity (Pool 1981). Approximately 2% of ingested cadmium 

is absorbed from the gastrointestinal tract (Friberg et al. 

1974). Most absorbed cadmium accumulates in kidney and 

liver tissue; smaller amounts occur in the pancreas, spleen, 

heart, blood, and testes (Dyer et al. 1974, Friberg et al. 

1974, Suzuki 1980, Sabbioni et al. 1978). Renal cadmium 

displays a protracted residence time; for example, the half-

life of cadmium in human kidneys is about 13 years (Nomiyama 

1975). Target systems of cadmium include the kidneys, the 

testes, the gastrointestinal system, the circulatory system, 

and the liver. 

An important component of cadmium metabolism is 

metallothionein (MT), a low molecular-weight (about 10,000) 

protein characterized by its high proportion of cysteine 

residues and a resulting strong affinity for heavy metals, 

particularly cadmium and zinc (Kagi and Vallee 1960, 1961). 

Both cadmium and zinc induce de nova synthesis of this 

protein, particularly in the liver and kidneys, but cadmium 
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appears to be the more potent inducer and is more tightly 

bound to MT than zinc (Kagi and Vallee 1961, Friberg et al. 

1974, Garvey and Chang 1981, Swerdel and Cousins 1982). 

This protein may function as a storage or transport 

mechanism for zinc and/or as a detoxification mechanism for 

cadmium. 

The kidneys are probably the most sensitive tissue to 

chronic cadmium exposure. The effects of cadmium on the 

kidney are much like those described for lead - tubular 

necrosis and dysfunction, particularly of the proximal 

convoluted tubules, evidenced by proteinuria (Nordberg 1972, 

Nomiyama et al. 1973, Friberg et al. 1974, Kotsonis and 

Klaasen 1978). MT appears to play an important, but not· 

fully understood, role in cadmium-induced renal 

pathogenesis. 

as follows: 

A prevailing model for this pathogenesis is 

In the early, pre-clinical stages of cadmium 

accumulation, cadmium induces MT synthesis in liver and 

kidney tissue and the protein binds cadmium and prevents its 

interference with cadmium-sensitive enzymes. This period is 

marked by a steadily rising cadmium concentration in the 

kidney cortex and relatively low urinary excretion of 

cadmium and proteins (Friberg et al. 1974, Nordberg 1978, 

Suzuki 1980). However, with continued exposure, the ability 

of the kidney to synthesize sufficient MT to bind increasing 
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free cadmium is surpassed. The free cadmium then interferes 

with enzymes important to nephron function and the ensuing 

dysfunctio~ leads to increased urinary concentrations of 

cadmium and proteins. 

This model is complicated, however, by the observation 

that injections of a cadmium-MT complex are about five times 

more toxic to the kidney than free cadmium ( as cadmium 

chloride) (Nordberg 1978). Additionally, Revis (1981) 

observed that high-protein diets tended to exacerbate the 

toxic effects of cadmium on the kidney, apparently due to 

enhancement of MT synthesis. He concluded that, in terms of 

kidney dysfunction, the cadmium-MT concentration in the 

kidney was more important than merely the cadmium 

concentration. However, cadmium, rather than thionein, 

appears to be the toxic component of cadmium-MT (Nordberg 

1978, Suzuki et al. 1979). Hepatic cadmium, carried in the 

blood to the kidneys, is apparently catabolized by the 

kidney and the free cadmium then induces and binds to renal 

MT; this phenomenon may, in some way, account for the 

increased toxicity of cadmium-MT to the kidneys (Nordberg 

1978). 

The testes are apparently the most sensitive organs to 

acute cadmium exposure (Nordberg 1972). Cadmium injections 

rapidly produce severe, often irreversible, testicular 
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necrosis ( Parizek 1960) . The major mechanism for this 

necrosis appears to be profound ischemia, which leads to 

degeneration of the seminiferous tubules (Aoki and Hoffer 

1978). Birds may be somewhat less sensitive than scrotal 

mammals to the effects of cadmium on the testes due to the 

lack in birds of a pampiniform plexus, which sometimes 

ruptures in response to cadmium-induced rises in blood 

pressure ( Johnson 1977) . Cadmium also reduces androgen 

secretion by the testes (Lau et al. 1978), which may account 

for the increased serum levels of pituitary gonadotrophins 

observed by Dutt et al. ( 1978) since androgens in part 

control gonadotrophin secretion by a negative feedback 

system. Despite the sensitivity of .the testes to· acute 

doses of cadmium, they are much less sensitive than kidneys 

to chronic exposure (Nordberg 1972). Chronic cadmium 

exposure may lead to much higher cadmium concentrations, but 

with no accompanying ill effects, than observed in testes 

made necrotic by acute cadmium doses. In fact, pretreatment 

with several smaller doses of cadmium provides protection 

for the testes against an otherwise toxic acute dose of 

cadmium. Cadmium-induced MT apparently plays a strongly 

protective role in the testes (Nordberg 1972). 

Cadmium is known to interfere with gastrointestinal 

absorption of iron and calcium and these interferences may 
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have severe consequences when the diet is marginally 

adequate in these two nutrients. Cadmium ingestion has 

resulted in anemia in birds and mammals, apparently due to 

reduced iron absorption (Fox et al. 1971, Richardson et al. 

1974, Cousins et al. 1977, Prigge et al. 1977, Suzuki and 

Yoshida 1978). Cadmium and iron apparently share similar 

transport mechanisms from the gastrointestinal tract as 

increasing dietary levels of one generally reduces 

absorption of the other ( Flanagan et al. 1978). Cadmium 

ingestion can disrupt calcium homeostasis by inhibiting 

calcium absorption, which may be in part due to impaired 

Vitamin D synthesis, as well as through kidney dysfunction, 

which increases urinary calcium excretion (Feldman and 

Cousins 1973, Friberg et al. 1974, Ando et al. 1978, Chertok 

et al. 1981). These impairments can result in increased 

calcium resorption from bone, which may lead to severe 

skeletal deformities such as those observed among Japanese 

victims of cadmium-induced "itai-itai" disease (Friberg et 

al. 1974). 

The suggestion that environmental cadmium is at least 

in part responsible for human hypertension has evoked 

considerable controversy. The chronic ingestion by rats of 

water containing as low as 1 ug/ml cadmium has been found to 

result in an increase in systolic pressure similar to the 
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increase associated with human hypertension ( Perry and 

Erlanger 1974). Human hypertensives generally have higher 

renal cadmium concentrations than nonhypertensives (Perry et 

al. 1976). Low doses of cadmium also have been shown to 

increase adrenal catecholamine secretion and to increase 

pressor response to norepinephrine (Hart and Borowitz 1974, 

Rastogi and Singhal 1975, Williams et al. 1978). However, 

normal levels of dietary zinc often abolish cadmium-induced 

hypertension in laboratory rodents and cadmium as the 

causative factor in human hypertension is not supported 

epidemiologically (Doyle 1977, Perry et al. 1980). 

Cadmium alters carbohydrate metabolism through diverse 

effects on the liver, kidneys, adrenals, and pancreas. In 

the liver and kidneys, both injections and ingestion of 

cadmium have produced increased gluconeogenesis as measured 

by increased activities of four key enzymes (Singhal et al. 

1974, Chapatwala et al. 1980). Also, liver glycogen is 

often reduced and blood glucose increased, apparently due in 

part to increased catecholamine secretion (Ghafghazi and 

Mennear 1973, Hart and Borowitz 1974, Rastogi and Singhal 

1975); increased phosphorylase activities (key 

glycogenolytic enzymes) may also contribute to glycogen 

mobilization ( Sporn et al. 1970) . However, the cadmium-

poisoned animal is apparently unable to fully utilize this 
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mobilized energy, as indicated by reduced aldolase activity 

(a glycolytic enzyme) and reduced insulin secretion due to 

pancreatic beta cell destruction (Sporn et al. 1970, Singhal 

and Merali 1979) . Cadmium-induced kidney dysfunction 

exacerbates this wasting of mobilized glucose by causing 

urinary glucose excretion. Cadmium may also affect energy 

metabolism at the mitochondrial level by impairing transport 

processes and oxidative phosphorylation (Sporn et al. 1970, 

Ithakissios et al. 1974, Rajanna et al. 1981). These 

cadmium-induced impairments of energy metabolism could have 

serious consequences for wild waterfowl which are often 

subject to food shortages, climatic extremes, and other 

conditions requiring energy conservation for maximum chances 

of survival. 

The effects of cadmium on waterfowl have received far 

less attention than the effects of lead. Mallards fed 20 or 

200 ug/g of dietary cadmium exhibited renal tubular necrosis 

and reduced spermatogenesis, and at the 200 ug/g 

concentration, laid fewer eggs than controls (White and 

Finley 1978, White et al. 1978). Highest cadmium 

concentrations occurred in liver and kidney tissue; no 

anemia was observed as measured by packed cell volume and 

hemoglobin concentration. Among wood ducks (Aix sponsa) fed 

0, l, 10, or 100 ug/g of dietary cadmium, birds at the 
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highest treatment level suffered kidney damage, including 

tubular necrosis (Mayack et al. 1981). The effects were 

more severe for birds consuming an 18% protein diet than for 

birds on a 30% protein diet. As with mallards, highest 

cadmium concentrations in wood ducks occurred in liver and 

kidney tissue. 

Copper and Zinc 

Unlike lead and cadmium, copper and zinc are essential 

nutrients; they serve critical functions as cofactors in 

metalloenzymes and as stabilizers of macromolecules {O'Dell 

1976, Riordan 1976; for extensive reviews, see Nriagu 1979, 

1980) . Vertebrates 

efficient mechanisms 

have 

for 

evolved highly complex 

maintaining copper and 

homeostasis within a wide range of intake rates. 

and 

zinc 

While 

extremely high intake rates of these elements can be toxic, 

deficiency states are far more frequently observed. The 

interest in these metals within this study is not in the 

potential toxicosis associated with excess exposure, since 

such excesses appear to be very rare for birds and mammals, 

even in contaminated systems. Of major concern, rather, are 

the interactions these nutrients have with nonessential 

heavy metals, particularly cadmium. 

In some functions, cadmium can be viewed as an 

antagonist to copper and zinc, particularly zinc. It has 



37 

been noted that cadmium-induced toxicosis is in some 

respects similar to a state of zinc deficiency (Friberg et 

al. 1974, Richardson et al. 1974). Increased intake of zinc 

has been shown to ameliorate cadmium-induced growth 

depression (Hill et al. 1973), hypertension (Doyle 1977, 

Perry et al. 1980), and testicular necrosis (Parizek 1960, 

Sarkar and Mondal 1973). Dietary copper supplementation 

reversed mortality due to cadmium ingestion in chickens 

(Hill et al. 1963). With respect to lead, dietary copper 

and zinc supplements provide some protection against its 

toxic effects, particularly on heme and hemoglobin synthesis 

(Cerklewski and Forbes 1976, Tephly et al. 1978, Calabrese 

1981:71-73, 186-188). 

Of uncertain physiological consequences are the 

profound effects of cadmium on copper and zinc metabolism. 

Cadmium has been shown to alter tissue deposition of both 

copper and zinc (Mills and Delgarno 1972, Cousins et al. 

1977, Doyle 1977, Perry et al. 1980, Ashby et al. 1981). 

The most pronounced changes generally observed are increased 

liver and kidney concentrations of copper and/or zinc. This 

effect appears to be associated with cadmium-induced MT 

synthesis; the resulting MT binds copper and zinc, as well 

as cadmium and other metals (Suzuki et al. 1977, Suzuki 

1979, Ashby et al. 1981, Oh et al. 1981). Cadmium may also 
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interfere with copper and zinc metabolism by inhibiting 

gastrointestinal absorption of these nutrients (Calabrese 

1981:67, 180). This may explain the observation by Ashby et 

al. (1981) that during the first 10 weeks of chronic cadmium 

ingestion by rats, hepatic and renal copper concentrations 

increased, but thereafter, copper concentrations decreased. 

Reduced gastrointestinal absorption of copper may have 

finally overridden the copper-trapping effect of cadmium-

induced MT. 

The significance of interactions between copper and 

zinc and nonessential metals such as cadmium and lead are 

not clear. However, it seems reasonable to suggest in light 

of available data that, except for rare instances of gross 

excesses of copper and zinc, relatively high dietary levels 

of these metals may be beneficial to wildlife inhabiting 

systems contaminated to some degree with highly toxic metals 

such as cadmium and lead. Finally, in evaluating. the 

potential toxicity of cadmium concentrations in tissues of 

wild animals, information concerning copper and zinc status 

may be helpful. 



Chapter 1 

HEAVY METALS IN CHESAPEAKE BAY WATERFOWL 

In order to examine the extent of metal accumulation by 

waterfowl wintering in the Chesapeake Bay, livers, kidneys, 

and ulnar bones were analyzed for dry weight concentrations 

of cadmium, copper, lead, and zinc. Again, the elements of 

major interest in this study are cadmium and lead; copper 

and zinc were monitored largely due to their interactions 

with cadmium metabolism. 

Methods and Materials 

Livers, kidneys, ulnar bones, and gizzards of 

Chesapeake Bay waterfowl were obtained from a variety of 

sources. Some birds were collected in Back Bay, Virginia, 

which for the purposes of this study is considered a part of 

the Chesapeake Bay region. Sources included waterfowl 

hunters, U.S. Fish and Wildlife Service, Maryl~nd Department 

of Natural Resources, the Virginia Commission of Game and 

Inland Fisheries, Virginia Institute of Marine Sciences, and 

federal and state authorized collections by shooting. 

Tissues obtained through federal and state agencies were 

from ducks which either had been collected in conjunction 

with other studies, had inadvertently died during trapping 

39 
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efforts, or were confiscations of illegally-killed birds. 

Included in this study are subsamples of 412 duck livers 

from which other subsamples had previously been analyzed for 

lead concentrations (Scanlon et al. 1980). These lead data 

have been included in this study. Duck tissues obtained 

solely for this study were obtained from birds killed during 

the 1979-80 and 1980-81 wintering seasons. Other samples 

were taken from birds that died during the 1976-77 to 

1979-80 wintering seasons. · A total of 774 livers, 266 

kidneys, and 271 ulnar bones from 15 species were obtained 

for metal analyses. 

Gizzards from 219 ducks were examined visually for 

ingested lead shot and food contents; 182 had sufficient 

food materials · for use in the food habit survey. The 

ingested shot data were pooled by species with data included 

in the report by Scanlon et al. (1980). Food material was 

separated by taxon and the average percent volume and 

frequency of occurrence were calculated for each taxon 

within each duck species. Gullet food material was not 

available, and results are presented recognizing possible 

bias associated with gizzard analyses (Swanson and Bartonek 

1970). 

Dissections were made with dilute nitric-acid washed 

stainless steel instruments on a clean stainless steel 
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surface. In cases in which hunters or other persons not . 
directly associated with this study removed livers or 

kidneys from carcasses, subsamples from inner portions of 

these organs were dissected out under clean laboratory 

conditions for use in element analyses. Tissue samples for 

metal analyses were placed either in sterilized polyethylene 

bags or in acid-washed glass vials and frozen at -20C. All 

glassware was washed according as described by Scanlon et 

al. (1980). All water used in glassware washing and metal 

analyses was deionized with a NANO pure 4 system (Barnstead 

Co.-, Boston, MA). Acids used were reagent grade (Fisher 

Scientific Co., Pittsburgh, PA). 

Tissues for metal analyses were placed in glass vials 

and lyophilized at -SOC and 50-100 utorr for 48 hr. 

Lyophilized tissues were weighed to the nearest 0.1 mg into 

preweighed ignition tubes and ashed in a muffle furnace at 

450C for 36+2 hr. The resulting ash was dissolved in a 

solution of HN03:HC1:deionized water (1:1:6), vortexed, 

placed on a laboratory bench for 1 hr and centrifuged at 

76lxg for 5 min. 

Concentrations (d.w.) of cadmium, copper, lead, and 

zinc were determined in the resulting supernatant with an 

Instrumentation Laboratories Model 351 atomic absorption 

spectrophotometer (Wilmington, MA). Cadmium and copper 
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concentrations in ulnar bones were below detection limits in 

the first 103 samples assayed; thereafter concentrations of 

these metals were not sought in ulnar bones. All 

determinations were made under single-beam, air-acetylene 

flame conditions using a long-path single-slot burner head. 

Background correction was achieved with a deuterium 

continuous light source. Working standards were made from 

certified atomic absorption standard solutions (Fisher 

Scientific Co.) diluted in the mixture used for dissolving 

sample ash. See Appendix Table I for information concerning 

instrument settings and performance for the individual 

elements analyzed. 

The following precision and accuracy procedures were 

routinely conducted during metal analyses: a) standards 

were run every 10 samples; b) blank tubes were routinely run 

through the analytical procedure to check for contamination; 

c) bovine liver with known element concentrations (Standard 

Reference Material 1577, National Bureau of Standards, 

Washington, D.C.) was routinely analyzed (Appendix Table 

II); d) standard additions were run to check for possible 

matrix interference (Appendix Table I I I). Only lead in 

ulnar bones di splayed matrix interference ( 80% average 

recovery); data were not corrected for recoveries. 
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The Kruskal-Wallis one-way layout test (Hollander and 

Wolfe 1973: 115-120) was used to test for significant 

differences among species for each tissue metal (e.g. liver 

lead). When significant differences (p<0.05) were observed 

for a given tissue metal, all possible pair-wise comparisons 

were made between all species using the Wilcoxon rank sum 

test (Hollander and Wolfe 1973:68-75). Spearman correlation 

coefficients (Hollander and Wolfe 1973:191-192) were used to 

test for independence between selected pairs of tissue 

metals. In computing arithmetic means, a value midway 

between zero and the detection limit was used for data 

points which were below detection limits (Appendix Table I). 

Results and Discussion 

Due to concentrations below detection limits in the 

first 103 samples analyzed, cadmium and copper 

concentrations in ulnar bones were deleted from the study. 

Significant differences due to species were found for all 

other elements in all tissues (Table 1). The element 

concentration data ( Tables 2-11) generally display great 

variability both within and among species. This variability 

is most marked for cadmium (Tables 2 and 3) and le.ad (Tables 

4-6), which is not surprising considering their status as 

non-essential elements as opposed to the nutrient metals 

copper and zinc. The distributions of cadmium and lead 
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Table 1. Results of Kruskal-Wallis analyses for species 
differences in tissue metal concentrations in 
Chesapeake _Bay waterfowl. 

Metal Tissue df Chi-square p-value 

Cadmium Liver 14 180.0 0.0001 

Cadmium Kidney 11 34.6 0.0003 

Lead Liver 14 158.7 0.0001 

Lead Kidney 11 22.7 0.02 

Lead Ulnar bone 11 59.5 0.0001 

Copper Liver 14 247.6 0.0001 

Copper Kidney 11 27.3 0.004 

Zinc Liver 14 128.4 0.0001 

Zinc Kidney 11 36.3 0.0002 

Zinc Ulnar bone 11 111.1 0.0001 



Table 2. Cadmium concentrations (ug/g, d.w.) in livers of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N Median Mean %-tile %._tile Range 

Oldsquaw 36 5.14 5.47 3.54 8.04 0.41-14.82 a 
W.-w.scoter 1 57 2.31 3.10 1. 31 4.60 <0.10-13.29 b 
Canvasback 64 1. 40 3.10 0.70 2.34 <0.10-23.51 C 
Gadwall 32 1.12 2.53 0.61 2.60 0.18-20.40 cd 
Greater scaup 13 1. 31 1. 56 0.53 2.48 <0.10- 3.16 cde 
Lesser scaup 83 0.95 1.25 0.57 1. 78 <0.10- 4.03 df 
Bufflehead 71 1.00 1.24 0.44 1.96 0.13- 3.79 dg 
Ring-necked duck 23 0.93 0.91 0.55 1.26 0.19- 1.84 dgh 
American wigeon 37 0.83 1.14 0.29 1. 90 <0.10- 3.34 dghi 
Black duck 128 0.88 1.16 0.43 1.43 <0.10-11. 75 egh 
Pintail 24 0.66 1.04 0.28 1. 72 <0.10- 3.70 efgi 
Ruddy duck 20 0.68 0.82 0.41 1.14 0.18- 2.14 ghi 
Green-winged teal 16 0.60 0.67 0.36 0.94 <0.10- 1.78 hi 
Mallard 157 0.56 0.80 0.25 1.02 <0.10- 4.56 i 
Wood duck 13 0.39 0.64 0.21 0.81 <0.10- 2.37 i 

a,b,,,,i: species not sharing a common letter are significantly 
different (p<0.05). 

1w. -w. scoter = White-winged scoter. 
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Table 3. Cadmium concentrations (ug/g, d.w.) in kidneys of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N Median Mean %-tile %-tile Range 

Seaducks 1 7 18.88 27.62 3.01 71.15 3.10-71.15 a 
Black duck 18 8.73 11.49 3.02 15.79 1. 05-37. 89 ab 
American wigeon 14 8.30 7.73 3.10 14.40 0.77-14.79 be 
Greater scaup 11 5.73 7.40 2.01 14.03 0.82-15.45 be 
Mallard 25 6.71 7.66 2.65 8.37 0.32-28.13 bed 
Lesser scaup 69 5.00 6.10 2.62 8.69 0.48-17.73 bed 
Canvasback 63 4.10 6.00 1.24 8.58 0.16-23.68 cd 
Gadwall 9 5.88 16.98 0.60 26.42 0.54-98.92 bcde 
Pintail 5 2.47 5.65 1. 2 13.69 2.47-13.69 bcde 
Bufflehead 17 2.59 5.51 1. 08 6.53 0.38-20.64 cde 
Ring-necked duck 8 3.72 3.83 1. 88 5.20 0.44- 9.64 de 
Ruddy duck 20 2.68 2.72 0.96 3.80 0.29- 6.90 e 

a,b,,,,e: species not sharing a common letter are significantly 
different (p<O. 05). 

1 Seaducks=pooled oldsquaws (N=S) and white-winged scoters (N=2). 
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Table 4. Lead concentrations (ug/g, d.w.) in livers of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N Median Mean %-tile %-tile Range 

Mallard 157 3.4 12.7 1. 5 9.5 <0.5-288.0 
Wood duck 13 3.8 8.9 1. 3 9.4 <O. 5- 61. l 
Black duck 128 2.9 12.4 1. 3 6.5 <0.5-302.4 
Green-winged teal 16 3.1 5.8 1.2 11. 5 <0.5- 24.7 
w.-w. scoter 1 57 2.5 5.4 0.9 8.0 <0.5- 27.7 
Oldsquaw 36 2.2 7.1 0.9 7.4 <0.5- 55.3 
Gadwall 32 1. 9 5.4 <0.5 8.2 <0.5- 28.4 
American wigeon 37 1. 6 3.6 0.6 3.9 <0.5- 31.6 
Ring-necked duck 23 1. 4 5.3 <0.5 4.8 <0.5- 69.6 
Bufflehead 71 1. 5 5.1 <0.5 3.5 <0.5- 99.9 
Pintail 24 1. 3 18.0 <0.5 4.4 <0.5-369.0 
Lesser scaup 82 0.8 4.0 <0.5 3.4 <0.5- 58.4 
Greater scaup 13 0.5 1.8 <0.5 3.8 <0.5- 6.6 
Canvasback 64 <0.5 3.8 <0.5 1.0 <0.5- 95.7 
Ruddy duck 20 <0.5 <0.5 <0.5 <0.5 <0.5 

a 
a 
a 
ab 
abc 
abed 
abcde 
cf 
bf 
df 
bf 
ef 
fg 
g 
h 

a,b,,,,h: species not sharing a common letter are significantly 
different (p<0.05). 

1w. -w. scoter = White-winged scoter. 
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Table 5. Lead concentrations (ug/g, d.w.) in kidneys of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N Median Mean %-tile %-tile Range 

Greater scaup 10 2.6 12.4 0.9 46.4 0.6- 52.1 
Mallard 24 2.1 5.7 1.2 7.2 <0.5- 36.7 
American wigeon 13 1. 7 6.6 1.1 7.7 0.9- 40.8 
Gadwall 9 2.5 7.0 1. 2 4.4 0.9- 44.4 
Black duck 18 2.7 7.6 1.2 19.6 <0.5- 35.8 
Bufflehead 17 1. 8 36.4 0.7 36.1 <0.5-445.6 
Lesser scaup 68 1.8 12.5 0.6 4.9 <0.5-477.3 
Canvasback 63 1.0 13.3 0.6 3.1 <0.5-292.9 
Pintail 5 2.3 2.3 <0.5 4.5 <0.5- 4.5 
Ring-necked duck 8 2.1 3.2 1. 4 6.0 <0.5- 9.2 
Seaducks 1 7 1.9 13.0 <0.5 82.2 <0.5- 82.2 
Ruddy duck 20 0.6 3.9 <0.5 1.9 <0.5- 33.6 

a,b,c,d: species not sharing a common letter are significantly 
different (p<0.05). 

a 
a 
a 
a 
ab 
ab 
ab 
be 
acd 
acd 
acd 
d 

1 Seaducks = pooled oldsquaws (N=S) and white-winged scoters (N=2). 
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Table 6. Lead concentrations (ug/g, d.w.} in ulnar bones of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N Median Mean %-tile %-tile Range 

Ring-necked duck 23 16.2 24.2 7.0 47.3 1.2- 77.9 a 
Mallard 32 7.3 22.1 2.0 10.7 <0.5-246.8 b 
Canvasback 65 4.0 7.0 0.6 9.8 <0.5- 45.5 be 
Black duck 24 3.7 5.6 2.1 5.9 0.8- 19.5 be 
Pintail 14 2.4 10.2 1.2 9.2 <0.5- 86.4 be 
Gadwall 14 2.0 5.7 1. 4 7.4 0.8- 30.3 be 
American wigeon 17 2.6 3.7 1. 3 5.5 <0.5- 12.9 C 
Ruddy duck 20 3.0 10.7 0.6 20.4 <0.5- 43.4 bed 
Bufflehead 18 1.1 12.4 <0.5 12.8 <0.5-132.1 ce 
Seaducks 1 · 7 1.0 144.0 <0.5 331. 4 <0.5-331.4 ce 
Greater scaup 11 0.6 1. 9 <0.5 83 .1 <0.5- 11.8 de 
Lesser scaup 26 0.6 4.8 <0.5 2.3 <0.5- 91.4 e 

a,b,c,d,e: species not sharing a common letter are significantly 
different (p<0.05}. 

1 Seaducks = pooled oldsquaws (N=5} and white-winged scoters (N=2}. 
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Table 7. Zinc concentrations (ug/g, d.w.) in livers of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N Median Mean %-tile %-tile Range 

Gadwall 32 192 197 148 230 94-390 
Canvasback 64 154 170 124 214 66-315 
Ring-neck duck 23 157 168 131 209 102-269 
American wigeon 37 150 160 122 198 57-296 
Mallard 157 142 161 92 196 21-990 
Wood duck 13 151 153 87 192 42-298 
Oldsquaw 36 134 158 94 234 59-284 
w. -w. scoter 1 57 130 159 109 188 48-527 
Black duck 128 121 136 95 154 29-495 
Pintail 24 118 122 82 160 41-207 
Bufflehead 71 117 116 92 143 37-203 
Greater scaup 13 117 107 72 147 42-176 
Ruddy duck 20 112 103 81 115 38-129 
Green-winged teal 16 103 105 77 127 40-189 
Lesser scaup 79 85 104 68 142 35-251 

a 
ab 
ab 
be 
bed 
abcde 
bcdefg 
cdef 
efhi 
dhijk 
hij 
fijk 
gjkl 
ikl 
k 

a,b, ... ,l: species not sharing a common letter are significantly 
different (p<0.05). 

1w. -w. scoter = White-winged scoter. 
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Table 8. Zinc concentrations (ug/g, d.w.) in kidneys of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N , Median Mean %-tile %-tile Range 

Seaducks 1 7 128 114 69 198 69-198 a 
Gadwall 9 94 94 78 105 67-132 ab 
Canvasback 63 89 103 72 135 50-199 ac 
Mallard 25 86 86 75 91 50-148 abd 
American wigeon 14 83 91 68 100 64-198 abd 
Lesser scaup 67 80 85 73 92 23-155 bd 
Bufflehead 17 90 83 49 107 22-136 abde 
Black duck 18 79 84 71 84 57-120 abdf 
Pintail 5 78 74 64 86 64- 86 cdef 
Greater scaup 11 73 75 64 88 62- 97 def 
Ring-necked duck 8 66 68 59 78 58-82 ef 
Ruddy duck 20 72 73 63 83 57- 88 f 

a, b, ... , f: species not sharing a common letter are significantly 
different (p<0.05). 

1 Seaducks = pooled oldsquaws (N=S) and.white-winged scoters (N=2). 
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Table 9. Zinc concentrations (ug/g, d.w.} in ulnar bones of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N Median Mean %-tile %-tile Range 

Seaducks 1 7 203 206 174 231 152-259 a 
Lesser scaup 26 166 176 143 205 130-253 a 
Bufflehead 18 177 175 132 213 101-243 ab 
Canvasback 64 146 157 .131 184 103-222 be 
Ring-necked duck 23 145 145 130 157 119-182 d 
Greater scaup 11 144 150 138 173 112-192 bed 
Ruddy duck 20 143 145 132 156 121-183 cd 
Pintail 14 133 140 119 160 106-212 cde 
American wigeon 17 131 139 122 159 110-119 de 
Gadwall 14 129 130 110 144 90-172 ef 
Black duck 24 119 117 107 130 81-136 f 
Mallard 33 112 118 103 126 89-176 f 

a, b, ... , f: species not sharing a common letter are significantly 
different (p<0.05}. 

1 Seaducks = pooled oldsquaws (N=S} and white-winged scoters (N=2}. 
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Table 10. Copper concentrations (ug/g, d.w.) in livers of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N Median Mean %-tile %-tile Range 

Ring-neck duck 23 182.1 262.7 132.9 361. 6 22.0-990.9 a 
Canvasback 64 95.3 114.7 53.1 144.3 7.1-465.0 b 
American Wigeon 37 72.8 97.1 39.7 133.4 10.8-543.8 be 
Ruddy duck 20 59.5 85.2 43.9 112.6 28.3-366.0 be 
Gadwall 31 63.8 65.5 31. 7 103.6 7.0-139.8 C 
Pintail 24 60.2 94.8 31. 8 115.7 14.0-509.1 C 
Greater scaup 13 54.3 55.0 25.5 73.8 6.9-117.0 cd 
Mallard 157 34.6 52.0 21. 0 61.0 2.6-957.3 de 
w. -w. scoter 1 57 30.l 39.2 22.9 51.1 7.2-134.4 df 
Lesser scaup 64 28.6 39.5 17.1 47.5 4.8-154.2 efg 
Black duck 128 30.6 34.9 15.6 39.6 1. 5-235. 4 fg 
Bufflehead 71 27.0 36.7 19.9 36.6 9.0-546.7 fg 
Green-winged teal 16 19.2 37.4 12.4 63.4 9.1-108.6 dgh 
Oldsquaw 36 20.2 20.1 15.3 23.1 3.5- 42.0 h 
Wood duck 13 15.3 19.4 11. 7 30.3 5.1- 41.7 h 

a,b, ... ,h: species not sharing a common letter are significantly 
different. (p<0.05). 

1w. -w. scoter = White-winged scoter. 
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Table 11. Copper concentrations (ug/g, d.w.) in kidneys of Chesapeake 
Bay waterfowl. 

25th 75th 
Species N Median Mean %-tile %-tile Range 

Canvasback 63 15.9 26.6 10.0 48.0 3.2-80.8 a 
Mallard 25 16.0 19.5 11. 0 22.9 3.9-82.6 ab 
American wigeon 14 14.4 20.3 9.2 27.6 6.8-94.1 ab 
Bufflehead 17 15.0 16.2 7.3 21.2 3.4-48.5 abc 
Black duck 18 13.4 14.2 7.4 18.2 4.9-29.6 abc 
Greater scaup 11 12. 8 13.1 8.5 19.9 5.2-21.5 abc 
Lesser scaup 51 12.3 14.8 9.6 17.3 5.0-48.6 bd 
Gadwall 9 12.7 12.1 5.7 17.7 1.6-20.3 abc 
Seaducks 1 7 9.2 13.8 7.4 24.8 7.4-24.8 abc 
Pintail 5 6.1 10.l 5.7 22.5 5.7-22.5 cd 
Ruddy duck 20 9.0 10.6 7.4 13.7 5.7-22.5 C 
Ring-necked duck 8 8.4 9.2 6.7 10.6 5.4-16.5 C 

a,b,c,d: species not sharing a common letter are significantly 
different (p<0.05). 

1 Seaducks = pooled oldsquaws (N=S) and white-winged scoters (N=2). 
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concentrations within species also tend to be highly right-

skewed; a large proportion of data points occur at the low 

end of the distributions' ranges while high-end outliers 

produce an extended upper tail. Zinc concentrations (Tables 

7-9) are much more normally distributed, while distributions 

of copper concentrations (Tables 10 and 11) generally appear 

intermediate. The skewed distributions of many tissue 

metals necessitated a nonparametric approach to analyses of 

these data. The median is a more representative value of 

such distributions than the mean and means are included in 

Tables 2-11 to facilitate comparisons with other studies 

which have generally used normal theory statistical 

procedures. 

For comparative purposes, the 15 species examined in 

this study have been divided into three groups. These 

groups are "sea ducks", "fresh-water herbivores", and 

"brackish-wat~r omnivores". The bases for these groupings 

include pertinent literature (particularly the food habit 

summaries of Munro and Perry 1981 and Bellrose 1976), 

gizzard contents observed in this study (Table 12), habitat 

types of collection points of d~cks in this study, taxonomic 

relationships among species, and communications with 

waterfowl biologists working in the Chesapeake Bay region. 
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"Sea ducks" include oldsquaws and white-winged scoters 

(Melanitta fusca deglandi) which in the Chesapeake Bay are 

generally associated with large open areas of the Bay 

proper; both are rather strict carnivores throughout their 

wintering range (Bell rose 1976: 393,410). "Brackish-water 

omnivores" include canvasbacks, lesser scaup, greater scaup, 

buffleheads, and ruddy ducks. These species generally occur 

in brackish areas of the Chesapeake Bay and rivers directly 

entering it where they demonstrate variable, perhaps 

opportunistic, feeding habits. Gizzard examinations during 

the 1970's (which did not include ruddy ducks) revealed an 

aggregate per cent volume composed of animal matter ranging 

from 42% in lesser scaup to 91% in canvasbacks (Munro and 

Perry 1981). It is this group of ducks, particularly 

canvasbacks and ruddy ducks, which seem to have most adapted 

their feeding habits to include greater proportions of 

invertebrates in response to the decline of aquatic 

macrophytes in Chesapeake Bay (Perry et al. 1981). 

"Freshwater herbivores" include mallards, black ducks, 

pintails, American wigeon, gadwalls, green-winged teal, wood 

ducks, and ring-necked ducks. These species were generally 

recovered from freshwater marshes bordering tributaries of 

rivers entering the Chesapeake Bay, as well as from Back 

Bay, which contains relatively fresh water and supports a 
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freshwater wetland plant community (Coggin and Settle 1979, 

Norman and Bushian 1979). Taxonomically, the freshwater 

herbivores conform to the group commonly labelled puddle 

ducks (genus Anas plus wood ducks) with the exception of the 

ring-necked duck. Ring-necked ducks have been included with 

freshwater herbivores because samples in this study were 

collected from a freshwater system and demonstrated 

herbivorous food habits, which are consistent with other 

reports (Table 12 above, Bellrose 1976:333-334). 

Cadmium 

Liver cadmium concentrations (Table 2) were highest in 

oldsquaws, followed by the other sea duck species examined, 

white-winged scoters. Both species had considerably higher 

liver cadmium concentrations than the remaining species. 

Due to small sample sizes and similar metal concentrations 

for these two species, data for kidneys and ulnar bones were 

pooled into the category "sea ducks". As with the liver 

data, kidney cadmium concentrations (Table 3) were markedly 

higher in sea ducks than in other species. Reasons for 

these relatively high cadmium concentrations in sea ducks 

are unclear. The primary ,source for cadmium in waterfowl 

tissues would reasonably seem to be foods. Both sea duck 

species are carnivorous on their wintering grounds, although 

oldsquaws apparently eat crustaceans primarily (Bellrose 
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1976:393), while white-winged scoters are largely mollusc-

eaters (Bellrose 1976:410). The high cadmium concentrations 

observed in tissues of fulmars and Manx shearwaters by Bull 

et al. (1977) and sooty terns by Stoneburner and Harrison 

(1981) were suggested to be related to the pelagic habits of 

these species that may lead to feeding in metal-rich ocean 

upwellings. These North American sea ducks, however, are 

highly associated with inland and coastal areas for breeding 

and wintering and it seems more likely that their cadmium 

burdens are more anthropogenic than is the case for pelagic 

sea. birds. 

After sea ducks, liver cadmium concentrations were 

generally higher in brackish-water omnivores than in 

freshwater herbivores. While there was no marked difference 

between kidney concentrations in these two groups, 

freshwater herbivores tended to have somewhat higher kidney 

concentrations than brackish-water omnivores. Since cadmium 

concentrations in the liver are considered better indicators 

of recent exposure than kidney concentrations (Friberg et 

al. 1974), these data suggest that brackish-water omnivores 

may have ingested more cadmium than freshwater herbivores 

within the Bay system, assuming the Bay region is the recent 

food source for these birds. This is further supported by 

examining kidney cadmium:liver cadmium ratios, which ranged 
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from 2.6 to 5.3 (mean=3.8) in brackish-water omnivores and 

from 3.7 to 12.0 (mean=7.5) in freshwater herbivores. 

Considering the very prolonged residence time of kidney-

stored cadmium, the similarity of kidney cadmium 

concentrations in the two groups may reflect greater overlap 

of food and habitat preferences on the breeding grounds (and 

therefore similar risks of exposure to contaminants) than 

occurs on wintering areas in the Chesapeake Bay. 

To facilitate comparisons of metal concentration data 

obtained on a dry weight basis with data reported on a wet 

weight basis, Scanlon (unpublished data) compared wet versus 

dry weights of a number of tissues from 40 mallard drakes. 

The average dry weight/wet weight percents obtained were 

33.4 for livers and 23.4 for kidneys. Using these values as 

conversion factors, the mean liver cadmium concentration of 

0.61 ug/g, w.w. observed in Delaware River ruddy ducks by 

White and Kaiser (1976) converts to 1.8 ug/g, d.w. This is 

higher than the mean cadmium concentration observed in 

livers of ruddy ducks in this study which was 0.82 ug/g, 

d.w. The mean kidney concentration in canvasbacks in this 

study (6.00 ug/g, d.w.) is somewhat lower than the 

concentration of 9.8 ug/g, d.w. (converted from 2.3 ug/g, 

w.w.) reported by White et al. (1979) for Chesapeake Bay 

canvasbacks, but still higher than the mean concentration of 
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3.1 ug/g, d.w. (converted from 0.72 ug/g, w.w.) reported by 

Fleming (1981) for upper Mississippi River canvasbacks. 

However, one-half of Fleming's (1981) samples were from 

immature ducks, which displayed lower mean cadmium 

concentrations than adults, while in this study, immatures 

comprised 28% of known-age samples. Age composition of 

White et al. 's (1979) samples was not reported. 

Lead 

Liver lead concentrations ( Table 4) were generally 

highest in freshwater herbivores, followed by sea ducks and 

lastly, brackish-water omnivores. Lead concentrations in 

ulnar bones ( Table 6) were also highest in freshwater 

herbivores, while no distinction was observed between 

brackish-water omnivores and sea ducks. Kidney lead 

concentrations (Table 5) were quite variable among 

freshwater herbivores and brackish-water omnivores, with no 

clear trend observed between these two groups; sea ducks 

ranked relatively low. 

The lead data display the greatest variability among 

the metals measured in this study; strongly right-skewed 

distributions were typical in the three tissues examined. 

The phenomenon of spent lead shot ingestion may account for 

much of accumulated tissue lead observed. This probably is 

particularly true, for values at the upper end of the 
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distributions. Among Canada geese, mallards, and black 

ducks, Scanlon et al. ( 1981) observed higher liver lead 

concentrations in birds with lead shot in their gizzards 

than in birds without shot in their gizzards. Also, the 

upper mode of the bimodal distribution of wingbone lead 

concentrations described by USDI (1976) was suggested to be 

largely due to spent shot ingestion. 

The generally higher tissue lead concentrations 

observed in freshwater herbivores in this study may be due 

in part to generally higher rates of spent shot ingestion. 

This group includes the generally more highly sought game 

ducks (such as mallards, black ducks, pintails, and wood 

ducks) which, due to their popularity with J.:J.unters, may 

inhabit wetlands containing relatively high densities of 

spent shot. In this study, freshwater herbivores as a whole 

had a higher incidence of lead shot ingestion than the other 

groups (Table 13). Cumulative ingestion frequencies based 

on presence of lead shot in gizzards were 11.1%, 1.7%, and 

0% for freshwater herbivores (n=467), brackish-water 

omnivores (n=ll6), and sea ducks (n=89), respectively. 

Lead-contaminated foods may also be an important source 

of lead in tissues of Chesapeake Bay waterfowl. The 

relatively high levels of lead in livers of sea ducks, 

combined with the absence of ingested shot in the gizzards 
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Table 13. Occurrence of ingested lead shot in Chesapeake Bay 
waterfowl. 

Lead shot occurrence 
Species N No. (%) 

Mallard 184 27 (14.6) 
Black duck 128 23 (18. 0) 
Pintail 39 1 (2.6) 
Gadwall 30 1 (3.3) 
American wigeon 30 0 (0) 
Green-winged teal 17 0 (0) 
Wood duck 14 0 (0) 
Ring-necked duck 24 0 ( 0) 

Greater scaup 12 1 ( 8. 3) 
Bufflehead 37 1 (2.7) 
Canvasback 16 0 (0) 
Lesser scaup 33 0 .( 0) 
Ruddy duck 18 0 (0) 

White-winged scoter 55 0 (0) 
Oldsquaw 34 0 (0) 
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of these birds, suggests that foods, and/or associated 

sediments, may be the primary source of lead for these 

species. The highly significant inverse relationship 

between ALAD activity in blood and liver lead concentrations 

observed in columbids by Kendall and Scanlon (1982a,b) 

suggests that elevated liver lead concentrations are 

indicative of recent lead ingestion. Therefore, the 

relatively high concentrations of lead in livers of sea 

ducks, combined with relatively low concentrations in 

kidneys and ulnar bones, suggest increased ingestion of lead 

in the Chesapeake Bay region, the most apparent recent 

environment for these birds. Dieter (1979) suggested that 

the relatively normal distribution of blood lead 

concentrations and ALAD activities observed in Chesapeake 

Bay canvasbacks indicated foods rather than lead shot were 

the major sources of lead in this species. The absence of 

spent lead shot in gizzards of canvasbacks in this study 

supports this contention, although the sample size is quite 

small. Generally, however, the phenomenon of spent shot 

ingestion greatly complicates the elucidation of food habit-

lead accumulation relationships in waterfowl. 

The mean ulnar bone lead concentration (7.0 ug/g, d.w.) 

observed in canvasbacks in this study is similar to the mean 

wingbone (combined ulnus and radius) lead concentration (7.8 
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ug/g, d.w.) reported for Chesapeake Bay canvasbacks by White 

et al. ( 1979). While the mean liver lead of canvasbacks 

observed in this study (3.8 ug/g, d.w.) is considerably 

higher than the analogous concentration ( 0. 54 ug/g d. w. , 

converted from 0.18 ug/g, w.w.) reported by White et al. 

(1979), the median value observed here was below detection 

limits, and the mean was greatly affected by a few high-end 

outliers. Mean ulnar bone lead concentrations observed in 

this study (Table 4) were generally higher than those 

observed in wingbones (combined ulnus and radius) of ducks 

from Back Bay by Shelhorse ( 1976) . She observed the 

following means (species for which the sample size was >10 

in both her study and this one): mallard - 7.7, black duck -

9.4, pintail - 7.2, gadwall - 5.3, American wigeon - 4.6, 

lesser scaup - 3.3, bufflehead - 2.3, and ruddy duck - 4.2. 

The mean liver lead concentration (1.8 ug/g, d.w.) observed 

in greater scaup in this study is intermediate between the 

levels observed in two samples of greater scaup collected 

from the Fraser River, British Columbia (Vermeer and Peakall 

1979). Birds collected near a sewage outfall had a mean 

liver lead concentration of 3.98 ug/g, d.w. (converted from 

1. 33 ug/g, w. w. ) , while a sample collected from a less 

polluted region had a mean concentration of 1.0 ug/g, d.w. 

(converted from 0.35 ug/g, w.w.). In the same study, liver 



66 

lead concentrations in both samples of surf scoters (0.72 

ug/g and 0.42 ug/g, d.w., converted from w.w.) were well 

below the mean liver lead concentration (5.4 ug/g, d.w.) 

observed in white-winged scoters in this study. Both scoter 

species are largely mollusc-eaters (Bellrose 1976:402,410). 

Zinc 

Among the elements analyzed, zinc concentrations 

displayed the least variability and had the most normal 

distributions (Tables 7-9). In contrast to cadmium and lead 

concentrations, zinc concentrations were generally higher in 

livers than in kidneys. Ulnar bones contained similar zinc 

concentrations as livers. Observed zinc concentrations 

probably reflect normal concentrations. In a study of zinc 

toxicity in mallards, Gasaway and Buss (1972) observed mean 

liver and kidney concentrations in controls of 162 ug/g and 

115 ug/g, d.w. (converted from w.w.), respectively. These 

are similar to values observed in this study for mallards. 

Zinc-induced toxicosis due to a dietary zinc supplementation 

of 3000 ug/g (w. w. ) was associated with mean liver and 

kidney zinc concentrations of 1200 ug/g and 1760 ug/g, d.w. 

(converted from w.w.), respectively. These are far higher 

than concentrations observed in this study. 

Among the species examined, no trend was apparent for 

liver zinc concentrations. Kidney and ulnar bone 
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concentrations of zinc were somewhat higher in sea ducks 

than other species. Beyond sea ducks, kidney concentrations 

displayed no marked trend, while zinc concentrations in 

ulnar bones were generally higher in brackish-water 

omnivores than freshwater herbivores. Differences in zinc 

concentrations among species for all tissues were relatively 

small compared to the other metals examined. 

In Chesapeake Bay canvasbacks, White et al. ( 1979) 

observed a mean liver zinc concentration of 123 ug/g, d.w. 

(converted from w.w.), which is somewhat below the mean 

value observed here for canvasbacks ( 170 ug/g, d. w. ) . 

Peakall and Vermeer ( 1979) reported mean liver zinc 

concentrations of 123 ug/g and 100 ug/g, d.w. (converted 

from w.w.) in greater scaup and surf. scoters, respectively, 

from British Columbia. 

Copper 

Copper concentrations in livers and kidneys (Tables 10 

and 11) displayed greater variability than concentrations of 

the other nutrient metal, zinc. As with zinc, copper 

concentrations were generally higher in livers than in 

kidneys. Normal copper concentrations in livers and kidneys 

of chickens are both about 12 ug/g, d.w. (Scott et al. 

1982). This value is similar to mean copper concentrations 

observed in kidneys of Chesapeake Bay waterfowl, but far 
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lower than the mean copper concentrations observed in livers 

of most species. However, far too little information has 

been found to make any conclusions about the relationship of 

tissue copper concentrations observed in this study with 

"normal" copper concentrations. White et al. (1979) found a 

mean liver copper concentration in Chesapeake Bay waterfowl 

of 252 ug/g, d.w. (converted from w.w.), which is far higher 

than the mean concentration observed for this species in 

this study (114.7 ug/g, d.w.). The mean liver copper 

concentration observed by Vermeer and Peakall ( 1979) in 

greater scaup from British Columbia of 55.1 ug/g, d.w. 

(converted from w.w.) is very similar to the mean 

concentration found in Chesapeake Bay greater scaup in this 

study (55.0 ug/g, d.w.). Vermeer and Peakall (1979) also 

reported a mean liver copper concentration of 32.0 ug/g, 

d.w. (converted from w.w.) in surf scoters. 

No trends in copper concentrations in livers or kidneys 

among the species examined were apparent. An interesting 

observation was that ring-necked ducks contained generally 

the highest copper concentrations in livers, but the lowest 

copp~r concentrations in kidneys. 

in ruddy duck tissues. 

A similar trend occurred 
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Correlations 

Spearman correlations for concentrations for the same 

element in different tissues (Table 14) indicated 

significant positive relationships for all possible pairs. 

These relationships were stronger (as indicated by higher 

coefficients}, particularly in soft tissues, for cadmium and 

lead than for copper and zinc. This may be due to more 

refined physiological control mechanisms for maintaining 

homeostasis of the nutrient metals within liver and kidney 

tissue than exist for nonessential metals such as cadmium 

and lead. For lead and zinc, relationships were stronger 

between liver and kidney concentrations of each metal than 

.between bone and soft tissues. 

Spearman correlation data for concentration of 

different elements within the same tissue are presented in 

Table 15. Independence between cadmium and lead in livers, 

and the quite weak relationship in kidneys suggest that the 

two metals have different sources and/or different metabolic 

pathways. In contrast to cadmium and lead, the nutrient 

metals were very highly correlated with one another in 

livers and kidneys. Cadmium showed stronger positive 

relationships with copper and zinc than did lead. This was 

most marked with respect to liver copper, which was actually 

negatively correlated to liver lead. These results are 
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Table 14. Spearman correlation data for selected 
pairs of tissue metals in Chesapeake Bay 
waterfowl: correlations between 
concentrations of the same element in 
different tissues (all species pooled). 

Variables 1 N R p-value 

Liver Cd X Kidney Cd 266 0.746 0.0001 

Liver Pb X Kidney Pb 262 0.660 0.0001 
Liver Pb X Bone Pb 271 0.302 0.0001 
Kidney Pb X Bone Pb 229 0.276 0.0001 

Liver Cu X Kidney Cu 248 0.216 0.0006 

Liver Zn X Kidney Zn 264 0.333 0.0001 
Liver Zn X Bone Zn 271 0.164 0.0060 
Kidney Zn X Bone Zn 229 0.208 0.0013 

1Cd=cadmium, Pb=lead, Cu=copper, Zn=zinc. 
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consistent with the phenomenon of MT induction by cadmium 

and observations that this MT can bind copper and zinc 

(Suzuki et al. 1977, Suzuki 1979, Ashby et al. 1981, Oh et 

al. 1981). While MT may bind lead, lead appears not to be a 

potent inducer of MT. 
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Table 15. Spearman correlation data for selected 
pairs of tissue metals in Chesapeake Bay 
waterfowl: correlations between 
concentrations of different elements 
within the same tissue (all species 
pooled). 

Variables 1 N R p-value 

Liver Cd X Liver Pb 773 -0.047 0.2330 
Kidney Cd X Kidney Pb 262 0.132 0.0282 

Liver Zn X Liver Cu 764 0.456 0.0001 
Kidney Zn X Kidney Cu 248 0.730 0.0001 

Liver Cd X Liver Cu 754 0.175 0.0001 
Liver Cd X Liver Zn 770 0.255 0.0001 
Kidney Cd X Kidney Cu 265 0.221 0.0003 
Kidney Cd X Kidney Zn 264 0.336 0.0001 

Liver Pb X Liver Cu 754 -0.110 0.0023 
Liver Pb X Liver Zn 770 0.147 0.0001 
Kidney Pb X Liver Cu 248 0.166 0.0073 
Kidney Pb X Kidney Zn 262 0.219 0.0003 

1Cd=cadmium, Pb=lead, Cu=copper, Zn=zinc. 



Chapter 2 

HEAVY METALS IN CHESAPEAKE BAY 

BENTHOS AND SEDIMENTS 

The decline of submerged aquatic vegetation in the 

Chesapeake Bay region has apparently had two major effects 

on waterfowl populations there. The decline has caused a 

change in the distribution of some species. For example, 

redheads now winter at relatively greater densities in the 

coastal areas of North Carolina than in the Chesapeake Bay 

as compared to previous times, apparently due to the greater 

abundance of aquatic plants in North Carolina estuaries 

(Perry et al. 1981). A second pronounced impact has been a 

change in diets of some waterfowl within the Bay to include 

a greater proportion of benthic invertebrates, particularly 

clams. This has been best substantiated for canvasbacks, 

but other species of diving ducks may have undergone similar 

changes (Perry and Uhler 1976, Munro and Perry 1981, Perry 

et al. 1981). The question of nutritional impacts by this 

change has been raised (Perry and Uhler 1976, Carter and 

Haramis 1980). Another question posed by this shift 

concerns changes in exposure to contaminants via the food 

chain. It has been noted that important invertebrate prey 

73 
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of waterfowl, such as Macoma balthica and Rangia cuneata, 

are apparently relatively pollution-tolerant organisms 

compared to the declining submergent plant species (Carter 

and Haramis 1980, Perry et al. 1981). Considering the 

pollution tolerance of these invertebrates and their noted 

ability to accumulate heavy metals, it was hypothesized that 

clams would contain generally higher concentrations of heavy 

metals than aquatic macrophytes. The primary objective of 

this part of the study was to test this hypothesis by 

comparing heavy metal concentrations in benthic plants and 

invertebrates of major importance as waterfowl food items in 

the Chesapeake Bay. Support of this- hypothesis would 

suggest that the change in food habits occurring for some 

Chesapeake Bay waterfowl in response to declining plant 

abundance will cause increased ingestion of heavy metals via 

the food chain. Additionally, information concerning 

geographical variability in metal concentrations in benthos 

and sediments from widely dispersed locations in the 

Chesapeake Bay region, and relationships between metals 

concentrations in these two components, was sought. 

Methods and Materials 

Benthos and sediments were collected from several 

locations in the Chesapeake Bay region, including Back Bay 

(Figure 1, Table 16). Collections were made during fall 
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Figure 1. The Chesapeake Bay region. See Table 16 for 
detailed descriptions of sampling locations 
referred to by numbers. 
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Table 16. Location codes for benthos and/or sediment 
sampling points in the Chesapeake Bay region. 
(See Figure 1). 

Code Location 

1 Patapsco River, Cox Creek area, about 2 km N of 
Fort Smallwood 

2 Chester River, near mouth of Southeast Creek 
3 Choptank River, Dickinson Bay 
4 Choptank River, Lecompte Bay 
5 Port Tobacco River, western shore, about 1 km N of 

Goose Bay 
6 Potomac River, southern shore, about 0.5 km upstream 

of U.S. Highway 301 bridge 
7 Potomac River, mouth of Little Wicomico River 
8 Mattaponi River, about 12 km upstream of confluence 

with Pamunkey River 
9 Pamunkey River, about 35 km upstream of confluence 

with Mattaponi River 
10 Pamunkey River, about 10 km upstream of confluence 

with Mattaponi River 
11 York River, Clay Bank area (northern shore) 
12 York Island, Mumford Island area (northern shore) 
13 York River, northern shore near mouth 

(Guinea Marsh are) 
14 Chickahominy River, Nayses Bay (off Gordon Creek) 
15 Chickahominy River, mouth of Gordon Creek 
16 James River, southern shore, across from 

Jamestown Island 
17 James River, Mulberry Island area (northern shore) 
18 James River; Hampton Flats (northern shore) 
19 Eastern Shore, about 0.5 km N of mouth of 

Hungar's Creek (Vaucluse Shores) 
20 Back Bay, Pocahontas Wildlife Management Area 
21 Back Bay, Barbours Hill Wildlife Management Area 
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1979 through 1981. Samples were obtained with a suction 

dredge, oyster tongs, or by hand and immediately transferred 

to sterilized polyethylene bags or acid-washed polyethylene 

vials. Samples were stored at -20C until preparation for 

analysis. All preparations were made using acid-washed 

instruments, glassware, and plastic containers as described 

by Scanlon et al. ( 1980). Soft tissues of clams were 

removed from their shells and frozen in glass vials. Whole 

plants were rinsed in three baths of deionized water to 

remove sediments and frozen in glass vials. 

Plants and soft tissues of clams were lyophilized at 

-SOC and 50-100 utorr for 72 hr. Lyophilized tissues were 

weighed and ashed as descibed for duck tissues. The 

procedure used to dissolve the resulting ash was modified 

from that used for duck tissues in order to minimize 

possible damage to the atomic absorption spectrophotometer's 

nebulizer due to contact with the mixed HC1-HN03 solution. 

The ash from benthos was digested in a 1: 1 solution of 

deionized water:redistilled HN03 (G. Frederick Smith 

Chemical Co., Columbus, OH) at a ratio of 1 ml:0.1 g sample, 

d.w. Sample weights were generally from 0.4 to 0.8 g, d.w. 

The mixture was taken to dryness on a hot plate, allowed to 

cool, and redissolved in a 9: 1 solution of deionized 

water:redistilled HN03 at a ratio of 0.5 ml:0.1 g sample, 
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d.w. This mixture was placed on a laboratory bench for 1 

hr, swirled, transferred to polypropylene tubes, and 

centrifuged at 76lxg for 5 min. 

Concentrations (d.w.) of cadmium, copper, lead, and 

zinc were determined in the supernatant as described in the 

preceding chapter. Working standards and blanks were 

prepared with a solution of 9:1 deionized water:redistilled 

HN03. Recoveries based on standard additions are presented 

in Appendix Table III. Preliminary results revealed 

concentrations of cadmium and lead below detection limits in 

clam shells. These results are consistent with others in 

which· dry weight concentrations of cadmium, lead, copper, 

and zinc were generally much lower in bivalve shells than in 

soft tissues (Segar et al. 1971, Eisler 1981:140-325). 

Therefore, due to anticipated very low metal concentrations 

and the relative difficulty of analytical procedures, metal 

concentrations in clam shells were not determined. 

In sediments, percent moisture was determined by 

rapidly pouring off excess water from thawed samples and 

then comparing wet weights versus weights after oven-drying 

at 75C for at least 72 hr (until constant weight achieved). 

For remaining analyses, only dry sediment passing through a 

0.5 mm-mesh acid-washed polypropylene screen was used. 
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Percent organic matter in sediments was determined by 

two methods. In one method, 1.20~0.05 g sieved sediment was 

placed in a ceramic crucible to which 1 ml of 0.1 N HCl was 

added; this acid was added to remove carbonates by 

conversion to carbon dioxide. The mixture was dried on a 

hot plate and then placed in a 75C oven for 24 hr to insure 

total dryness. A 1. 00~0. 05 g portion was transferred to 

another preweighed crucible, weighed to the nearest 0.1 mg, 

and ashed in a muffle furnace at 600C for 12 hrs. Weight 

loss on ignition was assumed to be organic matter. The 

other method was as above, but omitting the initial steps 

involved with carbonate removal. 

For metal analyses, a 1.00+0.05 g, d.w. sample of the 

<0.5 mm fraction was placed in a 12 ml polypropylene tube. 

To this was added 9 ml of 9:1 deionized water:redistilled 

HN03. The tubes were securely capped and mechanically 

shaken for 16 hrs. The tubes were then centrifuged at 761xg 

for 10 min and the supernatant was transferred to another 

polypropylene tube. The supernatant was analyzed for 

concentrations of cadmium, copper, lead, and zinc as 

described previously. Recoveries based on standard 

additions are presented in Appendix Table 111. 

Two approaches were used to statistically test for 

differences in metal concentrations in plants versus clams. 
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In the first, differences in metal concentrations due to 

benthos type (plant versus clam) were tested in pooled 

samples (all species and locations pooled into either plant 

or clam categories) with the Wilcoxon rank sum test 

(Hollander and Wolfe 1973: 68-75). Secondly, differences in 

metal concentrations within a location due to plant or clam 

species were tested with a one-way analysis of variance 

(ANOVA) using a general linear model for unbalanced 

treatment sizes (Helwig and Council 1979). When significant 

differences due to species were detected (p<0.05), multiple 

comparisons were performed using Duncan's multiple range 

test with alpha equal to O. 05 ( Counci 1 and Helwig 1979) . 

This latter procedure was also used to test for differences 

due to location within the same species. Correlations 

between selected variables in sediments (metal 

concentrations, percent moisture, and percent organic 

matter) were tested using the Spearman correlation procedure 

(Hollander and Wolfe 1973:191-192). This procedure was also 

used to test for correlations between metal concentrations 

in clams (Macoma balthica and Rangia cuneata) and in 

sediments (total sediments or per gram of organic matter). 

For sediment cadmium concentrations below the detection 

limit (0.10 ug/g, d.w.), a value of 0.05 ug/g was used in 

this latter correlation analysis. 
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Results and Discussion 

Plants versus Clams 

Concentrations of cadmium and lead appeared generally 

higher in aquatic macrophytes than in clams (Tables 17 and 

18, respectively). Zinc concentrations, however, were 

generally higher in clams, while little difference was 

apparent in copper concentrations. These trends were 

corroborated by both statistical approaches employed. 

Pooled plants had significantly greater concentrations of 

cadmium and lead than clams while the reverse was true for 

zinc concentrations (Table 19); no difference was detected 

in copper concentrations. Three locations contained both 

clams and plants (location code, LC=S,6, and 19). (It was 

difficult to find locations containing both plants and 

clams, due largely to the very patchy distribution of 

submerged macrophytes at the time of this study.) In all 

three, cadmium and lead concentrations were highest in the 

plant species represented (Tables 20-22). Copper 

concentrations were slightly higher in plants, while zinc 

concentrations were generally highest in clams. Harris et 

al. (1979) found similar trends between concentrations of 

lead, copper, and zinc in Zostera muelleri and Mytilus 

edulis planulatus in Australia, but observed higher 

concentrations of cadmium in M.e. planulatus than in Z. 

muelleri. 



Table 17. Mean± S.E. metal concentrations (ug/g d.w.) 
from the Chesapeake Bay region. 

in submerged aquatic vegetation 

Species 

Val I isneria americana 
Vallisneria americana 
vaTTTsrierTa americana 

fumill ma rnl.!!l~ 
RU..Q.IUJ! ma r i t i ma 

Zost:e ra marina 
Zoste r~ iiiarTna 
CeratophYI lum demersum 

.U odea canadens is 

.!:!Y.r i ophy I I um sp i ca tum 

Ni!_.~ guadalupensis 

Wl.i.!L~ m.i nQ.r 

PotamQ.Qeton pectinatus 

fotamogeton ~rfol iatus 

LCl N 2 

5 5 
6 5 

20 4 

13 
19 

13 
19 

14 

14 

20 

20 

111 

21 

6 

5 
8 

5 
5 

5 

5 

5 

5 

5 

4 

8 

Cadmium 

3.611+0.97a 
1.15+0.14b 
0.63±0.22b 

0.78+0.18b 
l.15±0.06a 

0.58+0.0lb 
1.24±0.06a 

1.25±0.11 

0.63±0.11 

0.16±0.02 

1.00±0.27 

0.41±0.03 

0.48±0.03 

1.29±0.12 

1 Lc = location code (see Figure 1, Table 16) 
2 Each sample is a pool of several plants. 

Lead 

6.5+1.lb 
ll.4+0.9a 
9.0:±1.0ab 

11.8+2.7a 
4. 1±0. 5b 

5.2+0.5a 
3.3±0.4b 

3.5±1.7 

4.4±1.0 

4. 1±0. 4 

9.8±1.8 

3.3±1.0 

2.2±0.3 

18.9±2.3 

Copper 

11.5+0.6 ab 
14.6+2.2 a 

7.1±1.3 b 

20. 1+2. 5 a 
11. o:±o. 3 b 

15.0+0.7 a 
11. 5±0. 4 b 

10.5±1.0 

8.9±0.3 

5.2±0.1 

6.7±1.0 

10.6±0.7 

3,3±0.4 

19. 1±0. 9 

Zinc 

86+10b 
115+5 a 
28±6 C 

103+5 a 
77±3 b 

91+2 a 
73±3 b 

131±5 

89±4 

38±4 

68±10 

97±2 

16±2 

118±5 

a, b, c: for each metal, within a species, means not sharing a common letter are 
significantly different (P < 0.05), i.e., a location difference exists. 

(X) 

w 



Table 18. Mean.± S.E. metal concentrations (ug/g d.w.) in clams from the Chesapeake Bay region. 

1 2 
LC N Cadmium Lead Copper Zinc 

Mu l __ i_nea I at.era I is 19 5 0.35_±0.02 1.11_±0.2 9.5_±0.4 131.±5 

Mya a_rena r i a 7 7 0. 19+0.01 b 1.3+0.2 b 16.11+1.7 a 99+9 a 
MY!! .!!_re.Q.!!_lli 18 5 0.41±0.02 a 7.6±0.8 a 14.0±0.5 a 103±9 a 

Macoma balthica 1 5 0.42+0.03 b 20.11+1. 7 a 48.2+2.3 a 282+17 b 
Macoma balthica 2 6 0.36+0.0l be 8. 4+1. 11 b 9.9±1.8 b 177+10 C 
Ma coma ba I th i ca 5 5 0.63+0.06 a 3.3+0. 1 C 8.8+0.8 b 215+17 be 
Macoma balttlica 1 1 4 0.30+0.01 cd 3.3+0.5 C 46. 1+8. O a 199+24 be 
Macoma fialthTca 12 3 0.23±0.06 d 3.6±0.5 C 16.0±2.5 b 1177±80 a 

Ranq_ia cuneata 3 5 0.23+0.03 d 1. 3+0.2 de 9.3+1.1 C 611+3 d 
Ra ng_i a cunea ta 5 5 0.49+0.06 cd 0.9+0. 1 de 9.5+0.11 C 72+3 d 
Ra nq_i a cunea ta 6 6 0.56+0.05 cd 5.8+0.5 ab 13.3+0.4 b 180+111 abc 
Rangia cuneata 8 4 1.43+0.20 a 2.6+1.2 cde 10.0+0.7 C 191+20 abc 
Ra _f!9.Ll!. _gun ea .ti! 9 8 0.98+0.15 b 0.8+0. 1 e 1.2+0.4 e 199+21 ab 
Ran_g_ia cunea ta 11 5 0.71+0.04 be 4.4+0.2 abc 21.1±0.5 a 1117+5 C 
Ra.Qg_i a ctmea_ta 15 6 0.47+0.09 cd 6.8+1. 1 a 3. 7+1 .4 d 225+16 a 
Rang_i_a cuneata 16 4 0.96+0. 17 b 7.0+2.3 a 12.3+2. 1 be 167+25 be 
B~ cuneata 17 4 0.40±0.02 cd 3.5±0.5 bed 11.8±0.8 be 78±11 d 

1 
LC= location code (see Figure 1, Table 16) 

2 
Each sample is a pool of several c I ams. 

a, b, c: for each metal, within a species, means not sharing a common letter are significantly different 
(P < 0.05), i.e., a location difference exists. 

0) 

..i:::-



Table 19. Metal concentrations (ug/g, d.w.) in pooled plants and clams from the 
Chesapeake Bay region and significant level of differences between the two 
categories. 

Plants (N=711) Clams (N=87) 

Metal Medi an Mean±S.E. Range Medi an Mean±S.E. Range p-value 

Cd 1. 00 1.06±0. 12 0.12-7.211 0.41 o. 511±0. 04 0.14-1.99 <0.0001 

1 
Pb 5 .1, 7 .11±0. 7 0.5-30.3 3.6 4.8±0.5 0.6-26.6 0.0002 

Cu 11. () 11.6±0.6 2.1-27.8 11 . 0 111.11±1. 4 0.3-62.3 >0.5 

Zn 88 811±1~ 13-1411 153 170±10 56-605 <0.0001 
----·--~-----
1 

Based on Wilcoxon rank-sum tests. 

OJ 
Vl 



Table 20. Mean +S.E. metal concentrations (ug/g, d.w.) in benthos from 
a lower Eastern Shore, Chesapeake Bay, location. 1 

Species N Cadmium Lead Copper 

Mulinea lateralis 5 0.35+0.02 a 1. 4+0. 2 a 9.5+0.4 a 

RuEE_ia maritima 8 1.15+0. 06 b 4.1+0.5 b 11. O+O. 3 b 

Zostera marina 5 1.24+0.06 b 3.3+0.4 b 11.5+0.4 b 

1 Location code=19 (see Figure 1, Table 16). 
a, b: for each metal, means not sharing a common letter are 

significantly different ( p<0.05 ). 

Zinc 

131+5 a 

77+3 b 

73+3 b 

(X) 

°' 



Table 21. Mean+ S.E. metal concentrations (ug/g, d.w.) in benthos from 
a Port Tobacco River location 1 • 

Species N Cadmium Lead Copper Zinc 

Macoma balthica 5 0.63+0.06 a 3.3+0.l a 8.8+0.8 a 215+17 a 

Rangia cuneata 5 0.49+0.06 a 0.9+0.l b 9.5+0.4 a 72+3 b 

Vallisneria 
americana 5 3.64+0.97 b 6.5+1.0 C 11.5+0.6 b 86+10 b 

1 Location code=l9 (see Figure l, Table 16). 

a,b: for each metal, means not sharing a common letter are 
significantly different (p<0.05). 

co 
·--.;J 



Table 22. Mean +S.E. metal concentrations (ug/g, d.w.) in benthos from 
a Potomac River location 1 • 

Species N Cadmium Lead Copper Zinc 

Rangia cuneata 6 0.56+0.05 a 5.8+0.5 a 13.3 +0.4 a 180 +14 a 

Vallisneria 
americana 5 1.15+0.14 b 11.4+0.9 b 14.6 +2.2 a 115 +10 b 

Potamog:eton 
:e_erfoliatus 8 1.29+0.12 b 18.9+2.3 C 19.1 +0.9 b 118 +5 b 

1 Location code=6 (see Figure 1, Table 16). 
a,b,c: For each metal, means not sharing a common letter are 

significantly different (p<O. 05). 

co 
co 
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Based on these results, it appears that the change 

occurring in the food habits of some Chesapeake Bay 

waterfowl, most notably the canvasback, away from submerged 

macrophytes and towards greater utilization of clams would 

not be expected to increase exposure to the highly toxic 

elements, cadmium and lead. On the contrary, such a change 

would likely reduce ingestion of these elements. Had clam 

shells been included in the analysis (and ideally they would 

have been since ducks eat whole clams), the discrepancy 

between plant and clam concentrations of cadmium and lead 

would probably have been magnified since clam shells contain 

generally considerably lower d.w. concentrations of all four 

metals than soft tissues ( Segar et al. 1971, Eisler 

1981:140-325). Furthermore, 

clam shells could provide 

the high calcium content of 

some protection from lead-

contaminated foods due to the inverse relationship between 

dietary calcium and lead absorption and retention (Shields 

and Mitchell 1941, Bremmer 1974, Miettinen 1975). 

Additionally, the inclusion of shells in the analysis 

probably would have resulted in greater copper 

concentrations in plants versus clams and reduced or 

eliminated the difference between zinc concentrations in the 

groups. 
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Location Differences Among Benthos 

For both Ruppia maritima and Zostera marina, cadmium 

concentrations were significantly higher at the Eastern 

Shore location (LC=l9) than at the York River mouth location 

(LC=l3), while the reverse was true for lead, copper, and 

zinc. Cadmium concentrations in Vallisneria americana were 

highest in the Port Tobacco River location (LC=S), while 

lead, copper, and zinc concentrations were highest in a 

nearby Potomac River location (LC=6). 

Metal concentrations from other studies of the same or 

related species of aquatic macrophytes as examined in this 

study, and determined by comparable methods, are presented 

in Table 23. Based on comparisons with these studies, it 

appears that metal concentrations observed in this study are 

generally indicative of relatively low levels of 

environmental contamination. Somewhat higher degrees of 

contamination may be indicated for cadmium in the Port 

Tobacco River and for lead in Potomac River (LC=6) and Back 

Bay (LC=20) locations. The only obvious potential source 

for metal contaminants in these areas is traffic on the U.S. 

highway 301 bridge near the Potomac River location (LC=6). 

Cadmium and lead concentrations in the clam Mya 

arenaria were both significantly greater at the James River 

_mouth (LC=18) than at the Potomac River mouth (LC=7), while 



Table 23. Mean metal concentrations (ug/g, d.w.) observed in submerged aquatic plants in other studies. 

Species Location Cadmium Lead Copper Zinc Remarks Reference 
--------
MIT.LQ~h:t I I um f I in FI on, <O. 1 0.6 32 78 Uncontaminated I ake franzin and 
exalbescens Manitoba Mcfarlane 1980 

Zostera Western Port, 0.74 3.3 5 36 Means of 12 locations Harris et al. 
mue 1.L~r.l Austra Ii a 1979 

_!'otam_ogeton Kennebec- River, - 3.2 14 102 Uncontaminated region friant et al. \.0 
Qg.[.fQJ_j_a tus Maine 1979 I-' 

Ytl!l_sne r i a Kennebec River, - 4.6 12 95 Uncontaminated region Fri ant et a I. 
amer[_~.!Jfla Maine 1979 

.!'.Q ta rnQ.g_e ton Nepisiguit River, 0.65 2.4 3 103 Upstream of mining Ray and White 
Bl.£!rn. rd son i i New Brunswick operations 1976 

_!'_otamQgeton Nepisiguit River, 4.86 4.8 191 2878 Downstream of mining Ray and White 
R i char:_i;l_.§Qn.il New Brunswick operations 1976 

fotamm1eton Palestine Lake, 0.66 - - - "Least" contamination McIntosh et al. 
crispus Indiana 1978 

Potam(Lqeton Palestine Lake, 3.08 - - - "Low" contamination McIntosh et al. 
f.f~QQ_,<;_ Indiana 1978 

Po H!IIIQgr, ton Pa I est i ne Lake, 17.4 - - - "Moderate" McIntosh et a I. 
Cr i _ _§Q__lJ~ Indiana contamination 1978 

fotamQggton Palestine Lake, 44.8 - - - "Extreme" McIntosh et al. 
f_[j_fil_l ll s Indiana contamination 1978 
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copper and zinc concentrations were similar. The James 

River mouth is much more industrialized and urbanized than 

the Potomac River mouth which may account for the 

differences in cadmium and lead concentrations. Metal 

concentrations in these James River clams were very similar 

to those observed in M. arenaria from Rhode Island (Eisler 

1977). 

Cadmium concentrations in Macoma balthica were highest 

in the Port Tobacco River location; this location also 

yielded the highest cadmium concentration among all plants 

examined (3.64 ug/g, d.w. in y. americana). Next highest 

cadmium concentrations in M. bal thica occurred in the 

Patapsco River location (LC=l). Highest lead concentrations 

in this clam also occurred in the Patapsco River location, 

followed by the Chester River location (LC=2). Baltimore 

Harbor is a major anthropogenic source for many metals 

entering the Chesapeake Bay (Helz et al. 1981), and probably 

accounts for the relatively high levels of metals in 

Patapsco River M. balthica, and possibly in nearby Chester 

River samples as well. The source of the high cadmium 

concentrations observed in Port Tobacco River benthos, 

however, is unclear. M. balthica from the Looe estuary in 

England, which is contaminated by mining activity, had 

higher metal concentrations than observed in this study; 
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mean cadmium, lead, copper, and zinc concentrations (ug/g, 

d.w.) were 0.67, 34, 300, and 804, respectively (Bryan and 

Hummerstone 1977). 

Highest cadmium concentrations in Rangia cuneata 

occurred in samples from the Mattaponi River ( LC=8), 

followed by Pamunkey River (LC=9) and James River (LC=l6) 

samples. Interestingly, R. cuneata samples from the Port 

Tobacco River had relatively low cadmium concentrations, 

although this river yielded the highest cadmium 

concentrations in sediments, y. americana, and M.balthica. 

g. cuneata samples containing the highest concentrations of 

lead were from the aforementioned James River location and a 

nearby Chickahominy River location ( LC=lS) .. The higher 

concentrations of cadmium, lead, and zinc observed were 

considerably higher than the concentrations of these metals 

observed in R. cuneata from a relatively unpolluted estuary 

(San Antonio Bay, Texas) by Sims and Presley (1976); copper 

concentrations were similar in both studies. 

Sediments 

Concentrations of lead, copper, and zinc in sediments 

were by far highest in samples from the Patapsco River 

(Table 24), which, as mentioned previously, is probably 

strongly influenced by Baltimore Harbor. Cadmium 

concentrations, however, were highest in Port Tobacco River 



Table 211. Mean ±S.E. metal concentrations (ug/d.w.) and organic matter(%) and moisture 
contents(%) in sediments from the Chesapeake Bay region. (N=5 for each 

1 
LC 

1 
2 
3 
11 
5 
6 
7 
8 
9 

10 
1 1 
12 

14 
15 
16 
17 
18 
19 
20 
21 

I oca ti on). 

%Moisture 

61 . o+ 1 . 4 
511. 2+2. 1 
32.2+0.2 
1n.4+o.4 
54.0+6.8 
33.4+1L 1 
19.3+1.5 
1/8.3+1.5 
53.11+0.9 
15.2+0.8 
24.3+0.6 
36. 7±1. 1 

39.8+1. 1 
63.0+0.8 
25.4+2.7 
26. 6+1. 4 
27. 1+5_ 1, 
25.2+1. 7 
50.0+4.6 
311. 9±1. 0 

2 
%OM-a 

10. 7+0. 3 
9.7+1.9 
2. 7+0. 1 
4.8+0. 1 
8.4+2.8 
3. 1 +o. 6 
1.5+0.lj 
6.2+0.3 
7. 2+0.1, 
1. 6+0. 1 
2.0+0.2 
11. 1±0. 1 

3.6+0.2 
13.0+0.4 

1.8+0.5 
2. 1 +o. 5 
3.2+1. 1 
1.4+0.2 
5.1+1.0 
2. 7±0.5 

%OM-b 3 

9. 7±0.4 
7.8+0.6 
2. 8+0. 1 
4. 7+0.2 
5.9+1.9 
2.6+0.8 
1. 7+0.3 
6.8+0. 7 
6.8+0.5 
2.0+0.3 
1. 2+0. 1 
4.0±0.3 

3. 7+0.1, 
12. 1 +o. 1 

1. 8+0. 4 
2.0+0.3 
3.4+1.1 
1.0+0.1 
5.3+0.9 
2.4±0.2 

Cadmium 

1.03+0.05 
0.29+0.02 
o. 14±.004 

<O. 10 
1.47+0.51 
0. 18+0. 011 

<0--:-10 
0.46+0.03 
0.55+0.03 
0.32+0.13 

<0--:-10 
0.22±0.02 

<O. 10 
0.77+0.02 
0. 18±0.05 

<O. 10 
<O. 10 
<O. 10 
<O. 10 
<O. 10 

]Location Codes - See Figure 1, Table 16. 
3% organic matter determined with acid addition. 

% organic matter detemined without acid addition. 

Lead 

134.2+2.0 
31,. 5+2. 4 

5. 7±0.2 
13.4+0.2 
20.8+5.3 
17.0+5.0 

2.4+0.5 
12. 1+0. 8 
17.2+0.8 
30.2+13.3 

2.4+0.2 
9. 2±0 .11 

10.2+1. 1 
38.9+1.1 

7.8+1.0 
5.7+0.7 
8.3+1.8 
1 . 3+0. 1 

10.3+2.7 
4.4±0.3 

Copper 

230.2+2.6 
13.9+1.1 

4. 1 +o. 1 
11.5+0.4 
15.7+4.5 
10.9+3.2 
2.6+0.7 
8.7+0.7 

20.3+0.8 
3.0+0.3 
1.9±0.1 
8.9±0.5 

6.6+0.4 
26.9+0.2 

7.6+2.7 
3.6±0.4 
6. 7+2.2 
1. O+O. 1 
3.5+0. 7 
1.11:Eo.1 

Zinc 

740.8+27. 1 
82.5+5.4 
13.7+0.3 
31. 3+0. 6 
74.1+20.3 
45.5±10.1 
11.9+3.4 
1,7. 6+9. 8 

126.4±9.1 
25.6±7.1 
14.4+2.5 
46.0±1. 7 

38.9±2.4 
117.0+1.1 

38.6+11.8 
16.9+0. 7 
22.1+7.3 
4.4+0.3 

1 3. 2+5. lj 
8. 1±0. 5 

\D 
-!= 
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samples, followed by samples from the Patapsco River. 

Relatively high copper and zinc concentrations were observed 

in sediment samples from Pamunkey River ( LC=9) and 

Chickahominy River (LC=l5) locations; the former river is 

apparently influenced by drainage from abandoned mines 

(Huggett et al.. 1975). 

Caution, however, must be taken when comparing sediment 

metal concentrations from different locations. Metal 

concentrations may be greatly affected by variables such as 

particle size and organic matter content, which may be 

independent of metal input rates. In this study, highly 

significant correlations between metal concentrations and 

both organic matter content and moisture content were 

observed (Table 25, Figures 2-5; in Figures 2-5, values 

obtained from organic matter determinations without acid 

addition were used). Data points for the Patapsco River 

values of lead, copper, and zinc were deleted from these 

analyses because these values fell far from the plots 

generated by the other locations, another indication of 

contamination of the Patapsco River. 

Huggett (1981) observed similar relationships between 

concentrations of copper and zinc in Chesapeake Bay 

sediments and percent solids ( the complement of percent 

moisture). He suggested that percent solids, a measure of 



Table 25. Spearman correlation data for metal concentrations 
d.w.) versus organic matter (%, d.w.) and moisture 
content in Chesapeake Bay sediments. 1 

Cadmium ·Lead Copper 
(N=lOO) (N=95) (N=95) 

Organic matter r=0.671 0.739 0.804 
(corrected for carbonates) p<0.0001 0.0001 0.0001 

Organic matter r=0.719 0.795 0.844 
(corrected for carbonates) p<0.0001 0.0001 0.0001 

Moisture r=0.664 0.704 0.756 
p<0.0001 0.0001 0.0001 

1 See Figure 1, Table 16 for sample locations. Patapsco River 
samples not included for lead, copper, zinc. 

( ug/g' 
( %) 

Zinc 
(N=95) 

0.700 
0.0001 

0.746 
0.0001 

0.658 
0.0001 

'-0 
0\ 
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Figure 2. Cadmium concentration (ppm= ug/g, d.w.) versus organic 
matter content(%, d.w.) in Chesapeake Bay sediments. 
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Figure 3. Lead concentration (ppm= ug/g, d.w.) versus organic 
matter content(%, d.w.) in Chesapeake Bay sediments, 
(Patapsco River samples not included). 
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Figure 4. Copper concentration (ppm= ug/g, d.w.) versus organic 
matter content(%, d.w.) in Chesapeake Bay sediments. 
(Patapsco River samples not included). 
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Figure S. Zinc concentration (ppm= ug/g, d.w.) versus organic 
matter content in Chesapeake Bay sediments. 
(Patapsco River samples not included). 
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particle size, could be used to normalize different sediment 

samples for variability in metal concentrations due to 

particle size. Organic matter content, which is related 

inversely to particle size, has been used to normalize 

samples in order to distinguish variability among sediment 

samples reflecting background mercury concentrations from 

samples influenced by industrial contamination (Thomas 1969, 

Thomas and Jaquet 1976). (The relationship between organic 

matter content and particle size in sediments was indicated 

in the present study by a highly significant correlation 

between percent moisture and percent organic matter: r=0.92, 

p<0.0001, n=lOO). 

Sediments versus Clams 

The relationship between metal concentrations in 

benthic invertebrates, particularly molluscs, and sediments 

has been of interest to those concerned with the use of 

these organisms as biomoni tors of metal contamination 

(Huggett et al. 1975, Bryan and Hummerstone 1978, Bryan and 

Uysal 1978, Genest and Hatch 1981). In this study, 

correlation analyses conducted between metal concentrations 

in clams and sediments yielded quite different results 

depending upon whether total sediment metal concentrations 

(ug/g sediment, d. w.) or sediment metal concentrations 

normalized for organic matter content (ug/g organic matter, 



Table 26. Spearman correlation data for metal concentrations in 
clams and in sediments. 

Species 

Macoma balthica r= 
(n=5) 3 p= 

Rangia cuneata r= 
(n=9) 3 p= 

Macoma balthica r= 
(n=5) 3 p= 

Rangia cuneata r= 
(n=9) 3 p= 

Cadmium 

0.90 
0.04 

0.24 
0.54 

0.70 
0.19 

0.48 
0.19 

Lead Copper 

Total Sediment Basis 1 

0.82 
0.09 

-0.10 
0.80 

0.00 
1. 00 

-0.67 
0.05 

Organic Matter Basis 2 

0.82 
0.09 

0.58 
0.01 

0.30 
0.62 

0.08 
0.83 

1ug metal/g sediment (Table 24). 
2 ug metal/g organic matter. 
3 Each observation represents the mean sediment and 

clam metal concentration from one location. 

Zinc 

0.00 
1. 00 

0.80 
0.01 

0.30 
0.62 

0.87 
0.86 

I--' 
0 
[\) 
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d.w.) were used (Table 26). On a total sediment basis, 

there appears to be a marked difference between the two clam 

species in relationships between tissue and sediment metal 

concentrations, while on an organic matter basis, the two 

species demonstrate quite similar relationships between 

tissue and sediment metal concentrations. The organic 

matter-based metal concentrations may be superior for this 

analysis since the organic matter fraction probably contains 

the bulk of available metals ( considering relationships 

between metal concentrations, particle size, and organic 

matter content). The much greater similarity of the 

correlation analyses for the two clam species obtained when 

using organic matter-based values rather than total 

sediment-based values also lends support for using the 

former values. 

The organic matter-based correlations suggest that for 

both clam species, cadmium and lead concentrations in 

tissues are much more closely related to sediment 

concentrations than is the case for copper and zinc. 

Huggett et al. (1975) failed to observe a relationship 

between concentrations of copper and zinc in sediments and 

in soft tissues of oysters, Crassostrea virginica from the 

James and Rappahannock Rivers. Since copper and zinc are 

essential nutrients, there may be more highly developed 
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mechanisms for regulating tissue concentrations of these 

elements than exists for the nonessential metals, cadmium 

and lead. 



Chapter 3 

TOXICOLOGICAL STUDIES OF CADMIUM AND 

LEAD IN PENNED MALLARDS 

Introduction 

In order to examine potential impacts of cadmium and 

lead ingestion on Chesapeake Bay waterfowl, three 

experiments were conducted with captive, wild-strain 

mallards. In these experiments, cadmium and/or lead salts 

were mixed with a commercial duck food preparation in order 

to simulate chronic ingestion as would be expected to occur 

in the case of wild waterfowl eating contaminated foods. 

Relatively little research has been performed in this 

area. Lead toxicology studies in waterfowl have focused on 

the effects of lead shot ingestion, which is essentially a 

form of acute exposure. Finley et al. (1976a) examined the 

effects of chronic lead ingestion on several variables 

responsive to lead exposure, particularly blood ALAD 

activity, in mallards. In other birds, the effects of 

chronic lead ingestion on reproduction have been examined in 

Japanese quai 1 ( Edens et al. 1976) and in ringed turtle 

doves (Kendall and Scanlon 1981). The few studies that have 

examined the impacts of chronic cadmium ingestion on 

105 
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waterfowl have focused on male reproductive function, kidney 

structure, and red blood cell integrity (White and Finley 

1978, White et al. 1978, Mayack et al. 1981). Histological 

changes in a variety of tissues of Japanese quail due to 

chronic cadmium ingestion have been reported (Richardson and 

Fox 1974, Richardson et al. 1974). 

The common focus of the experiments performed in this 

study was the effect of chronic cadmium or lead ingestion, 

particularly cadmium, on energy metabolism at the organismal 

level. Reports of the effects of chronic exposure (by 

either ingestion or injections) to relatively low levels of 

cadmium on carbohydrate metabolism provided a major impetus 

for this line of inquiry. Singhal and Merali (1979) have 

provided an excellent review of this research, which was 

performed on mammals, largely laboratory rodents. Key 

components of these cadmium-induced alterations include 

increased gluconeogenesis (Singhal et al. 1974, Chapatwala 

et al. 1980), increased glycogenolysis and blood glucose, 

decreased liver glycogen (Sporn et al. 1970, Ghafghazi and 

Mennear 1973), and increased adrenal catecholamine secretion 

(Rastogi and Singhal 1975). These changes indicate a 

pronounced mobilization of carbohydrate energy stores under 

conditions of chronic cadmium exposure. 
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However, other cadmium-induced alterations suggest 

decreased ability to utilize this mobilized energy. These 

changes include reduced liver aldolase activity (Sporn et 

al. 1970), reduced insulin secretion due to pancreatic beta 

cell destruction (Singhal and Merali 1979), and impairment 

of mitochondrial transport processes and oxidative 

phosphorylation in liver and kidney tissue (Sporn et al. 

1970, Rajanna et al. 1981). Cadmium-induced kidney damage, 

which leads to proteinuria and glycosuria (Nordberg 1972, 

Friberg et al. 1974), could exacerbate this energy wasting 

syndrome. These impairments of energy metabolism could have 

serious consequences for waterfowl dependent upon the 

Chesapeake Bay during seasons marked by food shortages, 

climatic extremes, and other conditions requiring energy 

conservation for maximum chances of survival. 

Another focal point of these experiments was the 

determination of tissue metal concentrations associated with 

known amounts of cadmium and lead ingestion. Such 

information is critical in relating observed tissue metal 

concentrations of Chesapeake Bay waterfowl to potential 

metal-induced impacts observed in these controlled 

experiments. A final objective was to examine the effects 

of cadmium and lead ingestion, particularly cadmium, on 

tissue deposition of the nutrient metals, copper and zinc. 
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General Methods and Materials 

Care of Duck Colony 

Day-old wild-strain mallard ducklings were obtained 

from the Max McGraw Wildlife Foundation (Dundee, Illinois) 

in May and June, 1980 for subsequent use in these 

experiments. The ducklings were raised indoors for three 

weeks within enclosures constructed of nylon netting; wood 

shavings were used for flooring. Tap water and a starter-

grower duck ration containing 20% protein (Big Spring Mill, 

Elliston, Virginia) were provided ad libi turn. Periodic 

sampling of this food yielded mean concentrations (ug/g, 

d.w.) of the following metals: cadmium, <0.1; lead, <0.5; 

copper, 7. 8; and zinc 73. 8. Moisture content was 10%. 

Water and food trays were constructed of plastic and wood, 

respectively. At approximately three weeks of age, 

ducklings were transferred to outdoor holding pens 

constructed from vinyl-coated wire (sides) and nylon netting 

(roofs) . Sawdust was used as litter. Tap water was 

supplied ad libi turn with automatic waterers equipped with 

stainless-steel troughs. The ration described above was 

provided ad. libiturn in covered wood trays. 

Experimental Facility and Procedures 

Experiments were conducted in an indoor facility that 

allowed for control of photoperiod and partial control of 
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temperature. Ducks were housed individually in 45x60x45 cm 

vinyl-coated wire cages. Food (described above) and water 

were supplied ad libitum (except where noted below for food) 

in stainless-steel bowls and troughs. Tap water was 

utilized in the first experiment; thereafter water was 

deionized (High-capacity PCS cartridge, Barnstead Co., 

Boston, MA.). The facility was cleaned daily to remove 

spilled food and excreta; food and water containers were 

cleaned weekly. 

Prior to experiments, ducks were randomly assigned to 

cages and acclimated to the experimental facility for 3 

weeks. Each experiment lasted 42!1 days and only drakes (of 

the same age within each experiment) were used. Weights of 

ducks were obtained at the start of both acclimatization and 

the experiments, midway through each experiment, and just 

prior to sacrifice at the conclusion of each experiment. 

Food consumption was monitored for 3 consecutive days just 

prior to the start of each experiment and at approximately 

biweekly intervals thereafter. Experimental rations were 

made by adding cadmium chloride or lead nitrate to the 

ration described above. Concentrations of these metals in 

foods were calculated on the basis of the atomic weight of 

the metal added (i.e. corrections were made for the mass of 

the anionic component of the salts used). The salts were 
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dissolved in a slightly aqueous acidic solution and 

thoroughly mixed into the food with an electric food mixer. 

Sacrifice and Dissection Procedures 

At the conclusion of each experiment, all ducks were 

sacrificed by decapitation. Prior to sacrifice, each duck 

was bled by cardiac puncture with a heparinized syringe. 

Efforts were made to minimize time elapsing between removing 

the bird from its cage and collecting the blood sample; this 

time was with few exceptions <40 sec. After bleeding, each 

duck was weighed and decapitated. Final body weights were 

adjusted for blood loss due to the bleeding procedure (using 

1 ml = 1 g). Immediately following sacrifice, approximately 

4 g of the posterior portion of the right liver lobe was 

excised, weighed, placed in a capped polyethylene vial, and 

immersed in liquid nitrogen until subsequent analysis for 

glycogen content. In Experiment 3, approximately 1 g of the 

posterior portion of the left liver lobe was handled 

similarly until subsequent analysis for aldolase activity. 

In each experiment, sacrifice was conducted between 

1000 and 1200 over a 3 day interval in order to minimize 

variability due to diurnal rhythms. During and following a 

given day's sacrifice operation, carcasses were taken to the 

Wildlife Physiology Laboratory (V.P.I.&S.U.) for necropsy. 

Wet weights were determined for brains, livers, kidneys, 
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testes, and adrenals. Livers and kidneys were excised and 

stored for subsequent metal analyses. In the first 

experiment, the right ulna was also excised and stored for 

metal analyses. Adrenals were placed in 0.5 ml PBS (0.1 M 

sodium phosphate buffered saline containing O. 1% sodium 

azide), and stored at -20C for corticosterone analysis. 

Metal Analyses 

For Experiment 1, liver, kidney, and ulnar bone 

concentrations (d.w.) of cadmium, lead, copper, and zinc 

were determined as described previously for Chesapeake Bay 

waterfowl. For Experiments 2 and 3, cadmium, copper, and 

zinc were measured in livers and kidneys (lead was not 

administered in these· experiments) . 

Liver Glycogen and Aldolase Analyses 

On the day of sacrifice, liver samples were removed 

from liquid nitrogen and thawed for glycogen or aldolase 

analysis. Liver glycogen concentration was determined by 

the phenol-sulfuric acid method described by Huijing (1974). 

A 1. 5.::0. 1 g subsample of each liver sample was used and 

reagent volumes were adjusted to maintain reagent: liver 

ratios approximating those given by Huijing (1974). 

Following purification procedures, assays were performed in 

duplicate. Standards were prepared from bovine glycogen 

(Sigma Chemical Co., St. Louis MO.). A Bausch and Lomb 
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(Rochester, NY) Spectronic 20 spectrophotometer was used to 

measure absorbance in this and all other assays requiring 

visible light spectrophotometry. 

Liver aldolase activity was determined with an assay 

kit (No. 752, Sigma Chemical Co.) using a tissue-derived 

supernatant rather than serum. 

using a modification of the 

Gritzelmann (1974) as follows: 

The supernatant was prepared 

procedures described by 

A 1.0+0.l g sample of liver 

was homogenized in 10 ml of 0.1 M Tris HCl buffer (pH=7.2). 

A 1 ml aliquot of this homogenate was diluted 10-fold with 

buffer, thoroughly mixed, and centrifuged at 15,000xg for 10 

min. The resulting supernatant (200 ul) was used in the 

· enzyme assay, using additional Tris HCl buffer for dilutions 

as necessary; assays were performed in duplicate. Aldolase 

activity is expressed as International Units (IU), where 1 

IU will split 1 nM of fructose-1,6-diphosphate per min at 

37C. 

Blood Chemistry Analyses 

After bleeding, blood samples were placed on ice and 

transported to the laboratory. Packed cell volume (PCV) was 

determined in duplicate ( as were all blood chemistry 

analyses) using microhematocri t capillary tubes and a 

Readacrit centrifuge (Clay Thomas, Parsippany, NJ.). 

Remaining blood was centrifuged at 761xg at 4C for 30 min. 
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Plasma was stored in aliquots at -20C for analyses described 

below. Plasma glucose concentrations were determined with 

an o-toluidine-based reagent kit, Trucose Glucose (American 

Monitor Corp., Indianapolis, IN.). Plasma urea 

concentrations in plasma were determined with a kit obtained 

from American Monitor Corp., Monitor BUN. Plasma uric acid 

concentrations were measured with the urea-cyanide method 

described by Ceriotti (1974). Nonesterified fatty acids 

(NEFA) were determined using the methods described by Noma 

et al. (1973) as modified by Warren (1979). A critical 

modification was the use of a 1. 0 M solution of cupric 

nitrate, rather than the incorrectly published value of 10 

M, in making the copper reagent. 

Hormone Radioimmunoassays (RIA) 

Thyroxine (T-4) concentrations in plasma were 

determined with an Amer lex T-4 RIA kit (Amersham Corp., 

Arlington Heights, IL.). The validity of this RIA for the 

determination of T-4 in mallard plasma was assessed in 

several ways. The recovery of T-4 (132, 275, 475, 1375, and 

2000 pg) added to a pool of mallard plasma yielded average 

recoveries ranging from 84% to 103% (Appendix Table IV). 

The lower limit of sensitivity of the assay was 

approximately 75 pg per tube. The coefficient of variation 

for duplicate determinations was 7. 9% and between assay 
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variation was 13. 6%. The T-4 antiserum has 7. 5% cross-

reactivity with triiodothyronine (T-3). Iodine-125 activity 

in both thyroid hormone assays was counted with a Beckman 

Gamma 4000 (Beckman Instruments, Irvine, CA). Assay 

concentration values for all hormones measured were 

determined using log transformations of the standard curve. 

Concentrations of T-3 were determined with an Amerlex 

T-3 RIA kit (Amersham Corp.). The recovery of T-3 (10 16, 

55, 103, and 198 pg) added to a pool of mallard plasma 

yielded average recoveries ranging from 88% to 105% 

(Appendix Table V). The lower limit of sensitivity of the 

assay was approximately 3 pg per tube. The coefficient of 

variation for duplicate determinations was 6.5% and between 

assay variation was 11. 4%. The T-3 anti serum has <O. 3% 

cross-reactivity with T-4. 

Concentrations of corticosterone in plasma (Experiments 

2 and 3 only) were measured according to Rattner and Eastin 

(1981) with modifications. The labelled tracer, [l,2- 3 H)-

corticosterone (43 Ci/mmol, Amersham Corp.) was purified 

before use by chromatography using 5 ml serological pipettes 

filled with Sephadex-LH 20 (Sigma Chemical Co.) soaked in a 

solution of distilled methylene chloride:methanol (97:3). 

The purified tracer was dried, redissolved in PBSG (PBS 

containing O. 1% gelatin) and added to assay tubes at a 

concentration of approximately 10,000 dpm/100 ul. 
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A pool of steroid-free mallard duck plasma was prepared 

for use in the standard curve by charcoal adsorption 

(Mitsuma et al. 1972), followed by filtration through 0.45 

um filters (Millipore Corp., Boston, MA.) to remove charcoal 

particles not removed by centrifugation. Total count tubes 

and the standard curve were prepared by the addition of 

either 400 ul PBSG ( total count tubes), 300 ul PBSG 

(nonspecific binding), 200 ul PBSG (total binding), or 100 

ul PBSG + 100 ul corticosterone standard (50-2000 pg/100 ul 

PBSG) to 12 X 75 mm disposable glass culture tubes in 

triplicate; 50 ul undiluted stripped plasma were added to 

each of these 

duplicate by 

tubes. Unknown 

the addition of 

samples were 

50 ul plasma 

prepared in 

to tubes 

containing 200 ul PBSG. Excluding non-specific binding 

tubes, 100 ul corticosterone antibody ( 1: 1500 dilution, 

Radioassay Systems Laboratories, Inc., Carson, CA.) were 

added to the tubes, followed by 100 ul radioactive tracer. 

The tubes were vortexed and incubated at 4C for 16+1 hr. 

Excluding total count tubes, 200 ul cold charcoal suspension 

were added to each tube, the tubes were vortexed, then 

incubated at 4C for 20 min. The tubes were centrifuged at 

1500xg for 10 min and 0.5 ml of the supernatant of each tube 

was transferred to a scintillation vial with a dilution 

pipettor, which added 5.0 ml scintillation cocktail (25% 
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triton X-100 in 4 g omnifluor/1 toluene) to each vial. 

Tritium activity in the vials was counted with a Searle 

Delta 300 beta scintillation counter (Searle Analytic, Inc., 

Des Plaines, IL.). 

The recovery of corticosterone (50, 100, 200, 500, and 

1000 pg) added to two pools of mallard plasma yielded 

average recoveries ranging from 90% to 114% (Appendix Table 

VI). The lower limit of sensi ti vi ty of the assay was 

approximately 30 pg per tube. The coefficient of variation 

for duplicate determinations was 7. 8% and between assay 

variation was 8.9%. Although the corticosterone antibody 

used in this assay cross-reacts equally with cortisol, 

Rattner and Eastin ( 1981) found cortisol concentrations 

below detection limits in mallard plasma. 

Corticosterone concentrations of adrenals (Experiments 

2 and 3 only) were determined by first homogenizing paired 

adrenals in 5.0 ml PBSG. A 0.5 ml aliquot of this 

homogenate was diluted with 4. 5 ml PBSG containing 

approximately 10,000 dpm radioactive corticosterone tracer; 

this tracer was added to determine corticosterone loss due 

to centrifugation. The diluted homogenate was centrifuged 

at 10,000xg for 30 min. Mean! S.E. recovery of tracer (dpm 

in supernatant/dpm in homogenate) was 98.2!0.4% (N=96). 
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This supernatant was then assayed for corticosterone in 

the same manner described for plasma, using 50 ul of a pool 

of charcoal-stripped adrenal supernatant for standards or 50 

ul of sample supernatant for unknowns. The recovery of 

corticosterone (50, 100, 290, 350, 500, or 1000 pg) added to 

two pools of mallard adrenal supernatant ranged from 82% to 

97% (Appendix Table VII). The lower limit of sensitivity of 

this assay was approximately 3 7 pg per tube. The 

coefficient of variation for duplicate determinations was 

7.0% and between assay variation was 9.6%. 

Corticosterone values are expressed as concentrations 

in plasma and adrenals, as total adrenal content and total 

content in adrenals and plasma. This last value was 

determined by adding total adrenal corticosterone content 

(measured directly in assay) to total plasma content. Total 

plasma content was determined by multiplying plasma 

corticosterone concentration by plasma volume, which was 

calculated using Bond and Gilbert's (1958) value for blood 

volume in mallards (11.3 ml/100 g body weight), body weight 

at time of sacrifice, and plasma concentration 

([l-PCV]/100). Total body content was calculated in order 

to account for variability in either adrenal or plasma 

concentrations of corticosterone due to handling stress at 

the time of sacrifice. 



Experiment 1 

(Combined cadmium and lead study) 

In the great bulk of toxicological studies, single 

toxicants are administered to test organisms. Such studies 

are of course fundamental to a basic understanding of the 

effects and modes of action of toxicants. However, wild 

animals are likely to undergo simultaneous exposure to more 

than one contaminant, albeit at generally relatively low 

levels when viewed on a per contaminant basis. Results 

discussed earlier in this study, as well as other studies 

(Vermeer and Peakall 1979, White et al. 1979, Fleming 1981) 

indicate simultaneous exposure to more than one contaminant 

for waterfowl in the Chesapeake Bay and other systems. This 

experiment comprises an examination of the two contaminants 

of major concern in this study, cadmium and lead. These 

elements were administered to mallards both singly and 

together with the objectives of determining tissue 

accumulation phenomena of cadmium and lead, determining 

effects of these metals on copper and zinc accumulation in 

selected tissues, and examining the single and combined 

effects of cadmium and lead on energy metabolism. 

118 
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Methods and Materials 

Fifty-six mallard drakes were randomly assigned to 

seven treatments (eight ducks per treatment). All ducks 

were 128 days old at the start of the 42+1 day experiment on 

October 1, 1980. Treatments consisted of different 

concentrations of dietary cadmium and/or lead: controls (no 

metal added), 10 and 100 ug/g cadmium or lead, 5 ug/g, each, 

cadmium and lead, and 50 ug/g, each, cadmium and lead. Mid-

way through the experiment, the ducks were bled by cardiac 

puncture as described previously. The blood was assayed for 

PCV and plasma concentrations of glucose, NEFA, urea, uric 

acid, T-4, and T-3 by methods described above. 

died apparently as a result of this bleeding. 

Three ducks 

Differences in variables due to treatment were tested 

with a one-way ANOVA using SAS (Helwig and Council 1979). 

When significant differences due to treatment were detected 

(p<0.05), multiple comparisons were performed using Duncan's 

multiple range test with alpha equal to 0.05 (Helwig and 

Council 1979). Linear regressions of tissue concentrations 

of cadmium or lead as a function of dietary concentration of 

the respective metal were performed using the general linear 

model of Helwig and Council (1979). Correlations between 

pairs of tissue metal concentrations were tested with 

Spearman's correlation procedure (Hollander and Wolfe 1973). 
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Results and Discussion 

Tissue Accumulation of Metals 

Both cadmium and lead consistently accumulated to 

higher concentrations in kidneys (Table 27) than in livers 

(Table 28) at all dietary concentrations of the metals. 

Based on slopes of regression equations generated from these 

data (Table 30), the average difference between kidney and 

liver accumulation is quite similar for cadmium and lead; 

the kidney slope/liver slope is 3.5 for cadmium and 3.1 for 

lead. Lead concentrations in ulnar bones (Table 29) were 

similar to liver concentrations, while cadmium 

concentrations in ulnar bones remained below detection at 

all concentrations of dietary cadmium. The regression 

equation for ulnar bone lead concentrations as a function of 

dietary lead concentration is given in Table 30. Chesapeake 

Bay waterfowl displayed generally similar trends in cadmium 

and lead concentrations in these three tissues. In chronic 

feeding studies with mallards and wood ducks, respectively, 

White and Finley ( 1978) and Mayack et al. ( 1981) found 

generally higher cadmium concentrations in kidneys than in 

livers, although the trend reversed at the highest 

concentrations of dietary cadmium and/or longest duration of 

exposure. Finley 

concentrations in 

et al. ( 1976c) observed higher lead 

kidneys than in livers of mallards 



Table 27. Mean ±_S.E. concentrations (ug/g, d.w.) of cadmium, lead copper, and zinc in 
kidneys of mallards receiving different concentrations of dietary cadmium (Cd) 
and/or lead ( Pb) for 112±_1 days. (N=8 except where noted). 

Kidney Concentration_s~~~~~~~~~~~ 
Metal concentration, 
l!c!9L!!L_l'l cj i et Cadmium Lead Coi:11:1e r Zinc 

Controls (no metal added) 2. no. 3 d <0.5 d 16.2±_2.2 C 78±_11 d 

Cd=lO 6 7, 8±_ 12, II C <0.5 d 21.8±_2.3 C 99±_6 be 
1 Cd=lOO 371.8±_22.3 a <0.5 d 56.7±_7.7 a 125±_7 a 

2 
Pb=lO 3. 1±_0. 4 d LI, 1 ±_0, 5 C 16.3±_1.5 C 86±_5 Cd 

Pb=lOO 3, 11±_0. 6 d 22.5±_1.5 a 20.9±_2.6 C 89±_4 cd 

Cd=5, Pb=5 24.8±_3.2 d 3, 1±_0. 3 C 21.2±_4.2 C 100±_5 be 

Cd=50, Pb=50 201 . 0±_26. 9 b 16.1±_1.4 b 37.7±_3.7 b 112±_5 ab 

a, b, c, d: Within each column meams not sharing a common letter are significantly 
different (p<0.05); Mean squares in Appendix Table VI I I. 

1 
N=7 

2 
N=6 

f--J 
[D 
f--J 



Table 28. Mean± S.E. concentrations (ug/g, d.w.) of cadmium, lead, copper, and zinc in 
livers of mallards receiving different concentrations of dietary cadmium (Cd) 
and/or lead (Pb) for 42±1 days. (N=8 except where noted). 

Liver Concentrations 
Metal concentration, 
itJ_g/__g_J in diet Cadmium Lead Coi:11:1er Zinc 

Controls (no metal added) 0.9±0. 1 C <0.5 C 585±133 121±10 ab 

Cd=10 14.5±1.6 C <0.5 C 255±30 112±8 b 

Cd=100 1 104.8±19. 1 a <0.5 C 487±180 147±9 a 

Pb=1a2 0.9±0.1 C 0.7±0.3 C 692±124 131±9 ab 

Pb=100 0.9±0.1 C 7.2±0.9 a 555±99 128±6 ab 

Cd=5, Pb0~5 6.5±0.8 C <0.5 C 488±158 123±6 ab 

Cd=50, Pb-=50 54.2±3.7 b 3.8±0.6 b 414±84 127±12 ab 
-----

a, b, c, d: Within each column means not sharing a common letter are significantly 
different (p<0.05); Mean squares in Appendix tabl·e VIII. 

1 
N=7 

2 
N=6 

I-' 
[D 
[D 



Table 29. Mean± S.E. concentrations (ug/g, d.w.) of cadmium, lead, copper, and zinc in 
ulnar bones of mallards receiving different concentrations of dietary cadmium 
(Cd) or lead (Pb) for 42±1 days. (N=8 except where noted). 

Ulnar Bone Concentrations 
Metal concentration, 
l!!9.L9.l in diet Cadmium Lead Co~~e r Zinc 

Controls (no metal added) <O. 1 0.9_:!:0.6 C 1.5_:!:0.7 91±5 ab 

Cd=lO <O. 1 0.5_:!:0.2 C 0.9_:!:0.4 90±4 b 
1 Cd=lOO <O. 1 0.5_:!:0.1 C 1.2_:!:0.6 95±5 ab 

2 
Pb=lO <O. 1 0.8_:!:0. 1 C 1.8_:!:0.9 85±3 b 

Pb=IOO <O. 1 5.3_:!:0.8 a <0.5 104±4 a 

Cd=5, Pb=5 <O. 1 0.6_:!:0. 1 C 1. 1±0. 8 87±5 b 

Cd=50, Pb=50 <O. 1 3.6_:!:0.4 b 2.2_:!:l.5 87±4 b 

a, b, c: Within each column means not sharing a common letter are significantly 
different (p<0.05); Mean squares in Appendix Table VI I I. 

1 
N=7 

2 
N=6 

I-' 
[\.) 
w 
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Table 30. Regression equations for cadmium (Cd) and lead 
(Pb) concentrations (ug/g, d.w.) in livers and 
kidneys of mallards predicted from dietary 
concentrations 1 (ug/g, w.w.) of respective 
element based on 42 days of ingestion. 

Equation 2 R-square 

Liver [Cd] = 1. 03 X dietary [Cd] + 2.16 0.78 

Liver [Pb] = 0.07 X dietary [Pb] + 0.11 0.81 

Kidney [Cd] = 3.62 X dietary [Cd] + 14.11 0.90 

Kidney [Pb] = 0.22 X dietary [Pb] + 1. 94 0.89 

Ulnar bone [Pb] = 0.05 X dietary [Pb] + 0.64 0.67 

1For both elements, dietary concentations were 0,5,10, 
50 and 1oo·ug/g (w.w.). 

2 For all equations, p<0.0001 for Ho: slope= 0. 



125 

experimentally fed dietary lead. They also observed higher 

concentrations of lead in wingbones than in livers or 

kidneys, but liver and kidney concentrations were reported 

on a wet weight basis while wingbone concentrations were 

reported on a dry weight basis. 

In contrast to cadmium and lead, both copper and zinc 

concentrations in this study were greater in livers than in 

kidneys. This is also consistent with trends observed in 

Chesapeake Bay waterfowl in this study. Liver copper 

concentrations, however, were much higher in all treatment 

groups of this experiment (means=255-692 ug/g d.w.) than in 

Chesapeake Bay mallards (mean=52 ug/g, d.w.). The use of 

deionized water in later experiments had little effect on 

liver copper concentrations and whether concentrations 

observed in this experiment are abnormally high is not 

known. 

In both livers and kidneys, cadmium concentrations were 

much higher than lead concentrations at equal dietary 

concentrations of the two metals. Based on slopes of 

regression equations (Table 30) generated from these data, a 

given increase in dietary cadmium concentration caused, on 

the average, a 15-fold greater increase in liver cadmium 

concentration and a 16-fold greater increase in kidney 

cadmium concentration than the same increase in dietary lead 
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concentration caused in lead concentration of the respective 

tissue. This marked difference in accumulation rates may be 

very important in interpreting tissue concentration data for 

these metals in wild waterfowl. For example, based on these 

results, similar cadmium and lead concentrations in either 

livers or kidneys of wild ducks would suggest higher 

environmental concentrations of lead than cadmium. The 

toxicological significance of this difference, however, is 

not clear. Al though the two studies are not directly 

comparable, Finley et al. 's (1976c) study of chronic lead 

ingestion in mallards and White and Finley's (1978) study of 

chronic cadmium ingestion in mallards strongly suggest 

greater accumulation rates by liver and kidney tissue of 

cadmium versus lead. 

Increasing dietary concentrations of cadmium appeared 

to elicit increased kidney concentrations of copper and 

zinc. This is supported by highly significant positive 

correlations between kidney cadmium concentrations and 

kidney concentrations of either copper (Figure 6) or zinc 

( Figure 7) . ( These correlations were performed after 

deletion of treatment diets containing only added lead; 

similar results were obtained both when all diets or diets 

containing only additional cadmium were used. Similar 

analyses between kidney concentrations of lead versus copper 
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Figure 6. Spearman correlation for kidney concentrations (ug/g d.w.) 
of cadmium (Cd) versus copper (Cu) in mallards fed Cd at 
dietary concentrations (ug/g) of 0, 5, 10, 50, or 100. 
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Figure 7. Spearman correlation for kidney concentrations (ug/g, d.w.) 
of cadmium (Cd) versus zinc (Zn) in mallards fed Cd at 
dietary concentrations (ug/g) of O, 5, 10, 50, or 100. 
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or zinc revealed no significant correlations.) Kidney lead 

concentrations {Table 29) suggest that increasing dietary 

concentrations of cadmium may also have enhanced kidney 

accumulation of lead; there appears to be a greater 

proportional accumulation of dietary lead in kidneys of 

ducks fed lead and cadmium than in ducks fed lead alone. 

While metallothionein {MT) was not measured in this 

experiment, the effects of cadmium ingestion on kidney 

accumulation of copper and zinc, and perhaps of lead as 

well, suggest cadmium-induced MT synthesis. Cadmium-induced 

MT has been shown to bind not only cadmium, but also copper 

and zinc, which can lead to increased concentrations of 

these metals in kidney and liver tissue (Suzuki et al. 1977, 

Suzuki 1979, Ashby et al. 1981, Oh et al. 1981). It is 

unclear whether such cadmium-induced alterations in tissue 

distribution of these nutrient metals is of any 

toxicological significance. However, it has been suggested 

that MT induction provides protection against cadmium in 

wild birds, including ducks (Brown et al. 1977, Brown and 

Chatel 1978, Osborn 1978). 

Tissue Weights 

No significant differences due to treatment diets were 

observed in weights of whole bodies, brains, livers, 

kidneys, or adrenals at the conclusion of the experiment 



Table 31. Mean ±S.E. weights of bodies, brains, I ivers, kidneys, and adrenals in mallards rece1v1ng 
different concentrations of dietary cadmium (Cd) and/or lead (Pb) for 42±1 days. (N=8 
except where noted.) 

Fina I Bod~ and Tissue weights (mean +S.E.) l 
Met.a I concen tr-at ions 
in diet (ug/g) Body ( g) Brain ( g) Liver( g) Kidney (g) Ad rena I s (mg) 

Controls (no metal added) 120l1±29 IL8±0.1 22.0±1.3 6.6±0.5 873±9 

Cd=10 1209±51 11. 9±0. 1 20.3±1.7 6.6±0.5 880±12 
2 

Cd=100 1225±38 5.0±0.2 23.1±1.7 7.5±0.4 9ll7±63 
3 

Pb=10 1216±56 5.0±0. 1 21.9±1.0 6.7±0.2 923±101 

Pb=100 1202±39 4.9±0. 1 20.2±0.6 6.3±0.1 980±50 

Cd=5, Pb=5 1167±30 5.0±0. 1 21.9±1.2 6.7±0.3 941±60 

Cd-=50, Pb=50 i201±50 4.9±0. 1 23.7±1.2 7.5±0.4 886±64 

l No significant differences due to treatment were observed (p>0.05); mean squares in Appendix Table 
IX. 

2 
N=l 

3 
N=6 

f---' 
w 
0 
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(Table 31). No differences were observed in food 

consumption or in body weights at any point during the 

experiment. Mean kidney weights appeared slightly higher in 

ducks receiving the two highest concentrations of dietary 

cadmium (50 and 100 ug/g). White et al. (1978) found 

significantly higher kidney weights in mallards fed 200 ug/g 

of dietary cadmium for 60 or 90 days versus controls; these 

treatments also produced marked kidney damage. After 30 

days, they observed a statistically nonsignificant increase 

in kidney weights and slight kidney damage. Therefore, the 

apparent, though insignificant, increase in kidney weights 

observed in this study may be indicative of early stages of 

kidney damage. 

Although not significant, the highest concentrations of 

either cadmium or lead in food (100 ug/g) were associated 

with the highest mean adrenal weights. Adrenal weights have 

been shown to be proportional to adrenal secretory activity 

in mammals (Bronson and Eleftheriou 1964, Adams and Hane 

1972) and have therefore been used as an index of chronic 

stress, as might be elicited by environmental contaminants 

(Kirkpatrick 1980). While not significa~t in this study, 

the somewhat higher adrenal weights observed in association 

with the highest dietary concentrations of cadmium or lead 

suggest that chronic exposure to contaminants such as heavy 

metals may constitute a chronic stressor. 
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Liver Glycogen 

No significant differences due to treatment were 

observed in liver glycogen concentrations or total liver 

glycogen (Table 32). Chapatwala et al. ( 1980) reported 

significant increases in the activities of gluconeogenic 

enzymes in livers of rats fed diets containing cadmium 

concentrations of 50 to 200 ug/g for 4 weeks. These enzyme 

changes were accompanied by increases in serum glucose; 

liver glycogen, however, was not measured. 

Blood Factors 

There were no significant changes due to treatment in 

PCV or plasma concentrations of glucose, NEFA, urea, uric 

acid, T-4, or T-3 mid-way through the experiment (Table 33) 

.or, with the exception of NEFA, at the conclusion of the 

experiment (Table 34). The lack of response 

concentrations of glucose, urea, or uric acid, 

in plasma 

together with 

the lack of change in liver glycogen, suggests that these 

ducks were more resistant to cadmium-induced changes in 

carbohydrate metabolism than rats, based on studies by 

Singhal and Merali ( 1979) and Chapatwala et al. ( 1980) . 

Plasma NEFA concentrations in ducks receiving the lowest 

combined dietary concentration of cadmium and lead (5 ug/g 

of each) were significantly higher than in controls or birds 

receiving the higher combined cadmium-lead diet. The 
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Table 32. Mean ~ S. E. liver glycogen concentration and 
total glycogen in mallards receiving different 
dietary concentrations of cadmium (Cd) or lead 
(Pb) for 42 +1 days. (N = 8 except where noted). 

Metal concentration Liver [glycogen] 1 Total liver 1 , 2 

in diet (ug/g, W.W.) (mg/g) glycogen (mg) 

Controls 76.8+10.0 1865+292 

Cd = 10 78.3+ 9.3 1619+252 

Cd = 100 3 77.1+12.2 1836+371 

Pb 10 4 79.2+ 5.9 1742+271 

Pb = 100 74.7+ 5.1 1526+347 

Cd = 5, Pb = 5 80.3+ 8.8 1855+270 

Cd = 50, Pb = 50 99.3+ 4.0 2373+187 

1no significant differences due to treatment (p>0.05) 
(Mean squares in Appendix Table IX.) 

2 for each sample, total liver glycogen= 
liver [glycogen] X liver weight. 

3 N 7. 
4 N = 6. 



Table 33. Mean+ S.E. packed cell volume (PCV) and plasma concentrations of glucose, non-esterfied 
fatty·-acids (NEFA), urea, uric acid, thyroxine (T-11), and triiodothyronine in mallards 
receiving different 11ietary concentrations of cadmium (Cd) or lead (Pb) for 21±1 days (N=8 
except where noted). 

Metal concentrations 
in diet (ug/g) 

Controls 
(no metal added) 

Cd=lO 
2 Cd=lOO 

Pb=lO 3 

Pb=clOO 

Cd~5, Pb=5 

Cd~50, Pb=50 

1 

PCV (%) 

42.2±0.8 

113. 11±0. 7 

39.2±0.8 

112. 2±0. 8 

113 .11±0. 8 

1111. 2±0. 9 

41 . 6±0. 7 

Glucose NEFA 
(mg/100 ml) umol/L 

202±8 

197±10 

214±9 

231±17 

209±7 

225±12 

190±6 

106±17 

135±32 

171±16 

90±26 

160±25 

119±26 

138±28 

Urea Uric Acid 
(rng/100 ml) (mg/100 ml) 

17.9±1.0 

17 .11±0.9 

19.2±1.3 

17.1±1.5 

19.2±1.6 

19.5±1.3 

16.6±1.2 

4.7±0.3 

6. 1±0. 7 

5.5±0.5 

6.3±0.7 

4.9±0.4 

5.4±0.5 

5. 2±0 .11 

T-1~ T-3 
( ng/m I) ( ng/m I ) 

20.5±0.9 1.92±0.23 

18.4±2.4 1.73±0.14 

17.9±1.7 1.65±0.22 

21.0±3.8 2.04±0.29 

20.6±2.0 1.63±0.23 

17.7±1.6 1.58±0.14 

16.4±1.4 1.57±0.17 

No significant differences due to treatment were observed (p>0.05); Mean squares in Appendix Table X. 
2 

N~7 
3 

N~6 

f--' 
w 
~ 



fable 34. Mean± S.E. packed eel I volume (PCV) and plasma concentrations of glucose, non-esterfied fatty acids 
(NEFA), urea, uric acid, thyroxine (T-4), and tri iodothyronine in mallards receiving different 
dietary concentrations of cadmium (Cd) or lead (Pb) for 42±1 days (N=8 except where noted). 

Metal concentrations PCV (%) Glucose NEFA Urea Uri C Acid T-4 T-3 
in diet (ug/g, d.w) ( mg/100 ml) (umol/L) (mg/100 ml) (mg/100 ml) ( ng/ml) ( ng/m I) 

Controls '15.9±0,8 a 214±8 a 37±6 a 20.2±0.5 a 8.8_:!:0.7 a 19.1±1.7a 2.21±0.22 a 

Cd=lO !16.2±1.0 a 207±7 a 47±12 ab 22.8±1.6 a 8.8_:!:1.0 a 16.5±1.1 a 1. 63±0. 1 O a 
1 

Cd=100 43.9_:!:0.6 a 219±8 a 39±11 a 21.7±1.8 a 9.5_:!:0.9 a 17.4_:!:1.7 a 1. 88±0. 20 a 

Pb=102 45.2±1.4 a 203±5 a 14±2 a 18.2_:!:0.4 a 8. 1±0. 7 a 16.8_:!:1.7 a 1.93±0.28 a 

Pb=100 44. '1±2. 4 a 209±7 a 54±10 ab 19.2±1.6 a 8. 1±0. 7 a 20.6_:!:2.0 a 1. ·79±0. 19 a 

Cd=5, Pb=5 45.4±1.3 a 225±8 a 78±22 b 20.9±2. 1 a 7.9_:!:0.9 a 16.2±1.0 a 1. 81±0. 19 a 

Cd=50, Pb=50 46.2±1.2 a 190±6 a 28±7 a 18. 1±2. 3 a 7.5_:!:0.6 a 17. 8±1. 1 a 2.19±0.27 a 

a,b: Means not sharing a common letter within a columri are significantly different (p,0.05); mean squares in 
Appendix Table XI. 

1 Ncc7 
2 
N=6 

I-' 
w 
\Jl 
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elevated plasma NEFA may indicate increased fat mobilization 

in this group, but the lack of a dose-response relationship 

and the lack of changes in other variables suggest that this 

change in NEFA is of limited physiological importance. The 

lack of response by the thyroid hormones indicates little 

difference among treatments in overall metabolism, which is 

consistent with the lack of response in other variables. In 

conclusion, the general lack of treatment effects observed 

in this experiment on body and tissue weights, liver 

glycogen, plasma metabolites associated with energetics, and 

thyroid hormones indicates that, within the experimental 

protocol employed, energy metabolism in mallards is quite 

resistant to relatively high concentrations of dietary 

cadmium and lead, whether administered singly or together. 

Great caution, however, must be taken in applying these 

results directly to studies with wild waterfowl populations; 

this subject will be discussed below. 



Experiment 2 

(Cadmium - food restriction interactions) 

In considering potential _ impacts of environmental 

contaminants on wild animals, it is important to bear in 

mind that other factors may be operative that can ultimately 

reduce populations. 

wintering waterfowl 

Such factors particularly applicable to 

include climatic extremes, food 

shortages, and disease organisms. These stressors can 

potentially interact with contaminants and thereby cause 

greater harm than elicited by either contaminants or the 

other stressor acting alone. Assuming that most systems are 

contaminated to degrees below those associated with overt 

toxicosis in organisms inhabiting them, the effects of 

contaminants in concert with other stressors may be the most 

important. 

The purpose of Experiment 2 was to examine possible 

interactions between chronic cadmium ·ingestion and a food 

restriction. Food shortage can be a very significant 

stressor among wintering waterfowl; Bellrose ( 1976: 69) 

suggests that malnutrition is far more widespread among 

waterfowl than is realized. In Chesapeake Bay canvasbacks, 

Nichols and Haramis (1980) observed mean weight losses of 

7.7% in males and 10.3% in females between mid-January and 

137 
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mid-March, which suggests limited'food resources for these 

ducks. Considering the previously described effects of 

cadmium on energy metabolism, there clearly exists a 

potential for chronic cadmium ingestion to exacerbate an 

energy drain due to reduced food consumption. 

Methods and Materials 

Forty-eight mallard drakes were randomly assigned to 

six treatments (eight ducks per treatment). All ducks were 

32 weeks old at the start of the 42~1 day experiment on 

January 7, 1981. A two-way factorial design was used for 

the experiment; one factor consisted of two levels of 

feeding (ad libitum or 60 g per day) and the other consisted 

of three concentrations of cadmium in the food (0, 10, or 50 

ug/g). Ad-libitum food consumption did not vary 

significantly with dietary cadmium concentration; the 

overall average for the experiment was 109 g per duck per 

day. On the average, therefore, the restricted groups 

received 55% of the food eaten (or, more precisely, removed 

from the food bowl) by the ad-libitum groups. During the 

experiment, photoperiod was natural and room temperature 

varied between 2C and 16C. All birds were bled one time 

only, just prior to sacrifice. Body weights, tissue weights 

(livers, kidneys, brains, adrenals, and testes), liver and 

kidney concentrations of cadmium, copper, and zinc, PVC, 
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liver glycogen content, adrenal corticosterone content, and 

plasma concentrations of glucose, NEFA, urea, uric acid, 

T-4, T-3, and corticosterone were determined as described 

previously. 

A two-way ANOVA by SAS (Helwig and Council 1979) was 

used to test for effects in variables due to feeding level 

(ad libitum or restricted), cadmium concentration in food, 

or an interaction between the two main effects. Effects 

were considered significant at p<0.05. T-tests (Ott 1977) 

were used to test for differences in liver and kidney 

concentrations of cadmium between ad libitum versus 

restricted groups receiving the control (0) concentration of 

food cadmium. 

Results and Discussion 

Tissue Accumulation of Metals 

Concentrations of cadmium, copper, and zinc in livers 

(Table 35) and kidneys (Table 36) of the ad libitum groups 

were generally similar to those observed in the combined 

cadmium and lead study (Experiment 1, Tables 27 and 28) at 

equal concentrations of dietary cadmium. Liver zinc 

concentrations appeared somewhat higher in Experiment 2; 

liver copper concentrations were, again, high relative to 

concentrations observed in Chesapeake Bay ducks, and 

extremely variable. As observed in Experiment l, increasing 
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Table 35. Mean + S. E. concentrations ( ug/g, d. w. ) of 
cadmium, copper, and zinc in livers of mallards 
receiving different dietary concentrations of 
cadmium [Cd] (ug/g) in food provided ad libitum 
or 55% ad libitum (restricted) for 42+1 days. 
N=8. 

Food Liver 1 

Level [Cd] Cadmium 2 Copper Zinc 3 

Ad libitum 0 1.11+ 0.06 312+130 149+5 

10 14.38+ 2.00 577+293 146+6 

50 52.47+ 5.01 428+ 97 163+6 

Restricted 0 1.55+ 0.17 383+124 177+5 

10 7.45+ 0.89 316+ 50 183+9 

50 45.23+10.88 508+194 183+12 

1Mean squares in Appendix Table XII; non-significance 
implies p>0.05. 

2 Significant effect due to cadmium concentration 
(p<0.0001). 

3 Significant effect due to food level (p<0.0001). 
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Table 36. Mean + S.E. concentrations (ug/g, d.w.) of 
cadmium, copper, and zinc in kidneys of mallards 
receiving different dietary concentrations of 
cadmium [Cd] (ug/g) in food provided ad libitum or 
55% ad libitum (restricted) for 42+1 days. N=8. 

Food Kidney 1 

Level [Cd] Cadmium 2 , 3 , 4 Copper 3 Zinc 2 , 
3 4 

I 

Ad libitum 0 2.8+ 0.1 13.7+ 1.0 82+6 

10 51.7+ 7.9 18.2+ 4.1 109+4 

50 186.6+19.4 35.4+ 3.8 130+5 

Restricted 0 3.8+ 0.3 18.6+ 1. 3 113+7 

10 17.7+ 2.0 15.2+ 2.1 115+3 

50 136.2+13.0 38.9+11.9 158+9 

1 Mean squares in Appendix Table XII; non-significance 
implies p>0.05. 

2 Significant effect due to food level (p<.002). 

3 Significant effect due to [Cd] in food (p<. 0002). 

4 Significant interaction, food level X [Cd] (p<0.05). 
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cadmium concentrations in food elicited increased kidney 

concentrations of copper and zinc and increased liver 

concentrations of zinc. These effects may be related to 

cadmium-induced metallothionein (MT) synthesis, discussed 

previously. 

Food restriction further increased zinc concentrations 

in kidneys and this variable was also affected by the food 

level X cadmium concentration interaction. Similarly, both 

liver and kidney concentrations of cadmium in ducks 

receiving the control concentration of dietary cadmium (0) 

were significantly greater in the restricted group than in 

the ad libitum group (p<0.05). Bremmer et al. (1973) and 

Bremmer and Davies ( 1975) examined ;the effects of food 

restriction on copper and zinc accumulation in rat livers 

and observed increased zinc concentrations among restricted 

animals, while no significant change occurred in copper 

concentrations. The bulk of the increased liver zinc was 

associated with an MT, suggesting that the food restriction 

induced MT synthesis. Thwas is given strong support by 

Klaasen (1981) who observed approximately twice the levels 

of hepatic MT in hamsters starved for 48 hr as occurred in 

livers of control animals. Bremmer and Davies ( 1975) 

suggested that a primary function of MT may involve the 

normal metabolism of zinc and that the binding of cadmium 
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(as well as mercury) may be a "fortuitous consequence of the 

chemical similarities between these elements". In any 

event, an induction of MT by the food retriction imposed in 

Experiment 2 could account in part for the observed changes 

in zinc and cadmium concentrations in this experiment. 

Another factor that may account in part for the 

observed differences in cadmium and zinc concentrations 

between ad libi turn and restricted groups are changes in 

protein and fat status of the tissues. Osborn ( 1978) 

observed seasonal changes in liver concentrations of metals, 

including cadmium, copper, and zinc, in starlings (Sturnus 

vulgaris) which may have been related to seasonal changes in 

fat and protein contents of these livers. In this 

experiment, restricted ducks had significantly lower liver 

and kidney weights than ad libiturn birds (Table 38), which 

may have been associated with changes in fat and protein 

contents affecting metal concentrations. However, while 

changes in protein and/or fat concentrations may be 

important in the observed changes in metal concentrations in 

both this experiment and in moulting starlings, Osborn 

( 1978) points out that changes in protein cornposi tion 

(including, perhaps, increased amounts of MT) may also 

contribute. Adding to the complexity of this subject is the 

observation in Experiment 2 that copper concentrations were 



144 

not affected by the food restriction, al though cadmium 

caused increased kidney concentrations of both copper and 

zinc. Apparently, more than one mechanism is involved in 

these changes in metal accumulation; for example, different 

MT's may be functioning. 

Body and Tissue Weights 

Body weights mid-way through the experiment and at 

sacrifice (Table 37), and sacrifice-day weights of livers, 

kidneys, and testes (Table 38) were significantly reduced 

due to the food restriction. Brain weights (Table 38) were 

not significantly affected by food levels and none of the 

above variables was affected by cadmium concentrations in 

the food or by the food level X cadmium concentration 

interaction. Therefore, it appears that these grosser 

indices of energy metabolism were relatively resistant to 

cadmium ingestion in this experiment, whether with or 

without the superimposed food restriction. 

Liver Glycogen 

Both liver glycogen concentration and total liver 

glycogen (Table 39) displayed the expected reductions due to 

food restriction, but, again, no effects attributable to 

dietary cadmium or the food level X cadmium concentration 

interaction were observed. Chapatwala et al. (1980) 

observed significant increases in the activities of three 
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Table 37. Mean~ S.E. body weights (g) of mallards receiving 
different dietary concentrations of cadmium [Cd] 
(ug/g) in food provided ad libi tum or 55% ad 
libitum (restricted). N=8. 

Food Day of experiment 1 

Level [Cd] 0 21 2 42+1 2 % change 

Ad libitum 0 1176+63 1154+65 1162+61 -1. 2 

10 1155+26 1170+35 1204+38 +4.2 

50 1146+18 1121+18 1153+22 +0.6 

Restricted 0 1178+52 1049+29 964+39 -18.2 

10 1150+29 1059+26 970+23 -15.7 

50 1121+16 1018+30 931+30 -16.9 

1 Mean squares in Appendix Table XI I; non-significance 
implies p>0.05. 

2 Significant effect due to food level (p<.001). 
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Table 38. Mean + S.E. tissue weights (g) of mallards 
receiving different dietary concentrations of 
cadmium [Cd] (ug/g) in food provided ad libitum or 
55% ad libitum (restricted) for 42+1 days. N=8. 

Food Tissue 1 

Level [Cd] Brain Liver 2 Kidneys 2 Testes 2 

Ad libitum 0 4.8+0.1 15.6+1.3 6.9+0.5 6.8+2.3 

10 4.8+0.l 17.1+1.0 7.4+0.4 8.5+1.3 

50 5.0+0.l 16.8+1.4 6.5+0.3 5.2+1.3 

Restricted 0 4.7+0.l 12.5+0.8 6.3+0.2 1.5+0.5 

10 4.8+0.1 14.2+0.8 6.3+0.3 2.2+0.5 

50 4.6+0.1 13.8+0.8 6.1+0.2 1. 8+0. 4 

1Mean squares in Appendix Table XI I; non-significance 
implies p>0.05. 

2 Significant effect due to food level (p<.001). 



147 

Table 39. Mean! S.E. liver glycogen concentration (mg/g) 
and total liver glycogen (g) in mallards receiving 
different dietary concentrations of cadmium [Cd] 
(ug/g) in food provided ad libi tum or 55% ad 
libitum (restricted) for 42+1 days. N=8. 

Food 
Liver Total liver 

Level [Cd] [glycogen] 1, 2 glycogen 1 , 2 

Ad libitum 0 43.6+ 5.1 681+100 

10 32.6+ 6.3 570+123 

50 48.6+13.6 929+311 

Restricted 0 9.9+ 2.8 135+ 43 

10 14.0+ 2.9 210+ 54 

50 11. 4+ 3.4 169+ 53 

1Mean squares in Appendix Table XV; non-significance 
implies p>0.05. 

2 Significant effect due to food level (p<0.0001). 
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key gluconeogenic enzymes in livers of rats fed 50 ug/g 

dietary cadmium. These changes were accompanied by an 

apparent but statistically insignificant increase in serum 

glucose; liver glycogen was not measured. The lack of a 

response due to cadmium in this experiment in either liver 

glycogen or plasma concentrations of glucose, urea, or uric 

acid (Table 40) supports the tentative conclusion reached 

after Experiment 1 that these ducks are relatively resistant 

to cadmium-induced alterations of liver glycogen metabolism. 

Blood Factors 

Packed cell volume and plasma concentrations of 

glucose, urea, and uric acid (Table 40) displayed no 

treatment effects. Plasma glucose, considered relatively 

reponsive to stressors such as handling (Wesson et al. 1979) 

displayed surprisingly little variability both within and 

among treatments. Observed mean glucose concentrations were 

similar to those reported for mallard drakes by Driver 

( 1981) . Plasma concentrations of NEFA ( Table 40) were 

significantly increased in restricted birds and displayed a 

near significant (p=0.0529, Appendix Table XVI) increase due 

to dietary cadmium concentration, which was most evident in 

restricted groups. These results indicate an expected 

mobilization of lipid stores in reponse to the food 

restriction. Dietary cadmium may have enhanced this 
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Table 40. Mean + S. E. PCV and plasma concentrations of 
glucose, NEFA, urea, and uric acid in mallards 
receiving different dietary concentrations of 
cadmium [Cd] {ug/g) in food provided provided ad 
libitum {AL) or 55% ad libitum {RE) for 42+1 days. 
N=8. 1 

Food 
PCV Glucose NEFA2 Urea Uric Acid 

Level [Cd] {%) {mg/dl) {umol/1) {mg/dl) {mg/dl) 

AL 0 44.7+0.8 195+ 6 48+13 17.4+0.8 7.2+1.0 

10 45.9+0.8 216+ 4 80+10 16.1+0.6 5.5+0.5 

50 42.4+2.5 216+ 8 34+ 7 17.1+0.5 8.1+0.4 

RE 0 41. 8+2 .1 213+ 6 122+40 15.6+0.5 7.1+1.6 

10 44.1+0.7 208+ 6 254+51 16.1+0.7 5.6+0.5 

50 38.0+0.8 190+17 173+50 16.2+0.8 6.7+0.8 

1Mean squares in Appendix Table XVI; non-significance 
implies p>0.05. 

2 Significant effect due to food level {p<.0001). 
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process, which, if so, would suggest a cadmium-related 

energy drain. The lack of significant increases in plasma 

urea and uric acid concentrations in restricted ducks, 

together with elevated NEFA concentrations in these groups, 

indicates that at the end of the experiment, despite 

significant weight loss, lipid stores may have been 

sufficient to compensate for reduced food intake, and tissue 

protein catabolism was not underway. However, there is also 

the possibility that food restriction had enhanced 

gluconeogenesis, but increases in nitrogenous by-products of 

this process (i.e. urea and uric acid from tissue-derived 

amino acids) were offset by reduced levels of these same 

metabolites caused by reduced dietary protein. The 

possibility of enhanced gluconeogenesis in restricted birds 

is supported by increased adrenal and plasma corticosterone 

concentrations in these ducks ( Table 42). Furthermore, 

plasma urea and uric acid concentrations may be of limited 

use as monitors of protein metabolism in birds due to the 

rapid but variable renal clearance of these compounds 

(Sturkie 1976). 

Thyroid Hormones 

Both T-4 and T-3 (Table 41) were significantly reduced 

in restricted groups versus ad libitum groups, suggesting a 

lowered metabolic rate in the restricted ducks. May (1978) 



151 

Table 41. Mean + S. E. plasma concentrations of thyroxine 
(T-4) and triiodothyronine (T-3) in mallards 
receiving different dietary concentrations of 
cadmium [Cd] (ug/g) in food provided ad libitum or 
55% ad libitum (restricted) for 42+1 days. N=8. 

Food 

Level [Cd] T-4 (ng/ml) 2 T-3 (ng/ml) 2 , 3 

Ad libitum 0 17.4+1.7 1. 33+0. 12 

10 15.0+1.3 1.10+0 .10 

50 19.4+1. 7 1.62+0.22 

Restricted 0 15.0+1.6 0.49+0.ll 

10 14.7+0.7 0.30+0.04 

50 12.4+1.5 0.25+0.03 

1Mean squares in Appendix Table XVII; non-significance 
implies p>0.05. 

2 Significant effect due to food level (for T-4, p=0.0105, 
for T-3, p<0.0001). 

3 Significant food level X [Cd] interaction (p<0.05). 
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also observed reductions in serum T-3 concentrations in 

chickens fasted for short periods ( 12-18 hr), but T-4 

concentrations were increased. In addition to the food 

level effect observed in restricted ducks, the food level X 

cadmium concentration interaction was significant for T-3 

and approached statistical significance for T-4 (p=0.0820, 

Appendix Table XVII). Apparently, cadmium ingestion 

enhanced the alteration in thyroid function evoked by food 

restriction. These results generally paralleled those 

observed for plasma NEFA concentrations, but with the 

changes in opposite directions. A possible explanation for 

these changes is that the restricted ducks were forced to 

mobilize lipid stores (indicated by increased plasma NEFA 

concentrations) in order to meet energy requirements, but in 

order to minimize energy expenditure, have reduced metabolic 

rate, which is reflected in reduced plasma concentrations of 

thyroid hormones. Dietary cadmium seems to have further 

enhanced this process, as NEFA concentrations appeared 

generally higher in cadmium-fed, restricted ducks, while 

thyroid hormones, particularly T-3, were lower in these 

birds. 

The alterations observed in plasma thyroid hormone 

concentrations were considerably more pronounced for T-3 

than T-4. Oelschlaeger et al. (1982) observed reduced serum 
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concentrations of T-3 in food-restricted white-tailed deer 

(Odocoileus virginianus), while T-4 was not significantly 

affected. In mammals, T-3 is considered to be far more 

physiologically potent than T-4, but the relationship at 

physiological levels is less clear in birds (Ringer 1976). 

In any event, these results suggest that T-3 is more 

responsive to stressors and therefore of greater usefulness 

in monitoring thyroid function in mallards. 

Adrenal Physiology 

Adrenal corticosterone concentrations, total adrenal 

corticosterone, and total corticosterone (combined adrenal 

and plasma corticosterone) were significantly greater in 

restricted ducks than in ad libi tum ducks ( Table 42) . 

Additionally, plasma corticosterone concentrations appeared 

higher in restricted groups and the difference approached 

statistical significance (p=0.0878, Appendix Table XVIII); 

plasma concentrations were, however, quite variable. No 

treatment effects were evident in adrenal weights ( Table 

42). While there were no statistically significant effects 

due to cadmium or the cadmium by food level interaction, 

mean values of all variables were highest in the restricted 

group receiving the highest concentration of dietary 

cadmium, suggesting that this level of cadmium ingestion may 

have exacerbated the effects of food restriction on adrenal 
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Table 42. Mean+ S.E. adrenal weights, adrenal and plasma 
concentrations of corticosterone, total adrenal 
corticosterone, and total adrenal + plasma 
corticosterone in mallards receiving different 
dietary concentrations of cadmium [Cd] (ug/g) in 
food provided provided ad libitum (AL) or 55% ad 
libitum (RE) for 42+1 days. N=8. 1 

Corticosterone 

Food 
Adrenal 3 Adrenal 3 Adrenal 3 Plasma Total 2 , 3 

Level [Cd] wt. (total) (cone.) (cone.) (ng) 
(mg) (ng) (ng/mg) (ng/ml) 

AL 0 63.2+5.4 653+123 11. O+l. 6 4.9+1.8 1104+253 

10 72.2+4.4 660+ 78 9. 4+1. 2 10.2+4.5 1396+362 

50 66.5+5.6 659+ 64 10.2+0.8 7.7+2.3 1256+210 

RE 0 69.6+4.5 926+111 13.l+l.7 15.4+5.2 1885+381 

10 62.8+7.4 890+ 96 15.1+1.3 8.0+0.8 1416+143 

so 75.8+7.7 1140+125 16.8+1.9 17.4+7.0 2357+476 

1Mean squares in Appendix Table XVI I I; non-significance 
implies p>0.05. 

2 Based on adrenal content, plasma concentration, and 
plasma volume (see text). 

3 Significant effect due to food level (p<O. 05). 



155 

response. Rattner et al. (1982) observed elevated plasma 

concentrations of corticosterone in bobwhite quail (Colinus 

virginianus) fed 100 ug/g dietary ethyl parathion for 12 

days and cold-stressed during the final two days of 

parathion exposure. However, these birds voluntarily 

reduced food intake and lost 19% of their body weight prior 

to the cold stress (compared to an average weight loss of 

17% in this experiment). Therefore, as Rattner et al. 

( 1982) suggest, this nutritional stress may have been 

critical in the observed increase in corticosterone in these 

quail. 

Hazelwood (1976) described some of the typical 

physiological reponses to fasting in birds. These 

responses, which are consistent with results observed in 

this experiment, include reduced liver glycogen accompanied 

by increased gluconeogenic enzyme activity which acts to 

maintain blood glucose levels near normal, fed levels 

despite reduced glycogen stores. Additionally, fasting 

elevates circulating levels of NEFA, which also helps 

maintain normal glucose levels, by metabolic 

interconversions and by substituting for carbohydrate as 

substrate (in the tricarboxylic acid cycle, for example). 

Glucocorticoids, which include corticosterone, are well 

established stimulators of both gluconeogenesis and 
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lipolysi s (Eisenstein 1973, Hazelwood 1976, Pegg 1979) . 

Therefore, the enhanced adrenal accumulation and secretion 

of corticosterone observed in restricted ducks in this 

experiment may be in part responsible for the elevated NEFA 

and control-level glucose concentrations observed. Of 

course, other factors not measured in this experiment may 

also be important; for example, glucagon is a potent 

stimulator of lipolysi s responsive to fasting ( Griminger 

1976). 

The tendency for restricted ducks consuming food 

containing the highest concentration of cadmium to have 

further elevated adrenal activity, together with apparently 

elevated NEFA levels in cadmium-fed, restricted ducks, again 

suggests an interaction ·of cadmium with food deprivation 

resulting in accelerated energy metabolism. However, the 

very similar weight losses observed for all three restricted 

groups over the course of the experiment (16-18%) suggests 

that either the interactive effects of cadmium were not very 

severe, or were just beginning to occur at the conclusion of 

the experiment. Also, the interaction of cadmium with food 

level in further lowering plasma thyroid hormones may 

indicate an adaptive reponse to a cadmium-induced energy 

drain. 



Experiment 3 

(Effects of higher levels of dietary cadmium) 

In Experiments 1 and 2, mallards had been shown, in the 

absence of a superimposed food restriction, to be relatively 

resistant to previously-described disturbances of energy 

metabolism due to cadmium. The purpose of this experiment 

was to ascertain whether mallards would demonstrate 

responses, particularly impairments in energy metabolism, if 

higher dietary levels of cadmium were used than had been 

employed in Experiments 1 and 2 without an additional 

stressor such as food deprivation. While it was recognized 

that the higher dietary concentrations used in this 

experiment were greater than those likely to be encountered 

by wild waterfowl, the experiment was viewed as a 

potentially valuable examination of basic toxicological 

phenomena surrounding chronic cadmium ingestion in mallards. 

An underlying question posed was: could cadmium ingestion at 

higher dietary concentrations in the absence of any 

additional stressor evoke responses similar to those 

observed at lower dietary concentrations in combination with 

a food restriction? If so, then such responses might 

reasonably be assumed to be rather general responses to 

cadmium ingestion rather than unique to a cadmium ingestion 

157 
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X food restriction interaction, and therefore superimposed 

stressors other than food restriction would be expected to 

interact with relatively low concentrations of dietary 

cadmium and elicit such responses. 

Methods and Materials 

Forty-eight mallard drakes were randomly assigned to 

four treatments (12 ducks per treatment). All ducks were 11 

months old at the start of the 42+1 day experiment on May 

21, 1982. A one-way layout design was used with four 

concentrations of dietary cadmium comprising the treatments 

0, 50, 150, and 450 ug/g. During the experiment, 

photoperiod ~as natural and room temperature varied between 

approximately lOC and 27C. All birds were bled one time 

only, just prior to sacrifice. Food consumption, body 

weights, tissue weights ( livers, paired kidneys, paired 

testes, and paired adrenals), liver and kidney 

concentrations of cadmium, copper, and zinc, liver glycogen 

and aldolase activity contents, adrenal corticosterone 

content,PCV, and plasma concentrations of glucose, NEFA, 

urea, uric acid, T-4, T-3, and corticosterone were 

determined as described previously. 

A one-way ANOVA by SAS (Helwig and Council 1979) was 

used to test for significant effects (p<O. 05) due to 

treatment. Duncan's multiple range test (Helwig and Council 
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1979) was used to to test for significant differences 

(p<O. 05) in all pair-wise comparisons among variables 

significantly affected by treatment, as determined by the 

ANOVA. 

Results and Discussion 

Food Consumption 

No significant effects due to treatment were observed 

in food consumption prior to or during the experiment (Table 

43). However, mean consumption during monitoring periods 

within the time-frame of the experiment tended to be lowest 

for ducks consuming the highest concentration of dietary 

cadmium ( 450 ug/g). During one monitoring period ( days 

25-27), the treatment effect approached statistical 

significance (p=0.0605, Appendix Table XIX). Considering 

these data, it appears likely that a voluntary food 

restriction occurred in the group consuming the 450 ug/g 

diet. Based on mean consumptions for the three 3-day 

monitoring periods during the experiment (which comprised 

approximately 21% of the 42+1 day experiment)., food 

consumption for the highest dosed group was 82% that of the 

control ( 0 ug/g) group. A slight depression in food 

consumption also may have occurred among ducks consuming 

food containing 150 ug/g cadmium. Using the calculations 

just described, consumption for this group averaged 92% of 
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Table 43. Mean+ S.E. food consumption (g/duck/day) for four 
3-day 42+1 days. N=l2. 

[Cadmium] Monitoring period (days of experiment) 1 

in food -2-0 12-14 25-27 38-40 

0 102+16 105+ 8 159+15 137+13 

50 94+10 104+ 6 157+12 134+ 9 

150 102+10 101+10 129+14 136+12 

450 101+12 88+ 8 114+13 122+10 

1No significant difference due to treatment for any 
monitoring period (p>0.05); mean squares in Appendix 
Table XIX. 
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controls. While none of these differences was statistically 

significant, they should be considered when examining 

treatment differences in other variables. 

Tissue Accumulation of Metals 

Liver concentrations of cadmium (Table 44) were in 

reasonably close agreement with concentrations predicted 

from the regression equation generated from the combined 

cadmium and lead study (Experiment l, Table 30). Percent 

actual mean concentration/predicted mean concentration in 

livers for the 50, 150, and 450 ug/g dietary cadmium groups 

were 101%, 86%, and 94%, respectively. 

concentrations, however, appeared to be 

Kidney cadmium 

leveling off. 

Percent actual mean concentration/predicted mean 

concentration, using the regression equation for kidney 

cadmium (Table 30), were 107%, 60%, and 33% for the same 

treatment groups, respectively. The magnitude of this drop 

in expected kidney concentrations among ducks receiving the 

highest level of dietary cadmium, and the lack of a similar 

reponse in liver cadmium concentrations, do not support the 

possible food restriction as the primary cause. Suzuki 

(1980) examined cadmium accumulation and excretion phenomena 

in rats given daily subcutaneous injections of cadmium (0.5 

mg/kg body wt) for 22 weeks. During the first several 

weeks, renal and hepatic cadmium concentrations increased 
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Table 44. Mean + S.E. concentrations (ug/g, d.w.) of 
cadmium, copper, and zinc in livers and kidneys of 
mallards receiving 0-450 ug/g of dietary cadmium 
for 42~days. N=l2. 

[Cadmium] 
in food 

0 

50 

150 

450 

0 

50 

150 

450 

Cadmium 

0.9+ 0.2a 

54.0+12.9a 

135.4+11.9b 

435.8+44.0c 

2.9+ 0.4w 

208.8+19.6x 

335.2~31.Sy 

540.7+43.Sz 

Copper 

Liver 

332+ 84a 

208+ 37a 

389+136a 

289+ 92a 

Kidney 

14.0+1.0w 

46.8+5.Sx 

68.2~7.2y 

108.4+9.7z 

Zinc 

123+ Sa 

144+ 6ab 

171+13b 

254+20c 

73+ 4x 

106+ 6y 

112+ Sy 

134+ 4z 

a-c, w-z: for each metal, within each tissue, means not 
sharing a common letter are significantly 
different (p<0.05); mean squares in Appendix 
Table XX. 
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linearly, then renal concentrations leveled off while 

hepatic concentrations continued to rise and urinary 

excretion of cadmium rose sharply. These changes were 

concomitant with renal tubular dysfunction. While the 

studies are not directly comparable, the reduced renal 

accumulation of cadmium per amount ingested and the 

increased liver cadmium:kidney cadmium ratio observed in 

this experiment suggest that similar phenomena, including 

renal impairment, may apply to ducks receiving at least the 

highest concentration of dietary cadmium. 

Liver concentrations of zinc and kidney concentrations 

of copper and zinc ( Table 44) again increased with 

increasing concentrations of dietary and tissue cadmium. 

The possible involvement of cadmium-induced metallothionein 

(MT) in these changes has been discussed previously. 

Apparently, the mechanism(s) responsible for these changes 

has not become saturated. Kidney copper concentrations 

demonstrate the most striking changes; these concentrations 

are approximately eight times higher in ducks receiving the 

highest concentration of dietary cadmium than in controls. 

The physiological consequences of such pronounced changes in 

tissue concentrations of these nutrient metals is unknown. 
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Body Weights 

Mean body weight (Table 45) in the 450 ug/g treatment, 

which at the start of the experiment was quite similar to 

those of the other treatments, was significantly lower than 

mean body weights exhibited by the remaining treatments at 

both day 21 and the conclusion of the experiment. Body 

weights among the 150 ug/g ducks also appeared reduced, 

although differences were not significant. These changes 

may be due in part to the possible voluntary food 

restriction discussed above. However, the mean weight loss 

(20%) undergone by birds receiving 450 ug/g of dietary 

cadmium and apparently consuming approximately 82% of food 

consumed by control ducks, was slightly greater than the 

.mean weight losses (16-18%) experienced by ducks consuming 

approximately 55% of ad libitum consumption by control ducks 

in Experiment 2. These data suggest that cadmium-induced 

interferences in energy metabolism, including renal tubular 

absorption of nutrients, may have contributed to the 

observed weight losses among the 450 ug/g group. 

Tissue Weights 

Liver weights (Table 46) were significantly lower in 

the 450 ug/g group than in the remaining treatments. 

Factors similar to those accounting for reduced body 

weights, including reduced food intake and/or alterations in 
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Table 45. Mean~ S.E. body weights (g) of mallards receiving 
0-450 ug/g of dietary cadmium for 42+1 days. N=l2. 

Day of Experiment 

[Cadmium] % change 
in food 0 21 42+1 (day 0-42) 

0 116+36a 1149+40a 1201+46a +7.7 

50 1145+31a 1172+29a 1220+37a +6.6 

150 1128+6la 1100+46a 1110+37a -1. 6 

450 1143+30a 992+3lb 911+26b -20.3 

a,b: within each column, means not sharing a common 
letter are significantly different (p<0.05); mean 
squares in Appendix Table XXI. 
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Table 46. Mean+ S.E. liver, kidneys, and testes weights(g) 
of mallards receiving 0-450 ug/g of dietary 
cadmium for 42+1 days. N=l2. 

Tissue 

[Cadmium] 
in food Liver Kidneys Testes 

0 20.4+1.4a 6.9+0.3a 2.7+0.9a 

50 20.3+1.0a 7. 4+0 .2ab 5.3+1.2a 

150 20.4+2.la 7.8+0.3b 7.0+3.4a 

450 15.l+0.9b 8.l+0.3b 1.6+0.5a 

a,b: within each column, means not sharing a common 
letter are significantly different (p<0.05); mean 
squares in Appendix Table XXII. 
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energy metabolism as described above, are likely 

responsible. Kidney weights, conversely, displayed 

positive, dose-responsive increases. White et al. (1978) 

observed increased kidney weights among mallards fed 200 

ug/g dietary cadmium for 60 or 90 days and these same 

treatments produced marked kidney damage. These 

observations support the inference of kidney damage 

suggested by the tapering off of renal cadmium accumulation 

observed in conjunction with linearly increasing liver 

concentrations among ducks receiving the highest level of 

dietary cadmium in this experiment. Testes weights were 

quite variable within and among treatment groups, perhaps 

due to changes in reproductive status ( the experiment 

encompassed the summer solstice), and no significant 

treatment effects were observed. 

Liver Glycogen and Aldolase 

Mean liver glycogen concentration (Table 47) appeared 

reduced in the 450 _ ug/g treatment, and this difference 

approached statistical significance (p=0.0541, Appendix 

Table XXIII); liver glycogen concentration and total liver 

glycogen data were quite variable, however. A reduction in 

liver glycogen among· the highest dosed ducks is not 

surprising in light of reduced body and liver weights, as 

well as the possible food restriction, observed in this 
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Table 47. Mean+ S.E. liver glycogen concentration, total 
liver glycogen, liver aldolase activity 
concentration, and total aldolase activity in 
mallards receiving 0-450 ug/g of dietary cadmium 
for 42+1 days. N=12. 

[Cadmium] [Glycogen] Total Aldolase Total aldolase 
in food (mg/g) glycogen 1 activity activity 2 

(mg) [ ( IU/g) ]/1000 (IU/1000) 

0 47.2+7.2a 1019+201a 10.5+0.5a 205+12a 

50 51.4+5.2a 1077+136a 10.2+0.4a 206+11a 

150 41.3+8.9a 1106+397a 10.1+0.5a 203+19a 

450 24.4+7.0a 444+147a 8.3+0.6b 132+12b 

a,b: within each column, means not sharing a common 
letter are significantly different (p<0.05); mean 
squares in Appendix Table XXIII. 

1 Total glycogen= [Glycogen] X Liver wt. (g). 
2 Total aldolase = Aldolase activity X Liver wt. (g). 
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treatment. Liver aldolase activity was also reduced in the 

highest-dosed group, both on a per g of tissue basis and a 

total liver basis. Aldo lase contains sulfhydryl groups 

necessary for catalytic activity (Lehninger 1970:320) and 

reduced activity of this enzyme may be due to direct 

inhibition by cadmium; changes in activities of enzymes 

involved in previous steps of glycolysis or reduced enzyme 

synthesis may also be responsible. Sporn et al. ( 1970) 

observed decreased aldolase activities (per g of tissue) in 

livers of rats fed 1, 10, or 25 ug/g dietary cadmium for 42 

days. The much higher concentration of dietary cadmium 

required to evoke a significant decrease in aldolase 

activity in mallards is striking and supports earlier 

conclusions regarding the relative·resistance of mallards to 

cadmium-induced alterations in carbohydrate energy 

metabolism. 

Blood Factors 

As in Experiments 1 and 2, PCV and plasma 

concentrations of glucose (Table 48) were not affected by 

dietary cadmium concentration. However, while cadmium-dosed 

birds were able to maintain control-level plasma glucose 

concentrations, reduced aldolase activities in the 450 ug/g 

group may have impaired the ability of these ducks to 

utilize this glucose. 
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Table 48. Mean + S. E. PCV and plasma concentrations of 
glucose, NEFA, urea, and uric acid in mallards 
receiving 0-450 ug/g of dietary cadmium (Cd) for 
42+1 days. N=l2. 

[Cd] 
in 

food 

PCV 
( %) 

Glucose 
(mg/dl) 

NEFA Urea 
(umol/L) (mg/dl) 

Uric acid 
(mg/dl) 

0 44.8+1.la 228+8a 94+10a 12.5+1.la 4.4+0.4a 

50 43.4+0.9a 238+5a 101+18a 12.6+0.7a 3.9+0.5a 

150 43.4+1.la 229+8a 157+28b 12.6+1.4a 3.5+0.3a 

450 41.1+1.2a 230+7a 67+17a 13.4+1.3a 8.1+1.lb 

a,b: within each column, means not sharing a common 
letter are significantly different (p<0.05); mean 
squares in Appendix Table XXIV. 
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Plasma NEFA concentrations were elevated in birds 

consuming 150 ug/g of dietary cadmium, but the highest dosed 

group displayed a mean NEFA concentration slightly below 

those of the remaining two groups. This suggests that the 

150 ug/g ducks were having to mobilize lipid stores in order 

to meet energy requirements, which is consistent with the 

slight loss of weight this group exhibited while birds 

consuming lower concentrations of dietary cadmium actually 

gained weight {Table 45). Whether this elevation in NEFA is 

due directly to cadmium-induced disturbances of energy 

metabolism, or is due totally or in part to a food 

restriction, is unclear. Reduced NEFA concentrations in the 

450 ug/g group, together with much more severe weight 

losses, suggest that this group may have been approaching 

depletion of lipid stores at the conclusion of the 

experiment. This is supported by the marked rise in plasma 

uric acid concentrations, which suggest enhanced 

gluconeogenesis, probably at the expense of tissue protein 

catabolism. Increased adrenal production of corticosterone 

{Table 50) also suggests enhanced gluconeogenesis. Plasma 

urea concentrations (T~ble 48), however, displayed only a 

slight, statistically nonsignificant, increase in the 450 

ug/g group. 
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Thyroid Hormones 

Plasma concentrations of T-3 at sacrifice (Table 49) 

were significantly reduced in ducks consuming the highest 

level of dietary cadmium. This suggests a lowering of 

metabolic rate, perhaps in an effort to minimize the effects 

of a negative energy balance resulting from either direct 

effects of cadmium on energy metabolism and/or reduced food 

consumption. This reduction in plasma T-3 is consistent 

with other changes observed in the group, including reduced 

body and liver weights, reduced liver glycogen and aldolase 

activity, and apparently enhanced gluconeogenesis. The lack 

of a significant change in plasma T-4 concentrations again 

suggests that this hormone is less responsive than T-3 to 

changes in energy status in mallards. T-4 and T-3 

concentrations in plasma of ducks consuming food containing 

less than 450 ug/g dietary cadmium were to those observed in 

all ad libi tum groups in the cadmium - food restriction 

interaction study (Experiment 2). 

Adrenal Physiology 

Adrenal weights (Table 50) displayed a consistent dose-

responsive increase with increasing concentrations of 

dietary cadmium resulting in significantly greater mean 

weights in the 150 and 450 ug/g groups than in controls. 

Adrenal corticosterone and total corticosterone, however, 
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Table 49. Mean+ S.E. plasma concentrations of T-4 and T-3 
in mallards receiving 0-450 ug/g of dietary 
cadmium for 42+1 days. N=l2. 

[Cadmium] 
in food 

0 

50 

150 

450 

T-4 
(ng/ml) 

14.2+1.la 

13. 9+1. Oa 

13.7+0.9a 

13.3+0.Sa 

T-3 
(ng/ml) 

l.62+0.17a 

l.48+0.12a 

l.60+0.16a 

0.42+0.09b 

a,b: within each column, means not sharing a common 
letter are significantly different (p<0.05); mean 
squares in Appendix Table.XXV. 
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Table 50. Mean+ S.E. adrenal weights, plasma corticosterone 

[Cd] 
in 

food 

0 

50 

150 

450 

concentrations, adrenal corticoserone 
concentrations, total adrenal corticosterone, and 
total corticosterone in mallards receiving 0-450 
ug/g of dietary cadmium (cd) for 42+1 days. N=l2. 

Corticosterone 

Adrenal Adrenal Adrenal Plasma Total 1 

wt. (total) (cone.) (cone.) (ng) 
(mg) (ng) (ng/mg) (ng/ml) 

62.6+6.0a 814+10la 13.l+l.lab 7.2+2.0a 1376+137a 

74.6+6.9ab 843+ 95a 11. 4+0. 9ab 5.l+l.3a 1220+134a 

80.9+3.6b 780+ 93a 9.9+1.2b 6.7+1.6a 1255+174a 

86.6+5.2b 1179+123b 14.0+l.la 12.1+2.8a 1896+245b 

a,b: within each column, means not sharing a common 
letter are significantly different (p<0.05); mean 
squares in Appendix Table XXV. 

1Based on adrenal content, plasma concentration, and 
plasma volume (see text). 
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were significantly elevated in only the 450 ug/g group; 

plasma corticosterone concentrations also appeared higher in 

the 450 ug/g group and this variable displayed a nearly 

significant treatment effect (p=0.0888, Appendix Table XXV). 

Again, these apparent changes in corticosterone production 

are consistent with previously described changes in body 

weights and plasma NEFA and uric acid concentrations, which 

suggest enhanced gluconeogenesis in ducks consuming the 

highest concentration of dietary cadmium. While no 

significant changes in direct measures of corticosterone 

production were observed in apy other treatments, the 

positive dose response observed in adrenal weights suggests 

at least the 150 ug/g diet was also beginning to elicit 

responses associated with chronic stress. 

Conclusion 

While the changes observed in this experiment, 

particularly among ducks consuming the highest concentration 

of dietary cadmium, may have been in part due to a voluntary 

food restriction, it is very doubtful that this restriction 

was solely responsible, considering the magnitudes of the 

changes and the restriction. The effects of the 450 ug/g 

diet, which apparently induced an 18% voluntary restriction 

in food consumption, appeared to be generally more severe 

than those associated with the 45% restriction imposed in 
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Experiment 2, regardless of dietary cadmium concentration. 

However, it is noteworthy how much greater a concentration 

of dietary cadmium was required to evoke most energy 

metabolism-related responses in the absence of an imposed 

food restriction than appeared capable of interacting with 

an imposed food restriction in evoking similar responses. 

These results further suggest the importance of considering 

interactions of environmental contaminants with other 

stressors in evaluating the potential impacts of 

contaminants on wild animals. 



GENERAL DISCUSSION 

This study was an examination of relationships between 

food habits and metal accumulations in Chesapeake Bay 

waterfowl and potential toxicological impacts of cadmium and 

lead ingestion by these birds. The conclusions drawn from 

this study are tentative due to limited sample sizes of 

waterfowl and benthos tissues, the mobility of waterfowl, 

problems associated with extrapolating between physiological 

responses in waterfowl under laboratory and natural 

conditions, and the limited array of phenomena explored. 

The results of this study provide a framewo:i:-k for 

discussions and future research of interactions among 

waterfowl, food organisms, and heavy metals in the 

Chesapeake Bay. 

Field Studies 

Sea ducks stood out among the waterfowl examined in 

this study as the group exhibiting the highest tissue 

concentrations of cadmium (Tables 2 and 3). Sea ducks are 

typically carnivorous and their utilization of metal-

accumulating benthic invertebrates may account in part for 

their relatively high tissue concentrations of cadmium. The 

intermediate position of brackish-water omnivores for liver 

177 
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cadmium supports this suggested relationship between food 

habits and cadmium accumulation. However, the magnitude of 

the difference between cadmium concentrations in sea duck 

tissues versus tissues of all other species, which include 

largely carnivorous species such as canvasbacks and greater 

scaup, suggests that factors other than food habits also are 

involved. Other factors may include location differences; 

where a duck eats may be as important as what it eats. The 

high cadmium concentrations in sea duck tissues may be in 

part due to specific feeding areas within the Chesapeake Bay 

region, or, more likely, may reflect utilization of 

relatively cadmium-laden systems in the recent past, 

compared to other species. The great mobility of wintering 

waterfowl clearly adds complexity to the elucidation of food 

habit metal accumulation relationships. Species 

differences in cadmium accumulation may also contribute to 

the observed differences in cadmium concentrations among the 

species examined. In any event, the markedly elevated 

cadmium concentrations observed in tissues of sea ducks 

merit further attention. 

In contrast to cadmium, tissue lead concentrations were 

generally highest in freshwater herbivorous ducks (Tables 

4-6). This suggests that there may be different primary 

sources for these two metals. While foods are likely the 
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major source for cadmium, expended shot is probably an 

important source for lead. If so, freshwater herbivores 

would be expected to have generally higher tissue lead 

concentrations than other groups since the former group 

demonstrated the highest occurrence of ingested lead shot in 

gizzards and are more likely to be associated with habitats 

containing relatively high densities of expended shot due to 

their higher value as game ducks. The phenomenon of 

ingestion of expended shot further complicates the 

elucidation of food habit - lead accumulation relationships 

beyond the potentially confounding factors described above. 

The examination of metal concentrations in Chesapeake 

Bay benthos yielded the unexpected results of generally 

higher concentrations of cadmium and lead in macrophytes 

than in clam meats (Tables 19-22). Therefore, the change in 

food habits of some waterfowl wintering in the Bay to diets 

consisting largely of clams rather than submergent 

vegetation apparently is not responsible for increased 

accumulation of cadmium and lead by these ducks. It should 

be noted, however, that these observations are of limited 

significance in terms of overall food habit metal 

accumlation relationships. The food habit change applies, 

so far as is known, 

omnivore group. It 

only to members of the brackish-water 

does not follow from the observed 
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concentrations of cadmium and lead in benthic plants and 

clams that freshwater herbivores would be likely to ingest 

relatively high levels of these metals via the food chain. 

The bulk of the vegetation eaten by members of this group 

appears to consist of fruits of emergents (particularly from 

Poaceae, Cyperus spp., and Polygonum spp., Table 12 above, 

Martin et al. 1951, Bellrose 1976) rather than the 

vegetative components of submergents that comprised most of 

the plant tissue examined for heavy metal concentrations. 

(Vegetative components of submergents were of greater 

importance as foods in the Bay, particularly for brackish-

water omnivores such as canvasbacks, during previous times 

when these plants were much more abundant; they are probably 

consumed currently at the limited locations where they 

persist.) Cadmium and lead are not readily translocated 

from roots and stems to fruits (John et al. 1972, National 

Academy of Sciences 1972, Behan et al. 1979). Therefore, 

fruits of emergents would probably absorb less cadmium and 

lead than roots and shoots of submergents. Additionally, 

stems and leaves of submergents may accumulate considerable 

amounts of metals by surface adsorption, a process of 

probably less importance for fruits of emergents. While no 

relevant data have been found, it seems likely that 

sediment-inhabiting invertebrates would accumulate higher 
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concentrations of cadmium and lead than fruits of emergents. 

This is corroborated by the generally higher concentrations 

of cadmium in tissues of the more carnivorous sea ducks and 

brackish-water omnivores than freshwater herbivores. The 

lack of comparable data on metal concentrations in fruits of 

emergents that ~re important waterfowl food items, however, 

comprises a major gap limiting the elucidation of food habit 

- metal accumulation relationships. Another factor meriting 

attention ~s the contribution of sediments ingested with 

foods to tissue accumulation of heavy metals. 

As is apparent from the foregoing discussion, the 

elucidation of food habit - metal accumulation relationships 

in migratory waterfowl is a difficult problem complicated by 

factors such as the great mobility of the animals, the 

variety and habitat differences of food organisms, and lead 

shot ingestion. While this study provides important basic 

information regarding metal accumulation among a broad array 

of waterfowl species, as well as several benthic food items, 

it marks only a beginning towards the understanding of 

relationships between food habits and tissue metal 

accumulation by waterfowl. Future efforts should be 

directed first towards gathering information on metal 

concentrations of a wide variety of important waterfowl food 

items, followed by feeding trials employing natural foods 
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offered to penned waterfowl. These efforts would minimize 

confounding factors such as waterfowl mobility and spent 

lead shot ingestion, while allowing an examination of 

important variables other than metal concentrations of the 

foods, such as the effects of clam shells or protein content 

on metal accumulation in waterfowl tissues. 

Toxicology Studies 

Controlled experiments revealed differences between 

tissue accumulation of cadmium and lead that may be useful 

for interpreting tissue metal data from wild waterfowl and 

possibly other vertebrates as well. Perhaps the most 

important of these differences was the much greater 

accumulation (approximately 15-fold) of cadmium versus lead 

by both liver and kidney tissue. Therefore, similar liver 

or kidney concentrations of these metals do not reflect 

similar environmental levels. On the other hand, ulnar 

bones readily accumulated lead, but not cadmium. While this 

was expected, the failure to accumulate detectable 

concentrations of cadmium by ulnar bones of ducks fed up to 

100 ug/g of dietary cadmium was striking. Both cadmium and 

lead accumulated to approximately three times greater 

concentrations in kidneys than in livers. Therefore, 

considering analytical problems associated with detection 

limits often encountered in studies of environmental 
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contamination by these metals, kidneys may be superior to 

the more commonly used liver samples for monitoring chronic 

exposure to these metals in wild waterfowl and perhaps other 

vertebrate populations. Among Chesapeake Bay waterfowl 

examined in this study, a greater proportion of liver 

samples contained concentrations of cadmium and lead below 

detection limits than was the case for kidney samples. 

In contrast to cadmium and lead, copper and zinc 

concentrations (in wild as well as experimental ducks) were 

generally higher in livers than in kidneys. These 

differences are probably related to the status of copper and 

zinc as nutrients, while cadmium and lead are nonessential 

elements. Liver tissue may have a greater requirement than 

kidney tissue for copper and zinc in various metalloenzymes. 

Additionally, higher concentrations of cadmium and lead in 

kidneys versus livers may be due in part to mechanisms 

associated with the excretion of these toxic metals. 

The pronounced effects of cadmium ingestion on tissue 

accumulation of copper and zinc have been discussed at 

length previously and will not be repeated here. The 

physiological consequences of these effects, particularly in 

association with dietary insufficiencies of the nutrient 

metals, warrant further attention. The observation that a 

food restriction exacerbated the effect of cadmium ingestion 
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on kidney zinc accumulation further suggests the potential 

importance of nutrition in relation to these apparent 

disturbances of trace metal metabolism. Cadmium ingestion 

also appeared to enhance tissue lead accumulation, which 

suggests the potential for synergism between these 

ubiquitous contaminants; this matter also merits study. 

Perhaps the most significant physiological results of 

the experiments were the combined effects of cadmium 

ingestion and food restriction on aspects of energy 

metabolism. In the absence of a food restriction, no 

significant effects due to lead ingestion were observed at 

dietary concentrations up to 100 ug/g, while most responses 

to cadmium ingestion were observed at a dietary 

concentration of 450 ug/g (with the important exceptions of 

increased adrenal weights and plasma NEFA concentrations at 

150 ug/g). At these higher concentrations of dietary 

cadmium, cadmium appeared to induce an energy drain, as was 

originally hypothesized. However, these higher 

concentrations were well above cadmium concentrations 

observed or reported in natural foods, and furthermore, 

observed effects of cadmium at these levels may have been 

exacerbated by voluntary food restrictions. 

However, substantially lower concentrations of dietary 

cadmium (10 and 50 ug/g) appeared to enhance some responses 



185 

associated with an energy drain initiated by a food 

restriction. The most physiologically significant of these 

responses may be changes in plasma concentrations of NEFA 

and thyroid hormones (Tables 40 and 41). Cadmium ingestion 

appeared to increase the lipid mobilization triggered by 

reduced food intake. Fat stores are of great importance to 

wintering waterfowl faced with severe weather conditions and 

possible food shortages, followed by a considerable 

migration in spring to northern breeding grounds. Other 

factors, such as contaminants, that would accelerate 

utilization of these fat stores could clearly reduce chances 

for survival during winter and migration, and affect 

subs·equent reproduction as well. 

Cadmium ingestion also enhanced reductions in plasma 

concentrations of thyroid hormones, particularly T-3, 

elicited by the food restriction. These changes, 

particularly in light of the observed changes in NEFA, 

suggest lowered metabolism, probably in order to minimize 

the energy drain due to the food restriction and enhanced by 

cadmium ingestion. These changes also have important 

implications for wild waterfowl. Faced with energy-

demanding factors such as climatic extremes, acquisition of 

food, and avoidance of predators or hunters, waterfowl 

wintering in a system such as the Chesapeake Bay may be in a 
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poorer position to lower metabolism than these experimental 

ducks which had minimal energy requirements for activities 

other than maintenance. Therefore, without the option of 

reducing metabolic rate, the effect of cadmium ingestion 

superimposed on reduced food consumption could produce an 

even greater energy drain than was observed in this study. 

These results support an underlying motivation for the 

experiments -- that an understanding of the impacts of 

environmental contaminants on wild animals requires that 

consideration be given to potential interactions and 

additive effects among different contaminants and among 

contaminants and other, often natural, stressors. Failure 

to do so could result in serious underestimates of risks 

associated with 

contamination. 

given degrees of 

Implications 

environmental 

Interpretations of metal concentrations in Chesapeake Bay 

waterfowl based on concentrations observed under 

experimental conditions are risky for a variety of reasons. 

Many of these reasons are related to uncontrolled variables 

in wild waterfowl such as duration of metal ingestion, 

changes in dietary metal concentrations, effects of non-

metal components of food items on tissue metal accumulation, 

species differences in tissue metal accumulation, and so 
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forth. Also, one must be careful in applying the 

experimentally-derived data to natural systems. However, 

some tentative inferences about the significance of metal 

concentrations observed in Chesapeake Bay waterfowl, based 

on experiments with penned ducks, can be made. 

On the whole, Chesapeake Bay waterfowl appear to have 

ingested significantly greater quantities of lead than 

cadmium. Median liver concentrations of cadmium were 

slightly lower than median concentrations of lead for most 

species (Tables 2 and 4), with the exception of sea ducks. 

Additionally, as indicated by the 75th percentiles and 

ranges, the upper part of lead concentration distributions 

were generally composed of higher values than was the case 

for cadmium. Median kidney concentrations of cadmium, 

however, were generally higher than median lead 

concentrations (Tables 3 and 5), although the upper part of 

the distributions were similar. Based on the approximately 

15-fold greater accumulation rates observed experimentally 

for cadmium versus lead in liver and kidney tissue, it 

appeared that more lead was ingested than cadmium by most 
'· 

wild waterfowl examined. This conclusion is supported by 

the generally higher concentrations of lead versus cadmium 

found in both plants and invertebrates (Tables 19-22), as 

well as in associated sediments (Table 24), which may be 
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ingested either inadvertently with food items or 

intentionally as a source of grit. However, the possibility 

that naturally occurring lead and cadmium differs in 

bioavailability from the cadmium and lead salts used in the 

experiments also must be kept in mind. 

The toxicological implications of observed cadmium and 

lead concentrations in Chesapeake Bay waterfowl are more 

difficult to infer. The mean liver lead concentration in 

ducks fed a diet containing 100 ug/g lead for 42~1 days was 

7. 2 ug/g (Table 28). This is well below observed 

concentrations for many Chesapeake Bay ducks; the 75th 

percentiles in six of the 15 species examined were greater 

than 7. 2 ug/g. However, no significant physiological 

effects were observed in experimental ducks fed up to 100 

ug/g of dietary lead. The observation that a dietary lead 

concentration of 100 ug/g, which is far above lead 

concentrations observed in Chesapeake Bay benthos, resulted 

in lower liver lead concentrations than occurred in many Bay 

waterfowl is further evidence that lead shot may be a major 

source of lead for these ducks. A liver lead concentration 

of 18 ug/g (d.w., converted from 6 ug/g, w.w.) has been 

used as the minimum value diagnostic of acute lead poisoning 

in waterfowl (Locke et al. 1966, Longcore et al. 1974), and 

the ranges of liver lead concentrations extend far beyond 18 
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ug/g in many species of ducks examined in this study. This 

diagnostic value is based on experimental studies of lead 

shot ingestion, and uncertainties such as its applicability 

to chronic lead ingestion via the food chain and the 

proportion of lead observed in livers of Chesapeake Bay 

ducks derived from lead shot versus food items, preclude 

conclusions about the number of ducks in this study 

experiencing lead toxicosis based on this value. 

Futhermore, interactions of lead with other stressors, 

including other contaminants, have received very little 

attention and apparently were not considered in establishing 

this criterion of 18 ug/g. In this study, 8.3% of the 773 

Chesapeake Bay duck livers contained more than 18 ug/g lead 

and 14.1% contained more than 10 ug/g. These data suggest 

the potential for considerable numbers of Chesapeake Bay 

waterfowl to experience some degree of lead toxicosis. A 

potentially valuable area for future research involves the 

examination of interactions between the ingestion of lead-

contaminated foods and/or lead shot resulting in liver lead 

concentrations between approximately 8 and 30 ug/g and other 

stressors likely to occur in natural environments, such as 

weather extremes or food shortages. 

Far less research has been conducted on cadmium 

toxicity than lead toxicity in waterfowl, and inferences 
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concerning the significance of tissue cadmium concentrations 

in Chesapeake Bay waterfowl may be even more tenuous than 

was the case for lead concentrations. In this study, the 

lowest dietary concentration of cadmium that apparently 

elicited responses related to energy metabolism was 10 ug/g 

in combination with a food restriction. This treatment 

appeared to elevate plasma NEFA concentrations and reduce 

plasma T-3 concentrations. Resulting mean cadmium 

concentrations were 7.4 and 17.7 ug/g in livers and kidneys, 

respectively. Using these concentrations as guidelines, 

cadmium concentrations of 5 ug/g in livers and 15 ug/g in 

kidneys seem to be reasonable minimum values associated with 

significant risk of cadmium-induced alterations in energy 

metabolism, assuming that food restrictions occur more than 

rarely among wintering waterfowl. For all ducks, 4.3% 

exhibited liver cadmium concentrations greater than 5 ug/g; 

however, for white-winged scoters and oldsquaws, this 

percentage was 12.3 and 52.8, respectively. Of the 266 

kidneys examined for cadmium concentrations, 10.5% contained 

cadmium concentrations greater than 15 ug/g; six of the 

seven sea duck kidneys examined contained greater than 15 

ug/g cadmium. These data further suggest the need for 

research concerning the sources and impacts of the elevated 

cadmium concentrations observed in sea ducks. 
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An important area of future endeavor in ecological 

toxicology is the development of procedures that will 

enhance the interfacing of real world contaminant data w~th 

toxicological impact studies. The application of 

experimental results towards the interpretation of the 

significance of contaminant concentrations observed in wild 

animals is at present tenuous. This study illustrates some 

of the complexities involved, which probably confront a 

large number of studies 

Potentially confounding 

in ecological toxicology. 

factors relevant to the 

interpretation of metal concentrations observed in wild 

waterfowl and their food sources have been described 

previously. While controlled experiments may eliminate many 

of these confounding factors, they too have serious 

limitations. For example, factors associated with caging 

wild-strain animals such as stress induced by being caged or 

handled, the imposed reduction of energy expenditure, and 

potential behavioral abnormalities may act to alter 

responses due to contaminant ingestion. Also, the genetic 

heterogeneity of the experimental animals used in many 

studies, while preserving an element of environmental 

realism, may produce a degree of variability in the 

responses measured that render the discernment of treatment-

induced responses more difficult. Possible solutions to 
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this problem such as increasing sample sizes or using inbred 

strains of animals have their own disadvantages, but merit 

consideration. Both extraneous responses due to caging and 

genetic heterogeneity may pose particularly serious problems 

when the characteristics being. measured are relatively 

subtle responses such as those associated with energy 

metabolism, endocrine function, or behavior. These factors 

may affect such responses to a degree that treatment-induced 

responses are overwhelmed and go undetected. Clearly, there 

is a need for developing experimental protocols that will 

minimize the effects of such factors. The combination of 

these factors and a lack of consideration for previously-

discussed interactions between contaminants and other 

environmental stressors increase the risks of 

underestimating potential hazards associated with pollution 

by contaminants. 
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Appendix Table I. Atomic absorption spectrophotometry 
instrumental parameters employed and 
performance criteria for metal analyses. 
For all metals, spectral bandpass= 1 nm, 
slit width= 320 nm. 

Cadmium Copper Lead Zinc 

Wavelength 228.8 324. 7 217.0 213.9 
( nm) 

Lamp current 3 3 5 3 
(mamp) 

Detection limit 0.02 0.1 0.1 0.02 
(ug/ml) 

Detection limit 1 0.10 0.5 0.5 0.10 
(ug/g,d.w.) 

Sensitivity 0.01 0.04 0.1 0.02 
(ug/ml) 

Working range 0. 02-1. 00 0.1-4.0 0.1-4.0 0.05-1.00 
(ug/ml) 

1based on average sample of 0.6 g, d. w. / dissolved in 
3 ml acid solution. 
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Appendix Table II. Certified bovine liver (National Bureau 
of Standards Reference Material 1577) 
metal concentrations ([ ]) versus 
concentrations obtained in V. P. I. &S. U. 
Wildlife Physiology Laboratory. N = 8. 

Cadmium Copper Lead Zinc 

Certified [ ] (A) 0.27+0.04 193+10 0.34+0.08 130+13 
(Mean.:_S. E.) 

Obtained [ ] (B) 0.30+0.04 181+11 <0.5 135+ 5 
(Mean.:_S. E.) 

A/BX 100 111 94 104 
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Appendix Table III. Recoveries (%) based on standard 
additions, Mean !S.E.; N=lO pools for 
each metal and sample type. 

Sample type Cadmium Copper Lead 

Duck liver 101. 2+1. 2 101.4+1.9 97.9+2.4 

Duck kidney 97.4+1.8 94.4+2.2 104.7+3.4 

Duck ulna nm 1 nm 1 80.1+3.8 

Clam meats 2 89.6+3.3 103. 5+1. 7 97.3+1.6 

Aquatic plants 3 100.8+1.8 96.4+1.0 100.9+2.l 

Sediment 98.2+3.0 94.6+0.9 99.8+3.3 

1nm = not measured. 
2 pooled Macoma balthica, Mya arenaria, and 

Rangia cuneata. 

Zinc 

97.1+1.6 

92.5+2.7 

96.7+2.9 

107. O+l. 8 

94. 7+1.0 

97. 8+1. 5 

3 pooled Ruppia "maritima, Vallisneria americana, and 
Zostera marina. 
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Appendix Table IV. Recovery of unlabelled thyroxine (T-4) 
added to a pool of mallard plasma. 

T-4 added to plasma N T-4 measured Corrected Corrected 
pool (ng/ml in Mean +SE recovery recovery 

25 ul) (%) 

0 4 21.0+0.6 

5.3 6 25.5+0.9 4.5 84.9 

11.0 6 30.2+1.l 9.2 83.6 

19.0 6 39.3+1.4 18.3 96.3 

55.0 6 71.3+2.l 50.3 91. 5 

112.0 6 136.0+3.0 115.0 102.7 
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Appendix Table V. Recovery of unlabelled triiodothyronine 
(T-3) added to a pool of mallard plasma. 

T-3 added to plasma N T-3 measured Corrected Corrected 
pool (ng/ml in Mean -SE recovery recovery 

25 ul) (%) 

0 4 1.12+0.07 

0.40 6 1. 52+0. 07 0.40 100 

0.63 6 1. 74+0. 08 0.62 98.4 

2.21 6 3.20+0.12 2.08 94.1 

4.11 6 5.45+0.21 4.33 105.4 

7.98 6 8.11+0.24 6.99 87.6 
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Appendix Table VI. Recovery of unlabelled corticosterone 
added to two pools of mallard plasma (N 
6) . 

Corticosterone Corticosterone recovered % recovery 
added (pg) Mean+ S.E. 

50 49+13 98.0 

100 114+26 114.0 

200 195+26 97.5 

500 451+44 90.2 

1000 1024+81 102.4 
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Appendix Table VI I. Recovery of unlabelled corticosterone 
added to two pools of mallard adrenal 
supernatant (N = 6). 

Corticosterone Corticosterone recovered % recovery 
added (pg) Mean+ S.E. 

100 82+16 82.0 

200 192+19 96.0 

350 339+30 96.9 

500 480+25 96.0 

1000 963+35 96.3 
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Appendix Table VIII. Mean squares for Experiment 1 
variables: tissue metal concentrations. 

Variable Source df Mean square Pr>F 

Liver cadmium Treatment 6 11158 0.0001 
Error 46 357 

Liver lead Treatment 6 58.8 0.0001 
Error 46 1.5 

Liver zinc Treatment 6 855 0.19 
Error 46 554 

Liver copper Treatment 6 139149 0.31 
Error 46 113790 

Kidney cadmium Treatment 6 1925 0.0001 
Error 46 212 

Kidney lead Treatment 6 594.1 0.0001 
Error 46 4.9 

Kidney zinc Treatment 6 1924 0.0001 
Error 46 212 

Kidney copper Treatment 6 1576 0.0001 
Error 46 115 

Bone lead Treatment 6 29.8 0.0001 
Error 46 1. 4 

Bone zinc Treatment 6 295 0.09 
Error 46 150 
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Appendix Table IX. Mean squares for Experiment 1 variables: 
body weights, tissue weights, and liver 
glycogen. 

Variable Source df Mean square Pr>F 

Beginning body weight Treatment 6 2207 0.95 
Error 46 7999 

Final body weight Treatment 6 2539 0.98 
Error 46 14359 

Liver weight Treatment 6 13.16 0.42 
Error 46 12.84 0.42 

Brain weight Treatment 6 0.058 0.72 
Error 46 0.094 

Kidney weight Treatment 6 1. 57 0.13 
Error 46 0.89 

Adrenal weight Treatment 6 0.00014 0.90 
Error 46 0.00038 

Liver glycogen cone. Treatment 6 529 0.47 
Error 46 559 0.47 

Total liver glycogen Treatment 6 586364 0.34 
Error 46 499968 
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Appendix Table X. Mean squares for Experiment 1 variables: 

Variable 

PCV 

Glucose 

NEFA 

Urea 

Uric acid 

T-4 

T-3 

PCV and mid-point plasma concentrations of 
glucose, NEFA, urea, uric acid, T-4, and 
T-3. 

Source df Mean square Pr>F 

Treatment 6 4.49 0.71 
Error 46 7.15 

Treatment 6 1625 0.06 
Error 46 730 

Treatment 6 5739 0.30 
Error 46 4647 

Treatment 6 10.34 0.53 
Error 46 12.09 

Treatment 6 2.53 0.27 
Error 46 l. 92 

Treatment 6 0.236 0.61 
Error 46 0.310 

Treatment 6 0.229 0.61 
Error 46 0.307 
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Appendix Table XI. Mean squares for Experiment 1 variables: 
kill day plasma concentrations of 
glucose, NEFA, urea, uric acid, T-4, and 
T-3. 

Variable Source df Mean square Pr>F 

PCV Treatment 6 5.82 0.87 
Error 46 14.10 

Glucose Treatment 6 434 0.71 
Error 46 691 

NEFA Treatment 6 2923 0.03 
Error 46 1118 

Urea Treatment 6 28.6 0.22 
Error 46 20.0 

Uric acid Treatment 6 3.61 0.60 
Error 46 4.72 

T-4 Treatment 6 0.117 0.61 
Error 46 0.157 

T-3 Treatment 6 0.360 0.39 
Error 46 0.336 
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Appendix Table XII. Mean squares for Experiment 2 variables: 
tissue metal concentrations. 

Variable Source df Mean square Pr>F 

Liver cadmium Food level (F) 1 251 0.27 
Cadmium cone. (C) 2 10104 0.0001 
Interaction (F X C) 2 76 0.68 

Error 42 198 

Liver copper F 1 16329 0.79 
C 2 65884 0.75 

F X C 2 151160 0.51 
Error 42 224050 

Liver zinc F 1 9374 0.0001 
C 2 486 0.35 

F X C 2 235 O.(?l 
Error 42 463 

Kidney cadmium F 1 9269 0.00016 
C 2 112007 0.0001 

F X C 2 2763 0.0433 
Error 42 816 

Kidney copper F 1 40 0.67 
C 2 2295 0.0002 

F X C 2 72 0.72 
Error 42 213 

Kidney zinc F 1 5744 0.0002 
C 2 9280 0.0001 

F X C 2 748 0.12 
Error 42 337 
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Appendix Table XIII. Mean squares for Experiment 2 
variables: body weights. 

Variable Source df Mean square Pr>F 

Body weight, Food level (F) 1 1045 0.77 
day 0 Cadmium cone. ( C) 2 7602 0.53 

Interaction (F X C) 2 840 0.93 
Error 42 11707 

Body weight, F 1 135575 0.0007 
day 21 C 2 8665 0.43 

F X C 2 75 0.99 
Error 42 10168 

Body weight, F 1 570288 0.0001 
day 42+1 C 2 8085 0.50 

F X C 2 1320 0.89 
Error 42 11472 
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Appendix Table XIV. Mean squares for Experiment 2 variables: 
tissue weights. 

Variable Source df Mean square Pr>F 

Brain weight Food level ( F) 1 0.189 0.16 
Cadmium cone. ( C) 2 0.028 0.73 
Interaction (F X C) 2 0.120 0.28 

Error 42 0.092 

Liver weight F 1 106.15 0.0011 
C 2 11. 18 0.28 

F X C 2 0.07 0.99 
Error 42 25.73 

Kidney weight F 1 6.03 0.0100 
C 2 1. 44 0.19 

F X C 2 0.54 0.53 
Error 42 0.83 

Testes weight F 1 299.2 0.0001 
C 2 14.2 0.32 

F X C 2 8.6 0.50 
Error 42 12.1 
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Appendix Table XV. Mean squares for Experiment 2 variables: 
liver glycogen. 

Variable Source df Mean square Pr>F 

Liver glycogen Food level ( F) 1 10665 0.0001 
cone. Cadmium cone. ( C) 2 180 0.62 

Interaction (F X C) 2 395 0.36 
Error 42 373 

Total liver F 1 3699797 0.0001 
glycogen C 2 120933 0.50 

F X C 2 159439 0.40 
Error 42 172477 
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Appendix Table XVI. Mean squares for Experiment 2 variables: 

Variable 

PCV 

Glucose 

NEFA 

Urea 

Uric acid 

PCV and plasma concentrations of 
glucose, NEFA, urea, and uric acid. 

Source df Mean square Pr>F 

Food level ( F) 1 111.1 0.1011 
Cadmium cone. (C) 2 92.0 0.1101 
Interaction (F X C) 2 3.5 0.91 

Error 42 39.4 

F 1 361 0.45 
C 2 372 0.56 

F X C 2 1950 0.0564 
Error 42 633 

F 1 199434 0.0001 
C 2 29554 0.0529 

F X C 2 10314 0.34 
Error 42 9368 

F 1 9.50 0.1053 
C 2 1.57 0.64 

F X C 2 3.41 0.38 
Error 42 3.46 

F 1 2.85 0.51 
C 2 17.01 0.0812 

F X C 2 2.52 0.68 
Error 42 



235 

Appendix Table XVII. Mean squares for Experiment 2 
variables: plasma concentrations of 
thyroxine ( T-4) and triiodothyronine 
(T-3). 

Variable Source df Mean square Pr>F 

T-4 Food level ( F) 1 1.238 0.0105 
Cadmium cone. ( C) 2 0.073 0.66 
Interaction (F X C) 2 0.458 0.0820 

Error 42 0.172 

T-3 F 1 12.091 0.0001 
C 2 0.257 0.12 

F X C 2 0.420 0.0364 
Error 42 0.117 
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Appendix Table XVIII. Mean squares for Experiment 2 
variables: adrenal weights, adrenal 
and plasma concentrations of 
corticosterone, and adrenal and total 
corticosterone. 

Variable Source df Mean square Pr>F 

Adrenal Food level (F) 1 .038 0.70 
Weight Cadmium cone. ( C) 2 .084 0.72 

Interaction (F X C) 2 .370 0. 24 
Error 42 .251 

Adrenal F 1 1291664 0.0003 
[corticosterone] C 2 74538 0.42 

F X C 2 72524 0.43 
Error 42 317158 

Plasma F 1 433 0.0878 
[corticosterone] C 2 50 0.70 

F X C 2 204 0.25 
Error 42 188 

Total F 1 252.5 0.0002 
adrenal C 2 8.9 0.56 
corticosterone F X C 2 19.8 0.28 

Error 42 62.0 

Total F 1 4829485 0.0223 
corticosterone C 2 633827 0.48 

F X C 2 1179912 0.26 
Error 42 1691393 
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Appendix Table XIX. Mean squares for Experiment 3 variables: 
food consumption. 

Variable Source df Mean square Pr>F 

Consumption, Treatment 3 196 0.96 
days -2-0 Error 44 1837 

Consumption, Treatment 3 792 0.41 
days 12-14 Error 44 811 

Consumption, Treatment 3 5728 0.0605 
days 25-27 Error 44 2161 

ConsumptiQn, Treatment 3 617 0.74 
days 38-40 Error 44 1470 
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Appendix Table XX. Mean squares for Experiment 3 variables: 
tissue metal concentrations. 

Variable Source df Mean square Pr>F 

Liver cadmium Treatment 3 452630 0.0001 
Error 44 6717 

Liver copper Treatment 3 69911 0.58 
Error 44 104892 

Liver zinc Treatment 3 39498 0.0001 
Error 44 1877 

Kidney cadmium Treatment 3 .610329 0.0001 
· Error 44 9955 

Kidney copper Treatment 3 7622 0.0001 
Error 44 299 

Kidney zinc Treatment 3 18811 0.0001 
Error 44 529 
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Appendix Table XXI. Mean squares for Experiment 3 variables: 
body weights. 

Variable Source df Mean square Pr>F 

Body wt., Treatment 3 2314 0.95 
day 0 Error 44 20671 

Body wt. Treatment 3 76244 0.0068 
day 21 Error 44 16505 

Body wt., Treatment 3 241014 0.0001 
day 42+1 Error 44 16649 
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Appendix Table XXII. Mean squares for Experiment 3 
variables: liver, kidneys, and testes 
weights. 

Variable Source df Mean square Pr>F 

Liver wt. Treatment 3 81. 65 0.0270 
Error 44 24.28 

Kidneys wt. Treatment 3 3.404 0.0150 
Error 44 0.875 

Testes wt. Treatment 3 73.33 0.17 
Error 44 41. 93 
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Appendix Table XXIII. Mean squares for Experiment 3 
variables: liver glycogen and aldolase 
activity. 

Variable Source df Mean square Pr>F 

[Glycogen] Treatment 3 1693 0.0541 
Error 44 616 

Total Treatment 3 1180132 0.19 
glycogen Error 44 711597 

[Aldolase Treatment 3 12285 0.0208 
activity] Error 44 3417 

Total Treatment 3 15735473 0.0008 
aldolase Error 44 2352045 
activity 
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Appendix Table XXIV. Mean squares for Experiment 3 

Variable 

PCV 

Glucose 

NEFA 

Urea 

Uric acid 

variables: PCV and plasma 
concentrations of glucose, NEFA, urea, 
and uric acid. 

Source df Mean square Pr>F 

Treatment 3 27.62 0.13 
Error 44 13.97 

Treatment 3 258 0.74 
Error 44 619 

Treatment 3 16790 0.0180 
Error 44 4508 

Treatment 3 2.12 0.94 
Error 44 16.26 

Treatment 3 54.17 0.0001 
Error 44 4.97 
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Appendix Table XXV. Mean squares for Experiment 3 variables: 
plasma concentrati~ns concentrations .of 
T-4, T-3, corticosterone, adrenal 
corticosterone (concentration and total) 
and total corticosterone. 

Variable Source df Mean square Pr>F 

Plasma Treatment 3 0.190 0.91 
[T-4] Error 44 1.104 

Plasma Treatment 3 3.967 0.0001 
[T-3] Error 44 0.235 

Adrenal Treatment 3 1.101 0.0427 
wt. Error 44 0.372 

Plasma Treatment 3 113.4 0.0888 
[corticosterone] Error 44 49.0 

Adrenal Treatment 3 40.87 0.0485 
[corticosterone] Error 44 14.38 

Total adrenal Treatment 3 412800 0.0332 
corticosterone Error 44 129925 

Total Treatment 3 1179192 0.0368 
corticosterone Error 44 382101 
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THE OCCURRENCE AND TOXICOLOGY OF HEAVY METALS 

IN CHESAPEAKE BAY WATERFOWL 

by 

Richard Thomas Di Giulio 

(ABSTRACT) 

The goals of this study were to elucidate relationships 

between food habits and tissue accumulations of heavy metals 

in Chesapeake Bay waterfowl and to determine effects of 

chronic cadmium and lead ingestion on energy metabolism in 

waterfowl. 

Concentrations of cadmium, lead, copper, and zinc were 

measured in 774 livers, 266 kidneys, and 271 ulnar bones 

from 15 species of ducks obtained from the Chesapeake Bay 

region. Liver and kidney concentrations of cadmium were 

highest among two carnivorous sea duck species, Clangula 

hyemalis and Melanitta deglandi. In contrast, lead 

concentrations in three tissues were generally highest in 

largely herbivorous species, such as Anas platyrhynchos, 

Anas rubripes, and Anas strepera. Spent shot may be an 

important source for tissue burdens of lead in these ducks. 

No marked trends were observed between food habits and 

tissue concentrations of copper or zinc. 



Cadmium and lead concentrations were generally higher 

in benthic macrophytes than in soft tissues of clams 

collected from several locations in the Bay. These results 

suggest that the change that has occurred in the food habits 

of some Chesapeake Bay ducks, most notably Aythya 

valisineria to diets composed largely of clams rather than 

aquatic vegetation probably did not increase ingestion of 

these elements. 

In experiments conducted with~. platyrhynchos, chronic 

ingestion of equal dietary concentrations of cadmium and 

lead resulted in about 15 times greater accumulation of 

cadmium than lead in livers and kidneys. However, while 

ulnar bones accumulated lead, cadmium concentrations in 

bones remained below detection limits. Cadmium ingestion 

enhanced renal accumulation of copper and zinc, perhaps due 

to induction of metallothionein by cadmium. 

In combination with an imposed food restriction, 

cadmium ingestion appeared to alter some indices of energy 

metabolism, such as plasma concentrations of free fatty 

acids and triiodothyronine, at dietary cadmium levels far 

below those eliciting similar responses in the absence of a 

food restriction. Those results suggest the importance of 

considering interactions with other stressors when examining 

potential effects of environmental contaminants on wild 

animals. 
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