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ABSTRACT

CHRONIC DOSING STUDY TO ASSESS THE HEALTH AND REPRODUCTIVE
EFFECTS OF TUNGSTEN-IRON AND TUNGSTEN-POLYMER SHOT ON GAME-
FARM MALLARDS
By

Rachel Rebecca Mitchell

Sixteen male and 16 female adult mallards were orally dosed with 8 #4 steel shot, 8 #4
tungsten-iron shot, or 8 #4 tungsten-polymer shot on days 0, 30, 60, 90, and 120 of a 150-
day trial. An additional 6 male and 6 female mallards received 8 #4 lead shot on day 0 of
the study. During the first 60 days of the trial, mallards were fed a nutritionally deficient
diet (shelled corn) and maintained in a cold environment. Ducks were then switched to
commercial layer ration for the subsequent 90 days during which reproductive
performance was examined. All lead-dosed ducks died by day 25 of the study, whereas no
ducks died in the other dosage groups. Lead-dosed mallards had significantly decreased
hematocrit, hemoglobin concentration and whole-blood delta aminolevulinic dehydratase
activity on day 7. Exposure to lead shot caused significant changes in a number of
plasma chemistry parameters compared to exposure to steel, tungsten-iron, or tungsten-
polymer shot at day 7. Mallards dosed with tungsten-iron or tungsten-polymer shot had
occasional significant differences in hematocrit and plasma chemistry values when
compared to steel-dosed mallards over the 150-day period, but these values were within
the normal range reported for mallards and not considered to be indicative of deleterious

effects. Relative kidney, heart, brain and gizzard weights of lead-dosed ducks were



significantly greater in comparison to the relative weights of those organs of ducks in the
other 3 groups. Histological examination of kidneys and liver indicated renal nephrosis
and hepatocellular biliary stasis in the lead-dosed ducks. Significant liver hemosiderosis
was present in all steel- and tungsten-iron-dosed males examined, in 5 of 8 steel- and 3 of
8 tungsten-iron-dosed females examined, and in 1 tungsten-polymer-dosed male
examined. Concentrations of lead in the femur, gonads, kidneys, and liver were higher in
lead-dosed ducks than in ducks of the other 3 groups. Small amounts of tungsten were
detected in gonad and kidney samples from males and females, in femur samples from
males, and in liver samples from females dosed with tungsten-polymer shot. Higher
concentrations of tungsten were detected in femur, gonad, kidney, and liver samples from
tungsten-iron-dosed ducks. The rate of shot erosion was highest for tungsten-polymer
shot (99%), followed by tungsten-iron (72%), steel (55%), and lead (37%). There were no
significant differences in percent egg production, and percent fertility and hatchability of
eggs from tungsten-iron- and tungsten-polymer-dosed ducks when compared to steel-
dosed ducks. Egg weight and shell thickness of eggs from tungsten-iron-dosed ducks
were greater when compared to steel-dosed ducks. Concentrations of tungsten were
highest in the shell of eggs from tungsten-iron-dosed ducks than from the eggs of
tungsten-polymer-dosed ducks. There were no biological differences in percent
survivability and body weight of ducklings from tungsten-iron and tungsten-polymer
ducklings when compared to ducklings from steel-dosed ducks. The hematocrit of
ducklings from tungsten-iron-dosed ducks was slightly but significantly lower when
compared to ducklings from steel-dosed ducks. Relative kidney weight of ducklings from

tungsten-polymer-dosed ducks was significantly greater than relative kidney weight of



ducklings from steel-dosed ducks. Histological examination of duckling kidneys and
liver indicated no abnormalities. Tungsten was detected in 25%, 9%, and 13% of the
femur, kidney, and liver samples, respectively, from ducklings of the tungsten-iron and
tungsten-polymer groups. Results of this study indicated that tungsten-iron or tungsten-
polymer shot repeatedly administered to adult mallards did not adversely affect them or

the offspring they produced during the 150-day trial.
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Introduction

In 1991, the United States banned the use of lead shot for waterfowl hunting
because of its toxic effects on waterfowl and other wildlife species upon ingestion. Steel
and bismuth shot are used as nontoxic alternatives to lead, but there has been a continual
effort to develop shot compositions that emulate the ballistic characteristics of lead.

In order for a candidate shot to receive permanent approval for use by the U.S.
Fish and Wildlife Service (USFWS), it must undergo a variety of tests as documented in
USFWS 50 CFR Part 20.134, Migratory Bird Hunting: Nontoxic Shot Approval
Procedure (Federal Register, 1986) to establish that it is nontoxic to waterfowl and other
impacted species. The approval procedure is a 3-tiered approach. In Tier 1, the applicant
must provide statements of use, chemical characterization, volume of use of the material
requested to be approved, and samples of the candidate shot. In addition, the
toxicological data for the shot coating and/or shot pertaining to mammals, birds, fish,
amphibians, and reptiles should be summarized. The applicant must also provide
information on the environmental fate and transport of the shot and shot coatings. In Tier
2, providing that the results from the Tier 1 information is inconclusive, the applicant will
conduct a short-term (30-day) acute toxicity test using game-farm mallards provided a
diet of commercially available duck food. In Tier 3, a chronic toxicity test is to be
conducted. This test utilizes game-farm mallards fed a nutritionally-deficient diet of corn
and maintained in a cold environment for 60 days. Mallards are then switched to a
breeder diet and reproductive parameters are assessed for the subsequent 90 days. Shot
composed of tungsten-iron (55% tungsten and 45% iron) and tungsten-polymer (95.5%

tungsten and 4.5% of the polymer nylon 6) were given conditional approval for waterfowl



hunting by the USFWS based partly on the results of a 30-day acute toxicity trial utilizing
mallards (Tier 2 ) (Kelly et al., 1998).

The present study is a 150-day dosing test designed to assess the effects of long-
term periodic exposure of waterfowl to 2 candidate shot types composed of 55% tungsten
and 45% iron, and 95.5% tungsten and 4.5% of the polymer nylon 6. The study was
conducted in 2 phases. The first phase consisted of maintaining mallards, dosed with
candidate shot every 30 days, on a nutritionally-deficient diet (shelled corn) in a
minimally heated environment with a constant photoperiod of 8 hours light:16 hours dark
per day for 60 days. In the second phase of the study, the mallards were switched to a
commercial layer ration while dosing with candidate shot continued every 30 days, the
photoperiod was increased in increments to 18 hours light:6 hours dark, and reproductive
performance was assessed during the subsequent 90 days. The protocol for this study was
reviewed by the USFWS in 1997 and complies with the general guidelines outlined in the
amended test protocol for nontoxic shot approval procedures for shot and shot coatings

proposed by USFWS in 1996 (Tier 3).

Objectives
The overall objective of the 150-day dosing trial was to determine if exposure to 2
candidate shot types, composed of 55% tungsten and 45% iron, or 95.5% tungsten and
4.5% of the polymer. nylon 6, caused any deleterious effects in game-farm mallards.
Toxicity of candidate shot was assessed by:
1) Determination of hemoglobin (Hb) concentrations and whole-blood delta
aminolevulinic acid dehydratase (ALAD) activities on day 7 of the trial.

2) Determination of hematocrit (HCT) on days 7, 30, 60, 90, 120, and 150.

LR I T




3) Determination of plasma chemistries on days 7, 30, 60, 90, 120 and 150.

4) Determination of egg production, fertility, hatchability, and duckling
survivability.

5) Determination of changes in body weights and organ weights.

6) Determination of metal residue concentrations in the liver, kidneys, femur, and

gonads of adults, in the liver, kidneys, and femur of ducklings, and in the contents

and shell of eggs.
7 Determination of gross and histological changes in selected tissues.
8) Determination of mortality.

Literature Review

Lead is the most ubiquitous toxic metal and is detectable in practically all phases
of the inert environment and in all biological systems. This heavy, pliable metal has a
bright, bluish color and rarely occurs in the native form, but is usually found in nature as
its sulfide, the mineral galena. Because lead is toxic to most living things at high
concentrations and because there is no demonstrated biological need for it, the major
issue regarding lead is determining the dose at which it becomes toxic (Goyer, 1996).

Lead has been known to man for about 7000 years, and lead poisoning has
occurred for at least 2500 years (Eisler, 1988). Ancient Egyptians used lead in the
production of paints, pottery glazing, weights, coins, net sinkers, piping, and cooking
utensils (Eisler, 1988). Later, Romans used lead in construction of water pipes, in
cosmetics, and even as a sweetner in the preparation of wines. The decline of the Roman
Empire may have been accelerated by endemic lead poisoning. This theory was later

supported by the high concentrations of lead found in the bones of Roman aristocrats



(Eisler, 1988). During the Middle Ages, there was considerable use of lead in paints,
weights, and in the preparation of stained glass windows for cathedrals. Later, following
the introduction of gunpowder, the need for a projectile made of malleable material
resulted in the production of lead shot and lead cannon balls. Today, domestic lead
consumption is 1.3 million tons annually, of which half is used in the production of
storage batteries and until recently, of gasoline antiknock compounds, specifically
tetracthylead and tetramethylead (Eisler, 1988).

The traditional use of lead shot for waterfowl hunting has been the preferred metal
for centuries because of its widespread availability, low price, ease of manufacturing, and
chemical stability (Thomas, 1997). However, the primary source of lead poisoning in
wild waterfowl has been the ingestion of shotgun pellets. The amount of ingested lead
that will produce toxicosis and fatalities of waterfowl varies according to nutritional and
physiological conditions of birds. A single ingestion of 0.2-2.0 grams of lead shot may
prove acutely fatal to most waterfowl (Pain and Rattner, 1988; Rattner et al., 1989). Yet,
each year about 3000 tons of lead shot are deposited in the wetlands of North America by
waterfowl hunters alone (Thomas, 1997). Given that lead shot has been accumulating for
at least 200-300 years, and that it erodes slowly (Jorgensen and Willems, 1987), there is a
great risk that waterfowl will develop lead poisoning, both at present and in the future.
Other less common sources of lead poisoning in waterfowl include lead fishing sinkers,
mine wastes, paint pigments, bullets, and other lead objects that are swallowed.

Since the first report of Grinnell (1894), the typical signs and lesions of lead
poisoning in waterfowl have been extensively documented in every North American

waterfowl flyway (Bellrose, 1959; Wobeser, 1981; Sanderson and Bellrose, 1986; Friend,




1987; Eisler, 1988). Waterfowl that are well advanced in lead intoxication usually
exhibit the following signs: varying degrees of emaciation (loss of up to 40% of the
original body weight, and a prominent keel bone), reduced activity with reluctance to fly,
lowered food intake, palsy (wing droop), bile staining of vent area, tendency to seek
isolation and cover, and loss of ability to stand, walk, or fly. The internal lesions
associated with lead poisoning in waterfowl include: lack of fat, atrophy of striated
muscle, excess fluid in pericardial sac, distended gallbladder, atrophied gizzard with
grinding pads hardened and bile stained, and anemia and paleness of the whole body. It
was the extent of the threat lead posed to waterfowl that led the United States government
to ban the use of lead shot for waterfowling in 1991.

Prior to the decision of the ban on lead shot for waterfowl hunting, there were 3
general options that were considered as potential solutions to the problem of lead shot
poisoning waterfowl: (1) manipulation of the habitat to reduce the availability and/or
toxicity of spent shot; (2) coating, plating, or otherwise altering lead shot pellets to reduce
toxicity; and (3) regulations prohibiting the use of lead shot, combined with the use of
alternative, nontoxic shot (Scheuhammer and Norris, 1995). Manipulation of waterfowl
habitat required actions that were expensive, labor-intensive, of questionable
effectiveness, and inappropriate as general solutions to the lead shot problem. The
attempt to retain the ballistic qualities of lead, but to reduce its toxicity to waterfowl by
coating lead shot with other metals or nonmetallic materials, resulted in mortality of
waterfowl] after ingestion of the modified shot types that was equal to or greater than
mortality caused by pure lead shot. The lack of success of the first 2 options led to the

search for affordable, nontoxic, ballistically-acceptable alternatives to lead.



Steel shot was found to be the preferred alternative to lead, considering its lack of
toxicity, ready availability, and relatively low cost (U.S. Department of the Interior,
1986). One of the major concerns surrounding the phase-out of lead shot has been that
the exclusive use of steel shot could lead to a dramatic increase in the proportion of game
birds injured but not killed by hunters (crippling rate). The ultimate effect might be that
increased losses of birds through crippling would surpass the number of birds saved by
the elimination of lead shot (Scheuhammer and Norris, 1995). For this reason, hunters
have been reluctant to accept the steel shot regulations. However, between 1950 and
1984, 16 published shooting tests comparing the effectiveness of lead and steel shot were
conducted in the United States. The results of these tests were equivocal: 3 of the tests
favored lead , 2 favored steel, 2 reported mixed results, and 8 showed no statistically
differences in crippling between the 2 shot types (Morehouse, 1992). It has been argued
that the crippling of waterfowl is a function of the skill of the shooter rather than the type
of ammunition used.

Since lead was banned from the North American marshlands in 1991, ammunition
companies have searched for ways to improve the performance of steel loads and to
emulate the ballistic characteristics of lead shot. Bismuth shot, the first nontoxic
alternative to steel shot, was the first nontoxic alternative to receive permanent approval
by the United States Fish and Wildlife Service in 1997 (Kelly et al., 1998). The second
nontoxic alternatives are tungsten-iron and tungsten-polymer shot, which received
conditional approval for use from the U.S. Fish and Wildlife Service in 1997 (Kelly et al.,

1998).



Tungsten is a relatively rare element, occurring in the earth’s crust at
concentrations averaging 5 ppm (Standen, 1970). It is found in the form of tungstate ores
such as wolframite [(Fe, Mn) WOg4)], scheelite (Ca WOy), ferberite (FeWO4) and

hubnerite (MnWOg4). Major uses of tungsten include incorporation into cutting and

wear-resistant materials, mill products, specialty steels, alloys, chemicals and tools.

Tungsten has a molecular weight of 183.85, specific gravity of 19.35, melting point of
3,410 C and boiling point of 5,660°C. Tungsten metal is insoluble in aqueous solutions
while forms such as sodium tungstate (NapWO4-2H70) and ammonium paratungstate

[(NH4)6W7024.6H0] are variably soluble in water (Stokinger, 1978).

The tungstate ion (WO42-) is the most soluble and the most frequently occurring

form of the metal in biological systems. Radiotracer studies utilizing this form of
tungsten have indicated relatively rapid absorption of the compound with most of it being
eliminated within a few days. For example. Wase (1956) reported that mice administered

KoWO4 (15 mg / kg) by intraperitoneal injection eliminated 78% of the dose via the

feces after 24 hours and 98% after 96 hours. Ballou (1960) reported that 40% of an orally
administered dose of labeled tungsten in rats was eliminated in the urine after 24 hours
while 58% was eliminated via the feces or remained unabsorbed in the gut. Only 2% of

the dose remained in the tissue. Kaye (1968) administered labeled KoWOj4 to rats and

reported that 17% of the dose was present in the carcass 1 hour post-dosing, which
indicated rapid absorption through the gastrointestinal tract into the systemic circulation.
Twenty-four hours after dosing. 40% of the compound had been eliminated via the urine

and 20% via the feces. At 72 hours post-dosing, 97% of the tungstate had been cleared




from the body. Bell and Sneed (1970) dosed swine with a tracer dose of (NH4)2 WO4 by

gavage or intravenously and reported that most of the radioactivity was eliminated via the
urine in 24 hours. In contrast, these same authors reported that sheep administered a

tracer dose of (NH4)2WO4 by capsule or by injection into the abomasum eliminated only

15% of the dose.

Distribution of absorbed tungsten is limited to relatively few tissues. Kinard and
Aull (1945) fed rats tungsten as the metal (20,000 and 100,000 ppm), tungsten oxide
(1,000 ppm tungsten), sodium tungstate (1,000 ppm tungsten) or ammonium
paratungstate (5,000 ppm tungsten). They reported that the chief sites of deposition were
bone and spleen with smaller quantities found in the skin, kidney, and liver. This
distribution pattern was not dependent on the type of compound administered. Wase

(1956) reported that 8 hours after dosing mice with KoWOy4, the highest concentrations

of tungsten were detected in the bone and gastrointestinal tract. Similarly, Kaye (1968)
reported that bone was the principle site of tungsten deposition in rats that were

administered a tracer dose of K)WO4. In the study conducted by Bell and Sneed (1970),

the principle sites of tungsten deposition in swine were, in descending order, kidney,
bone, liver, and muscle, while in sheep tungsten was found primarily in the kidney
followed by the liver, bone and muscle, respectively. Following inhalation of a
radiolabeled tungsten oxide aerosol by dogs, the highest concentrations of activity 165
days after exposure were in the lung and kidney with smaller concentrations in bone, gall

bladder, liver , and spleen. In terms of organ burden, most of the activity was associated




with bone (37% of the body burden), lung (31%), kidney (15%), and liver (9.7%)
(Aamodt, 1975).

Tungsten is eliminated in both the urine and feces, the predominant route
apparently being dependent on species, type of tungsten compound, and the route of
administration. Wase (1956) reported that mice dosed intraperitoneally with KoWO4
eliminated 78-98% of the compound via the feces from 24-96 hours post-dosing. Kaye

(1968) reported that 40% of an orally administered dose of K)WO4 was eliminated in the

urine and 20% in the feces at 24 hours post-dosing. Dogs administered an intravenous

tracer dose of NagpWO4 eliminated 91% of the tungsten via the urine (Aamodt, 1973).
Similarly, Bell and Sneed (1970) reported that most of a tracer dose of (NH4),WO4

administered to swine either by intravenous injection or by gavage appeared in the urine
within 24 hours post-dosing. In the same study, sheep orally administered (NH4),WO4
excreted 44% and 42% of the radioactivity in the urine and feces, respectively, while

(NH4)2WO4 introduced into the abomasum resulted in 65% being eliminated in the urine

and 17% in the feces.
The biological half-life of tungsten is relatively short, depending upon the tissue

being examined. Kaye (1968) reported that the half-life of orally administered KoWO4

in rats was approximately 10 hours for the initial fast component of the elimination curve.
In general, elimination of tungsten from soft tissue was rapid, but the half-life of tungsten
in the spleen was 44 days and that in bone was 1,100 days. Nell et al. (1980) reported a

hepatic half-life of 27 hours for NapWOy4 injected intraperitoneally into broiler cockerels.




The toxicity of tungsten is dependent upon the solubility of the form administered,
with the soluble forms usually being considerably more toxic than the less soluble forms.

For example, Frederick and Bradley (1946) determined an LD5( for insoluble tungsten
metal powder injected intraperitoneally in the rat of 5,000 mg/kg body weight, whereas
when the soluble NayWOy4 was injected subcutaneously, an LDsgp of 140-160 mg
tungsten/kg body weight (223-255mg Nap WO4/kg body weight) was determined (Kinard
and Van de Erve, 1940). Pham-Huu-Chanh (1965) reported LD5( values of 112 mg/kg

body weight and 79 mg/kg body weight when sodium tungstate was administered by
intraperitoneal injection to rats and mice, respectively. However, there are exceptions to
this relationship between solubility and toxicity. Kinard and Van de Erve (1941) reported
that diets containing 5.0% (50,000 ppm) tungsten as the relatively insoluble ammonium
paratungstate, 3.96% (39,600 ppm) tungsten as the insoluble tungstic oxide or 2%
(20,000 ppm) tungsten as the soluble sodium tungstate produced 100% mortality in rats
while a diet containing 2% tungsten as ammonium paratungstate resulted in 80%
mortality. When rats were fed diets containing 0.5% (5,000 ppm) tungsten in different
forms, tungstic oxide caused 82% mortality, sodium tungstate caused 58% mortality, and
ammonium paratungstate resulted in no deaths. Nell et al. (1980) administered broiler
cockerels soluble sodium tungstate via daily injection at 5 mg tungsten from day 1 to day
11, 10 mg from day 12 to day 21, and 20 mg from day 22 to day 35. Four of 40 birds died
on trial and all deaths occurred on day 29.

Clinical signs resulting from acute exposure of mammals to lethal or near-lethal

doses of the more toxic tungsten compounds via oral and parenteral routes have been
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summarized by Stokinger (1978). These include nervous prostration, diarrhea, and death
preceded by coma due to respiration paralysis. Clinical signs reported by Nell et al.
(1980) for chickens dying of exposure to soluble sodium tungstate included anorexia,
reduced weight gain, diarrhea, and labored breathing within an hour of death. On gross
examination of these birds, muscles and liver were dark red due to extensive
hemorrhaging and petechial hemorrhages were observed on the gizzard and
proventriculus. Hemorrhages were also observed in the brain, heart, and kidney.

When mammals have been administered doses of tungsten compounds that do not
result in mortality, effects are often slight. Selle (1942) injected male and female rats
daily with 92 mg tungsten/kg body weight as sodium tungstate and reported weight loss
of 11% and 26%, respectively. No effects were noted when the same dose was
administered daily by oral gavage. Kinard and Van de Erve (1941) reported that when
growing rats were administered a diet containing 1,000 ppm (0.1%) tungsten as tungstic
oxide or sodium tungstate, or 5,000 ppm (0.5%) tungsten as ammonium paratungstate,
the only effect observed was a similar and slight growth depression after 70 days. Kinard
and Van de Erve (1943) reported that feeding tungsten metal to rats at concentrations of
25,000 ppm and 100,000 ppm for 70 days resulted in a 15% decline in body weight gain
of the females. Schroeder and Mitchner (1975) administered 5 ppm sodium tungstate to
rats via the drinking water throughout their lifetime and reported a somewhat shortened
lifespan in male rats (983 days vs 1,126 days for controls).

As with mammals, studies in birds have indicated relatively few effects as a result
of exposure to moderate concentrations of soluble tungsten compounds (Higgens et al.,

1956; Teekell and Watts, 1959; Leach et al., 1962; Nell et al., 1980). The toxicity of
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soluble tungsten compounds is determined by measuring xanthine dehydrogenase activity
in the liver. Xanthine dehyrdogenase is an enzyme involved in purine metabolism and in
the conversion of nitrogenous compounds to uric acid (Nell et al., 1980). In the following
studies, tungsten was shown to reduce xanthine dehydrogenase activity when fed to
breeder hens and chicks. Teekell and Watts (1959) fed chickens sodium tungstate at a
concentration of 250 ppm for 10 days and then increased the concentration to 500 ppm
for the subsequent 20 days. Incorporation of 250 ppm sodium tungstate had no effect on
intestinal and hepatic xanthine dehydrogenase activities, but increasing the dietary
sodium tungstate concentration to 500 ppm did cause a steady decline in enzyme
activities. Egg production by these hens and subsequent hatchability was not affected.
However, those chicks hatched from females fed the sodium tungstate-supplemented diet
grew at a slower rate than chicks from control females. Chicks fed a diet containing 500
ppm sodium tungstate for 4 weeks had a slower rate of gain when compared to control
chicks, yet tissue xanthine dehydrogenase activities were not affected. In a study by
Leach et al. (1962), the addition of 1,000 ppm tungsten (form not specified) or more to
the diets of chicks for 4 weeks resulted in depressed growth rates while concentrations of
500 ppm tungsten or greater caused a marked decrease in hepatic xanthine dehydrogenase
activities. Nell et al. (1980) examined the effects of both injected and ingested sodium
tungstate on xanthine dehydrogenase activity in chicks. Cockerels receiving a single
intraperitoneal injection of 20 mg sodium tungstate had increased concentrations of
hepatic tungsten but there was no effect on xanthine dehydrogenase activities. Chicks fed
diets containing 1,000 ppm tungsten for 4 weeks had increased hepatic concentrations of

tungsten and decreased activities of xanthine dehydrogenase. In chicks either injected
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intraperitoneally with sodium tungstate at doses increasing from 5 to 10 to 20 mg at days
12 and 22 of a 35-day period or fed diets containing sodium tungstate at doses which
increased from 150 to 600 ppm at day 22 of a 35-day period, mortality was associated
with hepatic tungsten concentrations of 25 ppm as well as decreases in xanthine
dehydrogenase activities. The decrease in tissue xanthine dehydrogenase activities
paralleled increases in plasma concentrations of uric acid, xanthine, and hypoxanthine.

In a study that served as the basis for the present test, Kelly et al. (1998) dosed
mallards with 8 BBs of tungsten-iron or tungsten-polymer shot and monitored them for
30 days. All mallards survived the 30-day trial with a slight increase in body weight. No
statistical differences were observed in HCT, Hb concentrations, and ALAD activities in
the 2 tungsten shot-dosed groups when compared to control and steel-dosed groups.
Similarly, no changes were detected in selected plasma chemistry variables. The mallards
appeared normal at the time of necropsy on day 30 of the trial, and no changes were
detected in weights of organs. Five of 16 tungsten-iron-dosed ducks and 3 of 16
tungsten-polymer-dosed ducks manifested a mild hepatocellular biliary stasis, which was
not considered deleterious. This condition, however, was not observed in the control and
steel-dosed ducks. No other histopathological lesions were noted. Tungsten residues
were detected in the femur, liver and kidneys of the tungsten-iron ducks. Concentrations
of tungsten only slightly above detection limits were detected in the femur and kidneys of
2 mallards dosed with tungsten-polymer shot. In a similar study, Ringelman et al. (1993)
dosed mallards with 12-17 pellets of shot composed of 39% tungsten, 44.5% bismuth,
and 16.5% tin and monitored the ducks for the subsequent 32 days. Based on the lack of

effects on mortality, behavior, feed consumption, body weight gain, and blood parameters
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as well as the absence of gross and histological lesions, and no detectable concentrations
of tin and tungsten in the liver and kidney, these authors concluded that the ingested
candidate shot had no ill effects on the mallards over the 32-day period.

Nylon 6 is the other significant component of the tungsten-polymer shot,
comprising 4.5% of the total product. Nylon 6 is the commercially important
homopolymer of caprolactam. Most completely polymerized materials are
physiologically inert, regardless of the toxicity of the monomer from which it’s made
(Peterson, 1977). Thus, few data exist relative to the toxicity of nylon 6 in animals. Most
of the toxicity studies that have been conducted relate to thermal degradation products
that are not relevant to the exposure of wildlife to shot containing nylon. One animal
study reported in Montgomery (1982) indicated that nylon 6 fed to rats at a level of 25%
of the diet (250,000 ppm) for 2 weeks caused a slower rate of weight gain, presumably
due to the decrease in food consumption and feed efficiency. There were no anatomic
injuries attributable to the feeding of nylon 6 in this study. According to Montgomery
(1982), there are no known reports that attribute any metastatic carcinogenic potential to
nylon. No studies examining the effects of nylon 6 in avian species were found in the
literature.

Materials and Methods

Fifty-four male and 54 female 5-month-old game-farm mallards (4nas
platyrhynchos) (hatched 28 July 1997) with plumage and body conformation that
resembled wild mallards were purchased from Whistling Wings, Inc. (Hanover, Illinois).
The ducks arrived by truck at the Michigan State University (MSU) Poultry Science

Research and Teaching Center (PSRTC) on 30 December 1997. The ducks were
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removed from the transport cages and weighed, and the flight feathers were clipped. The
ducks were then randomly assigned as male-female pairs to individual cages.

Cages (0.914 m L x 0.914 m W x 0.457 m H) were constructed from vinyl-coated
wire (14 gauge, 2.54 cm mesh) and suspended 61.0 cm from the floor in an enclosed pole
barn-type building. Wood shavings were placed underneath the cages to absorb excreta
and water. Shavings were replaced every two weeks.

A gas brooder was utilized to keep the room temperature above 0°C. Room
temperature and humidity were monitored by an LCD digital thermometer/hygrometer
that displayed the current temperature/humidity in addition to the high and low
temperature/humidity readings during the previous 24-hour period.

Incandescent bulbs controlled by a timer provided light. Lights were maintained
at 8 hours light:16 hours dark during the 26-day acclimation period (30 December 1997 -
25 January 1998).

Food and water were available ad libitum during the acclimation period. The diet
during the acclimation period was a commercial pelleted ration (Purina Duck Grower
W/O, St. Louis, Missouri; Batch #8858; crude protein > 16.0%, lysine 2> 0.63%,
methionine > 0.30%, crude fat > 3.0%, crude fiber < 5.0%, calcium 0.40-0.90%,
phosphorus > 0.55%, sodium chloride 0.20-0.70%). Water was obtained from a
university well. Crocks containing drinking water were replenished twice daily and feed

was added to the feed crocks as needed (usually every other day).

Each cage contained a nest box consisting of a S-gallon plastic pail that was

secured in a horizontal position in a rear corner of the cage. Attached to the bottom front
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of the pail was a 5.08 cm high vinyl-coated wire fence to prevent eggs from rolling out of
the nest box. A rubber mat was placed inside the pail to provide a cushion for the eggs

and to facilitate cleaning of the nest boxes, which was done on a weekly basis.

On 26 January 1998 (day 0), ducks were randomly assigned to 4 treatment groups
and identified by metal leg bands (size 14; National Band and Tag Co., Newport,
Kentucky) bearing a unique number and color-coded by treatment. The treatment groups
were a lead group (6 males and 6 females receiving 8 pellets of #4 lead shot on day 0), a
steel group (16 males and 16 females receiving 8 pellets of #4 steel shot on days 0, 30,
60, 90, and 120), a tungsten-iron group (16 males and 16 females receiving 8 #4 tungsten-
iron shot composed of 55% tungsten and 45% iron on days 0, 30, 60, 90, and 120), and a
tungsten-polymer group (16 males and 16 females receiving 8 #4 tungsten-polymer shot
composed of 95.5% tungsten and 4.5% nylon on days 0, 30, 60, 90, and 120). Each cage
was identified with a color-coded card bearing the cage number, the pair’s individual
band numbers, and the treatment. For record keeping purposes, the ducks were identified
by a 4-digit number. The first 2 digits designated the treatment (10 = lead, 20 = steel, 30
= tungsten-iron, 40 = tungsten-polymer), and the last 2 digits were the duck’s individual
band number.

Mallards were switched to a shelled corn diet on day 0. Each duck was weighed
and dosed with the appropriate shot. Prior to dosing, pellets were weighed and placed in
groups of 8 into individual plastic vials that were identified by the duck’s 4-digit number,

cage number, treatment, sex, and day of dosing. Pellets were introduced into the
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proventriculus by means of a funnel and a 21.60 cm latex tube through the esophagus.
Approximately 5 mls of water helped to flush the pellets into the proventriculus.

All ducks were observed twice daily for assessment of general well-being. Any
clinical signs including, but not limited to, inappetence, apparent weight loss, ataxia,
lethargy, and discolored excreta were noted in the daily log. Any duck that died before
day 150 was weighed and taken to MSU’s Animal Health Diagnostic Laboratory for
necropsy as described below. In addition to these observations, feed and water were
checked twice daily and the room temperature/humidity was recorded at each entry during
the 150-day period. Photoperiod was maintained at 8 hours light:16 hours dark for the
duration of the 60-day phase of the 150-day trial.

On day 7 (2 February 1998), blood was collected from the brachial vein of each
duck using a 22 gauge needle. Blood was placed into 2 microhematocrit capillary tubes
(75 x 1.2 mm), 1 2-ml Vacutainer tube (Becton Dickinson, Franklin Lakes, New Jersey)
containing EDTA (lavender stopper) and 2 2-ml Vacutainer tubes containing sodium
heparin (green stopper). Each Vacutainer tube was labeled with the duck’s 4 digit
number, cage number, treatment, sex and the date of collection.

The microhematocrit capillary tubes were sealed and transported to a small
laboratory adjacent to the building where the ducks were housed. Tubes were centrifuged
in an IEC MB microhematocrit centrifuge (International Equipment Co., Boston,
Massachusetts) and hematocrits were measured with an IEC MB microcapillary reader.

The Vacutainer tube containing EDTA and 1 Vacutainer tube containing sodium
heparin from each duck were gently rotated for 1 minute and then refrigerated until all

blood samples were collected over a 4-hour period. Since mallards were bled in order of
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their cage number rather than by treatment, blood samples from all 4 treatments were
collected throughout the period. When blood collection was completed, samples were
packed unfrozen in coolers containing U-Tek polyfoam refrigerant packs (Polyfoam
Packers, Wheeling, Illinois) and shipped by overnight express to the Division of
Comparative Pathology at the University of Miami, Miami, Florida.

The second Vacutainer tube containing sodium heparin from each duck was used
for separation of plasma from whole-blood. Refrigerated tubes were transported to the
Toxicology Laboratory in Anthony Hall ( 4 miles from the PSTRC) and spun in a GLC-4
General Laboratory centrifuge (Sorvall Instruments, Newtown, Connecticut) at 50 x g for
5 minutes. Plasma was removed from the Vacutainer tube by a glass Pasteur pipet and
transferred to a labeled 1-dram glass vial. Plasma vials were stored in a cooler containing
dry ice until all plasma samples had been collected. Vials were then transferred to an
ultracold freezer (-72°C) until shipping the next day. Plasma samples were sent on dry
ice by overnight express to the Division of Comparative Pathology, University of Miami,
Miami, Florida.

Within 1 hour of arrival of the whole-blood and plasma samples at the University
of Miami, the tubes and vials were unpacked, separated by container type, and arranged
sequentially by the ducks’ 4 digit numbers. Tubes and vials were then assigned a second
number (1,2,3,etc.). The quality of each sample was grossly examined and noted on the
log-in worksheet. EDTA-containing tubes were at room temperature prior to
determination of Hb concentration. Tubes containing sodium heparin were stored at 4°C
for 3 hours prior to analysis of ALAD activity. Plasma samples were kept frozen prior to

determining plasma chemistries.
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Hemoglobin was determined by removing 100 pl whole-blood from the
Vacutainer tube containing EDTA and placing it in a plastic 96-well microtiter plate.
Fifty ul of lysis solution (ammonium chloride) was added to each well and the solutions
mixed by automatic pipet for 10 seconds. After incubation at room temperature for 1
minute, the plate was centrifuged at 1,200 rpm for 10 minutes to pellet red blood cell
nuclei and other debris. The supernatant was removed and hemoglobin was measured
using a Leica hemoglobinometer (Buffalo, New York). Hemoglobin was quantitated as
g/dL (x 1.5 for dilution factor). ALAD (expressed in ALAD units) was measured
according to the protocol of Burch and Siegel (1971) and Dieter and Finley (1979).
ALAD units equal (corrected absorbance x 12,500)/HCT. Plasma samples were analyzed
using a Johnson and Johnson 700XR automated analyzer (Rochester, New York).
Control sera samples were run daily prior to analysis to maintain a check on instrument
calibration.

On day 9 (4 February 1998), half of the mallards in each treatment group, and on
day 11 (6 February 1998), the remaining ducks in each treatment group were transported
(12 ducks/crate) to the MSU Large Animal Veterinary Clinic for fluoroscopy by
radiologist Dr. Russell Stickle to determine retention of shot. All ducks were manually
immobilized on their side on the examination table and slowly rotated by hand until the
greatest number of shot could be observed on the viewing monitor. Each radiograph was
identified by the duck’s 4-digit number.

On days 30 (25 February 1998) and 60 (27 March 1998), mallards were weighed
and redosed with 8 pellets of their respective shot. Blood was collected from all ducks

for HCT determination and from 8 males and 8 females in each treatment group for
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determination of plasma chemistries. Hematocrits were determined at MSU and the
Division of Comparative Pathology, University of Miami, Miami, Florida assessed
plasma chemistries, as described above. Fluoroscopies were performed as previously
described on days 37 (4 March 1998) and 39 (6 March 1998), and on days 70 (6 April

1998) and 72 (8 April 1998).

On day 61 (28 March 1998), all surviving mallards were switched to a
commercial layer ration (Mazuri Waterfowl Breeder, Brentwood, Missouri; Batch #5640;
crude protein = 17.0%, crude fat > 2.5 %, crude fiber < 6.0 %, ash < 10.0%, added
minerals < 5.2%) for the next 90 days (reproduction trial). Photoperiod was increased on
a weekly basis over 6 weeks beginning on 21 April 1998 and ending on 1 June 1998 to
achieve 18 hours light:6 hours dark. Ducks were weighed and redosed with 8 pellets of
the appropriate shot, and blood samples taken for HCT and plasma chemistries on days
90 (27 April 1998) and 120 (26 May 1998). Mallards were fluoroscoped on days 100 (6

May 1998) and 102 (8 May 1998) and on day 130 (5 June 1998).

When egg laying began, cages were checked twice daily and all eggs were
collected from each pair throughout the 90-day reproduction phase. Eggs were removed,
dated, identified by the respective hen’s 4-digit number and sequential egg number,
weighed, and held for up to 1 week in a cooler at temperatures between 55°- 60°F with

75% relative humidity.

The 11™ egg laid by each female was used for determination of shell thickness and

for elemental analysis of shell and contents. Measurements of shell thickness were taken
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at 6 locations (2 on the pointed end, 2 on the blunt end and 2 on the equator) on each egg
with an Ames 25 ME Digimatic Outside Micrometer (Waltham, Massachusetts) and the 6
measurements were averaged. Shells were stored at room temperature in individually
labeled plastic bags and the contents were stored in individually labeled I-Chem jars

(Nalge, New Castle, Delaware) in a freezer (-4°C).

All eggs, except the 11™ egg, were set on a weekly basis and incubated with their
blunt end up in a Petersime poultry incubator (Gettysburg, OH) for up to 30 days.
Conditions in the incubator were standard for commercial operations, 99.0-99.5°F with
wet bulb readings of 83-85°F to yield approximately 60% relative humidity. Eggs were
automatically rotated every 2 hours. Embryo fertility was determined by candling eggs on
incubation days 7, 14 and 21, and infertile eggs were removed. On incubation day 22,
embryo viability was assessed with an embryo viability detector (EVD) that was provided
by USFWS. The EVD detects vibrations within the egg and changes the vibrations to
sound waves that can be heard in headphones attached to the EVD (Mineau and Pedrosa,
1986). All viable eggs were then transferred to pedigree hatching baskets that were
placed in a Sure-pip hatcher (Agro Environmental Systems Inc., Dallas, Georgia) 4 days
prior to hatching. The temperature in the hatcher was maintained at 99.0°F with a wet-
bulb reading of 89.0°F to yield approximately 70% relative humidity. Eggs were kept in
the hatcher until hatching or until day 30 of incubation. Eggs not hatching were identified
as shell-less, cracked, dead non-pipped, live non-pipped, dead pipped or live pipped. The
eggs were then opened, examined for deformities, and the approximate age of embryos at

death was determined.
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Ducklings were removed from the incubator (within 18 hours after hatching),
weighed, and identified with a Swiftak identification tag (Heartland Animal Health, Inc.,
Fair Play, Missouri). They were housed in heated floor pens (3.05 m W x 2.29 m L) with
water and starter mash (Purina Duck Starter W/O, Batch #8855; crude protein > 20.0%,
lysine = 0.95%, methionine > 0.40%, crude fat > 3.0%, crude fiber < 6.0%, calcium 0.60-
1.10%, phosphorus > 0.60%, sodium chloride 0.20-0.70%) being provided ad libitum.
Water was available in Plasson waterers and feed was placed in metal feeders that were
refilled at least twice daily. Shavings were placed on the floor to absorb excreta and
water and were replaced on a weekly basis.

At 14 days of age, each duckling was weighed, and blood was collected from the
brachial vein into microhematocrit capillary tubes (32 x 0.8 mm ) for determination of
HCT. Tubes were sealed and centrifuged in a Drummond Scientific microhematocrit
centrifuge (Broomall, Pennsylvania). Hematocrits were measured with a Drummond
Scientific microcapillary reader. Ducklings from eggs number 1-10 and 12-21 from each
hen, if available, were euthanized by cervical dislocation and necropsied. The brain,
heart, liver, spleen, kidneys, and bursa were removed for weighing. The gonads were
examined to determine sex. Small samples of the liver and kidneys were placed in
individually labeled plastic vials containing a 10% formalin-saline solution for
subsequent histopathological examination. Additionally, the right femur and the
remaining portions of the liver and kidneys from each necropsied duckling were placed in
individually labeled plastic bags and frozen for subsequent elemental analysis.

On day 150 of the trial, all surviving adult mallards were weighed, bled as

previously described, killed by cervical dislocation, and subjected to necropsy. The
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necropsy procedure included a complete gross examination of all body cavities and
organs by Dr. Scott Fitzgerald, board-certified veterinary pathologist. Gizzards were
opened for inspection of cracked and discolored mucosa and retention of shot. Shot were
counted and placed into individually labeled plastic vials for subsequent cleaning and
weighing for determination of shot erosion. The brain, gizzard, heart, liver, spleen,
kidneys, testes/ovary were removed and weighed. Small samples of the liver, kidneys
and testes/ovary from each duck were placed in labeled glass jars containing a 10%
formalin-saline solution for subsequent histopathological examination. The right femur
and remaining portions of the liver, kidneys, and testes/ovary were placed in individually
labeled plastic bags and frozen for subsequent elemental analysis.

Histological examination of tissues was performed by Dr. Scott Fitzgerald, board-
certified veterinary pathologist. Liver and kidney samples from 8 male and 8 female
ducklings in each treatment (excluding lead) were assessed as were liver, kidney, and
ovary/testes samples from 8 male and 8 female adult mallards from the steel, tungsten-
iron and tungsten-polymer groups and from the 6 males and 6 females in the lead group.
Tissues for microscopic examination were fixed in 10% formalin and embedded in
paraffin. Tissue sections were trimmed to 8 microns and stained with hematoxylin and
eosin. Selected liver sections from steel-, tungsten-iron- and tungsten-polymer-dosed
mallards were stained with Prussian blue for determination of iron pigment (Mallory,
1942).

Elemental analysis of tissues was performed by CT&E Environmental Services
(Ludington, Michigan). Frozen samples were transported by ground courier from MSU

to Ludington. All tissues were stored frozen until sample preparation and analysis.
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Samples analyzed included: individual liver, kidney, femur, and gonad samples from the
12 lead-dosed adults; individual liver samples from 8 adult males and 8 adult females in
the steel, tungsten-iron and tungsten-polymer groups and individual testis samples from 8
adult males in the steel, tungsten-iron and tungsten-polymer groups; 16 pooled kidney
and femur samples (8 male and 8 female), each consisting of tissues from 2 adult males
or 2 adult females in the steel, tungsten-iron and tungsten-polymer groups and 8 pooled
ovary samples from 2 adult females in the steel, tungsten-iron and tungsten-polymer
groups; the shell and contents of the 11" egg from each hen, if available; 16 pooled liver,
kidney, and femur samples (8 male and 8 female), each consisting of tissues from 3 male
or 3 female ducklings from the same hen, in the steel, tungsten-iron, and tungsten-
polymer groups. Tissues were digested using EPA method 200.3 (U.S. Environmental
Protection Agency, 1991). Iron and tungsten were analyzed by Inductively Coupled
Argon Emission Plasma Spectroscopy (ICAP) following EPA method SW-836 Method
6010, revision 2.0 (U.S. Environmental Protection Agency, 1996) and lead was analyzed
by Graphite Furnace Atomic Absorption (GFAA) based on EPA method SW-846 Method
7421 (U.S. Environmental Protection Agency, 1986). A matrix spike was prepared and
analyzed with each digestion batch. When the matrix spike recoveries were outside of
quality control acceptance criteria, an analytical spike or post-digestion spike was
performed. All matrix spike and/or analytical spike recoveries were within quality
control acceptance criteria with the exception of tungsten in batch 8829 that yielded
recoveries of 70% and 72% for the matrix spike and analytical spike, respectively.
Selected tissues from lead-dosed and steel-dosed ducks were re-analyzed because

tungsten was reported in those tissues. Upon reanalysis, tungsten was not detected in any
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of the samples in question, with the exception of 3 kidney samples from lead-dosed adults
and 2 kidney samples from steel-dosed adults. There was not a sufficient amount of
material left to reanalyze these 5 samples. Average percent recovery of iron, tungsten,
and lead were 100%, 92%, and 97%, respectively.

All statistical analyses were performed using SAS® software (SAS, 1997). Adult
body weights, plasma chemistries, and hematocrits were analyzed by analysis of variance
(ANOVA) involving the factors treatment and sex, with repeated measurements on
animals, when applicable, over a third factor, days. SAS® PROC MIXED was used to
model a first-order autoregressive correlation structure for repeated measurements over
days within animals, as residuals involving measurements taken at adjacent time periods
are likely to be more correlated than measurements taken further apart in time (Gill,
1990). Body weights were analyzed based on the status of the ducks on the specific days
of measurement. Body weights were analyzed separately over three different time points
due to differences in status over these periods. First, body weights of ducks from the
lead-dosed group were extrapolated to day 30 since all of the lead-dosed ducks died by
day 25. Body weight difference from day O to day 30 was then analyzed with mean
weight differences compared among the 4 treatment groups. Second, at day 60, the body
weights of adult ducks in the steel, tungsten-iron and tungsten-polymer groups were
analyzed at this single time point because none of the ducks were yet reproductively
active. Finally, adult body weights were analyzed over the time period that ducks were
reproductively active (days 90, 120. and 150). Hematocrits and plasma chemistries of

adult ducks in the steel, tungsten-iron and tungsten-polymer groups were analyzed over

25



the time period that ducks were not yet reproductively active (days 30 and 60) and over
the time period that they were reproductively active (days 90, 120, and 150).

Hematocrit, Hb concentration, ALAD activity and plasma chemistries for all 4
treatment groups at day 7 were analyzed under a two-way ANOVA model involving the
factors treatment and sex. Duckling body weights and hematocrits, adult and duckling
organ weights, concentrations of metal residues in adult and duckling tissues, and percent
shot erosion were also analyzed under a two-way ANOVA model.

Egg production, hatchability, fertility, egg weights, eggshell thickness,
concentrations of metal residues in egg shell and egg contents, and duckling survivability
were analyzed under a one-way ANOV A model involving the factor treatment.

Residual plots were used to check for homogeneity of variance and for aberrant
values. Residual plots for plasma chemistry parameters at days 7, 30, 60, 90, 120, and 150
and adult elemental analysis indicated aberrant values, therefore, those data were log
transformed to normalize data. The reported means and 95% confidence intervals for
treatment means of plasma chemistries and adult elemental analysis were back (anti-log)
transformed to the scale of observation. Percent shot erosion, adult and duckling relative
organ weights, egg production, hatchability, fertility, and duckling survivability were
percentage data subjected to arcsine, square root transformation prior to statistical
analysis. The reported means and 95% confidence intervals for treatment means of
percent shot erosion, adult and duckling relative organ weights, egg production,
hatchability, and fertility were back [(sin(x))?] transformed to the scale of observation.

Treatment group means were reported as the least square mean plus or minus the

standard error. Since variability was homogenous across days, all standard error
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computations were based on a pooled estimate of residual variance. Therefore, the
standard errors of means for a particular parameter were the same unless the sample sizes
were not equal. Treatment means were reported separately for each sex, and/or day, if
treatment by sex and/or treatment by day interactions, respectively, were statistically
significant. Otherwise, reported treatment means and differences were based on pooling
information over the sexes and/or days. To control for experimental error rates, a Tukey
adjustment was used to test comparisons between means based on the total number of
pairwise comparisons. Differences between treatment group means were statistically
significant based on a Type I error rate of 0.05.
Results
Adult Mortality

All mallards dosed with lead shot died within the first 25 days of the 150-day trial
(Table 1). The average time to death was 16.7 days for males and 11.0 days for females
with a range of 9 to 25 days for both sexes. The average weight loss of those mallards
dying was 61%. No ducks in the steel-, tungsten-iron-, or tungsten-polymer-dosed groups
died during the 150-day trial.
Adult Clinical Signs

Lead-dosed mallards were the only ducks that had obvious clinical signs during

the trial. All of them had green-stained excreta within 24 hours of dosing. By day 5, all
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Table 1. The effect of treatment shot on percent mortality, time to death (days), and
percent weight lost at death of mallards on a 150-day dosing test®.

Treatment % Mortality Time to death % Weight loss at death
Males

Steel - - -

Lead 100 16.7+5.25 60.3 +4.93

(6/6) (9-25) (55.0-69.0)
Tungsten-iron - - -
Tungsten-polymer - - -

Females

Steel - - -

Lead 100 11.0+0.26 61.6+7.84

(6/6) (9-12) (54.0-72.7)
Tungsten-iron - - -
Tungsten-polymer - - -

* Data presented as mean + standard error of the mean. Numbers in parentheses

represent number of birds dying/number of birds per group for % mortality, range for
time to death, and range for % weight loss at death.
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lead-dosed mallards had marked tail and wing droop. Prior to death, ducks were
emaciated, lethargic and ataxic.
Adult Body Weights

By day 30 of the trial, lead-dosed ducks lost approximately 530 grams of body
weight, while steel-, tungsten-iron-, and tungsten-polymer-dosed ducks lost 73 to 79
grams of body weight (Table 2). Because the lead-dosed ducks died by day 25, body
weights of all lead-dosed ducks were extrapolated to day 30 based on body weight taken
at time of death to allow for statistical comparison.

From day 30 through day 60, there were no treatment by sex interaction or
treatment by day interaction, thus data were combined for both sexes over days 30 and 60.
There were no significant differences in body weight between the steel, tungsten-iron and
tungsten-polymer groups (Table 3). From day 90 through day 150, there were no
treatment by sex or treatment by day interactions, thus data were combined for both sexes
over days 90, 120 and 150. Mallards in the tungsten-polymer group had significantly
greater body weight when compared to ducks in the steel-dosed group (Table 4).

Adult HCT, Hb Concentration, ALAD Activity

Lead-dosed mallards had significantly lower HCT, Hb concentration, and whole-
blood ALAD activity at day 7 when compared to mallards in the steel, tungsten-iron, and
tungsten-polymer groups. In contrast, ducks in the tungsten-polymer group had
significantly higher ALAD activity than mallards in the other 3 treatment groups (Table

5). From day 30 to day 60, there were no significant differences in HCT between ducks
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Table 2. The effect of treatment shot on body weight (gm) loss of mallards from day 0
to day 30 of a 150-day dosing test”.

Treatment Body weight loss”
Steel -73.3%
Lead -527.5°
Tungsten-iron -78.6"
Tungsten-polymer -77.5%

* Data presented as mean of body weight loss. Sample size is 32 for
all groups except lead, which is 12. Means with different superscripts are

significantly different within the column (p <0.5).
® Body weights at day 30 for lead-dosed ducks only were derived by linear

extrapolation.
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Table 3. The effect of treatment shot on body weight (gm) of
mallards from day 30 through day 60 of a 150-day dosing

test”.
Treatment Body weight
Steel 966.1 + 18.70
Tungsten-iron 1024.1 + 18.70
Tungsten-polymer 1017.0 + 18.70

® Data presented as mean + standard error of the mean. Sample size
is 32 for all groups.

Table 4. The effect of treatment shot on body weight (gm) of
mallards from day 90 through day 150 of a 150-day

dosing test®.
Treatment Body weight
Steel 1122.1 +19.03%
Tungsten-iron 1172.3 + 19.06"°
Tungsten-polymer 1204.5 + 18.78°

*Data presented as mean + standard error of the mean. Sample size

is 32 for all groups. Means with different superscripts are
significantly different within the column (p < 0.5).
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in the steel, tungsten-iron, and tungsten-polymer groups (Table 6). Between day 90 and
day 150, there was a significant treatment by sex interaction for HCT. There were no
significant differences between HCT of steel-, tungsten-iron-, and tungsten-polymer-
dosed males, but HCT of tungsten-polymer-dosed females was significantly lower than
HCT of steel- and tungsten-iron—dosed females (Table 7).
Adult Plasma Chemistries

There were a number of significant differences in plasma chemistry parameters at
day 7 (Tables 8 and 9). Sodium concentration in lead-dosed mallards was significantly
lower when compared to the other 3 groups and significantly lower in the tungsten-
polymer-dosed mallards compared to steel-dosed ducks. Conversely, potassium
concentration in lead-dosed ducks was higher when compared to tungsten-iron-dosed
mallards. Concentrations of blood urea nitrogen and creatinine were significantly higher
in lead-dosed ducks compared to the other 3 groups. The blood urea nitrogen/creatinine
ratio was significantly lower in lead-dosed ducks compared to the other 3 groups. Total
protein and albumin concentrations were significantly lower in lead-dosed ducks when
compared to the other 3 groups. Albumin/globulin ratio, concentrations of total bilirubin
and uric acid, and activities of alanine aminotransferase, aspartate aminotransferase, and
lactate dehydrogenase were all significantly higher in lead-dosed ducks when compared
to steel-, tungsten-iron- and tungsten-polymer-dosed groups. Phosphorus concentration
was significantly higher in lead-dosed ducks as compared to steel- and tungsten-iron-
dosed groups and significantly higher in tungsten-polymer-dosed ducks as compared to

the tungsten-iron-dosed ducks. Alkaline phosphatase activity was significantly lower in
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Table 6. The effect of treatment shot on hematocrit of mallards from day 30
through day 60 of a 150-day dosing test".

Treatment Hematocrit
Steel 50.8 + 0.45
Tungsten-iron 51.1 £ 045
Tungsten-polymer 50.5 +0.45

* Data presented as mean + standard error. Sample size is 32 for all groups.

Hematocrit is expressed as percentage of packed red blood cell
volume. Means with different superscripts are significantly different within

the column (p <0.5).

Table 7. The effect of treatment shot on hematocrit of male and female mallards
from day 90 through day 150 of a 150-day dosing test".
Treatment Hematocrit
Males
Steel 47.8 +0.77
Tungsten-iron 479+ 0.77
Tungsten-polymer 47.2+0.77
Females
Steel 43.5+0.77%
Tungsten-iron 44.0+0.78%
Tungsten-polymer 40.4 +0.78°
* Data presented as mean + standard error. Sample size is 16 for all groups.
Hematocrit is expressed as percentage of packed red blood cell
volume. Means with different superscripts are significantly different within
the column (p <0.5).
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lead-dosed ducks when compared to ducks in the steel, tungsten-iron, and tungsten-
polymer groups. Lead-dosed ducks had significantly lower triglyceride concentration
when compared to the other 3 groups.

There was a significant treatment by sex interaction for calcium and chloride
concentrations and creatinine phosphokinase and amylase activities at day 7 (Table 9).
Lead-dosed males had significantly lower chloride concentration when compared to the
other 3 groups. Calcium concentration in lead-dosed males was significantly lower
compared to steel- and tungsten-polymer-dosed males and tungsten-iron-dosed males had
significantly lower calcium concentration than steel-dosed males. Lead-dosed males had
significantly higher creatinine phosphokinase activity compared to the other 3 groups.
Amylase activity in lead-dosed males was significantly lower compared to steel-and
tungsten-polymer-dosed males. Lead-dosed females had significantly lower chloride
concentration when compared to steel-, tungsten-iron, and tungsten-polymer-dosed
females and tungsten-polymer-dosed females had significantly lower chloride
concentrations than steel-dosed females. Calcium concentration was significantly lower
and creatinine phosphokinase activity was significantly higher in lead-dosed females
when compared to the other 3 groups. Amylase activity in lead-dosed females was
significantly lower when compared to the other 3 dose groﬁps and tungsten-iron-dosed
females had significantly higher amylase activity than tungsten-polymer-dosed females.

There were no significant treatment by day or treatment by sex interactions for
most of the plasma chemistry parameters between days 30 and 60 (Table 10). Tungsten-

iron- and tungsten-polymer-dosed mallards had significantly lower carbon dioxide
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concentration when compared to the steel-dosed group. Tungsten-polymer-dosed ducks
had significantly higher aspartate aminotransferase activity than steel-dosed ducks.
Glucose, sodium, chloride, total protein, and phosphorus concentrations in tungsten-
polymer-dosed ducks were significantly higher than in tungsten-iron-dosed ducks.

There was a significant treatment by sex interaction for total bilirubin
concentration and lactate dehydrogenase, amylase, and gamma glutamyl transpeptidase
activities from day 30 through day 60 (Table 11). Tungsten-iron-dosed males had
slightly, but significantly higher total bilirubin concentration then steel- and tungsten-
polymer-dosed ducks. Lactate dehydrogenase activity in male tungsten-iron-dosed ducks
was significantly lower when compared to steel-dosed males. = Amylase activity in
tungsten-iron-dosed males was significantly lower when compared to steel-dosed males
and was significantly higher in tungsten-iron-dosed females when compared to steel- and
tungsten-polymer-dosed females. Gamma glutamyl transpeptidase activity in tungsten-
iron-dosed males was significantly higher when compared to steel- and tungsten-polymer-
dosed males.

There was a significant treatment by day interaction for blood urea
nitrogen/creatinine ratio and uric acid concentration (Table 12) from day 30 through day
60. At day 30, the blood urea nitrogen/creatinine ratio was éigniﬁcantly higher and uric
acid concentration was significantly lower in tungsten-iron-dosed ducks compared to
tungsten-polymer-dosed ducks. At day 60, the blood urea nitrogen/creatinine ratio was
significantly higher in tungsten-polymer-dosed ducks when compared to the steel-dosed
group.

From day 90 through day 150, there were a few differences in plasma chemistry
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