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PREFACE 

 This dissertation is composed of multipled studies related to the 

bioaccessibility and availability of Pb shot to American woodcock (Scolopax minor).  

Each chapter (I – V) consists of an abstract, introduction, methods, results, discussion, 

conclusion, references, and tables and fitures section. Chapters I and II have been 

published in peer review journals, while Chapters III-V are formatted as manuscripts 

that will be sumitted for publication. 

 Chapter I is a published literature review that contains information on current 

studies on Pb in American woodcock in addition to the effects, abosroption and 

sources of Pb in previous American woodcock studies. Chapter II is a published 

methods manuscript that discusses the method development for a small mass acid 

digestion technique. Chapter III discusses the bioaccessibility of Pb and Sb from Pb 

shot and the feasibility of using Sb as a trace-metal marker of Pb shot exposure. 

Chapter IV presents exposure levels and sources of Pb in woodcock as determined by 

the analysis of lead, antimony, and lead isotope ratios in feathers and bones. Chapter V 

is a geospatial analysis of the Pb concentrations found in woodcock feathers and 

bones. Conclusions and regulatory implications from all previous chapters (I-V) are 

presented in Chapter VI. 
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CHAPTER I 

Exposure, Effects and Absorption of Lead in 

American Woodcock (Scolopax minor): A Review 

French AD, Cañas-Carrell JE, Conway WC, Klein DM. 2017. A Review of the Effects, 

Storage, and Absorption of Lead in American Woodcock (Scolopax minor). Bulletin of 

Environmental Contamination and Toxicology, 99:3, 287-296.  

 

ABSTRACT 

Due to long term declines of American Woodcock (Scolopax minor) and 

widespread distribution of environmentally available lead (Pb) throughout their 

geographic range, it is important to assess if Pb exposure is a potential contributor to 

these declines. Woodcock are exposed to Pb through various environmental sources 

and are known to exhibit relatively high bone-Pb concentrations. Absorption of Pb by 

birds, and woodcock specifically, is not well understood. Some studies show that 

interactions among calcium, phosphorus, iron, zinc, and vitamin D levels may play an 

important role in Pb absorption. Therefore, when future Pb studies are performed for 

woodcock, and other birds, interactions among these elements should be considered. 

For example, these interactions are relevant in the acquisition and mobilization of 

calcium in female birds during egg development and shell calcification. These factors 

should be considered to understand potential mechanisms of Pb exposure, Pb 

absorption, and subsequent Pb toxicity to birds in general, and woodcock specifically. 

This review discusses Pb exposure routes, effects of Pb toxicity, and the distribution of 

Pb in American woodcock and identifies areas for future research in woodcock and 

other avian species. 
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INTRODUCTION 

 American Woodcock (Scolopax minor) is an important webless migratory 

gamebird,1 that breeds throughout much of the northeastern United States and 

southeastern Canada and winters in the southeastern United States.2 They select forest 

habitats with moist soils supporting large earthworm populations and abandoned fields 

for male courtship display.1 Management of woodcock is split into the Eastern and the 

Central Management Units, and there is little crossover between regions, based on 

band recovery data.1,3 Population declines have been reported for woodcock since the 

late 1960’s and woodcock harvest has also declined. These population declines have 

been attributed to harvest regulation changes, habitat loss and conservation in both 

breeding and wintering regions.1 

Risk of lead (Pb) exposure and contamination has been identified as a potential 

influence on woodcock population declines.4 Woodcock migrate between late 

September and December, wintering throughout southeastern US into eastern Texas.2 

Their migratory behavior along with the geographically limited studies further 

complicates identifying Pb source-risk linkages to woodcock throughout their annual 

cycle. Based on molt chronology and bird-age,3 feathers can be used to estimate Pb 

exposure over a short timeframe. As feathers grow, metals are extracted from blood 

and deposited in the feather, and once fully grown, it is cut off from the blood supply, 

no longer accumulates any endogenous metals, and becomes a fixed-tissue.5 

Therefore, woodcock feathers can represent an approximate two week time frame of 

Pb exposure, based upon feather growth rates, feather type, and bird age. Most Pb-

related research on woodcock has been limited by the geographic area in which the 
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work was conducted and focuses on the analysis of bone Pb as an indicator of life-time 

Pb exposure.4,6–8 

EXPOSURE 

Woodcock foraging habits and behaviors increase their risk of exposure to Pb. 

Woodcock have a long bill that is used to probe the soil for earthworms. While 

feeding, woodcock may be exposed to Pb through soil ingestion, earthworm 

consumption, and accidental ingestion of Pb shot pellets.4,6 Additionally, birds can be 

exposed to Pb while preening if Pb has been deposited externally on their feathers.9–13  

As much as 10% of a woodcock’s dietary intake comes from ingested soil due 

to their foraging habits, potentially exposing them to Pb contaminated soil.6,14 Lead in 

the soil can come from a variety of sources, including leaded gasoline,15 lead arsenate 

pesticides,16,17 mining and smelting wastes,15 coal combustion,15 batteries,18 solder,19 

past use of Pb based paint,17,18 and electronic waste sites.20 Natural soil Pb 

concentrations are typically < 30 µg/g,18 but soil Pb concentrations in contaminated 

areas have been reported to be as high as 60,000 µg/g.18 The bioaccessibility of Pb 

(amount of Pb extracted into the digestive juices) from soil in birds averaged 53% 

(range 11-91%) based on an avian gizzard model,21 indicating that soil, for woodcock 

specifically, may be an important Pb risk pathway. 

Lead isotope ratios can be used to determine Pb sources in biological tissues 

and within the environment. Lead has four stable isotopes: 204Pb (1%), 206Pb (24%), 

207Pb (23%), and 208Pb (52%). The radiogenic isotopes, 206Pb, 207Pb, and 208Pb, are 

formed by the decay of 238U, 235U, and 232Th, respectively. The 204Pb isotope is 
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primordial with a constant abundance over time.15,22 Lead isotope ratios are useful in 

source determination because the isotopes decay at different rates and thus have 

different half-lives15 and have been used to differentiate sources of Pb in 

environmental4,23–27 and biological samples.4,28–37 Scheuhammer et al. (2003) analyzed 

Pb isotope ratios in soil, earthworms, and woodcock bones and found that wing bones 

with elevated Pb had isotope ratios most similar to Pb shot, concluding that Pb shot 

exposure cannot be excluded as a source of elevated Pb in woodcock.  

Earthworms are the primary source of food for woodcock6,38 comprising up to 

90% of their diet. Earthworms tend to bioaccumulate metals from the soil39,40 which 

increases woodcocks risk of exposure to Pb. Average Pb concentrations in earthworms 

range from 5.49 ug/g in uncontaminated areas41 to 1883 ug/g in contaminated 

sites.21,42,43 Bioavailability studies show that an average of 73% (range 49-87%) of Pb 

from earthworms may be absorbed by birds.21 Earthworms are known to be ~30% soil 

by mass, therefore the consumption of earthworms increase the risk of Pb 

contamination through soil and earthworm tissue concentrations. Species that have 

similar feeding habits to woodcock (e.g. American Robins; Turdus migratorius) have 

been shown to exhibit high Pb concentrations where exposure was most likely through 

ingested soil and food items.44–47  

Lead shot deposition in upland game hunting fields is estimated to be as high 

as 128,632 pellets/ha.48 In areas with high Pb shot pellet density, woodcock may be at 

risk of Pb shot ingestion. Although Pb shot has never been reported in a woodcock 

crop or gizzard, an isotopic study of bone Pb showed that Pb shot is the most likely 

source of elevated Pb in woodcock.4 In passerines, Pb shot passes through the 
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digestive system within 24 hours,49 but high Pb concentrations were quantified and 

visible signs of Pb poisoning were reported. Therefore, even if a Pb shot pellet passes 

through woodcock quickly, significant concentrations of Pb may be absorbed, leading 

to increased tissue Pb concentrations and related health problems. An in-vitro 

bioavailability study using a simulated avian gizzard model found that Pb 

concentrations as high as 8,700 ug/g are available for absorption after Pb shot 

ingestion.50 This concentration decreased with the addition of two different grit types 

(siliceous versus calcareous) and varied based on the amount of food.50 With such 

high Pb concentrations available for absorption, Pb shot can increase the total body 

burden of Pb very rapidly. Perhaps more reflective of real environmental conditions, 

when Pb pellets are fragmented after firing, microscopic pieces may be available for 

ingestion from the soil or other environmental media. Therefore, soil consumption 

may expose woodcock to these microscopic pieces, further increasing their exposure 

to Pb through Pb shot pellets. 

Preening is another source of Pb contamination for woodcock. Lead can be 

ingested as the bird preens due to aerial deposition of Pb onto feathers or contact with 

the ground. Few studies have thoroughly examined this exposure route;10,12,13,51,52 

however, many acknowledge that preening can be a substantial source of metal 

ingestion in birds.13,51,53–59 Dauwe et al. (2002) reports that external feather 

contamination can occur through the excretion of the uropygial gland during preening. 

Metals may be incorporated into this gland and into the oil that is secreted, which is 

then deposited onto feather surface(s). This results in external contamination of Pb in 

addition to aerial deposition.11 Most studies have focused on the endogenous Pb 
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(incorporated from the blood into the feathers) and have washed the feather 

thoroughly with water and acetone to remove external contamination.13,30,58–62 

However, some have reported that washing may not remove all external Pb 

contamination and may provide biased estimates of Pb concentrations. For example, 

Goede and de Bruin (1984) found that metal concentrations changed considerably 

after feather formation as a result of external deposition.  

An additional Pb exposure source for woodcock is through inhalation of Pb.18 

Although inhalation of Pb is recognized as a potential exposure route for birds21,53,63 it 

is not considered to be a significant exposure route for many species.36,64 For some 

avian species, inhalation can pose a much greater risk. Bank Swallows (Riparia 

riparia) are at increased risk of exposure to Pb through inhalation because they build 

nests in vertical banks of sand. Respiratory exposure to Pb from mine tailings dust was 

suspected to be a primary exposure route for Bank Swallows in the vicinity of a 

mining site in Missouri.10,46 For woodcock, inhalation would be a small contributing 

factor to the overall body burden of Pb. 

EFFECTS 

The effects of Pb have been reviewed for various avian species and Pb 

sources.65–71 Sub-lethal health effects of Pb include lethargy, anorexia, paralysis of the 

crop, vomiting, diarrhea, ataxia, anemia, osteoporosis, and emaciation. Dramatic intra- 

and interspecies variation in the effects of Pb makes it difficult to identify a singular 

biological Pb toxicity threshold for all species. Some avian species are more sensitive 

such as the California Condor (Gymnogyps californianus)36 and waterfowl72 whereas 

others appear to be more resilient to the effects of Pb.73,74 For example, American 
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Kestrels (Falco sparverius L.) dosed with 28 mg Pb per day for 60 days showed no 

clinical signs of Pb toxicity.73 Acute Pb poisoning may cause death before any signs 

are noticeable, while chronic exposure can result in many of the health effects listed 

above.  

The mechanisms of Pb toxicity include substitution/competition with Ca2+,74 

binding to sulfhydryl groups,75 Zn substitution,76 anti-oxidative enzyme inhibition 

(oxidative stress),77 aminolevulinic acid dehydratase (ALAD) inhibition, and protein 

kinase C activation.69 The substitution of Ca with Pb can damage mitochondria and 

affect neurotransmitter function.75 When Ca is needed (egg production, fracture repair, 

or growth), Ca and subsequently Pb can be extracted from the bones and recirculated 

through the body,78 where this extraction process can cause chronic, low-dose Pb 

exposure.    

These effects have not been well documented for woodcock. Strom et al. 

(2005) compared ALAD activity in both chicks and young-of-the-year (YOY) 

woodcock from multiple sites across Wisconsin. Although no differences were found 

between sites, the ALAD activity of several woodcock indicated elevated exposure to 

Pb. In addition, there was a positive relationship between ALAD ratios and blood Pb 

levels, suggesting that ALAD is a valuable biomarker to estimate Pb exposure in 

woodcock. However, Strom et al. (2005) does state that the data are more inconsistent 

for YOY woodcock.  

The primary tissue analyzed for Pb in woodcock is bone. In several studies, 

> 30% of the bones analyzed had Pb concentrations above the biological threshold 

(> 20 ug/g).4,7,8 Woodcock bone Pb concentrations are typically greater than Pb 



Texas Tech University, Amanda D. French, December 2017 

8 

concentrations found in other species.4,6,7,79 Other studies have examined Pb 

concentrations in woodcock liver7,8 and found < 10% to have elevated Pb 

concentrations (> 5 ug/g). One study determined Pb concentrations in woodcock 

kidneys, butdid not find elevated Pb concentrations (>25 ug/g).8 Only one study has 

analyzed feather Pb concentrations in woodcock and concluded that concentrations 

were low; however, this study was based on a composite sample (analysis of all 10 

primary feathers combined) and threshold concentrations were greater than what is 

now considered acceptable (Table 1.1).80 

FACTORS CONFOUNDING LEAD ABSORPTION  

Concentrations of Ca, P, Fe, Zn and vitamin D may play important roles in Pb 

absorption. When these nutrient levels change, Pb absorption is affected. For example, 

if only dietary Ca is decreased, Pb absorption will be increased (Figure 1.1). To 

determine the effect of any of these nutrients on Pb absorption, the other factors must 

be controlled. 

Lead and Calcium 

Lead has a similar uptake pathway to Ca which includes a high affinity for Ca 

binding sites6,79,81 and can replace Ca in bone and in the central nervous system. 

Acidification of water and soil can reduce the amount of dietary Ca available for birds 

causing an increase the bioavailability of Pb.82  

Female birds mobilize Ca from medullary bone (tibia, femur, pubic bone, ribs 

and ulna) for eggshell production and must increase dietary Ca uptake to compensate 

for Ca loss from bone.83 Medullary bone is naturally formed in female birds 

specifically for eggshell formation because it has a larger surface area, is well 
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vascularized, and Ca can be metabolized 10-15 times faster from medullary bone than 

cortical bone.84 Decreasing dietary Ca can cause reproductive issues for females,85–87 

including impaired egg production, eggshell thinning, impaired hatchling growth, 

decreased serum Ca, bone loss, and elevated uptake of non-essential metals. Calcium 

concentrations, in females specifically, can fluctuate seasonally due to the need for Ca 

during eggshell production. Lead toxicity may increase as Ca concentrations fluctuate 

seasonally, especially when Ca intake decreases. Consequently, Pb accumulation may 

increase if there is inadequate dietary Ca available for females during egg 

development.6,88 

The depletion of skeletal Ca due to eggshell production triggers synthesis of 

intestinal calcium-binding protein (CaBP).78,87,89,90 When dietary Ca concentrations are 

low, the parathyroid gland stimulates an increase in 1,25-dihydroxyvitamin D, which 

results in an increase in CaBP production and results in Ca mobilization from bone, 

increased tubular reabsorption, and also stimulates intestinal Ca transport.87,90–92 

Calcium binding protein allows Ca to be extracted from the diet more efficiently.87 

Although CaBP can be beneficial for reproduction purposes, Pb and other heavy 

metals also have a high affinity for CaBP,78,87,93 and when Pb is ingested, CaBP 

production is elevated and the body retains Pb more efficiently, resulting in enhanced 

toxicity. Just as a decrease in dietary Ca can increase Pb accumulation, it is 

hypothesized that an increase in dietary Ca can decrease Pb accumulation.78,87 

Scheuhammer et al. (1987) suggested that studies that have not controlled for dietary 

Ca may be masking the effects of Pb exposure.  
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Woodcock-specific studies involving dietary Ca and Pb absorption have not 

been reported. Additionally, no studies exist on the Ca-Pb interactions in other 

Scolopacids or Charadriiforms. However, there have been several studies on other 

avian species that provide evidence that such effects may impact woodcock. Dauwe et 

al. (2006) reported that Zebra Finches (Taeniopygia guttata) showed a three-fold 

increase in the uptake of Pb in all tissues analyzed when fed a low-Ca diet. Carlson 

and Neilson (1985) fed a low-Ca diet to Mallards (Anas platyrhynchos) and dosed 

them with No. 4 Pb shot. Those dosed with Pb shot and fed a low-Ca diet all died 

within 30 days, while those fed an elevated Ca diet and dosed with No. 4 Pb shot 

experienced only 50% mortality within 30 days.94 Another study by Scheuhammer et 

al. (1996) showed that bone Ca was reduced and uptake of non-essential metals was 

six times greater in a group of Zebra Finches fed a low-Ca diet of 0.3% Ca as opposed 

to a group that was given a 3% Ca diet. This suggests that if Pb exposure levels were 

the same at multiple geographic locations, but acidification was an issue at one site, 

birds living in the acidified site would carry greater Pb concentrations. 

Lead and Phosphorus 

Phosphorus is also important for bone health; if P levels are low, bone 

resorption of Ca, P, and Pb may occur, even if Ca absorption is adequate. Conversely, 

high concentrations of P can inhibit bone formation by decreasing Ca absorption in the 

intestines. There are conflicting theories on the effect of P on Pb absorption.89,95 For 

example, a low-P diet increased Pb absorption in chicks.95 However, P levels alone 

may not affect Pb absorption, but rather a combination of Ca and P levels affects Pb 
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absorption.83,89,96 A combination of Ca and P supplementation has been shown to 

decrease Pb absorption and retention.97  

Few studies have been performed on the effects of P on Pb absorption using 

birds. Most of these studies have focused mainly on White Leghorn Cockerel chicks 

or Lohmann-SL strain laying hens.89,95,96 Of these studies on leghorn chicks, the site of 

interaction between P and Pb was identified as the gastrointestinal tract where P 

causes an increase of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) hormone production, 

which in turn increases CaBP synthesis in the intestinal mucosa.89,95 This process is 

used by organisms to increase Ca retention which also increases Pb absorption. 

Another proposed mechanism is that P aids in reducing Pb absorption by causing the 

precipitation of insoluble Pb phosphate.95 Beyer et al. (2016) treated soil with P and 

found that this reduced the bioavailability of Pb due to the formation of Pb phosphate 

in the soil. Hartel (1990) found that a low-P and high Ca diet was associated with high 

mortality and increasing P levels reversed this effect. Conversely, Pelicia et al. (2009) 

found no interaction between dietary Ca and P. Phosphorus is an important element to 

analyze when investigating Pb absorption, although the direct mechanism of P and Pb 

is still contested.  

Lead and Iron 

Lead can also competitively bind with Fe,97 which can cause Fe-deficient 

anemia. In humans, high blood Pb concentrations are often negatively correlated with 

Fe.98 It has been suggested that Fe supplementation can aid in reducing blood Pb 

concentrations; however, this has not been shown conclusively.98,99  
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Although the interaction between Pb and Fe has been well studied in 

mammals,97,100 this interaction is not well studied in birds. In Cinerours (Aegypius 

monachus) and Egyptian (Neophron percnopterus) Vultures, Fe concentrations were 

reduced due to excess Pb concentrations and is thought to be related to the 

development of anemia.77 Kitowski et al. (2017) did not find a significant correlation 

between liver Pb and Fe concentrations in Lesser Spotted Eagles (Clanga pomarina 

brehm). However, Pb concentrations were relatively low (< 2 mg/kg) and may not 

have been large enough to produce an effect on Fe absorption.101 

Lead and Zinc 

Lead competitively binds to Zn binding sites in the heme synthesis 

pathway76,97,102 and in DNA binding of transcription factors.102,103 The effects of Zn 

supplementation on Pb absorption and toxicity are known in mammals. For example, 

in humans it is known that as Zn concentrations increase, Pb absorption and toxicity 

decreases.100,102 In rats, Zn supplementation prevented Pb induced decreases of ALAD 

activity in the testis76,97 and the beneficial effects of Zn supplementation may be 

mediated by antioxidation; however, this has not been verified.76 Additionally, Flora 

and Tandon (1990) reported that chelation therapy, which inadvertently reduces Zn 

concentrations, in conjunction with Zn supplementation reduced tissue Pb 

concentrations and helped maintain blood Zn levels.104  

The effects of Zn supplementation in birds have not been well studied and 

from the few studies performed Zn supplementation seems to have a minimal effect on 

Pb absorption and toxicity. For example, Di Giulo and Scanlon (1984) investigated the 

effects of elevated Pb exposure on Cu and Zn concentrations in various tissues of 
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juvenile Mallards and found no relationship between the metals. Furthermore, excess 

dietary Zn had minimal effect on Pb toxicosis in young chicks.105 Dauwe et al. (2002) 

found that Zn concentrations in Zebra Finch feathers were lower in Pb-treated groups; 

however, liver Zn concentrations were similar among treatment groups, suggesting 

that Pb may have a higher binding affinity in feathers than Zn, but Pb concentrations 

were not high enough to cause declines in liver Zn concentrations. 

Lead and Vitamin D 

Vitamin D plays an important role in the absorption of Ca to support bone and 

eggshell formation.81,87 Vitamin D indirectly increases the absorption of Pb by 

increasing the synthesis of CaBP. Lead competitively binds to the Ca binding site in 

CaBP, which increases the absorption of Pb. In depth reviews on vitamin D 

metabolism in birds have been published previously.92,106,107 In early experiments, 

Wasserman and Taylor (1963) found a factor that appeared to be binding Ca and 

depressing Ca uptake by homogenate debris.108 Following these experiments, 

Wasserman and Taylor (1966) showed that the aforementioned ‘factor’ was a protein 

that forms a soluble complex with Ca. The synthesis of CaBP is induced by vitamin D, 

where CaBP concentration within intestinal mucosa was dependent upon vitamin D 

intake in White Leghorn Cockerel chicks.109,110 Additionally, Wasserman and Taylor 

(1966) found vitamin D-deficient supernatant from White Leghorn Cockerel chicks 

had enhanced Ca absorption almost immediately after supplementation with vitamin 

D. The enhanced production of the CaBP, as generated by the production of 

1,25(OH)2D3, increases Ca absorption and inadvertently increases Pb.111,112 
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The stimulation of Ca absorption is an indirect mechanism for Pb absorption, 

which will competitively bind Ca sites, which stimulates the production of vitamin D, 

then CaBP.111 Therefore, exposure to Pb further increases the absorption of Pb. Lead 

ingestion and Ca deficiency was found to increase serum 1,25(OH)2D in chicks.110 

Fullmer (1997) suggested that Pb and Ca interactions are mediated through changes in 

circulating 1,25(OH)2D. Additionally, Fullmer (1997) found kidney and bone Pb 

content varies in response to Ca and Pb concentrations, which indicates tissue-specific 

interaction not mediated by 1,25(OH)2D. In Japanese Quail (Coturnix japonica)111 and 

Great Tit nestlings (Parus major)112 vitamin D increased in Pb exposed birds. In 

addition, Baski and Kenney (1979) found that Pb concentrations in plasma, liver, and 

bone were greater in birds exposed to low dietary Ca compared to those with high 

dietary Ca. Although vitamin D plays an important role in Ca and Pb absorption, 

vitamin D is rarely reported in combination with metal pollution studies.112 Vitamin D 

may be the most important factor for modulating Ca absorption, as other factors such 

as P affect Ca absorption indirectly through effects on vitamin D metabolism.92 

Individually suppressed or increased concentrations of Ca, P, Fe, Zn or vitamin 

D can have a variety of effects on Pb absorption and toxicity. However, various 

combinations of these nutrients can have different effects as well. For example, 

Edelstein et al. (1984) found that a low-Ca diet alone did not affect Ca and Pb 

absorption unless 1,25-dihydroxyvitamin D was also elevated. Since one nutrient 

affects the absorption/production of another, the process in which these nutrients 

affect Pb absorption and toxicity is very convoluted. These nutrients should be 

monitored when performing Pb dosing studies in avian species. 
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RESEARCH NEEDS 

There are few studies that focus on Pb in woodcock tissues, and they primarily 

focus on Pb concentrations in bones.4,6–8,79,113–115 Determining species-specific effects 

of Pb is critical, as the effects of Pb are known to vary among species and within 

individuals of the same species. This makes a universal threshold concentration 

difficult to estimate and implement in monitoring protocols. For example, ALAD is 

known to be a good biomarker in mammals18 and other avian species;36,45–47,68,116,117 

however, in woodcock ALAD was inconsistently effected by blood Pb 

concentrations.7 There have not been any other specific health effects (i.e., lesions in 

kidney/liver, oxidative stress, physical symptoms: anorexia, green/runny feces, wing 

drop, etc.) reported in woodcock. A study examining the effects of Pb-dosed 

woodcock would be beneficial to see which symptoms are prominent in woodcock and 

at what concentrations symptoms begin to appear.  

Additionally, there have been no studies that focus on examining confounding 

factors (Ca, P, Fe, Zn, Vit D) in woodcock. Proper nutrition has been show to decrease 

Pb absorption in other species, but no study exists for woodcock. There are no studies 

on woodcock reporting biological concentrations of the five nutrients listed; thus it is 

unknown if these nutrients are effected by or effect Pb absorption specifically in 

woodcock. There are few avian studies that report tissue concentrations of the 

confounding factors,112 which is problematic because they can have such a large effect 

on Pb absorption and toxicity. 

It is difficult to assume that threshold values in one species will be the same for 

another due to the intra- and interspecies variability in Pb absorption and toxicity. 
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Many avian Pb studies focus on waterfowl and scavenger species. While waterfowl 

are exposed to Pb shot through direct consumption, secondary Pb poisoning of 

predatory scavenger species through the consumption of game animals harvested with 

Pb shot is a well-documented concern.35,36,69–71,118 Future efforts should place 

additional focus upon other migratory gamebirds such as woodcock and Mourning 

Doves (Zenaida macroura)119 that are still legally harvested using Pb shot. Such 

research would improve the understanding of linkages among species’ population 

trends, Pb health risks, potential impact of continued Pb shot use, as well as potential 

human health impacts from consumption of Pb-harvested birds. 
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TABLES AND FIGURES 

Table 1.1 Summary of the biological thresholds for various tissues used for woodcock studies and the percentage of woodcock with 

elevated tissue concentrations in each study. Threshold concentrations are reported in ug/g, unless otherwise stated and concentrations 

are reported as either ww (wet weight) or dw = (dry weight) 

 

Tissue 
Biological Threshold 

Concentration (µg/g) 

Percentage of Birds > Indicated 

Biological Threshold 
Reference 

Bone > 20 dw 

29% YOY 

31% 

43% YOY 

41% 

Scheuhammer1999 

Scheuhammer 2003; 

Strom 2005;  

Hiller and Barclay 2011 

    

Feather > 4 dw NA* 

Burger and Gochfeld 

1993; Hargreaves et al. 

2010; Kim and Oh 2014 

    

Liver 
> 1 ww 

> 5 dw 

3% 

8% 

Strom et al. 2005;  

Hiller and Barclay 2011 

    

Kidney > 25 dw 0 Hiller and Barclay 2011 

    

Blood > 0.2 (ug/mL) 
0; inconsistant ALAD activity for 

YOY 
Strom et al. 2005 

    

Pectoral Muscle 
> 0.3 ww 

0.5 ww (fish protein) 

11%– based on human 

consumption threshold 

Hiller and Barclay 2011 

Scheuhammer 1998 
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Figure 1.1 Effects of increased dietary phosphate intake or decreased dietary calcium 

intake on the absorption of Ca and Pb. 
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RESEARCH AIMS AND HYPOTHESES 

AIMS 

Aim I: Investigate the bioaccessibility of Pb and Sb from Pb shot pellets  

Aim II: Determine the primary source of Pb found in American woodcock tissues 

Aim III: Determine if any geospatial correlations are present for Pb in American 

woodcock tissues and evaluate the effect of soil-Ca on Pb absorption/accumulation in 

American woodcock. 

HYPOTHESES 

Hypothesis I: Lead and Sb are extracted in the gizzard and intestinal solutions and 

available for absorption into the bloodstream. 

Hypothesis II: The primary source of elevated Pb in American woodcock feathers and 

bones is Pb shot pellets. 

Hypothesis III: A spatial relationship exisits between tissue-Pb and the natal origins 

and harvest locations of American woodcock and areas with low soil-Ca 

concentrations will have greater tissue-Pb concentrations.  
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CHAPTER II 

The S.M.A.R.T. (small mass, affordable, rapid, transfer-less) Digestion Method 

for Heavy Metal Determinations 

French AD, Ashbaugh H, Steinmetz G, Barnes M, Conway W, Klein D. 2017. The 

S.M.A.R.T. (Small Mass, Affordable, Rapid, Transfer-less) Digestion method for 

Heavy Metal Determination. International Journal of Environmental Analytical 

Chemistry, 97:6, 499-507.  

ABSTRACT 

The S.M.A.R.T. (Small Mass, Affordable, Rapid, Transfer-less) digestion 

method was developed to determine heavy metal concentrations in small sample 

masses. The S.M.A.R.T. digestion method is a hot water bath digestion where sample 

digestion and dilution are performed in the original sample tube. This method is faster 

than the typical methods used and reduces potential sources of error. Masses as small 

as 0.01 g have been digested and analyzed using this method. The preparation and 

digestion time is reduced from ten hours to less than four hours. Acid volumes are 

reduced from milliliters to microliters and the only disposable supplies needed are 

sample tubes and pipette tips. Method accuracy was determined by digesting seven 

replicates of two standard reference materials using the S.M.A.R.T. method and 

analyzing samples by ICP-MS. The S.M.A.R.T. digestion method was found to 

provide excellent recoveries for Al (76 ± 2.7%), Mn (99 ± 11%), Co (92 ± 17%), Ni 

(93 ± 28%), Cu (109 ± 33%), Zn (97 ± 7.1%), As (108 ± 20%), Sr (90 ± 12%), Mo (84 

± 23%), Ag (91 ± 1.8%), Cd (95 ± 6.2%), Sn (139 ± 52%), and Pb (95 ± 22%).  This 

study has successfully developed an efficient and reproducible digestion method for 

heavy metal determination in limited biomass samples.  
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INTRODUCTION  

The Environmental Protection Agency’s (EPA) method1 for sample 

preparation of total recoverable elements in biological tissues (method 200.3) has been 

used since the early 1990s to prepare biological tissue samples for analysis by 

inductively coupled plasma atomic emission spectroscopy (ICP-AES), inductively 

coupled plasma mass spectrometry (ICP-MS),2 and graphite furnace atomic absorption 

spectrometry (GFAAS).3 This method uses a hotplate digestion with nitric acid 

(HNO3), hydrochloric acid (HCl) and hydrogen peroxide (H2O2) to digest tissue 

samples for metals analysis (Al, As, Ba, Be, Cd, Ca, Cr, Co, Cu, Fe, Pb, Li, Mg, Mn, 

Hg, Mo, Ni, P, K, Se, Ag, Na, Sr, Tl, Th, U, V, and Zn). The EPA method requires the 

use of 1 – 5 g of sample, which may be difficult to obtain depending upon the sample 

matrix of interest. For example, heavy metal studies using invertebrates, bird feathers, 

talons/nails, or blood have a total biomass that is typically < 1 g. Although the EPA 

method will work for smaller sample masses by proportionately adjusting volumes of 

acid and peroxide, decreasing the volume of acid to < 1 mL becomes inefficient when 

performing beaker digestions. 

The digestion methods currently used for small mass samples are microwave-

assisted digestion techniques.4-7 These techniques work very well and only take 

minutes (typically < 30) to completely digest a sample.4 However, there are issues 

associated with microwave techniques including clean-up time, transfer errors, and 

sample venting. The vessels used take long periods of time to clean, as they must be 

soaked in a weak HNO3 solution for several hours and then rinsed multiple times.4 

Sample transfer from the microwave vessel to a volumetric flask or sample tube 
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increases the probability of sample loss via transfer inefficiency. If a microwave vessel 

is not sealed properly before use, the sample may vent during heating causing a loss of 

the analyte(s) of interest. Additionally, unequally applied pressure and heat to sample 

vessels may result in variable digestions increasing homogenization error and potential 

sample loss.  

The greatest advantage of the S.M.A.R.T (Small Mass, Affordable, Rapid, 

Transfer-less) digestion method is the ability to analyze small mass samples (< 0.5 g), 

while using fewer supplies, reducing digestion time, and minimizing sample loss 

(Table 2.1). In contrast to the EPA method and microwave-assisted techniques, the 

S.M.A.R.T. digestion method is performed in one sample tube, which eliminates 

sample transfers (and associated errors) altogether and reduces sample clean-up time. 

Reducing possibility of sample loss is critical when analyzing small biomass samples. 

Furthermore, this method uses the initial sample mass and final sample mass, rather 

than volume, to calculate the dilution factor (Equation 1), eliminating error associated 

with volumetric measurements. The final sample mass is determined after diluting the 

samples to 10 mL.   

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐷𝐹) =  
𝑓𝑖𝑛𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 (𝑔)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 (𝑔)
 

Sample masses as small as 0.01 g have been analyzed using the S.M.A.R.T. 

digestion method to accurately recover metals in a variety of samples, including: 

feathers,8-9 bone,8 blood,9 beetles,9 snails,10 and frogs.11 The small mass digestion 

method described herein is modified from EPA method 200.3, using similar acid 

concentrations and H2O2 additions, but applicable to samples with a biomass < 0.5 g. 
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MATERIALS AND METHODS 

Reagents and Equipment 

Fisher Scientific (Pittsburgh, PA, USA) trace metals grade HNO3 (67-70%), 

HCl (34-37%), and H2O2 (30%) were used throughout this study. Instrument 

calibration standards were obtained from Inorganic Ventures (Christianburg, VA, 

USA). Elements for internal standards (IS) included Sr, In, Ge, Tb, and Bi (BDH 

Analytical Chemicals; purchased through VWR). The IS stock solution was prepared 

by diluting each element to a concentration of 1 mg/L in a final volume of 0.5 L 

containing 0.11 M HCl and 0.16 M HNO3. Two National Institute of Standard and 

Technology (NIST; Gaithersburg, MD, USA) SRMs were used for this study: mussel 

tissue (SRM 2976) and DOLT-5 dogfish liver. All standards and samples were 

prepared with a final acid concentration of 0.11 M HCl and 0.16 M HNO3. Samples 

were digested using 50 or 15 mL centrifuge tubes purchased through Sigma-Aldrich 

(St. Louis, MO) and Fisher Scientific (Waltham, MA). 

All samples were analyzed using an Agilent 7500c ICP-MS (Table 2.2) 

equipped with an ASX-500 series autosampler (Agilent). A micromist nebulizer and 

nickel cones were used for analysis and lens parameters were optimized daily. Metals 

analyzed for this experiment were Al, Mn, Co, Ni, Cu, Zn, As, Sr, Mo, Ag, Cd, Sn, 

and Pb. All metals, with the exception of As were analyzed using standard mode on 

the ICP-MS. Arsenic was analyzed using He in the collision chamber. 
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Sample Processing 

Initially, 0.2 g of SRM was used for digestion to ensure the method worked 

using the parameters suggested on the SRM certificate prior to reducing the mass. This 

is the lowest suggested mass on the SRM certificate.  

First, the SRM was dried to a constant mass (0.2 g) and then seven subsamples 

were added to tared 50 mL centrifuge tubes. Second, 0.6 mL HNO3 (5.53 M), 0.3 mL 

HCl (0.99 M) and 0.3 mL deionized water of 18 MΩcm water were added to the 

sample. The lid was placed loosely on top of the tube to prevent sample loss. Next, the 

samples were placed in a hot water bath at 80 °C (± 5 °C) for one hour. After the 

digestion period, the sample was cooled to room temperature to ensure the H2O2 

reacted with the sample and not the heat. Then, 0.3 mL of 30% H2O2 was added to 

each sample. The samples were placed back in the hot water bath for an additional 30 

minutes. Samples were then cooled to room temperature and diluted with a pipette to a 

final volume of 30 mL. Each tube was weighed and the initial tared mass was 

subtracted to determine the final sample mass. Finally, all samples were centrifuged 

prior to analysis. 

To ensure that accurate and reproducible recoveries at lower sample masses, 

0.01 g of the DOLT-5 SRM was digested an additional seven times. The smaller mass 

SRMs were prepared as described for the feather sample digestion below. 

Chicken feathers (Gallus gallus domesticus), with a mass of 0.01 g, were used 

as an example of a small mass sample type that may be used with the S.M.A.R.T. 

digestion method. Each feather was washed with deionized water of 18 MΩcm water 

and 1 M acetone and dried at 40 ̊C to a constant mass and then cut and placed in a 
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tared 15 mL centrifuge tube. Next, 0.2 mL (5.53 M) HNO3, 0.1 mL (0.99 M) HCl, and 

0.1 mL ATSM Type 1 water were added to the sample. Screw cap lids were placed on 

the centrifuge tubes and the samples were digested for one hour in the hot bath 

(80 ± 5 °C). Then 0.1 mL of H2O2 (0.75 M) was added to each tube and samples were 

placed back in the hot bath for an additional 30 minutes. After digestion, the samples 

were diluted to 10 mL using a pipette. A final sample mass was obtained by 

subtracting the initial tared tube mass. Samples were visually inspected to ensure no 

particulates were observed in the sample. Additionally, the centrifuged samples did 

not generate a pellet of undigested material. 

Feather spike samples were prepared by taking 5 mL of the final digest and 

adding a multi-element spike to a final concentration of 5.0 ng/g. Both the spiked and 

un-spiked chicken feathers were analyzed. The concentration in the un-spiked aliquot 

was subtracted from the spiked aliquot to determine if any matrix effects were present. 

This spiking method measures the analytical uncertainty and not the uncertainty 

associated with the digestion process directly. It is difficult to properly homogenize 

the small mass sample prior to digestion so that comparable subsamples may be used 

for multiple digestions. 

Quality Control 

Internal standards were added online during sample analysis at a constant 

concentration of 1 µg/g. Elements were chosen as internal standards based on mass 

and ionization potential. Sc was used as an internal standard in the calculation for the 

quantification of Al, Mn and Co; Ge was used for Ni, Cu, Zn, Sr and As 
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quantification; In was used for Mo, Ag and Cd quantification; Tb was used for Sn 

quantification; and Bi was used for Pb quantification.  

Two NIST SRMs, mussel tissue (2976) and dogfish liver (DOLT-5), were used 

in this study to determine if the S.M.A.R.T. digestion method accurately and 

reproducibly recovers heavy metal concentrations in biological samples. Three method 

blank samples and three blank samples, spiked at 5 ng/g, were analyzed to ensure 

there was no contamination in the reagents used.  

The instrument detection limit (IDL) was determined by analyzing seven 

replicates of the 2.5 ng/g multi-element standard and multiplying the standard 

deviation of these replicates by the Student’s t-test value, 3.14. The method detection 

limit (MDL) was determined by analyzing seven replicate samples of each of the 

NIST SRMs and multiplying the standard deviation of the seven replicate samples by 

the Student’s t-test value, 3.14.2 The limit of quantification (LOQ) for each element 

was determined by multiplying the standard deviation by 10.12 

Calibration standards included nine concentrations: 0.1, 0.5, 1.0, 2.5, 5.0, 10, 

25, 50, and 100 ng/g. Both SRMs analyzed were diluted to fall within this calibration 

curve. Correlation coefficients for each calibration curve were ≥ 0.995. All elements 

had RSDs < 10% at standard concentrations > 2.5 ng/g, excluding Fe. Except for V, 

Cr, Fe, Cu, As, and Ag, all elements had RSDs < 15% at 1 ng/g. Iron had RSDs > 20% 

for standards < 100 ng/g. Continuing calibration verification (CCV) samples were 

analyzed at least every 10 samples to ensure instrument variation was < 10%. 

Duplicate samples were analyzed to ensure that sample concentrations varied by < 

10% from the beginning of the analysis to the end. 
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RESULTS AND DISCUSSION 

Quality Control 

All elements analyzed had blank concentrations < 0.5 ng/g with the exception 

of Zn and Sn (Table S-1). Zn is ubiquitous in the environment13 and is not usually 

found at concentrations < 0.5 ng/g. The larger Zn concentrations in the blank sample 

are not considered to be an issue because the actual measured concentrations in the 

SRM were greater than the concentrations found in the blank (200 times and 50 times 

for Al and Zn, respectively).  

The IDL for each element was calculated based on the standard deviation of 

seven replicates of the 2.5 ng/g standard (Table S-1). All IDL’s in this study were 

≤ 1.2 ng/g. All elements were within the 10% margin of error, excluding Al, Zn, and 

Mo. For Al, subtraction of the blank concentration (0.4 ng/g) from the 2.5 ng/g 

standard concentration (3.0 ng/g) provided a final concentration of 2.6 ng/g. This is 

within the acceptable 10% range for the 2.5 ng/g standard. The Zn and Sn 2.5 ng/g 

standard concentrations cannot be expressed using the blank subtraction method. The 

low Zn concentration detected (after subtraction of the blank) in the 2.5 ng/g standard 

is believed to arise from the formation of the polyatomic ion ZnO, which causes the 

Zn concentration to appear lower than the true value.14 The effect of this polyatomic 

formation is more prominent at low concentrations than at the greater concentrations 

found in the SRMs. For Sn, the 2.5 ng/g standard concentration is < 0 after the reagent 

blank subtraction. This suggests Sn contamination in the blank sample or the 

formation of SnO or SnO2. The high Mo concentration in the 2.5 ng/g standard 

suggests an interferent such as 81Br17O+ or 41K2O
+ is present.15  
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Blank Spikes 

A 5.0 ng/g blank spike sample was prepared and analyzed to determine if 

contamination or sample loss was occurring during the digestion process. Averages 

were within the 10% margin of error16 except for Zn, Mo, and Ag (Table S-2). 

Inorganic Ventures17 stated that trace levels of chloride contamination in HNO3 and 

the use of HCl can cause Ag to precipitate as AgCl, although no precipitate may be 

observed because the Ag can photo-reduce onto the walls of the sample tube. This 

phenomenon may have caused the lower Ag concentrations in the blank spike. Further 

investigation is needed to more accurately determine the cause for the low Ag 

recovery in the blank spike sample. 

For Al, if the blank sample was subtracted from the blank spike sample, the 

concentration is 5.2 ng/g which is within the 10% margin of error. However, Zn is still 

outside the margin of error even after subtracting the blank sample. The formation of 

ZnO may interfere with the analysis of Zn, causing the concentration to appear lower 

than it should be. Mo had an 80% recovery. This is believed to have been caused by 

the formation of Mo oxides that resulted in the concentration for Mo to be lower than 

the true value.18 Amais et al. (2015) suggest a method using ICP-MS/MS for 

overcoming this interference; however, this instrumentation was not available for 

further investigation. 

Matrix Spikes 

The chicken feather matrix was digested and separated into two aliquots: one 

spiked (5 ng/g) and one un-spiked (Table S-3). This spiking method reflects error 

associated with instrumental error more than digestion error. The analysis of the two 
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SRMs convey errors associated with the digestion method. All elements were within 

the 10% margin of error, except for Al, and Zn. At low Al and Zn spike concentrations 

there are some interferents.14,17 However, both Al and Zn are typically found at greater 

concentrations within the environment and the SRM provides a better estimation of 

recovery. 

Standard Reference Materials 

Two SRMs were analyzed to ensure that a wide range of elements could be 

accurately quantified. Standard reference material 2976 was analyzed for Al, Mn, Co, 

Ni, Cu, Zn, As, Sr, Cd, Sn and Pb. The DOLT-5 SRM was analyzed for Al, Mn, Co, 

Ni, Cu, Zn, As, Sr, Mo, Ag, Cd, Sn, and Pb. The overall average percent recoveries for 

each element are Al (52 ± 26%), Mn (99 ± 11%), Co (92 ± 17%), Ni (93 ± 28%), Cu 

(109 ± 33%), Zn (97 ± 7.1%), As (108 ± 20%), Sr (90 ± 12%), Mo (84 ± 23%), Ag (91 

± 1.8%), Cd (95 ± 6.2%), Sn (139 ± 52%), and Pb (95 ± 22%). All recoveries above 

are reported as an average using both SRMs with the exception of Mo, Ag, and Pb. 

Mo and Ag are only present in the DOLT-5 SRM, whereas the Pb concentration in the 

DOLT-5 SRM was too low to determine an accurate concentration. 

SRM 2976 (mussel tissue) 

The mass used for the analysis of SRM 2976 was 0.2 g based on the 

recommended mass on the SRM certificate. All elements analyzed were within the 

range specified by the SRM certificate (Table S-4). The MDL and the method LOQ 

was calculated for each element to ensure that the concentration found in the SRM 

digest was greater than the LOQ. For Sr and Sn, the LOQ was greater than the 

concentration in the SRM. The Sn concentration in the SRM certificate was equal to 
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both the IDL and MDL, suggesting that Sn is difficult to analyze at this dilution level. 

On the other hand, Sr has an IDL that is < 1 ng/g, but a 28 ng/g MDL. This suggests 

that there are matrix interferences occurring in the SRM that make it more difficult to 

quantitate. Both Sr and Sn were still considered acceptable because the concentrations 

for both were within the acceptable range listed on the SRM certificate. 

SRM Dolt-5 (dogfish liver) 

Molybdenum and Ag were analyzed in the Dolt-5 SRM in addition to the 

elements analyzed using SRM 2976 (Table S-5). Initially, the DOLT-5 SRM was 

analyzed using a mass of 0.2 g. At this mass, Al, Cu, and Pb were not within the 

acceptable range for the SRM certificate. The low Al suggests the formation of the 

AlO+ ion. The SRM certificate concentration for Pb is 0.16 µg/g, which is below the 

method LOQ calculated for both DOLT-5 (6.3 µg/g) and SRM 2976 (0.60 µg/g). 

Therefore, Pb determination at this dilution is difficult. The concentration of Cu will 

be greater than expected due to the formation of polyatomic ions15 such as 40Ar23Na+.    

At 0.01 g, all metals were within the SRM certificate range except for Al and 

Pb (Table S-5). Both Al and Pb had similar issues at this smaller mass in the DOLT-5 

SRM to what was observed when using the larger mass. If Pb concentrations in the 

sample of interest are > 0.5 µg/g, the S.M.A.R.T. digestion method would be able to 

recover Pb with greater accuracy (as observed with the SRM 2976). Due to consistent 

issues with Al in the blank and spike samples, Al should be considered semi-

quantitative. If Al is a primary metal of concern and quantitative data are necessary, 

then more QC is needed to ensure data are acceptable for the samples of interest.  
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The two SRMs were used to ensure a wider range of elements could be 

analyzed and to provide a higher concentration for elements such as Pb, Co, and Cu. 

The larger expected concentration in one SRM over the other allowed for only one 

sample dilution, eliminating errors associated with using multiple dilutions. In 

addition, the two SRMs also provided recovery information for the metals in two 

different matrices. 

CONCLUSIONS 

A method was required that could easily digest small mass samples while 

eliminating sample loss during digestion and minimizing contamination probability, 

while being relatively inexpensive. The S.M.A.R.T. digestion method allowed for the 

use of minimal materials, making it less expensive than other options. It also ensured 

that our dilution factor was within the necessary range to determine the metals of 

interest. This is a method that can be easily adopted in academic laboratories with 

limited resources or laboratories needing to obtain preliminary data with little funding.   

 The S.M.A.R.T digestion method was performed using two standard reference 

materials and was found to provide excellent recoveries for Mn, Co, Ni, Cu,  As, Sr, 

Mo, Cd, and Sn. At low concentrations there are interferents for some elements 

including Al, Zn, Ag, and Pb. This method is still expected to perform well for Al and 

Zn, since both are ubiquitous in the environment and are typically found at high 

concentrations in environmental samples.13,19 To improve the accuracy and precision 

for Ag analysis, HCl may be removed from digestion completely. This would remove 

the possible formation of AgCl and provide more accurate data.17 This method could 
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be expanded to include other elements if the instrumentation was optimized and the 

proper quality control was used. 

 An added benefit of the S.M.A.R.T. digestion method is the potential use as a 

green chemistry method. This method employs green chemistry principles in which 

the use of acid, water, and energy are reduced. The use of this method as a green 

chemistry digestion method requires further research. The accuracy and error 

associated with applying this method to subsamples (i.e. collecting 5 g of sample but 

only using 0.05 g for digestion) needs to be investigated.  

The S.M.A.R.T. digestion method is a good alternative method to EPA 200.3 

when analyzing samples of small mass. Compared with other small mass digestion 

procedures,4-7 digestion costs are relatively low. Samples can be digested quickly and 

with less potential for transfer error. This study has demonstrated the reproducibility 

and accuracy of this small mass digestion for determining select heavy metals by 

analyzing two separate SRM samples, blank-spike samples, and matrix-spiked 

samples. This is an excellent method to digest small sample masses for elemental 

analysis. 
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TABLES AND FIGURES 

Table 2.1 Comparison of the S.M.A.R.T. digestion, EPA 200.3, and microwave-

assisted techniques. 

 
S.M.A.R.T. 

digestion 
EPA 200.3 

Microwave-assisted 

techniques 

Sample mass ~ 0.01 – 0.50 g ~1 g - 5 g 0.1 to 0.50 g 

Digestion time ~ 1 hour ~ 6 hours ~ 30 minutes 

Total time 

(sample prep, 

digestion, and 

cleanup) 

≤ 4 hours 6 – 10 hours ≤ 6 hours 

Average number 

of samples 

digested at one 

time 

~ 60 

~30 (depending on 

hotplate and 

beaker 

availability) 

≤ 40 (depending on 

microwave) 

Supplies 

Sample tubes, 

pipette tips, hot 

water bath, 

balance 

Volumetric flasks, 

graduated 

cylinders, beakers, 

pipette tips, hot 

plates, sample 

tubes, balance 

Microwave 

apparatus, 

microwave vessels, 

volumetric flasks, 

graduated cylinders, 

balance 

Sample transfers NONE 

From beaker to 

graduated 

cylinder; from 

graduated cylinder 

to sample tube 

From microwave 

vessel to graduated 

cylinder; from 

graduated cylinder to 

sample tube 

Points of analyst 

error 
Pipetting 

Pipetting, 

volumetric 

readings, sample 

transfer 

Pipetting, volumetric 

readings, sample 

transfer 

Cost to digest $ $ $$ 
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Table 2.2 Instrument parameters for Agilent 7500c ICP-MS. 

Instrument Parameters 

Plasma gas flow rate (L / min) 14.8 

Auxiliary gas flow rate (L / min) 0.91 

Carrier gas flow rate (L / min) 0.80 

Make-up gas flow rate (L / min) 0.25 

Number of points per mass 3 

Number of repetition 3 

Integration / point 0.1 

Time (sec) / mass 0.3 

He Gas Flow (L / min) 3.7 
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SUPPORTING INFORMATION 

Table S-1. Average blank sample concentrations (ng/g) and 2.5 ng/g calibration 

standard of multiple elements analyzed and the instrument detection limit (IDL).  

Element 

 Average Blank 

Concentration 

(ng/g) 

2.5 ng/g standard 

Average (sd) 
IDL (ng/g) 

27Al 0.40 a2.6 (0.08) 0.10 
55Mn < DL 2.6 (0.04) 0.10 
59Co < DL 2.6 (0.02) 0.10 
60Ni 0.20 2.6 (0.02) 0.10 
63Cu < DL 2.6 (0.03) 0.10 
66Zn 2.0 b3.0 (0.02) 0.10 
88Sr  < DL 2.6 (0.04) 0.70 
98Mo < DL b3.2 (0.39) 1.2 
107Ag < DL 2.8 (0.17) 0.50 
114Cd 0.10 2.6 (0.04) 0.10 
120Sn 3.3 2.8 (0.04) 0.10 
208Pb < DL 2.7 (0.04) 0.10 

Collision Chamber (He) 
75As < 0 2.50 (0.15) 0.46 

 

DL = detection limit 
aAverage blank concentration is subtracted from the 2.5 µg/g standard concentration 
bElements are outside the acceptable 10% margin of error 
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Table S-2. Average concentrations (ng/g) of triplicate 5.0 ng/g blank spiked sample 

and the percent recoveries. 

Element 

5 ng/g Blank 

Spike Average 

(sd) 

% Recovery 

27Al a5.2 (0.18) 104 
55Mn 4.7 (0.14) 94 
59Co 4.7 (0.15) 94 
60Ni 4.8 (0.14) 96 
63Cu 4.6 (0.21) 92 
66Zn a3.9 (0.34) b78 
88Sr 4.7 (0.14) 94 
98Mo 4.0 (0.14) b80 
107Ag 2.7 (0.11) b54 
114Cd 4.9 (0.16) 98 
120Sn 4.5 (0.17) 90 
208Pb 4.6 (0.14) 7.4 

Collision Chamber (He) 
75As 4.72 (0.83) 5.66 

 
aAverage blank concentration (from Table S-1) is subtracted from the 5.0 ng/g blank 

spike. 
bElements are outside the acceptable 10% margin of error 
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Table S-3. Concentration (ng/g) of the chicken feather matrix (un-spiked), spiked 

chicken feather matrix (5.0 ng/g multi-element standard) and the final analyzed spike 

concentration (the spiked matrix minus the un-spiked matrix).  

Element 

Chicken 

Feather 

Matrix (ng/g) 

Chicken 

Feather Matrix 

+ Spike (ng/g) 

Spike – 

Feather (ng/g) 

% Recovery 

27Al 14 18 4.0 a80 
55Mn 8.3 13 4.7 94 
59Co 0.20 5.1 4.9 98 
60Ni 1.3 6.3 5.0 100 
63Cu 7.4 12 4.6 92 
66Zn 120 120 0 a0 
88Sr 2.0 7.0 5.0 100 
98Mo 0.10 5.3 5.1 102 
107Ag < DL 5.1 5.1 102 
114Cd 0.20 5.2 5.0 100 
120Sn 4.0 8.8 4.8 96 
208Pb 1.0 6.0 5.0 100 

Collision Chamber (He) 
75As 0.20 5.6 5.4 108 

 
aElements are outside the acceptable 10% margin of error 
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Table S-4. SRM 2976 Average concentrations (µg/g) of multiple elements in SRM 

2976 and the standard deviation (sd), limit of detection (LoD), limit of quantification 

(LoQ) and the SRM certificate concentration (µg/g) for each element.  

 

Element 

Average 

Concentration 

0.2 g (sd) 

MDL 
Method 

LOQ 

SRM 

Certificate (±) 
% Recovery 

27Al 102 (3.32) 10 33 134 (34.0) 76.1 
55Mn 35 (1.08) 3.2 11 33.0 (2.00) 106 
59Co 0.60 (0.02) 0.10 0.20 0.61 (0.02) 98.4 
60Ni 1.0 (0.04) 0.10 0.40 0.93 (0.12) 108 
63Cu 4.1 (0.13) 0.40 1.3 4.02 (0.33) 102 
66Zn 133 (4.30) 13 43 137 (13.0) 97.1 
88Sr 83 (9.34) 28 93 93.0 (2.0) 89.2 
114Cd 0.80 (0.02) 0.10 0.20 0.82 (0.16) 97.6 
120Sn 0.10 (0.02) 0.10 a0.20 0.10 (0.04) 100 
208Pb 1.2 (0.06) 0.20 0.60 1.19 (0.18) 101 

Collision Chamber (He) 
75As 15 (0.64) 2.0 6.4 13.3 (1.8) 113 

aMethod LoQ was greater than the average concentration found in the SRM 
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Table S-5. DOLT5 Average concentrations (µg/g) of multiple elements in the DOLT-5 SRM prepared using 0.2g and 0.01g. The 

standard deviation (sd), limit of detection (LoD), limit of quantification (LOQ) and the SRM certificate concentration (µg/g) for each 

element are also listed. For the second analysis, Mo was not present in the standard curve.  

 

Element 

Average 

Concentration 

0.2g (sd) 

% Recovery 

(0.2 g digestion) 

Average 

Concentration 

0.01g (sd)  

% Recovery 

(0.01 g digestion) MDL 
Method 

LoQ 

SRM 

Certificate 

(±) 
27Al a9.85 (2.18) 31.1 a11.9 (6.0) 37.5 6.8 22 31.7 (4.20) 
55Mn 8.7 (0.16) 97.6 8.3 (0.2) 93.2 0.50 1.6 8.91 (0.7) 
59Co 0.30 (0.03) 112 0.25 (0.01) 93.6 0.10 0.30 0.267 (0.026) 
60Ni 1.8 (0.13) 105 2.2 (0.7) 129 0.40 1.3 1.71 (0.56) 
63Cu *50 (19) 143 36 (0.4) 103 29 91 35.0 (2.40) 
66Zn 110 (6.8) 105 111 (1.8) 106 20 68 105 (5.40) 
88Sr 3.9 (0.10) 105 3.8 (0.6) 102 0.30 1.0 3.73 (0.26) 
98Mo 1.5 (0.05) 106 Not in std - 0.20 0.50 1.41 (0.22) 
107Ag 1.9 (0.04) 92.7 1.8 (0.03) 87.8 0.10 0.40 2.05 (0.08) 
114Cd 14 (0.25) 96.6 13.6 (0.2) 93.8 0.70 2.50 14.5 (0.60) 
208Pb a0.77 (0.63) 481 a,b0.24 (0.29) 150 2.0 6.3 0.16 (0.03) 

Collision Chamber (He) 
75As 34 (1.25) 98.3 33.4 (0.4) 96.5 3.7 12 34.6 (2.4) 

 
aElements outside the SRM certificate range 
bOnly samples 2-7 used, sample 1 was much higher than the others and considered an outlier
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CHAPTER III 

Bioaccessibility of Lead and Antimony from Lead-shot Pellets in a 

Simulated Avian Digestive System 

 

ABSTRACT 

Lead (Pb) shot is deposited widely throughout the environment and remains 

readily available for consumption by soil feeding birds for up to 300 years. Many 

waterfowl species, such as mallards (Anas platyrynchos) and mottled ducks (A. 

fulvigula), consume grit, including Pb shot pellets and retain it in their gizzard until the 

grit is fully broken down. When Pb shot pellets are consumed and used as grit, Pb is 

continually absorbed in the digestive tract which can lead to health problems and possible 

death. Other species, such as American woodcock (Scolopax minor), have a smaller 

gizzard because they do not require as much grit to aid in food digestion. However, when 

species with smaller gizzards consume Pb shot, pellets are not always entirely broken 

down and are often excreted. This is relevant, as many studies have used measures of grit 

presence in gizzards and gastrointestinal tracts as indicators of Pb exposure.  However, 

due to nearly complete Pb pellet absorption in gizzards for birds that use grit, and 

relatively rapid passage of Pb pellets in birds that do not use grit, absence of Pb shot in 

the gizzard or digestive tract does not provide evidence that the bird was not exposed to 

Pb shot. The bioaccessibility of Pb and other trace elements (Sb, As, and Sn) present in 

Pb shot were quantified to determine if these elements would be useful as indicators of 

Pb shot exposure in biological samples. An avian physiologically based extraction test 
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(PBET) was used to determine bioaccessible concentrations of Pb, Sb, As, and Sn in 

gizzard and intestinal simulated solutions over a five-hour timeframe. Arsenic and Sn 

were not present in high enough concentrations to be useful as a trace element marker of 

Pb shot exposure. Extracted Pb concentrations in the gizzard (52 - 380 µg/mL) were 

comparable to previous studies. Antimony concentrations extracted into the gizzard and 

intestinal solutions (0.70 – 5.7 µg/mL) are great enough that no other natural source 

likely provides this amount of Sb..  
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INTRODUCTION 

Lead (Pb) shot is known to be a major route of Pb exposure in birds.1–8 

Exposure can happen through four major pathways: direct consumption of Pb shot 

pellets, ingestion of soil, water, or food contaminated with Pb shot, absorption from 

embedded pellets in wounded animals, and ingestion of dead or living animals that 

have been shot with Pb shot (mainly affecting scavenging birds).8  All of these 

pathways can be deleterious and significant sources of Pb exposure, but precisely 

identifying Pb shot as the source of exposure remains challenging. Despite the Pb shot 

ban in place for waterfowl hunting, an estimated 1,900 – 2,400 metric tons of Pb shot 

are deposited on publicly owned lands across the US each year from mourning dove 

(Zenaida macroura) hunting alone.7 The deposition of Pb shot throughout the United 

States is not uniform, but areas that are hunted annually will have a greater pellet 

density. For example, in managed dove fields, pellet deposition has been estimated to 

be as high as 22,559 pellets ha-1 in Nevada,9 83,928 pellets ha-1 in Indiana,10 167,593 

pellets ha-1 in New Mexico,11 128,632 pellets ha-1 in Missouri,12 and 43,560 pellets ha-

1 in Tennessee.7,13 These high deposition areas can have direct impacts on soil, plants, 

passerine species2,14,15 and many gamebirds.8,16–19 As such, Pb shot deposition remains 

a relevant, and widespread issue throughout the U.S.7 

While Pb concentrations have been widely reported in avian species,7 source-

identification of Pb shot in biological tissues remains complicated19–22 (see Chapter I). 

In contrast, only 26 studies report Sb concentrations in avian tissues (Table 3.1).23–46 

Lead shot contains 0.5 – 6.5% Sb, 0.1 – 0.2% As, and 0.1% Sn, depending on the 
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manufacturer.47 These additives produce a more desirable end product, where Sb 

increases pellet hardness, As facilitates sphere formation, and Sn can increases 

malleability and reduces fragmentation.47,48  If these elements are present in biological 

tissues at concentrations above background levels they may be useful as tracers for 

identifying Pb shot in the environment and biological tissues. Based on the deposition 

of Pb shot in the environment and assuming an average Sb concentration in Pb shot of 

3%, approximately 57 – 72 metric tons of Sb is being deposited into the environment 

each year. Background soil-Sb concentrations range from < 1.0 to 8.8 µg/g with an 

average of 0.48 µg/g,49 but few data have been reported on Sb concentrations in 

biological tissues (Table 3.1), and no estimates of toxicological thresholds exist for Sb 

in birds. As such, compared to natural concentrations of Sb, Pb shot is likely a major 

environmental source of Sb.  

Lead shot remains in the environment for up to 300 years50 and can be found in 

the top 3 cm of soil,14 leaving pellets readily accessible to birds and mammals that 

feed in the soil or on plants that uptake Sb and Pb from soil contaminated with Pb 

shot.19–22 Both herbivorous and granivorous birds require grit to aid in digestion, as 

their food consists of hard and coarse materials that make it more difficult to digest.51 

These species typically have a large muscular gizzard that grinds and crushes food. In 

contrast, many insectivorous birds require less grit than herbivorous and granivorous 

birds51 and typically have a smaller gizzard since their food requires less mechanical 

effort to break down. Furthermore, some species switch diets seasonally, and require 

less grit for food digestion during certain seasons.52 Typically, those birds that 
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purposefully consume grit have greater risk of exposure to Pb shot pellets, as pellet 

size and shape are consistent with the size and shape of grit birds naturally 

consume.14,17,53 Due to differences in grit use, retention rate of Pb shot pellets is 

variable among different avian species.5453 For example, in Northern bobwhite 

(Colinus virginianus) exposed to Pb shot pellets, the majority were absorbed or 

excreted within 14 days of exposure.55 In contrast, house sparrows (Passer 

domesticus) had a grit retention time of five days.56 Clearly, absorption and retention 

of Pb shot pellets is quite variable, and influenced by species, the type and amount of 

grit ingested,57 diet, sex, season, and particle size.54  

Many studies simply use the presence of Pb shot in the gizzard or 

gastrointestinal (GI) tract to identify Pb shot exposure,3,9,58–60 but some species may 

excrete grit (i.e., Pb pellets) quickly, such that it might not be detected in the gizzard 

or GI tract. Similarly, individuals that do not possess Pb shot pellets in gizzards may 

also have already broken down and absorbed those pellets. Thus, the lack of pellet 

identification within gizzards does not necessarily indicate lack of exposure altogether. 

Changes in pellet availability on the landscape have been shown to be reflected by the 

lack of pellet presence in the gizzard (i.e., reductions in Pb shot availability if 

frequency of occurrence declines).61,62 However, based on observed pellet dissolution 

and excretion rates,56,63 this technique could be provide a number of false negatives. 

Species that consume softer foods, such as American woodcock (Scolopax minor), are 

thought to be exposed to Pb shot either through direct pellet or soil consumption.19 

However, there are no reports of Pb shot pellets in woodcock gizzards.19,64,65 Strom et 
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al. (2009) and Scheuhammer et al. (2003) suggest that the lack of observed pellets in a 

woodcock GI tract is due to the lack of a large muscular gizzard, which allows pellets 

to pass through the digestive system and be excreted. Thus, reducing total exposure 

time, but not necessarily eliminating risk of Pb exposure altogether. Similarly, some 

songbirds excrete Pb shot pellets within 24 hours, but still exhibit symptoms of lead 

toxicity (plumbism), where pellet erosion was as high as 42 mg/Kg.63 This suggests 

that even limited temporal exposure to Pb shot pellets may elevate tissue Pb 

concentrations enough to potentially cause health issues.63  

 While the bioaccessibility of Pb from Pb shot pellets has been investigated,57,66 

these studies do not discuss the bioaccessibility of other elements commonly present 

in Pb shot (Sb, Sn, or As),47 presumably because of the relatively low concentration of 

these elements in Pb shot. Due to the challenges associated with definitively 

identifying Pb sources, quantifying the bioaccessibility of these trace-elements, 

specifically Sb, would be a valuable step in determining the feasibility of using Sb 

screening in future avian Pb exposure studies as a conclusive marker of Pb shot 

exposure. Therefore, we determined short-term bioaccessible concentrations of Pb, Sb, 

As, and Sn from Pb shot pellets to verify that Sb in avian tissues is a result of Pb shot 

exposure and is unlikely to originate from other Sb sources.  
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METHODS 

Simulated Gizzard and Intestinal Solutions 

To simulate avian gizzard digestive juices, a solution of 1 M NaCl (Sigma-

Aldrich, St. Louis, MO) containing 10 g/L of pepsin ( Sigma-Aldrich, St. Louis, MO) 

was prepared and adjusted to pH 2.0 using hydrochloric acid (HCl, Fisher Scientific, 

Hampton, NH). The pH of the gizzard is typically more acidic (2.0-3.2)66 than the 

intestines (5.2 – 7.2),67,68 varying with the amount of food present in the GI tract.67 

Following previous studies,57,66,68,69 a pH of 2.0 used to prepare the simulated gizzard 

solution and a 5.0 pH was used for the simulated intestine solution. An in vitro avian 

intestinal solution was simulated by adjusting the pH of the prepared gizzard solution 

to 5.0 using a 1 M solution of sodium bicarbonate (Sigma-Aldrich, St. Louis, MO). 

The concentrations of NaCl, pepsin, and HCl were used following the methods of 

Kimball and Munir et al. (1971), Furman et al. (2006), and Martinez-Haro et al. 

(2009). Additionally, an acid control solution was prepared using 2 mL nitric acid 

(Fisher Scientific, Hampton, NH), 1 mL HCl, and 1 mL milli-Q water to determine the 

maximum concentration of Pb and Sb extracted at a given time point. 

Standard Reference Material 

The DOLT-5 standard reference material (SRM; Dogfish Liver National 

Research Council Canada) was used to determine the bioaccessibility of Pb and Sb 

from a standard containing a known concentration of each metal. Using 15 mL Falcon 

tubes (VWR International, Radnor, PA), 12 mL of solution (acid control, gizzard, and 

intestinal) and 80 mg (mean pellet mass for #7 Pb shot) of DOLT-5 SRM was added 
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to each sample tube. Samples were placed in a Precision reciprocal shaking water bath 

(Thermo Scientific, Waltham, MA) at 42 ± 2 °C and 150 rpm for one hour. The 

temperature was set at 42 °C to simulate avian body temperature.69 Samples were 

removed and filtered using BD LeurLok syringe filters (Whatman 0.1 µm) 

immediately to ensure digestion of the SRM ceased. Each digest was performed in 

triplicate; a total of 9 SRMs were digested using the three solutions (acid blank, 

gizzard, intestines) along with a method blank of each solution. Prior to analysis, 

samples were diluted 1:10.  

Steel Shot/Pb Shot Digestion using 1 Hour Digestion Period 

Using 15 mL centrifuge tubes, 12 mL of solution (gizzard or intestine) was 

added to each tube and warmed to 42 °C (± 2 °C). For this initial experiment, both 

steel shot (a common non-toxic alternative to Pb shot) and Pb shot were used.  Steel 

shot (Winchester Super X, Xpert Hi-Velocity, 12G #7, and Remington Sportsman Hi-

Speed Steel, 12G #7) was used to ensure minimal concentrations of Pb and Sb were 

present. Similarly, two brands of Pb shot (Federal Premium Ammunition 12G #7 and 

Winchester #8) were used for the intestinal digestion simulation to measure metal 

concentration variation between brands. The digestion procedure was the same used 

for the SRM, where only one pellet was added to each tube (simulating ingestion of a 

single pellet). Gizzard samples were shaken at 150 rpm, while intestinal samples were 

shaken at 75 rpm to simulate each digestion phase. All samples were removed after a 1 

hour digestion period for this initial experiment. This time was used to simulate short 

digestion conditions during a rapid exposure scenario, and provide a proof-of-concept 
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for the second experiment (see below). After a 1 hour digestion period, the pellet was 

removed and the pH was checked to ensure it remained unchanged (2.0 ± 0.5 and 5.0 

± 0.5 for gizzard and intestines, respectively). Samples were filtered and diluted prior 

to analysis.  

Five-hour Temporal Study 

Based on the results from the 1 hour digestion, only Pb shot was used for a 

5 hour temporal study where sample solutions were prepared as described above. 

However the total digestion time was 5 hours to simulate a pellet remaining in the 

digestive system for a longer duration. The digestion time of food (hours) and grit 

materials (days) varies greatly among species,30,31,38,40,43 and the digestion times used 

in this experiment were selected to quantify trace metal concentrations from Pb shot in 

a comparatively short (minimum of 1 hour; maximum of 5 hours) exposure period. 

One pellet was added to 12 mL of each solution (acid, gizzard, or intestine) in a 50 mL 

centrifuge tube. The larger tubes were used to ensure there was room for the pellet to 

move around during the shaking process (more accurately simulating the grinding 

action of the gizzard). Sixty samples were prepared with a single pellet (Federal 

Brand) each: 15 acid, 15 gizzard, 15 intestinal, and 15 method blanks. All samples 

were placed in a MaxQ 4000 incubated benchtop orbital shaker (Thermo Scientific, 

Waltham, MA) at 42 ± 2 °C. Gizzard solutions and acid solutions were shaken at 350 

rpm57 while the intestinal solutions were shaken at 150 rpm. The slower speed was 

used for the intestine simulation mimicking less mechanical breakdown in the 

intestines. Also, in this experiment, the orbital shaker was used to provide a better 
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approach for shaking samples than the hot water bath used in the initial 1-hour study 

(see above). At hour 1, three replicates of each solution (acid control, gizzard, and 

intestine) and a blank of each solution were removed from the orbital shaker and 

pellets were immediately removed from the solutions. This process was repeated at 2, 

3, 4, and 5 hours after initiation. Samples were filtered and diluted prior to analysis.  

 Finally, the mass loss (of each Pb pellet) was calculated to determine the 

bioaccessible fraction (%BA) of Sn, Sb, and Pb. The mass loss (mg) was multiplied by 

the expected concentration (%) of each element in a given pellet: 0.2% Sn, 3% Sb, and 

96.8% Pb. This value was used as the total concentration in equation 1 and the 

extracted concentrations was amount of Sn, Sb, or Pb present in the gizzard or 

intestinal solution at each time point.  

Equation 1:    %𝐵𝐴 =  
𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 [ ]

𝑡𝑜𝑡𝑎𝑙 [ ]
 𝑥 100 

Sample Analysis 

All samples from each experiment were analyzed for total As, Sn, Sb and Pb 

concentrations using an Agilent 7500c ICP-MS equipped with an ASX-500 

autosampler (Agilent, Santa Clara, CA). Quality control samples included method 

blanks, continuing calibration verification (CCV), and certified SRM analysis. Quality 

control samples were included for every 10 samples analyzed. Method detection limits 

(MDL) were 0.1 ng/g As, 0.05 ng/g Pb and Sn, and 0.01 ng/g Sb. The quantitation 

limits were 1.0 ng/g As, 0.5 ng/g Pb and Sn, and 0.1 ng/g Sb.  
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RESULTS 

Quality Control 

All method blank samples had non-detectable concentrations of all metals 

analyzed and CCV samples varied < 10%. Standard reference material (SRM) 

digestion in the acid control solution represented an ideal digestion method and 

recoveries were acceptable for As, Sn, Sb, and Pb (Table 3.2). When using the gizzard 

and intestinal solutions, recoveries declined, and Sn was not detectable in either 

solution. Antimony is presented as an ‘information value’ on the SRM certificate, 

meaning there were not enough data to certify the concentration of Sb in the SRM. 

Additionally, Sb and Sn concentration levels were at the MDL threshold, which 

accounted for the variability in Sb (11.1-71.4% RSD) and Sn (33.3% RSD) recoveries. 

Arsenic recoveries were > 80% in all solutions, while Pb recovery declined by ~30% 

as the pH of the solutions increased (Table 3.2).  

Steel Shot/Pb Shot Digestion using 1 Hour Digestion Period 

Concentrations of As, Sn, Sb, and Pb were not detectable in the two brands of 

steel shot analyzed (Table 3.3), indicating that these non-toxic alternatives really are 

Pb-free and that Sb (if present in biological tissues) is not derived from non-toxic steel 

shot pellets. In the 1-hour lead shot gizzard digestion, Pb concentrations ranged from 

12.5– 45.2 µg/mL with an average of 22.7 ± 11.2 µg/mL (n = 9, Table 3.3), while Sb 

concentrations were 100 fold lower than Pb. In an ideal situation (complete pellet 

digestion) the total concentration of Sb would be 3 wt%. Therefore, using the total Pb 

concentration in the gizzard solution, the maximum Sb concentrations would then be 
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0.70 µg/mL. However, the Sb concentration extracted was 0.25 µg/mL, and it was 

expected that the gizzard solution would not achieve maximum digestion during one 

hour due to the less than ideal digestion environment. Arsenic concentrations were not 

detectable in the gizzard solution. Concentrations of all elements were lower in the 

intestinal solution than the gizzard solution, where Pb concentrations ranged from 0.40 

– 0.82 µg/mL with an average of 0.70 ± 0.10 µg/mL (n = 16) in the one-hour 

digestion. Concentrations of Sn and Sb were much lower (< 0.3 µg/mL; Table 3.3), 

similar to the gizzard solution.  

Five-hour Temporal Study 

The average mass loss of each pellet in the acid solution increased from 6.6 ± 

1.2 mg (2.3 %) at 1-hour to 38 ± 4.3 mg (53 %) at 5-hours (Table 3.4). Arsenic was 

not detected throughout the entire temporal study. In the acid solution, Sn 

concentrations increased over the 5 hours and reached a maximum concentration of 

10.2 µg/mL (Table 3.4), while Pb concentrations increased over the first three hours, 

and plateaued at 1800 µg/mL (Figure 3.1). Antimony concentrations linearly increased 

(r2 = 0.98) over time, reaching a maximum concentration of 150 µg/mL (Figure 3.2).  

The average mass loss of each pellet in the gizzard solution increased from 

0.7 ± 0.1 mg (0.9 %) in 1-hour to 3.7 ± 0.5 mg (4.8%) in 5-hours (Table 3.4), where 

the pellet dissolution rate was relatively constant during the entire temporal 

experiment (0.70 ± 0.05 mg/hour). For the gizzard solution, Pb concentrations 

increased linearly (r2 = 0.77) over the 5-hour time-frame, where concentrations 

reached 320 µg/mL (Table 3.4; Figure 3.3). Antimony concentrations were much 
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lower, with maximum concentrations of 6.5 µg/mL in 5 hours (Table 3.4; Figure 3.4). 

Tin concentrations reached a maximum of 0.65 µg/mL (Table 3.4) in 5 hours, with 

concentrations linearly increasing over time.  

 There was no detectable Pb pellet mass loss in the intestinal solution for the 

duration of the 5 hr experiment (Table 3.4). Maximum concentrations of all metals 

were lower in the intestinal solution than found in the acid and gizzard solutions, and 

during the 5 hours, Pb concentrations increased, reaching a maximum concentration of 

1.3 µg/mL, nearly 99% (comparatively) less than Pb concentrations in the gizzard 

solution (Table 3.4; Figure 3.3). Antimony had a maximum concentration of 

0.05 µg/mL (Table 3.4; Figure 3.4) and concentrations remained relatively consistent 

throughout the 5 hours. Tin was not detectable at any time point using the intestinal 

solution.   

In the gizzard solution %BA for Sn was < 1% at all time points, the %BA for 

Sb ranged between 40 and 61%, increasing over time and Pb %BA averaged 95 ± 19% 

over all time points (Table 3.5). The %BA could not be determined for the intestinal 

solution as the pellet mass loss was non-detectable. 

DISCUSSION 

Bioaccessibility of As and Sn from Pb shot was examined to determine if these 

elements would be useful in identifying Pb shot exposure in biological samples. Few 

studies have examined the bioaccessibility of Pb directly from Pb shot ingestion57,66,70 

and no previous studies report the bioaccessibility of other elements (Sb, Sn, or As) 

present in Pb shot.  Arsenic can be eliminated from further consideration, as it was < 
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DL in all solutions, indicating that the probability of mobilizing As from Pb shot 

pellets into avian biological tissues are near zero. Similarly, while Sn was present in 

the gizzard and intestinal solutions, concentrations were not high enough to exceed 

background exposure levels.71  

 A key variable in this study is related to duration (maximum of 5 hours) of 

pellet exposure to simulated solutions.  Previous studies have reported pellet retention 

times from hours to several weeks, with tremendous variation among species, based 

upon morphology, food habits, and use of grit.17,72 Kerr et al. (2010) determined that 

Northern bobwhite exposed to #9 Pb shot pellets (2 mm) absorbed or excreted pellets 

after 14 days,55 while house sparrows were found to replace grit in the gizzard within 

five days.56 Additionally, Vyas et al. (2001) found that cowbirds (Molothrus ater) 

dosed with Pb shot excreted pellets within 24 hours of dosing. However, cowbirds that 

did not excrete pellets died during that study.  The reported average retention time of 

insoluble materials in chicken gizzards is approximately one hour67, which would 

indicate that 59 µg/mL Pb and 0.70 µg/mL Sb would be dissolved during that time 

period (based upon the 1 hour experiment in this study). These dissolved metals would 

then be available for passage into small intestines and subsequently absorbed. For 

birds that use grit to aid in the digestion of food materials, Pb shot pellets that are 

deposited into the gizzard will likely remain there until the pellet is completely 

dissolved. If the pellet dissolution rate (0.70 ± 0.05 mg/hour) remains constant, 

complete digestion of an average sized pellet (80 mg) would occur in 114 hours (4.8 

days), which would equate to a continuous release of Pb and Sb at a rate of 57 ± 12 
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µg/mL per hour (calculated assuming 12 mL of digestive juices). However, these 

estimates are likely conservative rates of dissolution, since there is no 

grinding/pulverizing action. The pellets in this experiment were shaken using an 

orbital shaker, however the muscles in the gizzard contract and relax which flattens 

and distorts the pellet.73 The distortion of the pellet icreases surface area and makes it 

dissolve more quickly in the gizzard. Distortion coupled with smaller pellet size(s) as 

they are absorbed may alter the rate of Pb dissolution. Regardless of the duration of 

pellet retention, and associated rates of Pb dissolution, pellet retention rates vary 

drastically among species, and even a short exposure of one hour to ingested Pb shot 

can increase the absorption of Pb and Sb. Therefore, once a Pb pellet is ingested, 

absorption of Pb into the blood can be detected almost immediately55 and would 

continue until either excreted or completely absorbed in the gizzard.  This finding is 

germane to any future studies of Pb shot exposure using Pb shot presence/absence in 

gizzards as a proxy for Pb shot exposure.  Clearly, absence of pellets in gizzards or GI 

tracts does not necessarily indicate that birds were not exposed to Pb shot, even as 

recently as 1-5 days prior to examination.   

 The concentration of Pb and Sb in the acid control solution was used to 

determine the maximum available fraction of the metals at each time point. Lead 

increased to the saturation point 1800 µg/mL within 3 hours. Since Pb shot consists of 

95% or greater Pb, this was likely the saturation point for the dissolution of Pb from 

the pellet into solution. While concentrations plateaued, pellet mass loss continued 

over time (Table 3.4). This suggests that Pb is forming soluble Pb nitrate and Pb 
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chloride, which have a maximum water solubility of 565,000 µg/mL and 9,900 

µg/mL, respectively.74 While Pb reached saturation within the acid control solution, 

Sb concentrations continued to increase throughout the 5 hours reaching a maximum 

concentration of 30,600 µg/g. Based on the increasing Sb concentrations and the Sb 

trichloride (formed in the presence of HCl) maximum water solubility of 6,016 g/L,49 

five hours may not have been enough time for the Sb concentration to reach saturation 

within the solution. Combined, these data indicate that both Pb and Sb could be 

extracted maximally within a relatively short temporal window (in an acid solution), 

that is much shorter than 12-24 hour pellet retention time commonly reported for birds 

that do not use Pb shot as grit. 

The gizzard solution was successful in extracting greater concentrations of 

metals than the intestinal solution. This was expected as gizzards have a lower pH (pH 

= 2.0) compared to the intestinal solution (pH = 5.0) and metals are more soluble in 

more acidic conditions.74 These patterns were similar to what was observed in a 

previous study performed by Martinez-Haro et al. (2009) who also found consistently 

lower Pb concentrations in the intestinal solutions. Both Pb and Sb concentrations 

increased linearly (Figures 3.1 and 3.2) over the five sampling times; therefore, the 

longer the pellet is in the digestive system, the greater the bioaccessibility and 

exposure to Pb and Sb. Although pellets can be excreted in as little as 24 hours,63 the 5 

hour digestion time is still conservative. Many species take days to excrete pellets and 

in others, pellets may never be excreted, allowing the pellet to slowly digest until 

complete pellet dissolution is achieved. If a pellet remains in a bird’s digestive tract, it 
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will most likely stay in the gizzard (replacing grit). Since the gizzard is more acidic, 

the absorption of Pb and trace metals from the pellets would continue until the pellet is 

digested completely or excreted.   

 Lead concentrations in the intestinal solution followed the same trend as the 

control and gizzard solutions. However, Sb concentrations remained stable (0.05 ± 

0.01 µg/mL; Table 3.4) throughout the 5-hour digestion period, suggesting Sb 

bioaccesibility is similar over the 5 hour study. The average retention time of solids in 

the small and large intestines of chickens is approximately four hours.67  Therefore, in 

a biologically relevant digestion time, the extracted concentrations of Pb and Sb are 

relatively low when compared to the gizzard. The low concentrations and lack of 

pellet mass loss during the intestinal digestion period is likely due to the relatively 

high pH of the intestinal solution. Although extraction and absorption of Pb and Sb is 

likely to occur in small amounts within the intestines, the majority of the Pb and Sb 

would be extracted in the gizzard. After being extracted in the gizzard the digestive 

juices pass through the intestines where absorption of both Pb and Sb into the 

bloodstream occurs.49,74 

 Determining Pb shot exposure using the presence of Pb shot in the gizzard may 

be misleading for two reasons. First, if a pellet is excreted rapidly (< 24 hours), mass 

loss of a single pellet could be as high as 18 mg which would approach bioaccessibile 

concentrations as high as 1600 µg/mL Pb and 48 µg/mL Sb. Second, if a pellet 

remains in the gizzard until complete digestion occurs, exposure concentrations may 

be as high as high as 6,200 µg/mL Pb and 190 µg/mL Sb. This is relevant, as the 
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biological threshold for Pb in avian feathers is 4 µg/g, where a feather with this 

concentration would have an estimated blood-Pb concentration of 76 µg/g based on a 

blood:feather ratio of 19.22 If this ratio is similar for Sb, birds with 0.5 µg/g Sb (> 

background; Table 3.1) in their feathers would have an estimated blood-Sb 

concentration of 9.5 µg/g. Both of these concentrations would easily be reached in a 

short exposure duration of < 24 hours.  

The physical properties of the pellet affect the bioaccessibility of Pb and 

potentially other trace-elements. Weathered pellets (although potentially smaller in 

size) may better represent the pellets birds are exposed to and have been shown to 

increase the bioaccessibility of Pb.63 When a pellet is exposed to soil, the soil begins to 

oxidize the pellet, creating a layer of Pb (as Pb3(CO3)2(OH)2, PbCO3 and PBSO4)
75,76 

that is more easily extracted in the digestive system. This would cause a greater level 

of Pb exposure upon initial ingestion of the Pb shot pellet, followed by a slower, 

steady release of Pb for the remaining time the pellet is in the digestive tract. Since Pb 

is more bioaccessibile from weathered pellets, Sb bioaccessibility may also be 

increased. 

In this bioaccessibility study, factors such as pH, food or grit ingestion, soil 

consumption, and number of pellets consumed were held constant. Martinez-Haro et 

al. (2009) studied many of the factors to see how they affect Pb absorption. Calcareous 

grit decreased Pb concentrations found in both the gizzard and intestinal solutions 

when compared to siliceous grit. The addition of food also decreased Pb 

concentrations in the gizzard and intestinal solutions. Other parameters, such as pellet 
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retention time, intra- and interspecies variation, and environmental conditions can play 

a role in the bioaccessibility and toxicity of Pb and Sb from Pb shot pellets.58 Thus our 

study is a conservative approach to determining metal bioaccessibility from Pb shot as 

additional factors known to decrease bioaccessibility were not included. This study 

provides evidence that Sb is available for absorption in avian species following 

consumption of Pb shot pellets.  

CONCLUSION 

The temporal study was performed to determine the bioaccessibility of trace 

elements from Pb shot in a short time period (1 - 5 hours). Arsenic, Sn, and Sb were 

investigated as potential indictors of Pb shot exposure. Although As and Sn are 

present in Pb shot, concentrations are not elevated above background. In five hours, 

Sb was dissolved in large concentrations from the gizzard and intestinal solutions, 

making Sb a useful marker of Pb shot exposure in biological tissues. Since Sb is added 

to all Pb pellets, regardless of manufacturer, and soil-Sb background concentrations 

are low, Sb is clearly a useful indicator of Pb shot exposure. Additionally, birds from 

mining areas, where Sb exposure is exposed to be high, have tissue Sb concentrations 

< 0.5 µg/g (Table 3.1). This is a novel approach and provides compelling evidence that 

the presence of Sb in biological tissues indicates exposure to Pb shot.   
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TABLES AND FIGURES 

Table 3.1: Studies reporting Sb concentrations in various avian species. 

Species Location Tissue n Mean [Sb] ug/g Reference 

Bald eagle 

(Haliaeetus leucocephalus) 
MI/MN (Great Lakes) 

brain 46 0.008 ± 0.023 
Nam et al. (2012) 

liver 46 0.225 ± 0.756 

6 migratory species + 

pheasant  
Europe  meat (muscle) 14 < 0.0326 Roselli et al. (2016) 

Booted eagle 

(Hieraetus pennatus) 
Aznalcollar, Spain blood 24 < DL (0.2 ug/dL) Gil-Jimenez et al. (2017) 

11 wild bird species 
Donana National Park 

(near Aznalcollar, Spain) 
blood 176 <DL; 0.002 (mg/L) Benito et al. (1999) 

Lesser scaup 

(Aythya affinis) 

Midwest 

(IA, MN, ND, SD) 
liver 117 0.13 ± 0.003 Pillatzki et al. (2011) 

 Brazil feathers  <0.20 Franca et al. (2010) 

Northern Shoveler 

Great Salt Lake, Utah liver (ww) 

13 0.013 (Nov) 

Vest et al. (2009) 

42 0.013 (Dec) 

28 0.028 (Jan) 

green-winged teals 20 0.007 

common goldeneyes 
37 0.013 (F) 

 0.021 (M) 

8 seabird species Baffin Bay liver and muscle ~75 
<DL (0.01); but not clearly 

reported for seabirds 
Campbell et al. (2005) 

Short-tailed albatross & 

Black-footed albatross 
Torishima Island, Japan 

egg/ eggshell 66 < 0.01 
Ikemoto et al. (2005) 

blood 30 < 0.005 
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Little egrets, black-crowned 

night herons, & bridled 

terns 

Hong Kong eggshell  < DL  Lam et al. (2005) 

Artic seabirds 
Prince Leopold Island, 

Canada 
liver  <DL (0.5 mg/kg), ww) Braune & Simon (2004) 

black-crowned night herons 

& little egrets 
Hong Kong egg contents 40 0.016  ±  0.006 Lam et al. (2004) 

Purple heron 

(Ardea pupurea) 
Jahannesburg feathers 1 

11.6 (primaries L wing) 

22.2 (secondaries L wing) 

14.1 (primaries R wing) 

4.0 (secondaries R wing) 

Van Eeden et al. (1996) 

poultry carcasses Ontario muscle/ liver 115 
0.152 ±  0.088/  

0.179 ±  0.100 
Frank et al. (1985) 

Barn owl 

(Tyto alba guttatus) 
Budel, Netherlands feathers  < 0.7 mg/kg  Denneman et al. (1993) 

black-tailed gulls 

(Larus crassirostris) 

Hokkaido Prefecture, 

Japan 

bone, brain, eyeball, 

feather, gallbladded, 

heart, intestine, kidney, 

liver, lung, muscle, 

ovary, pancreas, salt 

gland 

54 < 0.06 in all tissues Agusa et al. (2005) 

Chukar  Vakhshskaya Valley 
liver, trachea, skin, 

bones, stomach, muscles 
 < 0.009% Pachadzhanov et al. (2009) 

South African barn owl 

(Tyto capensis) & (Tyto 

alba) 

Gauteng Province, South 

Africa 

liver, muscle, primary 

and breast feather 
119 < 0.047 for all tissues Ansara-Ross et al. (2013) 

Mallard ducks 

(Anas platyrhynchos) 
Ontario, Canada feathers 12 max 0.31 Haskins et al. (2011) 
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Turkey vulture 

(Cathartes aura) 
Ontario, Canada feathers 10 <0.45 Haskins et al. (2013) 

Artic shore birds (ruddy 

turnstones, black-bellied 

plovers, semipalmated 

plovers) 

Nunavut, Canada feathers 34? < DL Hargreaves et al. (2010) 

Flesh-footed shearwater New South Wales feathers 17 0.02 ± 0.08 Lavers et al. (2014) 

Osprey Florida Bay feathers 20 0.049 ± 0.098 Lounsbury-Bille et al. (2008) 

Tinamou Bolivia feathers, liver, kidney 48 < 0.5 for all tissues Garitano-Zavala et al. (2010) 

Magpie (Pica pica) Polland feathers (tail) 165 
< 1 for most areas (conc as 

high as 5.15:) 
Dmowski (2000) 
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Table 3.2: Mean concentrations (ug/g), range and recovery (%) for As, Sn, Sb, and Pb of the DOLT-5 SRM (dogfish liver) in the acid, 

gizzard, and intestine digest solutions. 

 
  Arsenic (As) Tin (Sn) Antimony (Sb) Lead (Pb) 

Solution n Mean 

(µg/g) 

Range 

(µg/g) 

Recovery 

(%) 

Mean 

(µg/g) 

Range 

(µg/g) 

Recovery 

(%) 

Mean Sb 

(µg/g) 

Range 

(µg/g) 

Recovery 

(%) 

Mean Pb 

(µg/g) 

Range 

(µg/g) 

Recovery 

(%) 

Acid 2 37  34–38 107 0.09  0.06–0.12 125 0.014   0.007–0.022 111 0.13  0.12–0.13 78.5 

Gizzard 3 29  28–30 84.3 n.d. n.d. n.a. 0.009  0.008–0.010 70.1 0.063  0.05–0.07  39.1 

Intestine 3 32  31–32 90.9 n.d. n.d. n.a. 0.014  0.012–0.016 110 0.009  0.008–0.011 5.6 

%Rec. = percent recovery 

n.d. = non-detect (0.1 ng/g) 

n.a = not applicable  
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Table 3.3: Initial Sn, Sb, and Pb concentrations (µg/mL) found in steel and Pb shot 

pellets digested in gizzard and intestinal solutions for 1-hour. 

 

  Steel Shot Pb Shot 

Solution  
n 

Sn 

(µg/mL) 

Sb 

(µg/mL) 

Pb 

(µg/mL) 

Sn 

(µg/mL) 

Sb 

(µg/mL) 

Pb 

(µg/mL) 

Gizzard 9 n.d. n.d. n.d. 0.06 ± 0.02 0.25 ± 0.12 23 ± 11 

Intestine 16 n.d. n.d. n.d. n.d. 0.05 ± 0.04 0.68 ± 0.10 

n.d. = non-detect (< 0.01 µg/mL) 
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Table 3.4: Arithmetic mean Sn, Sb, and Pb concentrations in Pb shot pellets from the 5-hour temporal study. 

 

Time 

(h) Solution 

Mean pellet 

starting 

mass (mg) 

Mean 

pellet mass 

loss (mg) n 

Mean Sn 

(µg/mL) 

Sn Range 

(µg/mL) 

Mean Sb 

(µg/mL) 

Sb Range 

(µg/mL) 

Mean Pb 

(µg/mL) 

Pb Range 

(µg/mL) 

1 

Acid 80.0 6.6 ± 1.2 3 1.9 1.3 – 2.2 41.4 33.3 – 48.2 679 530 – 800 

Gizzard 75.0 0.7 ± 0.1 3 0.07 0.07 – 0.08 0.66 0.60 – 0.77 58.7 51.5 – 68.2 

Intestine 74.8 n.d. 3 n.d. n.d. 0.05 0.02 – 0.06 0.6 0.5 – 0.9 

2 

Acid 64.8 15 ± 1.3 3 2.8 1.9 – 3.6 59.4 48.7 – 69.3 1210 1140 – 1310 

Gizzard 76.5 1.5 ± 0.3 3 0.20 0.16 – 0.20 1.6 1.3 – 2.0 118 110 – 140 

Intestine 74.1 n.d. 3 n.d. n.d. 0.04 0.02 – 0.05 0.9 0.9 – 1.0 

3 

Acid 70.7 24 ± 0.3 3 6.6 4.8 – 8.7 95.0 82.3 – 102 1780 1710 – 1820 

Gizzard 80.3 2.4 ± 0.1 3 0.40 0.37 – 0.43 3.3 3.0 – 3.6 197 190 – 210 

Intestine 68.7 n.d. 3 n.d. n.d. 0.07 0.06 – 0.07 1.3 1.0 – 1.4 

4 

Acid 71.9 32 ± 3.6 3 8.7 7.8 – 10.3 128 119 – 145  1800 1600 – 1970 

Gizzard 67.9 2.8 ± 0.1 3 0.24 0.13 – 0.45 2.2 1.4 – 3.8 144 100 – 240 

Intestine 70.1 n.d. 3 n.d. n.d. 0.04 0.02 – 0.05 1.3 1.1 – 1.4 

5 

Acid 71.8 38 ± 4.3 3 10.2 6.8 – 12.1 149 110 – 170 1810 1770 – 1850 

Gizzard 76.5 3.7 ± 0.5 3 0.62 0.58 – 0.65 5.7 4.9 – 6.5 322 280 – 380 

Intestine 77.7 n.d. 3 n.d. n.d. 0.05 0.04 – 0.06 1.2 1.2 – 1.3 

n.d. = non detect (< 0.01 µg/mL) 

Arsenic was analyzed for, however was < DL (0.1 µg/mL) for all samples and was not included in this table 
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Figure 3.1: Logritmic increase (r2 = 0.93) in Pb concentrations (µg/mL) over a 5-hour 

digestion time in the acid control solution. 
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Figure 3.2: Linear increase (r2 = 0.99) of Sb concentrations (µg/mL) over a 5-hour 

digestion time in the acid control solution. 
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Figure 3.3: Linear relationship of Pb concentrations (µg/mL) over a 5-hour digestion 

time in the gizzard (r2 = 0.77) and intestinal solutions (r2 = 0.72).  
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Figure 3.4: Linear relationship (r2 = 0.78) of Sb concentrations (µg/mL) over a 5-hour 

digestion time in the gizzard solution and non-linear relationship (r2 < 0.001) of Sb 

concentrations in the intestinal solution. 
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Table 3.5. Average percent Bioaccessible (%BA) fraction of Pb shot pellet (percent of 

metal extracted into the digestive juices that is available to be absorbed). 

 

  Average %BA 

Solution 

Type 

Time 

(h) 

Sn Sb Pb 

Gizzard 

1 0.12 40 109 

2 0.17 41 95 

3 0.21 57 103 

4 0.17 32 64 

5 0.19 61 107 

Intestine* 

1 n.d. n.d. n.d. 

2 n.d. n.d. n.d. 

3 n.d. n.d. n.d. 

4 n.d. n.d. n.d. 

5 n.d. n.d. n.d. 

*%BA could not be determined (n.d.) for all intestine samples due to non-detectable 

mass loss 
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CHAPTER IV 

The Source of Elevated Lead in Juvenile American Woodcock 

 

ABSTRACT 

 It is well documented that avian exposure to Pb in the form of Pb shot leads to 

health problems, death, and potential population declines. American woodcock (Scolopax 

minor) is a webless migratory gamebird that has been experiencing population declines 

since the late 1960s that is suspected to be, in part, due to Pb exposure. Lead shot is 

postulated to be the primary source of environmental Pb in woodcock. Current methods 

of determining Pb shot exposure include the identification of Pb shot present in the 

gizzard and the use of Pb isotope ratios. While the presence of Pb shot provides 

undeniable evidence that a bird ingested Pb shot, in some instances birds may have either 

already absorbed the entire pellet, and it is no longer detectable, or excreted pellets too 

quickly to be observed in the gizzard. In either instance, birds would have been exposed 

to Pb pellets, regardless of the lack of Pb pellet detection by gizzard analyses.  However, 

Pb isotope ratios have been used since the 1990s to determine the environmental source 

of Pb in wildlife tissues. The use of isotope ratios can obviate the issues associated with 

the lack of pellet detection in the gizzard and resolve questions regarding the source of Pb 

exposure. However, overlapping ratios among sources and the mixing of ratios (both 

environmentally and biologically) provides challenges in using Pb isotope ratios for 

definitive source assignments. To mitigate issues faced with Pb isotope ratios, antimony 

(Sb) was used as a potential indicator, or tracer, of Pb shot exposure, as Sb is added to Pb 

shot to improve pellet hardness and is not present in nontoxic alternatives to Pb shot. The 
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low environmental background of Sb and few environmental sources containing both Pb 

and Sb make it a useful indicator of Pb shot exposure. In this study, we quantified Pb 

concentrations in American woodcock feathers and bones, and used Pb isotope ratios and 

Sb concentrations in woodcock tissue samples to evaluate its use as a tracer for use in Pb 

shot determination. Geometric mean Pb concentrations were 2.2 ± 2.6 µg/g for second 

primary (P2) feathers, 1.6 ± 0.3 µg/g for fourteenth secondary (S14) feathers, and  

15 ± 6.4 µg/g for bones. Geometric mean Sb concentrations were 1.5 ± 1.2 µg/g for P2 

feathers, 1.2 ± 0.2 µg/g for S14 feathers, and 1.7 ± 1.7 µg/g in bones. Larger Pb 

concentrations in the P2 feathers indicate that woodcock are being exposed to or 

absorbing greater concentrations of Pb in their natal origins. Antimony concentrations 

have not been previously reported in woodcock; however, average concentrations are 

greater than found in other avian species. Based on the Pb isotope analysis and the use of 

Sb as a metallic marker of Pb shot, Pb concentrations in > 50% of the individuals most 

likely originated from ingestion of Pb shot. The use of Sb as an indicator of Pb shot 

exposure proved useful in woodcock tissues, with feathers being a better indictor tissue. 
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INTRODUCTION 

 The toxic effects of lead (Pb) have been known for centuries. Even at low 

concentrations, long-term exposure to Pb is associated with an increased risk of 

mortality.1 A primary Pb exposure route for avian species is through the primary or 

secondary ingestion of Pb shot pellets.2,3 Greater than 120 avian species have been 

documented as being exposed to or killed by ingesting Pb shot, bullets, bullet 

fragments, or prey contaminated with Pb ammunition.4 While the use of Pb shot is 

currently illegal for waterfowl hunting,5 upland gamebirds and webless migratory 

gamebirds are still legally hunted with Pb shot, and are presumably at a greater risk to 

Pb shot ingestion than waterfowl. Mourning doves (Zenaida macroura) are the most 

the most abundant migratory gamebird in the in the United States6 and it is estimated 

that 1.66 million may die each year from Pb shot ingestion.7 Lead ingestion and 

subsequent absorption causes major health problems in wildlife and has been 

associated with population declines in other avian species (waterfowl,8 condors,9,10 

and eagles).2,11,12  Despite the regulatory changes to nontoxic shot in waterfowl, Pb 

shot issues remain germane and the foci of current efforts examining the impact and 

influence of Pb in the environment, and in wild birds specifically.2   

American woodcock (Scolopax minor) is a webless migratory gamebird with 

estimates of 200,000 harvested annually.13 Woodcock populations have been declining 

by 1% per year since the late 1960s, which is primarily thought to be a result of large-

scale habitat alterations and changes in forest structure throughout its breeding 

range.13  However, past studies have investigated Pb concentrations in woodcock14–18 
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and have postulated that Pb consumption may be linked to these population declines.  

For example, American woodcock commonly have elevated bone Pb concentrations 

throughout portions of their geographic range, in Canada, 14–16 Wisconsin, 19 and 

Connecticut.18 Hatch year (HY) woodcock bone Pb concentrations ranged from  

16 µg/g to 21 µg/g, and all studies reported mean Pb concentrations > 10 µg/g, which 

is indicative of high Pb exposure. In addition, > 30% of the HY woodcock had Pb 

concentrations > 20 µg/g (considered highly elevated).14  Collectively, these studies 

have provided the backbone of Pb concerns related to woodcock for the last two 

decades.14–16,18–20 However, directly linking Pb exposure to woodcock population 

declines is difficult because of complex migration patterns21 and the lack of band 

recovery data21 and data relating negative health effects from Pb ingestion to 

woodcock specifically.   

Despite considerable effort focused upon woodcock, most have used bones or 

other organs and relatively few studies have quantified Pb concentrations in woodcock 

feathers.20 Feathers have been used as a nondestructive biomonitoring sample for 

heavy metals since the early 1990s22–27 and provide a specific time period of heavy 

metal absorption, as feathers only accumulate metals while actively growing. Once 

fully grown, feathers become fixed tissues and are removed from the blood supply and 

no longer accumulate heavy metals. Based on woodcock wing feather molt 

chronology, there is an approximate 10 day temporal window28 in which Pb can be 

accumulated endogenously. To date, only one study analyzed Pb concentrations in 

woodcock primary feathers, where a composite sample of all 10 primary feathers was 
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used and concentrations ranged from < detection limit (DL) to 485 µg/g.20 Feather 

studies from other avian species (shorebirds, songbirds, birds of prey, and waterfowl) 

show a range of Pb concentrations from < 1.0 to 300 µg/g.23,29–35 Regardless of the 

biological tissue used to estimate Pb concentrations among species, identifying 

specific environmental sources of Pb are often missing, or imprecise.  

Sources of Pb exposure in woodcock can include past use of leaded gasoline,36 

Pb batteries,37 past use of Pb-arsenate pesticides,1 spent Pb shot,2 mining/smelting 

activities,38 and roadside dust.39  Woodcock are hypothesized to be more susceptible to 

environmentally available Pb (regardless of source origins) because of their probing-

foraging behavior. Woodcock feed by using their prehensile bill to probe soil for 

earthworms and other prey and may consume both contaminated soil and 

earthworms.40 Traces of leaded gasoline and Pb-arsenate pesticides can still be found 

in modern soils1 despite being banned from use in the U.S. and Canada in 1995 and 

1993, respectively. Leaded gasoline is still used in aviation fuel and remains a source 

of environmental Pb.1  However, the primary source of Pb in woodcock with elevated 

tissue-Pb concentrations has been postulated to be spent Pb shot.15 Scheuhammer et al. 

(2003) used Pb isotope ratios to distinguish among primary sources of environmental 

Pb and concluded that elevated Pb in woodcock is consistent with Pb shot ingestion. 

The linkage between Pb in avian tissues and Pb shot remains a modern conservation 

concern throughout its range and for other birds as well.2 

Comparison of Pb isotope ratios has been the primary method used to 

distinguish Pb sources in biological samples since the 1990s.41,42 There are four stable 
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Pb isotopes: 204Pb, 206Pb, 207Pb, and 208Pb, and the three radiogenic isotopes  

(206Pb, 207Pb, and 208Pb) are formed by the decay of uranium (U) and thorium (Th). 

Ratios of these isotopes vary naturally based upon the amount of U and Th naturally 

occurring in ore. Conversely, 204Pb is primordial with a constant concentration over 

time. For environmental source determination, ratios of 206Pb, 207Pb, and 208Pb 

isotopes are typically used (Table 4.1), as these isotope ratios vary for each 

environmental source based upon where the Pb is originally mined. Once deposited 

into the environment, Pb isotope ratios are expected to remain constant, regardless of 

environmental conditions that might facilitate Pb decay and during manufacturing 

processes that use Pb.43 As soil is often a final reservoir of Pb deposition, woodcock 

consuming contaminated soil, earthworms, or Pb shot would theoretically complex 

mixture of Pb sources and isotopes.   

There are limitations associated with using Pb isotope ratios for distinguishing 

environmental Pb sources. First, if high-resolution instrumentation is not available, it 

is difficult to identify the subtle differences in isotope ratios because of the degree of 

overlap in isotope ratio ranges (Table 4.1). Second, Pb isotope ratios are assumed to 

remain unchanged in the environment; however, they do change over long periods of 

time (on a scale of thousands of years) as soils become more radiogenic.43 Beyond 

natural isotopic shifts, multiple Pb sources can be deposited into the soil that create a 

complex mix of isotopic signatures and eventually changing the range of soil Pb 

isotope ratios. Third, woodcock can consume multiple Pb sources (both natural and 

anthropogenic), which can lead to the heterogeneous deposition of multiple isotopic 
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ratios in biological tissues. This creates challenges in determining Pb sources as Pb 

isotope ratios may average over the birds’ lifetime and reflect multiple environmental 

sources. Any shift in the isotopic ratios, due to natural environmental changes or a 

mixing of multiple Pb sources, can influence comparisons back to the original 

environmental Pb input. Finally, an  understudied issue with Pb source identification is 

the influence of the continued use of recycled Pb, which will alter isotope ratios over 

time, creating a less distinctive and identifiable isotopic ratio from the original 

sources.43 For example, 69% of domestic U.S. consumption of Pb comes from 

secondary (recycled) Pb,44 which mixes sources and their respective isotope ratios and 

ultimately reduces the precision of isotopic Pb source identification. As recycling of 

Pb continues, Pb isotopic signatures for point and non-point Pb sources may become 

less characteristic in the future.43  

Mammalian studies have shown that biological fractionation of Pb isotopes 

occurs in various tissues (blood, urine, feces, lungs, liver, kidney, bone).45–47 Wu et al. 

(2012) and Nakata et al. (2016) found feces were most reliable for source 

determination using Pb isotopes, as the isotopic ratio remains unchanged from 

ingestion to excretion. In contrast, urine Pb isotope ratios differed from the Pb source 

consumed and blood Pb was found to have a fractionation threshold where 

fractionation occurs above a specific Pb concentration.45,46 One fractionation study 

was performed on chickens (Gallus gallus) and negligible biological fractionation 

occurred.47 Nakata et al. (2016) added that due to similarities in the isotopic ratios 

between control and exposure groups, chickens may not be reliable models for tracing 
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Pb sources isotopically. More research is needed to determine if biological 

fractionation of Pb isotopes occurs in avian species and what tissues, if any, provide 

reliable Pb isotopic results.  

To mitigate the issues associated with the analysis of Pb isotope ratios for 

source determination, we present the results of a technique based on the presence or 

absence of antimony (Sb) to identify Pb shot exposure. Antimony is added to Pb shot 

pellets during the manufacturing process to increase pellet hardness.48 Antimony is not 

found in non-toxic alternatives to lead shot (Chapter III) and is found at low 

concentrations (≤ 0.5 µg/g) within the environment,49 but is present in Pb shot at 

concentrations ranging from 0.5 to 6.5%, depending on the manufacturer.48 The 

combination of low environmental Sb background and high Sb concentrations found 

in Pb shot pellets makes Sb a potentially useful biomarker for Pb shot exposure source 

identification.  

In this study, we aim to identify the major source of elevated Pb in American 

woodcock. We have accomplished this by quantifying Pb concentrations, Pb isotopic 

ratios and Sb concentrations in hatch year (HY) woodcock bones and feathers used as 

part of an earlier study.21 Since the only environmental source of Sb for woodcock is 

Pb shot (see Chapter 3), using Pb isotopic ratios and the accumulation of Sb, the 

number of birds exposed to Pb shot should be more accurately identified. This is the 

first study to report Sb concentrations in American woodcock, and the first to examine 

possible relationships between Pb and Sb in biological samples.  
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METHODS 

Woodcock Wing Sampling 

This study encompassed the entire geographic range of American woodcock 

(Figure 4.1). American woodcock wings were collected from the U.S. Fish and 

Wildlife Service’s Parts Collection Survey (USFWS-WCS), the Canadian Wildlife 

Services Parts Collection Survey (CWS-PCS), and directly from hunters who donated 

wings from winter 2010 - 2011 and 2011 - 2012. Only hatch year (HY) woodcock 

wings were used for this study (n = 401 wings) to ensure metal accumulation was 

from recent exposure. Second primary (P2) and fourteenth secondary (S14) feathers  

(n = 712 total) were removed and wing bones (radius and ulna; n = 158) were 

dissected for heavy metal analysis and Pb isotope analysis. Since feathers represent 

metal concentrations at the time of growth, based on molt chronology P2 feathers are 

representative of Pb exposure in natal origins, while S14 feathers represent Pb 

exposure during migratory routes.21,28  

Heavy Metal and Pb Isotope Analysis  

Feathers were washed three times with a 1% acetone solution, alternating with 

milli-Q water to remove any external contamination and then dried at 40°C for three 

hours to a constant mass. Acids and hydrogen peroxide (H2O2) were from Fisher 

Scientific (Pittsburgh, PA, USA). Centrifuge tubes were from Sigma-Aldrich  

(St. Louis, MO, USA) and Fisher Scientific (Hampton, NH, USA). Samples were 

digested according to the S.M.A.R.T. (small mass, affordable, rapid, transfer-less) 

digestion method for heavy metal determinations.50 Whole feather samples were 
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placed into a 15 mL centrifuge tube and digested with concentrated nitric acid (HNO3) 

and hydrochloric acid (HCl) in a hot water bath at 80°C (± 5°C) for one hour, 

followed by an addition of 30% H2O2 and heating for an additional 30 minutes. 

Samples were then diluted to 10 mL.  

Bones were dissected using a ceramic blade (Slice utility knife, San Jose, 

California, USA) and were soaked in a 1% acetone solution and rinsed with milli-Q 

water to remove extraneous tissue and dried at 100°C overnight. The radius and ulna 

were digested and analyzed separately. Due to the difference in dry mass between the 

two bones (mean radius = 0.0978 +/- 0.018 g; mean ulna = 0.293 +/- 0.078 g), the 

radius and ulna were digested using different volumes of acid (at the same ratio). For 

the ulna, 0.3 mL of HCl and 0.3 mL of milli-Q water were added to the bone sample in 

a 50 mL centrifuge tube. Then 0.6 mL of HNO3 was added and the samples were 

placed in a water bath for an hour, followed by the addition of 0.3 mL of 30% H2O2 

and re-heating. Ulna samples were then diluted to 30 mL. For the radius, 0.2 mL of 

HCl and 0.2 mL of milli-Q water were added to the bone sample in a 50 mL centrifuge 

tube. Then 0.4 mL of HNO3 was added and the samples were placed in a water bath 

for an hour, followed by the addition of 0.2 mL of 30% H2O2 and re-heating. Radius 

samples were then diluted to 20 mL.  

Total Pb and Sb concentrations in all bone and feather samples were 

determined using an Agilent 7500c ICP-MS equipped with an ASX-500 auto sampler 

(Agilent, Santa Clara, CA). The highest concentration expected to be found when 

analyzing replicates of blank samples, or limit of blank (LoB),51 for Pb was 0.04 ng/g 
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and Sb was 0.30 ng/g. The lower limit of detection (LoD) for Pb was 0.20 ng/g and Sb 

was 0.50 ng/g. Based on the analysis of the continuing calibration verification (CCV) 

samples, the limit of quantitation (LoQ) for Pb and Sb was determined to be 0.50 

ng/g.51 Stable Pb isotopes (206Pb, 207Pb, and 208Pb) were used to calculate the isotope 

ratios. Lead isotope SRM-981 (NIST, Gaithersburg, MD) was used to determine the 

accuracy of the determined isotopic ratios and a correction factor was applied to all 

samples. The accuracy of the isotope measurements were 102% and 101% for the 

206/207Pb and 208/207Pb isotope ratios, respectively. Isotope ratios were corrected for 

mass bias by applying a correction factor required to achieve the certified values for 

SRM 981.45,46,52 The correction factors applied to the 206/207Pb and 208/207Pb ratios were 

1.018 and 1.006, respectively.  Quality assurance samples included method blanks, 

duplicate samples, certified SRMs, and matrix spikes (chicken feathers spiked with a 

multi-element standard). Quality assurance samples were included every 10 samples 

analyzed. The SRMs used included DOLT-5 (dogfish liver; NRCC, Ottawa, Ontario), 

SRM 2976 (mussel tissue; NIST, Gaithersburg, MD), and Lead Isotopic Standard 

SRM-981.  

The overall accuracy of analysis for total Pb and Sb, as measured by percent 

recovery of Pb and Sb from spiked samples was 90% (n = 58) and 98% (n = 12), 

respectively. Duplicate samples were analyzed to ensure data reproducibility from the 

beginning of an analysis to the end within a day, and among the multiple days 

analyses were performed. The reproducibility of all duplicate samples analyzed for Pb 

and Sb concentrations was 11% (n = 58) for Pb and 15% for Sb (n = 12). Two 
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standard reference materials (SRMs) were analyzed to ensure acceptable recovery of 

total Pb (105 %recovery, 4.2 %RSD) and Sb (71 %recovery, 20 %RSD). Antimony 

concentrations in the DOLT-5 SRM were at the detection limit and Sb was considered 

a ‘reference value’ not a certified concentration, which likely accounts for the greater 

variability in Sb concentrations as compared to Pb.  

Statistical Analysis 

The R statistical program (version 3.2.3, The R foundation for Statistical 

Computing) was used to perform all statistical analyses. For both feathers and bones, 

analysis of variance (ANOVA) was used to identify differences in Pb and Sb 

concentrations based on gender, sample type (radius vs ulna or P2 vs S14), the 

management region the bird was harvested in (Central vs Eastern), and the country 

from which the bird was harvested (USA vs Canada). Additionally, ANOVA was used 

to identify if differences exist in Pb isotope ratios as well.  An alpha of 0.05 was used 

for all statistical analyses. All reported means are geometric ± Standard Error unless 

stated otherwise. 

RESULTS 

Woodcock Feathers 

A total of 708 feathers (362 P2 and 346 S14) from 399 juvenile woodcock 

wings were analyzed for Pb, where feather-Pb (regardless of feather type) 

concentrations in woodcock ranged from < MDL to 459 µg/g, with 583 samples (82%) 

> MDL. Of samples > MDL, 19% were above the biological threshold (> 4 µg/g). The 

geometric mean feather Pb concentration was 1.9 ± 1.3 µg/g (n = 587; Table 4.2) 
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while the arithmetic mean Pb concentration is 6.7 ± 31 µg/g. When the upper 5%  

(n = 29) of samples were removed, as they are considered abnormally high, the 

geometric mean declines to 1.6 ± 0.1 µg/g and the arithmetic mean declines to  

2.4 ± 2.8 µg/g.  

Lead concentrations were greater in P2 (2.2 ± 2.6 µg/g) than S14 feathers  

(1.6 ± 0.3 µg/g; P = 0.002, F = 10.1, DF = 1) and greater in females (2.0 ± 2.5 µg/g) 

than males (1.8 ± 1.1 µg/g; P = 0.042, F = 4.15, DF = 1). An interaction occurred 

between sex and region (P = 0.034, F = 4.50, DF =1) where female feathers from the 

Central Region had greater Pb concentrations than males in the Central Region  

(P = 0.022). When the upper 5% (n = 29) of samples were removed, no differences 

between feather type and sex occurred; however, an interaction term remained 

between sex and management region.  

Feather 206:207Pb and 208:207Pb isotope ratios ranged from 1.10 – 1.48 and  

1.54 – 3.38, with an average ratio of 1.22 ± 0.03 and 2.47 ± 0.09, respectively  

(Table 4.2). The average 206:207Pb isotope ratio for all woodcock feathers was similar 

for both elevated (> 4 µg/g) and background (< 4 µg/g) samples. Of the feathers with 

background Pb concentrations (< 4 µg/g), 55% (266/481) also had isotopic ratios that 

match Pb shot. When analyzing the 206:207Pb ratio compared to the respective Pb 

concentration, no clear pattern emerged (Figure 4.2). Even with the use of a second 

isotope ratio (208:207Pb), no clear separation was found between samples with 

background and elevated Pb concentrations (Figure 4.3). 
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Lead isotope ratios in S14 feathers between Canadian samples and US samples 

(harvest locations), were similar (P > 0.05). The S14 feathers were used for this 

analysis, as they are more likely to reflect accumulation at (or closer to) the harvest 

locations,21,53 whereas the P2 feathers represent accumulation at their natal origins 

(north of where the birds were harvested). The S14 Pb isotope ratios were also similar 

(P > 0.05) between management regions (Eastern and Central).  

Of all feathers analyzed, 108 feathers (P2 = 61, S14 = 47) from 101 individuals 

(25%) had Pb concentrations greater than the biological threshold, 4 µg/g.54 Seven 

wings had elevated Pb concentrations in both the P2 and S14 feathers. For these 

feathers with elevated Pb, concentrations were greater in P2 (18 ± 11 µg/g, n = 61) 

than S14 feathers (8.0 ± 1.2 µg/g, n = 47; P=0.009, F = 7.20, DF =1), and there was an 

interaction between sex and management region (P = 0.030, F = 4.83, DF = 1) where 

female feathers from the Central Region had greater Pb concentrations than male 

feathers from the Central Region (P = 0.047). Feather 206:207Pb and 208:207Pb isotope 

ratios for samples with elevated Pb (n = 108) ranged from 1.13 – 1.36 and 1.54 – 3.38 

with an average ratio of 1.22 ± 0.03 and 2.47 ± 0.14, respectively. Feather Pb isotope 

ratios were similar (P > 0.05) between P2 (1.22 ± 0.03) and S14 feathers (1.22 ± 0.02). 

Overall, 51% (56/109) of feathers with elevated Pb (> 4 µg/g) had 206:207Pb ratios 

within the average Pb shot isotopic range (1.18 – 1.23; Table 4.1), and of the 

remaining 49% (53/109), 7 (13%) had isotopic ratios < 1.18, indicating exposure to 

leaded-gasoline (Table 4.1), and 46 (87%) had isotopic ratios > 1.23, indicating 

exposure to mining/smelting sources (Table 4.1).  
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Of feathers analyzed for Pb, 314 feathers (P2 = 172 and S14 = 142) from  

197 individuals were also analyzed for Sb, where feather-Sb concentrations ranged 

from < MDL to 44 µg/g (Table 4.3), with 84 samples (27%; P2 = 41, S14 = 44)  

> MDL. The feather-Sb geometric mean was 1.3 ± 0.6 µg/g (n = 84), and Sb 

concentrations were consistent (P > 0.05) between sexes, feather type, and 

management region, although feather-Sb concentrations were typically greater in 

females (Table 3). For samples with Sb concentrations >MDL, there were no 

differences (P > 0.05) between Pb isotope ratios and sexes, management regions, or 

countries. Of the samples with elevated Pb, 61% had Sb concentrations > MDL with a 

mean Sb concentration of 1.6 ± 0.8 µg/g (n = 64).  

Feather Pb and Sb concentrations were positively correlated (linear model  

P < 0.001, t-value = 8.48, DF = 1, 82; Figure 4.4) where Sb explained 46% of feather 

Pb variation. Sixty-four (61%; 36 P2 and 28 S14) of the 108 feathers with elevated Pb 

concentrations also had elevated Sb concentrations (Table 4.4). Of the 64 feathers, P2 

feathers had greater Pb concentrations (33 ± 18 µg/g) than S14 feathers  

(8.2 ± 1.3 µg/g; p = 0.009, F = 7.20, DF = 1), and no differences were found in Sb 

concentrations between sex, feather type, management region, or country (P > 0.05). 

Sixty-two individuals (97%; n = 64) had elevated Pb and Sb concentrations in at least 

one feather and two individuals (3%; n = 64) had elevated Pb and Sb concentrations in 

both the P2 and S14 feathers. These two wings were harvested in Michigan and New 

York. 

 



Texas Tech University, Amanda D. French, December 2017 

102 

 

Woodcock Bones 

A subset of bones were selected for analysis based on feather-Pb 

concentrations, selecting high (> 20 µg/g, n = 24), medium (4 – 20 µg/g, n = 28) and 

low (0.5 – < 4 µg/g, n = 27) concentrations. One hundred and fifty-eight wing bones 

(radius = 79 and ulna = 79) from 79 individuals were used to quantify Pb and Sb 

concentrations. All bones had Pb concentrations > MDL ranging from 1.9 to 553 µg/g 

(Table 4.2), with a geometric mean of 15 ± 6.4 µg/g (radii = 17 ± 11 µg/g;  

ulna = 13 ± 6.2 µg/g).  Lead and Sb concentrations were similar between sex, bone 

type, management region, and country (P > 0.05) for all bones analyzed (n = 158). 

Males (18 ± 12 µg/g, n = 76) tended to have greater (P > 0.05) bone-Pb concentrations 

than females (13 ± 5.2 µg/g, n = 82), where radii (17 ± 11 µg/g,n = 79) tended to have 

greater (P > 0.05) Pb concentrations than ulnae (13 ± 6.2 µg/g, n = 79).   

Bone 206:207Pb and 208:207Pb isotope ratios ranged from 1.10 – 1.27 and  

2.16 – 3.08 with an average ratio of 1.18 ± 0.02 and 2.49 ± 0.07, respectively  

(Table 4.2). Of bones with background Pb concentrations (>DL and < 20 µg/g),  

56% (59/105) had 206:207Pb isotopic ratios within the Pb shot isotopic range  

(1.18 – 1.23; Table 4.1). When analyzing the 206:207Pb isotope ratios compared to the 

respective Pb concentration, no clear pattern emerged (Figure 4.2). Even with the use 

of a second Pb isotope ratio (208:207Pb), no clear separation was found between bones 

with elevated Pb concentrations (Figure 4.3).  

Fifty-three wing bones (34%; 29 radii and 24 ulnas) from 31 individuals (39%) 

had Pb concentrations greater than the biological threshold, 20 µg/g.15,55,56 For these 
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elevated bones, Pb and Sb concentrations were similar (P > 0.05) between sex, bone 

type, management region, and country. Bone 206:207Pb and 208:207Pb isotope ratios for 

samples with elevated Pb (n = 53) ranged from 1.10 - 1.21 and 2.16 – 3.08 with an 

average ratio of 1.18 ± 0.02 and 2.48 ± 0.11 (Table 4.2), respectively. Isotope ratios 

were similar (P > 0.05) between sex, bone type, management region, and country.  Of 

the bones with elevated Pb, 66% (35/53) had 206:207Pb ratios within the average Pb shot 

isotopic range (1.18 – 1.23; Table 4.1), while the remaining 34% (18/53) had isotopic 

ratios lower than that of Pb shot, indicating exposure to leaded-gasoline (Table 4.1). 

Nine wings had one bone with elevated Pb concentrations and the other with 

background Pb concentrations. 

All bones analyzed for Pb were also analyzed for Sb (158 bones from 79 

individuals). Twenty bones (13%; 11 radii and 9 ulnas) from 15 individuals (9.5%) 

had Sb concentrations > MDL (0.5 µg/g). Antimony concentrations in woodcock 

bones ranged from < MDL to 12 µg/g, with a mean of 1.7 ± 0.7 µg/g (n = 20; Table 

4.3). Of bones with Sb, greater Sb concentrations were found in males (2.2 ± 1.1 µg/g, 

n = 10) compared to females (1.3 ± 0.9 µg/g), but no variation was detected in Sb 

concentrations between bone type, management region, or country. Males tended to 

have greater Pb concentrations (145 ± 62 µg/g) than females (51 ± 37 µg/g; P = 0.042, 

F = 5.45, DF = 1) 

Bone Pb and Sb were positively correlated (linear model P < 0.001, t-value = 

6.83, DF = 1, 18 ; Figure 4.4) where Sb explained 70% of the bone Pb variation. 

Sixteen of the 45 bones (36%) with elevated Pb also had elevated Sb (> 0.5 µg/g; 
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Table 4.4). Of these 16 bones, Pb and Sb concentrations were similar (P > 0.05) 

between sex, bone type, management region and country. Twelve individuals (15%;  

n = 79) had elevated Pb and Sb concentrations in at least one bone and four of those 

wings (33%, n = 12) had elevated Pb and Sb in both the radius and the ulna. Those 

four wings were from Georgia, Michigan, Missouri, and Pennsylvania.  

Comparing Sb Concentrations and Pb Isotope Ratios 

Using a coordinate plane, samples with elevated Pb concentrations were 

separated according to their Sb concentrations and 206:207Pb isotope ratios (Figure 4.5). 

The samples were normalized for both Sb and Pb isotope ratios by subtracting the 

threshold value (0.5 µg/g Sb and 1.18 206:207Pb isotope ratio). Samples that have both 

elevated Sb (> 0.5 µg/g) and isotope ratios that match Pb shot can be found in 

quadrant I and are confirmed to have Pb shot as the primary contributing source of 

elevated tissue-Pb concentrations. Samples with only elevated Sb concentrations are in 

quadrant II and are suspected to have been exposed to Pb shot at some point because 

Sb concentrations are elevated. If a bird is exposed to Pb shot and multiple other Pb 

sources, the tissues could still show elevated Sb, with an isotope ratio that differs from 

Pb shot. Samples that do not match Pb isotope ratios and do not have elevated Sb are 

found in quadrant III. These samples were most likely exposed to a different 

environmental source of Pb. It is not unexpected to have a larger number of samples in 

quadrant III because there are numerous potential sources of Pb that woodcock may be 

exposed to. Quadrant IV samples have only isotope ratios that match Pb shot and are 

suspected to have been exposed to Pb shot at some point. These birds may have been 
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exposed to Pb shot that had a lower concentration of added Sb. This would have 

caused them to have isotope ratios similar to Pb shot, but they would not have 

absorbed enough Sb to be representative of Pb shot exposure. 

DISCUSSION 

Lead and Antimony Concentrations 

In the United States, the use of Pb shot is only banned for waterfowl hunting 

and remains legal for woodcock and other webless migratory gamebird hunting.5 The 

Pb shot ban for waterfowl enacted country-wide in the 1990s has resulted in reduced 

Pb concentrations in waterfowl, although there are some exceptions.16 Previously, only 

one other study examined Pb concentrations in woodcock feathers, where Scanlon et 

al. (1979) reported average feather Pb concentrations from 5 µg/g to 30 µg/g, varying 

among states from which the wing was collected. Scanlon et al. (1979) determined the 

average feather concentration (12.9 µg/g) to be low, using a Pb threshold value of  

30 µg/g. This threshold is comparatively high relative to modern Pb concentration 

thresholds used for other avian taxa (4 µg/g25,57). This previous effort used composite 

samples of all 10 primary feathers, which may provide a cumulative Pb concentration 

value, and the resultant nearly 10 fold greater threshold value than used in this study. 

In contrast, our study used a threshold value of 4 µg/g and analyzed individual P2 and 

S14 feathers. For all feathers, the geometric mean Pb concentration was 1.9 ± 1.3 µg/g 

(n = 587), which is relatively low compared to current threshold values.   

Greater Pb concentrations in P2 feathers suggest that woodcock are being 

exposed to Pb in their natal origins, based on the time of feather growth.21,28 This 
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relationship was consistent through all subsets of data (all feathers, feathers with 

elevated Pb, and feathers with elevated Pb and Sb). One explanation for why Pb 

exposure and absorption would be greater in the P2 (natal) feathers than in the S14 

(migratory) feathers is based on the biological differences between young, developing 

organisms and more mature organisms. Young organisms absorb greater Ca compared 

to adults,1 and since Pb mimics Ca, Pb absorption is presumably greater in those 

younger individuals. As the organism matures and ages, the percent Ca absorption 

decreases,1 thus Pb absorption would theoretically decline as well. As an adult, this 

cycle is further complicated by the sex-linked physiology of eggshell development. 

During early life (and P2 growth) in their natal origins woodcock may need a greater 

percentage of Ca than when they are growing their S14 feathers during migration. 

Therefore the differences in Pb concentrations may be due to the biological need for 

more Ca during growth and development as compared to migration and winter. 

The mean bone-Pb concentration (15 µg/g) was within the range reported in 

most previous studies (10-68 µg/g). 34-39, 55 Average bone-Pb concentrations vary 

widely among woodcock of similar age, which is undoubtedly due to a variety of 

factors that influence Pb absorption, including diet, gizzard structure, Pb availability, 

Pb source(s), and degree of Pb pellet weathering (when Pb shot is the environmental 

source).58,59 These factors may influence intraspecific variation in Pb absorption and 

account for variation in absorption between sexes and regions.  If enough Pb is 

absorbed before the pellet can be excreted, the gizzard muscle tissue can become 

immotile which allows the pellet to be retained in the gizzard for a longer period of 
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time where Pb can be continuously absorbed (Chapter III).58,60 For species that use grit 

to aid in food digestion, grit type ingested (calcareous vs siliceous) will affect Pb 

bioaccessibility.59 Martinez-Haro et al. (2009) found that simulated gizzards 

containing siliceous grit had a greater bioaccessible fraction as compared to calcareous 

grit, which tends to raise internal pH and limits Pb dissolution, but greater Ca 

availability promotes competitive binding (between Pb and Ca) to occur in the 

intestines.59 While this previous study is relevant for waterfowl that actively consume 

grit to aid in digestion, woodcock do not need grit based on their diet (primarily 

earthworms) and studies focusing on grit use may actually underestimate the 

bioaccessibility of Pb to woodcock. Additionally, greater amounts of food in the 

digestive system will influence Pb bioaccessibility, where greater levels of food will 

increase pH levels in simulated gizzards, which decreases Pb concentrations within the 

gizzard solution.59 Therefore, woodcock in areas with a greater food density may have 

a lower Pb absorption rate. 

Females had slightly greater Pb concentrations in feathers than males, 

indicating that at the time of feather growth, females were absorbing or exposed to 

greater Pb concentrations than males. Although gender differences in feather Pb 

concentrations are not usually found, 32,61,62 Scheuhammer et al. (1999) reported that 

woodcock bone Pb concentrations varied between sexes in adult woodcock,  

suggesting that sex-linked physiology may explain why females accumulated greater 

concentrations than males. However, birds in this study, regardless of sex were all  

~10 months old or younger, and this sex-based difference in feather Pb concentrations 
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may preclude females to be (a) at greater risk of Pb accumulation throughout life if 

they are more prone to assimilate Pb, or (b) be more efficient at depurating Pb into 

feathers, which can be eventually molted, removing the Pb burden altogether.   

It has been well documented that adult female birds mobilize Ca from 

medullary bone and increase dietary uptake of Ca for eggshell production.63,64 

However,  Pb competitively binds to Ca-binding sites,2,65 thus Pb uptake and 

absorption increases as Ca uptake and absorption increases. This process is thought to 

be cyclical where Ca concentrations increase prior to egg formation and subsequently 

decline after females lay their eggs (Chapter I). At specific time points throughout the 

birds’ life, females may be expected to have a greater total body burden of Pb; 

however, other times of the year males may have greater Pb concentrations.  In the 

current study, P2 feathers from females had greater Pb concentrations than males. 

Since P2 feathers are grown in natal locations21,28 and all birds in this study were HY, 

differences in Pb concentrations based on sex imply that there may be additional, yet 

unknown, reasons for females to increase Ca uptake (inadvertently increasing Pb 

uptake) or juvenile females may be exposed to larger amounts of Pb. However, sex-

specific differences in young birds are difficult to explain, as any morphological (i.e., 

females having longer bills) and/or foraging behavior differences (e.g., females being 

able to probe more deeply into soil) in young birds at the time of P2 growth likely 

have not manifested. However, if this pattern is consistent among geographic regions, 

this early-life disadvantage (i.e., greater Pb loads) in females may be relevant for long-
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term issues in adult females, as they may be Pb-disadvantaged at extremely early life 

stages. 

In contrast to feathers, males (18 ± 12 µg/g) had greater bone-Pb 

concentrations than females (13 ± 5.2 µg/g). These concentrations are greater than 

reported in young of the year (YOY; or HY) woodcock by Scheuhammer et al. (1999; 

males = 11 µg/g and females = 12 µg/g), suggesting that Pb is a continuing problem 

for woodcock and that the total body burden may have increased over the last 20 

years.  Although there were no differences in total Pb between males and females, this 

result is not unexpected, and is likely due to age of birds (HY) used in this study.  

No differences were found between Pb concentrations in the radii and the 

ulnas, implying that the bones accumulate Pb at a similar rate. We did not expect a 

difference between bone types as both are continually connected to the blood supply 

and presumably exposed tot the same concentration of Pb throughout the birds’ life. A 

previous study found no differences in Pb concentrations between the radius/ulna, 

femur, and tibia in woodcock over a wide range of Pb concentrations (3 – 311 µg/g;  

n = 16).66 Either et al. (2007) examined the radius and ulna together as one sample and 

the arithmetic mean bone-Pb concentration was 38 µg/g (n = 16), comparable to what 

was found in this study (35 µg/g, n = 79 wings). Woodcock used in this study are 

young and have not been alive long enough to accumulate large concentrations of Pb, 

however concentrations up to 550 µg/g were found. Typically, Pb concentrations in 

bones increase over time as Pb has a long half-life in bone. Excessively high Pb 

concentrations (>100 µg/g) were found in < 1% of the bones analyzed, suggesting that 
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these specific individuals were  exposed to greater concentrations of Pb and perhaps 

would have succumbed to Pb related illnesses if they had survived the hunting season. 

Differences in Pb concentrations among management region and country were 

examined, but few patterns emerged. For example, similarity in bone Pb 

concentrations among harvest states was expected since bones accumulate Pb over the 

lifetime of the individual which was relatively short in this study. Similarly, as 

woodcock are migratory and likely only spent a relatively short amount of time in the 

areas in which they were harvested, bone Pb accumulation is unlikely. As such, bone 

Pb accumulation in this study is most likely from their natal origins, and to a lesser 

degree their migration routes, and wintering grounds. Collectively, it is plausible that 

that woodcock are being exposed to relevant concentrations of Pb across their entire 

range. Likewise, a previous study on two species of vultures determined that chronic 

Pb exposure was widespread across their entire geographic range (from Quebec to 

Florida).67 While exposure routes are different between vultures and woodcock, there 

is clear evidence that there are risks of anthropogenic exposure to Pb throughout 

eastern North America.67  

Antimony concentrations in feathers and bones did not vary between sexes, 

feather type, nor management region, presumably due to the comparatively lower Sb 

concentrations present in Pb shot. For example, Sb is present in Pb shot pellets in 

concentrations ranging from 0.5 – 6.5%.48,68, where exposure to a single Pb pellet 

could expose a bird to 5.2 mg of Sb (assuming average pellet mass of 80 mg and Sb as 

6.5%), compared to 74.8 mg of Pb for a single Pb pellet of the same mass.  Similar to 
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Pb, Sb will bind to the deprotonated thiol compounds (primarily cysteine) present in 

feathers.49,69 Since cysteine contains only one thiol group, antimony in the 3+ state 

will bind to three cysteine groups within the feather,69 while Pb, typically in the Pb2+ 

state biologically, will bind to two cysteine groups.  Although feathers will bind a 

comparatively lower amount of Sb than Pb, feathers can be presumed to be a good 

tissue to use for the determination of Sb due to the high cysteine content.   

When increased Pb concentrations were found in woodcock feathers, Sb 

concentrations were typically increased as well. For high concentrations of both 

metals to accumulate in such a short timeframe (~10 days) the metals are likely 

originating from the same source. An important factor here is woodcock molt 

chronology. Since woodcock molt primary feathers sequentially, a single feather is 

accumulating and concentrating Pb and Sb from the bloodstream based on what the 

bird has consumed, and that individual feather reflects those conditions during growth. 

Other species, waterfowl for example, grow all primary feathers synchronously, where 

they are partitioning metal burden among growing feathers, which may partition both 

Pb and Sb concentrations among multiple feathers simultaneously. Additionally, Sb is 

typically found in the kidney, liver, and thyroid and a large portion of trivalent Sb is 

incorporated into the red blood cells while pentavalent Sb is found in plasma.70 By 

studying the distribution of Sb in avian systems, a more clear identification of the best 

tissue to use for the comparison of Pb and Sb can be made. The relationship between 

Pb and Sb has not been reported previously and further research with other species and 

other tissues would provide more information on the feasibility of using Sb as a 
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marker of Pb shot exposure in biological tissues.  Future efforts should consider 

further refining this Sb-feather relationship as related to Pb source determination, and 

be conscious of feather molt chronology for the focal species of interest. 

Unlike feathers, bones are not rich in thiol compounds and bones are not a 

primary binding site for Sb. It is likely that the competitive binding mechanism of Pb 

in bones is different than the binding mechanism of Sb, making Sb less prevalent and 

not as likely to deposit as readily in bones as in feathers. While Sb binding to bone is 

less likely, identifying Sb in bones indicates that Sb will be incorporated into bone, 

perhaps when feather growth is minimal (presumably Sb would prefer to bind to 

feathers over bones) or if Sb concentrations are extremely high. Similar to the feathers, 

Sb concentrations tended to correlate with Pb concentrations, and bone may be a 

secondary technique (compared to feathers) for use as a Pb shot tracer in avian bones, 

especially for long-lived species, or those that have survived at least one annual cycle. 

In such instances, Sb could be used as a tracer for Pb shot exposure throughout the 

lifetime of that bird, although more precise identification of the temporal window of 

exposure would be less clear than in the current study.  

Lead Isotope Ratios 

The average 206:207Pb isotope ratio for woodcock feathers and bones was 

similar for both elevated (> 4 µg/g) and background (< 4 µg/g) wings, suggesting that 

the major environmental source of Pb exposure for both groups was indeed Pb shot 

(1.18 - 1.2314,15,71–73; Table 4.1). When analyzing the 206:207Pb isotope ratios compared 

to the respective Pb concentration in both feathers and bones, no clear pattern was 
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distinguished indicating that Pb exposure was relatively ubiquitous, but not greater in 

those birds that appeared to be absorbing Pb from spent Pb shot (Figure 4.2). Although 

differences were found in Pb concentrations between the P2 and S14 feathers, no 

difference was found between P2 and S14 Pb isotope ratios. This may suggest that 

birds are being exposed to Pb shot in both areas (natal and migratory); however, 

absorption is not as high while the birds are migratory. The difference in accumulated 

concentrations could be due to biological differences based on age. As the birds get 

older, the percent of Pb that is accumulated typically decreases;1 thus, the P2 feathers 

may be expected to absorb high concentrations of Pb (compared to S14 feathers) as 

they are grown earlier in life.  

Approximately half of the feathers with elevated Pb had 206:207Pb ratios within 

the average Pb shot isotopic range (1.18 – 1.23; Table 4.1) suggesting the elevated Pb 

in these feathers was caused by exposure to Pb shot. The samples with high isotopic 

ratios (> 1.23) were most likely exposed to elevated Pb concentrations near mining or 

melting/smelting sites.36 A previous study on red grouse (Lagopus lagopus scoticus) 

determined that birds with high Pb concentrations were most likely exposed to Pb shot 

and regional galena mining.74 Another study on Pb isotope ratios in waterfowl 

determined that Pb shot was the primary source of Pb, showing that Precambrian ore 

in eastern Canada had Pb isotope ratios much lower than Pb shot.42  Additionally, 

Scheuhammer et al. (2003) determined that Pb isotope ratios in YOY woodcock were 

too different from Precambrian ores to have originated from mining sites in Canada, 

where the birds in that study were exposed to Pb shot.  
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Of the feathers that had background (low) Pb concentrations (< 4 µg/g), 45% 

also had isotopic ratios that match Pb shot. Although multiple wings had only a single 

feather with elevated Pb, the feather with background Pb was also found to match Pb 

shot. This suggests that these birds were exposed to Pb shot in both their natal origins 

(represented by the P2 feather) and their migratory routes (represented by the S14 

feathers), but absorption was not great enough in one location to cause elevated Pb in 

either feather. This trend was typically observed with the P2 feathers having elevated 

Pb and the S14 feathers having background concentrations. The age of these birds may 

play an important role in the absorption of Pb in their natal origins compared to their 

migratory routes, as discussed previously.    

Scheuhammer et al. (2003) found a dramatic change in isotope ratios between 

bones with high Pb accumulation (> 20 µg/g) and background Pb concentrations, with 

the elevated bones typically having a lower isotope ratio, indicating that those with 

greater Pb concentrations were exposed toPb shot. The pattern identified by 

Scheuhammer et al. (2003)  may not be the case for our data set (Figure 4.2 and 4.3) as 

it is inclusive of samples from woodcock’s entire geographic range, whereas 

Scheuhammer et al. (2003) focused on birds harvested in Ontario, Quebec, New 

Brunswick, and Nova Scotia. However, in this study, average Pb isotope ratios for 

both regions (Central and Eastern) fall within the range for Pb shot, indicating that Pb 

shot exposure to woodcock is widespread throughout its geographic range.  

Nearly 2/3 of bones with elevated Pb had 206:207Pb ratios within the average Pb 

shot isotopic range, suggesting the elevated Pb in these bones was from Pb shot 
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exposure. The remaining 34% had isotopic ratios lower than that of Pb shot, 

suggesting a greater exposure to leaded-gasoline or mining/smelting activities. Lead 

isotope ratios have been heavily researched in avian bones,15,42,52,67,74 all of which 

report Pb shot as a primary source of elevated Pb. With the overlapping of 206:207Pb 

isotopic ratios at 1.18, including leaded-gasoline, Pb arsenates, and roadside dust 

(Table 4.1), definitive source determination is difficult when using isotope ratios 

alone. Like feathers, ~50% of the bones with background Pb concentrations  

(< 20 µg/g) also had 206:207Pb isotopic ratios within the Pb shot isotopic range, 

suggesting that these birds were still exposed to Pb shot. The pellet may not have 

remained in their system long enough to increase the total body burden of Pb or other 

nutritional factors could have prevented Pb absorption (i.e. greater food intake or high 

Ca diets).  

Even with the use of a second Pb isotope ratio (208:207Pb), no clear separation 

was found between bones or feathers with elevated Pb concentrations (Figure 4.3). 

This may suggest that the Pb is originating from more than one anthropogenic source. 

Jin et al. (2015) states that a straight line (between 206:207Pb and 208:207Pb) shows a 

binary mixing system in soils where there are only two Pb sources, one anthropogenic 

and one natural.  Scheuhammer et al. (2003) had found a clear separation between the 

bones with high Pb and low Pb; the bones with high Pb typically had lower 206:207 

and 208:207 isotope ratios. There was clustering around the Pb shot isotope range 

(206:207 = 1.18 - 1.23; 208:207 = 2.40 - 2.44; Figure 4.3); however, no clear 

separation is apparent for bone or feather isotope ratios with elevated and background 
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Pb. Lead shot was estimated to be the primary source of Pb in ~50% of juvenile 

woodcock, using Pb isotope ratios as the source determination method. With the large 

variation in isotopic ratios and the overlapping isotope ratios from prospective 

sources, a second method was used to confirm Pb shot exposure as the primary Pb 

source in woodcock.  

The use of Antimony (Sb) as a Signature of Pb Shot Exposure 

Potential environmental sources of Pb and Sb include Pb batteries, Pb paint, e-

waste sites, mining/smelting activities, and roadside dust (Table 4.5). Lead battery 

production and recycling can be an environmental source of both Pb and Sb. There 

have been reductions in the use of Pb and Sb in batteries and a greater frequency in the 

use of Pb/Sb in new batteries is recycled and used again,75 making isotopic signature 

identification more challenging. However, the low bioaccessibility of Pb from soils 

(Table 4.5) reduced the likelihood that elevated Pb concentrations in woodcock would 

be from batteries. Lead paint deteriorating in the environment can release high 

concentrations of both Pb and Sb, although bioavailability of Sb from Pb-based paint 

is low (Table 4.5).76 Additionally, Pb-based paint isotope ratios are different than 

average isotopes found for Pb shot (1.12).67,72,73 E-waste sites have only recently been 

studied for heavy metal concentrations. Many of these studies are focused in China77,78 

with high concentrations of Pb and Sb in the surrounding environment. However, 

there are few e-waste sites in the US, and the majority of them are on the west coast. 

Based on the proximity of these sites to both the natal origins and wintering sites of 

American woodcock, this source can be ruled out as a contributing source of Pb or Sb. 
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Mining and smelting sites can also be a large source of Pb and Sb within the 

surrounding environment. Flynn et al. (2003) found that in spite of the large Sb 

contamination, Sb is not considered a severe risk to the environment or human health 

(as long as the Sb species remains immobile). Based on the bioavailability of Sb from 

mining soils (Table 4.5), Sb concentrations > 0.5 µg/g found within woodcock 

feathers and bones would not have come from mining soils. Finally, roadside dust is a 

potential source of Pb and Sb in woodcock, but Sb concentrations in roadside dust are 

not high enough to be a substantial source of Sb in woodcock and only 8.5% of total 

Sb is dissolved in calf serum (representing biological uptake of Sb).79,80 Therefore, 

biological uptake of Sb in woodcock is expected to be minimal from roadside dust, 

and isotope ratios of Pb in roadside dust are typically similar leaded-gasoline.79,81 

Since the Sb concentrations in roadside dust are relatively low and has low 

bioavailability, roadside dust can be eliminated as the major source of elevated Sb in 

woodcock. By ruling out other environmental sources of Sb that woodcock could be 

exposed to, the only likely source of Sb in woodcock is Pb shot.  

Few studies have determined Sb concentrations in avian feathers and bones, 

where concentrations ranged from 0.01 to 1.0 µg/g for all published studies.25,29,82–89 

Damron and Wilson (1975) looked for effects of Pb in combination with Sb and found 

no significant effects on body mass or mortality from feeding Northern bobwhite up to 

2,000 µg/g Pb with 3 or 6% Sb. Pain et al. (1992) found pochard (Aythya ferina) and 

godwit (Limosa limosa) liver Sb concentrations as high as 32.2 µg/g (dry weight). It is 

unclear what tissue Pain et al. (1992) used to examine Pb and Sb correlations, 
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however, only liver Sb concentrations are reported. Due to the shorter half-life of Pb 

in soft tissues, the liver may not be useful in examining a correlation between Pb and 

Sb.    

A positive correlation was found between Pb and Sb concentrations in both 

feathers and bones. For such a relationship to exist, specifically in the feathers, the Pb 

and Sb is expected to have originated from the same source because of the timeframe 

in which accumulation would have occurred. Focusing on the samples with elevated 

Pb, 36% of bones and 58% of feathers also had elevated Sb concentrations (Table 4.4). 

Since Pb shot is the most likely source of elevated Pb and Sb, these samples were 

determined to have been exposed to Pb shot. By comparing the Pb isotope ratios and 

Sb concentrations found within American woodcock bones and feathers, a compelling 

argument can be made to show exposure to Pb shot specifically. For both bones and 

feathers, a clear separation between samples can be observed when comparing Pb 

isotope ratios to Sb concentrations. Based on previous studies of Sb in birds, the 

threshold level of Sb was set at 0.5 µg/g, although with some overlap at the 0.5 µg/g 

Sb line (Figure 4.5) indicating some mixing of Pb sources.  The combination of Pb 

isotope ratios and the presence/absence of Sb is an improved method to determine 

exposure to Pb shot. No previous studies have determined a biological relationship 

between Pb and Sb. Nearly half of the juvenile woodcock wings analyzed for Pb and 

Sb had both elevated Pb and Sb and were exposed to Pb shot. This is a significant 

portion of these birds to have been exposed to Pb shot, especially when considering 

the age of these birds. 
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TABLES AND FIGURES 

Table 4.1: Average Pb isotope ratios for various environmental sources. 

Source 
Average 206:207Pb 

Isotope Ratio 

Average 208:207Pb 

Isotope Ratio 

Reference 

Leaded Gasoline 
1.115 – 1.160 (US) 

1.186 – 1.201 (US) 

1.13 – 1.16 (Canada) 

 

Chow and Johnstone 1965; 

Sturges and Barrie 1987; 

Flegal et al. 1989; 

Scheuhammer et al. 2003 

Pb Shot 
1.18 ± 0.05 (1.07 – 1.27) 

1.18 – 1.23 
 

Scheuhammer et al. 1998, 2003; 

Church et al. 2006; 

Finkelstein 2012, 2014 

Pb Batteries 1.145 – 1.157 2.432 – 2.441 Walraven 2015 

Pb-arsenate 1.18026 2.46083 Ayuso et al. 2004 

Mining/Smelting 1.330 (Doe Run/ MO) 

1.282 (KS, OK,, MO) 

1.213 (Palmerton, PA) 

1.099 (Franklin NJ) 

1.092 (Balmat NY) 

0.916 (Ontario Canada) 

 

Komárek, et al. 2008; 

Vermillion et al. 2005; 

Brown 1962 

Roadside Dust Contribution from Pb 

additives in gasoline 

(1.184) 

 

Sutherland et al. 2003 

Pb Paint 1.12  Finkelstein et al. 2012 
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Figure 4.1: American woodcock harvest locations. 
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Table 4.2: Summary of Pb concentrations (µg/g, dw) including arithmetic mean and standard deviation (SD), geometric mean and standard error (SE), and the 

median in feathers (P2 and S14) and bones (ulna and radius). The arithmetic mean and standard deviation for 206:207Pb, and 208:207Pb are also included.  

 Type Sex 

Sample 

Size 

Arithmetic 

ADL Mean 

Pb (SD) µg/g 

d.w. 

Geometric 

ADL Mean 

Pb (SE) µg/g 

d.w.  

Median 

Pb µg/g 

d.w.  

Mean 206:207 

(SD) Isotope 

Ratio 

Mean 208:207 

(SD) Isotope 

Ratio 

% with 

Higha 

Pb  

% with 

Elevatedb Pb 

Feathers P2 M 153 6.6 (27) 2.0 (2.2) 1.4 1.22 (0.03) 2.48 (0.06) 41.8 16.3 

F 132 16 (57) 2.6 (5.0) 1.5 1.22 (0.02) 2.47 (0.14) 43.2 28.0 

S14 M 166 2.5 (2.9) 1.6 (0.2) 1.5 1.22 (0.04) 2.47 (0.06) 32.5 15.1 

F 136 3.2 (8.4) 1.6 (0.7) 1.2 1.22 (0.04) 2.47 (0.08) 33.8 16.2 

All M 319 4.4 (19) 1.8 (1.1) 1.4 1.22 (0.03) 2.47 (0.06) 37.0 15.7 

F 268 9.6 (41) 2.0 (2.5) 1.4 1.22 (0.04) 2.47 (0.08) 38.4 22.0 

P2 285 11 (44) 2.2 (2.6) 1.5 1.22 (0.03) 2.47 (0.10) 42.4 21.8 

S14 302 2.8 (6.0) 1.6 (1.6) 1.4 1.22 (0.04) 2.47 (0.07) 33.1 15.6 

TOTAL 587 6.7 (31) 1.9 (1.9) 1.4 1.22 (0.03) 2.47 (0.11) 37.6 18.6 

Bones Radius M 38 67 (137) 21 (22) 14 1.18 (0.02) 2.49 (0.08) 65.8 42.1 

F 41 22 (25) 14 (3.9) 14 1.18 (0.01) 2.48 (0.03) 68.3 31.7 

Ulna M 38 27 (46) 15 (7.5) 13 1.18 (0.02) 2.49 (0.10) 63.2 36.8 

F 41 26 (62) 12 (9.7) 12 1.18 (0.02) 2.47 (0.06) 65.8 24.4 

All M 76 47 (103) 18 (12) 14 1.18 (0.02) 2.49 (0.09) 64.5 39.5 

F 82 24 (47) 13 (5.2) 13 1.18 (0.02) 2.48 (0.05) 64.6 28.0 

R 79 44 (98) 17 (11) 14 1.18 (0.02) 2.48 (0.06) 67.1 36.7 

U 79 27 (55) 13 (6.2) 12 1.18 (0.02) 2.48 (0.08) 62.0 30.4 

TOTAL 158 35 (80) 15 (6.4) 13 1.18 (0.02) 2.48 (0.07) 64.6 33.5 
aHigh Pb: ≥  2 µg/g for feathers; ≥ 10 µg/g for bones 
bElevated Pb: ≥  4 µg/g for feathers; ≥ 20 µg/g for bones
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Figure 4.2: Bone (a) and feather (b) 206:207Pb isotope ratios plotted versus the Pb 

concentration (µg/g). Red represents the radius, black represents the ulna, blue represents 

P2 feathers and purple represents S14 feathers. No clear pattern emerges for either tissue.  

 

  

a 

b 
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Figure 4.3: The bone (a) and feather (b) 208:207Pb and 206:207Pb ratios for all woodcock 

wings with Pb concentrations above the detection limit, red represents the radius, black 

resents the ulna, blue represents P2 feathers, and purple represents S14 feathers.  

  

a 

b 
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Table 4.3: Summary of Sb concentrations (µg/g) including arithmetic mean and standard 

deviation (SD), geometric mean and standard error (SE) in feathers (P2 and S14) and bones 

(ulna and radius) of juvenile American woodcock.  

 

 Type Sex 

Sample 

Size 

Arithmetic 

ADL Mean 

Sb (SD) 

µg/g d.w. 

Geometric 

ADL Mean 

Sb (SE) 

µg/g d.w. 

% with     

Elevated 

Pba & 

Sbb 

Feathers P2 M 21 2.3 (5.3) 1.2 (1.2) 85.7 

F 19 5.3 (10) 2.0 (2.3) 94.7 

S14 M 20 1.9 (2.2) 1.3 (0.5) 75.0 

F 24 1.2 (0.7) 1.1 (0.1) 54.2 

All M 41 2.1 (4.1) 1.2 (0.6) 80.5 

F 43 3.1 (7.0) 1.4 (1.1) 72.1 

P2 41 3.7 (8.0) 1.5 (1.2) 48.8 

S14 44 1.5 ( 1.6) 1.2 (0.2) 63.6 

TOTAL 84 2.6 (5.7) 1.3 (0.6) 76.2 

Bones Radius M 6 5.0 (4.1) 3.4 (1.7) 100 

F 5 1.2 (0.5) 1.1 (0.2) 80.0 

Ulna M 4 1.5 (1.2) 1.2 (0.6) 75.0 

F 5 2.6 (3.4) 1.5 (1.5) 60.0 

All 

M 10 3.6 (3.6) 2.2 (1.1) 90.0 

F 10 1.9 (2.4) 1.3 (0.8) 70.0 

R 11 3.2 (3.5) 2.0 (1.1) 90.9 

U 9 2.1 (2.6) 1.3 (0.9) 67.0 

TOTAL 20 2.7 (3.1) 1.7 (1.7) 80.0 
aElevated Pb: ≥ 4 µg/g dw for feathers; ≥ 20 µg/g dw for bones 
bElevated Sb: ≥ 0.5 µg/g dw
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Figure 4.4: a) Linear relationship between bone Pb (µg/g) and bone Sb (µg/g), black 

represents the radius (y = 0.015x – 0.19; r2 = 0.78), red represents the ulna 

(y = 0.018x – 0.21; r2 = 0.86); b) Linear relationship between feather Pb (µg/g) and 

feather Sb (µg/g), blue represents P2 feathers (y = 0.054x + 0.038; r2 = 0.53), purple 

represents S14 feathers (y = 0.035x + 0.50; r2 = 0.071). All concentrations are reported 

as logarithmic.  

  

a 
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Table 4.4. Summary of samples with Sb concentrations in woodcock feathers and 

bones. Low Pb is < 20 µg/g for bones and < 4 µg/g for feathers. Low Sb is < DL for 

both sample types. High Pb is > 20 µg/g for bones and > 4 µg/g for feathers. High Sb is 

> 0.5 µg/g for both sample types. 

 
 Total Samples 

analyzed for 

Pb & Sb 

Total samples  

with elevated Pb 

Low Pb & 

low Sb 

Low Pb & 

high Sb 

High Pb & 

low Sb 

High Pb & 

high Sb 

Bones 158 53 101 4 37 16 

Radius 79  49 1 19 10 

Ulna 79  52 3 18 6 

Feathers 316 109 192 20 40 64 

P2 173  108 4 25 36 

S14 143  84 16 15 28 
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Figure 4.5: Normalized (a) bone and (b) feather Sb concentrations versus normalized 

isotope ratios. Quadrant I samples have isotope ratios and Sb concentrations that match 

Pb shot; quadrant II samples have only Sb concentrations that match Pb shot; quadrant 

III samples do not match Pb shot for either parameter; and quadrant IV samples have 

only isotope ratios that match Pb shot. 

a 

b 
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Table 4.5. Concentrations of Pb and Sb in various sources of environmental Pb and their respective bioaccessibilities. Concentrations 

are reported as averages found in the soils surrounding contaminated sites and a range of averages if multiple study sites were 

involved. Bioaccessibilities are based on avian physiologically based extraction tests (PBET). If the avian PBET model was 

unavailable, a mammalian model was used. 

 

Source Soil [Pb] (µg/g) 

Pb Bioaccessibility 

(average %) 

Soil [Sb] 

(µg/g) 

Sb Bioaccessibility 

(average %) Reference 

Pb Batteries 2000 4.4 n.r. n.r. Jin et al. 2015 

      

Pb Paint 
250 – 26,000* 

55.5 
Typically < 1* 1000 – 3000* 0.56* 

Turner et al. 2016 

Takaoka et al. 2006 

      
E-waste 126 – 297  n.r. 14 – 24  n.r. Ngoc Ha et al. 2009 

      

Mining 

Activities 

n.r. 

12.49 – 54.48 

21 - 7000 

n.r. 

n.r. 

1 – 27; typically < 1 

3061 

11.89 – 709.84 

n.r. 

2.40 intestinal 

2.5; typically < 1 

n.r. 

Li et al. 2014 

Flynn et al. 2003 

Furman et al. 2006 

      
Roadside Dust 97 n.r. 270 8.5 Uexku et al. 2005 

      
Pb Shot 10,000 53 n.r. n.r. Kaufman et al. 2007 

*Pb paint concentrations and bioaccessibilities are based on direct analysis of the paint (not exposure to soil), concentration ranges are 

medians based on the different structural categories measured. 

n.r. = not reported 
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CHAPTER V 

Geospatial Analysis of Lead and Antimony 

throughout the American Woodcock Range 

 

ABSTRACT 

Lead concentration studies in American woodcock (Scolopax minor) have 

primarily focused on the northern portion of their range (Canada, Wisconsin, 

Minnesota, and Connecticut). These studies have shown that woodcock have elevated 

tissue-Pb concentrations This study expands upon the work of Sullins et al. (2016) 

who examined woodcock migratory connectivity using hydrogen isoscapes to estimate 

woodcock natal and early fall origins. Heavy metal concentrations were quantified in 

bone, P2 and S14 feathers from the same wings used by Sullins et al. (2016) and 

compared back to harvest locations and estimated natal and early fall origins. Areas 

containing woodcock with elevated tissue-Pb concentrations were compared to areas 

containing elevated tissue-Sb concentrations to identify regions of concern with regard 

to Pb shot exposure. Given that juvenile woodcock tissue-Pb concentrations are 

elevated and exposure is likely due to Pb shot, further regulation on Pb shot use may 

improve conservation efforts for American woodcock. Focus should be on the 

Midwest/Great Lakes region, as this area was found to have a large number of 

woodcock with elevated Pb. These comparisons have provided insight into the 

management of American woodcock and geographical areas where Pb exposure is of 
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concern. To our knowledge, this is the first study to look at Pb and Sb concentrations 

in American woodcock over their entire geographic range. 
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INTRODUCTION 

American woodcock (Scolopax minor) are webless migratory gamebirds that 

reside from southeastern Canada through southeastern United States and populations 

have been declining since the late 1960s.1 Woodcock are an important migratory 

gamebird throughout its range. Current regulations allow Pb shot for woodcock 

hunting throughout most of its geographic range, and Pb exposure studies have been 

foci of woodcock conservation and research for > 20 years.  Lead is a toxic heavy 

metal with no biological function2 and is released into the environment through 

industrial, mining, and hunting activities.3 Lead exposure and toxicity in birds, 

specifically due to Pb shot, has been identified as an environmental since the early 

1900s,4 and remains a current conservation concern in the U.S. and elsewhere. Greater 

than 120 avian species have been reported as being exposed to Pb shot through either 

primary or secondary ingestion.5 The vast majority of these studies focus on 

waterfowl, birds of prey, or gamebirds,5 but more recent work has expanded to include 

mammalian scavengers, humans who consume game meat, and big game species that 

are wounded, but not lethally, from Pb bullets. Although there is substantial evidence 

regarding the negative health impacts from Pb pellets to wildlife and birds, Pb shot is 

still legal for hunting upland gamebirds, and webless migratory gamebirds, and only 

banned for waterfowl hunting in the United States.6 Environmental deposition of Pb 

shot is still substantial, where xyz metric tons of Pb shot are estimated to be deposited 

annually from hunting of mourning doves (Zenaida macroura) alone.7 Although 

woodcock have a wide geographic range, Pb concentration studies have been 



Texas Tech University, Amanda D. French, December 2017 

139 

 

primarily focused in northern portions of its range (Canada,8,9 Wisconsin,10,11 and 

Connecticut12), but estimates of Pb exposure and Pb sources throughout its geographic 

range are lacking. 

Past studies of woodcock movements and connectivity have used band 

recovery and molecular data (cites here), which have been useful for conservation and 

management purposes, and developing hypotheses regarding woodcock movement 

and distribution throughout eastern North America.  However, Sullins et al. (2016) 

used stable-hydrogen (deuterium) isotope ratio (δ2H) in juvenile woodcock 

(< 10 months old) feathers to use more sophisticated techniques to develop predictions 

of woodcock migratory connectivity and natal origins using wings and feathers 

retrieved from U.S. and Canadian Parts Collection Surveys. Since P1 (first primary) 

feathers are grown in the natal origins13 then the δ2H in the P1 would reflect δ2H in 

their natal origins, and δ2H in the thirteenth secondary (S13) would reflect early fall 

origins, during migration.   

Given this relationship between feather growth and geographic origins in 

woodcock throughout their geographic range using stable isotope analyses, Pb 

concentrations can also be linked back to natal origins and migratory routes similarly, 

particularly when using known-origin wings and feathers.  During growth, feathers are 

connected to the blood supply and not only reflect deuterium signatures,14 but they 

also accumulate heavy metals, and other potential contaminants from blood.15 Both 

approaches are possible, as once feathers complete growth, they are fixed tissues and 

no longer accumulate metals.16 For woodcock, flight feathers grow quickly, and 
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provide a spatiotemporal snapshot of heavy metal exposure, where the second primary 

(P2) feather is grown in natal origins13 and can be compared to the P1 δ2H  

(analyzed by Sullins et al. (2016)) to provide Pb exposure based on the probability 

natal origin location. Similarly, the fourteenth secondary (S14) feather is grown during 

migration13 and can be compared to S13 δ2H to provide information on Pb exposure 

based on early fall migrations. Combined, these approaches can provide information 

regarding the identification of regions that have an elevated probability of risk of Pb 

exposure.  

Although feather Pb concentrations, particularly when linked with geographic 

estimates of origins, are valuable for developing more holistic estimates of Pb risk 

throughout the geographic range of woodcock, feathers do not reflect lifetime 

accumulation of Pb and can be viewed as a source of Pb depuration. In contrast, bone 

Pb levels are widely used to estimate lifetime accumulation in birds,9,17–21 which are 

particularly germane for long-lived species. Past work has provided reliable estimates 

of American woodcock bone Pb concentrations, which have comparatively high Pb 

burdens8–10,22,12 compared to longer-lived species, such as Egyptian vultures 

(Neophron percnopterus)23 and California condors24. Bones represent lifetime Pb 

accumulations and may correlate with woodcock harvest locations or natal origins 

depending on where Pb exposure was the greatest, and bird age.  

Regardless of bird species, dietary Ca availability is an important factor of Pb 

absorption. Diets low in Ca have been shown to increase Pb absorption25,20 because Pb 

has a high affinity for Ca binding sites.8,26–28 When dietary Ca is low, the body 
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automatically tries to increase Ca absorption by synthesizing calcium binding protein 

(CaBP) in the intestines or through mobilizing Ca from medullary bone.28,29 Typically 

this would help increase Ca absorption, however Pb can competitively bind to CaBP 

and inadvertently increase Pb absorption.20,30,31 Due to the similarities in binding 

mechanisms, Pb can replace Ca in bones, and if Ca is mobilized from bones, Pb can 

also be recirculated and distributed at a later time.  This Ca-Pb relationship is 

particularly germane for woodcock, as soil ingestion is an important potential 

exposure pathway for both Ca and Pb since woodcock feed by probing soil for 

earthworms. Soil Pb concentrations have been inversely correlated with concentrations 

found in earthworms,9 thus as Pb accumulation increased in earthworms, 

concentrations of Ca, Zn and P declined.32 Due to the inverse relationship between Pb 

and Ca, areas with decreased soil Ca concentrations may have greater woodcock tissue 

Pb concentrations.  Similar to probability based models of origins based upon feather 

deuterium signatures, those spatially explicit models can be overlaid onto geographic 

areas and regions of increased Pb accumulation and related to locations with low soil-

Ca (low Ca availability).  

 The purpose of this study is to determine any spatially explicit correlations in 

woodcock feather and bone Pb and Sb concentrations, as Sb concentrations have been 

useful to identify Pb shot exposure (Chapters III & IV). This study expands upon the 

work of Sullins et al. (2016) who examined woodcock migratory connectivity using 

hydrogen isoscapes to estimate woodcock natal and early fall origins. Heavy metal 

concentrations were quantified in bone, P2 and S14 feathers and compared back to 
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harvest locations and estimated natal and early fall origins. Areas containing 

woodcock with elevated tissue-Pb concentrations were compared to areas containing 

elevated tissue-Sb concentrations to identify areas of concern with regard to Pb 

exposure. Additionally, United States Geological Survey (USGS) soil data were 

obtained to determine if an inverse relationship exists between soil-Ca concentrations 

(i.e. Ca availability) from harvest and estimated natal origin and early fall locations to 

woodcock tissue-Pb (P2, S14, and bone) concentrations. These comparisons will 

provide insight into the management of American woodcock and geographical areas 

where Pb exposure is of concern. To our knowledge, this is the first study to look at Pb 

and Sb concentrations in American woodcock over their entire geographic range.  

METHODS 

Woodcock Wing Collection 

This study encompassed the entire geographic range of American woodcock 

(Figure 5.1). American woodcock wings were collected from the U.S. Fish and 

Wildlife Service’s Parts Collection Survey (USFWS-WCS), the Canadian Wildlife 

Services Parts Collection Survey (CWS-PCS), and directly from hunters in Texas and 

Louisiana who donated wings from winter 2010 - 2011 and 2011 - 2012. Only hatch 

year (HY) woodcock wings were used for this study (n = 363 wings). First primary 

(P1) and thirteenth secondary (S13) feathers were removed for deuterium isotope 

analysis2,20, but the second primary (P2) and fourteenth secondary (S14) feathers 

(n = 656) were used in this study.  The P2 and S14 feathers, and a subset of bones 

(radii and ulnae; n = 158) were dissected for heavy metal analysis. Since feathers 
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represent metal concentrations at the time of growth, P2 feathers represent Pb 

exposure in natal origins, while S14 feathers represent Pb exposure during fall 

migration.18,27 All wings had an associated harvest location that was estimated at a 

county level based upon the hunter-provided information from the parts collection 

data.  

Deuterium Isotope Analysis 

The same set of woodcock wings were previously used to estimate migratory 

connectivity of woodcock, using deuterium (δ2H) isotope analyses by Sulllins et al. 

(2016).  This research used probability based models of geographic origins and 

connectivity using the first primary (P1) and thirteenth secondary (S13) feathers from 

the wings used in this study. Sullins et al. (2016) used known deuterium isoscapes to 

build these predictive models using P1 and P13 feathers (Figure 5.2), as they reflect 

natal (P1) and migration corridors (S13).33,14 

Metals Analysis in Feathers and Bones 

Feathers were washed three times with a 1% acetone solution, alternating with 

milli-Q water to remove any external contamination and then dried at 40°C for three 

hours to a constant mass. Acids and hydrogen peroxide (H2O2) were from Fisher 

Scientific (Pittsburgh, PA, USA). Centrifuge tubes were from Sigma-Aldrich (St. 

Louis, MO, USA) and Fisher Scientific (Hampton, NH, USA). Samples were digested 

according to the S.M.A.R.T. (small mass, affordable, rapid, transfer-less) digestion 

method for heavy metal determinations.34 Whole feather samples were placed into a 

15 mL centrifuge tube and digested with concentrated nitric acid (HNO3) and 
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hydrochloric acid (HCl) in a hot water bath at 80°C (± 5°C) for one hour, followed by 

an addition of 30% H2O2 and heating for an additional 30 minutes. Samples were then 

diluted to 10 mL.  

Bones were dissected using a ceramic blade (Slice utility knife, San Jose, 

California, USA) and were soaked in a 1% acetone solution and rinsed with milli-Q 

water to remove extraneous tissue and dried at 100°C overnight. The radius and ulna 

were digested and analyzed separately. Due to the difference in mass between the two 

bones (mean radius = 0.0978 +/- 0.018 g; mean ulna = 0.293 +/- 0.078 g), the radius 

and ulna were digested using different volumes of acid (at the same ratio). For the 

ulna, 0.3 mL of HCl and 0.3 mL of milli-Q water were added to the bone sample in a 

50 mL centrifuge tube. Then 0.6 mL of HNO3 was added and the samples were placed 

in a water bath for an hour, followed by the addition of 0.3 mL of 30% H2O2 and re-

heating. Ulna samples were then diluted to 30 mL. For the radius, 0.2 mL of HCl and 

0.2 mL of milli-Q water were added to the bone sample in a 50 mL centrifuge tube. 

Then 0.4 mL of HNO3 was added and the samples were placed in a water bath for an 

hour, followed by the addition of 0.2 mL of 30% H2O2 and re-heating. Radius samples 

were then diluted to 20 mL.  

Total Pb and Sb concentrations in all bone and feather samples were 

determined using an Agilent 7500c ICP-MS equipped with an ASX-500 auto sampler 

(Agilent, Santa Clara, CA). The lower limit of detection for Pb and Sb was 0.05 ng/g. 

The quantitation limit for Pb and Sb was 0.5 ng/g. Quality assurance samples included 

method blanks, duplicate samples, certified SRMs, and matrix spikes (chicken feathers 
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spiked with a multi-element standard). Quality assurance samples were included every 

10 samples analyzed. The SRMs used included DOLT-5 (dogfish liver; NRCC, 

Ottawa, Ontario) and SRM 2976 (mussel tissue; NIST, Gaithersburg, MD). 

The overall accuracy of analysis for total Pb and Sb, as measured by percent 

recovery of Pb and Sb from spiked samples was 90% (n = 58) and 98% (n = 12), 

respectively. Duplicate samples were analyzed to ensure data reproducibility from the 

beginning of an analysis to the end within a day, and among the multiple days 

analyses were performed. The reproducibility of all duplicate samples analyzed for Pb 

and Sb concentrations was 11% (n = 58) for Pb and 15% for Sb (n = 12). Two 

standard reference materials (SRMs) were analyzed to ensure acceptable recovery of 

total Pb (105 %recovery, 4.2 %RSD) and Sb (71 %recovery, 20 %RSD). Antimony 

concentrations in the DOLT-5 SRM were at the detection limit and Sb was considered 

a ‘reference value’ not a certified concentration, which accounts for the greater 

variability in Sb concentrations as compared to Pb. Since the Pb and Sb concentrations 

in the radius and ulna were not different (P > 0.05; see Chapter 4), concentrations 

from the two bones in each wing were averaged, and these average bone Pb/Sb 

concentrations were used in subsequent statistical analyses. 

USGS Soil Data 

Soil data were downloaded from the United States Geological Survey (USGS) 

(https://pubs.usgs.gov/ds/801/).35,36 Data were collected from 2007 to 2010 with 4,857 

sites sampled across the United States at a density of 1 site per 1,600 km.35 Soil 

samples were collected at a depth of 0 – 5 cm, a composite of the soil A horizon and a 
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deeper sample from the soil C horizon at each site.36 Soil concentration data used in 

this study were from the top 5-cm of soil, which is most relevant for woodcock 

exposure, based upon their bill length and foraging behavior. Calcium, Fe, and Mg 

concentrations are reported in weight percent (wt. %), while Pb, Sb, Zn, and P are 

reported in mg/Kg. 

Statistical Analysis 

All statistical analyses were performed using R statistical program (version 

3.2.3, The R Foundation for Statistical Computing). A linear regression was used to 

compare S13 δ2H to the S14 Pb and Sb concentrations to examine potential 

relationships among S13 δ2H data, metal concentration data, and harvest locations. A 

similar comparison was made using the average bone-Pb concentrations. Analysis of 

variance (ANOVA) was used to examine differences in Pb or Sb concentrations in 

feathers and bones between countries (USA or Canada), management regions (Central 

or Eastern), harvest state, and feather δ2H. The use of feather δ2H provided an 

opportunity to examine geospatial linkages with Pb and Sb concentrations. A 

significance level of 0.05 was used for all statistical analyses. 

Deuterium data from P1 and S13 feathers used by Sullins et al (2016) can be 

directly matched to the P2, S14, and bones analyzed for Pb and Sb concentrations in 

this study because all four feathers were removed from the same wings used in both 

studies. Both primary feathers (P1 and P2) are expected to have grown at the same 

time,13 thus the Pb/Sb concentrations in the P2 feathers can be compared to the 

estimated natal origin assignments made using the P1 δ2H.33,14 Furthermore, both 



Texas Tech University, Amanda D. French, December 2017 

147 

 

secondary feathers (S13 and S14) are expected to have grown at the same time,13 thus 

Pb/Sb concentrations in the S14 feathers can be compared to the early fall assignments 

made using the S13 δ2H33,14. Average bone-Pb and Sb concentrations from each wing 

were analyzed with both the P1 and S13 δ2H data to determine if a correlation existed 

between the bones and natal origins or early fall assignments. 

The mean and standard deviation of the δ2H for both P1 and S13 feathers were 

calculated to determine groups of samples that had average δ2H (mean ± SD), depleted 

δ2H (< average δ2H), and enriched δ2H (> average δ2H). Subsets of the bone and 

feather data were made based on depleted, average, and enriched δ2H.  After the data 

subsets were determined, average tissue-Pb/Sb concentrations were determined for 

each group (depleted, average, and enriched δ2H) using the δ2H data determined by 

Sullins et al. (2016). The δ2H data subsets (depleted, average, and enriched) represent 

origins in the north (depleted), south (enriched), or middle (average) latitudes. For P1 

feathers, average δ2H was -54.55 ± 17.33 and values within this range are considered 

average; values below this are considered depleted, while values greater than this 

average were considered enriched. For S13 feathers the average δ2H is -25.88 ± 17.64 

and values within this range are considered average, values below are depleted, and 

values above are enriched.  The average Pb and Sb concentration from each group 

were compared using an ANOVA to determine if Pb/Sb concentrations were different 

among the δ2H groups. 
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ArcGIS 

American woodcock harvest locations were mapped in ArcGIS 10.5, based 

upon county and state,37 where map data were downloaded from the ArcGIS 

website.38,39 Each tissue type (bone, P2, S14) was overlaid onto this GIS layer using 

harvest location (county and state) for each wing. Hot spot analysis (Getis-Ord Gi*) 

was performed on all tissues (P2, S14, and bone) in ArcGIS to identify geographic 

areas containing samples with high (hot spot) or low (cold spot) Pb or Sb 

concentrations. Samples were identified as Pb or Sb concentration hot spots (or cold 

spots; P < 0.10) using 90% confidence intervals. The inverse distance weighted 

interpolation method (IDW) was used to analyze the spatial distribution of Ca/Pb/Sb 

in the top 5 cm of soil (USGS). The ‘nearest neighbor’ tool was used to identify soil 

samples (and associated elemental data) closest to the woodcock harvest locations; 

these samples were then used for all additional statistical analyses.37  

To assess the spatially explicit accumulation of heavy metals (Pb and Sb) in 

juvenile woodcock from natal to fall or winter harvest location, we first assigned 

individuals to natal origins using P1 δ2Hf values and band recovery data (using Sullins 

et al. 2016). We then assigned the corresponding heavy metals concentrations in P2 

feathers to the predicted origin, and assigned birds to origins using a likelihood based 

assignment approach.40–42 Our assignment approach produced a continuous surface 

displaying probability of origin for each individual bird on a pixel by pixel basis.33,14 

We converted the continuous surface rasters to binary raster maps for each individual 

by setting pixels within the top 75 % cumulative probabilities of origin to 1 and setting 
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all other pixels to a value of 0. Giving isotope assignments 3:1 odds relative to the null 

model. We stacked and summed all binary rasters to display the summed total number 

of birds as spatially explicit assignments (Figure 5.3). The raster displaying the 

summed spatially explicit assignments based on δ2Hf values and band recovery data, 

for our purposes, is more of a depiction of sample sizes across space that we will use 

to assign and average heavy metal concentration below.  

After predicting origins as a binary raster for each individual, but before 

summing all binary rasters, we multiplied all pixels of each binary raster by the 

corresponding Pb or Sb concentrations measured in P2 feathers. The multiplication 

provided a spatially explicit estimate of the heavy metal concentrations in the P2 

feather at the predicted natal origin for each bird. We stacked and summed all heavy 

metal raster layers among all birds. Last, we divided the summed heavy metal 

concentration raster by the number of birds assigned raster to estimate average heavy 

metal concentrations among all predicted natal origins.  

RESULTS 

Based on molt chronology, harvest locations aligned with metal concentrations 

accumulated in the S14 feathers, which tended to reflect metal exposure in generalized 

harvest locations. The P2 feathers represent natal origins and were not expected to 

correlate with the harvest locations; however, woodcock harvested in a similar area 

may have similar natal origins. This makes comparing P2 feathers to harvest locations 

useful in determining groups of wings with high P2-Pb concentrations.   
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Sixty nine wings had all three tissues (bone, P2, and S14) analyzed for Pb. Of 

these, three (4%) had elevated Pb in all three tissues, 16 (23%) had elevated Pb in two 

tissues, 37 (54%) had elevated Pb in one tissue, and 13 (19%) did not have elevated Pb 

in any tissue. Wings with elevated Pb in all three tissue types (bone, P2, and S14) were 

harvested in both management regions (Central and Eastern) and from both the 

northern and southern portions of their geographic range (Missouri, Minnesota, and 

Maryland). In two of the three wings with elevated Pb in all three tissues, Sb was 

elevated (> 0.5 µg/g) in the bone and P2 feathers.  

Wings harvested in the northeast US (ME, NH, VT, MA, CT, DE, NJ PA, VA, 

WV) consistently had elevated tissue-Pb (Figures 5.4, 5.5, and 5.6). However, there 

was no clear pattern based on harvest locations of elevated Sb concentrations in any 

tissue analyzed (bone, P2, or S14) for this geographic region (Figures 5.7, 5.8, and 

5.9).  Finally, bones with elevated Pb (> 20 µg/g, n = 29) were mapped using Sb 

concentration data and the harvest locations (Figure 5.10). The same approach was 

used to visualize the P2 (n = 60, Figure 5.11) and the S14 (n = 43, Figure 5.12) 

feathers, but no clear pattern emerged for all three tissue types (with Pb elevated 

concentrations) based on harvest locations. 

Stable Hydrogen Isotope Comparisons 

Of all feathers with Pb concentrations > MDL (0.05 µg.g; n = 587), Pb 

concentrations were similar (P > 0.05) based on their respective δ2H (P1 or S13), 

harvest country, harvest management region (Central or Eastern), or harvest state. 

However, P1-δ2H tended to be positively associated with Pb concentrations in P2 
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feathers (P = 0.060, F = 0.28, DF = 1). Average bone-Pb concentrations (n = 79) were 

similar (P > 0.05) between P1-δ2H (natal), S13-δ2H (migratory/harvest), harvest 

country, harvest management region, and harvest state. Although not significant, P1-

δ2H was also positively associated with Pb concentrations in bones (P = 0.080, F = 

3.27, DF = 1).  

For all feathers (P2 and S14) with Sb concentrations > MDL (0.05 µg/g; n = 

84), Sb concentrations were similar (P > 0.05) between P1-δ2H, S13-δ2H, harvest 

country, harvest management region, or harvest state. Average bone-Sb concentrations 

(n = 79) were similar (P > 0.05) between S14-δ2H, harvest country, harvest 

management region, or harvest state. Although not significant, P1-δ2H was associated 

with Sb concentrations in bones (P = 0.054, F = 3.91, DF = 1).  

Geometric means for Pb concentrations in P2 feathers among depleted (more 

negative ratio, representing an origin further north; 2.5 µg/g, n = 38) and average (2.4 

µg/g, n = 190) δ2H subsets were greater than the enriched (less negative ratio, 

representing an origin further south) δ2H subset (1.8 µg/g, n = 34; Table 5.1), while 

P2-Sb concentrations were similar (P > 0.05) among all three groups (Table 5.2). The 

S14 feather-Pb geometric means for all three δ2H subsets (depleted, average, and 

enriched) were similar (P > 0.05; Table 5.1) and S14-Sb concentrations were lower 

than P2 feather-Pb. Antimony concentrations were similar (P > 0.05) among the three 

δ2H groups (Table 5.2) in S14 feathers. 

Wing bones with depleted P1- δ2H had the greatest Pb geometric mean (41 

µg/g, n = 10; P = 0.052, F = 3.07, Df = 2), while samples with average δ2H (16 µg/g, n 
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= 13) and enriched δ2H (13 µg/g, n = 50; Table 5.1) had lower Pb concentrations. 

Bone-Sb concentrations compared to P1-δ2H were similar to the Pb data, where 

greater Sb concentrations were in the depleted group (2.2 µg/g, n = 4) than in the 

average δ2H group (1.4 µg/g, n = 7). There were no samples > MDL in the enriched 

δ2H subset (Table 5.2) and only 11 bone samples (14%) had average Sb concentrations 

> MDL. Bone S13- δ2H Pb geometric means for all δ2H subsets (depleted, average, 

enriched) were similar (Table 5.1). The average bone-Sb concentrations compared to 

S13 δ2H varied more than what was found for the Pb concentrations (Table 5.2); 

however, sample sizes were much smaller.  

When the P2 feather-Pb concentrations were mapped based on the P1 natal 

origin assignments33,14 (Figure 5.13), juvenile woodcock at mid-latitudes had greater 

Pb concentrations. The P2 feather-Sb concentrations aligned with the P2 feather-Pb 

where higher Sb concentrations are detected in the mid-latitudes (Figure 5.14). Sample 

sizes for Pb and Sb are smaller in the south (Figures 5.15 and 5.16). 

ArcGIS Hotspot Analysis 

GIS hotspot analysis of Pb in bones (mapped according to their harvest 

locations) found one hotspot (CI = 90%, n = 3) in southeast MO and southern IL 

(Figure 5.17). There were two bone-Sb hotspots identified (Figure 5.18): one in 

southeast MO/southern IL (CI = 90%, n = 3) and the second in northeast 

GA/northwest VA (CI = 95%, n = 6).  GIS hotspot analysis of Pb in P2 feathers 

(mapped according to their harvest locations) found two hotspots (Figure 5.19): one in 

WI/MN (CI > 90%, n=23), and one in VA/OH (CI > 90%, n = 14). Two P2-Sb 
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hotspots were identified (Figure 5.20): one in VA/OH (CI >90%, n = 16) and one in 

MI (CI > 90%, n = 31).  GIS hotspot analysis of Pb in S14 feathers (mapped according 

to their harvest locations) found one hotspot in WI (CI > 90%, n = 13). A second 

hotspot was identified in NY (CI = 90%, n = 1; Figure 5.21).  There were two S14-Sb 

hotspots identified (Figure 5.22): one in MA/VT/NH (CI = 99%, n = 5), and the 

second in eastern TX/southeastern LA (CI = 99%, n = 9). Unlike Pb, two cold spots 

(areas of low concentrations) were identified for S14-Sb. One was in VA/NJ/DE/PA 

(CI = 90-95%, n = 11), while the other was in WI (CI = 90%, n = 2).  

Soil-Tissue Comparisons 

A strong correlation (R2 = 0.768) existed between soil-Pb concentrations and 

soil-Sb concentrations (P = < 2.2e-16, t-value = 32.7, DF = 744), where soil-Pb and 

soil-Ca were negatively correlated (P = 0.010, t-value = -2.58, DF = 740).  There was 

a positive correlation between soil Fe, P and Zn and Pb. 

 USGS soil-Ca concentrations were mapped with average bone- (Figure 5.23), 

P2- (Figure 5.24), and S14- (Figure 5.25) Pb concentrations as point-locations (using 

harvest locations) to visually examine for any relationship between soil-Ca and tissue-

Pb. Elevated samples from each tissue were overlaid on top of the soil-Ca 

concentration map (Figure 5.26, 5.27, 5.28) to focus on the samples with elevated 

bone (> 20 µg/g) and feather (> 4 µg/g) Pb concentrations. In general, the samples 

with elevated Pb were typically found in areas with lower soil-Ca (< 0.01 – 1.5 wt. %).  

Tissue-Pb and -Sb concentrations were mapped using harvest locations over 

the soil-Pb and -Sb concentrations (Figures 5.29 – 5.40). No clear pattern was 
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identified and no correlations were identified between tissue concentrations and soil-

Pb concentrations. When comparing the S14 feather-Pb to other soil nutrients (P, Fe, 

Mg, and Zn), Mg (P = 0.002, F = 10.2, DF = 1) and P (P = 0.001, F = 10.5, DF = 1) 

were found to correlate with S14 feather-Pb concentrations. However, there were two 

high soil-Mg samples that were driving that relationship. Once the two samples were 

removed, Mg was no longer significant (P = 0.644, F = 0.21, DF = 1). Phosphorus was 

only a significant factor when Mg was included in the analysis.  

DISCUSSION 

This study is the first to report Pb concentrations throughout the American 

woodcock’s entire geographic range, providing an opportunity to identify Pb exposure 

hotspots throughout the United States and Canada. In total, 81% of the wings that had 

all three tissues (bone, P2 feather, and S14 feather) analyzed had at least one tissue 

with elevated Pb. Therefore, a large proportion of the woodcock population is exposed 

to high enough Pb concentrations to cause tissue-Pb absorption between their natal 

origins and harvest locations. Since these are juvenile birds, their lifespan between 

natal origins and harvest locations is approximately 10 months, indicating that Pb 

accumulation is great enough within that temporal window to provide potential Pb 

risks to woodcock throughout its geographic range.   

Wings that had elevated Pb in all three tissues (bone, P2, and S14) and 

elevated Sb in bone and P2 feathers may have been exposed to large concentrations of 

Pb from Pb shot in their natal origins. Additionally, these birds were exposed to large 

concentrations of Pb during fall migration, based on elevated Pb concentrations in the 
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S14 feather. The harvest locations of these birds (MO, MN, and MD) are not 

necessarily disjointed, as they may have migrated to different areas from a similar 

natal origin.14,43 The birds harvested in MO and MN had similar P1 δ2H (-69.24 and -

74.59, respectively) indicating that they likely originated from a similar region, while 

the sample harvested in MD had a lower δ2H (-49.19) indicating that its natal origin 

was likely further south than the two Missouri and Minnesota birds. Lead 

concentrations in the S14 feathers of these birds were close to the threshold value (4 

µg/g) which may explain why Sb concentrations were not elevated. The Sb exposure 

concentration would be much lower than that of Pb because a Pb shot pellet only 

consists of ~3% Sb,44 thus Sb concentrations may not have been high enough to 

accumulate to detectable concentrations in the feathers. Bone, P2, and S14 feathers 

have harvest location Pb hotspots (Figures 5.17 – 5.19) that aligned with the high P2 

Pb from natal origin assignments (Figure 5.13).  Moore et al. (2017) suggests that there 

is significant cross-over between management regions during migration43, which 

provides some evidence as to why high Pb concentrations were found in wings 

harvested form such variable locations (MO/MN to MD). 

Typically, wings that had two elevated tissues contain elevated bone-Pb and 

one elevated feather-Pb (either P2 or S14). Depuration of Pb and other metals into 

avian feathers is thought to be a defensive mechanism against metal toxicity.45,46 

During feather growth Pb is simultaneously incorporated into the bones, where 

feathers tend to provide information for heavy metal exposure over ~10-days and 

bones represent an average Pb exposure over the lifetime of the bird (only ~10 months 
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for juveniles in this study). In woodcock with two elevated tissues, Pb exposure was 

most likely elevated during one feather growth period and moderate to low exposure 

occurred at other time points in the birds’ life.  This is likely due to the unequal 

distribution of Pb shot in the environment, coupled with woodcock’s migration 

patterns. Lead shot accumulates in higher densities on land that is managed for upland 

game hunting and densities may increase throughout the hunting season.47 Elevated Pb 

concentrations in woodcock natal origins (P2 feathers) coupled with the correlated Sb 

concentrations, suggest that the areas with high Pb concentrations derived from Pb 

shot  are in the mid-latitudes of the United States (Figures 5.13 and 5.14).  

For some wings with extremely high feather-Pb concentrations (> 100 µg/g), 

bone-Pb did not exceed the biological threshold. In these instances, high Pb exposure 

occurred in the natal origins or during fall migration (as reflected by the P2 and S14 

feathers, respectively) and moderate exposure occurred in the other locations the birds 

lived/fed in. For example, wing “PA 11” has a P2 feather-Pb concentration of 320 

µg/g, while bone only had 10 µg/g and the S14 feather had 2.2 µg/g. Clearly, wing 

“PA 11” was exposed to high concentrations of Pb in their natal origins, while 

exposure declined during migration. The bone Pb concentration is not considered 

elevated and represents the average Pb the bird was exposed to in approximately 10 

months, which was not consistently elevated throughout the life of this individual bird 

prior to being harvested.   

 The S14 feathers more closely represent Pb accumulation in the harvest 

locations than the bone or P2 feathers. When analyzing S14 feather-Pb based on 
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harvest locations, there was no obvious correlation (Figure 5.4), similar to Sullins et 

al. (2016) reporting a poor relationship between the S13 feather δ2H and expected 

precipitation δ2H, precluding their ability to definitively assign early fall origins. 

There are two possible explanations for the lack of S14 correlations with harvest 

locations: 1) The S13 δ2H averaged over the migration period (the time of S13 and 

S14 feather growth), or 2) the harvest locations do not reflect S14 feather-Pb. The S13 

δ2H would most likely average over the ~10 day feather growth period, as the bird 

would have accumulated δ2H from multiple locations. This would be substantial if the 

bird was migrating long distances and cause a shift in the δ2H, which is no longer 

representative of a specific area. If the feathers were grown prior to arriving at the 

harvest location, the S14-Pb concentrations would reflect exposure that occurred in a 

previous location. For example, a large portion of elevated tissue-Pb concentrations 

fell within the northeastern region (Figures 5.2, 5.3, and 5.4), however no hot spot was 

identified. Woodcock harvested in the north/northeast were typically shot between 

September and November, indicating that these birds were shot during migration. This 

implies that the harvest location is close in proximity to where the S14 feathers would 

have grown and that the birds had not migrated as far from their natal origins as the 

birds harvested in the south, later in the season. 

 The bone-Pb hotspot in MO/IL (Figure 5.12) aligns with the P2-Pb natal origin 

hotspot identified (Figure 5.10), suggesting that natal origin Pb accumulation had a 

greater influence on bone-Pb absorption in wings from this area. The bone- and P2-Sb 

hotspots aligned with the bone- and P2-Pb hotspots, depicting strong geographic 
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correlation of Pb and Sb in woodcock, and those regions should be the focus of future 

efforts to more clearly identify spatially precise locations that may be of concern for 

Pb shot exposure for woodcock. Additionally, correlation between P2 feather Pb and 

Sb concentrations based on natal origin assignments (Figures 5.13 and 5.14) provides 

further evidence of the geographical correlation in tissue Pb and Sb concentration. 

Based on harvest locations and natal origin assignments birds with high Pb/Sb 

concentrations likely originated in and migrated through similar locations, suggesting 

similar Pb exposure to these birds throughout their lives.  

 All of the birds in the WI and NY S14-Pb hotspots were harvested in late-

September/early-October, suggesting that the birds did not migrate as far from their 

natal origins prior to being shot. This would increase the likelihood that the S14 

feather-Pb concentrations more closely represent the concentrations accumulated at 

the harvest location, thus the hotspots in WI and NY most likely reflect Pb 

concentrations accumulated in that area. The larger hotspot in WI (Figure 5.21) aligns 

with the P2-Pb natal origin hotspot identified in Figure 5.13, providing further support 

that the birds did not migrate far from their natal origins, and that these natal origins 

are the regions of concern for elevated Pb concentrations from spent Pb shot. Given 

the health effects of Pb in birds, it is possible that birds exposed to elevated Pb 

concentrations in their natal origins did not migrate as far and are more susceptible to 

harvest.  

Samples with depleted P1-δ2H were found to have greater bone- and P2-Pb 

concentrations, suggesting that samples originating from the north are exposed to (or 
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absorbing) larger concentrations of Pb than those that originate further south. This is 

also visualized in Figure 5.13, where the samples with estimated origins from mid to 

upper-latitudes have greater P2-Pb concentrations (correlating with average and 

depleted δ2H, respectively).  Greater concentrations of Pb were found in birds with 

natal origins in the mid-latitudes (near the Great Lakes region); thus, this area can be 

considered problematic for Pb exposure to woodcock. For woodcock hunting, the 

three states with the greatest number of harvest estimates and days afield were MI, 

WI, and MN1 coinciding and overlapping with the region with elevated risk of Pb 

exposure. Perhaps the use of Pb shot in this region for woodcock hunting might 

contribute to continued deposition of Pb pellets regionally, leading to elevated tissue-

Pb and Sb concentrations in woodcock that nest and are born in this region. Lead is 

absorbed to a greater extent in young and developing organisms than in older 

organisms.2 Therefore, P2 feather-Pb concentrations may be greater due to the 

developmental processes and Pb biochemistry in the body. Additionally, bone-Sb 

concentrations followed a similar trend, indicating that Sb exposure and absorption is 

occurring in a similar region, clearly indicating that young woodcock are at risk of Pb 

exposure during natal development in this region from Pb shot.  Finally, the 

correlation between Pb and Sb in the soil suggests that the two metals are originating 

from the same source, presumably due to the deterioration of Pb shot pellets in the 

soil. Due to the low soil-Sb concentrations across the eastern United States,48 elevated 

Sb concentrations in woodcock tissues is most likely to due Pb shot exposure 

(Chapters III & IV). 
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While the USGS soil concentration data provide good estimates of soil Ca, Pb, 

and Sb, there are large distances among sample sites (1 sample per 1600 km) and 

woodcock harvest locations are estimated to the nearest county.  Therefore, the spatial 

precision of the linkages between the soil data and harvest (or even origins) data is 

limited, including the strength of any correlations between soil and tissue 

concentrations. Even though these linkages may be limited, they still provide useful 

comparisons to determine if Pb or Sb exposure originated from the soil. No 

correlations between woodcock tissue-Pb (P2, S14, or bone) and soil-Pb suggests that 

the Pb woodcock were exposed to did not originate from the soil. This was also true 

for the comparisons between tissue-Sb and soil-Sb. Previous studies determined that 

Pb isotopic ratios were more suggestive of direct exposure to Pb shot than Pb 

originating from the soil.9 While Pb and Sb have different mechanisms of action, if Pb 

is not originating in high concentrations from the soil, it is unlikely that Sb would be 

absorbed in high concentrations from the soil. Since both Pb and Sb create complexes 

with humic substances in the soil,2,49,50 no correlation between the tissue- and soil- Pb 

or Sb concentrations was expected, as both metals are not bioavailable or 

bioaccessbile in large percentages from soils.51   

Management of woodcock populations currently focus on habitat management, 

and population survey improvements.1 Based on previous studies, Pb shot is thought 

to be the primary source of elevated Pb in woodcock from the northern portion of their 

region (Canada and Wisconsin), 9,10 and the geospatial analysis of Pb and Sb in 

woodcock tissues performed in this study provides evidence that Pb shot exposure is 



Texas Tech University, Amanda D. French, December 2017 

161 

 

high in the Midwest/Great Lakes region of the United States, corresponding to 

previous studies. Additionally, soil-Ca concentrations in this area are typically low to 

moderate (< 2.5 wt%) which has the potential to increase Pb absorption. Given that 

juvenile woodcock tissue-Pb concentrations are elevated and exposure is likely due to 

Pb shot, further regulation on Pb shot use may improve conservation efforts for 

American woodcock. Focus should be on the Great Lakes region, as this area was 

found to have a large number of woodcock with elevated Pb. However, such 

regulatory changes will be challenging as > 70% of hunters in Missouri were opposed 

to additional nontoxic-shot regulations.52 Future work should focus upon more precise 

impacts of Pb shot on survival, reproduction, and changes in Pb levels in woodcock 

throughout regions where Pb shot concentrations and distributions overlap with 

woodcock origins. 
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TABLES AND FIGURES 

 

 

Figure 5.1: American woodcock harvest locations. 
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Figure 5.2: This figure is published in Sullins et al. (2016). Spatially explicit natal 

origin assignments of 494 juvenile American woodcock collected in the fall and 

winter of 2010-2011 and 2011-2012. We made assignments using δ2H of primary (P1) 

feathers and a management region prior probability of origin estimated from band 

recovery data. Data are displayed as proportion of birds sampled (0-1) and have 3:1 

odds compared to the random null model. Singing Ground Survey (SGS) coverage is 

outlined in red. 
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Figure 5.3: This figure is published in Sullins (2013). Binary natal origin assignment 

of a juvenile American woodcock harvested 30 December 2010 in Andalusia, 

Alabama. The upper 75% of cumulative probabilities were assigned a pixel value of 1 

giving it 3:1 odds relative to a random null model. Assignments were made using δ2H 

of P1 feathers and a flyway prior probability of origin estimated from band return data. 

Binary natal origin assignments were summed to depict natal origins of multiple birds. 
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Figure 5.4: Average bone-Pb concentrations mapped using harvest locations (n = 79). 
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Figure 5.5: P2 feather-Pb concentrations mapped using harvest locations (n = 349). 
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Figure 5.6: S14 feather-Pb concentrations mapped using harvest locations (n = 330). 
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Figure 5.7: Average bone Sb concentrations mapped using harvest locations (n = 7). 
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Figure 5.8: P2 feather Sb Concentrations mapped using harvest locations (n = 349). 
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Figure 5.9: S14 feather Sb concentrations mapped using harvest locations (n = 144). 
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Figure 5.10: Bone samples with elevated Pb concentrations (> 20 ppm) mapped using 

harvest locations with Sb concentration gradient (n = 29). 
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Figure 5.11: P2 samples with elevated Pb concentrations (> 20 ppm) mapped using 

harvest locations with Sb concentration gradient (n = 60). 
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Figure 5.12: S14 samples with elevated Pb concentrations (> 20 ppm) mapped using 

harvest locations with Sb concentration gradient (n = 43). 
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Table 5.1: Geometric mean [Pb] in the different δ2H groups (enriched, average, or 

depleted).  

 

Sample 

Type 

δ2H 

Sample 

Enriched δ2H 

[Pb] (µg/g) 

Average δ2H 

[Pb] (µg/g) 

Depleted 

δ2H [Pb] 

(µg/g) 

Bone P1 16 (n = 13) 13 (n = 50) 41 (n = 10) 

Bone S13 19 (n = 13) 18 (n = 50) 16 (n = 10) 

P2 P1 2.5 (n = 38) 2.4 (n = 190) 1.8 (n = 34) 

S14 S13 1.5 (n = 51) 1.6 (n = 196) 1.6 (n =50) 

n = number of samples 
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Table 5.2: Geometric mean [Sb] in the different δ2H groups (enriched, average, or 

depleted).  

 

Sample 

Type 

δ2H 

Sample 

Enriched δ2H 

[Sb] (µg/g) 

Average δ2H 

[Sb] (µg/g) 

Depleted δ2H 

[Sb] (µg/g) 

Bone P1 n.a. 1.4 (n = 7) 2.2 (n = 4) 

Bone S13 6.1 (n = 1) 2.3 (n = 3) 1.2 (n = 7) 

P2 P1 1.7 (n = 23) 1.6 (n = 107) 1.8 (n = 26) 

S14 S13 1.2 (n = 35) 1.1 (n = 133) 1.0 (n =37) 

n = number of samples 

n.a. = not available, n = 0 
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Figure 5.13: Mean Pb concentrations in P2 feathers based on P1 feather assignments. 
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Figure 5.14: Mean Sb concentrations in P2 feathers based on P1 feather assignments. 
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Figure 5.15: Spatially explicit sample sizes for the origins of juvenile woodcock 

(based on the analysis of P1 deuterium isotope ratios) used for the analysis of Pb. 
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Figure 5.16: Spatially explicit sample sizes for the origins of juvenile woodcock 

(based on the analysis of P1 deuterium isotope ratios) used for the analysis of Sb. 
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Figure 5.17: Average bone-Pb hotspot analysis mapped using harvest locations  

(n = 79). 
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Figure 5.18: Average bone-Sb hotspot analysis mapped using harvest locations  

(n = 79). 
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Figure 5.19: P2 feather-Pb hotspot analysis mapped using harvest locations  

(n = 349). 
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Figure 5.20: P2 feather Sb hotspot analysis mapped using harvest locations (n = 349). 
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Figure 5.21: S14 feather Pb hotspot analysis mapped using harvest locations  

(n = 349). 
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Figure 5.22: S14 feather Sb hotspot analysis mapped using harvest locations  

(n = 144). 
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Figure 5.23: Soil Ca concentration with average bone-Pb concentrations as points, 

mapped using harvest locations (U.S. samples only; n = 72). 
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Figure 5.24: Soil Ca concentration with P2 feather-Pb concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 301). 
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Figure 5.25: Soil Ca concentration with P2 feather-Pb concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 301). 
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Figure 5.26: Soil Ca concentration with elevated bone-Pb concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 27). 
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Figure 5.27: Soil Ca concentration with elevated P2 feather-Pb concentrations as 

points, mapped using harvest locations (U.S. samples only, n = 54). 
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Figure 5.28: Soil Ca concentration with elevated S14 feather-Pb concentrations as 

points, mapped using harvest locations (U.S. samples only, n = 37). 
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Figure 5.29: Soil Pb concentration with average bone-Pb concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 72). 
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Figure 5.30: Soil Pb concentration with average bone-Sb concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 72). 
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Figure 5.31: Soil Pb concentration with P2 feather-Pb concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 301). 
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Figure 5.32: Soil Pb concentration with P2 feather-Sb concentrations as points, 

mapped using harvest locations, n = 301). 
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Figure 5.33: Soil Pb concentration with S14 feather-Pb concentrations as points, 

mapped using harvest locations, n =297). 
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Figure 5.34: Soil Pb concentration with S14 feather-Sb concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 109). 
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Figure 5.35: Soil Sb concentration with average bone-Pb concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 72). 
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Figure 36: Soil Sb concentration with average bone-Sb concentrations as points, 

mapped 5.using harvest locations (U.S. samples only, n = 72). 
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Figure 5.37: Soil Sb concentration with P2 feather-Pb concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 301). 
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Figure 5.38: Soil Sb concentration with P2-Sb concentrations as points, mapped using 

harvest locations (U.S. samples only, n = 301). 
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Figure 5.39: Soil Sb concentration with S14-Pb concentrations as points, mapped 

using harvest locations (U.S. samples only, n = 110). 
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Figure 5.40: Soil Sb concentration with S14 feather-Sb Concentrations as points, 

mapped using harvest locations (U.S. samples only, n = 110). 
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CHAPTER VI 

Conclusions 

 Lead contamination in the environment has been a known issue for decades. 

This dissertation focused on Pb shot exposure to American woodcock and indentifying 

a more precise detection method for Pb shot in biological samples.  

LEAD IN AMERICAN WOODCOCK 

 The dissolution of Pb shot pellets in an avian simulated gastro-intestinal 

system was found to be 0.70 mg/hour in the gizzard. This would equate to full pellet 

digestion in only 114 hours (4.8 days). Within this timeframe, exposure to Pb is > 

6,000 µg/mL and Sb is > 180 µg/mL. Exposure to Pb and Sb concentrations this high 

would result in absorption of both metals and distrubiton to tissues. Compared to other 

environmental sources of Sb, Pb shot has the greatest bioaccessible amount of Sb. 

Since Sb is added to all Pb pellets, regardless of manufacturer, Sb is clearly a useful 

indicator of Pb shot exposure. The use of Sb is a novel approach to Pb shot detection 

in biological tissues and provides compelling evidence that the presence of Sb in 

biological tissues indicates that birds were exposed to Pb shot.  

Juvenile American woodcock were found to have elevated Pb concentrations 

in both feathers and bones, indicating short-term and lifetime Pb accumulation. Lead 

isotope ratios and the presence of Sb in biological tissues was used to determine the 

percentage of wings exposed to Pb shot. In both feathers and bones, a positive 

correlation was found between Pb and Sb indicating that elevated Pb exposure is 
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concurrent with elevated Sb. Based on the results from Chapter III, we can conclude 

that any wings with elevated Pb and Sb were exosed to Pb shot. More than 50% of the 

wings analyzed in this study were determined to have been exosed to Pb shot. This is 

the first study to report Sb concentrations in American woodcock and show a positive 

correlation between Pb and Sb in feathers and bones.  

When examining the geospatial relationship in primary feathers compared to 

estimated natal origins, Pb and Sb exposure hot spots were identified in the 

Midwest/Great Lakes region of the United States. Geospatial correlation of Pb and Sb 

indicate that the primary source of Pb exposure risk is due to Pb shot. 

REGULATORY IMPLICATIONS 

 Management of woodcock populations currently focus on habitat 

management, and population survey improvements. Based on previous studies, Pb 

shot is thought to be the primary source of elevated Pb in woodcock from the northern 

portion of their region (Canada and Wisconsin), and the geospatial analysis of Pb and 

Sb in woodcock tissues performed in this study provides evidence that Pb shot 

exposure is high in the Midwest/Great Lakes region of the United States. Additionally, 

soil-Ca concentrations in this area are typically low to moderate which has the 

potential to increase Pb absorption. Given that juvenile woodcock tissue-Pb 

concentrations are elevated and exposure is likely due to Pb shot, further regulation on 

Pb shot use may improve conservation efforts for American woodcock. Focus should 

be on the Great Lakes region, as this area was found to have a large number of 

woodcock with elevated Pb. However, such regulatory changes will be challenging as 
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hunters are typically opposed to additional nontoxic-shot regulations. Future work 

should focus upon more precise impacts of Pb shot on survival, reproduction, and 

changes in Pb levels in woodcock throughout regions where Pb shot concentrations 

and distributions overlap with woodcock origins. 

 


