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Abstract

Strontium (Sr) may be a contaminant of concern for wild birds. Because of chemical similarities 

to calcium (Ca), Sr is readily incorporated into calcified tissues, such as eggshells. My objectives 

were to determine the potential drivers of both total and radio-Sr in the eggshells of waterfowl, 

and to assess the relationship between eggshell Sr and thickness. I collected eggs from

Sympatrically nesting waterfowl species in interior Alaska from 2011-2013. I measured total and 

radio-Sr in eggshells, environmental chemistry, and eggshell thickness. Local water chemistry 

explained much of the variation in eggshell Sr for canvasback (Aythya valisineria) and northern 

shoveler (Spatula clypeata), but not lesser scaup (Aythya affinis). Most of the remaining 

variation was associated with heterogeneity among eggs in the same nest (intra-clutch variance). 

General trends in eggshell Sr/Ca among species aligned with what would be expected had diet 

and/or endogenous reserve use affected eggshell chemistry. Results were similar for radio-Sr, 

with local water chemistry accounting for far less 90Sr in the eggshells of lesser scaup, compared 

to the other species studied. At the site where water chemistry was stable, canvasback and 

northern shoveler eggshell thickness was not related to eggshell Sr, but lesser scaup eggshells 

with more Sr were thicker. At the site where water chemistry was variable, canvasback and 

northern shoveler eggshells with more Sr were thicker at low to intermediate concentrations, but 

this effect was moderated when the source of eggshell Sr appeared to be explained by the local 

environment. In contrast, lesser scaup eggshells with more Sr were consistently thicker, but only 

at higher concentrations. The different relationships between eggshell Sr and thickness across 

species, and interactions with apparent Sr sources, suggest the relationship between eggshell 

thickness and Sr is not a simple dose-dependence. My results show that for some species like 
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lesser scaup, factors associated with the laying hen (e.g., diet or physiology) may have a larger 

impact on both eggshell total and radio-Sr, as well as how Sr interacts with eggshell quality, than 

the local environment.
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Chapter 1: Introduction

Strontium (Sr) is chemically similar to calcium (Ca) leading to substitution for Ca in biota. In 

captive birds, Sr caused weight loss, reduced bone growth, and affected egg quality and 

hatchability (Wheeler 1919, Weber et al. 1968, Doberenz et al. 1969, Corradino and Wasserman 

1970, Weber et al. 1973). In wild birds, Sr has been linked to eggshell thinning, lower egg 

weights, embryo deformities, and lower fledgling rates (Schwarzbach et al. 2006, Matz and 

Rocque 2007, Walls et al. 2015). Water and sediment chemistry were correlated with egg Sr 

(Mora et al. 2011, Kitowski et al. 2014), but only accounted for part of the variation, and results 

were not consistent across sites or taxa (Mora et al. 2011, Ruuskanen et al. 2014). Because they 

are chemically similar, Sr and Ca are closely linked as they move through biological systems. 

Most animals preferentially acquire Ca to Sr, leading to a decrease in Sr/Ca ratios with 

increasing trophic level.

1.1 Strontium

Strontium is a naturally occurring ubiquitous element. Strontium in the earth's crust is primarily 

Sr sulfate (celestite) and Sr carbonate (strontianite) (MacMillan et al. 1994, Dorsey et al. 2004). 

Strontium is an alkaline earth metal composed of four stable isotopes (i.e., non-radioactive; 84Sr, 

86Sr, 87Sr, and 88Sr). Strontium concentrations tend to be highly variable within and between 

rocks, soil, dust, coal, oil, surface and underground water, air, plants, and animals (Dorsey et al. 

2004).

Stable Sr in the environment derives from weathering of local sources and atmospheric 

deposition. Strontium is detectable in nearly all fresh waters, with higher levels occurring near 
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areas draining celestite-rich limestone deposits (Dorsey et al. 2004). Agricultural soils may 

become enriched in Sr from phosphate fertilizer or limestone, both of which are high in Sr 

(Dorsey et al. 2004). Nitrate fertilizers also inhibit complex formations, which can increase Sr 

ion mobility (Helal et al. 1998). Atmospheric Sr derives from both natural and anthropogenic 

sources and is returned to the ground by wet deposition (Hirose et al. 1993). Fly ash from coal- 

fueled power plants can be enriched up to 200 times in Sr compared to typical soil concentrations 

(Straughan et al. 1981, Graustein 1989) and has been linked to elevated concentrations in avian 

eggs (Walls et al. 2015). Strontium is released by weathering of rocks and soils to surface and 

groundwater. Plants absorb Sr from soil by Ca uptake mechanisms (National Council on 

Radiation Protection and Measurements 1984). The Sr/Sr ratio between plants and associated 

soil ranges from 0.017-1.0 (National Council on Radiation Protection and Measurements 1984), 

and these ratios are typically highest in sandy soils with low clay and organic matter (Baes III et 

al. 1986) and reduced in soils rich in Ca and potassium (Lembrechts 1993).

1.2 Strontium incorporation into biota

Although Sr and Ca are chemically similar, most organisms preferentially assimilate Ca over Sr 

(e.g., Elias et al. 1982, Burton et al. 1999, Balter 2004, Peek and Clementz 2012). 

Biopurification (uptake of one chemical preferentially over another) of Sr resulting in reduced 

Sr/Ca ratios occurs with increasing trophic level (Blum et al. 2000, Balter et al. 2002, Peek and 

Clementz 2012), and Sr/Ca ratios have been used to estimate diets and position in food webs 

(Elias et al. 1982, Burton et al. 1999, Balter 2004, Peek and Clementz 2012). Observed ratios 

(OR; defined as the ratio of two different Sr/Ca ratios) have been used to describe changes in
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Sr/Ca within trophic webs or organisms (Comar et al. 1956) [e.g., (Sr/Ca)predator/(Sr/Ca)prey, or 

(Sr/Ca)bone/(Sr/Ca)blood].

1.3 Strontium incorporation into eggs

During egg production, hens obtain Ca (and subsequently Sr) from their diet through increased 

intestinal absorption and a highly labile medullary bone reservoir (Stanford 2006). Ingestion is 

the primary route of Sr entry into the body of terrestrial organisms (Dorsey et al. 2004). After 

ingestion, Sr ion uptake in the intestine is similar to Ca. The degree of discrimination (the uptake 

or assimilation by organisms of a particular element in preference to another; here: preferential 

uptake of Ca over Sr resulting in lower Sr/Ca ratios) appears to be somewhat dependent on the 

amount of Ca in the diet (Monroe et al. 1961, Palmer and Thompson 1961, Corradino and 

Wasserman 1970), although there are conflicts as to the extent (Hurwitz and Bar 1966, Mraz 

1972). In chickens (Gallus gallus domesticus), in situ ORblood-diet in a normal ligated duodenal 

segment was 0.23-0.71. 85Sr∕45Ca tracer studies found an OReggshell-diet of 0.82 (Drori et al. 1964).

In blood, Sr exists as a free ion (Creger et al. 1967), while Ca is in ionic, protein-bound, 

and anionic complexes (Creger et al. 1967, Stanford 2006). Both Sr and Ca are mainly excreted 

in urine, and Sr is preferentially excreted over Ca at the kidney (MacDonald et al. 1956). 

Strontium's free ionic state, compared to the majority of Ca that exists bound or complexed 

(Creger et al. 1967), as well as its larger size (Nielsen 2004), are both believed to play roles in Sr 

discrimination. Most absorbed Sr is either excreted or incorporated into bone (Csupka 1973). 

Although Sr has a high affinity for bone (Talmage et al. 1957, Likins et al. 1959), it remains well 

below levels of Ca in bone partly because of a theoretical maximum replacement rate of 10% in 

mineral bone (Boivin et al. 1996).
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Each avian egg requires Ca at an amount equivalent to approximately 10% of the hen's 

body Ca. This large requirement is partially met by increased food intake and intestinal Ca 

absorption, but that is generally not sufficient to create a complete shell, so Ca (and Sr) are also 

mobilized from bone. Egg calcification can take place during periods when birds are not actively 

feeding (Asplund 1981), leading to cycles of rapid production of medullary bone during periods 

of excess dietary Ca, followed by depletion when blood Ca from intestinal absorption declines.

Medullary bone is mineral-storing non-structural woven bone (Bonucci and Gherardi 

1975) found primarily in the long bones of birds (Simkiss 1961). Under the influence of 

estrogen, medullary bone generally forms approximately 10 days before the start of egg laying 

(Johnson 2015). During the cycle of ovulation to oviposition, medullary bone alternates between 

periods of growth and depletion. Although medullary bone is the primary source of stored Ca, 

cortical bone can also be utilized when other stores become exhausted (Simkiss 1961, Whitehead 

2004).

At the uterus, in an incompletely understood process, Ca is moved across the shell gland 

into the uterine fluid by transcellular and paracellular transport (Johnson 2015). As the ovum 

passes from the isthmus, calcium carbonate begins to aggregate on the outer shell membrane 

creating the mammillary knobs. The egg then enters the uterus, where, over approximately 16 

hours in chickens, the ovum rotates and calcification occurs. About ⅔ of Sr in fresh eggs is 

incorporated in the shell, with the albumen and yolk containing the rest (Csupka 1973).

1.4 Effects of strontium

In fauna, stable Sr is generally found at low concentrations (Dorsey et al. 2004), which are not 

known to be deleterious. At high dietary concentrations, a variety of effects across taxa have 
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been observed (see: Dorsey et al. 2004). High doses of stable Sr in birds has been reported to 

cause increased weight loss (Weber et al. 1968), abnormal bone growth and mineralization 

(rickets) (Weber et al. 1968, Corradino and Wasserman 1970), and reduced intestinal Ca 

absorption (Corradino and Wasserman 1970). Chickens fed diets enriched by 1.2 and 3.0% had 

lower eggshell Ca concentrations and thinner shells, respectively, than controls (Doberenz et al. 

1969). White Leghorn chickens fed a diet with 3.0% Sr enrichment laid fewer eggs, and those 

laid were thinner, less fertile, and had lower eggshell Ca than controls (Weber et al. 1973). 

Another group fed a 1.5% Sr enriched diet failed to produce any eggs that hatched, compared to 

84% hatchability for controls (Weber et al. 1973). Wheeler (1919) reported domestic ducks were 

more prone to effects of excess Sr than chickens.

Few data are available on deleterious effects in wild birds. Matz and Rocque (2007) 

reported Sr concentrations in lesser scaup (Aythya affinis) egg contents were inversely correlated 

with eggshell thickness, and eggshells from interior Alaska were 18% thinner than museum 

specimens. Strontium in clapper rail (Rallus longirostris) eggs was associated with embryo 

deformities (Schwarzbach et al. 2006). Mora et al. (2007) postulated that high concentrations of 

Sr in eggshells of passerines in certain regions of Arizona may be reducing hatchability and 

causing beak deformities by interference with normal Ca metabolism and bone growth. Walls et 

al. (2015) reported Sr in tree swallow (Tachycineta bicolor) prey was inversely correlated to 

fledglings produced and that Sr in egg contents was inversely related to egg weight and nestling 

survival.
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1.5 Lesser scaup

Scaup populations have declined substantially since the 1980s. In 2015 in the Alaska-Yukon 

Territory survey area, scaup remained 35% below the long-term average (U.S. Fish and Wildlife 

Service 2015). To date, no single factor has been isolated that fully explains this decline. 

Reviews indicate that juvenile recruitment is lower now than during population highs (Austin et 

al. 2000). Several theories have been postulated for reduced recruitment including environmental 

contaminants (Austin et al. 2000, Austin et al. 2006).

Lesser scaup feed mostly on aquatic invertebrates, but also on seeds and aquatic plants 

(see: Austin et al. 2014). Trophic position of diet can affect Sr exposure (Blum et al. 2000, Peek 

and Clementz 2012); therefore, Sr accumulation may vary between sympatrically nesting species 

when diets contain more plant matter [e.g., diets of American wigeon (Mareca americana) or 

gadwall (Mareca strepera)] or invertebrates [e.g., diets of lesser scaup and northern shoveler 

(Spatula clypeata)].

Invasive invertebrates, such as zebra mussels (Dreissena polymorpha) have been 

implicated in transferring contaminants to lesser scaup (Custer and Custer 2000) and now make 

up the majority of the scaup pre-breeding diet in some areas (Badzinski and Petrie 2006). 

Emissions from power generation can be highly enriched in Sr (Straughan et al. 1981, Graustein 

1989), and waters near these power plants are utilized by foraging scaup (Mitchell and Carlson 

1993). Lesser scaup utilize endogenous reserves for egg synthesis (Afton and Ankney 1991, 

Esler et al. 2001, Cutting et al. 2011), including for eggshells (Afton and Ankney 1991). Matz 

and Rocque (2007) postulated that Sr from mollusks ingested during the non-breeding season 

may contribute to Sr concentrations in lesser scaup eggs from interior Alaska. This could result 
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in higher egg Sr concentrations than sympatrically nesting species with different diets during this 

period.

1.6 Objectives

My objectives were to clarify the relationship between local (breeding area) water chemistry and 

eggshell Sr for lesser scaup and sympatrically nesting species at wetlands in interior Alaska, and 

determine if and how eggshell quality is related to eggshell Sr. Specifically, I:

1. Determined the Sr/Ca ratios (Sr/Ca) in eggshells of lesser scaup and sympatrically 

nesting waterfowl.

2. Measured Sr radioisotope activities in eggs of waterfowl breeding in interior Alaska.

3. Assessed and compared the relationships of local water chemistry to stable Sr and 90Sr in 

the eggshells of waterfowl.

4. Determined if eggshell Sr is related to eggshell thickness in lesser scaup and 

sympatrically nesting canvasback and northern shoveler.

5. Provided support for or refuted the hypothesis that the source of waterfowl eggshell Sr is 

solely from the local environment at the breeding site.

In chapter 2, I address my first and third objectives by measuring Sr/Ca ratios in eggshells of

nine Sympatrically nesting waterfowl species at two sites in interior Alaska from 2011-2013 and 

determining local wetland chemistries. In chapter 3, I address my second and third objectives by 

measuring Sr radioisotope activities in the eggs of five sympatrically nesting waterfowl species 

and assessing the relationships between eggshell 90Sr and local water chemistry and total 

eggshell Sr. In chapter 4, I address my fourth objective by measuring eggshell Sr and thickness 
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for three sympatrically nesting waterfowl species. In all chapters, I address the fifth objective by 

comparing my results to those expected if hen physiology and behavior, versus local water 

chemistry, were the primary drivers of eggshell Sr.
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Chapter 2: Environmental Sources of Strontium in Waterfowl Eggs from Interior 

Alaska1

2.1 Abstract

Strontium (Sr) may be a contaminant of concern for wild birds. Because of chemical similarities 

to calcium (Ca), Sr is readily incorporated into calcified tissues, such as eggshells, which can 

disrupt normal physiological processes and structure. However, the few studies that have 

examined Sr concentrations in wild bird eggs, including waterfowl, reported substantial 

variability. To assess potential drivers of the observed variance, we measured Sr/Ca ratios 

(Sr/Ca) in eggshells of sympatrically nesting waterfowl species at two sites in interior Alaska 

from 2011-2013, and the water chemistry of nearby wetlands. Local water chemistry explained 

86, 71, and 26% of the Sr/Ca variation in eggshells for canvasback (Aythya valisineria), northern 

shoveler (Spatula clypeata), and lesser scaup (Aythya affinis), respectively. For lesser scaup, the 

degree by which the water chemistry model accounted for eggshell Sr/Ca varied substantially 

across years, ranging from 11-66%. Most of the remaining variation in eggshell Sr/Ca was 

associated with heterogeneity among eggs in the same nest (intra-clutch variance), suggesting 

that factors related to individual hens play an important role in eggshell Sr concentrations. We 

found a general trend across species between eggshell Sr/Ca and reported trophic levels of diets 

of breeding hens. Species reported to use endogenous reserves for egg production, such as lesser 

scaup, often had elevated eggshell Sr/Ca and larger eggshell Sr/Ca standard deviations. We 

conclude that while the chemistry of the local environment is an important factor for underlying 

Sr/Ca concentrations in waterfowl eggshells, individual diet and physiology may be of greater 

importance for some species. Our findings of high inter- and intra-species and inter-annual 

1Prepared for submission to Science of the Total Environment as: Latty, C. J., A. C. Matz, T. E.
Hollmen, M. G. Śliwiński, M. W. C. Miller, and K. J. Spaleta. Environmental sources of 
strontium in waterfowl eggs from interior Alaska.
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variation in the relationship between eggshell and environmental chemistries highlight the need 

for long-term data collection to determine dynamic relationships between habitat and potential 

limiting factors, especially for migratory animals that may acquire nutrients used for 

reproductive tissues from outside the breeding area.

2.2 Introduction

Strontium (Sr) is a naturally occurring and ubiquitous element, chemically similar to calcium 

(Ca), and Sr is closely tied to Ca as it moves through biological systems. Stable (non-radioactive) 

Sr in environmental samples derives from weathering of rocks and soils to surface and 

groundwater (Watts and Howe 2010), and from wet deposition of natural and anthropogenic 

atmospheric sources (Hirose et al. 1993). Strontium is detectable in nearly all fresh waters, but 

high levels are mostly associated with celestite-rich limestone deposits (Dorsey et al. 2004). In 

fauna, stable Sr is generally found at low concentrations (Dorsey et al. 2004). Strontium's 

chemical similarity to Ca results in substitution for Ca in biota, and similar uptake mechanisms 

(National Council on Radiation Protection and Measurements 1984).

Strontium has been implicated as a potential contaminant of concern for wild birds (Matz 

and Rocque 2007, Mora et al. 2007). Fly ash from coal-fueled power plants can be enriched up to 

200 times in Sr compared to typical soil concentrations (Straughan et al. 1981, Graustein 1989) 

and has been linked to elevated concentrations in avian eggs (Walls et al. 2015). For birds, Sr 

enriched diets can cause weight loss, abnormal bone growth and mineralization (rickets), reduced 

intestinal Ca absorption, and reduced liver enzyme activity (Weber et al. 1968, Corradino and 

Wasserman 1970). Chickens fed diets enriched with 1.2% Sr laid eggs with lower eggshell Ca 

concentrations and those fed diets enriched with 3.0% Sr laid eggs with thinner shells, than 
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controls (Doberenz et al. 1969). In a separate study, chickens fed a 3.0% enriched Sr diet laid 

fewer eggs, and those that were laid had thinner shells, were less fertile, and had lower eggshell 

Ca than controls, while those fed a 1.5% Sr enriched diet failed to produce any eggs that hatched, 

compared to 84% hatchability for controls (Weber et al. 1973).

Less information is available on deleterious effects of Sr in wild birds. Strontium (along 

with other contaminants ) in clapper rail (Rallus longirostris) eggs in California was associated 

with embryo deformities (Schwarzbach et al. 2006). Egg Sr was correlated with hepatic 

oxidative stress in pipping black-crowned night-herons (Nycticorax nycticorax; Rattner et al. 

2000). Mora et al. (2007) suggested that high concentrations of Sr in eggshells of passerines in 

certain regions of Arizona may be reducing hatchability and causing beak deformities by 

interference with normal Ca metabolism and bone growth. Walls et al. (2015) noted Sr in the 

prey of tree swallows (Tachycineta bicolor) was inversely correlated to fledglings produced, and 

that Sr in egg contents was inversely related to egg weight and nestling survival. Matz and 

Rocque (2007) reported Sr concentrations in lesser scaup (Aythya affinis) egg contents were 

inversely correlated with eggshell thickness. However, the mechanism for accumulation of high 

levels of eggshell Sr has been unclear. Some studies demonstrated links between egg Sr and the 

local environment (Mora et al. 2011, Kitowski et al. 2014), but these studies had low sample 

sizes, results were inconsistent across sites or taxa, and in some cases, egg chemistry was 

compared to water chemistry collected hundreds of km from the breeding location.

Scaup populations have declined substantially since the 1980s. In 2015 in the Alaska- 

Yukon Territory survey area, scaup remained 35% below the long-term average (U.S. Fish and 

Wildlife Service 2015). To date, no single factor has been isolated that fully explains this 

decline. Reviews indicate that juvenile recruitment is lower now than during population highs 
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(Austin et al. 2000). Several theories have been postulated for reduced recruitment including 

environmental contaminants (Austin et al. 2000, Austin et al. 2006).

Lesser scaup feed mostly on aquatic invertebrates, but also on seeds and aquatic plants 

(see: Austin et al. 2014). Trophic position of diet can affect Sr exposure (Blum et al. 2000, Peek 

and Clementz 2012); therefore, Sr accumulation may vary between sympatrically nesting species 

when diets contain more plant matter [e.g., diets of American wigeon (Mareca americana) or 

gadwall (Mareca strepera)] or invertebrates [e.g., diets of lesser scaup and northern shoveler 

(Spatula clypeata)].

Invasive invertebrates, such as zebra mussels (Dreissena polymorpha) have been 

implicated in transferring contaminants to lesser scaup (Custer and Custer 2000) and now make 

up the majority of the scaup pre-breeding diet in some areas (Badzinski and Petrie 2006). 

Emissions from power generation can be highly enriched in Sr (Straughan et al. 1981, Graustein 

1989), and waters near these power plants are utilized by foraging scaup (Mitchell and Carlson 

1993). Lesser scaup utilize endogenous reserves for egg synthesis (Afton and Ankney 1991, 

Esler et al. 2001, Cutting et al. 2011), including for eggshells (Afton and Ankney 1991). Matz 

and Rocque (2007) postulated that Sr from mollusks ingested during the non-breeding season 

may contribute to Sr concentrations in lesser scaup eggs from interior Alaska. This could result 

in higher egg Sr concentrations than sympatrically nesting species with different diets during this 

period.

2.2.1 Objectives

Strontium has been linked to eggshell quality (e.g., thickness) for lesser scaup, and previous 

work has suggested there may be relationships between egg Sr and both breeding and non
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breeding site geochemistry. Therefore, our aim was to clarify the role of the water chemistry near 

the nest site in explaining eggshell Sr for lesser scaup and sympatrically nesting species. Our 

specific objectives were to: 1) Determine the Sr/Ca ratios (Sr/Ca) in eggshells of lesser scaup and 

sympatrically nesting waterfowl; 2) Assess if the local water chemistry, where birds likely fed 

during laying, explained the variation in eggshell Sr/Ca; and 3) Examine how our results support 

or refute the hypothesis that some egg Sr may come from a source other than breeding site.

2.3 Materials and methods

2.3.1 Study site

We searched for waterfowl nests using rope drags and by foot and canoe from early June through 

mid-July in 2011—2013 near 64.905° N, 148.774° W (MF) within Minto Flats State Game 

Refuge and near 66.295° N, 148.119° W (YF) within Yukon Flats National Wildlife Refuge 

(Figure 2.1). At MF, we also used a trained dog to search for nests in 2011. See Mann and 

Sedinger (1993) and Martin et al. (2009) for descriptions. Ponds at YF were generally discreet 

and not usually connected by surface water (Figure 2.2). MF was notably different with many of 

the sampled wetlands interconnected in most years in spring, and throughout the summer in wet 

years (which occurred in 2013), often driven by local river levels.

2.3.2 Sample collections

2.3.2.1 Eggs

We identified waterfowl species by observing the flushing hen, egg characteristics, or contour 

feathers in the nest, and candled eggs to determine viability and incubation stage (Weller 1956). 

We captured some incubating hens and marked them with U.S. Geological Survey leg bands. We 
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collected eggs from American wigeon, canvasback (Aythya valisineria), lesser scaup, gadwall, 

greater scaup (Aythya marila), mallard (Anas platyrhynchos), northern pintail (Anas acuta), 

northern shoveler, and ring-necked duck (Aythya collaris) nests. Animal handling associated 

with this work was approved by the University of Alaska Fairbanks Institutional Care and Use 

Committee (227341), and in federal (MB025076 and MB218653) and state permits (11-018, 12

046, 13-076).

We handled eggshells wearing latex or nitrile gloves. Upon collection, and depending upon 

the requirements of concurrent studies, we either: 1) wrapped eggs in clean aluminum foil, stored 

them in padded plastic containers, and kept them cool in the field and refrigerated in the lab; or 

2) wrapped eggs in cotton batting during transport in the field, then incubated eggs in a 12 V 

portable incubator (Avey Incubator, Hugo, CO, USA) in the field and R-com 50 incubator 

(Autoelex Company, South Korea) until hatch or embryo death.

In the lab, we gently cleaned unhatched eggs, and eggshell caps from successfully hatching 

eggs, with tap water and a cleaning pad (Scotch-Brite, 3M, St. Paul, MN, USA or similar), then 

rinsed them with double-distilled or ASTM type I ultrapure water. After eggshells were 

separated from egg contents, we rinsed eggshells with double-distilled or ASTM type I ultrapure 

water, allowed them to dry in room air for 10+ days, and then stored them in chemically clean 

glass containers (ICHEM 300 Series, I-Chem Research, Hayward, CA, USA or similar) or 

aluminum foil-lined cardboard containers with covers to minimize dust settling on the eggshell.

We chose to examine eggshell Sr/Ca, rather than Sr alone, to allow for direct comparisons 

and calculate observed ratios between environmental samples and eggs. Use of either eggshell Sr 

or Sr/Ca likely had little impact on results, because eggshell Sr explains 99% of the eggshell 

Sr/Ca ratio across a variety of bird species (Mora et al. 2011).

20



2.3.2.2 Water

We collected water samples in 2012, 2013, or both at three locations around most of the 

waterbodies adjacent to where we located nests. Water samples were collected during the same 

periods we collected eggs. We submersed a polyethylene bottle washed with 10% nitric acid to 

approximately 12 cm below the water surface, then opened the bottle to collect the sample. We 

then combined these three intra-pond samples and filtered 30 ml of water through a Whatman 

Puradisc FP 0.45 μm cellulose acetate disk filter (Sigma-Aldrich, St. Louis, MO, USA), that we 

first rinsed with ASTM type I and lake water. Samples were acidified with 0.3 ml of 70% nitric 

acid and refrigerated until analyzed, which occurred within 3 months of collection. We collected 

conductivity data (μS∕cm) with a Eutech PCSTestr 35 (Oakton Instruments, Vernon Hills, IL, 

USA) with the probe placed approximately 10 cm below the water surface at each of the three 

water-collection locations around each pond, and used averages of water chemistry and 

conductivity at a wetland for data analysis. For some larger ponds, we conducted this procedure 

in multiple sections of the pond and used the average for the overall waterbody in analyses.

2.3.3 Chemical analyses

2.3.3.1 Eggshells

We measured Sr and Ca concentrations in eggshell samples using a non-destructive, wavelength- 

dispersive x-ray fluorescence spectrometer (WD-XRF) technique (Śliwiński et al. 2020) at the 

University of Alaska Fairbanks Advanced Instrumentation Laboratory. Briefly, we determined 

concentrations from intact eggshell pieces using species-specific regressions between fluorescent 

x-ray signals and conventional acid-digestion inductively coupled plasma mass spectrometry 

(ICP-MS) measurements, with analytical uncertainty (total internal error) estimates of ± 0.3 and 
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5% relative for Ca and Sr, respectively. For a few species only included in summary statistics 

(greater scaup, gadwall, mallard, and northern pintail), we used pressed pellets of known- 

concentration eggshells to develop species-specific regressions for eggshell Sr. Pressed pellets 

were prepared by weighing out approximately 0.35 g of shell and powdering it in an acid-washed 

corundum mortar and pestle. The eggshell powder was pressed into a pellet using a 13mm pellet 

die held at 10 tons in a hydraulic press for 10 minutes. The WD-XRF technique is under vacuum 

and the X-ray beam heated the sample; therefore, some water was likely lost. To account for this, 

we present concentrations as pseudo-dry weight concentrations (pdw).

No appropriate SRM for eggshells was available, so we used the RPD from National 

Institute of Standards and Technology (NIST; U.S. Department of Commerce, Gaithersburg, 

MD) SRM 1400 (a bone ash) as a measure of analytical technique stability. All samples were 

above the minimum detection limit (MDL). Sample concentrations were drift corrected using 

SRM 1400 and blanks. All blanks were below the MDL, both before and after drift correction.

2.3.3.2 Water

Calcium and Sr in water were determined by the Applied Science, Engineering, and Technology 

Lab at University of Alaska Anchorage using an Agilent 7500 ICP-MS following EPA Method 

200.8, or similar. Samples with notable particulate were re-filtered by the lab. No analytes were 

rejected on the basis of quality assurance or quality control screening criteria of blanks, spikes, 

and standard reference materials. All samples used in analyses were above the minimum 

detection limit (MDL). Average percent differences between measured concentrations and 

known concentrations were within 5% both for in-house and NIST 1643d.

22



2.3.4 Data treatment and statistical analysis

We used linear regression to verify that eggshell Sr/Ca was a valid index of Sr concentrations 

and to compare eggshell Sr and eggshell Sr/Ca. For these regressions, we considered an alpha of 

0.05 significant. We used Observed Ratios (OR) to describe the change in Sr/Ca between 

matrices [e.g., (Sr/Ca)eggshell/(Sr/Ca)water]. We used linear mixed models to assess the relationship 

between eggshell Sr/Ca and predictors (species, water Sr/Ca ratio, water conductivity, and water 

total Sr). We used maximum likelihood estimates for all linear mixed model comparisons and 

restricted maximum likelihood estimates for mixed model parameter estimates and confidence 

intervals (CIs). We weighted variance covariates in linear mixed models to reduce unequal 

variance, choosing the option that produced the lowest Akaike information criterion corrected for 

small sample size (AICc) of the full model. Water chemistry has been reported to be related to 

eggshell Sr/Ca (Mora et al. 2011, Kitowski et al. 2014), so we first conducted tests across all 

species and included linear and quadratic water Sr/Ca ratio, water Sr concentration, and 

conductivity as covariates. To constrain the number of models considered, and because water 

Sr/Ca is correlated to eggshell Sr/Ca for other species (Mora et al. 2011, Kitowski et al. 2014), 

we only examined models (besides the null) that included linear water Sr/Ca. We included a 

polynomial for water Sr/Ca because it has been reported to provide a better fit between water and 

shell Sr/Ca for some organisms (Anadon et al. 2010). We examined site and year effects on 

residuals of the best approximating water chemistry model for each of the three species 

examined. We only included eggs for which we had eggshell Sr data derived from the XRF 

technique described above. We only included nests in water-chemistry model assessments for 

which we had data for > 1 egg. We only included species in water-chemistry model assessments 

for which we had data for at least 15 nests, and when nests were distributed across both study 
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sites (i.e., canvasback, lesser scaup, and northern shoveler). We only included data for sites and 

years for which data was available for all sites within the year, and across all years by site, to 

allow for inter-year and site comparisons. We considered the best approximating models to be 

those with the lowest AICc, and those within two ΔAICc that did not increase model complexity 

(Arnold 2010).

Because diet may affect eggshell Sr/Ca, we conducted an additional examination of inter

species eggshell Sr/Ca differences at MF, because here, the water Sr/Ca ratio was relatively 

invariant compared to other site (Figure 2.2 and Table 2.2). We examined only the Sr/Ca values 

that were within the first quartile for each species as a metric to determine the likelihood that at 

least some eggshells for a species were produced by hens consuming only animal matter during 

egg formation (thereby laying eggs with low eggshell Sr/Ca, as Sr/Ca is inversely related to 

trophic level; Balter 2004).

All Sr/Ca ratios are expressed in mmol/mol (because Ca was found at much higher 

concentrations compared to Sr), water Sr in mol, eggshell Sr in mg/kg, and eggshell Ca in weight 

%. We used natural logarithm transformations for eggshell Sr/Ca and Sr mg/kg and water Sr/Ca 

ratios in analyses. Eggshell concentrations are expressed in pseudo dry weight (pdw; see eggshell 

analysis section above). We examined plots to assess normality and heteroscedasticity. Unless 

otherwise stated, we used R (R Core Team 2020) for all analyses.

2.4 Results

2.4.1 Eggshell Sr/Ca

We analyzed eggshell Sr/Ca ratios in 1,694 eggs from 576 nests of 9 species (Table 2.1). 

Eggshell Sr and Ca concentrations were all above detection limits and ranged from 144 to 3,729 
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mg/kg pdw and 35.27 to 41.38 weight % pdw, respectively. Across all eggs, eggshell Sr 

accounted for 99.9% (adjusted R2) of the variance in eggshell Sr/Ca (F = 7,452,000; df = 1 and 

1,692; P < 0.001). At MF, northern pintail and northern shoveler had the highest median eggshell 

Sr/Ca (indicating greater Sr concentrations relative to Ca) and greater and lesser scaup and ring

necked ducks the lowest (Table 2.1). At YF, northern shoveler had the highest median eggshell 

Sr/Ca and canvasback and ring-necked duck the lowest.

2.4.2 Eggshell Sr/Ca predictors

2.4.2.1 Overall model

The best-fitting global model in our candidate set of predictors for eggshell Sr/Ca indicated that 

species was important (Table 2.3). Across all eggs, the OReggshell-water averaged 0.32 ± 0.18 (1SD). 

At MF, the mean OReggshell-water was greatest for northern pintail and northern shoveler and lowest 

for ring-necked duck and greater scaup (Table 2.1). At YF, the mean OReggshell-water was greatest 

for northern shoveler and lowest for ring-necked duck.

2.4.2.2 Species-specific models

Across sites and years, we only had an adequate sample size for statistical assessments for 

canvasback, lesser scaup, and northern shoveler. Water Sr/Ca was a predictor of eggshell Sr/Ca 

for all three species (Table 2.4). Top approximating models also included water Sr, and 

conductivity for lesser scaup, but these co-variates only explained an additional 1-12% of the 

eggshell Sr/Ca (Tables 2.4). The direction of the effect of water Sr/Ca was positive across 

species, but the slopes varied (Table 2.5). There were substantial interspecific differences in the 

degree to which the water chemistry model explained eggshell Sr/Ca variance (86 and 71% for 
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canvasback and northern shoveler, respectively, but only 26% for lesser scaup; Table 2.4). Intra

clutch variability explained 66% of lesser scaup eggshell Sr/Ca variance (Table 2.4).

Site and year were not predictors of eggshell Sr/Ca residuals, after fitting the top water 

chemistry approximating model, for canvasback and northern shoveler, but year was a predictor 

for lesser scaup (Table 2.6). Although water chemistry predicted lesser scaup eggshell Sr/Ca in 

all years, the degree to which the model accounted for eggshell Sr/Ca differed starkly among 

years (Table 2.7). The chemistry of the waterbody nearest the nest accounted for 11, 13, and 66% 

of the variance in lesser scaup eggshell Sr/Ca in 2011, 2012, and 2013, respectively, while intra

clutch variability explained 88, 60, and 31%, respectively, in those same years (Table 2.7).

2.5 Discussion

The chemistry of wetlands near the nest explained some eggshell Sr, but there was a wide range 

in the amount of variance explained by the water chemistry model among years and species, and 

there were species-specific differences in the Sr/Ca OReggshell-water. For lesser scaup, intra-clutch 

variability explained more eggshell Sr/Ca than did the local water chemistry. These demonstrate 

that factors associated with the hen, such as diet or endogenous reserve use, may also be 

important drivers of eggshell Sr.

Finding that local water chemistry is a predictor of eggshell Sr/Ca aligns with reports for 

other birds (Mora et al. 2011), but with some important distinctions. Mora et al. (2011) described 

the relationship between eggshell Sr/Ca and water Sr/Ca by using a national database (Sillen and 

Kavanagh 1982) collected in the 1950s over a wide geographic area (Skougstadt and Horr 1960).

They compared the set to eggs collected from 1985-2007, assuming “that the Sr/Ca ratios of 

rivers or drainage systems remain constant over a significant range and tend not to change much 
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over time..." This assumption may not be appropriate for areas with complicated geochemistry 

or areas affected by climate impacts on hydrology and permafrost, such as interior Alaska (e.g., 

see: Douglas et al. 2013).

Water chemistry explained far less of the Sr/Ca in lesser scaup eggshells, compared to 

other species, and model fit was variable among years. Instead, heterogeneity among eggs in the 

same nest (intra-clutch variance) explained 2/3 of the variability in eggshell Sr/Ca. Matz and 

Rocque (2007) postulated that the source of Sr in the eggs of lesser scaup may include factors 

other than local geochemistry, such as diet or hen use of endogenous reserves; our data add 

support to that hypothesis.

2.5.1 Potential influence of diet

Ca is acquired preferentially over Sr, and as these elements transfer through food webs, the Sr/Ca 

ratios at higher trophic levels is reduced (biopurification; Ophel and Judd 1966;1967, Blum et al. 

2000, Balter et al. 2002, Peek and Clementz 2012). Therefore, trophic position of the diet during 

egg production could explain inter-species differences in eggshell Sr/Ca. In addition to trophic 

level, the species and part of the plant eaten may also play a role in Sr/Ca acquired by the 

consumer. In aquatic plants, Ophel and Fraser (1970) reported the ORleaf-water ranged from 0.1

2.1. Root depth may also affect ratios because mineral weathering is the main source of Sr in 

deep soil horizons, but topsoil can be influenced by atmospheric deposition (Britton et al. 2020) 

In addition, roots, rhizomes, and seeds generally had higher Sr/Ca than leaves (see: Sillen 1992, 

Sillen and Leethorp 1994).

Animal matter consumed during egg laying was reported to be 41.3%, 57-72%, 57.1

77.7%, 70-72%, 77.1%, 80.8%, 85.4%, and 93-99 for American wigeon, gadwall, canvasback, 
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mallard, northern pintail, ring-necked duck, lesser scaup, and northern shoveler, respectively 

(Krapu 1974, Serie and Swanson 1976, Swanson et al. 1977, Wishart 1983, Noyes and Jarvis 

1985, Swanson et al. 1985, Ankney and Afton 1988, Austin et al. 1990, Afton and Hier 1991, 

Ankney and Alisauskas 1991, Eberhardt and Riggs 1995). Also, seeds are the primary type of 

vegetation consumed by mallard and northern pintail during laying (Krapu 1974, Swanson et al. 

1985), and tubers for canvasback (Noyes and Jarvis 1985, Austin et al. 1990), whereas American 

wigeon and gadwall primarily consume plant material (Wishart 1983, Ankney and Alisauskas 

1991).

Based on the reported amount of animal matter in diet and proportion of diet made up of 

seeds, we expected to find lower eggshell Sr/Ca in lesser and greater scaup, northern shoveler, 

and ring-necked ducks compared to American wigeon, canvasback, and gadwall at MF (the site 

where water chemistry varied little and therefore, was not a large factor driving eggshell Sr/Ca). 

Because mallard and northern pintail may consume significant amounts of animal matter, but 

also prefer seeds when consuming plants, it is unclear where they might fall in terms of dietary 

Sr and subsequently, eggshell Sr. It is likely that animal matter in the diet would drive eggshell 

Sr/Ca down and seeds would increase it.

As expected, median and first-quartile ring-necked duck and greater and lesser scaup 

eggshell Sr/Ca was lower compared to American wigeon, canvasback, and gadwall (Figure 2.3 

and Table 2.1). Mallard and northern pintail had among the highest eggshell Sr/Ca. While not 

conclusive, these results suggest that foraging ecology during laying may be a factor affecting 

baseline eggshell Sr/Ca. The results also provide evidence that greater scaup, ring-necked ducks, 

and a portion of lesser scaup, consumed primarily animal matter during laying. The only species 

that did not fit our expectations was northern shoveler. Interestingly, shovelers had the highest 
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reported animal matter in the diet, and we expected the species would show the lowest eggshell 

Sr/Ca. Instead, shoveler median eggshell Sr/Ca was high, similar to pintail (Table 2.1).

Variability in the foods eaten during laying by individual birds could explain the 

heterogeneity in eggshell Sr/Ca we found within some clutches. Hurwitz and Bar (1966) reported 

that 70-78% of 85Sr injected into the blood of laying hens was assimilated into the next laid egg, 

so the response to a dietary shift would be rapid. Also, changes in dietary Sr/Ca ratios are rapidly 

reflected in bone (Dahl et al. 2001), which would affect the endogenous mineral stores available 

for eggshell production. Therefore, disparity in Sr/Ca in the diet throughout the laying period, 

due to changes either in diet or by moving between ponds with different geochemistry 

composition, would lead to changes in endogenous and exogenous Sr/Ca ratios and may explain 

some of the intra-clutch Sr/Ca variability we found.

2.5.2 Other potential factors affecting Sr/Ca variance

Trophic position of the diet alone does appear to explain the elevated northern shoveler eggshell 

Sr/Ca or the numerous outliers for lesser scaup. The results for northern shoveler are contrary to 

what we would expect based on the reported diet. Because of its unique bill structure, northern 

shoveler are primarily carnivorous even outside the breeding season (DuBowy 1985, Thompson 

et al. 1992, Tietje and Teer 1996). The first quartile of northern shoveler eggshell Sr/Ca (Figure 

2.3; assumed to represent the group of eggs laid by hens consuming the most animal matter) at 

MF was nearly double that of lesser scaup, a species reported to consume similar amounts of 

animal matter during laying and 35% greater than American wigeon, the species reported to 

consume the least animal matter during laying. Unless northern shoveler at MF are consuming a 

largely vegetarian diet (which seems unlikely) or eating a substantial amount of roots and seeds 
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[which also seems unlikely (Ankney and Afton 1988)], some other factor besides tropic position 

of the diet is driving their unexpectedly high Sr/Ca ratios. Because we did not measure Sr/Ca in 

food items, a simple, yet untested explanation could be that a preferred food item of shovelers 

has an unusually high Sr/Ca ratio, which could explain their overall high-median eggshell Sr/Ca.

Diet also seems unlikely to be the only factor affecting eggshell Sr/Ca ratios in lesser 

scaup, given numerous outliers. The first quartile eggshell Sr/Ca of lesser scaup at MF was 0.30 

mmol/mol (Figure 2.3); lesser scaup have been reported to consume 85% animal matter during 

the breeding season (Afton and Hier 1991). If we assume lesser scaup eggshells were created 

from a mostly insectivorous diet, and apply the OR for between-tropic-levels of 0.3 (Balter 2004) 

to simulate a mostly herbivorous diet, we would expect lesser scaup eating a herbivorous diet to 

produce eggshells with Sr/Ca of about 1.0 mmol/mol. Seventeen percent of lesser scaup eggshell 

Sr/Ca ratios at MF exceeded this, leading to the unlikely conclusion that they consume a nearly 

vegetarian diet during eggshell formation.

2.5.2.1. Endogenous reserves

In general, most waterfowl species that use endogenous stores use lipids, protein, and minerals, 

in that order, but the use of stored reserves for egg production can be highly variable even among 

individuals breeding in the same area. For example, Oppel et al. (2010) reported that a nearly 

equal proportion of king eider (Somateria spectabilis) invested 0-20% protein derived from a 

source outside the breeding area into lipid-free yolk as those that invested 80-100%. Oppel et al. 

(2010) further reported large differences in the allocation of stored reserves within the same 

clutch. The use of stored mineral reserves by waterfowl also varies annually, by species, and 

across the breeding season if birds renest (Krapu 1981, Young 1993, MacCluskie and Sedinger 
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2000). Gadwall (Ankney and Alisauskas 1991), greater scaup (Gorman et al. 2008), northern 

shoveler (Ankney and Afton 1988, MacCluskie and Sedinger 2000), and ring-necked duck 

(Hohman 1986, Alisauskas et al. 1990) use only exogenous minerals for egg production. For 

canvasbacks, Ca reserves were not related to Ca in reproductive tissues (eggs), but medullary 

bone tissue (a Ca source) peaked during laying, leading Barzen and Serie (1990) to suggest that 

birds were acquiring local Ca in bone during the pre-breeding period for later egg production. 

Endogenous mineral reserves accounted for a range (≤10%) of minerals in the eggshells of lesser 

scaup (Afton and Ankney 1991, Esler et al. 2001), and from 0-10% in the eggshells of mallard 

(Young, 1993). Northern pintail breeding at Yukon Delta, Alaska have been reported to utilize 

reserves for about 13% of egg mineral requirements (Esler and Grand 1994). These studies did 

not generally measure endogenous reserve use by individual birds or how use of mineral reserves 

varied within a clutch, so the expected intra- and inter-clutch endogenous reserve use variability 

for species in our study is unknown. If the chemistry of the local environment was different from 

endogenous mineral reserves, and birds did indeed use varying strategies to produce eggs, Sr/Ca 

ratios would have been variable as well. This may explain the lack of fit for the water chemistry 

model for some years, and the large variance in eggshell Sr/Ca for lesser scaup.

Species with reported use of endogenous mineral reserves for eggshell production, such 

as lesser scaup, mallard, and northern pintail (Afton and Ankney 1991, Young 1993, Esler and 

Grand 1994, Esler et al. 2001), had relatively high standard deviation in eggshell Sr/Ca at MF 

(the site with relatively stable water Sr/Ca; Table 2.1). In contrast, for most species (gadwall, 

greater scaup, and ring-necked duck) that do not use mineral reserves for eggshell production, 

eggshell Sr/Ca standard deviations were relatively low (Hohman 1986, Alisauskas et al. 1990, 

Ankney and Alisauskas 1991, Gorman et al. 2008). Northern shoveler was the only species that 
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did not align with this prediction. Standard deviations for shovelers were approximately 2/3 that 

of lesser scaup at MF, but greater than for American wigeon, canvasbacks, gadwall, greater 

scaup, and ring-necked duck, suggesting individuals may have used some endogenous mineral 

reserves for egg production. Although laying shovelers have not been shown to broadly use 

endogenous mineral reserves (Ankney and Afton 1988, MacCluskie and Sedinger 2000), the few 

studies that examined this reported large variability between reproductive and endogenous ash 

across the laying period, suggesting individual birds may utilize different strategies. For 

example, at MF, MacCluskie and Sedinger (2000) reported that one of two birds that laid 10 eggs 

had somatic mineral reserves of approximately 15g, but the other had approximately 28 g. Such 

large variability in endogenous mineral reserves did not occur for birds collected during the 

breeding season that had not yet laid eggs.

2.5.2.2 Discrimination of Sr

Discrimination in mollusk shells is highly affected by shell growth rate (Lorrain et al. 2005). 

Because laying intervals can vary within and between clutches in waterfowl (Low 1945, Watson 

et al. 1993, Kennamer et al. 1997), it is plausible that the uterine eggshell mineralization rates 

could also affect Sr discrimination. Sr and Ca isotope studies have reported potential differential 

discrimination of Sr for Ca in the oviduct and uterus (Gordon and Skulan 2011), and Drori et al. 

(1964) found that during peak eggshell formation, Sr/Ca discrimination in laying hens decreased.

Strontium preferentially entered and exited bone over Ca (Talmage et al. 1957) at a ratio 

of 1.0-1.6 and 1.3, respectively, so bone mineral reserves used for eggshell production, whether 

acquired locally or away from the breeding grounds, could also explain elevated eggshell Sr 

concentrations and intra-clutch variance. Further, the incorporation of Sr into bones occurs 
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mostly at the apatite crystal surface (Dahl et al. 2001, Boivin and Meunier 2003) and is 

dependent on osteoblastic activity (Norman et al. 1951), which is why Sr/Ca ratios are higher for 

new bone compared to turnover in existing tissue (Farlay et al. 2005). This suggests preference 

for Sr assimilation and loss (compared to Ca) may be underestimated by simple discrimination 

ratios of Sr for Ca, when the source is undergoing rapid change, such as in medullary bone used 

for eggshell production.

2.5.2.3 Annual water chemistry

Temporal water chemistry variation may have also affected eggshell chemistry. Although our 

sample size was small and not amenable to modeling, we found mean inter-year differences for 

water Sr/Ca was 3.3 ± 9.4% (1SD) at ponds sampled in both 2012 and 2013 (n = 26; U.S. Fish 

and Wildlife Service, Fairbanks, Alaska; unpublished data). Although annual variability in water 

chemistry likely accounted for some lesser scaup eggshell Sr/Ca variation, it seems unlikely to 

be a primary factor, because other species were not similarly affected. However, because the 

overall variation in eggshell Sr/Ca was low for some species, such as canvasback, these inter

year differences in water Sr/Ca may account for a substantial part of the unexplained eggshell 

Sr/Ca variance on a species-specific basis, especially for sites where the inter-pond Sr/Ca 

variability is low. Mean nest initiation dates and length of the nesting season can also vary by 

species (Petrula 1994). Therefore, intra-annual variance in water chemistry could have led to 

some differences in eggshell Sr/Ca, although mean initiation dates only varied 15-18 days and 

the length of the nesting period was inconstant across species at MF (Petrula 1994), suggesting 

this was not a sizeable factor.
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2.5.2.4 Nest parasitism and laying hen use of other wetlands

Given the propensity of intra-specific and inter-specific nest parasitism for species with similar 

sized and colored eggs (e.g., lesser scaup egg laid into a ring-necked duck nest; Lokemoen 1991, 

Fournier and Hines 2001), it is likely some eggs collected from nests were due to parasitism, and 

not laid by the incubating hen. If nutrients for parasitic eggs came from a dissimilar waterbody, 

the effect would be the same as if the incubating hen foraged at a dissimilar wetland. However, it 

appears the rate of nest parasitism in this study was relatively low because <1% of nests had >12 

eggs (Weller et al. 1969, Fournier and Hines 2001).

Because hens were not tracked during the laying period, we chose to associate a nest with 

a nearby water body. It is likely that some hens foraged at ponds other than the one we assigned. 

In some cases at YF, adjacent wetlands were disconnected and had very different water 

chemistry (Figure 2.2). If lesser scaup hens fed at ponds with different water Sr/Ca, it could 

explain the lack of the water chemistry model fit and high intra-clutch variance for this species. 

However, at MF, ponds were often interconnected leading to relatively invariant water Sr/Ca 

(Table 2.2). Therefore, because we found high eggshell Sr and variation for some nests at both 

sites, neither nest parasitism nor hen use of other nearby wetlands appear to explain our results.

2.6 Conclusions

Inter-specific and annual differences in eggshell Sr/Ca variance explained by water Sr/Ca 

suggests that at least for some species, factors beyond the chemistry of the local environment can 

have a large impact on eggshell Sr concentrations. General trends in eggshell Sr/Ca among 

species mostly align with what would be expected had diet and/or endogenous reserve use 

affected eggshell chemistry. Matz and Rocque (2007) proposed that egg Sr is at least partly 
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derived outside the breeding location. For our primary species of interest, lesser scaup, relatively 

poor agreement between eggshell Sr/Ca and local water chemistry, and large inter-year 

differences in model fit adds credence to this hypothesis, but more research is needed. While 

there is a growing body of literature suggesting that egg and eggshell Sr may be correlated with 

negative consequences for wild birds, our data show that the incorporation of Sr into eggshells is 

a complex process. Our results also highlight that eggshell Sr/Ca may hold promise as a tool to 

help elucidate important components of avian ecology, such as diet and endogenous reserve use.
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2.8 Figures

Figure 2.1. Study sites on Yukon Flats National Wildlife Refuge (YF) and Minto Flats State

Game Refuge (MF), Alaska.

36



Figure 2.2. Water Sr/Ca ratios (mmol∕mol) at study sites on Yukon Flats National Wildlife Refuge (YF) and Minto Flats State Game

Refuge (MF), Alaska.



Figure 2.3. Box plots of eggshell Sr/Ca (mmol/mol) in American wigeon (AMWI), canvasback 

(CANV), gadwall (GADW), greater scaup (GRSC), lesser scaup (LESC), mallard (MALL), 

northern pintail (NOPI), northern shoveler (NSHO), and ring-necked duck (RNDU) eggs 

collected at Minto Flats State Game Refuge, Alaska in 2011-2013 after excluding values above 

the first quartile (calculated for each species). Centerline = median; hinges = first and third 

quartile; whiskers = 95% confidence interval (CI); dots = points outside 95% CI.
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2.9 Tables

39

Table 2.1. Summary statistics for eggshell Sr/Ca ratios in American wigeon (AMWI), canvasback (CANV), gadwall (GADW), greater 

scaup (GRSC), lesser scaup (LESC), mallard (MALL), northern pintail (NOPI), northern shoveler (NSHO), and ring-necked duck 

(RNDU) eggs collected in Yukon Flats National Wildlife Refuge (YF) and Minto Flats State Game Refuge (MF), Alaska. Statistics 

presented by years for lesser scaup.

Eggshell Sr/Ca (mmol/mol) Observed Ratios

(Sr/Ca)eggshell∕(Sr/Ca)water

Site Species Year n1 Mean± 1 SD Median Min-max Mean± 1 SD

YF AMWI 2011,2013 2 1.03-1.84

CANV 2011-2013 58 0.65 ±0.11 0.66 0.30-0.91 0.21 ±0.04

LESC 2011-2013 428 0.93 ±0.49 0.80 0.18-2.38 0.34 ±0.18

LESC 2011 100 0.89 ±0.50 0.72 0.25-2.14 0.29 ±0.19

LESC 2012 225 0.89 ±0.45 0.82 0.24-2.21 0.35 ±0.17

LESC 2013 103 1.07 ±0.56 0.90 0.18-2.38 0.36 ±0.19

NSHO 2011-2013 96 1.84 ±0.81 1.78 0.34-4.61 0.55 ±0.21

RNDU 2011-2013 29 0.61 ±0.23 0.64 0.34-1.27 0.19 ±0.06

MF AMWI 2012-2013 78 0.49 ±0.11 0.48 0.28-0.93 0.25 ± 0.06

CANV 2011-2013 47 0.44 ± 0.04 0.44 0.34-0.53 0.21 ±0.02



Table 2.1. continued

GADW 2012-2013 25 0.48 ±0.09 0.46 0.36-0.69 0.23 ± 0.04

GRSC 2011-2013 29 0.36 ±0.08 0.35 0.24-0.51 0.17 ±0.04

LESC 2011-2013 491 0.55 ±0.38 0.38 0.23-1.70 0.27 ±0.19

LESC 2011 136 0.69 ±0.44 0.45 0.28-1.70 0.34 ±0.21

LESC 2012 176 0.62 ±0.41 0.45 0.23-1.59 0.31 ±0.20

LESC 2013 179 0.38 ±0.20 0.32 0.23-1.60 0.19 ± 0.10

MALL 2011-2013 31 0.57 ±0.21 0.55 0.33-1.32 0.28 ±0.10

NOPI 2011-2013 55 0.76 ±0.31 0.65 0.40-1.42 0.38 ±0.14

NSHO 2011-2013 301 0.74 ± 0.26 0.70 0.34-3.52 0.37 ±0.12

RNDU 2011-2013 24 0.37 ±0.07 0.35 0.26-0.49 0.19 ±0.04

1 Sample sizes differ from those presented in water chemistry model tables (i.e., Tables 2.3-2.7), because this table includes nests with 

eggshell data for one or more egg.



Table 2.2. Summary statistics for water Sr/Ca ratios (mmol/mol) for wetlands at study sites in 

Yukon Flats National Wildlife Refuge (YF) and Minto Flats State Game Refuge (MF), Alaska.

Water Sr/Ca (mmol/mol)

Site

Years 

water 

sampled

Number of 

wetlands 

sampled

Median Min-max

YF 2012-2013 45 3.13 1.38-6.64

MF 2012-2013 29 1.93 1.59-2.10
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Table 2.3. Performance of competing linear mixed-effect models examining the relationship between eggshell Sr/Ca for canvasback, 

lesser scaup, and northern shoveler and predictor variables [nest as a random factor and linear and quadratic parameterization of water 

Sr/Ca ratio (water Sr/Ca), water Sr concentration (waters Sr), conductivity (cond), and species as fixed effects] at 2 sites in interior 

Alaska, 2011-2013.

Modelsa dfb ΔAICcc wid pR2me pR2rf

SPECIES + water Sr/Ca + water Sr/Ca2 + cond + water Sr 11 0.00 0.97 0.32 0.54

Null 5 114.11 0.00

aTotal number of eggs = 1,215 and nests = 269. Models with weights >0.05, and the null model (for reference) are presented. Only 

nests with data for more than one egg were included in analyses.

b df is the number of parameters in the model, including those from weights.

c Δ Akaike information criterion corrected for small sample sizes (AICc) = difference in AICc relative to the smallest AICc value, 

dwi = AICc model weight.

epR2m = marginal R2 (Nakagawa and Schielzeth 2013) describing the proportion of variance explained by the fixed factors alone. 

fpR2r = conditional R2 (Nakagawa and Schielzeth 2013) describing the proportion of variance explained by random factors (i.e., nest).



Table 2.4. Performance of competing linear mixed-effect models examining the relationship between canvasback (CANV), lesser 

scaup (LESC), and northern shoveler (NSHO) eggshell Sr/Ca ratio and predictor variables for eggs collected in interior Alaska in 

2011-2013. We included nest as a random factor and linear parameterizations of water Sr concentration (water Sr), conductivity 

(cond), and quadratic parameterizations of water Sr/Ca ratio (water Sr/Ca), as fixed effects.

Species nea nnb Modelsc dfd ΔAICce wif pR2mg pR2rh

CANV 78 18 water Sr/Ca + water Sr/Ca2 + water Sr*** 6 0.00 0.74 0.86 0.04

water Sr/Ca + water Sr/Ca2 + cond + water Sr 7 2.18 0.25 0.86 0.05

water Sr/Ca + cond + water Sr 6 9.72 0.01 0.76 0.14

water Sr/Ca + water Sr/Ca2 5 10.03 0.01 0.76 0.15

water Sr/Ca + water Sr 5 10.62 0.00 0.74 0.17

water Sr/Ca + water Sr/Ca2 + cond 6 11.91 0.00 0.76 0.15

water Sr/Ca 4 13.72 0.00 0.68 0.23

water Sr/Ca + cond 5 15.75 0.00 0.67 0.24

Null 3 33.41 0.00

LESC 895 206 water Sr/Ca + water Sr/Ca2 + cond + water Sr*** 8 0.00 0.92 0.26 0.66



Table 2.4. continued

water Sr/Ca + water Sr∕Ca2 + water Sr 7 6.30 0.04 0.23 0.68

water Sr/Ca + cond + water Sr 7 7.94 0.02 0.22 0.69

water Sr/Ca + water Sr 6 8.98 0.01 0.22 0.70

water Sr/Ca + water Sr/Ca2 + cond 7 9.30 0.01 0.21 0.70

water Sr/Ca + water Sr/Ca2 6 11.31 0.00 0.20 0.71

water Sr/Ca 5 13.70 0.00 0.19 0.72

water Sr/Ca + cond 6 14.65 0.00 0.19 0.72

Null 4 64.37 0.00

NSHO 242 45 water Sr/Ca + water Sr*** 5 0.00 0.25 0.71 0.14

water Sr/Ca + cond*** 5 0.98 0.15 0.70 0.15

water Sr/Ca + water Sr/Ca2 *** 5 1.20 0.14 0.70 0.15

water Sr/Ca + water Sr/Ca2 + water Sr 6 1.29 0.13 0.71 0.14

water Sr/Ca*** 4 1.34 0.13 0.69 0.16

water Sr/Ca + cond + water Sr 6 1.96 0.09 0.70 0.15



Table 2.4. continued

water Sr/Ca + water Sr∕Ca2 + cond 6 2.51 0.07 0.70 0.15

water Sr/Ca + water Sr∕Ca2 + water Sr + cond 7 3.41 0.05 0.70 0.15

Null 3 65.88 0.00

*** indicate best approximating model and those within two Δ Akaike information criterion corrected for small sample sizes (AICc) 

that did not increase model complexity (Arnold 2010).

a ne is the total number of eggs.

b nn is the total number of nests.

c Only nests with data for more than one egg were included in analyses.

d df is the number of parameters in the model, including those from weights.

e ΔAICc = difference in AICc relative to the smallest AICc value.

f Wi = AICc model weight.

gpR2m = marginal R2 (Nakagawa and Schielzeth 2013) describing the proportion of variance explained by the fixed factors alone. 

hpR2r = conditional R2 (Nakagawa and Schielzeth 2013) describing the proportion of variance explained by random factors (i.e., nest).



Table 2.5. Linear mixed-effect model parameter estimates and 85% confidence interval for the 

top approximating model (Table 2.4) between canvasback (CANV), lesser scaup (LESC), 

northern shoveler (NSHO) log(eggshell Sr/Ca) and predictor variables for eggs collected in 

interior Alaska in 2011-2013.

Species βlog(water Sr/Ca) βlog(water Sr/Ca)2 βwater Sr βconductivity

CANV 5.90 -2.51 -301,005 -

(4.05 to 7.75) (-3.45 to -1.57) (-422,847 to -179,162)

LESC 3.75 -1.46 -577,315 3.16e-4

(2.52 to 4.98) (-2.13 to -0.79) (-824,637 to -329,994) (1.57e-4 to 4.74e-4)

NSHO 1.86 - -230,566 -

(1.60 to 2.13) (-416,096 to -45,036)
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Table 2.6. Performance of competing linear mixed-effect models to determine the role of site and 

year in explaining variance of eggshell Sr/Ca residuals after fitting data with the best 

approximating water-chemistry model for canvasback (CANV), lesser scaup (LESC), and 

northern shoveler (NSHO) eggs collected in interior Alaska in 2011-2013. We included nest as a 

random factor.

Species # of eggs Modelsa dfb ΔAICcc wid pR2me

CANV 78 Null*** 5 0.00 0.47

YEAR 7 1.10 0.27 0.12

SITE 6 2.26 0.15 0.01

SITE + YEAR 8 3.12 0.10 0.11

LESC 895 YEAR*** 11 0.00 0.54 0.06

SITE + YEAR 12 0.45 0.43 0.07

SITE 10 7.10 0.02 0.01

Null 9 7.20 0.02

NSHO 242 Null *** 3 0.00 0.61

SITE 4 2.06 0.22 0.00

YEAR 5 3.16 0.13 0.01

SITE + YEAR 6 5.05 0.05 0.01

*** indicate best approximating model and those within two Δ Akaike information criterion 

corrected for small sample sizes (AICc) that did not increase model complexity (Arnold 2010).
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Table 2.6. continued 

a Only nests with data for more than one egg were included in analyses.

b df is the number of parameters in the model, including those from weights. 

cΔAICc = difference in AICc relative to the smallest AICc value.

d wi = AICc model weight.

e pR2m = marginal R2 (Nakagawa and Schielzeth 2013) describing the proportion of variance 

explained by the fixed factors.
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Table 2.7. Performance of competing linear mixed-effect models examining the relationship between lesser scaup eggshell Sr/Ca ratio 

and predictor variables in 2011, 2012, and 2013. We included nest as a random factor and linear parameterizations of water Sr 

concentration (water Sr), conductivity (cond), and quadratic parameterizations of water Sr/Ca ratio (water Sr/Ca), as fixed effects.

Model Set # of eggs # of nests Modelsa dfb ΔAICcc wid pR2me pR2rf

2011 228 68 water Sr/Ca + water Sr/Ca2*** 6 0.00 0.41 0.11 0.88

water Sr/Ca + water Sr/Ca2 +water Sr 7 1.37 0.21 0.12 0.87

water Sr/Ca + water Sr/Ca2 + cond 7 1.77 0.17 0.11 0.88

water Sr/Ca + water Sr/Ca2 + cond + water Sr 8 3.37 0.08 0.12 0.87

water Sr/Ca 5 4.14 0.05 0.05 0.94

water Sr/Ca + water Sr 6 5.21 0.03 0.07 0.92

Null 4 5.31 0.03

water Sr/Ca + cond 6 6.12 0.02 0.05 0.94

water Sr/Ca + cond + water Sr 7 7.33 0.01 0.07 0.92

2012 393 73 water Sr/Ca*** 5 0.00 0.29 0.13 0.60

water Sr/Ca + cond 6 1.15 0.17 0.13 0.61



Table 2.7. continued

water Sr/Ca + water Sr/Ca2 + cond 7 1.38 0.15 0.15 0.59

water Sr/Ca + water Sr/Ca2 6 1.72 0.12 0.14 0.60

water Sr/Ca + water Sr 6 2.06 0.11 0.13 0.61

water Sr/Ca + water Sr/Ca2 + cond + water Sr 8 3.15 0.06 0.15 0.59

water Sr/Ca + cond + water Sr 7 3.18 0.06 0.12 0.61

water Sr/Ca + water Sr/Ca2 + water Sr 7 3.78 0.04 0.14 0.60

Null 4 14.76 0.00
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2013 274 65 water Sr/Ca + water Sr∕Ca2 + cond + water Sr *** 8 0.00 0.74 0.66 0.31

water Sr/Ca + cond + water Sr 7 3.95 0.10 0.64 0.33

water Sr/Ca + water Sr 6 4.07 0.10 0.62 0.35

water Sr/Ca + water Sr/Ca2 + water Sr 7 5.12 0.06 0.62 0.36

water Sr/Ca 5 13.45 0.00 0.54 0.44

water Sr/Ca + water Sr/Ca2 6 14.89 0.00 0.53 0.45

water Sr/Ca + cond 6 15.22 0.00 0.53 0.44



Table 2.7. continued

*** indicate best approximating model and those within two Δ Akaike information criterion corrected for small sample sizes (AICc) 

that did not increase model complexity (Arnold 2010).

a Only nests with data for more than one egg were included in analyses.

b df is the number of parameters in the model, including those from weights.

cΔAICc = difference in AICc relative to the smallest AICc value.

d Wi = AICc model weight.

epR2m = marginal R2 (Nakagawa and Schielzeth 2013) describing the proportion of variance explained by the fixed factors alone. 

fpR2r = conditional R2 (Nakagawa and Schielzeth 2013) describing the proportion of variance explained by random factors (i.e., nest).

water Sr/Ca + water Sr∕Ca2 + cond 7 16.95 0.00 0.52 0.45

Null 4 69.04 0.00
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Chapter 3: Radionuclide Activities in Waterfowl Eggs in the Alaska Boreal Forest and 

Relationship to Local Environment2

2Prepared for submission to Environmental Pollution as: Latty, C. L., A. C. Matz, and T. E.
Hollmen. Radionuclide activities in waterfowl eggs in the Alaska boreal forest and relationship 
to local environment.

3.1 Abstract

Strontium (Sr) substitutes for calcium in biota, and is readily incorporated into calcified tissues, 

such as eggshells. Stable Sr has been linked to thinner eggshells for some species of waterfowl, 

but the accumulation of radioactive Sr in waterfowl eggs is poorly understood. To address this, 

we measured radio-Sr and other common anthropogenic radioisotopes in the eggs of five 

sympatrically nesting duck species. Strontium-90 and 137Cs activities in the eggshells, egg 

contents, and ducklings of waterfowl in interior Alaska were 1-2 orders of magnitude less than 

activities measured in Alaska bird tissues during the mid-twentieth century. Unexpectedly, we 

detected 89Sr, a short-lived anthropogenic radioisotope (half-life approximately 50 days) in some 

samples. We also examined the relationship between eggshell 90Sr, environmental chemistry, and 

total eggshell Sr. In 2011, which was the only year we examined multiple species, the water 

chemistry of ponds near the nest explained 89 and 76% of the variation in eggshell 90Sr for 

canvasback (Aythya valisineria) and northern shoveler (Spatula clypeata), respectively, but only 

32% for lesser scaup (Aythya affinis). After accounting for environmental chemistry, 14-48% of 

the residual variation in 90Sr in lesser scaup eggshells was explained by eggshell total Sr. This 

suggests factors related to the hen, such as diet or use of endogenous reserves, likely play an 

important role in the accumulation of this prominent nuclear-fallout radioisotope. These results 

demonstrate the importance of considering individual variation when assessing the drivers of 
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radioisotopes in biota, especially for migratory animals that may accumulate burdens away from 

breeding areas, and subsequently incorporate those into reproductive tissues.

3.2 Introduction

Anthropogenic radioisotopes are globally distributed, and may pose risks to terrestrial and 

aquatic biota. Common forms of radiation emitted by radioisotopes include alpha and beta 

particles (a helium nucleus and electron, respectively) and gamma rays (high-frequency 

electromagnetic radiation). Alpha particles are large and travel a short distance, but can be very 

damaging if they enter the body. Beta particles travel about 100 times further than alpha particles 

and penetrate a short distance into tissue. Gamma rays can penetrate through tissues and have 

sufficient energy to ionize and damage molecules like DNA. Some radioisotopes, such as 

strontium-89 and -90 (89Sr and 90Sr) and cesium-137 (137Cs), occur as a result of uranium and 

plutonium fission and were not present in the environment prior to 1945 (United Nations 

Scientific Committee on the Effects of Atomic Radiation 2000, Dorsey et al. 2004). Generally, 

more 89Sr is produced in fission reactions than 90Sr, but it has a shorter half-life (50 days vs 29 

years). Common anthropogenic radioisotopes originate from legacy atmospheric nuclear bomb 

testing, nuclear reprocessing and power plants, accidents (e.g., Chernobyl and Fukushima 

Daiichi), radiopharmaceutical use, and improper disposal (Georgia Department of Natural 

Resources Environmental Protection Division 2000, AMAP 2004).

Strontium (Sr) has been implicated as a potential contaminant of concern for wild birds 

(Matz and Rocque 2007, Mora et al. 2007) and some interior Alaska waterfowl accrue egg 

concentrations seemingly unexplained by local environmental chemistry (Chapter 2). 

Strontium's chemical similarity to calcium (Ca) results in substitution for Ca in biota, and Sr is 
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closely tied to Ca as it moves through food webs (Blum et al. 2000, Balter et al. 2002, Balter 

2004, Peek and Clementz 2012). The mechanism of accumulation of elevated levels of Sr in 

birds is unclear, but it may be linked to physiological factors, such as mineralization rates in the 

oviduct or endogenous reserve use. Tsukada et al. (2005) found that both total and radio-Sr were 

equally incorporated into biological systems from environmental sources; therefore, waterfowl 

eggs with high concentrations of total Sr may also have elevated radio-Sr, i.e., 89Sr and 90Sr. 

Stontium-89 and -90 emit beta particles that are especially deleterious to tissues with high rates 

of cell division, like growing embryos. Bird embryos exposed to radiation were weaker, grew 

slower, had lighter testes, produced fewer oocytes, had lower hatchability, and laid fewer eggs as 

adults (Mraz 1971, Mraz and Woody 1972;1973).

3.2.1 Objectives

Because total-Sr is elevated in some species of waterfowl in interior Alaska, and previous work 

has suggested there may be a relationship between egg Sr and both breeding and non-breeding 

site geochemistry, our aim was to: 1) determine if radioactive Sr is being accumulated by 

waterfowl in interior Alaska, and if so, how activities compare to non-Ca-replacing 

anthropogenic radioisotopes, such as 137Cs; and 2) determine the role of water chemistry where 

birds are foraging during laying in driving egg radio-Sr activities. To determine how growing 

embryos incorporate radioisotopes into tissues, we also assessed radioisotopes in egg contents 

and ducklings. We focused our effort on lesser scaup (Aythya affinis), because of reported links 

between total Sr and egg quality (Matz and Rocque 2007), but also included comparisons to four 

sympatrically nesting duck species.
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3.3 Materials and methods

3.3.1 Study site

We searched for waterfowl nests from early June through mid-July near 66.295° N, 148.119° W 

(Plot YF-1, 2011-2013) and 66.364° N, 144.253° W (Plot YF-2, 2012-2013) within Yukon Flats 

National Wildlife Refuge, and 64.905° N,148.774° W (Plot MF, 2011-2013) within Minto Flats 

State Game Refuge (Figure 3.1). See Mann and Sedinger (1993), Martin et al. (2009), and 

Corcoran et al. (2007) for descriptions. At these sites, lakes, sloughs, and streams dominate the 

landscapes. Wetlands at these sites tend to be relatively shallow with emergent or submergent 

flora, and support a diversity of fauna and waterfowl species. Plot YF-1 and -2 ponds were not 

generally connected to other surface water features. Plot MF was notably different with many of 

the sampled wetlands interconnected in most years in spring, and throughout the summer in wet 

years (which occurred in 2013), often driven by local river levels.

3.3.2 Sample collections

3.3.2.1 Eggs

We identified waterfowl species by observing the flushing hen, egg characteristics, or contour 

feathers in the nest. We collected one egg from most canvasback (Aythya valisineria), greater 

scaup (Aythya marila), northern shoveler, and ring-necked duck (Aythya collaris) nests in 2011 

and lesser scaup nests in 2011-2013. We handled eggs wearing latex or nitrile gloves. Upon 

collection, and depending upon the requirements of concurrent studies, we either: 1) wrapped 

eggs in clean aluminum foil, stored them in padded plastic containers, and kept them cool in the 

field and refrigerated in the lab; or 2) wrapped eggs in cotton batting during transport in the field, 

then incubated eggs in a 12 V portable incubator [Avey Incubator, Hugo, CO] in the field, and R- 
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com 50 incubator [Autoelex Company, South Korea]) in the laboratory until hatch or embryo 

death. Animal handling associated with this work was approved by the University of Alaska 

Fairbanks Institutional Care and Use Committee (227341), federal permits (MB025076 and 

MB218653) and state permits (11-018, 12-046, 13-076).

In the lab, we gently cleaned unhatched eggs, and eggshell caps from successfully hatching 

eggs, with tap water and a cleaning pad (Scotch-Brite, 3M, St. Paul, MN, USA or similar), then 

rinsed them with double-distilled or ASTM type I ultrapure water. After eggshells were 

separated from egg contents, we rinsed eggshells with double-distilled or ASTM type I ultrapure 

water, allowed them to dry in room air, then stored them in chemically clean glass containers 

(ICHEM 300 Series, I-Chem Research, Hayward, CA, USA or similar) or aluminum foil-lined 

cardboard containers.

3.3.2.2 Lesser scaup ducklings

Six to 12 hours after hatch, we collected a blood sample and euthanized ducklings with an 

overdose of isoflurane, then refrigerated them in chemically clean glass containers (ICHEM 300 

Series, I-Chem Research, Hayward, CA, USA or similar). For a separate project, we dissected 

ducklings using instruments cleaned with nitric acid and distilled water and collected gonads and 

a portion of the yolk sac, which were not included in radioisotope analyses. After dissection, we 

froze carcasses at -40° C until analysis.

3.3.2.3 Water

We collected water samples at three locations around most of the waterbodies where we located 

nests (as described in Chapter 2). Briefly, we collected samples approximately 12 cm below the 
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water surface in acid-washed polyethylene bottles and combined intra-pond samples. We then 

filtered sample water through a 0.45 μm filter. We acidified samples with 0.3 ml of 70% nitric 

acid and refrigerated the samples until analyzed.

3.3.3 Chemical analyses

3.3.3.1 Eggshells radiochemistry chemistry

TestAmerica (Richland, WA, USA) performed the radiochemistry analyses. Minimum detection 

activity (MDA) was the detection level based on instrument background or blank, adjusted by 

the efficiency, chemical yield, and volume with a Type I and II error probability of 

approximately 5%. Total propagated uncertainty (TPU) included all known uncertainties 

associated with the laboratory preparation and analysis of the sample. TPU is the addition of the 

square root of the sum of the squares of random components of the individual uncertainties, plus 

the magnitude of the estimated individual systematic relative uncertainties. TPU includes only 

those random and systematic uncertainties associated with laboratory preparation and analysis. A 

coverage factor of 2 was generally applied to the TPU to give uncertainties associated with a 

95% confidence interval. Because of its short half-life (50 days), we adjusted 89Sr activities to 

the approximate day of nest initiation. We excluded samples if the blank for the batch was > than 

the MDA and result was < 10 times the blank activity (1 occurrence for 89Sr in egg contents) or 

the result was > the contract MDA (except for gross alpha where few samples met the contract 

MDA). This latter exclusion was done to prevent high-MDA non-detections from inflating 

results.

Quantitative analyses for gross alpha (i.e., total activity of all alpha particles) and 89Sr 

and 90Sr were conducted using gas proportional counting by TestAmerica using standard 
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methods described in TestAmerica Standard Operating Procedure (SOP) RL-GPC-001 Rev 1 

(based on: U.S. Environmental Protection Agency 1980a, U.S. Environmental Protection Agency 

1986) and RL-GPC-003 Rev 1 (based on: U.S. Environmental Protection Agency 1980c, U.S. 

Department of Energy 1997), respectively. Quantitative analyses for 60Co, 134Cs, and 137Cs were 

conducted using gamma spectroscopy by TestAmerica using standard methods described in 

TestAmerica SOP RL-GAM-001 Rev 1 (based on: U.S. Environmental Protection Agency 

1980b, U.S. Department of Energy 1997).

Eggshell MDAs for gross alpha, 89Sr, and 90Sr were 2.41-6.73, 0.03-0.48, and 0.03-0.48 

pCi/g dw, respectively. Contents MDA were 0.03-0.08, 0.03-0.08, 0.03-0.07, 0.01-0.02, and 

0.01-0.02 pCi/g dw for 60Co, 134Cs, 137Cs, 89Sr, and 90Sr, respectively. Duckling MDA were 

0.04-0.61, 0.04-0.17, 0.04-0.36, 0.01-0.14, and 0.01-0.09 pCi/g dw for 60Co, 134Cs, 137Cs, 89Sr, 

and 90Sr, respectively.

3.3.3.2 Eggshells elemental chemistry

We chose to examine eggshell Sr, because Sr explained 99.9% of the eggshell Sr/Ca ratio 

(Chapter 2). We measured lesser scaup Sr concentrations in eggshell samples using a non

destructive, wavelength-dispersive x-ray fluorescence spectrometer (WD-XRF) technique 

(Śliwiński et al. 2020) at the University of Alaska Fairbanks Advanced Instrument Laboratory.

No appropriate SRM for eggshells was available, so we used the relative percent 

difference (RPD) from National Institute of Standards and Technology (NIST; U.S. Department 

of Commerce, Gaithersburg, MD) SRM 1400 (a bone ash) as a measure of analytical technique 

stability. Sample concentrations were drift corrected using SRM 1400 and blanks. All blanks 

were below the MDL, both before and after drift correction.
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3.3.3.3 Water chemistry

Calcium in water was determined by the Applied Science, Engineering, and Technology Lab at 

University of Alaska Anchorage using an Agilent 7500 ICP-MS following EPA Method 200.8, 

or similar. Samples with notable particulate were re-filtered by the lab. No analytes were rejected 

on the basis of quality assurance or quality control screening criteria of blanks, spikes, and 

standard reference materials. All samples used in analyses were above the minimum detection 

limit (MDL). Average percent differences between measured concentrations and known 

concentrations were within 5% both for in-house and NIST 1643d.

3.3.4 Data treatment and statistical analysis

We report radioisotope activities as pCi/g, and elemental concentrations as mg/kg, unless 

otherwise noted. Radioisotope activities are reported as dry weight (dw) and eggshell Sr 

concentrations derived from XRF as pseudo-dw (pdw; see Chapter 2 and Appendix A). Unless 

otherwise stated, we used R (R Core Team 2020) for all analyses. For analytes with >80% of 

data > MDA and 2σ TPU, we report summary statistics and tests calculated with ½ the MDA for 

non-detects (Gibbons, 1994). We used the Akaike information criterion corrected for small 

sample sizes (AICc) to compare models. Because environmental chemistry is related to eggshell 

Sr (Mora et al. 2011, Kitowski et al. 2014), we first used linear regression to assess the 

relationship between eggshell 90Sr and local water chemistry (conductivity and water Ca). We 

also considered pH and water Sr as co-variates, but including these lead to collinearity. Although 

we collected eggs from additional species, and in a few cases, more than one egg per nest, we 

only analyzed the relationship between 90Sr and explanatory variables for a single egg per nest 

for species with an overall n > 15 (i.e., canvasback, lesser scaup, and northern shoveler). We also 
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only conducted water-chemistry model analyses when data were available for all sites within a 

year, and across all years by site, to allow for inter-year and site comparisons (i.e., multiple 

species comparisons in 2011 only from MF and YF-1, and multi-year comparisons for lesser 

scaup only from MF and YF-1). Eggshell total-Sr data (i.e., derived by XRF) were only available 

for lesser scaup, because most canvasback and shoveler eggshells collected in 2011 were 

consumed as part of other chemical analyses. We examined the relationship between water 

chemistry and 90Sr separately between species, because the amount of variation in total-Sr 

explained by water chemistry was highly variable across species (as described in Chapter 2). We 

used logarithm (base 10) transformations to normalize eggshell 90Sr for statistical analyses as 

needed. To determine if there was a link between total eggshell Sr not explained by the local 

environment and radio-Sr, we also examined the relationship between the eggshell 90Sr water 

chemistry model residual and total eggshell Sr (i.e., to examine for hen-specific factors in the 

relationship, such as diet or physiology). Detections >MDA and 2σ TPU were low for ducklings 

and egg contents and MDAs were different between these matrices, so we did not examine the 

difference between duckling and unhatched egg radioisotope burdens. We compared all 

parameterizations of predictors in our models. We examined residual plots to assess normality 

and heteroscedasticity. Even after transformation, the canvasback eggshell-water chemistry 

model produced non-normal residuals due to a single outlier. We include the results with this 

outlier excluded in Table 3.4, but also include results with the outlier at the end of Table 3.4 

(shaded grey). We considered the best approximating models to be those with the lowest Akaike 

information criterion corrected for small sample size (AICc) and those within two ΔAICc that did 

not increase model complexity (Arnold 2010).
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3.4 Results

We analyzed 89Sr, 90Sr, and gross alpha in 295, 286, and 97 eggshells, respectively, of waterfowl 

breeding in interior Alaska at three sites (Table 3.1). Strontium-89 was detected in eggshells 

above the MDA and 2σ TPU in 9% of the samples (range: < MDA-15.0 pCi/g dw), but only 4% 

of the samples exceeded 3σ TPU. Strontium-90 was detected in eggshells above the MDA and 

2σ TPU in 99% of the samples (range: < MDA-5.25 pCi/g). Gross alpha activity above the 

MDA and 2σ TPU was not detected.

We analyzed gamma emitters (e.g., 60Co, 134Cs, and 137Cs), 89Sr, and 90Sr in 54 6-12 

hour-old lesser scaup ducklings (Table 3.2), and the contents of 33 eggs that failed to hatch 

(Table 3.3). Cs-137 exceeded the MDA and 2σ TPU in one duckling and 12% of the failed egg 

contents. Strontium-89 was detected above the MDA and 2σ TPU in 15% of the ducklings and 

3% of the egg contents. Strontium-90 was detected above the MDA and 2σ TPU in 28% of the 

ducklings and 39% of the egg contents.

Both water Ca and conductivity were predictors of 90Sr in canvasback, lesser scaup, and 

northern shoveler eggshells (Table 3.4) with AIC Akaike weights of the additive model equal to 

1.0. The proportion of variance in eggshell 90Sr explained by water chemistry varied 

considerably across species, accounting for only 32% of the 90Sr in lesser scaup eggshells, but 76 

and 89% of the 90Sr in northern shoveler and canvasback eggshells. For lesser scaup, the only 

species for which we had multiple years of data, the amount of 90Sr in eggshells explained by 

water chemistry was more than double in 2013, compared to 2011 or 2012 (69 vs 32 and 37%, 

respectively; Table 3.5). After adjusting for water chemistry, the concentration of total Sr in the 

eggshells of lesser scaup (the vast majority of which is stable Sr) was also a predictor of eggshell 

90Sr (Table 3.6). This effect was greatest in 2011 and 2012, which were the years water 
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chemistry was a relatively poor predictor of eggshell 90Sr. There was only weak support for an 

additive site-effect in 2012 (Table 3.6).

3.5 Discussion

Few studies have investigated anthropogenic radioisotopes in the eggshells of birds in the wild. 

Mean 90Sr activity was greater in eggshells for all species and sites in this study than the 

eggshells of gentoo penguins (Pygoscelis papua; 0.12 ± 0.02 pCi/g dw) collected in Antarctica in 

2002 (Mietelski et al. 2008) and Canada geese (Branta canadensis) collected from within and 

upstream of the Hanford Reach of the Columbia River in 2001 (approximately 0.35 ± 0.15 pCi/g 

dw; estimated from Figure 4.6; Simmons et al. 2010). Notably, mean 90Sr activities in the 

eggshells of northern shoveler and lesser scaup at Yukon Flats were higher than goose eggshells 

collected at the Hanford Site in the mid-1980s (Rickard and Price 1990), a full half-life prior to 

our collections. This was somewhat unexpected, because environmental 90Sr activities were 

several times higher in the 1980s (AMAP 2010, Morita et al. 2010). In addition, Canada geese 

are herbivores. Calcium is acquired preferentially over Sr as these elements transfer through food 

webs, reducing the Sr/Ca ratios at higher trophic levels (Blum et al. 2000, Balter et al. 2002, 

Peek and Clementz 2012). The diet of Canada geese is nearly all plant matter, whereas plants 

made up only 14.6 and 1-7% of the diets of lesser scaup and northern shoveler, respectively, 

during the egg-laying season (Swanson et al. 1977, Owen 1980, Ankney and Afton 1988, Afton 

and Ankney 1991). Therefore, lesser scaup and northern shoveler should assimilate less 

environmental 90Sr than Canada geese.

Additional 90Sr data are available for bone for birds in Alaska. To allow for approximate 

direct comparisons, we adjusted bone 90Sr for eggshell/bone Ca concentrations and percent water 
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(adjusted values presented in parentheses; Field et al. 1974, Pate 1994; U.S. Fish and Wildlife 

Service, unpublished data). Strontium-90 activity in ptarmigan (Lagopus species) bone collected 

in Alaska in 1959 was approximately 116 (158) pCi/g dw and 35 (47) pCi/g dw in 1960 (Watson 

et al. 1964), which is markedly higher than the maximum 5.25 pCi/g dw we found in eggshells. 

Whereas 90Sr was not detected in any Alaskan pigeon guillemot (Cepphus columba), glaucous

winged gull (Larus glaucescens), or tufted puffin (Fratercula cirrhata) bone in 2004 (Burger et 

al. 2007). These historical data demonstrate that while 90Sr activities in the eggshells of ducks in 

interior Alaska were higher than in some other contemporary eggshell samples, mean eggshell 

activities were more than 100 times lower than ptarmigan bones from 1959, when fallout levels 

were high.

Cesium-137 was only detected in one duckling and four egg contents samples with a 

maximum of 0.04 pCi/g dw. These activities are much lower than other waterfowl. For example, 

mean 137Cs in the albumin and yolk of wood duck (Aix sponsa) eggs collected in 1991-1992 near 

an abandoned reactor cooling reservoir on the U.S. Department of Energy's Savannah River Site 

was 29.6 and 2.6 pCi/g dw, respectively. In whole wood duck eggs collected in 1990 from areas 

near the Savannah River, including an abandoned reactor cooling reservoir, 137Cs in individual 

eggs was <MDA-170 pCi/g dw (adjusted assuming 65% moisture; Kennamer et al. 1993, 

Colwell et al. 1996). The 137Cs activities we measured were also lower than ptarmigan muscle 

collected in Alaska in the 1970s (range 0.18-3.4 pCi/g dw). Results were, however, higher than 

common eider or glaucous-winged gull eggs collected from Amchitka and Kiska Islands, Alaska, 

in 2004, where 137Cs was not detected despite lower MDAs (Burger et al. 2007). These 

comparisons demonstrate that although 137Cs was still detectable in some waterfowl egg and 
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duckling samples from interior Alaska in 2011-2013, activities are much lower than potentially 

contaminated sites and samples collected in the 1970-1990s.

We expected we might find measurable 90Sr and 137Cs, because of these isotopes long 

half-lives and results from other wildlife studies (Rickard and Sweany 1975, Rickard and Price 

1990, O'Hara et al. 1999, Simmons et al. 2010, Hong et al. 2011). Detecting the 50-day half-life 

radioisotope 89Sr, was unexpected. Because of its short half-life, 89Sr is not generally measured 

in wildlife studies, and the cause of the detections here is unclear. Strontium-89 has been found 

at measureable activities near nuclear power stations and in seawater samples offshore of Japan 

after the Fukushima accident of 2011 (Tavares et al. 2011, Casacuberta et al. 2013). Strontium- 

89 is used to treat bone cancer (Zenda et al. 2013), but this rare potential source seems unlikely 

to explain its presence in bird eggs in our remote Alaska study sites. Because few samples 

exceeded 3σ TPU, and because we are unaware of other contemporary reports for measurable 

89Sr in the tissues of Alaska waterfowl, our results should to be replicated before drawing 

conclusions.

Tissue radioisotope activities varied between sites in Alaska and Canada (AMAP 2010, 

Hong et al. 2011) and we found similar results across our study sites, with mean 90Sr over twice 

as high at Site YF-1 compared to others. However, Sr uptake is affected by Ca and other ion 

availability in the environment and pH (see: Romney et al. 1960, Kirchner and Ehlken 1999, 

Ehlken and Kirchner 2002), and sites were not notably different after adjusting for water 

chemistry. Therefore, we suggest that differences in geochemistry between sites, rather than 

differing rates of radioisotope fallout, appear to have led to different baseline uptake rates of 

radioisotopes across our study sites.

75



Transfer of 90Sr through biotic pathways mimics elemental Sr, but concentrations of 

stable and radio-Sr in soil and water are generally independent. Stable Sr derives from 

weathering of rocks and soils to surface and groundwater and from wet deposition of natural and 

anthropogenic atmospheric sources (Hirose et al. 1993, Watts and Howe 2010), whereas 90Sr 

derives from fallout and micro-erosion, and is highly variable by depth of sampling in soils, but 

not within ponds (Whicker et al. 1990, Schimmack et al. 2003). Similar to results for total Sr 

(Chapter 2), we found local environmental chemistry did not explain most of the 90Sr variance in 

lesser scaup eggshells (although it did for sympatrically nesting ducks). Instead, the total Sr in 

the eggshell (the vast majority of which is stable Sr) explained much of the lesser scaup eggshell 

90Sr variance, despite stable and radio-Sr deriving from independent environmental sources. Year 

was also an important predictor, again similar to our prior findings for total Sr (Chapter 2). These 

results add support to Matz and Rocque's (2007) hypothesis that physiology, and particularly the 

use of endogenous reserves for egg production, affects egg Sr in lesser scaup.

3.6 Conclusions 

Strontium-90 and 137Cs activities in interior Alaska waterfowl eggshells, egg contents, and 

ducklings were 1-2 orders of magnitude less than activities measured in Alaska bird tissues mid

twentieth century. This suggests the risk of these radioisotopes to interior Alaska waterfowl 

productivity is declining over time. Similar to stable Sr (Chapter 2), the relationship between 

local environmental chemistry and eggshell 90Sr differed among species and years, which 

suggests the diet and physiology of the hen may play an important role in the accumulation of 

this prominent radioisotope from nuclear fallout. Given the importance of understanding the 

drivers of 90Sr in biota, we suggest additional work occur on species that are known to primarily 
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rely on endogenous reserves for some egg components, including common eider and Arctic 

breeding geese (Senechal et al. 2011, Sharp et al. 2013).
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3.8 Figures

Figure 3.1. Study sites on Yukon Flats National Wildlife Refuge (YF) and Minto Flats State

Game Refuge (MF), Alaska.
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3.9 Tables

Table 3.1. Summary statistics for gross alpha (grey), 89Sr (blue), and 90Sr (no color) activities (pCi∕g dw) in Sympatrically nesting 

canvasback (CANV), greater scaup (GRSC), northern shoveler (NSHO), and ring-necked duck (RNDU) eggshells collected in interior 

Alaska in 2011 and lesser scaup (LESC) eggshells collected in 2011-2013.

Alpha Strontium-89 (89Sr) Strontium-90 (90Sr)

Sitea 

or

Year Species

#of

eggs

% > MDAb 

and 2σ

TPUc

% > MDA

#of

eggs

% > MDA

Median Min-Max

#of

eggs

and 2σ

TPU Min-Max

and 2σ

TPU

Mean ± 1

SDd

MF CANV 0 - 10 0 10 IOO 0.36 ±0.08 0.35 0.25-0.46

GRSC 0 - 7 13 <MDA-0.47 7 100 0.59 ±0.35 0.42 0.32-1.26

LESC 36 0 98 8 <MDA-15.00 97 98 0.80 ±0.59 0.62 <MDA-3.42

NSHO 1 0 13 15 <MDA-4.04 13 100 0.73 ±0.39 0.62 0.32-1.82

RNDU 0 - 4 0 4 100 0.83 ±0.55 0.59 0.50-1.65

YF-I CANV 0 - 8 13 <MDA-3.30 8 100 1.47 ±0.98 1.17 0.7-3.82

LESC 56 0 91 3 <MDA-6.10 89 99 2.08 ± 1.09 1.88 <MDA-5.25

NSHO 2 0 14 0 14 100 2.06 ±0.63 1.90 1.27-3.38

RNDUe 1 0 6 33 <MDA-10.55 6 100 1.27 ±0.52 1.29 0.44-2.03



Table 3.1. continued

YF-2 LESC 0 43 23 <MDA-12.31 38 100 0.82 ±0.23 0.84 0.48-1.42

2011 LESC 71 0 71 100 1.49 ± 1.02 1.24 0.24-5.25

2012 LESC 56 0 67 9 <MDA-15.00 65 99 1.36 ±0.95 1.16 <MDA -4.02

2013 LESC 2 0 94 16 <MDA-12.31 88 98 1.13 ± 1.01 0.85 <MDA -4.44

MF = Minto Flats State Game Refuge; YF-1 = Shack Lack, Yukon Flats National Wildlife Refuge; YF-2 = Camp Lake, Yukon Flats National

Wildlife Refuge.

b Minimum detection activity.

cTotal propagated uncertainty. 2σ represent 95% confidence interval. 

dArithmetic sample standard deviation.

Includes 1 ring-necked duck egg collected in 2012 and 2 collected in 2013.



Table 3.2. Summary statistics for radioisotopes 60Co, 134Cs, 137Cs, 89Sr, and 90Sr (pCi/g dw) in 6

12 hour-old lesser scaup ducklings hatched from eggs collected in interior Alaska.

Site Isotope # of

eggs

% > MDAa

and 2σ TPUb

Min-Max

All 60Co 54 0 <MDA

134Cs 54 0 < MDA

137Cs 53 2 < MDA-0.04

89Sr 54 15 < MDA-0.65

90Sr 53 28 < MDA-0.13

a Minimum detection activity.

b Total propagated uncertainty. 2σ represent 95% confidence interval.
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Table 3.3. Summary statistics for radioisotopes 60Co, 134Cs, 137Cs, 89Sr, and 90Sr (pCi/g dw) in 

unhatched lesser scaup eggs collected in interior Alaska.

Site Isotope # of

eggs

% > MDAa

and 2σ TPUb

Min-Max

All 60Co 33 0 <MDA

134Cs 33 0 <MDA

137Cs 33 12 <MDA-0.04

89Sr 33 3 <MDA-0.03

90Sr 33 39 <MDA-0.04

a Minimum detection activity.

b Total propagated uncertainty. 2σ represent 95% confidence interval.
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Table 3.4. Performance of competing linear regression models examining the relationship

between water Ca and conductivity and lesser scaup (LESC), canvasback (CANV), and northern

shoveler (NSHO) eggshell 90Sr for eggs collected in interior Alaska in 2011.

Species
# of 

eggs
Models

Ka ΔAICcb Wic R2d

CANVe 17 water Ca + conductivity *** 4 0.00 1.00 0.89

conductivity 3 13.07 0.00 0.72

water Ca 3 23.91 0.00 0.48

Null 2 33.14 0.00

LESC 71 water Ca + conductivity *** 4 0.00 1.00 0.32

water Ca 3 15.20 0.00 0.14

conductivity 3 18.51 0.00 0.10

Null 2 24.93 0.00

NSHO 27 water Ca + conductivity *** 4 0.00 1.00 0.76

conductivity 3 16.09 0.00 0.53

water Ca 3 21.76 0.00 0.42

Null 2 34.87 0.00

CANVf 18 water Ca + conductivity *** 4 0.00 0.86 0.76

conductivity 3 3.62 0.14 0.69

water Ca 3 16.78 0.00 0.36

Null 2 22.85 0.00
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Table 3.4. continued

*** indicate best approximating model and those within two Δ Akaike information criterion 

corrected for small sample sizes (AICc) that did not increase model complexity (Arnold 2010). 

a Number of parameters in model.

b Difference in AICc relative to the smallest AICc value.

c AICc model weight.

d Adjusted R2 representing an estimate of the proportion of variance explained by the predictor 

variables.

e Results with outlier removed.

f Results with outlier included (grey shaded text).
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Table 3.5. Performance of competing linear regression models examining the relationship

between water Ca and conductivity and lesser scaup eggshell 90Sr for eggs collected at Minto and

Yukon Flats in interior Alaska in 2011-2013.

Year n Models Ka ΔAICcb Wic R2d

2011 71 water Ca + conductivity *** 4 0.00 1.00 0.32

water Ca 3 15.20 0.00 0.14

conductivity 3 18.51 0.00 0.10

Null 2 24.93 0.00

2012 60 water Ca + conductivity *** 4 0.00 0.94 0.37

water Ca 3 5.37 0.06 0.30

conductivity 3 15.66 0.00 0.17

Null 2 25.46 0.00

2013 55 water Ca + conductivity *** 4 0.00 1.00 0.69

conductivity 3 27.36 0.00 0.48

water Ca 3 43.36 0.00 0.30

Null 2 61.84 0.00

*** indicate best approximating model and those within two Δ Akaike information criterion 

corrected for small sample sizes (AICc) that did not increase model complexity (Arnold 2010). 

a Number of parameters in model.

b Difference in AICc relative to the smallest AICc value.

c AICc model weight.

d Adjusted R2 representing an estimate of the proportion of variance explained by the predictor 

variables.

85



Table 3.6. Performance of competing linear regression models to determine the relationship

between eggshell total strontium and 90Sr residuals after fitting data with best approximating

water chemistry model for lesser scaup eggs collected in interior Alaska in 2011-2013.

Year n Models Ka ΔAICcb Wic R2d

2011 69 eggshell Sr *** 3 0.00 0.66 0.48

eggshell Sr + SITE 4 1.33 0.34 0.48

Null 2 44.11 0.00

SITE 3 45.16 0.00 0.00

2012 60 eggshell Sr + SITE *** 4 0.00 0.58 0.40

eggshell Sr *** 3 0.61 0.42 0.38

SITE 3 19.36 0.00 0.15

Null 2 27.74 0.00

2013 55 eggshell Sr *** 3 0.00 0.61 0.14

eggshell Sr + SITE 4 1.05 0.36 0.14

Null 2 6.83 0.02

SITE 3 7.75 0.01 0.00

*** indicate best approximating model and those within two Δ Akaike information criterion 

corrected for small sample sizes (AICc) that did not increase model complexity (Arnold 2010). 

a Number of parameters in model.

b Difference in AICc relative to the smallest AICc value.

c AICc model weight.

d Adjusted R2 representing an estimate of the proportion of variance explained by the predictor 
variables.
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Chapter 4: Environmental and Eggshell Strontium Predict Waterfowl Eggshell Thickness3

4.1 Abstract

Strontium (Sr) is a potential contaminant of concern for wild birds. Because Sr is chemically 

similar to calcium (Ca), it is readily incorporated into calcified tissues, such as eggshells. This 

can disrupt calcium-dependent physiology and structures. To assess how Sr may affect 

waterfowl eggshell quality, we measured eggshell Sr concentrations, water Sr/Ca ratios at ponds 

near nests, and eggshell thickness for three species of sympatrically nesting ducks in interior 

Alaska at two sites in 2011-2013. One site (Minto Flats; MF) was characterized by 

interconnected wetlands with relatively invariant water Sr/Ca ratios, while the other (Yukon 

Flats; YF) had discreet ponds with variable water Sr/Ca ratios. These site-specific differences 

allowed us to examine factors associated with the nesting hen and those of the local environment, 

separately. Relationships between eggshell Sr and thickness differed by site, species, and 

apparent Sr source. Where water chemistry was relatively stable (MF), canvasback (Aythya 

valisineria) and northern shoveler (Spatula clypeata) eggshell thickness was not related to 

eggshell Sr (when a single large outlier was removed), but lesser scaup (Aythya affinis) eggshells 

with more Sr were thicker. Where water chemistry was variable (YF), canvasback and northern 

shoveler eggshells with more Sr were thicker at low to intermediate eggshell Sr concentrations, 

but this effect was moderated when the source of eggshell Sr appeared to be explained by the 

local environment, and the effect was not detected at higher eggshell Sr concentrations. In 

contrast, lesser scaup eggshells from YF with more Sr were thicker, but only in eggs with higher 

concentrations of eggshell Sr, and there was no obvious interaction with local environmental 

3Prepared for submission to Environmental Toxicology and Chemistry as: Latty, C. L., A. C.
Matz, T. E. Hollmen, and M. G. Śliwiński. Environmental and eggshell strontium predict 
waterfowl eggshell thickness.
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chemistry. The different relationships between eggshell Sr and thickness across species, and 

interactions with apparent Sr sources, suggest the relationship between eggshell thickness and Sr 

is not simply dose-dependent. Instead, it appears the influence of Sr on eggshell thickness may 

be driven both by factors linked to the laying hen (e.g., diet or physiology), and local 

environmental chemistry. Our results are the first we are aware of, to show a potential positive 

effect of low to intermediate levels of Sr on a common metric of egg quality - eggshell thickness.

4.2 Introduction

Avian eggshells are highly ordered structures. Eggshell quality can be affected by a variety of 

stressors, including contaminants, environmental chemistry, and nutritional deficiencies (Bennett 

et al. 1988, Ormerod et al. 1988, Pain et al. 1999, Pollentier et al. 2007, Felipe et al. 2010). 

Eggshells with appropriate thickness have increased fertility and fewer embryonic mortalities, 

and thicker eggshells are more resistant to fracture and disease and lose less weight during 

incubation (Sauter and Petersen 1969;1974, Bain 1992, Roque and Soares 1994, Bain et al. 2006, 

Samiullah et al. 2013). Therefore, avian eggshell thickness is an index to eggshell quality, and in 

the case of many environmental contaminants, to productivity. For example, thin eggshells were 

one of the first avian reproduction effects noted from organochlorine pesticides (e.g., Ratcliffe 

1967, Hickey and Anderson 1968, Cade et al. 1971).

Strontium (Sr) is a naturally occurring ubiquitous element that is chemically similar to 

calcium (Ca). Stable Sr in environmental samples derives from weathering of rocks and soils to 

surface and groundwater (Watts and Howe 2010), and from wet deposition of natural and 

anthropogenic atmospheric sources (Hirose et al. 1993). Strontium is detectable in nearly all 

fresh waters, with high levels associated with celestite-rich limestone deposits (Dorsey et al.
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2004). Radioactive Sr isotopes are only produced by fission of uranium or plutonium and are not

a source of stable Sr. In fauna, stable Sr is generally found at low concentrations (Dorsey et al.

2004). Strontium's chemical similarity to Ca results in substitution for Ca in biota, with similar

uptake mechanisms (National Council on Radiation Protection and Measurements 1984).

Strontium is a potential contaminant of concern for wild birds (Matz and Rocque 2007, 

Mora et al. 2007). Fly ash from coal-fueled power plants can be enriched in Sr (Straughan et al. 

1981, Graustein 1989) and has been linked to elevated concentrations in avian eggs (Walls et al. 

2015). Bird diets enriched with Sr can cause weight loss, abnormal bone growth and 

mineralization, reduced intestinal Ca absorption, and reduced liver enzyme activity (Weber et al. 

1968, Corradino and Wasserman 1970). Chickens fed a diet enriched with 3.0% Sr laid eggs with 

thinner eggshells than controls (Doberenz et al. 1969). In another study, chickens fed a 3.0% 

enriched Sr diet laid fewer eggs, and those that were laid had thinner shells, were less fertile, and 

had lower eggshell Ca than controls (Weber et al. 1973). Chickens fed a 1.5% Sr enriched diet 

failed to produce any eggs that hatched, compared to 84% hatchability for controls (Weber et al. 

1973). Although there is little information on effects of more environmentally relevant doses, 

chickens fed a 0.05% enriched Sr diet produced more eggs than both controls and those fed a 

0.1% enriched Sr diet, demonstrating a potential beneficial effect of Sr at low doses to birds 

(Browning and Cowieson 2015).

Few data are available on the effects of Sr in wild birds. Strontium (and other 

contaminants) in clapper rail (Rallus longirostris) eggs in California were associated with 

embryo deformities (Schwarzbach et al. 2006). Egg Sr was correlated with hepatic oxidative 

stress in pipping black-crowned night-herons (Nycticorax nycticorax; Rattner et al. 2000). Mora 

et al. (2007) suggested that high Sr concentrations in passerine eggshells in regions of Arizona
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may be reducing hatchability and causing beak deformities by interference with normal Ca 

metabolism and bone growth. Walls et al. (2015) reported Sr in tree swallow (Tachycineta 

bicolor) prey was inversely correlated to the number of fledglings produced and that Sr in egg 

contents was inversely related to egg weight and nestling survival. Lesser scaup (Aythya affinis) 

Sr concentrations in egg contents were inversely correlated with eggshell thickness (Matz and 

Rocque 2007).

For waterfowl in interior Alaska, inter-specific and annual differences in eggshell Sr 

variance explained by water chemistry suggests that for some species, factors beyond local 

environmental chemistry may have a large impact on eggshell Sr concentrations (as described in 

Chapter 2). General trends in eggshell Sr concentrations among species mostly aligned with 

expectations that breeding-season diet or use of endogenous reserves affects eggshell chemistry 

(as described in Chapter 2).

Scaup populations have declined substantially since the 1980s. In 2015 in the Alaska- 

Yukon Territory survey area, scaup remained 35% below the long-term average (U.S. Fish and 

Wildlife Service 2015). To date, no single factor has been isolated that fully explains this 

decline, although juvenile recruitment is lower now than during population highs (Austin et al. 

2000). Several theories exist for reduced recruitment, including exposure to deleterious 

environmental contaminants (Austin et al. 2000, Austin et al. 2006). Dietary trophic position can 

affect Sr exposure (Blum et al. 2000, Peek and Clementz 2012), and appears to be related to 

eggshell Sr concentrations of waterfowl in interior Alaska (Chapter 2). As lesser scaup feed 

mostly on aquatic invertebrates (see: Austin et al. 2014), they may be exposed to different Sr 

concentrations than species whose diets are mostly plant-based during the laying period, such as 

American wigeon (Mareca americana) (Wishart 1983). Invertebrates, such as invasive zebra 
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mussels (Dreissena polymorpha), have been implicated in transferring contaminants to lesser 

scaup (Custer and Custer 2000) and now make up the majority of the scaup pre-breeding spring 

diet in some areas (Badzinski and Petrie 2006). Emissions from power generation can be highly 

enriched in Sr (Straughan et al. 1981, Graustein 1989) and waters near these facilities are utilized 

by foraging scaup (Mitchell and Carlson 1993). Lesser scaup use endogenous reserves for egg 

synthesis (Afton and Ankney 1991, Esler et al. 2001, Cutting et al. 2011) and eggshells (Afton 

and Ankney 1991). Matz and Rocque (2007) postulated that Sr from mollusks ingested during 

the pre-breeding season contributed to Sr concentrations in lesser scaup eggs from interior 

Alaska. This could result in greater egg Sr concentrations compared to sympatrically nesting 

species that did not have the same pre-breeding diet or that do not use endogenous reserves for 

eggshell synthesis.

4.2.1 Objectives

Experimental studies have demonstrated that large amounts of added dietary Sr decreases 

eggshell thickness, but doses in those studies were too high to be environmentally relevant. For 

example, Mora et al. (2011) reported the maximum mean eggshell Sr among 26 species and sites 

was 2,666 mg/kg dw, whereas Doberenz et al. (1969) found eggshell Sr concentrations ≥110,000 

mg/kg (ashed weight, but eggshell Ca was similar between these studies so results are 

comparable) when Sr was added to chicken diets, which resulted in thinner eggshells. Decreased 

thickness of lesser scaup eggshells was correlated with elevated Sr in egg contents (Matz and 

Rocque 2007), but Sr in egg contents is affected by embryo age. Our goal was to clarify the 

relationship between eggshell Sr and thickness in lesser scaup, and compare the results to 
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sympatrically nesting species. Based on experimental studies and prior results for lesser scaup, 

we hypothesized that increasing eggshell Sr would lead to thinner eggshells.

4.3 Materials and methods

4.3.1 Study site

We searched for waterfowl nests using rope drags and by foot and canoe from early June through 

mid-July in 2011-2013 near 64.905° N, 148.774° W (MF) within Minto Flats State Game 

Refuge and near 66.295° N, 148.119° W (YF) within Yukon Flats National Wildlife Refuge 

(Figure 4.1). At MF, we also used a trained dog to search for nests in 2011. See Mann and 

Sedinger (1993) and Martin et al. (2009) for descriptions. Ponds at YF were generally discreet 

and not usually connected by surface water (Figure 4.2). MF was notably different with many of 

the sampled wetlands interconnected in most years in spring, and throughout the summer in wet 

years (which occurred in 2013), often driven by local river levels.

4.3.2 Sample collections and analysis

4.3.2.1 Eggs

We identified waterfowl species by observing the flushing hen, egg characteristics, or contour 

feathers in the nest, and candled eggs to determine viability and incubation stage (Weller 1956). 

We collected eggs from multiple species, but only had data from > 15 nests for canvasback, 

lesser scaup, and northern shoveler. We estimated eggs were incubated for < 20 days at the time 

of collection, which is prior to eggshell thinning, weakening, and changes in Sr concentrations 

associated with the embryo drawing nutrients from the eggshell for growth (Bunck et al. 1985, 

Castilla et al. 2007, Szeleszczuk et al. 2016). Animal handling associated with this work was 
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approved by the University of Alaska Fairbanks Institutional Care and Use Committee (227341), 

federal permits (MB025076 and MB218653) and state permits (11-018, 12-046, 13-076).

We handled eggs wearing latex or nitrile gloves. Upon collection, we wrapped eggs in clean 

aluminum foil, stored them in padded plastic containers, and kept them cool in the field, then 

refrigerated until processed, which generally occurred within 2 months of collection. To process, 

we gently cleaned eggs with tap water and a cleaning pad (Scotch-Brite, 3M, St. Paul, MN, USA 

or similar), then rinsed them with double-distilled or ASTM type I ultrapure water. After 

eggshells were separated from egg contents, we rinsed eggshells with double-distilled or ASTM 

type I ultrapure water, allowed them to dry in room air for at least 10 days, and then stored them 

in chemically clean glass containers (ICHEM 300 Series, I-Chem Research, Hayward, CA, USA 

or similar) or aluminum foil-lined cardboard containers. We opened eggs along the equator using 

a serrated knife rinsed with nitric acid and distilled water. After removing egg contents, 

membrane tissue that remained adhered to the shell was left in place and was present during 

measurements.

Because the embryo draws Ca (and subsequently Sr) from the eggshell during growth 

(Edwards and Mraz 1961, Packard and Packard 1991, Richards and Packard 1996), we measured 

Sr in eggshells instead of egg contents. Strontium concentration in eggshells only differs by 

about 12% between freshly laid eggs and those incubated for 21 days (Szeleszczuk et al. 2016), 

while there may be an approximately 5 fold increase between fresh and hatched eggs as the 

embryo draws minerals needed for growth from the eggshell (Simkiss 1961, Crooks and Simkiss 

1974, U.S. Fish and Wildlife Service, unpublished data). Therefore, Sr concentrations in 

eggshells are generally more representative of the Sr concentrations present when eggs were laid, 

compared to Sr concentrations in egg contents.
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We measured eggshell thickness (with membrane) to the nearest 0.01 mm with a 

micrometer (Mitutoyo 159-211, Mitutoyo Corp., Kawasaki, Kanagawa, Japan) at four equatorial 

locations of both shell halves and report the median of these 8 measurements. Eggshell thickness 

measurements are more precise when conducted by a single individual (U.S. Fish and Wildlife 

Service, unpublished data); therefore, we used single-person measurements when possible. When 

eggshells were measured twice by the same individual, we used the median of the 16 

measurements.

4.3.2.2 Water

We collected triplicate water samples at most of the waterbodies where we located nests (as 

described in Chapter 2). Briefly, we collected samples approximately 12 cm below the water 

surface in acid-washed polyethylene bottles and combined intra-pond samples. We then filtered 

sample water through a 0.45 μm filter. We acidified samples with 0.3 ml of 70% nitric acid and 

refrigerated samples until analyzed, within standard holding times.

4.3.3 Chemical analyses

4.3.3.1 Eggshells

We measured Sr concentrations in eggshell samples using a non-destructive, wavelength- 

dispersive x-ray fluorescence spectrometer (WD-XRF) technique (Śliwiński et al. 2020) at the 

University of Alaska Fairbanks Advanced Instrument Laboratory. Briefly, we determined the Sr 

concentrations from intact eggshell pieces using established species-specific regressions between 

fluorescent x-ray signals and conventional acid-digestion inductively coupled plasma mass 

spectrometry (ICP-MS) measurements, with analytical uncertainty (total internal error) estimates 

102



of approximately 5%. The WD-XRF technique is under vacuum and the X-ray beam heated the 

sample; therefore, some water was likely lost. To account for this, we present concentrations as 

pseudo-dry weight concentrations (pdw). Strontium concentrations derived from XRF may be 

affected by eggshell thickness, but likely no more than by 5% as compared to ICP-MS (Sliwinski 

et al. 2020), so this “thickness effect” does not account for the large variation in eggshell Sr in 

our results. Although the “thickness effect” may have had a small impact on statistical power, 

our expectation is that it would inflate type II statistical error and therefore would not diminish 

the significance of any statistical relationships we found.

No appropriate standard reference material (SRM) for eggshells was available, so we 

used the relative percent difference (RPD) from National Institute of Standards and Technology 

(NIST; U.S. Department of Commerce, Gaithersburg, MD, USA) SRM 1400 (bone ash) as a 

measure of analytical technique stability. Sample concentrations were drift corrected using SRM 

1400 and blanks. All samples were above the minimum detection limit (MDL). All blanks were 

below the MDL, both before and after drift correction.

4.3.3.2 Water chemistry

Calcium and Sr in water were determined by the Applied Science, Engineering, and Technology 

Lab at University of Alaska Anchorage using an Agilent 7500 ICP-MS following EPA Method 

200.8, or similar. Samples with notable particulate were re-filtered by the lab. No analytes were 

rejected on the basis of quality assurance or quality control screening criteria of blanks, spikes, 

and standard reference materials. All samples used in analyses were above the minimum 

detection limit (MDL). Average percent differences between measured concentrations and 

known concentrations were within 5% both for in-house and NIST 1643d.
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4.3.4 Data treatment and statistical analysis

Water Sr/Ca ratios are expressed as mmol/mol, because Ca was found at higher concentrations 

than Sr, and eggshell Sr concentrations are expressed in mg/kg pdw (Śliwiński et al. 2020). 

Unless otherwise stated, we used R (R Core Team 2020) for all analyses. We present adjusted R2 

representing an estimate of the proportion of variance explained by the predictor variables in a 

population.

Although we collected eggs from additional species, and in some cases, more than one 

egg per nest, we only analyzed data for a single egg assigned in the field for eggshell-quality 

analysis from species with an overall n > 15 (i.e., canvasback, lesser scaup, and northern 

shoveler). We also collected eggs at additional sites and years, but only included eggs in our 

analyses for which data were available for all sites within a year, and across all years by site, to 

allow for inter-year and site comparisons. Eggshell Sr data were only available for lesser scaup 

for 2011, because most canvasback and shoveler eggshells were consumed in other chemical 

analyses.

We used multiple linear regression to assess the relationship among eggshell thickness 

and predictors within each site and between species and years. Predictors included eggshell Sr 

concentrations and quadratic eggshell Sr. For eggs collected at YF, we also included water Sr/Ca 

ratio because water Sr/Ca was invariant at MF, but variable at YF (Chapter 2). We chose to use 

eggshell Sr, instead of eggshell Sr/Ca, because eggshell Sr accounts for >99.9% of the variance 

in the eggshell Sr/Ca ratio (as described in Chapter 2). At YF, we examined the relationship 

between Sr and eggshell thickness separately for eggshells with low to intermediate (defined as 

the three times the first quartile across species: ≤1098 mg/kg), and elevated (i.e., > 1098 mg/kg) 

eggshell Sr. We only included eggs for which we had eggshell Sr data derived from the XRF 
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technique described above. We excluded eggshell thicknesses, when both eggshell halves could 

not be measured, when the membrane was deteriorated or missing from the equator of the shell, 

and in a single case, where the eggshell was highly inconsistent in thickness across the equator. 

We examined residual plots to assess normality and heteroscedasticity. We considered the best 

approximating models to be those with the lowest Akaike information criterion corrected for 

small sample size (AICc) and those within two ΔAICc that did not increase model complexity 

(Arnold 2010).

4.4 Results

4.4.1 Eggshell Sr and water Sr/Ca

We analyzed eggshell Sr in 389 eggs (Table 4.1). Eggshell Sr concentrations were all above 

detection limits and ranged from 153 to 3,729 mg/kg pdw. Water Sr and Ca concentrations were 

all above detection limits and ratios ranged from 1.4-6.6 ww (Table 4.2).

4.4.2 Eggshell thickness

Mean eggshell thickness ranged from 0.22-0.42 mm (n = 389; Table 4.1). The relationship 

between eggshell Sr and thickness varied by species and eggshell Sr concentration. At YF, where 

the water chemistry was variable among ponds, when eggshell Sr was low to intermediate (i.e., ≤ 

1,098 mg/kg pdw), canvasback and northern shoveler eggshells with more Sr were thicker; and 

this effect was paradoxically moderated when increased eggshell Sr could be attributed to 

environmental Sr (Table 4.3, Figure 4.3.A). Combined, eggshell Sr and water Sr/Ca explained 40 

and 33% of the variance in canvasback and northern shoveler eggshell thickness, respectively. At 

MF, where water chemistry was relatively invariant, we did not find a relationship between 

105



eggshell thickness and Sr for canvasback or northern shoveler (when a single large outlier was 

removed; Figure 4.4 and Table 4.5).

Results for lesser scaup were opposite those of canvasback and shoveler. Scaup eggshells 

at YF with more Sr were only thicker when eggshell Sr was in the upper quartiles of Sr 

concentrations (> 1,098 mg/kg pdw), and the effect was not moderated by water Sr/Ca (Figure 

4.3.B and Table 4.4). At MF, lesser scaup eggshells with more Sr were consistency thicker 

(Figure 4.4 and Table 4.5). Because location had an apparent effect on the results, we conducted 

a post-hoc examination at the densest aggregation of lesser scaup nests we sampled; an island at 

MF. There, the relationship was more pronounced, with eggshell Sr explaining 49% of eggshell 

thickness variance and with eggshells with the highest Sr concentrations being about 17% thicker 

than those with low eggshell Sr.

Northern shoveler were the only species to lay eggs with high levels of eggshell Sr (> 

2,000 mg/kg pdw), and there was equivocal support for an inverse relationship between eggshell 

thickness and Sr at both sites (Figure 4.3 and 4.4 and Table 4.4 and 4.5). In both cases, the null 

model was competitive (ΔAICc = 0.81 and 1.27 at YF and MF, respectively), and at MF, removal 

of a single egg with a high Sr concentration resulted in the loss of support for the inverse 

relationship model.

4.5 Discussion

Based on experimentally elevated Sr-diet studies, and from the inverse relationship reported 

between egg-content Sr and eggshell thickness for lesser scaup (Matz and Rocque 2007), we 

expected eggshell thickness and Sr to be inversely correlated. We found the opposite. For all 

three species (when relationships were reliably detected), eggshells with more Sr were thicker.
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A key difference between results from Matz and Rocque (2007) and the current study is the part 

of the egg where Sr was analyzed. Egg-content Sr increases approximately 5 fold between fresh 

and hatched eggs as the embryo draws minerals needed for growth from the eggshell (Simkiss 

1961, Crooks and Simkiss 1974, U.S. Fish and Wildlife Service, unpublished data). This removal 

of minerals also leads to late-stage eggshell thinning confounding comparisons between egg 

content Sr and eggshell thickness (Kreitzer 1972, Finnlund et al. 1985, Booth and Seymour 1987, 

Balkan et al. 2006). The inverse relationship between Sr in contents and eggshell thickness in the 

addled, abandoned, and unhatched eggs collected by Matz and Rocque (2007) may have 

occurred, because of these embryo-development related effects, rather than higher Sr 

concentrations. In addition, rapid follicle growth occurs for about a week before the shell is 

formed (Alisauskas and Ankney 1992). Therefore, even for eggs early in incubation, relative 

egg-content and eggshell Sr would be different if birds acquired nutrients from areas with 

dissimilar environmental chemistry during eggshell and yolk production. An unexpected and 

notable finding in the current study was that the apparent source of the eggshell Sr appears to be 

related to the degree of the effect of Sr on eggshell thickness.

Low doses of Sr can increase calcified tissue quality (see: Marie et al. 2001, Shahnazari 

et al. 2007, Fonseca 2008), but we are unaware of studies linking increased dietary Sr with 

thicker eggshells. Low-dose dietary Sr (500 mg/kg added) increased egg production in chickens, 

and moderate levels (3000-6000 mg/kg Sr added) increased cortical and medullary bone volume 

and improved whole bone load strength in hens (Jensen et al. 1997, Shahnazari et al. 2006, 

Browning and Cowieson 2015). These results demonstrate the potential benefit to laying birds of 

low doses of Sr, and could explain the positive relationship we found between eggshell Sr and
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thickness. While speculative until a broader suite of metrics are assessed, it appears increased 

concentrations of Sr in the eggshell may be linked to improved eggshell quality.

Although eggshell Sr concentrations ≥110,000 mg/kg (from added dietary Sr) resulted in 

thinner chicken eggshells, Doberenz et al. (1969) reported no effect at doses resulting in 

concentrations of 72,000 mg/kg (ashed wt; eggshell Ca was similar between this and our study, 

so results are comparable). Because we found a similar inverse correlation (albeit with weak 

statistical support) at much lower eggshell Sr concentrations (maximum eggshell Sr in our study 

was 3,729 mg/kg pdw), Wheeler's (1919) conclusion that domestic ducks are more sensitive to 

dietary Sr compared to chickens may also hold for wild waterfowl.

4.5.1 Differences between species

Intraspecific differences in the relationship between eggshell thickness and Sr appear mostly 

related to the range of eggshell Sr concentrations observed (e.g., Figure 4.3 and 4.4), and the 

degree to which environmental chemistry explains eggshell Sr variance.

Only northern shoveler laid eggs with eggshell Sr > 2,000 mg/kg pdw and shoveler were 

the only species for which there was any support for an inverse relationship between eggshell Sr 

and thickness. The inverse relationship between eggshell thickness and Sr at higher 

concentrations may be due to a direct biochemical link between high Sr and eggshell formation, 

a correlated environmental driver, or some combination of the two. Although the support for the 

inverse relationship was weak, the direction of the effect is similar to results reported for high 

dietary doses of Sr.

Nesting-area wetland chemistry explains 86 and 71% of canvasback and northern 

shoveler eggshell Sr, respectively, but only 26% of lesser scaup eggshell Sr (Chapter 2, Table 
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2.4; Sr accounts for 99.9% of eggshell Sr/Ca variation). The relationships we found between 

eggshell thickness and Sr appear related to this high model fit between environmental and 

eggshell Sr for canvasback and shoveler, and a poor fit for scaup. For canvasback and shoveler, 

eggshells with more Sr were thicker, but only at the site with variable water chemistry (YF). 

However, these eggshells were thicker when they contained more Sr in spite of local water 

chemistry, not because of it. The relationship for canvasback and shoveler between increasing 

eggshell thickness and Sr was most prominent when increasing eggshell Sr was not explained by 

water Sr/Ca (see Figure 4.3A). This moderating effect of local water chemistry on the interaction 

between eggshell thickness and Sr indicates that the underlying driver of eggshell Sr is perhaps 

more important than the overall Sr concentration of the eggshell, at least when concentrations are 

low to moderate.

For scaup, we found eggshells with more Sr were thicker at MF (Table 4.5) and at YF, 

when eggshell Sr concentrations were elevated (> 1,098 mg/kg pdw), and this relationship was 

not affected by local water chemistry (Table 4.4). When we examined a high-density nesting 

island at MF, which functionally should reduce or eliminate any direct geochemical effect, 

eggshell Sr explained a full 49% of the variation in eggshell thickness. This strongly suggests 

factors other than local wetland chemistry are driving the positive correlations between eggshell 

Sr and thickness, at least for lesser scaup.

4.5.2 Potential factors leading to greater eggshell thickness and Sr

The addition of protein or Ca to diets that are limited in these nutrients can lead to increased 

eggshell thickness (Felipe et al. 2010). Waterfowl increase the intake of both Ca and protein 

during laying (Noyes and Jarvis 1985, Swanson et al. 1985). However, Ca is preferentially 
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acquired over Sr, as these elements transfer up food webs, thereby reducing the Sr/Ca ratios at 

higher trophic levels (Blum et al. 2000, Balter et al. 2002, Peek and Clementz 2012). For that 

reason, high protein (i.e., more carnivorous) diets should correlate with: 1) lower eggshell Sr; 

and 2) thicker eggshells, and therefore do not appear to account for the positive relationship 

between eggshell Sr and eggshell thickness. However, because we did not collect Sr data for the 

potential food items of the ducks in the study, we cannot rule out that a high-quality food source 

enriched in Sr led to thicker eggshells.

An alternative explanation to dietary intake that could lead to increased availability of 

both protein and Ca, and thicker eggshells, is the use of nutritional reserves. Waterfowl utilize 

endogenous reserves for egg synthesis (Afton and Ankney 1991, Esler et al. 2001, Cutting et al. 

2011), including eggshells (Afton and Ankney 1991), and ducks with greater reserves lay more 

and larger eggs (Hepp et al. 1987, Hanssen et al. 2002, Devries et al. 2008). Increased 

endogenous reserve use could also lead to increased eggshell Sr. Strontium preferentially enters 

and exits bone over Ca (Talmage et al. 1957, Likins et al. 1959). Bone Sr incorporation occurs 

mostly at the apatite crystal surface (Dahl et al. 2001, Boivin and Meunier 2003) and is 

dependent on osteoblastic activity (Norman et al. 1951). This is why Sr/Ca ratios are higher for 

new bone compared to turnover in existing tissue (Farlay et al. 2005), which may lead to 

increased blood Sr, when the source is undergoing rapid change, such as in medullary bone 

during laying. Therefore, the use of endogenous mineral reserves for eggshell production should 

lead to higher eggshell Sr.

Differences in the assimilation and transfer of Sr from diet to bone to egg may also have 

contributed to our results. Chickens fed diets with added Sr had greater cortical and medullary 

bone volume than controls (Shahnazari et al. 2006, Shahnazari et al. 2007). Because both
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medullary and structural bone contribute to egg synthesis, an alternative explanation for the

positive relationship between eggshell thickness and Sr is that increasing dietary Sr led to higher

hen bone quality and Ca stores and subsequently hens laid eggs with thicker shells.

4.5.3 Potential factors leading to lower-quality eggshells from elevated Sr

The support for an inverse relationship between eggshell Sr and thickness for northern shoveler 

was weak and driven by a few high Sr values, but did align with the direction of effect reported 

for laboratory dosing studies. A variety of environmental factors could lead to lower eggshell 

quality associated with increasing Sr. Dipper (Cinclus cinclus) and common loon (Gavia immer) 

eggshells were thinner at more acidic waterbodies (Ormerod et al. 1988, Pollentier et al. 2007). 

Strontium tends to increase in biota in acidic environments (Moreau et al. 1983, Morgan et al. 

2001), while insect Ca concentrations are reduced, which would lead to higher dietary Sr/Ca 

exposure to predators such as ducks foraging on insects (Scheuhammer et al. 1997).

Previously, we reported that Sr/Ca observed ratios between water and northern shoveler 

eggshell matrices [i.e., (Sr/Ca)eggshell/(Sr/Ca)water; Chapter 2] were nearly twice as high compared 

to other species with a similar foraging ecology (i.e., primarily consuming animal matter during 

laying such as lesser scaup). A potential physiological driver for both higher shoveler eggshell Sr 

and thinner eggshells could be shell formation rate. Mollusk shell Sr/Ca discrimination is 

affected by growth rate (Lorrain et al. 2005) and laying intervals can vary within and between 

waterfowl clutches (Low 1945, Watson et al. 1993). Thus, oviduct eggshell mineralization rates 

could affect Sr discrimination leading to higher concentrations. Isotope studies have reported 

differential discrimination of Sr for Ca in the oviduct and uterus (Gordon and Skulan 2011), and 

Drori et al. (1964) reported that during peak eggshell formation, Sr/Ca discrimination decreased;
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both add support to this explanation. We could not examine this hypothesis, as mineralization 

rates were not available and laying rates were imprecise.

4.6 Conclusions

Experimental research has clearly demonstrated that feeding large amounts of Sr to birds reduces 

eggshell thickness, but these studies fed birds diets at levels higher than generally occur in 

nature. Our study is the first to utilize a large sample of wild birds to examine how eggshell Sr is 

related to eggshell thickness, and our findings show the relationships in these birds are more 

complex than reported in captive experiments. Dichotomous directions of eggshell Sr effects on 

thickness based on apparent source lead us to conclude that the effect of Sr on eggshell thickness 

is not simply dose-dependent. Instead, it appears the diet or physiology of the laying hen may be 

an important factor linking eggshell Sr concentrations and eggshell thickness. Our results are the 

first we are aware of to show a potential beneficial effect of Sr on eggshell thickness.

Although the thickness of waterfowl eggs in interior Alaska is at least partly tied to Sr, 

the drivers of this relationship require further investigation. An important next step is to 

experimentally investigate the role of endogenous reserve use on eggshell thickness and Sr, and 

explore Sr concentrations in dietary items consumed during egg formation (i.e., exogenous Sr). 

This information would provide additional insight into the relationships we report here, and 

illuminate exogenous/endogenous inputs into waterfowl eggs.
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4.8 Figures

Figure 4.1. Study sites on Yukon Flats National Wildlife Refuge (YF) and Minto Flats State

Game Refuge (MF), Alaska.
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Figure 4.2. Water Sr/Ca ratios (mmol∕mol) at study sites on Yukon Flats National Wildlife Refuge (YF) and Minto Flats State Game

Refuge (MF), Alaska.



A

Figure 4.3. Plots of the best supported approximating model of eggshell thickness for canvasback 

(CANV), northern shoveler (NSHO), and lesser scaup (LESC) at Yukon Flats National Wildlife 

Refuge, Alaska for eggshells with (A) low to intermediate and (B) intermediate to high Sr 

concentrations. For canvasback and northern shoveler in (A), blue and red shading indicates 

thinner and thicker eggshells, respectively. The grey dots represents individual eggshells 

included in the model; the larger the dot the thicker the eggshell. For lesser scaup in (A) and (B), 

and northern shoveler in (B), the blue line represents the regression fit and the grey shading the 

95% confidence interval. The black dots represents individual eggshells included in the model. 

No canvasback eggs had elevated Sr concentrations; therefore, canvasback are not included in 

(B).
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Figure 4.3. continued
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Figure 4.4. Plots of the best supported approximating model of eggshell thickness for canvasback (CANV), lesser scaup (LESC), and 

northern shoveler (NSHO) at Minto Flats State Game Refuge, Alaska. The blue line represents the regression fit and the grey shading 

the 95% confidence interval. The black dots represents individual eggshells included in the model.



4.9 Tables

Table 4.1. Summary statistics for eggshell thickness (mm) for canvasback, lesser scaup, and 

northern shoveler eggs collected at Minto Flats State Game Refuge and Yukon Flats National 

Wildlife Refuge, Alaska.

Species # of eggs Mean ± 1 SD Median Min-max
Canvasback 32 0.37 ± 0.03 0.37 0.30-0.42
Lesser Scaup 183 0.30 ± 0.02 0.30 0.26-0.35
Northern Shoveler 174 0.26 ± 0.02 0.26 0.22-0.30
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Table 4.2. Summary statistics for water Sr/Ca ratios (mmol/mol) for wetlands at study sites in Yukon 

Flats National Wildlife Refuge (YF) and Minto Flats State Game Refuge (MF), Alaska.

Water Sr/Ca (mmol/mol)

Site

Years 

water 

sampled

Number of 

wetlands 

sampled

Median Min-max

YF 2012-2013 45 3.13 1.38-6.64

MF 2012-2013 29 1.93 1.59-2.10
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Table 4.3. Performance of competing linear models examining the relationship between eggshell thickness and predictors (eggshell Sr 

and water Sr/Ca), for canvasback (CANV), lesser scaup (LESC), and northern shoveler (NSHO) eggs collected at Yukon Flats 

National Wildlife Refuge, Alaska in 2011-2013 with low to intermediate eggshell Sr.

Species na Models Kb ΔAICcc wid R2e

CANV 18 Eggshell Sr + Water Sr/Ca*** 4 0.00 0.43 0.40

Eggshell Sr+ Eggshell Sr2*** 4 0.78 0.29 0.38

Eggshell Sr + Eggshell Sr2 + Water Sr/Ca 5 2.24 0.14 0.42

Eggshell Sr 3 3.27 0.08 0.19

Null 2 5.31 0.03

Water Sr/Ca 3 5.48 0.03 0.09

LESC 59 Null*** 2 0.00 0.40

Eggshell Sr 3 0.98 0.25 0.00

Water Sr/Ca 3 2.14 0.14 0.00

Eggshell Sr + Eggshell Sr2 4 2.93 0.09 0.00

Eggshell Sr + Water Sr/Ca 4 3.00 0.09 0.00



Table 4.3. continued

122

aNumber of eggs used in the analysis.

bNumber of parameters in model.

c Δ Akaike information criterion corrected for small sample sizes (AICc) = difference in AICc relative to the smallest AICc value, 

d AICc model weight.

eAdjusted R-squared representing an estimate of the proportion of variance explained by the predictor variables.

Eggshell Sr + Eggshell Sr2 + Water Sr/Ca 5 5.16 0.03 0.00

NSHO 17 Eggshell Sr + Water Sr/Ca*** 4 0.00 0.42 0.33

Eggshell Sr*** 3 0.51 0.33 0.21

Null 2 2.71 0.11

Eggshell Sr + Eggshell Sr2 4 3.94 0.06 0.16

Eggshell Sr + Eggshell Sr2 + Water Sr/Ca 5 4.04 0.06 0.29

Water Sr/Ca 4 5.69 0.03 0.00



Table 4.4. Performance of competing linear models examining the relationship between eggshell

thickness and predictors (eggshell Sr and water Sr/Ca), for canvasback (CANV), lesser scaup

(LESC), and northern shoveler (NSHO) eggs collected at Yukon Flats National Wildlife Refuge,

Alaska in 2011-2013 with intermediate to high eggshell Sr.

Species na Models Kb ΔAICcc Wid R2e

CANV 0

LESC 24 Eggshell Sr*** 3 0.00 0.52 0.23

Eggshell Sr + Water Sr/Ca 4 1.95 0.20 0.23

Eggshell Sr + Eggshell Sr2 4 2.63 0.14 0.20

Water Sr/Ca 3 4.63 0.05 0.07

Null 2 4.78 0.05

Eggshell Sr + Eggshell Sr2 + Water Sr/Ca 5 4.84 0.05 0.20

NSHO 26 Eggshell Sr*** 3 0.00 0.36 0.09

Null*** 2 0.81 0.24

Eggshell Sr + Eggshell Sr2 4 1.18 0.20 0.10

Eggshell Sr + Water Sr/Ca 4 2.76 0.09 0.05

Water Sr/Ca 3 3.31 0.07 0.00

Eggshell Sr + Eggshell Sr2 + Water Sr/Ca 5 3.97 0.05 0.07

a Number of eggs used in the analysis.
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Table 4.4. continued 

b Number of parameters in model.

c Δ Akaike information criterion corrected for small sample sizes (AICc) = difference in AICc 

relative to the smallest AICc value.

d AICc model weight.

e Adjusted R2 representing an estimate of the proportion of variance explained by the predictor 

variables.
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Table 4.5. Performance of competing linear models examining the relationship between eggshell

thickness and Sr for canvasback (CANV), lesser scaup (LESC), and northern shoveler (NSHO)

eggs collected at Minto Flats State Game Refuge, Alaska in 2011-2013. Outcomes for northern

shoveler after removal of a single high outlier are provided for reference (shaded).

Species na Models Kb ΔAICcc Wid R2e

CANV 14 Null *** 2 0.00 0.72

Eggshell Sr 3 2.38 0.22 0.00

Eggshell Sr + Eggshell Sr2 4 5.12 0.06 0.00

LESC 100 Eggshell Sr *** 3 0.00 0.74 0.10

Eggshell Sr + Eggshell Sr2 4 2.14 0.25 0.10

Null 2 9.92 0.00

NSHO 131 Eggshell Sr + Eggshell Sr2*** 4 0.00 0.56 0.03

Null *** 2 1.27 0.30

Eggshell Sr 3 2.76 0.14 0.00

NSHO 130 Null *** 2 0.00 0.52

Eggshell Sr 3 0.86 0.34 0.00

Eggshell Sr + Eggshell Sr2 4 2.55 0.15 0.00

a Number of eggs used in the analysis. 

b Number of parameters in model.
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Table 4.5. continued 

c Δ Akaike information criterion corrected for small sample sizes (AICc) = difference in AICc 

relative to the smallest AICc value.

d AICc model weight.

e Adjusted R 2 representing an estimate of the proportion of variance explained by the predictor 

variables.
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Chapter 5: Conclusions

Strontium (Sr) may be a contaminant of concern for wild birds. Because of chemical similarities 

to calcium (Ca), Sr is readily incorporated into calcified tissues, such as eggshells. The 

objectives of this dissertation were to determine the potential drivers of both total and radio-Sr in 

the eggshells of waterfowl breeding in interior Alaska and to assess the relationship between 

eggshell Sr and quality. Local water chemistry explained ≥71% of the variation in eggshell Sr/Ca 

ratios for canvasback (Aythya valisineria) and northern shoveler (Spatula clypeata), but only 

26% for lesser scaup (Aythya affinis). Most of the remaining variation was associated with 

heterogeneity among eggs in the same nest (intra-clutch variance). Results were similar for 

radio-Sr with environmental chemistry accounting for less eggshell 90Sr variance in lesser scaup 

eggs compared to other species. Inter-specific and annual differences in eggshell Sr/Ca and 90Sr 

variance explained by water chemistry suggest that at least for some species, factors beyond the 

chemistry of the local environment can have a large impact on eggshell concentrations. For my 

primary species of interest, lesser scaup, relatively poor agreement between environmental 

predictors and large inter-annual differences in model fit add credence to the hypotheses 

proposed by Matz and Rocque (2007) that egg Sr is at least partly derived outside the breeding 

location, or that rates of biopurification of Ca over Sr are affected by the use of endogenous 

reserves.

Strontium-90 and 137Cs activities in interior Alaska waterfowl eggshells, egg contents, 

and ducklings were 1-2 orders of magnitude less than activities measured in Alaska bird tissues 

in the mid-twentieth century. This suggests the risk of these radioisotopes to interior Alaska 

waterfowl productivity is declining over time.
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Experimental research has clearly demonstrated that feeding large amounts of Sr to birds 

reduces eggshell quality, but these studies treated birds at levels much higher than generally 

occur in nature. For example, Mora et al. (2011) reported the maximum mean eggshell Sr among 

26 species/sites was 2,666 mg/kg dw, whereas Doberenz et al. (1969) found eggshell Sr 

concentrations ≥110,000 mg/kg when Sr was added to chicken diets, which resulted in thinner 

eggshells. My study is the first to utilize a large sample of wild birds to examine how eggshell Sr 

is related to eggshell thickness. My findings indicate that the ecotoxicology and physiology of Sr 

in birds is more complex than is apparent in captive studies. The association between eggshell Sr 

and thickness was variable among species, and for canvasback and northern shoveler, was 

dependent on the apparent Sr source. This suggests that the relationship between eggshell 

thickness and Sr is not a simple dose-dependence. My results show that for some species, like 

lesser scaup, factors associated with the laying hen (e.g., diet or physiology) may have a larger 

impact on how Sr interacts with eggshell quality, than the local environment.

While a growing body of literature suggests that egg Sr may be correlated with adverse 

effects in wild birds, my results show that Sr incorporation into eggs is driven by complex 

interactions between environmental chemistry and the behavior and physiology of the laying 

hen. My results are the first I am aware of to show a potential beneficial effect of Sr on eggshell 

thickness. Given the importance of understanding 90Sr in biota, I suggest additional work should 

be considered on species that are known to primarily rely on endogenous reserves for some egg 

components, such as common eider (Somateria mollissima) and Arctic breeding geese (Senechal 

et al. 2011, Sharp et al. 2013). Because I found links between eggshell Sr and diet and 

endogenous reserve use, my results also suggest that eggshell Sr may hold promise as a tool to 

help elucidate these important components of avian ecology.
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Appendix A: Rapid, non-destructive analysis of calcium and strontium in eggshells by WD- 

XRF4

4Śliwiński, M. G., C. L. Latty, K. J. Spaleta, R. J. Taylor, and K. P. Severin. 2020. Rapid, non
destructive analysis of calcium and strontium in eggshells by WD-XRF. Chemosphere. 251. 
doi.org/10.1016/j.chemosphere.2020.126253

A1.1 Abstract

We developed a simple method of analyzing the strontium (Sr) and calcium (Ca) content of 

intact eggshell samples in support of a broader study of how dietary Sr uptake impacts waterfowl 

eggshell quality. We used wavelength dispersive - x-ray fluorescence spectrometry (WD-XRF) 

to analyze eggshell pieces ranging in size from ~6 mm2 fragments to intact half-shells. We 

verified this approach on a subset of reference eggshells by subjecting the same region and 

volume of shell material from which x-ray signals were measured to analysis by inductively- 

coupled plasma mass spectrometry (ICP-MS). An analysis of the sources of analytical 

uncertainty yielded total internal error estimates of ±0.3 and 5% relative for Ca and Sr, 

respectively, on the basis of which the chemistry of intact shell material analyzed by WD-XRF in 

this study is compared. The total external errors associated with the WD-XRF results of this 

study in relation to certified reference material (National Institute of Standards and Technology 

[NIST] 1400 [a bone ash]) are ±9 and 13.5% relative for Ca and Sr, respectfully (95% CL). Our 

results demonstrate this method is acceptably accurate and precise for many wildlife 

management applications. WD-XRF analysis is a quick and inexpensive alternative to traditional 

methods for determining eggshell Sr and Ca that require acid digestion, allowing for generation 

of larger datasets that might otherwise be cost-prohibitive, while preserving sample material 

intact.
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A1.2 Introduction

Determining the chemical composition of environmental media generally necessitates the 

destruction of a sample. Certain situations, however, require that samples remain intact, such as 

when evidence must be preserved or when material needs to be kept for other types of analysis. 

We required a non-destructive analytical technique to support research into how dietary uptake 

of environmental strontium (Sr) affects the quality of waterfowl eggshells. The chemical 

similarity of Sr to calcium (Ca) leads to substitution for the latter in biomineralized components 

of organisms (National Council on Radiation Protection and Measurements 1984). In birds, Sr is 

acquired from the diet (Monroe et al. 1961, Drori et al. 1964, Corradino and Wasserman 1970, 

Mraz 1972, Weber et al. 1973) and readily substitutes for Ca during eggshell mineralization 

(Doberenz et al. 1969, Weber et al. 1973). Excess Sr in bird diets has been reported to cause 

abnormal bone growth and mineralization, weight loss, inefficiencies in Ca-absorption by the 

gut, lower eggshell Ca concentrations and thinner shells, and reduced egg hatchability (Weber et 

al. 1968, Doberenz et al. 1969, Corradino and Wasserman 1970). Our objective was to develop a 

simple, quantitative, yet sample non-destructive method for determining Sr and Ca 

concentrations from intact eggshells (fragments or intact half-shells) using wavelength- 

dispersive x-ray fluorescence spectrometry (WD-XRF).

A1.3 Methods

A1.3.1 Egg sampling

We searched for waterfowl nests at two sites within Yukon Flats National Wildlife Refuge 

(66.364° N, 144.253° W and 66.295° N, 148.119° W) and one site within Minto Flats State 

Game Refuge (64.905° N and 148.774° W) in interior Alaska, USA. We identified waterfowl 
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species by observing the flushing hen or egg characteristics. We collected eggs from American 

wigeon (Mareca americana), canvasback (Aythya valisineria), lesser scaup (Aythya affinis), 

northern shoveler (Spatula clypeata), and ring-necked duck (Aythya collaris) nests under 

appropriate state and federal permits and University of Alaska Fairbanks Institutional Animal 

Care and Use Committee Assurance 227341. We handled eggs wearing latex or nitrile gloves. 

Upon collection, and depending upon the requirements of concurrent studies, we either: 1) 

wrapped eggs in clean aluminum foil, stored them in padded plastic containers, and kept them 

cool in the field and refrigerated in the lab; or 2) wrapped eggs in cotton batting during transport 

in the field, then incubated eggs in a 12 V portable incubator [Avey Incubator, Hugo, CO, USA] 

in the field and R-com 50 incubator [Autoelex Company, South Korea]) until hatch or embryo 

death. In the lab, we gently cleaned unhatched eggs, and eggshell caps from successfully 

hatching eggs, with tap water and a cleaning pad (Scotch-Brite, 3M, St. Paul, MN, USA or 

similar), then rinsed them with double-distilled or ASTM type I ultrapure water. After eggshells 

were separated from egg contents, we rinsed eggshells with double-distilled or ASTM type I 

ultrapure water, allowed them to dry in room air, then stored them in chemically clean glass 

containers (I-Chem 300 Series, I-Chem Research, Hayward, CA, USA or similar) or aluminum 

foil-lined cardboard containers. After removing egg contents, membrane tissue that remained 

adhered to the shell was left in place and was present during analysis.

A1.3.2 Calibrating x-ray signals to Sr and Ca concentrations determined by ICP-MS

Two iterations of technique development were required to arrive at a representative set of Sr- 

calibrations (only the primary calibrations are presented here). Initially, we measured x-ray count 

rates by WD-XRF from eggshell caps (Figure A1) and regressed them on existing Sr 
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concentration data acquired by inductively-coupled plasma optical emission spectrometry (ICP- 

OES) from corresponding bulk sharp eggshell halves following conventional acid-digestion 

(U.S. Fish and Wildlife Service, unpublished data). We then analyzed the eggshell caps of all 

samples and, based on the initial calibration, chose a cohort for acid-digestion inductively 

coupled plasma mass spectrometry (ICP-MS) analysis. We then used the ICP-MS data from this 

suite of samples (Table A1) to develop a set of species-specific WD-XRF calibrations, each 

spanning a representative Sr concentration range.

We performed x-ray fluorescence measurements using a WD-XRF spectrometer (Axios 

P4400, PANalytical, Almelo, The Netherlands) at the University of Alaska Fairbanks Advanced 

Instrumentation Laboratory (AIL). We loaded intact eggshell pieces into small-aperture (6 mm- 

diameter) stainless steel sample holders using spring-loaded lids to prevent eggshells from 

moving during handling and analysis (holders spin during analysis) (Figure A1.A-C). We 

adjusted the spring tension with thin wire ties to the minimum necessary to keep the fragile 

samples immobilized, with a folded Kimwipe placed between the spring cap and shell to prevent 

cracking. The portion of each shell exposed for analysis through the holder aperture adequately 

approximated a flat surface (Figure A1.D-G).

Samples were illuminated by a Rh-anode x-ray tube (4 kW) operating at 32 kV and 125 

mA during Ca analyses and at 60 kV and 66 mA during Sr analyses. The intensity of x-ray 

fluorescence from the sample, once passed through a LiF 200 diffracting crystal, was measured 

at the following spectral positions: the Ca-Kα peak at 113.0562° (2θ; count-time was 76 s using 

an Ar gas-flow detector) and one local background at 114.5202° (2θ; count-time of 10 s) and at 

the Sr-Kα peak at 25.1234° (2θ; count-time of 180 s using a scintillation detector) and two 

surrounding background positions (at 24.5062° and 25.7076°, with count-times of 60 s and 32 s, 
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respectively). The minimum detection limit for Sr was approximately 10 mg kg-1 (95% CL). In 

considering the entire sample suite, counting statistical errors (CSE, 95% CL) associated with the 

total number of detector pulses (or counts) acquired at the peak and background positions of Ca 

were ~0.2 and ~1% (relative), respectively. For Sr, the CSEs at the peak position were between 

~0.4 and ~1.2% (relative), and between ~2 and ~4% (relative) at the two background positions 

(the CSE can be approximated by 2[√1000 * kcps * t / (1000 * kcps *s)  x 100], where ‘kcps' 

is the drift and background-corrected count-rate in kilo-counts per second, and ‘t' the count-time 

in seconds; e.g., Potts, 1992). Instrumental drift was systematically monitored using two 

different materials: 1) an ultrapure SiO2 glass disc (Suprasil, Heraeus Quarzglas GmbH & Co. 

KG, Kleinostheim, Germany); and 2) National Institute of Standards and Technology (NIST) 

SRM 1400 (U.S. Department of Commerce, Gaithersburg, MD, USA), a bone-ash powder 

pressed into a conventional XRF pellet. We emphasize that these materials were not used as 

calibrants, but rather as drift-monitors.

The depth of Sr-Kα and Ca-Kα signal generation was approximated using, as a guide, the 

equations and examples given by Potts (1992) and mass attenuation coefficients from the NIST 

Standard Reference Database (Berger et al. 2010). The modeled matrix was assigned a density of 

2.05 g/cm3 [average of data reported by Paganelli et al., 1974 for pekin (Anas platyrhynchos 

domesticus) and muscovy (Cairina moschata) duck eggs] and the following chemical 

composition: calcium oxide (CaO; 51.1% w/w) - CO2 (40.0% w/w) - carbon (C; 8.9% w/w). 

This is based on the average Ca concentration of the reference eggshells (Table A1), with C 

chosen to act as a proxy for the organic component of shell material. Based on illustrations of 

spectrometer geometry (PANalytical Axios PW4400), the incident x-ray beam illuminates the 

sample surface from an angle of ~49° (‘ψ1’ in Potts 1992), whereas fluorescent x-rays take-off 
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at an angle of ~64° (ψ2; these angles define the x-ray path length and hence the interaction 

volume within the sample). The simplifying assumption was made that both Sr and Ca are 

uniformly distributed across the shell section.

A1.3.3 Eggshell Sr and Ca analysis by acid-digestion ICP-MS

We measured eggshell Sr and Ca concentrations by dynamic reaction cell - inductively coupled 

plasma - mass spectrometry (DRC-ICP-MS) at the Trace Element Research Laboratory at Texas 

A&M University (College Station, TX, USA). Prior to ICP-MS analysis, we freeze-dried and 

homogenized eggshells to a fine powder by ball-milling in plastic containers. We then 

transferred the powdered eggshells to polypropylene vessels and digested them with nitric acid, 

hydrogen peroxide and hydrochloric acid at 95 °C in a block digester (CPI International, Santa 

Rosa, CA, USA) before diluting to volume with deionized water (Milli-Q Plus, MilliporeSigma, 

Burlington MA, USA). Digest solutions were then analyzed for Sr and Ca content by ICP-MS on 

a PerkinElmer DRC 2 instrument (Waltham, MA, USA). Calcium and Sr were both determined 

in reaction cell mode, monitoring 44Ca and 88Sr. Gallium-71 was used as the internal standard for 

Ca and 115Indium for Sr. Ammonia was used as the reaction cell gas at a flow rate of 1 cm3/min; 

RPa and RPq were 0 and 0.75, respectively. Calibration was performed using a blank and three 

standards and was verified by analysis of an independent standard (Inorganic Ventures, 

Christiansburg VA, USA). Dry weight (dw) sample detection limits were 122-225 mg kg-1 for 

Ca and 0.244-4.06 mg kg-1 for Sr. Two Ca blanks were above the blank-specific method 

detection limit (highest measured concentration in Ca blank was 1.46 mg kg-1; 5 orders of 

magnitude lower than samples), but all were below sample detection limits. All Sr blanks were 

below both blank-specific method and sample detection limits. Average absolute relative percent 
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difference (RPD; see section 2.4) values for replicates was 1.50% (range: 0.00-3.63%) and 

0.89% (range: 0.00-2.14%) for Ca and Sr, respectively. Recovery of NIST SRM 1400 was 96 

and 98% for Ca and Sr, respectively (for Ca, two SRM 1400 analyses were performed by ICP- 

OES). We did not correct ICP-MS data for percent recoveries.

A1.3.3.1 ICP-MS analysis of the 6mm WD-XRF analyzed portion of shell

In addition, we separately determined by acid-digestion ICP-MS, the Sr concentration of the ~6 

mm-diameter eggshell cap portions (Figure A1.H) of six reference eggshells from which x-ray 

signals were measured during calibration of the WD-XRF spectrometer. Due to slight 

discoloration of the shell area exposed to the x-ray beam, it was possible to accurately locate and 

excise the XRF-analyzed portion of each shell. This was done to determine how well the 

eggshell cap represents the bulk shell Sr composition. Corresponding Ca data were not available 

for this series.

A1.3.4 Statistical Analysis

We examined relationships between ICP-MS and WD-XRF data through least-squares regression 

using OriginPro; (OriginLab, Northampton, MA, USA). We considered tests significant at α = 

0.05 and present R2 values unadjusted for multiple parameters. We applied logarithmic 

transformations (base 10) to induce normality in the distribution of residuals of least-squares 

regression. Cross-technique result comparisons were made based on the following descriptive 

statistics: two standard deviations (2SD), two relative standard deviations of the mean (R2SD = 

100 x 2SD/Mean) and RPD. When comparing reference-values, RPD = [ 100 x (X(wd-xrf) - X(Icp- 

MS Reference Value)) / X(ICP-MS Reference Value) ], where ‘X' represents either the concentration of Sr (in mg 
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kg-1) or Ca (in wt.%). When comparing replicate measurements, RPD = [ 100 x (Xri - 

XR2)/Average(XR1,XR2)], where ‘X' represents the Sr or Ca concentration of replicate 

measurements ‘R1' and ‘R2'.

A1.4 Results

A1.4.1 Intact half-shell cap analyses: Cross-calibration of WD-XRF measurements with 

ICP-MS results

The reference eggshells analyzed by ICP-MS contain between 204 and 4120 mg kg-1 Sr and 32.6 

and 39.2% w/w Ca (dw; Table A1). We excluded 5 Ca results (LESC 76, 89, 90, 91 and RNDU 

07) that exceeded the stoichiometrically feasible concentration of Ca in pure inorganic CaCO3 

(40.04% w/w Ca).

We observed clear correlations between the Sr-Kα x-ray intensity measured from the 

caps of intact eggshells by WD-XRF and the Sr concentration determined for corresponding bulk 

sharp half-shells by acid-digestion ICP-MS analysis (Figure A2.A and B). Following log

transformation, regressions for Sr between ICP-MS and WD-XRF measurements yielded the 

following equations for data calibration (Figure A3.A and B):

(Eq. 1) lesser scaup shells: Log10(Sr_mg kg-1) = 1.01(±0.02)*Log 10(RSr) + 3.11(±0.01)

(R2 = 0.992, F(2,89)=10,518, p < 0.001)

(Eq. 2) ring-necked duck shells: Log10(Sr_mg kg-1) = 0.99(±0.16)*Log 10(RSr) + 3.11(±0.06) 

(R2 = 0.970, F(2,5)=159, p < 0.001)
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(Eq. 3) canvasback shells: Log10(Sr_mg kg-1) = 0.99(±0.09)*Log 10(RSr) + 3.11(±0.04)

(R2 = 0.985, F(2,7)=472, p < 0.001)

(Eq. 4) American wigeon & northern shoveler shells: Log10(Sr_mg kg-1) =

1.09(±0.06)*Log 10(RSr) + 3.22(±0.01)

(R2 = 0.992, F(2,12)=1508, p < 0.001)

where ‘RSr' is the Sr-Kα intensity (count-rate expressed in kcps, or kilo-counts per second) at 

the spectral peak (P) position, corrected for background (B) and drift (Table A1). Parenthesized 

values are standard errors (95% CL) associated with estimating the linear slope and intercept 

coefficients. Collectively, measurements of Sr-Kα x-ray intensity from the intact eggshell caps 

by WD-XRF explained 97-99% of the variance in Sr concentration determined from 

corresponding bulk sharp half-shells by acid-digestion ICP-MS analysis.

The relationship between the Ca-Kα x-ray response and Ca concentration determined by 

ICP-MS was significant, although not as clearly-defined (Figure A2.C). This is in part due to a 

narrow Ca concentration range in each reference shell suite (Table A1) and the overall size of the 

uncertainty associated with Ca “reference” values in relation to NIST 1400 (discussed below). 

Linear least-squares fitting following log-transformation of the data (Figure A3.C) yielded the 

following regression for all 5 species of this study:

(Eq. 5) Log10(Ca_wt.%) = -0.66(±0.55)*Log 10(RCa) + 2.30(±0.62)

(R2 = 0.047, F(2,114)=5.6, p = 0.019) 
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where ‘RCa' is the Ca-Kα intensity (in kcps) at the spectral peak (P) position, corrected for 

background (B) and drift (Table A1; parenthesized values as above).

Using the above regressions, we calculated Ca and Sr concentrations for each reference 

shell, along with the corresponding relative deviations from ICP-MS reference values (Table 

A1). For Ca, RPD values show a spread of ±8.0% at the 2 standard deviation level, whereas a 

spread of ±13.1% relative is observed in the case of all Sr RPD values (n = 121; Figure A3.D). In 

turn, replicate analyses of certified reference material NIST 1400 by acid-digestion ICP (Table 

A1) yielded an average Ca concentration of 36.6 ± 2.1% w/w (2SD, n = 7; RSD = 5.8%), which, 

on a relative basis, deviates by -4.2% from the accepted value of 38.18 ± 0.13% w/w. The 

average Sr content determined for NIST 1400 was 244 ± 27 mg kg-1 (2SD, n = 7; RSD = 10.9%), 

deviating by -2.0% relative from the accepted concentration of 249 ± 7 mg kg-1 (Table A1). 

Propagating these uncertainties in quadrature yields the following estimates of total external 

error for the WD-XRF results of this study in relation to NIST 1400: ±9% relative for Ca and 

±13.5% relative for Sr (95% CL).

The relevant measure of uncertainty for inter-sample comparisons of shell chemistry 

stems from the results of measurement reproducibility performed on one whole shell sample that 

was carefully broken into 23 fragments, each of which was then analyzed six times consecutively 

by WD-XRF (in addition to 3 replicate measurements of the shell cap; Figure A4.A and Table 

A2). The set of fragments yielded an average Ca concentration of 36.5 ± 0.2% w/w (2SD; n = 

132)and was found to contain 920 ± 40 mg kg-1 Sr (2SD, n = 132); the cap alone yielded 36.7 ± 

0.1% w/w Ca (2SD, n = 3) and 905 ± 2 mg kg-1 Sr (2SD, n = 3; Figure A4.A and Table A2). 

Relative standard deviation values for each set of replicate measurements (each individual 
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fragment) ranged between 0.1 and 0.3% for Ca and between 0.2 and 1.1% for Sr (Table A2, 

Figure A4.B). The maximum value of each range was assigned as the total internal error 

associated with each individual WD-XRF analysis of Sr and Ca concentration from intact shell 

caps (Table A1).

Repeated count-rate measurements by WD-XRF from a pressed powder pellet of NIST 

1400, used here to monitor drift over an 18-month period, yielded RSD values of 1.6% for Ca 

and 1.3% for Sr (95% CL, n = 135). All data were drift-corrected to the baseline established 

during spectrometer calibration.

A1.4.2 Comparison between 6 mm portion of eggshell cap and corresponding sharp half by 

ICP-MS

For a subset of samples (n = 6), we excised the 6 mm diameter portion of shell cap from which 

x-ray signals were measured during calibration (using as a guide the discoloration caused by the 

x-ray beam) and analyzed it for Sr content by acid-digestion ICP-MS (see bolded entries in Table 

A1). The results of these measurements (Table A3) fall along a slope-1 line when cross-plotted 

against the Sr concentration of corresponding bulk sharp half-shells (Figure A2.D; m = 1.00 ± 

0.03 [R2SD], R2 = 0.998, F(1,6) = 3710.8, p < 0.001).

A1.5 Discussion

The cap portion of an eggshell changes the least in terms of thickness, porosity, and Ca 

resorption in response to embryonic development compared to other regions of the shell (Booth 

1989), and was, for this reason, targeted for analysis. The subset of samples which had the same 

6 mm diameter portion of blunt shell cap used to acquire x-ray signals and later excised for 
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further analysis by acid-digestion ICP-MS, yielded Sr concentration values that prove adequate 

at representing the bulk composition of corresponding sharp half-shells (it was the bulk Sr- 

content of the latter that was used to calibrate the entire dataset; Figure A2.D and Table A3).

The sensitivity of XRF measurements to natural, within-species variations in eggshell cap 

thickness (Figure A5.A) was evaluated by considering model escape-depth profiles for Sr-Kα 

and Ca-Kα x-ray photons (Figure A5.B) generated within the analyzed volume of the average 

shell in this study (see Methods). The attenuation profile for Ca-Kα radiation (Figure A5.B) 

indicates that ~99% of the measured x-ray signal originates within ~200 μm of the shell exterior 

(note, however, that 95% of the total signal emanates from the outer ~100 μm of the irradiated 

surface due to the exponential nature of the attenuation profile). As all eggshells of this study are 

at least 200 μm thick (Figure A5.A), measurements of the Ca-Kα count-rate should be effectively 

insensitive to cap thickness variations.

The Sr-Kα count-rate, however, could be subject to minor shell thickness effects. 

Consider a 1-cm3 volume of the modeled matrix composition. The attenuation profile for Sr-Kα 

radiation (Figure A5.B) informs us that a detectable signal would be generated from the entire 

thickness of this hypothetical sample (Figure A5.B). The eggshells of this study, however, are 

only ~ 1/3 as thick on average, with a range of up to ~100 μm between the thinnest and thickest 

samples of a given species (Figure A5.A). Thus, based on theoretical considerations, the Sr-Kα 

signal intensity could differ by a maximum ~10% relative in the hypothetical case of two 

samples with the same Sr-content but at opposite ends of the shell thickness distribution. 

Consider the following example. If we assume Sr is uniformly distributed throughout the shell 

section, then the thinnest and thickest lesser scaup eggshells emit ~70 and 80% as much signal 

as a sample of the same composition but of sufficient thickness to render negligible any shell 
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thickness effects (~1-cm thick based on the matrix model). However, the strong correlations that 

we observed between the Sr-Kα x-ray response of intact shell cap material and Sr concentration 

from acid-digestion ICP-MS analysis (R2 = 0.992 for lesser scaup; Figure A3.A) suggest that the 

sensitivity of the measured signal to shell thickness effects is functionally much smaller than 10 

relative % (on the order of 5% or less, based on alternate constraints discussed further below). 

Why might this be the case? It is possible that Sr is not uniformly distributed (as assumed here), 

but rather concentrated within the outer ~ 1/3 to ~ 1/2 of the shell section, as it is, for example, in 

the eggshells of quail eggs (this was shown via detailed x-ray and ion imaging by (Quintana et al. 

1980)]. An analogous, but as of yet unverified, Sr enrichment pattern of this sort in the duck 

eggshells in this study would effectively either significantly reduce or eliminate altogether data 

sensitivity to natural variance in shell cap thickness.

A1.5.1 Variance in Sr and Ca chemistry of a single eggshell

The spatial resolution of the WD-XRF analytical setup allowed us to evaluate, at least 

approximately, the natural variance in the Sr and Ca chemistry of an individual lesser scaup 

eggshell (bearing in mind the aforementioned constraints on the depth of signal generation). Data 

from the set of 23 repeatedly analyzed fragments and cap of one whole shell show concentration 

ranges of 0.4% w/w for Ca and 59 mg kg-1 for Sr (Figure A4.A and Table A2), which exceed 

internal error estimates by a factor of ~2 for Ca (expected range of 0.22% w/w) and ~3 for Sr 

(expected range of 20 mg kg-1).

Because the Ca-Kα signal appears insensitive to shell thickness variations, the spread in 

Ca values suggests a slight heterogeneity in the distribution of this element across the shell area 
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(down to an effective analysis depth of ~100 μm from the outer surface, or ~ 1/3 the total 

average lesser scaup shell thickness; Figure A5.B).

The spread in Sr values, on the other hand, is likely due to some combination of shell 

thickness effects and actual chemical heterogeneity. Although thickness data are unavailable and 

unobtainable for the 23 fragments of the single shell we analyzed (Table A2), theoretical 

considerations suggest a maximum thickness effect of ~5% relative if we assume the difference 

in thickness among the fragments is < 50 μm (this is based on a comparison of thickness at cap 

vs. equator for a subset of the lesser scaup reference eggshells used in this study; inset of Figure 

A5.A). The average Sr content of all 23 shell fragments (920 ± 40 mg kg-1, 2SD, n = 132), 

multiplied by 5% relative amounts to ±46 mg kg-1; this is the maximum spread of values 

expected due to shell thickness effects alone, and is very comparable to the actual spread of 

values observed (±40 mg kg-1, or 4% relative at 95% CL, Figure A4.A and Table A2).

A1.6 Conclusions

We have shown that Sr concentration can be rapidly and reliably determined from intact 

waterfowl eggshell material by WD-XRF analysis at concentrations above ~200 mg kg-1. Our 

analytical approach is sample non-destructive and allows for the generation of large datasets that 

might otherwise be cost-prohibitive. Analyzing the sources of analytical uncertainty indicates 

that the results of the method are acceptably accurate and precise for many wildlife management 

studies. Given recent technological advancements, the strategy we describe could be adapted for 

portable (“hand-held”) x-ray analyzers and may also allow for the analysis of intact whole eggs, 

thus extending the utility.
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The overall robustness of the approach suggests that the scope of the method described 

here could be extended to include additional elements and species of interest. Chemical surveys 

of avian eggshells often consider a variety of metals and metalloids (e.g., Rickard and Schuler 

1990, Burger 1994, Morera et al. 1997, Dauwe et al. 1999, Migula and Augustyniak 2000, Mora 

2003, Dauwe et al. 2005, Fu et al. 2014, Orłowski et al. 2014, Kitowski et al. 2017), including 

micronutrients and those from anthropogenic sources. Some of these elements generally occur at 

concentrations too low for small-aperture WD-XRF analysis (e.g., As, Cd, Hg, Se), while others 

will likely remain out of reach due to shallow x-ray escape depths precluding the generation of 

representative signals (e.g., K, Al and Mg). By our estimation, however, others could be readily 

analyzed at the deka mg kg-1 level. For example, Rickard and Schuler (1990) examined eggshells 

of geese, gulls, herons, ospreys, eagles, hawks and chickens of the Columbia Basin (WA, USA) 

and reported Zn, Sr, Ba and Fe concentrations that extend from approximately 1 to several 

hundred mg kg-1. As further examples, the concentration of Pb has been reported at levels of 50

100 mg kg-1 in eggshells from industrially polluted regions (Migula and Augustyniak 2000, Fu et 

al. 2014, Kitowski et al. 2017), in turn demonstrating the suitability of eggshells as potential 

indicators of environmental quality (Burger 1994, Dauwe et al. 1999, Kitowski et al. 2017).
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A1.8 Figures

Figure A1. Method of presenting intact egg half-shells to the WD-XRF spectrometer for 

analysis. (A-C) Blunt half-shells were loaded into stainless steel sample holders with a 6 mm 

diameter aperture and immobilized using spring-loaded lids. When exposed through this standard 

small-diameter aperture, the shell cap seems to adequately approximate a flat surface (D-E). (F- 

G) Magnified views of the analytical surface acquired by a scanning-electron microscope 

operated in environmental mode. (H) Post-analysis photo showing slight discoloration of 

analyzed shell area (presumably caused by heating of the sample by the x-ray beam and break

down of organic compounds).
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Figure A2. (A-C) Plots showing the observed relationships between the Sr-Kα and Ca- 

Kα x-ray intensity measured by WD-XRF (denoted by RSr and RCa, both expressed in 

kcps - or kilo-counts per second) from intact eggshell caps (x-axis) and the 

corresponding Sr and Ca concentration determined by conventional ICP-MS analysis (y- 

axis). Error bars along the x-axis represent the counting statistical error associated with x- 

ray counting statistics (95% confidence level). In plots A and B, they are smaller than 

individual datapoint markers. Error bars along the y-axis are based on the relative 

standard error (95% confidence level) associated with replicate analyses of certified 

reference material NIST 1400 by acid-digestion ICP. Refer to Table AA 1. (D) 

Comparison of Sr concentration in 6 mm-diameter portion of eggshell cap vs. the average 

concentration of the corresponding bulk sharp half-shell, both analyzed by same ICP-MS 

method. Species codes: CANV = canvasback; LESC = lesser scaup; RNDU = ring

necked duck; NSHO = northern shoveler; AMWI = American wigeon.
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Figure A3. (A-C) Plots as in Figure A2(A-C) following a logarithmic (base 10) transformation 

of values to induce normality in the distribution of regression residuals (linear least-squares). (D) 

Distribution plots of the relative percent difference (RPD) between reference shell values 

obtained by acid-digestion ICP-MS analysis vs. those calculated via the calibration regressions 

shown in (A-C). Species codes: CANV = canvasback; LESC = lesser scaup; RNDU = ring

necked duck; NSHO = northern shoveler; AMWI = American wigeon.
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Figure A4. (A) Plot shows WD-XRF data collected from 22 fragments + cap of a single lesser 

scaup eggshell. The cap was analyzed in triplicate, whereas each fragment was analyzed six 

times consecutively to constrain internal errors associated with x-ray counting statistics and 

overall instrument stability. (B) Plot showing the distribution of relative standard deviation 

values (RSD, 95% CL) calculated for each set of replicate shell fragment and cap measurements 

shown in (A).
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Figure A5. (A) Eggshell thickness data for the 5 waterfowl species of this study. Each datapoint 

represents the median of an 8-point equatorial shell thickness measurement. The superimposed 

boxes show median line along with the 25-75th data percentiles, whereas whiskers show minima 

and maxima. Insert: comparison of lesser scaup shell thickness at the equator vs. at the ~6 mm2 

region of cap analyzed by WD-XRF in this study. (B) Estimation of the escape depth for 

fluorescent Sr-Kα and Ca-Kα x-rays from within the analyzed sample volume of intact eggshell 

caps. Species codes: CANV = canvasback; LESC = lesser scaup; NSHO = northern shoveler; 

RNDU = ring-necked duck; AMWI = American wigeon.
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A1.9 Tables

Table A.l. Summary of WD-XRF and acid-digestion ICP-MS data collected from suites of reference eggshells representing 5 

different waterfowl (duck) species. Bolded entries indicate reference eggshells for which the ~6 mm2 portion of cap analyzed by WD-

XRF was excised and analyzed further by ICP-MS analysis (see Table A3 and Figure A2.D ).
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Table A.l continued

Sample codes Acid-digestion ICP-MS results WD-XRF: Drift-corrected count-rates (P = Peak, B = Background.) WD-XRF Results

Table Cross- 
Ref Key

Ca (%w∕ Prop Sr (mg 
kg-1)

Prop
2SD

Ca(P) 
kcps

Ca(B) 
kcps

Ca(P-B) 
kcps

Sr(P) 
kcps

Sr (Bl) 
kcps

Sr (B2) 
kcps

Sr (P-B) 
kcsp

Ca (% w/ Prop 2SD Prop 2SD 
(external)

Ca 
RPD

Sr (mg 
kg-1)

Prop 2SD 
(internal)

Prop 2SD 
(external)

Sr 
RPDW) 2SD W) (internal)

CANV-01 37.4 2.2 344 37 13.0219 0.0365 12.9854 0.3459 0.0900 0.0803 0.2608 37.1 0.1 3.3 -0.8 341 4 44 -1.0
CANV 02 38.7 2.2 363 40 13.3885 0.0359 13.3525 0.3563 0.0921 0.0841 0.2683 36.4 0.1 3.3 -5.8 350 4 46 -3.5
CANV_03 38.5 2.2 510 56 12.7352 0.0372 12.6981 0.4591 0.0920 0.0868 0.3698 37.7 0.1 3.4 -2.2 481 5 63 -5.7
CANV 04 39.2 2.3 416 45 13.0062 0.0396 12.9665 0.4355 0.0915 0.0843 0.3477 37.2 0.1 3.3 -5.2 453 5 59 8.8
CANV 05 37.4 2.2 583 63 12.9865 0.0406 12.9459 0.5367 0.0888 0.0830 0.4509 37.2 0.1 3.3 -0.6 586 6 76 0.4
CANV_06 36.5 2.1 243 26 13.2811 0.0382 13.2429 0.2691 0.0896 0.0796 0.1847 36.6 0.1 3.3 0.4 242 3 31 -0.4
CANV_07 38.1 2.2 606 66 13.0187 0.0382 12.9805 0.5490 0.0896 0.0835 0.4625 37.1 0.1 3.3 -2.6 600 7 78 -0.9
CANV 08 37.9 2.2 693 75 13.0491 0.0365 13.0126 0.6073 0.0913 0.0835 0.5200 37.1 0.1 3.3 -2.2 674 7 88 -2.7
CANV-09 38.6 2.2 401 44 13.2313 0.0371 13.1943 0.3869 0.0911 0.0837 0.2996 36.7 0.1 3.3 -4.8 391 4 51 -2.6
LESC_01 34.5 2.0 327 36 13.4060 0.0387 13.3673 0.3305 0.0817 0.0765 0.2515 36.4 0.1 3.3 5.6 320 4 42 -2.3
LESC 02 34.1 2.0 245 27 13.2790 0.0345 13.2445 0.2887 0.0884 0.0798 0.2047 36.6 0.1 3.3 7.4 260 3 34 6.0
LESC 03 35.0 2.0 295 32 13.2541 0.0342 13.2199 0.3230 0.0861 0.0823 0.2389 36.7 0.1 3.3 4.8 303 3 39 2.8
LESC 04 34.9 2.0 291 32 13.4085 0.0404 13.3681 0.2940 0.0836 0.0765 0.2140 36.4 0.1 3.3 4.3 272 3 35 -6.7
LESC 05 35.9 2.1 1120 122 13.2588 0.0385 13.2203 0.9180 0.0834 0.0807 0.8360 36.7 0.1 3.3 2.2 1075 12 140 —4.0
LESC_06 34.6 2.0 596 65 13.3842 0.0390 13.3452 0.5798 0.0842 0.0785 0.4985 36.5 0.1 3.3 5.4 638 7 83 7.0
LESC_07 36.7 2.1 204 22 13.1485 0.0392 13.1093 0.2461 0.0876 0.0776 0.1636 36.9 0.1 3.3 0.5 207 2 27 1.5
LESC-08 35.4 2.0 415 45 13.1516 0.0366 13.1150 0.3976 0.0876 0.0810 0.3134 36.9 0.1 3.3 4.2 399 4 52 -3.8
LESC 09 35.1 2.0 210 23 13.4352 0.0351 13.4001 0.2559 0.0840 0.0765 0.1758 36.4 0.1 3.3 3.6 223 2 29 6.0
LESC_10 36.9 2.1 1270 138 13.0964 0.0390 13.0574 1.1403 0.0900 0.0839 1.0534 37.0 0.1 3.3 0.2 1358 15 177 6.9
LESC_11 36.4 2.1 736 80 13.2679 0.0361 13.2318 0.7134 0.0871 0.0830 0.6284 36.7 0.1 3.3 0.7 806 9 105 9.5
LESC 12 36.5 2.1 230 25 13.2277 0.0340 13.1937 0.2644 0.0837 0.0759 0.1847 36.7 0.1 3.3 0.6 234 3 30 1.7
LESC_13 35.6 2.0 981 107 13.0717 0.0372 13.0345 0.9265 0.0869 0.0857 0.8402 37.0 0.1 3.3 4.0 1081 12 140 10.1
LESC 14 36.9 2.1 1070 116 13.2975 0.0342 13.2633 0.9553 0.0917 0.0853 0.8669 36.6 0.1 3.3 -0.8 1115 12 145 4.2
LESC_15 36.5 2.1 371 40 13.2026 0.0350 13.1676 0.3898 0.0887 0.0768 0.3072 36.8 0.1 3.3 0.8 391 4 51 5.4
LESC_16 35.2 2.0 212 23 13.2879 0.0387 13.2492 0.2593 0.0855 0.0770 0.1782 36.6 0.1 3.3 4.1 226 2 29 6.4
LESC_17 36.7 2.1 238 26 13.3876 0.0408 13.3468 0.2565 0.0828 0.0746 0.1779 36.5 0.1 3.3 -0.7 225 2 29 -5.3
LESC 18 36.9 2.1 1060 115 13.3635 0.0416 13.3219 0.8928 0.0877 0.0834 0.8073 36.5 0.1 3.3 -1.1 1038 11 135 -2.1
LESC 19 34.6 2.0 487 53 13.2830 0.0394 13.2436 0.4621 0.0866 0.0780 0.3799 36.6 0.1 3.3 5.9 485 5 63 —0.5
LESC 20 34.0 2.0 336 37 13.4941 0.0386 13.4555 0.3676 0.0873 0.0772 0.2855 36.3 0.1 3.3 6.7 363 4 47 8.1
LESC_21 36.4 2.1 327 36 13.3665 0.0402 13.3263 0.3495 0.0867 0.0790 0.2668 36.5 0.1 3.3 0.3 339 4 44 3.7
LESC_22 35.0 2.0 311 34 13.1384 0.0375 13.1009 0.3343 0.0863 0.0788 0.2519 36.9 0.1 3.3 5.4 320 4 42 2.9
LESC_23 35.2 2.0 346 38 13.1277 0.0376 13.0901 0.3553 0.0851 0.0789 0.2734 36.9 0.1 3.3 4.9 348 4 45 0.5
LESC_24 35.9 2.1 1190 130 12.8994 0.0363 12.8631 1.0872 0.0916 0.0862 0.9984 37.3 0.1 3.4 4.0 1286 14 167 8.1
LESC_25 33.8 1.9 364 40 13.2987 0.0426 13.2561 0.3536 0.0810 0.0780 0.2741 36.6 0.1 3.3 8.3 349 4 45 -4.2
LESC_26 35.4 2.0 1000 109 13.2054 0.0394 13.1660 0.8562 0.0875 0.0820 0.7715 36.8 0.1 3.3 3.9 991 11 129 -0.9
LESC 27 35.1 2.0 1310 143 13.3492 0.0391 13.3101 1.0598 0.0911 0.0837 0.9725 36.5 0.1 3.3 4.0 1252 14 163 -4.4
LESC_28 34.3 2.0 1090 119 13.3045 0.0388 13.2657 1.0306 0.0943 0.0888 0.9391 36.6 0.1 3.3 6.7 1209 13 157 10.9
LESC_29 34.8 2.0 1020 111 13.2359 0.0376 13.1983 0.9626 0.0873 0.0847 0.8766 36.7 0.1 3.3 5.5 1128 12 147 10.6
LESC 30 35.0 2.0 257 28 13.1870 0.0378 13.1492 0.3051 0.0861 0.0789 0.2227 36.8 0.1 3.3 5.2 283 3 37 10.0
LESC_31 35.8 2.1 303 33 13.3254 0.0409 13.2845 0.3138 0.0826 0.0761 0.2345 36.6 0.1 3.3 2.1 298 3 39 -1.7
LESC_32 35.0 2.0 330 36 13.5254 0.0385 13.4869 0.3233 0.0795 0.0730 0.2471 36.2 0.1 3.3 3.4 314 3 41 -4.9
LESC_33 37.9 2.2 1200 131 13.4134 0.0356 13.3778 0.9669 0.0907 0.0840 0.8796 36.4 0.1 3.3 -4.0 1132 12 147 -5.7
LESC 34 36.4 2.1 983 107 13.2216 0.0376 13.1840 0.9026 0.0901 0.0833 0.8160 36.7 0.1 3.3 1.0 1049 12 136 6.7
LESC 35 36.8 2.1 352 38 13.3334 0.0375 13.2959 0.3565 0.0832 0.0770 0.2765 36.5 0.1 3.3 -0.7 352 4 46 -0.1
LESC 36 35.7 2.1 305 33 13.4164 0.0387 13.3777 0.3114 0.0846 0.0753 0.2316 36.4 0.1 3.3 2.0 294 3 38 —3.6
LESC_37 36.5 2.1 484 53 13.2949 0.0410 13.2539 0.4305 0.0847 0.0776 0.3494 36.6 0.1 3.3 0.3 445 5 58 -8.0
LESC_38 35.9 2.1 1040 113 13.2123 0.0359 13.1764 0.9515 0.0956 0.0880 0.8598 36.8 0.1 3.3 2.4 1106 12 144 6.3
LESC_39 35.4 2.0 580 63 13.2929 0.0371 13.2558 0.5596 0.0858 0.0804 0.4766 36.6 0.1 3.3 3.4 609 7 79 5.1
LESC 40 36.9 2.1 661 72 13.1611 0.0415 13.1196 0.5972 0.0860 0.0833 0.5126 36.9 0.1 3.3 -0.1 656 7 85 -0.8
LESC 41 34.9 2.0 336 37 13.1634 0.0370 13.1264 0.3647 0.0857 0.0779 0.2830 36.9 0.1 3.3 5.6 360 4 47 7.1
LESC 42 35.0 2.0 215 23 13.4207 0.0409 13.3798 0.2483 0.0844 0.0760 0.1682 36.4 0.1 3.3 4.0 213 2 28 -1.0
LESC 43 35.2 2.0 715 78 13.3201 0.0394 13.2807 0.6920 0.0841 0.0798 0.6101 36.6 0.1 3.3 3.9 782 9 102 9.4
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Sample codes Acid-digestion ICP-MS results WD-XRF: Drift-corrected count-rates (P = Peak, B = Background) WD-XRF Results

Table Cross- 
Ref Key

Ca (%w∕ Prop Sr (mg 
kg-1)

Prop 
2SD

Ca(P) 
kcps

Ca(B) 
kcps

Ca (P-B) 
kcps

Sr (P) 
kcps

Sr (Bl) 
kcps

Sr (B2) 
kcps

Sr (P-B) 
kcsp

Ca (% w/ Prop 2SD Prop 2SD 
(external)

Ca 
RPD

Sr (mg 
kg'1)

Prop 2SD 
(internal)

Prop 2SD 
(external)

Sr
RPDW) 2SD W) (internal)

LESC 44 35.6 2.0 1010 110 13.1711 0.0367 13.1344 0.8896 0.0896 0.0813 0.8043 36.8 0.1 3.3 3.5 1034 11 134 2.4
LESC_45 34.6 2.0 615 67 13.2601 0.0387 13.2214 0.5892 0.0855 0.0783 0.5074 36.7 0.1 3.3 6.0 649 7 84 5.6
LESC 46 36.8 2.1 555 60 13.3480 0.0362 13.3118 0.5339 0.0878 0.0813 0.4494 36.5 0.1 3.3 -0.8 574 6 75 3.5
LESC 47 34.8 2.0 356 39 13.2556 0.0362 13.2194 0.3621 0.0850 0.0824 0.2784 36.7 0.1 3.3 5.4 354 4 46 — 0.5
LESC 48 35.8 2.1 411 45 13.2742 0.0374 13.2368 0.3904 0.0880 0.0783 0.3074 36.7 0.1 3.3 2.4 391 4 51 -4.8
LESC_49 32.6 1.9 885 96 13.2883 0.0370 13.2513 0.7457 0.0838 0.0771 0.6653 36.6 0.1 3.3 12.4 854 9 111 —3.5
LESC 50 35.6 2.0 307 33 13.4376 0.0383 13.3993 0.3116 0.0863 0.0774 0.2299 36.4 0.1 3.3 2.1 292 3 38 -4.9
LESC 51 35.□ 2.0 698 76 13.3795 0.0373 13.3422 0.6214 0.0849 0.0762 0.5410 36.5 0.1 3.3 4.2 693 8 90 — 0.8
LESC 52 35.8 2.1 592 64 13.3061 0.0388 13.2673 0.5304 0.0856 0.0798 0.4478 36.6 0.1 3.3 2.2 572 6 74 -3.3
LESC_53 36.8 2.1 803 87 13.3375 0.0415 13.2960 0.7286 0.0896 0.0820 0.6429 36.5 0.1 3.3 —0.7 825 9 107 2.7
LESC 54 36.1 2.1 392 43 13.3866 0.0381 13.3485 0.4011 0.0881 0.0814 0.3164 36.5 0.1 3.3 1.0 403 4 52 2.8
LESC_55 34.8 2.0 214 23 13.2964 0.0388 13.2576 0.2454 0.0836 0.0726 0.1675 36.6 0.1 3.3 5.2 212 2 28 -1.0
LESC 56 35.9 2.1 550 60 13.2759 0.0354 13.2405 0.4918 0.0847 0.0773 0.4109 36.6 0.1 3.3 2.1 525 6 68 -4.6
LESC 57 35.8 2.1 760 83 13.4382 0.0376 13.4006 0.7453 0.0880 0.0857 0.6585 36.4 0.1 3.3 1.6 845 9 110 11.2
LESC 58 35.9 2.1 433 47 13.2422 0.0367 13.2055 0.4288 0.0848 0.0786 0.3472 36.7 0.1 3.3 2.3 443 5 58 2.2
LESC 59 36.9 2.1 443 48 13.1616 0.0374 13.1242 0.4244 0.0846 0.0780 0.3432 36.9 0.1 3.3 -0.1 437 5 57 -1.3
LESC 60 36.9 2.1 317 35 13.2959 0.0355 13.2604 0.3339 0.0801 0.0752 0.2563 36.6 0.1 3.3 -0.8 326 4 42 2.8
LESC 61 36.7 2.1 819 89 13.2343 0.0386 13.1957 0.7352 0.0919 0.0838 0.6475 36.7 0.1 3.3 0.1 830 9 108 1.4
LESC 62 34.4 2.0 277 30 13.3250 0.0377 13.2873 0.3217 0.0846 0.0753 0.2419 36.6 0.1 3.3 6.3 307 3 40 10.9
LESC_63 35.3 2.0 1420 155 13.2203 0.0391 13.1812 1.3148 0.0959 0.0888 1.2225 36.8 0.1 3.3 4.1 1578 17 205 11.1
LESC 64 36.4 2.1 1660 181 13.3183 0.0398 13.2785 1.4039 0.0950 0.0907 1.3111 36.6 0.1 3.3 0.5 1694 19 220 2.0
LESC 65 39.1 2.3 236 26 13.2462 0.0356 13.2106 0.2401 0.0827 0.0736 0.1621 36.7 0.1 3.3 -6.1 205 2 27 -13.1
LESC 66 37.5 2.2 205 22 13.2138 0.0363 13.1775 0.2323 0.0888 0.0808 0.1476 36.8 0.1 3.3 -2.0 187 2 24 -9.0
LESC 67 37.9 2.2 1320 144 13.2511 0.0408 13.2102 0.9731 0.0877 0.0810 0.8889 36.7 0.1 3.3 -3.2 1144 13 149 -13.4
LESC 68 37.5 2.2 1500 163 13.2970 0.0365 13.2605 1.2284 0.0894 0.0877 1.1399 36.6 0.1 3.3 -2.4 1470 16 191 -2.0
LESC 69 38.9 2.2 2200 239 12.9963 0.0366 12.9598 1.5675 0.0915 0.0898 1.4769 37.2 0.1 3.3 -4.5 1910 21 248 — 13.2
LESC 70 39.0 2.2 1890 206 13.2882 0.0415 13.2467 1.5939 0.0965 0.0920 1.4997 36.6 0.1 3.3 -6.1 1940 21 252 2.6
LESC 71 37.9 2.2 2030 221 13.2830 0.0389 13.2441 1.6428 0.1045 0.0975 1.5419 36.6 0.1 3.3 —3.3 1995 22 259 -1.7
LESC_72 37.6 2.2 1730 188 13.3570 0.0423 13.3147 1.3513 0.0954 0.0909 1.2582 36.5 0.1 3.3 -2.9 1625 18 211 -6.1
LESC 73 37.6 2.2 1470 160 13.5034 0.0437 13.4597 1.1692 0.0927 0.0874 1.0793 36.3 0.1 3.3 -3.6 1391 15 181 -5.3
LESC 74 38.5 2.2 879 96 13.3736 0.0397 13.3339 0.7077 0.0909 0.0861 0.6192 36.5 0.1 3.3 -5.3 794 9 103 -9.7
LESC 75 38.6 2.2 1690 184 13.2050 0.0384 13.1666 1.3113 0.1061 0.0973 1.2097 36.8 0.1 3.3 -4.7 1561 17 203 — 7.6
LESC_76 2.3 2060 224 13.4513 0.0402 13.4111 1.4536 0.0878 0.0862 1.3667 0.1 3.3 -10.3 1766 19 230 -14.3
LESC 77 38.1 2.2 1600 174 13.4166 0.0394 13.3772 1.2573 0.0886 0.0868 1.1696 36.4 0.1 3.3 -4.5 1509 17 196 -5.7
LESC_78 37.8 2.2 1830 199 12.9757 0.0380 12.9377 1.5809 0.1016 0.0941 1.4832 37.2 0.1 3.3 -1.6 1918 21 249 4.8
Replicate sample measurements (WD-XRF only)
LESC_79 Rl* 36.0 2.1 301 33 13.4928 0.0381 13.4547 0.3072 0.0857 0.0791 0.2249 36.3 0.1 3.3 0.7 285 3 37 -5.2
LESC_80 Rl* 36.0 2.1 301 33 13.4828 0.0415 13.4413 0.3056 0.0842 0.0772 0.2250 36.3 0.1 3.3 0.8 286 3 37 -5.1
LESC_81 R2* 34.9 2.0 352 38 13.2389 0.0361 13.2028 0.3637 0.0892 0.0825 0.2779 36.7 0.1 3.3 5.2 354 4 46 0.4
LESC_82 R2* 34.9 2.0 352 38 13.2894 0.0387 13.2507 0.3640 0.0859 0.0790 0.2816 36.6 0.1 3.3 5.0 358 4 47 1.8
LESC_83 R3* 35.2 2.0 1400 152 13.3247 0.0383 13.2864 1.2048 0.0910 0.0858 1.1165 36.6 0.1 3.3 3.9 1440 16 187 2.8
LESC_84 R3* 35.2 2.0 1400 152 13.2395 0.0404 13.1991 1.2006 0.0926 0.0875 1.1106 36.7 0.1 3.3 4.3 1432 16 186 2.3
LESC85 R4* 36.4 2.1 653 71 13.2489 0.0397 13.2092 0.6105 0.0859 0.0813 0.5270 36.7 0.1 3.3 0.8 675 7 88 33
LESC_86 R4* 36.4 2.1 653 71 13.8020 0.0381 13.7639 0.6296 0.0926 0.0879 0.5395 35.7 0.1 3.2 -1.9 691 8 90 5.8
LESC87 R5* 35.4 2.0 1010 110 12.8500 0.0351 12.8149 0.7498 0.0810 0.0763 0.6712 37.4 0.1 3.4 5.8 861 9 112 -14.7
LESC_88 R5* 35.4 2.0 1010 110 12.8044 0.0349 12.7695 0.7353 0.0808 0.0765 0.6567 37.5 0.1 3.4 6.0 842 9 110 -16.6
LESC_89 R6* 1920 209 13.2141 0.0408 13.1733 1.5324 0.0931 0.0898 1.4410 - - - - 1863 20 242 —3.0
LESC_90 R6* 1920 209 13.2846 0.0365 13.2481 1.5374 0.0902 0.0909 1.4468 - - - - 1871 21 243 -2.6
LESC_91 R6* 1920 209 13.2669 0.0390 13.2279 1.5310 0.0916 0.0912 1.4396 - - - - 1861 20 242 -3.1
NSHO_01 37.5 2.2 759 83 13.5597 0.0388 13.5209 0.5704 0.0852 0.0784 0.4887 36.1 0.1 3.3 -3.6 760 8 99 0.2
NSHO_02 37.7 2.2 2010 219 12.9330 0.0393 12.8937 1.3777 0.0841 0.0819 1.2947 37.3 0.1 3.4 -1.1 2199 24 286 9.4
NSHO_03 36.6 2.1 811 88 13.3104 0.0390 13.2714 0.6050 0.0790 0.0742 0.5284 36.6 0.1 3.3 0.0 828 9 108 2.1
NSHO_04 38.8 2.2 1810 197 13.3756 0.0406 13.3350 1.2346 0.0837 0.0835 1.1510 36.5 0.1 3.3 —6.0 1934 21 251 6.9
NSHO_05 39.1 2.3 1350 147 13.2781 0.0391 13.2390 0.9353 0.0829 0.0793 0.8543 36.6 0.1 3.3 -6.3 1398 15 182 3.5
NSHO_06 37.6 2.2 3920 427 13.0294 0.0404 12.9889 2.0669 0.0869 0.0839 1.9815 37.1 0.1 3.3 -1.3 3497 38 455 — 10.8



Table A.l continued

Replicate sample measurements (WD-XRF only)
NSHO_07 R7* 38.1 2.2 328 36 13.4250 0.0411 13.3838 0.2908 0.0811 0.0745 0.2130 36.4 0.1 3.3 -4.5 308 3 40 -6.2
NSHO_08 R7* 38.1 2.2 328 36 13.4503 0.0424 13.4079 0.2924 0.0785 0.0741 0.2161 36.3 0.1 3.3 -4.6 312 3 41 -4.7
NSHO_09 R8* 37.8 2.2 4120 448 12.8949 0.0353 12.8595 2.1928 0.0889 0.0921 2.1023 37.4 0.1 3.4 -1.2 3730 41 485 —9.5
NSHO_10 R8* 37.8 2.2 4120 448 12.8936 0.0363 12.8572 2.1940 0.0913 0.0912 2.1028 37.4 0.1 3.4 -1.2 3731 41 485 -9.4

RNDU_0l 38.8 2.2 519 56 13.2746 0.0357 13.2389 0.4760 0.0901 0.0824 0.3899 36.6 0.1 3.3 -5.5 507 6 66 —2.3
RNDU_02 37.5 2.2 563 61 13.2844 0.0391 13.2453 0.5324 0.0879 0.0853 0.4458 36.6 0.1 3.3 -2.3 579 6 75 2.8
RNDU_03 37.9 2.2 340 37 13.2145 0.0412 13.1733 0.3483 0.0873 0.0770 0.2662 36.8 0.1 3.3 -3.0 348 4 45 2.2
RNDU_04 39.0 2.2 1000 109 13.1052 0.0365 13.0688 0.8019 0.0882 0.0830 0.7164 37.0 0.1 3.3 -5.2 926 10 120 -7.4
RNDU_05 39.2 2.3 940 102 12.8149 0.0383 12.7766 0.8859 0.0896 0.0873 0.7975 37.5 0.1 3.4 -4.3 1030 11 134 9.5
RNDU_06 37.7 2.2 513 56 13.3837 0.0340 13.3497 0.5098 0.0862 0.0814 0.4261 36.4 0.1 3.3 -3.3 554 6 72 7.9
RNDU_07 615 67 13.2262 0.0381 13.1881 0.5375 0.0990 0.0876 0.4444 - - - - 577 6 75 -6.2
AMWI_01 36.1 2.1 1240 135 13.3289 0.0415 13.2874 0.9673 0.0819 0.0810 0.8859 36.6 0.1 3.3 1.3 1454 16 189 17.3
AMWI_02 37.4 2.2 241 26 13.4267 0.0385 13.3883 0.2321 0.0763 0.0713 0.1584 36.4 0.1 3.3 -2.7 223 2 29 -7.6
AMWI_03 35.9 2.1 391 43 13.2236 0.0388 13.1848 0.3835 0.0972 0.0860 0.2921 36.7 0.1 3.3 2.4 434 5 56 11.0
AMWI_04 36.9 2.1 842 92 13.5797 0.0386 13.5411 0.6026 0.0932 0.0849 0.5137 36.1 0.1 3.2 -2.1 803 9 104 -4.6
NIST 1400-01 35.7 2.1 236 26 - - - - - - - - - - - - - - -
NIST 1400_02 37.7 2.2 246 27 - - - - - - - - - - - - - - -
NIST 1400_03 37.7 2.2 237 26 - - - - - - - - - - - - - - -
NIST 1400_04 36.9 2.1 235 26 - - - - - - - - - - - - - - -
NIST 1400_05 35.9 2.1 231 25 - - - - - - - - - - - - - - -
NIST 1400_06x 37.2 2.1 266 29 - - - - - - - - - - - - - - -
NIST 1400_07x 35.0 2.0 258 28 - - - - - - - - - - - - - - -

* Sets of replicate measurements denoted as Rl, R2, R3, etc.

x Ca analyzed by ICP-OES.

Species codes: CANV = canvasback; LESC = lesser scaup; NSHO = northern shoveler; RNDU = ring-necked duck; AMWI =

American wigeon.
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NIST 1400 
Summary:

Measured 
average

36.6 244

2SD 2.1 27 -
R2SD 5.8% 10.9% -
Accepted value 38.18 - 249 -
RPD -4.2% - -2.0% -



Table A2. Summary of WD-XRF data collected from 23 fragments + cap of a single whole lesser scaup eggshell.
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Fragment ID Avg. Sr (mg kg-1) 2SD R2SD Avg. Ca% (w/w) 2SD R2SD n*

Cap 905 2 0.3 36.7 0.1 0.2 3
1 905 5 0.6 36.5 0.1 0.1 6
2 912 5 0.5 36.6 0.1 0.2 6
3 942 10 1.1 36.5 0.1 0.3 6

5 948 2 0.2 36.6 0.1 0.1 6
6 947 5 0.5 36.7 0.1 0.1 6
7 910 6 0.7 36.7 0.0 0.1 6
S 944 7 0.7 36.4 0.0 0.1 6
9 897 5 0.6 36.3 0.0 0.1 6
10 917 5 0.6 36.4 0.1 0.2 6
H 920 6 0.6 36.7 0.1 0.2 6
12 928 7 0.8 36.5 0.1 0.3 6
13 904 6 0.7 36.6 0.1 0.2 6
14 899 8 0.9 36.3 0.1 0.1 6
15 943 3 0.3 36.6 0.1 0.2 6
16 927 6 0.7 36.5 0.1 0.2 6
17 890 4 0.4 36.6 0.1 0.2 6
18 899 5 0.5 36.5 0.0 0.1 6
19 949 3 0.3 36.5 0.1 0.2 6
20 937 5 0.6 36.4 0.1 0.3 6
21 896 1 0.2 36.6 0.1 0.2 6
22 916 5 0.5 36.4 0.1 0.2 6
23 898 4 0.4 36.4 0.1 0.2 6
Average 920 - - 36.5 - - -
2SD 40 - - 0.2 - - -
R2SD 4% - - 0.6% - - -
Min 890 - - 36.3 - - -
Max 949 - - 36.7 - - -

* Number of consecutive repeat measurements.

** Data excluded from summary because fragment cracked during analysis.



Table A3. Summary of data collected from a subset of reference eggshells (see bolded entries in Table Al) for which the ~6 mm2

portion of cap analyzed by WD-XRF was excised and analyzed further by acid-digestion ICP-MS (see Figure A2.D).

Egg ID Sample mass (g) (A) Sr (mg kg1) Sample mass (g) (B) Sr (mg kg1)

12MF036BLESCE 0.0256 203 1.8570 205
12MF021BLESCE 0.0271 228 2.3420 236
12YF041BLESCE 0.0309 617 2.2002 653
12YF044BLESCE 0.0282 980 2.3663 1010
12YF007BLESCE 0.0266 1330 1.8314 1320
11YF029BLESCE 0.0427 492 1.8252 443

(A) Sr concentration in previously XRF’ed portion of shell cap that was ultimately dissected-off and analyzed by acid-digestion ICP-

MS; (B) Sr concentration of corresponding bulk upper (sharp) half of eggshell for comparison.
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Approval Letters
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(907) 474-7800 
(907) 474-5638 fax 

fyiacuc@uaf.edu 
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairtanks, Alaska 99775-7270

May 10, 2011

To: Tuula Hollmen, DVM, PhD
Principal Investigator

From: University of Alaska Fairbanks IACUC

Re: [227341-2] Effects Of contaminants on Iesser scaup

The IACUC reviewed and approved the New Project referenced below by Designated Member Review.

Received: April 19, 2011

Approval Date:

Initial Approval Date:

Expiration Date:

May 10, 2011

May 10, 2011

May 10, 2012

This action is included on the May 12, 2011 IACUC Agenda.

The Pl is responsible for acquiring and maintaining all necessary permits and permissions 
prior to beginning work on this protocol. Failure to obtain or maintain valid permits is 

considered a violation of an IACUC protocol, and could result in revocation of IACUC approval.
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(907) 474-7800 
(907) 474-5638 fax 

fyiacuc@uaf.edu 
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270

April 30, 2012

To: Tuula Hollmen, DVM, PhD
Principal Investigator

From: University of Alaska Fairbanks IACUC

Re: [227341-3] Effects of contaminants on lesser scaup

The IACUC reviewed and approved the AmendmentdVIodification referenced above by Full Committee 
Review.

Received:

Approval Date:

Initial Approval Date:

Expiration Date:

March 20, 2012

April 26, 2012

May 10, 2011

May 10, 2013

This action is included on the April 24, 2012 IACUC Agenda.

The Pl is responsible for acquiring and maintaining all necessary permits and permissions 
prior to beginning work on this protocol. Failure to obtain or maintain valid permits is 

considered a violation of an IACUC protocol, and could result in revocation of IACUC approval.

The Pl is responsible for ensuring animal research personnel 
are aware of the reporting procedures on the following page.

-1 - Generated on IRBNet
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(907) 474-7800 
(907) 474-5638 fax 

fyiacuc@uaf.edu 
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270

June 20, 2012

To: Tuula Hollmen, DVM, PhD
Principal Investigator

From: University of Alaska Fairbanks IACUC

Re: [227341 -4] Effects of contaminants on lesser scaup

The IACUC reviewed and approved the Amendment/Modification referenced above by Designated 
Member Review

This action is included on the June 21,2012 IACUC Agenda.

Received: June 13, 2012

Approval Date:

Initial Approval Date:

Expiration Date:

June 20, 2012

May 10, 2011

May 10, 2013

The Pl is responsible for acquiring and maintaining all necessary permits and permissions 
prior to beginning work on this protocol. Failure to obtain or maintain valid permits is 

considered a violation of an IACUC protocol, and could result in revocation of IACUC approval.

The Pl is responsible for ensuring animal research personnel 
are aware of the reporting procedures on the following page.

- 1 - Generated on IRBNet

174

mailto:fyiacuc@uaf.edu
http://www.uaf.edu/iacuc


(907) 474-7800 
(907) 474-5993 fax 

fyiacuc@uaf.edu 
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270

May 15, 2013

To: Tuula Hollmen, DVM, PhD
Principal Investigator

From: University Of AIaska Fairbanks IACUC

Re: [227341-5] Effects of contaminants on lesser scaup

The IACUC has reviewed the Progress Report and modification to the Protocol by Designated Member 
Review and the Protocol has been approved for an additional year.

This action is included on the May 29, 2013 IACUC Agenda.

Received: May 9, 2013

Initial Approval Date: May 10, 2011

Effective Date: May 15, 2013

Expiration Date: May 10, 2014

PI responsibilities:

• Acquire and maintain al! necessary permits and permissions prior to beginning work on this protocol. 
Failure to obtain or maintain valid permits is considered a violation of an IACUC protocol and could 
result in revocation of IACUC approval.

• Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form 
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)

• Inform research personnel that only activities described in the approved IACUC protocol can be 
performed. Ensure personnel have been appropriately trained to perform their duties.

• Be aware Of status Of other packages in IRBNet; this approval only applies to this package and 
the documents it contains; it does not imply approval for other revisions or renewals you may have 
submitted to the IACUC previously.

• Ensure animal research personnel are aware of the reporting procedures detailed in the form 005 
"Reporting Concerns".
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SOUTHERN ILLINOIS UNIVERSITY

SCHOOL OF 
BIOLOGICAL SCIENCES

16 March 2021

Christopher Latty
PhD Candidate 
University of Alaska Fairbanks.

Chris,

I am happy to be a coauthor on your paper entitled “Environmental Sources of Strontium in Waterfowl 
Eggs from interior Alaska.” Thank you for including me.

Sincerely,

Micah W. C. Miller 
PhD Candidate 
Southern Illinois University Carbondale
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Alaska Stable Isotope Facility 
University of Alaska Fairbanks 

Water and Environmental Research Center 
College of Engineering and Mines 

1764 Tanana Loop
Fairbanks, AK 99775-5910

March 16, 2021

I agree to be a co-author on the "Εnvironmental sources of Strontium in waterfowl eggs. 
from Interior Alaska” chapter of Christopher Latty's Ph.D. thesis.

Sincerely,

Karen J. Spaleta

Deputy Director
Alaska Stable Isotope Facility

kjspaleta@alaska.edu 907-474-7425
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17 MAR 2021

TO: DEPT. CHAIR, COLLEGE OF FISHERIES & OCEAN SCIENCE, UNIVERSITY OF ALASKA FAIRBANKS

FROM: MACIEJ G. SLIWiNSKI, RESEARCH GEOLOGIST (PH. D), ALPINE VANTAGE GEOL CONSULTING, LLC

SUBJECT: CO-AUTHORSHIP OF UPCOMING MANUSCRIPTS WITH CHRIS LATTY

It has been and continues to be my pleasure to collaborate with Dr. Chris Latty in support of US Fish & Wildlife Service 
research activities. I look forward to all future joint publications and am delighted to see this work go to press.

Thank you for including me,

Maciej (Greg) Sliwinski
Research Geologist (Ph.D)

I With experience from & service at:
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