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Abstract Trace element concentrations were measured in

Pacific Dunlin (Calidris alpina pacifica) to identify factors

that influence accumulation and to assess toxicity risks. We

report concentrations of cadmium, copper, and zinc in

kidneys as well as copper, lead, mercury, selenium and

zinc in feathers. Relationships between element concen-

trations and Dunlin age, sex, bill length, habitat preference,

trophic level, and sample group were investigated with

regression analyses. Stable isotope ratios of carbon and

nitrogen in Dunlin muscle tissue were used to determine

habitat preference and trophic level, respectively. Cad-

mium concentrations in kidneys were significantly related

to habitat preference: [Cd] in estuarine foragers [[Cd] in

terrestrial foragers. Cadmium accumulation was age-

dependent as concentrations increased significantly within

10 months of hatch dates but not afterward. Concentrations

of cadmium and zinc in kidneys as well as lead and mer-

cury in feathers were below those known to cause delete-

rious effects in birds. In contrast, selenium concentrations

in feathers (range: 2.1–14.0 lg/g) were often at levels

associated with toxicity risks ([5 lg/g). Toxicity thresh-

olds are not available for copper in kidneys or copper and

zinc in feathers; however, measured concentrations of these

elements were within documented ranges for sandpipers.

Future studies should assess potential impacts of selenium

on embryonic development in Dunlin and other sandpipers.

Risk assessments would yield more conclusive results for

all elements if impacts under ecologically relevant stresses

(e.g. development in the wild, migration, predation) were

better understood.

Keywords Cadmium � Dunlin � Habitat preference � Risk

assessment � Selenium � Trace elements

Introduction

Anthropogenic emissions of many trace elements have

grown to exceed those from natural sources (Nriagu 1989)

causing concentrations of these elements and subsequent

toxicity risks for wildlife to increase worldwide (Eisler

2000). For birds, toxic effects from trace elements include

changes in behaviour, as well as negative impacts on

development, and reproduction (Scheuhammer 1987;

Burger and Gochfeld 1994; Sileo et al. 2003).

Estuarine systems receive constant inputs of trace ele-

ments via sediment deposition (Bryan and Langston 1992;

Cundy et al. 1997). Suspended fine grain silts, clays and

organic matter draw element ions out of solution in

freshwater systems as well as in estuarine systems (Luoma

and Davis 1983; Tessier and Campbell 1987). Flocculation

and settling of such materials at the freshwater-saltwater

interface bring trace elements from both marine and

freshwater origins into estuarine sediments. Sediment-

dwelling organisms in estuarine habitats can accumulate

elements in concentrations corresponding to those in sed-

iments (Tessier et al. 1994; Thomas and Bendell-Young

1998). Some bivalves can even bio-concentrate elements in
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their tissues relative to the waters and sediments in which

they live (e.g. cadmium: Burger 2008). Not surprisingly,

birds feeding in near shore and shoreline habitats accu-

mulate higher levels of some trace elements than do birds

that forage terrestrially (Burger 1993; Wayland and

Scheuhammer 2011). On the North American Pacific

Coast, coastal and estuarine-feeding birds have been doc-

umented with potentially toxic tissue concentrations of

selenium, mercury, and cadmium (Hui 1998; Hui et al.

2001; Barjaktarovic et al. 2002).

The Pacific Dunlin (Calidris alpina pacifica) breeds in

western Alaska, and migrates to coastal over-wintering

sites primarily from southern British Columbia through

Mexico (Holmes 1971; Warnock et al. 2004; but see Gill

et al. 2013). Dunlin forage in estuarine and agricultural

habitat on bivalves, gastropods, annelids and crustaceans,

as well as on terrestrial insects, insect larvae, and plant

matter (Evans Ogden et al. 2008). Pacific Dunlin and

other shorebirds (e.g. Western Sandpipers (Calidris

mauri)) also feed on biofilm in intertidal mudflats (Mathot

et al. 2010; Kuwae et al. 2012). This biofilm consists of a

sediment-bound layer of mucilaginous, extracellular

polymeric substances (EPS) that contains and is produced

by microphytobenthos (e.g. diatoms) and bacteria (Decho

1990). Consumption of sediment-bound biofilm by Cal-

idris spp. sandpipers results in some of the highest rates

of sediment ingestion known in birds and mammals

(Beyer et al. 1994; Mathot et al. 2010). EPS, diatoms, and

sediment ingested with biofilm are potential exposure

vectors for cadmium, lead, and other elements (Schlekat

et al. 1998; Franson and Pain 2011; McCormick et al.

2014). Consequently, both the habitat and diet of Pacific

Dunlin and other sandpipers place them at risk of toxic

exposure to trace elements.

The objectives of this study were to identify factors that

influence trace element accumulation in sandpipers and to

assess toxicity risks for Dunlin. Diet and physiology are the

principal determinants of trace element exposure, absorp-

tion, excretion and, consequently, accumulation. Sandpiper

physiology differs across age-classes and sexes (McFarland

et al. 2002; Stein and Williams 2006). Bill length, habitat

preference, and trophic feeding level vary across individual

Dunlin and can influence diet. Season and site, which

varied across sample groups, also affect diet. All these

characteristics (hereafter referred to as factors) were tested

for significant relationships with trace element concentra-

tions in Dunlin tissues. Toxicity risks were gauged by

comparing measured element concentrations with toxico-

logical benchmarks, as well as with previously reported

element concentrations in other sandpipers. Overarching

patterns of element accumulation and toxicity risks for

sandpipers are discussed.

Materials and methods

Study site and sample collection

The Fraser River Delta (FRD) hosts 30,000–70,000 Dunlin

annually from December through March, and hundreds-of-

thousands during fall and spring migrations (Butler and

Vermeer 1994; Shepherd 2001). A total of 83 Dunlin were

collected from aircraft collisions and by shotgun in the

FRD, as well as from incidental mortalities during a sep-

arate study in Skagit Bay, WA (Table 1; Fig. 1). Collec-

tions were made under the following permits and protocols:

U.S. Fish & Wildlife Service Scientific Collection/Import/

Export Permit #MB004887-0, Simon Fraser University

Animal Care protocol # 946B-09, Environment Canada

Scientific Permit # BC-10-0034. An additional fifteen

Dunlin were captured by net gun for feather samples at

Roberts Bank and at Boundary Bay of the FRD in 2011

(Fig. 1). Following feather collections, Dunlin were tagged

with Canadian Wildlife Service bands and released.

Factors, tissues, and elements analyzed

Age, sex, bill length, habitat preference (estuarine vs. ter-

restrial), trophic level, and sample group were identified as

factors with potential to influence element accumulation.

Stable isotope ratios of carbon and nitrogen in muscle

tissues were used as indicators of habitat preference and

trophic level, respectively. Bill length was measured from

the tip to where the bill meets facial feathers. Most Dunlin

collected during the 2010 spring migration could be sexed

by examining testes during dissections. All others were

sexed by bill length (males\37.7 mm; females[39.8 mm;

unknown = 37.7–39.8 mm: Prater 1977). Age was deter-

mined by plumage. Dunlin in their first and second cal-

endar years were classified as hatch years (HY) and second

years (SY) respectively. Individuals in their third calendar

year or older were classified as after second years (ASY).

Age-specific migratory histories of Dunlin examined in this

study are presented in Fig. 1.

Table 1 Pacific Dunlin (Calidris alpina pacifica) sample groups

Date Location n Tissues analyzed

Dec 2007–Feb 2008 Skagit Bay, WA 5 Kidney

Dec 2008 Skagit Bay, WA 2 Kidney

Nov 5, 2009 YVR Airport, BC 12 Kidney

Apr 17–18, 2010 Boundary Bay, BC 44 Kidney, Feathers

Apr 28, 2010 YVR Airport, BC 20 Kidney

Apr 5–6, 2011 Boundary Bay, BC 9 Feathers

Apr 7, 2011 Roberts Bank, BC 6 Feathers
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Cadmium is of toxicological interest for Dunlin and

other shorebirds due to its abundance in coastal pacific

habitats and potential to bio-accumulate and concentrate in

their prey (e.g. bivalves and biofilm: Schlekat et al. 1998;

Burger 2008). Copper and zinc can influence the bio-

availability of cadmium (Fox et al. 1984) and are also

potentially toxic in high concentrations. Cadmium, copper,

and zinc accumulate in sandpiper kidneys and livers more

than other tissues, so kidney tissue was analyzed for con-

centrations of those elements (Blomqvist et al. 1987; Lucia

et al. 2010; Wayland and Scheuhammer 2011). Feathers

contain the majority of methyl-mercury in birds and also

describe exposure from many other trace elements (Burger

1993; Thompson 1996). Trace element concentrations vary

Fig. 1 Sample collection sites, migration routes, wintering ranges

and breeding ranges of Dunlin (Calidris alpina pacifica) collected in

the Fraser River Delta (FRD), British Columbia and Skagit Bay,

Washington. In the FRD, hatch years were collected during the fall on

their first southward migration (2009), second years were collected

during their first spring (2010), and after second years were collected

in the spring (2010) having already completed the full migration cycle

at least once. In Skagit Bay, Dunlin of all age classes were collected

during the overwintering period (2007, 2008). Parallel arrows indicate

overlapping migration pathways
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less amongst contour feathers of individual birds than flight

feathers so concentrations were measured in back and

breast feathers (Furness et al. 1986).

Invertebrate sampling

To confirm stable isotope signatures of Dunlin prey,

invertebrates were sampled from estuarine mudflats and

agricultural fields within 1 km of intertidal areas at both

Roberts Bank and Boundary Bay. Samples were collected

with sediment cores (10 cm diameter, 5 cm depth) during

winter (Dec–Jan) and spring (Apr–May) of 2010 and 2011.

Invertebrates were rinsed from sediments with 2 and 1 mm

sieves and sorted according to taxa: polychaetes (Eteone

spp), crustaceans (Corophium spp, cumaceans, harpactic-

oids), mud snails (Batillaria attramentaria).

Stable isotope analyses

Stable isotope ratios in animal tissues can describe diet

and, thus, exposure sources for trace elements and other

potential toxicants. Ratios of 15N to 14N in biota increase

with trophic level. Ratios of 13C and 12C are more stable

across trophic levels, but can vary across habitats with

distinct dominant photosynthetic pathways (Michener and

Lajitha 2007). Carbon and nitrogen stable isotope ratios,

hereafter referred to as d13C and d15N ‘‘signatures’’, have

tissue-specific turnover rates and reflect diet over a tissue-

specific period of time (Hobson and Clark 1992). Of par-

ticular interest to this study was time spent at wintering

sites where Dunlin habitat preference varies across indi-

viduals (Evans Ogden et al. 2005). For Dunlin collected

during the spring migration (April 2010), muscle tissue

reflected diet for the greatest portion of the non-breeding

season (i.e. at wintering sites). Following carcass storage at

-20� C for a maximum of 4 weeks, muscle tissues were

extracted, homogenized, and treated with a 2:1 chloro-

form:methanol solvent rinse to remove lipids. Dried muscle

tissue (1 mg) and similarly treated invertebrate prey (1 mg)

were analyzed for d13C and d15N signatures at the Stable

Isotope Facility (SIF) of the University of California, Davis

(Instrument specifications: PDZ Europa ANCA-GSL ele-

mental analyzer and PDZ Europa 20–20 isotope ratio mass

spectrometer). Reference materials with certified d13C and

d15N values were analyzed alongside samples to verify

measurement accuracy. All d13C and d15N measurements

of reference materials closely paralleled certified values

(CV \1 %).

Trace element analyses

Following dissections, kidneys were dried at 60 �C for

48 h and homogenized with a mortar and pestle.

Approximately 0.07 g of each kidney sample was digested

with 4 ml of 70 % nitric acid solution (adapted from

Burger and Gochfeld 1990; McFarland et al. 2002). All

sample digestions were accompanied by digestions of a

procedural blank (70 % nitric acid) and two reference

materials with certified element concentrations (TORT-2,

DOLT-2; National Research Council Canada, Ottawa,

ON). To evaluate sample homogeneity, two replicate

samples from kidneys in each of fifteen individuals were

also digested. Samples, reference materials, and blanks

were digested on a hot plate at 200 �C in open flasks until

0.5 ml of the digest remained. Digests were diluted with

ultra-pure water and transferred to polypropylene tubes.

Flasks were rinsed with 2 % nitric acid solution and rinses

were added to dilutions. Diluted digests were analyzed for

concentrations of cadmium, copper, and zinc with a Per-

kin–Elmer model 100 Flame Atomic Absorption Spec-

trometer (AAS) at Simon Fraser University (SFU),

Burnaby, British Columbia.

Feathers were cleaned of external debris with an air jet

and ultrasonic baths and dried at 60 �C for 48 h (adapted

from Norris et al. 2007). Feathers collected in 2010 (15–20

per individual) were digested via microwave with 9 ml

nitric acid in closed, acid washed, Teflon vessels to prevent

the escape of volatilized mercury (EPA method 3052).

Feathers from 2011 (10–25 per individual) were digested

on a hot plate at 200 �C in flasks with 5 ml nitric acid

(70 %). Once the volume fell below 1 ml, another 1 ml

hydrochloric acid (35 %) and 1 ml nitric acid was added

and samples were left to digest until less than 1 ml

remained. Feather digests were diluted in the same manner

as kidney digests. Trace element concentrations in feathers

were determined at the Institute for Integrated Research in

Materials, Environments, and Society (IIRMES) of Cali-

fornia State University at Long Beach. Samples were

spiked with iridium, thulium, and rhodium standards, and

analyzed along with lab blanks for concentrations of Ag,

Al, As, Au, Ba, Ca, Cd, Cr, Cu, Co, Fe, Kr, Mn, Mo, Ni,

Pb, Sb, Se, Sn, Sr, Ti, Tl, V, Zn with a Hewlitt Packard

(Agilent) 4500 Series Inductively Coupled Plasma Mass

Spectrometer (ICP-MS). Digests from 2010 collections

were also analyzed for mercury concentrations via cold

vapor atomic fluorescence spectroscopy (CVAFS) using a

Leeman Labs, Inc. Hydra HF Gold Plus Mercury Analyzer.

Quality control, measurement adjustments,

and statistical analyses

Reported concentrations are based on dry-weight mass.

Conversions of referenced wet-weight concentrations to

dry-weight concentrations were calculated as [wet

weight] 9 4 as in (Goede et al. 1989) and (Clark and

Scheuhammer 2003). Element concentrations in feathers
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are reported for each element with validated measure-

ments. Validation of measurements required concentrations

of an element in reference materials to be within one

standard error of certified concentrations and required

sample concentrations to be above detection limits. Ele-

ment concentrations measured in kidneys were adjusted to

correct for variation in processing conditions and AAS

measurement accuracy across groups of separately pro-

cessed and analyzed samples. Adjustments were made by

multiplying concentration measurements by sample group-

specific correction factors. Correction factors (CF) were

calculated for each sample group as the inverse of the

average ratio of measured reference material concentra-

tions (MRM) relative to certified reference material con-

centrations CRMð Þ : CF ¼ 1=ðMRM
CRM
Þ: Variances in

element concentrations within kidney samples were quan-

tified with a standard deviation calculated from differences

between measurements of replicate samples. Limited

sample mass prevented variance analyses of element con-

centrations in feathers. CF applied to kidney AAS mea-

surements were as follows (Mean (SD)): Cd: 0.93 (0.05);

Cu: 0.94 (0.05); Zn: 0.94 (0.04). Standard deviations of

element concentrations across replicate kidney samples

were as follows: Cd: 0.99 lg/g; Cu: 1.39 lg/g; Zn:

3.28 lg/g.

Prior to statistical analyses, all data were tested for

normality with Shapiro-Wilks goodness of fit tests. Log

transformations were applied to element concentrations

with log-normal distributions. Forward stepwise regres-

sions were employed to test factors as explanatory vari-

ables of element concentrations in tissues. Separate

regressions were conducted for each element in each tissue

type. Inclusion of Dunlin characteristics as factors in

regression models was contingent upon their independence.

All factors with variance inflation factors (VIF) [10 or

Pearson’s Product Correlation Coefficients (PPCC) greater

than r = 0.6 were considered collinear (i.e. not indepen-

dent) and were not entered into regression models together

(Nielson et al. 2004). Bill length is typically longer in

female Dunlin relative to male Dunlin and was used to sex

some individuals. Sex and bill length were, therefore, not

independent and were considered separately in regression

analyses. Categorical factors were also tested for interac-

tion effects on tissue element concentrations.

Analyses of element concentrations in kidneys

Stepwise regressions were conducted within samples col-

lected in April 2010 so the effects of age-class (SY vs.

ASY) and sample site (Boundary Bay vs. YVR) could be

investigated separately from potentially confounding sea-

sonal effects. Muscle d15N was not considered in analyses

of April 2010 samples because d15N was correlated with

d13C. Separate regression analyses were conducted within

samples of estuarine feeding individuals (muscle d13C C

-15.0 %: Fig. 2) to test for relationships between d15N

and kidney element concentrations while controlling vari-

ation in d13C. Additional regressions were conducted to

examine differences in kidney element concentrations

between HY Dunlin sampled in the fall and after hatch year

(AHY) Dunlin sampled in the spring.

Analyses of element concentrations in feathers

Stepwise regressions were conducted separately for ele-

ments in feathers collected during 2010 and 2011 to permit

consideration of factors that did not vary across sampled

individuals in both years. Dunlin were categorized as either

terrestrial (muscle d13C \ -20 %: Fig. 2) or estuarine

(muscle d13C [ -15 %) to analyze effects of habitat

preference on element concentrations in 2010 feather

collections.

The level of statistical significance (a) required to

include factors in regression models was 0.05 for analyses

of element concentrations in feathers (one regression for

each year). Alpha levels were adjusted with bonferroni

corrections for analyses of elements in kidneys (three

regressions: a = 0.013). Statistical analyses were per-

formed with JMP (ver. 10.0). Figures were constructed

with SigmaPlot (ver. 12.3) and ArcGIS (ArcMap 10.0).
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Fig. 2 Stable isotope signatures of muscle tissue from individual

Dunlin (Calidris alpina pacifica) within sample groups collected at

Boundary Bay (BB) and Vancouver International Airport (YVR) in

the Fraser River Delta (FRD). Boxes describe the range of mean

isotopic signatures reported for sandpiper food items in the FRD

across years, sites, and seasons (Evans Ogden et al. 2005; Kuwae

et al. 2008; Beninger et al. 2011; VAFFC 2012; this study) adjusted

by prey to muscle trophic enrichment factors: ?1.9 % d13C, ?3.1 %
d15N (Evans Ogden et al. 2004)
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Element turnover rates in tissues

Element turnover rates in animal tissues determine the

time-period of exposure responsible for element concen-

trations and stable isotope signatures. In mobile organisms,

turnover rates must be known to determine the site or sites

responsible for accumulated elements and isotope signa-

tures. Element concentrations in feathers reflect blood and

other internal tissue concentrations to varying degrees

during feather growth (Bortolotti 2010). A literature review

was conducted to determine relevant time periods of

exposure for elements measured in feathers and for half-

lives of copper and zinc in avian kidneys and carbon and

nitrogen in muscle. Data on cadmium in kidneys were

sufficient to estimate a half-life specific to Dunlin. Cad-

mium accumulation rates decrease in Dunlin as kidney

concentrations increase and may reflect concentration

dependent excretion (Blomqvist et al. 1987, Fig. 3). In a

first-order reaction where excretion increases linearly with

concentration, half-life is defined as follows:

t1=2 ¼ 0:693=k;

where k (the reaction rate constant) is the fraction of cad-

mium reacting per unit of time.

Cadmium accumulation in kidneys occurred primarily

between HY and SY age classes. Subsequent increases in

concentration were not significant (Fig. 3). Stable cadmium

concentrations in kidneys of AHY Dunlin imply equal rates

of input and excretion. Both input and excretion can,

therefore, be used to estimate reacting cadmium within a

defined period of time for determination of k. Input was

estimated from the difference between concentrations in

kidneys of AHY and hatchling Dunlin: geometric mean

AHY [Cd] - [Cd] in hatchlings. Time for input was

defined as 10 months: time from typical hatch dates in June

to Dunlin collections in April. Cadmium concentrations in

hatchlings were estimated to be 0.5 lg/g based on docu-

mented levels in HY Western Sandpipers (ca. 1 lg/g;

McFarland et al. 2002) and HY Dunlin (C. alpina) (ca.

0.3 lg/g mean; Blomqvist et al. 1987).

An alternative explanation for greater cadmium accu-

mulation in HY as compared to AHY Dunlin is higher

metabolic rates and greater intake rates in HY individuals

(Stock et al. 1989). Excretion is not necessarily concen-

tration dependent if age-related changes in metabolic/

intake rate control cadmium accumulation. In cases of

concentration independent excretion, half-lives are deter-

mined using a zero-order reaction model:

t1=2 ¼ ½A�0=2k;

where [A]0 is an initial concentration and k is the amount of

cadmium reacting per unit of time. Using the following

equation, k can be determined with any initial concentra-

tion and a second concentration after a defined period of

time ([A]t) while decay (i.e. excretion) is occurring

½A�t ¼ �kt + [A]0:

Considering equal rates of cadmium excretion and input in

AHY Dunlin, the equation was altered to estimate k with
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Fig. 3 Concentrations of cadmium (a), copper (b), and zinc (c) in

kidneys of Dunlin (Calidris alpina pacifica) collected during fall

(November 2009) and spring (April 2010) migration periods in the

Fraser River Delta, British Columbia. Boxes reflect median concen-

trations (center line), 25th and 75th percentiles (lower and upper

borders), 10th and 90th percentiles (whiskers) and concentrations

outside this range (points). Geometric means in upper left text (SD)

HY hatch year, SY second year, ASY after second year. Asterisk

denotes significantly different mean from other age classes/sample

seasons
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½At� ¼ kt þ ½Ao�:

Cadmium concentrations in kidneys of hatchlings (esti-

mated as above) and in AHY Dunlin (geomean) were

substituted for [A]0 and [A]t, respectively for determination

of k. Accumulation was again estimated to primarily occur

within 10 months (t). Estimates of zero-order reaction

(concentration independent) half-life also considered sen-

sitivity to intake rate reductions in AHY relative to HY

Dunlin. If intake is reduced, input and k would be reduced

in AHY Dunlin relative to within the first 10 months of

life. Thus, half-lives were also calculated with 10 and 25 %

intake reductions in AHY relative to HY Dunlin.

Toxicity risk assessment

The ranges of element concentrations measured in Dunlin

tissues are presented in the results and compared to

threshold concentrations of potential toxicity as well as

previously documented element concentrations in Dunlin

and other Calidris sandpipers.

Results

Stable isotope signatures in Dunlin and their prey

Stable isotope ratios of Dunlin estuarine prey in the FRD

were enriched in carbon and nitrogen relative to terrestrial

prey across sampling sites and years (Fig. 2). Muscle d13C

and d15N signatures were also positively related and

spanned a gradient reflecting mostly terrestrial to pre-

dominantly estuarine diet composition.

Patterns of element accumulation in tissues

No significant interaction effects were observed among

factors and VIFs were all below ten. However, PPCCs

indicated that d13C and d15N in Dunlin muscle tissue were

collinear (r = 0.82) requiring that these factors be assessed

separately in regression analyses. Concentrations of man-

ganese in 2010 and 2011 feathers were inaccurate

according to reference material standards, but measure-

ments across reference samples of distinct mass yielded

proportionate differences in total manganese. Thus, dif-

ferences in manganese across samples were considered

accurate and measured concentrations were analysed for

relationships with the described factors.

Factors and elements considered in regression analyses

are summarized along with results in Table 2. In Dunlin

collected during April 2010, d13C was positively related to

kidney cadmium concentrations (stepwise regression,

p \ 0.001, r2 = 0.41). Sample site was significantly

related to copper and zinc concentrations in kidneys from

April 2010 collections (Cu: p \ 0.001, r2 = 0.25; Zn:

p \ 0.001, r2 = 0.22) with higher concentrations of zinc

and copper in Boundary Bay collections relative to YVR

collections (Table 6). Regressions including fall HY indi-

viduals also found d13C described a significant amount of

the variation in kidney cadmium (p \ 0.001, r2 = 0.21),

and found inclusion of sample group significantly

improved the fit of the model (p = 0.001, r2 = 0.49).

Cadmium concentrations in kidneys were lower in HY

Dunlin collected in the fall relative to SY and ASY indi-

viduals collected during spring (Fig. 3). Higher zinc con-

centrations were present in HY kidneys from fall

collections than in AHY kidneys from spring collections

(p \ 0.001, r2 = 0.18; Fig. 3). Dunlin from Skagit Bay,

Washington had zinc kidney concentrations similar to

those of FRD collections, but had relatively lower cad-

mium and copper concentrations (Table 7). In feathers

collected in 2010, manganese concentrations were higher

in terrestrially feeding birds as compared to estuarine for-

agers (p = 0.030, r2 = 0.57). No other factor was signifi-

cantly related to element concentrations in tissues.

Element turnover rates in tissues

Estimates of k and cadmium half-life in Dunlin kidneys are

presented in Table 3. Estimates of carbon and nitrogen

half-lives in avian muscle, zinc and copper half-lives in

avian kidneys, and time periods of trace element exposure

represented in feathers are presented in Table 4.

Toxicity risk assessment

Toxicity thresholds and ranges of validated element con-

centrations in Dunlin kidneys and feathers are presented in

Table 5. Mean element concentrations observed in feathers

and kidneys in this study and other studies of sandpipers

are presented in Tables 6 and 7.

Discussion

Analyses of the relationships between Dunlin characteris-

tics and element concentrations in tissues revealed several

patterns of trace element accumulation. Of all factors

investigated, d13C explained the greatest amount of varia-

tion in the concentrations of cadmium in kidneys. A sample

group effect could be responsible for this relationship if

migratory groups arrived from different sites with distinct

isotope signatures and cadmium burdens; however, d13C

has been shown to vary across wintering Dunlin within

sites (Evans Ogden et al. 2005) and varied substantially

within sample groups from a variety of sites and days in
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this study (Table 1; Fig. 4). Elevated exposure to trace

elements in estuarine habitats is a more likely explanation

for the relationship of d13C with cadmium. A related study

analyzed gizzard contents of the same individual Dunlin

and found higher concentrations of cadmium in estuarine

prey as compared to terrestrial prey within individuals

collected from Boundary Bay (C.T. St. Clair 2012). Dunlin

residing in saline environments also consume more food,

and consequently more trace elements, to accommodate the

energetic costs of osmoregulation (Gutiérrez et al. 2011).

Thus, agricultural habitat use appears to benefit Dunlin by

decreasing cadmium loading and likely provides a similar

advantage to other shorebirds. Manganese concentrations

in feathers were also significantly related to d13C. Elevated

levels of manganese in feathers of terrestrially foraging

Dunlin may result from the use of manganese in fertilizers

(e.g. manganese-sulphate, -oxide, -chelate). Although d13C

and d15N were correlated, the effects of habitat preference

and trophic level were not considered confounded. Distinct

baseline d15N signatures in estuarine relative to terrestrial

environments have been reported in other estuaries (e.g.

Cloern et al. 2002) and are evident in the signatures of

estuarine and terrestrial shorebird prey from the FRD

(Fig. 2). Thus, the correlation between d13C and d15N was

considered a result of variation in d15N across habitats

rather than habitat-related differences in the trophic feeding

level of Dunlin.

Apart from age class (SY vs. ASY), the only other factor

that was significantly related to element accumulation was

Table 2 Multiple regression analyses examining relationships of Dunlin (Calidris alpina pacifica) characteristics (factors) with element con-

centrations in tissues

Analysis group

(sample tissue)

Sample group

(additional criteria)

Elements

considered

Factors considered: categories

or continuous variable

Significant results

(p \a)

Significant model

sample size (n)

Spring 2010

(kidneys)

Apr 17–18, 2010; BB

Apr 28, 2010; YVR

Cd, Cu, Zn Age Class: SY, ASY

Sample Site: YVR, BB

Sex: Male, Female

Bill Length: Continuous

Muscle d13C: Continuous

-

Cu, Zn

-

-

Cd

-

58, 57

-

-

56

Spring 2010 Estuarine

Specialists

(kidneys)

Apr 17–18, 2010; BB

(Muscle d13C C -15.0 %)

Cd, Cu, Zn Muscle d15N

Age Class: SY, ASY

Sex: Male, Female

Bill Length: Continuous

-

-

-

-

-

-

-

-

All FRD

(kidneys)

Nov 5, 2009; YVR

Apr 17–18, 2010; BB

Apr 28, 2010; YVR

Cd, Cu, Zn Sample Groupa

Muscle d13C: Continuous

Bill Length: Continuous

Sex: Male, Female

Zn, Cd

Cd

-

-

67, 64

64

-

-

Spring 2010

(feathers)

Apr 17–18; BB Cu, Hg, Mn,

Se

Muscle d13C: Terr, Est

Sex: Male, Female

Bill Length: Continuous

Mn

-

-

13

-

-

Spring 2011

(feathers)

Apr 5–6, 2011; BB

Apr 7, 2011; RB

Cu, Pb, Mn,

Se, Zn

Sample Site: RB, BB

Age Class: SY, ASY

Bill Length: Continuous

-

-

-

-

-

-

Bolded factors were significantly related to tissue concentrations of elements listed in the corresponding row of the results column

BB boundary bay, YVR Vancouver international airport, RB Roberts Bank, FRD Fraser River Delta, HY hatch year, SY second year, ASY after

second year
a Effects of age class (HY, AHY) and sample season (Nov, Apr) were confounded within Sample Group

Table 3 Estimates of cadmium half-life in Dunlin (Calidris alplina

pacifica) kidneys

Reaction model Reaction rate

constant (k)

Half-life

(months)

Zero-order 0.46 5.5

Zero-order, 10 % AHY intake

reduction

0.41 6.2

Zero-order, 25 % AHY intake

reduction

0.33 7.7

First-order 0.09 7.7

Half-life estimates based on geomean kidney concentration of 5.1

lg/g in after hatch year (AHY) Dunlin, 0.5 lg/g concentrations in

hatchlings, and reaction rate estimated from accumulation between

hatch date (June) and sample date (April)
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sample group. To determine whether age class or sample

season was responsible for the differences in tissue element

concentrations across sample groups, we reviewed age-

related trends reported in other studies. Logarithmic cad-

mium accumulation in avian species is well documented:

e.g. Dunlin (Blomqvist et al. 1987), Western Sandpipers

(McFarland et al. 2002), Willow Ptarmigan (Lagopus

lagopus) (Myklebust and Pedersen 1999), Mallards (Anas

platyrynchops) (White and Finley 1978), Oystercatchers

(Haematopus ostralegus), and other birds (Stock et al.

1989). Thus, lower cadmium concentrations in fall samples

of HY Dunlin were most likely a result of age. Significant

age-related trends in zinc have not been reported in other

studies (e.g. Blomqvist et al. 1987; Hogstad 1996). How-

ever, average concentrations of both zinc and copper are

generally higher in kidneys of HY as compared to AHY

sandpipers (Table 6). Higher food intake rates in HY

Dunlin as compared to older individuals (Stein and Wil-

liams 2006) likely contribute to the age–related patterns of

cadmium and zinc accumulation. Considering the turnover

rates of zinc and cadmium in kidneys (Table 4), increased

exposure to HY Dunlin could explain the higher levels of

zinc observed in HY birds as well as the increased accu-

mulation of cadmium observed in HY relative to AHY

birds.

Studies of other shorebird populations have reported

patterns of element accumulation that were not apparent in

this study. While neither sex nor bill length was signifi-

cantly related to cadmium accumulation in Pacific Dunlin,

higher cadmium concentrations have previously been

Table 4 Trace element half-lives in internal tissues and time-periods of exposure represented in feathers

Element Tissue Half-life Study species Reference

Cu Kidney 2–3 days White leghorn chickens (Gallus gallus) Chiou et al. 1997

Zn Kidney 2–3 days Hubbard broiler chickens (Gallus gallus) Oh et al. 1979

C Muscle 12–13 days Japanese Quail (Coturnix coturnix) Hobson and Clark 1992

N Muscle 12–13 days Japanese Quail (Coturnix coturnix) Hobson and Clark 1992

Element Tissue Exposure period Study species Reference

Cu Feather 2–3 weeksb White leghorn chickens (Gallus gallus) Chiou et al. 1997a

Mn Feather 2–3 weeksb New Hampshire 9 Columbian chickens Wedekind et al. 1991a

Se Feather 2–3 weeksb Mallards (Anas platyrhynchos) Heinz 1993a

Zn Feather 2–3 weeksb Hubbard broiler chickens Oh et al. 1979a

Hg Feather 1–7 monthsc Black-headed Gull (Larus ridibundus) Lewis and Furness 1991

Pb Feather 1–7 monthsc Various Franson and Pain 2011a

a See discussion, Burger 1993, Bortolotti 2010 for a description of the relationship between internal tissue and feather concentrations
b Exposure during feather growth
c Exposure since previous feather moult

Table 5 Measured ranges of element concentrations (lg/g, dry weight) in Dunlin (Calidris alpina pacifica) tissues relative to concentrations

associated with toxicity in other avian species

Tissue Element n Range Toxicity Threshold Toxicity Threshold Reference

Kidney Cd 81 0.6–21.0 40a Eisler 2000

Cu 81 11.1–29.0 NA Jackson et al. 1979b

Zn 75 57–128 220c Gasaway and Buss 1972

Feather Cu 27 4.9–14.9 NA NA

Pb 15 0.3–1.8 4.0 Burger and Gochfeld 1994, Burger 1995

Hg 13 1.4–3.9 5.0 Eisler 1987, Burger and Gochfeld 1997

Se 13 2.1–14.0 5 USDI 1998

Zn 16 132.1–294.2 NA NA

NA not available
a Toxic effects are more than 50 % probable above 264 lg/g (Wayland and Scheuhammer 2011)
b Copper levels in kidneys can remain stable even at toxic doses
c Toxicity observed at 220–970 lg/g in wild Mallards (Anas platyrynchos) and over 1,000 lg/g in Canada Geese (Branta canadensis) (Gasaway

and Buss 1972; Levengood et al. 1999; Sileo et al. 2003)
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documented in male as compared to female Dunlin (Ferns

and Anderson 1994) and Western Sandpipers (McFarland

et al. 2002). Differing prey preferences of males and

females may explain these contradictory findings if diets

are similar at some sites, but not others. Insignificant

relationships between trophic level (d15N) and element

concentrations suggest that biofilm and associated sedi-

ments are not important exposure vectors for trace ele-

ments. However, biofilm comprises a larger portion of

Western Sandpiper diet as compared to Dunlin (Mathot

et al. 2010; Kuwae et al. 2012) and higher concentrations

of cadmium occur in Western Sandpipers (range of aver-

ages in kidneys: 15–20 lg/g; McFarland et al. 2002). A

more estuarine diet in Western Sandpipers may account for

some of this difference, but even estuarine-specialist

Dunlin have relatively low cadmium concentrations in

kidneys (9.0 lg/g ± 3.7(SD)). The relatively high rates of

sediment and biofilm ingestion by Western Sandpipers as

compared to Dunlin may increase exposure to cadmium, as

well as zinc, copper (Schlekat et al. 1998; McCormick

et al. 2014) and other elements that do not typically

accumulate through the food chain (e.g. Al, Fe, Ti, Pb: Hui

and Beyer 1998; Franson and Pain 2011). However, giz-

zard content analyses also indicate that biofilm and sedi-

ment ingestion do not expose Dunlin to high levels of

cadmium, copper, or zinc. Concentrations of these ele-

ments in sediment dominated gizzard contents of Dunlin

sampled in the FRD were within the range of concentra-

tions measured in samples composed of other diet items

(C.T. St. Clair 2012).

Sex and bill length were not significantly related to

mercury concentrations in Dunlin feathers, and other

studies describe inconsistent relationships between sex and

mercury in feathers (Burger 1993; Burger et al. 2007).

However, consistently higher concentrations of mercury

are reported in internal tissues of male as compared to

female birds (Eagles-Smith et al. 2009). Feathers primarily

contain mercury as methyl mercury (Thompson 1996), so

sex-related differences in internal tissue concentrations

may reflect patterns of inorganic mercury accumulation.

Finally, other relationships between stable isotope sig-

natures and element concentrations in tissues may have

been obscured because tissue concentrations of some ele-

ments reflect dietary exposure over dissimilar periods of

time relative to d13C and d15N. The half-life of cadmium in

kidneys is longer than half-lives of d13C and d15N in

muscle tissue (Table 4). Mercury and lead concentrations

in feathers also reflect dietary exposure over a longer

period of time than d13C and d15N. Consequently, diet

shifts occurring within the time responsible for cadmium,

mercury and lead concentrations, but before the time

responsible for stable isotope signatures could obscure

relationships with habitat preference and trophic feeding

level. Considering shorter turnover rates of zinc and copper

in kidneys relative to d13C and d15N in muscle tissue

(Table 4), insignificant relationships reported between

stable isotope signatures and zinc and copper may also be

subject to type II error.

Toxicity thresholds and element concentrations in other

sandpiper populations provide measures of toxicity risk as

well as additional sample groups across which patterns of

accumulation can be observed. Element concentrations

measured in Dunlin tissues were generally below toxicity

thresholds. Cadmium and copper concentrations in kidneys

were intermediate within the range reported for other

Calidris sp. populations (Table 7). Zinc concentrations in

kidneys and feathers were similar in Dunlin as compared to

other sandpiper populations (Tables 6 and 7), but high

relative to concentrations in other avian taxa (Burger

1993). To our knowledge, toxicity thresholds are not

available for copper and zinc in feathers, but copper was

also found at similar concentrations as reported in other

sandpipers. Mercury and lead were also found in appar-

ently non-toxic concentrations as has generally been

reported in feathers of sandpipers (Table 6).

The only element observed in concentrations above

toxicity thresholds was selenium. Selenium concentrations

in sandpiper feathers have been reported at ratios of 1:3

and 1:4 relative to kidney tissue (Goede and Debruin 1985)

and 1:6 relative to liver tissue (Goede 1985). Risks of

selenium toxicity are present at concentrations exceeding

20–22 lg/g in livers and kidneys (Ohlendorf and Heinz

2011). These ratios and thresholds confirm the 5.0 lg/g

threshold suggested for feathers by the (U.S. Department

of the Interior 1998). Selenium concentrations in tissues of

Dunlin and other sandpipers consistently approach and
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Fig. 4 Cadmium concentrations (lg/g dry weight) in kidneys relative

to muscle tissue d13C isotope values of individual Dunlin (Calidris

alpina pacifica) collected during spring migration at Boundary Bay

and Vancouver International Airport (YVR) in the Fraser River Delta,

British Columbia
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exceed these thresholds (Table 6; White et al. 1980; Bra-

une and Noble 2009). Birds are most sensitive to selenium

toxicity during egg development and, hence, during the

breeding season (Spallholz and Hoffman 2002). Goede

et al. (1989) found that concentrations of selenium in

Dunlin (C. alpina) at a breeding site in northern Norway

were low relative to levels observed in Dunlin at non-

breeding sites in Western Europe. Selenium burdens in

sandpipers may be broadly reduced at breeding sites as a

result of widespread shifts from estuarine to terrestrial

diets; however, considering that selenium in sandpipers is

widely present at concentrations associated with reduced

egg hatchability and embryo deformities, the subject

warrants further investigation.

To determine the location(s) of exposure responsible for

element concentrations observed in Dunlin tissues, migra-

tory movements and element turnover rates in tissues were

taken into consideration. Trace elements diffuse into

feathers from the bloodstream during growth and can also

be externally deposited onto feathers (Burger and Gochfeld

1999; Bortolotti 2010). Element concentrations in blood,

and thus in feathers, are influenced by recent dietary

exposure as well as concentrations in other tissues during

the time of growth (Burger 1993). Feathers were collected

in April 2010 and 2011 during or shortly after the growth

of alternate-plumage, so external deposition of elements

was expected to be minimal. Mercury accumulates in birds

between moults and the majority of the body burden is

transferred to feathers as they grow (Lewis and Furness

1991). Accumulated lead can persist in internal tissues for

several months following acute exposure and longer when

elevated exposure is chronic (Franson and Pain 2011). The

previous, basic moult primarily occurs in Dunlin during

September and October. Thus, mercury and lead concen-

trations reflect exposure from April through as far back as

October. Copper, manganese, selenium, and zinc are con-

sistently utilized micronutrients with internal tissue half-

lives of less than 10 days (Table 4). Concentrations of

these elements in feathers therefore reflect dietary exposure

during feather growth and several days prior. Dunlin col-

lected in the FRD during migratory periods and prior to the

spring migration spent an unknown amount of time if the

FRD prior to sampling dates. Consequently, the proportion

of accumulated elements in kidneys and feathers of Dunlin

collected in the FRD reflect uncertain proportions of local

exposure. For Dunlin collected during the fall migration,

concentrations of elements may also represent exposure at

breeding sites, staging sites, and migratory stopover sites

north of the FRD. For Dunlin collected during the spring

migration, concentrations of elements may also reflect

exposure from other non-breeding sites south of the FRD.

Dunlin from Skagit Bay, WA were collected during the

winter when Pacific Dunlin are primarily site-faithful over

the course of a week (Shepherd 2001). Considering the

short half-lives of copper and zinc in kidneys (Table 4),

concentrations measured in individuals from Skagit Bay

should reflect exposure at that site.

The half-life of cadmium is longer than other elements

so the locations of exposure reflected in tissues can be more

difficult to determine. Uncertainties regarding the half-life

of cadmium in Dunlin can be reduced with an informed

estimate of the differences in intake rate between HY and

AHY individuals. Small intestines of SY and ASY Western

Sandpipers are 8.5–10.0 % smaller than HY individuals

until after the first fall migration (Stein and Williams

2006). Mass and length of small intestines are positively

related to food and trace element intake (McWilliams and

Karasov 2001). Food intake increases 1.4–2.0 fold relative

to increases in the gastro-intestinal tract volume of House

Wrens (Troglodytes aedon) (Dykstra and Karasov 1992).

Thus, assuming that Dunlin undergo similar reductions in

digestive tract mass and intake rate after their first fall

migration, intake rate should be reduced by 11–20 % in

AHY relative to HY individuals. Applying that range of

intake rate reduction to the zero-order reaction model

yields half-lives of 6.2–7.7 months (Table 3). Finally, all

half-life estimates were determined assuming negligible

cadmium excretion from HY Dunlin. Half-lives are there-

fore overestimated to an unknown degree corresponding to

the amount of cadmium excreted from Dunlin kidneys

before April collections. Regardless of the extent of over-

estimation, cadmium in Dunlin collected in April 2010

should primarily reflect exposure during the previous

7 months spent on wintering sites. Cadmium in HY Dunlin

collected during November 2009 should primarily reflect

exposure from breeding and staging areas.

(Blomqvist et al. 1987) estimated a 1–2.5 year half-life

for cadmium in Dunlin (C. alpina), but measured cadmium

concentrations in SY birds during autumn. Our results

indicate that Dunlin accumulate the majority of cadmium

several months earlier, by April of their second calendar-

year. Later sample acquisition of SY individuals likely led

(Blomqvist et al. 1987) to underestimate accumulation rate

and over-estimate half-life.

Conclusions

With the exception of selenium, trace element concentra-

tions measured in Dunlin were below established toxicity

thresholds. It is important to note that these thresholds are

largely based on impacts observable under laboratory

conditions. Avian species are likely to be more sensitive to

toxicants under stresses of life in the wild. A number of

endpoints could be investigated in relation to toxicant

concentrations to address this knowledge gap (e.g. failed or
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prolonged migration, flight speed and stamina, reproduc-

tive success, development). Risk assessments would yield

more conclusive results for all elements if impacts under

ecologically relevant stresses were better understood.
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