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Abstract 14 

Contamination of diverse environments and wild species by some contaminants is 15 

projected to continue and increase in coming decades. In the marine environment, large 16 

volumes of data to assess how concentrations have changed over time can be gathered 17 

from indicator species such as seabirds, including through sampling feathers from 18 

archival collections and museums. As apex predators, Flesh-footed Shearwaters (Ardenna 19 

carneipes) are subject to high concentrations of bioaccumulative and biomagnifying 20 

contaminants, and reflect the health of their local marine environment. We analysed 21 

Flesh-footed Shearwater feathers from Australia from museum specimens and live birds 22 

collected between 1900 and 2011 and assessed temporal trends in three trace elements of 23 

toxicological concern: cadmium, mercury, and lead. Concentrations of cadmium 24 

increased by 1.5% per year (95% CI: +0.6, +3.0), while mercury was unchanged through 25 

the time series (-0.3% per year; 05% CI: -2.1, +1.5), and lead decreased markedly (-2.1% 26 

per year, 95% CI: -3.2, -1.0). A reduction in birds’ trophic position through the 20th 27 

century, and decreased atmospheric emissions were the likely driving factors for mercury 28 

and lead, respectively. By combining archival material from museum specimens with 29 

contemporary samples, we have been able to further elucidate the potential threats posed 30 

to these apex predators by metal contamination. 31 
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Capsule: Cadmium in Flesh-footed Shearwater feathers increased between 1900 and 36 

2011, while mercury remained stable and lead decreased. 37 

38 
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Introduction 39 

Contaminants in marine and atmospheric environments are generally increasing 40 

over recent time, and are projected to increase in coming decades (AMAP, 2011; 41 

Hoffman et al., 2003; Lamborg et al., 2014; Pacyna and Pacyna, 2001; Streets et al., 42 

2009; UNEP, 2002). With an increase in toxicological studies of a variety of organisms, 43 

and generally poor knowledge of effect thresholds in many species, understanding how 44 

contaminant concentrations have changed over time is critical to an ecological 45 

interpretation and the subsequent management and conservation efforts. If a species has 46 

high concentrations of a contaminant contemporarily, is this because it has always 47 

experienced such concentrations and has adapted to accommodate them, or have 48 

concentrations in the environment increased, and been accumulated by biota? Reporting 49 

high concentrations of a given contaminant must therefore be accompanied by 50 

appropriate interpretation, including the historical context (Bond et al., 2015). 51 

As top predators in the marine environment, seabirds can be exposed to high 52 

levels of bioaccumulated and biomagnified pollutants from both natural, and 53 

anthropogenic sources (Burger and Gochfeld, 2002; Day et al., 2012). Seabirds can also 54 

act as indicators or sentinel species for examining the health of the marine environment, 55 

including chemical contamination (Burger and Gochfeld, 2004; Monteiro and Furness, 56 

1995), and contaminant concentrations are monitored using seabirds in a variety of 57 

oceanic domains (Barrett et al., 1996; Braune, 2007; Burgess et al., 2013; Carravieri et 58 

al., 2016; Day et al., 2006; Goodale et al., 2008).  59 
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 Feathers are used frequently to measure contaminants in seabirds (Burger, 1993). 60 

They can be sampled without sacrificing the individual, or from preserved museum skins, 61 

making studies of long time series possible. Feathers often contain the biologically active 62 

form of many metal contaminants (e.g., most mercury is in the form of methylmercury, 63 

Bond and Diamond, 2009b), and can be a significant metabolic pathway for contaminant 64 

elimination (Braune and Gaskin, 1987; Burger, 1993). Many elements in feathers, 65 

however, represent external contamination from the lithosphere, even after vigorous 66 

washing (Borghesi et al., 2016), but at present it cannot be partitioned from endogenous 67 

deposition. 68 

A variety of studies have investigated temporal trends in contaminants, primarily 69 

mercury, using seabird feathers (Appelquist et al., 1985; Bond et al., 2015; Monteiro and 70 

Furness, 1997; Thompson et al., 1993b; Thompson et al., 1992; Vo et al., 2011). With 71 

improvements in analytical methods, reliable metal and metalloid concentrations can be 72 

acquired with about 15-25 mg of tissue (Bond and Lavers, 2011; Friel et al., 1990; 73 

Haynes et al., 2006), making archival studies more attractive, and complementary to 74 

indirect time series of seabirds’ contamination through sediment cores (Sun and Xie, 75 

2001). Museum samples are also the only way to examine time series of contamination 76 

retrospectively, which can inform contemporary conservation and management (Bond et 77 

al., 2015). 78 

Flesh-footed Shearwaters (Ardenna carneipes) are trans-equatorial migrants that 79 

breed on islands in New Zealand, South and Western Australia, and on Île Saint-Paul in 80 

the Indian Ocean (Lavers, 2015; Roux, 1985; Waugh et al., 2013). Samples collected in 81 

the 2008-2009 austral summer indicated that some metal and metalloid concentrations in 82 
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feathers could be of toxicological concern (Bond and Lavers, 2011), likely because of 83 

their diet of predatory fish and squid (Gould et al., 1997). Flesh-footed Shearwaters also 84 

ingest large quantities of plastic marine debris, which adults offload to their nest-bound 85 

chicks during feeding (Hutton et al., 2008; Lavers and Bond, 2016b; Lavers et al., 2014), 86 

and these plastics could provide a route for hydrophobic contaminants, and compounds 87 

used in plastic production (Holmes et al., 2012; Lavers and Bond, 2016a; Lavers et al., 88 

2014; Tanaka et al., 2013), though the proportional contribution of many plastic-89 

transported contaminants is unknown (Bakir et al., 2016). The question remains, however 90 

– are contaminant concentrations in Flesh-footed Shearwater feathers increasing or 91 

decreasing, and are the high concentrations reported by Bond and Lavers (2011) typical 92 

of shearwaters’ contaminant burden? This is particularly germane given the significant 93 

trophic declines in shearwaters from Western Australia over the last century (Bond and 94 

Lavers, 2014), and the species’ range-wide population decline (Jamieson and Waugh, 95 

2015; Lavers, 2015; Reid et al., 2013). 96 

 Our goals were, therefore, to describe changes in trace elements in Flesh-footed 97 

Shearwater feathers over more than a century, to compare historic concentrations with 98 

those from contemporary samples, and to discuss these results in the context of 99 

contaminants in the marine environment. 100 

 101 

Materials and Methods 102 

Sample collection 103 
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 We sampled feathers from Flesh-footed Shearwater skins housed in museum 104 

collections in Australia, Canada, France, New Zealand, and the United States (see 105 

Acknowledgements for a list of institutions). Only specimens with precise years of 106 

collection were sampled. Breast feathers were selected because they are the best indicator 107 

of whole-body metal burdens (Furness et al., 1986), and allowed comparisons with 108 

contemporary samples (most museum collections only permit sampling breast feathers). 109 

Other tissues commonly sampled from museum specimens (mainly toe pads, but also 110 

nails) are used for other purposes (e.g., genomic or isotopic analyses) and are not 111 

collected from live birds so for examination of contaminant trends over centennial scales, 112 

breast feathers are the most available and appropriate tissue (Bond et al., 2015). In 113 

addition, Flesh-footed Shearwaters replace their breast feathers during the latter half of 114 

the breeding season (February-April), before wing feathers are moulted on the wintering 115 

grounds (Onley and Scofield, 2007); given the varying temporal lags of incorporation 116 

into feathers, we cannot link measured concentrations to local exposures as we do not 117 

know the age of individual feathers within the moult cycle, and assume that feather 118 

elemental concentrations are integrated across a similar time and space among 119 

individuals. Feathers were stored in sterile polyethylene bags or paper envelopes at -20°C 120 

prior to analysis. The elements considered here are bound to the keratin protein in 121 

feathers, and do not sublimate below 60 ºC, so the possibility that some would have been 122 

lost from historic specimens during storage is remote. 123 

As many of the museum skins were collected at sea away from breeding colonies 124 

as scientific specimens, or were taken as fisheries bycatch, their colony of origin was 125 

unknown. Using a combination of biogeochemical markers, Lavers et al. (2013) assigned 126 
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samples of unknown provenance to a breeding area of origin. We used contemporary 127 

samples and archival material assigned to locations in Western and South Australia (n = 128 

123), or known to originate there (n = 43). 129 

 130 

Analytical Methods 131 

Cadmium (Cd), mercury (Hg) and lead (Pb) concentrations were assessed using 132 

the same procedures as described in Bond and Lavers (2011). Feathers were washed in 133 

0.25M NaOH to remove external contamination (Bearhop et al., 2000; Bond and 134 

Diamond, 2009a), and two feathers per bird were pooled as individual feathers can be 135 

highly variable in metal concentrations (Bond and Diamond, 2008). Trace element 136 

concentrations were measured in a PerkinElmer ELAN DRCII ICP-MS and the protocol 137 

used was based on Friel et al. (1990). Procedural blanks and secondary reference 138 

materials were included for every 15-20 samples. The secondary materials used were 139 

certified human hair samples 6H-09 and 7H-09 from the Centre de Toxicologie du 140 

Québec, Institut National de Santé Publique du Québec (Table S1). Mercury was used in 141 

museum preservation, contaminating specimens collected < 1940 with inorganic Hg 142 

(Bond et al., 2015; Vo et al., 2011). We therefore assessed temporal trends of Cd and Pb 143 

from 1900-2011, and Hg from 1946-2011 only. Recovery of the secondary reference 144 

material ranged from 89-112% among these elements for all runs (Table S1). Values 145 

were corrected for background levels using procedural blanks, and for recovery using 146 

values from secondary reference materials within each run. 147 

 148 
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Statistical Methods 149 

We used two approaches to examine temporal changes in metal concentrations. 150 

First, we used the program PIA (version 05/11/13; Bignert, 2013) to analyse the time-151 

series of each element, which enabled us to make comparisons with similar studies of 152 

elemental concentrations over time, most of which are from the Arctic (Bignert et al., 153 

2004; Rigét et al., 2011). PIA uses a robust regression and log-linear regression 154 

techniques to detect linear and nonlinear trends using a running-mean smoother based on 155 

annual geometric means (Fryer and Nicholson, 1993). We performed separate analyses 156 

for each element, set the statistical power to detect a trend at 80%, and the minimum 157 

slope to detect at 10% over 10 years at p < 0.05 using a three year running-mean 158 

smoother.  159 

We also applied general additive models (GAMs; Wood, 2017) in the package 160 

mgcv (Wood, 2019) where contaminant concentration was a function of a cubic 161 

regression spline of collection year. The number of knots was determined by generalized 162 

cross-validation in the model fitting process, and resulted in k = 9 for all three trace 163 

elements.  164 

All concentrations are expressed as parts-per-million (ppm, μg/g) on a fresh 165 

weight basis. Though stable isotope data exist for this time series as well (Bond and 166 

Lavers, 2014), there is a temporal mismatch between the integration periods of δ13C and 167 

δ15N, and trace elements in feathers so they do not reflect the same periods (Bond, 2010), 168 

and do not change the trace element concentrations measured. 169 

 170 
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Results 171 

There was a significant linear, increase in Cd in shearwater feathers from 1900-172 

2011 of 1.5% per year (95% CI: +0.1, +3.0%, F1, 34 = 4.64, p = 0.037), and ranged from 173 

0.006-20.082 µg/g (geometric mean: 0.354 µg/g, SD: 2.924). Based on the variance 174 

among years, 29 years of data would be required to detect an annual change of 10% with 175 

80% power. Our time series had 99% power to detect a 10% change over the entire 176 

period, and the lowest detectable annual change was 7.1% (Table 1). The GAM fit the 177 

data well (r2 = 0.54), and the spline term was significant (effective df: 8.66, F = 22.65, p 178 

< 0.001), remaining relatively flat until the mid-1980s where it rose rapidly and then 179 

declined to the previous level (Figure S1).  180 

 We found no significant trend in feather Hg from 1946-2011 (β = -0.3, 95% CI: -181 

2.1, +1.5%, F1,22 = 0.12, p = 0.73), though we had very high power to detect a change 182 

(94% power to detect a 10% change over the time series, and a lowest detectable change 183 

of 8.3%); 21 years of data would be required to detect an annual change of 10% with 184 

80% power (Table 1). Feather Hg concentrations ranged from 1.290-113.499 µg/g 185 

(geometric mean: 8.241 µg/g, SD: 18.807). The GAM fit was lower than for Cd (r2 = 186 

0.12), and the cubic regression spline shoed a dip in the 1990s before rising rapidly in the 187 

early 2000s and returning to pre-1990s levels (Figure S2). 188 

Pb in shearwater feathers decreased significantly from 1900-2011 by 2.1% per 189 

year (95% CI: -3.2, -1.0, F1,24 = 27.85, p < 0.001), and this time series had 100% power to 190 

detect a 10% change. An annual change of 10% could be detected with 26 years of data, 191 

and the lowest detectable change of the time series was 76% (Table 1). Overall feather Pb 192 
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concentrations ranged from 0.009-1125.733 µg/g (geometric mean: 1.656 µg/g, SD: 193 

82.411), though the upper extreme is likely influenced by external contamination. 194 

Removing this individual, concentrations ranged from 0.009-255.432 µg/g (geometric 195 

mean: 1.592, SD: 21.373). Like Hg, the GAM for Pb with only a cubic regression spline 196 

for year did not fit the data well (r2 = 0.07). The spline featured a peak in the late 1940s 197 

followed by a gradual decline and stabilization after 1985 (Figure S3). 198 

 199 

Discussion 200 

 It is important to note that the age of the individuals from museum collections 201 

were unknown. Flesh-footed Shearwaters, like many in the family Procellariidae, cannot 202 

be aged based on plumage (Onley and Scofield, 2007), so our sample may include a 203 

combination of birds > 1 year old, which have undergone a complete moult, and those < 1 204 

year old, which would still retain feathers grown at the breeding site before fledging, and 205 

therefore differ in exposure to contaminants (Braune and Gaskin, 1987; Monteiro and 206 

Furness, 2001a; b). This difference in the pool of trace elements that could be deposited 207 

into feathers (and feather age ranging from perhaps a few weeks to several months) 208 

would result in increased variance, but unfortunately cannot be controlled (Burger, 1995; 209 

Malinga et al., 2010; Stewart et al., 1999). 210 

Flesh-footed Shearwaters in Western Australia migrate to the northern Indian 211 

Ocean (Lavers et al., 2019; Powell, 2009; Shuntov, 1968), an area with potentially 212 

concerning concentrations of toxic elements in the water column (Danielsson, 1980; Kar 213 

et al., 2008). Understanding where exposure occurs, seabirds’ roles in nutrient and 214 
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contaminant transport (Blais et al., 2005; Doughty et al., 2016), and the potential carry-215 

over effects of contaminant exposure on the non-breeding grounds (Fort et al., 2014) can 216 

inform conservation actions, and inform interpretations of population trends. 217 

 218 

Cadmium 219 

Little of birds’ Cd burden is sequestered into feathers (Burger, 1993; Honda et al., 220 

1985), and museum specimens can be a mechanism for monitoring the fraction depurated 221 

in feathers (Borghesi et al., 2016; Pilastro et al., 1993) so while feathers are not suitable 222 

for assessing total Cd burden, they are appropriate for examining temporal changes. A 223 

large portion of Cd in the environment comes from anthropogenic sources, including steel 224 

production and waste incineration (Hutton, 1983), and exposure is highly influenced by 225 

ocean cycling (Macdonald et al., 2005). Squid, a common prey of Flesh-footed 226 

Shearwaters, often have high concentrations of Cd (Gerpe et al., 2000; Gould et al., 227 

1997). The most commonly identified squid in Flesh-footed Shearwaters’ diet, 228 

Ommastrephes bartramii, had liver Cd concentrations of 287 ± 202 µg/g in the 1970s, 229 

which was higher than sympatric Loligo opalescens, but lower than Symplectoteuthis 230 

oualaniensis (Martin and Flegal, 1975), though Western Australia shearwaters’ diets can 231 

also be dominated by pilchards (Sardinops sagax; JLL unpublished data). Cd in pilchards 232 

has not been assessed in Australia (Padula et al., 2016), but concentrations of 0.5 µg/g 233 

dry weight in muscle have been reported elsewhere (Tawfik, 2013). 234 

Seabirds may also be able to tolerate higher concentrations of Cd (Scheuhammer, 235 

1987). The toxicological effects of Cd on birds include kidney lesions, altered behavior, 236 
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eggshell thinning, and more (Furness, 1996). These are, however, effects measured on 237 

internal organs, and so concentrations at which effects manifest range from 0.1-2.0 µg/g 238 

fresh weight (fw) in feathers (Burger, 1993; Burger and Gochfeld, 2000b). Of the 166 239 

birds sampled here, 119 (72%) had feather Cd concentrations >0.1 µg/g, and 29 (17%) 240 

had concentrations >2.0 µg/g (Figure 1), with four individuals exceeding 10 µg/g Cd in 241 

feathers, which is among the highest recorded in wild birds (Anderson et al., 2010; 242 

Burger and Gochfeld, 2000c; Hindell et al., 1999). The peak identified in the GAM in the 243 

1990s is interesting given that world cadmium production has remained relatively stable 244 

from 1990-2012, around 20,000 metric tons (U.S. Geological Survey, 2015).  245 

This is the first study to examine changes in Cd in birds over time, and given the 246 

significant increase in feather Cd, and high concentrations in some recent individuals, 247 

further study on the potential sources, effects, and causes of these concentrations is 248 

warranted. The application of stable isotopes of Cd (and Hg) as tracers could be 249 

particularly beneficial in answering these questions (Conway and John, 2015; Day et al., 250 

2012). 251 

 252 

Mercury 253 

Most Hg in the environment is from anthropogenic sources that are transformed 254 

into the biologically active methyl Hg, and subsequently bioaccumulated and 255 

biomagnified in food webs (Krabbenhoft and Sunderland, 2013; Lindberg et al., 2007; 256 

Weiner et al., 2003). Hg is acquired through birds’ diet, and mostly eliminated in 257 

proteinaceous tissues, such as egg components or feathers, where it binds to disulfide 258 
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bonds between cysteine molecules (Bond and Diamond, 2009b; Crewther et al., 1965; 259 

Monteiro and Furness, 2001a; Thompson, 1996). While contamination near point sources 260 

can be a concern for seabirds (Finger et al., 2015), global atmospheric transport and 261 

mobile predators and prey mean that Hg affects upper trophic predators, like Flesh-footed 262 

Shearwaters, regardless of location. Concentrations of Hg in feathers > 20 µg/g are 263 

thought to be of concern to piscivores (Burger and Gochfeld, 1997; Cristol et al., 2012; 264 

Evers et al., 2014), though it seems some species, notably albatrosses, are able to tolerate 265 

much higher concentrations without observed adverse effects (Bustamante et al., 2016; 266 

Hindell et al., 1999). We found 23/137 Flesh-footed Shearwaters (17%) exceeded 20 267 

µg/g, and ranged as high as 113 µg/g in one individual sampled in 2006. Temporally, 268 

though the GAM identified a drop in the late 1990s followed by a rapid increase and 269 

levelling off of Hg concentrations in shearwater feathers, the variance explained by this 270 

regression spline was relatively small, and the global anthropogenic Hg supply has 271 

remained constant since the mid-1990s at around 3500 tonnes annually (UNEP, 2013). 272 

Life-history strategy may influence exposure to Hg, with female seabirds that 273 

breed bi-annually being less able to excrete metals during egg laying (Ackerman et al., 274 

2016; Hindell et al., 1999; Monteiro and Furness, 2001a). Flesh-footed Shearwaters 275 

breeding in Western Australia and New Zealand may not breed annually (Lavers et al., 276 

2019; Waugh et al., 2014), and therefore may not have the same opportunities to depurate 277 

Hg into eggs. Mercury concentrations did not change over time, which may be surprising 278 

given the increases observed in other studies (Bond et al., 2015; Evers et al., 2014; 279 

Thompson et al., 1993a; Thompson et al., 1992; Vo et al., 2011) which may be a function 280 

of the low number of samples early in the time series. Flesh-footed Shearwaters have 281 
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experienced considerable trophic shifts since the mid-19th century, including a decrease 282 

of one trophic level, and trend towards increased dietary breadth in Western Australia 283 

(Bond and Lavers, 2014), and had the lowest contemporary concentrations of Hg (Bond 284 

and Lavers, 2011). However, feather Hg concentrations during 1946-2011 (8.241 ± 0.944 285 

µg/g; Figure 1) are comparable to adult Flesh-footed Shearwaters sampled in Western 286 

Australia in 2008 (6.038 ± 3.998 µg/g) (Bond and Lavers, 2011). Flesh-footed 287 

Shearwaters’ reduction in trophic position may have been a contributory factor in their 288 

unchanged feather Hg concentrations (Bond and Lavers, 2014). Given that the ultimate 289 

source of Hg is dietary, a detailed examination of Flesh-footed Shearwater diet and prey 290 

Hg across its breeding range would help elucidate the reasons for this pattern. 291 

 292 

Lead 293 

Pb was added to gasoline as an anti-knocking agent in the early 20th century, before being 294 

phased out in many countries less than 100 years later because of the negative 295 

environmental effects of Pb in automotive emissions (Seyferth, 2003; Wilson and 296 

Horrocks, 2008). Like Hg, Pb is also largely acquired through birds’ diet, and binds to 297 

keratin and other proteins rich in sulfhydryl groups (Burger and Gochfeld, 2000a; Goede 298 

and de Bruin, 1984). In birds, high concentrations of Pb are associated with neurological 299 

and developmental impairment (Burger and Gochfeld, 2000a), particularly when feather 300 

concentrations exceed 4 µg/g (Burger, 1993; Burger and Gochfeld, 2000a), and local 301 

sources can dramatically affect Pb concentrations (Scheifler et al., 2006). More than a 302 

third (65/165; 37%) of shearwaters sampled had feather Pb concentrations above this 303 
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level (Figure 1). The peak identified in the late 1940s and early 1950s does correspond 304 

with the rapid increase in leaded gasoline consumption (Nriagu, 1990; Seyferth, 2003), 305 

though as with Hg the r2 of the regression spline was not high. 306 

While Pb contamination has the potential to negatively affect the health and 307 

reproductive fitness of individual shearwaters, concentrations are decreasing over time 308 

(Table 1). The decrease we observed in shearwater feather Pb mirrors the declines in 309 

atmospheric Pb following the reduction in Pb as an additive in gasoline. Concentrations 310 

in Sardinops sagax muscle from the Arabian Sea, adjacent to shearwaters’ over-wintering 311 

grounds (Lavers et al., 2019) were also relatively low (0.005 µg/g; Tawfik, 2013). 312 

On offshore islands and in remote areas, even small populations of migratory 313 

species (e.g., salmon, seabirds) can transport significant quantities of hazardous 314 

contaminants via their guano (Evenset et al., 2007; Sun and Xie, 2001). As anthropogenic 315 

contamination of the marine environment increases, so, too, do inputs from the ocean to 316 

the land. Cd concentrations in Flesh-footed Shearwaters increased 1.5% per year during 317 

1900-2011 (Table 1), suggesting guano deposition on breeding islands in Western 318 

Australia may be a previously undocumented source of chemical pollution. 319 

 Archival samples allowed us to frame contemporary ecotoxicological results in an 320 

historical context, which provided insight into changes in the pressures faced by Flesh-321 

footed Shearwaters over the last century. Observing changes in ecosystems over such 322 

periods is challenging, as perceived baselines shift over time (Blight et al., 2015; 323 

Papworth et al., 2009). By using dated museum specimens, researchers can begin to 324 
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examine historical changes in ecosystems using archived material and inform modern 325 

conservation priorities and actions.  326 

While this study has identified temporal trends in metal concentrations, it has also 327 

highlighted a lack of information on the diet and foraging behaviour of Flesh-footed 328 

Shearwaters and population level effects from metals exposure. Between 17-72% of the 329 

shearwaters sampled for this study exceeded thresholds for Cd, Hg, or Pb. Chemical 330 

pollutant levels may be an additional stressor on the Western Australian Flesh-footed 331 

Shearwater population, which has a low annual adult survival rate (0.634-0.835; Lavers et 332 

al., 2019) or on other populations which are declining across the species range (Jamieson 333 

and Waugh, 2015; Lavers, 2015; Reid et al., 2013). 334 

 335 

Conclusions  336 

Flesh-footed Shearwaters have shown contrasting trends in Cd, Hg, and Pb over the 20th 337 

and early 21st centuries, driven by several factors. Concentrations of some trace elements, 338 

namely lead, may be sufficiently high to cause adverse effects, and future work should 339 

investigate this further. Our understanding of the context of contemporary contamination 340 

has been improved through examining samples from museums and biological archives. 341 

 342 
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 345 

https://doi.org/10.6084/m9.figshare.12076704


 

 18 

Acknowledgements  346 

The Commonwealth Environment Research Facilities Programme, CSIRO Marine 347 

Biodiversity and Conservation Management Research Grant, Gould League NSW Cayley 348 

Memorial Scholarship for Avian Science (grant 00002667), Government of Australia 349 

Endeavour Research Fellowship, Royal Navy Bird Watching Society Captain Simpson 350 

Scholarship, W.V. Scott Charitable Trust (grant L0018313), American Museum of 351 

Natural History Chapman Study Grant, and Detached Foundation provided funding and 352 

support for our research. For assistance obtaining samples we thank staff at the American 353 

Museum of Natural History, Burke Museum, Beaty Biodiversity Museum, Western 354 

Australia Museum, New Zealand National Institute of Water and Atmospheric Research, 355 

Muséum national d'Histoire naturelle-Paris, South Australia Museum, Tasmanian 356 

Museum and Art Gallery, Te Papa Museum, and the Victoria Museum. Samples were 357 

collected with the permission of the Western Australia Department of Environment and 358 

Conservation under the approval of the University of Tasmania and South Australian 359 

Animal Ethics Committees (A0010874 and M25957-1). Special thanks go to B. Baker, A. 360 

Booth, P. Collins, I. Hutton, R. Johnstone, C. Powell, J. Pridham, S. Seneviratne, C. 361 

Stone (Ngatiwai Trust), G. Taylor, T. Reid, and D. Thompson. W. Diegor and L. Hewa 362 

provided analytical support. This project benefited from discussions with A.M.V. 363 

Fournier, and anonymous reviewers improved previous drafts. 364 

 365 

Literature Cited 366 



 

 19 

Ackerman, J.T., Eagles-Smith, C.A., Herzog, M.P., Hartman, C.A., 2016. Maternal 367 

transfer of contaminants in birds: Mercury and selenium concentrations in parents 368 

and their eggs. Environmental Pollution 210, 145-154. 369 

AMAP, 2011. AMAP Assessment 2011: Mercury in the Arctic. Arctic Monitoring and 370 

Assessment Programme, Oslo. 371 

Anderson, O.R.J., Phillips, R.A., Shore, R.F., McGill, R.A.R., McDonald, R.A., Bearhop, 372 

S., 2010. Element patterns in albatrosses and petrels: influence of trophic position, 373 

foraging range, and prey type. Environmental Pollution 158, 98-107. 374 

Appelquist, H., Drabæk, I., Asbirk, S., 1985. Variation in mercury content of guillemot 375 

feathers over 150 years. Marine Pollution Bulletin 16, 244-248. 376 

Bakir, A., O'Connor, I.A., Rowland, S.J., Hendriks, A.J., Thompson, R.C., 2016. Relative 377 

importance of microplastics as a pathway for the transfer of hydrophobic organic 378 

chemicals to marine life. Environmental Pollution 219, 56-65. 379 

Barrett, R.T., Skaare, J.U., Gabrielsen, G.W., 1996. Recent changes in levels of persistent 380 

organochlorines and mercury in the eggs of seabirds from the Barents Sea. 381 

Environmental Pollution 92, 13-18. 382 

Bearhop, S., Waldron, S., Thompson, D.R., Furness, R.W., 2000. Bioamplification of 383 

mercury in Great Skua Catharacta skua chicks: the influence of trophic status as 384 

determined by stable isotope signatures of blood and feathers. Marine Pollution 385 

Bulletin 40, 181-185. 386 

Bignert, A., 2013. PIA statistical application developed for use by the Arctic Monitoring 387 

and Assessment Programme, version 2013.07.07 (available from www.amap.no). 388 

Arctic Monitoring and Assessment Programme, Oslo. 389 

Bignert, A., Rigét, F., Braune, B.M., Outridge, P.M., Wilson, S., 2004. Recent temporal 390 

trend monitoring of mercury in Arctic biota - how powerful are the existing data 391 

sets? Journal of Environmental Monitoring 6, 351-355. 392 

Blais, J.M., Kimpe, L.E., McMahon, D., Keatley, B.E., Mallory, M.L., Douglas, M.S.V., 393 

Smol, J.P., 2005. Arctic seabirds transport marine-derived contaminants. Science 394 

309, 445. 395 

Blight, L.K., Hobson, K.A., Kyser, T.K., Arcese, P., 2015. Changing gull diet in a 396 

changing world: A 150-year stable isotope (δ13C, δ15N) record from feathers 397 

collected in the Pacific Northwest of North America. Global Change Biology 21, 398 

1497-1507. 399 

Bond, A.L., 2010. Relationships between stable isotopes and metal contaminants in 400 

feathers are spurious and biologically uninformative. Environmental Pollution 401 

158, 1182-1184. 402 

http://www.amap.no)/


 

 20 

Bond, A.L., Diamond, A.W., 2008. High within-individual variation in total mercury 403 

concentration in seabird feathers. Environmental Toxicology and Chemistry 27, 404 

2375-2377. 405 

Bond, A.L., Diamond, A.W., 2009a. Mercury concentrations in seabird tissues from 406 

Machias Seal Island, New Brunswick, Canada. Science of the Total Environment 407 

407, 4340-4347. 408 

Bond, A.L., Diamond, A.W., 2009b. Total and methyl mercury concentrations in seabird 409 

feathers and eggs. Archives of Environmental Contamination and Toxicology 56, 410 

286-291. 411 

Bond, A.L., Hobson, K.A., Branfireun, B.A., 2015. Rapidly increasing methyl mercury in 412 

endangered Ivory Gull (Pagophila eburnea) feathers over a 130-year record. 413 

Proceedings of the Royal Society of London B Biological Sciences 282, 414 

20150032. 415 

Bond, A.L., Lavers, J.L., 2011. Trace element concentrations in feathers of Flesh-footed 416 

Shearwaters (Puffinus carneipes) from across their breeding range. Archives of 417 

Environmental Contamination and Toxicology 61, 318-326. 418 

Bond, A.L., Lavers, J.L., 2014. Climate change alters the trophic niche of a declining 419 

apex marine predator. Global Change Biology 20, 2100-2107. 420 

Borghesi, F., Migani, F., Andreotti, A., Baccetti, N., Bianchi, N., Birke, M., Dinelli, E., 421 

2016. Metals and trace elements in feathers: A geochemical approach to avoid 422 

misinterpretation of analytical responses. Science of the Total Environment 544, 423 

476-494. 424 

Braune, B.M., 2007. Temporal trends of organochlorines and mercury in seabird eggs 425 

from the Canadian Arctic, 1975-2003. Environmental Pollution 148, 599-613. 426 

Braune, B.M., Gaskin, D.E., 1987. A mercury budget for the Bonaparte's Gull during 427 

autumn moult. Ornis Scandinavica 18, 244-250. 428 

Burger, J., 1993. Metals in avian feathers: bioindicators of environmental pollution. 429 

Reviews in Environmental Toxicology 5, 203-311. 430 

Burger, J., 1995. Heavy metal and selenium levels in feathers of Herring Gulls (Larus 431 

argentatus): differences due to year, gender, and age at Captree, Long Island. 432 

Environmental Monitoring and Assessment 38, 37-50. 433 

Burger, J., Gochfeld, M., 1997. Risk, mercury levels, and birds: relating adverse 434 

laboratory effects to field biomonitoring. Environmental Research 75, 160-172. 435 

Burger, J., Gochfeld, M., 2000a. Effects of lead on birds (Laridae): a review of laboratory 436 

and field studies. Journal of Toxicology and Environmental Health Part B Critical 437 

Reviews 3, 59-78. 438 



 

 21 

Burger, J., Gochfeld, M., 2000b. Metal levels in feathers of 12 species of seabirds from 439 

Midway Atoll in the northern Pacific Ocean. Science of the Total Environment 440 

257, 37-52. 441 

Burger, J., Gochfeld, M., 2000c. Metals in albatross feathers from Midway Atoll: 442 

Influence of species, age, and nest location. Environmental Research A82, 207-443 

221. 444 

Burger, J., Gochfeld, M., 2002. Effects of chemicals and pollution on seabirds, in: 445 

Schreiber, E.A., Burger, J. (Eds.), Biology of Marine Birds. CRC Press, New 446 

York, pp. 485-525. 447 

Burger, J., Gochfeld, M., 2004. Marine birds as sentinels of environmental pollution. 448 

EcoHealth 1, 263-274. 449 

Burgess, N.M., Bond, A.L., Hebert, C.E., Neugebauer, E., Champoux, L., 2013. Mercury 450 

in herring gull (Larus argentatus) eggs from eastern Canada, 1972-2008: temporal 451 

change, or dietary shift? Environmental Pollution 172, 216-222. 452 

Bustamante, P., Carravieri, A., Goutte, A., Barbraud, C., Delord, K., Chastel, O., 453 

Weimerskirch, H., Cherel, Y., 2016. High feather mercury concentrations in the 454 

Wandering Albatross are related to sex, breeding status and trophic ecology with 455 

no demographic consequences. Environmental Research 144A, 1-10. 456 

Carravieri, A., Cherel, Y., Jaeger, A., Churlaud, C., Bustamante, P., 2016. Penguins as 457 

bioindicators of mercury contamination in the southern Indian Ocean: 458 

geographical and temporal trends. Environmental Pollution 213, 195-205. 459 

Conway, T.M., John, S.G., 2015. Biogeochemical cycling of cadmium isotopes along a 460 

high-resolution section through the North Atlantic Ocean. Geochimica et 461 

Cosmochimica Acta 148, 269-283. 462 

Crewther, W.G., Fraser, R.D.B., Lennox, F.G., Lindley, H., 1965. The chemistry of 463 

keratins. Advances in Protein Chemistry 20, 191-303. 464 

Cristol, D.A., Mojica, E.K., Varian-Ramos, C.W., Watts, B.D., 2012. Molted feathers 465 

indicate low mercury in bald eagles of the Chesapeake Bay, USA. Ecological 466 

Indicators 18, 20-24. 467 

Danielsson, L.-G., 1980. Cadmium, cobalt, copper, iron, lead, nickel and zinc in Indian 468 

Ocean water. Marine Chemistry 8, 199-215. 469 

Day, R.D., Roseneau, D.G., Berail, S., Hobson, K.A., Donard, O.F.X., Vander Pol, S.S., 470 

Pugh, R.S., Moors, A.J., Long, S.E., Becker, P.R., 2012. Mercury stable isotopes 471 

in seabird eggs reflect a gradient from terrestrial geogenic to oceanic mercury 472 

reservoirs. Environmental Science & Technology 46, 5327-5335. 473 

Day, R.D., Vander Pol, S.S., Christopher, S.J., Davis, W.C., Pugh, R.S., Simac, K.S., 474 

Roseneau, D.G., Becker, P.R., 2006. Murre eggs (Uria aalge and Uria lomvia) as 475 



 

 22 

indicators of mercury contamination in the Alaskan marine environment. 476 

Environmental Science & Technology 40, 659-665. 477 

Doughty, C.E., Roman, J., Faurby, S., Wolf, A., Haque, A., Bakker, E.S., Malhi, Y., 478 

Dunning Jr., J.B., Svenning, J.-C., 2016. Global nutrient transport in a world of 479 

giants. Proceedings of the National Academy of Sciences of the United States of 480 

America 113, 868-873. 481 

Evenset, A., Carroll, J., Christensen, G.N., Kallenborn, R., Gregor, D., Gabrielsen, G.W., 482 

2007. Seabird guano is an efficient conveyer of persistent organic pollutants 483 

(POPs) to arctic lake ecosystems. Environmental Science & Technology 41, 484 

1173-1179. 485 

Evers, D.C., Schmutz, J.A., Basu, N., DeSorbo, C.R., Fair, J., Gray, C.E., Paruk, J.D., 486 

Perkins, M., Regan, K., Uher-Koch, B.D., Wright, K.G., 2014. Historic and 487 

contemporary mercury exposure and potential risk to Yellow-billed Loons (Gavia 488 

adamsii ) breeding in Alaska and Canada. Waterbirds 37, 147-159. 489 

Finger, A., Lavers, J.L., Dann, P., Nugegoda, D., Orbell, J.D., Robertson, B., Scarpaci, 490 

C., 2015. The Little Penguin (Eudyptula minor) as an indicator of coastal trace 491 

metal pollution. Environmental Pollution 205, 365-377. 492 

Fort, J., Robertson, G.J., Grémillet, D., Traisnel, G., Bustamante, P., 2014. Spatial 493 

ecotoxicology: migratory Arctic seabirds are exposed to mercury contamination 494 

while overwintering in the northwest Atlantic. Environmental Science & 495 

Technology 48, 11560-11567. 496 

Friel, J.K., Skinner, C.S., Jackson, S.E., Longerich, H.P., 1990. Analysis of biological 497 

reference materials, prepared by microwave dissolution, using inductively 498 

coupled plasma mass spectrometry. Analyst 115, 269-273. 499 

Fryer, R.J., Nicholson, M.D., 1993. The power of a contaminant monitoring programme 500 

to detect linear trends and incidents. ICES Journal of Marine Science 50, 161-168. 501 

Furness, R.W., 1996. Cadmium in birds, in: Meador, J.P. (Ed.), Environmental 502 

contaminants in wildlife: Interpreting tissue concentrations. CRC Press, Boca 503 

Raton, pp. 389-404. 504 

Furness, R.W., Muirhead, S.J., Woodburn, M., 1986. Using bird feathers to measure 505 

mercury in the environment: relationships between mercury content and moult. 506 

Marine Pollution Bulletin 17, 27-30. 507 

Gerpe, M.S., de Moreno, J.E.A., Moreno, V.J., Patat, M.L., 2000. Cadmiun, zinc and 508 

copper accumulation in the squid Ilex argentinus from the southwest Atlantic 509 

Ocean. Marine Biology 136, 1039-1044. 510 

Goede, A.A., de Bruin, M., 1984. The use of bird feather parts as a monitor for metal 511 

pollution. Environmental Pollution (Series B) - Chemical and Physical 8, 281-512 

298. 513 



 

 23 

Goodale, M.W., Evers, D.C., Meirzykowski, S.E., Bond, A.L., Burgess, N.M., 514 

Otorowski, C.I., Welch, L.J., Hall, C.S., Ellis, J.C., Allen, R.B., Diamond, A.W., 515 

Kress, S.W., Taylor, R.J., 2008. Marine foraging birds as bioindicators of mercury 516 

in the Gulf of Maine. EcoHealth 5, 409-425. 517 

Gould, P., Ostrom, P., Walker, W., 1997. Food of Flesh-footed Shearwaters Puffinus 518 

carneipes associated with high-seas driftnets in the central  North Pacific Ocean. 519 

Emu 97, 168-173. 520 

Haynes, S., Gragg, R., Johnson, E., Robinson, L., Orazio, C., 2006. An evaluation of a 521 

reagentless method for the determination of total mercury in aquatic life. Water, 522 

Air, & Soil Pollution 172, 359-374. 523 

Hindell, M.A., Brothers, N., Gales, R., 1999. Mercury and cadmium concentrations in the 524 

tissues of three species of southern albatrosses. Polar Biology 22, 102-108. 525 

Hoffman, D.J., Rattner, B.A., Burton, G.A., Jr., Cairns, J., Jr., 2003. Handbook of 526 

Ecotoxicology, 2nd Edition, 2nd ed. CRC Press, New York. 527 

Holmes, L.A., Turner, A., Thompson, R.C., 2012. Adsorption of trace metals to plastic 528 

resin pellets in the marine environment. Environmental Pollution 160, 42-48. 529 

Honda, K., Min, B.Y., Tatsukawa, R., 1985. Heavy metal distribution in organs and 530 

tissues of the eastern Great White Egret Egretta alba modesta. Bulletin of 531 

Environmental Contamination and Toxicology 35, 781-789. 532 

Hutton, I., Carlile, N., Priddel, D., 2008. Plastic ingestion by Flesh-footed Shearwaters, 533 

Puffinus carneipes, and Wedge-tailed Shearwaters, Puffinus pacificus. Papers and 534 

Proceedings of the Royal Society of Tasmania 142, 67-72. 535 

Hutton, M., 1983. Sources of cadmium in the environment. Ecotoxicology and 536 

Environmental Safety 7, 9-24. 537 

Jamieson, S.E., Waugh, S.M., 2015. An assessment of recent population trends of flesh-538 

footed shearwaters (Puffinus carneipes) breeding in New Zealand. Notornis 62, 8-539 

13. 540 

Kar, D., Sur, P., Mandai, S.K., Saha, T., Kole, R.K., 2008. Assessment of heavy metal 541 

pollution in surface water. International Journal of Environmental Science & 542 

Technology 5, 119-124. 543 

Krabbenhoft, D.P., Sunderland, E.M., 2013. Global change and mercury. Science 341, 544 

1457-1458. 545 

Lamborg, C.H., Hammerschmidt, C.R., Bowman, K.L., Swarr, G.J., Munson, K.M., 546 

Ohnemus, D.C., Lam, P.J., Heimbürger, L.-E., Rijkenberg, M.J.A., Saito, M.A., 547 

2014. A global ocean inventory of anthropogenic mercury based on water column 548 

measurements. Nature 512, 65-69. 549 



 

 24 

Lavers, J.L., 2015. Population status and threats to Flesh-footed Shearwaters (Puffinus 550 

carneipes) in South and Western Australia. ICES Journal of Marine Science 72, 551 

316-327. 552 

Lavers, J.L., Bond, A.L., 2016a. Ingested plastic as a route for trace metals in Laysan 553 

Albatross (Phoebastria immutabilis) and Bonin Petrel (Pterodroma hypoleuca) 554 

from Midway Atoll. Marine Pollution Bulletin 110, 493-500. 555 

Lavers, J.L., Bond, A.L., 2016b. Selectivity of flesh-footed shearwaters for plastic colour: 556 

Evidence for differential provisioning in adults and fledglings. Marine 557 

Environmental Research 113, 1-6. 558 

Lavers, J.L., Bond, A.L., Hutton, I., 2014. Plastic ingestion by Flesh-footed Shearwaters 559 

(Puffinus carneipes): implications for fledgling body condition and the 560 

accumulation of plastic-derived chemicals. Environmental Pollution 187, 124-561 

129. 562 

Lavers, J.L., Bond, A.L., Van Wilgenburg, S.L., Hobson, K.A., 2013. Linking at-sea 563 

mortality of a pelagic shearwater to breeding colonies of origin using 564 

biogeochemical markers. Marine Ecology Progress Series 491, 265-275. 565 

Lavers, J.L., Lisovski, S., Bond, A.L., 2019. Preliminary survival and movement data for 566 

a declining population of Flesh-footed Shearwater (Ardenna carneipes) in 567 

Western Australia provides insights into marine threats. Bird Conservation 568 

International 29, 327-337. 569 

Lindberg, S., Bullock, R., Ebinghaus, R., Engstrom, D., Feng, X., Fitzgerald, W., Pirrone, 570 

N., Prestbo, E., Seigneur, C., 2007. A synthesis of progress and uncertainties in 571 

attributing the sources of mercury in deposition. Ambio 36, 19-32. 572 

Macdonald, R.W., Harner, T., Fyfe, J., 2005. Recent climate change in the Arctic and its 573 

impact on contaminant pathways and interpretation of temporal trend data. 574 

Science of the Total Environment 342, 5-86. 575 

Malinga, M., Szefer, P., Gabrielsen, G.W., 2010. Age, sex and spatial dependent 576 

variations in heavy metals levels in the Glaucous Gulls (Larus hyperboreus) from 577 

the Bjørnøya and Jan Mayen, Arctic. Environmental Monitoring and Assessment 578 

169, 407-416. 579 

Martin, J.H., Flegal, A.R., 1975. High copper concentrations in squid livers in association 580 

with elevated levels of silver, cadmium, and zinc. Marine Biology 30, 51-55. 581 

Monteiro, L.R., Furness, R.W., 1995. Seabirds as monitors of mercury in the marine 582 

environment. Water, Air, & Soil Pollution 80, 851-870. 583 

Monteiro, L.R., Furness, R.W., 1997. Accelerated increase in mercury contamination in 584 

north Atlantic mesopelagic food chains as indicated by time series of seabird 585 

feathers. Environmental Toxicology and Chemistry 16, 2489-2493. 586 



 

 25 

Monteiro, L.R., Furness, R.W., 2001a. Kinetics, dose-response, and excretion of 587 

methylmercury in free-living adult Cory's Shearwaters. Environmental Science & 588 

Technology 35, 739-746. 589 

Monteiro, L.R., Furness, R.W., 2001b. Kinetics, dose-response, excretion, and toxicity of 590 

methylmercury in free-living Cory's Shearwater chicks. Environmental 591 

Toxicology and Chemistry 20, 1816-1823. 592 

Nriagu, J.O., 1990. The rise and fall of leaded gasoline. Science of the Total Environment 593 

92, 13-28. 594 

Onley, D., Scofield, P., 2007. Albatrosses, petrels, and shearwaters of the world. 595 

Princeton University Press, Princeton, USA. 596 

Pacyna, J.M., Pacyna, E.G., 2001. An assessment of global and regional emissions of 597 

trace metals to the atmosphere from anthropogenic sources worldwide. 598 

Environmental Reviews 9, 269-198. 599 

Padula, D., Greenfield, H., Cunningham, J., Kiermeier, A., McLeod, C., 2016. Australian 600 

seafood compositional profiles: A pilot study. Vitamin D and mercury content. 601 

Food Chemistry 193, 106-111. 602 

Papworth, S.K., Rist, J., Coad, L., Milner-Gulland, E.J., 2009. Evidence for shifting 603 

baseline syndrome in conservation. Conservation Letters 2, 93-100. 604 

Pilastro, A., Congiu, L., Talladini, L., Turchetto, M., 1993. The use of bird feathers for 605 

the monitoring of cadmium pollution. Archives of Environmental Contamination 606 

and Toxicology 24, 355-358. 607 

Powell, C.D.L., 2009. Foraging movements and the migration trajectory of Flesh-footed 608 

Shearwaters Puffinus carneipes from the south coast of Western Australia. Marine 609 

Ornithology 37, 115-120. 610 

Reid, T., Hindell, M.A., Lavers, J.L., Wilcox, C., 2013. Re-examining mortality sources 611 

and population trends in a declining seabird: using Bayesian methods to 612 

incorporate existing information and new data. PLoS ONE 8, e58230. 613 

Rigét, F., Braune, B.M., Bignert, A., Wilson, S., Aars, J., Born, E., Dam, M., Dietz, R., 614 

Evans, M., Evans, T., Gamberg, M., Gantner, N., Green, N., Gunnlaugsdóttir, H., 615 

Kannan, K., Letcher, R., Muir, D.C.G., Roach, P., Sonne, C., Stern, G., Wiig, Ø., 616 

2011. Temporal trends of Hg in Arctic biota, an update. Science of the Total 617 

Environment 409, 3520-3526. 618 

Roux, J.P., 1985. Le statut du puffin à pieds pâles (Puffinus carneipes) à l'île Saint-Paul 619 

(38°43' S, 77°30' E). L'Oiseau et la Revue Française d'Ornithologie 55, 155-157. 620 

Scheifler, R., Cœurdassier, M., Morilhat, C., Bernard, N., Faivre, B., Flicoteaux, P., 621 

Giraudoux, P., Noël, M., Piotte, P., Rieffel, D., de Vaufleury, A., Badot, P.M., 622 

2006. Lead concentrations in feathers and blood of common blackbirds (Turdus 623 



 

 26 

merula) and in earthworms inhabiting unpolluted and moderately polluted urban 624 

areas. Science of the Total Environment 371, 197-205. 625 

Scheuhammer, A.M., 1987. The chronic toxicity of aluminium, cadmium, mercury, and 626 

lead in birds: a review. Environmental Pollution 46, 263-295. 627 

Seyferth, D., 2003. The rise and fall of tetraethyllead. 2. Organometallics 22, 5154-5178. 628 

Shuntov, V.P., 1968. Количественный учет морских птиц в восточной части 629 

Индийского Океана (A quantitative record of sea birds in the eastern part of the 630 

Indian Ocean). Okeanologiya 8, 494-501. 631 

Stewart, F.M., Phillips, R.A., Bartle, J.A., Craig, J., Shooter, D., 1999. Influence of 632 

phylogeny, diet, moult schedule and sex on heavy metal concentrations in New 633 

Zealand Procellariiformes. Marine Ecology Progress Series 178, 295-305. 634 

Streets, D.G., Zhang, Q., Wu, Y., 2009. Projection of global mercury emissions in 2050. 635 

Environmental Science & Technology 43, 2983-2988. 636 

Sun, L., Xie, Z., 2001. Changes in lead concentration in Antarctic penguin droppings 637 

during the past 3,000 years. Environmental Geology (Berlin) 40, 1205-1208. 638 

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M.-a., Watanuki, Y., 639 

2013. Accumulation of plastic-derived chemicals in tissues of seabirds ingesting 640 

marine plastics. Marine Pollution Bulletin 69, 219-222. 641 

Tawfik, M.S., 2013. Metals content in the muscle and head of common fish and shrimp 642 

from Riyadh Market and assessment of the daily intake. Pakistan Journal of 643 

Agricultural Science 50, 479-486. 644 

Thompson, D.R., 1996. Mercury in birds and terrestrial mammals, in: Beyer, W.N., 645 

Heinz, G.H., Redmon-Norwood, A.W. (Eds.), Environmental contaminants in 646 

wildlife: interpreting tissue concentrations. CRC Press, New York. 647 

Thompson, D.R., Becker, P.H., Furness, R.W., 1993a. Long-term changes in mercury 648 

concentrations in herring gulls Larus argentatus and common terns Sterna 649 

hirundo from the German North Sea coast. Journal of Applied Ecology 30, 316-650 

320. 651 

Thompson, D.R., Furness, R.W., Lewis, S.A., 1993b. Temporal and spatial variation in 652 

mercury concentrations in some albatrosses and petrels from the sub-Antarctic. 653 

Polar Biology 13, 239-244. 654 

Thompson, D.R., Furness, R.W., Walsh, P.M., 1992. Historical changes in mercury 655 

concentration in the marine ecosystem of the north and north-east Atlantic Ocean 656 

as indicated by seabird feathers. Journal of Applied Ecology 29, 79-84. 657 

U.S. Geological Survey, 2015. Cadmium: World refinery production, by country, in: 658 

Matos, G.R. (Ed.), Historical global statistics for mineral and material 659 



 

 27 

commodities (2015 version). U.S. Geological Survey Data Series 896 [accessed 660 

05/03/2020]. 661 

UNEP, 2002. Global Mercury Assessment. United Nations Environmental Programme - 662 

Chemicals, Geneva, Switzerland. 663 

UNEP, 2013. Mercury: time to act. UNEP Division of Technology, Industry and 664 

Economics; Chemicals Branch, Geneva, Switzerland. 665 

Vo, A.-T.E., Bank, M.S., Shine, J.P., Edwards, S.V., 2011. Temporal increase in organic 666 

mercury in an endangered pelagic seabird assessed by century-old museum 667 

specimens. Proceedings of the National Academy of Sciences of the United States 668 

of America 108, 7466-7471. 669 

Waugh, S.M., Jamieson, S.E., Stahl, J.C., Filippi, D.P., Taylor, G.A., Booth, A., 2014. 670 

Flesh-footed Shearwater – population study and foraging areas (POP2011-02). 671 

New Zealand Department of Conservation, Wellington, New Zealand. 672 

Waugh, S.M., Tennyson, A.J.D., Taylor, G.A., Wilson, K.-J., 2013. Population sizes of 673 

shearwaters (Puffinus spp.) breeding in New Zealand, with recommendations for 674 

monitoring. Tuhinga 24, 159-204. 675 

Weiner, J.G., Krabbemhoft, D.P., Heinz, G.H., Scheuhammer, A.M., 2003. 676 

Ecotoxicology of Mercury, in: Hoffman, D.J., Rattner, B.A., Burton, G.A., Jr., 677 

Cairns, J., Jr. (Eds.), Handbook of Ecotoxicology, 2nd Edition, 2 ed. CRC Press, 678 

New York, pp. 409-463. 679 

Wilson, N., Horrocks, J., 2008. Lessons from the removal of lead from gasoline for 680 

controlling other environmental pollutants: A case study from New Zealand. 681 

Environmental Health 7, 1. 682 

Wood, S.N., 2017. Generalized additive models: an introduction with R, 2nd edition. 683 

CBC Press, Boca Raton. 684 

Wood, S.N., 2019. mgcv: Mixed GAM Computation Vehicle with Automatic 685 

Smoothness Estimation. R package version 1.8-31. 686 

687 



 

 28 

Tables 688 

Table 1. Robust regression analyses of metals in Flesh-footed Shearwater feathers. Reported values are those used in other 689 

assessments of contaminants over time in biota (AMAP, 2011). 690 

Element n 

Number of years 

(range) 

% increase per 

year (95% CI) 

Years 

required 

Lowest detectable 

change (%) 

Power of time 

series (%) 

Cadmium 140 36 (1900-2011) +1.5 (+0.6, +3.0) 29 7.1 99 

Mercury 137 23 (1946-2011) -0.3 (-2.1, +1.5) 21 8.3 94 

Lead 165 36 (1900-2011) -2.1 (-3.2, -1.0) 26 76 100 

 691 
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Figures 692 

Figure 1 – Temporal trends in Cd (increasing), Hg (no significant change), and Pb 693 

(decreasing) in feathers from Flesh-footed Shearwaters from Western and South 694 

Australia. Blue lines are regressions with standard errors in gray (Table 1), and the 695 

dashed red lines are concentrations of concern (see Discussion). Data are log-696 

transformed.  697 
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 703 

Supplemental Material 704 

Table S1. We achieved high recovery of two keratin-based reference materials using 705 

inductively coupled plasma mass spectrometry (ICP-MS) to measure trace element 706 

concentrations in Flesh-footed Shearwater feathers. Data are presented as the mean ± SD 707 

% recovery relative to the mean certified concentration in μg/g (ppm). Table reproduced 708 

from Lavers et al. (2013). 709 

Reference 

Material (n) 

Element Certified 

Concentration 

Measured 

Concentration ± SD 

Mean % 

Recovery 

6H-09 (8) Cd 0.24 0.24 ± 0.05 100 

 Hg 4.49 4.58 ± 1.81 102 

 Pb 14.8 14.9 ± 0.7 100 

7H-09 (8) Cd 1.7 1.9 ± 0.1 109 

 Hg 3.78 3.38 ± 1.28 89 

 Pb 5.28 5.92 ± 0.75 112 

  710 
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 711 

Figure S1 – The cubic regression spline of a general additive model of cadmium 712 

concentrations in Flesh-footed Shearwater feathers over time.  713 
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  714 

Figure S2 – The cubic regression spline of a general additive model of mercury 715 

concentrations in Flesh-footed Shearwater feathers over time.  716 
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 717 

Figure S3 – The cubic regression spline of a general additive model of lead 718 

concentrations in Flesh-footed Shearwater feathers over time. 719 


