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Highlights  

• Avian piscivores are important sentinel species for Hg across Western North America 
• No single avian piscivore occurs across this large geographic area 
• Hg risk evaluated for five avian piscivores across their breeding ranges  
• Geographic spread of bird samples currently lacking; used fish to estimate risk  
• Novel way of assessing risk provides information about areas of Hg concern 

 

Abstract 

 The widespread distribution of mercury (Hg) threatens wildlife health, particularly 
piscivorous birds. Western North America is a diverse region that provides critical habitat to 
many piscivorous bird species, and also has a well-documented history of mercury 
contamination from legacy mining and atmospheric deposition. The diversity of landscapes in 
the west limit the distribution of avian piscivore species, complicating broad comparisons across 



the region. Mercury risk to avian piscivores was evaluated across the Western United States and 
Canada using a suite of avian piscivore species representing a variety of foraging strategies that 
together occur broadly across the region. Prey fish Hg concentrations were size-adjusted to the 
preferred size class of the diet for each avian piscivore (Bald Eagle=36 cm, Osprey=30 cm, 
Common and Yellow-billed Loon=15 cm, Western and Clark’s Grebe=6 cm, and Belted 
Kingfisher=5 cm) across each species breeding range. Using a combination of field and lab-
based studies on Hg effect in a variety of species, wet weight blood estimates were grouped into 
five relative risk categories including: background (<0.5 µg/g), low (0.5 – 1 µg/g), moderate (1 – 
2 µg/g), high (2 – 3 µg/g), and extra high (>3 µg/g). These risk categories were used to estimate 
potential mercury risk to avian piscivores across the west at a 1 degree-by-1 degree grid cell 
resolution. Avian piscivores foraging on larger-sized fish generally were at higher relative risk to 
Hg. Habitats with relatively high risk included wetland complexes (e.g., prairie pothole in 
Saskatchewan), river deltas (e.g., San Francisco Bay, Puget Sound, Columbia River), and arid 
lands (Great Basin and central Arizona). These results indicate that more intensive avian 
piscivore sampling is needed across western North America to generate a more robust 
assessment of exposure risk.  
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1.0 Introduction 

Avian piscivores (fish-eating birds) are valuable bioindicators of environmental health 
and exposure to aquatic contaminants, such as mercury (Hg) (Becker 2003; Scheuhammer et al., 
2007). Their aquatic foraging habits and high trophic level place them among the most at-risk 
wildlife groups with regard to Hg exposure (Evers et al., 2005). Published literature has 
demonstrated field-based Hg exposure and related effects in many species of avian piscivores 
(Ackerman et al., this issue.; Burgess and Meyer 2008; Evers et al., 2008a; Depew et al., 2012; 
Schoch et al., 2014), and avian piscivores are key bioindicators for many long-term monitoring 
programs (Braune 2007; Evers et al., 1998; Monteiro and Furness, 1995) and site-specific 
assessments (Guigueno et al., 2012; Weech et al., 2006). As part of a cross-national assessment 
of Hg cycling, distribution, and bioaccumulation (Western North America Mercury Synthesis), 
Hg risk to avian piscivores was assessed for Western North America – a region spanning north to 
Alaska, south to Arizona, west to the Pacific, and east to the Dakotas (see overview in Eagles-
Smith et al., this issue [a]). Understanding Hg risk to avian piscivores across this large region is 
important for conservation of these sensitive species.  

Efforts elsewhere to evaluate avian risk to Hg across similarly broad geographic areas 
have relied on assessments of key prey fish species and often a wide distribution of only one 
target avian piscivore species (Depew et al., 2013; Scheuhammer et al., 2016). For example, the 
Common Loon (Gavia immer) and Yellow Perch (Perca flavescens) have been successfully used 
as effective bioindicators of risk in previous Hg syntheses in the Northeastern United States 
(Evers et al. 2008a), Great Lakes region (Evers et al. 2011) and across central and eastern 
Canada (Depew et al. 2013). In these studies, investigators mathematically transformed Hg 
concentrations of numerous fish species into single prey species equivalents to facilitate 
assessing risk to Common Loons across broad spatial extents. For those geographic regions, 



using a single widely distributed and well-studied sentinel species, (i.e., Common Loons) 
allowed for the identification of areas with greatest biological risk to Hg exposure (Evers et al., 
2007; Scheuhammer et al., 2016).  

Understanding risk to avian piscivores across Western North America is complicated by 
two important factors. First, Western North America covers a large diversity of freshwater and 
marine ecosystems, incorporating at least 19 bird conservation regions that ultimately support a 
diverse assemblage of avian piscivore species (North American Bird Conservation Initiative, 
2015). Second, Hg distribution across Western North America is highly variable because of 
diverse landscape factors that facilitate methylation, an extensive mining history, and 
climatological variation that influences Hg transport and fate (Pinkney et al., 2015; Eagles-Smith 
et al. this issue [a]). The diverse landscape and climatological gradients of the West limit the 
geographical utility of single species assessments, because prey fish and avian piscivore 
assemblages vary greatly across the region, which presents unrealistic assessments of risk to 
avian taxa that do not exist in certain regions. Limiting the analysis to only one species would 
not be representative of piscivores in this region, thereby necessitating the current approach. 

The goal of this paper is to illustrate relative risk of Hg to freshwater avian piscivores 
across their Western North America breeding ranges. Avian piscivores were selected from 
freshwater systems that encompassed a range of foraging strategies, body sizes, and 
distributions; they include the Bald Eagle (Haliaeetus leucocephalus), Osprey (Pandion 
haliaetus), Belted Kingfisher (Megaceryle alcyon), and two closely-related species groups: loons 
(Common, Gavia immer and Yellow-billed, Gavia adamsii) and grebes (Western, Aechmophorus 
occidentalis and Clark’s, Aechmophorus clarkii). First, bird Hg concentrations in 20 common 
marine and freshwater avian piscivores were compared to better understand the Hg concentration 
ranges of the target freshwater piscivores across the study region. Because the geographic scope 
of the bird data was limited, the large fish monitoring and synthesis effort across the West 
(summarized in Eagles-Smith et al., this issue [b]) was leveraged to use fish Hg concentrations 
for modelling risk to the target avian piscivores in Western North America. This approach allows 
us to identify areas of concern for future research, and sets the context for understanding future 
changes to Hg bioaccumulation across this region. This approach can be used in the future across 
the entirety of North America to understand the location and patterns of biological Hg hotspots 
on a continental scale.  

 

2.0 Materials and Methods 

2.1 Fish and avian piscivore database compilation. Fish total Hg (THg) concentrations 
were compiled from numerous sources, summarized in more detail by Eagles-Smith et al. (this 
issue [b]). Briefly, fish samples were compiled from federal, state, and provincial databases, 
constraining data to Alaska, Yukon Territories, Northwest Territories, British Columbia, 
Washington, Oregon, Idaho, California, Nevada, Arizona, New Mexico, Colorado, Utah, 
Wyoming, Montana, Alberta, Saskatchewan, North Dakota, and South Dakota. While the larger 
fish dataset included fish from Hawaii, for this analysis, Hawaiian and any marine fish were 
excluded. All fish THg concentrations were standardized to skinless, boneless fillet in wet 
weight. More information on these specific conversions can be found in Eagles-Smith et al. (this 
issue [b]).  



Contaminant databases that contained avian piscivore THg concentrations were also 
compiled, including data from the U.S. Fish and Wildlife Service Environmental Contaminants 
Data Management System (ECDMS), the Biodiversity Research Institute’s Center for Mercury 
Studies, U.S. Geological Survey, Environment Canada, and the multi-partner Seabird Tissue 
Archival and Monitoring Project (STAMP). More extensive summaries of the bird datasets can 
be found in Ackerman et al. (this issue). Mercury concentrations were determined in established 
laboratories using a variety of instruments (e.g., ICP-MS, Direct Hg Analyzers) based on 
established standard operating procedures.  

2.2 Avian Hg sample risk assessment. Risk assessment was focused on modeling five 
target piscivore species or closely related species groups: Bald Eagle, Osprey, Loons (Common 
and Yellow-billed) and Aechmophorus Grebes (Clark’s and Western), and Belted Kingfisher 
(scientific names in Table 2). These species were chosen based upon their use in a variety of Hg 
monitoring projects and to represent a variety of foraging strategies and geographic areas (Table 
1). To understand how these target piscivores compared to other bird species across western U.S. 
and Canada, avian piscivore tissue (whole blood, egg, and liver) THg concentrations for 20 
commonly sampled species were compared across the west (Table 2). All tissue concentrations 
were converted to a whole blood equivalent THg concentration in order to standardize THg 
concentrations, and facilitate comparisons and risk categorization. For blood and liver samples, 
only adult birds were selected. To convert eggs to whole blood, the equation developed in 
Ackerman et al. (2016) was applied to the egg data compiled for this paper (Eq. 1). Liver 
samples compiled for this paper were converted to whole blood using an equation developed by 
Eagles-Smith et al. (2008), which was derived from data for 4 species of waterbirds (Eq. 2).  

Equation 1. (Ackerman et al., 2016) 

ln(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑇𝑇𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤) =  �ln�𝐸𝐸𝐸𝐸𝐸𝐸 𝑇𝑇𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓� + 0.75914�/0.9316 

Equation 2. (Eagles-Smith et al., 2008) 

 ln(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑇𝑇𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤) =  0.970 ∗ ln( 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑑𝑑) − 1.929 

After converting THg in all tissues to the common unit of THg concentrations in whole 
blood, concentrations were compared across all 20 species (Fig. 1). Although the sample size for 
each target species was relatively large (Table 2), they had relatively constrained geographic 
distributions, making it difficult to estimate risk across their ranges (Fig. 2). As a result, risk 
maps were developed based on models derived from fish THg concentrations.  

2.3 Freshwater fish Hg sample risk assessment. The preferred prey fish size for each 
target piscivore species was determined using published literature (Table 1). For each avian 
piscivore species, the fish length that best fit their foraging preferences was used in the 
calculation of risk based upon prey fish THg concentration. Size adjustment of fish THg 
concentrations was conducted in R (version 3.1.0; www.r-project.org) and JMP (Version 12, 
SAS Institute Inc., Cary, NC) was used for all subsequent statistical analyses. Because THg 
concentrations often vary with fish length, the raw fish THg concentrations were size-adjusted to 
the preferred prey size of each piscivore (Table 1). For each target piscivore, the available fish 

http://www.r-project.org/


data was constrained to only those species with individuals that fell within the birds prey size 
range, and where a likelihood ratio test suggested that the inclusion of length improved the fit of 
the data. Fish species with similar ecologies and physiologies were grouped into aggregate 
species for size-adjustment, because some species were poorly represented in the dataset 
(Eagles-Smith et al. this issue [b]). Species groups included in the dataset are shown in Table 2.  

Sites were defined separately for lentic and lotic systems; fish locations in lentic systems 
were aggregated to the centroid of the water body, whereas fish locations in lotic systems were 
aggregated such that samples within 10 km of each other were categorized as originating from 
the same location. For each of these fish species groups, a linear mixed-effects model that 
contained fish total length as a fixed continuous factor; and site, fish species, and a species × 
total length interaction as random effects was used to predict the whole body total THg 
concentration of each fish at the preferred prey size of each piscivore (Bald Eagle = 36 cm, 
Osprey = 30 cm, Loons = 15 cm, Grebes = 6 cm, Belted Kingfisher = 5 cm; Table 1). For each 
predicted THg concentration, each individual fish’s residual was added from the size-adjusted 
model to reincorporate variation not related to length into the size-adjusted THg concentrations 
for each individual fish. In some species, a likelihood ratio test indicated that the model 
including length did not fit the fish THg concentrations better than a null model; for these 
species, non size-adjusted, whole body THg concentrations were used. 

The geospatial selection of fish samples for statistical analysis (using ArcGIS v 10.2.2) 
was conducted by constraining the dataset to only those locations that fell within each target 
piscivores breeding range using species-specific range maps (Buehler 2000; Evers et al. 2010; 
Kelly et al. 2009; LaPorte et al., 2013; North 1994; Poole et al. 2002; Storer and Nuechterlein 
1992). The study region— including the states and provinces listed previously—does not cover 
the entire North American range of any of these target avian piscivore species. Western and 
Clark’s Grebes are mostly western species, and the study area covered 89% of their entire range. 
Other species had breeding distributions that expanded far beyond Western North America. For 
the Bald Eagle, the study area encompasses 78% of its breeding range. For the Osprey (found on 
all continents except Antarctica), the study area encompassed 72% of its North American 
breeding range. For the Belted Kingfisher, the study area covered only 69% of its breeding 
range. Common and Yellow-billed Loons had 78% of their North American breeding range 
within the western study area; Yellow-billed Loons also breed in Russia.  

Grid cells (1-degree-by-1-degree) were created to cover the extent of the geographic 
range of each species to aid in creating species-specific risk maps. Grid cells have been used in 
previous synthesis efforts to illustrate risk across large geographic area with a wide range of 
representation of fish and bird THg concentrations (Evers et al. 2007, 2011). Grid cells covered 
multiple water bodies within a region and were drawn not based on state or provincial 
boundaries. Any grid cells with low number of fish samples (n < 3) were excluded and results 
were classified based on the confidence in the estimate. Because each grid contains a different 
data density, confidence in the least squares mean was shown based on whether model-calculated 
standard error divided by the least squares mean was less than 0.25 (indicating low confidence in 
the least squares mean estimate). Because datasets for each avian piscivore were both corrected 



for fish that fell within their preferred size and within their breeding range, sample sizes of 
individual fish THg concentrations were different for each avian piscivore (Bald Eagle n = 
56,096; Osprey n = 58,890; Loon n = 46,840; Grebe n = 46,203; Belted Kingfisher n = 54,673). 
By using this modeling approach, the fish dataset varies in species composition and sample size 
(Table 2).  

All THg concentrations in fish samples were natural log (ln) transformed to improve 
normality of residuals. From this subset of data, modeled the least squares mean prey fish THg 
concentration was modeled for each 1-degree-by-1-degree grid cell, including site and species 
group as random effects. Back-transformed standard errors were estimated using the delta 
method (Seber 1982). In order to standardize the relative risk estimates, the least squares mean 
prey fish THg concentration in each grid was converted to the equivalent avian blood THg 
concentrations using the global equation from Ackerman et al. (2015), which synthesized seven 
different study’s equations (Eq. 3).  

Equation 3. (Ackerman et al., 2015) 

ln(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑇𝑇𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤) = 1.788 + 0.6182 ∗ ln(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹ℎ 𝑇𝑇𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤) 

2.2.1 Important assumptions. The use of prey fish data THg concentrations to estimate 
avian THg exposure comes with four important assumptions. First, preferred prey size was used 
to model fish THg concentrations. Although using the preferred prey size likely provides an 
accurate estimate of typical risk to each piscivore, each species actually consumes variable sized 
fish depending on availability. Further, the size range of potential prey varies tremendously 
among avian piscivores (Table 1) suggesting that the variability in the predictions of risk may be 
underestimated more in some species in comparison to others. Bald Eagles, in particular, will eat 
much larger fish if scavenging dead prey, whereas Osprey are limited by the size of fish that they 
can carry (Buehler, 2000; Poole et al., 2002). Second, the model also assumed that the birds were 
eating primarily fish. Loons and Osprey are known to focus on fish prey, but Bald Eagles often 
consume carrion or terrestrial prey not related to fish. Grebes and Kingfishers will eat a variety 
of invertebrates in addition to small fish (Kelly et al., 2009; Storer and Nuechterlien, 1992; 
LaPorte et al., 2013), but prey fish THg concentrations are very highly correlated to grebe blood 
THg concentrations (Ackerman et al. 2015). Third, it was assumed that birds were eating the 
same fish species that were included within the fish Hg database. Although the size correction 
process likely accounted for much of this issue, it is still possible that avian piscivores select 
different fish species or sizes than those that are monitored by Hg monitoring programs. 
Foraging habitat also has a large impact on Hg exposure in fish and avian piscivores; this is 
partially taken into account by including site in the model for fish. Fourth, it is assumed that fish 
THg is correlated with bird blood THg and that this correlation is similar across species. 
Ackerman et al. (2015) synthesized 7 study’s equations into one global equation which was used 
to correlate prey fish to bird Hg concentrations. Because published correlations between fish 
prey and bird Hg do not exist for all of the individual target piscivores, it is assumed that this 
global correlation is applicable across species. While there may be relatively few studies that 
correlate prey fish to bird blood, the correlations that do exist are remarkably consistent across 
taxa and geographic areas, supporting the use of the global equation (Ackerman et al. 2015, 



Evers et al. 2011; Scheuhammer et al. 1998; Champoux et al. 2006; Burgess and Meyer 2008; 
Yu et al. 2011; Scheuhammer et al., 2016).  

2.3 Hg Risk Categories for Avian Piscivores Selection of risk benchmarks for avian 
piscivores is greatly complicated by substantial variation in sensitivity among taxa (Heinz et al. 
2009), and limited data available on effects. A comprehensive assessment of risk benchmarks for 
birds based upon their THg concentrations is compiled elsewhere (Ackerman et al., this issue) 
and their categorical approach was applied to standardize interpretation among papers. Blood 
THg concentrations (µg/g, ww) were classified into five categories that included: background (< 
0.5 µg/g), generally below effects thresholds, low (0.5 – 1 µg/g) or elevated above background 
but below most effects thresholds, moderate (1 – 2 µg/g) or where adult physiological and 
behavioral abnormalities likely occur, high (2 – 3 µg/g) or likely reproductive impairment, to 
extra high (> 3 µg/g) or a high likelihood of significant reproductive failure.  

Given the scale of this synthesis, it was most appropriate to use these broad categories, 
because more precise estimates may have limited basis for use across taxa. Although there are 
some studies of relative risk across different bird species (Heinz et al. 2009), there are few 
comprehensive benchmarks for the five target piscivores highlighted here. Although these risk 
categories approximately align with Hg risk thresholds developed for Common Loons (Evers et 
al., 2008a; Depew et al., 2012), interpreting their meaning for the different species outlined in 
this study is complicated by uncertainty in interspecies differences. Thus, qualitative risk 
categories were presented to be used as a meaningful guide to evaluate concern at a population 
level. 

 

3. Results 

3.1 Avian piscivore Hg samples. THg concentrations in 4407 samples were compiled 
from avian piscivore tissues across western North America, and converted into blood Hg 
equivalent (µg/g, wet weight throughout) for comparison (Fig. 1, Table 2). More than half of the 
bird samples (55%) fell into the background Hg risk category (0 µg/g – 0.5 µg/g), whereas 24% 
were in the low category (0.5 µg/g – 1 µg/g), 14% were in the moderate category (1 µg/g – 2 
µg/g), 5% were in the high category (2 µg/g – 3 µg/g), and 2% were in the extra high category (> 
3 µg/g). While the majority of samples were less than 1 µg/g, individual species exhibited 
variation in the proportion of samples in each Hg category (Table 2). The species with the 
highest proportion of samples above 2 µg/g (high or extra high category) were Black-footed 
Albatross (75% above 2 µg/g), American White Pelican (25% above 2 µg/g), Common Loon 
(17% above 2 µg/g), Clark’s Grebe (15% above 2 µg/g), Western Grebe (8% above 2 µg/g), 
Yellow-billed Loon (8% above 2 µg/g), and Least Tern (7% above 2 µg/g).  

The geometric mean for all samples was 0.41 µg/g ww (SE = 0.01). On an individual 
species basis, geometric mean Hg concentrations in 11 of the 20 species were within the 
background Hg category (0 µg/g – 0.5 µg/g; Table 2). Black-footed Albatross had the highest 
geometric mean (± SE) concentration (2.72 µg/g ± 0.31) but also the lowest sample size (N = 
16). American White Pelican samples had a geometric mean concentration of 1.02 µg/g ± 0.09 



(moderate risk category), while seven other species exhibited geometric mean THg 
concentrations in the low Hg category (0.5 – 1 µg/g), including: Common Loon (0.91 µg/g ± 
0.03), Clark’s Grebe (0.90 µg/g ± 0.09), Least Tern (0.76 µg/g ± 0.4), Bald Eagle (0.69 µg/g ± 
0.02), Laysan Albatross (0.65 µg/g ± 0.02), Yellow-billed Loon (0.64 µg/g ± 0.04), and Western 
Grebe (0.53 µg/g ± 0.03). Although the sample size for many of these species was relatively 
large (Table 2), the geographic distribution was quite constrained (Fig. 2). Therefore, the focused 
analysis is based upon predicted THg concentrations from the fish database, which provides a 
more robust spatial representation.  

3.2 Fish Hg models. Although coverage was better than the bird dataset, the fish data did 
not cover the entire western breeding range of any of the avian piscivores. The amount of each 
species’ western breeding range that was covered by the fish model was 44% for Bald Eagle, 
51% for Osprey, 25% for loons, 79% for grebes, and 41% for Belted Kingfisher (Fig. 3). All 
THg concentrations are reported as µg/g, wet weight (ww) ± standard error. Fish size 
distributions are reported in cm ± standard error. 

Bald Eagle: Fish data used to estimate Bald Eagle exposure (N = 56,096) was size 
corrected to 36 cm before the THg concentration of each fish was converted to its avian blood 
equivalent using Equation 1. Original fish total lengths ranged from 1.5 cm to 138 cm, with a 
mean of 45 cm ± 0.08. Blood THg concentrations derived from the Bald Eagle fish dataset 
ranged from 0.02 µg/g to 20.4 µg/g (geometric mean = 1.47 µg/g ± 0.004). The mixed effects 
model used to compute the least squares mean THg concentration of each grid cell had an 
adjusted R2 of 0.72, with a significant effect of grid cell (F443,1382 = 3.7, p < 0.0001). Least 
squares mean THg concentrations were estimated for 444 grid cells, ranging from 0.37 µg/g – 
8.03 µg/g, with a mean THg concentration of 1.5 µg/g ± 0.03. The majority (71%) of grid cells 
with estimates that had high confidence (SE/mean < 0.25) fell into the moderate risk (1 – 2 µg/g) 
category, whereas 17% and 11% of grid cells fell into the low (0.5 – 1 µg/g) and high (2 – 3 
µg/g) categories, respectively (Table 4). Relatively few grid cells were in the extra high (> 3 
µg/g) range (1%). Based upon the grid maps, several geographic areas had relatively higher risk 
in comparison with the rest of the Bald Eagle range fish data occurred. High confidence grid 
cells greater than 2 µg/g occurred in the Great Basin (southeastern Oregon and southern Idaho) 
and the Prairie Pothole region (Saskatchewan). Other high confidence, greater than 2 µg/g grid 
cells occurred near Puget Sound, the Columbia River, Pinchi Lake region (British Columbia), 
central Arizona, and San Francisco Bay (Fig. 3a).  

Osprey: Fish data used to estimate Osprey exposure (N = 58,890) was size corrected to 
30 cm before each the THg concentration of each fish was converted to its avian blood 
equivalent using Equation 1. Original fish total lengths ranged from 1.5 cm to 138 cm, with a 
mean of 43.8 cm ± 0.08. Blood THg concentrations derived from the Osprey fish dataset ranged 
from 0.02 µg/g to 21.7 µg/g (geometric mean = 1.29 µg/g ± 0.003). The mixed effects model to 
compute the least squares mean of each grid cell for osprey prey fish had an adjusted R2 of 0.70, 
with a significant effect of grid cell (F489,1840 = 3.32, p < 0.0001). Least squares mean THg 
concentrations were estimated for 490 grid cells, ranging from 0.33 µg/g to 4.57 µg/g, with a 
mean THg concentration of 1.31 µg/g ± 0.02 across all grid cells. A high proportion of grid cells 



fell into the 0.5 – 1 µg/g category (low risk, 21%) and 1 - 2 µg/g category (moderate risk, 71%) 
(Table 4). Parts of the Great Basin in Oregon, Idaho, and Nevada, along with the Prairie Pothole 
region of Saskatchewan contained areas of relatively higher risk in comparison to other 
geographic areas within their range (Fig. 3b).  

 Loon: Fish data used to estimate Loon exposure (N = 42,840) was size corrected to 15 cm 
before the THg concentration of each fish was converted to its avian blood equivalent using 
Equation 1. Original fish total lengths ranged from 1.5 cm to 138 cm, with a mean of 48.8 cm ± 
0.08. Converted blood THg concentrations from the loon dataset ranged from 0.01 µg/g to 13.84 
µg/g (geometric mean = 0.95 µg/g ± 0.003). The mixed effects model to compute the least 
squares mean per grid cell for loons had an adjusted R2 of 0.56, with a significant effect of grid 
cell (F340,941 = 2.75, p < 0.0001). Least squares mean THg concentrations were estimated for 341 
grid cells, ranging from 0.22 µg/g to 3.05 µg/g, with a mean THg concentration of 0.90 µg/g ± 
0.02. Most of the grid cells fell into the low (0.5 – 1 µg/g) and moderate risk (1 – 2 µg/g) 
categories (69% and 25%, respectively) with no grid exceeding the extra high risk threshold (> 3 
µg/g; Table 4). Compared to Bald Eagle and Osprey, the loon map showed relatively fewer areas 
of high or extra high concern (> 2 µg/g). Only three grid cells along the Pacific Ocean in British 
Columbia were modeled to high risk categories (Fig. 3c) 

Grebe: Fish data used to estimate Grebe exposure (N = 46,203) was size corrected to 6 
cm before the THg concentration of each fish was converted to its avian blood equivalent using 
Equation 1. Original fish total lengths ranged from 1.7 cm to 104.6 cm, with a mean of 29.4 cm ± 
0.08. Converted blood THg concentrations from the grebe dataset ranged from 0.01 µg/g to 
11.72 µg/g (geometric mean = 0.92 µg/g ± 0.002). The mixed effects model to compute the least 
squares mean of each grid cell for grebes had an adjusted R2 of 0.64, with a significant effect of 
grid cell (F396,1957 = 3.06, p < 0.0001). Least squares mean THg concentrations were estimated 
for 397 grid cells, ranging from 0.21 µg/g to 4.1 µg/g with a mean THg concentration of 0.91 
µg/g ± 0.02. Over 90% of the grids fell within the low and moderate risk category (65% within 
0.5 – 1 µg/g, 30% within 1 - 2 µg/g, Table 4). This fish prey model indicated areas of concern in 
the Great Basin of Oregon and Nevada (Fig. 3d).  

Belted Kingfisher: Fish data used to estimate Belted Kingfisher exposure (N = 54,673) 
was size corrected to 6 cm before the THg concentration of each fish was converted to its avian 
blood equivalent using Equation 1. Original fish total lengths ranged from 1.1 cm to 121.7 cm, 
with a mean of 32.7 cm ± 0.08. Converted blood THg concentrations from the Belted Kingfisher 
dataset ranged from 0.01 µg/g to 11.5 µg/g (geometric mean = 0.88 µg/g ± 0.002). The mixed 
effects model to compute the least squares mean of each grid cell for Belted Kingfisher had an 
adjusted R2 of 0.64, with a significant effect of grid cell (F519,2178 = 2.92, p < 0.0001). Least 
squares mean THg concentrations were estimated for 520 grid cells, ranging from 0.21 µg/g to 
4.19 µg/g, with a mean THg concentration of 0.89 µg/g ± 0.02. Similar to grebes, over 90% of 
the grids fell within the low (0.5 – 1 µg/g) and moderate (1 – 2 µg/g) risk category (69% and 
26%, respectively, Table 4). The risk map for kingfisher prey fish was similar to that for grebes, 
with increased risk in the Great Basin (Fig. 3e) and additional areas with low confidence in 
British Columbia.  



 

4.0 Discussion 

4.1 Comparison to previous Hg synthesis work. In this study, Hg risk to multiple avian 
piscivores was assessed across a broad geographic area – the western United States and Canada. 
Unlike previous synthesis efforts that focused on a single avian piscivore and prey species for 
assessing risk from environmental Hg loads (Ackerman et al. 2015; Burgess and Meyer 2008; 
Depew et al., 2013; Evers et al., 2007; 2008b; 2011), there was not a single bird species that 
could be effectively used across the region. Instead, the approach targeted five breeding avian 
piscivores that collectively span the majority of the freshwater habitats occurring within western 
North America. The use of fish Hg concentrations to predict risk to avian piscivores had several 
advantages. First, fish are the most widely measured taxonomic group for Hg exposure. Second, 
there are numerous national-, state-, and provincial-scale fish Hg monitoring programs used as a 
basis for fish consumption guidelines for human health. Third, fish Hg concentrations can be 
converted to avian piscivore risk. Other papers within this special issue used either fish (Eagles-
Smith et al. this issue [b], Lepak et al. this issue) or bird (Ackerman et al., this issue) Hg 
concentrations to characterize risk across the study region. By leveraging the established strong 
linkages between prey fish and avian piscivore Hg concentrations (Ackerman et al. 2015), risk 
for 5 target avian piscivores was characterized at a finer scale than piscivorous bird data alone 
would allow. Many areas in Western North America remain uncharacterized and using fish Hg 
concentrations as a proxy for bird Hg exposure allows for an examination of risk at a landscape 
level to better understand the spatial patterns of biological Hg hotspots.  

In freshwater ecosystems, the positive modeled relationship between fish length and Hg 
concentration demonstrated that avian piscivores that consume larger fish were classified into 
higher Hg categories across their breeding range (Table 4). Proportion of grid cells above 1.0 
µg/g declined from 83% for Bald Eagle and 77% for Osprey to 26% for loons, 31% for grebes, 
and 27% for kingfishers. While these Hg categories are helpful for comparing risk on a 
standardized scale, this does not necessarily mean that smaller avian piscivores are not at risk. 
For example, in San Francisco Bay, Forster’s Terns and invertivorous Black-necked Stilts had 
similar or higher THg concentrations than Caspian Terns despite the fact that Caspian Terns feed 
on larger fish at a higher trophic position (Eagles-Smith et al. 2009). Space use data showed that 
Forster’s Terns and stilts selected foraging habitats with much higher baseline Hg concentrations 
than did Caspian Terns (Ackerman et al. 2007; 2008).  

In addition to variation in habitat drivers of differential Hg bioaccumulation that can put 
birds that eat smaller fish at risk, there is also tremendous variation in the sensitivity of different 
avian species that can complicate toxicological risk (Heinz et al. 2009). Aside from the 
thresholds developed for Common Loons, there are few field-based effects thresholds that are 
well-developed for other bird species. Artificially incubated eggs dosed with Hg have shown that 
species show wide variation in their sensitivities to Hg, based on hatching success (Heinz et al. 
2009; Braune et al. 2012). In a comparative egg dosing study of 21 bird species by Heinz et al. 
(2009), Osprey were among the most sensitive species to Hg in egg injections, which might 
translate to lower effects thresholds than presented here. Comparatively, loons are moderately 



sensitive (Kenow et al., 2011; based on similar protocols as Heinz et al. 2009). However, it is 
widely acknowledged that the MeHg injected into eggs is likely more toxic than maternally 
derived Hg, complicating the application of these effects benchmarks to successful reproduction 
in the wild, where parental incubation behavior and ability to catch prey (and subsequent ability 
to raise young) may be impaired by Hg contamination. 

4.2 Ecosystems and regions of Hg concern. Although the focus of the analysis did not 
identify conclusive “biological Hg hotspots” as were developed in previous synthesis efforts in 
the Northeast (Evers et al. 2007) and Great Lakes (Evers et al. 2011), the results do show certain 
areas of concern for multiple avian piscivores. To better visualize the results, grid cells across all 
target species that were in the moderate category or above (> 1 µg/g) were compiled (Fig. 4). 
Some regions highlighted in the risk map have known sources of elevated Hg. For example, the 
Pinchi Lake region has been well characterized as an area with elevated environmental Hg loads 
due to cinnabar deposits and mining (Weech et al., 2004). Similarly, fish and birds in the Carson 
River complex in Nevada have well-documented elevated Hg concentrations as a result of Hg 
from to legacy mining transported to wetlands areas with high methylmercury production 
capacity (Henny et al. 2002; Hill et al. 2008; Seiler et al. 2004).  

Several major river-fed systems across western North America were isolated as areas of 
moderate or high relative risk for multiple piscivores (e.g., Columbia River, Puget Sound, San 
Francisco Bay). San Francisco Bay in particular appears to be an area with highly elevated biotic 
Hg concentrations that are related to legacy mining activities and methylating habitats 
(Ackerman et al. 2008; Eagles-Smith 2008, 2009). Relatively elevated Hg concentrations were 
observed in areas of the Puget Sound and Columbia River; however, no direct estimates exist 
regarding specific source in these systems. Models have suggested that delta regions of rivers 
associated with marine ecosystems can be affected by deposition of watershed transport of Hg, 
with climate change projections suggesting increased methylation rates and Hg releases (Amos et 
al. 2014, Fisher et al. 2012).  

The Prairie Pothole region in Canada (particularly in southern Saskatchewan) was shown 
to have moderate or high relative risk for multiple piscivores. The Prairie Pothole region is a 
unique system with relatively high methylation potential due to high density of wetlands (Hall et 
al. 2009; Bates and Hall 2012). Although relatively few contaminant studies with avian 
bioindicators have occurred there (Allen et al., 1998; Winder et al., 2011; Fox et al., 2005), the 
Prairie Pothole is consistently cited as one of the largest waterfowl producing areas in North 
America making further study of Hg in this area critically important (Greenwood et al., 1995). 
This study also highlighted two arid land ecosystems: the Great Basin in Idaho, Oregon and 
Nevada and central Arizona. Parts of the Great Basin also are identified using only bird Hg 
concentrations (Ackerman et al. this issue). Different areas of this large region have been studied 
previously because of concerns from mining legacy Hg use (Henny et al., 2002) or risk to 
waterfowl (i.e., the Great Salt Lake; Vest et al., 2009), but the area also supports a vast network 
of seasonal and permanent wetlands (Sada and Vinyard 2002) that may enhance methylmercury 
potential. A more integrated monitoring is needed across the region to better develop causality. 
New predictions of increased Hg deposition in the western United States that likely originate 



from increased global Hg emissions (Weiss-Penzias et al., 2016) also indicates that ecosystems 
sensitive to Hg input need to be monitored to track potential increases of biotic Hg body burdens. 

4.3 Conclusions. Results highlight the need for future monitoring of Hg exposure in both 
bird and fish across North America. Compared to the risk maps created using bird Hg 
concentrations (Ackerman et al., this issue), our results using prey fish identified additional areas 
of potential concern where bird sampling has not occurred. Although using fish Hg 
concentrations allow more extensive spatial coverage than only bird tissue sampling, the ability 
to draw conclusions about the overall Hg risk to each bird species was limited because of 
uncertainties related to the sensitivities of birds to Hg (Heinz et al., 2009). Fish Hg 
concentrations covered from 25% to 79% of the western breeding ranges of the target piscivores, 
better geographic coverage and a defined sampling design is needed to fully evaluate the 
proportion of the breeding population impacted. Using the approach within this paper, it is 
important to next examine Hg concentrations in prey fish and associated target avian piscivores 
across their entire North American breeding ranges. Standardized continental comparisons by 
Evers et al. (1998) for Common Loons found a significant west (lower) to east (higher) gradient 
of loon Hg concentrations, but this has not been established for other avian piscivores. Due to the 
climatological gradients of western United States and Canada, many aquatic-specialist bird 
species concentrate in relatively small areas to breed and forage, making those areas potentially 
of higher conservation concern. The next step for assessing risk of environmental Hg loads to 
avian piscivores is to understand their breeding density areas across the broad and varied 
ecosystems that they occupy.  

An approach that can scale the risk of Hg to breeding populations of avian piscivores 
across a mosaic of ecosystems at continental levels is important for assessing potential impacts at 
global levels. In October 2013, 128 countries signed a new global treaty called the Minamata 
Convention (UNEP 2013) with the overall objective to “protect the human health and the 
environment from anthropogenic emissions and releases of mercury and mercury compounds.”  
This Convention will be instrumental for reducing the use and release of Hg into the 
environment and metrics are being developed that could be used for evaluating its effectiveness 
(Evers et al. submitted). As such, one metric will likely be based on biotic Hg concentrations 
from key bioindicators. In the Convention (Article 19), “geographically representative 
monitoring of Hg and Hg compounds in vulnerable populations and in environmental media, 
including biotic media such as fish, marine mammals, sea turtles, and birds” is needed by the 
Parties to develop a plan for assessing improvements in ecological and human health. Monitoring 
strategies for Hg in fish, birds, marine mammals and other biota have been developed (Mason et 
al. 2005; Evers et al. 2008b) and inclusion of avian piscivores as sensitive and high profile 
bioindicators is important for identifying biological Hg hotspots and tracking trends of 
environmental Hg loads over time. The results from the assessment of potential impacts from Hg 
on avian piscivores in Western North America will help meet the demands for evaluating the 
effectiveness of the Minamata Convention. 
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Figure 1. Whole blood Hg (µg/g wet weight) comparison across 20 avian piscivores in western 
United States and Canada. Birds (including sample size) are shown in taxonomic order. Egg and 
liver samples were converted into whole blood equivalent to aid in comparison using Equation 1 
and 2 (see text).  

 



 

Figure 2. Distribution of avian samples (blood, egg, and liver combined) for target piscivores 
across their breeding ranges in western United States and Canada. The study area in western 
United States and Canada is shown in gray. Each species breeding range is show in green. Loons 
include Common Loons and Yellow-billed Loons (c). Grebes include Western Grebes and 
Clark’s Grebes (d). There were no bird data for Belted Kingfishers (e).  

 



 

Figure 3. Relative Hg risk per 1 degree grid cell across the North American breeding range of 
five target freshwater piscivore species: a) Bald Eagle, b) Osprey, c) Loons (Common and 
Yellow-billed), d) Grebes (Clark’s and Western), and e) Belted Kingfisher. The prey fish were 
size-corrected according to the preference of each species: Bald Eagle = 36 cm, Osprey = 30 cm, 
Loons = 15 cm, Grebes = 6 cm, Belted Kingfisher = 5 cm. All Hg concentrations have been 



converted to wet weight whole bird blood for comparison. Low confidence is estimated as any 
grid cell where the standard error is more than one quarter of the mean.  

 

Figure 4. Areas of western United States and Canada where fish modeling indicates high 
confidence in moderate or higher relative Hg risk. Light colors indicate fewer species with 
overlapping risk. Empty grid cells indicate areas where fish data was modeled but risk was 
estimated to be low. Areas not covered by grid cells either have least square mean estimates with 
low confidence or no fish data to use in the model.  

 

 



 

Table 1. Characteristics of target avian piscivore species or species groups. For consistency, 
piscivores from each ecosystem are shown in order from large to small prey. 

Species or group Foraging Habits during 
Breeding Season 

Fish Size 
Range 

Fish Size 
Preference 

Bald Eaglea Opportunistic forager (active 
fishing and scavenger) 

20-75 cm 36 cm 

Ospreyb Obligate piscivore, limited by 
weight of fish to carry 

10-45 cm 30 cm 

Loonsc Obligate piscivore, limited by 
size able to swallow 

10-25 cm 15 cm 

Grebesd Small fish specialist (also some 
invertebrates) 

2-15 cm 6 cm 

Belted Kingfishere Small fish specialist (also some 
invertebrates) 

1-10 cm 5 cm 

a Buehler, 2000 
b Poole et al., 2002 
c Common Loon Evers et al., 2010; Yellow-billed Loon North, 1994 
d Clark’s Grebe, Western Grebe, Ackerman et al., 2015 
e Kelly et al., 2009 

 

  



Table 2. Geometric mean blood Hg (equivalent) concentrations for 20 avian piscivore species in taxonomic order. Liver and egg 
tissues were standardized to whole blood equivalent (µg/g, ww). 

    Percent of samples in each Hg category 

Avian Piscivore Species N 
Mean Hg 

(µg/g)  
Standard 

Error 
Background 
0 - 0.5 (µg/g)  

Low          
0.5 - 1 (µg/g)  

Moderate 
1 -2 (µg/g)  

High         
2 - 3 (µg/g)  

Extra High 
> 3 (µg/g)  

Marbled Murrelet 
Brachyramphus marmoratus 69 0.19 0.01 97% 3% 0% 0% 0% 
Thick-billed Murre  
Uria lomvia 141 0.12 0.01 94% 6% 0% 0% 0% 
Common Murre  
Uria aalge 198 0.18 0.01 92% 8% 0% 0% 0% 
Least Tern  
Sternula antillarum 131 0.76 0.04 24% 43% 27% 7% 0% 
Bald Eagle  
Haliaeetus leucocephalus 334 0.69 0.02 30% 44% 22% 4% 0% 
Osprey  
Pandion haliaetus 229 0.12 0.01 98% 2% 0% 0% 0% 
Black-crowned Night Heron 
Nycticorax nycticorax 210 0.29 0.02 75% 16% 7% 1% 0% 
Tricolored Heron  
Egretta tricolor 220 0.15 0.01 99% 0% 0% 0% 0% 
Great Blue Heron  
Ardea herodias 238 0.19 0.01 90% 7% 2% 1% 0% 
Brown Pelican  
Pelecanus occidentalis 161 0.35 0.02 68% 23% 6% 2% 1% 
American White Pelican 
Pelecanus erythrorhynchos 185 1.02 0.09 28% 21% 26% 14% 11% 
Brown Booby  
Sula leucogaster 19 0.27 0.03 84% 16% 0% 0% 0% 
Black-footed Albatross 
Phoebastria nigripes 16 2.72 0.31 0% 0% 25% 56% 19% 
Laysan Albatross  204 0.65 0.02 26% 56% 17% 0% 0% 



Phoebastria immutabilis 
Clark's Grebe  
Aechmophorus clarkii 103 0.90 0.09 28% 30% 27% 5% 10% 
Western Grebe 
Aechmophorus occidentalis 259 0.53 0.03 51% 28% 14% 5% 3% 
Eared Grebe  
Podiceps nigricollis 358 0.30 0.02 59% 20% 17% 4% 0% 
Yellow-billed Loon  
Gavia adamsii 176 0.64 0.04 40% 34% 18% 7% 1% 
Common Loon  
Gavia immer 626 0.91 0.03 21% 35% 27% 12% 5% 
Red-throated Loon  
Gavia stellata 150 0.33 0.03 59% 28% 8% 3% 2% 

 
Overall 4027 0.41 0.01 55% 24% 14% 5% 2% 

 

  



Table 3. Sample size for fish species groups used in each avian piscivore Hg risk model. Sample sizes vary for each piscivore because 
our modeling process only included fish species groups if they fell within the range preferred by avian piscivores. All fish Hg 
concentrations used in models were size adjusted to the preferred size of each piscivore (size shown in parenthesis in heading).  

Fish Species Group 
Bald Eagle   

(36cm) 
Osprey              
(30cm) 

Loons                 
(15cm) 

Grebes                
(6cm) 

Belted 
Kingfisher 

(5cm) 

Fish 
Species 
Total 

Anadromous salmonid 288 335       623 
Arctic grayling 263 274 284     821 
Black basses 2744 3817 770 6015 4953 18299 
Burbot 821 821 636     2278 
Carp 355 533 85 1054 909 2936 
catfishes 540 828 185 1845 1780 5178 
Char 5001 5811 4479 2057 5473 22821 
Chub 224 247 39 327 342 1179 
Cichlids   8   7   15 
Cisco 245 232 265     742 
Clupeiformes 3 4   8 4 19 
Crappie 251 325 24 625 605 1830 
Freshwater drum 24   24     48 
Goldeye 1154 1236 1053     3443 
Killifish       3948 4169 8117 
Minnows       1952 1932 3884 
Morone bass 29 193       222 
Pike 13995 13303 12853     40151 
Pikeminnow 1844 1899 226 1905 1913 7787 
Sculpin       184 243 427 
Stickleback       412 415 827 
Suckers 3482 3585 1913 3554 4221 16755 



Sunfishes 318 545 74 847 797 2581 
Trout 3798 5681 1777 6189 6506 23951 
Walleye/Sauger 13894 12437 12016 11337 17829 67513 
Whitefish 5065 5334 4889 1561   16849 
Yellow perch 1758 1442 1248 2376 2582 9406 
Total 56096 58890 42840 46203 54673 258702 
 

 

  



Table 4. Percentage of grid cells assigned to each risk category for each freshwater avian piscivore. High confidence grids had 
standard error that was within one quarter of the mean. All grids includes both those grids with high and low confidence (total 
dataset).   

Species 
Subset of 

Data 
Background 
(< 0.5 µg/g) 

Low          
(0.5 - 1 
µg/g) 

Moderate     
(1 - 2  µg/g) 

High             
(2 - 3  µg/g) 

Extra High    
(> 3 µg/g) Total 

Bald 
Eagle 

High 
Confidence 

1 (0%) 35 (17%) 148 (71%) 22 (11%) 3 (1%) 209 

All grid     
cells 

3 (1%) 85 (19%) 294 (66%) 50 (11%) 12 (3%) 444 

Osprey 

High 
Confidence 

3 (1%) 54 (21%) 182 (71%) 14 (5%) 2 (1%) 255 

All grid     
cells 

7 (1%) 121 (25%) 323 (66%) 32 (7%) 7 (1%) 490 

Loons 

High 
Confidence 

9 (5%) 125 (69%) 46 (25%) 1 (1%) 0 (0%) 181 

All grid     
cells 

23 (7%) 218 (64%) 97 (28%) 2 (1%) 1 (0%) 341 

Grebes 

High 
Confidence 

8 (3%) 176 (65%) 82 (30%) 3 (1%) 0 (0%) 269 

All grid     
cells 

22 (6%) 252 (63%) 117 (29%) 5 (1%) 1 (0%) 397 

Belted 
Kingfisher 

High 
Confidence 

11 (4%) 211 (69%) 81 (26%) 3 (1%) 0 (0%) 306 

All grid     
cells 

36 (7%) 339 (65%) 138 (27%) 6 (1%) 1 (0%) 520 

 

 

 



N Geomean Range Method Collector Processor Analyst Reference 

Hawaiian Islands

Kaena Point, Oahu Overall 50 339 133 - 826

Phoebastria immutabilis 2010 11 405 247 - 729 DMA-80 Lindsay Young
Angela Hansen, Frannie Nilsen, Stacy Vander 

Pol
Colleen Bryan This study

Phoebastria immutabilis 2011 7 266 190 - 349 DMA-80 Lindsay Young
Melannie Bachman, Angela, Hansen, Frannie 

Nilsen, Rebecca Pugh
Colleen Bryan This study

Phoebastria immutabilis 2012 15 299 133 - 486 DMA-80 Lindsay Young
Angela Hansen, Frannie Nilsen, Rebecca 

Pugh

Colleen Bryan, 

Julia Smith
This study

Phoebastria immutabilis 2013 17 371 158 - 826 DMA-80 Lindsay Young Jessica Jacob, Julia Smith, Rebecca Pugh
Colleen Bryan, 

Julia Smith
This study

Barking Sands, Kauai Overall 59 330 152 - 808

 Phoebastria immutabilis 2010 12 387 221 - 808 DMA-80 Peter Silva
Angela Hansen, Frannie Nilsen, Stacy Vander 

Pol
Colleen Bryan This study

Phoebastria immutabilis 2011 19 313 155 - 712 DMA-80 Jason Shimauchi, Peter Silva
Melannie Bachman, Angela, Hansen, Frannie 

Nilsen, Rebecca Pugh
Colleen Bryan This study

Phoebastria immutabilis 2012 13 323 152 - 486 DMA-80 Jason Shimauchi, Peter Silva
Angela Hansen, Frannie Nilsen, Rebecca 

Pugh

Colleen Bryan, 

Julia Smith
This study

Phoebastria immutabilis 2013 15 315 205 - 605 DMA-80 Jason Shimauchi Jessica Jacob, Julia Smith, Rebecca Pugh
Colleen Bryan, 

Julia Smith
This study

North Shore, Kauai Overall 55 351 143 - 1020

Phoebastria immutabilis 2010 20 334 155 - 535 DMA-80

Lindsay Young, Eric Vander 

Werf, Kim Uyehara, Megan 

Dalton, Marilou Knight, 

Aaron Hebshi, Stacy Vander 

Pol

Angela Hansen, Frannie Nilsen, Stacy Vander 

Pol
Colleen Bryan This study

Phoebastria immutabilis 2011 16 351 150 - 758 DMA-80 Justin Fujimoto
Melannie Bachman, Angela, Hansen, Frannie 

Nilsen, Rebecca Pugh
Colleen Bryan This study

Phoebastria immutabilis 2012 15 344 143 - 1020 DMA-80
Lindsay Young, Eric Vander 

Werf

Angela Hansen, Frannie Nilsen, Rebecca 

Pugh

Colleen Bryan, 

Julia Smith
This study

Phoebastria immutabilis 2013 4 480 334 - 795 DMA-80
Julie Murphy, Angie Serota, 

Lindsay Young
Jessica Jacob, Julia Smith, Rebecca Pugh

Colleen Bryan, 

Julia Smith
This study

Midway Atoll Overall 56 364 127 - 2960

Phoebastria immutabilis 2011 22 204 127 - 511 DMA-80

Nick Aspey, Debra Cofel, 

Karen Guglielmone, Ann 

Humphrey, Dagmar Leary

Melannie Bachman, Angela, Hansen, Frannie 

Nilsen, Rebecca Pugh 
Colleen Bryan This study

Phoebastria immutabilis 2012 5 247 223 - 260 DMA-80 Dagmar Leary, Pete Leary Angela Hansen, Jessica Jacob, Rebecca Pugh
Colleen Bryan, 

Julia Smith
This study

Phoebastria immutabilis 2013 13 263 178 - 482 DMA-80
Nicole Cody, Ann Humphrey, 

Hope Ronco

Jessica Jacob, Julia Smith, Angela Hansen, 

Katherine Clukey, Rebecca Pugh

Colleen Bryan, 

Julia Smith
This study

Phoebastria nigripes 2011 2 1140 639 - 2020 DMA-80
Nick Aspey, Ann Humphrey, 

Dagmar Leary

Melannie Bachman, Angela, Hansen, Frannie 

Nilsen, Rebecca Pugh 
Colleen Bryan This study

Phoebastria nigripes 2012 7 1420 662 - 2960 DMA-80

Dagmar Leary, Pete Leary, 

Greg Schubert, Bob 

Schulmeister

Angela Hansen, Jessica Jacob, Rebecca Pugh
Colleen Bryan, 

Julia Smith
This study

Phoebastria nigripes 2013 7 1010 657 - 1430 DMA-80
Nicole Cody, Ann Humphrey, 

Hope Ronco

Jessica Jacob, Julia Smith, Angela Hansen, 

Katherine Clukey, Rebecca Pugh

Colleen Bryan, 

Julia Smith
This study

Gulf of Alaska

St. Lazaria I. Overall 89 156 22.9 -376

Table S1. Mercury (µg/kg wet mass) in Pacific Ocean Seabird Eggs with Acknowledgments



Uria aalge 1999 10 199 118 - 277 ID-CV-ICPMS Alexis Paul and Susan Hatch Geoff York, Barb Porter Rusty Day doi:10.1021/es051064i

Uria aalge 2001 10 145 68.6 - 198 ID-CV-ICPMS Leslie Slater Rebecca Pugh Rusty Day doi:10.1021/es051064i

Uria aalge 2003 10 169 107 - 227 ID-CV-ICPMS Leslie Slater
Lesley Chappel, Kristin Simac, Michael 

Ellisor
Rusty Day doi:10.1016/j.envpol.2012.03.004

Uria aalge 2004 8 205 132 - 376 ID-CV-ICPMS Leslie Slater Kristin Simac, Michael Ellisor Rusty Day doi:10.1016/j.envpol.2012.03.004

Uria aalge 2006 5 119 69.4 - 229 DMA-80 Leslie Slater Lesley Bunch, Kristin Simac, Amanda Moors Colleen Bryan This study

Uria aalge 2008 5 173 113 - 236 ID-CV-ICPMS Leslie Slater Karen Corbell, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Uria aalge 2010 5 142 22.9 - 325 DMA-80 Leslie Slater David Roseneau, Rebecca Pugh Colleen Bryan This study

Uria lomvia 2001 10 97 48.4 - 176 ID-CV-ICPMS Leslie Slater Rebecca Pugh Rusty Day doi:10.1016/j.envpol.2012.03.004

Uria lomvia 2002 6 196 151 - 239 ID-CV-ICPMS Leslie Slater
Lesley Chappel, Kristin Simac, Rebecca 

Pugh
Rusty Day doi:10.1016/j.envpol.2012.03.005

Uria lomvia 2004 5 200 158 - 232 DMA-80 Leslie Slater Kristin Simac, Michael Ellisor Colleen Bryan This study

Uria lomvia 2006 5 116 65 - 305 DMA-80 Leslie Slater Lesley Bunch, Kristin Simac, Amanda Moors Colleen Bryan This study

Uria lomvia 2008 5 139 76 - 190 ID-CV-ICPMS Leslie Slater Karen Corbell, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Uria lomvia 2010 5 175 72.4 - 274 DMA-80 Leslie Slater David Roseneau, Rebecca Pugh Colleen Bryan This study

Middleton I. Overall 18 178 95.4 -239

Uria aalge 2003 10 151 95.4 - 239 ID-CV-ICPMS Andrew Ramey
Lesley Chappel, Kristin Simac, Michael 

Ellisor
Rusty Day doi:10.1016/j.envpol.2012.03.005

Uria aalge 2004 8 220 118 - 350 ID-CV-ICPMS Jessica Fisher Kristin Simac, Michael Ellisor Rusty Day doi:10.1016/j.envpol.2012.03.005

East Amatuli I. Overall 21 147 90 -357

Uria aalge 1999 11 187 90 - 357 ID-CV-ICPMS Arthur Kettle Kristin Simac, Rebecca Pugh Rusty Day doi:10.1021/es051064i

Uria aalge 2003 10 113 91.7 - 140 ID-CV-ICPMS Arthur Kettle Kristin Simac, Michael Ellisor Rusty Day doi:10.1016/j.envpol.2012.03.005

Gull I. Uria aalge 2004 8 128 92.8 - 187 ID-CV-ICPMS Nick Tanape Kristin Simac, Michael Ellisor Rusty Day doi:10.1016/j.envpol.2012.03.005

Duck I. Uria aalge 2004 4 174 145 - 221 ID-CV-ICPMS Leslie Slater Kristin Simac, Michael Ellisor Rusty Day doi:10.1016/j.envpol.2012.03.005

Aleutian Islands

Bogoslof I. Overall 24 46.4 12.8 - 139

Uria aalge 2000 9 27.4 12.8 - 47.9 ID-CV-ICPMS G. Vernon Byrd Kristin Simac, Rebecca Pugh Rusty Day doi:10.1021/es051064i

Uria lomvia 2000 10 78.6 24 - 114 ID-CV-ICPMS G. Vernon Byrd Kristin Simac, Rebecca Pugh Rusty Day doi:10.1021/es051064i

Uria aalge 2005 5 41.7 15.9 - 139 ID-CV-ICPMS Jeff Williams
Lesley Chappel, Kristin Simac, Amanda 

Moors
Rusty Day doi:10.1016/j.envpol.2012.03.005

Buldir I. Overall 15 242 188 - 367

Uria lomvia 2004 5 221 188 - 275 DMA-80 Slade F. Sapora Kristin Simac, Michael Ellisor Colleen Bryan This study

Uria lomvia 2006 5 268 195 - 367 DMA-80 Leslie Slater, Rachael Orben Lesley Bunch, Kristin Simac, Amanda Moors Colleen Bryan This study



Uria lomvia 2010 5 240 205 - 299 DMA-80 Alexis Will David Roseneau, Rebecca Pugh Colleen Bryan This study

Bering Sea

St. George I. Overall 60 27.8 7 - 192

Uria aalge 1999 11 24.3 13.4 - 41 ID-CV-ICPMS Dean Kildaw Geoff York, Barb Porter Rusty Day doi:10.1021/es051064i

Uria lomvia 2000 7 36.8 31.2 - 48.5 ID-CV-ICPMS Laurie Ness
Paul Becker, Stacy Vander Pol, Rebecca 

Pugh
Rusty Day doi:10.1021/es051064i

Uria lomvia 2002 7 36.3 14.2 - 82.4 ID-CV-ICPMS Julie Snorek
Lesley Chappel, Kristin Simac, Rebecca 

Pugh
Rusty Day doi:10.1016/j.envpol.2012.03.005

Uria aalge 2004 5 33 23.4 - 44.3 DMA-80 Andrew Malavansky Kristin Simac, Michael Ellisor Colleen Bryan This study

Uria lomvia 2005 5 45.5 26.2 - 64.3 DMA-80 Andy Malavansky
Lesley Chappel, Kristin Simac, Amanda 

Moors
Colleen Bryan This study

Uria aalge 2006 5 18.4 9.96 - 35.1 DMA-80 Andy Malavansky Lesley Bunch, Kristin Simac, Amanda Moors Colleen Bryan This study

Uria lomvia 2008 5 81.5 55 - 192 ID-CV-ICPMS Gary Merculief Karen Corbell, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Uria aalge 2009 5 8.91 7 - 10 ID-CV-ICPMS Peter and Nick Lekanof David Roseneau, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Uria aalge 2010 5 23.1 15.6 - 28.5 DMA-80
Gary Merculief, Rex 

Iyaninguk
David Roseneau, Rebecca Pugh Colleen Bryan This study

Uria lomvia 2010 5 17.6 9.89 - 27.9 DMA-80
Gary Merculief, Rex 

Iyaninguk
David Roseneau, Rebecca Pugh Colleen Bryan This study

St. Paul I. Overall 15 29.1 6.24 - 84.8

Uria lomvia 2009 5 16.5 9 - 44 ID-CV-ICPMS
Greg Thomson, Mike 

McClintock
David Roseneau, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Uria aalge 2010 5 33.4 6.24 - 62.6 DMA-80 Greg Thomson David Roseneau, Rebecca Pugh Colleen Bryan This study

Uria lomvia 2010 5 44.6 22.1 - 84.8 DMA-80 Greg Thomson David Roseneau, Rebecca Pugh Colleen Bryan This study

Cape Pierce Uria aalge 2005 5 47.4 28 - 112 ID-CV-ICPMS Rob MacDonald
Lesley Chappel, Kristin Simac, Amanda 

Moors
Rusty Day doi:10.1016/j.envpol.2012.03.005

St. Lawrence I. Overall 34 41.2 12 - 138

Uria aalge 2002 3 28.7 19.1 - 53 DMA-80 Brandon Waghiyi/Adrian Gall
Lesley Chappel, Kristin Simac, Rebecca 

Pugh
Colleen Bryan This study

Uria aalge 2006 5 83.8 56 - 138 DMA-80 Brandon Waghiyi Lesley Bunch, Kristin Simac, Amanda Moors Colleen Bryan This study

Uria aalge 2008 5 50.6 36 - 69 ID-CV-ICPMS Dylan Iya Karen Corbell, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Uria lomvia 2002 6 37.5 24.6 - 70.1 ID-CV-ICPMS Jackson Mokiyuk/Adrian Gall
Lesley Chappel, Kristin Simac, Rebecca 

Pugh
Rusty Day doi:10.1016/j.envpol.2012.03.005

Uria lomvia 2003 5 17.6 13.1 - 25.6 DMA-80 Brandon Waghiyi
Lesley Chappel, Kristin Simac, Michael 

Ellisor
Colleen Bryan This study

Uria lomvia 2006 5 79.7 58.2 - 120 DMA-80 Brandon Waghiyi Lesley Bunch, Kristin Simac, Amanda Moors Colleen Bryan This study

Uria lomvia 2008 5 27.9 12 - 41 ID-CV-ICPMS Dylan Iya Karen Corbell, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Norton Sound 

Bluff Overall 15 124 74.5 - 234

Uria aalge 2002 5 102 74.5 - 124 DMA-80 Ed Murphy
Lesley Chappel, Kristin Simac, Rebecca 

Pugh
Colleen Bryan This study

Uria aalge 2005 5 155 101 - 234 ID-CV-ICPMS Roy Ashenfelter
Lesley Chappel, Kristin Simac, Amanda 

Moors
Rusty Day doi:10.1016/j.envpol.2012.03.005



Uria aalge 2008 5 121 82 - 144 ID-CV-ICPMS T. Sparks Karen Corbell, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Sledge I. Overall 10 92 52 - 172

Uria aalge 2005 5 117 77.5 - 172 ID-CV-ICPMS Harold Ahmasuk
Lesley Chappel, Kristin Simac, Amanda 

Moors
Rusty Day doi:10.1016/j.envpol.2012.03.005

Uria aalge 2008 5 72.5 52 - 102 ID-CV-ICPMS Austin Ahmasuk Karen Corbell, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Cape Denbigh Overall 10 136 84 - 287

Uria aalge 2005 5 174 110 - 287 ID-CV-ICPMS Lance Sampson
Lesley Chappel, Kristin Simac, Amanda 

Moors
Rusty Day doi:10.1016/j.envpol.2012.03.005

Uria aalge 2009 5 106 84 - 184 ID-CV-ICPMS Clyde Jackson David Roseneau, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Bering Strait and Chukchi Sea

Little Diomede I. Uria lomvia 2008 5 73.2 56 - 97 ID-CV-ICPMS Dylan Iya Karen Corbell, Rebecca Pugh Rusty Day doi:10.1021/es2047156

Cape Lisburne Uria lomvia 2002 6 50.8 32.1 - 72.3 ID-CV-ICPMS Earl Kingik
Lesley Chappel, Kristin Simac, Rebecca 

Pugh
Rusty Day doi:10.1016/j.envpol.2012.03.005


