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Abstract

The mutual mitigation of selenium and mercury toxicity is particularly interesting, especially for 

humans. Mercury is widely recognized as a pan-toxic element; all forms are toxic to all organisms. 

Less well known is that selenium in excess is toxic as well. The high affinity between these 

elements influences their bioavailability and toxicity. In this paper we use selected species from 

Barnegat and Delaware Bays in New Jersey to examine variations in levels of selenium and 

mercury, and selenium:mercury molar ratios between and within species. We report on species 

ranging from horseshoe crab eggs (Limulus polyphemus) a keystone species of the food chain, 

to several fish species, to fish-eating birds. Sampling began in the 1970s for some species and 

in the 1990s for others. We found no clear time trends in mercury levels in horseshoe crab eggs, 

but selenium levels declined at first, then remained steady after the mid-1990s. Concentrations 

of mercury and selenium in blood of migrant shorebirds directly reflected levels in horseshoe 

crab eggs (their food at stopover). Levels of mercury in eggs of common terns (Sterna hirundo) 

varied over time, and may have declined slightly since the mid-2000s; selenium levels also 

varied temporally, and declined somewhat. There were variations in mercury and selenium levels 

in commercial, recreational, and subsistence fish as a function of species, season, and size (a 

surrogate for age). Selenium:mercury molar ratios also varied as a function of species, year, 

season, and size in fish. While mercury levels increased with size within individual fish species, 

selenium levels remained the same or declined. Thus selenium:mercury molar ratios declined 
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with size in fish, reducing the potential of selenium to ameliorate mercury toxicity in consumers. 

Mercury levels in fish examined were higher in early summer and late fall, and lower in the 

summer, while selenium stayed relatively similar; thus selenium:mercury molar ratios were lower 

in early summer and late fall than in mid-summer. We discuss the importance of temporal trends 

in biomonitoring projects, variations in levels of mercury, selenium and the molar ratios as a 

function of several variables, and the influence of these on risks to predators and humans eating 

the fish, and the eggs of gulls, terns. Our data suggests that variability limits the utility of the 

selenium:mercury molar ratio for fish consumption advisories and for risk management.
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Introduction

Changing global temperatures, changes in sea levels, increasing human populations, and 

chronic and acute exposure to contaminants have led society and some governments to 

address these issues at multiple levels. Promulgation of laws, regulations, and advisories 

require data to support these measures (ESA 1973: Fairbrother 2009; Evers et al. 2011; 

Piersma et al. 2016). Concentrations of contaminants in a wide range of organisms is 

key to understanding the risk to humans and the environment. Site specific information is 

required on indicator species that represent different levels of the food chain. Understanding 

contaminant patterns requires examining several indicators, for several years. However, 

biological monitoring requires careful selection of indicators that provide data on whether 

there are changes in exposure, temporal or spatial trends, and whether there are spatial or 

species differences that reflect exposure leading to adverse health effects (Burger 2006; 

Egwumah et al. 2017; He et al. 2019). This led us to take a food web approach for biota 

living in estuaries.

Examining yearly variations or trends in contaminant levels is not only time-consuming, but 

requires funding commitment, and the ability to analyze levels year after year. Monitoring 

studies are difficult to fund, but provide some of the most useful data for understanding 

whether the risks to biota or human are increasing or decreasing. There are few studies in 

birds and other biota that provide temporal patterns for 20 years or more (Weseloh et al. 

2011; Burger and Gochfeld 2016). Food webs can be used to examine contaminant fate and 

transfer through an ecosystem. Yet often eco-toxicologists examine contaminant levels in 

organisms without considering the complex food webs that surround their target species of 

concern. While it is time consuming and complicated, examining contaminant levels with a 

food web structure provides a more realistic picture of risk to organisms, including humans. 

It is particularly time-consuming when developing long-term data sets of contaminant levels 

in indicator species. In some cases (e.g. lead, cadmium, ATSDR 1996, 2007; Raymond et 

al. 2014), contaminant levels have decreased in the environment over the last few decades, 

requiring that the temporal patterns of data collection are critical to determining risk.
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Concentrations of a few contaminants vary seasonally (Eagles-Smith et al. 2009a, b), and 

as a function of size (e.g. age in some species) in fish, birds, and other animals (Lange 

et al. 1994; Bidone et al. 1997; Burger and Gochfeld 2000, 2016). Generally contaminant 

concentrations in tissues of species increase with age, although this is not always the case 

(Evers et al. 2005; Seewagen 2010). To understand the levels of contaminants in biota, 

and associated potential health effects, it is essential to identify the factors that affect these 

levels. Understanding exposure routes, contaminants levels, and potential health effects is 

especially required for species that are declining, are of special concern, are consumed by 

people, or that are used for cultural or medicinal practices.

There are two types of trophic webs: 1) food and energy-based webs that are designed 

to examine the patterns of consumption at different trophic levels (DeVault et al. 2003; 

Montevecchi 2008), and 2) contaminant webs based on trophic level relationships (Braune 

et al. 2015; Rolfhus et al. 2011; Burger and Gochfeld 2016). The latter are designed to 

understand the fate and transfer of contaminants as they move up the food chain (Gerwing et 

al. 2016; Elnoder et al. 2018). Data from contaminant webs provide the information needed 

to conduct risk assessments for humans and other biota. Such data, combined with temporal 

trends in metal levels indicates whether risk is increasing or decreasing over time.

In this paper we use selected species to test whether selenium, mercury, and 

selenium:mercury ratios vary among different species, years, and seasons. We examine: 

1) yearly trends in horseshoe crab (Limulus polyphemus) eggs from 1993 to 2019, 2) yearly 

trends in levels of selenium and mercury in common tern (Sterna hirundo) eggs from 1971 

to 2019, 3) differences in levels in small prey fish eaten by terns, 4) levels in commercial/

recreational fish, 5) seasonal patterns in level of selenium and mercury in striped bass 

(Morone saxatilis), bluefish (Pomatomus saltatrix) and American eel (Angulia rostrata), and 

6) the relationship between levels of selenium and mercury in horseshoe eggs and the blood 

of shorebirds during the period when they are consuming only these eggs on Delaware Bay 

(spring stopover). The species of shorebirds examined include red knot (Calidris canutus 
rufa), semipalmated sandpipers (Calidris pusilla), sanderling (Calidris alba), and turnstone 

(Arenaria interpres).

We concentrate on selenium and mercury because although mercury is one of the most 

toxic environmental pollutants (Eisler 1987; Furness and Rainbow 1990; Mason 2014), 

selenium is seldom examined. Further, each potentially mitigates the toxic effects of the 

other (ATSDR 1996; Eisler 2000; Ralston and Raymond 2018). The molar ratio gives an 

indication of the protective benefits of selenium against mercury poisoning. Ratios greater 

than 1:1 are hypothesized to protect against mercury toxicity on the assumption that all the 

mercury will be bound up by selenium Raymond and Ralston 2004; Ralston and Raymond 

2001, 2018). The actual molar level that would confer protection against mercury toxicity, 

however, is not known (Squadrone et al. 2015; Burger and Gochfeld 2011; Gochfeld and 

Burger 2020, this issue).

We present data on horseshoe crab eggs because they are a keystone prey of the food chain 

in Delaware Bay, and are eaten by fish, eels, shorebirds and gulls (Burger and Gochfeld 

2016, Fig. 1). The fish-eating common tern represents a top trophic level, and our egg 
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contaminant data are the longest, continually monitored study of mercury and selenium in 

birds in the U.S. Fish are good species to examine mercury and selenium levels because 

as they age they increase in size, usually making size and indication of age. Striped bass 

and bluefish, also top predators, may show size and seasonal differences in concentrations 

in edible muscle (and selenium:mercury molar ratios) that are relevant to human consumers. 

Migrant shorebirds foraging on eggs of horseshoe crab eggs represent mid-level consumers 

that feed entirely on horseshoe crab eggs when in Delaware Bay (Tsipoura and Burger 

1999; Novic et al. 2015; Mizrahi et al. 2012) although elsewhere (and at other times of 

the year) they eat mainly small invertebrates (Baker et al. 2013). The eggs of horseshoe 

crab are also eaten by other birds (e.g. gulls) and fish including American Eel (Burger and 

Gochfeld 2016). The food webs in Delaware Bay and Barnegat Bay are obviously much 

more complicated and diverse than presented in figure 1 (Burger and Gochfeld 2016); this 

figure only represents the species discussed in this paper. Our intent in this paper is to bring 

together data on temporal patterns of contaminant exposure in a number of indicator species, 

that indicate changes (or lack thereof) in exposure to mercury and selenium. While earlier 

papers have provided some of the temporal data, these figures represent additional years 

and/or additional species that are synthesized to show the importance of biomonitoring.

Methods

As part of long-terms study of contaminants in the bays of New Jersey, we have sampled 

species representing different nodes in estuarine food webs. We were particularly interested 

in temporal trends and interspecific differences in mercury and selenium from Delaware 

Bay and Barnegat Bay (Fig. 1, after Burger and Gochfeld 2016). Under appropriate state 

and federal permits we collected invertebrates, fish, birds and bird eggs. All methods were 

conducted with permits from New Jersey and the federal government, under the animal 

care committee of Rutgers University (permit 92–036, renewed every three years), and in 

accordance with the guidelines of the Ornithological Council (www.nmnh.si.edu/BIRDNET/

GuideToUse) that consider animal welfare.

We used a variety of means to collect samples. Clutches of horseshoe crab eggs were 

scooped from nests on spawning beaches, pooling eggs from different clutches (Burger and 

Tsipoura 2014; Burger et al. 2017; this study; 8–12 clutches of egg/year). Bait fish were 

collected by seine in Barnegat Bay (Able and Fahay 2014)(>25–85/species. Edible fish 

were collected from fishermen (Burger 2009; Burger and Gochfeld 2011; Gochfeld et al 

2012)(20–258/species). American eels were collected in traps in shallow water about 30 m 

from horseshoe crab spawning beaches (this study, n = 8). Bird eggs were collected by hand, 

removing only one egg from a clutch to reduce any effects on reproductive success (Burger 

and Gochfeld 2016, this study)(>15/species/year). Shorebirds were captured by cannon net 

or mistnets. Shorebird blood was taken from wing veins into heparinized capillary tubes and 

refrigerated (Tsipoura et al. 2017; Burger et al. 2019, this study), a technique that has no 

obvious effect on the reproductive success of birds (Orzechowski 2019).

All samples were prepared and analyzed in laboratories of the Environmental and 

Occupational Health Sciences Institute (EOHSI) at Rutgers University. Further, all samples 

were analyzed in EOHSI by the same methods, assuring consistency over the collection 
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period. Horseshoe crab eggs were blended and digested. Small fish were analyzed whole 

and larger edible muscle samples were analyzed individually. Bird eggs were analyzed 

individually, homogenizing the yolk and albumin. In all cases, the figures/tables presented 

here include much new data and analyses not previously published.

Separate laboratories were used for dissection, digestions, and then chemical analysis. 

Before each use, containers and other equipment were washed and rinsed (10 % HNO 

solution, deionized water). Bird eggs were individually homogenized and dried to a constant 

weight, while feathers were alternately washed with acetone and deionized water, and air 

dried. Samples were then digested in 70% TraceMetal grade nitric acid (Fisher Chemical) 

in a microwave (MDS 2000 CEM). We analyzed total mercury using a Perkin Elmer 

FIMS-100 mercury analyzer, and selenium using a Perkin Elmer 5100 flameless atomic 

absorption spectrometer (Zeeman correction). The instrument detection limits were 0.02 

ng/g for selenium and 0.2 ng/g for mercury. Metal levels in bird eggs are expressed as 

ng/g (ng/g, dry weight; later converted to wet weight for comparison to the published 

literature). Horseshoe crab eggs and fish tissue are expressed in ng/g (ng/g, wet weight). 

Standard reference material (from NIST), spiked specimens, and blanks were determined 

along with samples to evaluate analytical control and accuracy. Certified Reference Material 

(CRM) DORM-2, “Dogfish Muscle Certified Reference Material for Trace Metals” from 

the National Institute of Standards and Technology (NIST), was used for cold vapor atomic 

absorption spectroscopy (Hg). DORM-2 Standard Reference Material (SRM) 1640, Trace 

Metals in Natural Water” from the National Institute of Standards and Technology (NIST), 

was used for Zeeman graphite furnace atomic absorption spectroscopy (selenium) quality 

control evaluation. Recoveries ranged from 85 % to 115 %. Further descriptions of methods, 

instrumentation, and QA/QC ca be located in Burger and Gochfeld (2011, 2018), Burger et 

al. (2017, 2019), and other references noted in figure legends.

Results

Yearly patterns

There were no clear yearly trends in levels of mercury in the eggs of horseshoe crabs 

(although 1994 level was significantly higher), but selenium levels declined for several years 

and remained level from the late-1990s to 2019, Fig. 3). Both mercury (chi-squre=23.0 

p<0.0001) and selenium (chi-squre=59.0 p<0.0001) decrease significantly from the 1990’s 

to the 2010’s. The levels of selenium were high relative to mercury, resulting in no 

consistent temporal pattern in the selenium:mercury molar ratio. However, the ratio were 

all well above 50 in all years.

The mercury levels in eggs of common terns varied over time, and may have declined 

slightly since the mid-2000s (Kendall tau correlation coefficient −0.1 p=0.001), and 

selenium levels have varied markedly, without showing a significant trend (Fig. 4). 

Again, mercury was higher in 1994 and 1999 than in the other years, perhaps due to 

heavy rains and flooding bring higher levels of mercury into the estuarine system. The 

selenium:mercury molar ratios varied over the years, mainly tracking selenium levels. 

However, the selenium:mercury molar ratios for eggs of common terns were much lower 
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than those in horseshoe crab eggs by two orders of magnitude (and in one year was below a 

1:1 ratio).

Species and Size differences

Species differences in levels of both mercury and selenium occur in a wide range of fish 

species (as there are in other related groups of organisms). The prey base of small fish 

available to predators such as larger fish, gulls and terns in both bays is diverse. Mercury 

levels are generally low in small prey fish; average levels in bay anchovy (Anchoa mitchilli) 
were the highest, and averaged 100 ng/g (0.1 mg/g, Fig. 5). Mean selenium levels were 

higher than mean mercury levels, but generally correlated to mercury levels, except for 

round herring (Spratelloiees gracilias). We have no explanation for the higher levels of 

selenium in round herring, but suggest it bears examination. Selenium levels were highest 

in round herring and bay anchovy, Fig. 5). Selenium:mercury molar ratios generally tracked 

selenium levels. The low variances indicate low variation in levels over the years (not 

surprising, given the small size and short lifespan).

Similarly, levels of mercury varied significantly in medium-sized saltwater fish (caught 

commercially and recreationally by people)(Fig. 6). The levels of selenium in these fish, 

however, did not track mercury levels, and thus the relationship between selenium and 

mercury is not predictable. The selenium:mercury molar ratios increased as the denominator, 

mercury, decreased (Fig. 6).

For bluefish and striped bass, significant differences in mercury levels occurred as a function 

of size, but size and metal relationships were seldom examined for selenium (Fig. 7). 

Mercury levels increased for both species, and selenium either remained similar (bluefish) 

or declined slightly with size. The selenium:mercury molar ratios decreased with size of the 

fish, and for some species was below 1:1.

Seasonal patterns

In 2002–2004 we analyzed separate monthly samples for striped bass and bluefish. In the 

same-size commercial fish, mercury levels in muscle of bluefish and striped bass varied 

seasonally, with mercury levels being higher in early summer and late fall, and lower in the 

same-sized fish collected in the summer (Fig. 8). Selenium levels, however, were similar 

throughout the season, or were higher in late summer. This results in selenium:mercury 

molar ratios being significantly higher in late summer than in early summer or late fall (Fig. 

8).

Food chain effects

There was a significant relationship between the levels of selenium and mercury in 

horseshoe crab eggs, and in blood of shorebirds (Table 1). Thus, when shorebirds are eating 

horseshoe crab eggs, their blood levels of mercury and selenium reflect crab egg levels. The 

levels in the blood are then transferred to other internal tissues of shorebirds.

The levels of mercury and selenium in tern and gull eggs (reflective of their foods) varied 

(Table 2). Levels of mercury in eggs (relevant to consumption by predators and people) of 
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Forster’s tern were as high as 535 ng/g (= 0.5 mg/g), while those of laughing gulls were only 

82 ng/g (= 0.08 mg/g).

Discussion

The importance of biomonitoring for yearly variations

In our view, a successful bioindicator must indicate something about the environment, not 

just the levels of a contaminant in an organism at a particular time (Burger 1993, 2006; 

Egwumah et al. 2017). Simply reporting levels is not sufficient to “state” that this is a 

bioindicator – they must be an indicator of something of interest or importance. Initially, 

many bioindicator studies were aimed at determining whether levels of a contaminant in 

biota living in a potentially polluted environment were indicative of local exposures, whether 

levels were higher than in a control site, and whether levels were in a range to cause adverse 

effects. This is still the case (Ohlendorf et al 1989; Burger and Gochfeld 2000; Ohlendorf 

2011; Abdullah et al. 2015; Bakker et al. 2016a,b; He et al. 2019). Bioindicator studies can 

be aimed at determining appropriate sampling methods (Rutkowska et al. 2018; Lasters et 

al. 2019; Zabala et al. 2019), maternal transfer of contaminants to offspring (Ackerman et 

al. 2016; Bakkar et al. 2016a,b), and whether a particular non-invasive tissue can serve as an 

“indicator” of internal levels. For example, blood may be a good indicator of either current 

local exposure or foods (e.g. this study), or of internal tissue levels (e.g. Berglund 2018), 

or for examining movement of contaminants through food webs (Abassi et al. 2015; Burger 

and Gochfeld 2016).

Having biomonitoring data for several species and ecosystems is critical for understanding 

the health and well-being of our environment, particularly when faced with global 

population changes, sea level rise, and climate change. There are literally hundreds of papers 

that use the word monitoring or biomonitoring in a range of biota (see the journal Ecological 

Indicators), but most have only a very few years, and almost none have data that span 

20 years or more, especially in the United States for birds. However, museum specimens 

can be used to examine long time series of mercury contamination using avian feathers 

(Movalli 2017). We provide data on mercury, selenium, and selenium:mercury molar ratios 

for the eggs of common terns from 1971 to 2019, and for horseshoe crab eggs from 1993 

to 2019. These data indicate that levels of mercury and selenium have varied over the years, 

but there is no clear temporal patterns. These data are important because, unlike cadmium 

and lead that have declined dramatically in the last 50 years (ASTDR 2007; Ettinger et 

al. 2020), mercury does not show clear decreases (despite decreasing use of mercury and 

heightened U.S. regulatory standards). Mercury may not have decreased over time in the 

United States due to the failure to control emissions from coal-burning power plants, as 

well as the global transport of mercury from increased emissions from new coal-burning 

plants in China and elsewhere (Mason et al. 2000; Huang et al. 2017). Selenium is also 

released from coal-burning plants (Mason et al. 2000). However, recent relaxing of some 

U.S. standards may have an impact, and continued biomonitoring is required. Elsewhere, the 

concentrations of some metals in shorebirds have declined temporally (Mason 2014; Vallius 

2013). Selenium is also released from coal combustion (Mason et al. 2000), metal smelting 

and refineries, mining operations, and semi-conductor manufacturers, ATSDR 1996).
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Yearly or at least long-term biomonitoring is needed to detect and confirm trends in 

pollutants. Trends inferred from short-term studies can be misleading. For example, 

selecting data from any two years in the Common Tern egg time series we presented 

could show either an increasing or a decreasing trend (see Fig.4) Further, having data from 

nearly every year (e.g. common tern eggs) shows that there is yearly variation, although 

no consistent pattern. The high levels of mercury in some years could be due to increased 

rainfall resulting in increased metal inputs from rivers and streams into bays and estuaries, 

increased storm frequency or intensity that results in re-suspension of contaminants, and/or 

shifts in foods eaten by the terns. Without time series of data on mercury and selenium levels 

it is difficult to determine whether high (or low) levels are representative of the situation, and 

whether there are ecosystem (and human health) concerns because of high levels.

A time series of levels of mercury and selenium in horseshoe crab eggs “indicates” whether 

levels have changed over time, what the levels are, and allows for a determination of whether 

they provide a threat to the organisms themselves, or to their predators, including people. 

Horseshoe crab eggs form one of the main bases for Northeastern US estuaries, and thus 

determining levels is critical for understanding relationships in the food web. In the present 

study, the levels in eggs provide an indication of changes over time, levels that might provide 

a risk to the species laying them (e.g. horseshoe crabs), and to the species that eat them 

(fish and shorebirds eating horseshoe crab eggs). The horseshoe eggs are food for many 

invertebrates, fish, and birds in the U.S. east coast bays and estuaries.

Finally, one advantage of having long time series of mercury and selenium levels is the 

ability to note when a level is out of line with the general pattern, as occurred in 1994 

for mercury in horseshoe crab eggs (Fig. 1) and in 1994 and 1999 for common tern eggs. 

It may be that in 1994 there was higher mercury in atmospheric deposition (or more rain 

in that season, accounting for greater deposition), or more terrestrial runoff from cities or 

industrialized areas. Whatever the reason, it illustrates that there can be years with high 

mercury levels that do not reflect the trend (but if only those years were sampled, it would 

present in in accurate picture f the overall trens).

The food web and potential effects on biota

The effects of trophic level on the bioaccumulation of mercury (and other contaminant) 

have often been discussed (Sarkka et al. 1978; Wiemeyer et al. 1986; Burger and Gochfeld 

1996, 2016). Species that are on a high trophic level generally have higher levels of mercury 

than lower levels (Mason et al. 2000; Baeyens et al. 2003; Cameiro et al. 2016). Yet, one 

difficult problems is to show the relationship between exposure and levels in consumers, 

largely because most species (including humans) consume a range of different food items in 

different quantities (Rolfhus et al. 2011; Mendoza-Carranza et al. 2016; Burger et al. 2019). 

Migrant shorebirds foraging in Delaware Bay in May are an exception. There, for their 

2–3 week refueling stopover, they feed exclusively on horseshoe crab eggs (Tsipoura and 

Burger 1999). The data presented in this paper indicate a clear, positive relationship between 

mercury and selenium levels in eggs of horseshoe crabs and in the blood of shorebirds that 

forage exclusively on these eggs on stopover on Delaware Bay (Tsipoura and Burger 1999). 

It is unusual for birds to be feeding on one prey item during a 2–3 week period, allowing for 
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this evaluation. At other times of the year the diet of shorebirds is more varied (e.g. Baker 

et al. 2004). The data, therefore, show a clear relationship between exposure levels and 

mercury and selenium, and what is circulating in their blood. Thereafter, however, metals 

are deposited in other organs, which may then accumulate higher levels than the levels 

found in blood (Burger et al. 2015; Tsipoura et al. 2017). Mercury levels in liver of migrant 

semipalmated sandpipers averaged 260 ng/g compared to 13 ng/g in blood and 430 ng/g in 

feathers (Burger et al. 2014).

Worldwide, shorebird populations in general are decreasing: 4 species we studied are 

declining at a greater rate than many other shorebird species (Morrison et al. 2001; Baker 

et al. 2004; Andres et al. 2013). We suggest that it is critical for conservation to understand 

whether the levels of either mercury or selenium are such that they could cause negative 

effects. The mean levels of mercury in shorebirds reported herein (mean of 13 – 39 ng/g), 

however, were lower than those known to cause negative effects (700 – 2000 ng/g effects 

level, depending upon species, Evers et al. 2008, 2011).

Similarly, common terns nesting in Barnegat Bay have declined sharply in the last 40 years 

(Burger and Gochfeld 2016). The declines are mainly due to habitat degradation and loss of 

nesting islands from rising sea level and increased devastating storms (Burger and Gochfeld 

2016). However, the potential importance of contaminants should be considered. The heavy 

metals in eggs of common terns represent local exposure since females arrive on the colony 

for weeks before they begin to lay eggs (Burger and Gochfeld 1991). Thus they can serve as 

bioindicators of local exposure, as well as being indicators of potential effects on developing 

embryos, and of potential effects on predators that eat them (Burger and Gochfeld 2016). 

Compared to blood, there are more data on the levels of mercury in eggs that can cause 

adverse effects. However, levels between 500 and 1500 ng/g (wet weight) can cause adverse 

effects on embryonic development (Wolfe et al. 1998; Heinz et al. 2009), depending upon 

species. Heinz et al. (2009) determined that the developing embryo of common tern was 

intermediate in vulnerability compared to other species of waterbirds.

Mercury, particularly methylmercury is the element known to cause the greatest ill effects 

in vertebrates (Wolfe et al. 1998; ATSDR, 1999, 2013). Mercury effects have been 

demonstrated in wild birds (Jackson et al. 2011) and other biota (Eisler 1987; Evers et al. 

2011). In birds, the reproductive and neurobehavioral toxic effects of methylmercury have 

been demonstrated in the laboratory (Heinz 1979; Spalding et al., 2000; Wiener et al. 2003) 

and under wild conditions (Frederick et al. 2002; Frederick and Jaysena 2010; Whitney and 

Cristol 2018). In developing embryos, mercury binds to the sulfhydryl (-SH) group on the 

tubulin protein, leading to catastrophic disassembly of microtubules, including those that 

form the cell spindle that guides chromosome separation during cell division (Weis and Weis 

1977; Graff et al. 1993). Blood levels of 2 µg/ml (2 mg/g) can reduce reproductive success in 

common loons (Gavia immer) (Evers et al. 2008, 2011), and levels of 0.7 µg/g (mg/g = 700 

ng/g), and result in negative effects in Carolina wren (Thryothorus ludovicianus) (Jackson 

et al. 2011). These data suggest that birds eating small insects at the lower mercury levels 

(0.7 mg/g = 700 ng/g) can be impacted. Thus, Perkins et al. (2016) suggested that breeding 

shorebirds in Alaska might suffer adverse effects from mercury. Blood mercury levels in 

migrant shorebirds in Delaware Bay averaged less than 100 ng/g (0.1 mg/g), suggesting 

Burger and Gochfeld Page 9

Environ Sci Pollut Res Int. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



no adverse effects. However, over time, mercury is sequestered in internal tissues and in 

feathers, where the levels are considerably higher. In semipalmated sandpipers, for example, 

the mean mercury levels in other tissues were higher in liver (mean of 260 ng/g [or 0.26 

mg/g], Burger et al. 2014) and feathers (mean of 353 or 507, depending upon sampling time, 

Tsipoura et al. 2017).

Unlike mercury, selenium is an essential nutrient that is regulated in the body. Selenium 

deficiency is rare, but selenium toxicity has been documented. For humans there is a narrow 

range of tolerance between too little and too much (ATSDR 1996; Eisler 2000; Vinceti 

et al. 2001). Thus, selenium protects cells from oxidative stress, while oxidative damage 

occurs with high levels of selenium (Hoffman 2002). The adverse effects of selenium in 

waterbirds were first described by Ohlendorf (Ohlendorf et al.1986, 1989, Ohlendorf 2011) 

at Kesterson Reservoir, California. In aquatic systems, high selenium levels can be toxic 

to fish (Muscatello et al. 2006), as well as birds (Heinz 1996). The difficulty is that there 

are far fewer studies that even examine levels of selenium in wild biota, and almost none 

that examine the relationship between selenium levels in tissues and observed toxic effects. 

The potential ameliorating effects of mercury and selenium on their respective toxicities is 

discussed briefly below. While no specific threshold value for selenium toxicity has been 

identified for fish or birds, selenium toxicity does occur (Ohlendorf 2011). The prey fish 

examined in this paper are all species that are eaten by predators, such as terns and gulls, 

bluefish, striped bass, and other higher-trophic level predators. Similarly, the larger fish are 

highly prized by humans including by recreational fisher folks, and by people who buy them 

in markets (Burger et al. 2004, Burger and Gochfeld 2012).

Implications for humans

People do not eat horseshoe crab eggs, but they do consume fish, birds and bird eggs. Prior 

to the Migratory Bird Treaty Act (1918), the eggs of shorebirds, terns and others were 

avidly consumed in the United States and this practice continues today in many parts of 

the world, even where nominal protection is provided. Commercial shorebird hunting was 

popular in North America into the late 1890s, and still occur on wintering grounds in South 

America (Wege et al. 2014), accounting for the decline in other species. Further, recent 

ethnic immigrants in the northeast eat terns and gull eggs during the nesting season. Thus 

humans have potential exposure to toxics in birds and their eggs. Of course, fish are an 

important part of people’s diets throughout the world.

The data presented in this paper have implications for understanding potential health effects 

for humans and other biota in at least four ways: 1) they can serve as bioindicators of 

changes in mercury and selenium levels in our environment, and suggest possible exposure 

from consumption, 2) mercury can cause both lethal and non-lethal effects at high levels 

in humans and other biota (ATSDR 1999, 2013; Evers et al. 2011), 3) selenium can cause 

both lethal and non-lethal effects at high or low levels (Ohlendorf et al. 1989; ATSDR 

1996; Heinz 1996; Eisler 2000 ), and 4) selenium can potentially mitigate the toxic 

effects of mercury, (Raymond and Ralston 2004; Ralston and Raymond 2001, 2018) and 

vice-versa. These are important for understanding the risks from toxic exposure for species 
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at different nodes on the food web. The importance of long-term studies for understanding 

environmental exposure was discussed above under bioindicators.

Mercury has long been recognized as toxic to humans and other biota, and has no known 

beneficial effect, in contrast to selenium, which is an essential trace element (ATSDR 1996, 

1999; Fairweather-Tait et al. 2011). The importance of mercury in aquatic systems was 

recognized by the U.S. Environmental Protection Agency when they established an ambient 

freshwater mercury fish criteria as 0.3 mg/g in freshwater fish (EPA 2001), based partly 

on protecting human consumers of fish. Selenium is of interest for human risk assessment 

because there is a narrow acceptable level: both high and low levels are harmful (Vinceti et 

al. 2001). The data presented on mercury levels in this paper indicate that mercury levels 

in some recreational and commercial fish are in the toxic range, both as mean levels for 

species, and in the number of individuals within a species that exceed 0.3 mg/g. Similarly, 

the mercury levels in some of the eggs of birds examined in this study were above 0.5 mg/g 

(the WHO 2004 guidance for fish consumption).

In humans, selenium can have adverse effects if levels are both too low, and too high; it is 

usually regulated in the body in a narrow range (ATSDR 1996, Fairweather-Tait et al. 2011). 

Selenium is incorporated into selenoproteins that have several effects from antioxidants, to 

anti-inflammatory, to production of active thyroid hormones (Rayman 2012). A deficiency 

in selenium does exist in some places in the world (Khan and Wang 2009; Rayman 2012, see 

below). Excess, however, is also deleterious because it can affect thyroid function, impair 

natural killer cells, and lead to gastrointestinal disturbances and hepatotoxicity (Vinceti et al. 

2001, Fairweather-Tait et al. 2011).

Our intent was not to examine the positive and negative effects of selenium, but rather to 

explore factors that affect differences in selenium levels in the food chain. Our data indicate 

that mercury varies by fish species, fish size, and season. Mercury levels were higher in 

larger fish and other species that are high on the trophic web (e.g. top level predators). Our 

findings also indicated that selenium varies by organism, whether birds or fish, but unlike 

mercury, selenium did not vary significantly by season or by fish size. These factors have 

implications for risk of mercury toxicity both to the organisms, as well as to predators 

that consume them. The lack of predictable trends in selenium levels (e.g. no increase with 

age and size), and the variations over time, suggest that in biota, as well as humans, there 

is less predictability of the potential for harm from selenium, especially for consumers of 

these organisms. Further it suggests the need for more research because selenium is usually 

considered to be regulated, and thus should be less variable among and within organisms 

(ATSDR 1996; Heinz 1996; Eisler 2000; Hoffman 2002) – this bears further examination.

Potential mitigating effects of selenium on mercury toxicity

Our emphasis in this paper was on showing how mercury and selenium levels vary over 

time (yearly and seasonally), space, species size, and species, as well as with variations 

with trophic position. It is widely recognized that selenium can partly mitigate the negative 

effects of mercury in fish, but how much protection is uncertain as is the location of 

the protection----is it in the fish tissue or in the fish dinner or in the consumer? There 

is considerable controversy about the degree of this protection, what molar ratio(s) are 
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protective, and whether there are mercury levels that no amount of selenium can mitigate 

(Burger and Gochfeld 2013). Mercury and selenium can each modify the toxicity of the 

other, and have a high mutual affinity and (Komsta-Szumska et al. 1983; Beyrouty and 

Chan, 2006; Khan and Wang 2009). The relationships are complex. Mercury toxicity is 

associated with its high affinity to bind to sulfur, resulting in a strong binding to cysteine 

residues in proteins and enzymes that disrupts their function. However, by binding selenium, 

mercury can create a selenium deficiency, leading Ralston and others to identify mercury 

poisoning with the syndrome of selenium deficiency as (Ralston et al. 2007; Khan and 

Wang 2009; Peterson et al. 2009a,b). This selenium deficiency could account at least for 

the oxidative stress caused by mercury, for example by modulating the activity of selenium-

dependent enzymes (i.e. glutathione peroxidase, Pinheiro et al. 2009). That selenium 

can ameliorate some of the negative toxic effects of mercury has been shown in some 

field studies. The selenium levels and the ratio were also associated with metallothionein 

induction in free-ranging fish (Sormo et al. 2011; Mulder et al. 2012), another potential 

modulator of mercury toxicity.

Ralston and others (Ralston 2009; Ralston and Raymond 2018) have suggested that 

selenium can ameliorate the toxic effect of mercury if the selenium/mercury molar ratio 

> 1, leaving no free mercury to cause ill effects. That is, one component of mercury toxicity 

is that it interferes with essential functions of selenium, which is one component of mercury 

toxicity. In contrast, excess mercury can also lead to selenium deficiency through binding 

(Watanabe et al. 1999). There are many papers that now examine the levels of mercury and 

selenium in fish, for example, and compute the molar ratios. The implication in most papers 

is that if the selenium:mercury molar ratio is greater than 1, consumers (biota and humans) 

are protected from mercury toxicity. And some authors state that if the selenium:molar 

ratio is above 1, the mercury levels in fish do not pose a risk to public health (Hoang 

et al. 2017; Ulusoy et al. 2019), even though the mean levels of mercury are above 0.5 

mg/g. The acceptance of a 1:1 has led to shortening the selenium:mercury molar ratio to 

a “health benefit value”; if the ratio is 5:1, the health benefit value is 5. The use of the 

molar ratios, and of the health benefit value, in human health risk assessment, is becoming 

more widespread (Polak-Juszczak 2015). However, we caution that this is based on theory 

and presumption that all mercury will be captured by selenium, and elsewhere (Gochfeld 

and Burger 2020, this issue) we show that this assumption, though widely repeated and 

appealing is not correct. For example, the selenium/mercury molar ratio for both bluefish 

and striped bass varied over the fishing season, and was sometimes close to or below 1 – 

suggesting that selenium is not mitigating the toxic effects of mercury.

One very important aspect to bear in mind is that mercury toxicity occurs with high levels 

of mercury even in the presence of high levels of selenium, and high levels of selenium can 

cause toxicity (Vinceti et al. 2001; Pinheiro et al. 2009; Ohlendorf 2011; Fairweather-Tait et 

al. 2011; Rayman 2012; Mulder et al. 2012). Further, we found that the selenium:mercury 

ratio decreases with size in top-level fish predatory fish (e.g. bluefish, striped bass). This 

was due to increases in mercury levels that were not accompanied by increases in selenium; 

this relationship was also reported by Wang et al. (2018) for some fish. This means that 

with increasing fish size, the level of mercury increases, but any protective benefit of the 

selenium:mercury molar ratio decreases. Further, in localities with selenium deficiencies, 
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piscivores have low selenium:mercury molar ratios, presumably lead to higher risk for 

organisms eating them (Donald 2016). We further suggest that an equivalent selenium/

mercury molar ratio may not be protective in all organs (e.g. liver vs kidney vs muscle vs 

brain, Burger and Gochfeld 2013).

Both laboratory and field observations and experiments are going to be critical to determine 

the exact relationship between mercury and selenium, and the selenium:mercury molar 

ratios. However, we caution that there are several unanswered questions relating to the 

relative level of each element in different tissues, the relative selenium:mercury molar 

ratio in each tissue over time, and the ameliorating effects of each element on the other. 

Further, since the sensitivity to each element clearly varies by animal species (Heinz et al. 

2009 and many other studies), levels of both selenium and mercury vary within species, 

the relationship between these molar ratios varies within species (Burger and Gochfeld 

2011; Cusack et al. 2017; Azad et al. 2019), making is difficult to determine if there are 

ameliorating effects. That is, some species have a lower threshold of response for mercury, 

and show more severe teratogenic effects than other species when given the same dose 

(Heinz et al. 2009). This suggests that given the same selenium:mercury molar ratios, 

different animal species will derive different benefits from selenium. There is still a lively 

discussion among eco-toxicologists (and human health professionals) about whether the 

selenium:mercury molar ratio for protection is 1:1, 2:1, or some other ratio (and how 

this varies among and within species, Reyes-Avila et al. 2019; Azad et al. 2019). Thus, 

for risk assessment and management of the consumption of seafood, the variability in 

selenium:mercury molar ratio makes it difficult to develop a clear message (Cusack et al. 

2015). Further, in some fish, mercury exceeds acceptable health standards even though the 

selenium:mercury molar ratio is above 1 (Squadrone et al. 2015). For human exposure 

considerations, however, we suggest that erring on the side of consuming only foods that are 

below the known toxic levels of each may be more prudent and conservative than relying on 

the possible ameliorating effects of a molar ratio over 1.

Conclusions

Whether there have been declines in mercury and selenium concentrations in the New Jersey 

estuarine biota over the last forty years is unclear – but it is clear that mercury varies 

with a great many internal (age, size, gender) and external (season, year, location) factors. 

This makes continuing to biomonitor the levels of mercury and selenium in biota where 

time series data exists, is very important. Understanding how mercury and selenium vary, 

both among and within species is also critical for understanding the threats organisms face, 

and those threats faced by their predators, including humans. While it may be convenient 

to examine human exposure from consuming fish or other seafood by analyzing mercury 

and selenium levels at one point in time (year or season), in one place, for only a few 

species, this is not going to capture the complexity of variations in mercury, selenium, 

and selenium:mercury molar ratios. If we are to understand exposure and risk to biota and 

humans, understanding this complexity is essential, particularly before risk assessors and 

risk managers use the selenium:mercury molar ratio in communication to regulators or the 

public. It is also critical to reduce mercury use overall, and human exposure, which supports 

the Minamata Convention (2013), an international agreement signed by 140+ countries, 
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pledging to end uses of mercury and the international trade in mercury-containing objects 

(Stankiewicz 2020).
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Highlights

1. Mercury, selenium, and selenium:mercury ratios were examined in crab eggs, 

fish and birds from New Jersey (USA).

2. There were no clear yearly patterns in mercury or selenium levels in crab 

(1993–2019) or tern eggs (1971–2019).

3. Selenium and mercury varied by species in small prey fish and commercial/

recreational fish, leading to differences in selenium:mercury molar ratios.

4. Mercury levels increased with fish size and season, while selenium did not.

5. Risk from consumption of crab and tern eggs, and fish varied for predators 

and people, limiting the utility of the ratio in risk communication and risk 

management.
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Figure 1. 
Simplified food web for Delaware and Barnegat Bays (New Jersey), illustrating the species 

discussed in this paper to examine mercury and selenium levels, and selenium:mercury 

molar ratios in biota.
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Figure 2. 
Map of showing Barnegat Bay and Delaware Bay in New Jersey, United States (after Burger 

and Gochfeld 2016).
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Figure 3. 
Mean ± SE levels (ng/g, wet weight) of selenium, mercury, and selenium:mercury molar 

ratios in eggs of horseshoe crabs collected from Delaware Bay from 1993 – 2019. Crab eggs 

are one of key bases of food webs in east coast beaches and estuaries (after Burger et al. 

2014, unpubl. data).
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Figure 4. 
Mean ± SE levels (ng/g, wet weight, n=8–20) of selenium, mercury, and selenium:mercury 

molar ratios in eggs of common terns collected from nests on Barnegat Bay islands from 

1971 to 2019. Common terns prey on small bait fish, and tern eggs are eaten by many 

predators, including people in some countries (after Burger and Gochfeld 2016, unpubl. 

data).
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Figure 5. 
Mean ± SE levels (ng/g, wet weight, n=25–88) of selenium, mercury, and selenium:mercury 

molar ratios in several small “bait” fish species collected from Barnegat Bay that are prey 

for common terns and other birds, as well as for larger fish (after Burger and Gochfeld 2016, 

unpubl. data). The prey fish were brought back to the nest to feed chicks (2001–2014; small 

SE indicates little variation over the years).
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Figure 6. 
Mean ± SE levels (ng/g, wet weight, n=20–258) of selenium, mercury, and 

selenium:mercury molar ratios in several fish species that were collected from people fishing 

recreationally along the Jersey shore (after Burger and Gochfeld 2011, 2013, unpubl data).
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Figure 7. 
Mean ± SE levels (ng/g, wet weight) of selenium, mercury, and selenium:mercury 

molar ratios in bluefish (n=206) and striped bass (n=178) collected from people fishing 

recreationally along the New Jersey coast, as a function of size (which relates to age) (after 

Burger 2009; Gochfeld et al. 2012, unpubl. data).
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Figure 8. 
Mean ± SE levels (ng/g, wet weight) of selenium, mercury, and selenium:mercury molar 

ratios in bluefish and striped bass collected from people fishing recreationally along the 

Jersey coast, as a function of season (after Burger 2009; Gochfeld et al. 2012, unpubl. data)..
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Table 1.

Mercury (ng/g, wet weight), selenium, and Se:Hg molar ratios in horseshoe crab eggs and shorebird blood 

collected from Delaware Bay collected (2011 and 2012).

Sample Size Mercury Mean ± SE Selenium Mean ± SE
Hg nmol/g 

wet wt.
Se nmol/g wet 

wt.
(Mean Ratio) 

Se:Hg

Horseshoe Crab Eggs 20
a

12.6 ± 2.4 990 ± 99 0.06 12.5 199.6

Red Knot 30 16.2 ± 3.1 5873 ± 573 0.08 74.4 921.0

Semipalmated 
Sandpiper 38 12.7 ± 3.3 4422 ± 470 0.06 56.0 884.5

Sanderling 20 24.8 ± 5.3 14500 ± 2306 0.12 183.6 1485

Turnstone 32 39.9 ± 6.7 6294 ± 785 0.20 79.7 400.7

a = from 20 clutches for this period.
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