
 

 

ABSTRACT 

 

SACKETT, DANA K. Evaluating Mercury Dynamics and Trophic Transfer in Aquatic 

Ecosystems. (Under the direction of Dr. D. Derek Aday and Dr. James A. Rice). 

 

Since the industrial revolution, mercury concentration in the atmosphere has 

increased substantially, largely from anthropogenic sources such as coal-fired power 

plants. Owing to its ease of atmospheric transportation and long residence time, mercury 

contamination in freshwater and marine ecosystems has become a global problem.  After 

atmospheric mercury enters aquatic systems it is chemically transformed by bacteria into 

methylmercury (MeHg), the organic, highly neurotoxic form of mercury that enters the 

aquatic food web and becomes a health threat to wildlife and humans.  The mechanisms 

associated with MeHg uptake and accumulation in fish tissue are still poorly understood, 

and for that reason human health officials are often forced to recommend fairly 

nonspecific fish consumption advisories.  My goal was to gain a better understanding of 

mechanisms associated with mercury contamination of, and movement in, aquatic 

systems to help policy makers better manage human health risk and exposure to this 

neurotoxic element.  To that end, I first completed an extensive, statewide survey of 

North Carolina (NC) waterbodies and fish, which identified a suite of environmental 

factors that drive MeHg formation and movement through aquatic food webs.  From 

those data, I have developed a predictive statistical model and validated it for NC and 

Virginia.  I also evaluated how mercury dynamics are affected by proximity to major 

atmospheric point-sources of mercury (coal-fired power plants).  Finally, I examined the 

link between body size and fish tissue mercury concentration to help natural resource 

managers assess contaminant risk associated with fishery regulations.  In sum, my work 

provides a mechanistic understanding of mercury contamination and bioaccumulation in 

aquatic systems and will provide policy makers with additional tools for assessing and 

managing human health risks.    
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Chapter 1 
 

Introduction 
 

 

 

 

Since the industrial revolution, atmospheric mercury concentration has increased 

substantially, largely due to anthropogenic inputs (e.g., Schuster et al. 2002).  Owing to 

the ease of elemental mercury transport in the atmosphere and its long residence time, 

contamination in aquatic ecosystems has become a global problem (Schuster et al. 2002; 

Trudel and Rasmussen 2006).  Following wet and dry deposition, mercury is transformed 

by sulfur- and iron-reducing bacteria into methylmercury (MeHg), the organic, 

biologically available, and toxic form (Gilmour et al. 1992; Ullrich et al. 2001).  Human 

exposure to mercury is almost entirely from the consumption of contaminated fish 

(Clarkson 2002), and nearly all (95–99%) of the mercury in fish tissue exists in the form 

of MeHg (Bloom 1992; Wiener and Spry 1996).  Though now considered a global 

problem, mercury‘s effects can be concentrated in particular regions; for example, fish in 

the southeastern portion of North Carolina contain mercury levels that are among the 

highest documented in the United States (NCDENR 2000).  However, the mechanisms 

associated with mercury methylation and bioaccumulation remain poorly understood, 

particularly as related to MeHg concentration in fish tissue.  As a direct result, human 

health officials are often forced to recommend fairly nonspecific fish consumption 
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advisories (Rundle et al. 2004).  The aim of my research is to produce a more 

comprehensive understanding of the factors that drive mercury dynamics in aquatic 

systems and bioaccumulation in fish tissue, which should permit better predictive 

measures for risk assessment.  

The primary importance of understanding mercury dynamics relates to the toxic 

threat MeHg poses to wildlife and humans through the consumption of contaminated fish 

(Scheuhammer et al. 2007).  For this reason, a number of investigators have attempted to 

determine the factors that facilitate the transformation of inorganic mercury into MeHg, 

and there is clear evidence from these studies that certain environmental variables are 

correlated with high MeHg concentrations in biota (e.g., Cope et al. 1990; Ravichandran 

2004).  However, our ability to address MeHg contamination problems is still 

significantly limited by the lack of a comprehensive understanding of system- and 

location-specific variation in characteristics and mechanisms that lead to the conversion, 

uptake, and bioaccumulation of mercury in fish tissue. The mechanisms governing MeHg 

production and movement through the food web are complex and patterns are not always 

consistent, as evidenced by the extreme variation in mercury concentrations among 

systems, species, and populations (NCDWQ 2006; Trudel and Rasmussen 2006).  I 

addressed this limitation through the development and analysis of a comprehensive 

database of mercury contamination in North Carolina (NC) water bodies.  

Another important step in assessing mercury dynamics was understanding the 

influence of atmospheric point-sources on mercury accumulation in fish tissue.  Coal-

fired power plants represent the most significant single point-source of mercury pollution, 

releasing elemental, particulate, and oxidized forms of mercury that can have significant 

local impacts (Carpi 1997; Pacyna et al. 2006).  Because of rapid deposition of the 

particulate and oxidized forms, in particular, waterbodies close to power plants are 

expected to have greater mercury deposition rates than systems farther away (Hutcheson 

et al. 2008 ; NCDENR 2005).  Assessing mercury dynamics (and fish consumption risk), 

however, is complicated in these systems.  Higher rates of mercury deposition, for 
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example, might not lead to higher mercury accumulation in biota because of variation in 

environmental factors (e.g., pH, dissolved organic carbon (DOC), chlorophyll a) that 

influence methylation rates (Brigham et al. 2009; Dittman and Driscoll 2009).  Further 

complicating matters is the presence of selenium (Se), a potential mercury antagonist  

(Yang et al. 2008; Khan and Wang 2009) also released in emissions from coal-fired 

power plants that interacts dynamically with mercury and may actually reduce fish tissue 

mercury burdens (e.g., Chen et al. 2001; Arribére et al. 2008).  I quantified the 

importance of proximity to coal-fired power plants to fish tissue mercury in relation to 

known drivers of mercury methylation, including those assessed in the first study 

(Chapter 1) and selenium.     

Understanding the link between fish size and fish tissue mercury was another 

critical step in assessing and communicating mercury risk for humans.  Fish are the 

primary vector of mercury movement from aquatic systems to people, and that movement 

is influenced by fishery regulations that are often based on fish size.  In this study I 

quantified the relationship between body size and fish tissue mercury levels for two 

commonly harvested and consumed fish species across a range of body sizes and systems 

(i.e., sites with different levels of mercury contamination).  In the context of natural 

resource management, I asked how harvest restrictions based on body size influence 

human health risk.  If we are to accurately assess consumptive risk and effectively 

communicate that risk to the public, it is essential that we have a better understanding of 

general and site-specific mechanisms that affect mercury accumulation in fish tissue. 

In sum, my study addressed a number of critically important aspects of mercury 

accumulation in fish to better understand the dynamics of deposition, methylation, and 

bioaccumulation in a variety of systems and across a number of species.  The results of 

this work will give fisheries and wildlife managers the tools and knowledge needed to 

better manage human and wildlife exposure to this potent neurotoxic contaminant.     

The specific chapters of this dissertation were to (1) complete a broad assessment 

of mercury dynamics in North Carolina waterbodies and fish, and to develop a general 
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statistical model to predict fish tissue Hg, (2) determine the influence of coal-fired power 

plants on mercury accumulation in fish tissue, (3) assess the relationship between fish 

body size and mercury accumulation, particularly in the context of fishery management 

regulations, and (4) validate the aforementioned model created in Chapter 2 for North 

Carolina and Virginia. 
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Chapter 2 
 

A Statewide Assessment of Mercury 

Dynamics in North Carolina  

Water Bodies and Fish 
 

 

 

 

2.1   Introduction 

 

 Since the industrial revolution, mercury concentration in the atmosphere has 

increased substantially, largely from anthropogenic inputs (Schuster et al. 2002). Owing 

to the ease with which mercury is transported in the atmosphere and its long residence 

time, contamination in freshwater and marine ecosystems has become a global problem 

(Schuster et al. 2002; Trudel and Rasmussen 2006). Human exposure to mercury is 

almost entirely from the consumption of fish contaminated with methylmercury 

(Clarkson 2002). Methylmercury (MeHg) is the organic, highly toxic form of mercury 

that enters the food web following chemical transformation by bacteria and constitutes a 

threat to wildlife (Brant et al. 2002; Kenow et al. 2003) and ultimately humans (Holloway 

and Weech 2003). Nearly all (95–99%) of the mercury in fish tissue exists in the form of 
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MeHg (Bloom 1992; Wiener and Spry 1996; NCDENR 2000). Though global in nature, 

this contaminant‘s effects can be concentrated in particular regions; for example, fish in 

the southeastern portion of North Carolina contain MeHg levels that are among the 

highest documented in the United States (NCDENR 2000). The mechanisms associated 

with MeHg concentration in fish tissue, however, remain poorly understood, and for that 

reason human health officials are often forced to recommend fairly nonspecific 

advisories. North Carolina, for example, recently issued a statewide consumption 

advisory for largemouth bass Micropterus salmoides, one of the state‘s most popular 

freshwater sport fish (Rundle et al. 2004), though mercury concentrations in 

this species vary widely among water bodies across the state. A more comprehensive 

understanding of the factors that drive mercury bioaccumulation in aquatic systems 

should permit better predictive measures for risk assessment. Wildlife have also been 

affected by mercury contamination of the aquatic environment through fish consumption. 

Fish-eating birds and mammals have shown the toxic effects of MeHg in their behavioral, 

neurochemical, hormonal, and reproductive systems (Scheuhammer et al. 2007). For 

example, wild minks Mustela vison and river otters Lutra canadensis that were fed diets 

with more than 1 mg total mercury (Hgt)/kg—a level found in many fish species (USEPA 

1997)—experienced neurotoxicity and death (Wiener et al. 2003). A number of 

piscivorous bird species have also shown obvious signs of MeHg toxicity, including 

adverse reproductive effects and embryonic mortality (Barr 1986; Wiener et al. 2003). 

Mercury can also negatively affect fish reproduction and can cause a decline in motor 

skills, impeding the ability to locate and capture prey (Wiener and Spry 1996; Drevnick 

and Sandheinrich 2003; Drevnick et al. 2006). As with humans, fish embryos can be 

severely affected by even small amounts of MeHg, the greatest risk coming from the 

small amount of MeHg transferred from the mother (Wiener and Spry 1996).  

Because of the importance of mercury exposure to wildlife and human health, a 

number of investigators have attempted to determine the factors that facilitate the 
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transformation of inorganic mercury into organic, bioaccumulative, toxicologically 

significant MeHg (Chen et al. 2005; Watras et al. 2006; Bank et al. 2007; Driscoll et al. 

2007; Simonin et al. 2008). There is clear evidence from these studies that certain 

environmental variables are correlated with high MeHg concentrations in biota. For 

example, in freshwater systems, alkalinity, pH, sulfate, dissolved organic carbon (DOC), 

and dissolved oxygen levels have been shown to be important predictors of MeHg 

formation (Cope et al. 1990; Bloom et al. 1991; Gilmour et al. 1992; Ravichandran 2004; 

Harris et al. 2007). However, our ability to address MeHg contamination problems is still 

severely limited by the lack of a comprehensive understanding of the system- and 

location-specific variation in the characteristics and mechanisms that lead to the 

conversion, uptake, and bioaccumulation of mercury. The mechanisms governing MeHg 

production and movement through the food web are complex, as evidenced by the 

extreme variation in mercury concentrations among systems, species, and populations 

(Wren et al. 1991; Trudel and Rasmussen 2006). In North Carolina waterways, samples 

taken from largemouth bass collected from a single river basin (Cape Fear) from 1990 to 

2003 had Hgt concentrations ranging from 0.04 to 3.1 mg/kg, a more than 75-fold 

difference; statewide, the variation is even greater (NCDWQ 2006). Similar extremes in 

variation occur in other species, and 10-fold to 100-fold variations are typical among 

samples within counties and between adjacent counties (NCDWQ 2006).  

Atmospheric mercury is produced across the world, primarily by combustion 

sources such as coal-fired power plants, and exists in three inorganic forms: elemental 

mercury, reactive gaseous mercury, and particulate mercury (Pacyna and Pacyna 2002, 

Pacyna et al. 2006). Reactive gaseous mercury and particulate mercury are known to be 

deposited through both dry and wet deposition much more rapidly and closer to the point 

source than elemental mercury (Carpi 1997). Thus, mercury deposition in any water body 

will be a complex process involving global, regional and local sources (Keeler et al. 

2006). Once deposited, mercury is transformed into MeHg, and much of the mercury 
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research is directed at understanding MeHg dynamics in aquatic systems. Several 

scientists have conducted assessments of mercury contamination in state water bodies; 

however, many of these have focused on single species of fish or specific types of water 

bodies or have had a limited geographic range (Gilmour and Reidel 2000; Huggett et al. 

2001; Castro et al. 2002; Sveinsdottir and Mason 2005; Peles et al. 2006). Our study was 

intended to be more comprehensive, considering all of the available data on fish species 

from water bodies across the entire state. We believe that North Carolina is an excellent 

template for this comprehensive analysis; the state has a wide range of ecosystems (from 

coastal plains to mountains) and has had a reliable fish tissue monitoring program since 

1990. 

The specific objectives of this investigation were to (1) develop and analyze a 

comprehensive database of Hgt contamination in North Carolina water bodies and the 

environmental factors known or suspected to facilitate the formation and transport of 

MeHg through aquatic food webs; (2) quantify the relationships between fish Hgt data 

and environmental and biological variables; and (3) determine the best predictive model 

for fish tissue Hgt concentration given the available data. Water metrics and fish 

contamination data collected by the North Carolina Department of Environment and 

Natural Resources (NCDENR) and others were integrated to form the database, which 

was then used to examine statewide patterns of Hgt contamination of fish tissue.  

 

2.2   Methods 

 

2.2.1 Building the database 

 

The initial step in quantifying the relationships between fish Hgt concentrations 

and environmental variables was to build a database with Hgt data collected by the North 

Carolina Division of Water Quality (NCDWQ) and environmental data collected by 



9 

 

 

Sackett et al. 2009 

NCDWQ, the National Pollutant Discharge Elimination System (NPDES), and the U.S. 

Environmental Protection Agency (USEPA) in North Carolina from 1990 to 2006. To 

that end, fish Hgt data collected by the NCDENR through the NCDWQ fish tissue 

assessment program were matched with available biotic and abiotic variables collected 

throughout the state. Fish tissue Hgt data were collected from 1990 to 2006. Because 

there was no difference in Hgt concentrations among years (r
2
 = 0.005), all Hgt data were 

combined for analyses. The complete methodology can be found in NCDENR (2006a); it 

followed USEPA (2000) guidelines. Briefly, about 30 fish, 10 each from three different 

trophic groups, were collected primarily via electrofishing at locations across the state 

(Figure 2.1A). The NCDWQ primarily targets species that are commonly consumed 

locally and are of harvestable size. Processing of collected fish occurred at the NCDWQ 

laboratory following procedures appropriate for metals analysis, at a detection limit of 

0.02 mg/kg (Stober 1991; NCDENR 2006a). Skinless fish fillets (≥ 100 g of tissue) from 

individual fish were homogenized and analyzed for Hgt using cold vapor atomic 

absorption spectrometry (USEPA method 245.6; USEPA 1991). For each collection, 10% 

of the samples were duplicated with acceptable relative percent differences less than 

20%, and a standard reference material was tested with an acceptance limit within 10% 

(E. Stafford, NCDWQ, personal communication). All wet-weight Hgt concentrations 

were reported in milligrams per kilogram (NCDENR 2006a).  

After assembling the Hgt database, we added all of the available environmental 

data that could be used to predict fish tissue Hgt levels. First, we appended biotic data to 

the database, which included the following categorical variables: fish species, trophic 

status, and type (freshwater or saltwater species). Species identification and fish total 

length (TL; cm) were recorded in the laboratory; the mean TL for each species was 

representative of adults found in North Carolina water bodies (Rhode et al. 1994; Table 

2.1). Trophic status was assigned according to the NCDENR standard operating 

procedure for biological monitoring (NCDENR 2006b; Barbour et al. 1999) after all 
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Figure 2.1 Map of North Carolina showing (A) the locations of the North Carolina 

Division of Water Quality fish collection sites and the river basins in which they occur 

and (B) the locations of the sites at which water quality and precipitation data were 

collected. All data were for the period 1990–2006. 
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Table 2.1 Summary of total mercury (Hgt) concentrations in fish tissues and total 

lengths (TL) of fish collected by the North Carolina Division of Water Quality over the 

period 1990–2006. N is the number of data records and r
2
 is the regression coefficient 

between TL and Hgt concentrations; r
2
 values in bold italics were significant at P < 0.05. 

Trophic 

Category Common Name N 

Mean TL 

(cm) 

Mean 

Fish Hgt 

(ppm) 

Range 

Hgt 

(ppm) 

r
2
 

value  

Omnivore Brown Bullhead 30 30.9 0.11 0.04-0.27 0.01 

 White Catfish 53 34.7 0.24 0.01-1.25 0.09 

 Channel Catfish  59 43.2 0.21 0.00-1.40 0.18 

 Carp 34 50.7 0.22 0.02-1.80 0.15 

Insectivore Warmouth 45 17.7 0.39 0.06-1.70 0.01 

 Bluegill Sunfish 128 18.1 0.17 0.01-0.54 0.23 

 Redbreast Sunfish 57 18.5 0.19 0.02-0.58 0.01 

 Redear Sunfish 90 22.3 0.22 0.01-0.62 0.16 

Piscivore Black Crappie 48 25.2 0.24 0.01-0.94 0.10 

 Largemouth Bass 224 35.3 0.59 0.00-3.50 0.06 

 Chain Pickerel 49 40.7 0.60 0.07-1.75 0.02 

  Bowfin 88 52.5 0.97 0.13-4.25 0.11 

 

individual fish were determined to be above the size (TL) at which common ontogenetic 

diet shifts occur. The trophic categories were omnivore, insectivore, and piscivore. Based 

on NCDENR criteria, omnivores included fish that indiscriminately consume detritus, 

plant matter, insects, and other fish, insectivores were fish that primarily consume aquatic 

and terrestrial insects, crustaceans, and other invertebrates, and piscivores were fish that 

primarily consume other fish and occasionally crayfish and amphibians. Because of the 

importance of diet and trophic status to the mercury dynamics in food webs (Hall et al. 

1997), we included the NCDENR trophic categorizations in our database.  

Basin data were also added to the database, including ecoregion, site type (lake, 

river, swamp, and bay or sound), subbasin drainage area, and land use pattern. The 

subbasin drainage area (km2) and land use pattern (i.e., the percentage of the subbasin 

area used for agriculture) were derived from NCDWQ basinwide assessment reports 
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(h2o.enr.state.nc.us/basinwide/). North Carolina has been divided into areas of general 

similarity in ecosystems and in the type, quality, and quantity of environmental resources; 

these ecoregions are coastal plain, southeastern plain, piedmont, and mountain (Griffith et 

al. 2002). We included ecoregion in the database because of its use by agency biologists 

and because these regions could stratify the environment by its probable response to 

disturbance (Bryce et al. 1999). The fish collection sites were located in North Carolina 

from the coastal plain to the mountains and included 13 of the 17 river basins in the state 

(Figure 2.1A). Site types were identified as coastal bays and sounds, lakes (which 

included reservoirs), rivers (defined as moving water, including creeks), and swamps 

(defined as a seasonally flooded bottomland with more woody plants than a marsh) and 

labeled as such in the database.   

Finally, water quality parameters (‗‗water metrics‘‘) recorded by the NCDWQ 

ambient water monitoring program, the NPDES, and the USEPA online STORET 

(storage and retrieval) program were appended to the database; however, for these data a 

different strategy was necessary. In the case of the biotic and basin data, information was 

available for all collected species and locations but water quality data were often 

collected via a monitoring program that only loosely coincided with fish collections. For 

this reason, and because water quality characteristics are often quite ephemeral 

in nature, water quality data were only appended to the database when they were 

collected within 1 month and within 5 km in the same water body as the fish collection 

site (Figure 2.1B). Further, we attempted to focus on the most stable metrics and 

discarded variables such as temperature and dissolved oxygen, which change too rapidly 

to provide meaningful analysis. Though sulfate and DOC have been determined to be 

important in the production of MeHg (Gilmour et al. 1992; Ravichandran 2004), data on 

those variables were not available. Our final list of metrics included alkalinity (carbonate 

as CaCO3; mg/L), chlorophyll a (corrected for pheophyte; lg/L), pH, un-ionized 

ammonia (mg/L), nitrogen (nitrate + nitrite; mg/L), phosphorus (mg/L), turbidity 
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(formazin turbidity unit or nephelometric turbidity unit [FTU or NTU]), and mean water 

depth (m). The State Climate Office of North Carolina also provided monthly 

precipitation data (centimeters of rainfall) from 1990 to 2006, which was appended to the 

database on a spatial scale of less than 40 km (though most sites included precipitation 

data within 15 km of the fish collection site) and within the same calendar month in 

which fish were collected (Figure 2.1B). We were unable to obtain values for all of these 

water metrics at all of the fish collection sites, which influenced the way in which we 

analyzed the database (see below).  

 

2.2.2 Data synthesis 

 

The original NCDWQ database on fish tissue Hgt concentrations included 65 

species, 288 sites, and 5,345 records, each representing an individual fish. We deleted 

records for which basin data were unavailable. In addition, we focused our analyses on 

the 12 most abundant species (which consisted of 4 species in each trophic grouping) 

and, to prevent pseudoreplication (i.e., certain sites and species having a disproportionate 

effect on the analyses because many individuals were collected at those sites), the data 

were averaged so that each observation represented a single species collected at a single 

site on a single date. This resulted in a database with 12 species, 168 sites, and 905 data 

records (Table 2.1). All nonnormal data were transformed: land use data (percent 

agriculture) were arcsine square root transformed and fish tissue Hgt concentrations, 

turbidity, nitrogen, ammonia, and fish length were loge transformed. We also assessed the 

correlations between all pairs of our predictor variables to avoid using strongly correlated 

variables in our models. All of the r values for the variables in a particular model were 

less than 0.42, so the variables were considered effectively independent.  
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2.2.3 Statistical analysis 

 

Because water metric data were not available for most of the fish samples, our 

analysis proceeded in steps. The first step was to develop a series of predictive models 

based on the complete data set (Table 2.2) that included no water metrics but all of the 

biotic and basin data. The models were created on the basis of a literature review of 

variables known or suspected to facilitate mercury contamination of fish tissue and our 

own extensive experience with ecological and contaminant dynamics in North Carolina 

water bodies. In all cases, standard least-squares multiple regression with fish site as a 

random effect was used to analyze the factors that predict fish tissue Hgt levels. Akaike‘s 

information criterion corrected for small sample size (AICc) was used to rank the 

candidate models and determine the best predictive model (the one with the smallest 

AICc value; Burnham and Anderson 1998). Model probability weights (wi) were used to 

determine the strength of the evidence for the candidate models (wi indicates the 

probability that a candidate model is the best of those tested). The best model from this 

step was then used as the base model with which to examine water metrics. The second 

step, therefore, was to add our water variables one at a time (for the systems for which 

they were available) and determine whether the addition improved the model. This 

resulted in a reduced database for each water metric (see Results and Table 2.3). If the 

inclusion of the water metric improved the model (i.e., lowered the AICc value by at least 

10, the value 10 having been selected a priori as a conservative threshold for the inclusion 

of water parameters), the variable was kept; if not, it was removed from further analysis. 

The result of this two-step process was the creation of a single predictive model that best 

describes fish tissue Hgt levels across fish species and systems within North Carolina, 

given the currently available data. 
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2.3   Results 

 

2.3.1 Biotic and Basin Factors 

 

In our analyses, the best model for predicting fish tissue Hgt concentrations using 

basin and biotic factors (wi = 0.47) included species, trophic status, and ecoregion (Table 

2.2). These three variables appeared in all of the weighted models and therefore all had 

parameter estimates (i.e., a measure of the relative importance of individual variables in 

the overall candidate model set; Burnham and Anderson 1998) of one. Other models with 

reasonable model weights included the previous three variables plus land use and site 

type (Table 2.2); the parameter estimates were 0.36 for land use, and 0.13 for site type.  

Examination of the biotic factors indicated that fish species and trophic status 

both influenced fish tissue Hgt levels. Piscivores had significantly higher (analysis of  

variance [ANOVA]; P < 0.0001) Hgt concentrations (mean ± SE, 0.63 ± 0.019 mg/kg) 

than insectivores (0.22 ± 0.021 mg/kg) and omnivores (0.20 ± 0.028 mg/kg; Figure 

2.2A). Given that species appeared in our best model and that the size of individual fish is 

known to correlate with mercury accumulation (e.g., Cizdziel et al. 2002), we explored 

whether size differences among the species accounted for the ‗‗species‘‘ effect in our 

models. Interestingly, although the largest piscivores had the highest Hgt concentrations, 

differences in fish tissue Hgt concentrations among species otherwise did not appear to 

be closely related to mean total length. Correlations between total length and tissue Hgt 

for our 12 species individually indicated weak (r
2
 = 0.06–0.23) but significant 

relationships (P < 0.05) for eight of them (Table 2.1). Of the species examined, three of 

the four piscivores had the highest mean tissue Hgt concentrations (bowfin, chain 

pickerel, and largemouth bass; Table 2.1). Brown bullhead, bluegill, and redbreast 

sunfish had the lowest mean tissue Hgt concentrations, and 4 of the 12 species had mean  
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Table 2.2. Least-squares multivariate regression models developed to predict fish 

tissue Hgt concentrations based on basin and biotic data (see Methods) ordered by 

Akaike‘s information criterion (AICc). Other abbreviations are as follows: K = the 

number of parameters in the model, ΔAICc = the distance of each model from the best 

AICc model, and wi = the model probability weight (a measure of relative strength). The 

number of data records was 905 for each model. The three best models are denoted by 

bold italics. 

Models N K AICc Δi Wi 

species, trophic, ecoregion 905 19 1656.25 0.00 0.47 

species, trophic, ecoregion, land-use 905 20 1657.22 0.97 0.29 

species, trophic, ecoregion, site type 905 23 1659.51 3.26 0.09 

species, trophic, ecoregion, fish type 905 21 1660.14 3.89 0.07 

species, trophic, ecoregion, land-use, fish type 905 22 1660.95 4.70 0.04 

species, trophic, ecoregion, land-use, site type 905 24 1661.65 5.40 0.03 

species, trophic, ecoregion, site type, fish type 905 25 1663.85 7.60 0.01 

species, trophic, ecoregion, land-use, site type, fish type  905 26 1666.01 9.76 0.00 

species, trophic, ecoregion, sub-basin 905 20 1669.78 13.53 0.00 

species, trophic, ecoregion, land-use, sub-basin 905 21 1671.07 14.82 0.00 

species, trophic, ecoregion, fish type, sub-basin 905 22 1673.28 17.03 0.00 

species, trophic, ecoregion, land-use, fish type, sub-basin 905 23 1674.42 18.17 0.00 

species, trophic, ecoregion, site type, sub-basin 905 24 1674.74 18.49 0.00 

species, trophic, ecoregion, land-use, site type, sub-basin 905 25 1676.88 20.63 0.00 

species, trophic, ecoregion, site type, fish type, sub-basin 905 26 1679.14 22.89 0.00 
species, trophic, ecoregion, land-use, site type, fish type, 

sub-basin  905 27 1681.28 25.04 0.00 

species 905 12 1727.76 71.51 0.00 

species, trophic, site type 905 19 1731.25 75.00 0.00 

species, trophic 905 15 1731.76 75.51 0.00 

species, trophic, site type, land-use 905 20 1733.22 76.97 0.00 

species, trophic, site type, fish type 905 21 1735.45 79.20 0.00 

species, trophic, site type, fish type, land-use 905 22 1737.44 81.19 0.00 

species, trophic, fish type 905 17 1737.69 81.44 0.00 

species, trophic, land-use, sub-basin 905 17 1751.83 95.58 0.00 

species, trophic, land-use, fish type, sub-basin 905 19 1757.76 101.51 0.00 

trophic 905 3 1871.82 215.57 0.00 

site type 905 4 2241.89 585.65 0.00 

site type, fish type 905 6 2244.92 588.67 0.00 

fish type 905 2 2255.77 599.52 0.00 
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Table 2.3. Standard least-squares multivariate regression models developed to predict 

fish tissue Hgt concentrations by adding water quality metrics one at a time to the best 

AICc model derived from basin and biotic data alone (see Methods and Table 2.2). Bold 

italics indicate significant improvements to the base model (AICc value reduced by ≥ 10). 

In all cases, the sample size of the base model was reduced owing to the more limited 

availability of water quality data. 

Model N K AICc 

AICbase model – 

AICbase + water metric 

Base Model 352 19 657.42  

Base Model with pH 352 20 640.77 -16.7 
     

Base Model 310 19 536.14  

Base Model with phosphorus 310 20 523.87 -12.3 
     

Base Model 280 19 469.26  

Base Model with nitrogen 280 20 459.15 -10.1 
     

Base Model 183 19 335.42  

Base Model with pH and phosphorus 183 21 326.72 -8.7 
     

Base Model 172 19 312.91  

Base Model with pH and nitrogen 172 21 309.58 -3.3 
     

Base Model 173 19 316.58  

Base Model with phosphorus and nitrogen 173 21 308.61 -8.0 
     

Base Model 169 19 309.72  

Base Model with pH, nitrogen and phosphorus 169 22 306.48 -3.2 
     

Base Model 93 19 240.73  

Base Model with alkalinity 93 20 238.24 -2.5 
     

Base Model 279 19 498.57  

Base Model with ammonia 279 20 501.66 3.1 
     

Base Model 305 19 535.02  

Base Model with turbidity 305 20 541.52 6.5 
     

Base Model 64 19 193.10  

Base Model with chlorophyll a 64 20 201.06 8.0 
     

Base Model 866 19 1586.86  

Base Model with precipitation 866 20 1595.91 9.1 
     

Base Model 28 19 181.57  

Base Model with depth 28 20 208.19 26.6 
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Hgt body burdens above the USEPA action level (0.3 mg/kg; USEPA 2000; Table 2.1). 

Also related to species was fish type (saltwater versus freshwater), which was included in  

the weakest of the weighted AICc models. Our results suggested slightly, though not  

significantly (ANOVA; P = 0.27) higher tissue Hgt in freshwater than in saltwater 

species (Figure 2.2B).  

Ecoregion, land use patterns, and site type were basin factors that were important 

to varying degrees. Ecoregion was the only basin variable in the best predictive model; 

fish in ecoregions closer to the coast (coastal and southeastern plain) typically had higher 

levels of Hgt than those in the mountains and piedmont (Figure 2.3A). Species-specific 

patterns for ecoregion effects were examined in terms of the two most abundant and 

widely distributed species for each trophic category (piscivores: largemouth bass and 

chain pickerel; insectivores: bluegill and warmouth; and omnivores: white catfish and 

brown bullhead) and found to be generally consistent with the patterns across species 

(Figure 2.3B). Land use appeared in the second best model, suggesting that fish tissue 

Hgt levels increase as the percentage of agricultural land in the watershed increases. 

Finally, site type was also a predictor of fish tissue Hgt levels, appearing in the third best 

model (Table 2.2); fish collected from swamps had significantly higher (ANOVA; P < 

0.0001) tissue Hgt concentrations than fish in rivers, lakes and bay or sound locations 

(Figure 2.4A). Again, the most abundant and widely distributed species had site-specific 

patterns similar to the general trends (Figure 2.4B). 

 

2.3.2 Water Metrics 

 

The best model derived from the basin and biotic data was used as the base model 

with which to examine the importance of water metrics. Nitrogen, phosphorus, and pH 

were the only water metrics that substantially improved the base model (by decreasing 

the AICc value by at least 10; Table 2.3). As these variables were not available for all of 
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the sites where fish tissue Hgt samples were collected, each reduced the size of the data 

set. Nitrogen data ranged from 0.01 to 13.00 mg/L and reduced the data set to 12 species, 

54 sites, and 280 data records representing all of the ecoregions except the southeastern 

plain. Phosphorus data ranged from 0.01 to 1.6 mg/L and reduced the data set to 12 

species, 59 sites, and 310 data records representing all of the ecoregions except the 

southeastern plain. The available pH data ranged from 4.0 to 9.0 and reduced the data set 

to 12 species, 63 sites, and 352 data records representing all of the ecoregions except the 

southeastern plain. Because these three variables improved the base model, models 

including combinations of pH and nitrogen (number of species, sites, ecoregions, and 

sample size = 12, 30, 3, and 172, respectively), pH and phosphorus (12, 31, 3, and 183), 

nitrogen and phosphorus (12, 30, 3, and 173), and pH, nitrogen, and phosphorus (12, 29, 

3, and 169) were also evaluated (Table 2.3). The effects of these variables on model 

performance were nonadditive; the addition of nitrogen and phosphorus did not improve 

the base model more than the addition of pH alone. Thus, the best overall predictive 

model for fish tissue Hgt concentrations based on the data currently available included 

fish trophic status, species, ecoregion, and pH. The equation for that model is as follows: 

 

loge(fish tissue Hgt) = 0.600745 + [omnivores = 0; insectivores = 0.82475; piscivores = 

1.303] + [black crappies = 0.7035; bluegills = 0.4805; bowfins = 0.4712; brown 

bullheads = 0.08276; common carp = 0.3999; chain pickerel = 0.01559; channel catfish = 

0.5099; largemouth bass = 0; redbreast sunfish = 0.4336; redear sunfish = 0.4503; 

warmouth = 0; white catfish = 0.7851] + [coastal plain = 0; piedmont = 0.6733; 

mountains = 0.2773] - 0.3747*pH  

 

(R
2
 = 0.81; Figure 2.5). 
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2.4   Discussion 

 

 Data collected throughout North Carolina over 16 years provided an opportunity 

to examine the factors that drive mercury transformation and bioaccumulation in aquatic 

systems and develop a preliminary predictive model to assess the health risk for 

consumers of mercury-contaminated fish. Our results suggest that there are species-to-

species differences in Hgt accumulation and that Hgt concentrations should be high in 

piscivores in low-pH systems close to the coast (the coastal plain and southeastern plain 

ecoregions). Secondarily, we expect fish from swamps or highly agricultural basins to 

have higher Hgt concentrations than fish from other ecosystems. Species, fish trophic 

status, ecoregion, and pH explained 81% of the variation in fish tissue Hgt concentration 

in the data set we analyzed. This kind of analysis is particularly useful in a state like 

North Carolina, which has mountains at the western boundary and Atlantic coast at the 

eastern boundary; this habitat and ecosystem diversity allowed us to explore a range of 

environmental variation and significantly broadened our scope of inference. Though there 

are limitations to our analysis, we believe that this research is both valuable and unique 

given the range of species, systems, and predictive factors that we considered.  

The important biotic factors in our investigation were fish species and trophic 

status. In terms of trophic status, piscivores had the highest Hgt concentrations. This 

result is consistent with those of other investigations (e.g., Snodgrass et al. 2000; Wiener 

et al. 2003; Desta et al. 2006; Scheuhammer et al. 2007) and was expected given that the 

main pathway for mercury transfer in the aquatic environment is food consumption (i.e., 

biomagnification; Hall et al. 1997). Watras and Bloom (1992) classified plankton into 

trophic groups to examine mercury accumulation at the bottom of the food web and 

provided clear evidence for biomagnification even at this level. However, the broad 

categories used to describe the trophic status of fish species collected across the state 

(omnivores, insectivores, and piscivores) also limit our interpretation because we are 
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unable to consider the influence of system-specific variations in the trophic position of 

specific species. For example, Bank et al. (2007) found that slight variations in the 

trophic status of two similar species (red snapper Lutjanus campechanus and gray 

snapper Lutjanus griseus), as measured by nitrogen isotopes, explained a significant 

portion of the variation in fish tissue Hgt concentration. Some of the unexplained 

variation in our study could be due to differences in the trophic position of the same 

species in different systems, and isotopic data could be used to assess trophic position in 

mercury studies (Rognerud et al. 2002; Campbell et al. 2005; Desta et al. 2006; Al- Reasi  

 

Figure 2.2 Box plots of total mercury concentrations in fish tissue by (A) the trophic 

status of the fish and (B) fish type. The horizontal line within each box represents the 

mean, the dimensions of the box the standard deviation, the horizontal lines outside the 

box the 10th and 90th percentiles, and individual points the range of the data; N = the 

sample size for each grouping. Significant differences among means are indicated by 

different letters. 
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et al. 2007). On the other hand, analyzing stable isotopes requires expertise, facilities, and 

financial resources that simpler categorization of species‘ trophic status does not. For that 

reason, many agencies continue to use the simple categories used in this study. Given the 

significance of trophic status in our modeling, we suggest that even broad trophic 

categorization of species is meaningful.  

Fish species was another important biotic factor associated with Hgt 

concentration. Presumably, species- specific differences in anatomy and physiology 

influence the accumulation of contaminants. Methylmercury will enter the blood, brain, 

and organs of fish but it is primarily stored and accumulated in skeletal muscle (e.g., 

Giblin and Massaro 1973). Thus, differences in species‘ life histories, metabolism, 

energy budgets, and so forth could influence accumulation rates (Scheuhammer et al. 

2007).  In our investigation, species-specific variation in Hgt accumulation was driven by 

more than differences in size. We examined the relationship between fish size and 

tissue Hgt and found a positive, though relatively weak, correlation for 8 of the 12 

species studied. The fact that we limited our analyses to adult fish (i.e., after their 

ontogenetic diet shift) and combined individuals of the same species across systems (and 

therefore a range of Hgt levels) could partially explain this result. Though our analyses 

were somewhat limited by the data available, we were able to identify the importance of 

interspecific differences in Hgt accumulation, provide some insight into and data for 12 

species (highlighting the results for the 6 most common and widely distributed species in 

our study), and identify patterns at greater resolution than would be possible by just 

grouping species into trophic categories. Additional research will be necessary to draw 

robust conclusions for other species and individuals within species.  

Ecoregion is not mechanistically related to fish tissue Hgt concentrations, but the 

ecoregion categories (especially the coastal and southeastern plains) are characterized by 

a number of variables that affect the accumulation of Hgt in fish tissue. The mid-Atlantic  
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Figure 2.3 Mean total mercury concentrations in fish tissue for (A) all 12 species 

geographically and (B) six individual species by ecoregion. Each data point in panel (A) 

represents the mean mercury concentration for a single species at a single site on a single 

date. Concentric rings indicate that multiple species were collected at the same site. Panel 

(B) includes the two most abundant and widely distributed species in each of the three 

trophic categories (piscivores [dashed lines], insectivores [dotted lines], and omnivores 

[solid lines]); error bars denote SEs. 

 

coastal plain ecoregion consists of flat, low- elevation plains that are poorly drained 

(Griffith et al. 2002). These geographic attributes result in more flood events in these 

areas, especially after storms (Keeler et al. 2006; Bodaly et al. 2007). Bodaly et al. (2007) 
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found that flooding was related to increased fish tissue Hgt concentrations and had a 

lasting effect on fish tissue concentrations for years after the flood event. Flooding could 

be a factor in the elevated fish tissue Hgt levels seen in the coastal and southeastern 

plains. Storms and flooding can bring large amounts of dissolved organic matter (DOM) 

and mercury through runoff and wet deposition; resuspend buried mercury and MeHg  

(thus increasing methylation and uptake); and lower dissolved oxygen (via bacterial  

 

Figure 2.4 Mean total mercury concentrations in fish tissues by site type for (A) all 

12 species and (B) the two most abundant and widely distributed species in each of the 

three trophic categories. See Figure 2.3 for additional details. 
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decomposition of the DOM), thereby allowing higher rates of mercury methylation by 

sulfur-reducing bacteria (Kudo et al. 1978; Gilmour et al. 1992). Further, swamps, which 

are common in the coastal plain, were associated with the highest fish tissue Hgt levels in 

our investigation. Thus, the higher incidence of flooding and higher concentration of 

swamps and wetlands probably contributes to higher mercury deposition and methylation 

in these ecoregions. Brumbaugh et al. (2001) found that coastal regions across the United 

States had the highest levels of Hgt and attributed this to a high percentage of wetlands 

and low pH. Our study reinforces that conclusion. In the absence of more detailed system 

specific data, the importance of ecoregion in predicting fish tissue Hgt concentrations 

provides a pragmatic way to investigate and manage human health issues associated with 

mercury accumulation.  

In our investigation, pH was shown to be a strong predictive factor for fish tissue 

Hgt concentrations. Acidic (low-pH) water has been identified as an important predictive 

factor in many other studies (Cope et al. 1990; Lange et al. 1993; Greenfield et al. 2001; 

Chen et al. 2005; Watras et al. 2006; Rask et al. 2007). This pattern seems to be 

important in the case of nonfish species as well; higher concentrations of mercury have 

been found in piscivorous adult birds and their chicks and eggs near lower-pH lakes and 

rivers (Evers et al. 2004; Merrill et al. 2005). Lange et al. (1993) suggested that acidity 

increases the methylation process, and Chen et al. (2001) noted that the bioavailable 

speciation of mercury and the factors that bind with it depend on pH. For example, DOC 

typically binds with inorganic mercury, making it unavailable to methylating bacteria; 

however, DOC is less negatively charged at low pH and does not bind as easily with 

inorganic mercury, allowing more of it to be methylated (Miskimmin et al. 1992; Barkay 

et al. 1997; Ravichandran 2004). Also, sulfur is speciated to bind with mercury at low 

pH, making it more available to sulfur-reducing bacteria, a main contributor to mercury 

methylation (Gilmour et al. 1992).  
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Nitrogen and phosphorus were also important predictive factors for fish tissue Hgt 

levels, though neither were included in the best predictive model. Fish tissue Hgt 

concentrations were positively related to nitrogen and phosphorus, with increased 

concentrations of fish tissue Hgt at high concentrations of these compounds. Jackson 

(1986) found high MeHg levels in water with elevated nitrogen and phosphorus 

concentrations, particularly in sewage effluents and in lotic systems with low flow rates. 

He credits these findings to the stimulation of mercury-methylating bacteria as a result of 

the increase in nitrogen, phosphorus, and other nutrients.  

Another variable that was identified as important in our initial analysis using 

basin and biotic data was land use, measured as the percentage of the subbasin that was 

agricultural. The inclusion of land use in the second best model indicates the importance 

of land use practices to Hgt accumulation in fish and suggests that fish tissue Hgt levels 

will generally be higher in subbasins with more agriculture. Caron et al. (2008) found a  

 

 

Figure 2.5 Actual mean total mercury concentrations in fish tissues versus those 

predicted by the best model, which included species, fish trophic status, ecoregion, and 

pH as explanatory variables. Each data point represents the mean for a single species at a 

single site on a single date; RMSE = root mean square error. 



27 

 

 

Sackett et al. 2009 

similar result using a molecular biomarker to trace mercury loadings to Lake St. Pierre in 

Canada. They discovered that the majority of mercury loading in that lake was associated 

with total organic matter that they traced to erosion from upstream agrarian soils. In 

addition, a study by Kamman et al. (2005) found a positive relationship between 

sediment MeHg concentration and agricultural land area. This result may be linked to the 

generally high levels of nitrogen and phosphorus in agricultural drainage basins. Previous 

studies have indicated that agricultural subbasins are likely to have significant nutrient 

runoff into local water bodies, which stimulates mercury-methylating bacteria to produce 

more bioavailable and neurotoxic MeHg (Jackson 1986). Conversely, the relatively weak 

correlations (r < 0.31) between nitrogen and phosphorus and percent agriculture indicate 

that land use practices are important to mercury loading in ways other than their influence 

on nutrient levels.  

Our approach was unique not just in its extensive spatial and temporal coverage 

but also in the range of predictive variables that we considered. Many investigations 

focus on specific water quality, environmental, or biotic variables and their potential 

associations with fish tissue Hgt concentrations. Though we lost some of the resolution 

that comes with focusing on a limited number of variables, we gained a more complete 

picture of the relative importance of the biotic and abiotic factors that influence fish 

tissue Hgt levels. Standard least-squares multiple regression coupled with AICc model 

selection revealed that a small subset of biotic, basin, and water metrics accounted for 

much of the variability in fish tissue Hgt concentrations across North Carolina. Because 

state agencies are often resource limited and unable to sample species and systems on a 

comprehensive basis, our results should aid risk assessment by allowing biologists to 

target specific species and systems, thereby maximizing the benefit from limited 

resources.  

As with most retrospective studies, many observations that would greatly enhance 

our analysis and interpretation are simply not available. Fortunately, basin and biotic data 
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were available for a large number of fish tissue Hgt samples, allowing us to draw 

relatively robust conclusions about the role some variables play in the variation in fish 

tissue Hgt. Although water metrics were lacking for many of the tissue samples in the 

database, there was enough information to clearly affirm the importance of some 

variables (e.g., pH) over others. It is likely that some of the variables that we were unable 

to quantify would substantially improve the fit of our model. For example, we were 

unable to obtain adequate data with which to examine DOC and sulfate, though previous 

studies indicate that both factors affect mercury contamination (Dennis et al. 2005; 

Watras et al. 2006). Collection of synoptic data on the full suite of potentially important 

variables from a representative range of systems might have enabled us to identify 

additional important factors or interactions that have not yet been evaluated.  

Our research also points to the need for additional study to better predict the flow 

of contaminants from the abiotic to the biotic environment. In our study, the collection of 

fish and water quality data assumed that the water parameters were relatively stable 

within the time and area specified. A better understanding of the spatial and temporal 

stability of these parameters would improve contaminant analyses. The time that it takes 

for mercury to become methylated and to bioaccumulate in food webs is also poorly 

understood. A study by Harris et al. (2007) used stable mercury isotopes to deposit and 

trace mercury in a lake system. A methylation peak of the deposited mercury was found 

in the anoxic bottom water 3 d after deposition and in fish 2 months later. It remains 

unclear, however, how the time between mercury deposition and bioaccumulation in fish 

varies from system to system and species to species. Finally, a better quantification of 

trophic position by stable isotope analysis would provide a clearer picture of the 

movement of mercury through food webs.  
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Chapter 3 
 

Does proximity to coal-fired power plants 

influence fish tissue mercury? 
 

 

 

 

3.1   Introduction 

 

Anthropogenic sources of mercury (Hg) comprise approximately 70% of total 

global emissions (Schuster et al. 2002).  In particular, coal-fired power plants are 

responsible for the majority of emissions (Pacyna et al. 2006), releasing particulate, 

oxidized (or reactive gaseous Hg), and elemental Hg into the atmosphere. The particulate 

and oxidized forms are deposited near the point source (Carpi 1997; Pacyna and Pacyna 

2002). Elemental Hg, conversely, is persistent in the atmosphere, potentially traveling 

great distances before being oxidized and deposited. Due to the relatively large amounts 

of particulate and oxidized Hg released from coal-fired power plants and their rapid local 

deposition rates, waterbodies close to coal-fired power plants are expected to receive 

greater atmospheric Hg deposition than systems farther away (Carpi 1997; Keeler et al. 

2006; NCDENR 2005). Interestingly, however, high Hg deposition rates may not always 



30 

 

 

Sackett et al. 2010 

result in high Hg accumulation in biota (e.g. Chen et al. 2005). Following wet and dry 

deposition, Hg is methylated by sulfur- and iron-reducing bacteria into the organic, 

biologically available and toxic form, methylmercury (MeHg; Gilmour et al. 1992; Lin 

and Jay 2007; Ullrich et al. 2001). Rates of methylation can vary substantially due to a 

variety of abiotic factors including water pH (e.g. Chen et al. 2005; Lange et al. 1993), 

dissolved organic carbon (DOC; e.g. Ravichandran 2004), geographic region (e.g. 

Sackett et al. 2009), and chlorophyll a (e.g. Lange et al. 1993). Further, because MeHg 

biomagnifies as it moves through aquatic foodwebs (Hall et al. 1997), larger and older 

fish typically have higher body burdens of Hg than smaller and younger fish, both within 

and among species (Simonin et al. 2008; Trudel and Rasmussen 2006). Despite all of this 

environmental variation, many studies have linked Hg accumulation in biota directly to 

atmospheric Hg loading (Hammerschmidt and Fitzgerald 2006; Hutcheson et al. 2008). 

The primary importance of understanding Hg dynamics relates to the toxic threat 

MeHg poses to wildlife and humans through the consumption of contaminated fish, the 

main pathway for exposure to MeHg (Clarkson 2002; Scheuhammer et al. 2007); MeHg 

typically accounts for 95–99% of Hg in fish tissue (Bloom 1992). Recent investigations 

have indicated associations between human consumption of Hg contaminated fish and 

poor neurologic status, developmental delays, and cardiovascular problems (Mergler et 

al. 2007; Virtanen et al. 2005), even at relatively low levels of exposure. For wildlife, 

studies have linked elevated Hg in fish, birds, and mammals to reduced reproductive 

success, hormonal changes, and neurochemical, behavioral, and motor skill impairment 

(Crump and Trudeau 2009; Scheuhammer et al. 2007). 

Quantifying the relative risk of Hg exposure through fish consumption can be 

complicated by the presence of selenium (Se), an element also released in emissions from 

coal-fired power plants that interacts dynamically with Hg (Yang et al. 2008). Selenium 

is an essential dietary trace element for many animals, including humans, but is toxic at 

high concentrations, particularly for fish and wildlife (Eisler 1985; Saiki et al. 1992). 
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Though often toxic, elevated levels of Se in fish have been linked to reduced fish tissue 

Hg (Arribe´re et al. 2008; Chen et al. 2001; Southworth et al. 2000). For example, 

laboratory experiments with rainbow trout, Oncorhynchus mykiss, indicated that fish fed 

selenium-rich diets had enhanced elimination rates of MeHg and inorganic Hg from 

tissues (Bjerregaard et al. 1999). Though previous research suggests that Se may decrease 

Hg concentrations in fish tissue, not enough is known to make predictions regarding fish 

tissue Hg accumulation near power plants. 

Despite the prevalence of coal-fired power plants, both in the U.S. and globally, 

little is known about the local impacts of their mercury and selenium emissions on fish 

and wildlife. Our objectives were to quantify the importance of proximity to coal-fired 

power plants to Hg accumulation in fish tissue, and to determine the relative importance 

of point-source deposition versus known drivers of Hg accumulation for two common 

species of fish at different trophic levels. This was accomplished by examining Hg levels 

in largemouth bass Micropterus salmoides, and bluegill Lepomis macrochirus, from lakes 

with different abiotic characteristics located near to and far from coal-fired power plants. 

 

3.2 Methods 

 

3.2.1 Selection of sampling sites 

 

We sampled fourteen lakes in North Carolina, seven close to (<10 km) and seven 

far from (>30 km) coal-fired power plants (Figure 3.1). Distance classifications were 

determined via consultation with North Carolina Division of Air Quality personnel 

(Freeman J, Jordon R, Schliesser S, personal communication) and the literature (Carpi 

1997; Hutcheson et al. 2008; NCDENR 2005) to ensure that the ‗‗near‘‘ lakes were close 

enough to be influenced by local deposition from a power plant (<10 km) under various 
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wind conditions and that the ‗‗far‘‘ lakes (>30 km) were outside local influence from 

power plants (Figure 3.1). 

 

3.2.2 Fish collection and ancillary environmental sampling 

 

At each lake, we collected largemouth bass and bluegill. These species are widely 

distributed, often consumed by humans and wildlife, and typically represent distinct  

trophic levels. Largemouth bass are common apex predators that feed primarily on fish 

but also on benthic invertebrates. Bluegill exist at the intermediate trophic level, foraging 

on a mix of zooplankton, plant material, and benthic invertebrates (Werner and Hall 

1988). Power analyses based on a previous dataset (Sackett et al. 2009) suggested that 

collections of five individuals of a restricted size range per species (i.e., 10 fish per 

system) would be sufficient to confidently quantify differences in fish tissue Hg among 

lakes. Largemouth bass collections were limited to individuals that were 300–400 mm  

 

 

Figure 3.1.  Study sites in North Carolina. Seven lakes are considered near a coal-fired 

power plant (<10 km radius; black circle) and seven lakes are considered far from any 

power plant (>30 km radius; grey circles) 
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total length (TL) and bluegill collections were limited to 150–200 mm TL. These 

represent the most commonly caught sizes of both species in North Carolina. Fish were 

collected via electrofishing from September 2 to October 2, 2008 to limit effects of 

seasonal variation. 

To assess the importance of local environmental factors in determining Hg 

accumulation in fish tissues, we sampled and analyzed water for pH, alkalinity (mg/l as 

CaCO3), nitrogen (NO3, mg/l), phosphorus (mg/l), sulfur (SO4, mg/l), chlorophyll a 

(µg/l), and DOC (mg/l) using standard methods (APHA 1995). Water samples were 

collected by opening and resealing a 1-l acid washed container submersed 0.5–1.0 m 

beneath the water surface at each of the study lakes. Specifically, pH was measured using 

a hydrogen electrode and conductivity meter (Thermo Fisher Scientific), alkalinity was 

measured by titration using phenolphthalein and methyl orange as endpoint indicators 

(AOAC 1990), and nitrogen was determined by modified EPA Methods 353.1 (Kempers 

and Luft 1988; Krom 1980), with an auto-flow spectrophotometric analyzer (4001 

Sanplus Segmented Flow Analyzer, Skalar Instruments). Phosphorus and sulfate were 

determined using inductively coupled plasma (ICP) spectrometry (Donohue and Aho 

1992; Optima 3300 DV ICP emission spectrometer). Chlorophyll a samples were 

collected in brown Nalgene bottles and kept on ice until stored in total darkness at 4
o
C. 

Samples were filtered in duplicate or triplicate within 24 h of collection. Chlorophyll a 

was extracted using a 90% acetone solution, homogenized, centrifuged and analyzed on a 

Turner 10-AU fluorometer using EPA Method 445.0 (Rev 1.2 September 1997). 

Dissolved organic carbon analysis followed Method 5310B (APHA/AWWA/WEF 2005) 

using a Shimadzu model TOC-5050 analyzer fitted with an autosampler ASI-5000.  

A composite of three surficial (top 5 cm) sediment samples at each lake from the 

area of fish collection was analyzed to determine sediment concentrations of Hg, Se and 

percent total carbon. Sediment samples were dried, crushed and sieved to <2 mm with an 

agate mortar and digested (as below) for determination of Hg content. For sediment Se 
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analysis, 1–2 g of thoroughly mixed <2 mm sediment (or standard reference material, 

SRM) was weighed and digested using 1:1 nitric acid:30% sulfuric acid (HNO3 and 30% 

H2SO4) concentration. Analyses followed USEPA Method EPA SW846, 3050B for ICP 

mass spectometry (MS). Analyses were performed with appropriate quality 

assurance/quality control (QA/QC) protocols, including reagent blanks, SRM, standard 

curves with linearity 0.999 or greater, and calibration verification throughout analysis of 

samples. The SRM for Se was within 3.33% of the expected range of the SRM mean 

value. Total carbon was measured by combustion with a Perkin-Elmer Corporation‘s 

2400 CHN Elemental Analyzer. Twenty-five grams of sediment from each lake were 

ground to <250 µm and combusted at 925
o
C for 30 s in a pure oxygen environment. The 

resultant gas was passed through a detector column that read and calculated the percent 

carbon in the sediment sample. 

 

3.2.3 Fish tissue analyses 

 

Collected fish were measured (TL; mm), sealed in plastic bags, and stored frozen 

(-20
o
C) until processing. A trace metal free dissection technique was used to process fish 

(USEPA 2000). Specifically, each fish was thawed and weighed, then skinned and 

filleted with a cleaned stainless steel knife on fresh aluminum foil with fresh nitrile 

gloves. A 5–40 g sample of the right anterior dorsal musculature was sectioned and 

weighed (Piraino and Taylor 2009). Because MeHg constitutes >95% of total mercury 

(Bloom 1992) in fish, we analyzed total Hg, which is much more cost effective than 

analyzing MeHg. Total Hg was measured using 100- to 300-mg samples of dried and 

digested tissue (3:1 Omnitrace
®
 HNO3:H2SO4 in Teflon bombs in a MARS Xpress 

microwave digester). These sample digests were analyzed for total Hg by cold vapor 

atomic fluorescence spectroscopy (USEPA method 1631) with a HYDRA AF Gold Plus 

(Teledyne/Leeman Labs). Each run of 20–30 tissue sample analyses was accompanied by 
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appropriate quality assurance protocols, including blanks, Hg-spiked samples, duplicates, 

and National Institute of Standards and Technology (NIST) certified reference material 

(2976 Mussel tissue). Recoveries of certified reference material ranged from 93 to 111%, 

with an overall mean recovery of 101.3 ± 4.8% standard deviation. Quality control was 

also conducted by separately analyzing duplicates for 14 (10%) of our freeze-dried tissue 

samples and five (~4%) of our whole wet weight fillets. Duplicates were processed by the 

North Carolina Division of Water Quality (NCDWQ). Results indicated close agreement; 

the mean relative standard deviation (RSD) for 13 of 14 samples was 12%. For four of 

five whole fillets, the mean RSD was 19%. 

Fish tissue samples were analyzed for Se using ICP-MS following USEPA 

method EPA 6010C. Analyses were performed with appropriate quality assurance 

protocols, including blanks, Se-spiked samples and duplicates. All blanks, spiked samples 

and duplicates were within acceptable limits. 

Nitrogen isotope analysis was conducted to determine the relative trophic position 

of fish collected in each lake. Benthic invertebrates were collected from each system to 

establish a baseline nitrogen isotopic signature (Post 2002). Benthic invertebrates were 

sieved from a sediment sample taken at each lake, identified to class, order or family, and 

preserved in ethanol (Kaehler and Pakhomov 2001). Each lake had a composite of 

benthic invertebrates that included chironomidae, trichoptera, ephemeroptera, unionoida, 

ceratopogonidae, oligochaeta, and ostracoda. In the laboratory, dried invertebrate and 

freeze-dried fish tissue samples were analyzed for nitrogen isotopes using combustion 

(1020
o
C) and an isotope ratioing mass spectrometer. Each batch of samples contained lab 

standards calibrated to NIST primary standards. Trophic position was determined for 

each fish using the Vander Zanden and Rasmussen (2001) equation: fish trophic position 

= (fish δ15N - baseline δ 15N)/3.4% + 2, where the baseline δ15N was the invertebrate 

δ15N measured in each lake, 3.4% represents the nitrogen isotope fractionation constant 

(Minagawa and Wada 1984), and ‗+ 2‘ accounts for the two trophic levels (primary 
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producer and consumer) beneath the invertebrates used as the baseline (Peterson and Fry 

1987). 

 

3.2.4 Statistical analyses 

 

Fish tissue Hg and Se concentrations were log transformed, and the percent total 

carbon in sediment was arcsine square-root transformed to meet assumptions of 

normality. Analysis of variance was used to determine differences in variables (fish tissue 

Hg and Se, pH, alkalinity, nitrogen, phosphorus, sulfur, DOC, chlorophyll a, sediment 

Hg, sediment Se, sediment total carbon) between systems near to and far from coal-fired 

power plants.  

We created regression models based on previous experience with Hg dynamics in 

similar systems in North Carolina (Sackett et al. 2009) and a review of pertinent 

literature. First, we grouped individual variables thought to affect different aspects of Hg 

dynamics (deposition, bioaccumulation and methylation) into categories, including biotic 

factors, water characteristics, sediment characteristics, proximity to coal-fired power 

plants, and fish tissue Se, to create ‗component models‘ for analysis (Table 3.1a). 

Combinations of component models were then created to assess interactions among 

important biotic and abiotic variables (Table 3.1b). Variance inflation factors (VIF) were 

calculated for each candidate model; all were <10, which indicates little or no 

multicollinearity of independent variables (Neter et al. 1996). We also created a ‗‗reduced 

global model‘‘, which contained the maximum number of variable combinations without 

introducing unacceptable (i.e., VIF >10) multicollinearity. Akaike‘s Information 

Criterion (adjusted for small sample size, AICc, Burnham and Anderson 1998) was used 

to rank the regression models (for each species separately and for both combined) to 

determine which model(s) best described variation in fish tissue Hg. Following model 

ranking the relative importance of individual variables was determined via 



37 

 

 

Sackett et al. 2010 

parameter estimates, which were calculated by summing the model weights (Wi) for all of 

the models in which the variable of interest occurred (Burnham and Anderson 1998). 

Finally, we also ran individual correlations between fish tissue Hg and each of the 

variables identified in the highest ranked AICc model. 

 

3.3 Results 

 

3.3.1 Proximity  

 

Both largemouth bass and bluegill had significantly lower (P < 0.0001) fish tissue Hg 

concentrations in lakes near coal-fired power plants than in lakes far from coal-fired 

power plants (Figure 3.2). Mercury concentrations were higher (P<0.0001) in largemouth 

bass than bluegill in all systems, consistent with the bioaccumulative nature of MeHg. 

Conversely, Se tissue concentrations were similar (P = 0.38) for both species, but 

concentrations were significantly higher (P < 0.0001) for both species in systems near 

power plants (Figure 3.2). 

  Across all lakes, trophic position (as determined by nitrogen isotope analysis) was 

significantly higher (P = 0.0001) for largemouth bass ( x   = 4.31) than bluegill ( x   = 

3.64; Table 3.2). Fish tissue Hg concentrations and trophic position were positively 

correlated (r = 0.39; P = 0.0001); however, when lakes near to and far from power plants 

were analyzed separately, far lakes exhibited a stronger correlation between Hg and 

trophic position (r = 0.67; P = 0.0001) than near lakes (r = 0.33; P = 0.0054), where Hg in 

fish was reduced (Figure 3.3a). Fish tissue Hg, both near to (rage = 0.30; rTL = 0.79) and 

far from (rage = 0.38; rTL = 0.81) power plants, was also positively correlated (P < 0.01) 

with age and TL (Figure 3.3b, c). 

We found a strong negative correlation between tissue Hg and tissue Se for both 

bluegill (r = -0.54; P < 0.0001) and largemouth bass (r = -0.60; P < 0.0001) across all 



38 

 

 

Sackett et al. 2010 

Table 3.1.  Standard least squares multivariate regression component (a) and combination 

(b) models to predict fish tissue Hg concentrations, ranked with Akaike‘s Information 

Criterion (AICc).  

TL total length, Hg mercury, Se selenium, DOC dissolved organic carbon, alk alkalinity, 

chl a chlorophyll a, N nitrogen, P phosphorus, S sulfur, TC total carbon Δi = the distance 

of each model from the best AICc model and Wi represents the model probability weight 

(the relative strength of models). Bold text indicates the best models (lowest AICc value). 

 

Models Model Variables R2 K AICc Δi Wi 

a.  Component Models 
           Biotic trophic position, TL, age 0.50 3 -65.24 125.02 0.00 

     Proximity proximity 0.30 2 -21.42 168.83 0.00 
     Se Se 0.15 1 3.52 193.78 0.00 
     Sediment sed Hg, sed Se, sed TC 0.16 3 7.47 197.73 0.00 
     Water pH, N, P, S, DOC, chl a 0.19 6 8.11 198.36 0.00 

       b.  Combination Models 
      

     Reduced global 

proximity, trophic position, 
TL, age, Se, pH, S, DOC, sed 
Hg, sed Se 0.82 11 -187.73 2.52 0.10 

       
     Proximity + biotic 

proximity, trophic position, 
TL, age  0.79 5 -180.74 9.51 0.00 

     Proximity + Water 
proximity, pH, N, P, S, DOC, 
chl a 0.37 8 -23.10 167.16 0.00 

     Proximity + sediment 
proximity, sed Hg, sed Se, 
sed TC  0.33 5 -20.64 169.61 0.00 

     Proximity + Se proximity, Se 0.31 3 -20.26 170.00 0.00 

       
     Combination 1 

proximity, trophic 
position, TL, age, Se, pH 0.81 7 -190.26 0.00 0.35 

     Combination 2 

proximity, trophic 
position, TL, age, Se, pH, S, 
DOC 0.81 9 -189.98 0.27 0.30 

     Combination 3 
proximity, trophic 
position, TL, age, Se 0.80 6 -189.39 0.86 0.23 

     Combination 4 
proximity, trophic position, 
TL, age, pH 0.79 6 -183.55 6.71 0.01 

     Combination 5 

proximity, trophic position, 
TL, age, sed Hg, sed Se, sed 
TC 0.80 8 -182.20 8.06 0.01 

     Combination 6 
proximity, trophic position, 
TL, age, alk 0.79 6 -181.01 9.25 0.00 

     Combination 7 
proximity, trophic position, 
TL, age, N, P 0.79 7 -177.72 12.53 0.00 
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Figure 3.2.  Fish tissue mercury and selenium concentrations of bluegill and largemouth 

bass collected near to (<10 km) and far from (>30 km) coal-fired power plants in North 

Carolina, USA. Error bars represent ±1SE.   
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Table 3.2.  Mean and standard error of variables measured near (< 10 km) and far (> 30 km) from coal-fired power plants.   

 Hg mercury, Se selenium, N nitrogen, P phosphorus, S sulfate, alk alkalinity, DOC dissolved organic carbon, chl a chlorophyll a, sed 

sediment, TC total carbon, SE standard error.  Biotic variables are averaged by species (BG bluegill, LMB largemouth bass) within 

proximity categories (near, far). An asterisk (*) indicates factors found significantly different (P < 0.05) between proximity categories.   

  Near coal-fired power plant   Far from coal-fired power plant 
Species/System Variable N Mean Std Err   Species Variable N Mean Std Err 

BG Hg* 35 0.04 0.008   BG Hg* 35 0.14 0.016 
  Se* 35 1.62 0.265     Se* 35 0.42 0.017 
  trophic position 35 3.67 0.147     trophic position 35 3.60 0.110 
  fish age 35 3.46 0.218     fish age 35 3.26 0.170 

  total length 35 161.00 1.810     total length 35 163.20 2.270 

LMB Hg* 35 0.16 0.017   LMB Hg* 35 0.49 0.037 
  Se* 35 1.61 0.186     Se* 35 0.51 0.031 
  trophic position 35 4.24 0.170     trophic position 35 4.38 0.068 
  fish age 35 3.23 0.193     fish age 35 3.91 0.310 

  total length 35 359.11 5.040     total length 35 352.23 5.460 

 System pH 70 7.20 0.076     pH 70 6.98 0.079 
  nitrogen 70 0.17 0.028     nitrogen 70 0.23 0.026 
  phosphorus 70 0.49 0.099     phosphorus 70 0.70 0.110 
  sulfate* 70 5.04 0.328     sulfate* 70 13.47 2.876 
  alkalinity 70 23.57 0.530     alkalinity 70 23.57 2.250 
  DOC* 70 4.26 0.167     DOC* 70 10.36 0.928 
  chl a* 70 14.70 1.476     chl a* 70 31.24 3.667 
  sediment Hg* 70 32.46 1.330     sediment Hg* 70 41.78 2.700 
  sediment Se* 70 0.52 0.051     sediment Se* 70 0.27 0.029 
  sediment TC* 70 0.90 0.042     sediment TC* 70 1.82 0.226 
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Figure 3.3.  Fish tissue mercury concentrations in bluegill and largemouth bass measured 

near to (<10 km) and far from (>30 km) coal-fired power plants in comparison to factors 

found in the best AICc ranked model (see Table 3.1): a trophic position, b total length, c 

age, d fish tissue selenium, and e pH. Error bars represent ±1SE. 
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lakes. Similar negative relationships were observed in lakes close to power plants where 

tissue Se concentrations were much greater (bluegill r = -0.33, P = 0.05; largemouth bass 

r = -0.44, P = 0.0089), but far from power plants Se was so reduced that no correlation 

with tissue Hg was observed for either species (Figure 3.3d). 

Average concentrations of water and sediment characteristics were not 

statistically different between lakes near to and far from coal-fired power plants (Table 

3.2). The only exception was DOC, which was marginally higher (P = 0.08) in lakes far 

from power plants than in lakes near them. Though mean sediment Se was twice as high 

(0.52 vs. 0.27 µg/g) in near lakes as in far lakes, relatively high variance in these 

estimates resulted in a lack of statistically significant difference between the two groups. 

The variance was a result of a single outlier in each group (outliers were four times the 

median of each group and approximately 2.5 times the next highest value); when these 

outliers were excluded, we found a significant difference (P = 0.05) between sediment Se 

levels in lakes near and far from power plants. The only variable among the water and 

sediment characteristics that was in the top ranked AICc model was pH. A negative 

relationship between largemouth bass tissue Hg and pH (r = -0.52, P = 0.0013) was found 

far from power plants though not in systems close to power plants, where Hg in fish was 

reduced (Figure 3.3e). 

 

3.3.2 Model comparison  

 

Results of the AICc analysis indicated that the best models and variables for 

predicting fish tissue Hg were similar for bluegill and largemouth bass, therefore data for 

both species were combined. The best overall model for predicting fish tissue Hg 

included biotic factors (fish age, length and trophic position), proximity to power plants, 

fish tissue Se and pH (R
2
 = 0.81; Table 3.1b; Figure 3.4). The second best model 

included the same factors as well as DOC and sulfate. All factors in the top two models 
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were the most influential variables measured by parameter estimates (Wi; Table 3.3). Of 

the component models (Table 3.1a), the biotic model was the best in explaining tissue 

Hg; however, it was substantially less effective than the best combination models (Table 

3.1b). 

 

3.4 Discussion 

 

3.4.1 Mercury models 

 

 The best model for explaining fish tissue Hg in our analysis included trophic 

position, fish size, fish age, fish tissue Se, pH and proximity to coal-fired power plants, 

indicating greater Hg contamination risk in larger, older, higher trophic level fish with 

low Se body burdens in low pH systems far from power plants. Additionally, sulfate and 

DOC were important in explaining the variability in tissue Hg.  Individually, these factors 

have been similarly linked to Hg in other studies. Fish tissue Hg was positively related to 

fish age, fish size and trophic position through bioaccumulation and the long residence 

time of Hg in fish tissue (Hall et al. 1997; Van Walleghem et al. 2007). Dissolved organic 

carbon, pH and sulfate have been associated with Hg transport, availability, and 

methylation rates (Chen et al. 2005; Greenfield et al. 2001; Simonin et al. 2008). Lange et 

al. (1993) suggested that low pH may increase methylation rate and Chen et al. (2001) 

noted that the bioavailable speciation of Hg, and factors that bind with Hg (i.e., sulfur and 

DOC), depend on pH (DiGuilio and Hinton 2008). Specifically, DOC can bind strongly 

with Hg and inhibit methylation, however, the affinity between Hg and DOC can be 

weakened in low pH waters (through competition with hydrogen ions for binding sites on 

DOC and because DOC is less negatively charged at low pH), allowing Hg to 

disassociate from DOC and become available for methylation (Barkay et al. 1997; 

Miskimmin et al. 1992; Ravichandran 2004). Sulfur is also speciated to bind with Hg at 
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Figure 3.4.  Actual versus predicted fish tissue mercury concentrations using the best 

AICc model, which included trophic position, fish age, fish total length, proximity to 

coal-fired power plants, fish tissue selenium and pH. Samples collected near (<10 km) 

coal-fired power plants are indicted with a grey square and samples collected far from 

(>30 km) coal-fired power plants are indicated with a black circle. RMSE root mean 

square error. 

 

 

low pH, making it more available to sulfur reducing bacteria, which methylate Hg 

(Gilmour et al. 1992; Selvendiran et al. 2008). Though consistent with previous 

investigations, our approach is unique in that variable combinations were examined to 

determine their relative importance. 
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Table 3.3.  Parameter estimates (sum of the AICc model weights, Wi, for a specific 

variable) of variables from AICc analysis for fish tissue Hg.   

Parameter Estimates 

Variable Total Wi 

Trophic Position 1.00 

Fish Age 1.00 

Total Length 1.00 

Proximity 1.00 

Selenium 0.97 

pH 0.76 

Dissolved Organic Carbon 0.40 

Sulfur 0.40 

Sediment Mercury 0.10 

Sediment Selenium 0.10 

Sediment Total Carbon 0.01 

 

 

3.4.2 Proximity 

 

 Fish collected close to coal-fired power plants showed significantly higher Se and 

lower Hg concentrations than fish collected far from coal-fired power plants. This pattern 

is consistent with previous studies, such as Anderson and Smith (1977), who reported 

similar trends in largemouth bass and black bullhead Ictalurus melas collected near to 

and far from power plants. Chen et al. (2001) sampled lakes that varied in distance from 

metal smelters, another source of Hg and Se, and found a similar inverse relationship 

between the two elements in fish tissue and between fish tissue Hg and water Se. 

Paulsson and Lundbergh (1991) used Se to remediate Hg contaminated lakes and found 

markedly reduced (60–85%) fish tissue Hg after the addition of Se, though fish kills were 

noted in several of the treatment lakes. That Hg in fish tissue was suppressed 

by Se in our study was suggested by a strong negative correlation for both bluegill and 

largemouth bass. Several mechanisms for the antagonistic relationship between Hg and 
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Se have been suggested, including Se inhibition of methylating bacteria by binding with 

inorganic Hg, and Se-mediated competition, redistribution, demethylation and 

elimination of MeHg from fish tissues (Arribe´re et al. 2008; Bjerregaard et al. 1999; 

Chen et al. 2001; Iwata et al. 1982; Yang et al. 2008; Khan and Wang 2009). 

Fish tissue Hg and trophic position typically have a strong positive relationship 

because of the bioaccumulative nature of MeHg (Hall et al. 1997). The significant 

differences in Hg we found between bluegill and largemouth bass, both near to and far 

from power plants, are consistent with this pattern. Fish tissue Se, in contrast, showed no 

differences between bluegill and largemouth bass, which is not surprising given the 

generally low Se trophic transfer factors (~1.1–1.3) routinely reported for fish (Wang 

2002; Zhang and Wang 2007). Mercury and Se generally have different uses (Se is an 

essential dietary element and Hg is not), uptake kinetics and distribution (Se generally 

accumulates in liver and eggs, Hilton et al. 1982; Hg is generally accumulates in muscle, 

Van Walleghem et al. 2007), elimination rates (Se elimination rates increase with 

increasing dietary exposure, Hilton et al. 1982; Hg elimination is unrelated to Hg 

concentration, Trudel and Rasmussen 1997) and residence times (Hilton et al. 1982; Van 

Walleghem et al. 2007), all of which could account for the different patterns observed in 

fish tissue Hg and Se  accumulation in bluegill and largemouth bass. Consequently, fish 

species of different trophic levels may show no difference in Se concentration, as seen in 

our study and others (Wang 2002; Zhang and Wang 2007). 

Though the difference in fish tissue Hg associated with proximity to coal-fired 

power plants is best explained by the relationship between Hg and Se, other waterbody 

characteristics were also important. In our combined analysis pH, sulfur, and DOC were 

in our top two AICc models, emphasizing the importance of water chemistry metrics to 

fish tissue Hg. Although we found few significant differences in water (e.g., sulfate, 

chlorophyll a) or sediment (e.g., sediment Hg, TC) characteristics between lakes near to 

and far from power plants, the lack of differences in our study are likely attributable, at 
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least in part, to relatively low sample size and, in some cases, high variance. Indeed, in 

the case of sediment Se, levels were significantly different between sites near to and far 

from power plants when one outlier in each group was excluded from analysis. The 

outlier (much higher Se) from the group of lakes near power plants was from the lake in 

close proximity to the largest (in megawatt generation) power plant in our collections. 

The outlier in the far from power plant group was from a shallow Carolina bay lake in 

close proximity to the coast, with a higher salinity (~3%) than other sampled lakes and 

was under extreme drought conditions at the time of sampling. Even when those points 

were included, sediment Se was two times higher in the near lakes than in the far lakes.  

Trends in our data indicated that systems near coal-fired power plants were 

generally clearer and less productive than our study systems far from power plants. One 

potential reason for the low productivity is that power plants require large volumes of 

cold water to operate and thus are typically located on large, deep reservoirs with a high 

volume of cool water. Large, deep waterbodies also tend to be clearer and less productive 

than small, shallow systems. In addition, these systems tended to have lower DOC and 

total sediment carbon. Lower productivity and higher clarity may influence Hg by 

allowing more solar radiation to enter surface waters to photodegrade MeHg and 

photoreduce oxidized Hg into the insoluble, elemental form that is subsequently re-

emitted into the atmosphere rather than sequestered in the sediment (Amyot et al. 1997a, 

b; Morel et al. 1998; Watras et al. 1998; Sellers et al. 2001). This would explain the lower 

than expected sediment Hg found in lakes near coal-fired power plants, where higher 

deposition would presumably result in higher sediment Hg. Further, because DOC has 

been noted to absorb and block solar radiation (Amyot et al. 1997a, b), lower DOC in 

lakes near power plants suggests that Hg in these systems is removed by 

photodegradation and photoreduction (Sellers et al. 2001). 

In sum, our results suggest water quality characteristics such as pH, sulfate, and 

DOC play an important role in Hg accumulation in aquatic systems and fish tissue. We 
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were unable to measure concentrations of Hg and Se in the water column of these 

systems. It is plausible that those data and other biotic and abiotic variables (e.g., 

community structure, system hydrology) would be useful in explaining some of the 

variation seen in fish tissue Hg and Se (Brumbaugh et al. 2001). 

 

3.5 Conclusions 

 

Much of the Hg contamination in aquatic biota originates from coal-fired power 

plants, point sources that release Hg and Se into the atmosphere. In this study we 

quantified the relative importance of proximity to coal-fired power plants, versus biotic 

and abiotic factors known to influence Hg dynamics, on Hg accumulation in two 

common species of fish. Lower tissue Hg and higher tissue Se concentrations were found 

in fish collected near power plants. Moreover, though studies indicate higher Hg 

deposition in systems near power plants (Carpi 1997; Keeler et al. 2006; NCDENR 2005; 

Pacyna and Pacyna 2002) our study demonstrated that this did not result in high fish 

tissue Hg. Our results suggest that this is due, at least in part, to higher Se concentrations 

in these systems. Other biotic and waterbody characteristics also contributed to this 

pattern.  

Our results have important implications for both human and ecological health. 

While lower fish tissue Hg concentrations in systems close to coal-fired power plants is a 

welcome result for human health, these benefits are highly localized, attenuating <30 km 

from point sources and thus affecting only a small fraction of the landscape. The 

concomitant high Se concentrations in these systems may have adverse consequences for 

piscivorous fish and wildlife. Reproductive abnormalities and failure, anemia, growth 

retardation and population declines have been observed in fish with muscle 

concentrations of 4 mg/kg of Se, and to 1–2 mg/kg of Se for sensitive fish (Burger et al. 

2001; Eisler 1985). Wildlife dietary exposures of 1 mg/kg have been reported to cause 
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toxic effects (Arribe´re et al. 2008; Burger et al. 2001). More than half of the fish 

collected near coal-fired power plants in our study had tissue Se above 1.0 mg/kg, and 

four fish had Se above the 4 mg/kg threshold. Though localized accumulation of Hg in 

fish tissue near power plants seems to be mitigated by the deposition and accumulation of 

Se, the fact still remains that the majority of Hg contamination around the world 

originates from these atmospheric point sources. Emissions of the persistent, elemental 

form of Hg will need to be reduced to decrease the global pool of Hg that deposits and 

accumulates in aquatic biota far from any source of Hg, particularly in remote Hg 

sensitive environments where physical and chemical conditions favor Hg methylation and 

biomagnification. 
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Chapter 4 
 

Exploring the influence of body size on 

fish tissue mercury dynamics: 

implications for natural resource 

management and human health risk 
 

 

 

 

4.1   Introduction 

 

Mercury (Hg) contamination of aquatic systems is a significant health concern for 

humans and wildlife, as evidenced by numerous state consumption advisories for 

common fish species found throughout the United States (USEPA 2008a).  If we are to 

accurately assess consumption risk and effectively communicate that risk to the public, it 

is essential that we have a better understanding of mechanisms that affect Hg 

accumulation in fish tissue. More specifically, because fish consumption is the primary 

vector for Hg movement from aquatic systems to people (Clarkson 2002), and because 
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that movement is influenced by fishery regulations based on fish size, understanding the 

link between fish size and fish tissue Hg is a critical step in assessing and communicating 

risk.   

Atmospheric Hg is produced across the globe, primarily by combustion sources 

(e.g., coal-fired power plants), and deposited into waterbodies through dry and wet 

deposition (Pacyna et al. 2003; Pacyna and Pacyna 2006; Keeler et al. 2006; Wilson et al. 

2006).  Deposited Hg is transformed by bacteria into the organic, highly neurotoxic and 

biologically available form, methylmercury (MeHg), where it enters the aquatic food web 

and accumulates to the highest concentrations in top predators.  Much Hg research is 

directed at understanding MeHg dynamics in aquatic systems because consumption of 

contaminated fish is the most direct path for Hg to affect the health of humans and 

wildlife, particularly given that nearly all (95-99%) of the Hg in fish tissue exists in the 

form of MeHg (Bloom 1992; Wiener and Spry 1996; NCDENR 2000).  Several studies 

have linked environmental factors to rates at which Hg is methylated by bacteria.  For 

example, acidic or low pH water has been identified as an important predictive factor for 

high fish tissue Hg in many studies (Cope et al. 1990; Lange et al. 1993; Greenfield et al. 

2001; Chen et al. 2005; Watras et al. 2006; Rask et al. 2007, Sackett et al. 2009).  

Additionally, low-lying areas that are prone to flooding and contain numerous swamps 

and wetlands have been identified as areas likely to have higher concentrations of MeHg 

in fish tissue (Brumbaugh et al. 2001; Bodaly et al. 2007, Sackett et al. 2009).  Biotic 

factors such as fish body size, trophic position and age have also been associated with 

fish tissue Hg concentrations (Lange et al. 1993; Castro et al. 2002).   

In the context of fisheries management, body size is a basis for establishing 

recreational and commercial harvest regulations, directly influencing the fish that anglers 

will keep for consumptive purposes.  Given the central role that body size plays in both 

understanding contaminant dynamics and in determining natural resource policy, it could 

be argued that the effect of fish size on Hg contamination is one of the most important 
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relationships to understand, particularly for harvested species.  Surprisingly, though we 

know a great deal about factors that are associated with fish tissue Hg (Morel et al. 1998; 

Ullrich et al. 2001; DiGiulio and Hinton 2008), we still know relatively little about the 

role that body size plays in Hg accumulation, and studies that link harvest regulations and 

contaminant dynamics are rare.  Those that have directly quantified this relationship 

typically reveal a size effect, resulting in a general perception that tissue Hg levels are 

positively correlated with fish size (Lange et al. 1993; Castro et al. 2002).  However, 

uncertainty remains regarding factors (e.g., trophic position, age) that could confound 

interpretation of this relationship (Stafford and Haines 2001; Trudel and Rasmussen 

2006; Lepak et al. 2009). Further, it is unclear how the relationship between fish size and 

tissue Hg might change in systems with different levels of Hg contamination.  If we are 

to improve contaminant risk assessment and the communication of relative risk to 

anglers, directly assessing the relationship between fish body size and Hg accumulation is 

a necessary step. 

The importance in understanding the link between fish body size and fish tissue 

Hg concentrations lies with the potential risk of MeHg exposure to anglers through fish 

consumption.   Mercury contamination of aquatic systems gained international attention 

in the 1950s following the highly publicized poisoning event in Minimata, Japan, where 

local residents suffered severe MeHg poisoning via the consumption of contaminated fish 

(Normura 1968; Myers et al. 2004).  This event prompted reductions in Hg emissions and 

stimulated research aimed at understanding Hg dynamics in aquatic food webs.  We now 

understand that young children (including developing fetuses) and women of child-

bearing age are the groups most sensitive to MeHg consumption (e.g., Grandjean et al. 

1998; Crump et al. 2004; Mergler et al. 2007).  Recent investigations, however, have also 

indicated that chronic low levels of MeHg consumption may adversely affect the human 

cardiovascular system, even in relatively low-risk groups (Clarkson 2002; Virtanen et al. 

2005; Mergler et al. 2007).     
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The goal of this research was to directly quantify the relationship between body 

size and fish tissue Hg levels for three commonly harvested and consumed species, 

largemouth bass Micropterus salmoides, black crappie Pomoxis nigromaculatus, and 

bluegill Lepomis macrochirus, to determine if harvest restrictions based on body size 

influence human health risk.  Specifically, we measured fish tissue Hg in these species 

across a range of sizes from systems with different levels of Hg contamination.  We 

identified size thresholds for each species above which human health risks from fish 

consumption increase (based on NC, EPA and FDA Hg action levels), and compared 

those to typical harvest size limits for each species.   We quantified how the relationship 

between fish tissue Hg and body size changes based on differences in levels of Hg 

contamination among lakes and examined this association in relation to two confounding 

factors, fish age and trophic position.   

 

4.2 Methods 

 

4.2.1 Site selection and sampling 

 

We sampled six lakes in North Carolina with different levels of Hg contamination 

(Figure 4.1).  At each lake, we attempted to collect15 largemouth bass, 15 bluegill, and 

15 black crappie with electrofishing; five each from ‗small‘ (bluegill <115; largemouth 

bass <355; black crappie <203 mm total length, TL), ‗medium‘ (115-150; 355-432; 203-

279 mm TL) and ‗large‘ (>150; >432; >279 mm TL) size classes to ensure a wide range 

of sizes were collected.  Power analysis in our previous research suggested that five 

individuals of a limited size range would be sufficient to represent Hg concentrations in 

those species within the specified size range (Sackett et al. 2010).  These sizes ranges 

were also chosen to ensure five fish were collected below the typical fishery regulation 

minimum size limit (14 inches for largemouth bass and 8 inches for black crappie; 
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bluegill typically do not have a size limit), five were within an intermediate size range for 

anglers to capture and keep (4.5 – 6 inches for bluegill, 14-17 inches for largemouth bass, 

and 8-11 inches for black crappie), and five were above the intermediate size range (>6 

inches for bluegill , >17 inches for largemouth bass, and >11 inches for black crappie).  

The size regulations selected here are commonly used for North Carolina waterbodies as 

well as waterbodies in other states (ALDWFF 2010; NCWRC 2010; INDNR 2011).  

These species are widely distributed, often consumed by humans and wildlife, and 

typically represent distinct trophic levels.  Largemouth bass are common apex predators 

that feed primarily on fish but also on benthic invertebrates (Olson 1996).  Black crappie 

are also piscivorous at larger sizes, feeding on small fishes and invertebrates (Pine and 

Allen 2001).  Bluegill exist at a lower trophic level, foraging on a mix of zooplankton, 

plant material, and benthic invertebrates (Werner and Hall 1988).  Fish were collected 

from March 15
th

 to April 12
th

, 2010 to limit potential seasonal variation. 

 

 

Figure 4.1 Study sites in North Carolina.  Lakes were selected to represent a range of fish 

tissue Hg contamination. 
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4.2.2 Fish processing and analyses  

 

Collected fish were measured (mm TL) sealed in plastic bags, and stored frozen (-

20°C) until processing.  In the laboratory, fish were thawed, weighed, and processed for 

Hg analyses using a trace metal-free dissection technique (USEPA 2000).  Briefly, each 

fish was skinned and filleted with a clean stainless steel knife on fresh aluminum foil 

with fresh nitrile gloves.  The left dorsal filet was removed, weighed, freeze dried and 

ground into a homogenous powder.   Because MeHg constitutes >95% of total mercury in 

fish (Bloom 1992), we analyzed total Hg, which is much more cost effective than 

analyzing MeHg.  Total Hg was measured using USEPA method 7473 (USEPA 2007).  

Briefly, approximately 100mg of dried and homogenized tissue was measured by direct 

solids decomposition-atomic absorption using a Milestone DMA-80 direct Hg analyzer.  

Each run of 10 samples was accompanied by appropriate quality assurance protocols, 

including blanks, Hg-spiked samples, duplicates, and National Research Council of 

Canada certified reference material (CRM) to calibrate the instrument (TORT-2 lobster 

hepatopancreas tissue) and to assess method accuracy (TORT-2, DORM-2 dogfish 

muscle tissue, DOLT-2 dogfish liver tissue).  In addition, several study samples were 

fortified with CRM (Sandy Loam 3) to assess the potential matrix impact on mercury 

recovery.  All blanks, spikes and CRMs were within acceptable limits.  Recoveries of 

CRM ranged from 81% to 114%, with an overall mean recovery of 99.1 +/- 6.9% 

standard deviation.   

Because trophic position can confound our interpretation of size effects, the 

relative trophic status of each fish was estimated using nitrogen isotope analysis (Post 

2002).  Benthic invertebrates were collected from each system to establish a baseline 

nitrogen isotopic signature (Post 2002).  Benthic invertebrates were sieved from a 

sediment sample taken at each lake, identified to subclass, order or family, and preserved 

in ethanol (Kaehler and Pakhomov 2001).  Each sample was a composite of benthic 
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invertebrates that included chironomidae, trichoptera, ephemeroptera, ceratopogonidae, 

and oligochaeta.  In the laboratory, dried invertebrates and freeze-dried fish tissue 

samples were analyzed for nitrogen isotopes by combustion (1000
º
C) followed by a 

reduction from oxidized nitrogen to atmospheric nitrogen (N2), while water was removed 

using magnesium perclorate.  This procedure used a Carlo Erba NC2500 Elemental 

Analyzer coupled with an AS200 auto sampler to introduce samples to a DeltaV 

Advantage Isotope Ratio Mass Spectrometer (Thermo Finnigan, Germany).  Trophic 

position of each fish was determined from the ratio of N
15

 to N
14

 (δ15N) using the 

following equation from Vander Zanden and Rasmussen (2001): fish trophic position = 

(fish δ15N – baseline δ15N) / 3.4‰ + 2, where the baseline δ15N was the invertebrate 

δ15N measured in each lake, 3.4‰ represents the nitrogen isotope fractionation constant 

(Minagawa and Wada 1984), and ‗+ 2‘ accounts for the two trophic levels (primary 

producer and consumer) beneath the invertebrates used as the baseline (Peterson and Fry 

1987).    

Because fish age can also confound our interpretation of size effects, otoliths were 

removed from each fish to determine age.  All otoliths were aged whole by two 

independent readers.  Additionally, whole otoliths with ages over two years, and any for 

which there was disagreement between the readers, were sectioned and aged by the same 

two readers.  Any otoliths for which the first two readers disagreed were aged by a third 

reader; if the age determined by the third reader agreed with the age determined by one of 

the first two readers, that age was assigned to the otolith.  If all three readers disagreed, 

they aged the otolith together and came to an agreement on the age of the fish.   

 

4.2.3 Statistical Analyses 

 

To assess the importance of fish size and Hg accumulation in relation to fish age 

and trophic position we used pair-wise and partial correlation analyses.  Partial 
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correlations determine the strength of the association between two variables (e.g., fish 

size and fish tissue Hg) while excluding the effect of other confounding factors (e.g., fish 

age and trophic position).  These correlation coefficients were determined for fish tissue 

Hg with fish size, age and trophic position for each species in each lake to determine the 

importance of each factor to Hg accumulation.   

We estimated the concentration of Hg at the base of the foodweb and rate of Hg 

biomagnification in each lake using a method described by Jardine et al. (2006).  Briefly, 

pooled largemouth bass and bluegill fish tissue Hg was regressed on trophic level 

(measure by nitrogen isotope analysis), then the slope of the relationship was used as a 

measure of biomagnification and the intercept as an estimate of the concentration of Hg 

at the base of the foodweb in each study lake (Rolff et al. 1993; Campbell et al. 2003; 

Jardine et al. 2006; Chumchal and Hambright 2009).  This approach allowed us to 

compare the concentrations of Hg at the base of the food web and the rates of 

biomagnification in each lake.  We excluded black crappie data from this analysis 

because we were unable to collect crappie in all of the lakes sampled.   

We determined the relationship between fish tissue Hg and body size for each 

species in each lake using least squares linear regression, and used those relationships to 

estimate the sizes at which fish in each lake reached North Carolina (0.4ppm), 

Environmental Protection Agency (EPA; 0.3ppm), and Food and Drug Administration 

(FDA; 1.0ppm) fish tissue Hg action levels above which consumption risk increases.  We 

related these ―high risk‖ sizes to typical fishery harvest size limits (described above) for 

each species.  To determine whether the level of mean fish tissue Hg concentrations 

affected the size at which fish reached these actions levels, we regressed the estimated 

size at which each species reached these action levels against average fish tissue Hg for 

that species in each lake.   

Significance of regressions and correlation analyses were determined using 

analysis of variance (ANOVA) and student‘s t-tests.  All analyses were conducted using 
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the SAS program JMP 8.0.  Fish tissue Hg concentrations were log transformed to meet 

assumptions of normality and equality of variance.   

 

4.3 Results 

 

4.3.1 Fish tissue mercury 

 

Fish tissue mercury contamination varied among sites and species (Table 4.1).  Mean fish 

tissue Hg for largemouth bass and bluegill ranged from 0.27 to 0.70 ppm and 0.05 – 0.18 

ppm, respectively, across study systems (Table 4.1).  Black crappie were collected in four 

of the six study lakes, and we were only able to collect all targeted individuals in one of 

the study systems (Table 4.1).  In the remaining three lakes, only two size ranges of black 

crappie were collected (two lakes with small and medium individuals and one lake with 

medium and large individuals).  The mean fish tissue Hg for black crappie ranged from 

0.05-0.29 ppm.  The partial collections of black crappie were useful in examining the 

relationship between fish size and Hg accumulation, but our ability to make comparisons 

among sites was limited.  Fish tissue Hg concentrations were significantly different 

among species (P < 0.0001), with largemouth bass having the highest mean levels (0.42 

ppm) followed by black crappie (0.16 ppm) and  bluegill (0.09 ppm).  In addition, fish 

tissue Hg levels were significantly different (P < 0.0001) among sample lakes for each 

species (Figure 4.2a).  White Lake had the highest overall level of fish tissue Hg 

contamination while Bennett‘s Millpond had the lowest.    

The estimated values of Hg biomagnification (the slope of the fish tissue Hg-

trophic level relationship) ranged from 1.4 to 2.30.  The estimated concentration of Hg at 

the base of the food web (the intercept of the same relationship) in each lake ranged from 

0.00003 ppm to 0.0018 ppm (Figure 4.3).  Three lakes had similar biomagnification 

values (~ 1.4) and intermediate levels of Hg at the base of the food web (0.00047,
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Table 4.1.  Sample size (N) and summary statistics (mean and range) of bluegill, black crappie and largemouth bass fish tissue 

mercury (Hg) concentrations, size, age, and trophic position (measured by nitrogen isotopes) collected from four to six lakes in North 

Carolina, USA.  TL = total length. 

Species Lake N        Hg (ppm)   TL (mm)         Age (yrs)      Trophic Position 

      Mean Range   Mean Range   Mean Range   Mean Range 

Bluegill Adger 15 0.08 0.06-0.11   143.0 102-185   3.5 2-7   3.18 2.81-3.48 

  Bennett's Millpond 15 0.05 0.03-0.07   137.5 79-183   1.7 1-3   3.16 2.91-3.47 

  Buckhorn 15 0.08 0.06-0.11   140.1 96-186   3.1 1-7   3.43 3.11-3.84 

  Mackintosh 15 0.08 0.05-0.14   134.8 90-180   2.9 1-5   3.78 3.57-4.25 

  Waterville 15 0.08 0.05-0.20   153.8 97-239   2.9 1-6   3.55 3.14-4.15 

  White 15 0.18 0.10-0.35   140.6 83-235   2.3 1-8   2.78 2.43-3.57 

Black Crappie Bennett's Millpond 7 0.05 0.03-0.07   179.3 155-204   1.4 1-2   3.88 3.61-4.00 

  Buckhorn 9 0.19 0.12-0.39   201.9 180-254   4.7 3-8   3.74 3.68-3.81 

  Mackintosh 15 0.12 0.06-0.19   251.3 160-342   3.8 2-7   4.23 4.00-4.76 

  Waterville 10 0.29 0.12-0.57   280.2 246-376   6.3 3-16   4.24 4.11-4.63 

Largemouth Bass Adger 15 0.38 0.10-0.81   381.5 210-555   5.6 2-10   3.98 3.62-4.19 

  Bennett's Millpond 15 0.27 0.09-0.57   368.3 208-520   2.6 1-6   4.28 3.88-4.97 

  Buckhorn 15 0.47 0.08-1.09   369.5 140-560   4.6 1-14   4.03 3.76-4.23 

  Mackintosh 15 0.43 0.01-0.91   383.9 247-522   5.3 1-12   4.52 4.07-4.93 

  Waterville 15 0.28 0.14-0.73   397.4 280-548   4.9 1-12   4.36 3.95-4.67 

  White 15 0.70 0.34-1.07   394.3 157-540   4.9 0-11   3.33 3.03-3.72 
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0.00061, 0.00081 ppm) compared to other study lakes.  Interestingly, the two lakes with 

the lowest levels of Hg at the base of the food web (0.00003, 0.00005ppm) had the 

highest biomagnification values (2.3 and 1.9).  The highest concentration of Hg at the 

base of the food web was seen in White lake which also had the third highest 

biomagnification factor (1.7). 

 

4.3.2 Fish size, age and trophic position 

 

As expected, size was not significantly different among study lakes for 

largemouth bass (P = 0.9604) or bluegill (P = 0.8065, Figure 4.2b), allowing us to 

compare our results among sites.  However, because we were unable to collect all of the 

targeted black crappie, there were significant differences in sizes among lakes (P = 

0.0002).  Ages of bluegill and largemouth bass were not significantly different (PBG = 

0.0605, PLMB = 0.1724) among lakes, with one exception; for both species fish collected 

from Bennett‘s Millpond were significantly younger (P < 0.05) than those from other 

study lakes (Table 4.1, Figure 4.2c).  Trophic positions, measured by nitrogen isotopes, 

differed significantly among species (P < 0.0001).  Largemouth bass consistently 

occupied the highest trophic position, followed by black crappie and then bluegill (Table 

4.1, Figure 4.2d).  However, the trophic position of each species differed significantly 

among lakes.  For instance, the mean trophic positions of largemouth bass and bluegill 

were highest in Mackintosh lake and lowest in White lake (Table 4.1, Figure 4.2d). 

We determined the relative importance of each biotic factor measured, body size, 

age and trophic position, to Hg accumulation in fish tissue using partial correlation 

analysis.  This analysis allowed us to hold two of the biotic factors constant, essentially 

removing their effects from the correlation, while correlating fish tissue Hg levels with 

the third.  The importance of each factor to Hg accumulation varied among lakes and 

species (Table 4.2).  For instance, bluegill showed a strong, significant pair-wise  
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Figure 4.2.  Means of (a) fish tissue Hg (ppm), (b) size (mm TL), (c) age (yrs) and (d) 

trophic position (measured by nitrogen isotopes) of bluegill, black crappie and 

largemouth bass collected in four to six lakes in North Carolina, USA.  Error bars = ± one 

standard error (hidden behind data symbols in some cases). 
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relationship between fish tissue Hg and body size in four of the six lakes sampled (r = 

0.75 to 0.87; Table 4.2).  However, in these same four lakes, partial correlation analysis 

revealed a much lower and in some cases negative relationship between fish tissue Hg 

and body size (Table 4.2), demonstrating that when fish age and trophic position were 

held constant, the relationship between fish size and fish tissue Hg was much lower (0.46, 

0.24) or in the opposite direction (-0.08, -0.36).  For most of the species and systems 

tested, fish tissue Hg still increased fairly strongly with fish body size when the effects of 

the confounding factors (fish age and trophic position) were removed (Table 4.2). 

 

4.3.3 Action levels and size limits 

 

While understanding the role of confounding factors (age and trophic position) in 

the fish tissue Hg-body size relationship is important, it remains that there is a strong 

correlation between fish tissue Hg and body size in all three species we evaluated (r = 

0.63 – 0.96, Table 4.2), and body size is the easiest and most accurate measure available 

to anglers and fisheries managers.  Significant regressions (P < 0.05) were found between 

fish tissue Hg concentrations and fish body size for every species in each lake with the 

exception of bluegill in two lakes (Table 4.3).  The regression coefficients (R
2
) ranged 

from 0.54 – 0.92.  Significant regression equations were used to estimate the sizes at 

which each species in each lake would reach the EPA (0.3 ppm), NC (0.4 ppm) and FDA 

(1.0 ppm) action levels (Table 4.3, Figure 4.4).  The largest bluegill collected (>227 mm) 

were the only fish of this species to surpass the EPA action level and this only occurred 

in the most contaminated system (White lake).  Black crappie below the fishery 

regulation minimum size limit (203 mm) did not surpass the EPA, NC or FDA 

actionlevels.  However, fish in the medium (203-279 mm) and large (> 279 mm) size 

categories did or would have (if the larger sizes had been collected in all lakes, based on 

the regression equation) surpassed the EPA and NC action level in three of the four lakes 
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sampled (Table 4.3).  Of the collected black crappie that were above the minimum size 

limit, 25% in one lake and 40% in another were above the EPA Hg action level.  

Largemouth bass surpassed the EPA action level below the fishery regulation minimum 

size limit (355 mm) in two of the six lakes sampled.  In the remaining lakes, largemouth 

bass surpassed the EPA action level at or before fish reached the large size category (432 

mm).  Of the largemouth bass above the minimum size limit collected in each lake, 44% 

(Bennett‘s Millpond), 50% (Waterville), 89% (Adger), 90% (Buckhorn), 90% 

(Mackintosh), and 100% (White) of fish were above the EPA Hg action level.  In 

addition, largemouth bass surpassed the NC action level below the fishery minimum size 

 

 

Figure 4.3.  Mercury level at the base of the food web (y-intercept) and biomagnification 

(slope), in each of our study lakes, determined by the fish tissue Hg and trophic level 

(measured via nitrogen isotopes) regression relationship (Jardin et al.2006; Chumchal and 

Hambright 2009).   
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Table 4.2.  Pair-wise and partial correlations of fish tissue Hg (ppm) with fish size (mm TL), age (yrs) and trophic position (measured 

by nitrogen isotopes) for bluegill, black crappie and largemouth bass collected in four to six lakes in North Carolina, USA.  Partial 

correlations indicate correlations between two factors while removing the effects of the other two factors (e.g., correlation between Hg 

and fish size with the effects of age and trophic position removed).  Light grey text represents relationships which were not significant 

(P > 0.05).   

Species Lake N             Hg and TL            Hg and Age   
        Hg and Trophic     
              Position 

      P-value r partial r   P-value r partial r   P-value r partial r 

Bluegill Adger 15 0.20 0.35 -0.31   0.05 0.51 0.49   0.78 -0.08 -0.12 

  Bennett's Millpond 15 0.20 0.35 0.07   0.56 0.16 0.01   0.03 0.55 0.46 

  Buckhorn 15  <0.01 0.75 -0.08   <0.01 0.75 0.19   <0.01 0.81 0.47 

  Mackintosh 15 <0.01 0.78 -0.36   <0.01 0.86 0.65   0.97 -0.01 -0.1 

  Waterville 15 <0.01 0.87 0.46   <0.01 0.86 -0.0034   <0.01 0.92 0.78 

  White 15 <0.01 0.8 0.24   <0.01 0.84 0.49   0.50 0.19 -0.15 

Black Crappie Bennett's Millpond 7 <0.01 0.96 0.98   0.17 0.58 0.76   0.20 0.55 0.73 

  Buckhorn 9 0.02 0.74 0.35   <0.01 0.9 0.81   0.86 0.07 0.43 

  Mackintosh 15 <0.01 0.73 0.68   0.02 0.61 0.53   0.90 0.04 -0.0061 

  Waterville 10 0.05 0.63 0.41   <0.01 0.89 0.82   0.36 0.33 -0.19 

Largemouth Bass Adger 15 <0.01 0.89 0.59   <0.01 0.88 0.4   0.15 -0.39 -0.17 

  Bennett's Millpond 15 <0.01 0.8 0.3   <0.01 0.85 0.45   <0.01 0.72 0.33 

  Buckhorn 15 <0.01 0.88 0.72   <0.01 0.84 0.58   <0.01 0.85 0.7 

  Mackintosh 15 <0.01 0.86 0.62   <0.01 0.69 -0.09   <0.01 0.73 -0.21 

  Waterville 15 <0.01 0.92 0.43   <0.01 0.91 0.41   0.32 0.27 -0.17 

  White 15 <0.01 0.8 0.24   <0.01 0.82 0.39   <0.01 0.69 0.12 
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Table 4.3.  Regression analyses of fish body size and fish tissue Hg concentrations in bluegill, black crappie and largemouth bass from 

lakes sampled in North Carolina, USA.  Predicted sizes (mm TL) at which each species reached the EPA (0.3ppm), NC (0.4ppm) and 

FDA (1.0ppm) fish tissue Hg action levels are also listed.   Light grey text represents relationships which were not statistically 

significant (P > 0.05).   

Species Lake P-value R2 Equation      Predicted size at Hg action levels for 

          EPA (0.3ppm) NC (0.4ppm) FDA (1.0ppm) 

Bluegill Adger 0.20 0.12 Log(Hg) = -2.905212 + 0.0022443*TL 758.0 886.2 1294.5 

  Bennett's Millpond 0.20 0.12 Log(Hg) = -3.539171 + 0.003966*TL 588.8 661.3 892.4 

  Buckhorn 0.00 0.56 Log(Hg) = -3.199044 + 0.0048508*TL 411.3 470.6 659.5 

  Mackintosh 0.00 0.61 Log(Hg) = -3.885072 + 0.0097542*TL 274.9 304.4 398.3 

  Waterville 0.00 0.76 Log(Hg) = -3.774847 + 0.007706*TL 333.6 371.0 489.9 

  White 0.00 0.65 Log(Hg) = -2.753304 + 0.0068176*TL 227.3 269.5 403.9 

Black Crappie Bennett's Millpond 0.00 0.92 Log(Hg) = -5.711866 + 0.0149804*TL 300.9 320.1 381.3 

  Buckhorn 0.02 0.55 Log(Hg) = -4.015636 + 0.011257*TL 249.8 275.3 356.7 

  Mackintosh 0.00 0.54 Log(Hg) = -3.124371 + 0.0037325*TL 514.5 591.6 837.1 

  Waterville 0.05 0.39 Log(Hg) = -4.180452 + 0.0099237*TL 299.9 328.9 421.3 

Largemouth 
Bass Adger 0.00 0.79 Log(Hg) = -2.89638 + 0.0046863*TL 361.1 422.5 618.0 

  Bennett's Millpond 0.00 0.64 Log(Hg) = -3.027463 + 0.0044034*TL 414.1 479.4 687.5 

  Buckhorn 0.00 0.77 Log(Hg) = -3.21322 + 0.0058781*TL 341.8 390.8 546.6 

  Mackintosh 0.00 0.73 Log(Hg) = -6.02964 + 0.012211*TL 395.2 418.7 493.8 

  Waterville 0.00 0.84 Log(Hg) = -3.250592 + 0.0047366*TL 432.1 492.8 686.3 

  White 0.00 0.64 Log(Hg) = -1.516838 + 0.0027915*TL 112.1 215.1 543.4 
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Figure 4.4.  Regressions of fish tissue Hg (ppm) on fish body size (TL, mm) for bluegill, 

black crappie and largemouth bass in lakes (a) Adger, (b) Buckhorn, (c) Bennett‘s 

Millpond, (d) Mackintosh, (e) White, and (f) Waterville in North Carolina.  Solid lines 

represent regression equations for each species in each lake except bluegill in lake Adger 

and Bennett‘s Millpond, which did not have a significant relationship (see Table 4.3).  

The dotted lines represent the EPA Hg action level of 0.3ppm.     

 

 limit in one lake and before reaching the large size category in three other lakes (Table 

4.3), and the largest individuals collected (> 500 mm) surpassed the FDA action level in 

three lakes. Furthermore, the sizes at which largemouth bass reached each of the three 
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action levels decreased as Hg contamination increased (as measured by mean fish tissue 

Hg; EPA, P = 0.0163, R
2
 = 0.80; NC, P = 0.0031, R

2
 = 0.91; and FDA, P = 0.0599, R

2
 = 

0.63).  This relationship was not seen for bluegill, however, the most contaminated lake 

sampled (White) did have the lowest predicted size at which bluegill reached the EPA, 

NC and FDA action levels. 

 

4.4 Discussion 

 

Robust understanding of Hg dynamics and relative risk to human health, 

particularly in the context of fishery harvest regulations, requires an understanding of 

body size-fish tissue Hg dynamics in important game species.  Our research addressed 

this issue by directly assessing the relationship between fish body size and tissue Hg 

across systems spanning a range of Hg levels, for three common and widely harvested 

sport species: largemouth bass, black crappie and bluegill.  In many systems current 

fishery regulations restrict harvest to sizes of fish that likely have elevated Hg levels, 

potentially increasing risk to consumers.  In some systems implementation of a slot limit 

restricting harvest to smaller fish may reduce risk to consumers while enhancing catch-

and-release opportunities for larger fish.  In some highly contaminated systems it may be 

prudent to eliminate harvest of high-Hg species of all sizes.  At a minimum, the public 

needs to be informed about both size-based and system-specific health risks in order to 

make informed decisions about what fish to eat.    

 

4.4.1 Mercury contamination and biomagnification 

 

Mercury accumulation in fish tissue differed among systems and species.  As 

expected, largemouth bass occupied the highest trophic level and had the highest 

concentrations of tissue Hg, followed by black crappie and then bluegill.  Our isotopic 
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analysis confirmed that trophic level is a good predictor of fish tissue Hg among species 

(Chumchal and Hambright 2009).  Our analysis also showed that fish tissue Hg as well as 

trophic level of each species varied from system to system.  The highest tissue Hg 

contamination for bluegill and largemouth bass was found in White lake, a clear, spring-

fed lake in the coastal plain with a very low pH (4.64), even though their trophic position 

were lowest in this lake.  Studies have shown that systems with low pH located in the 

mid-Atlantic coastal plain (Griffith et al. 2002) typically have elevated levels of fish 

tissue Hg (Lange et al. 1993, Chen et al. 2001, Sackett et al. 2009, Glover et al. 2010).  In 

particular, Hg bioavailability and methylation rates have been linked to water pH 

(DiGuilio and Hinton 2008).   One explanation for this relationship is that the strong 

affinity between Hg and dissolved organic carbon (DOC), which allows DOC to transport 

Hg into waterbodies and inhibits methylation, weakens in low pH waters (through 

competition with hydrogen ions for binding sites on DOC), allowing Hg to disassociate 

from DOC and become available for methylation (Barkay et al. 1997; Miskimmin et al. 

1992; Ravichandran 2004).   

Sites in the coastal plain ecoregion have also been associated with higher levels of 

fish tissue Hg contamination in our own research (Sackett et al. 2009) and others (Glover 

et al. 2010).  The coastal plain consists of low elevation, flat plains that are poorly 

drained (Griffith et al. 2002).  These geographic attributes result in more flood events in 

areas with wetlands and marshes, which have also been linked to elevated Hg in fish 

tissue (Bodaly et al. 2007; Selvendiran et al. 2008; Guentzel 2009).  These results suggest 

that methylation rates driving Hg levels at the base of the food web were the reason for 

the high levels of fish tissue Hg in White Lake; a result supported by our estimate of Hg 

at the base of the food web.  The low trophic levels of bluegill and largemouth bass in 

White Lake, relative to our other study sites, suggests lower species richness and a less 

complicated food web, potentially due to the low pH conditions (Howells et al. 1983; 

Rahel and Magnuson 1983).  Thus, the potential exists for introduced species tolerant of 
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low pH to complicate the food web, increasing the trophic position of top predators and 

increasing Hg concentrations in their tissue.   

The lowest fish tissue Hg concentrations were found in Bennett‘s Millpond, 

another site in the coastal plain.  As discussed above, this coastal plain site would 

typically be expected to have relatively high levels of Hg contamination and yet it had the 

lowest fish tissue Hg.  Estimated Hg concentration at the base of the food web and 

biomagnification rate were intermediate at this site compared to others, suggesting that 

some other factor contributed to the low levels of tissue Hg.  One possible explanation 

was that fish collected in Bennett‘s Millpond were the youngest compared to other 

systems.  High fishing pressure in this area (NCWRC, Jeremy McCargo, personal 

communication) removing the largest individuals, could promote fast growth due to 

lower population density (Chizinski et al. 2010).  Further, fish may be younger and 

population densities may be lower in Bennett‘s Millpond because fish are still recovering 

from a fish kill associated with Hurricane Isabel in 2003, seven years prior to sampling 

for this project.  The oldest fish collected from Bennett‘s Millpond was six years old.  

The young age of similar sized fish in Bennett‘s Millpond compared to other lakes 

suggests that collected fish have not had as much time to accumulate Hg.  The remaining 

four lakes were all considered to have intermediate levels of tissue Hg contamination. 

Differences in Hg contamination at the base of the food web and biomagnification 

rates among lakes were unexpected (Jardine et al. 2006, Chumchal and Hambright 2009).  

Previous research has found similar Hg biomagnification rates among aquatic systems 

and attributed differences in fish tissue Hg concentrations to differences in Hg at the base 

of the food web, generally driven by methylation rates and Hg inputs (e.g., deposition; 

Campbell et al. 2003; Chumchal and Hambright 2009).  While three lakes in our study 

had similar rates of biomagnification (~1.4), the other three study sites had higher rates 

(1.7-2.3).  Two lakes in the Piedmont area of North Carolina exhibited relatively low 

contamination at the base of the food web as expected based on our previous work 
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(Sackett et al. 2009), but high biomagnification rates in these two lakes caused fish tissue 

Hg to reach higher than expected levels.  As a result, these lakes were intermediate in fish 

tissue Hg contamination.  Further, estimated biomagnification rates for our lakes were 

generally higher (1.4 – 2.3, equivalent to enrichment factors of 0.41 – 0.68; Chumchal 

and Hambright 2009) than seen in other studies (0.66 - 0.81 and enrichment factors of 

0.19 – 0.28; Yoshinaga et al. 1992; Bowles et al. 2001; Chumchal and Hambright 2009).  

These biomagnifiaction rates mean that Hg is estimated to increase by factors of 3.7 – 9.9 

with each trophic level.  Our estimation of biomagnification was derived only from 

bluegill and largemouth bass trophic positions (based on nitrogen isotopes).  In lakes 

where largemouth bass grow less efficiently, those fish could accumulate more Hg 

without changing their trophic position, increasing the slope of the fish tissue Hg and 

trophic position relationship and thus the estimate of the rate of biomagnification.  These 

results suggest that in addition to understanding factors that influence baseline Hg 

contamination (e.g. methylation), efforts to infer Hg levels in fish may need to consider 

biomagnification and fish growth as well.   

 

4.4.2 Fish tissue Hg-body size relationship 

 

Prior studies have demonstrated a relationship between fish tissue Hg and fish 

body size (Lange et al. 1993, Cizdziel et al. 2002, Trudel and Rasmussen 2006, Simonin 

et al. 2008, Chumchal and Hambright 2009, Piraino and Taylor 2009, Burger and 

Gochfeld 2011); however, many of these studies attributed this relationship to increases 

in fish age and trophic level.  Fish age is typically correlated to fish size and fish tissue 

Hg, due to slow elimination rates of Hg (half-life on the order of years; Trudel and 

Rasmussen 1997; Van Walleghem et al. 2007) leading to Hg accumulation in tissue as 

fish consume more food over time (Lange et al. 1993; Chumchal and Hambright 2009; 

Piraino and Taylor 2009).  In addition, because fish are gape limited and have 
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indeterminate growth (Mittelbach and Persson 1998), as fish get larger ontogenetic shifts 

in diet to larger (and more contaminated) prey typically increase their trophic level, 

biomagnifying Hg to a higher concentration (Hall et al 1997; Davis et al. 2008).  Our 

results showed that while fish age and trophic level are important determinants of fish 

tissue Hg, for the reasons stated above, fish size is, in itself, important to the 

accumulation of fish tissue Hg with the effects of fish age and trophic level removed.  

Fish size could be an important factor in Hg accumulation because of size related 

increases in metabolic activity costs (e.g. foraging, predator avoidance, mating) and 

decreased growth efficiency (Trudel and Rassmusen 2006).   

Fish size, age and trophic position all affected mercury accumulation in fish 

tissue, and the relative importance of each varied among systems and species.  In most 

cases, fish tissue Hg and fish size had a positive relationship, when the effects of fish age 

and trophic position were removed, except for bluegill in two lakes.  The negative 

relationship seen for bluegill in two lakes may be evidence of growth dilution (Ward et 

al. 2010) that was masked by the confounding effects of age and trophic position.  Trudel 

and Rasmussen (2006) mention that while many field investigations have found that 

larger fish typically have higher Hg concentrations, simple mass-balance models of Hg 

accumulation predict that, all else equal, individuals that grow to a large size quickly will 

have lower Hg concentrations than smaller, slow-growing individuals, due to growth 

dilution.  Karimi et al. (2007) also suggested that for a given age and trophic position, 

fish that grow to a larger size will have lower Hg concentration because they accumulate 

more biomass relative to Hg than slow growers.  Due to the confounding effects of 

trophic position and age, growth dilution has been very difficult to detect in the field 

(Stafford and Haines 2001; Trudel and Rasmussen 2006; Lepak et al. 2009).  We believe 

our study provides some evidence that growth dilution may occur for bluegill in two of 

our study lakes.     
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4.4.3 Size thresholds for increased risk 

 

Different Hg action levels from different state, federal and international agencies 

make it confusing for consumers to understand the risk they expose themselves to when 

consuming fish.  The EPA action level of 0.3 ppm is the most conservative.  This action 

level is based on a chronic oral reference dose of 0.1μg/kg/day (Grandjean et al. 1997; 

USEPA 2001; USEPA 2008b), which was found ―scientifically justifiable‖ by the 

National Research Council (Rice et al. 2003), and was based on neuro-developmental 

effects associated with in utero exposure to MeHg.  The underlying assumption is that 

such values are protective for all individuals (including pregnant women and children), 

for average daily consumption over a lifetime.  The FDA has the most liberal action level 

at 1.0 ppm, however this is intended as a regulatory action level, used as the level at 

which the FDA can take legal action to remove products from the marketplace (USFDA, 

2001).  Environmental Protection Agency and state action levels are used as screening 

tools to identify fish and systems that may have elevated fish tissue Hg concentrations, to 

set fish advisories, and to determine the concentrations of Hg in fish that are safe to eat 

(under the action level) for two 6-ounce meals a week over a lifetime with no adverse 

health effects.  When fish tissue Hg surpasses EPA and state action levels the typical 

recommendation is to decrease the amount and frequency of consumption of that 

particular fish (often to one 6-ounce meal a week, USEPA 2004).  However, the 

interpretation of the EPA action level and recommended limits for how much or  how 

often to consume these higher Hg items has varied from state to state.  For example, 

North Carolina suggests sensitive groups such as women of child-bearing age and 

children consume two fish meals a week that are under 0.4ppm and not to consume fish 

that exceed this action level, while Pennsylvania suggests the consumption of one meal a 

week for fish tissue under 0.25ppm, two meals a week for fish between 0.26-0.50, one 

meal a month for fish between 0.51-1.0, six meals a year for fish between 1.1-1.9ppm and 
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to avoid eating fish > 1.9ppm (NCDHHS 2006; PADEQ 2011).  Erring on the side of 

safety, we focus much of our discussion using the EPA action level because it is the most 

conservative measure and therefore, most protective for all potential consumers of fish.   

The sizes at which each species reached the EPA, NC and FDA action levels 

varied by lake and in some cases occurred before fish reached fishery regulation 

minimum size limits.  Largemouth bass in particular exceeded the EPA action level in all 

lakes prior to reaching our largest size category, suggesting all large fish (> 432 mm) 

would likely be considered ―high risk‖ no matter the level of system contamination.  In 

addition, larger black crappie (> 250-300 mm) also exceeded the EPA action level while 

only the very largest bluegill (>227 mm) in the most contaminated system (White Lake) 

surpassed 0.3 ppm.  The strong relationship between fish tissue Hg and fish size indicates 

that fish size, along with system and species, are good predictors of the hazard of 

increased Hg exposure for fish consumers.  It is therefore necessary to take fish size into 

account in fish advisories to better communicate risk and protect public health.  The level 

of system contamination also affected the size at which fish reached size limits, 

suggesting size-based advisories for specific systems may be necessary to communicate 

consumptive risk to the public.  Recent studies have also suggested that fish advisories 

should take fish size into account to reduce health risks to consumers (McClain et al. 

2006; Storelli et al. 2006; Burger and Gochfeld 2011).  Burger and Gochfeld (2011) go so 

far as to suggest that fish size, for an individual species, may be the best indicator of 

consumptive risk for the public.     

 

4.4.4 Modifying regulations to reduce risk  

 

Fish are an excellent source of lean protein and omega-3 fatty acids which reduce 

heart disease and increase brain development and function (Daviglus et al. 2002; 

Patterson 2002; Oken et al. 2008; Virtanen et al. 2008).  However, high levels of mercury 
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exposure can lead to neuro-developmental problems, lower cognition in children and 

higher incidence of heart disease in adults (Virtanen et al. 2005; Mergler et al. 2007).  

Fish advisories are issued to protect consumers from these adverse effects, although, 

Karouna-Renier et al. (2008) found that many anglers and groups sensitive to mercury 

poisoning were unaware of fish advisories and that this lack of knowledge resulted in 

higher Hg exposure.  Fishery size regulations that also incorporate fish advisory and 

public health goals into them could not only increase awareness of the relative risk of 

consuming larger, higher-Hg fish but could also reduce the risk of high Hg exposure to 

anglers and their families.  We suggest that public health and wildlife management 

agencies work together to increase awareness and reduce health risks associated with 

consuming larger-high Hg fish.   

We believe our research provides a better understanding of Hg accumulation in 

fish tissue in relation to fish body size that will help public policy makers balance both 

the state‘s natural resource and human health goals.  One possible modification to current 

regulations could be a slot size limit or maximum size limit that prevents fishermen from 

taking home the largest and most contaminated fish within a system.  Our results suggest 

that the sizes chosen for these limits would need to be species and system specific.   Our 

study also demonstrated that largemouth bass may need a maximum size limit, 

particularly in more contaminated systems, while bluegill was relatively safe to eat under 

the EPA guidelines at nearly all sizes collected.   

Balancing the benefits and risks of fish consumption is important for the health 

and safety of the public, particularly for recreational and commercial fishers and their 

families (Hightower and Moore 2003; Lowenstein et al. 2010).  Hughner et al. (2008) 

estimated that 250,000 pregnant women may exceed the federal health guidelines for 

mercury, putting their developing children at risk for neuro-developmental damage.  

Further, for sensitive groups, an action level may not be enough to protect the consumer, 

particularly when a single high-Hg fish can cause a spike in Hg and cause damage to a 
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developing child.  Burger and Gochfeld (2011) suggested using the percent of fish 

captured above the action level (in lieu of mean Hg level) to inform pregnant women and 

children of the probability that a single meal will be ―high risk‖ (e.g., based on our data 

there is a nine in ten chance that a harvestable sized largemouth bass from Buckhorn or 

Mackintosh will exceed the EPA action level).  This method would take potentially 

harmful spikes in Hg into account that the action levels (based on lifetime consumption) 

do not.     
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Chapter 5 
 

Validation of a predictive model for fish 

tissue mercury concentrations in North 

Carolina 
 

 

 

 

5.1   Introduction 

 

Methylmercury (MeHg) is a potent neurotoxin that impacts wildlife and human 

health primarily through the consumption of contaminated fish (Clarkson 2002).  

Consequently, there are more fish advisories nationwide to limit human exposure to 

MeHg than for any other aquatic contaminant (USEPA 2007).  However, many of these 

advisories are extremely broad, often encompassing entire species and states, which 

could potentially limit fishing in areas where MeHg contamination may not be a problem, 

reducing the economic and health benefits that result from fishing and fish consumption.  

For example, in North Carolina a statewide fishing advisory was issued for largemouth 

bass, Micropterus salmoides, one of the most popular freshwater sportfish in the United 

States, despite tissue mercury (Hg) concentrations that exhibit  as much as 75-fold 
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differences within a single river basin (NCDWQ 2006), and vary from almost completely 

Hg-free to highly contaminated.   This extreme variation in fish tissue Hg concentrations 

is not limited to largemouth bass; 10-100-fold differences in Hg have been found in fish 

of various species captured within the same or adjacent counties (NCDWQ 2006).  To 

better understand that variability and to quantify drivers of fish tissue Hg in North 

Carolina waterbodies, we developed a predictive model using data collected from 1990-

2006 by the North Carolina Division of Water Quality (NCDWQ; Sackett et al. 2009).  

Our model identified four factors, fish trophic status, fish species, ecoregion and water 

pH, that explained 81% of the variation in fish tissue Hg.  Herein, we investigate the 

accuracy and precision of this predictive model and attempt to validate its general utility 

as a screening tool for fish tissue Hg risk assessment in North Carolina and an adjacent 

state, Virginia.  Virginia was chosen because it has similar ecoregions to North Carolina 

(a predictive factor in our model) and because of the availability of fish tissue Hg data 

from the Virginia Department of Environmental Quality (VADEQ).   

Atmospheric mercury is emitted across the world, from natural (e.g., volcanic 

activity) and anthropogenic sources (e.g., coal-fired power plants; Schuster et al. 2002, 

Pacyna et al. 2006).  Approximately 70% of global emissions are attributed to 

anthropogenic sources, primarily from fossil fuel combustion such as coal-fired power 

plants (Schuster et al. 2002, Pacyna and Pacyna 2002, 2006).  Following deposition, 

anaerobic bacteria transform mercury into MeHg, the organic, neurotoxic and 

biologically available form of Hg (Gilmour et al. 1992; Ullrich et al. 2001).  

Methylmercury is transferred through diet, bioaccumulating to high concentrations in top 

predators (Hall et al. 1997).  As a result, nearly all Hg stored in the muscle of fish is in 

the form MeHg (95-99%; Bloom 1992; Wiener and Spry 1996; NCDENR 2000).   

Several scientists have conducted research in aquatic systems to determine how 

environmental factors affect Hg dynamics.  For example, alkalinity, pH, sulfate, 

dissolved organic carbon (DOC), and dissolved oxygen levels have been shown to be 
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important predictors of MeHg formation (Cope et al. 1990; Bloom et al. 1991; Gilmour et 

al. 1992; Ravichandran 2004; Harris et al. 2007).  However, many studies focus on a 

single species of fish, specific types of water bodies, or have had a limited geographic 

range (Huggett et al. 2001; Castro et al. 2002; Sveinsdottir and Mason 2005; Peles et al. 

2006).  Mechanisms associated with variability in Hg concentration in fish tissue on a 

broad scale are poorly understood and often hamper policy officials, forcing them to 

recommend relatively non-specific fish advisories.  The model developed by Sackett et 

al. (2009) addressed this problem because it was created to predict Hg in fish tissue on a 

broad scale, across a variety of ecosystems and species.    

Unfortunately, resource limitations preclude sampling and analysis of fish tissue 

Hg from all systems and species in a state, so a reliable predictive model that uses 

measures that are easily acquired at little or no cost could provide valuable information 

about mercury contamination where none is available.  Further, the importance of 

analyzing model performance is often overlooked, yet this is one of the most important 

steps in developing and then using a predictive model (Caswell 1976; Oresket et al. 1994; 

Beck et al. 1997).  We define model validation herein as the comparison of model 

predictions with numerical data independently derived from observations of the 

environment (ASTM 1984).  Though expecting a perfect match between observed and 

predicted values for validation is unrealistic (Oreskes et al. 1994; Beck et al. 1997), 

examining the limits and performance of a model is necessary to determine its reliability.  

Validation is particularly important for models meant to inform human health risk 

assessments, such as fish tissue Hg advisories.  Our model could be of particular use to 

state and federal agencies because it was created to predict Hg levels in numerous species 

and systems, and only requires data that are readily available or easy and inexpensive to 

measure.  Identifying specific systems that may have highly contaminated fish and would 

not otherwise be sampled due to limited resources, will help focus our efforts to protect 

anglers and fish consumers.   
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In subsequent work following the development of our model we found that 

proximity to coal-fired power plants affected fish tissue Hg accumulation in unexpected 

ways (Sackett et al. 2010).  Coal-fired power plants release Hg and selenium (Se) into the 

atmosphere, much of which is expected to deposit locally (Carpi 1997; Keeler et al 2006; 

NCDENR 2005).  In Sackett et al. (2010), we discovered that the higher rate of Hg 

deposition expected near (within 10 km) a coal-fired power plant did not result in higher 

fish tissue Hg concentrations; rather, fish tissue Hg concentrations were significantly 

lower.  Our results were likely due to the high localized deposition of Se.  Selenium has 

an antagonistic relationship with fish tissue Hg in freshwater systems (Yang et al. 2008; 

Khan and Wang 2009).  Several mechanisms for this antagonistic relationship have been 

suggested, including Se inhibition of methylating bacteria by binding with inorganic Hg, 

and Se-mediated competition, redistribution, demethylation and elimination of MeHg 

from fish tissues (Arribere et al. 2008; Bjerregaard et al. 1999; Chen et al. 2001; Iwata et 

al. 1982; Yang et al. 2008; Khan and Wang 2009).  Our previous work also suggested 

that the reduced levels of Hg in fish near power plants decreased the strength of the 

relationships between fish trophic level and tissue Hg and between pH and tissue Hg 

(Sackett et al. 2010), relationships that have been established in many studies across the 

United States (Hall et al. 1997; Lange et al. 1993; Chen et al. 2001; DiGuilio and Hinton 

2008).  Given this information, we investigated, in the present study, how proximity to 

coal-fired power plants effected our model predictions.  In addition, because of the 

relatively strong correlation between fish tissue Hg and fish size (Lange et al. 1993, 

Cizdziel et al. 2002, Trudel and Rasmussen 2006, Simonin et al. 2008, Chumchal and 

Hambright 2009, Piraino and Taylor 2009, Burger and Gochfeld 2011) we also 

investigated the relationship between fish tissue Hg predictions and fish size.  We did not 

expect to see a strong relationship between fish tissue Hg and fish size here because the 

sampling methods employed by NCDWQ and VADEQ primarily target harvestable sized 

individuals, which limits the size range of fish used in our analysis.  Furthermore, a 
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sampling unit for our model was a single species at a single site on a single date, thus 

multiple individuals of the same species collected at a single site on a single date were 

averaged together (see below), removing some of the individual size variation from the 

dataset.   

The goal of this investigation was to evaluate the ability of our model to predict 

independent fish tissue Hg observations (i.e., not used to develop the original model) 

from North Carolina and Virginia waterbodies collected by the NCDWQ from 2006 – 

2009 and by the VADEQ from 2001 – 2008.  Our specific objectives were to (1) identify 

the strengths and potential biases of the model in predicting fish tissue Hg for North 

Carolina and another similar state and (2) examine factors that may explain error in 

predictions. 

 

5.2 Methods 

 

5.2.1 Original model 

 

A predictive model for total tissue Hg concentrations in North Carolina fishes was 

created using data collected from 1990-2006 by the NCDWQ and the United States 

Environmental Protection Agency (USEPA) online storage and retrieval program 

(STORET; Sackett et al. 2009).  This model was developed using standard least squares 

multiple regression to create a series of predictive candidate models, which were then 

ranked with Akaike‘s Information Criterion (AICc).  The model that best predicted fish 

tissue Hg in North Carolina given available data included trophic status (omnivore, 

insectivore, or piscivore), species (black crappie Pomoxis nigromaculatis, bluegill sunfish 

Lepomis macrochirus, bowfin Amia calva, brown bullhead Ameiurus nebulosus, carp 

Cyprinus carpio, chain pickerel Esox niger, channel catfish Ictalurus punctatus, 

largemouth bass Micropterus salmoides, redbreast sunfish Lepomis auritus, redear 
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sunfish Lepomis microlophus, warmouth Lepomis gulosus, or white catfish Ameiurus 

catus), ecoregion (coastal plain, piedmont or mountains; Griffith et al. 2002), and pH, and 

used the mean for a single species at a single site on a single date as a sampling unit 

(Figure 5.1).  That model explained 81% of the variation in fish tissue Hg in the original 

data set and is as follows: 

 

Log (Hg) = 0.600745 + (omnivore = 0, insectivore = 0.82475, piscivore = 1.303) + (black 

crappie = -0.7035, bluegill sunfish = -0.4805, bowfin = 0.4712, brown bullhead = -

0.08276, carp = 0.3999, chain pickerel = -0.01559, channel catfish = 0.5099, largemouth 

bass = 0, redbreast sunfish -0.4336, redear sunfish = -0.4503, warmouth = 0, white catfish 

= 0.7851) + (coastal plain = 0, piedmont = -0.6733, mountain = -0.2773) - 0.3747(pH) 

 

The range of potential values a model can generate provides a useful context for 

evaluating the utility of model predictions.  To determine the highest and lowest possible 

fish tissue Hg predictions, we first ran the model using selected factors known to 

maximize or minimize fish tissue Hg (Table 5.1).  Specifically, the maximum predicted 

fish tissue Hg was estimated using piscivore as the trophic status, bowfin as the species, 

coastal plain as the ecoregion, and the minimum pH recorded in the original data set (pH 

= 4).  The minimum predicted fish tissue Hg was estimated using omnivore as trophic 

status, brown bullhead as the species, piedmont as the ecoregion, and the maximum pH 

recorded in the original dataset (pH = 9). 

 

5.2.2 Data synthesis 

 

Independent fish tissue Hg data used to test the original model were collected 

from North Carolina and Virginia.   North Carolina fish tissue Hg data were collected by 

the North Carolina Department of Natural Resources (NCDENR) through the NCDWQ  



82 

 

 

 

 

Figure 5.1.  Observed versus predicted mean fish tissue mercury concentration for our 

original predictive model, which included species, fish trophic status, ecoregion and pH 

(after Sackett et al 2009, Chapter 1).  Each data point represents the mean for a single 

species at a single site on a single date.  A one-to-one line is depicted.  RMSE = root 

mean square error.   

 

fish tissue monitoring program in 2006 – 2009 (Figure 5.2).  The complete methodology 

for fish collection can be found in NCDENR (2006a).  Briefly, about 30 fish, 10 each 

from three different trophic groups, were collected primarily via electrofishing at 

locations across the state.  The NCDWQ primarily targets species that are commonly 

consumed locally and are of harvestable size. Collected fish were processed at the 

NCDWQ laboratory following procedures appropriate for metals analysis, at a detection 

limit of 0.02 ppm (Stober 1991; NCDENR 2006a).  Skinless fish fillets (≥ 100 g of  

tissue) from individual fish were homogenized and analyzed for total Hg using cold 

vapor atomic absorption spectrometry (USEPA method 245.6; USEPA 1991).  Fish tissue 
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Figure 5.2.  Map of North Carolina and Virginia showing the locations of the North 

Carolina Division of Water Quality fish collection sites from 2006 to 2009 and the 

Virginia Department of Environmental Quality fish collection sites from 2001 to 2008 

used in our validation analyses.  Ecoregions used in our validation analyses (coastal 

plain, southeastern plain, piedmont, and mountains) and coal-fired power plant locations 

are also indicated on the map.   

 

data from Virginia were collected by VADEQ from 2001-2008.  The VADEQ fish tissue 

and sediment contaminants monitoring program collects and analyzes fish tissue samples 

similarly to North Carolina (VADEQ 2008, VADEQ 2009).  Five to ten individuals from 

three different trophic groups were targeted at select sites in specific river basins.  The 

monitoring program rotates sampling sites around the state in each major river basin so 

that every basin is sampled every three to five years.  Fish samples were collected 

between April and September of each year and chemical analysis was performed during 

the winter. 

For each of these independent fish tissue Hg observations from North Carolina 

and Virginia we assembled data on the associated variables needed to predict fish tissue 
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Hg.  Only data for the species listed in our original model were used for analyses.  

Because our original model used a single species at a single site on a single date as a 

sampling unit (to prevent pseudoreplication), our validation database was likewise 

summed and averaged to produce the same sampling units.  Fish tissue data were 

matched with the remaining predictive factors (trophic status, ecoregion and pH) in the 

same manner as described by Sackett et al. (2009).  Briefly, trophic status was assigned 

according to the NCDENR standard operating procedure of biological monitoring 

(NCDENR 2006b; Barbour et al. 1999) after all individual fish were determined to be 

above the size (total length, TL) at which common ontogenetic diet shifts occur.  Based 

on NCDENR criteria, omnivores included fish that indiscriminately consumed detritus, 

plant matter, insects and other fish, insectivores were fish that primarily consumed 

aquatic and terrestrial insects, crustaceans and other invertebrates, and piscivores were 

described as fish that primarily consumed other fish and occasionally crayfish and 

amphibians.  Ecoregions were designed to divide the United States into areas of general 

similarity in ecosystem type, quality, and quantity (USEPA 2011).  Because Virginia has 

more ecoregions than North Carolina and only North Carolina ecoregions were used to 

create our model, only fish tissue data collected in the ecoregions that were common 

between North Carolina and Virginia were used for analyses.  These ecoregions included 

coastal plain, southeastern plain, piedmont, and mountain (Bryce et al. 1999; Griffith et 

al. 2002).  Mapping software (Arcview GIS 9.3.1) was used to determine the ecoregion of 

each fish collection site based on its GPS coordinates (Figure 5.2).  In our original model, 

southeastern plain was not included because there were not enough sites with the 

necessary associated data available to estimate a prediction in that region (Sackett et al. 

2009).  Both the mid-Atlantic coastal plain and southeastern plains consist of similar land 

use and natural vegetation, and include flat low-elevation plains that are poorly drained 

(Griffith et al. 2002, 2003).  For validation purposes, we used the same predictive values 

for the southeastern plain as for the coastal plain, as we believe these ecoregions will 
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respond similarly to Hg accumulation (Sackett et al. 2009).  However, the quantity of this 

habitat type is higher in the coastal plain than the southeastern plain.  

Many of the pH data were collected by NCDWQ or downloaded from USEPA 

STORET and often collected via a monitoring program that only loosely coincided with 

fish collections.  For this reason, and because pH can be ephemeral in nature, pH data 

were only appended to the dataset when collected within one month and within 5 km of 

the fish collection site, in the same waterbody.   

In light of our recent findings that proximity to coal-fired power plants can result 

in quite different fish tissue Hg than otherwise expected, we also re-evaluated our 

original model after incorporating proximity to coal-fired power plants as an additional 

variable in the multiple regression, to determine if this additional factor improved the 

predictive power of the model.  We added proximity to coal-fired power plants into our 

original and validation databases (excluding the Virginia dataset because no data were 

from sites near coal-fired power plants) using mapping software in a similar fashion to 

Sackett et al. (2010).  Each site was classified as either near (<10km), intermediate (10-

30km), or far (>30km) from a coal-fired power plant.  Distance classifications were 

originally chosen by consulting with North Carolina Division of Air Quality personnel 

(Freeman J, Jordon R, Schliesser S, personal communication) and the literature (Carpi 

1997; Hutcheson et al. 2008; NCDENR 2005) to ensure sites near a coal-fired power 

plant were close enough to be influenced by local deposition from a power plant under 

various wind conditions and that the ―far‖ sites were outside local influence from power 

plants.   

 

5.2.3 Statistical analyses 

 

After predictive factors were appended to the fish tissue data collected by 

NCDWQ and VADEQ they were inserted into our original model to produce 'predicted' 
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fish tissue Hg estimates.  Observed and predicted fish tissue Hg concentrations were log 

transformed to conform with assumptions of normality and to equalize variance, then 

compared for North Carolina and Virginia separately using least squares linear 

regression.  The r
2 

value was used as a quantitative measure of fit between measured and 

predicted values (Ottosson and Hakanson 1997; Landsberg et al. 2003).  Lack-of-fit sum 

of squares was also examined to evaluate the null hypothesis that the linear model fit the 

data best (Whitmore 1991; Jans-Hammermeister and McGill 1997).  Further, we 

examined whether the slopes and intercepts of the regressions were significantly different 

from one and zero, respectively.  We also determined whether removing data from sites 

near coal-fired power plants (<10km) affected the performance of our model predictions.     

Residuals from the regression analyses (observed log fish tissue Hg values – 

predicted log values) were analyzed using analysis of variance (ANOVA) with proximity 

to coal-fired power plant categorized as near (<10km), intermediate (10-30 km), and far 

(>30 km; Sackett et al. 2010) to determine if proximity to a power plant accounted for 

any of the error in model predictions.  To evaluate the possible effects of fish size on 

model predictions we regressed the residuals of each regression against fish size for each 

species with a sample size greater than five (largemouth bass, channel catfish, bluegill 

sunfish, redear sunfish and white catfish for North Carolina, and largemouth bass and 

redbreast sunfish for Virginia).   

To determine how the performance of our model changed after incorporating 

proximity to a coal-fired power plant as an additional variable, we used the updated 

model to generate predicted values for the independent data collected by the NCDWQ 

described above.  The same statistical analyses were used to examine the performance of 

the updated model as were used for the original model (described above).   
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5.3 Results 

 

5.3.1 Potential Range of Model Predictions 

 

The maximum possible fish tissue Hg our model could predict was 2.4 ppm wet 

weight fish tissue Hg, and the minimum was 0.03 ppm (Table 5.1).  Observed fish tissue 

Hg concentrations seen in North Carolina from 1990-2009 ranged from 0 to 5.7 ppm, 

however, 98% of those data fell within the predictive range of our model.    

 

Table 5.1.  Model limitations for predicting mercury concentrations in North Carolina 

fish using the model developed by Sackett et al. 2009.  The highest and lowest possible 

predictions of mercury are given, along with the factors used to create the output.    

Model 

Limits 

Trophic 

Category 

Species Ecoregion pH Predicted Hg 

Highest piscivore bowfin coastal plain 4 2.40 

Lowest omnivore brown bullhead piedmont 9 0.03 

 

5.3.2 Model performance 

 

Predicted versus observed fish tissue Hg data collected from 2006-2009 in North 

Carolina had a strong and significant (P < 0.0001; Figure 5.3A) linear relationship, with 

predicted Hg values explaining 75% of the variation in observed fish tissue Hg, according 

to the following regression equation: 

 

Log observed Hg = 0.034 + 1.25*Predicted Log Hg. 

 

While the intercept of the model was not significantly different than zero (P = 0.7871), 

the slope of the model was significantly greater than one (P = 0.0023).  Model 
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predictions underestimated fish tissue Hg over most of the range of the data (Figure 

5.3A).  When we made the same comparison after removing data collected near coal-

fired power plants (<10km) from the independent dataset, the resulting relationship had a 

slightly lower r
2
 value (0.68), but a slope that was not significantly different than one (P 

= 0.1758) and an intercept not significantly different than zero (P = 0.9907).  This 

relationship is represented in the following regression equation: 

 

Log observed Hg = 0.002 + 1.15*Predicted Log Hg 

   

Results were similar for our validation tests using the independent Virginia data.  

There was a strong, positive relationship between observed fish tissue Hg values from 

Virginia collected in 2001-2008 and estimates predicted by the model (P < 0.0001; 

Figure 5.3B), with predicted Hg values explaining 68% of the variation in observed fish 

tissue Hg, according to the following regression equation: 

 

Log observed Hg = 0.011 + 1.14*Log Predicted Hg. 

 

The slope of the regression was not significantly different than one (P = 0.2639) and the 

intercept was not significantly different than zero (P = 0.9566).  No data were collected 

near coal-fired power plants in Virginia.  

A linear model was determined to be the best in explaining the relationship 

between predicted and measured fish tissue Hg values for both North Carolina (F-ratio = 

1.0348, P = 0.5315) and Virginia (F-ratio = 1.4033, P = 0.2827). 
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5.3.3 Residual analyses 

 

Analysis of North Carolina data revealed that proximity to a coal-fired power plant, 

measured as near (<10km), intermediate (10-30km) and far (>30km), explained some of 

the variation in residuals from the relationship between observed and predicted fish tissue 

Hg (P = 0.03), with near sites having lower mean residuals (-0.17) than intermediate and 

far sites (0.29 and 0.07; Table 5.2).  Fish size also accounted for some of the variation in 

residuals for North Carolina, but only for two of the five species with sufficient sample 

size for analysis (largemouth bass and channel catfish; Table 5.3A).  Size did not explain 

any of the variation in residuals from the Virginia comparison (P > 0.05) for the two 

species with a sufficient sample size for analysis (largemouth bass and redbreast sunfish; 

Table 5.3B).  Residuals for observations from the coastal plain and southeastern plain 

ecoregions exhibited similar distributions (Figure 5.4) and had similar means near zero 

(0.0017 and -0.023 respectively). 

 

 

Figure 5.3.  Least squares regression of observed fish tissue Hg values, collected in (A) 

North Carolina and (B) Virginia, on predicted fish tissue Hg values, using a model 

created in our previous work (see Figure 5.1; Sackett et al. 2009).  This model used fish 

species, trophic status, ecoregion and water pH to predict fish tissue Hg.  RMSE = root 

mean square error.  Dotted lines represent the 95% confidence interval for the regression 

line (solid line).  The dashed line represents the one-to-one line.  
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Table 5.2.  Analysis of residuals from the original model and database in Sackett et al. (2009; Original Model), the original model with 

coal-fired power plant proximity included (Updated Model), and the relationship between independently measured fish tissue Hg data 

and predicted fish tissue Hg values, using our original model (Validation with Original Model) and using the updated model 

(Validation with Updated Model).  The effect of proximity to coal-fired power plants on residuals was analyzed using ANOVA.  

Validation comparisons used only North Carolina data, because there were no Virginia data from sites near coal-fired power plants.  

Different letters next to mean residual values in a column indicate significant differences between categories. 

Proximity Statistic 

Original 

Model Updated Model 

Validation with Original 

Model 

Validation with Updated 

Model 

near N 49 49 33 33 

  Mean -0.34 (A) 0.025 -0.17 (A) 0.09 

  Range -1.95 - 0.70 -1.55 - 1.04 -0.99 - 0.63 -0.73 - 0.91 

            

intermediate N 101 101 8 8 

  Mean 0.21 (B) 0.022 0.29 (B) -0.11 

  Range -2.18 - 2.64 -2.33 - 2.48 -0.69 - 1.17 -1.11 - 0.76 

            

far N 202 202 46 46 

  Mean -0.04 (C ) -0.003 0.07 (B) -0.05 

  Range -2.28 - 1.48 -2.25 - 1.50 -1.28 - 1.16 -1.42 - 1.07 

Overall P-value   < 0.0001 0.92 0.03 0.39 
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5.3.4 Evaluating the Updated Model 

  

Residuals around our original model (Sackett et al. 2009) were significantly 

different (P < 0.0001) for each category of proximity to coal-fired power plants (near, 

intermediate and far), with mean residuals closest to zero for sites far from a coal-fired 

power plant (-0.04; Table 5.2).  Near sites had the lowest mean residuals (-0.34), while 

intermediate sites had the highest mean residuals (0.21).  After adding proximity to coal-

fired power plant as an additional predictor to our original model, residuals of the 

updated model no longer differed significantly by proximity category and mean residuals 

were all close to zero (Table 5.2).  However, the addition of proximity to coal-fired 

power plants in this updated model resulted in only minor changes to the other 

parameters in our original model (with the greatest changes to ecoregion parameters), and 

did not change the r
2
 value (0.81) or the root mean square error (0.47) from our original 

model (Figure 5.1):   

 

Log (Hg) = 0.5405 + (omnivore = 0, insectivore = 0.8215, piscivore = 1.299) + (black 

crappie = -0.7091, bluegill sunfish = -0.4844, bowfin = 0.4699, brown bullhead = -

0.0812, carp = 0.3956, chain pickerel = -0.0111, channel catfish = 0.5063, largemouth 

bass = 0, redbreast sunfish = -0.4318, redear sunfish = -0.44536, warmouth = 0, white 

catfish = 0.7914) + (coastal plain = 0, piedmont = -0.7342, mountains = -0.3274) + (near 

= -0.2953, intermediate = 0.2687, far = 0.0266) - 0.3724(pH) 

 

Our validation regression between independently measured fish tissue Hg data 

and predicted fish tissue Hg data using the updated model (original model with proximity 

to a coal-fired power plant included) was slightly improved for North Carolina (r
2
 = 0.76) 

but, as expected, remained the same for Virginia (r
2
 = 0.68; Figure 5.5), since the 

Virginia dataset did not have any sites near a power plant.  The intercept of this  
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Table 5.3.  Analysis of residuals from the relationship between observed and predicted 

fish tissue Hg values, using a model created in our previous work (see Figure 5.1; Sackett 

et al. 2009).  Residuals were regressed on fish size (TL, mm) for data collected in (A) 

North Carolina and (B) Virginia.   

A.  North Carolina       

Species N r
2
 P Equation 

Bluegill Sunfish 18 0.013 0.65 Residuals Log Hg = -0.57 + 0.0029*TL 

Channel Catfish 9 0.56 0.02 Residuals Log Hg = -3.93 + 0.0086*TL 

Largemouth Bass 23 0.32 0.0049 Residuals Log Hg = -2.58 + 0.0073*TL 

Redear 10 0.1 0.38 Residuals Log Hg = -1.94 + 0.0086*TL 

White Catfish 7 0.37 0.15 Residuals Log Hg = -2.54 + 0.0066*TL 

          

B.  Virginia         

Species N r
2
 P Equation 

Largemouth Bass 15 0.1 0.26 Residuals Log Hg = -1.058 + 0.025*TL 

Redbreast Sunfish 6 0.015 0.82 Residuals Log Hg = 0.64 - 0.030*TL 

 

 

 

Figure 5.4.  Residuals from the regression of observed fish tissue Hg values from North 

Carolina on fish tissue Hg values predicted using a model created in our previous work 

(see Figure 5.1; Sackett et al. 2009), with ecoregion depicted by different symbols. 
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Figure 5.5.  Least squares regression of observed fish tissue Hg values, collected in North 

Carolina, on fish tissue Hg values predicted using an updated version of our original 

model (see Figure 5.1; Sackett et al. 2009).  This updated model used proximity to coal-

fired power plant, in addition to fish species, trophic status, ecoregion, water pH, to 

predict fish tissue Hg.  RMSE = root mean square error.  Dotted lines represent the 95% 

confidence interval for the regression line.  The dashed line represents the one-to-one 

line. 

 

regression was not significantly different than zero for North Carolina (P = 0.3024) or 

Virginia (P = 0.8915), though the slope was still significantly greater than one for North  

Carolina (P = 0.01) and not significantly different than one for Virginia (P = 0. 2979).  In 

contrast to our results using the original model, mean residuals around the validation 

regression using predictions from the updated model did not differ significantly among 
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the three categories of proximity to coal-fired power plants, and values for all three 

categories were close to zero (Table 5.2). 

 

5.4 Discussion 

 

5.4.1 Model performance 

 

Validation is a necessary step, particularly for models whose application lies in 

human health risk assessment.  While, a model cannot be expected to predict the truth 

(Parrish and Smith 1990; Oreskes et al. 1994; Beck et al. 1997) the determination that a 

model is valid is based on whether it can perform its designated task reliably with a 

minimum risk of an undesirable outcome (Beck et al. 1997).  We defined the task of our 

original model as a screening tool for fish tissue Hg, to estimate mean Hg concentrations 

in adult fishes across North Carolina.  Our results showed that our model predictions 

explained variation in two independent fish tissue Hg datasets very well (75% for North 

Carolina and 68% for Virginia), especially compared to the performance of the original 

model (81%).  Further, our model was not significantly biased when predicting fish tissue 

Hg data for sites greater than 10km from a coal-fired power plant, which represent the 

majority of the landscape.  Mercury accumulation in fish tissue is a complex process that 

involves atmospheric deposition, photodegradation, methylation by bacteria, and 

bioaccumulation, all of which can be affected by various environmental factors (Sellers et 

al. 2001; Ullich et al. 2001, Schuster et al. 2002; Watras et al. 2006; Pacyne et al. 2006; 

DiGuilio and Hinton 2008).  The complexity of this process is evident in the substantial 

variability seen in fish tissue Hg data collected across North Carolina (NCDWQ 2006).  

Remarkably, our model was able to explain much of this variability with four easily 

acquired metrics, fish species, trophic position, ecoregion and pH.  The undesirable 

outcome for our model, i.e., our model predicting low Hg inaccurately, can be prevented 
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by using the model to predict fish tissue Hg for sites greater than 10km from a coal-fired 

power plant.  Given the expense of testing for fish tissue Hg, using information already 

available or easy and inexpensive to measure (pH) to identify sites and species that may 

pose a particularly high risk to the public will help focus limited resources to areas that 

need it most. 

The ability of a model to explain variability in the data used to parameterize it 

does not indicate whether it is applicable beyond that original dataset.   Fortunately, the 

fish tissue Hg monitoring programs conducted by the NCDWQ and VADEQ provided 

the opportunity to evaluate the performance of this predictive fish tissue Hg model using 

independently collected fish tissue Hg data.  Our approach could serve as an example for 

developing and validating a model for fish tissue Hg for other states, particularly those 

with similar ongoing fish tissue Hg monitoring programs. 

 

5.4.2 Model bias 

 

Our model performed very well in predicting independent fish tissue Hg data for 

North Carolina and Virginia, though it did exhibit some bias.  Some of the bias was due 

to the effects of proximity to a coal-fired power plant, which were not incorporated into 

the original model.  Close proximity to a coal-fired power plant was seen in our previous 

work and others‘ to reduce Hg accumulation in fish tissue compared to sites far from 

power plants (Anderson and Smith 1977; Sackett et al. 2010).  This relationship has 

primarily been attributed to Se, a chemical also emitted from coal-fired power plants that 

deposits locally and is suspected to negate Hg methylation and bioaccumulation 

(Paulsson and Lundbergh 1991; Chen et al. 2001; Yang et al. 2008).  Though predictions 

from our original model were biased for sites near coal-fired power plants, sites near 

power plants have significantly less Hg and are of less concern to public health officials.  

Our model was good at predicting Hg at all sites except those in the immediate vicinity of 
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a coal-fired power plant (<10km), as evidenced by the low amount of error in predictions 

(residuals close to zero) for sites far from coal-fired power plants and by the fact that 

removing sites near power plants from the dataset resulted in a model that was not 

significantly biased.     

Prior studies have demonstrated a positive relationship between fish tissue Hg and 

fish body size (Lange et al. 1993, Cizdziel et al. 2002, Trudel and Rasmussen 2006, 

Simonin et al. 2008, Chumchal and Hambright 2009, Piraino and Taylor 2009, Burger 

and Gochfeld 2011).  We did not expect fish size to have an influence on fish tissue Hg 

predictions in our study because the sampling protocols employed by NCDWQ and 

VADEQ limit the size range of fish collected, we averaged data from all the individuals 

of each species in a sample, and the relationship between tissue Hg and fish size is 

weakened at sites close to coal-fired power plants, which would have further obfuscated 

size effects in our analysis.  Despite these restrictions, size still affected predictions of 

fish tissue Hg for two species in North Carolina.  This result suggests that state fish tissue 

Hg monitoring programs might benefit from standardizing the sizes of fish they sample 

so that data from different systems will be more directly comparable.  This 

standardization would also produce better fish tissue Hg predictions by our model, 

making it even more effective as a screening tool for risk assessment to protect fish 

consumers.   However, more detailed sampling of different sized fish would still be 

needed to establish specific fish advisories if a system was determined to have a 

potentially hazardous level of fish tissue Hg (see Chapter 3).  Our model was not built to 

distinguish variation in Hg concentrations of individuals of the same species of different 

sizes and thus cannot be used to distinguish individual variation in fish tissue Hg. 

Some of the unexplained variation in our predictions could also be due to 

differences in the trophic position of the same species in different systems, and isotopic 

data could be used to assess trophic position more accurately (Rognerud et al. 2002; 

Campbell et al. 2005; Desta et al. 2006; Al-Reasi et al. 2007; Sackett et al. 2010).  On the 
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other hand, analyzing stable isotopes requires expertise, facilities, and financial resources 

that simpler categorization of species‘ trophic status does not.  For that reason, many 

agencies continue to use the simple categories used in this study. Given the relatively 

good fit between predicted and observed Hg data, we suggest that even broad trophic 

categorization of species is meaningful and can be used to get relatively good 

approximations of fish tissue Hg concentrations in fish across large geographic areas.  

Further our assumption that the southeastern plain and coastal plain would predict fish 

tissue Hg similarly was upheld.  Therefore, future users of this model should be able to 

make the same assumption and predict fish tissue Hg for the southeastern plain 

ecoregion.   

 

5.4.3. Updated Model Performance 

 

Incorporating proximity to a coal-fired power plant into the original model did 

improve the predictions of fish tissue Hg values near and at intermediate distances from a 

coal-fired power plant for the original dataset and for our validation analysis, however it 

did not remove all of the bias in predictions.  This outcome could be due to the low 

percentage of the original dataset that was made-up of sites close to coal-fired power 

plants relative to the percentage in the NC validation dataset (13.9% vs. 37.9%) or that 

there were more variables at sites near power plants that cause bias in our predictions.  

For instance, our previous research (Sackett et al. 2010) demonstrated that trophic 

position (measured by nitrogen isotopes), fish size, fish age, fish tissue Se, pH and 

proximity to coal-fired power plants was the best model for determining fish tissue Hg 

for a dataset with an equivalent amount of data from sites near and far from coal-fired 

power plants.  This research also demonstrates how additional more detailed information 

can produce a better predictive model.  However, several of the factors in this more 

detailed model are expensive to measure, not easily obtained and are consequently less 
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useful to state and federal agencies for an initial fish tissue Hg screening.  Fortuitously, 

fish tissue Hg is significantly lower at sites near coal-fired power plants, the sites our 

original model was biased in predicting, than at sites far from power plants (Sackett et al. 

2010) so Hg levels at these sites are of less concern to public health officials.  However, 

sites near coal-fired power plants often do have elevated Se levels that could be toxic to 

fish and wildlife and may be of concern to state and federal agencies (Eisler 1985; 

Gillespie and Baumann 1986; Saiki et al. 1992).  We suggest using our original model to 

predict fish tissue Hg at all sites that are not directly associated with a coal-fired power 

plant. 

Intuitively, a good model typically contains relatively few parameters that are 

easily acquired at little or no cost and is still able to predict behavior over a wide range of 

conditions.  We believe our model meets these criteria.  Our model is a strong predictor 

of independent fish tissue Hg data and is not significantly biased when predicting fish 

tissue Hg for sites not located adjacent (within 10km) of a coal-fired power plant.  State 

and federal agencies will be able to use our model to determine approximate fish tissue 

Hg concentrations for species and systems of interest that may not be otherwise sampled 

because of the expense of testing fish tissue Hg and limited resources.  If predicted fish 

tissue Hg exceeds a predetermined fish tissue Hg benchmark, especially in locations 

known to have a population of subsistence anglers, agencies can focus sampling efforts to 

determine the extent of Hg contamination, issue an advisory if necessary and inform 

anglers of the risks of fish consumption.     
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Chapter 6 
 

Conclusions 
 

 

 

 

Understanding mercury (Hg) contamination in aquatic ecosystems is critically 

important to protecting human and wildlife health.  Our work addressed this need by 

examining a number of important aspects of Hg accumulation in fish to better understand 

the dynamics of deposition, methylation, and bioaccumulation in a variety of systems and 

across a number of species.  We also developed useful tools in this work to help fisheries 

and wildlife managers better identify risks of human and wildlife exposure to this potent 

neurotoxic contaminant.  Specifically, we broadly examined mercury dynamics in North 

Carolina waterbodies and fish using archived tissue Hg data and in the process developed 

a general statistical model to predict fish tissue Hg.  We also investigated the influence of 

coal fired power plant proximity on Hg accumulation in fish tissue and improved our 

predictive model.  We assessed the relationship between fish body size and mercury 

accumulation, particularly in the context of fishery management regulations.  Lastly, we 

validated the model created in our first chapter using independent data collected in North 
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Carolina and Virginia, and using information gained in our other two chapters to explain 

error in model predictions.  Our work is unique in that it produced a better understanding 

of Hg dynamics in aquatic ecosystems across numerous different systems and species and 

produced useful information and tools that managers can use to better manage human and 

wildlife health risks from fish consumption.   
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