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ABSTRACT
Northeast Massachusetts has the highest concentration of point sources for
mercury emissions in the state. Emissions from major point sources decreased
96% from the 1990s to 2008 as a result of stricter controls on releases. Fish
consumption is the primary exposure route for people. This thesis used risk
assessment to assess whether reduction in mercury emissions over time was
contributing to lower exposure and risk among people who eat fish from lakes and
ponds in the Merrimack River watershed. Decreases in risk were observed from
1999 to 2011, but this risk assessment demonstrates that unacceptable risk
continues to exist for people who eat fish from these water bodies, especially
young children. Small sample sizes and differences in average fish weight
throughout the study period introduced uncertainty in the study. The observed
reduced risk has positive public health implications but also demonstrates the
continuing need for fish advisories.
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1.0 INTRODUCTION
Northeast Massachusetts has the highest concentration of point sources for
mercury emissions in the State over the last two decades of the twentieth century.
Municipal solid waste combustors typically emit mercury species with short
atmospheric half-lives (Hutcheson et al., 2014). Therefore, these facilities can
contribute to local mercury deposition. In 1996, the hotspot classification for
northeast Massachusetts was due to the presence of three municipal solid waste
combustors and a medical waste incinerator (Hutcheson et al., 2014).
Major reductions of local point source mercury emissions occurred as a result
of ongoing efforts facilitated by MassDEP, which has led efforts to execute state
and regional mercury reduction policies. Initiatives included enforcing strict
mercury emission control requirements on municipal solid waste combustors in
2000, closing the Massachusetts medical waste incinerators by 2003, enforcing
regulations on coal-fired electric generating units in 2008, and adopting laws that
limit mercury use in products as well as discharges from dental offices
(MassDEP, 2016b). From 1991-1994, approximately 62 percent of total statewide
mercury emissions came from the northeastern part of the state. By the end of the
1990’s, northeast mercury emissions declined to 51 percent after the closure of
one of four operating municipal solid waste combustors in the hotspot area.
Mercury levels in combusted trash were also speculated to have decreased as a
result of state and federal actions to keep batteries and other waste streams out of
the trash (Hutcheson et al., 2014). In 2008, the Northeast States for Coordinated
Air Use Management (NESCAUM) estimated that Massachusetts mercury air
emissions had decreased over 90% since 1996, and predicted that mercury
deposition would also decrease in the hotspot region (NESCAUM, 2011;
Hutcheson et al., 2014).
Municipal solid waste combustors represented the largest source of mercury
emissions in Massachusetts. They accounted for 83% of emissions in 1991-1994,
47% of emissions in 2002, and 40% of emissions in 2008. MassDEP monitored
fish mercury concentrations from 1999 to 2011 in largemouth bass and yellow
perch. After the 2000 emissions reductions, MassDEP demonstrated that the
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earliest decreases in fish tissue concentrations compared to a 1999 fish tissue
baseline were seen in a few lakes by 2002-2003. These fish tissue reductions were
occurring 4-10 years after the emissions reductions that occurred between 1993
and 1998 (Hutcheson et al., 2014). In Northeast Massachusetts, annual tissue
mercury concentration rate decreases were 0.029 mg Hg/kg/year in largemouth
bass and 0.016 mg Hg/kg/year in yellow perch (Hutcheson et al., 2014).
The historical local point source emissions are the reason for selecting the
Merrimack River Watershed for this analysis. This thesis evaluated assumptions
that are specific to water bodies in the Massachusetts Merrimack River
Watershed. Guidance from the U.S Environmental Protection Agency (USEPA)
and the Massachusetts Department of Environmental Protection (MassDEP) was
used to conduct the risk assessments. Human health risk was evaluated for people
who consume methylmercury-contaminated fish over time. The risk assessments
evaluated people who potentially eat varying amounts of fish from the water
bodies included in the study and compared their exposure to mercury in fish to
EPA’s Reference Dose (RfD) and the ATSDR Minimal Risk Level (MRL) for
mercury. Comparisons are made by dividing the estimated exposure by either the
RfD or MRL resulting in a ratio that provides a quantitative relationship between
the estimated exposure and the threshold, known as the hazard index (HI).
The purpose of this research was to enhance the prior findings of
MassDEP and estimate how risk is changing over time (i.e. throughout sampling
years in the 1990s, 2000s, and 2010s decades). All water bodies in the Merrimack
River watershed with available data were included in the overall analysis.
Chadwicks Pond, Haggetts Pond, Johnsons Pond, Lake Attitash, Lake
Cochichewick, Pomps Pond, and Stevens Pond were selected because there were
more sampled years available to make comparisons. Children 2 through 6 years
old were selected because this receptor group is the susceptible population in
regards to methylmercury exposure because of lower body weights.
Research Objectives:
Working hypothesis: Is human health risk from the consumption of
methylmercury-contaminated fish non-commercially caught in the
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Merrimack River watershed being reduced over time because of lower
mercury emissions?
Null Hypothesis: Human health risk is not being reduced over time.
Alternative Hypothesis: Human health risk is being reduced over time.
Objectives:
The research objectives for this thesis are as follows:
1. To estimate the concentration of mercury in fish in lakes and ponds in the
Merrimack River Watershed based on data from MassDEP’s fish mercury
monitoring program.
2. To identify average exposures to local anglers and their families who ingest
fish caught in the Merrimack River Watershed.
3. To estimate the potential health risks for these people.
4. To estimate percent changes in risk associated with fish consumption from
year to year for every water body.
5. To estimate percent changes in risk associated with fish consumption from the
baseline-monitoring year in 1999 compared to risks associated with fish
consumption in later years.
Section 2.0 presents background information about methylmercury. Topics
include mercury in environmental media, toxicity, risk of contaminated fish
consumption versus health benefits, and Massachusetts’s regulatory initiatives.
Section 3.0 presents the methodology of this thesis and describes the steps taken
to complete the series of risk assessments. Section 4.0 includes the results of the
risk assessment calculations. The focus of the results presents the most susceptible
receptor group, children 2 through 6 years old, using the most conservative
variation of risk classification, HI (RfD, High Intake). Inferences can be made for
other exposed populations because the change in risk estimates over time are
proportional to change in mercury intake for all groups. Section 5.0 presents the
discussion of the results. The discussion evaluates current fish advisories in terms
of how protective they are regarding health risk.
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2.0 BACKGROUND
As a naturally-occurring element as well as an anthropogenically-introduced
contaminant, mercury in the environment has resulted in toxic effects on human
and wildlife populations. Alkali and metal processing, incineration of coal,
medical and other waste, and mining of gold and mercury are all sources of
mercury pollution. Atmospheric deposition plays an important role in the
distribution of mercury across the globe. Once in the atmosphere, mercury is
widely spread, and it can circulate for years. Toxic effects of mercury are
dependent on its chemical form and on the route of exposure (USGS, 2009).
The Massachusetts Department of Environmental Protection (MassDEP)
provides information about mercury and the proper disposal of mercurycontaining products. Warnings also include information about how mercury can
be released when products containing mercury are disposed of improperly.
Mercury is found in many common products such as thermometers, thermostats,
fluorescent light bulbs, and electrical switches. When disposed of in an
incinerator, landfill, or down the drain, mercury can cycle through air and water
and result in environmental contamination. Human activities such as coal burning
and trash incineration have dramatically increased the amount of mercury in the
environment (MassDEP, 2015). Over time, regulations regarding release of
mercury in Massachusetts have become progressively stricter to address the
potential for adverse impacts on human health and the environment.
In lakes, ponds, and the ocean, mercury can be bio-transformed into its
most toxic form, methylmercury (CH3Hg). Mercury is bio-concentrated in fish.
Although a water body might be safe to swim in or drink from, consumption of
contaminated fish from a water body can pose an unacceptable health risk. This is
why fish consumption advisories are developed by the states. Fish consumption
advisories are warnings targeted to either the general population or specific
groups in the population to abstain or limit consumption of fish (US EPA, 2015).
The geographic extent of fish advisories across the United States demonstrates
how widespread the issue of mercury pollution is. Fish consumption advisories
for methylmercury now account for three-quarters of all advisories in the United
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States. Over forty U.S. states have advisories for specific water bodies concerning
methylmercury, and thirteen of these states have statewide advisories in place for
some or all river and lake fish species (USGS, 2009). These advisories are based
on conservative estimates of how much fish an individual can eat without
experiencing adverse health effects (MassDEP, 2015).
2.1 Mercury in the Environment
Mercury exists in air, water, and soil. It is widespread and persistent in the
environment (Bank, 2012). As a metal, it is not created or destroyed in the
environment but cycles among different chemical forms. The same amount of
mercury has existed on the planet since the earth was formed (EPA, 1997a) but it
has been distributed in environmental media by human activity and some natural
forces. Natural sources of mercury include volcanoes, geologic deposits of
mercury, and volatilization from the ocean. The amount of mercury mobilized and
released into the biosphere has increased since the industrial revolution as a result
of anthropogenic activity. It is widely used because of its diverse properties. In
small quantities, mercury conducts electricity, responds to temperature and
pressure changes, and forms alloys with almost all other metals (US EPA, 1997a).
Mercury has a chemical symbol of Hg on the periodic table. This chemical
symbol is derived from the Latin name, hydragyrum, which means silver water
(Bank, 2012). Inorganic mercury can exist in three oxidation states: Hg0
(elemental), Hg1+ (mercurous), and Hg2+ (mercuric). Properties and behavior of
mercury are dependent on its oxidation state (US EPA, 1997a). Most of the
mercury found in environmental media (such as water, soil, sediment, or biota) is
in the form of inorganic salts or organic forms (US EPA, 1997a).
Elemental mercury, or metallic mercury, is a shiny silver-white odorless
liquid (US EPA, 1997a). It has a high vapor pressure, is slightly water-soluble,
and it can exist in both the gaseous or liquid state in the natural environment
(Fitzgerald et al., 2014). If it is heated, it will become a colorless and odorless
vapor (Bank, 2012). Gaseous elemental mercury (GEM) is the dominant form of
mercury in the atmosphere. Most bodies of natural water are nearly/super-
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saturated with respect to atmospheric Hg0. It is described as a ubiquitous
component of natural waters (Fitzgerald et al., 2014).
Hg2+ is divalent mercury. Both inorganic and organic divalent mercury
compounds can exist in gaseous, dissolved, and solid states. Hg2+ is more
prevalent in waters than in the atmosphere (Bank, 2012).
DMHg is dimethylmercury. It has a chemical formula of (CH3)2Hg. It is
significantly more toxic than Hg0 on milligrams per kilogram of body weight
ingestion basis; this is due to it being more efficiently absorbed by the gut. It is
present in the atmosphere in miniscule concentrations. However, it is thought to
be ubiquitous in the deeper ocean (Mason et al., 1996).
MMHg is monomethylmercury. It has a chemical formula of CH3Hg. It is
also significantly more toxic than Hg0 in milligrams per kilogram of body weight
via ingestion due to more efficient absorbance into the gut. MMHg also bioaccumulates up the food chain in aquatic systems; this can result in high
concentrations of MMHg in predatory fish. Consumption of these predatory fish
by humans can result in increased risk of adverse health effects in highly exposed
and sensitive individuals. Consumption of contaminated fish is the major source
of human exposure to MMHg in the United States (Bank, 2012).
Figure 2-1 illustrates the global mercury cycle. Mercury is emitted to the
atmosphere by both natural and human processes. The present-day anthropogenic
emissions of mercury are much more significant than the natural flux of mercury
from geological sources. The major anthropogenic source is the combustion of
fossil fuels, particularly coal. Other industrial processes with potential to release
mercury to the atmosphere include cement production, nonferrous metal
production, pig iron and steel production, caustic soda production, gold
production, waste disposal, in addition to direct mercury production (Selin, 2009;
Schroeder, 1998).
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Figure 2-1: The Global Mercury Cycle

Source: Adapted from EPA, U. S. (1997a).
2.2 Mercury in Environmental Media
2.2.1 Atmospheric
Despite decreases in anthropogenic emissions in North America and Europe,
mercury levels in the atmosphere have remained stable over time. Decreases in
North American and European sources have been offset by the increase of
emissions from developing regions – including Asia (Pacyna et al, 2006).
Mercury is emitted from geological sources and from land and ocean surfaces in
its elemental form (Hg0). Hg0 is also emitted into the atmosphere by
anthropogenic sources such as coal-fired power plants, which also emit divalent
mercury (Hg2+) and mercury adsorbed to particulate matter (Hgp) (Selin, 2009).
Mercury exists in three major forms in Earth’s atmosphere. The majority
of mercury in the atmosphere is in the form of gaseous elemental mercury (Hg0)
(Mason and Sheu, 2002). Metallic mercury vapor (Hg0) is oxidized by ozone to
produce Hg2+, and it can also be removed from the atmosphere by precipitation
(Brosset and Lord, 1991). Hg2+ and Hgp are more soluble in water than Hg0 and
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they are the predominant forms of mercury deposited to ecosystems through wet
and dry deposition. Hg2+ and Hgp have a shorter atmospheric lifetime than Hg0
(Selin, 2009).
The main sink of Hg0 in the atmosphere is oxidation to Hg2+. The
chemical species that acts as the primary oxidant of Hg0 in the global atmosphere
is not known. In the past, the most important global oxidant of mercury was
thought to be ozone or OH-radicals (Schroeder et al., 1991). More recent
thermodynamic calculations and analyses, however, have suggested that these
reactions may not occur under atmosphere conditions; more recent measurements
and analyses have measured rate constants for mercury oxidation by bromine (Br)
(Selin, 2009).
Since Hg2+ and Hgp are the more soluble species with shorter atmospheric
half-lives than Hg0, direct emissions of these two species from anthropogenic
sources are likely to deposit adsorbed to particulate on a regional scale. Emissions
from Hg0 are longer lived. The patterns of oxidation and reduction will control
conversion of Hg0 to Hg2+ and the subsequent deposition of Hg2+. When
developing effective policies concerning control of mercury emissions, it is
important to consider both oxidation and deposition patterns (Selin, 2009).
2.2.2 Water
Wet deposition is the primary mechanism for transporting mercury from the
atmosphere to surface water and land. Once in surface water, mercury can exist in
dissolved or particulate forms (EPA, 1997a). Any form of mercury that enters
surface waters can be converted to methylmercuric ions under favorable
conditions by microbes. Sulfur-reducing bacteria are responsible for most of the
mercury methylation in the environment (Gilmour and Henry, 1991). Anaerobic
conditions favor the activity of these sulfur-reducing bacteria (Regnell and
Tunlid, 1991). Increased dissolved organic carbon levels reduce methylation of
mercury within the water column. Evidence suggests that a low pH favors the
methylation of mercury within the water column (Gilmour and Henry, 1991).
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Both low pH and high mercury sediment concentrations favor the formation of
methylmercury (Cope et al., 1990; Wiener et al., 1990).
2.2.3 Soil
In soil, Hg is typically introduced as elemental mercury, Hg0, and divalent
mercury, Hg2+. Hg0 can be introduced in a gaseous state or dissolved in wet
precipitation. Hg2+ can be introduced as dissolved in both wet and dry deposition
as well as the reaction gaseous Hg2+ (abbreviated as RGM). In forests, throughfall
– wet leaves shedding excess water onto the ground floor – and litterfall – plant
material falling to the ground floor – can deliver several forms of Hg to the soil.
The delivered form of Hg into the soil determines its fate and transport within the
ecosystem. Mercury delivered to the forest floor through litterfall is likely to be
incorporated into forest soil. Mercury delivered in throughfall can be incorporated
into soil or volatilized into the atmosphere (Demers et al., 2007).
Soil has a large capacity to store mercury. Mercury-soil content can create
effects on the overall ecosystem. The characteristics of the soil, including soil
thickness, vegetation type, pH, carbon content, slope, and percentage of wetland,
determine the fate and transport of mercury in a watershed (Branfireun et al.,
1998). Mercury typically forms complexes with chloride and hydroxide ions in
soils. The formation of specific complexes is also dependent on pH, salt content,
and the composition of the soil. Elevated levels of chloride ions will limit the
methylation of mercury in river sediments, sludge, and soil (Olson et al., 1991).
There is also speculation about the impacts of climate change on mercury storage
and cycling in soil. Warmer growing-season temperatures will likely decrease soil
moisture. This can lead to lower water tables and potential increase in
decomposition rates that will lead to increased mercury mobilization and
methylation (Bank, 2012).
These characteristics cause soil to be a long-term mercury source for
freshwater ecosystems. Although reductions in anthropogenic mercury emissions
can result in a rapid decrease in fish mercury content on the order of years, a full
recovery in fish mercury content could take centuries as a result of the gradual
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release of mercury from upland and wetland soils (Harris et al., 2007). More than
eighty percent of annual atmospheric mercury deposition to terrestrial watersheds
is retained in the soil (Lee et al., 1998; Aastrup et al., 1991). Soil retention has
increased the storage of mercury in vegetation as a result of uptake from soil. Soil
retention has also protected aquatic ecosystems from receiving all mercury
deposition in a short period of time but results in potential for long-term release
(Harris et al., 2007).
Decreased mercury emissions appear to result in a direct reduction of mercury
uptake in aquatic ecosystems (Evers et al., 2007; Harris et al., 2007). However
decreased emissions may not be effective at reducing the terrestrial outputs of
mercury, and more specifically methylmercury, because of storage in soil and
vegetation. Bank (2012) states, “One of the paramount issues facing scientists and
policy drivers today is the ultimate fate of the large amount of “legacy Hg” that
has accumulated in terrestrial soils and vegetation”.
2.3 Bioconcentration and Biomagnification
Methylmercury can be ingested by aquatic organisms lower in the food
chain, such as benthic macroinvertebrates, which are then consumed by lower
trophic level fish, followed by piscivorous fish and birds higher on the food chain
(Cope et al., 1990; Wiener et al., 1990). Methylmercury (MeHg) and Hg2+ are
bio-concentrated from water and taken up by phytoplankton (Mason et al., 1996).
Phytoplankton will bioconcentrate both Hg2+ and MeHg from water. However,
MeHg will be distributed to the cytoplasm, and Hg2+ will remain bound to the cell
wall (Mason et al., 1996). Mercury levels tend to be 2 to 6 times higher in
zooplankton than in phytoplankton; this demonstrates biomagnification (Mason et
al., 1996). The amount of monomethylmercury (MMHg) in fish can increase
throughout the trophic levels. Therefore, organisms in higher trophic levels have
higher mercury concentrations. The amount of MMHg in fish can be influenced
by several variables. This includes factors such as species, sex, size, age, trophic
level, and life history (US EPA, 1997a).
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The top trophic level includes piscivores such as humans, bald eagles,
herring gulls, mink, otters, and other fish-eating species. Larger wildlife species,
such as bald eagles or otters, can prey on fish occupying high trophic levels, such
as trout and salmon, which feed on smaller fish. Smaller piscivorous wildlife,
such as ospreys, feed on smaller forager fish, which in turn feed on zooplankton
and benthic invertebrates. Zooplankton feed on phytoplankton and benthic
invertebrate feed on algae (US EPA, 1997a).
MeHg enters fish mainly through ingestion of MeHg-contaminated food,
although small amounts may also be taken in directly from water through
ingestion or through the gills (Hall et al., 1997). The gills present a large surface
area for uptake. However, aquatic concentrations of MeHg are low in natural
waters and this route is minimal in wild fish. Uptake through the gills comprises
at most 15% of total uptake. The remainder of uptake occurs through the gut (Hall
et al., 1997; Wood et al., 2012).
Methylmercury is biomagnified in aquatic food chains. It is the most toxic
and, therefore, has the greatest health implications associated with it. It is bioaccumulated and biomagnified more than inorganic Hg2+ (Mason et al., 1996).
Bank (2012) describes two crucial steps in the biogeochemical cycling of mercury
and its toxicity: the methylation of inorganic mercury to form
monomethylmercury and the subsequent bio-magnification of
monomethylmercury up the food chain. This results in potentially dangerous
levels in large predatory fish – which are then consumed by humans and wildlife.
2.4 Sources of Human Exposure to Mercury
Inhalation of toxic vapors in ambient air from incinerators and industries
burning mercury-containing fossil fuels is an important route of exposure.
Mercury exposure can also occur as a result of dental work, medical treatments,
breathing contaminated workplace air, or dermal contact in the workplace.
However, the primary route of exposure for the general public is the consumption
of fish and shellfish that are contaminated with methylmercury. The dietary
pathway of methylmercury is most important to consider for the purpose of this
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thesis. Inorganic mercury is methylated in the environment by microorganisms to
form methylmercury, and it accumulates within the tissues of organisms (Bank,
2012). The transformation of mercury in the environment is crucial in
understanding the toxic effects that mercury has on human beings and wildlife
populations.
2.5 HEALTH EFFECTS AND TOXICOLOGY OF MERCURY IN
HUMANS
HEALTH EFFECTS
Mercury is a potent neurotoxin. Adverse effects to the nervous system
occur at low doses; nervous system toxicity occurs at low doses that do not harm
other organs in the human body. The factors that greatly influence the incidence
of adverse health effects and subsequent severity involve several factors: the
chemical form of mercury, the dose, the route of exposure, the age of the person
exposed, and the dietary patterns of fish and seafood consumption (WHO, 2008).
High-dose in-utero exposures can result in delayed cognitive and neuromuscular
development in children (USEPA, 1997a; Mozaffarian and Rimm, 2006). High
levels of methylmercury in animal studies have also caused damage to the urinary
and gastrointestinal tracts, kidney, and cardiovascular system. Adverse effects on
the developing fetus and male reproductive organs have also been observed
(WHO, 2008). Pregnant women who consume mercury in their diets pass the
toxicant to the fetus through placental transport (Murata et al., 2004). Infants can
also be exposed through breast milk (Grandjean et al., 1995).
As a result of the methylmercury-cysteine conjugate readily passing
through the placental barrier and blood-brain barrier, the developing fetus is
exposed to mercury in utero. Sensitivity of the developing fetus is related to
increased vulnerability of the developmental stage rather than just merely the fact
that the fetus is exposed. The fetus is vulnerable to methylmercury because
developing brain processes, such as cellular division, differentiation, and
migration are disrupted by binding of mercury to thiol groups of tubulin. Tubulin
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is the principal protein constituent of neuronal microtubules (Clarkson, 1992;
Zahir et. al, 2005).
Neural development occurs from the embryonic period through
adolescence. The developing nervous system is sensitive to environmental
exposures because proper development is dependent on the temporal emergence
of critical processes. These critical stages in development include proliferation,
migration, differentiation, synaptogenesis, myelination, and apoptosis. Different
brain areas facilitate behavioral domains including sensory, motor, and cognitive
functions (Rice and Barone, 2000).
ABSORPTION AND DISTRIBUTION
Approximately 95% of methylmercury ingested via eating fish is absorbed
through the gastrointestinal tract (Holmes et. al, 2009). It is distributed to all
tissues and may bind to sulfhydryl groups (-SH) in proteins within about 30 hours
(Clarkson, 2002). It enters the endothelial cells of the blood-brain barrier and also
crosses the placenta (Clarkson, 2002; Kerper et. al, 1992), where it will readily
accumulate in both. A similar process will also result in placental transfer. Blood
mercury levels in umbilical cord blood have been reported to be higher than those
of maternal blood (Goyer, 1995; Holmes et. al, 2009). Levels in the fetal brain are
about 5 to 7 times higher than levels found in maternal blood (Clarkson, 2002;
Cernichiari et. al, 1995).
The affinity of mercury for –SH groups likely represents the molecular
basis for neurotoxicity which is multifactorial and a result of a combination of
overlapping mechanisms acting both directly and indirectly on glial-neuronal cell
interactions (Goyer, 1995).
METABOLISM
Methylmercury is converted to inorganic mercury (10-90% in kidney
cytosol, 5% in brain mitochondria, 30% in liver mitochondria) through the action
of microbial flora. This also occurs by production of reactive oxygen species
(ROS) and by interactions with sulfhydryl groups, particularly tubulin sulfhydryl
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groups (Yasutake et al., 1997; Holmes et. al, 2009). As a result of this, large
amounts of mercury derived from organic forms may accumulate in brain or fetal
tissues. Methylmercury can readily penetrate the blood-brain and placental
barriers but become immobilized as a result of conversion to the inorganic
divalent cation. Organic mercury compounds also accumulate in the kidneys.
Renal mercury levels reach orders of magnitude higher than those of other tissues
as it binds to metallothionein present in renal tissues (Holmes et. al, 2009; Goyer,
1995; ATSDR, 2009). Metallothionein is a low-molecular-weight metal-binding
protein with a high content of cystinyl residues and metals (Goyer, 1995; Kagi
and Vallee, 1960). The particular metals bound to metallothionein vary with
animal species, the specific organ, and previous exposures to metals. At least two
different metals are typically bound to the protein. A metallothionein complex
isolated from adult or fetal human livers may contain zinc and copper; whereas,
one isolated from the kidney may contain cadmium, copper, and zinc (Goyer,
1995; Chung et. al., 1986).
EXCRETION
Excretion of methylmercury typically occurs as Hg2+, with approximately
90% in feces and 10% in urine, as well as breast milk. Approximately 16% of
total Hg in breast milk is methylmercury (Sweet and Zelikoff, 2001). Half-lives of
elimination are influenced by species, strain, dose, and sex. Age is also an
influential factor on body burden. Neonates and children show greater rates of
absorption and retention, and body half-life estimates have been made of 70-80
days for methylmercury (Holmes et. al, 2009; NRC, 2000). Methylmercury has a
whole-body half-life of approximately 70 days and it has a half-life of 50 days in
the bloodstream (Clarkson et al., 2006; Clarkson and Magos, 2003).
2.6 Risk Assessment and Dose-Response Variables
Risk assessment follows a series of general steps to evaluate the nature
and extent of risk to the population consuming local fish. The general steps are
hazard identification, dose-response assessment, exposure assessment, and risk

14

characterization. Risk assessment considers technical information including at the
dose at which the particular contaminant is likely to result in adverse health
effects in humans (US EPA, 2000).
2.6.1 Dose-Response Variables
A dose-response relationship describes the likelihood and severity of adverse
health effects (the responses) in relation to the amount and condition of exposure
to an agent (the dose). Typically, as the dose increases, the measured response
also increases. At low doses, there may be no response. At some level of dose the
responses will begin to occur in a small number of the study population or at low
probability. The response (adverse effect), or a measure of response leading to
adverse effect (“precursor”), that occurs at the lowest dose is selected as the
critical effect for risk assessment. An underlying assumption of this approach is
that if the critical effect is prevented from occurring, then no other effects of
concern will occur (US EPA, 2015b). The derivation of dose-response values is a
two-step process:
Step 1: Assess all available data or gather it through experimentation. This is
to document the dose-response relationship(s) over the range of observed
doses that were reported in the data collected.
Step 2: Extrapolate to estimate the risk of adverse effect beyond the lower
range of available observed data. This is to define the critical region where the
dose level begins to cause adverse health effects in humans (US EPA, 2015b).
Non-linear dose response assessment was developed through threshold
hypothesis. This is based on the assumption that the organism can tolerate a range
of exposures from zero to some finite value with no toxic effect. Threshold
toxicity is where the effects, or their precursors, begin occurring. Generally,
regulation efforts are made to keep exposures below the population threshold,
which is defined as the lowest of the thresholds of the individuals within a
population (US EPA, 2015b). A No-Observed-Adverse-Effect Level (NOAEL) is
the highest exposure level at which no statistically or biologically significant
increases are seen in the frequency or severity of adverse effect between the
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exposed population and control population. In cases where a NOAEL has not
been demonstrated, the Lowest-Observed-Adverse Effect Level (LOAEL) is used.
Mathematical modeling, which incorporates more than one effect level,
evaluating more data than a single NOAEL or LOAEL, is used to develop a
Benchmark Dose (BMD), or Benchmark Dose Lower-confidence Limit (BMDL)
(US EPA, 2015b).
The reference dose (RfD) is an oral or dermal dose derived from the NOAEL,
LOAEL, or BMDL by applying uncertainty factors (UFs), which are generally an
order-of-magnitude. These uncertainty factors account for variability and
uncertainty that are reflected in differences between test animals and humans as
well as variability within the human population. Thus, a reference dose is
determined by using the following equation dividing the NOAEL (LOAEL or
BMDL) by applicable UFs (US EPA, 2015b).
2.7 Methylmercury Epidemiological Studies Used to Derive Dose-Response
Values
The well-known expression “mad as a hatter”, which was prominently
mentioned in Lewis Carroll’s “Alice in Wonderland”, derives from hat-makers
and their exposure to mercury in the form of Hg(NO3)2 that was found in the felt
during the manufacturing process. Gilding, mirror-making and thermometer
manufacturing also had the potential for exposing workers to levels of mercury
that put workers at risk of developing adverse outcomes such as neurological
disorders (Yen, 1999).
A well-known case of twentieth century mercury poisoning occurred in
Minamata, Japan, between 1953 and 1960. Throughout this time period, the
Chisso Corporation discharged over 20 tons of mercury into Minamata Bay.
Mercury had been used as a catalyst in the production of acetaldehyde. Mercury
proceeded to contaminate the sediment, water, ecosystem, and fish located in the
bay area. Ingestion of fish, which were the staple of the local diet, was the main
route of exposure (Clarkson, 1997). There were 111 cases of poisoning in addition
to 43 deaths in the small fishing village. Known as “Minamata Disease”, residents
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of Minamata had numerous symptoms related to methylmercury exposure.
Historic cases of disease in offspring born to women exposed to high levels of
methylmercury during pregnancy displayed neurological and developmental
abnormalities comparable to cerebral palsy. Offspring experienced delayed onset
of walking and talking, reduced neurological scores, deep tendon reflexes, and
altered muscle tone (Burbacher et al., 1990; Fitzgerald 1991).
The New Zealand study was completed during the 1980’s. Results from
this study suggest that increased prenatal mercury exposure due to fish
consumption was associated with decrements in attention, memory, and language.
Thirty-eight children of mothers with hair mercury levels greater than 6 ppm
during pregnancy were matched with children whose mothers had lower hair
mercury levels (US EPA, 2001). The study involved a screening within a cohort
of 11,000 mothers who gave birth to their children in 1978. Hair mercury
concentrations were determined for 1,000 mothers who consumed at least 3 fish
meals per week during their pregnancy. Seventy-three of the mothers (Pacific
Island descent, 62%; Maoris, 27%; Europeans, 11%) had hair mercury
concentrations that exceeded 6 microgram/gram. These women were included in
the high exposure group. At the first follow up, when the children reached four
years of age, 31 high-exposure children and 31 reference children with lower
exposure were matched to address potential confounders (mother’s ethnic group,
age, child’s birthplace, and child’s birthdate). The high-exposure group had
overall lower scores on the Denver Developmental Screening test, which is a
standardized test for childhood motor and mental development (Choi et. al, 2008;
Kjellstrom et al. 1989).
Another study examining the relationship between methylmercury
exposure from eating contaminated fish was conducted with the Faroe Islands
population. This population was exposed to methylmercury from contaminated
pilot whale meat. This meat was highly contaminated with about 2 mg
methylmercury/kg, and Faroe Islanders eat large amounts of whale meat in
addition to fish. Nine hundred Faroese children demonstrated that prenatal
exposure to methylmercury resulted in neuropsychological deficits at 7 years of
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age. Brain functions that appear to be most vulnerable include attention, language,
as well as memory (Grandjean et al., 1997).
The Seychelles Islands study is a prospective study. Fish consumption by
pregnant women in the Seychelles is typically high, averaging 10-15 meals per
week, with mercury concentrations in ocean fish moderately lower than
concentrations found in the Faroe Islands study. Mean fish mercury content in the
Seychelles study is in the range of 0.2-0.3 mg/g. This involved a longitudinal
study starting in 1989-1990 with 700 mother-child pairs. Maternal and child hair
mercury concentrations, but not cord blood levels, were used as markers of
methylmercury exposure in this study. This study found no association between
methylmercury exposure and health effects based on developmental test results in
children up to 5.5 years of age (Myers et al., 2003).
Faroe Islands and the EPA Reference Dose for Chronic Oral Exposure (RfD)
The oral Reference Dose (RfD) is based on the assumption that thresholds
exist for certain toxic effects such as cellular necrosis. The Reference Dose is
expressed in units of mg/kg-day. The RfD is an estimate (with uncertainty
spanning perhaps an order of magnitude) of a daily exposure to the human
population, including sensitive subgroups, that is likely to be without an
appreciable risk of deleterious effects during a lifetime (US EPA, 2015b).
Three epidemiological studies have provided quantitative analyses to
assist in the derivation of EPA’s RfD in 1995 including: Faroe Islands,
Seychelles, and New Zealand (NRC, 2000). The U.S. EPA determined benchmark
dose (BMD) analysis to be the most appropriate method of quantifying doseeffect relationship found in these studies, and this was also the recommendation
of the NRC (US EPA, 2001). The U.S. EPA creates benchmark doses by fitting
mathematical models to dose-response or exposure response data. This assists risk
assessors in estimating the dose or exposure of a chemical or chemical mixture,
with confidence limits, that is associated with a response level. This dose estimate
can be utilized as a benchmark and establish guidelines that protect against
adverse health effects associated with chemical exposure (US EPA, 2012).
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Two of the studies (New Zealand and Faroe Islands) reported effects on
several neuropsychological endpoints. The third (Seychelles Islands) reported no
effects related to in utero exposure to methylmercury. The benchmark dose
analysis from several endpoints from both Faroe Islands and New Zealand studies
converged on a RfD of 0.1 micrograms/kg-day. This was also the case when
combining all three studies for an integrative analysis. It must also be noted that
there was co-exposure to PCBs in the Faroe Islands study. However, statistical
analyses indicate that the effects of PCBs and methylmercury were independent.
The RfD used within this assessment report is the same as the RfD derived in
1995 based on a study of a poisoning episode in Iraq. Experimental data in
monkeys also support the quantitative estimate of the RfD based on a
NOAEL/LOAEL approach (US EPA, 2001).
Seychelles Child Development Study and the ATSDR Minimal Risk Level (MRL)
ATSDR establishes minimal risk levels for contaminants to utilize as
screening tools for public health officials to use when determining further
evaluation of potential exposures. ATSDR has established a chronic-duration oral
exposure (365+ days) MRL of 0.0003 mg/kg/day (equivalent to 21
microgram/day for a 70-kg adult) for methylmercury.
The chronic oral MRL for methylmercury is based upon findings in the
Seychelles Child Development Study (SCDS). This was a study in which over
700 mother infant pairs were followed and tested from parturition through 66
months of age. It was conducted as a double-blind study and used maternal hair
mercury as the index of fetal exposure (ATSDR, 2009; Myers et al., 2003). The
Seychellois were chosen as a study population for the derived ATSDR MRL
value for several reasons (Davidson et al., 1998; ATSDR, 2009):
1. Seychellois regularly consume a high quantity and variety of ocean fish,
with 12 fish meals per week representing a typical methylmercury
exposure.
2. The median total mercury concentration in 350 fish sampled from 25
species consumed by the Seychellois was <1 ppm (range: 0.004-0.75).
Such levels are comparable to mercury concentrations in commercially
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obtainable fish in the U.S. (Note: While methylmercury levels in the
Seychellois population are 10-20 times those in the U.S., it is not a result
of them consuming more contaminated fish. It is a result of consuming
more fish than the general U.S. population).
3. The Seychelles is representative of a pristine environment, with no local
industry population, and are situated more than 1,000 miles from any
largely populated area.
4. The population is highly literate, cooperative, and has minimal
immigration and emigration.
5. The Seychellois also constitute a relatively healthy population. There is
low maternal alcohol consumption and tobacco use (<2%).
6. The study has a large sample size/study population (>700 mother-infant
pairs).
7. There was excellent retention of mother-infant pairs throughout the study
(711 of the initially enrolled 778 mother-infant pairs were still
participating at 66 months post-partum).
8. The utilization of standardized neurobehavioral tests.
The results of the 66-month (5.5-year) testing in the SCDS did not reveal
evidence of adverse effects attributed to the chronic ingestion of low levels of
methylmercury in fish (Davidson et al. 1998). During this study, developing
fetuses were exposed in utero through maternal fish consumption before and
during pregnancy (Davidson et al., 1998). Neonates were continuously exposed to
maternal mercury during breastfeeding as some mercury is secreted in breast
milk. Methylmercury exposure from the their own diet began after the gradual
post-weaning shift to a fish diet. During this 5.5-year cohort, the mean maternal
hair level of total mercury during pregnancy was 6.8 ppm (range: 0.5-26.7 ppm;
n=711). The mean child hair level at the 5.5-year testing interval was 6.5 ppm
(range: 0.9-25.8 ppm; n=708). In the highest exposed subgroup, the mean
maternal hair mercury level was 15.3 ppm (range: 12.0-26.7; n=95) (Davidson et
al., 1998; ATSDR, 2009). Positive outcomes are not considered to indicate any
beneficial effect of methylmercury on neurological development or adolescent
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behavior. Rather, it may be more appropriately associated with the beneficial
effects of omega-3 fatty acids or other constituents present in fish tissue.
Methylmercury levels in hair are known to be associated with higher consumption
rates of fish (Davidson et al., 1998; ATSDR, 2009).
2.8 Health Benefits of Fish Consumption vs. Mercury Exposure
The balance of benefits versus risks associated with consuming seafood is
a perfect example of negative confounding. Consuming fish increases exposure to
methylmercury but consumption of fish is also associated with beneficial nutrients
and counteracts signs of mercury toxicity (Choi et. al, 2008). Confounding is
potentially present in all observational studies. It refers to a situation where an
association between exposure and an outcome is distorted as it is also mixed with
the effect of a third variable. This third variable is the confounding variable, and it
is known as the confounder. The confounder is related to both the exposure and
the outcome. It is not an intermediate step in the causal pathway between the
exposure and outcome (Oleckno, 2002). Confounding is often assumed to occur
in the same direction as the toxicant exposure (Choi et al., 2008).
Fish contain nutrients that are beneficial to neurodevelopment and health.
These nutrients include protein, vitamins, Omega-3 polyunsaturated fatty acids
(Omega-3 PUFAs), and selenium. Omega-3 PUFAs are essential nutrients. This
means that they cannot be manufactured by the body and must be obtained
through dietary intake (Mozaffarian, 2006; Medline Plus, 2015a). Oily fish are a
source of fat-soluble vitamins A, D, and E. Vitamin A is an antioxidant necessary
for vision. It promotes cell growth and is important in an embryo’s development.
Vitamin D promotes the human body’s calcium and phosphorous uptake. Vitamin
E is an antioxidant that helps to repair body tissues. Most fish are also a source of
some B vitamins. B vitamins aid the human body in metabolism (Mozaffarian,
2006; Medline Plus, 2015b).
Observed mercury-related effects may be offset, or confounded, by presence
of beneficial nutrients such as long-chain Omega-3 fatty acids (Lederman et al.,
2008). In a United States cohort of pregnant women with moderate levels of fish
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consumption, those who ate more fish had higher erythrocyte mercury levels.
Higher prenatal mercury exposure was associated with lower developmental test
scores in offspring at 3 years of age. A prospective cohort study of 341 motherchild pairs in Massachusetts enrolled in 1999-2002 reported on associations of
maternal second-trimester fish intake and erythrocyte mercury levels with
children’s scores on the Peabody Picture Vocabulary Test (PPVT) and Wide
Range Assessment of Visual Motor Abilities (WRAVMA) at age 3. This study
found that the benefit of fish intake is strengthened with adjustment for mercury
levels. The results suggest that if mercury contamination were not present,
cognitive benefits of fish intake would be greater. Therefore, recommendations
for fish consumption during pregnancy should include both nutritional benefits
from eating fish as well as the potential harmful effects from ingested mercury
(Axelrad et al., 2007). The U.S. FDA encourages women of reproductive age to
eat fish that are lower in mercury.
Mercury has a high affinity for selenium. Selenium is a dietary component
that may affect the disposition and toxicity of methylmercury. Selenium
compounds were first demonstrated to delay the onset of toxic effects in animals
fed methylmercury in tuna (Clarkson, 2002). Mercury readily binds to selenium
to form insoluble mercury selenide complexes, and this interaction may represent
one mechanism through which mercury increases risk of cardiovascular disease.
Mercury can reduce the bioavailability of selenium and impair the activity of
glutathione peroxidase resulting in increased lipid peroxidation and
atherosclerosis (Virtanen et al., 2007). The binding of mercury and selenium can
make either element less bioavailable. By making selenium less bioavailable, this
may disrupt the formation and activity of selenoproteins which are essential for
normal neurologic development. The health effects resulting from consuming
mercury and selenium may depend on which element is more abundant. This may
be a mechanism that explains the conflicting results in health outcomes noted
between the people of the Faroe Island population and the Seychelles population.
Faroe Islands consume mammalian whale, which may contain more mercury than
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selenium; the Seychelles population consume fish that may contain more
selenium than mercury (Raymond and Ralston, 2004).
Fish can also be contaminated with other pollutants that contribute to cancer
and other adverse health effects. Polychlorinated biphenyls (PCBs) and dioxins
are industrial contaminants that persist in the environment. These contaminants
also contribute to adverse health outcomes and are likely carcinogenic. As a result
of a ban on PCBs and a decrease in dioxin emissions, both levels are in an overall
decline in the environment. Despite this fact, their presence in fish is still
documented (Stahl et al., 2009). In addition to being detected in fish,
concentrations of PCBs and dioxins are documented in fish consumers and their
offspring (Schaeffer et al., 2006). Levels of methylmercury and co-contaminants
in fish do not vary together. If a fish is low in methylmercury, it may have high
concentrations of other contaminants. Guidelines must consider comprehensive
risks of mercury as well as other contaminants found in fish (Bank, 2012).
Consumers will make risk trade-offs when they make decisions regarding
whether, how much, and which fish to eat. Smart species selection can minimize
risk from contaminants while simultaneously maximizing benefits from healthy
nutrients (Rheinberger and Hammitt, 2012; Mahaffey et. al, 2011). In 2001, the
U.S. Food and Drug Administration (FDA) released a consumption advisory that
grouped fish into low, medium, and high mercury categories. This was to assist
consumers in making informed choices. This advisory instructed households with
pregnant women and young children to avoid high mercury fish and eat no more
than 340 g (equal to 12 oz.) of fish per week. (Rheinberger and Hammitt, 2012).
Evidence suggests that the U.S. consumption advisories reduced the fish
consumption of target consumers (Rheinberger and Hammitt, 2012; Oken et. al,
2003). Consumers benefited by reducing their contaminant exposure; however, it
is harmful to reduce intake of n-3 polyunsaturated fatty acids (n-3 PUFAs)
(Rheinberger and Hammitt, 2012).
Rheinberger and Hammitt (2012) developed an integrated model to explore
how relevant health end points change within the U.S. population if both target
and non-target consumers adjust their fish consumption to comply with current
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advisories. Their results suggest that there is modest benefit to newborns whose
mothers shift their consumption patterns to comply with the current U.S.
EPA/FDA advisory. This benefit can be attributed to reduced methylmercury
exposure.
There is potential for adverse impact to non-target consumers who
misunderstand the advisory. Although conveying the proper public health
message can be challenging, the health benefits of fish consumption must be
reinforced to prevent possible harm of malnutrition (Verbeke et. al, 2005).
Although freshwater fish is contaminated and contains mercury, it is highly
nutritious. There are both risks and benefits regarding fish consumption. When
fish is a dietary staple, restricting or removing fish from the diet can create health
risks by reducing intake of vital nutrients. Fish consumption guidelines must
address and balance health risks of mercury exposure against the health risks of
absent or reduced dietary benefits (Bank, 2012).
2.9 Risk with Consuming Freshwater Fish vs. All Fish
Fish typically consumed in the U.S. can be divided into two subgroups.
This includes (1) noncommercial fish that are caught for sport and subsistence
from local sources or (2) commercial fish, either domestic or imported, which are
bought in stores and restaurants (US EPA, 2013a). Mercury in all fish types,
including both freshwater and saltwater species, collectively represent the largest
sources of mercury exposure. The U.S. EPA is responsible for addressing mercury
issues in noncommercial fish. The U.S. FDA is responsible for addressing issues
of mercury in commercial fish. Most fish consumed within the U.S. is considered
to be commercial fish. However, most guidance on fish consumption focuses on
noncommercial fish within a particular region (U.S. EPA, 2013a). The developing
fetus is sensitive to mercury. However, cognital developmental or other benefits
can also be derived from mercury. The U.S. FDA encourages women of
reproductive age to eat fish, but to choose fish that are lower in mercury. Best
choices of fish for pregnant women to eat include anchovy, catfish, clam,
haddock, oyster, pickerel, salmon, scallop, shrimp, squid, and tilapia. Good
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choices of fish, advising to eat one meal per week, include bluefish, carp, snapper,
striped bass, and yellowfin tuna. Choices to avoid, which include the highest
mercury levels, are king mackerel, marlin, shark, swordfish, and bigeye tuna
(USFDA, 2004).
2.10 Fish Consumption Studies
The amount of fish consumed by various populations can be estimated using
creel surveys, in which anglers are interviewed in person while fishing, or through
mail surveys, where anglers (residents with fishing licenses) are sent
questionnaires in the mail (USEPA, 2000b; USEPA, 1992). Creel surveys involve
interviews with anglers at fishing areas requesting information about fishing
activities. Interviews may collect a variety of information including fish
preferences, consumption rates, cooking methods, age, gender, and frequency of
fishing that particular water body. This particular survey method can include both
licensed and non-licensed anglers. Mail surveys involve sending questionnaires to
licensed anglers requesting specific information. Information collected is similar
to in-person interviews where the population is asked about fishing, consumption
and preparation practices, and other information. A third type of survey is diary
survey. Participants are asked to record their frequency of fish ingestion, types of
fish eaten, and their meal sizes. This particular method is useful in reducing recall
bias (USEPA, 2000b).
The 1991 New York Angler Survey (Connelly et al., 1992) determined
approximate fish consumption patterns during the 1991 fishing season. A total of
1,030 licensed anglers returned completed surveys. There was a subset of that
population that did not return their surveys. These individuals were contacted by
telephone to account for potential non-response bias. Analysis of the raw survey
data determined fish ingestion rates for certain locations or location categories.
The mean ingestion rate for New York anglers was 11 sport-caught fishmeals in
1991 (USEPA, 2000b; Connelly et al., 1992). The median fish ingestion value
from this study was 4.0 g/day. The 90th percentile was 31.9 g/day and the 95th
percentile ingestion rate was 63.4 g/day (USEPA, 2000b).
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In 1993, licensed Maine anglers were sent a survey through the mail. A total
of 1,612 licensed anglers returned their completed surveys that answered
questions regarding number of fish caught and consumed from flowing and
standing water bodies as well as the number of completed fishing trips in 1990
(USEPA, 2000b; Ebert, 1993). The results of the Maine angler survey
demonstrated a median consumption (50th percentile) per consuming resident
sport angler of 2.5 grams/day for all freshwater finfish. The 95th percentile was
approximately 27 g/day (Ebert, 1993).
One study looked at fish consumption among children (8-12 years old)
living in Upstate New York. Fifty-three children were sent consumption diaries,
and fifty-two of those children provided information regarding their consumption.
The diary data showed that children (8-12 years old) consumed an average of 4.8
fish meals during the diary period (July 1 – October 15, 1996). Children
consumed an estimated 6.6 g/day of fish from all sources during this diary period
when meal size is factored in. Within this estimate of 6.6 g/day, approximately
29% (1.9 g/day) was sport-caught fish, and 38% (2.5 g/day) was canned tuna.
Estimates of annual daily consumption were lower than during the diary period
(4.2 g/day versus 6.6 g/day). This is assuming that daily consumption during the
part of the year not covered by the diary was equal to the daily consumption of
nonsport-caught fish in the last month of the diary, when sport fishing
participation and catch were lowest (NYDEC, 1997).
2.11 Massachusetts Fish Consumption Advisories for Mercury in Freshwater
Fish
The Massachusetts Department of Public Health (MDPH) issues two types
of advisories for consumption of freshwater fish containing mercury. These
include advisories specific to certain named water bodies and fish species, where
the average concentration of affected fish species exceeded 0.5 ppm mercury, or
0.5 mg/kg mercury in fish tissue and a general statewide advisory recommending
that pregnant women should be advised of possible health risks from eating any
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fish (with exception of stocked trout) from Massachusetts’s freshwater bodies in
order to prevent exposure of developing fetuses to methylmercury (MDPH, 1995).
2.12 Massachusetts Regulations
Northeast Massachusetts had the highest concentration of point sources of
mercury emissions in the last two decades of the twentieth century. This is a result
of having three municipal solid waste combustors and a medical waste incinerator
in this region. Major reductions from local point source mercury emissions
occurred during an extensive and ongoing effort by MassDEP. Through the
enforcement of strict mercury emission control requirements on municipal solid
waste combustors in 2000, the closing of medical waste incinerators in
Massachusetts by 2003, enforcing regulations on coal-fired electric generating
units in 2008, and adopting laws limiting mercury use in products and discharges
from dental offices, Massachusetts has led various efforts for executing state and
regional mercury reduction policies and efforts (MassDEP, 2016b). The
Massachusetts Zero Mercury Strategy increased regional goals beyond
eliminating the release of anthropogenic mercury emissions in the state. It set
goals to eliminate anthropogenic use of mercury in the state as well (NESCAUM,
2011).
Mercury Added Products
Massachusetts has enacted regulations regarding mercury and the
prevention of its release into the environment. Signed into law in July of 2006, the
Massachusetts Mercury Management Act was designed to keep mercury
attributable to products out of the trash and wastewater – where it is released into
the environment. This law requires manufacturers of products that contain
mercury to collect their products at the end of life for proper recycling and label
mercury added products. Many mercury added products were also phased out
under this Act.
Massachusetts adopted regulations for managing mercury-containing
products in order to implement the 2006 Act. The first product-specific regulation
involved vehicle switches. Since January 1, 2007, the sale of cars containing most
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types of mercury switches has been banned in Massachusetts. Auto manufacturers
are now required to implement plans for collecting and recycling mercury
switches. The plans must capture at least 90% of the mercury switches from “end
of life” vehicles. Financial incentives must be provided to vehicle recyclers as
well. Each switch removed is worth $3.00 for the recycler if the manufacturer
falls short of their target (Acts of 2006, Chapter 190: An Act Relative to Mercury
Management) (Commonwealth of Massachusetts, 2006).
Regarding education and outreach, MassDEP has informed manufacturers,
distributors, and retailers of products containing mercury and the requirements of
this law. Contact was established through both direct mail and its web site in
addition to working with trade associations and the Interstate Mercury Education
and Reduction Clearinghouse (IMERC). MassDEP has also notified vehicle
manufacturers and recyclers, scrap recycling facilities, manufacturers of mercuryadded products sold and/or distributed in Massachusetts, and lamp manufacturers
about these specific requirements. MassDEP has also reached out to municipal
officials, trash haulers, disposal facilities, and recyclers about the mercury
disposal prohibition (Commonwealth of Massachusetts, 2006).
Emissions
In Massachusetts, regulations were put in place to reduce local pointsource mercury emission sources. These include coal-fired electric generating
units, municipal solid waste combustors, medical waste incinerators, and
industrial facilities. Under the Clean Air Act, The U.S. Environmental Protection
Agency (EPA) set and enforced standards to limit air pollution and prevent risk to
public health and the environment. The Massachusetts Clean Air Act (M.G.L.
Chapter 111, Sections 142A through 142MO), allowed MassDEP to adopt
regulations more stringent than the federal regulations to prevent pollution and
atmospheric contamination (MassDEP, 2016b).
In 1995, U.S. EPA adopted new emissions rules for municipal waste
combustors handling more than 250 tons of waste per day. These rules focused on
reducing toxic smog-causing emissions. In 1998, MassDEP adopted its own
Municipal Waste Combustor Rule, with a mercury emissions standard nearly
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three times more stringent than EPA’s. The state of Massachusetts adopted these
more stringent regulations because combustion facilities were the leading source
of mercury emissions in the state (MassDEP, 2016b). In June 1998, the
Conference of New England Governors and Eastern Canadian Premiers
(NEG/ECP) released their regional Mercury Action Plan (MAP). Using a 1996
regional anthropogenic mercury emissions inventory as a baseline, this 1998
MAP set a goal of 50 percent reduction in regional mercury emissions by 2003
and 75 percent reductions in emissions by 2010 (NESCAUM, 2011).
After the 1998 Municipal Waste Combustor Rule, MassDEP required
Massachusetts’ five largest operations, of seven total municipal solid waste
combustors currently operating in the state, to submit Emission Control Plans for
compliance to new standards. This included creating facility-specific emissions
limits and operating parameters, estimating the reduction in mercury emissions
with controls in place, emissions monitoring and reporting, as well as reporting
excess emissions events. MassDEP also required operators to develop and
implement Material Separation Plans for collecting and recycling items that
contain mercury before combustion in order to meet emissions limits. By
December 2000, all five facilities had installed air pollution control technology to
comply with MassDEP’s 1998 Rule and their Emission Control Plans. Haverhill,
Millbury, North Andover, Rochester, and Saugus were the facilities subject to
MassDEP’s 1998 Municipal Waste Combustor Rule. These combustors are
permitted to handle 1,500 tons to 3,000 tons of waste per day. This accounts for
nearly 95 percent of all solid waste combustion in the state (MassDEP, 2016b).
EPA adopted emissions standards for smaller municipal waste combustors in
2000 that applied to the two smaller Massachusetts operations, which are located
in Agawam and Pittsfield. Massachusetts also required the shutdown of all
medical waste incinerators. This included the commercial medical waste
incinerator, the Merrimack Valley Medical Service of Lawrence (MassDEP,
2016b).
In 1996, the three largest mercury emission point source sectors were
municipal waste combustors, medical waste incinerators, and coal-fired power
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plants. In 1996, municipal waste combustors produced 3,223.0 kilograms, medical
waste incinerators produced 326.2 kilograms, and coal-fired power plants
produced 83.9 kilograms of mercury (NESCAUM, 2011). Emissions data were
based on stack emission tests using U.S. EPA standard methods, under MassDEP
supervision, which was required by state regulation to reduce emission standards
(Hutcheson et al., 2014).
As of 2008, the Northeast States for Coordinated Air Use Management
(NESCAUM), estimates that Massachusetts mercury air emissions decreased over
90% since 1996. In 2008, municipal waste combustors remained the largest single
source for mercury emissions on a percentage basis. However the total
contribution from municipal waste combustors decreased from 82.4% of total
emissions in 1996 to 39.9% of the total emissions in 2008. Mercury emissions
decreased from 3,223 kilograms in 1996 to 133 kilograms in 2008. This signifies
a 96 percent decrease (NESCAUM, 2011). All medical waste incinerators were
shut down in 2003; therefore, its emissions are now zero with a 100 percent
reduction from 1996 to 2008. The top three industries for mercury emissions in
2008 were estimated to be municipal waste combustors (39.9 percent), sewage
sludge incinerators (23.6 percent), and coal-fired electric utility boilers (12.8
percent) (NESCAUM, 2011).
2.13 Massachusetts Fish-Tissue Mercury Reductions
MassDEP monitored mercury concentrations from 1999 to 2011 in
largemouth bass and yellow perch. Mercury in fish was monitored throughout the
state as well as in a focused area in the northeastern region of Massachusetts. This
monitoring focused on 23 lakes across the state simultaneous with drastic
reductions in regional mercury emissions. Major point sources of mercury
emissions decreased 98% in the area of closely monitored lakes; other areas of the
state experienced a 93% decrease in emissions from 1990 to 2008. The decrease
in mercury emissions can be attributed to the shutdown of medical waste
incinerators, including the Merrimack Valley Medical Service of Lawrence,
Massachusetts. The decrease in emissions can also be attributed to the required
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controls put on the municipal solid waste combustors. These required engineering
controls were enforced to achieve the emission limits mandated by the Municipal
Waste Combustor Rule. In the closely monitored area, annual tissue mercury
concentration rate decreases were 0.029 mg Hg/kg/year in largemouth bass and
0.016 mg Hg/kg/year in yellow perch (Hutcheson et al., 2014).
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3.0 METHODOLOGY
Since the 1990s, mercury emissions and releases have been reduced in
Massachusetts. In July 2006, MassDEP promulgated the Massachusetts Mercury
Management Act to reduce the amount of mercury cycling through the natural
environment. As a legacy pollutant, mercury can pose human health risks and
these regulations were intended to reduce adverse health effects related to
methylmercury exposure in the Massachusetts population.
This thesis evaluates the potential risk associated with consumption of
non-commercially caught freshwater fish from a subsample of fresh water ponds
and lakes located in the Merrimack River watershed in northeast Massachusetts
and assess whether risk has changed since the 2006 mercury regulations went into
effect.
3.1 Study Methods
For my thesis, I used MassDEP-generated fish mercury data to select an
area of the state to study. Secondly, I used these data to estimate average fish
mercury concentrations at each representative lake or pond within the study area
as well as to estimate the potential health risks. Lastly, I used these findings to
determine changes in risk through time.
3.2 Fish Mercury Data
MassDEP sampled edible dorsal muscle from largemouth bass and yellow
perch two to eight times between 1999 and 2011 from 23 lakes in northeast
Massachusetts. Twelve of these lakes were located in the Merrimack River
watershed (Hutcheson et al., 2014). All fish caught within water bodies used in
this thesis were sampled by MassDEP to determine the magnitude and direction
of changes in dorsal muscle total Hg concentrations in largemouth bass and
yellow perch.
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3.2.1 Merrimack River Watershed
I used the U.S. EPA Massachusetts Water Quality Assessment Report to
categorize each water body by watershed. The data for each watershed were
subsequently further tabulated by decade (US EPA, 2016). For this study I
selected the Merrimack River watershed as the study area for quantitative risk
analysis. The Merrimack River watershed, located in the northeastern part of
Massachusetts, was selected for analysis because, since the last two decades of the
twentieth century, it has had the highest concentration of point sources for
mercury emissions. In 1998 there were three municipal solid waste combustors
and a medical waste incinerator located in this region (MassDEP, 2016b).
Municipal Solid Waste Combustors
The first municipal solid waste combustor located in the Northeast region
is the Covanta Haverhill facility, and it is located in Haverhill, Massachusetts. It
has a Total Capacity of 1,650 tons per day. However, it typically accommodates
825 tons per unit average. It serves twenty-one communities including Bedford,
Burlington, Chelmsford, Danvers, Dracut, Essex, Groton, Harvard, Haverhill,
Lawrence, Littleton, Lynnfield, Melrose, Middleton, North Reading, Reading,
Stoneham, Tewksbury, Tyngsborough, Wakefield, and Westford, Massachusetts.
The second municipal solid waste combustor located in the Northeast region is the
Wheelabrator North Andover facility located in North Andover, Massachusetts. It
has a Total Capacity of 1,500 tons per day. It accommodates 750 tons per unit
average. There are twenty-tree contract communities that include Amesbury,
Andover, Arlington, Belmont, Billerica, Boxborough, Carlisle, Hamilton,
Ipswich, Lexington, Lincoln, Lowell, Manchester, Methuen, Newburyport, North
Andover, Peabody, Pepperell, Watertown, Wenham, West Newbury, Wilmington,
and Winchester, Massachusetts. The third municipal solid waste combustor
located in the Northeast region is the Wheelabrator Saugus facility located in
Saugus, Massachusetts. It has a Total Capacity of 1,500 tons per day. It
accommodates 750 tons per unit average. It serves fourteen communities in
Massachusetts: Beverly, Chelsea, Everett, Gloucester, Lynn, Marblehead,
Medford, Milton, Newton, Revere, Rockport, Saugus, Swampscott, and Woburn,
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Massachusetts. The commercial medical waste incinerator located in the
Northeast region was located in Lawrence, Massachusetts; this was the
Merrimack Valley Medical Service of Lawrence (MassDEP, 2016b).
Regulatory Initiatives
On December 19, 1995, the U.S. Environmental Protection Agency (EPA)
adopted New Source Performance Standards for new municipal solid waste
combustors as well as Emission Guidelines for existing units. The EPA then
amended these emission guidelines on October 24, 1997. Both the New Source
Performance Standards and Emission Guidelines apply to large units that combust
greater than 250 tons per day of municipal solid waste (MSW) (MassDEP,
2016b). In 1998, MassDEP adopted its own Municipal Waste Combustor Rule,
with a mercury emissions standard nearly three times more stringent than EPA’s.
The state of Massachusetts sought approval for these more stringent regulations
because combustion facilities were the leading source of mercury emissions in the
state (MassDEP, 2016b). The Massachusetts Department of Environmental
Protection, MassDEP, also imposed requirements on these units such as materials
separation requirements, electronic filing of compliance data, cumulative impact
requirements, as well as lowering mercury emission standards. The emission
limitation for mercury was lowered from the Federal limit of 0.080 milligrams per
dry standard cubic meter (mg/dscm) to 0.028 mg/dscm (MassDEP 2016b).
After the 1998 Municipal Waste Combustor Rule, MassDEP required
Massachusetts’ five largest operations, of seven total municipal solid waste
combustors currently operating in the state, to submit Emission Control Plans for
compliance with the new standards. This included creating facility-specific
emissions limits and operating parameters, estimating the reduction in mercury
emissions with controls in place, and emissions monitoring and reporting, as well
as reporting excess emissions events. By December 2000, all five facilities had
installed air pollution control technology to comply with MassDEP’s 1998 Rule
and their Emission Control Plans. Haverhill, North Andover, Saugus, Rochester,
and Millbury were the facilities subject to MassDEP’s 1998 Municipal Waste
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Combustor Rule. These combustors account for nearly 95 percent of all solid
waste combustion in the state (MassDEP, 2016b).
In 1996, the three largest mercury emission point source sectors were
municipal waste combustors, medical waste incinerators, and coal-fired power
plants. As of 2008, the Northeast States for Coordinated Air Use Management
(NESCAUM), estimates that Massachusetts Mercury air emissions were reduced
over 90% since 1996. In 2008, municipal waste combustors remained the largest
single source for mercury emissions on a percentage basis, but the total
percentage decreased from 82.4% of total emissions in 1996 to 39.9% total
emissions in 2008 (NESCAUM, 2011). All medical waste incinerators were shut
down in 2003; therefore, emissions from medical waste incinerators are now zero
with a 100 percent reduction from 1996 to 2008 (NESCAUM, 2011).
Fish Tissue Monitoring
Fish reflect elevated mercury inputs in the region. Northeast
Massachusetts had the highest concentration of point sources of atmospheric
mercury emissions, where some lakes were demonstrated as having fish with
tissue concentrations greater than 0.50 mg/kg. With fish tissue concentrations
greater than 0.50 mg/kg, the Massachusetts Department of Public Health began to
issue fish consumption advisories (Hutcheson, 2008; MassDEP, 2004). The study
of mercury in fish tissue throughout the Merrimack Valley lakes was initiated
before the adoption of the stricter municipal solid waste combustor regulations.
This provides an environmental baseline. Establishing this baseline allows for the
comparison of fish tissue mercury monitoring results throughout time after the
emissions reductions took place. These monitoring efforts demonstrate the
response of the environment to regulatory initiatives (Bank, 2012; MassDEP,
2004).
Merrimack River Water Body Selection
Seven of the twelve Merrimack River water bodies had available data for
three decades (1990s, 2000s, and 2010s). If a water body did not have available
data for all three decades, it was automatically excluded from the analysis.
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Therefore, this thesis focused on seven water to evaluate changing trends in
human health risk through time.
Figure 3-1 shows the location of the Merrimack River watershed. Figure
3-2 shows both the area and municipalities of the Massachusetts portion of the
Merrimack watershed. Figure 3-3 shows the locations of the water bodies in the
Merrimack River watershed selected for analysis in this thesis. All Figures are
located in Appendix A.
FIGURE 3-1 Location of Merrimack River Watershed

Maps produced by Carolyn Talmadge, Tufts University GIS specialist, with
guidance from the author.
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FIGURE 3-2 Area and Municipalities of the Massachusetts Portion of the
Merrimack River Watershed

Maps produced by Carolyn Talmadge, Tufts University GIS specialist, with
guidance from the author.
3.2.2 Selection of Water Bodies for Study
Fish from seven water bodies provided fish mercury data for the 1990s,
2000s, and 2010s decades: Chadwicks Pond (Haverhill/Boxford), Haggetts Pond
(Andover), Johnsons Pond (Groveland/Boxford), Lake Attitash
(Amesbury/Merrimac), Lake Cochichewick (North Andover), Pomps Pond
(Andover), and Stevens Pond (North Andover). Because these locations had the
most complete datasets these ponds and lakes were used for further analysis. I
produced summary statistics for fish mercury data from each pond or lake. I
evaluated data for each fish species included in the sample data; representative
species include largemouth bass, yellow perch, and smallmouth bass. Average
Total Mercury concentrations and fish weights were calculated per individual
sampling year. This was done for each of the seven representative water bodies.
Table 3-1 shows the location, years, and fish species of every sampling round at
each Merrimack River water body.
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FIGURE 3-3 Sampled Water Bodies in the Merrimack River Watershed

Map created by Carolyn Talmadge, Tufts GIS specialist, with guidance from the
author.
Table 3-1: Merrimack River Water Bodies Data
Water body
Location
Years Sampled

Fish Species

Chadwicks Pond

Haverhill/Boxford

1999, 2004, 2011

LMB, YP

Haggetts Pond

Andover

1999, 2003, 2004, 2009, 2011

LMB, YP

Johnsons Pond

Groveland/Boxford

1999, 2004, 2009, 2011

LMB, YP

Lake Attitash

Amesbury/Merrimac

1999, 2004, 2011

LMB, YP

Lake

North Andover

1999, 2001, 2002, 2004,

LMB, YP,

2010, 2011

SMB

Cochichewick
Pomps Pond

Andover

1999, 2001, 2004, 2009, 2011

LMB, YP

Stevens Pond

North Andover

1999, 2001, 2004, 2011

LMB, YP

LMB = Largemouth bass (Micropterus salmoides)
YP = Yellow perch (Perca flavescens)
SMB = Smallmouth bass (Micropterus dolomieu)
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3.2.3 Risk Assessment Procedure
I used guidance from MassDEP and USEPA to conduct the risk
assessment for this thesis and followed the Risk Assessment Paradigm of Hazard
Identification, Dose-Response Assessment, Exposure Assessment and Risk
Characterization. Section 2.0, Background, provides an overview of mercury
toxicity and is the basis of the Hazard Assessment. I used U.S. EPA’s Integrated
Risk Information System (IRIS) to identify the Reference Dose (RfD) for
methylmercury. I also used the Agency for Toxic Substances and Disease
Registry (ATSDR) minimum risk level (MRL) for methylmercury. This research
presents risk estimates derived from using the EPA RfD vs. ATSDR MRL values
for methylmercury. Table 3-2 lists the values for the RfD and MRL.

Table 3-2: Dose-Response Values
Agency
Dose-Response Value (mg/kgday)
Environmental Protection Agency Reference Dose

1.0E-04

(RfD)
Agency for Toxic Substances and Disease Registry

3.0E-04

Minimal Risk Levels (MRL)

Receptors evaluated in the risk assessment include children, adults, and
women of childbearing age who eat recreationally caught freshwater fish from the
seven lakes and ponds. The exposure route is ingestion of contaminated fish tissue
(MassDEP, 1995). Table 3-3 shows a summary of the Exposure Profiles including
receptors, exposure media, and exposure route.
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Table 3-3: Exposure Profile Summary
RECEPTOR
EXPOSURE MEDIA
EXPOSURE ROUTE
Child (Age 2-6)

Contaminated Fish

Ingestion of Fish Tissue

Tissue
Child (Age 7-16)

Contaminated Fish

Ingestion of Fish Tissue

Tissue
Adult

Contaminated Fish

Ingestion of Fish Tissue

Tissue
Woman of Childbearing

Contaminated Fish

Age

Tissue

Ingestion of Fish Tissue

Deterministic risk assessment was used to characterize the level of risk
that consumption of contaminated fish may pose to human health for non-cancer
endpoints.
The Massachusetts Contingency Plan (MCP) provides for the protection of
health, safety, public welfare and the environment by establishing requirements
and procedures for the assessment and cleanup of hazardous materials (MassDEP,
1995). Although the MCP is not applicable here, the risk assessment methodology
can be adapted. The following equation was used to estimate exposure to
methylmercury from consumption of contaminated fish from the Merrimack
River watershed. Different ingestion rates and consumption frequencies will be
evaluated to explore and quantify the difference in the difference in risk based on
various dietary patterns.
ADD =
(EPC x RAF x IR x EF x ED x C) ÷ (BW x AP)
Where:
ADD = Average Daily Dose, in mg/kg per day
EPC = Exposure Point Concentration, in mg/kg
RAF = Relative Absorption Factor, unitless
IR = Ingestion Rate, in g/week
EF = Exposure Frequency, in weeks/year
ED = Exposure Duration, in total years
C = Conversion Factor (1.0 g = 1.0E-03 kg)
BW = Body Weight, in kg
AP = Averaging Period, in total days
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The average daily dose (ADD) is an estimation of the daily exposure of a
receptor to a particular substance over a specified period. ADDs were calculated
for the four different receptor groups including young children ages 2 to 6 years
old, adolescent children ages 7 to 16 years old, adults over 16 years of age, and
women of childbearing age (MassDEP, 1995). The potential receptors were
divided into these subgroups because different age groups have substantially
diverse body sizes and engage in different dietary behaviors (regarding portion
size). Age groups also determine total periods of chronic exposure.
3.2.4 Selection of Exposure Parameters
Exposure Point Concentrations
The fish mercury concentrations for each of the seven lakes or ponds are the
Exposure Point Concentrations (EPCs) for the risk assessment. ProUCL was used
to determine the species specific EPCs for each year. ProUCL is a comprehensive
statistical software package developed by U.S. EPA for computing summary
statistics. It was developed by U.S. EPA to establish background levels, determine
outliers in data sets, and compare site-specific data for evaluation and risk
assessment (US EPA, 2013b). It is particularly useful in determining upper bound
concentrations from environmental samples and also provides upper bound
estimates for data that are not normally distributed, which is typical of
environmental data sets.
The following process was used to determine the species-specific EPC per
year for the seven water bodies. I entered the data into Pro-UCL to determine the
ninety-five percent upper confidence limit (95% UCL), or the upper ninety-five
percent confidence interval of the mean. This statistic provides a reasonable
estimate of species specific exposure per year. I used the 95% UCL for most data
sets. However, if the 95% UCL exceeded the maximum of the dataset, the
maximum concentration was used as the EPC. If there are fewer than 8 data
points in a set Pro-UCL does not calculate the 95% UCL because the calculation
often results in an unstable value particularly in log-normal distributions. For
small data sets, I used the maximum value for the EPC.
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Table 3-4: Species Specific Exposure Point Concentrations (mg/kg ww)
Water body
Species
1990’s
2000’s
2010’s
Chadwicks

LMB

1.32

1.19

0.84

Pond

YP

0.79

0.43

0.60

Haggetts Pond

LMB

1.26

0.74

1.03

YP

0.50

0.26

0.30

LMB

0.70

0.42

0.45

YP

0.34

0.21

0.14

LMB

1.17

0.46

0.59

YP

0.35

0.17

0.18

Lake

LMB

0.69

0.58

0.40

Cochichewick

YP

0.38

0.27

0.13

Johnsons Pond
Lake Attitash

SMB
Pomps Pond
Stevens Pond

0.46

LMB

1.63

0.30

0.37

YP

0.67

0.13

0.26

LMB

0.72

0.50

0.62

YP

0.51

0.14

0.20

LMB = Largemouth bass (Micropterus salmoides)
YP = Yellow perch (Perca flavescens)
SMB = Smallmouth bass (Micropterus dolomieu)
Ingestion Rate
I considered two ingestion rates for consumption of freshwater fish for
conducting risk assessment of these data. These include the upper-bound
ingestion rate and the central ingestion rate.
For the purpose of this thesis, I refer to the upper-bound ingestion rate
estimate as “High Intake”. MassDEP defines the upper bound ingestion rate as the
default fish ingestion rate for human health risk assessment in the Guidance for
Disposal Site Risk Characterization - In Support of the Massachusetts
Contingency Plan (MassDEP, 1995). I used the recommended default adult
ingestion rate, which is 32 grams/day. I used the recommended child ingestion
rate for children 2 through 6, equal to one-half the adult rate, or 16 grams per day.
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There is currently no ingestion rate provided by MassDEP for children ages 7
through 16; I used two-thirds of the adult’s rate, equal to 22 grams per day, for
children 7 through 16.
I refer to the central ingestion rate estimate as “Low Intake”. I calculated
the mean of the 1991 New York Angler, 1993 Maine Angler, and 1989 Michigan
survey values. A description of the 1991 New York Angler, 1993 Maine Angler,
and 1989 Michigan surveys can be found in the Section 2.11. The average central
exposure estimate for adults within those three studies is approximately 5.8 grams
per day (g/day). I used 5.8 g/day for a central estimate of adult freshwater fish
intake. For consistency with the derivation of the values for the high-end estimate,
I used a central estimate for child 2 through 6, equal to one half the adult value, at
2.9 g/day. I used a central estimate for child 7 through 16, equal to two-thirds of
the adult central value, at 3.9 g/day.
Table 3-5 shows the central estimate and high-end estimates from the
1991 New York Angler Survey, 1993 Maine Angler Survey, and 1989 Michigan
Survey that produced the central ingestion rate in this thesis.
Table 3-5: Fish Ingestion Rate Summary for Several Surveys
Study
1991 New York Angler Survey
(Connelly et al., 1992 as cited
in USEPA, 2000b)
All flowing water bodies
1993 Maine Angler Survey
(Ebert et al., 1993)
All flowing water bodies
Assuming only angler
consumes fish
1989 Michigan Survey (West
et al., 1989 as cited in USEPA,
1997c)
Recreational fish intake
(Adapted from USEPA, 2000b).

Average Daily Fish Consumption (g/day)
Central Estimate
High End Estimate
4.0
31.9

2.5

27

10.9

38.7
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The central ingestion rates selected for this risk assessment were based on
the above information in addition to information presented in Section 2.11.
Both the central and high-end ingestion rate estimates were given in grams
per day (g/day). I converted them from grams per day (g/day) to grams per week
(g/week).
Calculation of Ingestion Rates
Adult and Woman of Childbearing Age Ingestion Rate:
Default Ingestion Rate (High Intake) = 32 g/day
g/week = 32 g/day * 7 days/week = 224 g/week
Adult Ingestion Rate (Low Intake) = 5.8 g/day
g/week = 5.8 g/day * 7 days/week = 40.6 g/week
Child 2-6 Years Ingestion Rate
Default Ingestion Rate (High Intake) = ½ * (Default Adult Ingestion Rate) = ½ *
32 g/day per week = 16 g/day
g/week = 16 g/day * 7 days/week = 112 g/week
Child 2-6 Ingestion Rate (Low Intake) = ½ * (Adult Low Intake) = ½ * 5.8 g/day
= 2.9 g/day
g/week = 2.9 g/day * 7 days/week = 20.3 g/week
Child 7-16 Years Ingestion Rate
Default Ingestion Rate (High Intake) = 2/3 * (Default Adult Ingestion Rate) = 2/3
* 32 g/day = 21.3 g/day
g/week = 21.3 g/day * 7 days/week = 149.1 g/week
Child 7-16 Ingestion Rate (Low Intake) = 2/3 * (Adult Low Intake) = 2/3 * 5.8
g/day = 3.9 g/day
g/week = 3.9 g/day * 7 days/week = 27.3 g/week
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Exposure Frequency
A range of exposure scenarios were used in order to calculate a series of
Average Daily Exposures depending on fish consumption frequencies. Exposure
frequencies (meals/yr) were adapted from the 1991 New York Angler Survey
(Connelly et al., 1992; USEPA, 2000b). I used a range of exposure frequencies
including 1 meal/year, 5 meals/year, 10 meals/year, 15 meals/year, 28 meals/year,
51 meals/year, and 102 meals/year. Table 3-6 displays the ingestion frequencies
in meals per year.
Table 3-6: Summary of Exposure (Ingestion) Frequency
Percentiles

Ingestion Frequency
(meals/yr.)

10

1

20

2

30

3

40

5

50

6.4

60

10

70

15

80

28

90

51

95

102

98

292

99

393

Arithmetic Mean

28

(Adapted from USEPA, 2000b; Adapted from Distribution percentiles from the
1991 New York Angler Survey, Connelly et al., 1992).
Exposure Duration
The Exposure Duration for children is determined based on the age range
of the children in that group. This can be defined as the total period over which
the receptor was exposed. The Exposure Duration for children (2-6) is 5 years.
For children (7-16), it is 10 years. The exposure period of the child age groups is
the total amount of years that a receptor would be in that age group. The Exposure
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Duration for adults and women of childbearing age is 30 years. This represents a
conservative estimate of the time that someone would have similar exposure
patterns and consumption behaviors.
Relative Absorption Factor
For the exposure calculations, I assigned a Relative Absorption Factor
(RAF) value of 1.0 to methylmercury in order to represent the maximum possible
absorption from the gastrointestinal tract after ingesting contaminated fish.
Body Weight
It is assumed that the average child (2-6) weighs approximately 15 kg, a
child (7-16) is 40 kg, and an adult is 70 kg (MassDEP, 1995). Average weight for
women of reproductive age is 64 kg (USEPA, 2000b).
Averaging Period
When calculating ADD, the Averaging Period (AP) is equal to the
Exposure Duration in days. This is used in the assessment for non-cancer risk
(MassDEP, 2015). The averaging period is equal to the exposure duration (given
in years) multiplied by the total number of days per year (365 days per one year).
For children 2 through 6 this value is 2,190 days, for children 7 through 16 it is
3,650 days, and for adults and women of childbearing age it is 10,950 days.
3.2.5 Risk Characterization
To evaluate non-cancer risk, the risk of non-cancer impacts is calculated
for each receptor regarding the contaminant of concern (Hg). The identified noncancer risks are calculated and compared to a non-cancer risk limit, which is a
Hazard Index equal to one. The Hazard Index (HI) is defined as the ADD divided
by the benchmark toxicity dose (i.e., for this evaluation, the EPA RfD or ATSDR
MRL).
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Hazard Index (HI):
(ADD) ÷ (RfD or MRL)
Where:
ADD = Average Daily Dose, in mg/kg per day
RfD = Reference Dose, in mg/kg per day
MRL = Minimal Risk Level, in mg/kg per day
If the HI for a particular receptor is greater than 1, the possibility of
adverse health effects occurring as a result of eating fish from the water body
being evaluated cannot be ruled out.
Determining Reduction in Risk:
a. Calculate quantitative HI for each receptor per species and worst-case
scenario.
b. Determine HI percentage change for water bodies across receptor groups.
Percent change in risk is determined for the consumption of each fish
species from year to year and worst-case scenario from decade to decade.
Percent Change from Year to Year:
(HI(Previous year) − HI(Latter year)) ÷ (HI(Previous year)) × (100)
Positive numbers signify a percent decrease, and negative numbers signify a
percent increase.
Example of percent change in risk calculation from year to year:
A water body was sampled for largemouth bass (LMB) during the years 1999,
2003, 2004, 2009, and 2011.
Between 1999-2003: (HI(1999) − HI(2003)) ÷ (HI(1999)) × 100
Between 2003-2004: (HI(2003) − HI(2004)) ÷ (HI(2003)) × 100
Between 2004-2009: (HI(2004) − HI(2009)) ÷ (HI(2004)) × 100
Between 2009-2011: (HI(2009) − HI(2011)) ÷ (HI(2009)) × 100
c. Determine HI percentage change for water bodies across receptor groups
from baseline, i.e. HI(1999) to latter years.
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Percent Change from Baseline:
(HI(1999) − HI(Latter year)) ÷ (HI(1999)) × 100
Positive numbers signify a percent decrease, and negative numbers signify
a percent increase.
Example of percent change calculation from baseline:
A water body was sampled for largemouth bass (LMB) during the years
1999, 2003, 2004, 2009, and 2011.
Between 1999-2003: (HI(1999) − HI(2003)) ÷ (HI(1999)) × 100
Between 1999-2004: (HI(1999) − HI(2004)) ÷ (HI(1999)) × 100
Between 1999-2009: (HI(1999) − HI(2009)) ÷ (HI(1999)) × 100
Between 1999-2011: (HI(1999) − HI(2011)) ÷ (HI(1999)) × 100
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4.0 RESULTS
This study focused on the changes in risk assessment outcomes over time
for people who eat mercury-contaminated fish at Chadwicks Pond, Haggetts
Pond, Johnsons Pond, Lake Attitash, Lake Cochichewick, Pomps Pond, and
Stevens Pond. These ponds were selected for detailed review because fish
mercury data were available from each decade for largemouth bass and yellow
perch. The figures in Section 4.3 show HI (RfD, High Intake) and HI (RfD, Low
Intake) for the child between ages 2 and 6 for each year with available data.
Summary risk tables with all calculated risks for 2 through 6-year-old children, 7
through 16-year-old children, adults, and women of childbearing age are found in
Appendix B.
4.1 Results of the Risk Calculations
Exposure Calculation
The exposure calculation spreadsheets for all water bodies are located in
Appendix C. The risk estimates are provided as the Hazard Index (HI) for noncancer risk. The different risk classifications are listed as HI (MRL) High Intake,
HI (MRL) Low Intake, HI (RfD) High Intake, and HI (RfD) Low Intake.
Exposure Point Concentration
The exposure point concentrations (EPC) used in this thesis were species
specific for each year. Most of the species-specific EPCs used for Chadwicks
Pond, Haggetts Pond, Johnsons Pond, Lake Attitash, Lake Cochichewick, Pomps
Pond, and Stevens Pond were calculated using the 95% UCLs. There were three
exceptions: Stevens Pond 2001 yellow perch (with a sample size of 1 fish),
Stevens Pond 2004 yellow perch (with a sample size of 2 fish); and Chadwicks
Pond 2010 yellow perch (with a sample size of 4 fish). The maximum values were
used for the EPCs from these ponds because the 95% UCL exceeded the
maximum of the dataset, thus the maximum concentration was used as a more
stable EPC.
Table 4-1 summarizes the inputs used to estimate the Average Daily Dose for
each receptor evaluated in the risk calculations.
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Table 4-1: Summary of Exposure Calculation Inputs
Input

Receptor
Child 2-6

Child 7-16

Adult

Woman of
Childbearing Age

EPC (mg/kg)

Species-specific EPCs (95% UCLs), unless specified otherwise in
Section 4.1, per year were used.

Relative Absorption Factor

Conservative value of 1.0

(unitless)
Ingestion Rate (g/week)

Exposure Frequency
(weeks/year)
Exposure Duration (Total Years)
Conversion Factor (kg/g)

High: 112

High: 149.1

High: 224

High: 224

Low: 20.3

Low: 27.3

Low: 40.6

Low: 40.6

Number of fish meals per year: 1, 5, 10, 15, 28, 51, and 102 meals
yearly.
5

10

30

30

A value used for unit conversion: 1.00E-03

Body Weight (kg)

15

40

70

64

Averaging Time (Total days)

1825

3650

10950

10950

Receptor-specific (i.e. absolute) non-cancer risks based on the parameters
summarized in Table 4-1 were calculated along with percent changes in these
risks over time. Percent changes in risk are proportional for all receptors because
the input variables are proportional for each receptor. Percent changes in risk are
proportional for the four measures of calculated risk: HI (MRL, High Intake), HI
(MRL, Low Intake), HI (RfD, High Intake), and HI (RfD, Low Intake) across all
exposure frequencies (i.e. number of fish meals per year).
4.2 Summary Risk Tables for Merrimack River Watershed
The calculated Hazard Index (HI) is a ratio that provides a quantitative
relationship between the estimated exposure and the threshold toxicity benchmark
value. A HI less than or equal to 1 suggests that the estimated exposure does not
exceed the toxicity threshold. A HI greater than 1 suggests that there is potential
for toxic effects. Summary risk tables for all receptors are located in Appendix B.
The receptors evaluated in this thesis were a child between the ages of 2 and 6, a
child between the ages of 7 through 16, an adult, and a woman of childbearing
age.
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4.3 Summary of Percent Change in Risk from Year to Year
Table 4-2 displays percent changes in calculated risk from year to year for
each representative water body in the Merrimack River watershed. Statistical
significance was not evaluated because of small sample sizes.
Table 4-2: Summary of Percent Changes in Risk from Year to Year
Fish

Time

Chadwicks

Haggetts

Johnsons

Lake

Lake

Pomps

Stevens

Species

Period
1999 to

Pond

Pond

Pond

Attitash

Cochichewick

Pond

Pond

1

-95

0

-25

236

-44

2001
1999 to
2003
1999 to
Largemouth
bass

2004
2001 to

-80
-10

2004
2003 to

-47

-61

400

2004
2004 to

-43

2009

46

63

2004 to

-13

2010
2004 to
2011
2009 to

-29

29
43

2011

-18

-19

2010 to

-19

2011
1999 to

-9

2001
1999 to
2003
1999 to
Yellow
perch

2004
2001 to

-46

-38

-88

26

133

75

42

-50
-23

2004
2002 to

-33

2004
2003 to

-11

2004
2004 to

2011
2010 to

-82

-43

2002
2001 to

2010
2004 to

53

-38
40

17

-34

4
35

2011

Note: Negative numbers signify decrease
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Chadwicks Pond
Largemouth bass were sampled during 1999, 2004, and 2011. Table 4-2
shows that risk from consumption of largemouth bass at Chadwicks Pond
decreased 10 percent between 1999 and 2004. Risk decreased 29 percent between
2004 and 2011.
Yellow perch were sampled during 1999, 2004, and 2011. Risk from
consumption of yellow perch at Chadwicks Pond decreased 46 percent between
1999 and 2004, and risk increased 40 percent between 2004 and 2011.
Figure 4-1 displays risks associated with eating contaminated fish at
Chadwicks Pond for a young child between ages 2 through 6 during 1999, 2004,
and 2011.
Figure 4-1

Chadwicks Pond Child 2-6 HI at 10 Meals Per Year
3.0E+00
2.5E+00
2.0E+00
HI(RfD) 1.5E+00
1.0E+00
5.0E-01
0.0E+00
1999

2004
Sampling Year

Largemouth bass, High Intake

Yellow perch, High Intake

Largemouth bass, Low Intake

Yellow perch, Low Intake

Fish Species and Intake
Largemouth bass, High Intake
Yellow perch, High Intake
Largemouth bass, Low Intake
Yellow perch, Low Intake

1999
2.7E+00
1.6E+00
4.9E-01
2.9E-01
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2011

Sampling Year
2004
2011
2.4E+00
1.7E+00
8.8E-01
1.2E+00
4.4E-01
3.1E-01
1.6E-01
2.2E-01

Haggetts Pond
Largemouth bass were sampled from Haggetts Pond in 1999, 2003, 2004,
2009, and 2011. Table 4-2 shows that risk from consumption of largemouth bass
at Haggetts Pond decreased by 80 percent between 1999 and 2003. Risk increased
400 percent between 2003 and 2004. Risk decreased 43 percent between 2004 and
2009. Risk increased 43 percent between 2009 and 2011.
Yellow perch were sampled in 1999, 2003, 2004, and 2011. Table 4-2
shows that risk from consumption of yellow perch at Haggetts Pond decreased by
43 percent between 1999 and 2003. Risk decreased by 11 percent between 2003
and 2004. Risk increased 17 percent between 2004 and 2011. Figure 4-2 displays
calculated risks associated with eating contaminated fish at Haggetts Pond.
Figure 4-2

Haggetts Pond Child 2-6 HI at 10 Meals Per Year
3.0E+00
2.5E+00
2.0E+00
HI(RfD) 1.5E+00
1.0E+00
5.0E-01
0.0E+00
1999

2003

2004
Sampling Year

2009

Largemouth bass, High Intake

Yellow perch, High Intake

Largemouth bass, Low Intake

Yellow perch, Low Intake

Fish Species and Intake
Largemouth bass, High Intake
Yellow perch, High Intake
Largemouth bass, Low Intake
Yellow perch, Low Intake

1999
1.2E+00
4.8E-01
2.2E-01
8.7E-02

53

Sampling Year
2003
2004
2009
2.4E-01 1.2E+00 6.9E-01
2.7E-01 2.4E-01
4.4E-02 2.2E-01 1.3E-01
4.9E-02 4.4E-02

2011

2011
9.8E-01
2.9E-01
1.8E-01
5.2E-02

Johnsons Pond
Largemouth bass were sampled from Johnsons Pond in 1999, 2004, 2009,
and 2011. Table 4-2 shows that risk decreased by 47 percent between 1999 and
2004 for consumption of largemouth bass. Risk increased 46 percent between
2004 and 2009, and it decreased 18 percent between 2009 and 2011.
Yellow perch were sampled in 1999, 2004, and 2011. Table 4-2 shows
that risk decreased by 38 percent between 1999 and 2004 for consumption of
yellow perch. Risk decreased 34 percent between 2004 and 2011.
Figure 4-3 displays calculated risks for a young Child between the ages of
2 and 6 associated with eating 10 meals per year of contaminated fish at Johnsons
Pond.
Figure 4-3

Johnsons Pond Child 2-6 HI at 10 Meals Per Year
1.6E+00
1.4E+00
1.2E+00
1.0E+00
HI(RfD) 8.0E-01
6.0E-01
4.0E-01
2.0E-01
0.0E+00
1999

2004
2009
Sampling Year

2011

Largemouth bass, High Intake

Yellow perch, High Intake

Largemouth bass, Low Intake

Yellow perch, Low Intake

Fish Species and Intake
Largemouth bass, High Intake
Yellow perch, High Intake
Largemouth bass, Low Intake
Yellow perch, Low Intake

1999
6.7E-01
3.2E-01
1.2E-01
5.9E-02
54

Sampling Year
2004
2009
3.5E-01
5.2E-01
2.0E-01
6.4E-02
9.4E-02
3.7E-02

2011
4.3E-01
1.3E-01
7.7E-02
2.4E-02

Lake Attitash
Largemouth bass were sampled in 1999, 2004, and 2011. Table 4-2 shows
that risk decreased by 61 percent between 1999 and 2004 for the consumption of
largemouth bass. Risk increased 29 percent between 2004 and 2011.
Yellow perch were sampled in 1999, 2004, and 2011. Table 4-2 also
shows that risk decreased 50 percent for the consumption of yellow perch from
1999 to 2004, and it increased 4 percent from 2004 to 2011.
Figure 4-4 displays the calculated risks associated with eating
contaminated fish each year at Lake Attitash for a young child.
Figure 4-4

Lake Attitash Child 2-6 HI at 10 Meals Per Year
3.0E+00
2.5E+00
2.0E+00
HI(RfD) 1.5E+00
1.0E+00
5.0E-01
0.0E+00
1999

2004
Sampling Year

Largemouth bass, High Intake

Yellow perch, High Intake

Largemouth bass, Low Intake

Yellow perch, Low Intake

2011

Sampling Year
1999
2004
2011
1.1E+00 4.4E-01 5.7E-01
3.3E-01
1.7E-01 1.7E-01
2.0E-01
8.0E-02 1.0E-01
6.0E-02
3.0E-02 3.2E-02

Fish Species and Intake
Largemouth bass, High Intake
Yellow perch, High Intake
Largemouth bass, Low Intake
Yellow perch, Low Intake
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Lake Cochichewick
Largemouth bass were sampled in 1999, 2001, 2004, 2010, and 2011.
Table 4-2 shows that risk increased 1 percent between 1999 and 2001 for
consumption of largemouth bass. Risk decreased 25 percent from 2001 to 2004,
decreased 13 percent from 2004 to 2010, and decreased 19 percent from 2010 to
2011.
Yellow perch were sampled in 1999, 2001, 2002, 2004, 2010, and 2011.
Table 4-2 shows that risk decreased 9 percent from 1999 to 2001 for consumption
of yellow perch. Risk decreased 23 percent from 2001 to 2002, decreased 33
percent from 2002 to 2004, and decreased 38 percent from 2004 to 2010. It
increased 35 percent from 2010 to 2011. Figure 4-5 displays HI for a young child.
Figure 4-5

Lake Cochichewick Child 2-6 HI at 10 Meals Per Year
1.6E+00
1.4E+00
1.2E+00
1.0E+00
HI(RfD) 8.0E-01
6.0E-01
4.0E-01
2.0E-01
0.0E+00
1999

2001

2002
2004
Sampling Year

2010

Largemouth bass, High Intake

Yellow perch, High Intake

Smallmouth bass, High Intake

Largemouth bass, Low Intake

Yellow perch, Low Intake

Smallmouth bass, Low Intake

Fish Species and Intake
1999
Largemouth bass, High Intake 6.7E-01
Yellow perch, High Intake
3.6E-01
Smallmouth bass, High Intake
Largemouth bass, Low Intake 1.2E-01
Yellow perch, Low Intake
6.6E-02
Smallmouth bass, Low Intake
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2011

Sampling Year
2001
2002
2004
2010
2011
6.7E-01
5.1E-01 4.4E-01 3.6E-01
3.3E-01 2.5E-01 1.7E-01 1.1E-01 1.4E-01
4.4E-01
1.2E-01
9.2E-02 8.0E-02 6.5E-02
6.0E-02 4.6E-02 3.1E-02 1.9E-02 2.6E-02
8.0E-02

Pomps Pond
Largemouth bass were sampled in 1999, 2001, 2004, 2009, and 2011.
Table 4-2 shows that risk decreased 95 percent from 1999 to 2001 for
consumption of largemouth bass. Risk increased 236 percent from 2001 to 2004,
and it increased 63 percent from 2004 to 2009. Risk decreased 19 percent from
2009 to 2011.
Yellow perch were sampled in 1999, 2001, 2004, and 2011. Table 4-2 also
shows that risk decreased 82 percent from 1999 to 2001 for consumption of
yellow perch. Risk increased 26 percent from 2001 to 2004, and risk increased 75
percent from 2004 to 2011. Figure 4-6 displays risks associated with eating 10
meals of contaminated fish per sampling year at Pomps Pond.
Figure 4-6

Pomps Pond Child 2-6 HI at 10 Meals Per Year
3.5E+00
3.0E+00
2.5E+00
HI(RfD)

2.0E+00
1.5E+00
1.0E+00
5.0E-01
0.0E+00
1999

2001

2004
Sampling Year

2009

Largemouth bass, High Intake

Yellow perch, High Intake

Largemouth bass, Low Intake

Yellow perch, Low Intake

Fish Species and Intake
Largemouth bass, High Intake
Yellow perch, High Intake
Largemouth bass, Low Intake
Yellow perch, Low Intake

1999
1.6E+00
6.4E-01
2.8E-01
1.2E-01
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Sampling Year
2001
2004
2009
7.9E-02
2.7E-01 4.3E-01
1.1E-01
1.4E-01
1.4E-02
4.8E-02 7.8E-02
2.1E-02
2.6E-02

2011

2011
3.5E-01
2.5E-01
6.4E-02
4.5E-02

Stevens Pond
Largemouth bass were sampled for in 1999, 2001, 2004, and 2011. Table
4-2 shows that risk did not increase or decrease from 1999 to 2001 for
consumption of largemouth bass. Risk decreased 44 percent from 2001 to 2004,
and it increased 53 percent from 2004 to 2011.
Yellow perch were sampled for in 1999, 2001, 2004, and 2011. Table 4-2
shows that risk decreased 88 percent from 1999 to 2001 for consumption of
yellow perch. Risk increased 133 percent from 2001 to 2004 and increased 42
percent from 2004 to 2011.Figure 4-7 displays risks associated with eating
contaminated fish at Stevens Pond during 1999, 2001, 2004, and 2011.
Figure 4-7

Stevens Pond Child 2-6 HI at 10 Meals Per Year
1.6E+00
1.4E+00
1.2E+00
1.0E+00
HI(RfD) 8.0E-01
6.0E-01
4.0E-01
2.0E-01
0.0E+00
1999

2001
2004
Sampling Year

Largemouth bass, High Intake

Yellow perch, High Intake

Largemouth bass, Low Intake

Yellow perch, Low Intake

Fish Species and Intake
Largemouth bass, High Intake
Yellow perch, High Intake
Largemouth bass, Low Intake
Yellow perch, Low Intake

1999
6.9E-01
4.9E-01
1.2E-01
8.9E-02
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Sampling Year
2001
2004
6.9E-01
3.9E-01
5.8E-02
1.3E-01
1.2E-01
7.0E-02
1.0E-02
2.4E-02

2011

2011
5.9E-01
1.9E-01
1.1E-01
3.5E-02

4.4 Summary of Percent Change in Risk from Baseline HI(1999) to Later
Years
Table 4-3 summarizes the percent changes from baseline HI(1999) to later
risks estimated in the 2000s and 2010s decades associated with fish consumption
at each water body. For the purpose of this thesis, HI(1999) is determined as the
baseline.
Risks from consuming largemouth bass in 2004 and 2011 from Chadwicks
Pond are below the baseline. Risks from the consumption of yellow perch in 2004
and 2011 also demonstrate decreased risk from 1999.
Risks calculated using the 2003, 2009, and 2011 sampling data for
largemouth bass at Haggetts Pond are below the baseline. Risks in 2003, 2004,
and 2011 for consumption of yellow perch at Haggetts Pond also demonstrate
decreased risk.
Risks calculated using the 2004, 2009, and 2011 fish sampling data for
largemouth bass from Johnsons Pond decreased from the baseline. Risks using the
2004 and 2011 data for yellow perch from Johnsons Pond demonstrate decreased
risk compared to the baseline.
Risk calculations for the consumption of largemouth bass in 2004 and
2011 from Lake Attitash are below the baseline. Risks for the consumption of
yellow perch in 2004 and 2011 also demonstrate decreased risk from 1999.
Risks using the 2004, 2010, and 2011 data for largemouth bass from Lake
Cochichewick are all below the baseline. Risks using the 2001, 2002, 2004, 2010,
and 2011 data for yellow perch from Lake Cochichewick demonstrate decreased
risk.
Risks using the 2001, 2004, and 2009 fish sampling data decreased from
the baseline for consumption of largemouth bass from Pomps Pond. Risks using
the 2001, 2004, and 2011 data for yellow perch decreased from 1999 at Pomps
Pond.
Calculated risks using the 2004 and 2011 data for largemouth bass at
Stevens Pond are below the baseline. Risks for consumption of yellow perch at
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Stevens Pond based on the 2001, 2004, and 2011 fish sampling data decreased
compared to the baseline values.
Statistical significance was not determined because of small sample sizes.
Table 4-3: Summary of Percent Change from Baseline HI(1999)
Fish

Time

Chadwicks

Haggetts

Johnsons

Lake

Lake

Pomps

Stevens

Species
Largemouth
bass

Period
1999 to

Pond

Pond

Pond

Attitash

Cochichewick

Pond

Pond

1

-95

-24

-83

2001
1999 to
2003
1999 to
2004
1999 to

-80
-10

2009
1999 to
2010
1999 to
Yellow
perch

2011
1999 to

1

-47

-42

-23

-61

-34
-36

-18

-36

-49

2010
1999 to
2011

-46

-78

-14

-9

-82

-88

-78

-73

-61

-61

-30

2002
1999 to

2004
1999 to

-43

-72

2001
1999 to

2003
1999 to

0

-43
-46

-49

-38

-50

-53
-71

-24

-40

-34

Note: Negative values signify decrease
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-48

-61

5.0 DISCUSSION
In this research, I conducted risk assessments using guidance from both
the U.S Environmental Protection Agency (USEPA) and the Massachusetts
Department of Environmental Protection (MassDEP) to evaluate risks from
consuming fish from water bodies in the Merrimack River watershed. The risk
assessments evaluated people who potentially eat varying amounts of fish from
the freshwater bodies included in the study and compared their exposure to
mercury in fish to EPA’s Reference Dose (RfD) and the ATSDR Minimal Risk
Level (MRL) for mercury.
The RfD and MRL are both indicators of an exposure that is not likely to
result in adverse health effects. They are threshold estimates that can be used to
calculate risk ratios that indicate if an exposure is greater than or less than the
estimated threshold. Both are based on toxicity data and are derived using
uncertainty (safety) factors that allow comparisons between effects observed in
laboratory animals and potential toxic effects in humans. The comparisons are
made by dividing the estimated exposure by either the RfD or MRL resulting in a
ratio that provides a quantitative relationship between the estimated exposure and
the threshold. This ratio is commonly called a hazard index (HI) or hazard
quotient (HQ). It will be referred to as HI in this thesis. A HI less than or equal
to 1 indicates that the estimated exposure does not exceed the threshold and the
potential for toxic effects is low. A HI greater than 1 indicates that there is a
potential for toxic effects; this was the assumption used to evaluate the HI results.
5.1 Varying Parameters and Risk Classification
Using four measures of risk for each receptor, : HI (MRL, High Intake),
HI (MRL, Low Intake), HI (RfD, High Intake), and HI (RfD, Low Intake),
demonstrated how much human health risk can vary depending on how
calculation inputs are defined in the risk assessment.
The HI(High Intake) values are 5.5 times greater than the HI(Low Intake)
values (e.g., for an adult, 224 g/week (High Intake) divided by 40.6 g/week (Low
Intake) is equal to 5.5). Since the exposure point concentrations and HI’s are
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proportional to intake, the HI’s based on High Intake are 5.5 times higher than
HI’s based on Low Intake for HI’s calculated using both the RfD and the MRL.
These observations are consistent with the risk assessment guidelines for
toxicity risk assessment produced by the U.S. Environmental Protection Agency.
For example, the objective of looking at the upper end of the exposure distribution
is to derive a realistic estimate of highly exposed individual(s). This may involve
identifying a specified upper percentile of exposure in the population or
estimating the exposure of the highly exposed group. It is also important to
quantify exposure for sensitive or susceptible populations, those within the
exposed population who have increased risk of expressing adverse effect (US
EPA, 1991). This is also stated in (MassDEP, 1995),
“This default fish consumption rate should be used when evaluating fish intake by
sportfishermen (and sportfisherwomen!). The risk assessment should evaluate
exposure to those recreational anglers who use the fishery resource to its fullest
extent. Risk characterization should describe the full extent of site activities
consistent with an identified site use. In this situation, the site use is catching and
consuming fish and the risk characterization should evaluate individuals who
consume fish to the fullest extent. In other words, the evaluation of exposure to
sportfishers from ingesting contaminated fish should focus on the subgroup of
anglers who eat a relatively large amount of fish from the water body of concern.”
Some people, primarily sport anglers, consume high levels of sport-caught
fish by choice and others catch fish to feed their families for socioeconomic
reasons. If a person is at the upper end of the fish consumption intake distribution,
he or she will be more at risk because of consuming more fish meals per year.
5.1.1 U.S. EPA Reference Dose (RfD) Versus ATSDR Minimal Risk Level
(MRL)
Differences in calculated HIs reflect differences in intake (i.e., High vs.
Low) as well as the relative magnitude of the benchmarks (i.e., RfD, MRL) used.
The MRL value is three times greater than the RfD and thus the RfD is the more
protective benchmark value. Therefore, the most conservative HI is the HI(RfD)
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for the most exposed group (i.e., High Intake). It is more protective of both
susceptible and general populations.
5.1.2 Calculated Risk Using Multipliers
A child between the ages of 2 and 6 was used as the reference receptor
because this represents the most exposed receptor of the sensitive subgroups.
Exposure estimates for the other receptors identified for this evaluation are lower.
The other receptors vary from the reference receptor in both body weight and
ingestion rates. These parameters can be used to develop receptor-specific
mathematical multipliers. The multipliers for each of the non-baseline receptors
reflect the proportional exposure to that receptor relative to the exposure
calculated for the baseline receptor. For example, the multiplier of 0.5 for Low
Intake ingestion for a child, age 7-16 indicates that the exposure to this receptor
based on body weight and ingestion rate will be half of that estimated for the
child, age 2-6. Table 5-1 displays multiplier values which demonstrate the
calculated risks for other receptors in comparison to the reference receptor of a
child between the ages of 2 and 6.
Table 5-1: Multipliers for Child 7-16, Adult, and Woman of Childbearing
Age in Comparison to Child 2-6
Receptor
Child 2-6
Child 7-16
Adult
Woman of
Childbearing Age

Body

Ingestion

Weight

Rate

15

20.3

MULTIPLIERS
BW

IR

TOTAL

27.3

0.375

1.34

0.50

149.1

0.375

1.33

0.50

40.6

0.214

2.00

0.43

224

0.214

2.00

0.43

40.6

0.234

2.00

0.47

224

0.234

2.00

0.47

112
40
70
64
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The risks for the 7-16 year old child, adult, and woman of childbearing
age are less than the risk for a 2-6 year old child.
5.2 Tipping Point and Massachusetts Department of Public Health Risk
Management Approach
The Massachusetts Department of Public Health (MDPH) issues two types
of advisories relative to consumption of methylmercury-contaminated fish. A fish
advisory is assigned (for specific fish species) to any water body in which the
average concentration of mercury in this species exceeds 0.5 ppm. Also, general
statewide advisories recommend that pregnant women should be advised of
potential health risks from eating any fish, with exception of stocked trout, from
Massachusetts’s freshwater bodies. These general advisories are issued to protect
developing fetuses from exposure to mercury. The current advisories recommend
that each individual should consult with his or her medical practitioner to weigh
risks and benefits associated with consuming fish that may contain elevated levels
of mercury. This risk management approach is attempting to balance an important
public health concern (toxicity of methylmercury) as well as promote health
(heart healthy benefits of fish consumption) (MDPH, 1995).
This discussion uses the concept of a tipping point to evaluate the
relationship between the amount of self-caught freshwater fish consumed and
risk. The tipping point is the exposure scenario (in meals per year) at which the
HI exceeds 1 and which therefore represents a potential adverse health effect. The
tipping point is reached at each water body when the number of meals consumed
per year indicates potential risk for consumers. This section describes the high
intake tipping points for children between the ages of 2 and 6. Other receptors
have approximately half the risk of a young child between the ages of 2 and 6.
Therefore, their tipping points are approximately double the young child’s.
5.2.1 Current Fish Consumption Advisories
As of 2013, the Massachusetts Department of Public Health, Bureau of
Environmental Health, released freshwater fish consumption advisories for
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Massachusetts’s fresh water bodies. Table 5-2 shows the watershed freshwater
fish consumption advisories for the water bodies studied in this research.
Table 5-2 Merrimack River Watershed Freshwater Fish Consumption
Advisories
Water Body

Town(s)

Fish Advisory

Hazard

Chadwicks Pond

Boxford,
Haverhill
Andover

P6

Mercury

P1 (all species), P2
(LMB), P4
P1 (LMB), P3 (LMB)

Mercury

P1 (all species), P2
(LMB), P4
P1 (LMB), P3 (LMB)

Mercury

Haggetts Pond
Johnsons Pond
Lake Attitash
Lake
Cochichewick
Pomps Pond

Groveland,
Boxford
Amesbury,
Merrimac
North Andover
Andover

Mercury

Mercury

P1 (all species), P2
Mercury
(LMB), P4
Stevens Pond
North Andover P1 (LMB), P3 (LMB)
Mercury
Fish Code
Meaning
LMB
Largemouth bass
P1 (all species)
Children younger than 12 years of age, pregnant women,
women of childbearing age who may become pregnant, and
nursing mothers should not eat any fish from this water
body.
P1 (species)
Children younger than 12 years of age, pregnant women,
women of childbearing age who may become pregnant, and
nursing mothers should not eat any of the affected fish
species (in parenthesis) from this water body.
P2 (species)
The general public should not consume any of the affected
fish species (in parenthesis) from this water body.
P3 (species)
The general public should limit consumption of affected fish
species (in parenthesis) to two meals per month.
P4
The general public should limit consumption of non-affected
fish from this water body to two meals per month.
P5
The general public should limit consumption of all fish from
this water body to two meals per month.
P6
No one should consume any fish from this water body.
(Table 5-2 adapted from: Massachusetts Department of Public Health, 2013).
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Chadwicks Pond
Table 5-3 displays when the risk, based on the number of fish meals
consumed per year, for a child between the ages of 2 and 6 reaches the tipping
point at Chadwicks Pond for each sampling year. The tipping point for a young
child ranges from 5 to 10 meals per year for eating largemouth bass. Therefore,
the tipping point for an adult would be approximately 10 to 20 meals per year.
The tipping point for eating yellow perch fluctuates between 10 to 15
meals per year for a small child. The tipping point for adults would also fluctuate
between 20 to 30 meals per year for eating yellow perch.
Table 5-3: Exposure Scenario, in Meals per Year, with Risks (HI) Greater
than 1 for Child 2-6 at Chadwicks Pond
Exposure Scenario (Meals Per Year)
Intake/Fish Species
High Intake
Largemouth bass
Yellow perch
Low Intake
Largemouth bass
Yellow perch

Sampling Year At Chadwicks Pond
1999
2004
2011
5
5
10
10
15
10
1999
28
51

2004
28
102

2011
51
51

Haggetts Pond
Table 5-4 displays when the calculated risk for a 2 through 6-year-old
child reaches its tipping point at Haggetts Pond. For consumption of largemouth
bass, children ages 2 through 6 reach the tipping point ranging from 5 meals to 28
meals per year. Adults can eat approximately twice the number of meals
compared with children ages 2 through 6 because, as observed in Table 5-1, their
exposure and risks are half the value of a small child’s. Adults consuming
largemouth bass reach the tipping point at consumption rates ranging from
approximately 10 meals per year through 56 meals per year throughout time. In
2011, adults eating largemouth bass reach the tipping point at approximately 10
meals per year.
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A young child between the ages of 2 and 6 reaches the tipping point when
eating 10 yellow perch meals per year in 1999 and 28 meals per year in 2003,
2004, and 2011. The adult would reach the tipping point at approximately 20
meals per year in 1999 and approximately 56 meals per year in 2003, 2004, and
2011.
Table 5-4: Exposure Scenario, in Meals per Year, with Risks (HI) Greater
than 1 for Child 2-6 at Haggetts Pond
Intake/Fish Species

Exposure Scenario (Meals Per Year)
Sampling Year At Haggetts Pond

High Intake
Largemouth bass
Yellow perch

1999
5
10

2003
28
28

2004
5
28

2009
10

2011
5
28

Low Intake
Largemouth bass
Yellow perch

1999
28
102

2003
>102
102

2004
28
>102

2009
51

2011
28
51

Johnsons Pond
Table 5-5 displays when risk for a child between the ages of 2 through 6
exceeds 1 at Johnsons Pond. Young children between the ages of 2 and 6 eating
largemouth bass reach the tipping point at 10 and 15 meals per year. It fluctuates
from each subsequent sampling year between 10 to 15 meals. Young children
eating yellow perch reach the tipping point at 15 meals per year in 1999, 28 meals
per year in 2004, and 51 meals per year in 2011.
Adults eating largemouth bass reach the tipping point at approximately 20
and 30 meals per year at Johnsons Pond. As with the young children, the tipping
point fluctuates from year to year between 20 to 30 meals. Adults eating yellow
perch reach the tipping point at approximately 30 meals per year in 1999, 56
meals per year in 2004, and 102 meals per year in 2011.
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Table 5-5: Exposure Scenario, in Meals per Year, with Risks (HI) Greater
than 1 for Child 2-6 at Johnsons Pond
Intake/ Fish
Species
High Intake
Largemouth bass
Yellow perch

Exposure Scenario (Meals Per Year)
Sampling Year At Johnsons Pond
1999
2004
2009
2011
10
15
10
15
15
28
51

Low Intake
Largemouth bass
Yellow perch

1999
51
102

2004
102
>102

2009
51

2011
102
>102

Lake Attitash
Table 5-6 displays when risk for a 2 through 6-year-old child reaches its
tipping point at Lake Attitash. Young children between the ages of 2 and 6 eating
largemouth bass reached the tipping point ranging from 5 to 15 meals per year
during each sampling event. Young children eating yellow perch reached the
tipping point at 15 meals per year in 1999 and 28 meals per year in 2004 and
2011.
Adults consuming largemouth bass at Lake Attitash reached their tipping
point at approximately 10 meals per year in 1999, 30 meals per year in 2004, and
20 meals per year in 2011. Adults consuming yellow perch reached their tipping
points at approximately 30 meals per year in 1999 and 56 meals per year in 2004
and 2011.
Table 5-6: Exposure Scenario, in Meals per Year, with Risks (HI) Greater
than 1 for Child 2-6 at Lake Attitash
Exposure Scenario (Meals Per Year)

Intake/Fish
Species
High Intake
Largemouth bass
Yellow perch

Sampling Year At Lake Attitash
1999
2004
2011
5
15
10
15
28
28

Low Intake
Largemouth bass
Yellow perch

1999
28
102

2004
102
>102
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2011
51
>102

Lake Cochichewick
Table 5-7 displays when the risk for a child between the ages of 2 through
6 reaches its tipping point at Lake Cochichewick. A young child eating
largemouth bass reaches the tipping point between 10 to 15 meals per year
throughout the sampled years spanning from 1999 to 2011. A young child eating
yellow perch reaches the tipping point between 15 to 51 meals per year during the
same time period.
Adults eating largemouth bass at Lake Cochichewick reach the tipping
point between approximately 20 to 30 meals per year from 1999 to 2011. Adults
eating yellow perch reach the tipping point between approximately 30 to 102
meals per year during that time period.
Table 5-7: Exposure Scenario, in Meals per Year, with Risks (HI) Greater
than 1 for Child 2-6 at Lake Cochichewick
Intake/Fish
Species
High Intake
Largemouth
bass
Yellow perch
Smallmouth

1999
10

Exposure Scenario (Meals Per Year)
Sampling Year At Lake Cochichewick
2001
2002
2004
2010
10
10
15

2011
15

15

15

28

28

51

51
15

1999
51
102

2001
51
102

2002

2004
102
>102

2010
102
>102

2011
102
>102
102

bass
Low Intake
Largemouth
Yellow
bassperch
Smallmouth

102

bass
Pomps Pond
Table 5-8 displays when the tipping point for a child ages 2 through 6 is
reached at Pomps Pond. Young children between the ages of 2 and 6 eating
largemouth bass reach the tipping point at 5 meals in 1999, 102 meals in 2001, 28
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meals in 2004, and 15 meals per year in 2009 and 2011. Young children reach the
tipping point for eating yellow perch ranging between 10 to 51 meals per year
throughout the sampling time period from 1999 to 2011.
Adults eating largemouth bass reach their tipping point at approximately
10 meals in 1999, 204 meals in 2001, 56 meals in 2004, and 30 meals in 2009 and
2011. Adults eating yellow perch reach their tipping point ranging from
approximately 20 to 102 meals per year from 1999 to 2011.
Table 5-8: Exposure Scenario, in Meals per Year, with Risks (HI) Greater
than 1 for Child 2-6 at Pomps Pond
Intake/Fish
Species
High Intake
Largemouth bass
Yellow perch

1999
5
10

Low Intake
Largemouth bass
Yellow perch

1999
28
51

Exposure Scenario (Meals Per Year)
Sampling Year At Pomps Pond
2001
2004
2009
102
28
15
51
51
2001
>102
>102

2004
102
>102

2009
102

2011
15
28
2011
102
>102

Stevens Pond
Table 5-9 displays when risk reaches the tipping point for a 2 through 6year-old child at Stevens Pond. A young child between the ages of 2 and 6 eating
largemouth bass reaches the tipping point between 10 meals and 15 meals per
year in 1999, 2001, 2004, and 2011. A young child eating yellow perch reaches
the tipping point between 10 to 102 meals per year throughout sampling years
from 1999 to 2011.
Adults eating largemouth bass reach the tipping point between
approximately 20 meals and 30 meals per year in 1999, 2001, 2004, and 2011.
Adults eating yellow perch reach the tipping point between 20 to 204 meals per
year throughout sampling years from 1999 to 2011.
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Table 5-9: Exposure Scenario, in Meals per Year, with Risks (HI) Greater
than 1 for Child 2-6 at Stevens Pond
Intake/Fish
Species
High Intake
Largemouth
Yellow
bassperch

1999
10
10

Low Intake
Largemouth
Yellow
bassperch

1999
51
102

Exposure Scenario (Meals Per Year)
Sampling Year at Stevens Pond
2001
2004
10
15
102
51
2001
51
>102

2004
>102
>102

2011
10
28
2011
>102
51

All advisories at Haggetts Pond, Johnsons Pond, Lake Cochichewick,
Pomps Pond, and Stevens Pond are necessary for the susceptible and general
populations in Massachusetts. Over time, advisories have not been protective for
the general population at some of the water bodies during sampling events.
At Chadwicks Pond, the advisory was found to be protective. At Haggetts
Pond, the P4 advisory was not protective in 1999, when adults eating yellow
perch reached their tipping point at approximately 20 meals per year. At Johnsons
Pond, the P3 (LMB) advisory was not always protective; in 1999 and 2009, adults
eating largemouth bass reached their tipping point at approximately 20 meals per
year. At Lake Attitash, all advisories were found to be protective. Lake
Cochichewick’s P3 (LMB) advisory was found to not be protective of adults
during 1999, 2001, and 2004, when adults reached their tipping point at
approximately 20 meals per year. The P4 advisory at Pomps Pond was not always
protective because adults eating yellow perch in 1999 reached their tipping point
at approximately 20 meals per year. At Stevens Pond, the P3 (LMB) advisory was
found to not be protective in 1999, 2001, and 2011, when adults reached their
tipping point at approximately 20 meals per year.
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5.3 Observations of Year-to-Year Trends and Effects of Sample Size and
Average Fish Weight
Table 5-10 summarizes the sample sizes of largemouth bass and yellow
perch collected at every water body per year. Figures 5-1 through 5-14 display
calculated risk for a 2 through 6-year-old child at 10 meals per year and average
fish weights per year at each water body.
Chadwicks Pond
There was a decrease in risk from consumption of largemouth bass from
1999 to 2004; average fish weight decreased from 661 grams to 519 grams. There
was a decrease in risk from 2004 to 2011, and the average size of largemouth bass
also decreased from 519 grams to 321 grams. As seen in Table 5-10, the
largemouth bass sample sizes were consistent for each year sampled.
Risk from eating yellow perch decreased from 1999 to 2004. Average fish
weight decreased from 148 grams in 1999 to 124 grams in 2004. Risk increased
from 2004 to 2011; average yellow perch weight also increased from 124 grams
in 2004 to 175 grams in 2011. Sample size increased from nine fish in 1999 to 30
fish in 2004. It decreased from 30 fish to four fish in 2011.
Haggetts Pond
The findings from baseline, risk in 1999, to risk in 2003 are consistent
with the findings of Hutcheson et al., (2014); the earliest decreases in fish tissue
concentrations compared to the 1999 fish tissue baseline were seen in a few lakes
by 2002-2003. Largemouth bass had fluctuations in fish mercury content and
consequently fluctuations in risk from consuming them from year to year.
Looking at Table 5-10, with sample sizes ranging from 12 to 15 fish, the drastic
fluctuations in calculated risk for consuming largemouth bass are not a result of a
small sample sizes. Yellow perch had consistently larger sample sizes (> 30 fish).
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Table 5-10: Summary of Sample Sizes
Fish

Year

Species
1999

Largemouth

2001

bass
2003
2004
2009
2010
2011
Year

Yellow
perch

1999
2001
2002
2003
2004
2010
2011

Chadwicks

Haggetts

Johnsons

Lake

Lake

Pomps

Stevens

Pond

Pond

Pond

Attitash

Cochichewick

Pond

Pond

9

9

9

9

24

9

11

12

8

9

Not

Not

Not

Not

sampled

sampled

sampled

sampled

Not

12

sampled

Not

Not

sampled

sampled

Not

Not

sampled

sampled

13

6

9

Not sampled

15

Not

15

Not

Not

sampled

sampled

15

15

14

Not sampled

15

15

15

12

Not

15

10

Not

Not

Not

Not

Not

sampled

sampled

sampled

sampled

14

14

4

12

Chadwicks

Haggetts

Johnsons

Lake

Lake

Pomps

Stevens

Pond

Pond

Pond

Attitash

Cochichewick

Pond

Pond

9

9

9

9

9

7

9

48

9

1

sampled

sampled

Not

Not

Not

Not

sampled

sampled

sampled

sampled

Not

Not

Not

Not

sampled

sampled

sampled

sampled

Not

30

sampled

Not

Not

sampled

sampled

39
Not sampled

sampled

Not

Not

sampled

sampled

Not

Not

sampled

sampled

30

30

34

30

30

9

2

Not

Not

Not

Not

Not

Not

sampled

sampled

sampled

sampled

30

sampled

sampled

4

30

30

30

8

5
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30

Figure 5-1:

Chadwicks Pond Child 2-6 HI at 10 Meals
Per Year
3.0E+00
2.5E+00
HI(RfD) 2.0E+00
1.5E+00
1.0E+00
5.0E-01
0.0E+00
1999

2004

2011

Sampling Year
Largemouth bass, High Intake

Yellow perch, High Intake

Sampling Year
Fish Species and Intake
1999
2004
2011
Largemouth bass, High Intake 2.7E+00 2.4E+00 1.7E+00
Yellow perch, High Intake
1.6E+00 8.8E-01 1.2E+00
Figure 5-2:

Chadwicks Pond Average Fish Weight
700
600
500
Average 400
Fish Weight
300
(g)
200
100
0
1999

2004
Sampling Year

Largemouth bass

2011

Yellow perch

Sampling Year
1999 2004 2011
Largemouth bass 661 519 321
Yellow perch
148 124 175
Fish Species
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Figure 5-3:

Haggetts Pond Child 2-6 HI at 10 Meals Per
Year
3.0E+00
2.5E+00
2.0E+00
HI(RfD) 1.5E+00
1.0E+00
5.0E-01
0.0E+00
1999

2003
2004
2009
Sampling Year

Largemouth bass, High Intake

Fish Species and Intake
Largemouth bass, High Intake
Yellow perch, High Intake

2011

Yellow perch, High Intake

Sampling Year
2003
2004
2009
2011
2.4E-01 1.2E+00 6.9E-01 9.8E-01
2.7E-01 2.4E-01
2.9E-01

1999
1.2E+00
4.8E-01

Figure 5-4:

Haggetts Pond Average Fish Weight
1200
1000
Average
Fish Weight
(g)

800
600
400
200
0
1999

2003
2004
2009
Sampling Year

Largemouth bass

2011

Yellow perch

Sampling Year
1999 2003 2004 2009 2011
Fish Species
Largemouth bass 864 333 552 586 969
87
72
51
Yellow perch
167
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Johnsons Pond
Table 5-10 shows that risk decreased between 1999 and 2004 for
consumption of largemouth bass. Average largemouth bass weight also decreased
from 613 grams in 1999 to 215 grams in 2004. Risk increased between 2004 and
2009, and average largemouth bass size also increased from 215 grams to 560
grams between 2004 and 2009. Risk decreased between 2009 and 2011; average
largemouth bass weight also decreased from 560 grams to 355 grams. Table 5-10
shows that there were 15 largemouth bass samples collected in 2004 and 10
samples collected in 2009. There were four largemouth bass collected in 2011.
Risk decreased between 1999 and 2004 for consumption of yellow perch.
Average yellow perch weight decreased from 125 grams in 1999 to 72 grams in
2004. Sample size increased from nine fish to 34 fish from 1999 to 2004. Risk
decreased between 2004 and 2011; sample size slightly decreased from 34 fish to
30 fish, and average fish weight increased from 72 grams in 2004 to 107 grams in
2011.
Figure 5-5:

Johnsons Pond Child 2-6 HI at 10 Meals
Per Year
1.5E+00
1.0E+00
HI(RfD)
5.0E-01
0.0E+00
1999

2004
2009
Sampling Year

Largemouth bass, High Intake

2011

Yellow perch, High Intake

Sampling Year
Fish Species and Intake
1999
2004
2009
2011
Largemouth bass, High Intake 6.7E-01 3.5E-01 5.2E-01 4.3E-01
Yellow perch, High Intake
3.2E-01 2.0E-01
1.3E-01
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Figure 5-6:

Johnsons Pond Average Fish Weight
700
600
500
Average 400
Fish Weight
300
(g)
200
100
0
1999

Largemouth bass

2004
2009
Sampling Year

2011

Yellow perch

Sampling Year
1999 2004 2009 2011
Largemouth bass 613 215 560 355
Yellow perch
125
72
107
Fish Species

Lake Attitash
Risk decreased between 1999 and 2004 for the consumption of largemouth
bass. Sample size increased from nine fish to 12 fish from 1999 to 2004. Average
largemouth bass weight also decreased from 1,229 grams in 1999 to 429 grams in
2004. Risk increased between 2004 and 2011, and sample size stayed the same at
12 largemouth bass per year. However, average largemouth bass size also
increased from 429 grams to 989 grams from 2004 to 2011.
Risk decreased for the consumption of yellow perch from 1999 to 2004;
sample size increased from nine fish to thirty fish during those years. From 1999
to 2004, average yellow perch weight also decreased from 122 grams to 106
grams. Risk increased from 2004 to 2011, where sample size stayed the same at
30 yellow perch per year. Average yellow perch weight also stayed the same at
106 grams in both 2004 and 2011.
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Figure 5-7:

Lake Attitash Child 2-6 HI at 10 Meals
Per Year
3.0E+00
2.5E+00
2.0E+00
HI(RfD) 1.5E+00
1.0E+00
5.0E-01
0.0E+00
1999

2004
Sampling Year

Largemouth bass, High Intake

2011

Yellow perch, High Intake

Sampling Year
Fish Species and Intake
1999
2004
2011
Largemouth bass, High Intake 1.1E+00 4.4E-01 5.7E-01
Yellow perch, High Intake
3.3E-01 1.7E-01 1.7E-01
Figure 5-8:

Lake Attitash Average Fish Weight
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Lake Cochichewick
Table 5-2 shows that risk associated with consumption of largemouth bass
follows a decreasing trend. Largemouth bass sample sizes ranged from nine fish
to 24 fish per year sampled. Despite an increase in average weight from 2004 to
2010, the average size of largemouth bass caught at Lake Cochichewick also
follows a decreasing trajectory. Risk associated with consumption of yellow perch
at Lake Cochichewick follows a decreasing trend until 2010; people who ate
yellow perch had risk increase from 2010 to 2011. The average size of yellow
perch also increased from 2010 to 2011 from 94 grams in 2010 to 269 grams in
2011. Yellow perch sample sizes range from 9 to 48 fish per sampling year.
Figure 5-9:

Lake Cochichewick Child 2-6 HI at 10 Meals Per
Year
1.6E+00
1.4E+00
1.2E+00
1.0E+00
HI(RfD) 8.0E-01
6.0E-01
4.0E-01
2.0E-01
0.0E+00
1999

2001

2002
2004
Sampling Year

Largemouth bass, High Intake

2010

2011

Yellow perch, High Intake

Smallmouth bass, High Intake

Sampling Year
Fish Species and Intake
1999
2001
2002
2004
2010
2011
Largemouth bass, High Intake 6.7E-01 6.7E-01
5.1E-01 4.4E-01 3.6E-01
Yellow perch, High Intake
3.6E-01 3.3E-01 2.5E-01 1.7E-01 1.1E-01 1.4E-01
Smallmouth bass, High Intake
4.4E-01
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Figure 5-10:

Lake Cochichewick Average Fish Weight
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Pomps Pond
Risk decreased 95 percent from 1999 to 2001 for consumption of
largemouth bass; during 1999 and 2001, nine fish were collected. In 1999,
average largemouth weight was 809 grams. In 2001, average largemouth bass
weight was 50 grams. Risk increased from 2001 to 2004, and average largemouth
bass weight also increased from 50 grams to 271 grams during this time. The
sample size decreased from nine to six fish. Risk increased from 2004 to 2009;
average largemouth bass weight decreased from 271 grams to 233 grams, and
sample size increased from six to 15 fish from 2004 to 2009. Risk decreased from
2009 to 2011, and largemouth bass sample size remained the same at 15 fish per
year. However, average weight increased from 233 grams to 335 grams.
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Risk decreased from 1999 to 2001 for consumption of yellow perch;
average weight decreased from 254 grams to 46 grams, and sample size increased
from seven to nine fish from 1999 to 2001. Risk increased from 2001 to 2004, and
average weight also increased from 46 grams to 77 grams. Risk increased from
2004 to 2011. Average yellow perch weight increased from 77 grams in 2004 to
126 grams in 2011. Sample size remained relatively the same: nine fish in 2001
and 2004 and eight fish in 2011.
Figure 5-11:

Pomps Pond Child 2-6 HI at 10 Meals
Per Year
3.5E+00
3.0E+00
2.5E+00
2.0E+00
HI(RfD)
1.5E+00
1.0E+00
5.0E-01
0.0E+00
1999

2001
2004
2009
Sampling Year

Largemouth bass, High Intake
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1.6E+00
6.4E-01
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2001
7.9E-02
1.1E-01

Sampling Year
2004
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1.4E-01
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2.5E-01

Figure 5-12:

Pomps Pond Average Fish Weight
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Stevens Pond
Table 5-10 shows that sample sizes can have direct implications on the
estimations of risk for consumption of largemouth bass and yellow perch. The
most striking example is observed in risk associated with consumption of yellow
perch from Stevens Pond. In 2001, only one yellow perch was included as the
sample and in 2004 there were only two fish in the sample. Between 2001 and
2004, risk associated with consumption of yellow perch increased by 133 percent.
There were five fish in the Stevens Pond sample in 2011; risk associated with
consumption of yellow perch increased an additional 42 percent between 2004
and 2011. These observed increases in risk associated with consumption of yellow
perch are most likely attributed to small sample sizes. The concentration of
mercury detected in each fish is an independent variable that is used as the
exposure point concentration (EPC) in the risk calculation. With small sample
sizes, a few fish with high or low concentrations can skew the estimate of EPC.
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Figure 5-13:

Stevens Pond Child 2-6 HI at 10 Meals
Per Year
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Figure 5-14:
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2011
5.9E-01
1.9E-01

5.4 Discussion of Percent Changes of Baseline HI(1999) to Later Years
Sampled
Table 5-11 includes the summaries of percent change from risk in 1999 to
latter years sampled at each water body.
Hutcheson et al. (2014) observed decreases in fish tissue concentrations
after more stringent mercury emissions regulations were in place by December
2000. Decreases in fish tissue concentrations were observed several years after
more stringent mercury emissions regulations were implemented, and the earliest
decreases in fish tissue mercury concentrations were observed by 2002-2003.
Table 5-11 demonstrates this; with the earliest observations of decreasing risk
occur around 2002-2003.
Table 5-11: Summary of Percent Change from Baseline HI (1999)
Fish

Time

Chadwicks

Haggetts

Johnsons

Lake

Lake

Pomps

Stevens

Species
Largemouth
bass

Period
1999 to

Pond

Pond

Pond

Attitash

Cochichewick

Pond

Pond

1

-95

-24

-83

2001
1999 to
2003
1999 to
2004
1999 to

-80
-10

2009
1999 to
2010
1999 to
Yellow
perch

2011
1999 to

1

-47

-42

-23

-61

-34
-36

-18

-36

-49

2010
1999 to
2011

-46

-78

-14

-9

-82

-88

-78

-73

-61

-61

-30

2002
1999 to

2004
1999 to

-43

-72

2001
1999 to

2003
1999 to

0

-43
-46

-49

-38

-50

-53
-71

-24

-40

-34

Note: Negative values signify decrease
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-48

-61

5.4.1 Acceptance of Alternative Hypothesis
Despite varying rates of change from year to year, which validates the
current use of fish advisories, latter estimated risks derived for all water bodies
decreased from the baseline risk in 1999. This demonstrates that human health
risk is being reduced over time. Varying changes in risk from year to year often
mimic the changes in average fish weight per year. It is observed that larger fish
typically have larger contamination concentrations; therefore, there is a tendency
to see higher calculated risks from eating these fish with greater average body
weight due to increased age.
5.5 Risk Levels from Consumption of Different Species
The results of the risk assessment show that risk levels vary by species. In
almost all water bodies assessed, largemouth bass resulted in the highest risk
levels. Other species result in varying degrees of risk, including yellow perch, but
results were consistently lower than those for largemouth bass, which is a top
predator in most small freshwater systems.
Contaminant concentrations vary among different fish species, size classes
within a fish species, and fish tissues. The correlation between increased size
(age) and contaminant tissue concentrations has been observed for some
freshwater species (US EPA, 2000; Voiland et al., 1991).
Largemouth bass and yellow perch are often selected as test species
because they are active across a range of fish trophic levels. Largemouth bass are
fish-eating predators. Their diet also includes invertebrates and amphibians.
Yellow perch are omnivorous. Their diet consists of insects or other invertebrates
present in the water column. Anglers commonly catch both species (Rose et al.,
1999). As persistent chemicals, such as methylmercury, are bound to the
sediment, fish that consume sediment-dwelling organisms are exposed to mercury
contamination (McIntyre and Beauchamp, 2007). However, as newer sediments
are deposited they will cover older sediments. More recently deposited sediments
are expected to have lower levels of mercury contamination as a result of
decreased emissions and local deposition. Covering of the older sediments, a form
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of natural encapsulation, makes the mercury less bioavailable to invertebrates and
fish. Transport and deposition of contaminants in watersheds are continuously
changing and cycling which can result in conditions varying over time (Lick,
2008).
Predator species are good indicators of persistent pollutants, including
methylmercury, which may be biomagnified through several trophic levels of the
freshwater food web (US EPA, 2000). Top predators are exposed to higher levels
of contamination because of biomagnification in the higher trophic-level prey
they consume. Species that feed on invertebrates from the water column are not as
highly exposed to methylmercury since their prey do not live proximal to
contaminated sediments or have a high body burden. The direct effect of feeding
behavior on contaminant uptake is consistent with the results of this risk
assessment. People and wildlife that consume predator fish (largemouth bass) will
be at higher risk of adverse health effects compared to those who primarily
consume insectivores (yellow perch).
5.6 Communicating Health Risk and Risk Management
Fish consumption guidelines are based on both the risks and benefits
associated with eating fish. Risks and benefits of fish consumption can differ
among populations. Therefore, risks and benefits are best weighed in the context
of the population for which the advisory is written. Vulnerable populations must
be evaluated differently from the general fish-eating population. Vulnerable
populations can typically be defined in two categories: populations that are
unusually susceptible or sensitive to mercury and populations that have
potentially high mercury exposures. Unusually susceptible populations include
developing fetuses, woman who are pregnant or of reproductive age, and young
children (Bank, 2012). The difference in susceptibility between adults and
developing fetuses may be a result of mercury’s direct disruption of
developmental processes. Children may also experience continued vulnerability
due to lack of a complete blood-brain barrier, decreased mercury excretion, or
increased mercury absorption through milk (USEPA, 1997). Other populations
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are vulnerable because of potentially high mercury exposures resulting from
consumption behaviors (Bank, 2012). People at high risk from their consumption
behaviors are sport anglers and subsistence anglers who catch fish for themselves
and their families to eat.
While trimming or cooking can remove PCBs and other contaminants that
accumulate in the fat of fish, mercury accumulates in muscle tissue, from which it
cannot be removed. ATSDR (1999) notes that sport fishers and subsistence fishers
who consume fish from local, contaminated waters can experience greater
mercury exposure than people who eat commercial fish. People who eat fish with
higher accumulations of mercury in their tissues also have a higher risk of
exposure.
Although more vulnerable populations such as pregnant women and
subsistence anglers are at higher risk of adverse health effects from mercury than
the general population, some of these populations may obtain greater benefits
from consuming fish than the general population. Therefore, restricting or
removing fish from the diets of vulnerable populations introduces risks that might
not occur when fish consumption is restricted or avoided in the general
population. A discussion of the benefits of consuming fish compared to risks from
exposure to mercury is beyond the scope of this thesis. However, others have
noted the importance of understanding the benefits obtained from fish as well as
the risks that result from removing those benefits (Bank, 2012). Fish have high
nutritional content. Therefore, the restriction or removal of fish from the diet can
introduce health risks (Hibbeln et al., 2007). An example of balancing in this
regard would be advising women of reproductive age to consume fish species that
are lower sources of mercury to obtain the nutritional benefits from eating fish.
By avoiding or reducing intake of fish with high mercury content, rather than
avoiding or reducing fish intake altogether, women are likely to minimize risk and
maximize the benefits of consuming fish (US FDA, 2017). This guidance,
however, focuses primarily on commercially-caught fish and does not address the
variability in mercury content in fish caught by sport and subsistence anglers.
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The restriction or removal of fish from the diet may lessen benefits or
introduce risks in traditional or subsistence populations. For many people,
including immigrant groups from societies that traditionally consume large
amounts of fish as well as Native American peoples, fish is a dietary staple.
Therefore, it is a major source of nutrients. Dellinger (2004) reported that in some
Great Lakes tribes, the body burden of mercury is low while obesity, diabetes, and
heart disease are major concerns. These tribes have diets that revolve around
locally caught fish and replacing the traditional fish diet with a highly processed,
market-based diet can do more harm than good. Such replacements could
introduce diets higher in saturated fats and lower in omega-3 PUFAs. Additional
burdens to access commercial food must also be considered when assessing risk
for subsistence populations. It may be too difficult or expensive for them to obtain
healthy food options at the supermarket in replacement of the locally caught fish
(Kuhnlein and Receveur, 1996; Egeland and Middaugh, 1997). In addition to
nutritional impacts, limiting fish can also have social and cultural impacts.
Fishing is of great social and cultural significance to many populations.
Restricting or removing fishing can lead to a decrease in culture-specific food
activities and knowledge (Kuhnlein and Receveur, 1996).
Communicating health risk information to audiences at potential risk is a
key component to risk management. Risk communication is the transaction
between the information sender and the target audience. Many factors influence
how the target audience understands and responds to risk information being
transmitted. Merely providing the information about health risks, however, does
not ensure that the information is understandable and received by the intended
audience (Connelly and Knuth, 1998; Nordenstam and DiMento, 1990). If a fishconsumption advisory is to be effective, consumers must be aware of the
advisory, understand it, and trust the agency that issued that advisory. Public
participation and transparency (communication) are necessary components to
include in the development of advisories (Jardine, 2003).
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5.7 Regulation and Risk Interpretation
Municipal solid waste combustors typically emit mercury species with
short atmospheric half-lives (Hutcheson et al., 2014). Therefore, these facilities
can contribute to local mercury deposition. Hg2+ and Hgp are the more soluble
species with shorter atmospheric half-lives than Hg0 (Selin, 2009). In 1996, the
hotspot classification for northeast Massachusetts was largely a result of local
municipal solid waste combustors and medical waste incinerators. From 19911994, approximately 62 percent of total statewide mercury emissions came from
the northeastern part of the state. By the end of the 1990’s, northeast mercury
emissions declined to 51 percent after the closure of one of four operating
municipal solid waste combustors in the hotspot area. Mercury levels in
combusted trash were also estimated to have decreased as a result of state and
federal actions to keep batteries and other waste streams out of the trash
(Hutcheson et al., 2014).
Municipal solid waste combustors represented the largest source of
mercury emissions in Massachusetts. They accounted for 83% of emissions in
1991-1994, 47% of emissions in 2002, and 40% of emissions in 2008. After the
2000 emissions reductions, MassDEP demonstrated that the earliest decreases in
fish tissue concentrations compared to a 1999 fish tissue baseline were seen in a
few lakes by 2002-2003. These fish tissue reductions were occurring 4-10 years
after the emissions reductions that occurred between 1993 and 1998 (Hutcheson
et al., 2014). Overall, fish mercury trends modeled within northeast Massachusetts
demonstrated an average largemouth bass mercury concentration decrease at
approximately 0.029 mg Hg/kg/year, and decreases in yellow perch mercury
concentrations of 0.016 mg Hg/kg/year were also observed in the hotspot region
(Hutcheson et al., 2014).
One observation from this risk assessment is that calculated risk percent
changes are not consistently decreasing from year to year for either fish species.
Inconsistent percent changes in risk from year to year may be partially attributed
to small sample sizes which are likely not to be fully representative of the
condition of an entire water body for that particular year. Inconsistent percent
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changes in risk are also related to probability; it depends on what fish were caught
during each sampling round. Risk from consuming fish appears to increase with
increased average fish weight. This trend can be attributed to larger fish, with
greater weight, being older in age and accumulating more contamination over
time. This illustrates the continuing necessity for fish advisories prepared by the
Massachusetts Department of Public Health.
Despite inconsistent year-to-year percent change in calculated risks from
eating fish, most 2000s and 2010s risks decreased from their respective baselines
in 1999. The majority of risk values calculated for the latter decades, with the
exception of three values calculated for largemouth bass discussed in Section 5.3,
were below the baseline. This demonstration of reduced risk from the hazard
index baselines has substantial public health implications. This risk reduction can
most likely be attributed to extensive efforts to reduce regional mercury emissions
in addition to eliminating the use of products that contain mercury in
Massachusetts. Acknowledge that considering information on sources of mercury
in abutting New Hampshire were not within the scope of the thesis.
5.8 Future Research
There has been some evidence suggesting an association between lowdose methylmercury exposure and cardiovascular disease. However, the overall
research on adult cardiovascular outcomes is inconclusive (Mozaffarian and
Rimm, 2006; Mergler et al., 2007).
Mozaffarian et al. (2011) found that participants with higher mercury
exposure did not have a higher risk of cardiovascular events in a nested casecontrol study involving 51,529 men and 121,700 women. The study included
participants from the prospective cohort studies of the Health Professionals
Follow-up Study (HPFS) and Nurses’ Health Study (NHS). Mercury was
measured in participants’ toenail clippings, which had been stored and the authors
prospectively identified incident cases of cardiovascular disease, including
coronary heart disease and stroke in 3,427 participants. These participants were
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matched to controls according to age, sex, race, and smoking status. Median
toenail mercury concentrations were 0.23 microgram per gram in the case
participants and 0.25 microgram per gram in the controls. This study found no
evidence of any clinically relevant adverse effects on coronary heart disease,
stroke, and total cardiovascular disease. Although non-significant in the fully
adjusted models, higher mercury exposures were associated with trends toward
lower cardiovascular disease risk. However, it was noted in the authors’
discussion that the analysis could not exclude the possibility for mercury-related
cardiovascular toxicity at higher exposures than what was observed in the HPFS
and NHS cohorts.
Another study followed 1,871 Finnish men with average hair mercury
concentration of 1.9 ppm. A high content of mercury in hair reduced the
beneficial effects of fatty acids from fish on the risk of acute coronary events.
This study reported increased incidence and mortality for certain cardiovascular
endpoints (Virtanen et al., 2007). Methylmercury exposure can cause oxidative
stress, which is an early biological response that can produce vascular endothelial
cell damage. It promotes inflammation and vasoconstriction as well as lipid
peroxidation through the generation of reactive oxygen species (Roman et al.,
2011; Grotto et al., 2009). Oxidative stress can lead to cardiovascular disease and
contributes to arrhythmias, hypertension, and atherosclerotic plaque development
(Roman et al., 2011; Briones and Touyz, 2010).
A probabilistic analysis has been developed that characterizes the
plausible health and economic benefits associated with a reduction in
methylmercury exposure. It was reported that 80 percent of the benefits were
associated with reductions in fatal heart attacks and the remaining 20 percent with
IQ gains (Rice et al., 2010).
One study measured plasma Paraoxonase 1 (PON1) activity and blood
concentrations of mercury and selenium in 896 Inuit adults with a seafood-based
diet in Canada’s Nunavik region. Paraoxonase 1 (PON1) is an enzyme located in
the high-density-lipoprotein (HDL) that may protect against cardiovascular
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disease by metabolizing toxic oxidized lipids associated with low-density
lipoprotein (LDL) and HDL. In a multiple regression adjusted for age, HDL
cholesterol levels, omega-3 fatty acid content of erythrocyte membranes, and
PON1 variants, blood mercury concentrations were inversely associated with
PON1 activities. Blood selenium concentrations were positively associated with
PON1 activities. The results suggest that methylmercury exposure have an
inhibitory effect on PON1 activity, but this may be offset by selenium intake and
beneficial nutrients found in the traditional marine Inuit diet (Ayotte et al., 2011).
Regardless of inconsistent findings about the association between mercury
exposure and cardiovascular disease, ongoing public health efforts to reduce
mercury contamination in fish and the environment should not be altered. Women
who are or may become pregnant or who are nursing should follow current
advisories because consumption of specific fish species could cause
neurodevelopmental harm or partially offset the neurodevelopmental benefits of
fish consumption in their children (Mozzaffarian et al., 2011).
5.9 UNCERTAINTY ANALYSIS
Human health risk associated with methylmercury exposure from
consumption of contaminated Massachusetts freshwater fish is a complex
environmental issue. There are uncertainties and limitations that can affect the
accuracy of this analysis.
Small Data Sets
As demonstrated in this risk assessment, using small sets of sampling data
may not be representative of the actual situation that exists within each water
body (MassDEP, 1995). The number of individual samples that were collected
and analyzed per species in each water body was small. This means that each
individual sample has a greater influence on the results of the analysis.
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Temporal Issues
One issue with several water bodies’ individual fish data sets is the
representation of contamination that comes from infrequent sampling. Certain
water bodies in the Merrimack River watershed were only sampled once and thus
were excluded from this analysis. This raises the question of whether the available
data is representative of current conditions in the portions of the watershed
lacking data.
Exposure Uncertainties
Exposure inputs were chosen based on assumption adapted from the New
York Angler, Maine Angler, and Michigan Angler surveys. Exposure inputs were
chosen based on the recommended Massachusetts default values as well as a
calculated central-estimate based upon the findings in the angler surveys
discussed in Section 2.11. These scenarios are meant to show how a hypothetical
person is exposed to the hazard. Individuals eating fish from the sampling sites
may have substantially different characteristics and behaviors than the
hypothetical person that is used for modeling purposes (Marien and Stern, 2005).
Dietary Preferences
It is likely that some anglers prefer to consume one particular species or a
variety of species. As discussed in Section 5.4, people who eat different species
have varying degrees of risk, and targeting certain species may have impact on the
total risk level.
Intake
Default intake rates for children and adults/pregnant women were taken
from the MassDEP guidance (MassDEP, 1995). The rate for children 3 through 6
was one-half the adult intake rate. Thus, I chose an intake of two-thirds the adult
intake for children ages 7 through 16. I also calculated central intake values based
on the available consumption studies referenced in Section 5.5. More detail
associated with these studies is located in Section 2.10. There is a degree of
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uncertainty surrounding the validity of these intake values. People differ in typical
portion-sizes. As demonstrated, portion-size (in grams/week) can have direct
implications on estimated risk. Risk levels may increase or decrease accordingly
with portion size.
A range of exposure frequencies represents a wide variety of realistic
scenarios that may be occurring in water bodies in the Merrimack River
watershed. It is important to understand how various exposure scenarios affect
risk. It is possible that some individuals may consume fish caught in the
Merrimack River watershed differently than these representative frequencies.
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6.0 CONCLUSIONS AND RECOMMENDATIONS
This research shows a reduction in estimated risk from consumption of
methylmercury-contaminated fish during the 2000s and 2010s in comparison to
the baseline Hazard Indexes calculated in 1999 in seven freshwater ponds and
lakes located in northeastern Massachusetts. This research used fish data collected
by the Massachusetts Department of Environmental Protection (MassDEP) and
covered a time interval over which MassDEP had demonstrated that reduced
mercury emissions from point sources and subsequent deposition to the
surrounding area resulted in reduced mercury concentrations in regional
freshwater bodies. This thesis demonstrates that the resulting lower concentrations
of mercury in fish results in a positive public health trend with regard to health
risk associated with eating freshwater fish.
6.1 Conclusions
This research evaluated of mercury data for fish caught in seven lakes and
ponds in the Merrimack River watershed and estimated risk based on
consumption of largemouth bass and yellow perch during each year that fish were
sampled.
A child between the ages of 2 and 6 was the most exposed of the sensitive
subgroups and representative of the most sensitive group for this evaluation.
Young children had the highest risk from consuming mercury-contaminated fish
at every water body included in the study. Other groups had risk about half of the
value than for the young child. Children between the ages of 7 through 16, adults,
and women of childbearing age had higher tipping points defined as fish meals
per year than the younger child. (The tipping point is defined as the exposure
scenario (in meals per year) where HI exceeds 1 and represents a potential
adverse effect on health.)
This thesis demonstrates the importance of using the upper end of the
exposure distribution when using risk assessment as the basis for fish advisories.
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This is shown through the quantification of exposure for the more sensitive
populations; the consumption of fish by young children and used fish
consumption studies that employed upper bounds for intake based on creel
surveys. The analysis here underscores the importance of State agencies directing
interventions such as fish advisories at the most susceptible portions of the
population.
This thesis also demonstrated the importance of using conservative doseresponse values to estimate risk. The U.S. EPA Reference Dose (RfD) was more
conservative than the MRL when calculating the hazard index for exposed
populations. Therefore, it is more protective of both susceptible populations as
well as the general public.
This risk assessment was complicated by the relatively small samples of
tested fish. This study was made possible as a result of these existing data. Small
sample sizes pose interpretative difficulties particularly with regards to assessing
the representativeness of the values found in each waterbody. If individual fish
collected are different than the average fish in that population, there is potential
for the exposure point concentrations (EPCs) to be biased. This bias can be either
high or low. When assessing risk, small sample sizes, such as the fish mercury
dataset, can add uncertainty to the study.
Trends in average fish weight and risk follow similar patterns from year to
year. The correlation between increased size (age) and contaminant tissue
concentrations has been observed for many freshwater species of fish. Fish
species is also correlated with fish tissue mercury concentrations. Largemouth
bass are predators whose diet consists of smaller fish, invertebrates, and
amphibians. Yellow perch are omnivorous and eat insects or other invertebrates
present in the water column. Because methylmercury is bioaccumulated through
the food web, top predators such as largemouth bass are exposed to higher levels
of contamination. Yellow perch, which feed on invertebrates from the water
column, are not exposed to as much mercury as the apex predators in the ponds.
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Over the study period from 1999 to 2011, concentrations of mercury and
associated risk from eating largemouth bass were typically higher than for eating
yellow perch. This is consistent at every water body included in this study and
underscores that fish consumption behavior and choice of fish has a direct impact
on methylmercury uptake.
The results of this risk assessment demonstrate that there is unacceptable
risk for potentially exposed populations and validate the importance of current
fish consumption advisories issued by the Massachusetts Department of Public
Health (MDPH). The current fish advisories were found to be necessary because
there is excess risk associated with eating fish throughout recent years at the lakes
and ponds. All fish advisories remain protective for the target populations but are
particularly important for young children.
Risk has been reduced over time in the water bodies evaluated. Although
all receptors have unacceptable risk at the higher fish consumption levels included
in this study, over time each receptor is able to consume more fish meals in a
typical year without exhibiting unacceptable risk. When determining the tipping
points for each exposed group, all tipping points were within current fish advisory
limits and justified these recommendations. The Massachusetts Department of
Public Health (MDPH) has issued two types of advisories relative to consumption
of methylmercury-contaminated fish. A fish advisory is assigned (for specific fish
species) to any waterbody in which the average concentration of mercury in this
species exceeds 0.5 ppm. Also, general statewide advisories recommend that
pregnant women should be advised of potential health risks from eating any fish,
with exception of stocked trout, from Massachusetts’s freshwater bodies. All
advisories were found to be applicable, necessary, and protective of public health
for those fishing and eating their catch within the Merrimack River water bodies
included in this study.
6.2 Recommendations
This risk assessment demonstrates that risk management efforts are still
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necessary. There is excess risk associated with eating fish in these water bodies,
which demonstrates that current fish advisories are needed and remain a useful
intervention for all receptor groups. Further reductions in local, regional, and
global sources of mercury are necessary for fish mercury levels to decrease below
the current fish consumption advisory levels. Until mercury concentrations
decrease further, current fish advisories must remain in place.
The following list summarizes the recommendations based on this thesis.
The most important recommendation is to continue collecting fish
data to document changes in the future. The continued collection
of fish data in the Merrimack River watershed will show whether
the decreasing trends in fish-tissue mercury concentrations and risk
are continuing. This would also demonstrate that the mercury
release reduction efforts made by Massachusetts Department of
Environmental Protection (MassDEP) are working. Public health
officials will have the ability to make accurate decisions to protect
public health from the environmental conditions at each water
body.
Furthermore, by continuing to collect fish mercury data, future
data can be compared to the current data, and risk reduction can be
assessed to determine whether current advisories remain necessary
and protective for the Merrimack River population.
There are many under-represented water bodies within the
Merrimack River watershed. Some of the water bodies in the
Merrimack River watershed were sampled only once, and some of
the last available data for others are almost ten years old. These
water bodies were excluded from this analysis. By continuing
sampling efforts within this watershed, data will more accurately
represent the current conditions at each water body.
Information about potential health risks from consumption of
contaminated fish should be distributed at locations where fishing
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licenses are obtained as well as online where many anglers obtain
licenses. Local fishing clubs and stores that sell fishing gear should
also promote catch and release angling to recreational anglers. Risk
information should be presented in multiple languages, especially
to subsistence anglers, so that different ethnic groups can
understand and follow them.
Creel surveys and questionnaires to gather data specific to
exposures in Massachusetts may be helpful in determining
consumption patterns for freshwater fish. This will provide
demographics if this is not currently being collected in creel
studies please make that point of fishing populations and their
consumption behaviors to more accurately represent the actual
populations at risk. The upper end of the exposure distribution in
Merrimack River watershed could be defined.
Public participation and communication will be important in order
to reach susceptible populations such as immigrant groups and
subsistence anglers. This may be done through use of communitybased participatory research. By actively involving members of the
community, the health of the community is quickly and directly
impacted by providing researchers with the community’s unique
health issues and concerns and enabling them to design effective
interventions (Israel et al., 2005). As community members are
directly involved in the process, they are more likely to trust the
researchers and the messaging that evolves from the research. This
type of research will also increase the likelihood that the
community will comply with the particular intervention (Jardine,
2003).
Increased enforcement actions, particularly on the local level, can
be taken to curb polluters and further eradicate industry behaviors
that release mercury into the environment. Enforcement must
involve forcing industries to pay applicable fines for not recycling
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products such as batteries, automotive parts, and fluorescent light
bulbs. Mercury reduction in industry can be emphasized through
education and maximized through the expansion of mercury
collection sites.
6.3 Epilogue
Northeast Massachusetts has the highest concentration of point sources for
mercury emissions in the state, and emissions from major point sources decreased
98% from the 1990s to 2008 as a result of stricter controls on power plant
mercury emissions. A reduction in mercury emissions contributes to lower
exposure and risk among people who eat fish from lakes and ponds in the
Merrimack River watershed. Reduced risk over time from local fish consumption
has positive health implications. However, risk is still present from Merrimack
River watershed fish consumption, and this demonstrates the continuing need for
current fish advisories and risk management efforts.
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APPENDICES

APPENDIX A
Maps of the Merrimack River Watershed
APPENDIX A contains maps that display the Location of the Merrimack
River Watershed, Area and Municipalities of the Massachusetts Portion of
the Merrimack River Watershed, and Sampled Water Bodies in the
Merrimack River Watershed.

Appendix A-1 Location of Merrimack River Watershed
Map created by Carolyn Talmadge, Tufts GIS specialist, with guidance from the author.

A-2 Area and Municipalities of the Massachusetts Portion of the Merrimack River Watershed
Map created by Carolyn Talmadge, Tufts GIS specialist, with guidance from the author.

A-3 Sampled Water Bodies in the Merrimack River Watershed
Map created by Carolyn Talmadge, Tufts GIS specialist, with guidance from the author.

APPENDIX B
HI Summary Tables for Chadwicks Pond (Section 1), Haggetts Pond (Section
2), Johnsons Pond (Section 3), Lake Attitash (Section 4), Lake Cochichewick
(Section 5), Pomps Pond (Section 6), and Stevens Pond (Section 7).
This includes HI Summary Tables for a child between the ages of 2 through 6, a
child between the ages of 7 through 16, an adult, and a woman of childbearing
age.

Section 1: Chadwicks Pond
Chadwicks Pond HI Summary for Child ages 2 through 6

Note: Bold-faced values show non cancer risk greater than 1
Chadwicks Pond HI Summary for Child ages 7 through 16

Note: Bold-faced values show non-cancer HI greater than 1

Chadwicks Pond HI Summary for an Adult

Note: Bold-faced values show non-cancer HI greater than 1
Chadwicks Pond HI Summary for a Woman of Childbearing Age

Note: Bold-faced values show non-cancer HI greater than 1

Section 2: Haggetts Pond
Haggetts Pond HI Summary for Child ages 2 through 6

Note: Bold-faced values show non cancer risk greater than 1

Haggetts Pond HI Summary for Child ages 7 through 16

Note: Bold-faced values show non cancer risk greater than 1

Haggetts Pond HI Summary for an Adult

Note: Bold-faced values Show non cancer risk greater than 1

Haggetts Pond HI Summary for a Woman of Childbearing Age

Note: Bold-faced values Show non cancer risk greater than 1

Section 3: Johnsons Pond
Johnsons Pond HI Summary for Child ages 2 through 6

Note: Bold-faced values show non cancer risk greater than 1
Johnsons Pond HI Summary for Child ages 7 through 16

Note: Bold-faced values Show non cancer risk greater than 1

Johnsons Pond HI Summary for an Adult

Note: Bold-faced values Show non cancer risk greater than 1
Johnsons Pond HI Summary for a Woman of Childbearing Age

Note: Bold-faced values show non cancer risk greater than 1

Section 4: Lake Attitash
Lake Attitash HI Summary for Child ages 2 through 6

Note: Bold-faced values show non cancer risk greater than 1
Lake Attitash HI Summary for Child ages 7 through 16

Note: Bold-faced values show non cancer risk greater than 1

Lake Attitash HI Summary for an Adult

Note: Bold-faced values show non cancer risk greater than 1
Lake Attitash HI Summary for a Woman of Childbearing Age

Note: Bold-faced values show non-cancer risk greater than 1

Section 5: Lake Cochichewick
Lake Cochichewick HI Summary for Child ages 2 through 6

Note: Bold-faced values show non cancer risk greater than 1

Lake Cochichewick HI Summary for Child ages 7 through 16

Note: Bold-faced values show non cancer risk greater than 1

Lake Cochichewick HI Summary for an Adult

Note: Bold-faced values Show non cancer risk greater than 1

Lake Cochichewick HI Summary for a Woman of Childbearing Age

Note: Bold-faced values show non cancer risk greater than 1

Section 6: Pomps Pond
Pomps Pond HI Summary for Child ages 2 through 6

Note: Bold-faced values show non cancer risk greater than 1

Pomps Pond HI Summary for Child ages 7 through 16

Note: Bold-faced values show non cancer risk greater than 1

Pomps Pond Adult HI Summary for an Adult

Note: Bold-faced values show non cancer risk greater than 1

Pomps Pond HI Summary for a Woman of Childbearing Age

Note: Bold-faced values show non cancer risk greater than 1

Section 7:
Stevens Pond HI Summary for Child ages 2 through 6

Note: Bold-faced values show non cancer risk greater than 1

Stevens Pond HI Summary for Child ages 7 through 16

Note: Bold-faced values show non cancer risk greater than 1

Stevens Pond HI Summary for an Adult

Note: Bold-faced values show non cancer risk greater than 1

Stevens Pond HI Summary for a Woman of Childbearing Age

Note: Bold-faced values show non cancer risk greater than 1

APPENDIX C
Species-Specific EPCs per Year at Chadwicks Pond (Section 1), Haggetts
Pond (Section 2), Johnsons Pond (Section 3), Lake Attitash (Section 4), Lake
Cochichewick (Section 5), Pomps Pond (Section 6), and Stevens Pond
(Section 7).
Appendix C contains the process for deriving the species-specific exposure point
concentrations (EPCs) per year.

Section 1: Chadwicks Pond Exposure Point Concentrations
1999:

2004:

2010:

Section 2: Haggetts Pond Exposure Point Concentrations
1999:

2003, 2004, 2009:

2011:

Section 3: Johnsons Pond Exposure Point Concentrations
1999:

2004 and 2009:

2011:

Section 4: Lake Attitash Exposure Point Concentrations
1999:

2004:

2010:

Section 5: Lake Cochichewick Exposure Point Concentrations
1999:

2001, 2002, 2004:

2010 and 2011:

Section 6: Pomps Pond Exposure Point Concentrations
1999:

2001, 2004, and 2009:

2011:

Section 7: Stevens Pond Exposure Point Concentrations
1999:

2001 and 2004:

2011:

APPENDIX D
Full Risk Calculations
Appendix D contains the full risk calculations for all receptors at each representative water body in the Merrimack
River Watershed. All risk calculation variations are included: HI(MRL, High Intake), HI(MRL, Low Intake), HI(RfD,
High Intake) and HI(RfD, Low Intake).

Section 1: Chadwicks Pond
1-A: Adult

1-B: Child 2-6

1-C: Child 7-16

1-D: Woman of Childbearing Age

Section 2: Haggetts Pond
2-A: Adult

2-B: Child 2-6

2-C: Child 7-16

2-D: Woman of Childbearing Age

Section 3: Johnsons Pond
3-A: Adult

3-B: Child 2-6

3-C: Child 7-16

3-D: Woman of Childbearing Age

Section 4: Lake Attitash
4-A: Adult

4-B: Child 2-6

4-C: Child 7-16

4-D: Woman of Childbearing Age

Section 5: Lake Cochichewick
5-A: Adult

5-B: Child 2-6

5-C: Child 7-16

5-D: Woman of Childbearing Age

Section 6: Pomps Pond
6-A: Adult

6-B: Child 2-6

6-C: Child 7-16

6-D: Woman of Childbearing Age

Section 7: Stevens Pond
7-A: Adult

7-B: Child 2-6

7-C: Child 7-16

7-D: Woman of Childbearing Age

