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Abstract
Since the mid‐1970s, the Ontario (Canada) Ministry of Environment
(OMOE) has been collecting data on fish tissue mercury (Hg) contamination in
provincial waterbodies. By 2004, approximately 160,000 fish from 86 species at
over 1,600 sites were tested for Hg. This large database is primarily used to issue
advisories for safe human fish consumption via publication of the biennial Guide
to Eating Ontario Sport Fish. Analysis to uncover spatio‐temporal trends while
maximising the use of data points is complicated by the application of a non‐
random heterogeneous sampling design. The National Descriptive Model for
Mercury in Fish (NDMMF) developed by the United States Geological Survey
(USGS) is a statistical model of Hg concentrations that can potentially mitigate
these challenges by separating the spatiotemporal variability of fish‐[Hg]
sampling while considering the effects of species, size, and fish sample portion
type. However, the NDMMF has not been fully exploited, likely due to lack of
rigorous evaluation. We conduct the first detailed investigation on the ability of
the NDMMF to reproduce the observed fish‐[Hg] in coolwater walleye (Sander
vitreous) and warm‐water yellow perch (Perca flavescens). Approximately two‐
thirds of both walleye and yellow perch [Hg]‐length relationships could be
accurately predicted using the NDMMF. For these cases, a majority (>85%) of the
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estimates are within the same consumption advisory categories as the
interpolated [Hg] value based on the observed data, using an average‐length
fish. For the remaining incidences with significantly different NDMMF fish [Hg]‐
length relationships compared to those from the observed data, the NDMMF
notably yields similar results, with a majority (>75%) of [Hg] estimates still
falling within the same consumption advisory categories. For the small fraction
of incidences with inaccurate advisory categorization, the instances of
conservative over‐prediction (<18%) would be of little human health concern as
these would recommend fewer meals than otherwise suggested using observed
data. For the few instances when [Hg] is under‐predicted (<11%), the nature of
the human health concern would be relatively minor because the advisory
classification is almost never (< 1%) more than one category less restrictive.
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Chapter 1: General Introduction

Bioaccumulation of tissue mercury concentrations ([Hg]) is known to occur
in many fish species, with amounts in fish many orders of magnitude higher than
in the surrounding water column (Watras et al. 1998). Piscivorous fish and
wildlife are then especially at risk to known detrimental health effects of elevated
[Hg], especially those feeding at higher trophic levels such as mink, loons and
humans. In humans, exposure to elevated concentrations of Hg through fish
consumption or via other vectors is linked to neurological disorders, learning
disabilities, motor skill impairment and short‐term memory loss (Trasande et al.
2006). Particularly sensitive are children under 15 years of age and fœtuses, as
their normal growth and development can be directly detrimentally impacted by
elevated [Hg] (Trasande et al. 2006).
Based on paleolimnological evidence from sediment cores taken from
Ontario lakes, [Hg] in aquatic ecosystems began increasing in the 1930s and
peaked by the 1970s (Pirrone et al. 1998), driven by increased loading from
industrial sources such as smelters, incinerators, landfills, chlor‐alkali production
1

plants and fossil fuel combustion (Sang and Lourie 1997). Trends inferred from
sediment cores as well as studies on [Hg] in Ontario fish show that levels are in
decline since the mid‐1970s e.g., (Borgmann and Whittle 1991; Scheider et al. 1998;
Bhavsar et al. 2010). However, the [Hg] in many species across many water bodies
still often exceed Ontario public health guidelines for human consumption
(OMOE 2011).
Decades ago, due to concerns about increasing Hg contamination in fish
and waterbodies, many national and regional agencies around the world began
monitoring Hg to provide fish consumption guidelines. In North America and
Europe, for example, through annual sampling and analyses, the data that these
agencies collected has evolved into large, multi‐decadal spatiotemporal databases.
Some of the largest fish‐Hg databases are maintained by government
organizations such as the United States Geological Survey (USGS) through its
Environmental Mercury Mapping, Modeling, & Analysis (EMMMA) initiative
(Hearn Jr et al. 2006) or non‐governmental organizations such as the IVL Swedish
Environmental Research Institute (Ltd.) (Munthe et al. 2007). These large and rich
databases are of potential high value for investigating long‐term spatial and
temporal trends.
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The Ontario Ministry of Environment (OMOE) initiated its Sport Fish
Contaminant Monitoring Program (SFCMP) in the mid‐1970s (OMOE 2011). As
with other agencies, the primary motivation for initiating this ambitious program
was concern over evidence of high levels of Hg and other contaminants in key
sport fish important to anglers and fisheries (OMOE 2011). These data are
synthesized and used primarily to develop consumption advisory guidelines,
published biennially in the publicly distributed Guide to Eating Ontario Sport Fish
(OMOE 2011), and for risk assessment of potential Hg sources. By 2005 (when
research on this project was first initiated), the amount of contaminant data
collected had grown to approximately 165,000 sampled individual fish,
representing 86 species from more than 1,600 sites across the province, totalling
roughly 1.5 million database record entries. It is one of the largest fish‐Hg
databases of its kind worldwide.
Since its inception, the OMOE‐SFCMP has required a multi‐million dollar
investment of public monies to finance field collection, sample analysis,
equipment, data entry, staffing, database management, and other expenses to
achieve its monitoring objectives. Large multi‐decadal databases requiring
expensive laboratory analyses are not common in the natural sciences due to the
major resources and capital required. Large multi‐variate databases are prevalent
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in, for example, business environments where information is actively harvested or
collected for its commercial value, and tools for analysis are commonly directed
toward fields such as financial transactions, customer relations, or epidemiology
(see Wachowicz 2002; Raymond et al. 2005). In this context, data collection is often
fully automated or computerized in a standardized format and the database is
therefore relatively easy to analyse for relevant trends. The opportunity to
examine large long‐term datasets focused on environmental contaminant
monitoring in biological species, with the potential to investigate spatial and
temporal trends is uncommon, although publications in this field have been
steadily growing since the early 2000’s (e.g., Kamman et al. 2005; Hearn Jr et al.
2006; Christensen et al. 2006; Bhavsar et al. 2010). The growth of the database over
the course of the OMOE‐SFCMP to its current size, as well as the considerable
public funds expended, provides an impetus for further environmental analysis
and interpretation of long‐term trends beyond the original purpose of deriving
advisory consumption guidelines for human health.
However, collecting data for a particular use (e.g., contaminants monitoring
on a site‐by‐site basis) and then repurposing it to explore long‐term trends or for
data mining can be fraught with challenges to successfully conducting a robust
spatiotemporal analysis. In our case, analyzing the OMOE‐SFCMP dataset for
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spatiotemporal trends in fish‐[Hg] is complicated by sample collection that, while
suitable for ongoing contaminant monitoring, uses methods which results in a
highly variable, heterogeneous dataset. The challenge, then, is to maximize the
utility of such a database to search for spatio‐temporal changes across a wide
geographic area for nearly 30 years.
Ontario is a large province covering about one million km2 with over
250,000 waterbodies including the Canadian waters of the Laurentian Great Lakes,
and extending over numerous biogeoclimatic zones. Financial and logistical
constraints mean that it is not feasible to gather fish samples with identical or even
similar characteristics from all possible locations across such a large area every
year. Fish are obtained through partnerships with other government agencies,
university researchers and other contributors, often from sampling programs
initiated by other research groups. Only a few sites are selected by OMOE for
regular monitoring. As a consequence, there is a wide variation in fish‐[Hg],
species, trophic position, and biometric data, with many spatio‐temporal gaps in
the continuity of the OMOE‐SFCMP database, making it challenging to directly
compare fish species on a year‐to‐year basis. The resulting database is highly
heterogeneous in terms of sampling efforts, fish species, temporal continuity and
spatial coverage.
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It is well established in literature that large piscivorous species tend to have
higher [Hg] than small, lower trophic level fish (Kidd et al. 1995); thus it is not
practicable to directly compare [Hg] among different fish species. The use of
conventional statistical techniques to analyse the database is complicated by the
substantial number of records, the number and types of variables involved, along
with the heterogeneous pattern of data collection and their spatial and temporal
distribution. Conventional statistics are more suitable for analyzing a small
number of scientifically sampled, homogeneous data (Fayyad 1997; Miller 2007).
While they can be applied to large databases, the methods often lead to self‐
limiting analyses that can only focus on a few patterns at a time. This is evidenced
in the study by Kamman, et. al (2005) that examined large, long‐term fish tissue
monitoring datasets of [Hg] in freshwater fish in North‐eastern North America. In
their study, the analyses of complex temporal data and Hg uptake rates were
made manageable by standardizing trends or pooling data across years and lakes
into a grid format. While an excellent study, this is a typical compromise to
provide a homogeneous dataset to fit the confines of conventional statistical
methods. An innovative analytical approach is required, then, to improve analysis
of a non‐systematically sampled dataset and to maximize statistical power by
utilizing as many measurements as possible (e.g., fish species, locations, sampling
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year, sample portion cut/fish fillet type (e.g., skinless boneless fillet, whole fish,
skin‐on fillet)).
We propose that it is possible to observe spatiotemporal trends of
environmental Hg in fish in large heterogeneous databases by applying the
“National Descriptive Model for Mercury in Fish” (NDMMF) developed by the
USGS (Wente 2004) which attempts to normalize for many of these confounding
factors. The NDMMF is a statistical model that considers the effects of species,
sizes, and sample portion cut while standardizing [Hg]. The model first measures
the average proportional variation among different sample types collected within
each sampling event. Then it factors out the fish‐[Hg] variation attributable to the
characteristics of the samples collected during the sampling event and determines
the relative difference in fish‐[Hg] observed at each sampling event. Using this
information, the model then predicts (or maps) fish‐[Hg] using estimated data for
a consistent sample type (i.e., same species, portion sampled and fish length)
across all sampling events (Wente 2004). The model offers an appealing way for
contaminant monitoring agencies to standardize fish‐[Hg] for samples with very
different characteristics in order to conduct a spatio‐temporal evaluation.
However, outside of the USGS internal scientific investigations reports (Wente
2004; Christensen, Wente, and Sandheinrich 2006), to date the model is referenced
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little in peer‐reviewed literature (i.e., Evers et al. 2007; Drenner et al. 2011). To our
knowledge, there are no reports on agencies employing it to assess monitoring
needs or as a research tool, likely due to a lack of rigorous outside evaluation of
the model.
This study conducts the first investigation on the ability of the NDMMF to
predict the observed fish‐[Hg] across the large geographic area and diverse
biogeoclimatic zones of Ontario. We use two example species of popular sport
fish: the cooler‐water dwelling walleye (WE; Sander vitreous) and warmer‐water
dwelling yellow perch (YP; Perca flavescens). These are two game fish species
commonly consumed by humans and are the two most commonly sampled
species in the OMOE‐SFCMP, with WE representing 21.0% of all fish datapoints
followed by YP at 7.8% (q.v. Chapter 2). Walleye is a popular freshwater game
fish, native to Canada and the northern United States. They are often found in
cool mesotrophic lakes and rivers and moderate‐ to low‐gradient rivers. At 40 to
60 days old, the juvenile walleye start to become almost exclusively piscivorous,
often feeding on YP or cisco (Coregonus artedi) (Scott and Crossman 1973). Their
high trophic position causes Hg to bioaccumulate, and given their popularity with
anglers, the risk to human health through consumption of contaminated fish is
greater than for other lower trophic species. Yellow perch is also a popular
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freshwater and brackishwater fish native to southern Canada and the United
States. They prefer warmer mesotrophic lakes, ponds, pools of creeks, and rivers,
and feed primarily on immature insects, larger invertebrates, small fishes, and fish
eggs (Scott and Crossman 1973). Their mid‐level trophic position still enables Hg
to bioaccumulation, but their consumption will generally pose less of a threat by
volume to human health.
To investigate trends, the observed change (Δ[Hg]) in the [Hg]‐length
relationship found in WE or YP portion cut samples at specific locations‐years was
compared to the NDMMF model‐predicted relationship, calibrated using the
OMOE‐SFCMP data, for the same location/year/species/cut combination. This
provided an initial assessment of how well the NDMMF was able to estimate the
observed Δ[Hg]. If the observed and predicted Δ[Hg] relationships at a sampling
site location‐year were not found to have significantly different slopes or
elevations, then this would suggest the model performs well. This supports the
approach that uses the model to standardize each of the samples in the database to
a single species/length/cut of fish to conduct wider spatio‐temporal investigations.
Monitoring agencies such as the OME often recommend limits to human
consumption of fish meals based on different categories of combinations of
maximum fish‐[Hg] and population sensitivity. It is important to also examine
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how well the NDMMF categorizes a species of a specific size at the locations‐years
compared to the interpolated observed value of this same size sample. Even when
NDMMF model fit shows a statistically significant different Δ[Hg], predicted
values may still be categorized in the same consumption advisory category as the
interpolated observed value and be considered valid. A model that successfully
classifies samples consistently into correct “consumption categories” would
improve spatio‐temporal analysis by enabling a comprehensive visualization and
mapping of the change in threat to human health via sport fish consumption by
harnessing the power of the entire dataset.

10

Chapter 2: Mercury concentrations in two popular Ontario
(Canada) sport fish can be reliably reproduced by applying
a statistical model to a large, long‐term monitoring database

Abstract
Elevated mercury concentrations ([Hg]) found in fish have prompted
government agencies worldwide to initiate fish monitoring programs over the last
few decades. Those long‐term monitoring programs have resulted in large
databases primarily used to issue advisories for safe human fish consumption.
Inferring spatiotemporal trends using those valuable databases is on the increase,
although non‐random heterogeneous sampling poses major challenges to making
the maximum use of the available data points. The National Descriptive Model for
Mercury in Fish (NDMMF) developed by the USGS is a statistical model that has
the potential to mitigate these challenges by separating the spatiotemporal

11

variability of fish‐[Hg] sampling while considering the effects of species, size, and
fish sample portion type. However, the NDMMF has not been fully exploited,
likely due to lack of rigorous testing. We conducted the first detailed assessment
on the ability of the NDMMF to reproduce the observed fish‐[Hg] and to evaluate
the model performance for issuing fish consumption advisories across a large
geographic area. We used one of the world’s largest consistent fish‐Hg databases,
maintained since the 1970s by the Province of Ontario, Canada. Two species of
popular sport fish were selected for testing: the coolwater walleye (Sander vitreous)
and the warm‐water yellow perch (Perca flavescens). Approximately two‐thirds of
both walleye and yellow perch [Hg]‐length relationships were accurately
predicted using the NDMMF. Of these, a large majority (>85%) of the estimates fell
within the same consumption advisory categories as the interpolated [Hg] value
based on the observed data, using an average‐length fish. For the remaining one‐
third of inaccurately‐predicted [Hg]‐length relationships, notably, a large majority
(>75%) of these [Hg] estimates still fell within the same consumption advisory
categories as using an interpolated value based on observed [Hg]. For the small
fraction of incidences with inaccurate advisory categorization, the instances of
conservative over‐prediction (<18%) would tend to be of little human health
concern as these would recommend fewer meals than otherwise suggested using
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observed data. For the few instances when [Hg] is under‐predicted (<11%), the
nature of the human health concern would be relatively minor because the
advisory classification is almost never (< 1%) more than one category less
restrictive.

Introduction
In many countries, national and regional agencies have been collecting data
on fish mercury concentrations ([Hg]) for several decades largely to advise the
public on safe consumption of sport fish. Through continued monitoring efforts,
these datasets have grown considerably, especially in North America and Europe.
In recent years, there has been increasing scientific interest in using these datasets
to understand long‐term and spatial trends of Hg in fish (e.g., Evers and Clair
2005; Kamman et al. 2005; Bhavsar et al. 2010; Chalmers et al. 2011). These studies
have been useful in understanding changes in [Hg] in specific fish species or
locations. However, they generally tend to use smaller subsets of very large
datasets, focusing on only a few species or particular lakes, and the results can be
difficult to generalize over large geographic areas.
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Collecting data for a particular use (e.g., monitoring for fish consumption
advisories) and then repurposing it for a different application (e.g., exploring
long‐term trends) can be fraught with challenges. For example, non‐random
sampling with variable sample size and sampling frequency that is most suitable
for the original purpose can result in a heterogeneous dataset. Also, it is well
established in literature that piscivorous predatory species tend to have higher
[Hg] than lower trophic level fish (Kidd et al. 1995); thus it is not appropriate to
directly compare [Hg] among different fish species. An innovative approach is
required to improve analysis of a non‐systematically sampled dataset and to
maximize statistical power by utilizing as many measurements as possible (e.g.,
fish species, locations, sampling year, sample portion cut/fish fillet type (e.g.,
skinless boneless fillet, whole fish, skin‐on fillet))..
The National Descriptive Model for Mercury in Fish (NDMMF) developed
by the USGS (Wente 2004) is a statistical model that considers effects of species,
sizes, and sample portion types/cut while standardizing [Hg]. The model first
measures the average proportional variation among different sample types
collected within each sampling event. It factors out the fish‐[Hg] variation
attributable to the characteristics of the samples collected during the sampling
event and determines the relative difference in fish‐[Hg] observed at each
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sampling event. Using this information, the model predicts or maps estimated
fish‐[Hg] for a consistent sample type (i.e., same species, portion sampled and fish
length) across all sampling events.
Since the model allows users to analyze data for samples with different
characteristics, it offers an appealing method to standardize fish‐[Hg] to conduct a
spatio‐temporal evaluation, and may be of interest to, for example, contaminants
monitoring agencies. The model also has a potential to extrapolate Hg data to
multiple species, lengths and sample types. However, apart from USGS internal
reports (Wente 2004; Christensen, Wente, and Sandheinrich 2006), to date the
model is referenced little in peer‐reviewed literature (i.e., Evers et al. 2007;
Drenner et al. 2011) . Further, to our knowledge, there are no reports by other
agencies employing it in assessing monitoring needs or utilizing it as a research
tool, likely due to a lack of rigorous outside evaluation of the model.
In this study, we conduct the first investigation on the ability of the
NDMMF to predict the observed fish‐[Hg] across the vast geographic area and
multiple biogeoclimatic zones of the Province of Ontario (Canada). To put the
scale in perspective, Ontario is 60% larger than France, with more than one million
km2 of landmass containing over 250,000 waterbodies, including the Canadian
waters of the Laurentian Great Lakes. We used one of the world’s largest fish‐Hg
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databases, collected by the Ontario Ministry of the Environment (OMOE). Two
species of popular sport fish were selected: the cool‐water walleye (WE; Sander
vitreous) and the warm‐water yellow perch (YP; Perca flavescens). The observed
change in the [Hg]‐length relationship (Δ[Hg]) found in WE or YP cut samples at
specific locations‐years was compared to the NDMMF model‐predicted change in
the metric, calibrated using the OMOE data, for the same location/year/species/cut
combination. We also evaluated the model performance in light of issuing fish
consumption advisories: Even when NDMMF‐estimated [Hg] showed a
statistically significant difference compared to the interpolated observed value, the
predicted value may still fall in the same consumption advisory category and still
be considered valid for this purpose.

Methods
Data collection
The Sport Fish Contaminant Monitoring Program (SFCMP) of Ontario
Ministry of the Environment (Canada) monitors various contaminants including
Hg in sport and juvenile fish from rivers and lakes (including Canadian waters of
the North American Great Lakes) throughout the province in partnership with
16

Ontario Ministry of Natural Resources (OMNR). The monitoring was initiated in
the early 1970s due to concern over high levels of Hg in Ontario sport fish and
possible human health effects due to consumption of contaminated fish (OMOE
2011). These data are used in calculating fish consumption advisories published
biennially by the provincial government in the publicly distributed Guide to
Eating Ontario Sport Fish (OMOE 2011).
Resampling frequency for each site can differ greatly, ranging from annual
sampling to ≥10‐year intervals, and resampling decisions are based on [Hg] and/or
other contaminant level, rate of change in the levels, popularity for angling, and
remoteness of location. When testing fish for Hg in a specific area, top predators
are sampled initially because they likely indicate the highest Hg levels. If low
levels of Hg are found in predators, the testing of other species may not be
conducted. Varying numbers and sizes (generally >15cm) of each species are
collected typically during late summer or early fall using various methods,
including trawling, gill nets, angling and electro‐fishing. Fish are measured for
total length, weighed and sexed, and a sample (typically skinless boneless fillet
(SBF)) is packaged and sent to OMOE laboratories in Toronto and stored at ‐20°C.
The samples are analyzed for Hg using Cold Vapour‐Flameless Atomic

17

Absorption Spectroscopy as per the OMOE method HGBIO‐E3057 and following
standard internal QA/QC protocols (OMOE 2006; Bhavsar et al. 2010).
The OMOE‐SFCMP had measured Hg levels in over 165,000 samples from
1976 to 2004 when this project was initiated in 2005. The dataset consisted of
almost 100 species in 5,654 sampling events at 2,648 locations ranging from small
lakes, bays and rivers to various sites on the Great Lakes. The dataset was updated
and revised, including amalgamating discrete yet highly localized sampling
locations into single sites, thus condensing the number of unique locations to
2,433. Point locations were mapped using ArcGIS Desktop v9.3 (ESRI 2010), and
obvious errors in geographic coordinates were corrected manually if reasonable,
or otherwise removed from the dataset (e.g., sampling locations outside the
territorial boundaries of Ontario, coordinates not contained within a waterbody).
These corrections resulted in 157,563 samples, of which 7,249 were less than the
laboratory detection limit of 0.01 μg/g (left‐censored). The dataset contained
primarily SBF fish samples (n=152,150; 96.6%), with the remaining 5,413 samples
being other cuts of fish such as whole fish, skin‐on fillet, carcass, eggs, liver, and
viscera.
For the NDMMF calibration, we chose WE and YP due to their large
number of data points in the dataset (21.0% and 7.8% of all samples, respectively),
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extensive spatio‐temporal distribution, and popularity as game fish and for
consumption. In addition, WE and YP occupy different trophic positions in the
food web, with WE being top trophic piscivores while YP tend to be opportunistic
omnivores feeding on a wide range of prey from insect larvae to small fish (Scott
and Crossman 1973).

NDMMF detail, calibration and parameter estimates
The purpose of the NDMMF is to separate the spatiotemporal variation in
fish‐[Hg] burdens from sample characteristic variation (Wente 2004; Christensen,
Wente, and Sandheinrich 2006). A detailed explanation and evaluation of the
NDMMF is provided by Wente (2004). Briefly, the NDMMF is a statistical model
related to an analysis of covariance and multiple‐linear regression. It is
summarized by the equation:
log e (C ijk + 1) = α k × log e (lengthijk + 1) + β j + ε ijk , (1)

where,
αk and ßj are the slope and intercept, respectively, of the linear
relation between the loge(Cijk + 1) and loge(lengthijk + 1) terms;
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Cijk is the fish‐tissue mercury concentration in mg of Hg per kg
of fish tissue from the ith sample of the jth sampling event
(samples collected from a specific site and date) for the kth
species and cut combination;
αk is a set of parameters relating variation in fish‐tissue
mercury concentration to fish length for each of m species
and cut combinations of fish;
lengthijk is the length in inches of the ith sample of the jth sampling
event for the kth species (fish length is used as a surrogate
for fish size because this measurement is available for most
fish‐tissue mercury results) (Note: The NMMDF model uses
imperial units for fish length, but we converted to metric
units for this study);
ßj is a set of parameters describing variation in fish‐tissue
mercury concentrations among each of n sampling events;
and
εijk is an error term for the ith sample of the jth sampling event
for the kth species, and accounts for the variation not
modeled by the other independent variables.
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One (1) is added to lengthijk to prevent log‐transformed values of <1 from
being a negative number. Consequently, one is also added to Cijk to ensure that a
theoretical zero‐length fish remains with a [Hg] of 0mg/kg.
The modified OMOE‐SFCMP dataset was prepared in Microsoft® (MS)
Access to calibrate the NDMMF by assigning, per Wente (2004), a numeric code to
each unique combination of species, sampling event and portion type, and a
binary flagging of results that are left‐censored. The SAS LIFEREG procedure is
used because it can produce unbiased parameter estimates from datasets with
censored observations (per Christensen, Wente, and Sandheinrich 2006). The SAS
output was re‐converted into an MS Access table and the [Hg] estimates for each
sample (Cpred) were back‐calculated in arithmetic space, using the formula:

C pred = e

(α k × log e ( length pred +1) + β j )

−1

(2)

Model evaluation
Model‐predicted fish‐[Hg] values were calculated for all sample locations‐
years, standardized to a 43.2cm (~17”) WE SBF or 22.9cm (~9”) YP SBF. These sizes
were selected based on the approximate average lengths of WE and YP in the
database. This modelled fish‐[Hg] calculation then provides an estimate of the
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theoretical [Hg] in a WE and YP for every location in a year that was sampled,
irrespective of the species and cut of fish actually collected.
Using statistical software R v.2.9.2 (R Development Core Team 2009), data
were screened for locations only where five or more WE or YP were collected
during a single calendar year. Fish length (L) and [Hg] were transformed to
natural logarithms. To test for a significant difference between slopes, and thus the
capability of the NDMMF to predict the observed values, a residual (res) for each
sample was calculated by subtracting the NDMMF‐predicted value (pred) (Eq. 2)
from the observed value (obs), and from itself (residual of zero). A linear
regression was then computed through a plot of logL(res) and log[Hg](res). In theory, if
the slope of the plot of the log‐transformed predicted values is equal to the slope
of the plot of the log‐transformed observed values, a regression line through the
residuals of the log‐transformed observed values will not be significantly different
from zero (p>0.05). An exception would be in cases where the regression line is
distinct but parallel to zero. Lines with slopes showing no difference were
therefore filtered out by also checking for a significant difference in elevation (Zar
1999, chap. 18). If the slopes and elevations of both the observed and predicted
[Hg]‐length relationships at a sampling site were not significantly different, then
the model performance was considered satisfactory.
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The locations were plotted spatially using ArcGIS Desktop 9.3 to provide a
general indication of the distribution of locations of modeled vs. observed data
that were significantly or non‐significantly different. However, a formal test of the
spatiotemporal distribution of results to assess patterns and/or randomness was
beyond the scope of this current study.
Fish contaminant monitoring agencies such as the SFCMP of the OMOE
often recommend limits to human consumption of fish meals. These are based on
fish size categories and population classes such as the sensitive population (SPop)
of women of child‐bearing age and children under 15 years and the rest as the
general population (GPop) (TABLE 1 OMOE‐recommended consumption limit of
fish meals based on level of Hg contaminationTABLE 1), and are guidelines based
on testing performed by the Food Directorate of Health Canada. (Bhavsar et al.
2011; OMOE 2011). It is important to also examine how well the NDMMF
categorizes a sample of a specific size at each location‐year compared to the
interpolated value of this same size based on the observed samples. Even when a
poor NDMMF model fit shows a statistically significant difference in rates of
change of [Hg], predicted concentrations may still fall between the same
consumption advisory limits as the interpolated observed value and be considered
satisfactory. The success rate of correct categorization would provide evaluation of

23

utility of the model for issuing human fish consumption advisories. The NDMMF‐
predicted and interpolated observed values for [Hg] in a 43.2cm WE and a 22.9cm
YP were categorized into the OMOE fish consumption advisory classes shown in
TABLE 1 and compared. Data were divided into locations‐years where both
significant and non‐significant differences of Δ[Hg] were found.

Results and Discussion
NDMMF calibration
Calibration of the NDMMF results in one αk parameter for each of m species
and cut combinations of fish, and one ßj parameter for each of the n sampling
events (Wente 2004). The modified OMOE‐SFCMP database contained αk=195
species and cut combinations, and ßj=4,530 sampling events, for a total of 4,725
parameter estimates. Predicted values for [Hg] were then be calculated for the
sampling events (locations‐years) using Eq. 2 for a 43.2cm WE SBF (αk = 1.94) and
22.9cm YP SBF (αk = 2.14).
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Linear regression comparison
There were fish‐[Hg] for 1,118 locations‐years from 32,864 WE SBF and 541
locations‐years from 10,463 YP SBF measurements. The corresponding sample‐
cuts‐locations‐years were 1,754 for WE and 620 for YP. The lengths of all observed
samples for both species were normally distributed (Jarque‐Bera test: WE
n=32,864, p<<0.001; YP n=10,463, p<<0.001). The slopes and elevations of linear
regressions of logarithmic transformed fish‐[Hg] and length from the observed
and calibrated NDMMF estimates were compared for these total 2,374 sample‐
cuts‐locations‐years combinations.
For WE SBF, 62.5% (n=1,096) of locations‐years showed no significant
difference (p>0.05) in the relationship, i.e., both slope and elevation (TABLE 2).
Similarly, 65.3% (n=405) of YP SBF showed no significant difference in both slopes
and elevations of the regressions. These results indicate that approximately two‐
thirds of both WE and YP [Hg]‐length relationships could be accurately predicted
using the NDMMF, when calibrated with the OMOE‐SFCMP database. Given the
high incidence of accurately predicted values, we believe these results support the
findings of Wente (2004) and indicate that the NDMMF reproduces observed WE
and YP [Hg]‐length change reasonably accurately at locations where these species
were sampled over the time period. This high success rate is notable given the
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array of factors that can influence the growth rate and Hg uptake (see Parsons and
Percival (2005) for a review), especially in such a vast number of waterbodies
sampled with varying efforts (e.g., sampling frequency, sample size) over the
course of about 30 years.
A map of the location distribution of “poorly‐predicted” and “well‐
predicted” regressions for the locations‐years combinations of WE and YP SBF
throughout the province does not appear to have a visually consistent, structured
pattern (FIGURE 1); a formal spatial analysis is beyond the scope of this study. An
assessment of spatial patterns of model prediction error using a compiled Canada‐
wide database (including OMOE‐SFCMP data) and a neutral landscape approach
(sensu Lancaster and Downes 2004), suggests that the model does not appear to
suffer from spatial biases. However, the non‐random sampling regimes employed
by various agencies limits the extent of interpretation (D. Depew, unpubl. data).

Categorization
An examination of the residuals (pred – obs) for the NDMMF‐predicted
and the interpolated observed [Hg] for a 43.2cm WE and 22.9 cm YP shows that in
both “poorly‐predicted” (p≤0.05) and “well‐predicted” (p>0.05) cases, the results
are still tightly centred around zero (FIGURE 2). This suggests that irrespective of
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the predicted vs. observed [Hg]‐length slope agreement, the NDMMF continues to
perform well at predicting the observed (interpolated) [Hg], in this case for an
approximately average‐sized fish length of each species.
It is important, however, to assess the severity of the error when the
NDMMF fails to predict the observed value, given negative human health
implications of exposure to Hg through the consumption of contaminated sport
fish. FIGURE 3 is a comparison of observed (interpolated) and NDMMF‐estimated
fish‐[Hg] for all the locations‐years separated into the general and sensitive
populations (GPop and SPop, respectively) for 43.2cm WE and 22.9cm YP, and
categorized by the OMOE fish consumption advisory guidelines. The values are
separated by statistical significance and graphed to highlight the locations‐years
that fall in the correct advisory categories, NDMMF over‐predictions that would
result in advisories one or more categories more conservative (e.g., 4 meals/month
instead of 8 meals/month), and NDMMF under‐predictions that would result in
advisories one or more categories less restrictive (e.g., 4 meals/month instead of 2
meals/month).
As expected, for the instances where there were no significant differences
between the NDMMF‐predicted and the observed fish [Hg]‐length relationship
(p>0.05, WE: n=1096; YP: n=405), the majority of the NDMMF [Hg] estimates (WE:
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90.6% GPop, 85.0% SPop; YP: 98.3% GPop, 85.4% SPop) fall within the same
OMOE consumption advisory categories as the interpolated [Hg] value based on
the observed data (FIGURE 3 a,c,e,g). There are very few cases of less restrictive
(WE: 3.6% GPop, 8.1% SPop; YP: 1.2% GPop, 8.6% SPop) or more conservative
advisory category predictions (WE: 5.7% GPop, 6.8% SPop; YP: 0.5% GPop, 5.9%
SPop).
For the remaining locations‐years with a significantly different NDMMF
fish [Hg]‐length relationship compared to those from the observed data (p≤0.05,
WE: n=658; YP: n=215), the NDMMF notably yields similar results (FIGURE 3
b,d,f,h): the majority of [Hg] estimates (WE: 84.7% GPop, 75.1% SPop; YP: 98.6%
GPop, 78.6% SPop) still fall within the same OMOE consumption advisory
categories, again with very few cases of less restrictive advisory category
predictions (WE: 6.8% GPop, 7.0% SPop; YP: 0.9 % GPop, 10.7% SPop) or more
conservative (WE: 8.5% GPop, 17.9% SPop; YP: 0.5% GPop, 10.7% SPop).
The results suggest that even for locations‐years where the NDMMF does
not predict the observed [Hg]‐length relationship well (p≤0.05), its accuracy at
classifying the fish‐[Hg] into correct OMOE advisory categories is still almost on
par with the high accuracy observed for locations‐years that are well‐predicted
(p>0.05). Overall, for the fraction of incidences with inaccurate advisory
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classification, the instances of conservative over‐prediction would be of little
human health concern since the model would be recommending fewer meals than
would otherwise be advised. Only rarely is the model more than “one category”
more conservative (where p≤0.05, WE: 0.2% GPop, 0.0% SPop; YP: 0.0% GPop,
0.0% SPop; where p>0.05, WE: 0.0% GPop, 0.1% SPop; YP: 0.0% GPop, 0.0% SPop),
and it is never more than two. However, for the few occasions when [Hg] is
under‐predicted resulting in less restrictive fish consumption advisories, the
nature of the human health concern would be relatively minor because the
advisory classification is again almost never more than “one category” less
restrictive (where p≤0.05, WE: 0.0% GPop, 0.0% SPop; YP: 0.5% GPop, 0.9% SPop;
where p>0.05, WE: 0.1% GPop, 0.1% SPop; YP: 0.0% GPop, 0.2% SPop), and never
more than two.
While results were satisfactory for the approximately average lengths of
WE and YP SBF selected, caution should be exercised when categorizing at longer
lengths with high [Hg]. There is possibly a systematic mathematical under‐
prediction at longer lengths (U.S. EPA 2005) which may compromise correct
classification and this effect should be examined further. However, at very high
levels of [Hg], advisory categories are larger, and recommend severe restrictions
to no consumption. As such, we expect that performance of NDMMF would also
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be reasonably acceptable for the fish consumption advisory purpose for these high
[Hg] scenarios.

Model limitations and further research
The NDMMF is not a tool with the necessary precision and accuracy to
substitute for field work sampling and to replace active monitoring programs, nor
is this a desirable objective. It is a useful modelling tool that appears to succeed at
estimating observed fish‐[Hg] relationships as well as classifying correct
consumption advisory categories for average‐sized fish from two different trophic
levels. Locations‐years that are poorly‐predicted, however, need not be viewed
simply as bad model fit. Instead, we suggest that these locations‐years may assist
in identifying specific areas of concern or abnormal contaminant loading events.
Or, they may indicate a situation where insufficient data collection did not form a
representative sample. In this case, the NDMMF may enhance the accuracy of fish‐
[Hg] estimates by filling in data gaps and identifying where to intensify
monitoring efforts.
Mercury levels in fish tend to increase with age but length is measured as a
surrogate because it is easy and inexpensive to obtain (Gewurtz, Bhavsar, and
Fletcher 2011; Gewurtz et al. 2011). However, length tends to obscure the influence
that many factors can have on growth rate including differences in food web
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structure due to prey availability (Hartman and Margraf 1992) or physicochemical
and biogeoclimatic variables. The use of a single αk parameter relating variation in
[Hg] to fish length for each of m species and cut combinations may skew the αk
parameter depending on the geographic distribution of samples. While not
definitively observed in our study, this condition may be applicable to the cooler‐
water fish species like WE which have a large, province‐wide distribution in a
variety of biogeoclimatic zones, but where sampling effort is focused primarily in
the warmer southern area of the Province. An unrepresentative αk parameter
would likely adversely affect prediction accuracy at more northerly sites. We
suggest further study to investigate the influence of geography on the NDMMF
including whether improvements can be made by adding a geographic parameter
or integrating relevant growth variables that can produce more than one αk
parameter per m species and cut combination.
One of the major benefits of the use of the NDMMF is to estimate fish‐[Hg]
for a “theoretical fish” at locations where a species was not sampled, and further
testing is especially important to assess the accuracy of this process. Since the αk
parameter is unique for each species and cut combination, effectively this would
be an assessment of the ßj parameter and the ability to assess the NDMMF’s
modeling of the variation in fish‐tissue [Hg] and its trophic position. However,
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since the ßj parameter for one species at a site is dependent on all the ßj parameters
and its relative position among all species at all sites, it is expected that the fish‐
[Hg] estimate error for locations with a sampled species would be similar to an
estimate for a “theoretical” fish at a site without that species.
The conventional approach to estimating fish‐[Hg] relationships and
designating consumption advisories is to interpolate (ie., create a model for) the
observed data. This first investigation suggests that the NDMMF, calibrated to a
long‐term Hg‐monitoring dataset, is largely successful at predicting fish‐[Hg]
values similar to those results obtained via a conventional approach. Notably, the
tool works especially well at categorizing data for consumption advisory
purposes.
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Tables
TABLE 1 OMOE‐recommended consumption limit of fish meals based on level of
Hg contamination (Bhavsar et al. 2011; OMOE 2011)
Number of meals
per month
8
4
2
0

Category limit (μg/g Hg)
General population
Sensitive population
0‐0.61
0‐0.26
0.61‐1.23
0.26‐0.52
1.23‐1.84
N/A
>1.84
>0.52

TABLE 2 Comparison of slope and/or elevation of observed WE and YP fish‐[Hg]
at sampled lengths to NDMMF‐predicted values at the same sampled length
Species

Walleye
Yellow Perch

NDMMF “poorly‐
predicted” locations‐
years (p ≤ 0.05)
658 (37.5%)
215 (34.7%)

NDMMF “well‐
predicted” locations‐
years (p > 0.05)
1,096 (62.5%)
405 (65.3%)
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Total

1,754
620

Figures
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FIGURE 1 Map of Ontario showing locations where NDMMF predicted observed
[Hg]‐length relationship accurately (p>0.05, green circles) and inaccurately
(p≤0.05, red triangles), between 1976‐2004, in (a) 43.2cm WE SBF and (b) 22.9cm YP
SBF.
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FIGURE 2 Residuals (Pred‐Obs) [Hg] (μg/g) for locations‐years where NDMMF
predicted observed [Hg]‐length relationship accurately (p>0.05) and inaccurately
(p≤0.05) in a 43.2cm WE SBF and 22.9cm YP SBF.
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FIGURE 3 Comparison of observed (interpolated) and NDMMF‐predicted [Hg] in
a 43.2cm WE SBF (a‐d) and 22.9cm YP SBF (e‐f), classified by the OMOE
consumption advisory categories (shown with dotted lines) as accurate (X), over‐
prediction (orange triangle) or under‐prediction (red circle) and separated by
NDMMF [Hg]‐length relationship prediction accuracy; i.e., if the predictions were
similar to the observed values at p≤0.05 or at p>0.05. Locations that are predicted
by the NDMMF as greater than one category more/less restrictive are marked with
either an orange asterisk (more) or a red star (less).
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Chapter 3: General Discussion

Large databases with heterogeneous data can be difficult to adapt to new,
novel uses beyond their original purpose. Past studies using large fish‐[Hg]
databases have portioned out data into subsections for analysis thereby diluting
the power of the entire dataset. To better understand long‐term spatio‐temporal
trends in fish‐[Hg], this study envisioned the use of the National Descriptive
Model for Mercury in Fish (NDMMF) as a tool to standardize the entire fish
dataset to a single type of species/length/cut. Despite the potentially powerful
applications for improving insights into large multi‐year multi‐lake contaminant
monitoring databases, the NDMMF model has seen little published use to date.
This is likely due to lack of testing and assessment of the model’s strengths and
weaknesses.
The study’s basic premise, calibrating the NDMMF and comparing its
output [Hg]‐length relationships to observed values, necessitates the use of a large
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enough dataset of observed values to make these comparisons, especially of
consistently monitored and sampled species. For this, we obtained access to the
largest known single‐jurisdiction multi‐lake long‐term database on fish‐[Hg]
worldwide, the Sport Fish Contaminant Monitoring Program administrated by the
Ontario Ministry of Environment (OMOE‐SFCMP). The OMOE‐SFCMP database
includes a total of 157,563 Hg and fish length data points for almost 100 fish
species from 2,433 sampling events from 1976 to 2004. This allows rigorous
assessment of the NDMMF model, and the analysis of results derived from its use
should be perceived as particularly reliable given the consistency in methodology
for fish collection, Hg analyses and laboratory & database quality assurance /
quality control (QA/QC) throughout the duration of the OMOE‐SFCMP.
The NDMMF output, when examined for change in [Hg] vs. length (Δ[Hg])
for two fish species, walleye (WE) and yellow perch (YP) skinless boneless fillet
(SBF) are found to be reasonably allied with the observed values at the same
locations‐years (approximately two‐thirds are not significantly different).
Furthermore, when the OMOE consumption advisory classes are considered (e.g.
vulnerable populations, adults, etc.), the model exhibits substantial ability to
predict fish‐[Hg] in terms of categorizing predicted fish‐Hg into the appropriate
consumption advisory category. This is considered a highly successful
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approximation given that all the variables and confounding factors that can
impact Hg uptake at the numerous and diverse array of sites, including growth
rate, temperature, food web structure, Hg methylation processes and lake
chemistry. It is recommended that locations showing significantly different Δ[Hg]
from observed values be flagged as anomalous sites. Often these sites are the
exceptions from the typical atmospheric sources of Hg to most lakes, which
contribute to poor model fit (e.g., abnormally high [Hg] due to legacy point
contaminant loading events). Notably, this study also confirmed the usefulness of
the NDMMF at categorizing average‐length WE and YP SBF into their correct
consumption classes for many locations‐years, regardless of whether the Δ[Hg]
relationships were found to be significantly different or not. Caution should be
exercised, however, if estimating fish‐[Hg] at upper length values for each species.
There is possibly a systematic mathematical under‐prediction at longer lengths.
The impact of this may be mitigated, however, by the larger advisory categories in
high [Hg] scenarios. Future work could focus on how to adapt the model to these
anomalies to lower prediction error and/or ensure problematic sites are identified
and accounted for when standardizing to a common species/length/cut.
Together, these findings demonstrate the prospect of harnessing the full
potential of the database to perform spatio‐temporal analyses and should help
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justify the broader use and acceptance of the NDMMF approach to standardizing
multi‐species, multi‐lake data to a single representative fish type. The spatio‐
temporal change can be mapped consistently by standardizing to a single
species/size/cut of fish and examined in any number of creative ways. For
example, FIGURE 4 maps the change in consumption categories class for a 43.2cm
WE SBF standardized to every location sampling ≥5 fish between 1976‐82, then re‐
sampled between 1983‐1989, 1990‐1996 or 1997‐2004 (using mean [Hg] for each
site’s year‐span). The newest/most recent data for each location is displayed. In
this example, we see that the number of locations with higher consumption
restrictions has mostly declined between 1976‐82 to 1997‐04. These results are
consistent with past studies which suggest declining [Hg] in Ontario sport fish
(e.g., Kamman et al. 2005; Hearn Jr et al. 2006; Christensen et al. 2006; Bhavsar et
al. 2010)
Further work should continue in terms of producing maps and
interpretation based on a standardized sample. Building on this existing thesis
work, an ambitious project combining numerous fish‐[Hg] databases into a large
national data and ensuing analysis is well under way by colleague Dr. D. Depew.
Future comparisons to a wide array of environmental variables such as geology,
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geochemistry, biogeography and atmospheric deposition, as well as epidemiology
and socio‐economic indicators (e.g., Gilbertson 2007) are also foreseeable.
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Figures
(q.v. insert)
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NDMMF-predicted change in consumption category class for
[Hg] in 42.3cm WE over 29-year interval in Ontario.

#
#
#
#

#

(Locations where re-sampling occurred with >= 5 fish.)

#
##

#
##
# # ###
#
#

#

ONTARIO
#

#

#
#
#

#
#
#
#

##
#

#

#
#
##
##
#
##
#

# #

#

#
#
# # #
#
NDMMF-estimated change to consumption category class
in 43.2cm WE SBF from mean [Hg] (μg/g) between
1976-1982 to mean between:

#

#
# #
##
#
##
#
#
#
#

#
#

(a)

2 Higher (None)

#
#

1 Higher (11)
1 Lower (11)
2 Lower (2)

3 Lower (None)

#

#
# #
#
#

#
#

3 Higher (None)

0 - No Change (64)

#

#

1983-1989

#
#
#
#
#
#
#

#

#

Note: Number of occurrences for
each class is indicated between
brackets. Legend panel class values
are designed to retain consistency
across the map set.

#

#
# #
0

#
#

100

200 km

Map Sources:
Ontario Ministry of Environment "Fishbase" Database on
Contaminants in Fish, 1976-2004;
National Scale Frameworks (NSF) Administrative Boundaries 1:1M;
North American Atlas Water Features 1:10M

NDMMF-predicted change in consumption category class for
"
[Hg] in 42.3cm WE over 29-year
interval in Ontario.
(Locations where re-sampling occurred with >= 5 fish.)

"

"

"" "

"

ONTARIO
"

"
"
"
"
"
""

"

"

"
"

"
"

"

"

"

"
"
"

"

"

"
"

"
"
"
"
"

"
"

"

"

"
"

"

"

"

"

"

"

NDMMF-estimated change to consumption category class
in 43.2cm WE SBF from mean [Hg] (μg/g) between
1976-1982 to mean between:

"

"

3 Higher (None)

"

2 Higher (1)

"

1 Higher (2)

"

0 - No Change (62)

"

1 Lower (17)

"

2 Lower (None)

"

3 Lower (None)

"
Note: Number of occurrences for
each class is indicated between
brackets. Legend panel class values
are designed to retain consistency
across the map set.

"

"

"
"

"
"" """
"
"
"
"

"

"

"
"
"

"

0

100

200 km

Map Sources:
Ontario Ministry of Environment "Fishbase" Database on
Contaminants in Fish, 1976-2004;
National Scale Frameworks (NSF) Administrative Boundaries 1:1M;
North American Atlas Water Features 1:10M

"

(b)

"
"

"

"

"

1990-1996
"

"

!

NDMMF-predicted change in consumption category class for
[Hg] in 42.3cm WE over 29-year interval in Ontario.

!
!

!

(Locations where re-sampling occurred with >= 5 fish.)

!

!

!

!

!

!

!
!

!!

!

!
!

!

! !

!

!

!
ONTARIO

!

! !

!

!
!
!

!

!
!

!
!

!
!
!

!

!

!

!

!

!

!

!

!
!

!

!

!

!
!
!! ! ! !

!
!

!

!

!

!

!

!
!

!

!
!

!

!
!

!

!
!

!
!

!

!
!
!!
!

!

!
!
! !

!

!
!

!!

NDMMF-estimated change to consumption category class
in 43.2cm WE SBF from mean [Hg] (μg/g) between
1976-1982 to mean between:

!
!!

1997-2004

!
!

!
!

!

(c)

!

!

!!
!

!

!
!

!
!!

!
!

2 Higher (None)

!

1 Higher (6)

!

0 - No Change (178)

!

1 Lower (73)

!

2 Lower (11)

!

3 Lower (4)

!
! !
!!
!
!

Note: Number of occurrences for
each class is indicated between
brackets. Legend panel class values
are designed to retain consistency
across the map set.

!
!
!

!
!

!

!
!
!
!
! !
!

!

!

!
!! !
!

!

!
!

!
! !!
!
!
!!
!
!! !
! !
!
!!
!
! ! !! !!
!! !
!!!
!
!
! ! ! !
!
!
!!
!! ! ! ! ! !
!
!
!
!
!
!
! !
! ! !!
! !
!!
!
!!! !
!! ! !
! !! ! !
!
!
!
! ! !! !! !!!
!
! !!
!
!
!
!!
!
!!
!
!
! !
!
!!
!
!
!
!
!
!

3 Higher (None)

!

!

!!
!

!
! !
!!!
!

0

100

200 km

Map Sources:
Ontario Ministry of Environment "Fishbase" Database on
Contaminants in Fish, 1976-2004;
National Scale Frameworks (NSF) Administrative Boundaries 1:1M;
North American Atlas Water Features 1:10M

FIGURE 4 Change in consumption categories class for a 43.2cm WE SBF
standardized to every location sampling ≥5 fish between 1976‐82, then re‐sampled
between (a)1983‐1989, (b)1990‐1996 or (c)1997‐2004 (using mean [Hg] for each
site’s year‐span). The newest/most recent data for each location is displayed.
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Summary
1. The United States Geological Survey (USGS)‐developed National
Descriptive Model for Mercury in Fish (NDMMF) statistical model (Wente
2004), calibrated to the Ontario Ministry of Environment (OMOE) Sport
Fish Contaminant Monitoring Program (SFCMP) long‐term database, can
reproduce the observed fish mercury concentration ([Hg])‐length
relationship found at 1,096 of 1,118 (62.5%) walleye (WE; Sander vitreous)
and 405 of 541 (65.3%) yellow perch (YP; Perca flavescens) sampling event
locations‐years of skinless boneless fillet (SBF) across Ontario between 1976
and 2004.
2. Using the NDMMF results to standardize to an average‐length WE or YP, a
majority (WE, YP ≥ 85%) of the estimates at well‐predicted (not significantly
different) locations‐years fall within the same OMOE sport fish
consumption advisory/restriction categories as the interpolated (modeled)
[Hg] value based on the observed data. For the remaining incidences with
significantly different NDMMF fish [Hg]‐length relationships vs. observed
data, the NDMMF notably still classifies a large majority (WE, YP >75%) of
[Hg] estimates within the same consumption advisory categories.
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3. For the fraction of incidences with inaccurate advisory categorization, the
instances of conservative over‐prediction (WE ≤17.9%; YP ≤10.7%) would be
of little human health concern as these would recommend fewer meals than
otherwise suggested using observed data. For the few instances when [Hg]
is under‐predicted (WE ≤8.1%; YP ≤10.7%), the nature of the human health
concern would be relatively minor because the advisory classification is
almost never (WE, YP < 1%) more than one category less restrictive.
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