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Abstract We report on long-term aqueous mercury (Hg)
measurements collected at fixed locations along the Ohio
River, offer insights into patterns of water and fish tissue
Hg levels, and calculate site-specific bioaccumulation
factors (BAFs) along an extensive longitudinal basis. We
examined the relationship between total recoverable Hg
concentrations in water and fish samples collected from 12
locations on the mainstem Ohio River. Water samples
were collected on a bimonthly basis from each location
over a 6-year period preceding the collection of fish tissue
samples. This abundance of data enabled us to calculate
the long-term average aqueous Hg concentrations and
approximate the lifetime aqueous Hg exposure experienced
by fish, enabling the calculation of appropriate BAFs.
Hybrid striped bass (HSB; Morone saxatilis x M. chrys-
ops) were collected from the Ohio River, composited
(three fish), and analyzed for Hg in muscle tissue from
each location. Concentrations ranged from 0.2 to 0.4 mg/
kg and 41.7% of all samples collected were higher than the
US Environmental Protection Agency regulatory threshold
of 0.3 mg Hg/kg wet weight. Hg levels generally increased
with fish weight, length, and age. However, Hg concen-
tration in the water was the strongest predictor of tissue
concentrations. We found that both water and tissue con-
centrations increased with drainage area, albeit at different
rates. This discrepancy in spatial patterns revealed that the
bioaccumulation rate of methylmercury might not be
consistent throughout the Ohio River mainstem. BAFs
calculated at each location supported this finding, as values
decreased with increasing drainage area. Our study serves
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to fill critical, previously identified data gaps and provides
decision-makers with the information necessary to develop
more appropriate BAF development and risk-management
strategies.

Mercury (Hg) contamination is an issue of global concern.
Hg enters the environment from a number of sources,
including natural and anthropogenic pathways, eventually
making its way into the aquatic ecosystem. Understanding,
quantifying, and separating the emissions from natural,
anthropogenic, and reemitted sources is an extremely
complicated process. Numerous anthropogenic sources
have been identified, including common processes in the
coal-fired electrical generating industry, manufacturing of
temperature and pressure devices, and chlorine and caustic
soda production by Hg cell chlor-alkali facilities (USEPA
1997). However, the US Environmental Protection Agency
(USEPA 1997) reports that the primary anthropogenic
source of Hg emitted to the atmosphere comes from coal
combustion facilities. That US EPA report conveys that
some of the highest deposition rates from anthropogenic
and global contributions for Hg are predicted to occur in
the Ohio River Valley.

Mercury is transported around the globe as a gas and is
subsequently deposited on the Earth’s surface through both
wet and dry deposition mechanisms. It is then converted to
methylmercury (MeHg) by natural processes, primarily by
anaerobic sulfur-reducing bacteria (Morel et al. 1998;
USEPA 1997). In the aquatic environment, methylation
primarily occurs in the sediment, but it can also occur in
the water column. The rate of methylation is not only
influenced by the microbial activity (Morel et al. 1998;
USEPA 1997) and depositional loadings (Hammerschmidt
and Fitzgerald 2006) but also by a number of other factors,
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including suspended sediment load, dissolved organic
carbon (DOC), nutrient content, pH, temperature, and other
variables (Driscoll et al. 2007; Gabriel et al. 2009; Qian
et al. 2001; Sellers et al. 1996; USEPA 1997; Wiener et al.
2006). Driscoll et al. (2007) reported thresholds for phys-
iochemical parameters [pH <6, total phosphorus (TP)
<30 pg/L, DOC > 4 mg/L, and acid-neutralizing capacity
(ANC) <100] conducive to optimizing MeHg bioavail-
ability and resulting Hg concentrations in fish tissue that
exceed the USEPA fish tissue criterion (0.3 mg/kg).
Walters et al. (2010) suggested that mid-continent great
rivers are relatively inefficient producers of MeHg, as
supported by their findings that MeHg concentrations in
these great river fish were relatively low as compared to
other aquatic systems and regions. Furthermore, Rypel
et al. (2008) found that MeHg concentrations in fish from
unregulated rivers were 1.75 times higher than in regulated
(flows controlled by dams) rivers and suggested that this
was due to unregulated rivers having more extensive
interactions with floodplain features such as oxbows,
wetlands, marshes, and other areas more suitable for the
production of MeHg.

Methylmercury is highly toxic and is associated with a
number of adverse human health effects, including devel-
opmental neurotoxicity, cardiovascular and immunological
effects, and other deleterious health effects mostly associ-
ated with the nervous system (ATSDR 2009; Clarkson
1990; USEPA 1997; USEPA 2001). MeHg is efficiently
accumulated and transferred to organisms at higher trophic
levels (Cizdziel et al. 2003; Mason 2002; USEPA 1997).
Most of the Hg found in the edible portions (muscle tissue)
of trophic level 4 fish (TL4: top carnivores) such as hybrid
striped bass (HSB) is reported to be the methylated form
(Bloom 1992; Grieb et al. 1990; Morel et al. 1998; USEPA
1997). The USEPA (2001) uses a conversion factor of 1.0
when estimating the methylated form of Hg from measures
of total Hg in muscle or whole-body samples taken from
trophic level 3 (TL3) or TL, fish. Therefore, all values for
Hg reported in this study as fish tissue concentrations are
assumed to be MeHg and discussed as such, although this
assumption has not been verified with data from the Ohio
River.

Dietary uptake of fish is the primary pathway of human
exposure (USEPA 2001) to MeHg and is the most often
referenced contaminant prompting the issuance of fish
consumption advisories in the United States (USEPA
2009a). A 2009 nationwide study investigating Hg con-
centrations in fish tissue revealed that 27% of the 291
sampled stream sites exceeded the USEPA human health
criterion of 0.3 mg/kg wet weight (Scudder et al. 2009). In
2008, researchers using data generated by USEPA regional
surveys conducted through the Environmental Monitoring
and Assessment Program (EMAP) found that 48.8% of the

lakes surveyed nationwide had tissue (fillet) concentrations
greater than the USEPA fish tissue criterion for MeHg
(Stahl et al. 2009). A more localized, probabilistic survey
conducted on the mid-continent great rivers of the United
States estimated that ~7% of the river kilometers (rkm) of
the Ohio River were likely to produce results exceeding the
same USEPA criterion (Walters et al. 2010).

The occurrence of Hg in the muscle tissues of longer
lived TL, species in the Ohio River is not well docu-
mented, as existing data are limited. Fish tissue samples are
collected by the Ohio River Valley Water Sanitation
Commission (ORSANCO) to support states in making fish
tissue consumption advisory decisions. However, tissue
samples are taken from fish routinely captured as part of
other ongoing studies with alternative objectives. Although
the “bycatch” from other routine sampling programs has
provided a wealth of data and has successfully supported or
enhanced the advisory development process, extensive data
gaps were identified.

The purpose of this study was to fill some of those data
gaps and provide resource managers with the data and
information necessary to thoroughly examine and docu-
ment Hg levels in the fish tissue from a representative TL,
species collected from the Ohio River. We examined spa-
tial patterns and relationships between observed Hg con-
centrations relative to fish age and body size. Additional
analyses examined the relationship between Hg concen-
trations in tissue and measured water column concentra-
tions of total recoverable Hg such that more informed
management decisions might be made. Currently, the
USEPA recommends that the relationship between water
concentrations and concentrations observed (or expected)
in fish tissue must be understood and documented on a site-
specific basis if improved and more appropriate Hg criteria
are to be proposed (USEPA 2009b). This study closely
follows the guidelines provided by the USEPA (2009b) and
highlights remaining areas of uncertainty and concern that
should not be overlooked if these procedures are to be
followed for the purposes of calculating bioaccumulation
factors (BAFs) and the subsequent development of ambient
water quality criteria (AWQC).

This study is unique in that it represents one of the most
comprehensive datasets relating fish tissue and water col-
umn concentrations of Hg for the Ohio River. We were
able to relate fish data derived from a multi-age, three-fish
composite sample to temporally aggregated water data
sufficient to calculate the long-term average aqueous Hg
concentrations and approximate the lifetime Hg exposure
experienced by the oldest fish in each composite. This was
done by analyzing Hg concentrations in the water from the
same locations over an extended period of time (>6 years)
and then collecting fish samples (in 2009) from those same
locations. We then determined the age of the fish collected
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and related its tissue value with the appropriate temporally
aggregated water concentrations.

Methods
Study Area

The Ohio River begins at the confluence of the Monongahela
and Allegheny rivers at Pittsburgh, Pennsylvania and flows
1579 km in a southwesterly direction to its confluence with
the Mississippi River at Cairo, Illinois (Fig. 1; White et al.
2005). There are currently 18 high-lift lock and dam struc-
tures in place that serve to maintain a minimum channel
depth suitable for commercial navigation. There are over 600
National Pollutant Discharge Elimination System (NPDES)
permitted discharges to the Ohio River mainstem, including
49 coal-fired power generating facilities (ORSANCO 2006).
The Ohio River Basin, which covers over 528,200 km?, is
predominately deciduous forest (46.1%), with only 2.5%
evergreen forest and 0.7% wetlands, with the latter two land-
use types more conducive of producing MeHg (e.g., Hurley
et al. 1995; Scudder et al. 2009).

Target Species Selection

Hybrid striped bass was the targeted species for the study
because it represents a TL, top-predator with ubiquitous
distribution throughout the Ohio River and is long-lived,
easily captured, and frequently targeted for human con-
sumption. According to a 1992-1993 angler survey con-
ducted by Schell et al. (1996), HSB were ranked as one of
the top 10 species harvested by anglers, and in 1992, they
ranked as the fourth most consumed species from the Ohio
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Fig. 1 The 12 locations on the Ohio River where HG concentrations
in water samples and HSB fillets were analyzed
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River. Furthermore, larger individuals of this species are
easier to collect in tailwater areas near the locations
of aqueous Hg collections. Our target species selection
criteria (relatively long-lived adults of a representative TL,
species) are consistent with the recent recommendations of
the USEPA (2009b), which provides guidelines for devel-
oping and conducting field-based bioaccumulation studies.
This is also consistent with suggestions by Lepak et al.
(2009) that highlight the critical need to select fish of
harvestable size that are frequently consumed and most
likely to have the highest Hg concentrations at a given
location. Lepak et al. (2009) further highlighted the need to
examine larger specimens by pointing out that in an
attempt to sustain fish populations, most angling regula-
tions inadvertently encourage the harvesting of larger fish
that pose an elevated risk of Hg exposure to consumers.

Sampling Design

The area included in this study encompasses portions of
91% of the mainstem Ohio River from Pike Island Dam
(rkm 135.5) to its confluence with the Mississippi River.
Water samples were collected from 12 of the 18 existing
dam locations (Fig. 1) over a 6-year period and tissue
samples were collected in 2009. ORSANCO maintains a
routine sampling program to assess aquatic life and public
water supply uses. This program entails the collection of
water column grab samples from each of the locations once
every other month. Hg (total recoverable) is included in the
list of parameters measured as part of this monitoring
program.

Water samples were collected as close to the centerline
of the river as possible from lockchamber guidewalls or
from raw water intake lines to get a sample from as close to
the middle of the channel as possible from a fixed, shore-
based sampling site. Typically, bridges would be used to
provide shore-based access to the mid-channel area in
ambient water quality studies, but because of the heights of
the bridges across the Ohio River and the dangers associ-
ated with sampling on them, dams are the preferred sam-
pling location. Collecting the water samples at the dams
(or as close to them as possible) also enabled approxima-
tions of the long-term average Hg exposure experienced by
fish that were collected from the tailwaters of each
respective dam.

For the purposes of this study, we chose to compare
aqueous Hg concentrations collected at dam locations with
fish tissue concentrations obtained from the pool immedi-
ately downstream. Dams are significant barriers for fish
movement and limit movement usually associated with
spawning activities and species dispersal. A study con-
ducted on the Ohio River by the Ohio Division of Wildlife
(Vallazza et al. 1994) revealed that HSB did not move
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between pools, prefer the upper regions of each pool
(nearer the tailwater areas), and selectively inhabit tail-
water areas for a considerable portion of the year (March—
November). Therefore, we assume that ranges of the target
species are limited significantly as to produce “local”
populations of adult fish residing between any pair of dams.
Tailwater areas associated with dams are a preferred hab-
itat of the target species (and one of the parental species)
for a considerable portion of the year (Young and Isely
2007, and personal observation). On the Ohio River, tail-
water areas have been identified as an important habitat
type and a 1993 survey conducted by the Ohio Division of
Wildlife states that 81% of the HSB caught were caught in
tailwater areas (Schell et al. 1996).

At each sampling location, we collected a three-fish
composite. If a three-fish composite sample could not be
collected in the tailwater area (within 400 m of the base of
the dam), crews extended the sampling area downstream
until the required three fish were collected. All harvested
fish were within 75% of the total length (TL) of the largest
fish captured as part of this project. Using scales, we
determined the age in years of the oldest individual in each
composite. It was assumed that the oldest fish in each
composite experienced the greatest exposure to ambient Hg
concentrations and represented the highest potential for
bioaccumulation. Using the age of the oldest fish in the
composite, we were then able to relate fish tissue concen-
tration data to water concentration data to characterize the
exposure range.

Sample Collection
Water

Water samples for total recoverable Hg analysis were
collected on a bimonthly basis between January 2003 and
May 2009 following on-site procedures prescribed by
USEPA Method 1638. This entailed using a 3.79-L high-
density polyethylene (HDPE) bottle attached to a rope and
nonmetal counterweight. The bottle was lowered to the
water, allowed to sink to a depth of 0.6 m below the sur-
face, and raised for processing. Processing involved using
an ultraclean, gloved-hand, metal-free sampling protocol to
transfer the sample from the sampling device to a 125-mL
bottle that had been precleaned in a manner appropriate
for the intended analysis. Sample bottles were placed in
polyethylene bags, temporarily stored on ice, and held at
0-4°C until shipped to the lab for analysis.

Fish

Fish were collected using standardized boat electrofishing
procedures (Emery et al. 2003). Each fish collected for fish

tissue analysis was weighed (kg) and measured for TL
(cm). Five to ten scales per fish were also taken just
anterior to the dorsal fin, on the lateral body wall midway
between the dorsal crest and the lateral line (Schmitt et al.
1999) for aging purposes. A scale press was used to press
each scale onto a clear cellulose acetate plastic slide and
then the annuli of multiple scales per fish were counted
under a back-lit dissecting microscope (10-16x). Three to
five scales were examined for each fish by two experienced
biologists. The maximum age (based on multiple scales)
determined the age for each individual. Fish were eutha-
nized in the field by a swift cervical/cranial blow and
descaled, and a single, left-side, skin-on fillet (with belly
flap attached) was removed for fish tissue analyses. This
filleting procedure reflects the methods used by the local
consumers who would typically target this species as a
food source. When in the field, a sufficient number of clean
knives were possessed such that a new, clean knife could
be used to fillet all fish unique to each composite. All
knives were cleaned by washing with deionized water and
detergent and rinsed/washed with ethanol. At each site,
three fish fillets were composited in aluminum foil, stored
in a polyethylene bag, and placed on wet ice until samples
could be frozen. Samples were kept frozen until shipped to
a contractual laboratory for analyses. All fish collected for
this study were within 75% of the TL of the longest fish
collected for the entirety of the study. This meets or
exceeds composite TL consistencies cited in other recent
literature (Stahl et al. 2009; USEPA 1993; USEPA 2009b).
This was done to limit variability between samples due to
the size of the fish contained in each composite, as
numerous studies have shown a strong relationship
between size and age of fish and Hg concentrations in
muscle tissue (Burger et al. 2001; Cizdziel et al. 2003;
Gilmour and Riedel 2000; Grieb et al. 1990; Gutenmann
et al. 1992; Kehrig et al. 2009; Mason et al. 2006; Piraino
and Taylor 2009; Qian et al. 2001; Sorensen et al. 1990;
Walters et al. 2010). Length-normalized values would need
to be generated before comparison between composites if
the prescribed 75% of the TL was not maintained (Kehrig
et al. 2009; Scudder et al. 2009). By maintaining such a
high level of consistency among samples, we have reduced
(not eliminated) sample bias based on length of fish con-
tained in the composite.

Mercury Analysis

Water

Total recoverable Hg in water was analyzed by cold vapor
atomic fluorescence spectrometry (CVAFS) following

USEPA Method 1631. This method specifies procedures
for analysis, QA/QC requirements, and reporting limits, all
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of which were met throughout the entirety of this project.
Field blanks were collected with each sample (100%).
Field duplicate samples were collected for 10% of all
samples collected annually. The median relative percent
difference (RPD) of field duplicates was 23%. The rate of
detections in field blanks was 3%, yielding a median blank
result well below the 1.5-ng/L reporting limit. The median
field blank concentration above the reporting limit was
5.9 ng/L. Furthermore, variability among sample results
was minimized by using the same laboratory for all anal-
yses. Hg concentration values below the reporting limit
(1.5 ng/L) were eliminated from statistical analyses. We
feel that this is a conservative approach in the calculation
of BAFs, as including zeros or values reported as one-half
the reporting limit would add uncertainty and could artifi-
cially inflate the BAF values.

Fish

Total recoverable Hg concentrations in fish tissue were
determined using cold vapor atomic fluorescence (CVAF)
per EPA Method 7471 with method detection limits of
0.0014 mg/kg wet weight. Instrumentation was routinely
calibrated using standards containing 0.0, 0.2, 1.0, 2.5, 5.0,
and 10.0 ppb Hg. All samples were run in batches that
included a standard calibration curve, blanks, and spiked
specimens. Accepted recoveries for spikes ranged from
70% to 110%; no batches were outside these limits (actual
range: 82-93%). Analytical duplicates were performed for
each batch of samples and the RPDs were all less than the
maximum of 10% (actual range: 3-5%). The accepted
recoveries for laboratory control duplicates were 75—-110%
and no batches were outside these limits (actual range:
81-99%).

Water/Fish Relationships

The USEPA uses BAFs to express the ratio of the con-
centration of a chemical in the tissue of an organism (ng/kg
wet weight) to that chemical’s concentration in water (ng/
L; USEPA 2009b). The BAF (L/kg) is a ratio that repre-
sents the site-specific rate of bioaccumulation of a single
parameter within a particular system. BAFs for total
recoverable Hg were calculated for each location using the
geometric mean of Hg water concentrations and Hg con-
centrations found in fish tissue.

Statistical Analysis
Data analysis followed standard statistical procedures and

were performed with STATISTICA v9.0 (StatSoft, Inc. and
2009). Transformation of the data was not necessary, as we

@ Springer

utilized Spearman rank correlations to examine basic
relationships among Hg concentrations, fish variables, and
spatial correlates. The level of significance was designated
as <0.05, but values between 0.05 and 0.10 were reported
and discussed as being important.

Results
Water

The total number of water column grab samples taken at any
one of the sampling locations and used in this analysis
ranged from 25 to 37 and was determined by the maximum
age of the fish in the composite at any location (Table 1). Of
the 399 water samples collected, 300 produced detections
(Table 1). The percentage of detections recorded at any one
site ranged from 62.2% to 86.1% of all sampling events.
Values recorded ranged from nondetect (1.5 ng/L) to a
maximum of 46.1 ng/L, with a geometric mean value of
5.06 ng/L for all values recorded above the detection limit
(Table 1). Fifty-two samples exceeded the ORSANCO
AWQC for human health protection (12 ng/L). This equates
to 13.0% of the total samples taken or 17.3% of the total
detections observed. Spatially, the geometric mean values
of Hg concentrations in water were positively correlated
with drainage area (R = 0.839, p < 0.001; Table 2 and
Fig. 2a).

Fish

The TLs of individuals captured as part of the 12 composite
samples collected were between 50.5 and 67.0 cm. The ages
of all specimens collected ranged from 2 to 6 years. Hg was
detected in 100% of the samples submitted for analysis and
tissue concentrations ranged from 0.2 to 0.4 mg/kg wet
weight with a geometric mean of 0.28 mg/kg (Table 1).
Five of the 12 samples collected (41.6%) were higher than
the USEPA criterion for human health protection value of
0.3 mg/kg in fish tissue. As expected, Hg concentrations
in muscle tissue exhibited positive Spearman rank values
with both TL (R = 0.380, p < 0.22; Table 2) and age
(R =0476, p <0.12; Table 2). Hg concentrations in
muscle tissue were strongly correlated with average weight
(R = 0.650, p < 0.02; Table 2 and Fig. 3) of the compos-
ited fish in the sample as well as the concentration of Hg
found in the water (R = 0.710; p < 0.01; Table 2 and
Fig. 4). Concentrations in fish tissue also significantly
increased with increasing drainage area (R = 0.692,
p < 0.013; Fig. 2b). This relationship was not confounded
by fish ages, weights, and TLs, as these factors were not
correlated with increasing drainage area (Table 2).
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Table 2 R-values of Spearman rank correlations

Max. age Total length

Weight Drainage area Hg in water

0.572 (0.052)
0.475 (0.118)
—0.335 (0.287)
0.177 (0.581)

—0.077 (0.812)
0.380 (0.224)
0.441 (0.152)

—0.175 (0.587)

Hg in water
Hg in tissue
BAF

Drainage area

0.308 (0.331)
0.650 (0.022)
0.049 (0.880)
0.357 (0.255) -

0.839 (0.001) -
0.692 (0.013) 0.710 (0.010)
—0.552 (0.063) -
0.839 (0.001)

Note: p-Values are in parentheses. Alpha <0.05 indicates a significant relationship; p < 0.10 is noted as a weak relationship
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Fig. 2 Plot of the a geometric mean of Hg concentrations in water, b

Hg in HSB fillet composites, and ¢ bioaccumulation factors as a
function of drainage area

Water/Fish Relationships
Mercury concentrations in fish tissue are strongly corre-

lated with concentrations found in the water where the fish
were collected. BAF values ranged from 41,384 to 84,005
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Mercury in hybrid striped bass
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Fig. 3 Hg concentration in HSB fillets as a function of the average
weight of the three fish in each composite sample
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Fig. 4 Relationship between Hg concentrations in HSB fillet com-
posites and the geometric mean of aqueous HG concentrations at each
of the 12 locations

L/kg tissue, with a geometric mean of 57,590 L/kg tissue
(Table 1). BAF values displayed a weak, negative corre-
lation with increasing drainage area (R = -0.552,
p < 0.06; Table 2 and Fig. 2c¢).
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Discussion
Water

Surface freshwaters lacking known sources of Hg con-
tamination generally contain less than 5 ng/L of total Hg
(Gilmour and Henry 1991). In this study, a maximum value
of 46.1 ng/L and a geometric mean of 5.06 ng/L are within
the range of values reported from a nationwide study
conducted by the USGS in 2009 (0.27-446 ng/L; median:
2.09 ng/L; Scudder et al. 2009) and a similar study by that
same agency in 1997 (range 0.27-1106.7 ng/L; median:
2.28; Krabbenhoft et al. 1999). Although the observed
values in this study fall within the ranges reported by two
nationwide studies, the maximum does not approach or
exceed the maximum values reported in either study. We
also found that ORSANCO’s AWQC (12 ng/L) for the
Ohio River are frequently violated. The existing AWQC is
intended to reflect EPA’s national water quality criterion
for MeHg, which is expressed as a fish tissue concentration
of 0.3 mg/kg of wet-weight fish tissue. Thus, we surmised
that if violations of the water quality criteria were
observed, the fish criteria might also be violated.

Atmospheric deposition is the primary source of Hg in
the Ohio River Valley and has been identified as one of the
top three depositional areas in the United States (USEPA
1997). If atmospheric deposition of Hg were the only
source of Hg to the Ohio River basin and occurred with
geospatial uniformity, one might assume that water con-
centrations along the length of the river would remain
constant or nearly so, as loadings would increase propor-
tional to discharge volume. The positive relationship
between Hg concentrations in water and increasing drain-
age area is evidence of (1) an uneven distribution of Hg
deposition rates within the Ohio River basin, (2) the
influence of point source contributions of Hg, (3) the
influence of one of many factors not measured or consid-
ered as part of this study such as basin land-use charac-
teristics, in-stream chemistry, and so forth, or (4) any
combination of the above. Additional studies might be
needed to better understand the spatial patterns observed in
this study.

Fish

Our Hg detection frequency and range is consistent with
other studies that have reported results for striped bass, a
parent species (Cizdziel et al. 2003; Mason et al. 2006;
Piraino and Taylor 2009) or other TL, species (Burger
et al. 2001; Scudder et al. 2009; Stahl et al. 2009; Walters
et al. 2010). However, direct and detailed comparisons to
other studies are complicated by several factors. Hg con-
centrations in fish can vary among species of the same

trophic status and are additionally influenced by the age,
weight, and the length of the fish used for study (Burger
et al. 2001; Cizdziel et al. 2003; Gilmour and Riedel 2000;
Grieb et al. 1990; Gutenmann et al. 1992; Kehrig et al.
2009; Mason et al. 2006; Piraino and Taylor 2009; Qian
et al. 2001; Sorensen et al. 1990; Walters et al. 2010). Hg
concentrations in striped bass have been previously
reported, whereas white bass and HSB concentrations are
rare or absent altogether from the available literature. In
order to place this study into context, it was necessary to
proceed with comparing our results to a few other relevant
findings. However, we were overly critical when attempt-
ing to compare the results of this study to those published
by others and took steps to highlight any and all potential
discrepancies between study designs, including differences
in species, size, weight, and so forth. We would caution
future studies to do the same, unless all these factors are
measured, understood, and taken into consideration.

Many state agencies and published reports, including
ORSANCO (2006) measure total Hg in fish tissue, make the
assumption that all or most of the Hg measured is MeHg,
compare observed total Hg values against the USEPA fish
tissue criterion (0.3 mg/kg), and, subsequently, report fre-
quent exceedances of that criterion in the Ohio River and
other aquatic systems (Brumbaugh et al. 2001; Piraino and
Taylor 2009; Rypel et al. 2008; Scudder et al. 2009; Stahl
et al. 2009; Walters et al. 2010). Piraino and Taylor (2009)
found that 75% of legally harvested size (>70.2 cm)
and 12% of all striped bass sampled in Narragansett Bay
(Delaware, USA) had Hg levels exceeding the USEPA
regulatory threshold. However, it is again difficult to
directly compare our findings (41.6% of samples higher than
the USEPA criterion) to those of Piraino and Taylor’s
(2009), as none of our fish were greater than 67.0 cm in
length and their study also included fish as small as 26.2 cm
(which is almost one-half the TL of our smallest fish). The
relatively high percentage of values observed in HSB that
were greater than the criterion is contrary to recent reports
from the Ohio River Basin of Hg concentrations in another
TL, fish, the largemouth bass (Micropterus salmoides;
Walters et al. 2010). Overall, the high percentage of our
samples that were higher than the USEPA fish tissue crite-
rion is not surprising given that the AWQC that were
established to protect for this criterion are often violated as
well (See Table 1).

This study reports a significant relationship between the
average weight (in composite) and the Hg concentrations in
tissue and positive Spearman rank values with age and TL.
This was expected, as numerous other studies report length,
weight, and/or age as significant predictors of Hg concen-
tration in muscle tissue (Burger et al. 2001; Cizdziel et al.
2003; Gilmour and Riedel 2000; Grieb et al. 1990;
Gutenmann et al. 1992; Kehrig et al. 2009; Mason et al.
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2006; Piraino and Taylor 2009; Qian et al. 2001; Sorensen
et al. 1990; Walters et al. 2010). Our results provide evi-
dence that even when the EPA guidelines are followed,
variability (and uncertainty) can be introduced due to
demonstrated relationships between contaminant levels in
composite tissue samples and the average fish age, weight,
length, and so forth of the fish within each composite. We
also observed a positive relationship between concentra-
tions of Hg in fish tissue and increasing size of the drainage
area at each location sampled. However, this spatial pattern
was expected and is explained by the relationship between
water and tissue concentrations.

Fish/Water Relationship

The concentration of Hg found in fish tissue is a function of
(1) the concentration of Hg available in the surrounding
water, (2) the rate at which the fish bioaccumulates Hg, and
(3) the duration of exposure. An increase in either exposure
period or concentration in the water will result in higher
values in fish tissue. Length and weight of the fish are
simply another way of expressing age or length of expo-
sure. Therefore, it is no surprise that TL, weight, and age of
the fish from our study are related (significantly or by
trends) to the concentration of Hg found in muscle tissue.

The USEPA uses BAFs to express rates of bioaccumu-
lation. Most previous studies focus on BAFs calculated for
MeHg (Brumbaugh et al. 2001; Kuwabra et al. 2007;
Scudder et al. 2009); however, they do so by measuring
total Hg in tissue, assuming all or most to be MeHg and
measuring MeHg in water to express ratios. We did not
directly measure MeHg concentrations in the water column
or fish tissue, and supporting literature is not available that
would allow us to accurately estimate the fraction of Hg
occurring as MeHg in the Ohio River. Therefore, it is not
possible to make accurate comparisons between site-spe-
cific BAFs developed in this study and the USEPA’s
national BAFs, which are associated with MeHg (USEPA
2001) or to BAFs reported by others (Brumbaugh et al.
2001; Kuwabra et al. 2007; Scudder et al. 2009). Instead,
we measured and developed BAFs for total recoverable Hg
values. We felt that a total recoverable Hg BAF would
provide an important point of reference given that, by
regulation [40 CFR 122.45(c)], NPDES permit limits must
be expressed as such.

Both concentrations of total Hg in the water column and
concentrations of Hg in fish tissue show a positive rela-
tionship with increasing drainage area. However, they do
not increase proportional to one another. This is reflected in
the calculated BAFs, which decrease with increasing
drainage area. This relationship was not expected and we
further explored the relationship between BAFs and fish

@ Springer

size and age; determining that none of these factors were
correlated with the BAFs (Table 2). Based on the
assumption that a significant portion (if not all) of the Hg
found in fish tissue is MeHg, the fraction of total Hg
occurring as MeHg in water might be greater in the upper
Ohio River than in the lower and is responsible for the
observed BAF spatial pattern. The fraction of total Hg
occurring as MeHg in surface waters can vary widely and
is dependent on a number of factors that affect the meth-
ylation efficiency of the ecosystem being examined.

Additional research is needed to better understand
MeHg production dynamics in waters of the Ohio River
basin and mainstem river. Suggestions for developing or
improving future studies include the collection of MeHg
data for both aqueous and tissue matrices, exploring bio-
accumulation in other TL, species and species of lower
trophic levels, expanding the spatial scope of such studies,
and temporally reexamining these results in order to track
long-term changes in Hg contamination. We are hopeful
that this study will serve as a model for future field studies
and generally will be a useful reference for those desiring
to develop studies in support of site-specific BAF devel-
opment as part of the AWQC process.
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