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Abstract. The concentration of mercury (Hg) and methyl-
mercury (MeHg) was determined for largemouth bass (Mic-
ropterus salmoides), bluegill (Lepomis macrochirus) and
black crappie (Pomoxis nigromaculatus) from Maryland
reservoirs. Overall, there was a large difference in normal-
ized bass MeHg concentration (for fish of �370 mm) be-
tween the reservoirs, ranging from <100 ng g)1 to almost
800 ng g)1. Furthermore, the relationship between fish
weight and MeHg concentration varied substantially be-
tween lakes, and showed no geographical relationship. The
concentration of Hg, MeHg and ancillary parameters were
determined in the water and correlations were sought be-
tween the normalized concentration of MeHg in bass and
both physical and chemical parameters of the reservoirs, as
well as the concentration of MeHg in the prey of the
largemouth bass. Bass MeHg concentration correlated with
dissolved MeHg and dissolved organic carbon, but not with
other chemical parameters. There was no relationship to
physical characteristics that varied over orders of magni-
tude for these reservoirs. Dissolved MeHg did not correlate
with any chemical or physical attributes. Overall, this study
suggests that water column MeHg is a good predictor of
fish concentration but that the water column MeHg cannot
be predicted based on usually measured chemical and
physical characteristics of fresh water bodies.

Mercury (Hg) contamination in freshwater fish has been rec-
ognized as a problem in Europe and North America for over
three decades. Elevated concentrations of the organic form of
Hg (methylmercury, MeHg) in fish is considered a health
concern, because consumption of fish is the largest source of
MeHg in the human diet (WHO 1990) and that of fish-eating
wildlife (Wolfe et al. 1998; Wiener et al. 2002). Atmospheric
transport and deposition is the major source of mercury to
remote lakes, and inputs have increased as a result of anthro-
pogenic activities (Mason et al. 1994). Studies in Maryland
(Mason et al. 1997a, 1997b, 2000a) suggest that atmospheric
deposition to this region is higher than in other locations in the

United States. Sources of MeHg to the aquatic system have
been identified to be from precipitation, in-lake methylation,
and runoff from wetlands (Hultberg et al. 1994; Watras et al.
1994; Rudd 1995), but in situ production is the primary source
of MeHg for most aquatic systems (Gilmour et al. 1992;
Benoit et al. 2003). MeHg differs from the inorganic form in
that it is more toxic, more mobile, and more readily bioaccu-
mulated by aquatic organisms. Thus, it accounts for the
majority of the total mercury (HgT) in the muscle tissue of
higher trophic level (piscivorous) freshwater fish (Grieb et al.
1990; Bloom 1992; Bloom and Watras 1992).
In the United States, most advisories issued for contami-

nants in fish are for MeHg, and currently 45 states have issued
fish advisories for Hg (USEPA 1995a, 2004). The state of
Maryland issued an advisory for freshwater reservoirs in
December 2001, based on the preliminary data from this study
and others (MDE 2004; Gilmour 1999; Gilmour and Riedel
2000). The intention of the study detailed here was to inves-
tigate MeHg levels primarily in largemouth bass (Micropterus
salmoides), and secondarily in bluegill (Lepomis macrochirus)
and black crappie (Pomoxis nigromaculatus) in Maryland
reservoirs and the factors influencing MeHg levels in these
fish. The focus of the study was fish that were recreationally
important, and thus only fish of allowable size were investi-
gated. Largemouth bass are found in all waters of Maryland,
from freshwater to brackish water. They are primarily fish-
eating predators, although their diets also include invertebrates
and amphibians, and bass in Maryland reservoirs appear to
have a propensity for consuming crayfish, if available (Murdy
et al. 1997). Water column characteristics were measured and
these were related to fish concentration, as were other physical
and biological parameters of the reservoirs. Such relationships
allow an evaluation of the factors influencing the levels of
MeHg in Maryland fish, and the factors controlling bioaccu-
mulation.

Materials and Methods

Study Sites

Fish were collected from 20 reservoirs in Maryland (Fig. 1) during
late spring and summer of 2000 and 2001. Details on each reservoir
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are contained in Table 1. Information about the number of fish col-
lected and analyzed as well as the mean length and weight of the fish
is shown in Table 2. The reservoirs in eastern Maryland (Lake Lariat,
Tuckahoe, St. Mary�s Lake, and Johnson�s Pond) are characterized by
relatively low elevation above mean sea level, whereas the reservoirs
in western Maryland (Deep Creek Lake, Broadford Lake, Savage,
Piney (Frostburg), and Rocky Gap) are located on the Appalachian
Plateau, approximately 400–600 m above mean sea level. The geo-
logical composition in western Maryland is primarily siltstone,
limestone, shale, and coal. Precambrian metamorphic geology pre-
vails in central Maryland, where most of the reservoirs are located

(Big Pool and Potomac #4 on the Potomac River, Duckett, Clopper,
Tridelphia, Piney Run, Liberty, and Prettyboy reservoirs, Loch Raven,
and Conowingo Dam), and Quaternary sand, silt, clay, and peat
abound the Eastern Shore (USGS 2001).
All of the impoundments are relatively old, and thus their physi-

cochemical characteristics should resemble that of a natural lake, and
there should be no ‘‘reservoir effect’’ on fish concentration (Bodaly et
al. 1984, 1997). However, this was tested and is discussed below.
Three reservoirs (Rocky Gap, Loch Raven, and Piney (Frostburg))
have been modified in the last 15 years (1988, 1986, and 1990,
respectively; Table 1). The reservoirs range widely in depth (1.5 m–

Fig. 1. Location of the study sites in Maryland. Acronyms are used for the reservoirs in all figures as follows: DCL = Deep Creek Lake; BFL
=Broadford Lake; SAV = Savage Reservoir; PINF = Piney Dam, Frostburg; RGP = Rocky Gap Park Reservoir (Lake Habeeb); BP = Big Pool,
on the Potomac River; POT4 = Potomac #4, on the Potomac River; PBY = Prettyboy Reservoir; LRV = Loch Raven; DUC = Lake Duckett;
CEN = Centennial Lake; TRI = Tridelphia Reservoir; LIB = Liberty Reservoir; CLO = Clopper Lake; PRN = Piney Run Reservoir;
LLR = Lake Lariat; SML = St Marys Lake; CON = Conowingo Dam; TUC = Lake Tuckahoe; JHP = Johnson�s Pond
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54.5 m), volume (3.2 · 104–3.8 · 108 m3), and in surface area (20–
8960 acres) and all have inflow from rivers and outflow controlled by
a dam (MD DNR 2001).

Fish Collection and Analysis

Fish were collected by electroshock techniques in early spring/sum-
mer 2000 and 2001. The target species for this study was largemouth
bass (Micropterus salmoides), but because of the potential for not
finding this species in all reservoirs, bluegill (Lepomis macrochirus)
and black crappie (Pomoxis nigromaculatus) were also collected to
aid in the comparison of inter-lake differences. All species were
collected based on three size classes, with five fish in each size class,
to ensure, to the degree possible, a wide distribution in fish size for all
the reservoirs. All fish were analyzed individually except for the 2001
samples of bluegill and black crappie, where each size class was
treated as a composite sample. Largemouth bass were found in all
reservoirs and ranged in size from 283 to 541 mm in length, and
weight from 224 to 2176 g. Although some reservoirs had both
bluegill and black crappie, most had only one of the species. In the
field, all fish were handled by gloved personnel and, after rinsing and
measuring, each fish was bagged in a plastic bag. The bagged fish
were further wrapped in aluminum foil, then bagged in a second bag
and shipped on ice overnight to the Chesapeake Biological Laboratory
(CBL). There the fish were filleted and the axial muscle (representing
the portion of fish normally consumed by humans) was removed,
homogenized, and frozen until further analysis. All sampling equip-
ment was acid cleaned prior to use and in between deployments.
For MeHg analysis of the fish, approximately 1g of subsampled

axial muscle was placed in a Teflon vial and digested in an alkaline
digest in a VWR Scientific forced-air oven at 60�C (Bloom 1989;
Horvat et al. 1993). The MeHg was then analyzed using ethylation
derivitization and preconcentration using purge and trap techniques,
followed by isothermal gas chromatography separation and quantifi-
cation with cold vapor atomic fluorescence spectroscopy (CVAFS)
(Bloom 1989; Mason et al. 2000b); see details below. Total Hg in
tissues was determined on an extract obtained by overnight digestion
in a sulfuric/nitric acid solution. The diluted extract was then bro-
minated with BrCl to ensure complete digestion, followed by tin

Table 1. Names, location, and physical characteristics of the reservoirs sampled in this study

Reservoir Longitude Latitude
Year completed/
modified

Normal
depth (m)a

Surface
area (acres)b

Normal
capacity (m3)c

Average retention
time (days)d Watershed/lake area

Deep Creek 79�39¢ 39�30¢ 1925 15.2 4500 1.1E+08 >365 9
Broadford Lake 79�22¢ 39�24¢ 1937 4.4 20 1.5E+05 <10 32
Savage 79�08¢ 39�30¢ 1952 46.1 360 2.5E+07 >365 186
Piney (Frostburg) 79�01¢ 39�35¢ 1934/1990 16.6 110 1.7E+06 31 69
Rocky Gap 78�39¢ 39�42¢ 1969/1988 25.0 209 6.6E+06 227 27
Big Pool 78�00¢ 39�36¢ n/a 1.5 47 2.9E+05 <10 —
Potomac #4 77�83¢ 39�50¢ 1869/1994 2.8 675 9.0E+06 <10 —
Clopper 77�15 39�08¢ 1975 53.0 350 2.0E+06 136 20
Tridelphia 77�00¢ 39�11¢ 1943/1999 15.8 800 2.3E+07 228 105
Piney Run 76�98¢ 39�39¢ 1990 54.5 298 7.4E+06 305 22
Duckett 76�88¢ 39�12¢ 1953/1986 22.6 773 2.1E+07 210 110
Liberty 76�56¢ 39�26¢ 1953 40.5 3106 1.6E+08 346 34
St. Mary�s Lake 76�56¢ 38�25¢ 1975 6.4 250 3.9E+05 173 22
Prettyboy 76�44¢ 39�38¢ 1936 30.0 1500 7.4E+07 296 34
Lake Lariat 76�42¢ 38�36¢ 1965 9.1 97 1.9E+06 256 18
Centennial Lake 76�30¢ 39�42¢ 1985 7.3 50 6.3E+05 38 44
Loch Raven 76�23¢ 39�26¢ 1923/1986 23.2 2400 9.0E+07 121 81
Conowingo 76�10¢ 39�39¢ 1928/1983 30.0 8960 3.8E+08 <10 1940
Tuckahoe 75�56¢ 38�58¢ 1975 2.7 86 3.2E+04 <10 640
Johnson�s Pond 75�36¢ 38�22¢ 1936 2.6 104 1.1E+06 10 184

a Depth of water (m) impounded at the normal operating pool elevation.
b Area (acres) of the lake surface at the normal operating pool elevation.
c Volume of water (m3) stored below the normal operating pool elevation.
d Average retention time based on yearly average flow and normal capacity.
Source: Maryland Power Plant Research Program (PPRP) Inventory of Maryland Dams, CD-ROM, version 1.2.

Table 2. Summary of average weight (g), length (mm) and methyl-
mercury concentration (MeHg, in ng/g wet weight) as well as standard
deviation for largemouth bass (Micropterus salmoides) from the
Maryland reservoirs

Reservoir N
Average
weight (g)

Average
length (mm)

Average MeHg
conc. (ng g)1 wet
weight)

Deep Creek Lake 13 767 € 267 376 € 42.9 320 € 112
Broadford Lake 15 665 € 227 367 € 40.4 308 € 172
Savage 12 610 € 188 360 € 35.6 484 € 314
Piney (Frostburg) 15 780 € 321 374 € 49.1 615 € 202
Rocky Gap 13 629 € 199 357 € 34.8 108 € 46.0
Big Pool 5 322 € 71.5 304 € 16.4 265 € 117
Potomac #4 2 434 € 185 331 € 51.6 131 € 52.0
Clopper 15 779 € 280 378 € 39.1 197 € 83.3
Tridelphia 14 889 € 367 387 € 56.0 194 € 107
Piney Run 14 795 € 282 375 € 44.1 158 € 63.4
Duckett 15 950 € 484 391 € 53.8 323 € 201
Liberty 16 831 € 304 383 € 49.4 305 € 171
St. Mary�s Lake 12 884 € 795 383 € 93.1 736 € 420
Prettyboy 15 760 € 339 375 € 56.5 348 € 178
Lake Lariat 7 1246 € 669 438 € 80.4 1044 € 580
Centennial Lake 7 329 € 13.5 422 € 114.8 98.5 € 59.1
Loch Raven 16 719 € 285 375 € 53.3 328 € 201
Conowingo 14 737 € 351 371 € 46.2 119 € 52.0
Tuckahoe 14 891 € 481 351 € 65.5 351 € 209
Johnson�s Pond 15 880 € 431 393 € 56.5 204 € 146

Note: n = number of fish analyzed.
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chloride reduction and purge and trap collection of the Hg on a gold
column. Quantification was by CVAFS (Mason et al. 2000b).

Water Sampling and Analysis

Water sampling was conducted during midsummer 2001 and late
spring/early summer 2002 and 2003 in an attempt to sample the
reservoirs when they were thermally stratified. The sampling was
done in accordance with EPA Method 1669 (USEPA 1998). Surface
samples were collected by hand from a boat. Clean, acid-filled dou-
ble-bagged 2L Teflon bottles were used for water collection. Prior to
sampling, each bottle was emptied and rinsed with water downstream
from the sampling location. The filled bottle was recapped, double-
bagged, and stored in a cooler for transport back to the laboratory.
Approximately 1 L of sample from each bottle was filtered for Hg and
MeHg onto quartz fiber filters (precleaned by combustion in a furnace
overnight at 600�C) using acid-cleaned glassware. All equipment used
for filtering was acid washed between samples and rinsed with Q-
water. Filtered and unfiltered water was stored in acid-cleaned Teflon
bottles and both water samples were spiked with Optima HCl acid and
stored in a refrigerator until analyses were performed.
For MeHg analysis, water samples were distilled after additions of

a 50% sulfuric acid solution and a 20% potassium chloride solution
(Horvat et al. 1993). The MeHg in the distillate was derivitized with
sodium tetraethylborate to convert it to volatile methyl-ethyl-mercury
(Bloom 1989). The volatile adduct was then purged from solution and
collected onto a Tenax trap. The MeHg was thermally desorbed from
the trap and analyzed by isothermal gas chromatography separation
with CVAFS. Total Hg was measured in water samples after BrCl
oxidation of samples (0.5 mL of 2N BrCl added; Bloom and Crecelius
1983, USEPA 1995b) and pre-reduction with hydroxalamine. The
samples were then reduced with tin chloride solution, purged to re-
move elemental Hg to a gold trap, and the amount of Hg in samples
was then determined by two-stage gold amalgamation CVAFS
(Bloom and Fitzgerald 1988).
Not all the reservoirs� waters were sampled as part of this study. For

Conowingo Dam, water samples were not collected because samples
had been collected by our group over a 12-month period as part of a
study of Hg biogeochemistry in rivers flowing into the Chesapeake
Bay (Lawson et al. 2001). The collection and analytical techniques
were comparable with this study. No water samples were taken from
Rocky Gap, and data for total Hg, collected by Castro et al. (2002)
using similar techniques, is used in the comparison of data below. Big
Pool and Potomac #4 are on the Potomac River in relatively close
proximity to each other and only one set of water samples was col-

lected for these sites. Fish from Centenial Lake were only collected in
the latter part of the project and because of season, no water samples
were collected from this reservoir.
The pH of the water was measured at the laboratory using standard

techniques. The pH meter was calibrated using buffered solutions on
each occasion. Particulate organic carbon (POC), nitrogen, and total
suspended solids (TSS) were subsampled from an unfiltered water
sample and collected onto a glass fiber filter (GF/F 0.7 lm). Dis-
solved organic carbon (DOC), dissolved nutrients, chloride, and sul-
fate were subsampled from filtered water and stored frozen until
subsequent analysis. All ancillary parameters were measured by CBL
Analytical Services.

Quality Control Procedures

Standard calibration curves with r2 of at least 0.99 were run daily and a
standard addition spike was added to 1 in every 20 samples to check for
matrix interferences. Laboratory duplicates and external certified
standard reference materials (SRM) (digestates of IAEA SRM 142) of
knownMeHg and total Hg concentrations were analyzed daily to ensure
the accuracy of results. Duplicate analysis of 10% of theMeHg samples
yielded no significant difference, and 95% of all SRM replicates ana-
lyzed for MeHg fell within the certified ranges. Detection limits (DL)
for MeHg were based on three standard deviations of sample blank
measurements. The DL for MeHg was 0.01 ng/L for water and 0.1 ng/g
for fish. Field and travel blanks were typically less than the detection
limit. For total Hg, the DLwas 0.1 ng/L for water and 0.05 ng/g for fish.
To investigate the stability of MeHg in frozen fish tissue, analysis of

MeHg in one fish sample was performed 11 times during a 17-month
period. Results from this analysis show that MeHg concentrations in
the frozen fish sample remained stable over this period (average
20.5 € 4.7 ng g)1 wet weight). The slope of the relationship between
concentration and time was not significantly different from zero.

Statistical Analysis

Pearson correlation analysis was used to determine p values between
length and weight of fish and MeHg concentration and weight. For the
interlake comparison, fish data were normalized to the length of fish,
using a range of 362 to 377 mm, to remove variability based on the fish
size from the examination of correlations between variables. To obtain
the normalized concentration, the regression equations for each res-
ervoir shown in Fig. 6 were used to estimate the concentration in a fish
of 370 mm. For those reservoirs where no relationship was evident, the
concentration was estimated based on the concentration in fish within
the 362–377 mm size range. The correlations between normalized fish
concentration and other variables were examined using both linear
regression of variables and through multivariate analysis (stepwise
multilinear regression). Linear regression equations were determined
using either Sigmaplot or Excel, whereas the multivariate regression
was done using Quattro Pro. Comparison of regression coefficients
between Sigmaplot and Excel showed that both software packages
returned the same values of the regression equations.

Results and Discussion

Largemouth Bass

Information about the average length, weight, and MeHg
concentration in each fish from the reservoirs is contained in

Fig. 2. Plot of fish length versus weight for all the largemouth bass
sampled. Straight line indicates linear regression and the regression
statistics are given in the figures
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Table 2. Fish length ranged from 276 to 563 mm (376 € 54,
n = 249). Mean length was highest in Lake Lariat at 438 € 80
mm (n = 7), and lowest in Big Pool at 304 € 16 mm (n = 5).
Weight of the bass ranged from 224 to 2688 g (777 € 391,
n = 249) with the mean weight highest in Lake Lariat,
1246 € 669 g (n = 7) and lowest in Big Pool, 322 € 72 g
(n = 5). Correlation between total length (mm) and weight (g)
of largemouth bass revealed a significant positive correlation
when fish from all reservoirs were combined (p < 0.01,
r2 = 0.92, n = 249; slope = 6.99 g mm)1) (Fig. 2). There is
some indication of a deviation from a straight line for the
largest fish. Such a strong relationship between length and
weight can be an indicator that the fish live under similar
conditions in all reservoirs and none of the populations are
under significant stress. Although this relationship does not
indicate that all of the fish are growing at the same rate, growth
rates for largemouth bass have been found to be relatively
similar across the study reservoirs (Klotz and Johnson 2000)
and are close to the statewide average (Elser 1962) (Fig. 3).
On a regional basis, there are differences in the length–weight
relationship. For western Maryland, the slope of the length–
weight relationship (5.80 g mm)1) is lower than for the res-
ervoirs in central Maryland (6.58 g mm)1) and coastal Mary-
land (7.86 g mm)1). So, overall, fish of the same length
weighed more for the coastal reservoirs than for the others, and
those in western Maryland reservoirs weighed the least. Such
differences may be expected, given that the reservoirs in the
coastal zone likely warm up more quickly and are more pro-
ductive earlier in the season because of differences in climatic
factors, such as elevation, amount of snow, and the mediating
coastal effects on temperature. A comparable strong relation-
ship between the weight and length of largemouth bass has
been documented in other states where Hg studies have been
done, such as in the northeast United States (Rose et al. 1999;
Hanten et al. 1998).
Large largemouth bass are considered to be piscivorous

(Lioa et al. 2002), although there was an indication of a
preference for crayfish in the limited gut analysis done in this
study (Sveinsdottir 2002), and thus differences in growth rate
may reflect differences in food availability and type. Growth
rate can potentially influence the MeHg bioaccumulation rate.
For example, for a 500-mm fish, extrapolation of the growth
data in Fig. 3 indicates that ages range from somewhat more

than 8 years to about 11 years. This is a fairly important dif-
ference for the larger fish. For the smaller fish, the differences
are less pronounced. No growth rate data are available for the
reservoirs of the coastal plain. However, if the fish were
growing more quickly, then it is expected that the concentra-
tion of MeHg in the tissue would be lower because bioaccu-
mulation is more a factor of age than size, and growth dilution
is an important variable in terms of fish MeHg concentration
(Simoneau et al. 2005; Jackson 1991; Hudson et al. 1994).
However, there was no trend between concentration and res-
ervoir location (Table 2), and the highest concentration fish
are from coastal reservoirs, which is contrary to expectation,
based on the influence of growth rate on MeHg concentration.
MeHg concentrations in the fish fillet samples ranged from

9.0 to 2077 ng g)1 wet weight (mean = 325 € 283 ng g)1,
n = 249) (Fig. 4; Table 2). These values are similar to the
documented range of MeHg in largemouth bass in Massachu-
setts (Rose et al. 1999), Maine (Stafford and Haines 1997), and
in Connecticut (Hanten et al. 1998; Ward and Neumann 1999).
A significant statistical difference was observed between the
reservoirs containing the average highest and lowest MeHg in
the largemouth bass (p < 0.001). Mean MeHg concentrations in
the fish were highest in Lake Lariat, 1044 € 580 ng g)1 wet
weight (n = 7) and lowest in fish from Centennial, 98.5 € 59.1
ng g)1 wet weight (n = 7) (Table 2). Variability in fish size

Fig. 3. Growth rate of largemouth bass in reservoirs and lakes in
Maryland. Growth rate reported by Elser (1962) is an average for the
state.Taken from MD DNR (2000)

Fig. 4. (a) Relationship between weight of largemouth bass and
methylmercury concentration for all fish taken from all reservoirs. (b)
Similarly for length versus methylmercury content. Straight line
indicates linear regression relationship
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between reservoirs can account for some of this difference.
However, the estimated normalized concentration for each
reservoir, for fish of 370 mm (362–377 mm (�4–5-year-old
fish); Fig. 5), demonstrates that there are important differences
between reservoirs that cannot be accounted for by size. Note
that all reservoirs are not in Fig. 5 because of limitations in
numbers of fish and the ability to estimate fish concentration
for the size range. Based on the normalized concentrations, the
highest largemouth bass concentrations were in fish from two
coastal reservoirs (Lake Lariat and St. Mary�s Lake) and in two
western reservoirs (Piney (Frostburg) and Savage reservoirs).
The MeHg concentrations in fish in the central Maryland res-
ervoirs were overall the lowest, although low fish concentra-
tions were found in reservoirs from all the regions.
There was a strong correlation between fish MeHg con-

centration and length and weight for all largemouth bass
(Fig. 4; for length, r2 = 0.26; for weight, r2 = 0.28; p < 0.01).
A positive correlation with size and concentration of MeHg in
fish has been documented in many other instances for large-
mouth bass (Rose et al. 1999; Hanten et al. 1998; Horwitz et
al. 1995), and for other predator fish species (e.g., Stafford and
Haines 1997; Ward and Neumann 1999). The relationship
between weight and total MeHg concentration in largemouth
bass in each reservoir is illustrated in Fig. 6. Similar rela-
tionships were found for length (not shown). Fifteen reservoirs
showed a significant correlation (p < 0.05) between the con-
centration and size variables. For the other reservoirs, data
were either too limited, showed no trend, or had high varia-
bility. The rate of accumulation of MeHg into the fish (shown
as regression slopes) (ranging from 0.09 to 0.96 (ng g)1) g)1

for weight) show that accumulation rates vary substantially
between reservoirs—overall by an order of magnitude—even
for those in close proximity.
Within a region, such as in western Maryland, reservoirs had

different regression slopes covering the range of values. Deep
Creek, Broadford, and Piney (Frostburg), which are geo-

graphically close (Fig. 1), had similar slopes on a weight basis
(0.39, 0.21, and 0.41 (ng g)1) g)1, respectively; Fig. 6a and
6b), whereas Savage, which is also in the vicinity of these
reservoirs, had a relatively steeper regression slope of 0.86 (ng
g)1) g)1. In comparison, Big Pool, on the Potomac River, and
Rocky Gap, which are located east of the other four reservoirs
(Fig. 1), showed no relationship between weight and fish
MeHg concentration, and the fish showed little change in
concentration with size (Fig. 6c). Concentrations were also
low compared to the other reservoirs. Similar results have been
documented by others (Simonin et al. 1994; Rose et al. 1999;
Sonesten 2001), where regression slopes between weight and
MeHg concentration in tissue of largemouth bass, brown
bullhead, and perch in a variety of lakes were found to be
unequal.
The variability of slopes implies individual trends in each of

the reservoirs and reflects the effects of chemical and/or
physical characteristics of the reservoir on the MeHg accu-
mulation by the fish. Additionally, biological factors such as
growth rate, age, size, physiology, and diet might also influ-
ence the accumulation and final concentration of MeHg in
largemouth bass. As seen in Fig. 6, the regression lines may
not intercept the y-axis at 0, suggesting a change in slope with
age, or a nonlinear relationship overall. This would be ex-
pected if largemouth bass change their food preferences with
age (i.e., change their rate of MeHg uptake). Typically, fish
feed at higher trophic levels when older, thus increasing their
MeHg intake as they age. Also, their rate of growth decreases
with age (Fig. 3) and as a consequence, the effect of growth
dilution on MeHg concentration decreases. The largemouth
bass in this study are those that have reached harvestable
length (circa 305 mm = 4 years on average, Klotz and Johnson
2000), and it is reasonable to approximate the slope of the
relationships for these older fish with a linear equation. This
approach is validated by comparison of the estimated MeHg
concentrations in smaller largemouth bass from three reser-
voirs (Piney (Frostburg), Deep Creek, and Rocky Gap) from
Castro et al. 2002; only total Hg was measured, and it has been
assumed here that 90% of HgT in the fish muscle is MeHg)
with the data collected in this study (Fig. 7). This comparison
demonstrates that MeHg concentrations are relatively low in
small fish, but also shows that the rate of increase is fairly
linear for these reservoirs. Indeed, if anything, the regression
slope is decreasing somewhat with increasing fish weight.
The relationships in Fig. 7 for the various reservoirs cor-

roborate the analysis based on the larger fish that the rate of
increase for the fish concentration in Piney (Frostburg) with
weight is much larger than that for Rocky Gap, with the rate
of accumulation being intermediate for fish in Deep Creek.
Changes and differences in diet alone could account for these
differences between lakes, although other factors are also
likely important. Although stomach analysis was done in an
observational fashion in this study, the results, and other
anecdotal evidence, suggest that largemouth bass in Maryland
consume crayfish as a large fraction of their prey (70% of
identified prey; Sveinsdottir 2002). These omnivorous
invertebrates are ‘‘lower’’ in the food chain than small fish,
as demonstrated in a stream study in western Maryland
(Mason et al. 2000b) where the crayfish had a lower bioac-
cumulation factor and a lower %MeHg in tissue than either
predatory insects or small fish, such as dace and sucker.

Fig. 5. Standardized concentrations of methylmercury in largemouth
bass from all the reservoirs. The standardized length is based on
concentration–length regression data for fish within the 362–377 mm
size range (average 370 mm) for each reservoir. If no regression line
was obtained, concentrations were estimated from the available data.
Acronyms are the same as in Fig. 1.
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Thus, a bass feeding predominantly on crayfish should have a
lower burden than one feeding exclusively on small fish, all
else being equal. Thus, given the caveat that a one-time
analysis of food in fish stomachs gives no real indication of

feeding preferences, it is possible that differences in food
availability between lakes may be one factor accounting for
the differences in both the concentration and the rate of
accumulation with size.

Fig. 6. Individual reservoir plots of methylmercury content versus fish weight for largemouth bass. Graphs (a)–(c) represent reservoirs from
western Maryland. DCL = Deep Creek Lake; BFL = Broadford Lake; SAV = Savage; PINF = Piney Dam, Frostburg; RGP = Rocky Gap;
BP = Big Pool; and POT4 = Potomac #4. Graphs d)-f) are for reservoirs within central Maryland. PBY = Prettyboy Reservoir; LRV = Loch
Raven; DUC = Duckett; CEN = Centennial; TRI = Tridelphia; and LIB = Liberty. Graphs (g)–(i) are for reservoirs within both central and
coastal Maryland. CLO = Clopper; PRN = Piney Run Reservoir; CON = Conowingo Dam; TUC = Tuckahoe; JHP = Johnson�s Pond;
LLR = Lake Lariat; and SML = St Mary�s Lake. Note the different scales for graph (i).
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Of the reservoirs in central Maryland (Fig. 1), Loch Raven,
Prettyboy, and Duckett had similar regression slopes (0.47,
0.43, and 0.39 (ng g)1) g)1, respectively), as shown in Fig. 6d
and 6e, and these are similar to those of Deep Creek and Piney
(Frostburg), and to St. Mary�s Lake, in southern Maryland
(slope = 0.41 (ng g)1) g)1; Fig. 6f). Liberty and Piney Run
both had relatively low regression slopes (0.15 and 0.11 (ng

g)1) g)1), whereas there was no relationship for fish in Clop-
per. Overall, however, MeHg concentrations for fish in
Clopper were similar to Piney Run. Only small fish were ob-
tained from Centennial reservoir (Fig. 6e). Tridelphia had an
intermediate slope (Fig. 6f).
Johnson�s Pond and Tuckahoe, both on Maryland�s Eastern

Shore, had similar regression slopes (0.30 and 0.28 (ng g)1) g)1,

Fig. 6. Continued
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respectively) (Fig. 6h). Largemouth bass in Lake Lariat had a
considerably larger bioaccumulation rate than the other coastal
plain reservoirs (0.76 (ng g)1) g)1; Fig. 6h), similar to that of
Savage (Fig. 6b). Finally, bass in CON had a rate of increase of
0.09 (ng g)1) g)1, the lowest for the coastal reservoirs.
The differences in the accumulation rates of MeHg in

largemouth bass across the 20 reservoirs might be caused by
many variables, such as the chemistry of the water, condition

of the environmental surroundings and physical characteristics
of the reservoirs (Bodaly et al. 1993). There is no sense from
the relationships shown above that this is entirely dependent
on the reservoir location. The four highest slopes were from
reservoirs located throughout the state (in decreasing order:
Savage, Lake Lariat, Loch Raven, and Prettyboy reservoirs).
At the opposite end, the four lowest significant slopes were
from, in increasing order: Conowingo Dam, Piney Run, Lib-

Fig. 6. Continued
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erty, and Broadford reservoirs. Five reservoirs had no signif-
icant relationships but this is likely the function of either too
little data, or too little spread in fish size.

Mercury in Bluegill and Black Crappie

The size of bluegill and black crappie analyzed were limited to
those of harvestable size. For bluegill, the minimum size

caught was 125 mm; for black crappie, 150 mm. Maximum
and minimum weight of fish caught were, respectively, 236 g
and 40 g for bluegill, and 340 g and 60 g for black crappie. The
average size and concentration of MeHg in these fish are
shown in Table 3 and in Fig. 8. The MeHg in the majority of
these fish was less than 300 ng g)1 wet weight. The difference
in the fish MeHg concentration between reservoirs was similar
in trend to that of the largemouth bass. Indeed, there was a
significant correlation for both bluegill and crappie between

Fig. 7. Comparison of the data collected under this project with those collected by others (Castro et al. 2002), which mostly involved smaller
fish, for three reservoirs in western Maryland. DCL = Deep Creek Lake; PINF = Piney, Frostburg; and RGP = Rocky Gap Park.
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their average concentration and that of the bass (r2 = 0.64
(n = 13; p < 0.01) and 0.61 (n = 7; p < 0.05), respectively),
and the slope of the relationship was similar for both (slope �
0.2). Bluegill feed mostly on macroinvertebrates (Olson et al.
2003), although small fish may form part of the diet. For black
crappie, a recent study in a lake in Iowa indicated that these
fish were feeding mostly on amphipods and insect larvae, with
amphipods forming the majority of their diet (Liao et al.
2002). For those reservoirs that had both bluegill and black
crappie, there was generally a consistent trend in that reser-
voirs with high MeHg concentration in bass also had high
concentration in both of the other species (Fig. 8), and with the
concentration in bluegill and black crappie being relatively
similar, except in Clopper Lake.
For bluegill, there was a significant correlation between

weight and MeHg concentration (r2 = 0.26; n = 94; p < 0.01;
slope = 0.70 (ng g)1) g)1), based on the 2000 data for all the
fish, as found for the bass. The slope of the weight/fish
MeHg concentration relationship for all the bluegill is within
a factor of two of the average for all largemouth bass (0.38
ng g)1) g)1). However, there did not appear to be a strong
relationship between weight and MeHg concentration in
bluegill in the individual reservoirs. Indeed, for the bluegills,
only three of the seven reservoirs sampled in 2000 had a
linear significant correlation (Broadford, r2 = 0.52; Rocky
Gap, r2 = 0.61 and Johnson�s Pond, r2 = 0.47). This may be
due to the smaller size range in fish, or may reflect the more
varied diet of these fish compared to the bass as bluegill,
feeding mostly on invertebrates, which likely comprise both
benthic and pelagic species, likely show a larger variation in
MeHg burden.
For crappie, there was no significant trend between weight

and MeHg concentration and little indication of an increasing
concentration with size. This may be a function of the more
limited dataset but also may reflect the fact that the diet of
these fish does not appear to change dramatically with age,
with large fish still preferring a diet of amphipods and other
invertebrates (Olson et al. 2003). For both species, the %
MeHg in the muscle tissue was relatively high, between 80 and

85% of the total Hg, on average. The relatively high % MeHg,
and the similarity in the slopes of the weight/concentration
relationships, may suggest that the bluegill and the largemouth
bass have a more similar diet than may have been anticipated
from expected feeding preferences. This likely reflects a rel-
atively high proportion of crayfish in the bass diet for the fish
in these reservoirs.

Mercury, Methylmercury, and Ancillary Parameters in
Water

Overall, TSS in the reservoirs were relatively low but variable
(Table 4). The average TSS concentration was 7.8 € 10.0 mg
L)1 (n = 37) and was lowest in Piney (Frostburg) (0.9 € 0.3
mg L)1, n = 2) and highest in Loch Raven (27.9 € 19.9 mg
L)1, n = 3). These values are in agreement with TSS con-
centrations observed in samples from other Maryland streams

Table 3. Average weights and concentrations, and the number of bluegill (Micropterus salmoides) and black crappie (Lepomis macrochirus)
caught for each reservoir. Note that most reservoirs did not have both fish

Reservoir N Bluegill wt (g) Bluegill MeHg (ng g)1) n Crappie wt (g) Crappie MeHg (ng g)1)

Deep Creek Lake 14 124 € 69.2 64.3 € 29.1 — — —
Broadford Lake 15 116 € 67.7 130 € 128 — — —
Savage 3* 65.5 € 31.1 235 — — —
Piney (Frostburg) 12* 106 € 37.5 188 €178 — — —
Rocky Gap 15 89.1 € 47.7 43.2 € 26.6 — — —
Potomac #4 13 129 € 107 102 € 146 — — —
Clopper 10* 62.6 € 12.5 31.4 € 6.5 15* 173 € 88.6 187 € 116
Tridelphia 12 79.8 € 30.8 45.1 € 16.5 15 123 € 58.4 71.0 € 40.1
Piney Run — — — 13* 140 € 85.1 52.3 € 13.2
Liberty — — — 10 136 € 80.3 104 € 77.5
Prettyboy 15* 118 € 66.6 50.7 € 9.7 — — —
Lake Lariat 14* 80.2 € 42.4 218 € 9.9 190 € 71.0 237 € 256
Loch Raven 10* 82.4 € 35.0 87.5 € 36.7 — — —
Conowingo 10 77.9 € 41.0 27.2 € 11.4 3 186 € 82.9 37.2 € 15.2
Tuckahoe — — — 14 175 € 98.6 97.0 € 65.6
Johnson�s Pond 15 117 € 57.2 72.1 € 43.3 — — —

Notes: n = number of fish analyzed and * indicates that a composite of the fish was analyzed.

Fig. 8. Average concentrations of methylmercury for each reservoir
for bluegill and black crappie
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(Mason 2000) but lower than the Chesapeake Bay and the
major rivers (Lawson et al. 2001, Lawson and Mason 2001,
Mason et al. 1999). Concentrations of total mercury (HgT) and
MeHg in the dissolved fraction of the surface water samples
are shown in Table 5. Average HgT concentrations ranged
from 0.4 € 0.1 ng L)1 (Rocky Gap; Castro et al. 2002) to
18.1 € 0.43 ng L)1 (Duckett). There was a significant range in
concentration with the highest concentrations being found in
the reservoirs from the middle of the state. Such levels of HgT
are much higher than have been found by others for freshwater
systems (Driscoll et al. 1995; Hudson et al. 1994; Mason and
Sullivan 1997; Sorenson et al. 1990), but the reproducibility of
results over two years for Duckett suggest that the data rep-
resent a consistent and not a transient signal. Relatively low
HgT concentrations were found in western Maryland, and
dissolved Hg was <1.5 ng L)1 for all these reservoirs. Most of
the reservoirs with high HgT (>5 ng L)1) had relatively low
dissolved Hg suggesting that the Hg was mostly attached to
particulate matter, as would be expected for these relatively
eutrophic systems. However, for Duckett and Clopper, which
had the highest HgT concentrations, most of the Hg was in the
dissolved fraction (Table 5). The source of the high Hg in
these two reservoirs is not known and must be relatively local
as Tridelphia, which is on the Patuxent River above Duckett,
has HgT concentrations a factor of 2-3 lower and dissolved Hg
<3 ng L)1. The reservoirs with the highest HgT do not have
high normalized MeHg concentrations in the largemouth bass,
suggesting no relationship between HgT and fish concentration
(Table 6), as found in many other studies (e.g., Driscoll et al.
1995). This is also true for dissolved Hg, where no relationship
exists, even when the two extremely high concentrations are
considered outliers.
The total MeHg concentrations observed in the water sam-

ples were generally lower than 0.4 ng L)1, on average. For
Lake Lariat, low values were found in 2002 and much higher
concentrations (>1 ng L)1) were found in 2003, suggesting

high variability. Variability was also apparent in the other
reservoirs that were sampled more than once, although it was
less extreme. Concentrations similar to those found here have
been found in surface waters of many freshwater systems (e.g.,
Watras et al. 1995a, Lawson et al. 2001). Dissolved MeHg
concentrations were above 0.25 ng / L)1 in Piney (Frostburg)
and Deep Creek in western Maryland, and in Piney Run and
Lake Lariat. Overall, a large fraction of the total MeHg was in
the dissolved phase (Table 5). There was a significant corre-
lation between normalized fish concentration and dissolved
MeHg for the reservoirs (Table 6; average values used for
MeHg in water).
Ancillary data from the reservoirs are shown in Table 4. pH

was similar across the reservoirs, with no reservoirs having
low pHs such as found in some lakes in the Midwestern United
States. Overall, the reservoirs can be considered to be cir-
cumneutral, with an overall average pH of 7.5 € 2.0 (n = 38).
Statistically, no significant difference in pH was found among
the Maryland regions. Dissolved organic carbon (DOC) con-
centrations were also relatively consistent across the reser-
voirs. Average DOC concentration was 3.7 € 2.0 mg L)1,
ranging from 1.95 mg L)1 in Prettyboy to 6.51 mg L)1 in St.
Mary�s Lake (Table 4). No significant difference in DOC
concentrations was observed across regions. However, values
in western Maryland were generally low, whereas DOC con-
centrations in southern Maryland reservoirs were the highest.
These DOC concentrations are fairly low, however, compared
to values obtained in lakes in Wisconsin (average about 7 mg
L)1, Watras et al. 1995b) but similar to concentrations found
in Maryland streams (Mason 2000). Even given the low range
in DOC between these reservoirs, there was a correlation with
fish MeHg (Table 6), as has been found by others (Driscoll et
al. 1995). Particulate carbon (POC) was found to be relatively
low across all of the reservoirs (1.1 € 0.8 mg L)1, n = 25), and
in four of the reservoirs concentrations were at or below
detection limits.

Table 4. Average concentrations of nitrate (NO3) mg L)1), phosphate (PO4
3) mg L)1), total suspended solids (TSS mg L)1), chloride (Cl) mg

L)1) and sulfate (SO4
2)mg L)1) in the reservoirs

Reservoir DOC NO3 PO4 TSS Cl SO4

Deep Creek Lake 2.94 0.02 0.022 2.4 6.59 13.67
Broadford Lake 3.90 1.13 0.003 3.7 40.75 8.40
Savage 2.38 0.58 0.217 6.0 19.80 12.30
Piney (Frostburg) 4.99 0.72 0.023 0.9 26.70 7.22
Rocky Gap 3.83 0.02 0.016 2.4 3.38 10.59
Big Pool 3.76 0.19 0.002 9.6 73.7 24.6
Potomac #4 2.40 0.78 0.016 8.0 17.80 36.80
Clopper 4.31 n/d 0.003 5.1 135.77 6.17
Tridelphia n/a n/a n/a n/a n/a n/a
Piney Run 3.13 0.58 0.001 2.4 27.96 6.91
Duckett 3.01 n/a 0.003 10.4 61.37 6.03
Liberty 2.50 1.7 0.340 2.4 1.73 7.9
St. Mary�s Lake 6.51 6.51 0.002 11.9 9.00 5.02
Prettyboy 1.95 2.26 0.010 15.2 30.50 3.43
Lake Lariat 4.11 0.53 0.001 9.6 20.70 12.18
Centennial Lake 5.06 0.24 0.003 7.0 22.3 11.31
Loch Raven 2.14 2.34 0.020 27.9 70.47 5.03
Conowingo n/a n/a n/a n/a n/a n/a
Tuckahoe 5.15 2.72 0.030 5.0 16.43 6.87
Johnson�s Pond 5.95 2.40 0.010 5.7 22.31 4.24

Note: n/d = not detectable; n/a = not analyzed.

Mercury and Methylmercury in Largemouth Bass 539



Nitrate and phosphate concentrations were also consistent in
the reservoirs (Table 4). Ammonia concentrations ranged from
0.01 mg L)1 in Piney (Frostburg) to 0.36 mg L)1 in Big Pool,
with an average of 0.05 € 0.05 mg L)1 (n = 38). Sulfate
concentrations in the reservoirs showed more variability and
ranged from 3.4 € 0.4 mg L)1 in Prettyboy (n = 3) to
36.8 € 1.6 mg L)1 (Potomac #4, n = 2), with an average
concentration of 9.5 € 2.8 mg L)1 (n = 38). Comparable val-
ues have been documented in various aquatic systems such as
in New York, northern Wisconsin, and Massachusetts (Simo-
nin et al. 1994; Watras et al. 1995a; Rose et al. 1999) and the
values appear to be within the normal ranges of freshwater
systems. The sulfate levels found suggest that the sulfate-

reducing bacteria, the principal methylators of Hg in aquatic
systems, are not sulfate-limited in any of the reservoirs. In
support of this, there was no relationship between sulfate and
MeHg concentration in fish (Table 6).
Chloride concentrations (Cl), in contrast to the other ancil-

lary measurements, ranged widely across the reservoirs.
Average concentration across all of the reservoirs was
33.8 € 28.6 mg L)1 (n = 38). Values in Liberty were lowest
(1.7 € 0.1 mg L)1, n = 3), whereas average values for Clopper
were 135.8 € 6.9 mg L)1 (n = 3). These values are relatively
high compared to lakes in northern Wisconsin (0.1–4.0 mg
L)1, Watras et al. 1995a). However, similarly elevated values
were found in lakes in Massachusetts (1–35 mg L)1, Rose et

Table 5. Total mercury (HgT in ng L)1) and methylmercury (MeHg in ng L)1) in whole and dissolved fraction of surface waters of each
reservoir

Reservoir HgT (ng L)1) whole HgT (ng L)1) dissolved MeHg (ng L)1) whole MeHg (ng L)1) dissolved

Deep Creek Lake 2.42 € 0.61 0.62 € 0.035 0.39 € 0.026 0.28 € 0.008
Broadford Lake 1.32 € 0.14 0.99 € 0.014 0.16 € 0.013 0.12 € 0.028
Savage 0.83 € 0.57 0.68 € 0.86 0.10 € 0.046 0.10 € 0.043
Piney (Frostburg) 2.78 € 1.53 1.41 € 1.15 0.34 € 0.021 0.26 € 0.004

0.70 € 0.04a 0.43 — 0.04 € 0.04
Rocky Gap 0.40 n/a 0.13 € 0.012 0.036 € 0.017
Big Pool 6.79 n/a 0.11 0.080
Potomac #4 1.48 1.17 € 0.42 0.24 € 0.066 0.21 € 0.075
Clopper 16.2 € 5.88 15.6 € 0.44 0.27 € 0.22 0.11 € 0.067
Tridelphia 3.53 € 0.66 2.34 € 1.75 0.091 € 0.028 0.076 € 0.10

6.71 € 0.86a 0.38 € 0.07 0.039 0.009 € 0.010
Piney Run 1.69 € 0.56 0.97 € 0.91 0.34 € 0.21 0.25 € 0.25
Duckett 13.37 € 8.38 19.53 € 6.01 0.11 € 0.035 0.057 € 0.020

18.1 € 0.43a — 0.18 € 0.01 0.13 € 0.03
Liberty 2.61 € 2.74 2.27 € 1.17 0.093 € 0.015 0.065 € 0.023
St. Mary�s Lake 2.17 € 0.96 0.46 € 0.38 0.19 € 0.14 0.13 € 0.030

6.17a 0.84 € 0.15 0.34 0.21 € 0.01
Prettyboy 3.95 €1.70 2.44 € 0.68 0.060 0.053
Lake Lariat 2.42 € 0.52 2.10 € 0.98 0.12 € 0.014 0.016 € 0.001

2.74a 1.89 1.59 € 0.05 1.1 € 0.02
Centennial Lake 1.67 1.69 0.098 0.051
Loch Raven 5.94 € 2.57 4.05 € 1.45 0.19 € 0.14 0.15 € 0.091
Conowingo n/a 3.55 n/a 0.12

1.4 € 0.05b n/a 0.04 € 0.04 n/a
Tuckahoe 3.98 € 0.50 2.33 € 1.39 0.16 € 0.19 0.18 € 0.010
Johnson�s Pond 2.67 € 1.63 1.58 € 2.12 0.15 € 0.003 0.10 € 0.007

a Data collected in 2003.
b Data from Lawson et al. (2001).

Table 6. Correlation coefficients (r values) for linear regression analysis of fish methylmercury (MeHg) concentration, normalized to a standard
length, and physical and chemical variables for the reservoirs.

Fish MeHg SO4 POC Area MeHg filt. HgT filt. Volume W/L DOC Cl

Fish MeHg 1.00
SO4 )0.007 1.00
POC )0.005 )0.203 1.00
Area )0.314 0.612 0.049 1.00
MeHgfilt 0.488 0.318 )0.071 )0.086 1.00
HgTfilt )0.244 )0.209 0.082 )0.028 )0.127 1.00
Volume )0.312 0.574 0.088 0.975 )0.156 )0.041 1.00
W/L )0.282 0.555 )0.150 0.752 )0.107 )0.020 0.791 1.00
DOC 0.450 0.017 )0.294 )0.088 0.118 0.033 )0.113 0.164 1.00
Cl )0.239 )0.349 0.330 )0.142 )0.122 0.775 )0.183 )0.128 )0.019 1.00

For n = 17, p = 0.01 for r = 0.60; for p =0.05, r = 0.46. Bold values are significant at the 0.05 level. W/L = watershed/lake area.
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al. 1999). Although several factors could be responsible for the
high amount of Cl in the reservoirs, the most likely source is
salt that is used for melting of snow in winter. A lack of
correlation between Cl and nutrients suggests that Cl is not
being derived from detergents and water-softening agents.
There has been a general increase in the Cl concentration in the
reservoirs surrounding Baltimore in the last two decades (B.
Stacks, personal communication, 2002), and this is likely re-
lated to increases in population densities around the reservoirs.
Population density around Loch Raven, for example, (1.8
people/acre) is significantly higher than for Liberty (0.7 peo-
ple/acre; MD DNR, 2001), which is also bigger and deeper,
and both population and relative size could account for the
dramatic differences in Cl concentrations between the two
reservoirs. Overall, however, Cl concentration did not corre-
late with lake size parameters, or other water quality param-
eters (Table 6).
Interestingly, sulfate concentration appeared to be a function

of surface area, volume, and watershed/lake area likely
implicating the importance of atmospheric deposition as a
source of sulfate to these reservoirs (Table 6). However, there
was no relationship between sulfate concentration and either
MeHg in water or MeHg in fish. Many studies have found
relationships between fish concentration and water column
parameters for lakes (Lindquist et al. 1991; Johnston et al.
1991; Joslin 1994; Lange et al. 1993). For the Maryland res-
ervoirs, however, the concentration of MeHg in bass did not
correlate with the concentrations of nutrients or major ions, or
with pH. Similarly, Rose et al. (1999) found no relationship
between bass concentration and the water quality variables
they measured. In this study, the variability in these parameters
across the reservoirs was relatively small, and thus a lack of
correlation does not necessarily mean that these variables are
not important in some instances.
The strongest relationships for water column variables were

between filtered MeHg and DOC concentrations and normal-
ized fish MeHg concentration (Table 6). The relationship with
MeHg in water would be expected if differences in food chain
dynamics, and in prey items for bass, are relatively small be-
tween lakes. Such a relationship therefore implies that the food
chain dynamics are not the overwhelming factor controlling
fish concentration. The concentration of filtered MeHg is not
strongly related, however, with any of the other variables
(Table 6), suggesting that neither reservoir size nor sulfate,
DOC, or other water column variables are important parame-
ters. The concentration of filtered Hg in the reservoirs was also
not a function of any of the other variables except for Cl
concentration, suggesting that it is unrelated to reservoir size
or to any other water column parameter considered important
in MeHg dynamics.

Relationships Between Fish Tissue Concentrations, Diet,
and Other Variables

As mentioned above, food sources for the largemouth bass
may differ between the reservoirs. Because aquatic organisms
low in the food chain generally contain lower concentrations
of MeHg than higher trophic level organisms, fish feeding on
lower trophic level animals consequently bioaccumulate less

MeHg into their tissues during their lifetime than fish feeding
higher in the food chain (Lindquist et al. 1991; MacCrimmon
et al. 1983; Mason et al. 2000b). In an effort to assess food
effects, in the first 2 years of the project, 106 largemouth bass
were sampled for gut content. Only half of the fish examined
contained food remnants in their gut (Sveinsdottir 2002). Of
these, 70% was identified to be crayfish, 17% sunfish, and less
than 1% channel catfish. Note must be taken that the fish were
captured at the same time in both years (late spring, early
summer) and gut content might not be representative of the
food sources largemouth bass consume during the whole year.
In addition, sunfish and other soft tissue organism are more
easily digested than crayfish, and that might explain the
prevalence of crayfish remnants in the stomachs over that of
other fish. Furthermore, largemouth bass are known to be
opportunistic feeders and have been found to eat both terres-
trial and aquatic organisms. However, gut content analysis can
give an idea of the MeHg concentration in the diet of large-
mouth bass in the reservoirs that were studied.
To assess the importance of differences in diet, crayfish and

small forage fish were collected from a number of the reser-
voirs (n = 8). The average length of crayfish collected was
38.3 € 51.9 mm (ranging from 7.0 to 138 mm) and the average
MeHg concentration was 22.1 € 13.5 ng g)1 wet weight
(ranging from 7.24 to 44.58 ng g)1). The average length of the
forage fish collected (small bluegill, black crappie, golden
shiner, yellow perch, white sucker, and pumpkinseed) was
59.5 € 72.0 mm (range 3.2–216 mm) and the average MeHg
concentration was 42.7 € 23.9 ng g)1 wet weight (range 9.4–
108.2 ng g)1), higher than for crayfish, as expected, based on
their higher trophic position (Mason et al. 2000b). The mean
HgT concentration in the forage fish was 73.6 ng g)1 wet
weight (range 9.1–164.9 ng g)1), and, on average, they con-
tained 58% MeHg. The relationship between the average
MeHg concentrations of small fish, which could be consumed
as prey, and the average normalized MeHg concentration of
largemouth bass (362–377 mm) in each of the reservoirs was
weak and not statistically significant (r2 = 0.24; n = 8). In
addition, there was not a significant correlation with crayfish
concentration (r2 = 0.17; n = 7).
In addition to the differences in diet, various physical factors

of the reservoirs and their surroundings could also influence
MeHg accumulation in fish by changing the input of Hg and
MeHg into the system and the residence time of the water.
Reservoir size is one potential variable influencing bioaccu-
mulation. If methylation of Hg occurs mainly in sediments,
then there is a negative relationship, albeit complex, between
reservoir size and the ratio of sediment area/water column
volume. Thus, larger reservoirs may have less MeHg in the
water column. Reservoir volume and/or depth will affect the
rate at which the lakes heat up in summer, which may impact
the overall methylation potential. Also, depth may impact
stratification and the development of seasonal anoxia. Bodaly
et al. (1993) found a relationship between reservoir size and Hg
in fish in Canada. In this study, reservoirs varied by nearly three
orders of magnitude in area, in volume by more than two orders
of magnitude, and also varied markedly in depth (Table 1).
Conowingo Dam is a relatively large reservoir (3.82 · 108 m3),
whereas Lake Lariat is a small impoundment (1.88 · 106 m3).
Volume and surface area were strongly related, and these
parameters were also related to watershed/lake volume (Ta-
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ble 6). However, there was not a significant relationship for any
of these variables with normalized fish MeHg concentration
(Table 6), although the association did not appear to be totally
random. In addition, filtered MeHg was not a function of res-
ervoir physical characteristics (Table 6). Average water
retention time for each reservoir, which was estimated from
average flow at the outlet and the nominal reservoir volume
(Table 1), did not show any relationship with MeHg water
concentration or fish MeHg. Retention times varied over a wide
range from days for shallow systems such as Tuckahoe to more
than a year for the largest, deepest reservoirs (Deep Creek and
Savage). However, some large reservoirs, such as Conowingo
Dam, had a relatively short retention time. Overall, most res-
ervoirs had retention times of months to a year (Table 1). In
contrast to this study, Hanten et al. (1998) compared artificial
and natural water bodies in Connecticut and found for the
impoundments that largemouth bass Hg content correlated with
lake retention time and with watershed/lake area.
The reservoirs sampled in this study varied widely in age

from those built in the 1920s and 1930s—Deep Creek Lake,
Broadford, Piney (Frostburg), Prettyboy, Loch Raven, and
Conowingo Dam—to Piney Run, which was completed in
1990. Additionally, Potomac #4, a dam constructed initially on
the Potomac River in 1869, was altered in 1994, and Piney
(Frostburg) was also altered in the 1990s. There has been a
noted ‘‘reservoir effect’’ where MeHg levels in fish from re-
cently flooded reservoirs have been shown to be elevated
compared to prior to flooding (Bodaly et al. 1984, 1997).
However, such an effect lasts approximately 25 years. Thus,
most of the reservoirs in this study should be unaffected be-
cause they are more than 25 years old. Indeed, there was no
correlation between reservoir age and fish MeHg concentra-
tion.
Stepwise multivariate regression analysis was used to

investigate further whether the relationship between fish
MeHg concentration and dissolved MeHg would be better
explained by the inclusion of additional variables. However,
based on stepwise regression analysis, inclusion of DOC, and
additional variables that appeared to show the strongest
association with fish MeHg, did not improve the predictive
power above that of the relationship with dissolved MeHg
concentration alone. As illustrated by the value of the
regression statistic, the relationship between water MeHg and
that of fish does not explain a high proportion of the vari-
ability (�25%).
Few studies investigating the influences on fish MeHg

concentration have also measured MeHg in the water column,
so the association found above demonstrates that, for these
systems, the factors influencing MeHg concentrations in water
are those that determine, to a large extent, the concentration of
MeHg in fish. DOC is an important variable, for a number of
reasons. First, elevated DOC concentrations impact the rate of
uptake of MeHg at the base of the food chain, by complexing
the Hg and MeHg in a form that is less bioavailable for uptake
than when bound to inorganic ligands (Mason et al. 1996;
Mason 2001). Based on the DOC concentrations measured
here, it is estimated that the majority of the MeHg in the
dissolved fraction would be associated with DOC (Hudson et
al. 1994). However, if the presence of DOC was reducing
uptake, then the relationship between DOC and fish MeHg
should be negative, which it is not (Table 6). Such an inverse

relationship between DOC and fish MeHg has been found by
others (Driscoll et al. 1995; Hudson et al. 1994; Watras et al.
1994), and likely reflect the larger range in DOC concentra-
tions found in these studies.
However, DOC can also complex the Hg and MeHg in

solution and prevent its adsorption and removal by particulate
matter. However, this would likely result in a correlation be-
tween DOC and dissolved MeHg, which did not exist for this
dataset (Table 6). Finally, the MeHg is either produced within
the lake, or provided via watershed inputs, and, in some sys-
tems, the watershed input, and the amount of wetlands in the
watershed where methylation is enhanced, has been correlated
with MeHg in water or in fish (Hultberg et al. 1994; Hurley et
al. 1995; Lindquist et al. 1991; Benoit et al. 2003). However,
most of the reservoirs in this study do not have significant
wetlands associated with them; although data are not available
for all the reservoirs, for those where data are available, the
percent wetland is mostly <1% of the watershed area. Thus,
the impact of methylation within wetlands is small for the
reservoirs in this study. Therefore, the positive relationship
between MeHg in fish and DOC likely represents the im-
portance of DOC in transporting MeHg from the sites of me-
thylation to the sites of bioaccumulation, and because of the
relatively small range in DOC concentration across the re-
servoirs, there is no substantial impact of this variability on the
relatively bioavailabilty of MeHg at the base of the food chain.
In summary, therefore, the factors controlling water column

MeHg are complex, and clearly cannot be ascribed to being
entirely due to any of the physical and chemical variables
measured in this study (Table 6). It would be expected that
increased sulfate concentration could stimulate Hg methyla-
tion, but the range in concentrations found here are relatively
high compared to other systems where an impact of sulfate on
MeHg in fish was observed (Hudson et al. 1994; Watras et al.
1994). Thus, it appears that factors controlling the transport of
the MeHg from the site of methylation, or specific differences
in sediment Hg concentration and/or the methylation rate, that
were not measured in this study, could be the primary factors
influencing the concentration of MeHg in the water.

Bioaccumulation Factors

The US EPA (EPA 2001) has devised water quality criteria
based on fish MeHg concentration and has derived bioaccu-
mulation factors (BAF) for various trophic level fish to allow
the estimation of water column MeHg concentrations from fish
data, because in many situations it is not possible to measure
dissolved MeHg concentrations. The average value derived for
trophic level 4 (piscivorous) fish is log BAF = 6.43; for tro-
phic level 3, it is 5.83. The BAFs for the reservoirs in this
study are listed in Table 7. The largemouth bass have an
average log BAF of 6.33 € 0.29, whereas the bluegill and
crappie have lower but similar values: 5.76 € 0.32 and
5.75 € 0.39, respectively. Thus, the values obtained from this
study are similar to the average values proposed by EPA.
Overall, the variability (relative percent difference) between
sites is relatively high, from �60% for the bass to �80% for
the crappie. Thus, this suggests that the use of an average, or
generic, BAF value will lead to substantial error in the esti-
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mation of water MeHg concentrations using such a factor, and
will not discern the variability that obviously exists between
ecosystems. The log BAF value obtained here for largemouth
bass is similar to that of Paller et al. (2004) (log BAF = 6.5),
but the sunfish BAF found in that study was higher (log
BAF = 6.2). Clearly, the bluegill in the Maryland reservoirs is
feeding on lower trophic level food than those in the Savannah
River, the study site of Paller et al. (2004). That bluegill and
crappie are trophic level three is consistent with what is known
about their feeding behavior.
In summary, the relatively strong relationship between

MeHg in largemouth bass and its weight supports the notion
that MeHg constantly accumulates in fish with increasing size,
as has been documented by numerous studies (e.g., Rose et al.
1999; Hanten et al. 1998; Horwitz et al. 1995; Ward and
Neumann 1999; Hueter et al. 1995; Stafford and Haines 1997;
Somers and Jackson 1993). The variability observed between
regression slopes of the reservoirs indicates that there are other
factors controlling the MeHg accumulation in largemouth bass
and its prey than merely their diet, as discussed above. Pri-
marily, the concentration of MeHg in the water and the DOC
concentration appear to be the most important variables across
all reservoirs. However, a variety of both physical and
chemical characteristics of the reservoirs can be responsible
for the variation of MeHg uptake in fish, and the specific
variables of importance will differ for different locations,
depending on the variability within the region of study. Such
factors may include geological influences (bedrock and sedi-
ments), chemical variability (e.g., water quality and mercury
biogeochemistry) and physical variability (e.g., lake and wa-
tershed size, lake depth, wetland size) (Rose et al. 1999; Wren
and MacCrimmon 1983; Sonesten 2001; Simonin et al. 1994;
Rudd 1995).

However, the correlation between MeHg concentration in
fish and water suggests that measurements of water column
MeHg should be made in studies of fish bioaccumulation and
variability across ecosystems to further determine the impor-
tance of this variable. Furthermore, the use of fish MeHg
concentrations and generic BAF values to determine whether
an ecosystem exceeds a particular water quality criterion is
obviously of limited usefulness. Overall, there is clearly not
one specific parameter that determines fish MeHg concentra-
tion, and thus it is difficult to extrapolate across regions and
ecosystem types to predict MeHg concentrations in fish from
easily measured environmental variables.
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