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Abstract
Large-bodied predatory sportfish from Missouri reservoirs can contain elevated methylmercury concentrations that are of 
concern to the health of consumers. The concentration of total mercury (tHg) in the muscle (which > 95% is in the methylated-
Hg form) of harvestable-sized largemouth bass (Micropterus salmoides; LMB) was examined to determine which factors 
contributed to the variability of tHg concentration in sportfish populations among Missouri reservoirs. Mean tHg concentra-
tions in LMB from each reservoir were compared to physical and chemical characteristics of the reservoir and to biological 
attributes of each LMB population. Low concentrations of tHg (70–170 ng/g wet weight) in LMB from large reservoirs 
(surface area ≥ 35,680 acres) were likely related to the dilution of chemical Hg forms with water volume and depth. The 
highest tHg concentrations in LMB (268–542 ng/g) were from reservoirs with low particulate inorganic material (< 1.5 mg/L) 
and chlorophyll a concentrations (< 14.6 μg/L), and from LMB populations with a low proportion of large fish (proportional 
size distribution of LMB > 12 inches was < 33%). These relationships suggest that resource competition among LMB likely 
contributed to tHg bioaccumulation in reservoirs < 930 acres. Small reservoirs located in northern Missouri also may have 
greater methylation potential due to warmer water temperatures and anoxic conditions, but more data are needed to confirm 
these interactions. Fish consumption advisories for reservoirs with large surface area and volume could be reduced from 
one fish meal per month to one per week. To improve Missouri fisheries and protect consumers, management strategies to 
limit methylation and improve fish growth should be considered to reduce methylmercury bioaccumulation in small- and 
medium-sized reservoirs.

Atmospheric mercury (Hg) is deposited on the landscape 
in its inorganic form (primarily  Hg2+) and enters water 
bodies adsorbed to organic matter, inorganic particulate 
matter, and sediments. Under oxygen-poor conditions, 
sulfate-reducing micro-organisms methylate  Hg2+ through 
enzymatic processes to create methylmercury  (CH3–Hg), 
which becomes bioavailable to phytoplankton, and enters 
the food web (Morel et al. 1998). Concentrations of meth-
ylmercury biomagnify with trophic position and age; there-
fore, large-bodied predatory sportfish preferred by anglers 
often contain the highest tHg concentrations. Elevated tHg 
concentrations in sportfish are of concern to the health of 
fish consumers due the adverse effect of inorganic and meth-
ylated Hg forms to endocrine, reproductive, and metabolic 
functions (Weiner and Spry 1996; Chan et al. 2003; Crump 
and Trudeau 2009; Kidd et al. 2012). Although wild fish 
are a good source of protein and healthy fats, the concern 
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of contaminant exposure can deter potential anglers from 
harvesting and consuming fish.

Elevated tHg concentrations in wild fish will continue to 
be a concern to consumers as changes in land use and climate 
modify Hg transport in aquatic environments (Eagles-Smith 
et al. 2018). Improving our understanding of the physical, 
chemical, and biological factors that contribute to methylmer-
cury bioaccumulation in sportfish could provide opportunities 
for mitigation. For example, physical characteristics of a water 
body and surrounding watershed, such as the percentage of 
agriculture and wetlands, have been linked to elevated methyl-
mercury concentrations in sportfish (Simonin et al. 2008; Mills 
et al. 2019). Elevated tHg concentrations in fish also have been 
negatively correlated with increases in water volume and sur-
face area (Bodaly et al. 1993; Driscoll et al. 1995; Gergel et al. 
1999). Chemical factors, including low pH, low dissolved oxy-
gen, and warm water temperatures, can increase the rate that 
inorganic mercury becomes methylated and incorporated at 
the base of the food web. These factors also have been related 
to elevated tHg concentrations in fish (Morel et al. 1998; 
Greenfield et al. 2001; Clayden et al. 2013). Although fish 
community structure and bioenergetics have been reported to 
influence Hg bioaccumulation (Blanchfield et al. 2004; Eagles-
Smith et al. 2018; Schmitt et al. 2011; Lavoie et al. 2013), the 
mechanisms behind these interactions and their implication 
for fisheries management and public health are only recently 
being considered (Lepak et al. 2012).

Missouri has a statewide fish consumption advisory of 
one fish meal per month for large predatory fish for all water 
bodies, which is more conservative than the general United 
States recommendation of one meal per week (DHSS 2019; 
FDA 2019). Site-specific changes to fish consumption advi-
sories in Missouri have been considered, but there has not yet 
been enough data to determine which factors best explain the 
variation of tHg concentration in sportfish among reservoirs. 
Concentrations of tHg from harvestable-sized largemouth bass 
(Micrpterus salmoides; LMB) from 19 reservoirs in Missouri 
were compared with available physical, chemical, and bio-
logical factors to identify the primary drivers of tHg bioac-
cumulation. Largemouth bass were selected for this study, 
because they are an important subsistence fish, a top predator, 
and serve as a bioindicator of Hg transport through aquatic 
systems. These data will be used to establish hypotheses for 
future research, identify feasible management actions to limit 
methylmercury bioaccumulation, and determine whether 
changes in fish consumption advisories for Missouri reser-
voirs are warranted.

Methods

Missouri Reservoirs

The reservoirs in Missouri are manmade impoundments of 
rivers that were constructed for flood control, hydroelectric 
power, recreation, and water supply. Since impoundment, 
the aquatic communities that existed in the rivers were 
replaced by a combination of native and introduced popu-
lations of sport and some non-sport fishes that are man-
aged by the Missouri Department of Conservation (MDC). 
Nineteen reservoirs were included in this study (Table 1) 
based on the importance of the fishery as determined by 
the MDC. Based on differences in geology, topography, 
and soil type, the state of Missouri has been classified into 
four different ecoregions: Glacial Plains, Ozark Highlands, 
Osage Plains, and Ozark Border. Most reservoirs examined 
in this study were located in the Glacial Plains ecoregion 
(n = 11) with surface area (SA) ranging from 3 to 18,132 
acres. Five reservoirs were located within the Ozark High-
lands (SA = 26 to 59,520 acres) and 2 in the Osage Plains 
(SA = 930 and 55,600 acres). Only one reservoir was 
located in the Ozark Border ecoregion (SA = 19 acres). 
Dominant fish species in these reservoirs included centrar-
chids (black bass Micropterus spp.), sunfish Lepomis spp., 
crappies Pomoxis spp., catfish (Ictalurus spp., Pylodictis 
olivaris), and gizzard shad Dorosoma cepedianum. The 
primary summer diet of LMB from Missouri reservoirs 
includes crappie, sunfish, and gizzard shad (Pope et al. 
2001), and these prey species were available in all study 
reservoirs. Because prey consumption was expected to be 
similar between reservoirs, biomagnification factors were 
not anticipated to be a significant contributor to variations 
in methylmercury bioaccumulation among reservoirs.

Physical Characteristics of Each Reservoir 
and the Surrounding Watershed

Elevation, flushing rate, year of dam construction, dam 
height, mean lake depth, lake volume, average rainfall 
runoff from the watershed, and watershed area were 
available from the Missouri Resource Assessment Part-
nership (MORAP; Table 2). Watershed land-cover was 
determined by the University of Missouri’s Geological 
Department using the LANDSAT thematic mapper (Annis 
et al. 2010). Landcover was collapsed into seven catego-
ries (forest, open woods, grass, row crops, wetland, water, 
and urban) with a 30-m resolution. Wetland areas in the 
surrounding watershed of reservoirs in Missouri are con-
sidered to be littoral areas and extend from the shoreward 
boundary to a depth of 2.5 m. Stream network topology 
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tool RivEX (Hornby 2013) was used to calculate stream 
network positioning and to summarize local (area drain-
ing directly into stream reach) and network catchments 
(total upstream area) for every stream segment in Mis-
souri. The Missouri Streams Dataset was used as the base 
stream layer. The Missouri Streams Dataset is a 1:100,000 
scale spatially-referenced file modified from the 1:100,000 
National Hydrography Dataset (N = 83,072; NHDPlus V1, 
2008; Annis et al. 2010). Catchment polygons were cre-
ated using a 30-m digital elevation model (DEM) and the 
NHD stream network. The accumulated area up to the dam 
in each impoundment was defined as the drainage area and 
reported in acres.

Water Chemistry

Parameters included algal chlorophyll (Chla), particulate 
inorganic matter (PIM), Secchi disk depth, total nitrogen 
(TN), and total phosphorus (TP) concentrations. Surface 
water quality data were collected at the site of deepest depth 
near the dam of each reservoir during May, June, July, and 
August (Jones et al. 2008). Water chemistry data were avail-
able within 3 years of when fish were sampled for 12 of 
the reservoirs (1–4 years of data per reservoir). Data from 
Jones et al. (2008; reported as the mean of summer values 
between 1978 and 2007) were used for four reservoirs (Lake 
St. Louis, Mark Twain Lake, Table Rock Lake, Lake Boutin) 
because more recent data were unavailable. No water chem-
istry data was available for Lake of the Woods Golf Course, 

Busch 34, nor Busch 35. For each reservoir, the mean of 
water chemistry values was calculated from all months and 
years, excluding those values that were two times the stand-
ard deviation from the mean.

Biological Factors

Catch per unit effort (CPUE) of LMB per hour of electrofish-
ing was recorded by fisheries staff to estimate relative abun-
dance. The CPUE was available for all lakes except Lake of 
the Woods Golf Course. The proportional size distribution 
(PSD12) of fish ≥ 12 inches (305 mm) in total length (TL) 
was used to estimate size structure of the LMB population 
in each reservoir where PSD12 < 40% indicates a stunted 
population, PSD12 = 57 − 69% indicates a balanced distri-
bution of fish sizes, and a PSD12 > 70% indicates a popula-
tion with proportionately greater number of large-sized fish 
(Murphy and Willis 1996). Values for CPUE and PSD12 
were obtained from the Fisheries Information Network data-
base maintained by MDC fisheries staff. Data were collected 
within 1–3 years of when fish were sampled for tHg.

Tissue Collection

Data were collected as part of long-term monitoring efforts 
by the Missouri Department of Conservation and the Mis-
souri Department of Health and Senior Services to exam-
ine tHg concentrations in sportfish from Missouri reser-
voirs and guide fish consumption advisories (2009–2016). 

Table 1  Reservoirs examined 
by ecoregion and surface area

Reservoir name Ecoregion Surface area, acres County

Lake of the Woods Golf 
Course

Glacial Plains 3 Boone

Busch 34 Glacial Plains 35 St Charles
Belcher Glacial Plains 42 Buchanan
Busch 35 Glacial Plains 51 St Charles
Harrison Glacial Plains 280 Harrison
St Louis Glacial Plains 444 St Charles
Hazel Glacial Plains 453 Adair
Mozingo Glacial Plains 898 Nodaway
Smithville Glacial Plains 2686 Clay
Long Branch Glacial Plains 2686 Macon
Mark Twain Glacial Plains 18,132 Monroe/Ralls
Noblet Ozark Highlands 26 Douglas
Clearwater Ozark Highlands 1635 Reynolds
Stockton Ozark Highlands 23,680 Dade/Cedar
Table Rock Ozark Highlands 41,747 Stone
Lake of the Ozarks Ozark Highlands 59,520 Camden/Miller
Longview Osage Plains 930 Jackson
Truman Osage Plains 55,600 Benton
Boutin Ozark Border 19 Cape Girardeau
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Largemouth bass (LMB) were collected from each reservoir 
by electrofishing during 2 different years, each separated by 
a 3-year interval. Electrofishing methods followed standard 
procedures outlined by Pflieger (1997). Fish of harvesta-
ble-size were targeted. Six fish were sampled during each 
year for a total sample size of 12 LMB collected from each 
reservoir. For most reservoirs (13/19), one sampling year 
occurred in summer and the other in fall/spring. Fish from 
Harrison County, Mozingo, and Stockton reservoirs were 
sampled only during summer months when LMB consume 
the most prey and exhibit their fastest growth rate. Fish from 
Lake of the Ozarks, Noblett, and Truman reservoirs were 
sampled only during fall/spring. Total length (mm ± 0.1) 
and body mass (g ± 0.5) was recorded for each fish. Rela-
tive weight (Wr) of individual fish was used as an index 
of body condition using the calculation Wr = (W/Ws)*100, 
where W is the weight of an individual fish (g), and Ws 
in the standard weight for largemouth bass computed by: 

 log10(Ws) = − 5.528 + 3.273  (log10(TL)) (Zale et al. 2012). 
Fish muscle was sampled below the dorsal fin by a nonle-
thal biopsy method using a 5-mm biopsy punch (procedures 
described by Schmitt and Brumbaugh (2007) and Acker-
son et al. (2014)). Fish were released back into the water 
body from which they were taken. Skin was removed from 
biopsies before placement into sterile cryovials and stored 
at −20 °C until analyses.

Mercury Analyses

Muscle biopsies ranged 0.1–0.3 g wet weight (ww). The 
concentration of tHg in each muscle biopsy was deter-
mined  using combustion amalgamation atomic absorp-
tion spectroscopy with a Milestone DMA-80 Mercury 
Analyzer (similar to EPA method 7473) at the Columbia 
Environmental Research Center in Columbia, MO (e.g., 
Haynes et al. 2006; Schmitt and Brumbaugh 2007). Skin was 

Table 2  Summary of variables 
included in statistical analyses

% land use, simplified: vegetated (forest, wood, grass), crop, wetland, urban (water not included in statisti-
cal analysis)
PIM particulate inorganic matter; PSD12 proportional size distribution of fish 12 inches in total length; 
CPUE catch per unit effort, estimate for relative abundance

Variables No. reservoirs Range Mean SD

tHg Concentration (ng/g ww) 19 70.8–542.4 271.0 129.7
Physical
 Surface area (acres) 19 3–59,520 10,993 19,705.5
 Elevation (m) 16 149–308 237.6 48.7
 Flush rate (times/yr) 16 0.2–85.8 6.7 21.1
 Dam age (yr) 16 26–87 45.1 17.8
 Dam height (m) 16 9.1–112 35.3 27.1
 Water volume (acre-ft) 16 225–2,702,000 486,608 822,869
 Runoff (cm/yr) 16 10.9–40.6 23.0 10.0
 Watershed area (acres) 16 78.9–6,175,981 940,740 1,811,862
 Drainage area (acres) 18 883.3–8,934,617 1,223,387 2,625,831
 Drainage: surface area ratio 18 12.6–623.2 103.3 152.2
 Mean depth (ft) 16 8.5–101.3 29.0 23.9
 Land cover vegetated (%) 16 40.7–98.6 69.4 19.0
 Land cover crop (%) 16 0.1–44.9 18.1 15.5
 Land cover wetland (%) 16 0–3.7 1.4 1.4
 Land cover urban (%) 16 0–30.9 5.15 7.7

Chemical
 Algal chlorophyll (μg/L) 16 2.2–72.1 16.1 16.0
 Total nitrogen (μg/L) 16 0.1–1.4 0.7 0.3
 Total phosphorus (μg/L) 16 0.009–0.10 0.04 0.02
 PIM (mg/L) 16 0.66–9.90 3.41 2.67
 Secchi depth (m) 16 0.50–3.30 1.46 0.84

Biological
 Mean relative weight (%) 19 81.9–155.5 100.4 17.7
 CPUE 18 6.5–172.2 71.9 46.1
 PSD12 18 12–89 61.0 21.4

Author's personal copy



Archives of Environmental Contamination and Toxicology 

1 3

removed from muscle biopsies and tissues were lyophilized 
before tHg analyses. Percent moisture was determined gravi-
metrically as weight loss on lyophilization. Data are reported 
as ng/g ww basis; individual biopsy moisture values were 
used to convert from dry weight (dw) to ww basis. As > 95% 
of tHg in fish muscle is known to be in its methylated form, 
tHg concentrations were considered equivalent to methyl-
mercury concentrations (Bloom 1992). The calibration of 
the DMA-80 was verified prior to and during the analyses 
using the following certified reference materials (CRMs): 
National Institute of Standards and Technology Standard 
Reference Material 1946, Lake Superior Fish Tissue (NIST 
1946), National Research Council Canada Certified Refer-
ence Material (DOLT-5), and International Atomic Energy 
Agency Reference Material MA-A-1, Copepod Homogen-
ate (IAEA MA-A-1, Vienna, Austria), National Institute of 
Standards and Technology Reference Material 50, Albacore 
Tuna, Gaithersburg, MD (NIST RM 50), National Research 
Council Canada Certified Reference Material, Dogfish mus-
cle, Ottawa, Ontario (NRCC DORM-2), and International 
Atomic Energy Agency Certified Reference Material 407, 
Trace Elements and Methylmercury in Fish Tissue, Vienna, 
Austria (IAEA 407). All concentration results for tHg in 
the CRMs were within the certified ranges. Replicate sam-
ples of whole fish fillets were analyzed in each batch of 10 
samples. The relative standard deviation of replicates was 
< 6%. Recovery of method spikes ranged 90–113%. All val-
ues were above the minimum detection limit of 30 ng/g ww.

Calculations and Statistical Analyses

All variables were rank-transformed in ascending order to 
meet normality assumptions for linear regression. A general 
linear model on rank-transformed data found that tHg con-
centrations of individual fish increased significantly with 
length (p < 0.001). Therefore, the calculation of the mean 
used to represent tHg bioaccumulation in fish from each 
reservoir excluded tHg values from fish exceeding 2 stand-
ard deviations of overall mean length. Although there was a 
trend for greater concentrations of tHg in fish sampled during 
summer than other seasons (mean ± SD ng/g ww; summer, 
315.6 ± 183.4; fall, 300.6 ± 252.0; spring, 245.1 ± 123.8), the 
differences in tHg concentrations between season were not 
significant (p = 0.108).

Significant factors contributing to the differences among 
reservoirs in mean tHg concentration of LMB were deter-
mined using nonparametric regression tree analyses (Clark 
and Pregibon 1992; Greenfield et al. 2001). The mean tHg 
concentration of LMB in each reservoir was used as the 
response variable. Three models were examined: physical, 
chemical, and biological. Each model included all variables 
listed in each category (Table 2). Regression tree analyses 

does not require transformation of data as it is a non-para-
metric statistic based on the binary partitioning of data and 
the reduction of variability in the response factor (Clark and 
Pregibon 1992), in this case, tHg concentration. The total 
number of splits was limited to 20, the split minimum (p 
value) to 0.05, and the minimum objects at the end of trees 
to three. Significant relationships between candidate factors 
and the mean tHg of LMB in reservoirs were examined by 
linear regression. A correlation-based principal components 
analyses (PCA) with no rotation also was performed on rank-
transformed data to determine if significant variables in the 
regression tree models were strongly correlated to other 
explanatory variables. Absolute values > 0.6 within each 
component loading were considered strongly correlated. 
Factors contributing most to the variability in tHg concen-
tration in LMB among reservoirs were selected based on 
those with a p value < 0.05 and explained the most variation 
in the data (R2). Three reservoirs (Bush 34, Bush 35, and 
Lake of the Woods) were excluded from regression trees 
and PCAs due to the lack of physical and chemical data. 
Statistical analyses were performed using Systat version 11 
(Systat Software, Inc., Chicago, IL).

Results

The mean tHg concentration in LMB from reservoirs ranged 
from 70.8 to 542.4 ng/g ww representative of methylmer-
cury bioaccumulation to LMB ranging 251.5–445  mm 
(mean, 342.4 mm, or 10.0–17.5 inches). The majority of the 
variation in tHg concentrations in LMB among reservoirs 
(62.0–73.6%) could be explained by the physical model, 
which indicated that reservoirs could be divided into two 
categories: large reservoirs (SA range 2686–59,520 acres, 
n = 7) that contained LMB with relatively low tHg concen-
trations (mean 150.4, range 70.8–35.5 ng/g ww) and small 
to medium reservoirs (SA range 9–1635 acres, n = 9) with 
tHg concentrations in LMB ranging from 157.2 to 425.9 
(3 small reservoirs excluded due to lack of data). Surface 
area alone explained 82.6% of the variation in tHg in LMB 
among reservoirs overall (r2 = 0.826, p < 0.001; Fig. 1). 
Surface area and the majority of other physical variables 
were represented by component loading 2 of the PCA, which 
indicated that SA was strongly positively correlated with 
Percent Wetland, Water Volume, Dam Height, Drainage 
Area, and Watershed Area (Table 3, CL2). Further divi-
sions in the physical regression tree model are consistent 
with these correlations and concluded that the highest tHg 
concentrations in LMB were from three of the smallest res-
ervoirs (SA, 19–42 acres) that also had the lowest percentage 
of wetland area (Fig. 2a). The lowest tHg concentrations 
(range 70.8–170 ng/g ww) in LMB were from the 4 largest 
reservoirs (SA range 23,680–59,520 acre-ft) that also had 
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the greatest water volume (range 892,000–2,020,000 acre-
ft). The water volume of all other reservoirs was less than 
220,000 acre-ft.  

More than half of the variation in tHg concentrations 
among reservoirs could be explained by chemical factors 
(Fig. 2b). The chemical model indicated that 21.1% of the 
variation in tHg was explained by the concentration of 
PIM. The lowest PIM (range 0.7–1.3 mg/L) was recorded 
in three of the four large, low-Hg reservoirs described above 
and one small reservoir. Low PIM in large reservoirs also 
is represented by the strong correlation between PIM and 
physical factors in component loading 1 of the PCA, sug-
gesting that PIM was lowest in older impoundments with 
relatively high rainfall runoff and greater mean depth. Of 
the remaining 12 reservoirs, 37.4% of the variation in tHg 
concentration was explained by 8 reservoirs with elevated 
concentrations of PIM (1.8–9.9 mg/L) and Chla (11.9–72.0 
µg/L). These included 7 medium-sized reservoirs and one 
large reservoir with moderate concentrations of tHg in LMB 
(187.2–301.5 ng/g ww; Fig. 3). These reservoirs also had an 
elevated concentration of TN and TP, which resulted in an 
overall  strong positive correlation among chemical factors 
(component loading 1 of the PCA).   The small and medium-
sized reservoirs with the highest tHg concentrations in LMB 
(383.4 ± 87.6 ng/g ww), however, actually had some of the 
lowest concentrations of PIM and only moderate concen-
trations of Chla (Figs. 2b and 3). The Secchi depth of high 
Hg reservoirs also ranged 1.3–3.3 m, which was as clear or 
clearer than the Secchi depth of large reservoirs (0.5–2.4 m).

Although biological data only explained 29.1% of the 
variation in tHg in LMB among reservoirs overall, the bio-
logical model identified that the tHg concentration of LMB 
from the three reservoirs with low PSD was 1.8 times greater 
than the tHg concentrations of LMB from other reservoirs 
(412.1 ± 137.6 ppb vs. 232.5 ± 106.5 ppb; Fig. 2c). The PSD 
values in these reservoirs were 12%, 16%, and 32%, indicat-
ing that less than half of the LMB population were within 
preferred size class of 12 inches (305 mm). The PSD12 of 
LMB populations in the remaining reservoirs ranged from 
57–89%. PSD was independent of all other explanatory vari-
ables examined (Table 3).

Discussion

The bioaccumulation of methylmercury to LMB was driven 
by physical factors for large reservoirs in Missouri, whereas 
a mixture of chemical and biological factors contributed 
to the variation in mean tHg concentration in LMB from 
reservoirs with a surface area of 1635 acres or less. Large-
mouth bass from large reservoirs (≥ 35,680) had the lowest 
mean concentrations of tHg (< 236 ppb; Mark Twain ≥ Table 
Rock ≥ Truman ≥ Stockton ≥ Lake of the Ozarks) and were 
below Missouri’s fish consumption guideline for one fish 
meal per week (156–269  ppb; DHSS, 2018). All other 
reservoirs were within the one meal per month guideline 

Fig. 1  Linear relationship between the rank-transformed concentra-
tion of mean total mercury (tHg) in largemouth bass and the rank-
transformed surface area of each reservoir (F = 36.45, p < 0.001, 
R2 = 0.826)

Table 3  Classification of component loadings (CL) for rank trans-
formed variables using a correlation based principal components 
analysis

The percent of total variation explained in each CL is listed in paren-
theses. Bold values indicate strongly correlated variables within each 
CL

CL1 (34.9%) CL2 (24.0%) CL3 (13.1%)

Secchi depth 0.883 − 0.250 − 0.254
PIM − 0.867 0.235 0.224
Total phosphorus − 0.850 0.344 0.236
Total nitrogen − 0.818 0.458 0.032
Runoff 0.815 − 0.131 0.358
Dam age 0.770 − 0.083 0.364
Chlorophyll − 0.750 0.486 0.140
Depth 0.684 0.391 − 0.459
% Vegetation 0.591 − 0.296 0.365
DA:SA 0.556 0.212 0.622
Watershed area 0.550 0.813 0.100
Drainage area 0.545 0.806 0.097
% Cropland − 0.541 0.510 − 0.358
Volume 0.539 0.773 − 0.274
Dam height 0.504 0.710 − 0.357
Surface area 0.401 0.856 − 0.218
% Wetland − 0.210 0.856 0.241
Flush rate 0.207 0.248 0.829
CPUE 0.450 − 0.362 − 0.617
Elevation − 0.241 − 0.300 − 0.325
Relative weight 0.212 0.017 0.317
% Urban − 0.286 0.369 − 0.286
PSD12 − 0.278 − 0.015 0.100
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(270–1000 ng/g ww) with the highest mean concentration 
of tHg in LMB (425–542 ng/g ww) from reservoirs with 
surface areas less than 52 acres.

Large reservoirs with low concentration of tHg in LMB 
also contained considerably greater volume of water and 
had overall greater mean depth than the other reservoirs 
examined. These characteristics are consistent with previ-
ous studies that described that lower concentrations of tHg 
in fish from large reservoirs was related to dilution of the 
inorganic Hg entering these water bodies, and the relatively 
cooler water temperatures which limit methylation (Bodaly 
et al. 1993; Driscoll et al. 1995; Morel et al. 1998; Gergel 
et al. 1999). Limiting the methylation of inorganic to organic 
Hg by micro-organisms results in a lower concentration of 
methylmercury entering phytoplankton and limits biomagni-
fication to high trophic level predators, such as LMB. These 
large reservoirs also had relatively greater drainage area, 
rainfall runoff, and wetland area than the other reservoirs 
examined, which could have been associated with a greater 

Hg input into these aquatic systems from the surrounding 
landscape (Junk et al. 1989; Driscoll et al. 1995; Gergel 
et al. 1999; Chen et al. 2008; Greenfield et al. 2001). The 
relatively high rainfall runoff to these large Missouri reser-
voirs was because the majority of the reservoirs are located 
within the Ozark Highlands ecoregion which is known to 
receive more precipitation each year compared with more 
northern regions of the state (Nigh and Schroeder 2002). 
The watersheds surrounding these reservoirs, however, con-
sisted of forest-covered lands, which would limit the amount 
of sediment entering the water body. The inorganic Hg from 
forested watersheds would likely be bound to organic matter 
and be less bioavailable to microorganisms in the receiv-
ing water body (Driscoll et al. 1995; Morel et al. 1998). 
Furthermore, the wetland areas surrounding impoundments 
in Missouri are littoral regions where water levels often 
fluctuate depending on hydropower demands or are only 
inundated during high precipitation events. The greatest lit-
toral area measured in this study was only 2.9% of the entire 

Fig. 2  Regression tree analyses of physical (a), chemical (b), and bio-
logical (c) variables that best describe the variation in the concentra-
tion of tHg in largemouth bass among 19 Missouri reservoirs. Each 
box contains the concentrations of tHg in fish (mean and standard 

deviation) in all reservoirs and each subset of reservoirs. The value in 
the blue box describes the percentage of variation explained by each 
binary partition
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watershed, which is much smaller than other studies that 
described wetlands as a major source of Hg input to lakes 
(Greenfield et al. 2001; Gergel et al. 1999). Therefore, the 
tHg concentration in sportfish from these large reservoirs 
is not expected to increase as long as landscape and water 
level modifications do not significantly change the ratio of 
Hg input to dilution.

The bioaccumulation of tHg to sportfish in small- to 
medium-sized reservoirs was related to variations in water 
chemistry and growth rate of fish within each population. 
The majority of small-to-medium reservoirs examined were 
located within the Glacial Plains ecoregion in the northern 
region of the state. Greater nutrients in reservoirs located 
in the Glacial Plains than reservoirs in the southern Ozark 
Highlands have been related to nonpoint source agricultural 
inputs (Jones et al. 2008). Reservoirs with the highest PIM 
and Chla, however, had only moderate concentrations of 
tHg in LMB compared with the reservoirs with greater than 
1.5 mg/L of PIM and less than 14.6 μg/L of Chla. A reduced 
tHg concentration in fish from water bodies having high 
nutrients and PIM also was reported by Mills et al. (2019) 
for fish from Iowa rivers. That study and others (Green-
field et al. 2001; Pickhardt et al. 2002; Blanchfield et al. 
2004; Simonin et al. 2008; Schmitt et al. 2011) described 
that elevated nutrients can promote a bloom of high-energy, 
low-Hg phytoplankton and an increase in zooplankton 
biomass, which results in a faster growth rate of sportfish. 
Sportfish that grow more quickly are able to dilute their total 
Hg burden. Phytoplankton blooms also can act as a sink 

for methylmercury when biomass exceeds the amount of 
zooplankton grazing rates and further limit methylmercury 
bioavailability to higher trophic level species (Morel et al. 
1998; Eagles-Smith et al. 2018).

Elevated tHg concentrations in slower growing sportfish 
is supported by our finding that the highest concentrations of 
tHg were found in LMB from populations that were consid-
ered stunted. Stunted fish populations have a greater propor-
tion of small versus large fish, suggesting that growth rate 
of some cohorts may be poor. As described above, slow-
growing fish can have enriched tHg concentration because 
they are unable to dilute their Hg burden compared with fish 
of the same age that grow more rapidly. In this study, the 
fact that tHg concentration in LMB were highest from res-
ervoirs with low Chla suggests that nutrients may limit phy-
toplankton growth at the base of the food web and favor 
the growth of macrophytes (Jensen and Borum 1991). In 
reservoirs with a greater proportion of aquatic vegetation, 
small sportfish have less predation and populations also can 
become more dense (Zale et al. 2012). Consequently, dense 
fish populations can compete for available resources and 
produce fish that are small for their age. In addition, tHg 
can be concentrated in muscle when fish undergo periods of 
low prey availability and undernourishment. For example, 
Cizdziel et al. (2002) reported a significant negative rela-
tionship between tHg concentration in fillets of striped bass 
(Morone saxitilis) and body condition. The authors hypoth-
esized that catabolism of muscles and organs for energy led 
to mobilization of tHg from organs and concentration of 

Fig. 3  Concentrations of partic-
ulate inorganic material (PIM) 
and chlorophyll a (Chla) in each 
reservoir in relation to mean 
tHg concentrations in muscle of 
largemouth bass (LMB). Reser-
voirs are ordered by increasing 
mean tHg concentrations from 
left to right. Letters indicate the 
surface area of each reservoir as 
large (L), 2686–59,520, medium 
(M), 280–1635 acres, or small 
(S), < 52 acres
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tHg within fillets. Body condition was not identified as a 
significant contributor to elevated tHg concentration in the 
present study, likely because of the large range of reser-
voirs sizes examined. Changes in body condition, however, 
likely contributes to the variability of tHg concentrations 
among fish within a waterbody and between seasons. Further 
investigation between fish growth rates, prey availability, 
aquatic vegetation, and food web transfer of methylmercury 
are warranted as modifications to reservoir habitats could be 
a practical solution for mitigating tHg bioaccumulation to 
sportfish in small to medium reservoirs.

Other factors, such as dissolved oxygen (DO) and pH, 
were not examined in this study but also likely contributed to 
the variability in tHg concentration in sportfish among res-
ervoirs. This study only focused on water quality factors that 
were measured in the epilimnion where DO is high and pH is 
usually around 8. The majority of Hg methylation, however, 
is expected to occur in the low DO region of the hypolim-
nion where pH can reach 7.0 or lower (D. Obrecht, personal 
communication). The hypolimnion of deep reservoirs can 
become anoxic during a large part of summer, and the anoxic 
volume and mixing time is expected to differ among reser-
voirs (Jones et al. 2011). In the reservoirs examined, mean 
reservoir depth was not significantly related to tHg variabil-
ity among reservoirs, because depth was strongly correlated 
with both surface area and water volume. The mixing of 
methylated Hg in hypolimnion waters in small and medium 
reservoirs, however, may contribute to tHg concentration 
to sportfish, because they have a less surface area to vol-
ume. For example, Clearwater reservoir would be consid-
ered a medium-sized reservoir with a surface area of 1635 
acres. Clearwater has a mean depth of 101.3 feet, which 
is 1.5 times greater than the deepest large reservoir, but it 
has a smaller water volume relative to large reservoirs. The 
mixing of methylated Hg in the hypolimnion of Clearwater 
reservoir, therefore, may have contributed to the elevated 
tHg (354 ng/g ww) concentration of LMB. Similarly, anoxic 
conditions and low pH from other sources, such as algal 
periphyton biofilms and decomposing aquatic vegetation, 
could have contributed to the variability of tHg concentra-
tion in LMB among reservoirs (Mauro et al. 2002; Leclerc 
et al. 2015) and should be examined in further studies.

This study suggests that fish consumption advisories and 
fisheries management actions are likely to differ depending 
on the unique characteristics of each reservoir in Missouri. 
There is currently a statewide fish consumption advisory of 
one meal per month for large bodied predatory fish. This 
study suggests that fish consumption advisories for reser-
voirs with large surface area and volume could be reduced to 
one fish meal per week. Fish consumption advisories should 
remain at one fish meal per month for small-to-medium res-
ervoirs, and managers should consider mitigation strategies 
to limit tHg bioaccumulation. For example, studies have 

reported that reductions in fish abundance and increased 
availability of high-energy, low-Hg prey reduced tHg con-
centrations in freshwater fishes (Blanchfield et al. 2004; 
Sharma et al. 2008; Lepak et al. 2012). Furthermore, studies 
should compare age at length differences among reservoirs 
to confirm whether LMB populations with elevated tHg con-
centrations are small for their age. Fisheries management 
actions, such as removal of aquatic vegetation, has proven 
to improve growth rates of fish (Johnstone 1986; Olsen et al. 
1998). Such actions that increase fish growth rate also would 
reduce concentration of tHg in fillets. In addition, removal 
of decomposing plants and periphyton would reduce low 
pH and anoxic zones where methylation potential is high. 
The selection of the best mitigation strategy requires further 
investigation and must be made with guidance from fisheries 
managers, environmental health scientists, and public health 
professionals.
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