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Environmental Impact Statement 

Mercury exposure through fish consumption may lead to adverse health effects, 

particularly impacting pregnant women and children. The Grand Lake watershed 

includes one of the largest reservoirs in Oklahoma and is a popular fishing 

destination for local recreational and subsistence fishermen, among whom 

consumption of local fish may account for the majority of dietary mercury intake. 

Moreover, reservoirs often have higher fish mercury concentrations than lakes due to 
their unique hydrodynamics. This study aims at exploring the key factors associated with 

fish mercury concentrations both within and among reservoirs through an extensive 

survey of over 30 fish species and 1300 samples in Grand Lake watershed and an inter-

system analysis of 32 biogeochemical and ecological factors across 61 reservoirs. 
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Abstract 12 

Elevated fish mercury (Hg) concentrations in freshwater ecosystems worldwide are a significant 13 

human and ecological health concern. Mercury bioaccumulation and biomagnification in lakes 14 

and reservoirs are controlled by numerous biogeochemical and ecological factors, contributing to 15 

variability in fish Hg concentrations both within and among systems. We measured total mercury 16 

concentrations ([THg]) and stable isotopes (δ15N, δ13C) in over 30 fish species in two connected 17 

subtropical freshwater reservoirs (Grand Lake and Lake Hudson, Oklahoma, USA), their 18 

tributaries, and local farm ponds, all of which are potentially impacted by nearby atmospheric Hg 19 

sources. We also conducted an inter-system analysis among 61 reservoirs in Oklahoma to 20 

explore biological, chemical and physical factors associated with fish [THg] across systems. We 21 

found that [THg] for most species in Grand Lake and Lake Hudson were relatively low 22 

compared to other reservoirs in Oklahoma. There were significant spatial variations in many 23 

species within and between Grand Lake and Lake Hudson, even after accounting for length 24 

and/or trophic position (based on δ15N). Fish in local farm ponds, commonly used in the 25 

agricultural regions for raising game fish, had 2-17 times higher [THg] than fish of similar length 26 

in nearby reservoirs. The inter-system analysis revealed that pH, water color, rainfall, and 27 

nutrients are the best predictors of fish [THg] across systems. Our results provide insight into the 28 

key factors associated with fish [THg] variations both within and across systems, and may be 29 

useful for exposure assessment and for identifying sites and water bodies prone to high fish [THg] 30 

as monitoring priorities. 31 

 32 

Keywords: fish; impoundment; mercury biomagnification; methylmercury; spatial variation  33 

 34 

 35 
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Introduction 36 

  Elevated concentrations of mercury (Hg) have been detected in freshwater fish globally1-4. 37 

Mercury bioaccumulation in commonly consumed fish has become a global health concern, 38 

primarily due to potential human health effects of exposure to methylmercury (MeHg), 39 

especially for fetuses and children5, even at low levels associated with typical rates of fish 40 

consumption6. In the U.S., fish and shellfish consumption is the primary non-occupational source 41 

of MeHg exposure in the general population7, and thousands of fish consumption advisories have 42 

been issued for freshwater bodies8. Elevated Hg concentrations in fish have also been associated 43 

with neurological and/or reproductive effects in fish9, piscivorous birds and mammalian 44 

wildlife10, particularly in systems close to major point sources and in regions that receive high 45 

levels of atmospheric deposition11.  46 

  Mercury is released to the environment through both natural processes and human activities. 47 

Coal combustion is a major anthropogenic source, accounting for 24% of global emissions12. 48 

While Hg is primarily emitted to the atmosphere in inorganic species, a portion of Hg that enters 49 

aquatic systems is transformed into MeHg by sulfate- and iron-reducing bacteria in anoxic water, 50 

sediments, and wetlands13, 14. Biomagnification of MeHg results in orders of magnitude higher 51 

concentrations in top predators, many of which are consumed by humans, piscivorous birds and 52 

wildlife.  53 

  Variations in fish Hg concentrations are determined to some degree by the amount of Hg 54 

entering a system from atmospheric deposition15, 16 and discharges from mines and other local 55 

sources17, 18. However, even among lakes and reservoirs located in the same region that receive 56 

similar levels of atmospheric Hg deposition, fish Hg concentrations can vary considerably19 due 57 
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to the complex interactions among processes that determine net Hg methylation, bioavailability, 58 

uptake and trophic transfer.  59 

  Mercury bioaccumulation and biomagnification in freshwater ecosystems are influenced 60 

by numerous ecological, biogeochemical, and physical factors20, which can lead to variation in 61 

MeHg in predator fish on multiple scales. First, among individuals of the same species, MeHg 62 

concentrations tend to be positively correlated with size and age21, while low-Hg prey22 and 63 

faster growth rates23 have been associated with  lower fish MeHg concentrations. Second, 64 

variations in MeHg concentrations among species are related to food chain structure and trophic 65 

position24 and to species-specific efficiency of trophic transfer of MeHg25. Third, within a water 66 

body, rates of net methylation and supply of MeHg to primary producers are influenced by water 67 

quality parameters such as dissolved organic matter26, pH27, 28, temperature29, and sulfate (SO4
2-) 68 

concentration30, as well as rates of primary productivity31. Fourth, characteristics of the water 69 

body and its watershed, such as surface area32, age of reservoirs33 or ponds34, water level35, 70 

wetland coverage36, and precipitation37, may also contribute to variations in MeHg production 71 

and fate.  72 

  Many studies have explored factors associated with spatial variations in fish Hg 73 

concentrations in lakes and reservoirs24, 38-40. However, very few studies have simultaneously 74 

examined variations both within and among systems, while the factors most closely associated 75 

with variations in fish Hg concentrations may be scale-dependent. For instance, across many 76 

lakes covering a range of geological settings, pH may vary widely and be a key variable in 77 

explaining variations in Hg bioavailability and uptake, whereas within a lake, the range may be 78 

too small to observe variations in Hg concentrations as a function of pH. In addition, most 79 

studies on Hg biomagnification in lakes and reservoirs in North America were conducted in 80 
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temperate zones19, 24, 29, 41, and relatively few42-44 have focused on subtropical regions despite 81 

higher Hg emissions from power plants in these areas45.  82 

  To evaluate key factors that explain differences in fish Hg concentrations within and 83 

among reservoirs, we examined variations in Hg concentrations in fish occupying a range of 84 

habitats and trophic positions from two connected freshwater reservoirs in south central U.S., 85 

which are located within 100 km of six coal-fired power plants (CFPPs). In addition, we sampled 86 

fish from local farm ponds, commonly used to raise game fish in the U.S. (50,000 constructed 87 

annually46) and other parts of the world, and “may be one of the largest unstudied Hg pollution 88 

problems in the U.S” 47. To interpret our findings in a broader geographical context, we assessed 89 

variations in fish Hg concentrations among 61 reservoirs in this region by conducting correlation 90 

and regression analyses using 32 biogeochemical and watershed parameters. Our results provide 91 

insights into the key factors that affect the distribution of fish Hg concentrations both within and 92 

among subtropical freshwater reservoirs, and may be helpful for identifying priorities for 93 

monitoring Hg in biota and for guiding health-oriented environmental regulations and 94 

management practices in general. 95 

 96 

Method 97 

Site characteristics 98 

  We conducted in-depth sampling in two connected reservoirs in northeastern Oklahoma, 99 

Grand Lake O’ The Cherokees (Grand Lake) and Lake Hudson, located within the humid 100 

subtropical climate zone in south central U.S. Grand Lake, impounded in 1941, is the third 101 

largest reservoir in Oklahoma and a popular fishing destination, with a surface area of about 200 102 

km2 and mean and maximum depths of 11.1 and 40.5 m, respectively48. Its primary tributaries 103 
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are the Neosho River (69% of inflow), Spring River (16% of inflow), and Elk River (15% of 104 

inflow) (Figure 1). Grand Lake has been classified as eutrophic based on phosphorus 105 

concentrations (0.03-0.19 mg/L)49. There is limited wetland coverage, distributed primarily along 106 

the shorelines in the upper reaches, covering about 8.5 km2. Lake Hudson is located downstream 107 

of Grand Lake (Figure 1), which is the main source of its flow, and was impounded in 1964. It 108 

covers approximately 45 km2 and is also classified as eutrophic ([P]: 0.01–0.14 mg/L)49. It also 109 

has very limited wetland area, covering only 0.6 km2 48 mainly due to its steep shoreline and 110 

rocky substrates that limit plant growth. 111 

  112 

Sample collection 113 

  Between April 2010 and February 2013, about 1300 fish representing more than 30 114 

species were collected throughout Grand Lake and its tributaries, Lake Hudson, and nearby farm 115 

ponds. Most of the species are commonly consumed by local residents50 or are sport fish. Around 116 

68% of these fish were collected by the Oklahoma Department of Wildlife Conservation 117 

(ODWC) as part of routine fish population surveys, primarily using gill nets. The rest of the 118 

samples were donated by local anglers, caught by hook and line or noodling (hand fishing). To 119 

evaluate spatial variability, we divided Grand Lake and Lake Hudson into three sections based 120 

on hydrodynamics: upper (riverine), mid (transition zone), and lower (lacustrine). Hydrological 121 

differences were more pronounced in Grand Lake than Lake Hudson. Samples were also 122 

collected from five major tributaries of Grand Lake (Spring River, Neosho River, Elk River, 123 

Horse Creek and Honey Creek) and from the area below the Pensacola Dam (between the 124 

reservoirs). Monthly water chemistry data was provided by the Grand River Dam Authority 125 

(GRDA, unpublished data) for most sections of Grand Lake and its tributaries.  126 
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  Samples of five species (N = 1-12) from seven farm ponds were donated by local pond 127 

owners. All of the ponds were located within the Grand Lake watershed. It is estimated that over 128 

200,000 farm ponds have been built in Oklahoma, and they are commonly used as water sources 129 

for livestock and irrigation, and to grow game fish51.  130 

  Fish were weighed and measured for total length upon collection, and a small piece of 131 

skinless fillet (about 30 g) was harvested from each fish along the spine and just behind the head. 132 

In addition, stomach contents were collected from several predator species. To obtain stomach 133 

contents, body cavity contents were removed through an incision in the abdomen of each fish 134 

and the stomach was then separated from the remainder of the contents. The stomach was sliced 135 

open and any relatively intact and identifiable prey fish were removed, weighed and measured. 136 

All samples were then placed in acid-washed, pre-weighed 50 mL polypropylene centrifuge 137 

tubes, frozen and shipped overnight on ice to the Trace Metals Laboratory at Harvard T.H. Chan 138 

School of Public Health (Boston, MA).  139 

  Our sampling protocols have been reviewed and approved by the HMA Standing 140 

Committee on Animals at the Harvard Medical School. 141 

  142 

Hg analyses 143 

All fish samples were freeze-dried in a benchtop FreeZone Freeze Dry System (Labconco, 144 

Kansas City, MO) for 72 hours. Wet and dry weights of each sample were obtained immediately 145 

before and after freeze-drying. The average water content in fish samples was 78 ± 7.3%. All Hg 146 

results hereafter were reported on a wet weight basis. Freeze-dried samples were homogenized 147 

manually within centrifuge tubes using acid-cleaned Teflon stir rods. 148 
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Total Hg concentrations ([THg]) were determined for 1179 fillet and stomach content 149 

samples on a DMA-80 Direct Mercury Analyzer (Milestone Inc., Shelton, CT), following a 150 

method of thermal decomposition, amalgamation, and atomic absorption spectrophotometry52. 151 

The DMA was calibrated with newly made HgCl2 solutions, and the calibration curve was 152 

checked daily with varying masses of a certified reference material (CRM), usually fish protein 153 

(DORM-3). At least one method blank and one lobster hepatopancreas CRM (TORT-2) were 154 

analyzed with every 10 samples. The average recovery was 102 ± 8.5% for DORM-3 (n=106) 155 

and 107 ± 9.2% for TORT-2 (n=128). Duplicates were analyzed for 10% of the samples, with an 156 

average relative percent difference (RPD) of 14%. 157 

Forty-five fillet samples from Grand Lake and Lake Hudson from 12 species were 158 

analyzed for MeHg at the Dartmouth College Trace Element Analysis Laboratory, by automated 159 

purge and trap gas chromatography interfaced with inductively coupled plasma mass 160 

spectrometry (GC-ICP-MS)53. A blank spike and a CRM, either mussel tissue (NIST 2976) or 161 

DORM-3, were analyzed with every 10 samples, with average recoveries of 94 ± 1.1% (n=3) and 162 

92 ± 0.8% (n=3), respectively. Duplicates were analyzed for 10% of the samples, with RPDs 163 

ranging from 2 to 8%.  164 

 165 

Stable isotope analyses 166 

Nitrogen and carbon stable isotopes are commonly used ecological metrics of food chain 167 

dynamics. Stable nitrogen isotope ratio (δ15N) is a continuous and integrative index of trophic 168 

position54 and fractionates approximately 3.4‰ at each trophic transfer55. Stable carbon isotope 169 

ratio (δ13C) reflects the dietary carbon source at the base of the food chain, and fractionates at a 170 

less consistent rate of <1‰ per trophic level55. 171 
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A total of 460 fillet samples from Grand Lake were tested for δ13C and δ15N at the Boston 172 

University Stable Isotope Laboratory using automated continuous-flow isotope ratio mass 173 

spectrometry56. Duplicates were analyzed every three samples and had an average RPD of 174 

around 1% for both δ13C and δ15N. One laboratory standard, either peptone (n=33) or glycine 175 

(n=25), was analyzed with every 10-15 samples. The average recoveries of these two standards 176 

were 100 ± 2 % for both δ13C and δ15N. 177 

 178 

Calculating trophic position 179 

We used zooplankton for baseline correction for δ15N, similar to Kidd et al.57 180 

Zooplankton samples were collected monthly at two locations (upper Grand and mid Grand) 181 

between April and September, 2012 using a horizontal plankton tow near the shoreline with a net 182 

mesh size of 153-363 µm. Since zooplankton are short-lived and integrate over shorter periods of 183 

time than snails or mussels44, we used average values over all six sampling events at each 184 

location. A trophic position (TP) was calculated for each fillet sample, according to the following 185 

equation41, 55: 186 

TP = (δ15Nsample - δ
15Nzooplankton)/3.4 + 2 187 

using an average enrichment factor of 3.4‰ per trophic level and assigning zooplankton TP=2. 188 

For fish samples collected in upper or mid Grand Lake or nearby tributaries, δ15Nzooplankton values 189 

from these two locations (11.86 and 10.99‰) were used, respectively. For samples collected 190 

from lower Grand Lake or nearby tributaries, mid Grand δ15Nzooplankton was used. Stable isotopes 191 

were not measured in samples from farm ponds due to lack of baseline data. 192 

  The C:N ratio (from %C and %N measured during the analyses for δ13C and δ15N) in our 193 

samples varied from 3.1 ± 0.44 (crappie, Promoxis spp.) to 5.9 ± 3.5 (spoonbill, Polyodon 194 
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spathula), indicative of large variations in lipid content among species58. Therefore we calculated 195 

lipid normalized δ13C (δ13Cadj), based on the following equation58: 196 

δ
13Cadj = δ13C - 3.32 + 0.99*C:N 197 

 198 

Statistical analyses 199 

  We evaluated spatial differences in fillet [THg] within and between Grand Lake and Lake 200 

Hudson by performing a multivariate regression of [THg] with length, trophic position (for two 201 

species), and sampling location as independent variables for 10 species (or genera, when the 202 

actual species was unidentified or when multiple species were pooled; referred to as species 203 

hereafter) with N≥10 from multiple locations: blue catfish (Ictalurus furcatus), buffalo (Ictiobus 204 

spp.), channel catfish (Ictalurus punctatus), crappie (Pomoxis spp.), drum (Aplodinotus 205 

grunniens), flathead catfish (Pylodictis olivaris), largemouth bass (Micropterus salmoides), shad 206 

(Dorosoma sp.), sunfish (Lepomis spp.), white bass (Morone chrysops). The distribution of fish 207 

[THg] was positively skewed, so these data were natural log-transformed prior to statistical 208 

analyses (ln[THg] hereafter). The transformed [THg] values met the normality assumption for 209 

most species based on Shapiro-Wilk test at p>0.05, except for blue catfish, crappie and shad. 210 

Length and TP were not transformed since the studentized residuals of all regression models met 211 

assumptions of normality (p>0.05 for Shapiro-Wilk test and Kolmogorov-Smirnov test). Horse 212 

Creek was used as the reference location since all 10 species were sampled there. 213 

  In order to evaluate our results in a broader geographical context and to further examine 214 

the key factors that explain differences in Hg bioaccumulation among reservoirs in this region, 215 

we analyzed correlations between fish [THg] across reservoirs in Oklahoma and 32 aquatic 216 

biogeochemical and watershed parameters. Using a pooled dataset containing fish [THg] 217 
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measurement data from both national sampling campaigns59 and ODEQ sampling events 218 

between 2007 and 2010 (ODEQ, unpublished data) in Oklahoma reservoirs, fish [THg] was 219 

regressed against length for largemouth bass, and sampling location (i.e., reservoir) was included 220 

in the model as a categorical variable. The resulting slope and intercepts were then used to 221 

predict [THg] in a 14″ (36 cm) largemouth bass in each reservoir. The regression and prediction 222 

were performed by ODEQ based on a model developed by U.S. Geological Survey60. Prior to our 223 

analysis, we performed natural log-transformations on these [THg] data to ensure a normal 224 

distribution (p=0.35, Shapiro-Wilk test).  225 

  In our inter-system analysis, we included parameters related to water chemistry (pH, 226 

alkalinity, true color, apparent color, Secchi depth, salinity, turbidity, temperature), biology 227 

(pheophytin, chlorophyll-a) and nutrients (nitrate nitrogen [NO3-N], nitrite nitrogen [NO2-N], 228 

ammonia nitrogen [NH4-N], total phosphorus [P], N:P ratio, oxidation-reduction potential, 229 

trophic index, sulfate [SO4], summer hypoxia frequency, etc.) in the bottom water. These data 230 

were provided by the Oklahoma Water Resources Board (OWRB) for over 120 lakes throughout 231 

Oklahoma between 2005 and 201249, nearly all of which were reservoirs. We also included total 232 

surface area, average annual rainfall, and watershed wetland coverage, which were all calculated 233 

from a spatial analysis, as well as reservoir age. For each lake, we calculated an average value 234 

for each variable and the final dataset included 61 reservoirs for which we had overlapping data 235 

on fish [THg] and explanatory variables (Supplemental Table S1). The reservoirs in this final 236 

dataset are all established reservoirs at least 17 years (average 54 years) since the impoundment, 237 

with surface areas ranging from 0.4 to 403 km2. We calculated the Spearman’s correlation 238 

coefficient (ρ) between fish [THg] and each variable, and also performed a multivariate linear 239 

regression, using the same parameters as predictors of fish ln[THg]. A bidirectional stepwise 240 
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regression based on AIC score (Akaike Information Criterion, a commonly used indicator for 241 

model goodness-of-fit) was performed to eliminate covariates that were not significant predictors 242 

of fish [THg]. The variance inflation factors (VIF) for all covariates in the final model were 243 

below 3.5, suggesting little multicollinearity. Results for all correlation tests and regressions 244 

were reported at a significance level of 0.05. 245 

  RStudio version 0.98.978 (with R version 3.1.1) was used to perform all statistical analyses. 246 

The spatial analysis was conducted in ArcGIS 10.1. 247 

 248 

Results and Discussion 249 

Fish Hg concentrations in Grand Lake and Lake Hudson 250 

  Most of the species examined in this study had relatively low [THg] (Table 1). With the 251 

exception of gar (Lepisosteidae), mean [THg] for all species was below the U.S. EPA’s fish 252 

tissue residue criterion (TRC; 300 ng/g, based on an assumed fish consumption rate of 17.5 g 253 

/day for the general adult population61) and the EPA wildlife criterion (WC) value for trophic 254 

level 4 fish such as largemouth bass and flathead catfish (346 ng/g, for the protection of 255 

piscivorous mammalian wildlife62). Among fillet samples collected from Grand Lake, the 256 

average [THg] ranged from 15 ± 12 ng/g (shad) to 530 ng/g (gar, n=2). Average [THg] for fish 257 

species lower on the food chain, such as shad, carp (Cyprinus carpio), buffalo, and perch/sunfish, 258 

were all below the EPA WC for trophic level 3 fish (77 ng/g). No samples from Lake Hudson 259 

exceeded the EPA fish TRC or level 4 WC, with the average [THg] ranging from 9.5 ± 2.4 ng/g 260 

(shad) to 91 ng/g (gar, n=2). Stomach contents generally had [THg] below 40 ng/g, and the 261 

average concentrations were 3 (white bass) to 6 (flathead catfish) times lower than those in the 262 

corresponding fillet samples.  263 
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Fillet samples of all species contained 95% MeHg or above, except for shad (82%), 264 

which occupy a lower trophic level (Supplemental Table S2). Therefore, [THg] is a good 265 

surrogate for MeHg concentrations in our fillet samples.  266 

Across both Grand Lake and Lake Hudson, average total length ranged from 15 ± 2.3 cm 267 

(sunfish) to 97 ± 15 cm (spoonbill; Table 2). In general, [THg] in fillets increased with length, 268 

with the exception of three lower trophic level species (sunfish, spoonbill, and shad). Among 11 269 

species with a total sample size N≥10, [THg] was significantly (p<0.01) correlated with length in 270 

8 species (blue catfish, buffalo, channel catfish, crappie, drum, flathead catfish, largemouth bass, 271 

and white bass), with a Spearman’s ρ ranging from 0.43 (flathead catfish) to 0.88 (drum). The 272 

lack of correlation between length and [THg] for sunfish and shad may be partly due to the 273 

inclusion of multiple species. Overall, our results could be useful in setting guidelines for the 274 

types and sizes of fish that consumers should consider in assessing dietary Hg exposures. For 275 

example, flathead catfish, which has the highest average [THg] among all species, tends to have 276 

twice as much [THg] (p<0.0001) if the length is over 40 inches, with an average [THg] of 348 277 

ng/g, above the EPA fish TRC of 300 ng/g.  278 

   279 

Food chain dynamics in Grand Lake 280 

  The calculated average TP ranged from 2.8 ± 0.53 (shad) to 4.1 ± 0.31 (crappie) among 281 

species with N≥10 (Table 2). About 86% of samples had a TP between 3 and 4, consistent with 282 

the typical feeding behavior of these species63, 64. Within each species, the difference between 283 

maximum and minimum TP was above 1.0, which may be caused by a high degree of omnivory 284 

and/or a wide range of ages. For blue catfish and drum, TP and length were significantly 285 

correlated (Spearman’s ρ = 0.43 and 0.51, respectively), suggesting that larger, older individuals 286 
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of these two species occupied a higher TP. The lack of correlation between TP and length for 287 

other species may be related to variations in δ15N at the base of the food web that were not fully 288 

accounted for by our baseline correction or differences in food web dynamics among locations. 289 

Food web structure and chain length can vary by location and by season65, so the same species of 290 

a certain length may occupy a range of TP among locations or across seasons.  291 

  Among fish from Grand Lake, TP had a significant positive correlation with [THg] for 292 

largemouth bass, drum and shad (Table 2). For all species combined, [THg] was significantly 293 

(p=0.02) associated with TP (Figure 2a), indicating that Hg biomagnification occurred along the 294 

food chain in Grand Lake, with a trophic magnification factor (TMF) of 1.6 (95% CI = 1.1 – 2.1; 295 

calculated as the exponential of slope from the regression of log10-transformed [THg] with TP). 296 

This TMF value is much lower than the average TMF (3.4) found in freshwater ecosystems 297 

around the world66, but comparable to the low TMF (1.1-2.3) observed in fish from subtropical 298 

reservoirs in China67, 68. The lack of spatially and temporally resolved δ15N values for primary 299 

consumers in baseline correction may have increased the uncertainty in our TP calculations. 300 

Nevertheless, the significant associations between fish [THg] and TP suggest that variations in 301 

δ
15N for zooplankton were smaller than variations among trophic levels.  302 

   Average δ13Cadj values among species with N≥10 were generally similar, ranging from   303 

-28 ± 2.1‰ (spoonbill, pelagic) to -26 ± 1.5‰ (channel catfish, benthic). These values were 304 

within the ranges of δ13C values for typical pelagic (-35 to -20‰) and littoral (-28 to -14‰) 305 

systems55. Overall, there was no significant correlation between [THg] and δ13Cadj (Figure 2b), 306 

while for crappie, flathead catfish, blue catfish and drum, δ13Cadj was positively correlated with 307 

[THg] (Table 2). There were no clear differences in [THg] among littoral, benthic, or pelagic 308 

species. The similarity in δ13Cadj across most species indicates either that there was a substantial 309 
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overlap in the feeding habitats of these fish species in Grand Lake, or that the baseline values 310 

were similar across multiple habitats. The δ13C in zooplankton did not vary much among mid 311 

Hudson, mid Grand and upper Grand, with average values in these three locations ranging from  312 

-27.5 to -26.4‰.  313 

  Across all tested samples from Grand Lake, TP was negatively correlated with δ13Cadj 314 

(Figure 2c) with a highly significant linear trend (p<0.0001). Similar negative relationships 315 

between δ15N and δ13C have been observed in freshwater food chains in other parts of the 316 

world69. Each 1‰ increase in δ13C was associated with a 1/3 lower trophic level. This indicates 317 

that the feeding behavior and habitats of these species were tightly linked to their trophic 318 

positions, with species on higher trophic levels showing a more pelagic diet. 319 

  Among the limited number of stomach content samples (total N=20 from 7 species), most had 320 

lower TP (~1 trophic level) and [THg] than corresponding fillet samples, while the δ13Cadj values 321 

were close to or more negative than the δ13Cadj in fillet (Supplemental Figure S1), suggesting 322 

again that these predator fish were primarily feeding in open water habitats. The only stomach 323 

sample (identified as a catfish) from drum and one sample from flathead catfish had a TP higher 324 

than the corresponding fillets (Figure 2a; Figure S1b), and they also showed higher TP and [THg] 325 

relative to other stomach samples, consistent with the highest average [THg] found in these two 326 

species. The only sample from channel catfish had the lowest TP and a much more positive 327 

δ
13Cadj (Figure 2a, b; Figure S1b, c) than the other samples, indicating this fish was on a mostly 328 

littoral/benthic diet and feeding lower on the food chain. 329 

 330 

Spatial variations within and between Grand Lake and Lake Hudson 331 
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  Within Grand Lake, fish [THg] varied substantially among locations for most species, 332 

mirrored by similar trends in length and TP (Figure 3), suggesting that much of the spatial 333 

variability in [THg] was caused by differences in fish size and trophic structure in different 334 

portions of the reservoir. However, even after accounting for length (and TP for flathead catfish 335 

and shad) in multivariate linear regressions, there were significant differences (p<0.05) among 336 

locations for all 10 species, and the ratio of the highest to lowest concentrations (calculated as 337 

the natural exponential of the maximum difference in model estimates among locations) ranged 338 

from 1.6 (buffalo) to 7.2 (flathead catfish; Table 3).  339 

The spatial variations in fish [THg] may be related to different hydrodynamic conditions 340 

among sections of the Grand Lake. Overall, the lowest [THg] was often observed at Horse Creek, 341 

a shallow and rocky tributary with less sediment and anoxic bottom water for methylation. The 342 

highest [THg] was usually found at lower and mid Grand, which are the more lacustrine parts of 343 

the reservoir, and in the Neosho River. Extended periods of summer bottom water oxygen 344 

depletion during stratification in the deeper sections of Grand Lake may have promoted anoxic 345 

conditions in sediments that in turn enhanced Hg methylation. The relatively high [THg] for 346 

some species in the Neosho River may reflect conditions in the river sediment, such as higher 347 

organic matter and porewater dissolved organic carbon, that can promote Hg methylation42.  348 

While measurements of Hg speciation in water samples were beyond the scope of this study, 349 

another study on Hg fate and transport in Grand Lake found elevated bottom water MeHg in the 350 

summer near the transition zone of the lake (beginning of mid Grand section), where the 351 

combination of deeper water stratification and particle settling from river inputs may have 352 

provided optimal conditions for MeHg enrichment70.  353 
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The main flow of Lake Hudson is discharge from the dam at lower Grand Lake. Within 354 

Lake Hudson, the upper section usually had higher [THg] than the mid and lower sections, 355 

although the difference was not statistically significant for any species. 356 

  Spatial differences were also found between Grand Lake and Lake Hudson. In general, 357 

samples collected from Lake Hudson were lower in [THg] than those from Grand Lake (Figure 358 

3), especially at mid and/or lower Hudson, where [THg] was significantly lower than one or 359 

more Grand Lake sites for crappie, largemouth bass, shad and white bass (Table 3). This 360 

suggests that Grand Lake is not a net exporter of MeHg to Lake Hudson, and is consistent with 361 

the finding from Wildman (2015) that Grand Lake is a net sink for THg and MeHg by 362 

sequestering both THg and MeHg during the time of fall overturn. By contrast, some reservoirs 363 

can be a net source of MeHg to the downstream ecosystems, especially in newer reservoirs71, 72. 364 

 365 

Fish from farm ponds 366 

 About 32% of all fish samples collected from farm ponds had [THg] above the EPA TRC 367 

of 300 ng/g (Table 1). Compared to fish from sites in Grand Lake and Lake Hudson, [THg] in 368 

five species (blue catfish, channel catfish, crappie, largemouth bass and sunfish) were up to 2to 369 

17times higher in farm ponds. These differences were significant even after accounting for 370 

length (Figure 3, Table 3). This may be explained by the accumulation of Hg over time in these 371 

ponds, which typically have no outlet. For example, a previous study on freshwater fish ponds34 372 

showed increasing MeHg in surface sediment over the age of the pond. Moreover, relatively high 373 

levels of organic material and greater interaction between the sediments and water column 374 

compared with much larger reservoirs and their tributaries may have promoted the methylation 375 

of inorganic Hg, which occurs primarily in the top layer of the sediment that exchanges into the 376 
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water column, and is incorporated into the base of the food web34. In addition to these potential 377 

differences in biogeochemistry between farm ponds and large reservoirs, the high [THg] in farm 378 

pond fish could also come from the feed or body burden accumulated prior to introduction to the 379 

pond. Although we were unable to obtain information for every pond in our study, most are not 380 

regularly stocked or frequently fed. In any case, our findings suggest that [THg] in fish raised in 381 

the farm ponds may be a health concern that needs further evaluation in future research. Our 382 

study region lies within an area highly concentrated (>3 per km2) with small man-made ponds 383 

(<1 ha)47, and according to our results, these ponds may be an largely overlooked source of 384 

dietary Hg for the local residents.  385 

 386 

Inter-system analysis 387 

  Based on modeled [THg] in 14″ largemouth bass among 61 reservoirs throughout Oklahoma, 388 

Grand Lake and Lake Hudson fish had among the lowest [THg] despite their close proximity to 389 

CFPPs (Figure 4). Across all reservoirs evaluated, modeled fish [THg] ranged from 60 to 1100 390 

ng/g, with a geometric mean of 320 ng/g (95% CI: 260 – 380 ng/g). Although reservoirs in 391 

southeast Oklahoma were expected to have the highest [THg] due to the presence of large CFPPs 392 

upwind in Texas (southerly winds are predominant in this region), modeled fish [THg] did not 393 

show a similar trend (p = 0.3 for an ANOVA test among the four quadrants of Oklahoma, 394 

defined by Interstates 35 and 40 and roughly representing regional differences in elevation and 395 

precipitation; delineation of the quadrants are shown in Figure 1), suggesting that rates of 396 

atmospheric deposition and proximity to CFPPs may not explain much of the variations in fish 397 

[THg]. Therefore, we explored the extent to which biogeochemical and physical factors 398 

explained variations in fish [THg] across reservoirs in the region. 399 
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  Among the 32 water quality and physical parameters in our analysis, true color, apparent 400 

color, and redox potential all had a significant (p<0.05) positive correlation with fish [THg], 401 

while conductivity, salinity, pH, alkalinity, and chlorophyll-a had a significant negative 402 

correlation (Table 4). In addition, annual rainfall had a marginally significant positive correlation 403 

(p<0.1), while chloride concentration and surface area had a marginally significant negative 404 

correlation with fish [THg]. Correlation tests among parameters showed highly significant 405 

positive correlations among pH, alkalinity, salinity and conductivity (ρ > 0.8). 406 

 From the stepwise multivariate regression, pH, total P, annual rainfall, NO3-N, apparent 407 

color, NH4-N, and Secchi depth remained in the final model, which had an adjusted R2 of 0.60 408 

(Table 5). In this model, pH, total P, rainfall, and Secchi depth were negatively associated with 409 

fish [THg], while apparent color, NO3-N and NH4-N had a positive association. Among the 410 

significant variables, pH, apparent color and rainfall together explained 53% of the variability in 411 

fish [THg]. No significant interactions were found among these variables, suggesting that these 412 

factors contribute independently to explaining the variability in fish [THg].  413 

 Our results showed that among various biogeochemical parameters, water pH was the 414 

most significant predictor of species- and length-normalized fish [THg] across reservoirs. 415 

Consistent with previous research in both temperate and subtropical lakes in North America3, 73, 
416 

74, we found that reservoirs with lower pH tend to have higher fish [THg]. Water pH alone 417 

explained 37% of the variability in fish [THg] among the reservoirs we examined, and according 418 

to the slope from a simple linear regression of ln[THg] and pH, a pH of 7.56 or lower 419 

corresponds to fish [THg] above the EPA fish TRC of 300 ng/g, and 85% of the reservoirs with a 420 

pH of 7.56 or lower in our study had average fish [THg] above 300 ng/g (Supplemental Figure 421 

S2). Water pH may also explain some of the variation in fish [THg] within Grand Lake and its 422 
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tributaries. Horse Creek, which had among the lowest [THg], had the highest average water pH 423 

(8.49 ± 0.45), while Neosho River, which had among the highest [THg], had the lowest pH (7.73 424 

± 0.39). This trend may be attributed to increased uptake by methylating microorganisms due to 425 

higher bioavailability of Hg in acidic water75, as well as enhanced methylation76 of the inorganic 426 

Hg (II) species by sulfate- and iron-reducing bacteria, since methylation is generally more 427 

efficient at lower pH with more sulfide species available and with more soluble Hg compounds 428 

as the dominant species75. In addition, fish in higher pH water may gain more weight at a certain 429 

length, resulting in less [THg] per unit body mass through growth dilution19. However, the 430 

interaction between pH and Hg bioaccumulation is complex. For instance, enhanced 431 

demethylation and volatilization of Hg0 have also been observed for lower water pH, leading to 432 

decreased production of MeHg77. Thus, while lower pH reservoirs tended to have higher fish 433 

[THg], our analysis does not indicate which mechanisms or pathways were most sensitive to 434 

differences in pH.  435 

Water color was also found to be an important predictor of fish [THg] among reservoirs; 436 

both apparent (representing both suspended and dissolved substances, especially organic matter) 437 

and true (representing dissolved substances only) color were positively correlated with fish 438 

[THg]. Previous studies have found both positive and negative correlations between lake water 439 

DOC and fish [THg]. DOC can reduce the bioavailability of Hg for methylation by binding to 440 

Hg(II) species78 and by enhancing photo-reduction of Hg(II) to Hg0 79. Conversely, increased 441 

DOC can enhance Hg methylation by increasing bioavailability of Hg attached to humic matter 442 

in the hypolimnion of deep lakes80, and by providing a carbon substrate for sulfate-reducing 443 

bacteria in the sediment81. Although true color had a stronger correlation with fish [THg] in our 444 

data, apparent color was a better predictor of fish [THg] after accounting for pH, suggesting that 445 
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both dissolved and suspended organic matter may have played a role in facilitating Hg 446 

methylation. The apparent and true color measured at Grand Lake and Lake Hudson were lower 447 

than most of the other reservoirs in Oklahoma, partially explaining the low fish [THg] in these 448 

two reservoirs (Figure 4).  449 

We found that higher total P levels and trophic index were associated with lower fish 450 

[THg], which was observed by previous research82, 83 and might be due to biodilution31 from 451 

elevated inputs of growth-limiting nutrients that lead to dilution of Hg in primary producers. The 452 

negative correlation between chlorophyll-a and fish [THg] in our data provides evidence of algal 453 

biodilution. Low fish [THg] in eutrophic reservoirs can also result from growth dilution of the 454 

fish67, 82, since food is more readily available in nutrient-rich waters, allowing fish to accumulate 455 

relatively more biomass. Thus, because most freshwater systems are P-limited, the negative 456 

correlation between total P and fish [THg] suggests that growth dilution and biodilution may 457 

have limited Hg biomagnification, which is supported by the low TMF observed in Grand Lake. 458 

In some systems, eutrophication caused by higher total P also can lead to more reducing bottom 459 

water conditions that enhance methylation. However, in our results, more reducing conditions 460 

(lower redox potential) were correlated with lower [THg] in fish, suggesting that biological 461 

factors outweighed redox effects on methylation. Grand Lake and Lake Hudson were both 462 

eutrophic and had total P concentrations in the top quartile of Oklahoma reservoirs, consistent 463 

with their relatively low fish [THg] (Figure 4). Overall, differences in nutrients levels and trophic 464 

status explained a small portion of variability in fish [THg] among reservoirs. 465 

Among lake and watershed characteristics, average annual rainfall in the watershed was 466 

positively correlated with fish [THg], while this relationship became negative after accounting 467 

for pH. This suggests that the effect of rainfall on Hg dynamics among these reservoirs was 468 
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primarily through increasing water acidity37, rather than through acting as a source of Hg wet 469 

deposition. Moreover, smaller surface area was associated with higher fish [THg], which may be 470 

another explanation for the low [THg] observed in Grand Lake and Lake Hudson, which are 471 

among the largest reservoirs in Oklahoma, and the high concentrations we observed in local farm 472 

ponds. Wetland coverage of the watershed was not found to be predictive of fish [THg] as in 473 

many other studies81, 84, 85, probably because the wetlands were generally small and scattered in 474 

Oklahoma and thus relatively unimportant for MeHg production.  475 

 Overall, different variables described above seem to have contributed concurrently to 476 

changes in fish [THg] across reservoirs examined in this study, while each variable alone may 477 

not be adequate in explaining the variability in fish [THg] (Supplemental Figure S2), especially 478 

the low fish [THg] observed in Grand Lake and Lake Hudson. In addition, around 40% of the 479 

total variability in the data was not explained by variables included in our model, suggesting that 480 

other unexamined factors, such as local Hg emission and deposition, point sources, and 481 

hydrodynamics, may have also played a role. 482 

 483 

Unique hydrodynamics and Hg cycling in reservoirs 484 

As water bodies created, operated and managed by humans, reservoirs often have 485 

elevated fish Hg concentrations compared to natural water bodies86. This difference can be 486 

partially attributed to water-level fluctuations resulting from dam operations and the subsequent 487 

redox cycles that increase the availability of Hg sulfides for MeHg production35. It may also be 488 

caused by the reservoir effect, that is, the initial impoundment of water leads to decomposition of 489 

plant materials, creating a favorable environment for methylation with abundant organic matter 490 

Page 23 of 45 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t



 

23 

 

and low dissolved oxygen87. However, enhanced methylation in new reservoirs usually starts to 491 

decline 2-3 years after impoundment and Hg in fish can drop to background levels after 20-30 492 

years88, likely caused by increased demethylation71 or depletion of labile organic carbon over 493 

time. This may explain why we did not observe a significant correlation between reservoir age 494 

and fish [THg] in our inter-system analysis, since these are all established reservoirs, mostly 495 

between 40 and 80 years old. The water levels in Grand Lake and Lake Hudson also do not 496 

fluctuate as much as some of the higher Hg reservoirs in this region, which could be another 497 

explanation for their low fish [THg]. For instance, the maximum difference in monthly average 498 

water elevation in 2012 was 0.83 m and 0.97 m in Grand Lake and Lake Hudson, respectively, 499 

compared to 2.0 m in Lake Eufaula and 3.6 m in Lake Hugo89, two of the reservoirs with the 500 

highest fish [THg] in Oklahoma. 501 

 502 

Strengths and limitations 503 

 This study benefited from its large sample size, with many different species collected from a 504 

variety of locations. By including fish samples donated by local anglers, our study represented a 505 

sustainable design and promoted greater community involvement. However, while our non-506 

systematic sampling regime may have increased the relevance of our results to a related study of 507 

Hg exposure in local residents50, it limited our ability to investigate seasonal changes in fish 508 

[THg] that may explain some of the variability observed in our data, since the majority (71%) of 509 

our samples were collected in fall 2010, fall 2011 and spring 2011, and after accounting for 510 

length, TP and location, sampling year was not a significant predictor of fish [THg] for any 511 

species. In addition, it may have decreased the representativeness of our results in characterizing 512 
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these systems as a whole. In general, donated fish (32% of total samples) tended to be longer 513 

than fish collected as part of routine population assessments by ODWC (p<0.05 for blue catfish, 514 

channel catfish, largemouth bass, crappie and shad; Wilcoxon rank-sum test), since anglers were 515 

more likely to keep or donate their largest catch. For four species (i.e., blue catfish, largemouth 516 

bass, sunfish and shad), donated samples had significantly higher [THg] than those collected by 517 

ODWC (p<0.05) even after controlling for length. This may be caused by differences in Hg 518 

bioaccumulation between the ODWC sampling sites and where the anglers usually go fishing. 519 

The donated blue catfish and crappie had significantly higher δ13Cadj
 than ODWC samples, while 520 

donated shad had significantly lower δ13Cadj (p<0.05, Wilcoxon rank-sum test). This difference 521 

also suggest that samples collected during routine fish population assessments may 522 

underestimate [THg] in locally caught and consumed fish. 523 

  524 
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Conclusions 525 

In this study, we surveyed [THg] in a range of fish species and examined spatial 526 

variability both within and between two connected freshwater reservoirs, which are among the 527 

largest in Oklahoma and potentially impacted by CFPPs. While [THg] for most species were 528 

relatively low in these two reservoirs, we found significant spatial variations in many species 529 

even after accounting for length and/or trophic position. Our results suggest that within 530 

reservoirs, where water chemistry factors such as pH and nutrients varied in smaller ranges, 531 

ecological factors such as fish size and trophic position seemed to explain much of the variation 532 

in fish [THg]. In addition, fish from nearby farm ponds, which are small, isolated water bodies 533 

commonly used to raise fish in the U.S., generally had higher [THg] than those of the same 534 

species and length in larger reservoirs nearby and may need further attention in future research.  535 

 To further explore the biogeochemical mechanisms that may have led to the low fish 536 

[THg] in these two reservoirs despite their proximity to atmospheric sources, we examined the 537 

key factors contributing to spatial variability in fish [THg] on a broader geographic scale, and 538 

found that differences in fish [THg] among reservoirs could be best explained by abiotic factors 539 

such as pH, nutrients, rainfall and water color. Our study demonstrates that inter- and intra-540 

system spatial variations in fish [THg] among freshwater ecosystems may be influenced by 541 

different biological, chemical and physical factors. Considering spatial variability on different 542 

scales simultaneously would deepen our understanding of the complex linkage between sources 543 

of Hg inputs into water bodies and biomagnification in fish. Furthermore, focusing on key 544 

parameters that affect fish Hg concentrations, especially those on the water body or watershed 545 

level, could not only help us identify monitoring priorities, but also help tailor exposure 546 
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assessment and fish consumption guidelines to specific water bodies and locations for better 547 

protection of human and ecological health. 548 
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Figure Captions 718 

 719 

Figure 1. A map of Grand Lake and Lake Hudson, with major sections and tributaries. The top 720 

inset shows delineation of the quadrants and locations of all reservoirs included in this study. The 721 

lower inset shows the coal-fired power plants located near the Grand Lake watershed. The wind 722 

rose depicts average predominant wind direction from 1994 to 2001 at Miami, OK.90  723 

 724 

Figure 2. Relationship between (a) ln[THg] and trophic position, (b) ln[THg] and lipid 725 

normalized δ13C (δ13Cadj), and (c) trophic position and δ13Cadj in Grand Lake fish fillets and 726 

stomach contents (SC). Each symbol represents the mean value of each species, and error bars 727 

represent standard deviations. Species were sorted and color-coded by trophic position (a, c) or 728 

by typical habitat (b). Equations are based on linear regressions of the means for the fillet 729 

samples, and gray areas indicate 95% confidence regions.  730 

 731 

Figure 3. Spatial variations across Grand Lake, Lake Hudson, and local farm ponds in ln[THg], 732 

length and trophic position among 10 fish species with N≥10. Each point represents at least 3 733 

samples. Error bars represent standard deviations. Black triangles indicate tributaries. Length is 734 

shown in decimeters here so that variation in length is on a scale comparable to variations in both 735 

ln[THg] and trophic position. 736 

 737 

Figure 4. Distribution of water pH, true color, annual rainfall, total phosphorus, and modeled 738 

[THg] in 14″ largemouth bass (LMB) among reservoirs analyzed in this study.  739 
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Table 1. A summary of fish samples collected for this study, including sample type (fillet unless otherwise specified), sample size, 
total mercury concentrations ([THg]) (shown as mean ± standard deviation, wet weight) in ng/g, and percentage of samples above 
EPA fish TRC of 300 ng/g. Species were color-coded by typical trophic position and sorted by [THg]. Standard deviations were only 
calculated when N>2. 

Species 
Grand Lake and Tributaries Lake Hudson Farm Ponds 

N Mean [THg] ± SD % > TRC N Mean [THg] ± SD % > TRC N Mean [THg] ± SD % > TRC 

Gara (Lepisosteidae) 2 530  100 2 91  0         

Flathead Catfish (Pylodictis olivaris)                                  

Fillet 38 220 ± 150 24                       

Stomach Contents 2 34  0           

Spotted Bass (Micropterus punctulatus) 2 79  0           

Largemouth Bass (Micropterus salmoides)                    

Fillet 99 78 ± 60 1.0  4 41 ± 33 0 12 400 ± 250 33  

Stomach Contents 9 15 ± 8.9 0           

Wiper (M. chrysops x M. saxatilis) 4 72 ± 43 0           

White Bass (Morone chrysops)                 

Fillet 165 47 ± 34 0 59 52 ± 51 0      

Stomach Contents 2 16  0           

Striped Bass (Morone saxatilis) 2 42  0           

Smallmouth Bass (Micropterus dolomieu) 3 34 ± 22 0           

Crappieb (Pomoxis spp.)                 

Fillet 130 30 ± 24 0 14 18 ± 25 0 3 86 ± 110 0  

Stomach Contents 3 6.2 ± 0.3 0 4 7.1 ± 2.3 0      

Drum (Aplodinotus grunniens)                    

Fillet 29 130 ± 190 10 10 31 ± 18 0      

Stomach Contents 1 41 0           

White Catfish (Ameiurus catus) 5 72 ± 53 0           

Blue Catfish (Ictalurus furcatus)                 

Fillet 116 59 ± 55 1.8 69 40 ± 26 0 2 172  0  
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Stomach Contents 2 14  0 2 8.8  0      

Channel Catfish (Ictalurus punctatus)                   

Fillet 102 48 ± 28 0 18 38 ± 17 0 1 560 100  

Stomach Contents 1 15 0           

Sunfishc (Lepomis spp.) 48 31 ± 27 0      11 120 ± 110 50  

Catfish (Ictalurus sp.) 1 27 0           

Common Carp (Cyprinus carpio) 4 67 ± 54 0 3 28 ± 17 0      

Buffalod (Ictiobus spp.) 50 54 ± 39 0 18 52 ± 33 0      

River Carpsucker (Carpiodes carpio) 1 48  0           

Spoonbill (Polyodon spathula) 43 40 ± 24 0 1 7.1 0      

Shade (Dorosoma sp.) 39 15 ± 12 0 36 9.5 ± 2.4 0      

Turtle (unidentified)                 

Fillet 1 3.0  0           

Leg 2 84  0           

Crayfish (Whole) 4 23 ± 26 0           

Total N 910 240 29 
a includes shortnose gar and longnose gar; 
b includes white crappie, black crappie, and unidentified species of crappie; 
c includes bluegill sunfish, green sunfish, redear sunfish, warmouth, longear sunfish and unidentified species of sunfish; 
d includes largemouth buffalo and smallmouth buffalo; 
e includes gizzard shad and unidentified species of shad. 
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Table 2. Summary of length, trophic position (TP), lipid normalized δ13C (δ13Cadj) for 11 species with N≥10, and Spearman’s 
correlation coefficients of [THg] (ng/g) and length, TP, and δ13Cadj for each species. Species are color-coded according to typical 
trophic position. 
 

Species N 
Mean ± sd Spearman's Correlation with [THg] 

Lengtha (cm) TPb δ13Cadj
 (‰)b Length TP δ13Cadj

 

Crappie 148 27 ± 4.4 4.1 ± 0.31 -28 ± 0.86 0.55*** 0.12 0.45*** 

White Bass 225 31 ± 7.8 4.0 ± 0.35 -28 ± 0.52 0.61*** 0.19 0.035 

Largemouth Bass 121 37 ± 6.0 3.9 ± 0.46 -27 ± 1.0 -0.46*** 0.45*** 0.10 

Flathead Catfish 46 82 ± 25 3.7 ± 0.32 -27 ± 1.2 0.43** 0.31^ 0.49** 

Blue Catfish 192 47 ± 18 3.6 ± 0.42 -28 ± 1.0 0.76*** 0.25 0.58*** 

Drum 39 30 ± 13 3.5 ± 0.44 -28 ± 1.9 0.88*** 0.47* 0.68*** 

Sunfish 59 15 ± 2.3 3.4 ± 0.21 -27 ± 1.4 0.18 -0.32* 0.039 

Channel Catfish 127 41 ± 13 3.2 ± 0.53 -26 ± 1.5 0.51*** 0.21 -0.016 

Spoonbill 56 97 ± 15 3.4 ± 0.24 -28 ± 2.1 0.21 -0.072 0.47^ 

Buffalo 73 42 ± 11 3.2 ± 0.27 -28 ± 1.6 0.81*** 0.23 0.15 

Shad 75 23 ± 4.6 2.8 ± 0.53 -27 ± 1.4 -0.13 0.41* 0.16 
a Include samples from all locations; 
b Only include samples from Grand Lake and its tributaries. 

^: 0.05<p<0.1 

*: 0.01<p<0.05 

**: 0.001<p<0.01 

***: p<0.001 
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Table 3. Multivariate regression of ln[THg] (ng/g) on length, trophic position (TP), and location for 10 fish species with N≥10. 
Estimated coefficients are shown, with 95% confidence intervals in parentheses. 

Species Blue Catfish Buffalo Channel Catfish Crappie Drum 

Adjusted R2 0.65 0.68 0.44 0.49 0.81 

Length (cm) 0.027 (0.023, 0.032)*** 0.067 (0.055, 0.079)*** 0.019 (0.012, 0.026)*** 0.076 (0.056, 0.095)*** 0.094 (0.064, 0.12)*** 

TP NAa NAa NAa NAa NAa 

Location within Grand Lake Watershed (Referent = Horse Creek) 

Spring River 0.63 (-0.13, 1.4) 0.28 (-0.12, 0.68) -0.40 (-0.81, 0.020)^ NA 1.6 (0.65, 2.6)** 

Neosho River 0.42 (0.18, 0.66)*** NA 0.38 (0.094, 0.66)** NA 1.6 (0.80, 2.3)*** 

Upper Grand 0.18 (-0.11, 0.47) 0.30 (-0.24, 0.83) 0.084 (-0.21, 0.38) 0.33 (0.031, 0.63)*  1.5 (0.49, 2.6)** 

Elk River 0.14 (-0.072, 0.35) 0.45 (0.094, 0.80)* 0.18 (-0.042, 0.39) 0.42 (0.16, 0.68)** 1.6 (0.61, 2.6)** 

Mid Grand 0.83 (0.36, 1.3)*** NA 0.77 (-0.097, 1.6)^ 0.60 (0.076, 1.1)* NA 

Honey Creek 0.50 (-0.25, 1.3) NA 0.32 (-0.54, 1.2) 0.31 (-0.40, 1.0) 1.1 (0.091, 2.0)* 

Lower Grand 0.077 (-0.38, 0.53) 0.46 (0.0057, 0.86)* 0.28 (-0.13, 0.68) 0.65 (0.20, 1.1)** 1.7 (0.49, 2.9)** 

Dam 0.051 (-0.23, 0.33) NA` 0.32 (-0.20, 0.85) 0.36 (-0.069, 0.78)^ -0.59 (-1.8, 0.61) 

Upper Hudson 0.18 (-0.036, 1.4) 0.26 (-0.18, 0.69) 0.066 (-0.45, 0.58) -0.10 (-1.1, 0.85) 1.4 (0.31, 2.5)* 

Mid Hudson 0.044 (-0.16, 0.25) 0.62 (0.14, 1.1)* 0.063 (-0.35, 0.47) -0.46 (-0.86, -0.069)*  0.94 (-0.015, 1.9)^ 

Lower Hudson 0.086 (-0.12, 0.29) 0.51 (0.036, 0.98)* -0.085 (-0.39, 0.22) -0.24 (-0.83, 0.34) 1.4 (0.16, 2.6) 

Farm Pond 1.1 (0.50, 1.6)*** NA 2.5 (1.7, 3.4)*** 1.6 (1.0, 2.2)*** NA 
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Table 3. (Cont.) 

 

Species Flathead Catfish Largemouth Bass Shad Sunfish White Bass 

Adjusted R2 0.42 0.68 0.58 0.51c 0.41 

Length (cm) 0.00022 (-0.0086, 0.013) 0.078 (0.061, 0.095)*** -0.0078 (-0.077, 0.061) 0.12 (0.066, 0.18)*** 0.061 (0.051, 0.072)*** 

TP 1.1 (0.12, 2.2)* NAa 0.56 (0.22, 0.91)** NAa NAa 

Location within Grand Lake Watershed (Referent = Horse Creek) 

Spring River NA 0.33 (-0.18, 0.84) -0.18 (-1.1, 0.75) NA -0.27 (-1.4, 0.83) 

Neosho River 1.3 (0.56, 2.0)** 0.54 (-0.078, 1.2)^ -0.072 (-1.2, 1.1) NA 1.3 (0.18, 2.4)* 

Upper Grand 1.1 (0.27, 1.9)* 0.29 (-0.12, 0.70) -1.0 (-2.1, 0.036)^ 0.22 (-0.25, 0.69) 0.17 (-0.091, 0.42) 

Elk River 0.90 (-0.10, 1.9)^ 0.26 (-0.059, 0.58) NA 0.47 (-0.21, 1.1) 0.26 (0.0027, 0.52)* 

Mid Grand 0.69 (-0.30, 1.7) 0.10 (-0.28, 0.48) NA NA 0.19 (-0.29, 0.67) 

Honey Creek NA 0.0014 (-0.46, 0.46) NA 0.58 (-0.17, 1.3) 0.12 (-0.53, 0.78) 

Lower Grand 2.0 (0.74, 3.2)** 0.60 (0.30, 0.91)*** 0.16 (-0.18, 0.50) 0.61 (0.073, 1.1)* 0.58 (0.23, 0.93)** 

Dam NA -0.16 (-0.78, 0.46) -0.73 (-1.1, -0.34)*** NA 0.62 (-1.0, -0.22)** 

Upper Hudson NA NA -0.47 (-0.97, 0.029)^b NA -0.00047 (-0.33, 0.32) 

Mid Hudson NA 0.19 (-0.43, 0.81) -0.51 (-0.84, -0.19)**b NA -0.28 (-0.60, 0.031)^ 

Lower Hudson NA -0.11 (-1.2, 0.96) -0.71 (-1.0, -0.39)***b NA -0.15 (-0.45, 0.15) 

Farm Pond NA 2.3 (1.9, 2.7)*** NA 1.7 (1.2, 2.2)*** NA 

 
a Model did not include TP as a covariate due to much smaller sample size, lower adjusted R2 compared to model with length and location only, and lack of 

correlation with [THg]. 
b Estimates were based on model without TP, since TP data were not available at these locations. 
c For sunfish, a model including length and TP without location yielded a better fit (adj. R2=0.61). 
^: 0.05<p<0.1 

*: 0.01<p<0.05 

**: 0.001<p<0.01 

***: p<0.001 
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Table 4. Summary of bottom water chemistry and watershed parameters among 61 reservoirs in 1 

Oklahoma, and Spearman’s correlation coefficients (ρ) between these parameters and modeled 2 

[THg] (µg/g) in a 14″ largemouth bass. 3 

 4 

Parameters N Mean ± SD ρ P-value 

True color (standard unit) 57 57 ± 55 0.58 <0.001 

Conductivity (µS/m) 59 410 ± 470 -0.55 <0.001 

pH 59 7.4 ± 0.56 -0.55 <0.001 

Salinity (ppt) 59 0.23 ± 0.31 -0.54 <0.001 

Alkalinity (mg/L) 58 87 ± 55 -0.54 <0.001 

Redox Potential (mV) 59 340 ± 60 0.35 0.016 

Apparent Color (standard unit) 54 150 ± 82 0.34 0.020  

Chlorophyll-a (mg/m3) 60 9.7 ± 5.7 -0.29 0.046 

Chloride (mg/L) 59 44 ± 79 -0.28 0.055 

Area (km2) 55 28 ± 41 -0.26 0.073 

Annual Rainfall (inch) 55 41 ± 7.0 0.26 0.082 

Nitrogen, Total (mg/L) 57 0.81 ± 0.30 -0.23 0.13 

Nitrogen, Kjeldahl (mg/L) 59 0.58 ± 0.20 -0.22 0.14 

Resistivity (kΩ·cm) 59 950 ± 1300 0.22 0.14 

Reservoir Age (year) 61 59 ± 20 -0.21 0.15 

Trophic Index 59 53 ± 6.4 -0.21 0.17 

Phosphorus, Total (mg/L) 60 0.082 ± 0.051 -0.19 0.20  

Dissolved Oxygen (mg/L) 59 7.3 ± 0.99 -0.19 0.21 

Perimeter (km) 55 110 ± 140 -0.19 0.21 

Dissolved Oxygen Saturation (%) 59 70 ± 9.8 -0.18 0.23 

Phosphorus, Ortho (mg/L) 57 0.044 ± 0.040 -0.17 0.26 

Turbidity (NTU) 59 27 ± 27 0.16 0.27 

Temperature (°C) 59 16 ± 2.4 -0.14 0.34 

Nitrogen, Nitrite (mg/L) 57 0.054 ± 0.0080 0.11 0.44 

Sulfate (mg/L) 59 45 ± 58 -0.11 0.45 

Pheophytin (mg/m3) 60 2.6 ± 1.9 -0.11 0.45 

Secchi Depth (cm) 59 72 ± 48 -0.098 0.51 

Nitrogen, Nitrate (mg/L) 57 0.17 ± 0.18 -0.031 0.83 

N:P Ratio 59 24 ± 17 -0.018 0.90  

Wetland Coverage (%) 55 0.97 ± 1.6 0.015 0.92 

Summer Hypoxia (%) 59 41 ± 24 -0.014 0.93 

Nitrogen, Ammonia (mg/L) 57 0.14 ± 0.12 0.0069 0.96 

 5 

 6 

 7 

 8 
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Table 5. Stepwise regression results on ln[THg] (µg/g) in a normalized 14″ largemouth bass 9 

among reservoirs in Oklahoma. 10 

 11 

Variable Estimate 95% CI P value 

pH -1.1 (-1.5, -0.70) <0.0001 

Total Phosphorus (mg/L) -8.4 (-14, -2.9) 0.0034 

Annual Rainfall (inch) -0.047 (-0.078, -0.016) 0.0042 

Nitrogen, Nitrate (mg/L) 1.7  (0.45, 3.0) 0.0095 

Apparent Color (Standard Unit) 0.0029  (0.00072, 0.0051) 0.011 

Nitrogen, Ammonia (mg/L) 1.2 (-0.087, 2.5) 0.067 

Secchi Depth (cm) -0.0032 (-0.0067, 0.00034) 0.076 

 12 

  13 
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Figure 1 14 

 15 
  16 
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Figure 2  17 

Littoral 

Pelagic 

Benthic 

(b)  ln[THg] = 0.56 - 0.12*δ
13

C
adj

 (p = 0.14, R
2 
= 0.07)              

(a)  ln[THg] = 2.30 + 0.44*TP (p = 0.02, R
2 
= 0.26)              
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Figure 2 (Cont.) 18 

19 

(c)  TP = -7.15 - 0.39*δ
13

Cadj (p < 0.0001, R
2 
= 0.83)              
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Figure 3 
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Figure 3 (Cont.) 
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Figure 4 
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