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Abstract

Reservoirs typically have elevated fish mercury (Hg) levels compared to natural lakes and rivers. A 

unique feature of reservoirs is water-level management which can result in sediment exposure to 

the air. The objective of this study is to identify how reservoir water-level fluctuations impact Hg 

cycling, particularly the formation of the more toxic and bioaccumulative methylmercury (MeHg). 

Total-Hg (THg), MeHg, stable isotopemethylation rates and several ancillary parameters were 

measured in reservoir sediments (including some in porewater and overlying water) that are 

seasonally and permanently inundated. The results showed that sediment and porewater MeHg 

concentrations were over 3-times higher in areas experiencing water-level fluctuations compared 

to permanently inundated sediments. Analysis of the data suggest that the enhanced breakdown of 

organic matter in sediments experiencing water-level fluctuations has a two-fold effect on 

stimulating Hg methylation: 1) it increases the partitioning of inorganic Hg from the solid phase 

into the porewater phase (lower log Kd values) where it is more bioavailable for methylation; and 

2) it increases dissolved organic carbon (DOC) in the porewater which can stimulate the microbial 

communitythat can methylate Hg. Sulfate concentrations and cycling were enhanced in the 

seasonally inundated sediments and may have also contributed to increased MeHg production. 

Overall, our results suggest that reservoir management actions can have an impact on the 

sediment-porewater characteristics that affect MeHg production. Such findings are also relevant to 

natural water systems that experience wetting and drying cycles, such as floodplains and 

ombrotrophic wetlands.
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1. Introduction

Mercury (Hg) is a pollutant of global concern largely due to its ability to accumulate in fish 

tissue. Most anthropogenic releases of Hg to the environment are in an inorganic form; 

however almost all Hg in fish tissue is in an organic form—methylmercury (MeHg). Within 

the US, thousands of water bodies are currently under fish consumption advisories due to Hg 

pollution (United States Environmental Protection Agency, 2011).

Understanding the variables influencing MeHg production is key to identifying strategies 

that can be used to reduce MeHg levels in fish. Most Hg methylation is conducted by 

anaerobic microorganisms in sediments, peatlands and the hypolimnetic water of lakes 

(Branfireun et al., 1999, Compeau and Bartha, 1985, Eckley and Hintelmann, 2006). Sulfate 

reducing bacteria (SRB) have been widely reported to be important producers of MeHg 

(Ullrich et al., 2001); however, some iron reducing bacteria (Kerin et al., 2006) and 

methanogens (Hamelin et al., 2011) are also capable of Hg methylation.

The activity, abundance, and structure of the microbial community play an important role in 

determining MeHg production rates. As a result, MeHg concentration can be highly spatially 

and temporally variable across landscapes, with wetlands and peatlands typically having 

enhanced MeHg production (Branfireun et al., 1996, Hurley et al., 1995, Johnson et al., 

2015, Stlouis et al., 1994).

The microbial community is influenced by the extent of anoxic conditions, the quantity and 

quality of organic carbon, and the concentration of electron acceptors such as sulfate and 

ferric iron (Hsu-Kim et al., 2013, Kerin et al., 2006, Ullrich et al., 2001). Microbial activity 

and methylation rates have also been shown to increase with temperature (King et al., 1999), 
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which may be partially responsible for the seasonal variations in MeHg observed in many 

systems (Hammerschmidt and Fitzgerald, 2004). However, the extent to which Hg is 

methylated is also highly dependent on the bioavailability of the inorganic Hg to the 

methylating organisms. The bioavailable forms of inorganic Hg may include neutrally 

charged Hg-ligand complexes which can enter bacteria via passive diffusion (Benoit et al., 

1999) and/or the active transport of Hg complexes with low molecular weight thiol ligands 

(Golding et al., 2002, Schaefer et al., 2011). Recent studies have also shown that dissolved 

organic matter can play an important role affecting the uptake of inorganic bacteria into 

methylating organisms (Graham et al., 2012). Only a small percent (typically ≤5%) of the 

total amount of inorganic Hg in aquatic systems is in a “reactive” form that is considered 

available for microbial uptake and methylation (Domagalski, 2001, Marvin-DiPasquale et 

al., 2009, Singer et al., 2016)

In sediment, bioavailable inorganic Hg is mostly associated with the porewater fraction and 

is related to the sediment-porewater distribution coefficient (Kd) (Buckman et al., 2015, 

Marvin-DiPasquale et al., 2009, Schartup et al., 2014). Compared to bulk sediment 

measurements, porewater Hg concentrations are also more available for benthic invertebrate 

uptake as well as diffusive flux into the overlying water. Sediment-porewater partitioning of 

Hg is controlled by the amounts of Hg binding ligands, such as sulfide and thiols, in the 

solid and in the dissolved phases. These ligands in turn are influenced by several factors 

such as sediment organic matter, redox conditionsand pH (Hammerschmidt and Fitzgerald, 

2004, Schartup et al., 2014). Overall, partitioning of sediment inorganic Hg between solid 

and porewater phases can be an important controlling mechanism on the rate of MeHg 

production.

Reservoirs have been shown to have elevated MeHg concentrations in water and fish 

compared to natural lakes and is related to the degree of water-level fluctuations (Brigham et 

al., 2002, Kamman et al., 2005, Larson et al., 2014, Montgomery et al., 2000, Selch et al., 

2007, Sorensen et al., 2005). Newly created reservoirs have been shown to have higher 

MeHg production due to increased organic material available after flooding terrestrial 

landscapes (Hall et al., 2005, St Louis et al., 2004); however even decades after the initial 

impoundment reservoirs can continue to have elevated MeHg levels due to ongoing seasonal 

water-level fluctuations (Anderson et al., 1995, Bodaly et al., 2007) and/or changes in the 

foodweb structure (lotic to lentic). Water-level fluctuations are believed to promote the 

recycling of sulfide in sediment to sulfate when exposed to the air, which can enhance 

microbial methylation when sediments are re-wetted (Eckley et al., 2015, Evers et al., 2007). 

In addition, this process may enhance partitioning of sediment-bound Hg into the porewater/

aqueous phase where it is more available for microbial uptake; however to our knowledge 

the influence of this mechanism has not been previously assessed in reservoirs. Despite 

increased MeHg in reservoirs, Hg dynamics in these systems have been much less studied 

compared to natural lakes. Because reservoirs are waterbodies that are actively managed, 

understanding how water level management actions influence Hg cycling provides an 

opportunity to improve environmental conditions. Many natural systems such as river 

floodplains and ombrotrophic wetlands also experience seasonal wetting and drying cycles 

that can impact Hg cycling.
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The overarching objective of our study is to identify areas of elevated MeHg production 

within reservoir sediment and to determine the variables that drive these trends. Specifically, 

we will test the hypothesis that water-level fluctuations result in an increase in MeHg 

production within a reservoir and that this is influenced by enhanced sulfate cycling and 

increased partitioning of inorganic Hg to porewater. A previous study conducted at this site 

(Cottage Grove Reservoir) identified a subtle, yet statistically significant, increase in 

sediment MeHg concentrations in the seasonally inundated mudflats of the reservoir 

compared to the permanently inundated sediments (Eckley et al., 2015). In our current study, 

we expand on these findings by including the areas along the reservoir shoreline that are 

seasonally inundated wetlands and by adding porewater measurements and isotopic Hg 

methylation assays to further explore the mechanisms driving MeHg production. In addition, 

we assess the potential for sediment Hg concentrations to influence the overlying water 

concentrations.

2. Methods

2.1. Site description

The Cottage Grove Reservoir in western Oregon (43.69403; −123.07328; Fig. 1) is a flood 

control reservoir constructed in 1942. The reservoir’s watershed includes the historical 

Black Butte mine (cinnabar ore) approximately 15 km upstream. During its operation from 

the 1890s to the 1960s, the mine produced approximately 635,000 kg of Hg and over 

200,000 m3 of mine tailings (Ecology and Environment, 1998). Sediment core data suggests 

that Hg at the historical mine site continues to be transported downstream to the reservoir 

(Ambers and Hygelund, 2001, Curtis et al., 2013).

In this study, we’re defining the wetlands as the areas that have continuous year-round 

vegetation that is emergent during full-pool conditions. The vegetation is dominated by reed 

canary grass and cattails. In comparison the mudflat areas do not have any emergent 

vegetation above the water surface during full-pool conditions; however during the ∼6-

months of the year that they are exposed to the air some areas become colonized by short 

grasses or forbs.

2.2. Field sampling

Sediment, porewater and surface water samples were collected in three distinct areas of the 

reservoir: the permanently inundated area; the seasonally inundated sediments without 

vegetation; and the seasonally inundated wetland areas (Fig. 1). Due to the important role of 

wetlands in MeHg production, this area was sampled the most intensively. Samples were 

collected during four seasonal conditions: winter low-pool (March 2014; 2015); spring full-

pool (June 2014; May 2015); summer full-pool (August 2014); and fall low-pool following 

drawdown (November 2014) (see Fig. S1 in the Supporting Information (SI)).

Sediment samples were collected using a large bore gravity sediment corer (Aquatic 

Research Instruments) with polycarbonate core tubes. The samples were collected with ∼10 

cm of overlying water above the sediment. The sediment cores were capped, and stored in a 

cooler at 4 °C during transport to the mobile laboratory. Within several hours after 
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collection, the top 8 cm of the sediment cores were extruded in an anoxic glove box filled 

with ultra-high purity nitrogen gas. For solid phase analysis, cores were sectioned into 2 cm 

increments in triplicate and were composited and frozen in glass jars until analysis. For 

porewater analysis, sediments cores were sectioned in 4 cm increments in quadruplicate and 

composited to obtain sufficient volume of porewater for analysis.

In the anoxic glove box, sediment used for porewater analysis was placed in centrifuge tubes 

(Corning), capped and covered with Parafilm®. Samples were centrifuged at 3500 rpm for 

30 min to separate the porewater from the sediment. The centrifuge tubes were transferred to 

a separate, clean anoxic glove box (i.e. not used for sediment core processing) for vacuum 

filtration and preservation within 12 h of the field sample collection. The single-use 

disposable filter apparatus (Fisher Scientific) were rinsed with 10% HCl and ultrapure water 

immediately prior to filtration.

Clean hands/dirty hands techniques were followed during water sample collection and 

processing (United States Geological Survey, 2006). Samples for aqueous THg and MeHg 

were collected in acid cleaned Teflon bottles following the procedures outlined by Lewis and 

Brigham (2004); all other samples were collected in new glass or polyethylene bottles. 

Whole and filtered (0.45 μm) water samples were obtained using a peristaltic pump with 

field replicates collected at a 10% frequency. The filters and sample line were acid-cleaned 

with 10% HCl and rinsed with ultrapure water prior to use. Samples were preserved 

immediately after collection in the field (whole and filtered THg/MeHg: ultra-pure HCl to 

pH < 2; sulfide: Zn acetate; DOC: sulfuric acid; Anions: 4 °C). Reduced iron (Fe2+) was 

analyzed colorimetrically (HACH DR/890 Colorimeter using Phenanthroline following 

HACH method 8146 (1, 10 Phenanthroline Method)).

During the March and May 2015 sampling events, an additional set of sediment core 

samples were collected for stable Hg isotope addition methylation assays following similar 

techniques as described elsewhere (Mitchell and Gilmour, 2008). The samples were 

collected in small diameter (5 cm) core tubes with a minimum of 10 cm of overlying water 

and capped. The isotope spike solution was created 1 h prior to the injections by mixing 

filtered lake water with a concentrated spike stock solution for a final concentration of 0.25 

mg/L. Within a few hours after collection, the top 4 cm of the core were spiked with 1 ml of 
198Hg isotope solution which were applied using a syringe through small holes in the core 

tube that were drilled 1 cm apart and sealed with silicone. Each 1 cm section of the core 

received 0.25 μg of 198Hg isotope for a total of 1 μg added within the top 4 cm of the core. 

The methylation rates are presented as the % of added inorganic Hg tracer that was 

methylated per unit time.

2.3. Laboratory analysis

Whole water samples were analyzed for THg, MeHg, and total suspended solids (TSS). 

Filtered water samples were analyzed for major anions, DOC, sulfide, and reduced iron 

(Fe2+). Sediment samples were analyzed for THg, MeHg, sulfide, and total organic carbon 

(TOC). Water and sediment samples were analyzed at the Pacific Northwest National 

Laboratory (PNNL) Marine Sciences Laboratory (Sequim, WA) for MeHg and THg (non-

isotopic specific) following EPA draft method 1630 and method 1631. TSS was analyzed at 
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Manchester Environmental Laboratory (Port Orchard, WA) following USGS Method I-3765; 

DOC and TOC were analyzed at ALS-Columbia (Kelso, WA) following EPA Method 415.3 

and EPA SW-846 9060; and sulfate and sulfide were analyzed at Alpha Analytical (Sparks, 

NV) following EPA Method 300.0, Standard Method 14500S2D and EPA Method 9030B. 

The THg and MeHg stable isotope samples were analyzed at the USGS WDML (DeWild et 

al., 2002, DeWild et al., 2004, Olund et al., 2004). All data met the requirements outlined in 

each of the Methods and was reviewed and validated to the Stage 2B level by laboratory 

Quality Assurance Officers (United States Environmental Protection Agency, 2009).

The mean ± standard deviation of whole (n = 4) and filtered (n = 10) water field blanks for 

THg were <0.22 ± 0.24 ng/L and <0.40 ± 0.35 ng/L and for MeHg were <0.03 ± 0.01 ng/L 

and <0.02 ± 0.01 ng/L respectively. The blank concentrations are reported as “less than” 

because several of the blanks samples were below the method detection limit, which was 

used in the calculation of the averages. The blanks of all other water quality parameters were 

below their method reporting limits. The relative percent difference (RPD) of the field 

replicate water samples for whole surface water and filtered surface and porewater THg were 

4.2 ± 0.0% and 19 ± 20%; and for MeHg were 16 ± 16% and 24 ± 18%.

Generalized linear model (GLM) analysis using Statgraphics Centurion software was 

performed using covariates, randomized, and nested factors to determine differences 

between parameters. The GLM approach allows us to identify if there are significant 

differences in a dependent variable (e.g. MeHg concentrations) as a function of continuous 

(e.g. carbon, sulfide, sulfate concentrations, etc) and categorical predictor variables 

(seasonally versus permanently inundated conditions, seasons, location, etc). Data showing 

skewed and wide distributions were log transformed prior to statistical analysis to avoid a 

small number of samples disproportionately influencing the results.

3. Results and discussion

3.1. Sediment THg and MeHg—spatial variability and influential variables

At a given location, sediments showed similar THg least square mean (LSM) concentrations 

with depth within the core (p = 0.98), but MeHg concentrations were significantly higher in 

the top 2 cm of sediment and decreased with depth (p < 0.001; n = 155; GLM R2 = 0.65, 

with %TOC as a covariate, season as a random effect, and depth nested within location; Fig. 

S2 in the SI). These results are consistent with other studies that have also shown that MeHg 

concentrations and production are highest in the uppermost sediments just below the 

sediment-water interface (He et al., 2007, Hollweg et al., 2009, Schafer et al., 2010). There 

were not significant differences in the THg and MeHg concentrations at 0–4 and 4–8 

composite porewater samples (Fig. S2 in SI); partially due to the larger variability in the 

porewater concentrations, but also because porewater samples were composited over larger 

depth intervals (i.e. 0–4 cm and 4–8 cm) which would have diluted any elevated MeHg 

concentrations in just the top 2 cm.

The mean surface sediment THg concentrations were significantly higher in the permanently 

inundated area of the reservoir compared to the seasonally inundated areas (GLM R2 = 0.37; 

p < 0.001, df = 67; with %TOC and season as covariates; Fig. 2). The highest THg occurred 
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along the central channel of the reservoir and are believed to represent the depositional zone 

for Hg transported by the Coast Fork Willamette (CFW) River which drains the watershed 

that includes the historical Black Butte Hg Mine (Fig. S3 in SI). The MeHg concentrations 

showed the opposite trends as THg, with the areas experiencing seasonal variations in the 

water levels having significantly higher concentrations compared to the permanently 

inundated area (GLM with %TOC and THg as covariates, R2 = 0.41, p < 0.001, df = 67; Fig. 

2A). In addition to seasonal water level variations (p < 0.001), the sediment THg (p < 0.001) 

and to a lesser extent %TOC (p = 0.05) were also factors that significantly contributed to the 

measured sediment MeHg concentrations. The significance of %TOC also increases when 

looking at the %MeHg instead of the MeHg concentration (p = 0.002). The %MeHg is the 

ratio of MeHg/THg expressed as a percent and has been used in several studies as a measure 

of a system’s net methylation efficiency normalized to the amount of inorganic Hg available 

(Benoit et al., 2003, Kehrig et al., 2002, Mitchell et al., 2008). Overall, these results show 

that water level fluctuations are apparently an important factor driving sediment MeHg 

concentrations (permanently inundated: 0.71 ± 0.43 ng g−1; seasonally inundated: 2.70 

± 0.17 ng g−1; Fig. 2B) and the %MeHg (permanently inundated: 0.18± 0.12%; seasonally 

inundated 0.55± 0.5%).

3.2. Porewater THg and MeHg concentrations—spatial variability and influential variables

After the reservoir water level is raised in the spring, the porewater sulfate concentrations 

were significantly higher in the sediments that were previously exposed to the air (8.2 ± 1.8 

mg L−1) compared to the permanently inundated areas (3.8 ± 0.4 mg L−1; t-test p = 0.02, df 

= 9; Fig. 2C). When the same locations were measured during the-late summer, there was a 

decrease in porewater sulfate concentrations; with the magnitude of change being 

significantly larger in the sediments experiencing seasonal water level fluctuations (Δ 5.5 ± 

1.6 mg L−1) compared to the permanently inundated areas (Δ 2.2 ± 0.4 mg L-1; t-test p = 

0.04, df = 9; Fig. 2C). These results support the hypothesis that the elevated MeHg levels in 

reservoirs are influenced by enhanced sulfate recycling of sulfide to sulfate due to water 

level fluctuations.

Porewater THg concentrations showed significant spatial variability within the reservoir 

(ANOVA p = 0.007, df = 45); with the porewater THg concentrations being significantly 

higher in the areas experiencing water level fluctuations (116 ± 29 ng L−1) compared to the 

permanently inundated sediments (10.9 ± 2.4 ng L−1; ANOVA p = 0.01, df = 44; Fig. 2B). 

This was opposite of what was observed in the bulk sediment samples, where THg was 

highest in the permanently inundated areas. These results suggest that the water level 

variations may increase the partitioning of THg to the porewater from the sediment upon 

rewetting of the sediments seasonally. This is reflected in the significantly lower sediment-

porewater distribution coefficients (log Kd values) for the seasonally inundated areas (THg: 

3.9 ± 0.1) compared to the permanently inundated areas (THg: 5.2 ± 0.1; t-test p < 0.001, df 

= 67).

Sediment TOC can play an important role in THg and MeHg dynamics in sediments 

(Schartup et al., 2014). The sediment TOC content in the wetland areas along the shoreline 

that experience water level fluctuations are significantly higher than the mudflat and 
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permanently inundated areas (wetlands: 21 ± 2.1%; 5.8 ± 0.5%; ANOVA p < 0.001, df = 

65). Much of the high organic carbon associated with the wetland areas is due to the samples 

being collected in densely vegetated areas and the sediments containing plant roots. 

Variations in the sediment carbon levels are a contributing factor to the observed differences 

in THg and MeHg between the seasonally and permanently inundated areas. Because 

grasses and forbs colonize the sediment during the periods of water drawdown, the impact of 

water level fluctuations and sediment carbon levels are linked and requires multivariate 

statistical tests such as GLM analysis that can be used to distinguish the unique 

contributions from these variables (described below). While there were significant 

differences in the sediment TOC levels between seasonally and permanently inundates 

sediments, there was not a significant difference when looking at the porewater DOC 

concentrations between these areas (61 ± 5.5 mg L−1; ANOVA p = 0.22, df = 32).

The porewater MeHg concentrations were significantly higher in the seasonally inundated 

areas (1.5 ng L−1) compared to the permanently inundated areas (0.26 ng L−1; ANOVA p = 

0.006, df = 43; Fig. 2B). GLM analysis showed that the following variables were all 

significant predictors of the porewater MeHg concentrations: season, water-level 

fluctuations, porewater DOC, THg and THg log Kd(R2 = 0.76, p < 0.001, df = 41). However, 

porewater sulfate, reduced iron, and pH were not significantly correlated with the porewater 

MeHg concentrations (p > 0.20). The lack of a direct correlation between spatial and 

temporal MeHg and sulfate concentrations is not surprising since it is the microbial sulfate 

reduction to sulfide that is often associated with MeHg production.

There are two distinct relationships between sediment %TOC and the THg log Kdvalues 

from the sediments that were permanently inundated with water versus those that 

experienced seasonal wetting and drying (Fig. 3). For the permanently inundated sediments 

there was a significant positive relationship between %TOC and THg log Kd values, which 

is consistent with the findings from several other studies on systems without water-level 

fluctuations (Bloom et al., 1999, Hammerschmidt and Fitzgerald, 2004, Marvin-DiPasquale 

et al., 2009). For these permanently inundated sediments, the sediment organic carbon 

appears to promote the binding of THg to the solid phase. In contrast, the seasonally 

inundated sediments showed a significant negative relationship between sediment TOC and 

porewater THg log Kd values (Fig. 3). One factor that may be affecting these relationships is 

the differences in the %TOC between the permanently inundated sediments (4.5± 0.4%) and 

seasonally inundated sediments (11.4± 1.4%). Dissolved ligands may have a larger influence 

on Hg partitioning into the porewater phase as the amount of solid phase TOC increases; 

however these relationships can be highly variable depending on the organic carbon quality 

and degree of humification. An assessment of the carbon quality was not included in our 

study and is an area that is in need of further investigation to better understand its role on 

sediment-porewater Hg dynamics in response to water level fluctuations.

The sediments experiencing water level fluctuations could have enhanced breakdown of 

solid-phase organic matter when the sediments are exposed to the air, which could facilitate 

the partitioning of THg into the porewater phase. This increased partitioning of THg into the 

porewater-phase raises its bioavailability and may contribute to the higher MeHg 

concentrations in sediments experiencing water-level fluctuations. This is supported by the 
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positive relationship between sediment %TOC and porewater DOC (Fig. 4A), suggesting 

that the lower THg log Kd values at higher %TOC may result from higher DOC levels 

facilitating the partitioning of THg into the porewater phase. If assessed directly, the 

regression slope between THg log Kd and DOC is also negative, however due to the high 

variability in the dataset and the competing influence of sediment sulfide levels, this slope is 

not significant (p = 0.1). The THg log Kd values showed a positive relationship with the 

sediment sulfide concentrations (Fig. 4B) suggesting that Hg binding to solid-phase sulfides 

in the sediment reduce the partitioning of Hg into the porewater phase. The degree to which 

wetting and drying cycles affect the conditions conducive to methylation is expected to be 

dependent on both the frequency and duration of the inundation cycles (Singer et al., 2016).

Within the seasonally inundated sediments, the THg concentrations that were <1 μg g−1 

showed a linear relationship with sediment MeHg (Fig. 5A). However, at higher sediment 

THg concentrations (>1 μg g−1) the sediment MeHg concentrations did not continue to 

increase. In the sediments with the higher THg concentrations, the partitioning of THg 

between the sediment and porewater also decreased (Fig. 5B). Because Hg in the porewater 

phase is more likely to be methylated than Hg bound in the solid matrix (Hsu-Kim et al., 

2013), the lower partitioning of THg into the porewater phase of the most highly 

contaminated sediments appears to limit MeHg production. The sediment with elevated THg 

concentrations (i.e ∼>1 μg g−1) are about an order of magnitude higher than background 

concentrations for this area and likely consists of some highly insoluble cinnabar eroded 

from the historical Black Butte Hg Mine upstream (Curtis et al., 2013). These sediments 

with the highest THg concentrations appear to be in a form that is less soluble and less 

bioavailable for methylation than some of the sediments with lower THg concentrations. 

However, a significant portion of the THg in sediments that are <1 μg g−1 fall within the 

linear region of sediment-THg: MeHg relationship are still above typical background 

concentrations in this region (<0.2 μg g−1) and also likely have origins associated with 

upstream mining activities. The differences in bioavailability/partitioning of the THg 

associated with these sediments may reflect THg originating from variations in ore 

processing techniques throughout the life of the mine (Ecology and Environment, 1998) 

and/or temporal variations in material weathering. The importance of THg in the porewater 

phase being associated with MeHg production is highlighted by the linear relationship 

between these variables over the full range in concentrations (Fig. 5C).

3.3. The influence of sediment dynamics on water-column THg and MeHg concentrations

The water-column THg and MeHg concentrations in the Cottage Grove Reservoir appear to 

be influenced in part by processes occurring in the sediment. For example, both the 

porewater THg and MeHg concentrations were significantly correlated with the THg and 

MeHg concentrations measured in water overlying the sediments (excluding two locations 

near the inflow of the CFW River; Fig. 6). For the MeHg correlation, the relationship was 

only significant when using log-transformed data and including only samples from the 

summer months (R2 = 0.44, p = 0.05, df = 8; Fig. 6B)when MeHg production tends to be the 

highest (Korthals and Winfrey, 1987, Watras et al., 2005) and inflow of MeHg from the 

CFW River is the lowest (Eckley et al., 2015). When comparing bulk sediment 

concentrations to the overlying water, the MeHg concentrations showed a significant 
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correlation (R2 = 0.52, p = 0.02, df = 8), while the THg concentrations did not (p > 0.05 

whether correlation was performed on THg-W, THg-F, or THg-P concentrations). The 

connection between sediment MeHg production and the MeHg concentrations in overlying 

water highlights the importance of sediment processes to affect biota with both benthic as 

well as pelagic-based food webs.

3.4. Stable isotope addition sediment methylation assays

Sediment methylation rates were measured using stable isotope additions in March and May 

during relatively similar environmental conditions (e.g. water temp: 8.5–10.8 °C; porewater 

sulfate: 3.4 ± 0.7 and 3.0 ± 0.3 mg L−1; t-test p = 0.59, df = 5). Comparison of the 

methylation rates at paired locations showed there were no significant temporal differences 

between the two sampling events (1.8 ± 0.3 and 1.1 ± 0.3% d−1; paired t-test p = 0.16, df = 

6). Within the areas with water level fluctuations the amount of MeHg produced was higher 

in the wetlands compared to the mudflat areas, however, due to the small sample size from 

the mudflats (n = 3), the differences were not significantly different (t-test p = 0.08, df = 9). 

Grouping the methylation rates from the seasonally inundated sediments (2.3 ± 0.4% d−1) 

showed that they were significantly higher than the rates from the permanently inundated 

pool (1.0 ± 0.1% d−1; t-test p = 0.007, df = 12). These results indicate that given the same 

spike of inorganic Hg, the sediments subjected to water level fluctuations have higher 

methylation rates. These findings are consistent with the conclusions based upon the 

ambient MeHg measurements, which also showed higher concentrations in the seasonally 

inundated sediments.

Fluctuating water-levels was the most significant variable influencing the methylation rates 

(p < 0.001) followed by the sediment %TOC (p = 0.001), and porewater sulfate 

concentration (p = 0.02) (GLM R2 = 0.87, p < 0.001, df = 14). The relationship between 

methylation rates and sediment %TOC was negative, suggesting that organic carbon reduced 

the availability of the added Hg tracer through greater partitioning to the sediment phase. 

Porewater DOC concentrations, which would be more reflective of the carbon source 

available to the microbial community, were not significantly correlated with methylation 

rates (p = 0.63), which may result from relatively high DOC concentrations in all of the 

sediments used in the methylation assays (29–102 mg L−1).

The isotope Hg spike in the methylation assays was added in an aqueous solutionand is 

presumed to have a higher bioavailability to methylating organism than ambient sediment-

bound THg. As such, the methylation rate obtained from isotopic spikes can be compared 

with the sediment ambient %MeHg to provide information about the bioavailability of the 

ambient Hg (Lehnherr et al., 2012). In the sediments of Cottage Grove Reservoir, there was 

a significant correlation between the spatial distribution of methylation rates of the isotopic 

tracer and the ambient %MeHg (Fig. S4 in SI). These results suggest that the ambient 

sediment THg is fairly bioavailable within the reservoir such that the ambient Hg is being 

methylated in similar proportions to the added spiked inorganic Hg. It should be noted that 

the majority (75%) of the sediment samples where the methylation assays were performed 

had ambient THg concentrations <1 μg g−1 and were within the range where a linear 

relationship with sediment ambient MeHg was observed (Fig. 6A). Had the isotopic 
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methylation assays been performed on sediments mostly with higher ambient THg 

concentrations (i.e. >1 μg g−1) we may not have observed a good correlation between the 

behavior of the spike isotopic Hg and the ambient Hg.

The location with the lowest %TOC of any of the samples (2% compared to the mean from 

the other sites of 7± 2%) was the only data point to fall outside of the regression equation’s 

95% prediction intervals (Fig. S4 in SI; 0.36 %MeHg; 4.1% d−1). This is consistent with 

findings described earlier in the text where there was a negative correlation between 

methylation rates and sediment %TOC, presumably due to enhanced partitioning of the 

added spike from the aqueous phase to the solid phase in sediments with higher %TOC.

4. Conclusions

Overall, the results of the sediment and porewater data suggest that MeHg production is 

enhanced in areas of the reservoir sediments experiencing seasonal water level fluctuations. 

Previous studies on reservoirs have suggested that sulfate re-cycling may be the mechanism 

responsible for this phenomenon (Evers et al., 2007, Selch et al., 2007, Sorensen et al., 

2005). This hypothesis is supported by the findings from our study (e.g. Fig. 2C). However, 

our multivariate statistical analysis and correlations with sediment-porewater partition 

coefficients also identified that water level fluctuations may enhance inorganic Hg 

bioavailability through increased partitioning of Hg from the solid phase into the porewater 

and can increase the amount of DOC available for microbial populations. Both of these 

variables may be influenced by the enhanced breakdown of sediment organic matter in 

response to seasonal water level fluctuations and exposure of sediments to the air. Similar 

results have also been recently observed in Minnesota peatlands that have experienced 

variations in wetting and drying conditions in response to drought conditions (Wasik et al., 

2015). The commonality of findings across disparate ecosystems and environmental drivers, 

which can be natural (drought) or anthropogenic (reservoir management), suggest that these 

processes can affect the Hg cycling across broad landscapes.

Fluctuation water levels is a common feature of many reservoir systems, particularly those 

managed for flood control. Similar wetting and drying cycles can also occur in natural water 

bodies, such as along floodplains or ombrotrophic bogs as a result of climatological 

variability (Singer et al., 2016). Combined with the global distribution of Hg pollution 

through atmospheric transport and deposition, the processes that resulted in increased MeHg 

production occurring at our study site may translate to other systems as well and may help 

explain why fish Hg levels tend to be particularly elevated in reservoirs compared to natural 

lakes (Kamman et al., 2005, Willacker et al., 2016). The degree to which water level 

fluctuations affect Hg methylation at a particular location is expected to vary depending on a 

host of site-specific conditions such as: the quantity and quality of organic carbon, the 

microbial community structure and abundance, whether sulfate or other electron acceptors 

become limited during the year, and the nature of inorganic Hg speciation and associations 

with solid phase sediment. Currently, management activities aimed at reducing the impacts 

of Hg contaminated sediments have mainly focused on actions like dredging and capping 

(Randall and Chattopadhyay, 2013), or more recently the addition of activated carbonor 

biochar (Gomez-Eyles et al., 2013). The results from our study suggest that reservoir water 
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level management activities can effect Hg cycling, which may provide additional options 

and opportunities that can reduce MeHg production. Such activities may be particularly well 

suited to systems where the sediment Hg contamination is widely dispersed (e.g. 

atmospheric or river deposition) where traditional remediation options would be less 

feasible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Map showing the sample locations in Cottage Grove Reservoir. Note: the Black Butte mine 

is located 15 km upstream of the reservoir and is outside the scale of this areas kept low 

during much of the year that experiences higher rainfall (September through April). During 

the low pool conditions, over 60% of the reservoir area is exposed sediment, which are 

seasonally inundated during the summer months. When the water levels are raised to full-

pool conditions, vegetated wetland areas that occur mostly near the inlet are inundated with 

reservoir water. The wetlands are fairly extensive (∼36 ha) and cover approximately 8% of 

the total surface area of the reservoir.
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Fig. 2. 
Comparison of sediment and porewater parameters between sediments that were 

permanently inundated and seasonally inundated. Comparison of mean ± SE sediment (A) 

and porewater (B) THg and MeHg values for the top 2 cm of sediment grouped by whether 

the sediment experiences seasonal water level fluctuations or is permanently inundated year-

round. All of the parameters showed significant differences (p < 0.05) between the two 

sediment types. Note: graph A has THg and MeHg plotted with different units on the same 

Y axis; graph B has THg and MeHg plotted on separate Y axes. Graph C shows comparison 

of seasonal changes in porewater sulfate and MeHg concentrations.
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Fig. 3. 
Regression analysis of sediment %TOC verus porewater THg log Kd for permanently 

inundated sediments (panel A) and seasonally inundated sediments (panal B). All data is 

from the upper-sediment (0–4 cm) samples. Note, if the data from the seasonally inundated 

sediments is compared over the same range of sediment %TOC values as occurs in the 

permanently inundated sediments (i.e. <6% TOC), then the relationship is no longer 

significant.
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Fig. 4. 
Regression of sediment and porewater constituents. Graph A shows sediment %TOC versus 

porewater DOC for all the upper sediment (0–4 cm) samples during full-pool conditions. 

Graph B shows the sediment sulfide (AVS) concentration versus porewater THg log Kd 

values. Sediment sulfide concentrations were below detection in 82% of the sediment 

samples collected; in this graph the correlations is based on only the samples were sulfide 

was detected with the addition of a single mean value (±SE) representing all of the values 

less than the 0.025 μg g−1reporting limit.
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Fig. 5. 
The regression lines and equations are based on data points shown as black-filled diamond; 

data points not included in the regression analysis are shown as white-filled diamonds. 

Graph A shows the regression of sediment THg versus sediment MeHg; Graph B shows the 

regression of sediment THg versus porewater THg, and Graph C shows porewater THg 

versus porewater MeHg. Data are shown for all seasonally inundated sediments measured 

during full-pool conditions in the spring and summer.
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Fig. 6. 
Graph A showing the sediment porewater THg concentrations versus filtered THg 

concentrations in the overlying water at the different sample locations throughout the 

reservoir. Two sample locations that were both located near the inflow of the CFW River 

were excluded from the analysis since the overlying water was more reflective of watershed 

sources than sediment fluxes. Graph B shows the sediment porewater MeHg concentrations 

versus whole-water MeHg concentrations in the overlying water at the different sample 

locations throughout the reservoir plotted on log-scales. Only data collected during the 

summer sampling events were included in the MeHg regression.
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