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Abstract 

 Periphyton uptake of bioaccumulative methylmercury (MeHg) may be an important entryway 

into the food web of many stream ecosystems where periphyton can be dominant primary 

producers. The net production of MeHg in stream sediment, its bioaccumulation in periphyton, 

and the potential toxicity of divalent Hg (Hg[II]) and MeHg in sediment to periphyton were 

investigated with a 67-d in situ incubation experiment using chemical exposure substrates 

containing either a fine-grained, organic-rich or a sandy, low-organic sediment, each amended 

with varying concentrations of mercuric chloride. Methylmercury was produced in sediment, and 

concentrations increased with greater amounts of added Hg(II); however, the net production of 
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MeHg was inhibited in the highest Hg(II) treatments of both sediments. The range of total Hg 

concentrations that inhibited MeHg production was between approximately 80 000 ng Hg and 

350 000 ng Hg per gram of organic matter for both sediments. Periphyton colonizing substrates 

accumulated MeHg in proportion to the concentration in sediment, but periphyton exposed to the 

sandy sediment accumulated approximately 20-fold more than those exposed to the organic-rich 

sediment relative to sediment MeHg concentrations. Toxicity of either Hg(II) or MeHg to 

periphyton was not observed with either periphyton organic content, net primary production, or 

respiration as endpoints. These results suggest that in situ production and bioaccumulation of 

MeHg in stream ecosystems can vary as a function of sediment characteristics and Hg(II) 

loadings to the sediment. 
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INTRODUCTION 

Mercury (Hg) is a pervasive environmental contaminant that enters stream ecosystems 

through weathering of natural deposits, discharge from point sources, and atmospheric 

deposition from natural and anthropogenic emission sources. Within stream ecosystems, 

complexes of divalent Hg (Hg[II]) can be transformed to methylmercury (MeHg), which 

bioaccumulates and biomagnifies within aquatic food webs [1,2] to levels that may be harmful to 

some organisms, particularly piscivorous wildlife [3,4] and humans who eat fish [5]. Methylation 

of Hg(II) to MeHg can occur abiotically [6], but most MeHg production is thought to occur 
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biologically [7], with the mechanism recently attributed to proteins associated with the hgcAB 

gene cluster [8] that is present in a variety of anaerobic microorganisms [9,10]. Periphyton (i.e., a 

complex community of algae, bacteria, microinvertebrates, and detritus attached to submerged 

surfaces) are known to be capable of Hg methylation [11–14], and this organic-rich material can 

either scavenge or bioaccumulate MeHg from water [15]. Periphyton uptake of MeHg, whether 

from in situ production or other sources in the watershed, may be an important entryway into the 

food web of many stream ecosystems where periphyton can be dominant primary producers 

[16,17]. 

Multiple studies have examined Hg methylation by a variety of periphyton communities, 

but very few studies have examined the potential for toxicity of either total Hg or MeHg to 

periphytic communities. Periphyton are sensitive to environmental stressors such as either 

enrichment or deficit of nutrients and metals [18] and pesticides [19] and are useful for assessing 

the ecological health of aquatic systems [16,20]. Many controlled chemical exposure studies 

have been conducted on both native and cultured periphyton, but it has been suggested that the 

best method to assess contaminant effects on periphyton is by use of in situ chemical exposure 

substrates under natural conditions in stream environments [21]. 

For the present study we conducted an in situ experiment with chemical exposure 

substrates to investigate 1) net production of MeHg in 2 geochemically dissimilar stream 

sediments in southwest Ohio, 2) accumulation of MeHg and total Hg in periphyton naturally 

colonizing the substrates, and 3) the potential toxicity of MeHg and total Hg effluxing from 

sediment to periphyton. This was done by serially adding HgCl2 to 2 contrasting sediment types, 

1 that was fine-grained and organic-rich and another that was sandy with low organic content. 

The sediment samples were incubated for 67 d in chemical exposure substrates in a southwest 
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Ohio stream with fritted glass lids that allowed for solute exchange and colonization by natural 

stream periphyton [21]. At the end of the incubation, we quantified MeHg and total Hg 

concentrations in sediment and periphyton colonizing the chemical exposure substrates as well as 

measured periphyton organic content and metabolic activity (net primary production and 

respiration) as endpoints of toxicity from the exposures. 

MATERIALS AND METHODS 

Experimental design 

The exposure design of the present study followed that of Costello and colleagues [21], 

which was adapted from prior investigations using nutrient-diffusing substrates [22,23]. Sandy, 

low-organic (1% loss on ignition, acid volatile sulfide [AVS] = 0.4 µmol/g dry wt) sediment was 

collected from Sugar Creek (Sugarcreek Township, OH, USA) and fine-grained, organic-rich 

(17% loss on ignition; AVS = 4.8 µmol/g dry wt) sediment from Warden Ditch (Fairborn, OH, 

USA). Four liters of sediment from both streams were transported to Wright State University, 

where they were homogenized with a stainless-steel mixer and each sediment was divided into 5 

high-density polyethylene 500-mL bottles. Ambient concentrations of total Hg averaged 7.3 ± 

1.2 ng/g dry weight in Sugar Creek sediment and 87 ± 5 ng/g in Warden Ditch, and ambient 

MeHg concentrations averaged 0.2 ± 0.1 ng/g dry weight in Sugar Creek and 0.7 ± 0.2 ng/g in 

Warden Ditch. Sediment in the 500-mL bottles (excluding untreated reference sediment from 

both streams) was amended with HgCl2 dissolved in a small volume of stream water to produce 

sediment treatments having nominal total Hg concentrations of approximately 150 ng/g, 800 

ng/g, 3000 ng/g, and 20 000 ng/g dry weight for Sugar Creek and 500 ng/g, 2000 ng/g, 16 000 

ng/g, and 60 000 ng/g for Warden Ditch. These concentrations were selected to span a range 

from those typical of most freshwater sediments (<500 ng/g) to Hg concentrations in sediment 
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contaminated by industrial and mining effluent [24,25]. Amounts of Hg(II) added to Warden 

Ditch sediment were greater than those added to Sugar Creek because we presumed that Hg(II) 

would be less bioavailable in the organic-rich sediment [26]. After Hg addition, sediment in each 

bottle was homogenized with a mixer for 30 s, allowed to equilibrate for 16 h at room 

temperature, and mixed again for 30 s prior to loading into vials of the chemical exposure 

substrates. The 16-h equilibration period should have been sufficient for added Hg(II) to bind 

with natural ligands; 15 min was sufficient for 99% of added Hg(II) to adsorb to sandy (2% loss 

on ignition) Long Island Sound sediment [26]. 

Chemical exposure substrates, consisting of a vial of sediment covered with a fritted glass 

disk, were prepared for each sediment type and Hg(II) treatment and incubated in Warden Ditch 

(Supplemental Data, Figure S1). Hinge-capped vials made of black high-density polyethylene 

(30-mL Poly-Cons®; 38 mm height, 38 mm diameter) were prepared for use as chemical 

exposure substrates by boring a 22-mm-diameter hole into the vial cap, and each vial was etched 

with a unique identification number. The vials were filled with approximately 30 mL of sediment 

and covered with a 25-mm-diameter (4 mm thick) fritted glass disk secured directly to the 

sediment surface inside the chemical exposure substrates with the hinged cap. Fritted glass is a 

preferred attachment substrate for combined autotrophic and heterotrophic periphytic 

communities because of the durability, consistency, and cost-efficiency of fritted glass [21,23]. 

Ten replicate chemical exposure substrates were prepared for each sediment type and Hg 

treatment and attached with plastic cable ties to a plastic L-shaped bar (1 bar/treatment) secured 

to the bottom of Warden Ditch with steel stakes. The chemical exposure substrates were 

incubated with the fritted glass surface facing upward for 67 d, from 28 June to 3 September 

2013, to allow for Hg methylation and MeHg demethylation processes to reach a quasi–steady-
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state condition and for periphyton to colonize. Peres and colleagues [27] found that 34 d were 

sufficient for periphyton colonization of artificial substrates and that colonization continued to 

increase up to 71 d. The chemical exposure substrates were arranged in the stream so that Hg(II) 

concentrations in sediment increased downstream, with approximately 0.3 m between each L-

bar, to minimize potential cross-contamination among treatments. Warden Ditch was selected 

because it is a fen-fed, minimally disturbed headwater stream with weak and relatively consistent 

water flow and high water quality. These conditions allowed for the chemical exposure 

substrates to be deployed for an extended period during mid-summer without risk of either 

emergence as a result of drought or loss during extreme rain events. 

Chemical exposure substrates were removed from the stream to determine MeHg and 

total Hg concentrations in sediment and periphyton as well as to measure periphyton organic 

content and metabolic activity. For each treatment, 5 of the 10 chemical exposure substrates were 

randomly selected a priori for analysis of MeHg and total Hg in sediment and periphyton, and 

the other 5 were used for analysis of periphyton metabolic activity and organic content. 

Periphyton for Hg analysis was scraped from each fritted disk with plastic spoons into plastic 

tubes, and sediment from each vial was transferred to plastic tubes for preservation. Samples 

were not composited. Periphyton and sediments were stored on ice in the field and frozen (−20 

°C) on return to Wright State University on the day of sampling. 

Periphyton metabolic activity 

Periphyton metabolism and organic content were determined from the 5 chemical 

exposure substrates in each treatment not destructively sampled for Hg analysis. Net primary 

production and respiration of periphyton were used as parameters to assess potential Hg toxicity 

by measuring changes of dissolved O2 [28] during light-bottle and dark-bottle incubations of 
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fritted glass disks colonized with periphyton. Immediately after removal from the stream, 

individual fritted glass disks were transferred to translucent 30-mL polypropylene screw-cap jars 

filled with stream water. Dissolved O2 and temperature were measured with a calibrated, 

handheld optode (YSI ProODO), and then the jars were capped and incubated under in situ 

temperature conditions, 10 cm below the water surface attached to a wire shelf (Supplemental 

Data, Figure S2). The jars were removed from the stream after 3.6 h to 4.3 h of incubation and 

opened, and dissolved O2 was measured again to quantify net primary production ([final 

dissolved O2 – initial O2]/time). Subsequently, respiration was quantified by wrapping the jars 

with Al foil, placing the jars back in the stream, and measuring dissolved O2 after an additional 

2.0 h to 2.2 h of incubation in the dark ([initial dissolved O2 – final O2]/time). Gross primary 

production was not determined because net primary production and respiration could not be 

quantified simultaneously for the same disk. For comparison of rates of net primary production 

and respiration among the 2 sediment types and Hg treatments, rates were normalized to the 

organic content of periphyton colonizing fritted disks (i.e., nanomoles of O2 per milligram of 

organic material per hour), which was determined as described in the following section: 

Periphyton organic content.<!--<query>ET&C style states that sections must be named. Is 

Periphyton organic content the correct section referred to by “the following section”?</query>--

> 

Periphyton organic content 

The mass of periphytic organic matter attached to the fritted glass disks was used as an 

endpoint to examine the toxicity of Hg. After the final dark-bottle measurements of dissolved O2, 

fritted glass disks were removed from the jars containing stream water and transported on ice to 

Wright State University, where they were stored frozen until lyophilization. Freeze-dried fritted 
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disks and associated periphyton were burned at 550 °C for 4 h, with the mass difference before 

and after burning being a proxy for organic periphyton biomass, expressed as milligrams of 

organic matter per square centimeter of exposed surface area of disk. 

Hg determinations 

Total Hg and MeHg were measured in lyophilized sediment. Dried sediment (0.5–1.0 g) 

was accurately weighed into 60-mL digestion vials, to which was added 10 mL of 16 M HNO3 

and 0.5 mL of BrCl solution [29], and then digested for 6 h in a hot block at 95 °C. Digestates 

were diluted with reagent-grade water (nominal resistivity >18 MΩ-cm), and total Hg was 

determined by either inductively coupled plasma mass spectrometry (ICP-MS) with a Perkin 

Elmer ELAN 9000 [30] or, for reference sediments, by dual-Au amalgamation cold vapor atomic 

fluorescence spectrometry (AFS) [31,32]. Methylmercury was extracted from separate aliquots 

of dried sediment (0.25–0.50 g) by aqueous distillation [33] and quantified by gas-

chromatographic cold vapor AFS after derivatization with sodium tetraethylborate [34,35]. 

Freeze-dried samples of periphyton were digested with dilute HNO3 for measurement of 

MeHg and total Hg [36]. Briefly, periphyton (0.03–0.25 g) were digested with 7 mL of 4.6 N 

HNO3 in a 60 °C water bath for 12 h prior to MeHg determination by gas-chromatographic cold 

vapor AFS. For measurement of total Hg in periphyton, 1-mL aliquots of the digestates were 

transferred to different tubes and oxidized with 0.3 mL of BrCl solution for 12 h, and total Hg 

was quantified by dual-Au amalgamation cold vapor AFS. 

Quality control 

Trace-metal clean techniques were used for all sampling and analytical procedures. 

Experimental and analytical plasticware were cleaned with 10% HCl and rinsed with reagent-

grade water. Total Hg and MeHg analyses were calibrated with standard solutions traceable to 
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the US National Institute of Standards and Technology. Certified reference material TORT-2, 

lobster hepatopancreas (National Research Council of Canada), was digested and analyzed to 

assess the accuracy of analyses of MeHg and total Hg in periphyton. Sediment total Hg analyses 

included National Research Council of Canada reference material MESS-3 (marine estuarine 

sediment). Each digestion and distillation batch contained procedural blanks and replicate 

samples to assess precision and identify potential contamination. 

Determinations of total Hg and MeHg in periphyton and sediment were accurate. 

Measured total Hg concentrations in MESS-3 were within their certified ranges and 

demonstrated no procedural bias (mean measured total Hg = 94 ± 10 ng/g, n = 4; certified range 

= 91 ± 9 ng/g). Procedural reproducibility of total Hg determinations among triplicate digestates 

of sediment averaged 9.2% relative standard deviation (SD; n = 2 triplicate sets) for analysis by 

ICP-MS and 9.5% relative SD for 1 triplicate set analyzed by cold vapor AFS. Procedural 

reproducibility of sediment MeHg determinations averaged 8.0% relative SD among 16 triplicate 

sets of sample distillates. Measured Hg concentrations in TORT-2 also were within their certified 

ranges, averaging 269 ± 11 ng/g (certified range = 270 ± 60 ng/g) for total Hg and 156 ± 7 ng/g 

(certified range = 152 ± 13 ng/g) for MeHg. Analytical precision of MeHg and total Hg 

measurements in periphyton digestates averaged 12% (n = 8) and 4.4% (n = 5) relative 

difference, respectively; procedural reproducibility of periphyton Hg determinations was not 

assessed because of the small sample sizes. 

Statistical analysis 

Relationships between paired variables (i.e., MeHg, total Hg, %MeHg, net primary 

production, respiration) were examined by least-squares linear regression analysis. Differences 

between Sugar Creek and Warden Ditch sediments were evaluated either by t test or by Mann-
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Whitney rank sum test depending on whether the data were normally distributed. Differences 

among Hg treatments within each sediment type were evaluated with one-way analyses of 

variance (ANOVA) and Tukey’s post hoc pairwise comparisons. All statistical analyses were 

conducted with SigmaPlot Ver 12. 

RESULTS AND DISCUSSION 

Total Hg in sediment 

Measured concentrations of total Hg in sediment at the end of the 67-d incubation were 

comparable with intended nominal concentrations. Mean (± SD) measured concentrations of 

total Hg in Sugar Creek sediment, from the reference to the highest Hg(II) treatment, were 8 ± 1 

ng/g, 170 ± 30 ng/g, 810 ± 140 ng/g, 3100 ± 890 ng/g, and 22 000 ± 3400 ng/g dry weight. Total 

Hg concentrations in Warden Ditch sediment averaged 90 ± 5 ng/g, 450 ± 60 ng/g, 1700 ± 240 

ng/g, 15 000 ± 4700 ng/g, and 59 000 ± 27 000 ng/g dry weight, from reference to the highest 

treatment after the incubation. Total Hg concentrations in the highest Hg(II) treatment of Sugar 

Creek and the 2 highest treatments of Warden Ditch sediment are comparable with those in the 

most Hg-polluted aquatic systems contaminated by wastes from mining and chlor-alkali plants 

[24,25]. 

MeHg in sediment 

Methylmercury was produced in sediment, and concentrations increased with greater 

amounts of added Hg(II). At the end of the incubation period, mean (± SD) concentrations of 

MeHg in Sugar Creek sediment were 0.2 ± 0.1 ng/g, 3.2 ± 0.2 ng/g, 7.6 ± 1.0 ng/g, 21.9 ± 6.6 

ng/g, and 28.5 ± 4.6 ng/g dry weight, from reference to the highest Hg(II) treatment. Similarly, 

MeHg concentrations in Warden Ditch sediment increased from reference to the highest Hg(II) 

treatment: 0.7 ± 0.2 ng/g, 4.1 ± 0.5 ng/g, 14.5 ± 2.7 ng/g, 41.3 ± 10.1 ng/g, and 101 ± 29 ng/g. 
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Concentrations of MeHg in the reference of both sediment types at the end of the incubation 

were not significantly different from those at the start of the test (t tests, p ≥ 0.2). The fraction of 

total Hg as MeHg (i.e., %MeHg) among all treatments of Sugar Creek sediment (1.3 ± 1.1%) 

was significantly greater than that in Warden Ditch sediment (0.6 ± 0.3%, p = 0.05). Divalent Hg 

has a high affinity for dissolved and solid-phase organic matter, which can inhibit its 

bioavailability to methylating organisms and production of MeHg in sediment [26,37,38]. A 

greater fraction of total Hg as MeHg in Sugar Creek compared to Warden Ditch sediment 

suggests a greater net rate of Hg methylation in Sugar Creek sediment [39], which would be 

consistent with increased availability of Hg(II) substrate to methylating bacteria as a result of the 

lower organic content of Sugar Creek (1% loss on ignition) sediment compared with those from 

Warden Ditch (17% loss on ignition). Gross rates of Hg methylation in marine sediment have 

been observed to vary as a function of organic content, with lower organic content sediment 

having greater Hg(II) availability and in situ methylation potentials [26,40]. 

Although concentrations of MeHg increased with total Hg among treatments of each 

sediment type, there was not a linear dose response between Hg(II) added and MeHg produced: 

the fraction of total Hg as MeHg was significantly different among Hg treatments of Warden 

Ditch and Sugar Creek sediment (p < 0.001; Figure 1). The fraction of total Hg as MeHg in the 

highest Hg(II) treatment of Warden Ditch sediment (total Hg = 59 000 ng/g) was significantly 

less than that in the reference and 2 lowest Hg(II) treatments (p < 0.05). Likewise, %MeHg in the 

highest Hg treatment of Sugar Creek sediment (total Hg = 22 000 ng/g) also was significantly 

less than that in the reference and lowest Hg treatment (p < 0.05). Moreover, the second highest 

Hg(II) treatment of Sugar Creek sediment (total Hg = 3100 ng/g) also contained significantly 

lower %MeHg than the reference (p < 0.05). This suggests that total Hg concentrations between 
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15 000 ng/g and 59 000 ng/g in organic-rich sediment (Warden Ditch) and between 810 ng/g and 

3100 ng/g in sandy sediment (Sugar Creek) inhibit net MeHg production. When total Hg 

concentrations are normalized to sediment organic content, the concentration ranges are 

remarkably similar between the 2 sediment types, corresponding to 88 000 ng/g to 350 000 ng of 

total Hg per gram of organic matter for Warden Ditch and 81 000 ng/g to 310 000 ng/g of 

organic material for Sugar Creek sediment. Gross potential rates of Hg methylation and MeHg 

demethylation are known to be rapid in sediment [26,39,41], and steady-state concentrations 

should have been achieved within a 67-d incubation period. Accordingly, a possible explanation 

for decreased %MeHg in the highest treatments of both sediments is that increased Hg(II) 

concentrations either were inhibitory to methylating bacteria or induced microbial transcription 

of mer operon genes that exacerbated demethylation [11,41], particularly the merB gene that 

encodes for an organomercurial lyase protein that can demethylate MeHg. Either a slower rate of 

Hg methylation or a greater rate of MeHg demethylation could decrease the net production of 

MeHg (i.e., %MeHg) in sediments. 

Hg in periphyton 

Methylmercury and total Hg were mobilized from Sugar Creek and Warden Ditch 

sediment to overlying periphyton but to different degrees between the 2 sediment types. At the 

end of the incubation period, MeHg concentrations in periphyton were much less than, but 

strongly related to, concentrations in both sediment types (Figure 2). Methylmercury 

concentrations in periphyton exposed to Sugar Creek sediment treatments ranged from 0.8 ng/g 

to 15 ng/g dry weight and were considerably greater than those in periphyton colonizing frits 

above Warden Ditch sediment, which had periphyton MeHg concentrations ranging from 0.3 

ng/g to 3.4 ng/g dry weight. Periphyton exposed to Sugar Creek sediment accumulated 
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approximately 20-fold more MeHg than those exposed to Warden Ditch sediment, based on 

comparison of linear regression slopes relative to the sediment MeHg concentration (Figure 2). 

The difference of MeHg accumulation in periphyton between sediment types may be explained 

by differences in the affinity of MeHg for solid-phase ligands in sediment. Partitioning 

coefficients (KD, liters per kilogram) of MeHg between sediments and pore fluids, which can 

range from approximately 101.5 to 103.5, increase with sediment organic content [38,40,42]. 

Partitioning coefficients for MeHg can be much greater in oxic surface water [43]. Although 

sediment–water partitioning of MeHg was not examined in the present study, a greater organic 

content of Warden Ditch (17% loss on ignition) compared with Sugar Creek (1% loss on 

ignition) sediment likely resulted in MeHg being less mobile and bioavailable to periphyton 

overlying Warden Ditch compared with Sugar Creek sediment. Concentrations of MeHg in 

stream periphyton in the present study were low relative to concentrations observed in Boreal 

Shield lakes, which ranged from 3 ng/g to 55 ng/g dry weight [14]. 

Concentrations of MeHg and total Hg were strongly correlated within periphyton 

(Figure 3); however, the ratio of MeHg to total Hg in periphyton differed between Sugar Creek 

and Warden Ditch sediment exposures. The mean (± SD) fraction of total Hg as MeHg in 

periphyton overlying Sugar Creek sediment was 2.3 ± 1.5% and significantly greater than that in 

periphyton above Warden Ditch sediment (0.9 ± 0.5%; Mann-Whitney t test, p = 0.003). 

Differences of mean %MeHg in periphyton between Sugar Creek and Warden Ditch sediment 

would not be expected if either uptake from stream water or in situ microbial methylation within 

periphyton biomass were the primary source of MeHg in the periphyton because both Sugar 

Creek and Warden Ditch chemical exposure substrates were exposed to the same stream water 

and presumably colonized by the same periphytic organisms. A strong relationship between 
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%MeHg in periphyton and %MeHg in both Sugar Creek and Warden Ditch sediment suggests 

that sediments were the primary source of MeHg accumulated by periphyton (Figure 4), rather 

than in situ microbial production within periphyton biomass. The slope value of the linear 

regression in Figure 4 is greater than unity and may result from MeHg being more readily 

mobilized to periphyton than Hg(II) from underlying sediment. Alternatively, if the flux of 

MeHg and Hg(II) from sediment were in proportion to their ratio in sediment, a greater %MeHg 

in periphyton compared with sediment could result from periphyton preferentially 

bioconcentrating MeHg relative to Hg(II), as has been observed for seston and plankton 

[2,36,44]. 

Periphyton organic content 

The organic biomass of periphyton was examined to investigate the potential toxicity of 

either Hg(II) or MeHg to periphytic colonies exposed to Hg(II)-amended sediments 

(Supplemental Data, Figure S3). Among all Hg(II) treatments, the organic biomass of periphyton 

colonizing Warden Ditch chemical exposure substrates (12.5 ± 4.1 mg/cm2) was greater than the 

amount of periphyton on Sugar Creek chemical exposure substrates (10.2 ± 1.9 mg/cm2; Mann-

Whitney, p = 0.03). The modestly greater amount of periphytic biomass colonizing disks above 

Warden Ditch sediment may have resulted from greater organic matter respiration and nutrient 

efflux from the sediment. The organic and, by extension, fixed nutrient content of Warden Ditch 

sediment was much greater than that of Sugar Creek deposits, so enhanced organic matter 

remineralization and efflux of nutrients from Warden ditch sediment may have promoted 

periphyton growth. 

Organic biomass of periphyton colonizing chemical exposure substrates did not differ 

significantly among Hg(II) treatments of either Sugar Creek sediment (ANOVA, p = 0.7) or 
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Warden Ditch sediment (ANOVA, p = 0.1; Supplemental Data, Figure S3). A study using 

artificial substrates for periphyton growth found that 500 ng/L of MeHg had a pronounced 

negative effect on diatom density and species composition [27]. Moreover, exposure of marine 

algae to either 5000 ng/L of Hg(II) [45] or 100 ng/L of MeHg [46] resulted in a reduction of 

growth. In the present study, the highest Hg treatments had mean measured MeHg 

concentrations of 29 ng/g and 101 ng/g dry weight and total Hg concentrations of 22 000 ng/g 

and 59 000 ng/g in Sugar Creek and Warden Ditch sediments, respectively. We estimated 

porewater concentrations of both MeHg and Hg(II) based on empirical relationships between 

sediment–water partitioning coefficients of MeHg and Hg(II) and the organic content of 

sediment [42]. The maximum concentration of MeHg in lyophilized bulk sediment in the present 

study corresponded to estimated porewater MeHg concentrations of approximately 20 ng/L for 

Warden Ditch (17% loss on ignition) and 600 ng/L for Sugar Creek (1% loss on ignition) and 

Hg(II) concentrations of approximately 120 ng/L for Warden Ditch and 12 000 ng/L in Sugar 

Creek pore fluids, for which there was no detectable impact on periphyton biomass. Because 

some of the sediments were amended with Hg(II) to concentrations far above natural levels, 

periphyton may have developed a resistance to Hg toxicity or, more likely, only communities 

highly tolerant of Hg(II) were able to survive on the contaminated sediment in these tests. 

Periphyton metabolic activity 

Net primary production and respiration were measured to examine potential toxicity of 

Hg to periphyton metabolism. Many members of stream periphyton communities are primary 

producers and therefore photosynthesize in addition to respire. Accordingly, Hg toxicity could be 

expressed as inhibition of either net primary production (net O2 production in light bottle), 

respiration (O2 consumption in dark bottle), or both. Rates of periphyton respiration were 
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directly proportional to those of net primary production, and the slope of the linear regression 

between the 2 was unity (Supplemental Data, Figure S4), which suggests that gross primary 

production was nearly double respiration, although dark-bottle and light-bottle tests could not be 

conducted simultaneously with the same periphyton-colonized disk. That the community was 

mostly photoautotrophic is consistent with our microscopic analysis of diatoms being the 

dominant periphytic microorganisms colonizing the disks. 

On an organic mass–normalized basis (i.e., nmol O2/mg/h), neither rates of net primary 

production nor respiration by periphyton colonizing fritted disks differed significantly between 

all combined Hg treatments of Sugar Creek versus all treatments of Warden Ditch sediment (t 

tests, p ≥ 0.4). This suggests that metabolism of the periphyton was similar between the 2 

sediment types. Sediment Hg treatments also had little or no discernable effect on periphyton 

metabolism (Supplemental Data, Figure S5); there were no Hg(II)-treatment effects for either net 

primary production by periphyton exposed to Warden Ditch sediment (ANOVA, p = 0.12) or 

respiration by periphyton exposed to either sediment (ANOVA, p > 0.05). Significant differences 

among Hg treatments were observed only for net primary production by periphyton exposed to 

Sugar Creek sediments (ANOVA, p = 0.01), for which a Tukey post hoc comparison indicated 

the lowest Hg treatment (170 ng Hg/g dry wt) was significantly greater than the reference 

sediment (8 ng/g), with no significant differences among other pairwise comparisons. We 

interpret the difference in primary production between the low sediment and reference sediment 

to be an anomaly and conclude that sediment Hg(II) exposures used in the present study had no 

discernable effect on either net primary production or respiration by periphyton under the 

conditions and methods used in our test. The absence of Hg(II)-treatment effects on either net 

primary production or respiration may be attributed to periphyton developing a resistance to Hg 
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toxicity or the fact that only communities highly tolerant of Hg(II) were able to survive on the 

chemical exposure substrates, which should be a focus of future research. 

Implications 

We observed that differences in the organic content of sediment had implications for the 

net production of MeHg in sediment and its availability for accumulation by stream periphyton, 

the dominant primary producers in many stream ecosystems [16]. Proportionately more Hg(II) 

was transformed to MeHg in a sandy, low-organic sediment than in a fine-grained, organic-rich 

sediment. Moreover, and relative to the concentration of MeHg in sediment, periphyton 

accumulated approximately 20-fold more MeHg from the low-organic as opposed to the organic-

rich sediment. Although toxicity of either Hg(II) or MeHg to periphyton was not observed with 

either of our endpoints of toxicity (periphyton organic content, net primary production, 

respiration), MeHg accumulated in periphyton in proportion to its concentration in sediment. 

Accumulation in periphyton increases the susceptibility for MeHg to be transferred to higher 

trophic levels in stream ecosystems because nearly all of the MeHg accumulated by higher 

aquatic organisms is from their diet [47,48]. The present study’s results suggest that in situ 

production and bioaccumulation of MeHg in stream ecosystems can vary as a function of 

sediment characteristics and Hg loadings to the sediments. 

 Supplemental Data—The Supplemental Data are available on the Wiley Online Library at DOI: 

10.1002/etc.3324. 
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Figure 1. Variation of the fraction of total mercury (Hg) as methylmercury (%MeHg) in Hg-
amended sediments from Sugar Creek and Warden Ditch after incubating in Warden Ditch for 67 
d. Error bars are ± 1 standard deviation. 
Figure 2. Methylmercury (MeHg) concentrations in periphyton colonizing chemical exposure 

substrates filled with Hg-amended sediment from both Sugar Creek (p < 0.0001, r2 = 0.85) and 

Warden Ditch (p < 0.0001, r2 = 0.64) relative to the concentration of MeHg in sediment. Slopes 

of regression lines are 0.34 ± 0.03 for Sugar Creek and 0.015 ± 0.003 for Warden Ditch. 

Figure 3. Relationship between periphyton methylmercury (MeHg) and total Hg concentrations 

for Hg-amended sediments from Sugar Creek (p < 0.001, r2 = 0.87) and Warden Ditch (p < 

0.001, r2 = 0.85). 

Figure 4. Linear-regression analysis (solid line) of the fraction of total Hg as methylmercury 

(%MeHg) in periphyton versus that in underlying Hg-amended sediments from both Sugar Creek 

and Warden Ditch (p < 0.001, r2 = 0.69). The dashed line is the 1:1 reference line for comparison 

to the regression line. 


