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ABSTRACT 

 Periphyton biofilms produce a substantial fraction of the overall 

monomethylmercury (MMHg) flux in East Fork Poplar Creek, an industrially 

contaminated, freshwater creek in Oak Ridge, Tennessee (Olsen 2016). We 

examined periphyton MMHg production across seasons, locations, and light 

conditions using mercury stable isotopes. Methylation and demethylation rate 

potentials (km, trans av, and kd, trans av, respectively) were calculated using a transient 

availability kinetic model. Light exposure and season were significant predictors of 

km, trans av, with greater values in full light exposure and in the Summer. Season, light 

exposure, and location were significant predictors of kd, trans av, which was highest in 

dark conditions, in the Spring, and at the upstream location. Light exposure was the 

controlling factor for Net MMHg production, with positive production for 

periphyton grown under full light exposure and net demethylation for periphyton 

grown in the dark. Ambient MMHg and km, trans av were significantly correlated. 

Transient availability rate potentials were 15× higher for km and 9× higher for kd 

compared to full availability rate potentials (km, full av and kd, full av) calculated at 1d. No 

significant model for the prediction of km, full av or kd, full av could be constructed using 

Light, Season, and Location. Additionally, there were no significant differences 

among treatments for the full availability km, full av, kd, full av, or Net MMHg calculated 

This article is protected by copyright. All rights reserved. 



 
A

cc
ep

te
d 

A
rt

ic
le

 
using the full availability rate potentials. km, full av was not correlated with ambient 

MMHg concentrations. Our results underscore the importance of applying transient 

availability kinetics to MMHg production data when estimating MMHg production 

potential and flux. 

Graphical Abstract 

 

Keywords: periphyton, methylmercury, kinetics 

INTRODUCTION 

  The conversion of mercury (Hg) to monomethylmercury (MMHg) is a key 

area of concern in global Hg cycling. MMHg is a potent neurotoxin (Clarkson 2003) 

that biomagnifies in aquatic species and presents a human health risk, particularly 

for developing fetuses and young children. The conversion of Hg to MMHg is 

mediated by anaerobic microorganisms (Gilmour 2013) and occurs in a number of 

diverse habitats (Podar 2015), including periphyton biofilms (Dranguet 2017a). 
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Periphyton biofilms comprise complex consortia of microorganisms including algae, 

fungi, Bacteria, and Archeae that are attached to inorganic and organic substrates in 

aquatic environments (Battin 2016). These biofilms can contain steep gradients of 

oxygen on the microscopic scale (Jørgensen 1979; Revsbech 1983), and MMHg is 

generated by sulfate-reducing, iron-reducing, and methanogenic bacteria that 

occupy the anoxic niches within the biofilm (Achá 2011; Achá 2012; Gentès 2017; 

Hamelin 2011).  

 MMHg production by biofilms is highly variable and depends on a variety of 

environmental factors including, temperature, light, and dissolved oxygen 

(Dranguet 2017a). These factors can impact MMHg production directly by shaping 

the microbial community (Christensen 2018; Graham 2018), or indirectly by 

affecting algal growth, biomass, and metabolites exuded. There is little evidence that 

periphyton algae directly methylate mercury (Grégoire and Poulain 2014), however, 

algae can support MMHg production indirectly by providing structure to biofilms 

that harbor methylating bacteria (Olsen 2016), exuding metabolites that stimulate 

Hg-methylating microorganisms, and by releasing chemicals that enhance Hg uptake 

into methylating bacteria. For example, algae secrete labile organic carbon, which 

can stimulate Hg-methylating bacteria (Bravo 2017; Kucharzyk 2015) and may also 

increase Hg uptake by methylating bacteria (Graham 2012; 2013; Mangal 2019b), 

though this appears to depend on the character of the algal organic carbon (Mangal 

2019b). Algae also exude low molecular weight (LMW) thiols (Leclerc 2015), which 

can enhance Hg bioavailability to bacterial cells (Schaefer and Morel 2009; Schaefer 

2011).  
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Maximum periphyton MMHg production occurs in warmer temperatures (20 

to 25◦C) (Desrosiers 2006; Olsen 2016), as low temperatures reduce microbial 

activity. Reports on the impact of light on MMHg production are mixed, with one 

study showing enhanced periphyton MMHg production in the light (Olsen 2016), 

while others report higher periphyton MMHg production in the dark (Cleckner 

1999; Mauro 2002). In light conditions, photosynthesizing algae generate oxygen, 

which could induce unfavorable conditions for Hg-methylating bacteria. However, 

full light exposure also enhances biofilm growth, which provides more anaerobic 

niches for Hg-methylators and increases the amount of algal metabolites exuded, 

possibly stimulating microbial activity and enhancing Hg uptake. 

Previous work in East Fork Poplar Creek (EFPC) in Oak Ridge, Tennessee, 

USA determined that actively photosynthesizing biofilms in the creek contain zones 

of MMHg production (Olsen 2016). This study found that the three-dimensional 

structure of the algal biofilm was important for MMHg production, and higher 

MMHg production was observed in light-incubated periphyton versus dark 

treatments. Inter-site differences in net MMHg production in EFPC were driven by 

differences in the demethylation potential whereas intra-site variability in net 

MMHg production was driven by temperature dependent methylation potentials, 

indicating that season might be a significant factor. However, the estimates for 

MMHg production from the Olsen et al. 2016 study were generated with single-

timepoint first-order kinetic models that assumed full-bioavailability of Hg and 

MMHg. Recently, a new model for MMHg production kinetics has been developed, 

which accounts for the transient availability of Hg and MMHg for methylation and 
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degradation reactions over time (Olsen 2018). The transient availability kinetic 

model provided estimates for periphyton MMHg generation and degradation rate 

potentials that were 25 times and 5 times higher, respectively, than full availability, 

single time point estimates (Olsen 2018). It is unknown whether previously 

observed correlations between MMHg production and temperature, light exposure, 

and location in EFPC hold when methylation and demethylation rate potentials are 

calculated from time series data using transient availability kinetics. 

In this study, we used EFPC in Oak Ridge, TN as a study site to grow 

periphyton biofilms in-situ at two locations and under two light conditions. The 

periphyton was harvested over four seasons, and stable Hg isotopes were used to 

measure methylation and demethylation rate potentials. Our specific objectives 

were to: (1) Determine the impact of periphyton in-situ growth conditions on Hg 

methylation and MMHg demethylation rate potentials including: location, season, 

and light exposure; (2) Build a predictive model of net MMHg production in EFPC 

using growth conditions as factors, and (3) Compare rate potentials generated via 

the transient availability model to single-time point, full-availability rate potentials.  

MATERIALS AND METHODS 

Site description. Periphyton was grown on substrates at two sites in EFPC 

separated by approximately 17 creek kilometers (Upstream site, EFK 5: 36.00175°N, 

84.24929°W and Downstream site, EFK 22.3: 35.9662°N, 84.35817°W). A detailed 

history and characterization of the study sites in EFPC has previously been 

published (Brooks and Southworth 2011; Olsen 2016; Riscassi 2016). Basic water 
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quality at both sites was measured when the periphyton was collected for each 

experiment (Table 1). Surface water chemistry was similar between Upstream and 

Downstream sites across seasons, with the major difference being Hg (measured as 

total Hg) and MMHg concentrations.  

Study design and biofilm colonization. The impact of in situ growth conditions 

on Hg methylation and MMHg demethylation were examined, including: location 

(Upstream vs Downstream); season (Winter, Spring, Summer, Fall); and light 

exposure (direct light, “Light” versus covered, “Dark”). The periphyton biofilms 

were grown on fritted glass discs (ROBU 30 mm diameter with 10.5 mm hole and 

3.5 mm depth) that were attached to submerged structures, which were secured to 

the creek bed (Figure S1). Previous results demonstrated that biofilms grown on 

these discs had similar methylation and demethylation activity to those grown on 

natural creek substrate (Olsen 2016). At each location, half the discs had full light 

exposure while the other half were covered with black plastic sheeting to block 

exposure to direct light during growth (Figure S1a). The structures were placed in 

EFPC at least two months prior to sampling to allow for adequate periphyton 

growth. Discs were collected from the creek and carried back to the lab for the 

methylation/demethylation assays and ancillary measurements. Care was taken to 

avoid disruption of the periphyton structure during disc collection. Four 

experiments were conducted: Winter (01/29/16), Spring (05/06/16), Summer 

(08/23/16), and Fall (11/28/16). 
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Methylation/demethylation assays. Periphyton discs were retrieved from 

EFPC and placed in 60 mL, clear glass jars with PTFE lined caps for incubations. 

EFPC surface water (20 mL), collected at the same time as the periphyton discs, was 

added to each jar. The incubation jars were immediately brought back to the lab to 

perform the methylation/demethylation assays. At the lab, enriched stable isotopes 

were spiked into each jar to distinguish new methylation and demethylation activity 

during the incubations from ambient background MMHg. The enriched, stable 

isotopes were spiked in the forms of 201HgCl2 (methylation monitored by the 

appearance of MM201Hg), and MM202HgCl (demethylation monitored by the loss of 

MM202Hg). The isotopes were purchased from Oak Ridge National Laboratory and 

were enriched as follows: 201Hg (0.07% 198, 0.13% 199, 0.9% 200, 96.17% 201, 

2.62% 202, 0.11% 204) and 202Hg (0.13% 198, 1.41% 199, 0.93% 200, 0.68% 201, 

95.86% 202, 0.95% 204). MM202Hg was synthesized in-house using the 

methylcobalamin method (Bancon-Montigny 2004). A few days prior to the start of 

each experiment several discs were collected and analyzed for total Hg. Isotope 

spike amounts were selected to be approximately 20% of the ambient Hg and 100% 

of the ambient MMHg concentration in the periphyton, based on our record of 

previously measured MMHg:Hg ratio in EFPC periphyton (Olsen 2016). However 

actual ambient Hg and MMHg varied with differing biomass growth between 

seasons and light treatments, and the isotope spikes ranged between 20-2500% of 

the ambient measured Hg and MMHg in the periphyton (Table S1).  

An environmental chamber (Conviron CMP 3244) was used to control assay 

temperatures (20 °C for Spring, Summer, and Fall samples and at 10 °C for Winter 
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samples). The environmental chamber temperatures were chosen to reflect the 

average water temperature that the periphyton was exposed to during the several 

weeks prior to harvest. The chamber light source was kept on for the entirety of 

each assay. The light level averaged 600 Lux total light intensity (HOBO Pendant 

Temperature/Light Data Logger, UA-002-64). Dark treatments were wrapped in 

aluminum foil to prevent light exposure during the incubation. Though light/dark 

cycles and tree canopy cover change with season in EFPC, constant light and dark 

conditions were chosen for the incubations to clearly delineate light and dark 

effects.  

The methylation/demethylation incubations were conducted over the course 

of 3 days (Winter) and 1 day (Spring, Summer, Fall). Each assay had a total of four 

timepoints, with triplicate jars sacrificed at each timepoint. Winter timepoints were 

at 6h, 24h, 48h, and 72h. Spring, Summer, and Fall timepoints were at 9min, 3h, 11h, 

and 24h. At every time point, the incubation jars were frozen (-20 °C) until 

processing for MMHg analysis. Creek water and killed periphyton controls were 

analyzed with each experiment. Killed periphyton controls were autoclaved (30 min 

at 120 °C and 158.6 kPa) before adding stable Hg isotope tracers. Control results are 

summarized in the SI (Tables S2 and S3). 

Analytical methods. For ambient Hg analysis, periphyton samples were 

digested in aqua regia (0.1 g-dry weight (dw) into 4 mL) followed by dilution with 

Milli-Q water, SnCl2 reduction and then analysis on the Brooks Rand MERX Total-Hg 

Purge & Trap Model III AFS with isotope dilution (US EPA 2001b). For MMHg 
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analysis, periphyton samples were extracted following a previously published 

method (Bloom 1997). Briefly this method consisted of an acid digestion-methylene 

chloride extraction followed by a back extraction into water. The extracted samples 

were then distilled following EPA Method 1631 to further reduce the amount of 

ambient inorganic Hg in the samples (US EPA 2001a). After distillation, the sample 

was ethylated and MMHg was measured using a Brooks Rand MERX Hg Speciation 

GC & Pyrolysis coupled to an ELAN DRC-e ICP-MS with isotope dilution (Meija 2006; 

US EPA 2001a). Quality assurance/Quality control parameters are summarized in 

Table S4. 

For each experiment, six of the periphyton discs from both the Light and the 

Dark treatments were freeze-dried to determine the average wet/dry ratio of the 

periphyton. Microelectrode voltammetry was used to obtain a redox profile of the 

periphyton for the Spring experiment. Details on the method are provided in the SI. 

Chlorophyll concentration was measured in single replicates of each treatment in 

each experiment. The chlorophyll was extracted from the periphyton with a 90% 

(v/v) acetone solution following EPA method 445 (Arar 1997). Chlorophyll was 

quantified with a Turner Designs 10-AU Fluorometer. Details on the analysis are in 

the SI section. LMW thiols in the periphyton were measured on single replicates of 

the Light treatment samples of each experiment. The samples were prepared using 

previously described methods (Leclerc 2015) and (Zhang 2004) and were measured 

via high pressure liquid chromatography (HPLC) with fluorescence detection. 

Details of the analyses are listed in the SI section. 
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Modeling Methylation and Demethylation Rates. Methylation and 

demethylation rate potentials were calculated using the transient availability kinetic 

model previously described by Olsen et al. (2018). The transient availability model 

incorporates kinetic expressions for multisite sorption of Hg and MMHg and Hg 

reduction to Hg0 with methylation/demethylation kinetics to account for these 

competing processes when estimating methylation/demethylation potentials (Olsen 

2018). Transient availability kinetics are described by equations 1 and 2: 

𝑑[𝐻𝑔]
𝑑𝑡

= −𝑘𝑚[𝐻𝑔] + 𝑘𝑑[𝑀𝑀𝐻𝑔] − 𝑘1[𝐻𝑔] + 𝑘2�𝐻𝑔𝑓� −  𝑘3[𝐻𝑔] +

 𝑘4[𝐻𝑔𝑠] −  𝑘5[𝐻𝑔] + 𝑘6[𝐻𝑔0] (1) 

𝑑[𝑀𝑀𝐻𝑔]
𝑑𝑡

=  𝑘𝑚[𝐻𝑔] − 𝑘𝑑[𝑀𝑀𝐻𝑔] − 𝑘7[𝑀𝑀𝐻𝑔] + 𝑘8�𝑀𝑀𝐻𝑔𝑓� −

 𝑘9[𝑀𝑀𝐻𝑔] +  𝑘10[𝑀𝑀𝐻𝑔𝑠] (2) 

where km is the methylation rate constant , kd is the demethylation rate 

constant, k1 is the Hg fast site sorption rate constant, k2 is the Hg fast site desorption 

rate constant, k3 is the Hg slow site adsorption rate constant, k4 is the Hg slow site 

desorption rate constant, k5 is the rate constant for the conversion of Hg to Hg0, k6 is 

the rate constant for the conversion of Hg0 to Hg, Hgf is the amount of Hg sorbed to 

fast sorption sites, Hgs is the amount of Hg sorbed to slow sorption sites, k7 is the 

MMHg fast site adsorption rate constant, k8 is the MMHg fast desorption rate 

constant, k9 is the MMHg slow adsorption rate constant, k10 is the MMHg slow 

desorption rate constant, MMHgf is the amount of MMHg sorbed to fast sites, and 

MMHgs is the amount of MMHg sorbed to slow sites.  
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The first-order system of differential expressions, with temporally variant Hg 

and MMHg availability, were modeled using an ordinary differential equation solver 

(ode45) in MATLAB R2016a (The MathWorks, Natick, MA). The transient 

availability model was fit to the MM201Hg and MM202Hg datasets by adjusting the 

values of km and kd using a nonlinear fitting routine (nlinfit). Fits were weighted by 

the standard deviation of each dataset. Rate coefficients for the other kinetic 

reactions in the model were taken from Olsen et al. (2018) (Olsen 2018). All km, trans 

av and kd, trans av are listed in SI Table S5. 

Single timepoint, first-order methylation and demethylation rate constants 

(km, full av and kd, full av) were calculated with the following equations: 

𝑘𝑚 =  
−ln �1−

�𝑀𝑀201𝐻𝑔�𝑡
� 𝐻𝑔201 �

0
�

𝑡
 (3) 

𝑘𝑑 =  −𝑙𝑛 �
�𝑀𝑀202𝐻𝑔�𝑡
[𝑀𝑀202𝐻𝑔]0

� /𝑡 (4) 

where [201Hg]0 and [MM202Hg]0 are the initial concentrations of isotopes added to 

the samples (measured from a spiked Milli-Q water); t is 1d; and [MM201Hg]t and 

[MM202Hg]t are the concentration of those species measured at time 1d. One day was 

chosen as the timepoint for ease in comparison across seasons. A summary of the 

methylation and demethylation results can be found in Table S5. 

Net MMHg production by periphyton was calculated as follows: 
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𝑁𝑒𝑡 𝑀𝑀𝐻𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

 �𝑘𝑚 × [𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝐻𝑔]𝑝𝑒𝑟𝑖𝑝ℎ𝑦𝑡𝑜𝑛� −  �𝑘𝑑 ×  [𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑀𝑀𝐻𝑔]𝑝𝑒𝑟𝑖𝑝ℎ𝑦𝑡𝑜𝑛� (5) 

where km and kd are the calculated methylation and demethylation rates from the 

tracer isotope assays determined from either the transient availability model or the 

single time point method, and [ambient Hg]periphyton and [ambient MMHg]periphyton are 

the measured concentrations of ambient Hg and MMHg on the periphyton discs. 

Statistical Analyses. Statistical analyses were performed in JMP™ (SAS 

Institute 2018). All data were assessed for normality prior to analysis. Normality 

was determined via visual assessment and using the Shapiro Wilk test (α=0.05). 

When necessary, data were transformed for analysis using the natural logarithm. 

Standard least squares linear models were constructed to determine the 

significance of Season, Light, and Location for predicting methylation and 

demethylation rate potentials. Significance was determined with α = 0.05. 

Significant effects were retained in the final model, and each model was assessed for 

possible interaction terms among the predictors. Significant differences among 

treatments were determined by least squared means analysis followed by Tukey’s 

Honest Significant Difference (HSD) test or the student t-test with α=0.05. 

RESULTS AND DISCUSSION 

Ambient Hg and MMHg in periphyton 

The ambient Hg concentrations in the periphyton (Figure 1a) were 

approximately 2.5-3.5x higher than previously reported sediment Hg concentrations 
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at the Upstream and Downstream locations (Brooks 2017), while ambient MMHg 

concentrations (Figure 1b) in the periphyton were comparable with concentrations 

previously reported in EFPC sediment (0.5-8.5 ng/g-dw). Both periphyton ambient 

Hg and MMHg concentrations were within the range of concentrations reported at 

other contaminated sites (Huguet 2010; Žižek 2007). MMHg as a percentage of total 

Hg was low (<0.1%) (Figure 1c) in all the treatments which is typical of Hg-

contaminated sites (Gilmour 2018). Ambient Hg concentrations were significantly 

higher in the Light samples (37-55 µg/g-dw) compared to the Dark samples (3-7 

µg/g-dw) (p<0.001, Table S6). There was no statistically significant difference in 

Ambient Hg among seasons (p = 0.43) or location (p = 0.39). Ambient MMHg 

concentrations were also significantly elevated in the periphyton Light treatments 

(1.3-8 ng/g-dw) compared to the Dark treatments (0.5-3.5 ng/g-dw) across 

locations and seasons (p = 0.01) (Figure 1b, Table S6). There was no significant 

difference between location (p= 0.29) or among season (p = 0.13) for ambient 

MMHg.  

It is unclear why the Light periphyton samples contained much higher 

ambient Hg concentrations than Dark samples on a per gram dry weight basis. 

Photosynthetic bacteria that are exposed to light can act as a sponge for Hg(II), and 

photosynthetic biofilms have been shown to increase Hg(II) binding capacity 5 fold 

(Kis 2017). A characterization of the microbial composition of our biofilms and 

direct uptake experiments are needed to determine if this is a possible mechanism 

for Hg accumulation in our Light samples. The simplest explanation for the 
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phenomenon is that Light samples had more algal biofilm growth and therefore had 

greater surface area available for Hg sorption.  

We observed greater ambient MMHg concentrations in Light samples 

compared to Dark, which could be due to higher levels of ambient Hg available for 

methylation, larger biomass that created better anoxic conditions for methylation, 

or an increase in algal metabolites that stimulated Hg-methylators. Clear oxygen 

gradients were seen in all the samples tested, and measurements revealed anoxic 

areas in Light samples from both the Upstream and Downstream sites, confirming 

that the heavy biofilm growth contained anoxic niches (Figure S2). Oxygen depletion 

was not observed for the Dark samples from either location, consistent with the 

sparser biofilm growth. Chlorophyll concentrations were 84 ± 1.6 times higher in 

the Light treatments compared to the Dark samples across all seasons and locations 

(Figure S3). These results suggest that the Light treatment periphyton had more 

active photosynthesis occurring, which may have resulted a greater release of algal 

metabolites that could stimulate methylation.  

While there were significant differences in LMW thiol concentration between 

locations (Figure S4, discussion in SI), no consistent trend was seen between LMW 

thiol concentration in Light samples and ambient Hg or MMHg concentration.  

Methylmercury Production   

Mercury methylation (measured by the appearance of Me201Hg) and MMHg 

demethylation (measured by the loss of MM202Hg) occurred in all the periphyton 
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samples (Figures S5-S8). Minimal methylation and demethylation occurred in the 

killed periphyton and creek water controls (Tables S2 and S3). This confirms our 

previous results that live periphyton was required for Hg methylation and MMHg 

demethylation and that the light source in the environmental chambers did not 

cause photodemethylation (Olsen 2016). 

We applied the transient availability kinetic rate model to calculate 

methylation and demethylation rate potentials in the periphyton samples. On 

average, methylation rate potentials (km, trans av) were 1.8 ± 0.4 times higher in the 

Light treatments compared to the Dark treatments (Figure 2a). The highest km, trans av 

occurred in the summer months when temperatures were highest and when 

microbial activity would be expected to be highest. To determine the statistically 

significant drivers of km, trans av, we constructed a general linear model with Season, 

Location, and Light as treatment effects (Figure 2b). Season (p=0.001) and Light 

(p=0.001) were significant predictors of methylation rate potential (R2 = 0.84, p < 

0.001; Table S6) with km, trans av significantly higher in the Light samples and in the 

Summer compared to the other seasons. Location had no significant effect (p =0.20) 

when Light and Season were held constant. Ambient MMHg concentrations were 

also significantly correlated to methylation rate potentials (R2 = 0.63, p < 0. 001; 

Figure S9a, Table S6), indicating that km, trans av was a reasonable predictor of ambient 

MMHg production in EFPC periphyton.  

An interaction effect was observed between season and light for the 

methylation rate potential predictive model (Figure S11). In the field, light and 
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season covary as day length, light intensity, and tree canopy coverage change with 

season, in addition to seasonal temperature changes. Adding an interaction term for 

light and season improved our predictive model (Table S6), changing the 

significance of Location from not significant (p = 0.2) to significant (p = 0.003). 

Nevertheless, the model including the light × season interaction effect was not 

selected to describe the data because inclusion of this effect increased the corrected 

Akaike Information Criterion (AICc), which is a measure of model quality that 

balances the goodness of fit of the model and the simplicity of the model. The AICc 

increased from -199.6 to -185.1 for km, trans av.  

 On average, demethylation rate potentials (kd, trans av) were 5.4 ± 0.9 times 

higher in the Dark samples versus the Light samples across season and location 

(Figure 3a). Demethylation was significantly higher in the Spring compared to the 

Fall (p= 0.04) and Winter (0.04). The Upstream site had significantly higher kd, trans av 

(p = 0.04) than the downstream site across Light and Season. Light (p < 0.0001), 

Season (p = 0.006), and Location (p = 0.02) were significant factors in predicting the 

value of demethylation rate potential (Figure 3b; R2 = 0.88, p<0.001; Table S6). 

Similar to the predictive model for km, trans av, an interaction effect was observed 

between season and light for the demethylation rate potential predictive model 

(Figure S11). However, the AICc increased from 42.8 to 68.3 for kd, trans av, and we 

chose not to include the interaction term in the final model to preserve model 

quality. There was no correlation between ambient Hg concentrations and 

demethylation rate potential in the periphyton (R2 = 0.16, p = 0.13), reflecting that 

the amount of Hg taken up from the creek is far greater than that produced from 
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MMHg demethylation. Nor was there a significant relationship between ambient 

MMHg and kd, trans av (R2 = 0.19, p =0.11), indicating overall ambient MMHg 

concentrations were not dominantly controlled by demethylation. 

 Net methylation (calculated with equation 3) was significantly impacted by 

light exposure (p <0.0001), with positive net MMHg production in Light samples and 

negative net MMHg production in Dark samples (Figure 4, Table S6). Past studies, 

conducted on periphyton from the Florida Everglades (Cleckner 1999) and lakes in 

Brazil and Wisconsin (Mauro 2002), have reported greater production of MMHg by 

periphyton in dark conditions. The researchers hypothesized that photosynthesis 

declined in the dark, resulting in less oxygen production and a greater prevalence of 

the anaerobic conditions needed for methylation. Demethylation was not measured 

in these studies, so it is unclear how demethylation might contribute to overall net 

methylation.  

There are several explanations for the greater net MMHg production in our 

Light samples. The Light samples grew substantially more biomass than the Dark 

samples, resulting in a thicker algal mat on the substrate. This thicker mat created 

more micro-environments conducive to anaerobic conditions, which may have 

enhanced methylation, regardless of greater oxygen production from 

photosynthesis. Previous work has demonstrated the importance of three-

dimensional structure in MMHg production (Olsen 2016). Active algae would also 

supply labile organic carbon and other metabolites to the rest of the microbial 

community, possibly enhancing the activity of Hg-methylators (Bravo 2017). Light 
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exposure impacted the diversity of algae growing on the periphyton discs with 

consistently greater algal species diversity in the periphyton grown in the light 

versus the dark (Table S7 and S8). The microbial population was also likely different 

between the Light and Dark treatments, resulting in differences in Hg uptake 

(Dranguet 2017b) and the abundance and activity of mercury methylators and 

demethylators. We are not aware of any studies examining the Hg methylator 

community in periphyton grown under differing light conditions, but there is 

evidence of significant differences in the 16S rRNA profiles of light-grown 

periphyton compared to shade-grown periphyton (Lehmann 2015). Light exposure 

has been shown to affect biofilm function in cycling nutrients such as nitrogen (Zhao 

2018). A recent study by Mangal et al. (2019) found that for three freshwater algal 

species, dissolved organic matter exudate chemical structure and its Hg binding 

characteristics varied with light exposure (Mangal 2019a), which would likely 

impact Hg bioavailability to methylating microorganisms. Also, just as algae may 

produce metabolites that enhance methylation, it is possible that, under Dark 

conditions, algae could release metabolites that enhance demethylation. To our 

knowledge, the effect of algal exudate on demethylation has not been studied. A 

more detailed microbial and geochemical characterization of EFPC periphyton 

biofilms grown under differing light conditions is needed to determine the 

underlying cause of Light and Dark differences in methylation and demethylation 

rates. There was no demethylation in the Creek Water controls (Table S3), 

indicating that photodemethylation did not occur during our experiments. However, 

photodemethylation is wavelength specific (Black 2012) and is likely greater under 
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natural light than under the artificial light of the growth chambers. Nevertheless, 

our data show a clear pattern of greater methylation in the light, which agrees with 

diurnal patterns in MMHg concentration in EFPC surface water (Brooks 2018). 

There were no significant differences in Net methylation among seasons (p = 

0.07), or the two locations (p = 0.82). These results differ from the previous EFPC 

study which found inter-site differences in net MMHg production driven by 

differences in kd and intra-site differences in net MMHg production driven by 

temperature dependent km. However, the methylation and demethylation rate 

potentials calculated in the 2016 study were based on single-time point assays and 

first-order kinetic equations that assume full availability of Hg and MMHg 

(equations 3 and 4).  

 Single timepoint rates versus Transient availability model rates. We re-

calculated our methylation and demethylation rate potentials using the full 

availability, first order kinetics rate model at 1d (km, full av, kd, full av) to determine if the 

overall trends in MMHg production change depending on the method used to 

calculate the rate potentials (Figure S12). km, trans av and kd, trans av were an average of 

15 times higher and 9 times higher than km, full av and kd, full av (Figure 5), respectively. 

For demethylation, the ratio of transient availability rate potentials to single time 

point rate potentials was stable across season and location (Figure 5b). The ratio for 

methylation was more variable, ranging from 10-20 (Figure 5a). The overall trends 

of km, full av and kd, full av were broadly similar those from the transient availability 

model. For example, km, full av was higher in the Light and in warmer Seasons and kd, 
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full av was greater for Dark conditions. However, for km, full av and kd, full av, we were 

unable to construct a significant predictive model using Season, Location, and Light 

as factors for either methylation or demethylation. Analysis of means using the 

student t-test or Tukey HSD showed no statistically significant differences among 

treatments for the km, full av, kd, full av, and net MMHg calculated with the full availability 

rate potentials. There was also no strong correlation between km, full av and ambient 

MMHg concentrations (R2 = 0.02, p = 0.62), reflecting that, for this data set, rate 

potentials calculated at 1d, assuming full availability of Hg and MMHg, are not good 

predictors of overall MMHg production in the periphyton (Figure S9b).  

 Environmental Implications 

Light exposure was consistently the strongest determinant of net 

methylation in EFPC periphyton. Further exploration of the interplay between 

Light/Dark growth conditions and periphyton microbial community structure and 

function are needed to explain differences in MMHg production. However, our 

observation of light as the driving factor of MMHg production in EFPC periphyton 

matches well with diel observations of MMHg concentration in surface water in 

EFPC (Brooks 2018). In surface water, MMHg concentrations peak during the day 

and reach a minimum at night. Field data also confirms that Season is an important 

factor governing MMHg production. Between 2012 and 2016, higher surface water 

MMHg concentrations have been observed in the Spring, Summer, and Fall 

compared to the Winter at the Upstream and Downstream sites (Figure S13). In 

EFPC, MMHg is produced both in periphyton biofilms and in creek sediment. In this 
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study, MMHg production was net negative in periphyton grown in Dark conditions. 

If the dark hyporheic sediments are a net positive source of MMHg this potentially 

suggests different reaction paths for MMHg generation below versus above the 

creek bed. Knowing the major sources and reaction pathways of MMHg generation 

in the creek is imperative for the development of an appropriate remediation plan.  

This is the first study to use transient availability kinetics to predict MMHg 

production across seasons, light condition, and location. MMHg production is a 

complex process that is influenced by many factors, including the composition and 

activity of the methylating microbial community, the availability of Hg for 

methylation, and the rate of biotic and abiotic demethylation (Hsu-Kim 2013). 

Though there are surely more parameters that impact methylation and 

demethylation in EFPC periphyton, in our predictive models, light condition, season, 

and location explained over 80% of the variation in km, trans av and kd, trans av, indicating 

that these factors encompass the important drivers of MMHg production in EFPC. 

The ability to accurately predict MMHg production with these simple parameters 

has major implications for modeling MMHg risk. More research is needed to 

determine how well transient availability kinetics apply to periphyton in other 

ecosystems, and our research provides a good set of initial parameters with which 

to assess MMHg production in a wider set of ecosystems. 

Our results also highlight the limitations of full availability kinetics in 

predicting MMHg production. No significant predictive models resulted when using 

light condition, location, and season as factors and rate potentials derived with full 
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availability kinetics. Additionally, transient availability rate potentials were 

correlated with ambient MMHg concentrations in EFPC periphyton whereas the full 

availability methylation rate potentials did not strongly correlate. These results 

indicate that the transient availability model is a more accurate predictor of MMHg 

ecosystem dynamics than the full availability model. If these results are shown to 

hold across ecosystems, predictive modeling combined with the transient 

availability kinetic model will be a powerful tool in predicting MMHg risk.  

Methylation and demethylation rates are the product of the rate potential 

and the ambient concentration of Hg or MMHg. At the ambient Hg and MMHg 

concentrations present in EFPC, even small differences in the rate potential can 

dramatically change methylation and demethylation rates. Net MMHg calculated 

with our transient availability rate potentials (maximum of 41 ng/g-dw d in 

Downstream Light in the Summer) was much higher than net MMHg production 

estimates calculated with km, full av and kd, full av (maximum of 5.2 ng/g-dw d in 

Downstream Light in the Fall). Estimates of net MMHg production differed by as 

much as 50 times between the calculation methods. This difference, in turn, 

substantially impacts estimates of MMHg flux in EFPC.  

SUPPLEMENTAL DATA STATEMENT 

The supplemental data section includes additional information on methods, QA/QC 

parameters for MMHg analysis, tables of calculated rate potentials, details on 

predictive models, and additional figures. 
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Table 1. Water Quality data from Upstream and Downstream sites at each seasonal 
experimenta 

 Winter Spring Summer Fall 

 Upstr
eam 

Downst
ream 

Upstr
eam 

Downst
ream 

Upstr
eam 

Downst
ream 

Upstr
eam 

Downst
ream 

Temp 
(C◦) 10.2 9.39 16.1 15.2 19.3 21.3 11.5 9.56 

pH 7.37 7.11 7.87 8.08 7.86 7.74 7.94 7.51 
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 Cond 
(µS/c

m) 
405.9 239.6 355.0 302.0 364.6 324.4 331.9 305.9 

DO 
(mg/L

) 
11.5 11.6 9.73 9.34 8.46 7.65 10.6 10.0 

TSS 
(mg/L

) 
2.69 4.72 2.57 2.33 2.40 7.60 1.67 1.00 

DOC 
(mg/L

) 
-- -- -- -- -- -- 2.05 2.72 

Filtere
db 

MMHg 
(ng/L) 

0.047 0.092 0.093 0.332 0.103 0.462 0.097 0.254 

Unfilte
red 

MMHg 
(ng/L) 

0.062 0.121 0.137 0.421 0.136 0.699 0.094 0.267 

Filtere
db 

Total 
Hg 

(ng/L) 

51.0 8.80 49.6 12.6 52.0 19.4 -- -- 

Unfilte
red 

Total 
Hg 

(ng/L) 

117 62.3 95.1 50.8 90.5 130 -- -- 
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DO = dissolved oxygen, TSS = total suspended solids, DOC = dissolved organic carbon 

aDue to legacy contamination, discharge from a wastewater treatment plant and nonpoint fertilizer 
runoff, EFPC is eutrophic with respect to N and P over the studied reach. Nitrate concentrations are 
above 8 mg L-1 and phosphate concentrations are above 0.1 mg L-1. 

bFiltered through 0.2 µm pore size polyethersulfone membrane filter 

Figures 

Figure 1. Ambient Hg (a), ambient MMHg (b), and Percent MMHg (c) in EFPC 
periphyton. Hg bars are the average of triplicate samples. Ambient MMHg in the 
periphyton was measured concomitantly with MM201Hg and MM202Hg in the 
methylation/demethylation assays (n = 15 per treatment) and normalized by the average 
dry weight of periphyton per disc measured in the wet/dry assay for each respective 
treatment. Error bars represent one standard error. 
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Figure 2. (a) Transient availability model methylation rate potentials (km, trans av, d-1) in 

periphyton. Bars represent the average of triplicate samples. Error bars represent one standard 

error; (b) Predictive modelling output for methylation, km, trans av = Season + Light; km, trans av is 

the methylation rate potential (d-1) determined from the transient availability model. Predictive 

equation: km, trans av = 6.51 × 10-4 + 1.42 × 10-5Fall – 1.27 × 10-4Spring + 4.44 × 10-4Summer - 

3.31 × 10-4Winter +2.13 × 10-4Light -2.13 × 10-4Dark. 
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Figure 3. (a) Demethylation rate potentials (kd, trans av, d-1) in periphyton. Bars represent the 

average of triplicate samples. Error bars represent one standard error; (b) Predictive modeling 

output for demethylation, ln(kd, trans av) = Season + Light + Location. kd, trans av is the 

demethylation rate potential (d-1) determined from the transient availability model. Predictive 

equation: ln(kd, trans av) = 1.22 - 0.477Fall + 0.657Spring + 0.359Summer – 0.538Winter – 

0.309Downstream + 0.309Upstream + 0.784Dark – 0.784Light. 
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Figure 4. Net methylation (ng·gdw-1·d-1) in periphyton. Net methylation was calculated 
with equation 3, using km, trans av and kd, trans av rate potentials multiplied by the average 
ambient Hg or MMHg in the periphyton. Bars represent the average of triplicate samples. 
Error bars represent one standard error. 

Figure 5. Ratio of Transient availability rate potentials to full availability rate potentials 
(calculated at 1d): (a) methylation; (b) demethylation. No data were available for 
methylation Spring Upstream Dark due to a zero value for km, full av at that time point. Error 
bars represent one standard error. 
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