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Abstract

Estuaries are dynamic ecosystems which vary widely in loading of the contaminant 

methylmercury (MeHg), and in environmental factors which control MeHg exposure to the 

estuarine foodweb. Inputs of organic carbon and rates of primary production are important 

influences on MeHg loading and bioaccumulation, and are predicted to increase with changes in 

climate and land use pressures. To further understand these influences on MeHg levels in estuarine 

biota, we used a field study approach in sites across different temperature regions, and with 

varying organic carbon levels. In paired comparisons of sites with high vs. low organic carbon, 

fish had lower MeHg bioaccumulation factors (normalized to water concentrations) in high carbon 

sites, particularly subsites with large coastal wetlands and large variability in dissolved organic 

carbon levels in the water column. Across sites, MeHg level in the water column was strongly tied 

to dissolved organic carbon, and was the major driver of MeHg concentrations in fish and 

invertebrates. Higher primary productivity (chlorophyll-a) was associated with increased MeHg 

partitioning to suspended particulates, but not to the biota. These findings suggest that increased 

inputs of MeHg and loss of wetlands associated with climate change and anthropogenic land use 

pressure will increase MeHg concentrations in estuarine food webs.
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Wetland areas temper the bioaccumulation of methylmercury in estuaries, yet increased watershed 

inputs of methylmercury associated with climate change and land disturbances are predicted to 

increase mercury levels in fish.

Introduction

Pathways of methylmercury (MeHg) bioaccumulation in fish and the environmental factors 

that control them are not sufficiently understood in estuarine and coastal ecosystems 

(Baumann et al., 2017; Eagles-Smith et al., 2018; Schartup et al., 2018) where much of the 

seafood consumed by humans is harvested (Sheehan et al., 2014; Sunderland, 2007). 

Estuaries are critical habitats supporting a multitude of benthic and pelagic species, 

including both resident and transient fish (Deegan et al., 2000; Kneib, 1997). Nearshore 

estuarine waters can receive elevated levels of MeHg from watershed sources (Buckman et 

al., 2017; Eagles-Smith and Ackerman, 2014), and can also support in situ formation of 

MeHg in the sediments (Balcom et al., 2004) and the water column (Schartup et al., 2015a). 

Concentrations of MeHg in the water column control uptake of MeHg at the base of the food 

web and drive concentrations of MeHg in fish (Buckman et al., 2017; Chen et al., 2014). 

Estuarine fish can act as a conduit of MeHg transfer to larger estuarine and coastal fish by 

trophic nekton relay and bioadvection (Kneib, 1997). Investigations in these environments 

are important to understanding pathways and processes controlling MeHg bioaccumulation 

in coastal ecosystems, particularly under increasing climate and land use pressures.

Atmospheric deposition of Hg has decreased in the Northeastern US since the 1970s 

(Fitzgerald et al., 2018), however, loading of Hg and organic matter to aquatic ecosystems is 
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predicted to increase under global climate change (Lorey and Driscoll, 1999; Pinkney et al., 

2015). Increases in dissolved organic carbon (DOC) loading from rivers to the Gulf of 

Maine have been observed over the past 80 years, with large increases during wet years 

(Balch et al., 2016). Inputs of nutrients to estuaries have also been predicted (Cloern, 2001; 

Driscoll et al., 2012), which may support phytoplankton blooms. In addition, rapid increases 

in temperature have been observed in the North Atlantic over the last fifteen years (Pershing 

et al., 2015), and may cause shifts in primary productivity. These ecosystem changes have 

unpredictable effects on MeHg bioaccumulation.

While watershed inputs of terrestrial DOC have been associated with transport of MeHg to 

estuarine ecosystems (Conaway et al., 2003), complexation of MeHg to DOC decreases its 

availability for uptake at the base of the foodweb (Lee and Fisher, 2017; Luengen et al., 

2012). In addition, increased inputs of terrestrial DOC may also flocculate during estuarine 

mixing, becoming a sink for MeHg (Soerensen et al., 2017), and higher DOC will decrease 

photodemethylation, which requires light penetration in the water column (DiMento and 

Mason, 2017). Primary productivity is intrinsically tied to the uptake of MeHg at the base of 

the foodweb (Chen and Folt, 2005; Driscoll et al., 2007), but high algal densities can 

decrease MeHg bioaccumulation in higher trophic levels by bloom dilution (Pickhardt et al., 

2002). Productivity in estuaries may therefore decrease bioaccumulation due to bloom 

dilution (Driscoll et al., 2012 ; Luengen and Flegal, 2009) or increase MeHg in the biota due 

to higher MeHg production (Soerensen et al., 2016; Stoichev et al., 2016). Past studies have 

shown that latitudinal or temperature differences influence MeHg bioaccumulation: higher 

MeHg concentrations in estuarine fish have been linked with more northern latitudes 

(Baumann et al., 2017), where Hg biomagnification is highest (Lavoie et al., 2013). Under 

controlled conditions, increased temperature has been found to increase MeHg 

bioaccumulation in estuarine fish (Dijkstra et al., 2013).

Predictive models (Driscoll et al., 2012; Stoichev et al., 2016) and mesocosm experiments 

(Dijkstra et al., 2013; Jonsson et al., 2017; Jonsson et al., 2014; Kim et al., 2008; Van et al., 

2016) have enhanced understanding of processes and environmental pressures that affect 

MeHg bioavailability, however, field studies provide invaluable context and understanding of 

actual responses to environmental parameters across complex estuarine environments. In this 

field study, we investigated MeHg bioaccumulation in the intertidal zone at three different 

latitudes (and temperature regions) in the Northeast USA, with the objective of evaluating 

the effects of differences in organic carbon, primary productivity and MeHg loading on 

MeHg accumulation. This approach investigated different subsites, or areas within a site, 

having low or high organic content in the substrate, to isolate effects of site organic carbon 

from regional variability in natural populations of microbes and primary producers. We 

hypothesize that 1) bioaccumulation factors are higher in subsites with low site organic 

carbon content in the substrate, 2) MeHg concentrations in benthic and pelagic organisms 

are driven by water column MeHg, which is linked with DOC concentrations and 3) higher 

rates of primary production lead to higher MeHg uptake at the base of the estuarine food 

web.
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Methods

Field study design:

To evaluate the controls on MeHg bioavailability and bioaccumulation within and across 

estuarine sites, we collected abiotic and biotic samples at paired sub-sites across three 

latitudes (Mount Desert Island, ME (44° N); Long Island Sound, CT (41° N), and upper 

Chesapeake Bay, MD (38° N); (Figure 1 and supplemental material Table 1S)) during the 

summer months (June – Aug). Growing season average surface water temperature varied by 

~10°C between latitudes (ME: 54-63°C, CT: 61-68°C, and MD: 72-84°C). At each latitude, 

two sites were sampled: Northeast Creek (NC) and Bass Harbor (BH) in Mount Desert 

Island; Barn Island (BI) and Goshen Cove (GC) from Long Island Sound; and Parker’s 

Creek (PC) and Jefferson Patterson (JP) in Chesapeake Bay. Within each site, low and high 

organic carbon subsites (LOC and HOC, respectively) were designated according to 

substrate consistency (sandy vs. muddy), for a total of 12 sub-sites. All sites were chosen in 

areas with no known point sources of Hg, although anthropogenic pressures were higher in 

the southern sites. The sites at each latitude differed in their watersheds with BH, BI, PC all 

being associated with very large protected coastal marsh areas in Acadia National Park (BH, 

Maine), the Barn Island Wildlife Management Area (BI, Connecticut) and Parker’s Creek 

Preserve (PC, Maryland). All sub-sites were at least 0.5 km apart (generally much further 

via salt water creeks), with the exception of the JP sites, which were in close proximity (0.05 

km) but separated by a narrow channel.

Sampling:

Biotic samples included ribbed and blue mussels (Geukensia demissa and Mytilus edulis), 

common periwinkle (Littorina littorea), grass and sand shrimp (Palaemonetes spp. and 

Crangon spp.), blue crab (Callinectes sapidus), green crab (Carcinus maenas), Atlantic 

silversides (Menidia menidia), mummichog (Fundulus heteroclitus) and striped killifish 

(Fundulus majalis). Individuals (~10) of each species were collected from the intertidal zone 

at each subsite where available. Larger numbers of mummichog and silversides (~30 

samples) were collected at two sub-sites (for each species) to investigate the relationship 

between fish size and MeHg concentration.

Sediment samples (top 4 cm) were collected at each subsite by hand using acid-cleaned 

polycarbonate coring tubes. Samples were frozen in acid-washed, screw cap plastic cups 

until analyses, which included total Hg (THg) and MeHg concentrations, and bulk organic 

carbon content as loss on ignition (%LOI).

Surface water samples for Hg speciation were collected at a depth of ~ 0.5m at both high 

tide and low tide from an inflatable boat using trace-metal clean techniques. Water samples 

were collected directly into 2L Teflon (FEP) bottles, and stored in double zip-bags inside 

iced coolers. Water for Hg speciation analysis was filtered within 12 hours after collection 

using acid-washed Nalgene plastic vacuum filtration units (47 mm 0.45 pm quartz fiber 

filters, Advantec, Matthews, North Carolina) inside a portable laminar flow hood. Filtrate 

was acidified (0.5% trace metal grade HCl) and refrigerated, and particulate filters were 

frozen inside acid-washed plastic dishes. Water filtrations for TSS and DOC were done 
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using the same filtration units and filters; samples for Chl-a and phaeopigment were filtered 

on 25 mm glass fiber filters (Advantec) using a glass filtration apparatus.

Analysis:

Biota samples were analyzed at the Dartmouth Trace Element Analysis Core, and water and 

sediment analyses were performed at the Mason lab at UConn. Biota samples were freeze-

dried, then analyzed for MeHg and inorganic Hg by species-specific isotope dilution ICP-

MS using a MERX-M automated methylmercury analyzer coupled to an Element 2 ICP-MS 

(Taylor et al., 2011; Taylor et al., 2008). Portions of sample (50 mg) were weighed into 7 

mL glass vials, then spiked with an appropriate amount of 201MeHg or 199Hg, and digested 

overnight in 3 mL 25% tetramethylammonium hydroxide (TMAOH). A 50 μL subsample of 

the extract was then added to 40 mL of water in an acid-washed brown glass septa vial, 

along with 0.3 mL citrate buffer and 40 μL of ethylating reagent. Where sample was 

available, a second sample of the biota was analyzed for total Hg (THg) using a Direct 

Mercury Analyzer (DMA-80; Milestone Inc., Shelton CT) (U.S. EPA, 1998). The DMA was 

calibrated using standard reference materials (NIST 1515 Apple leaves, NIST 2976 Mussel, 

NIST 2709a San Joaquin Soil (National Institute of Standards and Technology; 

Gaithersburg, MD), NRCC TORT-2, and NRCC DORM 4 (National Research Council of 

Canada, Ottawa, Canada). Calibration was repeated as needed based on daily performance 

checks.

Recoveries of MeHg for certified reference materials were 95±4% for NRCC DORM-4 (354 

ng/g; n=14); 100±7%for NIST 2976 Mussel (28 ng/g; n=11); 110±4 %for NRCC TORT-2 

(152 ng/g; n=4). Recoveries of THg were 98±5% for NRCC DORM-4 (410 ng/g; n=14); 

100±10%for NIST 2976 Mussel (61 ng/g; n=11); 100±6 %for NRCC TORT-2 (270 ng/g; 

n=4).

THg in water was measured in both filtered and particulate fractions using cold vapor atomic 

fluorescence spectrometry (CVAFS). Analytical methods for analysis of THg in these phases 

are detailed elsewhere (Bloom and Fitzgerald, 1988; Bloom and Crecelius, 1983; Gill and 

Fitzgerald, 1979). In brief, 50–100 mL aliquots of filtered (0.45 μm) water were digested 

chemically with bromine monochloride (BrCl) and subsequently neutralized with 

hydroxylamine hydrochloride (NH2OHṀHCl). Sample Hg was reduced to Hg0 with 

stannous chloride (SnCl2) in a sparging vessel, purged with nitrogen, and trapped and 

analyzed by dual gold-amalgamation. The results were calibrated against an Hg0 standard 

and an aqueous Hg standard traceable to the US National Institute of Standards and 

Technology (NIST). Particulate THg was determined by acid-leaching material on quartz 

fiber filters with 4N HNO3 (Hammerschmidt and Fitzgerald, 2001) and analyzed as 

described above. Sediments were freeze-dried and analyzed for THg using the Milestone 

DMA-80 (U.S. EPA, 1998). Sample results were corrected for field and preparation blanks 

as appropriate. The mean ± standard error (SE) relative percent differences (RPD) for 

preparation and analytical duplicates were 12 ± 6 % and 8 ± 2 %, respectively, for water and 

particulate samples. Mean aqueous THg standard recoveries were 97 ± 6 %. Mean RPD was 

5 ± 1 % for sediment analytical duplicates, and mean marine sediment standard reference 

material recoveries were 95 ± 2 % for NRCC PACS-2 (3.04 mg/kg) and 94 ± 1 % for NRCC 
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MESS-2 (0.092 mg/kg). THg method detection limits (MDLs) were 0.05 ng/L for water 

analyses, 0.21 ng/g for particulate analyses, and 1.8 ng/g for sediment analyses.

MeHg in 0.45 μm filtered water, particulate matter, and sediment was determined by purge 

and trap (tenax) gas chromatographic CVAFS following ethylation (Hammerschmidt and 

Fitzgerald, 2001; Tseng et al., 2004). MeHg in all samples was separated by distillation with 

dilute sulfuric acid (H2SO4) and potassium chloride (KCl). Sample MeHg was measured 

after calibration with an aqueous standard solution traceable to NIST. Sample results were 

corrected for field and preparation blanks as appropriate. The mean ± (SE) RPD for 

distillation and analytical duplicates were 14 ± 3 % and 9 ± 2 %, respectively, for water and 

particulate samples. Distillation MeHg standard spike and aqueous MeHg standard 

recoveries were 115 ± 4 % and 103 ± 2 %, respectively, for water and particulate samples. 

Sediment MeHg mean distillation spike and aqueous MeHg standard recoveries were 96 

± 6 % and 95 ± 2 %, respectively. The mean RPD for sediment MeHg distillation and 

analytical duplicates were 16 ± 2 % and 11 ± 3 %, respectively. MDLs were 0.01 ng/L for 

water analyses, 0.012 ng/g for particulate analyses, and 0.004 ng/g for sediment analyses.

Additional physicochemical properties of ambient water measured in situ included 

temperature, salinity and dissolved oxygen using a sonde, total suspended solids (TSS) and 

dissolved organic carbon (DOC). Chlorophyll-a (Chl-a) and phaeopigment were analyzed 

for particulate matter samples using a Trilogy fluorometer following extraction with acetone. 

Sediment loss-on-ignition (LOI; a proxy for organic matter content) was measured by 

overnight combustion at 5500C.

Data were analyzed using JMP Pro 14 software and were log transformed as needed to the 

assumptions of parametric tests. Correlations between transformed variables were assessed 

by Pearson’s correlation coefficents. Bioaccumulation Factors (BAFs) were calculated as 

concentrations of MeHg in the biota divided by the dissolved water column concentration. 

Within and between site comparisons of biotic concentrations and BAFs, were evaluated by 

nested ANOVA, with site and subsite designated as fixed effects. Models were fit using least 

squares, and Post hoc Tukey’s Honestly Significant Difference test was used to assign 

significant differences between sub-sites. Partition coefficients (Kd [l/kg]) of MeHg in the 

water column were calculated as [solid]/[dissolved]. Akaike’s Information Criterion adjusted 

for small sample sizes (AlCc) was used to assess the best a priori model for describing 

concentrations of MeHg in estuarine fish. In these models, MeHg in the water column, 

suspended particulates, and sediment, as well as DOC and Chl-a were chosen a priori as 

factors that influence MeHg bioaccumulation.

Results

Abiotic and biotic characterization at paired sites within region:

A large range of Chl-a (2.25 to 19.3 μg/L), DOC (1.5 to 34 mg/L), and %LOI (0.7 to 26%) 

were captured across sites (Fig. 2A to C; all abiotic data is presented in Supplemental Table 

2S). The highest concentrations of %LOI and DOC were found at the Maine sites; it should 

be noted that the LOC and HOC designation is consistent among sub-sites, but not sites (eg. 

BH LOC has higher %LOI than JP HOC). Across regions, Chl-a, an indicator of net 
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phytoplankton production, was higher in the Connecticut and Maryland sites than in Maine. 

Large tidal differences in chl-a were evident at both BI sites; at BI chl-a was more elevated 

at low tide, whereas at all other sites, Chl-a was highest at high tide. Concentrations of DOC 

in the water column were higher in paired sub-sites with higher %LOI, although the 

between-subsite difference was small (< 1 mg/L) at the two Maryland sites, GC in 

Connecticut, and at the NE site in Maine, and tidal variation in DOC was high at the Maine 

sites (Fig. 2B).

Levels of THg in sediments were consistently higher at subsites with higher sediment 

organic carbon (Supplemental Table 2S), and correlated strongly with %LOI (r2 = 0.70, p < 

0.001). Higher sediment MeHg concentrations did not coincide with HOC subsites (Fig. 

3A), and there was no correlation between MeHg and %LOI or THg in sediment. There 

were no correlations between MeHg in the sediment and the water column. Water column 

levels of dissolved and particulate MeHg were elevated, and more variable between tides, at 

the Maine sites and BI (Connecticut) (Fig. 3B). Concentrations of MeHg in the dissolved 

phase was correlated with MeHg in the particulate phase (log MeHg diss. against log MeHg 

part r2 = 0.66, p = 0.001 at low tide, and r2 = 0.61, p = 0.004 at high tide). The proportion of 

MeHg/THg (%MeHg) in the dissolved phase was also much higher in the Maine sites (16 to 

34%), relative to the Maryland sites (3-11%).

MeHg concentrations in the biota:

Mean concentrations of MeHg in fish and invertebrates ranged by ~1 order of magnitude 

across sites (Table 1). There was a strong correlation between log MeHg levels and length 

for mummichog assessed at two sites where large size distributions of fish were collected: 

BH HOC (r2 = 0.29; p < 0.001; n = 40) and JP HOC (r2 = 0.36; p < 0.001; n = 27); therefore, 

log MeHg concentrations were normalized to mean length (5.8 cm) across all sites, 

according to Eaglesmith and Ackerman (2014). There was no correlation between MeHg 

and length in silversides within sites (PC HOC (n = 17) or BH LOC (n = 22)); mean MeHg 

concentrations calculated for each sub-site included all sizes. Higher MeHg concentrations 

were found in the Maine sites than the Maryland sites for silversides, mummichog, mussels 

and periwinkle, corresponding with higher MeHg in the water column at these sites. 

Concentrations of MeHg in biota were not consistently higher in the LOC or HOC subsites; 

at BH, silversides had higher MeHg concentrations at HOC, whereas mummichog were 

higher at LOC. At BI, MeHg in shrimp was higher at the HOC site whereas mussels MeHg 

was more elevated at LOC, and no significant difference between subsites was evident in 

silversides. At JC, striped killifish had slightly higher MeHg at the HOC subsite, whereas 

silversides, mummichog and periwinkle did not differ significantly in MeHg between 

subsites. No trends between sites were evident in either crab species, both of which are 

highly omnivorous.

Comparison of Bioaccumulation Factors between paired subsites:

Bioaccumulation factors (BAF’s), calculated from the average high and low tide dissolved 

MeHg concentrations, are shown across sites for silversides and mummichog in Fig. 4. 

Within sites, significantly higher BAF’s in silversides were observed at the LOC relative to 

HOC subsites at 4 out of 5 sites. Similarly, BAF’s for mummichog, were significantly higher 
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at 3 of the 4 LOC sites. Three of the sites where lower BAF’s were observed at HOC 

subsites were those associated with large coastal marsh preserves (BH, BI, and PC), and 

include sites with the largest differences in water column DOC concentration (BH, BI). 

Because tidal differences have a large influence on BAF calculation at some subsites, the 

BAF’s based on low and high tide dissolved MeHg concentrations are shown in 

Supplemental Figure 1S. Tide did cause a differences in BAF between subsites, as indicated 

in Figure 4: using low tide dissolved MeHg concentrations, the differences in BAF between 

subsites for both fish species become insignificant at PC, although mean BAF at the LOC 

site are still higher than the HOC site. The difference in BAF at BH for silversides was also 

insignificant at low tide, and the low tide BAF at GC is significantly higher at the HOC 

subsite. At high tide, the BAFs for both fish at HOC were higher at the JP site.

Striped silversides and invertebrates were only found across one or two paired subsites; 

BAFs of these species are shown in the Supplemental Figure 2S. Like the other fish species, 

striped killifish had higher BAFs at the LOC subsite at JP, but had higher BAF’s at the HOC 

site at GC. Shrimp had higher BAFs at the LOC site at BI, but also showed no differences at 

GC. Periwinkle had no significant differences between sites and mussels had slightly higher 

BAFs at the HOC site.

Factors controlling MeHg in fish across sites

Accumulation of MeHg in fish was investigated by comparing models, first by including 

average concentrations of MeHg (particulate and dissolved), DOC and Chl-a in the water 

column, as well as MeHg in the sediment, then further by including high and low tide 

concentrations of the water column parameters. Correlations between abiotic parameters 

across sites were first identified, to evaluate collinearity. Concentrations of dissolved MeHg 

in the water column were positively related to DOC concentrations across sites, with 

stronger correlations at low tide (Fig. 5). The relationship between Chl-a and MeHg in the 

water column was more confounding; there was no correlation between MeHg in the 

suspended particulate with increased productivity in the water column, whereas the MeHg 

partition coefficients (KD) was positively correlated with Chl-a, which was only significant 

at high tide (Fig. 6).

The best model describing MeHg concentrations in silversides was dissolved MeHg – DOC, 

where both MeHg and DOC were average of high and low tide concentrations (Table 2). 

Investigations of tidal differences also revealed a strong correlation between MeHg in 

silversides and high tide dissolved MeHg concentrations (r2 = 0.73 ; r2
adjj = 0.69; p = 

0.0017), whereas high tide DOC concentrations were not significant in the model. 

Concentrations of MeHg in mummichog were best described by low tide concentrations of 

dissolve MeHg. No significant predictors of MeHg in striped killifish or the invertebrate 

species were identified, likely because these species were found at fewer sites than the other 

fish.

The relationships between dissolved MeHg, DOC and concentrations of MeHg in fish were 

further explored in Figure 7. While DOC is linearly correlated with MeHg in mummichog, 

the relationship is much stronger at low tide. In contrast, there is no significant relationship 

between MeHg in silversides and DOC. Differences in MeHg concentrations in silversides 
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and mummichog are evident between sites, relative to MeHg and DOC in the water column. 

In particular, higher concentrations of MeHg were found in silversides than in mummichog 

at GC and BI sites.

Discussion

A wide range of MeHg and organic carbon levels were captured in estuarine sediments and 

the water column, with concentrations varying across regions and between sites and subsites. 

In the water column, higher MeHg and DOC were evident at the Maine sites, whereas 

phytoplankton productivity (as Chl-a) was higher at BI and in warmer, southern regions. The 

highest concentrations of MeHg in several species of biota, including mummichog, 

silversides, mussels and periwinkles, were found at the Maine sites. These sites are located 

within (BH) or adjacent to (NE) Acadia National Park, a known hotspot for MeHg in 

freshwater (Bank et al., 2007; Loftin et al., 2012). The high MeHg concentrations are likely 

specific to this area rather than representing a regional or temperature trend, as our previous 

studies of other sites along the Maine coast (Balcom et al., 2015; Chen et al., 2014) have 

shown much lower MeHg loading.

Differences in MeHg in the biota were discernible between regions, but differences between 

sites and subsites were less apparent: only one pair of subsites had significantly different 

MeHg concentrations in fish (BH), and the two sites in Connecticut (GC and BI), had 

differences in silverside MeHg concentration. This is in contrast to a study of sites within 

San Francisco estuary, where large differences in Hg concentration in fish were found at 

sites within close proximity (Eagles-Smith and Ackerman, 2014). The influence of site 

chemistry, including sediment and water MeHg loading, were not measured in the other 

study, so it cannot be ascertained whether there were larger differences in water chemistry 

between sites.

Biotic-water BAFs provided a means of investigating differences in bioaccumulation 

between subsites with different MeHg loading, and for the intertidal fish, areas with higher 

organic carbon sediment were associated with an overall effect of decreasing MeHg uptake. 

While BAFs provide an effective means of comparing within-site differences, they can be 

problematic deciphering mechanistic relationships between factors controlling 

bioaccumulation across sites, and require careful interpretation (Pollman and Axelrad, 

2014). Differences in fish MeHg concentrations are much smaller than variability in MeHg 

in the water column (Chen et al., 2009), such that effects of the denominator on BAF values 

are large. In addition, water analyses were taken at a single time point, or across a tidal 

cycle, and temporal variation at some sites contributes to variance in BAF values. 

Differences in BAFs calculated from high and low tide MeHg concentrations were large at 

some sites. However, while differences between subsites were not always significant across 

high and low tide, the mean BAF value were consistently higher at LOC sites for both fish 

species, with the exception of the JP site. This site had low concentrations of organic carbon 

in the sediment and water column at both subsites, and the smallest differences in %LOI 

between subsites. In addition, the subsites were in very close proximity to one another. 

Further support of the difference in bioaccumulation between subsites comes from both 

mummichog, which are a detrital-feeding resident species (McMahon et al., 2005), and 
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Atlantic silversides, which are more transient and pelagic feeders, having lower mean BAF’s 

at HOC subsites, across latitudes. The trend was not evident in invertebrates, likely due to 

their different feeding strategies than fish.

Differences in BAF were most evident at sites associated with large coastal marsh areas 

(BH, BI, PC) and those having the largest differences in DOC concentration (BH and BI). 

While DOC increases the solubility and stability of MeHg in the water column in estuaries 

(Bergamaschi et al., 2011; Mitchell et al., 2012), it also decreases the bioavailability of 

MeHg at the base of the foodweb (Lee and Fisher, 2017; Luengen et al., 2012). Differences 

in DOC quality have been suggested to effect MeHg bioavailability, where humic fractions 

of terrestrial or wetland-derived DOC have been found to form DOC-MeHg complexes with 

low bioavailability (Schartup et al., 2015b). Labile, marine sourced DOC has been found to 

be more persistent in the water column (Soerensen et al., 2017) and any MeHg associated 

with it more bioavailable (Schartup et al., 2015b). Differences in DOC concentration and 

source therefore likely play a role in influencing BAF between subsites. These different 

factors influencing BAF add to our understanding from studies where wetland area has been 

associated with higher MeHg concentrations in estuarine fish (Buckman et al., 2017; Eagles-

Smith and Ackerman, 2014), due to increased MeHg production in wetlands (Mitchell and 

Gilmour, 2008), and suggests these environments are also suppressing MeHg uptake to the 

biota.

Further investigation of the factors controlling bioaccumulation in estuaries come from 

evaluating the relationships between water column chemistry and MeHg in the water column 

and in fish. Across sites, levels of MeHg in the water column, but not the sediment, were 

found to be predictive of MeHg in the biota. In this study, MeHg in the dissolved fraction, 

not the particulate fraction, of the water column was more strongly associated with MeHg in 

the biota, whereas prior studies (Buckman et al., 2017; Chen et al., 2014) found MeHg in 

suspended particulate to be correlated with fish MeHg concentrations. In this study, a larger 

range and higher concentrations of dissolved MeHg (0.01 to 1.26 ng/L) were captured than 

in (Chen et al., 2014) (0.001 to 0.025 ng/L), compared with a slightly smaller range of 

particulate MeHg in this study (0.2 to 16.7 ng/g) than the previous study (0.14 to 20.1 ng/g).

Differences in water column chemistry (DOC, Chl-a) across tides affected both MeHg 

concentrations in the water column, and bioaccumulation in the two fish species. 

Concentrations of dissolved MeHg in the water column were related across sites with DOC, 

with a stronger correlation at low tide (Fig. 4), suggesting DOC and MeHg inputs were from 

the watershed. There are few studies of MeHg and DOC across a wide range of estuarine 

systems. In streams, concentrations of MeHg have been found to correlate with DOC across 

a wide range of sites (Tsui and Finlay, 2011), although the relationship is less clear across 

time points because MeHg concentrations vary temporally (Chasar et al., 2009). MeHg 

concentrations in estuaries also vary temporally throughout the year (Mitchell et al., 2012), 

but have been found to associate across tidal cycles (Bergamaschi et al., 2011). While MeHg 

and DOC were correlated in intertidal waters, differences in watershed and marine inputs, 

and the extent of mixing between sites contribute to changing correlations between tides.
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Phytoplankton productivity was also related to MeHg in the water column, where at high 

tide, MeHg partitioned to the particulate phase with increasing Chl-a (Fig. 6b). This 

corresponds with higher densities of marine phytoplankton (as Chl-a) at high tides, which 

can bioconcentrate MeHg by about 105 times relative to seawater (Lee and Fisher, 2017; 

Schartup et al., 2018). The differences in Chl-a across regions, where phytoplankton 

productivity is higher in the southern sites, makes its relationship with MeHg concentrations 

difficult to isolate from other factors in estuarine systems. In freshwater systems, algal 

blooms have been associated with decreased MeHg levels in plankton due to rapid increases 

in biomass relative to available MeHg (Chen and Folt, 2005; Pickhardt et al., 2002). Bloom 

dilution has also been inferred in an undisturbed estuarine system (Luengen and Flegal, 

2009), but modelled growth of marine zooplankton suggests blooms in open water marine 

environments are insufficient to dilute MeHg (Schartup et al., 2018). In this study, the effects 

of phytoplankton density on MeHg cycling in the water column and on bioaccumulation in 

fish are difficult to separate from other drivers, and have the strongest influence at high tide.

Across sites, uptake of MeHg into the two fish species differed with their feeding 

preferences, which corresponded with different water column conditions across tides. 

Silverside MeHg concentrations were more strongly correlated with high tide MeHg levels 

in the water column (Fig. 7); this reflects the more selective feeding practices of this species, 

which prefer to eat zooplankton, found in marine waters. In contrast, mummichog, which 

correlated more strongly with low tide MeHg water concentrations, are resident in near 

shore areas where they feed omnivorously from benthic and pelagic sources. The 

bioaccumulation of MeHg in both killifish and silversides is almost exclusively due to 

dietary uptake (Dutton and Fisher, 2010, 2014) although 10% of MeHg in fish has been 

associated with assimilation from water (Hrenchuk et al., 2012), and decreases in MeHg 

uptake from the water column have been observed in association with higher concentrations 

of DOC (Dutton and Fisher, 2012). Deciphering specific uptake pathways from the abiotic 

compartments to higher trophic levels is complex at estuarine sites, because primary 

producers and consumers, at the base of the foodweb, are associated with the largest Hg 

bioaccumulation factors, but are difficult and often impossible to isolate from the other 

seston. Particulate samples from the water column consist of a mixture of suspended 

sediment, detrital material, and phytoplankton, with each of these fractions likely containing 

different relative amounts of MeHg, with different bioavailability. In this study, the dissolved 

fraction of MeHg better represented concentrations in the phytoplankton portion of the 

suspended particulate, whereas MeHg concentrations in the particulate likely varied between 

sites because of differences in its overall composition.

The role of organic carbon across sites is also complex, and collinearity between MeHg and 

DOC makes their individual roles in the MeHg accumulation model difficult to interpret. 

Organic carbon plays a complex role in MeHg bioavailability, where uptake of MeHg at the 

base of the foodweb has in some instances been positively correlated with DOC (Pickhardt 

and Fisher, 2007), but negatively correlated in others (Gorski et al., 2008; Luengen et al., 

2012). Other studies have shown a non-linear relationship with increasing MeHg 

bioaccumulation at low DOC and decreasing at high DOC (Chaves-Ulloa et al., 2016; 

Driscoll et al., 1995). Recent modeling suggests that bioaccumulation into marine plankton 

is highest under low DOC concentrations (Schartup et al., 2018). In the nearshore 
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environments of this study, concentrations of MeHg and DOC in the water column are much 

higher than in open water studies. Mummichog MeHg concentrations correlated with DOC 

in the water column, which may reflect the association between MeHg and DOC in the 

water column. By contrast, DOC had an inverse relationship with MeHg in silversides, 

which may reflect its restricting effect on bioavailability to phytoplankton, at the base of the 

pelagic foodweb. The non-linearity of the relationship between DOC and MeHg in 

silversides also infers different sources of carbon between sites, where bioavailability of 

MeHg in the water column appears to be higher at the Connecticut sites (BI and GC) than 

the Maine sites (BH and NC). This may be due to more terrestrial DOC at the Maine sites, 

and more labile, marine DOC at the Connecticut sites. Despite the apparent suppressing 

effect of DOC on MeHg accumulation in silversides, MeHg levels in both fish species 

increased with large increases in MeHg in the water column, which were in turn related to 

DOC in the water column. These findings suggest increased watershed inputs of MeHg and 

DOC will have an overall impact of increasing MeHg accumulation in estuarine fish.

Conclusion

This study demonstrates that, as hypothesized, within sites, the bioaccumulation of MeHg 

varies between subsites with different organic carbon content in the sediment, particularly in 

areas surrounded by coastal marsh and with large differences in DOC in the water column. 

Across sites, the loading of MeHg to the water column is a strong predictor of the 

concentrations of MeHg in biota, across a wide range of environmental conditions. 

Additionally, the water column concentration is not directly related to the levels of MeHg in 

the bulk local sediments. Furthermore, much larger differences in aqueous MeHg 

concentrations across sites, which are associated with DOC inputs, provide evidence that 

increased watershed inputs of DOC and MeHg are driving the higher concentrations in the 

biota. There is some suggestion that increased productivity will result in increased 

partitioning of MeHg into phytoplankton and the estuarine foodweb. Furthermore, increased 

watershed inputs of organic carbon and MeHg associated increase MeHg levels in estuarine 

fish, despite the within-site effects of organic carbon reducing MeHg bioaccumulation.
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Highlights

• Dissolved organic carbon drives dissolved methylmercury levels in the 

intertidal zone

• Fish levels of methylmercury are positively associated with water column 

concentrations

• Methylmercury bioaccumulation is lower in environments with high organic 

carbon content in sediment

• Increased water column methylmercury from watersheds will increase levels 

in fish
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Figure 1). 
Locations of field sites in this study.
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Figure 2). 
Concentrations of A) Chl-a (μg/L) B) DOC (mg/L) and C) LOI (%) in estuarine water across 

subsites. Error bars represent low and high tide values of Chl-a and DOC, and min/max 

values of sediment LOI .
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Fig. 3A). 
Concentrations of dissolved MeHg (ng/L) in the water column, and B) Concentrations of 

MeHg (ng/g) in suspended particulates and in sediment, across subsites. Error bars represent 

low and high tide values of MeHg in the water column, and min/max values of MeHg in 

sediment.
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Figure 4). 
Log Bioaccumulation Factors (BAF) of MeHg in biota vs. water column (dissolved) in fish 

across subsites (mean ± SD). Asterisks (*) indicates significantly higher BAF (p < 0.05) in 

the low OC subsite. Black asterisks indicate this relationship was significant using water 

concentrations across tides; grey asterisks indicate the relationship was not significant using 

low or high tide water concentrations alone.
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Figure 5). 
Dissolved MeHg (ng/L) vs. DOC (mg/L) across sites (colors) at low (o; short dashed line) 

and high tide (+; long dashed line). Correlations of log MeHg vs. log DOC are given for low 

and high tides.
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Figure 6). 
Relationship between A) particulate MeHg (ng/g) and Chl-a (μg/L), and B) log KD (MeHg) 

vs. Chl-a across sites (colors) at low (o; short dashed line) and high tide (+). Correlations of 

log KD (MeHg) vs. Chl-a are significant at low tide.
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Figure 7). 
Mean MeHg (ng/g) in silversides (top row) and mummichog (bottom row) vs. dissolved 

MeHg (ng/L; left column) and DOC (mg/L; right column). Sites are designated by color; 

low tides are shown as (o; short dashed line) and high tide (+; long dashed line).
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