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Abstract

Evaluating the degree of metal exposure and bioaccumulation in estuarine organisms is important
for understanding the fate of metals in estuarine food webs. We investigated the bioaccumulation
of Hg, methylmercury (MeHg), Cd, Se, Pb, and As in common intertidal organisms across a
watershed urbanization gradient of coastal marsh sites in New England to relate metal exposure
and bioaccumulation in fauna to both chemical and ecological factors. In sediments, we measured
metal and metalloid concentrations, total organic carbon (TOC) and SEM-AVS (Simultaneously
extracted metal-acid volatile sulfides). In five different functional feeding groups of biota, we
measured metal concentrations and delta 1°N and delta 13C signatures. Concentrations of Hg and
Se in biota for all sites were always greater than sediment concentrations whereas Pb in biota was
always lower. There were positive relationships between biota Hg concentrations and sediment
concentrations, and between biota MeHg concentrations and both pelagic feeding mode and
trophic level. Bioavailability of all metals measured as SEM-AVS or Benthic-Sediment
Accumulation Factor was lower in more contaminated sites, likely due to biogeochemical factors
related to higher levels of sulfides and organic carbon in the sediments. Our study demonstrates
that for most metals and metalloids, bioaccumulation is metal specific and not directly related to
sediment concentrations or measures of bioavailability such as AVS-SEM.
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1. Introduction

Metal contamination is a major global concern in the environment. Metals comprise four of
the top ten substances of concern on the Agency for Toxic Substances and Disease Registry
2015 Priority list of Hazardous Substances, with As, Pb, and Hg comprising the top three
[1]. Metal contaminants (including metalloids) are common in estuaries where they are often
transported from upland watersheds and deposit in estuarine sediments. Metals in sediments
can then enter benthic food webs through bioaccumulation in benthic organisms, or enter
pelagic food webs after flux into the water column and subsequent bioaccumulation by
phytoplankton [2-5]. Identifying variables that control metal bioaccumulation and trophic
transfer is therefore important for predicting the effects of metal contamination on estuarine
organisms and subsequent human metal exposure through seafood consumption.

Sediment and water concentrations alone do not determine availability or uptake of metals
by organisms. Metal bioavailability to ecological receptors is controlled by complex
physical, chemical, and biological factors that affect exposure and uptake patterns [6]. These
factors include metal speciation (controlled by redox, organic matter, sulfides), metal
concentration in aqueous and particulate (food) phases, and ecological processes such as
feeding strategies and trophic position of exposed organisms [7,8].

Numerous studies have described factors controlling the bioavailability of metals for aquatic
organisms [9,10]. These studies have examined mechanisms of toxicity, kinetic models of
uptake, intracellular speciation modeling (Biotic Ligand Models), metal detoxification in
aquatic organisms, and bioaccumulation in different body tissues [11-14]. Metal
bioaccumulation has also been used as an endpoint for evaluating bioavailability using the
tissue residue approach [15-19]. Overall, there are fewer field studies than experimental
studies of metal bioaccumulation in coastal food webs, particularly intertidal food webs. The
relationship between sediment concentrations and biota concentrations of metals has also not
been thoroughly explored, particularly comparing multiple metals across a range of sites that
differ in the degree of metal contamination. Estuarine sediments can be sources of metal
bioaccumulation in resident food webs and these can serve as vectors of contaminants to
human exposure via seafood consumption [20-22].

Here, we investigated bioaccumulation of metal and metalloid contaminants (Hg, MeHg, Se,
As, Cd, and Pb) in benthic and pelagic biotic receptors across a gradient of intertidal sites in
New England estuaries. The sites we selected encompassed a broad range of watershed
urbanization and sediment metal concentrations. All of these metals and metalloids are
prevalent at anthropogenically contaminated estuarine sites, but they differ in their routes of
uptake and modes of toxicity [10].

Of the trace elements considered here, only Se is biologically essential for many organisms.
There are no known biological functions for Hg (in any form), Pb, and As, and the principal
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use of Cd is as a replacement for Zn as a co-factor for the enzyme carbonic anhydrase [19].
Se is required by a broad number of organisms as an enzyme cofactor, most particularly for
the antioxidant, glutathione peroxidase [23]. Because it is biologically essential, the health
of organisms may be impaired by insufficient concentrations of Se, but Se can also be
acutely toxic when concentrations exceed an optimal level [24]. In contrast, organisms are
never stressed by insufficient concentrations of the other trace elements considered here
because they are non-essential, but all can be toxic at elevated concentrations, particularly
when the sequestering ability of an organism is exceeded by high rates of metal acquisition
[25]. Both Se and the non-essential elements considered here (Hg, Cd, Pb, and As) have
strong affinities for S and amino functions and consequently are commonly associated with
proteins [26].

Generally, the bioavailability of each of these metals and metalloids to estuarine fauna is
dependent on the physico-chemical properties of the sediments and species-specific feeding
modes, routes of uptake, and assimilation and efflux rates [10,12,13]. In marine ecosystems,
Hg, Pb, As, Cd, and Se are enriched in sediments relative to the water column. Of these
elements, the binding of Cd to particulate matter is most affected by salinity, and its particle
affinity (hence, binding strength to sediments) is inversely related to salinity due to chloro-
complexation [27]. Hg, MeHg, its most bioavailable form, and Se are metals that are highly
assimilated, bioaccumulated through diet in marine organisms, and known to biomagnify in
marine food webs [13,28]. Moreover, Hg and Se in sediments can form mercuric selenide
which has been shown reduce the bioavailability of Hg for methylation into the more toxic
form, MeHg [29], Arsenic, Cd and Pb, in contrast to Hg and Se, have lower assimilation
efficiencies and have been shown to biodiminish in aquatic food webs [13,30-32].

The overarching goal of this study was to investigate the relationship between metal and
metalloid contamination in sediments and bioaccumulation in intertidal food webs across a
range of diverse metals to evaluate larger-scale patterns across sites. Specifically, we
determined if sediment concentrations of metals and metalloids, organic carbon
concentrations, or measures of element bioavailability and bioaccumulation were predictive
of concentrations in a variety of estuarine fauna. We focused on metal and metalloid
concentrations in lower trophic level organisms, because these taxa link these elements in
sediments and the water column to pelagic fisheries, which are important sources of human
exposure to metal contaminants. At each site, we collected animals from a range of feeding
groups and trophic levels, including filter feeders (blue mussels and ribbed mussels; Mytilus
equlis and Geukensia demissa), detritivores (amphipods), and omnivorous fish and
invertebrates (killifish, Fundulus heteroclitus, green crabs, Carcinus maenas, and shrimp,
Paleomonetes pugio, Crangon septemspinosus). All of these lower trophic level species are
also resident species that have strong site fidelity and small ranges such that their metal
burdens reflect exposures in the areas from which they were sampled [33-35]. In order to
investigate the relationships between sediment and biotic metals, we compared tissue
concentrations of metals in estuarine organisms to sediment concentrations (both Total
Organic Carbon (TOC), normalized and non-normalized) and to simultaneously extracted
metal (SEM) for Cd, Hg, and Pb. We also evaluated metal bioavailability by measuring
SEM-AVS and by calculating Biota Sediment Accumulation Factors (BSAF). Finally, we
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also examined the relationship of food source and trophic position to bioaccumulation for
each metal.

2. Materials and Methods

2.1. Field Sites

We studied six sites that encompassed a broad range of watershed land use and urbanization.
Four sites were located in the Gulf of Maine, and two sites in Narragansett Bay, RI (Figure
1). The sites included: (1) Adams Point in southeast Great Bay NH, where direct industrial
inputs are low [36] and land use is relatively forested; (2) the Portsmouth Harbor Region of
Great Bay, which is highly industrialized and adjacent to numerous contaminated sites; (3)
the Webhannet Estuary in Wells ME, which is undeveloped except for some residential areas
(mostly seasonal); (4) Somes Sound on Mount Desert Island Maine adjacent to Acadia
National Park, which is undeveloped but receives relatively high atmospheric inputs of Hg
[37]; (5) Greenwich Cove, a residentially developed site with a large boat marina on the
eastern side of Narragansett Bay and (6) Providence River Estuary a highly industrialized
site and shipping channel at the head of Narragansett Bay. At Portsmouth Harbor, the
proximity to Hg contaminated sites at the adjacent Portsmouth Naval shipyard are previously
documented [38]. At all sites, we sampled intertidal areas with similar patterns of tidal
inundation: sediment samples were taken at low tide in 0.5 m depth of water and biotic
samples were collected at both low tide (invertebrates) and mid tide via seining. Salinities
were taken at high tide at each site and ranged from 30 to 32 ppt in all sites but the upper
Webhannet Estuary and the Providence River Estuary where salinities were 24-25 ppt.

2.2. Sediment Samples

Sediment samples were collected in summer 2006 at each site using a 6 cm diameter coring
tube. The top 2 cm of nine sediment cores taken in an area of approximately 100 m? were
composited into a single sample. Aliquots of the composite were freeze-dried, homogenized,
and analyzed for total Hg, MeHg, Se, Cd, As, and Pb and total organic carbon as described
below. Separate sediment samples (three replicates per site) were collected for SEM-AVS
analysis by taking a 4 cm plug of sediment using a 250 mL glass jar under water to prevent
contact with air and freezing the sample immediately.

2.3. SEM-AVS and TOC Analysis of Sediments

SEM-AVS samples were shipped to Battelle Marine Sciences Laboratory where they were
extracted and analyzed for AVS/SEM in accordance with Battelle SOP MSL-C-001. Sulfide
was converted to hydrogen sulfide, which was purged from the sample, converted to
methylene blue, and measured on a spectrometer. SEM extracts were analyzed for total Hg
by Cold Vapor Atomic Fluorescence (CVAF) in accordance with Battelle SOP MSL-1-013
based on EPA Method 1631 Revision E, and by Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) for all other extracts (Cd, Cu, Hg, Ni, Pb, and Zn) in accordance
with Battelle SOP MSL-1-022 adapted from USEPA Method 1638. SEM-AVS was
calculated by summing the SEM values for all six metals (Cd, Cu, Hg, Ni, Pb, and Zn) and
subtracting AVS values.
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TOC was analyzed using thermal partitioning at 550 °C (EPA 440.0). Total (organic +
inorganic) C was determined at 1350 °C combustion temperature. A second sample was
combusted at 550 °C to burn off organic C but leaving inorganic C. The residue from that
procedure was put through the combustion analyzer at 1350 °C to measure inorganic C.
Organic C was calculated as the difference between the two determinations.

2.4. Biota samples

We measured Hg (inorganic and MeHg), Se, As, Cd, and Pb in resident benthic and pelagic
fish and invertebrates. Invertebrates were sampled using plastic trowels, minnow traps, D
nets, pitfall traps, collected by hand, or collected by sieving sediments through a 0.5 mm
nylon coated mesh. Animals were not depurated because we wanted to measure whole
organisms that are consumed by predators. All collected invertebrates were returned to the
lab where they were sorted the same day and identified to the lowest practical taxon which
was generally the order or family associated with the functional feeding group of the
organism. All samples were handled with trace metal clean techniques and stored in either
acid cleaned plastic bags or acid cleaned Teflon vials (for smaller organisms) and frozen.
Later, frozen samples were thawed, rinsed with ultra-clean water, weighed, and freeze-dried
and homogenized prior to metal analysis. Mussels were removed from their shells prior to
freeze-drying. Amphipods collected at each site were pooled in order to obtain at least 3
samples with enough dry weight for metal analysis.

Fish sampling was conducted at mid to high tide levels using fish seines, fyke nets, and
minnow traps. Fish were handled and euthanized with protocols approved by the Dartmouth
College IACUC (Institutional Animal Care and Use Committee). Fish total lengths and wet
weights were measured. For each fish and invertebrate species, we selected similar-sized
individuals at all sites for metal to reduce the influence of size on feeding habits and trophic
position measured by stable isotopes. However, this procedure did not take into account
differences in age of the fish. Fish were frozen in acid rinsed plastic bags for storage and
processed in the lab according to Chen et al., 2009 [39].

2.5. Metal Analysis of Biota and Sediment Samples

All sample metal analyses (Hg, MeHg, Se, As, Cd, Pb,) other than SEM-AVS were
conducted by the Dartmouth Trace Element Core Facility using a magnetic sector
inductively coupled plasma-mass spectrometer (ICP-MS ELEMENT2, Thermo-Finnigan,
Waltham, MA, USA). Biota samples were analyzed for Hg speciation using isotope dilution
gas chromatography-ICPMS. Samples were freeze-dried and homogenized, spiked with an
appropriate amount of enriched inorganic 19Hg (Hgl) and enriched methyl292Hg (MeHg)
and then extracted in 2-3 mL of KOH/methanol (25% w/V), ethylated and analyzed using
purge and trap GC-ICP-MS. One of two methods for Hg speciation was employed
depending on the expected level of Hg in the original sample which was a function of the
initial available sample mass. For samples <20 mg, the methodology involved purging with
inert gas and trapping on a Tenax trap which was thermally desorbed and Hg species were
quantified by isotope dilution GC-ICP-MS using a high sensitivity Element2 ICP-MS in low
resolution mode. For samples >20 mg, samples were analyzed according to previously
published methods [40]. The latter methodology is less time-consuming than the purge and
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trap method, but has higher detection limits and is only suitable for larger initial sample
masses. Quality control for MeHg in biota samples was conducted through the analysis of
two SRM’s: NIST 2976, mussel tissue with MeHg certified at 0.0278 + 1.1 pg- g1 and CRC
(Ottawa, ON, Canada) DORM-2, dogfish muscle, MeHg concentration of 4.47 £ 0.32 g
g~L. Average recovery for MeHg in DORM-2 was 108% (7= 13, r.s.d. = 3.4%) and for
NIST 2976 average recovery was 114% (n= 12, r.s.d. = 10%). Method detection limits for
MeHg analysis by isooctane extraction and capillary GC-ICP-MS (Agilent 7500c, Palo Alto,
CA, USA) are 5 ng- g~1 assuming an initial sample mass of 200 mg. For the purge and trap
GC-ICP-MS (Element 2, Thermo-Fisher, Bremen, Germany) method detection limits are 0.2
ng- g1 based on an initial sample weight of 25 mg.

Tissue and sediment samples for total Hg, As, Se, Cd, and Pb were acid digested with HNO3
using a MARSxpress microwave digestion unit (CEM, Matthews, NC, USA).
Approximately 100 mg of sample was weighed into a Teflon digestion vessel and 2 mL of
Optima HNO3 was added. The vessel was heated to 180 °C with a 10 min ramp and 10 min
hold. After digestion the sample was brought up to 25 mL volume with deionized water.
Total metals were analyzed by inductively coupled plasma mass spectrometry (ICP-MS,
7500cx, Agilent, Santa Clara, CA, USA) using both collision cell and hormal mode
following the EPA 6020 protocol. The digestion quality control included blank, duplicates
and certified reference materials for biotic samples (SRM’s: NIST SRM 2976 mussel tissue
n= 3, and TORT, NRC-CNRC Canada). Average metal recovery rates for mussel and TORT,
respectively, were: THg 114.7 + 12.7, 99.6%; Cd 105 + 2.5, 110%; Pb 110.8 + 6.0, 129%;
As 118.5 + 9.0, 106%; Se 114.6 + 13.6, 108.6%). Detection limits based on a 40 mg sample
were: THg 0.015 mg/kg: Cd 0.158 mg/kg, Pb 0.016 mg/kg; As 0.128 mg/kg; Se 0.345
mg/kg. Quality control for sediments samples was conducted through analysis to the marine
sediment SRM, IAEA-433. Average metal recovery rates were As 80%, Se 90%, Cd 80%,
Pb 107%, Zn 87%, Hg 120%. These values all fell within the acceptable range according to
EPA QC criteria (75%-125%).

2.6. Stable Isotope Analysis

Whole fish tissue, whole invertebrates, and mussels without shells sampled for metals were
also analyzed for stable isotopes at the Colorado Plateau Stable Isotope Laboratory. Once
samples (3 replicate individuals per species per site) for metal analysis were freeze-dried and
homogenized, subsamples of each sample were taken for stable isotope analysis.
Approximately 1 mg of homogenous powder of organisms was analyzed for stable isotope
ratios (13C/12C, 15N/24N). 13C was used to identify food sources [41] such as benthic vs.
pelagic production [42] or marsh plants versus phytoplankton [38]. 1°N was used to identify
the relative trophic levels of the organisms within each site [41].

2.7. Data Analysis

Because the same mussel, shrimp, and amphipod species were not collected at all sites,
biotic data were pooled into five general taxonomic groups for data analysis: amphipod,
crab, Fundulus, mussel, and shrimp. Previous studies have shown that animals within an
animal/functional feeding type process metals similarly (for different predatory teleost
species, for example: [28]; for different filter-feeding mytillid mussel species: [43]).
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Therefore, no attempt was made during data analysis to separate different species in this
study. For example, all mussels were pooled together, all amphipods were pooled together,
etc.

The coefficient of variation of metal concentrations in sediments and for each taxonomic
group was calculated for each metal to determine whether the variation in biotic
compartments across sites was comparable to variation across sites for sediments. Biota-
Sediment Accumulation Factors (BSAFs) were calculated for each species group or metal
per site as BSAF = metal concentration in organism (ng- g~ dry wt.)/metal concentration in
sediment (ng- g1 dry wt.).

We used general linear models (analysis of covariance, ANCOVA) to evaluate the
relationship between sediment characteristics at each site and element concentrations in
organisms. The response variable was the mean logyg-transformed element concentration for
each taxonomic group at each site, with separate analyses for each element. We accounted
for variation in metal concentrations among taxonomic groups by including taxa as a
nominal term in all models. We considered sediment element concentration (log-
transformed), TOC-normalized sediment element concentration, sediment TOC, SEM-AVS,
and element SEM (Cd, Hg, and Pb) as predictor variables, with a single continuous predictor
in each model. Sediments were characterized at the site level, not independently for each
taxonomic group at each site, so we conservatively took the number of sites as the degrees of
freedom for the continuous predictors.

We used general linear models (GLM) to evaluate the relationship between element
concentrations in organisms and two food web variables, trophic level (as indexed by 1°N)
and pelagic feeding (as indexed by 13C). The response variable was the mean logyo-
transformed element concentration for each species at each site, with a separate analysis for
each element. We accounted for site-to-site variation in metal concentrations and isotopic
baselines by including site as a nominal term in the models. This approach assumes that,
within each site, 1°N is linearly related to trophic position [41] and 13C is linearly related to
the relative proportion of pelagic resources in the diet [44].

3.1. Sediment and Biotic Metals

Sediment metal concentrations ranged widely across sites (Table 1). Across all metals,
concentrations in sediments increased with the %TOC (Figure 2a). The SEM-AVS values at
all sites were negative, indicating that all metals (except As and Se which do not form
insoluble sulfides) were complexed by AVS and considered not bioavailable to benthic
organisms (Table 1, Table S1). Moreover, the molar Se:Hg ratio for sediments was >1.0
(ranging from 11.0 to 31.8) across all sites indicating that there was sufficient Se to bind Hg
in the sediments [22,29]. There was variation in metal concentrations across different
taxonomic groups within sites, which was comparable to the differences between sites
(Figure 3). In addition, the CV for sediments across sites was much greater than variation in
biota concentrations for Hg, MeHg, and Se, but both less than and greater than the CV for
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biota concentrations of Cd, As, and Pb which were much more variable across taxa (Table
2).

3.2. Biotic Metal Concentration Predictors

Table 3 shows the results of the ANCOVA testing the relationship between response
variables (metal concentrations in biota) and predictor variables (sediment metal
concentrations, TOC, TOC-normalized sediment metal concentrations). Sediment
concentrations were predictive of biotic concentrations for only TOC-normalized Hg
concentrations (Table 3, p=0.018). SEM concentrations for Pb were also marginally
predictive of biota concentrations (Table 3). Trace metal concentrations in organisms were
significantly different across sites and species (Figure 3, Table S1). There was an interaction
between site and species, such that no site had elevated trace metal concentrations for all
species. Unlike the other metals, sites did not differ significantly in terms of their Se
concentrations in biota.

Ecological measures (13C and 1°N) were predictive of biota Hg and MeHg concentrations
but not for the other metals (Table 4). Of the five taxonomic groups examined, Fundulus
occupied the highest trophic level and amphipods the lowest (Table S2 Figure S1). MeHg
and Hg concentrations were highest in organisms that were more depleted in 13C, indicating
that pelagic food sources resulted in higher metal bioaccumulation than benthic food
sources. Mussels had the most pelagic signature, reflecting their phytoplankton food source,
possibly accounting for their consistently high MeHg concentrations. Higher trophic level
organisms, as revealed by 15N enrichment, also had higher MeHg concentrations and higher
percent of total Hg as MeHg.

Logig BSAFs, reflecting metal bioaccumulation for each animal relative to sediment
concentrations at each site, ranged from —0.60 to 1.82 (As), -1.19 to 1.09 (Cd), —-0.91 to
0.86 (Hg), 0.87 to 3.05 (MeHg), —2.464 to —0.33 (Pb), and —0.18 to 1.26 (Se) (Figure 2b,
mean values presented). Logg BSAF values greater than zero indicated that organisms
concentrated metals to levels greater than the sediment from which they came. All the logyg
BSAFs for MeHg were >0 and all were <0 for Pb, but were both negative and positive for
the other metals depending on TOC. In the case of Se, only one species type at one site had a
negative Log,o BSAF (amphipods in Portsmouth, Great Bay, NH, USA). Across sites,
BSAFs were generally higher for the three less urbanized contaminated sites (Wells, ME,
USA, Somes Sound, ME, USA and Greenwich, RI, USA) than more urbanized and
contaminated sites (Adams Point and Portsmouth in Great Bay, NH, USA, Bold Point in
Providence, RI, USA). For all metals, BSAFs were inversely related to sediment TOC and
BSAFs for As, Hg, MeHg, and Se were positively related to SEM-AVS (Figure 2b, Table 3).

4. Discussion

Understanding the relationship of metals in sediments to bioaccumulation in aquatic
organisms is important to understanding the fate of metals in coastal ecosystems from
pristine to contaminated. Sediment and porewater metal concentrations are considered to be
important routes of exposure in coastal food webs [7]. However, studies vary in their
findings about whether bulk sediment concentrations of different metals directly relate to
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biotic concentrations [5,12,45]. For example, earlier studies of estuarine bivalves and
polychaetes showed significant positive relationships between tissue concentrations and
acid-extracted sediment concentrations for As, Hg, and Pb [12]. For As and Pb, Fe
normalized acid-extracted sediment concentrations were also positively related to tissue
concentrations [12]. In this study, we find that bulk sediment concentrations and SEM are
only predictive of total Hg across organismal groups. Sediment Hg as a predictor and source
of biotic concentrations has been observed in some earlier studies as well [20,46].

4.1. Metal Bioavailability

For all metals (Hg, MeHg, As, Cd, Se, Pb), sediment concentrations were positively
correlated with sediment TOC, but negatively related to biota BSAF. Positive relationships
between TOC and sediment metal concentrations are also well documented in other datasets
(USEPA EMAP-NCA,; [46]) and occur because dissolved metals readily bind to organic
carbon. The inverse correlation of BSAF with TOC is a commonly found relationship and
largely due to the positive relationship of sediment concentrations (used as the denominator
in the calculation of BSAF) with TOC. This inverse relationship between sediment TOC and
BSAF likely occurred because TOC is one of several sediment characteristics that mediates
bioavailability [39,47,48]; metal binding organic carbon in sediments limits bioavailability
through both aqueous and dietary bioaccumulation pathways, and therefore reduces BSAF
values. Thus, sediments enriched in TOC may have stronger binding for the metals than low-
TOC sediments, and hence the metals in high TOC sediments may be harder to acquire by
organisms, leading to lower accumulation. However, it is only for Hg that there is both a
negative relationship between BSAF and TOC, and positive relationship between sediment
and biota concentrations.

Our data show that variation in sediment concentrations relative to biota concentrations
differed greatly between metals. For Cd, As, and Pb, sediment variation and variation in
biota concentrations are comparable. In contrast, total Hg, MeHg, and Se concentrations in
sediments vary across sites to a much greater degree than concentrations in biota. Between
metals, there are also differences in whether organisms bioaccumulate more or less metal
than their associated sediments. For example, MeHg and Se BSAFs for all taxonomic groups
are greater than 1.0 indicating that biota concentrations are all higher than sediment
concentrations. This may be due to higher assimilation efficiencies and/or greater retention
of MeHg and Se for a variety of taxonomic groups [28,32]. This contrasts with low
assimilation efficiencies and higher excretion of Pb which bioaccumulates in organisms to
much lower levels than concentrations in sediments [49].

The differences in both variation and magnitude of metal concentrations in sediment vs.
biota may be due to the differences in the feeding behaviors of different organisms and the
exposure routes of different metals. In fish, Cd is known to be taken up from the water
column via the gills [19], from sediments via porewater ([50], and especially from food [28].
Pb uptake in filter feeding bivalves is via ingestion of particulates [51] and ingestion of
sediments by deposit feeding worms [52]. Total Hg, MeHg, and Se metals are taken up
predominantly through trophic transfer from food and this likely influences the
bioavailability of sediment metal to estuarine herbivores and omnivores [53-56]. Lastly,
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tissue residue-based approaches for determining thresholds of effect in aquatic organisms
have been proposed for MeHg and Se but not for other metals [57].

In numerous studies, SEM-AVS has been demonstrated to be useful in determining toxicity
to benthic organisms for a variety of transition metals [58,59]. Toxicity occurs when SEM-
AVS > 0. However, other studies show that it does not provide a good measure of
bioavailability as related to bioaccumulation [60,61] and organisms can still accumulate
metals when SEM-AVS < 0. The negative SEM-AVS values in this study indicate that Cd
and Pb should all be complexed with AVS and therefore, not bioavailable. However, both
metals are bioavailable given the measureable and in some cases, elevated concentrations in
biota and most particularly, the benthic fauna (amphipods and crabs). SEM-AVS is based on
exposure via porewater concentration and does not account for ingestion of metals in solid
phase even though it is known to be an important pathway (reviewed in Wang and Fisher
[62] and Hare et al. [63]. Therefore, SEM-AVS can underestimate bioaccumulation and
toxicity [60]. In this study, metals were bioaccumulated even in sediments in which SEM-
AVS values were always negative, suggesting that metals were either still bioavailable and
not all bound to AVS [48], that AVS-bound metals were assimilable [60], or that the
exposure of these organisms to metals is not entirely from porewater concentrations in
sediments, which is likely the case. The organisms examined in this study were largely
epifaunal or pelagic and most likely not as influenced by porewater concentrations.

Although the bioavailability of metals is greatly affected by the concentration of TOC, only
Hg in biota was marginally related to carbon normalized sediment concentrations, indicating
that sediment Hg concentration may be a predictor for Hg bioaccumulation. A relationship
between sediment and tissue concentrations was also shown in past studies of total Hg in
estuarine fauna and organic matter normalized concentrations of Hg in sediments [9,20].
While there are relationships of carbon normalized Hg in sediments and biota in this study,
the relationship does not hold true for MeHg, the most bioavailable and toxic form. This is
consistent with our recent studies which indicate that MeHg in estuarine fish (killifish and
Atlantic silversides) is predicted by MeHg in water column particulates, not sediments, and
perhaps not surprisingly, sediment MeHg only predicts concentrations in worms [46].
Moreover, sediment concentrations of MeHg are not related to water or particulate
concentrations, which are important non-sediment routes of exposure [64]. For the other
metals, bulk sediment concentrations (carbon normalized or not) also appear to be unrelated
to bioaccumulation.

4.2. Ecological Factors and Metal Bioaccumulation

In our study, measurements of stable isotope signatures of food web organisms showed
relationships between food sources and metal bioaccumulation for only Hg and MeHg, as
seen previously [39,46]. In all cases, organisms deriving their food from pelagic sources
(more depleted in 13C) had higher Hg and MeHg concentrations than those feeding on less
depleted sources. This is similar to results of earlier studies in estuaries and in freshwater
systems [39,46,65]. Moreover, organisms with more enriched delta 1°N also had higher
MeHg concentrations and percent of total Hg as MeHg (%MeHg). This has been shown for
other food webs in marine and freshwater ecosystems [39,56,66—70] Although not
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significant, there was also a trend of decreasing Pb concentration with increasing trophic
level that has been shown in freshwater studies [31]. This is likely a function of low
assimilation of Pb and its tendency to biodiminish with increasing trophic level [49].

5. Conclusions

Higher metal concentrations in sediments do not result in higher concentrations of metals in
benthic and pelagic organisms across these systems except for total Hg. However, across all
sites, BSAFs indicate that organisms consistently bioaccumulate MeHg, and Se to higher
concentrations than in sediment, whereas for Pb, concentrations in biota are always lower
than sediment concentrations. All SEM-AVS values are negative indicating that metals
should all be bound to sediments and not available in porewater yet bioaccumulation still
occurs, suggesting the importance of dietary sources. Finally, Hg and MeHg are unique
among the metals studied here in their relationship to food web variables; as has been seen
in other studies, Hg bioaccumulation is greater in organisms deriving their food from pelagic
sources and in higher trophic level organisms. While sediments are repositories for metal
contaminants and in most cases managed in remediation, metal concentrations in sediments
are not necessarily linked directly to bioaccumulation in benthic and pelagic organisms.
Moreover, standard measures of bioavailability, such as SEM-AVS, can indicate the lack of
bioavailability even when bioaccumulation is evident. These findings should be considered
when using these abiotic measures to infer exposure and uptake by estuarine organisms.
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New England field sites. Six estuarine field sites in Maine (Mount Desert Island, Wells),

New Hampshire (Portsmouth Harbor, Adams Point), and Rhode Island (Bold Point,
Greenwich Cove).
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