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Abstract: The US Environmental Protection Agency (USEPA) develops methods and tools for evaluating risk management strategies for
sediments contaminated with polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), and other legacy pollutants.
Monitored natural recovery is a risk management alternative that relies on existing physical, chemical, and biological processes to contain,
destroy, and/or reduce the bioavailability or toxicity of in-place contaminants. These naturally occurring processes are monitored to ensure
that management and recovery are progressing as expected. One approach frequently used to evaluate the recovery of contaminated
sediments and associated biota is the assessment of contaminant tissue levels, or body burden concentrations, in top trophic level ﬁsh. In the
present study, aquatic invertebrates were examined as an indicator of recent exposure to PCBs. The approach aimed to determine whether
invertebrates collected using artiﬁcial substrates (i.e., Hester–Dendy samplers) could be used to discriminate among contaminated sites
through the analyses of PCBs in whole homogenates of macroinvertebrates. Macroinvertebrates were sorted, preserved, and analyzed for
total PCBs (t-PCBs), by summing 107 PCB congeners. Macroinvertebrate body burden concentrations showed similar trends to sediment
t-PCB concentrations at the sites sampled. The results indicate that macroinvertebrates can be used to assess sediment contamination
among sites that have different PCB contamination levels. Environ Toxicol Chem 2015;34:1277–1282. Published 2015 SETAC. This
article is a US government work and, as such, is in the public domain in the United States of America.
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rate that adequately manages the risk of the contaminants
remaining in place, and to verify the effectiveness of the
approach. Exposures to contaminated sediment occur either
in the water column during sediment transport or, more
commonly, at the water–sediment interface once the sediment
is deposited [3,6].
Monitored natural recovery generally relies on a few primary
mechanisms for managing contaminant risk to human and
ecological receptors. First and foremost is a reduction in the
contaminant’s availability to receptor organisms. This reduction
in bioavailability can occur through physical processes that
isolate the contaminated sediment or by biogeochemical
processes that immobilize or degrade the contaminants. For
monitored natural recovery, physical isolation is achieved
primarily though the natural deposition of uncontaminated or
less contaminated sediments on top of the contaminated
sediments. This deposited sediment limits resuspension and
direct contact of receptors with underlying bedded contaminated sediment [4,6].
Depending on the water body, contaminant exposure in the
near surface sediment would be expected to be greatest in the
biologically active zone of the sediment. This biologically
active layer can vary from as little as 1 cm to 3 cm, to as deep as
1 m to 3 m, depending on the habitat and benthic organisms
present [8]. Depending on the physical and hydrological nature
of the site, net deposition of sediment in natural water bodies,
deﬁned as accretion, can be an on-going process. If the
contaminant of concern source has been effectively managed
(a term often referred to as source control) and the site is net

INTRODUCTION

Aquatic sediments are often the ultimate repository of
contaminants in aquatic systems. The US Environmental
Protection Agency (USEPA) estimates that approximately
10% (917 million m3) of the sediment underlying the
country’s surface water is sufﬁciently contaminated to pose
potential risks to humans and wildlife [1]. To manage the risk of
these sediments, it is critical to understand the fundamental
mechanisms responsible for contaminant transport and fate;
these mechanisms include chemical, biological, and physical
processes. Metrics or approaches for assessing the impacts of
sediment remediation are needed to provide quantitative
measures of its success.
Monitored natural recovery is one approach toward managing the risk of contaminated sediments [2–7]. In terms of
contaminated sediments, monitored natural recovery involves
burial, by the deposition of increasingly clean sediments over
time (i.e., natural capping). Natural capping reduces the risk of
resuspension of contaminated surface sediments and reduces
contaminant transport into the food chain by limiting bioturbation of contaminated surface or near-surface sediments [6]. The
sediments are monitored to ensure that the management
approach is effective. Long-term monitoring strategies are
essential to demonstrate that these processes are occurring at a
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depositional, the contaminated sediment will become physically
isolated from the primary receptors in the aquatic system [8].
Biological metrics of exposure, such as tissue concentrations,
can consist of biota impacted by the contaminant of concerns or
other indicators used to demonstrate exposure or effects. These
tissue concentration metrics can use organisms such as ﬁsh
(which represent both an ecological and human health risk),
benthic infauna, or surrogate physical samplers (passive
samplers) [4,5]. Ideally, metrics should be chosen to quantify
both the direct effects of the contaminant of concern and links to
higher trophic levels [9,10]. One indicator adapted to evaluate
the long-term recovery of contaminated sediments and
associated biota following remediation is the collection of
invertebrates using artiﬁcial substrate samplers such as Hester–
Dendys [11].
In the present study, Hester–Dendy samplers were used to
collect and quantify the accumulation of the contaminant of
concern (i.e., polychlorinated biphenyls [PCBs]) in aquatic
macroinvertebrates. The objective was to determine whether
macroinvertebrates collected with Hester–Dendys after a 4-wk
deployment and analyzed for PCBs could be used to
discriminate among locations with different concentrations of
PCBs in the sediment.
METHODS
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Figure 1) was used as a ﬁeld location to develop, test, and
validate methods and tools that would support chemical,
biological, and physical lines of evidence to evaluate the
monitored natural recovery of PCB-contaminated sediments [2].
A capacitor manufacturing plant in Pickens was in operation
from 1955 to 1987. The facility primarily used Aroclors 1016,
Aroclors 1242, and Aroclors 1254 in its manufacturing
activities [2]. The use of PCBs was terminated in 1977, before
a USEPA ban on its use in January 1978 [4]. Waste, in the form
of capacitors and wastewater treatment sludge, were buried on
the plant site and at 6 satellite disposal areas. It has been
estimated that the facility discharged more than 18 000 kg of
PCBs into Lake Hartwell via Town Creek, a tributary to
Twelvemile Creek and Lake Hartwell, during the period of its
operation [2].
Lake Hartwell is a US Army Corps of Engineers-managed
reservoir located in the northwest corner of South Carolina
along the Georgia state line (Figure 1). It was created between
1955 and 1963, when the US Army Corps of Engineers
constructed Hartwell Dam on the upper Savannah River, 11 km
from the conﬂuence of the Seneca and Tugaloo Rivers. Lake
Hartwell extends 78 km and 72 km up the Tugaloo and Seneca
Rivers, respectively. At full pool elevation (201 m mean sea
level), the lake covers nearly 22 600 ha with a 1548-km
shoreline [2].

Study site background

Sediment and water sampling

Operable Unit-2 of the Sangamo-Weston, Twelvemile Creek
(T), and Lake Hartwell Superfund site in Pickens, South
Carolina, USA (i.e., Lake Hartwell and Twelvemile Creek;

Water samples for analysis of PCBs were collected ﬁrst at
each of the sampling sites in 2002 (background, T-M/N, and
T-O [Figure 1]) at the middle of the water column during

Figure 1. Lake Hartwell map with sample locations.

Use of macroinvertebrates as indicators of PCB contamination

deployments of Hester–Dendys and again at retrieval of Hester–
Dendys. Water was sampled using a peristaltic pump ﬁtted with
Teﬂon-lined polyethylene tubing to minimize sorption losses. A
new sampling line was used for each sampling location. Before
sampling, the sampling line was purged with approximately 5 L
of lake water. Water samples were collected in 2 4-L amber
bottles with Teﬂon-lined lids. Water was also collected before
deployment and retrieval of Hester–Dendys in 2006.
Surface sediment was deﬁned as the top 10 cm. This
deﬁnition was developed during the remedial investigation and
feasibility stage of the Superfund project and was followed
throughout the present study [2]. Sediment samples were
collected after water samples to avoid disturbing sediment ﬁnes
that would contaminate the water samples. Surface sediment
was collected with a Petite Ponar grab sampler using standard
practices [2]. Three Ponar grab samples were transferred into a
stainless steel mixing bowl and mixed to a consistent color and
texture using a clean, stainless steel spoon. The homogenized
sediment was transferred into 2 separate 1-dm3 amber bottles
with Teﬂon-lined lids.
Hester–Dendy methods

Macroinvertebrates were collected using Hester–Dendy
multiple-plate artiﬁcial substrate samplers [11]. Each sampler
unit consisted of 8 7.6-cm2 plates constructed of 0.32-cm
tempered hardboard, separated by 2.5-mm2 spacers, and held
together with an eyebolt and wing nut assembly. The plates and
spacers were placed on a 0.635-cm eyebolt so that there were 3
single spaces, 3 double spaces, and 1 triple space between the
plates. The components were secured with a wing nut
(Figure 2A). The total surface area of each Hester–Dendy
unit, excluding the eyebolt, was 924 cm2 [11].
In 2002, the deployment system consisted of 4 rings wired
onto a central chain, with each ring containing 5 individual
Hester–Dendy samplers (Figure 2B). The spacing between the
rings was approximately 0.6 m. Two deployments were made at
each sampling site (Figure 1), yielding a total of 40 Hester–
Dendy units at each location. In 2006, only the background and
T-O sites were sampled because of increases in the number of
Hester–Dendys deployed per site, to maximize the biomass
collected. The number of Hester–Dendy samplers per ring
was increased to 6, and the number of rings per deployment
was increased to 5, for a total of 60 Hester–Dendy units at each
site.
Each Hester–Dendy deployment was anchored above with a
submerged ﬂoat to prevent the deployment from coming into
contact with the sediment (Figure 2B). The lowest ring was
approximately 0.3 m above the sediment surface. After 28 d, the
deployments were retrieved and the Hester–Dendy samplers
were dismantled. The bioﬁlm and associated macroinvertebrates from the sampler plates were scraped into a container
ﬁlled with site-speciﬁc water. Macroinvertebrates were separated from the water and debris using a 10-mm stainless steel
screen, and the samples were further processed by hand
removing the macroinvertebrates completely from each plate.
All macroinvertebrate specimens regardless of species were
consolidated into a 50-cm3 amber glass bottle with a Teﬂonlined lid. The labeled bottles were shipped at 4 8C to the
analytical laboratory (Battelle Memorial Institute, Duxbury,
MA) for extraction and analysis of PCBs and lipids [3,4,12].
Chemistry methods

Macroinvertebrate and sediment samples were analyzed for
107 PCB congeners. The methods have been previously
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described [3–5]. Brieﬂy, the PCB analysis was based on a
modiﬁed version of SW-846 method 8270 [13]. Method 680 of
the USEPA (primarily for level of chlorination analysis) [14]
and method 1668 A of the USEPA (for individual PCB congener
analysis) [12] were used for system calibration.
The analytical system was comprised of a gas chromatograph (Hewlett Packard 5890) equipped with an electronic
pressure-controlled inlet and a mass selective detector (Hewlett
Packard 5973) operating in the selected ion monitoring mode. A
minimum of a 5-point response factor calibration was run with
analyte concentrations in the standard solutions ranging from
0.001 ng/mm3 to 0.005 ng/mm3 in the low-level calibration
standard to approximately 0.5 ng/mm3 to 1.9 ng/mm3 in the
high-level standard. This method is based on the calibration
approach of USEPA method 1668 A [12], which requires
calibration of only 2 congeners for each level of the chlorination
(i.e., 19 total congeners). The 2 PCB congeners used for each
level of chlorination were the ﬁrst and last eluting congeners
within the level, so they also marked the level of chlorination
integration window. The average response factor of the 2
congeners in each level of chlorination was used to quantify
each of the individual congeners within that level of
chlorination. The samples were bracketed by standard checks
analyzed at least every 10 samples and at completion of the
analysis sequence.
Quantiﬁcation of individual compounds was obtained by the
method of internal standards using internal standard compounds. Total PCBs (t-PCBs) were determined as the sum of the
individual PCB congeners. The method detection limits for the
PCB analytes were 0.01 ng/g to 0.04 ng/g dry weight in
sediment, 0.2 ng/dm3 to 0.8 ng/dm3 in water, and 0.02 ng/g to
0.1 ng/g wet weight in tissue [3,4].
RESULTS AND DISCUSSION

In 2002, PCB body burden in macroinvertebrates showed the
lowest t-PCBs (88.54 ng/g wet wt) at the background site and
increased to 1995 ng/g wet weight t-PCBs at the T-M/N site, and
to 2680 ng/g wet weight t-PCBs at the T-O site (Figure 3A).
Percentages of lipids [13] were 0.98%, 1.47%, and 1.71% for
background, T-M/N, and T-O sites, respectively. Midges were
the dominant taxa found on the Hester–Dendys at sites T-M/N
and T-O. More macroinvertebrate taxa were found at the
background site; however, it too was dominated by midges.
In 2006, only 1 Hester–Dendy deployment was made
per site; therefore, there were no replicates for comparison.
Because of the increase in the number of Hester–Dendys per
sampling location, site T-M/N was not sampled. In 2006,
macroinvertebrate t-PCB body burden concentrations were
not reﬂective of the sediment concentrations at site T-O but
were much higher than at the background site (Figure 3B).
Comparisons of total polychlorinated biphenyl (t-PCB) concentrations in water (mg/L), sediment (ng/g dry wt), and
macroinvertebrate tissue (ng/g wet wt) at the background,
T-M/N, and T-O sites are shown in Figure 3A. Mean percentage
of lipids for the background site was 0.75% and 0.73% for the
T-O site.
The t-PCB concentrations in water, sediment, and macroinvertebrates in 2002 are shown in Figure 3A. Very low to
nondetectable concentrations in surface water samples were
found in 2002 (0.21 ng/L–2.03 ng/L background, 59.7 ng/L–
63.3 ng/L T-M/N, and 103.4 ng/L–135.81 ng/L T-O) and 2006
(0.14 ng/L–0 ng/L background and 10.84 ng/L–10.18 ng/L TO). Surface sediment t-PCB concentrations were lowest at the
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Figure 2. Hester Dendy deployment conﬁguration.

background site and increased from 1154 ng/g at T-M/N to
2154 ng/g at T-O in 2002.
Figure 3B shows the t-PCB concentration results from 2006
water, sediment, and macroinvertebrate samples at the
background and T-O sites (Figure 3B). In 2006, macroinvertebrate t-PCB concentrations were not reﬂective of the
sediment concentrations at site T-O; however, it did show

concentrations in macroinvertebrates to be much higher than at
the background site, a variability that probably occurred as a
result of the inherent heterogeneity associated with contaminant
of concern concentrations in sediment. In addition, sample wet
weights of the macroinvertebrates were much less in 2006 (1 g
wet wt at site T-O < 0.1 g background site) than the wet weights
of the samples collected in 2002 (4.73 g and 1.22 g at T-O and
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Figure 3. Total polychlorinated biphenyl (t-PCB) concentrations in water (mg/L), sediment (ng/g dry wt), and macroinvertebrate tissue (ng/g wet wt) at the
background site, site T-M/N, and site T-O during (A) 2002 and (B) 2006 sampling events. Site T-M/N was not sampled in 2006. ND ¼ not detected; NA ¼ not
analyzed.

background sites, respectively. The differences shown in 2002
versus 2006 could also be because of the collection periods
(samples were collected in late August 2002 and May 2006).
Aquatic macroinvertebrates were tested as an indicator of
recent exposure. Midge larvae were the dominant taxa found on
the Hester–Dendys at sites T-M/N and T-O. More diverse taxa
were found at the background site; however, it too was
dominated by midges. A majority of the benthic invertebrates,
such as midge larvae, annelids (aquatic worms), and mayﬂy
larvae, have life cycles of 30 d to 90 d [15]. In comparison, the
ﬁsh that are often used for contaminated sediment assessment,
remediation evaluation, or ﬁsh advisories are usually 3 yr to
10 yr old and are usually more mobile, therefore representing a
broader area of exposure. Contaminant tissue levels (i.e., body
burden concentrations) in macroinvertebrates represent very
recent contaminant exposure levels.
In the present study, our approach was to determine whether
macroinvertebrates collected on artiﬁcial substrates (i.e.,
Hester–Dendy samplers) could be used for discrimination
among various contaminated sites by comparing the body
burden concentrations of macroinvertebrates with sediment
concentrations. Macroinvertebrates did show similar trends to
sediment t-PCB concentrations between sites in the 2002
sampling season, but some differences in the magnitude of
PCBs were evident at site T-O in 2006. The use of Hester–
Dendys to collect macroinvertebrates is a useful tool for
assessing the biologically active zone; Hester–Dendy sampling
also supports the evaluation of monitored natural recovery as a
remedy for contaminated sediments. Although the Hester–
Dendys were located above the sediment and were colonized by
drift organisms, macroinvertebrates are not truly pelagic
organisms, as they spend most of their time in the surface
sediments. They release from such habitats under unfavorable
conditions or in search of more favorable habitat [15]. Our
hypothesis was that Hester–Dendys will collect nearby
sediment-dwelling organisms and their tissue chemistry would
reﬂect the nearby sediment chemistry. This was demonstrated in
our 2002 results. Other factors may have affected our 2006
results, such as deployment location being too far above
sediments during high ﬂow or high lake levels and the time of
year within the index period in which the Hester–Dendys were
deployed. The hypothesis of the present study was further
conﬁrmed in a later study conducted on the Ashtabula River in
Ohio (USA), in which some of the issues identiﬁed above were
addressed, that is, location of Hester–Dendys closer to the

sediment, surface increase in replication, and staying within the
same 8-wk index period each year of deployment [16]. These
factors may have also addressed the issue of sufﬁcient biomass
for tissue analyses, as there were no biomass issues in the
Ashtabula study. However, additional validation is needed to
demonstrate that a benthic body burden responds sooner to
changes in sediment concentration than tissue concentrations in
higher trophic level ﬁsh. This is being addressed in a current
study on the Ottawa River in Ohio.
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