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Abstract: Standard bioaccumulation tests are commonly conducted using Macoma nasuta (clam), and Alitta virens (poly-
chaete) for marine tests, and Lumbriculus variegatus (an oligochaete) for freshwater tests. Because the interlaboratory
variability associated with these tests is unknown, four experienced laboratories conducted standard 28‐day bioaccumulation
tests with the above species using sediments contaminated with polychlorinated biphenyls (PCBs) and polycyclic aromatic
hydrocarbons (PAHs). Chemical analysis of tissue samples was performed by a single laboratory. The intralaboratory variance
among replicates was relatively low for PCB tissue concentrations, with coefficients of variation (CVs) ranging from 9% to 28%
for all laboratories and species, with the exception of one laboratory reporting higher variability for L. variegatus (CV= 51%).
Intralaboratory variance for PCB tissue concentrations was higher than interlaboratory variance for A. virens and L. variegatus,
and the magnitude of difference (MOD) for laboratory means ranged from 1.4 to 2.0 across species. Intralaboratory variability
was also low for lipid content, and lipid normalization of PCB and PAH body residues generally had little impact on variability.
In addition to variability across bioassay laboratories, analytical variability was evaluated by different laboratories measuring
the concentration of PCBs and total lipids in a subsample of tissue homogenate of sediment‐exposed test organisms.
Variability associated with tissue analysis was higher than bioassay laboratory variability only in tests with
L. variegatus. Statistical differences between samples may be observed due to the low intralaboratory variability; however,
the biological significance of these differences may be limited because the MOD is low. Considering the MOD when
comparing bioaccumulation across treatments accounts for uncertainty related to inherent variability of the test in the
interpretation of statistically significant results. Environ Toxicol Chem 2022;41:1260–1275. © 2022 The Authors. Environ-
mental Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC. This article has been contributed
to by US Government employees and their work is in the public domain in the USA.
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INTRODUCTION
Bioaccumulation is defined as the net accumulation of

contaminants from water, diet, and sediment into the tissues of
exposed organisms (Weisbrod et al., 2009). Bioaccumulation

tests are intended to directly measure the uptake of con-
taminants into the tissues of the test organism and therefore
provide quantitative information concerning chemical exposure
at a contaminated site (Van Geest et al., 2010). The primary
objective of evaluating bioaccumulation resulting from ex-
posure to contaminated sediments is to obtain a measurement
of exposure (USEPA, 2000). Bioaccumulation data can be used
to estimate effects in invertebrates directly or support exposure
estimates for fish and wildlife that feed on invertebrates
(McElroy et al., 2011). In addition, health hazards to humans
may ensue from the consumption of shellfish or pelagic fish
that may have directly or indirectly bioaccumulated sediment‐
associated contaminants. Consequently, assessment of
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bioaccumulation is commonly included in sediment quality
evaluations (USEPA, 2016).

The US Army Corps of Engineers (USACE) and the US Envi-
ronmental Protection Agency (USEPA) share federal responsi-
bility for regulating the management of dredged material within
waters of the United States under section 404 of the Clean Water
Act and in ocean waters under section 103 of the Marine Pro-
tection, Research, and Sanctuaries Act. The USACE and USEPA
have jointly developed testing and interpretative guidance for
the evaluation of dredged materials proposed for aquatic
placement (USEPA & USACE, 1991, 1998). Regional guidance
from USEPA and USACE offices provide region‐specific and
often more detailed guidance relative to national guidance (e.g.,
USEPA & USACE, 2008; Northwest Regional Sediment Evalua-
tion Team, 2018). The evaluation of dredged material proposed
for open‐water placement may require an assessment of benthic
bioaccumulation potential using laboratory sediment bio-
accumulation tests in which invertebrate test species are exposed
to material proposed for dredging and sediment collected from
one or more designated reference areas. Infaunal invertebrates
are used as test species and are exposed within environmentally
controlled conditions to sediment for 28 days. At test termi-
nation, organisms are collected from each of the replicate
chambers and placed in water for purging of gut content; then
the organisms' tissues are homogenized for analytical determi-
nation of contaminants of concern. Concentrations measured in
the tissues of organisms exposed to dredged sediments are
statistically compared with concentrations measured in tissues of
reference‐sediment exposed organisms, typically via analysis of
variance (ANOVA) or nonparametric pair‐wise comparison to
determine which analytes are statistically significantly elevated at
the 95% confidence level. Any significant differences are then
further evaluated to determine adverse outcomes in higher tro-
phic level receptors. Appropriate interpretation of bio-
accumulation test results is paramount to ensuring accurate
conclusions so that risks to fish, wildlife, or humans are appro-
priately managed (Lotufo et al., 2014; McQueen et al., 2020).

Standard test methods for conducting sediment bio-
accumulation tests are still under development, and current
guidance is provided by ASTM International (2019) and the
Organization for Economic Co‐operation and Development
(OECD, 2008). The use of species with a high potential to bi-
oaccumulate contaminants is desirable, because wide differ-
ences have been observed among different species (ASTM
International, 2019). Relatively few freshwater, marine, and
estuarine species are routinely used in sediment bio-
accumulation tests. The most commonly used test species in-
clude the freshwater oligochaete Lumbriculus variegatus
(California blackworm) for evaluation of freshwater sediments
and the polychaete Alitta virens (sandworms; formerly Nereis
virens) and the marine bivalve Macoma nasuta (bent‐nosed
clam) for marine and estuarine evaluations. Testing methods for
these species serve as the primary basis of the generic ASTM
International (2019) guidance for sediment bioaccumulation
testing.

Bioaccumulation of contaminants in benthic invertebrates is
a complex phenomenon because it occurs through multiple

exposure routes including dietary assimilation, transport across
respiratory surfaces, and dermal absorption, and it is influenced
by a variety of factors that control contaminant bioavailability
(Selck et al., 2012). Due to that complexity, predicting bio-
accumulation in organisms inhabiting field sites using labo-
ratory exposures of a model organism in sediment collected
from those sites is inherently uncertain (Beckingham &
Ghosh, 2010; Burkhard et al., 2012; Selck et al., 2012). Even
under standardized and controlled conditions, a multitude of
factors contribute to variability when one is measuring bio-
accumulation using sediment bioaccumulation tests. Those
factors include the homogeneity of sediment distributed across
experimental replicates, the selection of contaminants of con-
cern (e.g., loss of water‐soluble contaminants of concern occurs
during renewal of overlying water), and the variability and
complexity associated with analytical detection of con-
taminants of concern in tissue (Ingersoll et al., 1995). Factors
associated with the test organism such as their initial health,
lipid content and baseline body burden of contaminants of
concern, feeding (e.g., sediment‐ingesting organisms may not
actively ingest sediment during laboratory exposures), and
sediment avoidance (e.g., infaunal organisms may avoid bur-
rowing due to high NH4 concentration) also contribute to in-
herent variability (McElroy et al., 2011; Burkhard et al., 2015).
Moreover, guidance documents (see ASTM International, 2019)
provide only recommendations for many procedural aspects,
potentially leading to methodological differences among lab-
oratories following the same guidance document; for example,
the overlying water in the exposure vessel may be exchanged
on a periodic basis or continuously renewed using flow‐through
systems. Despite those sources of variability, laboratory‐testing
variability of the outcome of bioaccumulation assessment is
expected to be considerably lower than the variability asso-
ciated with natural environments (Burkhard et al., 2012;
Hoke et al., 2016). Even though laboratory sediment bio-
accumulation tests have yielded relatively precise and repeat-
able results (Egeler et al., 2006; McQueen et al., 2020; Van
Geest et al., 2011a), method performance and analytical vari-
ability are largely unknown for sediment bioaccumulation tests.

Our study presents the results of an interlaboratory com-
parison conducted to quantify variability associated with bio-
accumulation sediment tests using L. variegatus, A. virens, and
M. nasuta. Although these are the most used species in sedi-
ment bioaccumulation testing, interlaboratory comparisons of
standard tests using these species have not been conducted to
date. Therefore, the primary objective of our study was to ex-
amine interlaboratory bioaccumulation variability using a ho-
mogenous batch of sediment and organisms supplied out of a
single pool. Sediment and tissue samples generated from each
bioassay laboratory were analyzed for polychlorinated biphenyl
(PCB) congeners and polycyclic aromatic hydrocarbon (PAH)
compounds by a single analytical laboratory.

A secondary focus of the study was the investigation of the
agreement among analytical laboratories using the same
methodology on whole‐body tissue homogenate produced for
each species. Testing of procedural and instrument variability
aims to quantify uncertainty during sediment bioaccumulation
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testing and hence improve our ability to characterize exposure
risk associated with dredging material. Specifically, when
comparing a site sediment to a reference, the magnitudes of
difference (MODs) may be de minimis in the context of eco-
logical and human health risk.

MATERIALS AND METHODS
Overview of interlaboratory comparison of
sediment bioaccumulation tests

Sediment from a heavily contaminated site (New Bedford
Harbor, MA, USA) containing elevated concentrations of PCBs
was mixed with either relatively uncontaminated freshwater
or marine sediment to achieve a concentration range where
test organisms are likely to accumulate organic chemicals but
not result in significant mortality (Gidley et al., 2019). The two
resulting sediments (hereinafter termed “test sediments,” one
for marine–estuarine testing and one for freshwater testing)
were apportioned and shipped to four participating labo-
ratories for the interlaboratory sediment bioaccumulation
testing. Participating laboratories included the US Army En-
gineer Research and Development Center (ERDC; Vicksburg,
MS), the US Geological Survey Columbia Environmental Re-
search Center (CERC; Columbia, MO), EA Engineering, Sci-
ence, and Technology (EA; Hunt Valley, MD). and EcoAnalysts
(ECO; Port Gamble, WA), all of which had a proven track record
of successfully performing sediment bioaccumulation tests for
research or site assessments. The ERDC provided sediment
and test organisms to all participating laboratories. All labo-
ratories conducted the M. nasuta, A. virens, and L. variegatus
28‐day sediment bioaccumulation tests following basic proce-
dures provided by the ERDC, which were based on national
guidance as detailed in the Alitta virens and M. nasuta bio-
accumulation tests and the Lumbriculus variegatus bio-
accumulation tests sections. All laboratories followed the same
procedure for aquaria size and setup, sediment volume, test
organism loading, temperature, and organism retrieval, han-
dling, and shipping at test termination (ASTM International,
2019). Test maintenance including water exchanges and water
quality parameter measurements followed laboratory‐specific
testing protocols and met minimum test requirements to meet
test acceptability (ASTM International, 2019). Per the test pro-
tocols, supplemental feeding was not provided. Each test
sediment was tested in five replicate aquaria, with each repli-
cate generating one sample containing all surviving organisms
for subsequent chemical analyses. Test sediment and tissue
samples of organisms exposed to test sediments were analyzed
by one analytical laboratory for total lipids, select PCB con-
geners, and the 16 USEPA Priority PAHs (Keith, 2015). The 17
PCB congeners (IUPAC numbers 8, 18, 28, 44, 52, 66, 101, 105,
118, 128, 138, 153, 170, 180, 187, 195, and 206) selected for
analysis, with the addition of the 209 are used by the US Na-
tional Oceanic and Atmospheric Administration (NOAA) Na-
tional Status and Trends Program in the United States
(Lauenstein & Cantillo, 1993) and will be termed NOAA PCBs.
These congeners are significant components of the most

common commercial PCB mixtures (i.e., Aroclor 1016, 1248,
1254, and 1260). This congener mix also contains six congeners
from the International Council for Exploration of the Sea list
(i.e., 52, 101, 118, 138, 153, and 180) proposed as pollution
indicators (Duinker et al., 1988).

Sediments
The New Bedford Harbor sediment used to prepare test

sediments was collected from an estuarine location at the New
Bedford Harbor Superfund site (Nelson & Bergen, 2012) in
September 2014. The sediment was transported to the ERDC
and stored in steel drums at 2.8–4.0 °C. The sediment used in
the present study was considered “highly contaminated,” be-
cause the total concentration of PCB (∑PCBs) congeners was
45mg/kg dry weight, and the total concentration of PAHs
(∑PAHs) was 10mg/kg dry weight; see Schmidt et al., 2017 for
additional information). The sum concentration of NOAA PCBs
(∑NOAA‐PCBs) corresponded to 36% of the total PCB con-
centration in the New Bedford Harbor sediment. Sediments
with no detectable concentration of PCBs were obtained from
an estuarine site in Sequim Bay (Sequim, WA, USA) for use in
the marine bioaccumulation tests; freshwater bioaccumulation
tests utilized no detectable PCB sediments from Horseshoe
Lake, an oxbow lake adjacent to the Mississippi River in Warren
County (MS, USA) (Knight et al., 2009; Kennedy et al., 2010).
Each of these sediments was mixed with New Bedford Harbor
sediment until thoroughly homogenized (to uniform color and
consistency, for ~20min.) using an impeller mixer. The amount
of New Bedford Harbor sediment added was targeted to
achieve a ∑PCBs of approximately 1 and 2mg/kg dry weight for
the marine and freshwater test sediments, respectively. A
higher target concentration was used for freshwater testing
because of smaller target tissue mass/replicate. Those target
concentrations are higher than total PCB concentrations re-
ported for navigation channels and harbors in the United States
(see Fredette et al., 2007; McQueen et al., 2020; Steevens
et al., 2008) but were selected to ensure detection of NOAA
PCBs in tissue samples. Benthic toxicity was not expected at
that range of concentrations, based on Swartz (1999) and Fin-
kelstein et al. (2021). Following vigorous mixing for approx-
imately 20min, three 0.5‐L aliquots of the sediments for marine
and freshwater testing were assessed for homogeneity by an-
alyzing Aroclors concentrations in three representative aliquots
and were deemed sufficiently homogeneous for use in the in-
terlaboratory comparison based on the variability of the con-
centrations of ∑PCBs among sediment aliquots (Supporting
Information, Table S1).

Experimental organisms
Alitta virens constructs deep (8–10 cm or deeper), vertical,

well‐irrigated, semipermanent burrows lined with mucus, and
has been reported to be an omnivorous feeder that also non-
selectively deposit‐feeds (Ciarelli et al., 2000). Macoma nasuta
is a free‐burrowing clam that deposit‐feeds by siphoning the
top few millimeters of the sediment surface; suspension
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feeding is considered a supplementary feeding mode for this
organism (Hylleberg & Gallucci, 1975). Lumbriculus variegatus
feeds on decaying vegetation, microorganisms, and sediment
(Brinkhurst & Gelder, 1991; Penttinen et al., 1996), burrowing
into the sediment head first and keeping its tail in the water,
where respiration and photoreception occurs (Penttinen
et al., 1996). Alitta virens and M. nasuta were purchased from
Aquatic Research Organisms in Hampton (NH, USA) and
shipped overnight by the vendor directly to the participating
laboratories. Alitta virens were collected from the Damariscotta
River (Boothbay Harbor, ME, USA), and M. nasuta were col-
lected from Tomales Bay (Dillon Beach, CA, USA). Lumbriculus
variegatus was purchased from California Blackworm Company
(Fresno, CA, USA) and was maintained at the ERDC laboratory
for approximately 10 weeks prior to being shipped overnight to
the participating laboratories. All participating laboratories re-
ported receiving the organisms in adequate health status
based on appearance and behavior, except for L. variegatus
received at CERC. Because of insufficient mass at the ERDC for
shipping a second batch, CERC used their in‐house cultured
organisms. On arrival, organisms were acclimated for least 24 h
to the test temperature in the test water under aeration.

Alitta virens and M. nasuta bioaccumulation tests
Marine sediment 28‐day bioaccumulation tests were con-

ducted in accordance with national testing guidance for sedi-
ment (ASTM International, 2019) and dredged material
evaluations (USEPA & USACE, 1998). Five replicates of the test
sediment and control sediment were setup by adding ap-
proximately 6 kg of sediment and the appropriate seawater
(30 ppt) to 20‐L aquaria. The EA and ERDC laboratories used
activated carbon–treated tap water or de‐ionized well water
(CERC) mixed with commercially available synthetic sea salts;
ECO used filtered natural seawater. Aquaria were maintained
at 20± 1 °C (A. virens) or 15± 1 °C (M. nasuta) under a 16:8‐h
light:dark cycle using ambient light intensity with aeration.
Overlying water quality (temperature, pH, dissolved oxygen,
salinity, and ammonia) was recorded for each replicate
aquarium at bioassay initiation. A variable number of organisms
were added to each aquarium at test initiation. For A. virens,
the CERC, ERDC, and EA laboratories added 5–8 individuals,
targeting 30–35 g of total biomass, and the ECO laboratory
added 10–13 individuals. For M. nasuta 10–14 clams weighing
167–184 g, including the shells, were added across all labo-
ratories. Two laboratories (ECO and EA) conducted overlying
water renewals of 2 volume additions/day, and CERD and
ERDC exchanged 50%–60% of the water volume three times
weekly. Temperature, dissolved oxygen, pH, and salinity were
measured during the test, at a minimum for one replicate/
treatment weekly and for all replicates on day 28.

After 28 days, each replicate aquarium was terminated by
gently separating surviving organisms from the sediment by
hand to avoid physical damage. Surviving A. virens or
M. nasuta from each replicate were enumerated and placed in
clean water at the test temperature for 24 h for gut purging.
Following gut purging, the soft tissue of M. nasuta was

separated from the shells, tissues from each replicate were
placed in a preweighed jar. and total tissue mass (wet wt) was
determined. Tissue samples were frozen for at least 24 h and
subsequently shipped overnight on ice to the ERDC, where
they were grouped with samples from the other laboratories
and sent to the designated analytical laboratory for analysis.
Tissue and sediment samples were labeled without including
the identity of the participating laboratory so as to
avoid bias in the results.

Lumbriculus variegatus bioaccumulation test
Freshwater sediment 28‐day bioaccumulation experiments

were conducted in accordance with national testing guidance
for sediment (ASTM International, 2019; USEPA, 2000) and
dredged material evaluations (USEPA & USACE, 1998). Five
replicates of the test sediment and control sediment were set
up by adding approximately 2.8 kg of sediment and non-
chlorinated water (i.e., chlorine‐free or dechlorinated) to 8‐L
aquaria. Aquaria were maintained at 23± 1 °C with aeration
under a 16:8‐h light:dark cycle using ambient light intensity.
Overlying water quality (temperature, pH, dissolved oxygen,
conductivity, and ammonia) were recorded for each replicate
aquarium at bioassay initiation. Approximately 10 g of L. vari-
egatus were added to each aquarium at test initiation. Three of
four laboratories (i.e., CERC, ECO, and EA) conducted over-
lying water renwals of 2 volume additions/day, and ERDC ex-
changed 50‐60% of the water volume three times weekly.
Temperature, dissolved oxygen, pH, and conductivity were
measured during the test, at a minimum for one replicate/
treatment weekly and for all replicates on day 28. After 28 days,
each replicate aquarium was terminated by passing the sedi-
ment through a 250‐µm screen. Surviving organisms from each
replicate were recovered and placed for 24 h in chambers
specially designed to facilitate separation of L. variegatus from
materials (primarily plant detritus) retained on the sieve during
recovery of test organisms. Details of this separation method
are described in Lotufo et al. (2021). Following separation from
detritus and gut purging, organisms from each replicate were
placed in a preweighed jar, and total tissue mass (wet wt) was
determined. Tissue samples were frozen for at least 24 h and
then shipped overnight on ice to the ERDC, where they were
grouped with samples from the other laboratories and, along
with sediment samples, sent to the designated analytical lab-
oratory for analysis.

Interlaboratory comparison of chemical analysis
of sediment bioaccumulation test organisms

Concurrent with the bioaccumulation tests just described,
five additional replicate aquaria for each test species evaluated
(A. virens, M. nasuta, and L. variegatus) were set up at the
ERDC laboratory to generate tissue for an interlaboratory
comparison of chemical analysis of tissue samples. The repli-
cate aquaria were set up using the same batch of test sediment
and organisms used in the tests just described. Exposed or-
ganisms of each species were recovered and handled as just
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described and composited across all replicates. Thoroughly
homogenous pooled samples of A. virens, M. nasuta, and L.
variegatus were each equally split into four aliquots, each an-
alyzed by a different participating analytical laboratory. Partic-
ipating analytical laboratories included the ERDC, CERC, and
two unnamed commercial laboratories, all of which had expe-
rience analyzing aquatic invertebrate tissue samples. Each
participating laboratory analyzed a single tissue sample of each
test species for NOAA PCBs and total lipids.

Chemical analysis of sediment and tissue samples
for the bioaccumulation test interlaboratory
comparison

Sediment samples collected at test initiation (one sample/
replicate/laboratory for the M. nasuta test and one single
sample/laboratory for the L. variegatus test) were analyzed for
PAHs and PCBs. Five replicate tissue samples were taken at the
ERDC laboratory at test initiation for each species from the
pool of test organisms for analysis of “baseline” pre‐exposure
concentrations of contaminants of concern. Five additional
samples were taken at CERC of L. variegatus pre‐exposure
organisms because they represented a different test pop-
ulation. Organisms recovered from control aquaria were not
analyzed. Sediment samples were extracted by pressurized
fluid extraction using hexane/acetone (USEPA method
3545A; 2007a) and with the extract treated with silica gel
(modified USEPA method 3630C; 1996a) or sulfuric acid
(modified USEPA method 3665A; 1996b) for PAHs and PCBs,
respectively, to reduce matrix interferences. The total organic
carbon content (TOC) of the test sediments was determined
following the Lloyd Kahn method (USEPA, 1988). Grain size was
analyzed according to ASTM International (2007).

Tissue samples were extracted with hexane (95%; Fisher
Scientific) by sonication, following a modification of USEPA
method 3550C (2007b). The PCB congeners were extracted
either in a sonic bath overnight with hexane for larger tissue
amounts, or in a single extraction with hexane using a sonic
probe for smaller amounts of tissue. Tetrachloro‐m‐xylene and
PCB congener 195 were used as extraction surrogates for all
PCB analyses. Lipids and other interfering compounds were
removed from sample extracts by treatment with sulfuric acid
(modified USEPA method 3665A; 1996b). Dual column gas
chromatography with electron capture detection (ECD)
according to USEPA method 8082 (2007c) was used for
analysis of PCB congeners as previously described by Schmidt
et al. (2017). The PAHs were analyzed using gas
chromatography–mass spectrometry (GC–MS) in selected ion
monitoring mode following modifications of USEPA method
8270E (2018). This analysis used deuterated PAH compounds
for internal standards and 2‐fluorobiphenyl and terphenyl for
extraction surrogate compounds. For tissues or sediment, a
single value was used for all individual PCB congeners as a
reporting limit, with a detection limit at one‐third this con-
centration. Detection limits were 0.4, 0.6, and 0.3 μg/kg for
sediment, A. virens and M. nasuta, and L. variegatus samples,
respectively. The reporting limit was used as the lowest

calibration standard and is supported by method detection
limit studies performed per 40 CFR 136 Appendix B guide-
lines (USEPA, 2011). No co‐elution was reported. For PAHs,
detection limits were 4, 5, and 20 μg/kg for sediment, A. virens
and M. nasuta, and L. variegatus samples, respectively. Total
lipid content of tissues was measured using the standard
Bligh–Dyer macrogravimetric determination (Bligh and
Dyer, 1959).

Chemical analysis of tissue samples for the
analytical chemistry interlaboratory comparison

Tissue samples for the analytical comparison study were
analyzed for PCBs following the basic guidance of USEPA
method 8082 (2007c) at each of the participant laboratories:
ERDC, CERC, and two commercial facilities (termed Lab A and
Lab B) separate from the bioassay laboratories. Tissue analysis
performed at ERDC followed the sonication extraction method
(USEPA method 3550C; 2007b), with sulfuric acid treatment,
followed by GC–ECD analysis (USEPA method 8082; 2007c) as
just described.

The CERC laboratory extracted the tissue samples following
the procedure described in Gale et al. (2009), using PCBs 29,
155, and 204 as extraction surrogates. Analysis of the extracts
was accomplished by GC–ECD after interference reduction
using size exclusion chromatography and silica gel columns
following the procedures outlined in Gale et al. (2009).

The two commercial laboratories followed USEPA method
8082 (2007c), with both using tetrachloro‐m‐xylene as one
extraction surrogate, athough the second surrogate, the
method of extraction, and the method of extraction cleanup
differed between the two facilities. Laboratory A used soni-
cation for extraction (USEPA method 3550C; 2007b) and PCB
congeners 103 and 192 as additional extraction surrogates,
with interference reduction achieved using gel permeation
chromatography (USEPA method 3640A; 1994a). Laboratory B
used automated Soxhlet extraction (USEPA method 3541;
1994b) and PCB 205 as a second surrogate. Laboratory B also
treated the extracts for sulfur (USEPA method 3660B; 1996c)
and with acid (USEPA method 3665A; 1996b) for interference
reduction prior to analysis.

Data analysis
Lipid normalized concentrations were determined by di-

viding bulk tissue concentration by the organism sample‐
specific fraction lipid content (data are expressed as mg PCB/
kg lipid). Biota‐to‐sediment accumulation factors (BSAFs) were
calculated as described in ASTM International (2019). To
quantify intralaboratory variability, coefficients of variation (CV;
expressed as a percentage) were computed for analytical
chemistry data derived from each individual laboratory.

Statistical comparisons and determinations of data normality
(Kolmogorov–Smirnov test) and homogeneity (Levene's test)
were performed using SigmaStat Ver 3.5 software (SSPS).
One‐way ANOVAs was performed to determine statistically
significant differences (α= 0.05) across participating
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laboratories. When the data did not meet the assumption of
normality, the Kruskal–Wallis one‐way ANOVA on ranks was
applied. The Holm–Sidak method was employed as an all‐
pairwise multiple comparison procedure to determine stat-
istical significance in bioaccumulation between different par-
ticipating laboratories. The MOD was determined using the
ratio between the highest and the lowest means among
laboratories. Variability was also quantified for each
bioaccumulation test (i.e., A. virens, M. nasuta, and L. varie-
gatus tests) using replicate bioaccumulation measurements
across all participating laboratories and subsequently calcu-
lating a variation factor (VF) for PCB congeners, ∑NOAA‐PCBs,
and lipid content as described in Jonker et al. (2018). This
factor was calculated by taking the ratio of the 95th percentile
(PCTL) value of the averaged body burden/target chemical to
the 5th percentile value:

=VF
95th PCTL
5th PCTL

According to Jonker et al. (2018), the use of this index of var-
iability assumes that experimentally determined concentrations
exhibited normal distributions. Therefore, normality was as-
sessed using the Kolmogorov–Smirnov test.

RESULTS
Marine and freshwater test sediments

One sample for each batch of test sediments (i.e., marine
and freshwater) was used for TOC and grain size analysis. The
TOC was 3.0% for the marine test sediment and 3.5% for
the freshwater sediment. Grain size distribution for the marine
(coarse sand 0.5%, medium sand 2.8%, fine sand 12.8%, silt
47.7%, clay 38.2%) and freshwater (coarse sand 0.6%, medium
sand 2.4%, fine sand 4.2%, silt 37.1%, and clay 55.7%)
sediments indicated a predominance of fine particles.

While sediment was added to replicate aquaria, partic-
ipating laboratories obtained five samples of the marine test
sediment used in the interlaboratory comparison, one from
each replicate, but obtained only one sample of the freshwater

test sediment. For ∑NOAA‐PCBs, concentrations were similar
across individual laboratory samples and across means for all
laboratories (Figure 1), indicating that the single batch sedi-
ment was well homogenized. Variability was also low for
∑NOAA‐PCBs concentrations for the single sample of the
freshwater test sediment (Figure 1). Congener‐specific con-
centrations in test sediments are presented in the Supporting
Information, Tables S2 and S3. Using the mean ∑NOAA‐PCB
concentration for replicate samples from all laboratories and
the concentration measured in the concentration of ∑NOAA‐
PCBs in the New Bedford Harbor sediment, the dilution factor
was 49 for the marine and 21 for the freshwater test sediment.
For ∑PAHs, concentrations varied more widely across individual
laboratory samples and across means for all laboratories
(Supporting Information, Figure S1). Individual PAH‐specific
concentrations in test sediments are presented in the
Supporting Information, Tables S4 and S5.

Organismal recovery and lipid content
For A. virens, survival was 100% for all replicates for all

laboratories, with replicate final biomass ranging from 26 to
32 g for CERC and ERDC and from 45 to 66 for EA and ECO.
For M. nasuta, survival ranged from 83% to 100% for all repli-
cates for all laboratories, with the mean for each laboratory
ranging from 92% to 100%. Replicate final biomass of soft
tissue ranged from 35 to 45 g for CERC, ERDC, and ECO and
from 56 to 80 g for EA. For L. variegatus, replicate final biomass
of soft tissue ranged from 4.9 to 8.2 g, corresponding to a
percentage recovery of added mass ranging from 49% to
75.2%. Note that exhaustive recovery of organisms was not
attempted in the present study.

Mean baseline (i.e., at test initiation) lipid content was
highest for L. variegatus, followed by A. virens and M. nasuta
(Figure 2). For A. virens and M. nasuta, mean lipid content
at experiment termination was within ±23% and 39%, re-
spectively, the mean baseline lipid content. For L. variegatus,
mean baseline lipid content for the organism batch used by EA,
ECO, and ERDC was virtually identical to that for the organism
batch used by CERC (Figure 2). The mean lipid content at

(A) (B)

FIGURE 1: Replicate (small circles) and mean concentrations (large circles) of ∑NOAA‐PCBs in marine sediment (A) and concentration of ∑NOAA‐
PCBs in freshwater sediment (B) sampled from each bioassay laboratory. Only one sample generated in each bioassay laboratory was analyzed for
the freshwater sediment. Error bars are ±1 standard deviation (n= 5). The number over the error bar is the coefficient of variation as a percentage.
For abbreviations, see footnote to Table 1.
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experiment termination was lower than the mean baseline by
37% or less. Overall, mean lipid content varied relatively little
across replicates within treatments (i.e., baseline and bioassay
laboratories), and across species, with CVs ranging from 9% to
25% for all treatments except forM. nasuta for the baseline and
EA treatments, for which the CV was 54% and 60%, re-
spectively.

Alitta virens bioaccumulation of PCBs
The concentrations of all NOAA PCBs were below detection

limits for all baseline samples. Intralaboratory variability was
low: the mean concentrations of ∑NOAA‐PCBs ranged from 50
to 67 µg/kg, with a MOD of 1.4, and there was no significant
difference between participating laboratories (Table 1 and
Figure 3). Intralaboratory variability was also relatively low, with
CVs ranging from 13% to 28%. When lipid normalized, the
interlaboratory variability increased, with a MOD of 1.8 and
statistical differences between laboratories (Table 1), but in-
tralaboratory variability remained similar (Figure 4). The

∑NOAA‐PCB and congener‐specific bioaccumulation data are
presented in the Supporting Information, Tables S6 and S7.
Across the 20 replicate samples analyzed by all laboratories,
variability was low (MOD= 2.0; CV= 21%) for ∑NOAA‐PCBs
concentrations but was higher (MOD= 3.2; CV= 31%) for lipid‐
normalized ∑NOAA‐PCBs.

Macoma nasuta bioaccumulation of PCBs
The concentrations of all NOAA PCBs were below detection

limits for all baseline samples. Intralaboratory variability was
low: the mean concentrations of ∑NOAA‐PCBs ranged from 98
to 157 µg/kg, with a MOD of 1.6, but statistical differences
between laboratories were detected (Table 1 and Figure 3).
Intralaboratory variability was low, with CVs ranging from 9 to
15%. When lipid normalized, the interlaboratory variability
decreased (MOD= 1.3) and there were no statistical differ-
ences between laboratories (Table 1), but intralaboratory vari-
ability increased (Figure 4). The ∑NOAA‐PCB and congener‐
specific bioaccumulation data are presented in the Supporting

(A) (B) (C)

FIGURE 2: Replicate (small circles) and mean (large circles) lipid content as percentage of the wet weight for Alitta virens (A), Macama nasuta (B),
and Lumbriculus variegatus (C), both unexposed (“baseline”) and exposed to sediment for 28 days at each bioassay laboratory. Error bars are ±1
standard deviation (n= 5). The number over the error bar is the coefficient of variation as a percentage. For A, different letters indicate significant
differences from pairwise comparisons following one‐way analysis of variance. For L. variegatus, “Baseline‐C” represents the batch used for the US
Geological Survey Columbia Environmental Research Center laboratory, and “Baseline” represents the batch used by the other bioassay labo-
ratories. For abbreviations, see footnote to Table 1.

TABLE 1: Summary of analysis of variance for total lipids, concentration of ∑NOAA‐PCBs (∑PCBs), and lipid‐normalized ∑NOAA‐PCBs (∑PCBslipid)
concentration data from 28‐day bioaccumulation tests conducted by four bioassay laboratories

Source of variation (percent of total) Ratio of means

Analysis Bioaccumulation test p value Inter‐laboratory Intra‐laboratory CERC EA ECO ERDC

Total lipids Alitta virens <0.01 66% 34% 1.3 1.0 1.0 1.5
Macoma nasuta 0.41 NDa ND 1.00 1.05 1.04 1.04

Lumbriculus variegatus 0.44 ND ND 1.00 1.03 1.02 1.04
∑PCBs Alitta virens 0.055 37% 63% 1.0 1.3 1.1 1.4

Macoma nasuta <0.01 73% 27% 1.3 1.0 1.2 1.6
Lumbriculus variegatus 0.02 46% 54% 1.0 2.0 1.5 1.7

∑PCBslipid Alitta virens <0.01 56% 44% 1.0 1.8 1.4 1.2
Macoma nasuta 0.39 17% 83% 1.2 1.0 1.0 1.3

Lumbriculus variegatus 0.72 16% 84% 1.0 1.0 1.3 1.0

The ratio of means for a given laboratory represents the ratio between the average for that laboratory and the lowest average among laboratories. The magnitude of
difference (MOD; ratio of highest and lowest mean) for each analysis is in bold type, and p values indicative of significant differences are in red type.
aND= not determined because test of data normality failed, and thus nonparametric statistical tests were used.
∑NOAA‐PCBs= sum National Oceanic and Atmospheric Administration‐polychlorinated biphenyls; CERC=US Geological Survey Columbia Environmental Research
Center; EA= EA Engineering, Science, and Technology; ECO= EcoAnalysts; ERDC=US Army Engineer Research and Development Center.
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Information, Tables S8 and S9. Across the 20 replicate samples
analyzed by all laboratories, variability was low (MOD= 2.1;
CV= 21%) for ∑NOAA‐PCBs concentrations but was higher
(MOD= 3.8; CV= 24%) for lipid‐normalized ∑NOAA‐PCBs.

Lumbriculus variegatus bioaccumulation of PCBs
The concentrations of all NOAA PCBs were below de-

tection limits for all baseline samples. Intralaboratory varia-
bility was low: the mean concentrations of ∑NOAA‐PCBs
ranged from 634 to 1283 µg/kg, with a MOD of 2.0, but
statistical differences between laboratories were detected
(Table 1 and Figure 3). Intralaboratory variability was typically
low, with CVs ranging from 14% to 19% for three laboratories,
but was 51% for one laboratory. When lipid normalized, the
interlaboratory variability decreased (MOD = 1.3) and there
were no statistical difference between laboratories (Table 1),
but intralaboratory variability increased (Figure 4). The
∑NOAA‐PCB and congener‐specific bioaccumulation data
are presented in the Supporting Information, Tables S10
and S11. Across the 20 replicate samples analyzed by all
laboratories, variability was high (MOD = 3.6; CV = 36%) rel-
ative to that for A. virens and M. nasuta for ∑NOAA‐PCB

concentrations and increased slightly (MOD = 3.9; CV = 39%)
for lipid‐normalized ∑NOAA‐PCBs.

Sediment and tissue congener profiles for PCBs
The relative concentration of the individual NOAA PCBs for

M. nasuta and A. virens was similar between the two species and
for the marine test sediment (Figure 5). The most notable dif-
ferences were for PCB 28, which accounted on average for 29%
of the ∑NOAA‐PCBs for sediment, 35% for M. nasuta, and 22%
for A. virens, for PCB 52, which accounted for approximately
16%–17% of the sum for sediment and M. nasuta but 29% for A.
virens, and for PCB 44, which accounted for approximately 9% of
the sum for sediment but only approximately 2% for A. virens
and M. nasuta. The relative concentration of the individual
NOAA PCBs for L. variegatus was similar to that for freshwater
sediment (Figure 5). The most notable differences were for PCB
28, which accounted on average for 27% of the ∑NOAA‐PCBs for
sediment, but only 16% for tissue, and for PCBs 101, 138. and
153, which were 50%–81% higher in tissue than in sediment.

BSAFs for PCBs
The BSAF values were calculated using replicate lipid‐

normalized PCB or PAH tissue concentrations divided by the

(A) (B) (C)

FIGURE 3: Replicate (small circles) and mean concentrations of ∑NOAA‐PCBs in Alitta virens (A),Macoma nasuta (B), and Lumbriculus variegatus (C)
exposed to sediment for 28 days at each bioassay laboratory. Error bars are ±1 standard deviation (n= 5). The number over the error bar is the
coefficient of variation as a percentage. For B and C, different letters indicate significant differences from pairwise comparisons following one‐way
analysis of variance. For abbreviations, see footnote to Table 1.

(A) (B) (C)

FIGURE 4: Mean concentrations of ∑NOAA‐PCBs normalized by the lipid content in Alitta virens (A), Macoma nasuta (B), and Lumbriculus
variegatus (C) exposed to sediment for 28 days at each bioassay laboratory. Error bars are ±1 standard deviation (n= 5). The number over the error
bar is the coefficient of variation as a percentage. For A, different letters indicate significant differences from pairwise comparisons following one‐
way analysis of variance. For abbreviations, see footnote to Table 1.
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mean organic carbon–normalized concentration for all sedi-
ment samples (i.e., a single value). Therefore, the variability just
described for lipid‐normalized PCB tissue concentrations ap-
plies to BSAF values. The BSAF results were compared across
species. For A. virens, ∑NOAA‐PCB BSAF values ranged from
0.2 to 1.2 (mean= 0.7, SD= 0.2) across 20 replicates. For
M. nasuta, ∑NOAA‐PCB BSAF values ranged from 1.9 to 7.2
(mean= 5.1, SD= 1.2) across 20 replicates. For L. variegatus,
∑NOAA‐PCB BSAF values ranged from 2.6 to 10.1 (mean= 5.1,
SD= 2.0) across 20 replicates. The mean ∑NOAA‐PCB BSAFs
forM. nasuta and L. variegatus were virtually identical and were
approximately eight times higher than that for A. virens
(Figure 6 and Supporting Information, Table S12). Congener‐
specific mean BSAFs varied widely for all species (Figure 6 and
Supporting Information, Table S12). For A. virens, the lowest
value (0.4) was for PCB 44 and the highest (1.3) for PCB 52. For
M. nasuta, the lowest value (1.0) was for PCB 44 and the
highest (7.2) for PCB 153. For L. variegatus, the lowest value
(0.8) was for PCB 206 and the highest (23.4) for PCB 187, with
the second highest value (9.0) occurring for PCB 138.

Summary of intralaboratory variability for
bioaccumulation of PCBs

The CVs for all PCB congeners ranged widely but were rela-
tively low for A. virens, M. nasuta, and L. variegatus for wet
weight (mean= 24%, 15%, and 29%, respectively, n= 68) and
lipid‐normalized (mean= 26%, 25%, and 41%, respectively,
n= 68) concentrations (Supporting Information, Tables S13
and S14). For ∑NOAA‐PCBs, CVs ranged from 9% to 51% for all
species for wet weight concentrations and from 15% to 47% for
lipid‐normalized concentrations (Supporting Information, Ta-
bles S13 and S14), indicating low overall variability across repli-
cates for a given laboratory. Intralaboratory variability
was also low overall for percentage of lipids (Supporting
Information, Table S13).

Summary of interlaboratory variability
for bioaccumulation of PCBs

As revealed by ANOVA, the within‐treatment fraction of the
total variability (i.e., the intralaboratory variability) for A. virens,

FIGURE 5: Polychlorinated biphenyl (PCB) congener profile for the bioassay sediment and for Alitta virens (A),Macoma nasuta (B), and Lumbriculus
variegatus (C) exposed to sediment for 28 days. Each bar represents the mean percentage of the ∑NOAA‐PCBs concentration contributed by each
congener calculated using replicates from all bioassay laboratories. Error bars are ±1 standard deviation (n= 20).

FIGURE 6: Mean biota sediment accumulation factors (BASFs) for PCB congeners and for ∑NOAA‐PCBs for Alitta virens (A), Macoma nasuta (B),
and Lumbriculus variegatus (C) exposed to sediment for 28 days calculated using replicates from all bioassay laboratories. Error bars are ±1
standard deviation (n= 20). For abbreviations, see footnote to Table 1.
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M. nasuta, and L. variegatus was 63%, 27%, and 54%, re-
spectively, for ∑NOAA‐PCB wet weight concentrations and
44%, 83%, and 84%, respectively, for lipid‐normalized con-
centrations (Table 1), therefore showing higher within‐
treatment variance compared with between‐treatment (i.e.,
interlaboratory variability) in most cases. Differences were
statistically significant for ∑NOAA‐PCB wet weight concen-
trations for M. nasuta and L. variegatus and for A. virens only
for lipid‐normalized concentrations. The MOD ranged from
1.4 and 1.7 across species for ∑NOAA‐PCB wet weight con-
centrations and from 1.3 to 1.8 for lipid‐normalized concen-
trations (Table 1). Mean lipid content was remarkably similar
and not statistically different for M. nasuta, and L. variegatus
but was significantly different across laboratories, with 1.5
being the MOD for A. virens (Table 1).

Variability comparison among bioaccumulation
tests

Variability in each bioaccumulation test (i.e., tests with each
species) was compared using all replicate data across labo-
ratories for lipid content and PCB congeners, and ∑NOAA‐
PCBs using VF. For individual congeners, VF values ranged
from 1.6 to 3.9 across all species (Supporting Information,
Table S15), and the mean VF was lowest for M. nasuta and
highest for L. variegatus (Table 2). For lipid‐normalized bio-
accumulation, VF values for individual congeners ranged from
1.8 to 4.3 across all species (Supporting Information,
Table S15), and the mean VF was lowest for M. nasuta and
highest for L. variegatus (Table 2), showing relatively little dif-
ferences in variability across species and between wet weight
and lipid‐normalized bioaccumulation, which is explained by
the low variability for lipid content. The VF values for lipid
content were lowest for L. variegatus and highest for A. virens
(Table 2).

Analytical laboratory variability
The investigation of the variability associated with analyzing

PCB congener concentrations for each tissue type associated

with our study (i.e., whole‐body homogenates of exposed A.
virens, M. nasuta, and L. variegatus) revealed that the tissue
concentrations of PCB congeners and ∑NOAA‐PCBs were
similar across laboratories for A. virens and for M. nasuta but
were variable for L. variegatus tissue (Figure 7 and Supporting
Information, Table S16), as shown by their respective MODs
(e.g., MOD= 1.4, 1.3, and 2.5 for A. virens, M. nasuta, and
L. variegatus, respectively; Table S16). The laboratories re-
ported similar total lipid contents for L. variegatus, but variable
values for A. virens and M. nasuta (Figure 7 and Supporting
Information, Table S16). As a result of high variability of lipid
content for tissue homogenates from all species, the concen-
tration of lipid‐normalized ∑NOAA‐PCBs varied widely, as re-
flected in the high MOD (i.e., by 6.7, 11.0, and 4.3‐fold for
A. virens,M. nasuta, and L. variegatus, respectively; Supporting
Information, Table S16).

Bioaccumulation of PAHs
All 16 target analyte PAHs were detected in the sediments

used for our study. However, most PAHs were below the limits
of detection in tissue samples (Supporting Information). Inter-
laboratory comparison for the bioaccumulation of PAHs was
conducted forM. nasuta using the sum of a subset of PAHs that
were detected in all replicates (Supporting Information). Intra‐
and interlaboratory variability were relatively low and were
similar to that observed for ∑NOAA‐PCBs for that species.

DISCUSSION
In the present study, the intralaboratory variability asso-

ciated with whole‐body residue measurements for benthic or-
ganisms exposed to the same sediment treatment under
identical conditions was relatively low for ∑NOAA‐PCBs, with
CV ranging from 9% to 28% for all laboratories and species,
with the exception of one laboratory reporting higher variability
for L. variegatus (CV= 51%). Variance among replicates was
also relatively low in previous sediment bioaccumulation
studies using M. nasuta and N. virens (Boese et al., 1995;
Kennedy et al., 2010; McQueen et al., 2020; Rubinstein
et al., 1983). For example, after species exposure to sediment
collected from the Arthur Kill (New York, NY, USA), CVs of
tissue ∑PCB concentrations were 13% for A. virens and 19% for
M. nasuta (Kennedy et al., 2010), and CVs of tissue ∑‐coplanar‐
PCBs ranged from 5% to 17% for exposures to six different
sediments collected from the New York–New Jersey Bight
(USA; McQueen et al., 2020). Relatively low variability for PCB
body residues across replicates has also been reported for
L. variegatus for laboratory sediment bioaccumulation tests
(Ankley et al., 1992; Beckingham & Ghosh, 2010; McQueen
et al., 2020; Van Geest et al., 2011a, 2011b). For example, for
sediments collected from 12 different locations in the Great
Lakes area (USA), CVs for ∑PCB tissue concentrations ranged
from 3% to 35% and were less than 25% for 92% of the
sediments evaluated (McQueen et al., 2020).

TABLE 2: Variation factors (VFs) for percentage lipids and the average
VF (VFavg) for PCB congeners for wet weight and lipid‐normalized
concentrations derived for Alitta virens, Macoma nasuta, and Lum-
briculus variegatus exposed to sediment for 28 days calculated using
replicate data across four bioassay laboratories

Congener
average VFa

∑NOAA‐PCBs
average VF

Bioaccumulation
test

%
Lipids VF Wet wt

Lipid‐
norm

Wet
wt

Lipid‐
norm

Alitta virens 2.2 2.4± 0.6 3.0± 0.9 1.9 2.3
Macoma nasuta 1.6 2.0± 0.3 2.3± 0.7 1.9 2.0
Lumbriculus
variegatus

1.3 3.0± 0.5 4.2± 1.3 2.8 2.9

aAverage± 1 standard deviation.
∑NOAA‐PCBs= sum National Oceanic and Atmospheric Administration‐
polychlorinated biphenyls.
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It has been previously unknown whether the low variability in
PCB bioaccumulation test organism body residues typically
obtained across replicates by a given laboratory also applies to
interlaboratory variability. Our study is the first to show that
sediment bioaccumulation tests commonly performed in the
United States can be conducted with a low degree of variability
by different laboratories. No evidence was found of a con-
sistent bias among laboratories. Interlaboratory variability was
also remarkably low. For ∑NOAA‐PCBs wet weight concen-
trations, the MOD for laboratory means ranged from 1.4 to 2.0
across species. The MOD was low for A. virens and M. nasuta
when all replicates (n= 20) across all laboratories instead of
means were considered (2.0 and 2.1), but it was higher (3.6) for
L. variegatus. Moreover, the intralaboratory variance was
higher than the interlaboratory variance for A. virens and
L. variegatus. These results are not surprising considering that
all laboratories were experienced in conducting bio-
accumulation tests. In addition, all laboratories followed the
same basic procedures that were based on national guidance
for use in the United States. The major methodological differ-
ence across laboratories was the frequency and volume of
overlying water renewals. Two laboratories (ECO and EA)
conducted overlying water renewals of 2 volume additions/day,
whereas CERC and ERDC exchanged 50%–60% of the water
volume three times weekly (i.e., the total volume of water

exchanged during the test was approximately eight times
higher for ECO and EA). Even though renewing the overlying
water is expected to effectively remove soluble contaminants
from sediments (Kennedy et al., 2010), no trend of greater bi-
oaccumulation for laboratories that exchanged a smaller
volume of water was detected, even for low‐molecular‐mass
PCB congeners and naphthalene (Supporting Information, Ta-
bles S6, S8, S10, S17, and S18). In our study, wet samples of
sediment‐exposed benthic organisms were analyzed for PCB
and PAH body residues. According to Egeler et al. (2006), the
water adhering to the wet L. variegatus samples is thought to
be a major source of variability in tissue residues and could
have contributed to the higher variability associated with body
residues for that species compared with the larger marine in-
vertebrates used in the present study.

Although all 16 PAHs were detected in the sediments used
in 28‐day exposures in our study, only a few PAHs were de-
tected in tissue samples. Adequate interlaboratory compar-
isons for the bioaccumulation of PAHs was only possible for
M. nasuta. Intra‐ and interlaboratory variability were relatively
low and similar to that observed for ∑NOAA‐PCBs for that
species. Variability was also relatively low (CVs of 24% or less)
for total PAHs in M. nasuta exposed to sediments from
San Diego Bay (CA, USA) using standard 28‐day bio-
accumulation tests (Exponent, 2003).

(A) (B) (C)

FIGURE 7: Concentrations of ∑NOAA‐PCBs (top row), total lipids (as percentage of the wet wt; middle row), and lipid‐normalized concentrations of
∑NOAA‐PCBs (bottom row) reported by each analytical laboratory for aliquots of homogenous tissue mass for Alitta virens (A), Macoma nasuta (B),
and Lumbriculus variegatus (C) exposed to sediment for 28 days. For abbreviations, see footnote to Table 1.
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Despite changes in lipid content during the experiment,
mostly decreasing, final lipid content varied relatively little across
replicates for all species and laboratories, except for
M. nasuta lipids for one laboratory (Figure 2). Lipid contents re-
ported in our study are similar to those reported previously for
A. virens (Kennedy et al., 2010; McLeese et al., 1980) and
L. variegatus (Burkhard et al., 2015; Egeler et al., 2006; Van Geest
et al., 2011a) but are lower than the range (1.0%–2.8%) pre-
viously reported for M. nasuta exposed to sediment for 28 days
(Kennedy et al., 2010; McFarland et al., 1994). Decreases in lipid
content during bioaccumulation tests have been reported pre-
viously for M. nasuta (Boese et al., 1995) and L. variegatus
(Burkhard et al., 2013).

Lipids are the major compartment for the partitioning of
neutral organic chemicals in animal tissues, and lipid normal-
ization is used in calculating BSAFs, which provides valuable
insights into the behavior and risks associated with toxic
organic contaminants (Burkhard et al., 2012). Besides the use
of lipid‐normalized bioaccumulation to calculate BSAFs, it is
common practice to normalize tissue concentrations for lipid
content to decrease variability, because lipid content of the
exposed organisms influences estimates of tissue concentrations
(Burkhard et al., 2003; Di Toro et al., 1991). Intralaboratory
variability (as CV) and interlaboratory variability (as MOD) were
typically higher for lipid‐normalized body residues compared
with body residues expressed on a wet weight basis (Figures 2
and 3). After lipid normalization, the MOD for all replicates
(n= 20) across all laboratories increased from 2.0 to 3.2 for A.
virens, from 2.1 to 3.8 for M. nasuta, and from 3.6 to 3.9 for L.
variegatus. Increase in variability by lipid normalization was also
reported by Van Geest et al. (2011a) and may be at least partly
explained by the expected effect of compounding the un-
certainties associated with the variability that is connected to
analytical measurements of two independently measured pa-
rameters. For the bioaccumulation test species investigated in
the present study, an interlaboratory study was performed only
for L. variegatus exposed to sediment amended with radio-
labeled hexachlorobenzene (Egeler et al., 2006). The MOD for
the mean tissue residue across five laboratories was 2.7,
which was higher than the MOD (2.0) across‐laboratory mean
lipid‐normalized ∑NOAA‐PCBs for the present study.

In addition to CV and MOD values, ours study also used VF
to quantify variability. According to Jonker et al. (2018), the
range in body burden and lipid content can be quantified and
expressed intuitively as a factor, while excluding outliers, which
are not excluded using MOD. Variability was compared for lipid
content, PCB congeners, and ∑NOAA‐PCBs using VF calcu-
lated for all replicate data across laboratories. As expected, the
VFs (Table 2 and Supporting Information, Table S18) were
lower than the MODs (Table 1), and the VFs were similar for wet
weight and lipid‐normalized body residues for M. nasuta and
L. variegatus, but higher for lipid‐normalized body residues for
A. virens. Comparison of VFs also indicated that variability was
higher for L. variegatus than for the other two species for wet
weight body residues. However, for lipid‐normalized body
residues, VFs were similar for A. virens and L. variegatus and
lower for M. nasuta. Interlaboratory variability expressed by

mean VFs was similar for PCB body residues derived from
sediment bioaccumulation tests in our study (2.0–3.0; Sup-
porting Information, Table S18) and for freely dissolved con-
centrations derived through passive sampling (2.4 and 2.6;
Jonker et al., 2018). The similarity in variability for benthic or-
ganism exposure and polymer sampling is remarkable consid-
ering that uptake of PCBs in polymer samplers is a result of
diffusion whereas bioaccumulation in benthic biota is a result of
partitioning into multiple phases over multiple routes of ex-
posure via sediment, diet, and overlying water compartments.
In addition, other factors such as biotransformation, feeding
rate, size, age, health, and others have been reported to in-
fluence bioaccumulation of organic contaminants (Diepens
et al., 2015; Rust et al., 2004).

In the present study, statistically different bioaccumulation
of ∑NOAA‐PCBs was detected between laboratories for M.
nasuta and L. variegatus (wet wt body burden) and for A. virens
(lipid normalized) in a total of seven statistically different pair-
wise comparisons. The MOD for the statistically different
means were 1.2, 1.3, 1.3, 1.5, 1.6, 1.8, and 2.0. Because of the
low variability among replicates, statistical differences (using an
α value of 0.05, selected to prevent Type II error) between
laboratories occurred when the MOD was low (i.e., between
1.2 and 2.0). Small differences in contaminant body residue
(i.e., MOD less than 2) have also resulted in statistically sig-
nificant differences between treatments in previous sediment
bioaccumulation studies using A. virens, M. nasuta, and L.
variegatus and were attributed to low variability among repli-
cates, which has been frequently observed for benthic sedi-
ment bioaccumulation testing with those species (McQueen
et al., 2020). Detection of statistically significant differences
between similar averages (e.g., MOD less than 2) could result in
a Type I error of assuming increases in bioaccumulation when
there is none. Joint USEPA and USACE guidance recommends
using specific factors (e.g., MOD, toxicological importance of
constituent, and propensity to biomagnify) to evaluate stat-
istically elevated contaminants of concern from sediment bio-
accumulation tests and make decisions concerning suitability
for aquatic placement (USEPA & USACE, 1991, 1998). Con-
sideration of the MOD, defined as the “magnitude by which
bioaccumulation from the dredged material exceeds bio-
accumulation from the reference material” (USEPA &
USACE, 1991) could be a relevant element of the evaluation
(McQueen et al., 2020). The MOD is advantageous because it
allows the practitioner to account for uncertainty related to
inherent variability of the test in the interpretation of statisti-
cally significant bioaccumulation results. Establishing a min-
imumMOD above which a meaningful level of bioaccumulation
relative to reference sediment has been recently proposed
(McQueen et al., 2020). Data sets with MODs less than 2 were
considered by McQueen et al. (2020) to be within the inherent
variability range of the methods associated with laboratory
sediment bioaccumulation testing. The results we present for
an interlaboratory evaluation of variability in sediment bio-
accumulation tests corroborate the use of a MOD of 2 as a
minimum relative threshold when one is applying MOD as a
line of evidence in delineating an appropriate level of
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bioaccumulation relative to reference sediment warranting
further evaluation.

Equilibrium partitioning theory hypothesizes that the chemical
activity between sediment and organisms should be equal, and
that the lipid and organic carbon normalization should result in
BSAFs that are similar across species (Di Toro et al., 1991).
However, net bioaccumulation of contaminants from sediment is
influenced by species traits such as body size, surface‐area‐to‐
volume, respiratory strategies, diet, and dietary assimilation
(Gaskell et al., 2007; Rubach et al., 2011); therefore, species traits
commonly cause differences in lipid‐normalized concentrations in
different species exposed to the same sediment. In the preset
study, the mean ∑NOAA‐PCB 28‐day BSAF for M. nasuta
was approximately eight times higher than that for A. virens.
Few published studies comparing the lipid‐normalized bio-
accumulation of PCBs in M. nasuta and A. virens exposed to the
same sediment were found. Lipid‐normalized bioaccumulation of
∑PCBs in M. nasuta were 6 to 10 times higher than in A. virens
exposed to sediment collected from Port Chester (New York, NY,
USA; Barrows et al., 1996), but BSAFs forM. nasuta and A. virens
exposed to sediment from New York–New Jersey Harbor (USA)
were within a factor of 2 (Kennedy et al., 2010).

Although the focus of the present study was to investigate
the interlaboratory variability associated with conducting
standard sediment bioaccumulation tests, analytical variability
was also evaluated by assigning different analytical labo-
ratories a sample split of tissue homogenate for A. virens, M.
nasuta, and L. variegatus exposed to contaminated sediment.
For ∑NOAA‐PCB wet weight concentrations, the variability,
measured using MOD, associated with different analytical
laboratories measuring the concentration associated with one
sample of tissue ranged from 1.3 to 2.5 and was therefore
similar to the variability of mean body residue across different
bioassay laboratories. However, the variability across ana-
lytical laboratories for lipid content was high for A. virens and
M. nasuta, but not for L. variegatus. Whereas the variability for
wet weight concentration and lipid‐normalized concentrations
were relatively similar for L. variegatus, it was substantially
higher for lipid‐normalized concentrations for A. virens and
M. nasuta. Because considerable effort was expended to en-
sure a homogenous tissue sample for the analytical inter-
laboratory comparison, the variability in lipid concentrations
was likely caused by analytical variability and not differences
in lipid content across subsamples. High variability in lipid
content for two species but low variability for one species may
be related to higher extraction efficiency associated with the
softer nature of L. variegatus tissues. Interlaboratory com-
parisons for the analysis of PCBs or lipids in benthic in-
vertebrate tissues were not found in the available literature.
Although the limited evaluation in the present study suggests
a relatively low variability of results experienced across labo-
ratories, an expanded round‐robin effort including a larger
number of laboratories and precision measurement by each
laboratory would be useful, considering that variability in an-
alytical detection has been identified as an important poten-
tial confounding factor in bioaccumulation studies (Weisbrod
et al., 2009).

The interlaboratory variability measured for PCBs in the
present study may not be indicative of the variability associated
with the bioaccumulation for other relevant pollutants, such as
organometals (e.g., methylmercury) because the geochemical
complexities influencing uptake (see Lawrence & Mason, 2001)
may provide additional sources of variability. Therefore, studies
of the interlaboratory variability associated with measuring
the bioaccumulation of organometals using sediment
bioaccumulation testing are warranted.

CONCLUSIONS
Variance among replicates was relatively low for PCBs

for all test species across all laboratories. The MOD for
laboratory means was 2 or less across species, indicating low
interlaboratory variability. The results of our study indicate that
the intralaboratory variability in measuring PCB bioaccumulation
was greater than interlaboratory variability for M. nasuta and
A. virens. However, the data cannot be used to determine
whether this variability is introduced by multiple tests or by
multiple laboratories, because multiple tests within one labo-
ratory may produce a similar level of variability as that we
measured across laboratories. A measurement of intralaboratory
variability, obtained through the repeated measurement of bio-
accumulation for the same sediment would provide a compar-
ison with the interlaboratory variability measured in our study.
Such a study is difficult to conduct with sediments because bio-
availability may be altered by long‐term sediment storage as well
as the variability associated with field‐collected test organisms.
Analytical variability was similar to bioassay laboratory variability
for the analysis of PCBs in M. nasuta and A. virens but was high
for the analysis of lipid contents for those species, which warrants
additional investigation. Limited results for PAHs also showed
low variance among replicates. The present interlaboratory
evaluation of variability for sediment bioaccumulation testing,
although relatively limited in scope, supports the usefulness of
MOD when one is interpreting the biological significance of
statistically significant results (McQueen et al., 2020). Statistical
significances associated with a low MOD similar to those re-
ported in the present study and elsewhere may not constitute
meaningful differences and may represent Type I error
(McQueen et al., 2020).
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