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Trophic magnification factor (TMF) of persistent toxic substances (PTSs: Hg, PCBs, PAHs, and styrene
oligomers (SOs)) in a coastal food web (12 fish and four invertebrates) was determined in Ulsan Bay,
South Korea. The nitrogen stable isotope ratios (31°N) of amino acids [3"°Ngju_phe based on glutamic acid
(3 Ngu) and phenylalanine (3'°Nppe)] were used to estimate the trophic position (TPgiu_phe) Of organ-
isms. The TPgju_phe of organisms ranged from 1.64 to 3.69, which was lower than TP estimated by 5'°N of
bulk particulate organic matter (TPpyk: 2.46—4.21). Mercury and CB 138, 153, 187, and 180 were bio-
magnified through the whole food web (TMF > 1), while other PTSs, such as PAHs and SOs were not
(biodilution of SOs firstly reported). In particular, the trophic transfer of PTSs was pronounced in the
resident fish (e.g., rock bream, sea perch, Korean rockfish). Of note, CB 99, 101, 118, and 183 were
additionally found to be biomagnifying PTSs in these species. Thus, fish residency appears to represent an
important factor in determining the TMF of PTSs in the coastal environment. Overall, 8"°Ngju_phe pro-
vided accurate TPs of organisms and could be applied to determine the trophic transfer of PTSs in coastal

food webs.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Trophic magnification factor (TMF) is an important criterion that
is used to assess the bioaccumulation and biomagnification po-
tential of pollutants (Gobas et al., 2009), representing the trophic
transfer of persistent toxic substances (PTSs) in aquatic ecosystems
(Fisk et al., 2001). TMF of PTSs provides valuable information
showing implications of bioaccumulation, and several studies have
emphasized that it can be incorporated into regulatory decision
making (UNEP, 2001). Previous studies also have used TMF as a
basis for chemical hazard and risk assessment (Gobas et al., 2009;
UNEP, 2001). TMF is estimated by the regression between trophic
positions (TP) and concentrations of PTSs in organisms (Fortibuoni
et al.,, 2013; Shao et al., 2016; Wang et al.,, 2017; Yu et al,, 2012).
However, so far, studies on TMF have focused on analysis and
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accuracy for PTSs (the y-axis), and sometimes sample selections,
while, the methods for obtaining accurate TP, which is an important
factor for correlation, have not been fully discussed (Borga et al.,
2012; Gobas et al., 2009; Won et al., 2018).

TP is typically estimated using the nitrogen stable isotope ratios
of bulk tissues (8'°Ngy) from organisms (Post, 2002). However,
estimates of TP based on 6]5Ngulk have some limitations that cause
uncertainty in TP. First, the traditional method for calculating TP
requires the 8 Npy of baseline organisms such as primary pro-
ducers (TP = 1), because they are estimated as enriched °N of
consumers relative to baseline organisms. However, the 3'°N values
of phytoplankton might be distorted due to the difficulty of pure
sampling (Post, 2002). Alternatively, the 3'Npyy of zooplankton
was used assuming that they are primary consumers (TP = 2), but
trophic diversity of zooplankton is still a concern for this issue.
Second, the 3" Ny of a given organism is significantly influenced
by spatiotemporal variability in baseline 8°N values (Ishikawa
et al., 2018; Won et al.,, 2018). This phenomenon might alter the
TP of organisms, especially in dynamic coastal ecosystems where
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various nitrogen sources exist. Finally, for the trophic discrimina-
tion factor (TDF) used to calculate TP, many previous studies have
used a TDF of 3.4%o for 3'°N in marine ecosystems; however, this
value can vary depending on species and food quality (Dubois et al.,
2007; Post, 2002; Vander Zanden and Rasmussen, 2001).

To address the limitations of traditional methods for estimating
the TP of organisms, recent studies have used compound-specific
isotope analysis (CSIA). For instance, the 8°N of amino acids
(3'°Naas) has been proposed as a powerful tool for increasing the
accuracy of TP estimates (Ishikawa et al., 2018). This method does
not require the 3'°N values of basal organisms, because the differ-
ence between the 3'°N of trophic amino acids (i.e., glutamic acid;
Glu) and source amino acids (i.e., phenylalanine; Phe) in a given
organism is used to calculate TP. In addition, amino acid-based TP
uses a relatively constant TDF value (7.6%o), reducing TP variability
due to variation in the TDF values of the environment (Blanke et al.,
2017). Thus, calculating TP using 3'°Naas could reduce potential
uncertainty and variability compared to the bulk-based method,
with it being considered a suitable method for determining the TP
of organisms more accurately (Won et al., 2018).

Meanwhile, certain biological factors, such as the uptake routes
of food and fish mobility, also impact assessments of the trophic
transfer of PTSs (Borga et al., 2012; McLeod et al., 2015). The carbon
stable isotope ratios (3'3C) of organisms retain information about
the food sources they consume (Kelly, 2000). Heavier and lighter
313C generally indicate benthic and pelagic carbon sources in ma-
rine environments, respectively (Hobson et al., 1994). The carbon
sources of the organisms might lead to differences in the exposure
and bioaccumulation of PTSs between benthic and pelagic organ-
isms (Fan et al., 2017). The spatial variability of pollutants can lead
to differences in exposure to pollutants on organisms (Dean et al.,
2009). The resident fish reflect local pollution well (Oziolor et al.,
2018). However, migratory fish are exposed to a variety of envi-
ronments with a wide range of pollutants due to inhabiting coastal
waters and open seas. Thus, the residency of fish is expected to
affect the TMF values of PTSs.

In the present study, we aimed to evaluate the trophic transfer
of PTSs through the coastal food web of Ulsan Bay, South Korea.
Ulsan Bay is a highly industrialized area that is one of the most
polluted areas in Korea. Previous study has reported relatively high
concentrations of PTSs in the sediments of Ulsan Bay (Khim et al.,
2001). The present study focused on several PTSs, such as mer-
cury (Hg), polychlorinated biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAHs), and styrene oligomers (SOs). Mercury and
PCBs can be biomagnified, having adverse effects on ecosystems
and humans due to their great persistence, bioaccumulation, and
toxicity (Barron et al., 1995; Driscoll et al., 2013; Muir et al., 2003).
Some studies have reported that PAHs are biodiluted in the food
web, due to metabolism in organisms (Broman et al., 1990; Kayal
and Connell, 1995; Khairy et al., 2014; Nfon et al., 2008; Qadeer
et al., 2019), while others have shown that PAHs accumulates
through the food web (Wang et al., 2012; Zhang et al., 2015). SOs are
emerging compounds that tend to originate from the degradation
of polystyrene plastics, and are widely distributed in the environ-
ments (Hong et al., 2016; Kwon et al., 2015; Lee et al., 2018). Aquatic
wildlife is at potential risk from these pollutants, as they cause
genotoxicity and reproduction toxicity (Ohyama et al., 2001).
However, the bioaccumulation and biomagnification potential of
SOs remain poorly established. In this study, 3’ Naas were used to
estimate the TPs of organisms, and the TMF of PTSs was calculated
using TPaas. We also compared the obtained TMF values with those
based on the traditional method (using 8'°Ngix). The results of this
study are expected to demonstrate the usefulness of the CSIA of
nitrogen in amino acids in evaluating the trophic transfer of PTSs in
the coastal food webs.

2. Materials and methods
2.1. Sample collections

Marine fish and potential food sources were sampled in Ulsan
Bay during October 2017 (Fig. S1 of the Supplementary Materials
(S)). Fishes (n = 14) were collected by fishing, and benthic in-
vertebrates (n = 6) and surface sediment were collected using a Van
Veen grab (Table S1). Marine organisms were then classified ac-
cording to their taxonomy. Twelve fish species were identified,
including Japanese horse mackerel (Trachurus japonicus), cutlass-
fish (Trichiurus lepturus), stripe rainbowfish (Halichoeres ten-
uispinis), chub mackerel (Scomber japonicus), red seabream (Pagrus
major), greenling (Hexagrammos otakii), pearl spot chromis (Chro-
mis notata), Korean rockfish (Sebastes schlegeli), goby (Gobiidae),
rock bream (Oplegnathus fasciatus), pike eel (Muraenesox cinereus),
and sea perch (Ditrema temminckii). Four invertebrates were
identified, including bristle worm (Neanthes sp.), razor clam (Siliqua
pulchella), sea cucumber (Holothuroidea sp.), and scutate stermas-
pid worm (Sternaspis scutata).

Seawater samples were collected by a Van Dorn sampler. Bulk
particulate organic matter (POM) was sampled by filtering
(47 mm GF/F, Whatman, Dassel, Germany) of the seawater after
pre-filtration with 100-pm mesh. Size-fractioned POM samples,
such as 100—200 um-POM and >200 pm-POM were collected using
plankton nets with different mesh sizes. All samples were stored in
dry ice on-site and were then transported to the laboratory. The
entire body of benthic invertebrates was used for analysis. Fish
samples were dissected, and only muscle tissue was analyzed. All
samples for PTSs analysis were freeze-dried and homogenized.

2.2. Analyses of persistent toxic substances

Concentrations of Hg in organisms were measured with a direct
mercury analyzer (DMA-80, Milestone, Sorisole, Italy) after
weighing approximately 0.015—0.050 g of freeze-dried samples.
The detection limit of the instrument was 0.005 ng Hg. For quality
control of Hg, the certified reference material (CRM, BCR-277R,
estuarine sediment, European Community Bureau of Reference,
IRMM, Belgium) was analyzed at the beginning and end of the
instrumental analysis. The measured CRM concentrations were
within acceptable ranges (96—105%).

For the analysis of PCBs, PAHs, and SOs, freeze-dried samples
(approximately 0.4—2.0 g) were weighed and placed in glass
thimbles with sodium sulfate and were extracted using Soxhlet
extractor for 16 h. For quality control, surrogate standards for PCBs
(MBP-MXE, Wellington Laboratories, Guelph, ON, Canada) and
PAHs (FRT-525RPM, Chem Service, West Chester, PA) were added
before extraction. The extract was separated into subsamples to
measure the lipid content of organisms and analyze PTSs. The lipid
content of organisms was measured gravimetrically after drying
the extract in a weighing dish. The lipids of organic extracts for PTSs
analyses were removed using a gel permeation chromatography
column (packed with 60 g of Bio-Beads S-X3, Bio-Rad Labs., Rich-
mond, CA) (Reiner et al., 2007). The lipid depleted sample was
placed on a column filled with 8 g of activated silica gel, and was
cleaned up by passing it through 60 mL mixed solvent (n-hex-
ane:dichloromethane, 80:20, v/v). The eluents were rotary-
evaporated and nitrogen-concentrated, and added to an internal
standard (2-fluorobiphenyl, Sigma-Aldrich, Saint Louis, MO) for
instrumental analysis. Instrumental analysis was performed using a
gas chromatography-mass selective detector (7890B GC & 5977B
MSD, Agilent Technologies, Santa Clara, CA). Detailed information
on instrumental conditions, target compounds, detection limits,
and recoveries are provided in Tables S2 and S3.
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2.3. Analysis of carbon and nitrogen stable isotopes

Carbon and nitrogen stable isotope ratios (3'3C and §°N) were
analyzed for organisms (bulk tissue), size-fractioned POMs, and
surface sediments. For 813C3ulk analysis, a sample was reacted with
1 M hydrochloric acid to remove inorganic carbon. 3" Ngyi was
analyzed without acid treatment based on a previous study (Choi
et al., 2017). Carbon and nitrogen stable isotopes were analyzed
using an elemental analyzer (EA-3000, Eurovector, Italy) combined
with an isotope ratio mass spectrometer (Isoprime100, Isoprime
Ltd., UK). Carbon and nitrogen stable isotope ratios were expressed
in & (%o) notation, based on the following equation (Eq. (1)):

Rsample

X (%o) = K —1) xlOOO} (1)

standard

where X is 13C or N, and R is 13C/'C or °N/™N. Vienna Pee Dee
Belemnite and atmospheric N, were used as standards for 3'3C and
3N, respectively. The analytical errors were 0.06%o for 3'3C and
0.1%o for 3'°N, which were estimated from working standards (CH6
for 8'3C and N1 for 3N, International Atomic Energy Agency,
Vienna, Austria).

2.4. Compound-specific isotope analysis of amino acids

Nitrogen stable isotope ratios of amino acids (5'°Naas) were
measured for 20 biota samples based on a previously reported
method (Chikaraishi et al., 2009). In brief, freeze-dried samples
(3—5 mg) were hydrolyzed at 110 °C for 12 h with 12 M hydro-
chloric acid. Lipids were removed using n-hexane/dichloromethane
(3:2, v/v). Hydrolysate was derivatized at 110 °C for 2 h using thi-
onyl chloride/isopropanol (1:4, v/v), followed by pivaloyl chloride/
dichloromethane (1:4, v/v). The derivatized amino acids were then
extracted with n-hexane/dichloromethane (3:2, v/v). The 3°N of
individual amino acids was measured using gas chromatography
(Agilent 6890N, Agilent Technologies) coupled with an isotope ra-
tio mass spectrometer (Isoprime, GV Instruments). The Ultra-2
capillary column (50 m long, 0.32 mm i.d., 0.52 pm film thick-
ness, Agilent) was used, and He was used as the carrier gas at a flow
rate of 1.1 mL min~ . The temperatures of combustion and reduc-
tion furnaces were set at 980 °C and 650 °C, respectively. The 3'°N
of amino acids, including alanine, glycine, valine, leucine, isoleu-
cine, proline, aspartic acid + asparagine, threonine, serine, methi-
onine, Glu, and Phe were measured, and the analytical precision
was within 0.5%o. The 3'°N of Glu and Phe were used as trophic and
source amino acids for measuring TP of organisms, respectively.

2.5. Estimations of trophic position and trophic magnification
factor

The TP of organisms was estimated according to the following
equations (Egs. (2)—(4)):

515N _ 61N
TPBulk _ [ samp’lIe‘zDF Bulk +1 (2)
6" Ngample — 6">N100-200 um pom
TP100-200 um = [ ik TDF L +2 (3)
SN o
TPGly—phe = (%Eﬁ) +1 (4)

For Eq. (2), 3N of bulk POM (3" Npyjx) was used as the primary

producer (TP = 1). For Eq. (3), 8"°N of 100-200 pm POM
(3N100-200 um pom) Was used as the primary consumer (TP = 2).
TDF values (3.4%o for Egs. (2) and (3); 7.6%o for Eq. (4)) and B values
(3.4%0 in Eq. (4)) were used according to previous studies
(Chikaraishi et al., 2009; Minagawa and Wada, 1984).

TMF was calculated using the regression slope (b) between the
log-transformed concentrations of the PTSs and the TP of organ-
isms, according to Egs. (5) and (6). Concentrations of PTSs were dry
weight (dw) for Hg and lipid-normalized concentrations for organic
pollutants.

Log (Concentration of pollutants) = a+ b x TP (5)

TMF =10° (6)

2.6. Data analysis

The relative contribution of benthic carbon source to fish was
expressed as %B using the two-endmember-mixing model (Eq. (7))
reported in the previous studies (Post, 2002; Wen et al., 2009).
Because variability of trophic fractionation factor in carbon stable
isotope has reported (McCutchan et al., 2003; Post, 2002); thus, the
present study assumed no trophic fractionation of the carbon
isotope to reduce potential errors. Endmember for pelagic and
benthic carbon sources used the §'3C values of 100—200 pm POM
(—20.8%0) and sea cucumber (—16.0%o), respectively.

13 13
0 Cﬂsh -0 Cpelagic endmember

%B = %100 (7)

13 13
0 Cbenthic endmember — 0 Cpelagic endmember

The fish were grouped according to their mobility based on
previous studies (An et al., 2008; Ji et al., 2015; Kang et al., 2015; Lee
et al., 2016; Masuda et al., 2010; Park et al., 2002; Suda et al., 1987),
and classified into migrant fish with seasonal migration and resi-
dent fish that remained in coastal waters (Table S1). Student’s t-test
was performed to test whether there was a significant difference in
the stable isotope ratio between the mobility of fish.

To evaluate whether the PTS concentrations in organisms were
classified according to specific compounds or species, principal
component analysis (PCA) was performed. The Kaiser-Meyer-Olkin
(KMO) and Bartlett’s tests were conducted to evaluate the validity
of PCA. In order to remove the collinearity of the lipid-normalized
concentrations of PTSs in the organisms, the data were pretreated
as follows. First, concentrations of below detection limits were set
to half of the method detection limit (ng g~! dw) and lipid-
normalized. Then, PCBs, PAHs, and styrene oligomers were classi-
fied according to the number of Cl (di- to hepta-), the number of
aromatic rings (2—6), and molecular mass (dimers and trimers),
respectively. Finally, the concentrations were log-transformed and
normalized according to the method reported previously (Lattin
et al,, 2003).

The correlation between the TP and the log-transformed con-
centration of PTSs was compared to verify the significance of
measured TMF using SPSS Statistics (Ver. 24.0, SPSS INC,, Chicago,
IL). All the tests were conducted after the normality test using
Shapiro-Wilk test. Then, Pearson and Spearman correlation ana-
lyses were performed for the normal distributed data and the non-
normal distributed data, respectively. Statistical significance was
set to 0.05.
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3. Results and discussion
3.1. Structure of the food web in Ulsan Bay

Bulk 3'3C and 3N of organisms and potential food sources
showed that the benthic and pelagic food webs were mixed in
Ulsan Bay, Korea (Fig. 1a). The 8'3Cgyi of invertebrates and fish
ranged from —21.6%o to —16.0%0 and —20.2%o to —16.0%o, respec-
tively. Sea cucumber and 100—200 pm POM were considered as
benthic and pelagic basal organisms to consumers, respectively.
Bulk POM can be composed of pelagic (such as marine phyto-
plankton), terrestrial, and anthropogenic organic matter in coastal
environments. In this study, the 5'>C of bulk POM was —25.2%0; it is
indicated that bulk POM contains both allochthonous (i.e., land-
derived) and autochthonous (i.e., marine origin) organic matter
(Liénart et al, 2016). Thus, we determined the 3'3C value of
100—200 pm POM to be the endmember of pelagic food sources in
the study area, rather than bulk POM. In addition, 8'3C of sediment
was somewhat similar to that of bulk POM and lower than size-
fractioned POM (100—200 pm). The low 3'3C of sediment prob-
ably due to allochthonous input. The allochthonous organic matter
in sediment is generally less assimilated to benthic organisms due
to its low diet quality (Park et al., 2015). Consequently, the 3'3C of
benthic organisms were heavier compared to that of sediment in

this study. Among the benthos, sea cucumber was the most suitable
species as the endmember for benthic organic carbon, as TP is close
to “2” (herbivore). Bristle worm was shown higher TP than 2. Razor
clam is known as filter feeders that consume pelagic diets, and the
313C of scutate stermaspid worm is also similar to pelagic con-
sumer. Previous studies also showed that sea cucumbers consume
mainly benthic organic matters (Navarro et al., 2013), and partic-
ularly reflect the 8'3C of benthic organic matter (Van Dover et al.,
1992). The 3"C values of benthic and pelagic endmembers
were —16.0%0 and —20.8%o, respectively. These values were com-
parable to the previous studies, with the benthic source having
heavier 8'3C compared to the pelagic source (Corbisier et al., 2004;
Van Dover et al., 1992).

The contributions of the benthic carbon sources (%B) were
relatively high in the fish of the Ulsan Bay (%B: 12—100%, average:
74%, Table 1). In particular, sea perch, greenling, and rock bream had
higher %B (88—100%, average: 95%), supporting the results obtained
on the feeding behavior of these species in a previous study (Kwak
et al,, 2005). Japanese horse mackerel had different %B between
samples #1 and #2, although both samples were collected in the
same region. The higher %B (87%) in the larger specimen (Japanese
horse mackerel #1: 23 cm length) than smaller one (Japanese horse
mackerel #2: 11.6 cm length; %B = 12%) was found. This result can
be explained by the shifts of diet resources and habitats in this

(@) 150 (b) 140 26.0
A Invertebrate @ 5'°Nbuk o
O Resident fish OO&% O 5"*Nowrne ¥
@ Migrant fish 6 — 120 ° 0o B
10.0 - o & £ | Re 80,0
~ 1o. A 2 R=0001 _ _.ge -0 D 2
c\’\; S. scutata—A A A ZF’" © ) 2/ - 0) Zc%
£ B Holothuroidea sp. o 10.04 ./R2=O 78 ¢ (@) %18'0 o
O 504 Sediment POM '
POM (>200 pm)
(100-200 pm) 8.0 , , , , 14.0
Bulk POM 0 20 40 60 80 100
0.0 T T T T T Relative contribution of benthic
270 -250 -23.0 -21.0 -19.0 -17.0 -15.0 carbon source in fish (O/OB)
8"3Caux (%0)
(c) — (d) -
Invertebrate :Flsh 8 N
o 4.0+ I £ 4.0 Q?@D N
- | 8 Of
% LD SIS
X e
= | o @)
8 3.0 | % ~ 3.0+ ®
g . 5 [0 g .~ 8
o | = ©_ .7
E I o ’
8_ : A O TPsuk & 2_0_.,’ O TPsuk
= 20 I A @ TP100-200m , @ TP100-200 um
: A O TPaciu-phe 4 I I I
r 1 1T 1T T 1T 1T T _T_1T 1T _T. T T T .T_T_T_1 2.0 3.0 4.0
) S & L@
FETERENEEFTEEL FF I TEEE P
PR R KRNI e OO SO Glu-Phe
T QRRFFE T FR P LG R KL S
O FREE L SN0 e’ @A S
\Q%\Q\QQ\{Q{Q&@ Q _Q’QQCO "o‘\z\. ’bQQ
P S HNE S A N
T G . s

Fig. 1. (a) Structure of the food web in Ulsan Bay, Korea. (b) Correlation between the relative contribution of benthic carbon sources to fish and the nitrogen stable isotope ratios. (c)
TPs of organisms calculated from 3 Npuix, 3°N100-200 ym, and 3 Ngiu_phe. (d) Comparison of bulk-based TP (TPgyix and TP100—200 ym) and amino acids-based TP (TPgjy_phe)-
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Stable isotope ratios of bulk tissue and amino acids, lipid content, trophic position, and biological factors of organisms from Ulsan Bay, Korea.

Common name

Scientific name Stable isotope ratios (%o)

Trophic positions (TP)

Biological factors
of fish

3"3Cpuik 3" Npuk 3"*NG1u_phe TPpui® TP100-200 ym ° TPGlu—phe* %B¢ mobility
Fish species
Japanese horse mackerel (#1) Trachurus japonicus -16.6 133 23.8 421 3.71 3.69 87 Migrant
Cutlassfish Trichiurus lepturus -17.6 129 235 4.09 3.59 3.64 68 Migrant
Stripe rainbowfish Halichoeres tenuispinis -16.7 125 22.0 3.97 3.47 3.45 86 Migrant
Chub mackerel Scomber japonicus -17.7 11.8 22.0 3.75 3.25 3.44 65 Migrant
Red seabream Pagrus major -16.3 12.4 211 3.95 345 3.33 93 Migrant
Greenling Hexagrammos otakii -16.2 12.6 20.8 3.99 3.49 3.28 96 Resident
Pearl spot chromis Chromis notata -17.1 12.2 20.7 3.87 3.37 3.28 78 Resident
Korean rockfish Sebastes schlegelii -19.1 10.6 20.2 3.40 2.90 3.21 36 Resident
Japanese horse mackerel (#2) Trachurus japonicus -20.2 10.0 199 3.23 2.73 3.18 12 Migrant
Goby Gobiidae -17.9 113 194 3.60 3.10 3.10 60 Resident
Rock bream Oplegnathus fasciatus -16.0 13.1 18.8 416 3.66 3.02 99 Resident
Pike eel Muraenesox cinereus -17.7 11.2 18.2 3.60 3.10 294 66 Migrant
Sea perch (#1) Ditrema temminckii -16.0 124 17.9 3.94 3.44 291 100 Resident
Sea perch (#2) Ditrema temminckii -16.6 12.7 17.6 4.04 3.54 2.87 88 Resident
Invertebrate species
Bristle worm (#1) Neanthes sp. -18.8 10.8 135 3.47 2.97 2.33 — —
Bristle worm (#2) Neanthes sp. -18.3 9.71 123 3.15 2.65 217 — —
Bristle worm (#3) Neanthes sp. —18.2 8.51 123 2.80 2.30 217 - -
Razor clam Siliqua pulchella -174 7.35 10.7 2.46 1.96 1.96 — —
Sea cucumber Holothuroidea sp. -16.0 741 10.0 2.47 1.97 1.86 100 —
Scutate stermaspid worm Sternaspis scutata -21.6 8.35 8.24 2.75 2.25 1.64 - -
POM and sediment
bulk POM —-25.2 24 — 1.00 — — — —
100—200 um POM -20.8 7.5 - 2.50 2.00 — 0 —
>200 um POM -20.0 6.5 — - - - — -
Surface sediment -234 5.7 - - - - - -
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TP100-200 ym: trophic positions calculated using 3'5N of 100—-200 um POM as baseline organism (TP = 2).
TPqju_phe: trophic positions calculated using the difference between the 3'°N values of trophic amino acid (Glu) and source amino acid (Phe) in organisms.
%B: relative contribution of benthic carbon source in fish species.
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Fig. 2. (a) Concentrations of PTSs and TPgy,_ppe in organisms collected from Ulsan Bay, Korea. (b) Results of the principal component analysis.

species with their growth reported previously (Jiang et al., 2013;
Sassa et al., 2008). In addition, 3'°Npyy differed between the Japa-
nese horse mackerel samples, supporting that the trophic position

of this species changes with growth.

The 3"Ngui of benthic invertebrates ranged from 7.35%o to
10.8%o, while the 8Ny of fish ranged from 10.0%o to 13.3%o. In
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comparison, the 3 N¢iu_phe of invertebrates ranged from 8.24%o to
13.5%o, while they ranged from 17.6%o to 23.8%o in fish. A positive
correlation was obtained between 8°Ngy and %B (r> = 0.78),
suggesting that the carbon sources of the organisms affect §'°N
(Fig. 1b). This positive correlation indicated that the '>N content of
sediment-associated prey and fecal pellets was high due to mi-
crobial activity, with 8" Npyx being enriched in organisms with
high benthic portions (Vizzini et al., 2002). However, the
3 N¢iu_phe and %B of organisms were not positively correlated.
Thus, the results of the two nitrogen stable isotope ratios (i.e.,
3" Nguik and 3'°Ngju_phe) show that the 3°Ngju_pne of organisms is
less affected by variability in nitrogen sources in Ulsan Bay, and
could be used to estimate TP with greater accuracy (Chikaraishi
et al., 2009). There was no significant difference in 8'3C and 3'°N
between migrant and resident fish (Fig. S2). Thus, the mobility of
fish might not influence significant changes to carbon sources for
fish or estimated trophic positions.

3.2. Trophic position of organisms

The TPs of the organisms calculated from the three equations
are shown in Fig. 1c—d. TPgyx ranged from 2.46 to 3.47 and 3.23 to
4.21 in invertebrates and fish, respectively. Next, TP190-200 um
ranged from 1.96 to 2.97 and 2.73 to 3.71 in invertebrates and fish,
respectively. Using this method, the benthic-pelagic integrated TP
can be estimated, taking into account the relative portion of benthic
and pelagic basal organisms that have the same trophic position
(TP = 2) (Munoz et al., 2017). However, this component was not
considered separately in this study, because the 8'°Ng of the two
basal resources was not significantly different. Japanese horse
mackerel held the highest TP in the food web (TPgyk = 4.21;
TP100-200 ym = 3.71), followed by rock bream (TPpyx = 4.16;
TP100-200 ym = 3.66), cutlassfish (TPgyx = 4.09; TP190-200
um = 3.59), and sea perch (TPgyx = 4.04; TP100-200 ym = 3.54) (see
Table 1 for details).

The TPgyik of fish was generally higher than TP19p—200 ym, due to
the relatively low 3'°N value of bulk POM (2.4%0). The low 3'°N
value of bulk POM might be attributed to the mixing of marine and
terrestrial organic matters (Peterson and Howarth, 1987), resulting
in the TPs of fish being overestimated. This overestimation of TP
reflects the difficulty of pure sampling for primary producers (Post,
2002). In comparison, TP1gg—200 ym Seemed to reduce the effects of
terrestrial organic matter due to the selective feeding on the marine
phytoplankton by primary consumers (e.g., zooplankton). The
distinction between 33Cpuk (—25.2%0) and 3"Cigo-200 um
(—20.8%0) supports this interpretation, assuming that Cpyyc was
affected by terrestrial C3 plants (Fry et al., 1978) and anthropogenic
organic matter (Hong et al., 2019).

Finally, the TP¢y_phe Of organisms ranged from 1.64 to 3.69 and
was estimated using differences in 3'°N between trophic amino
acids (3°Ngju) and source amino acids (3"Nppe). TPGlu—_phe Values
were generally lower than those of TPgyk; thus, TPgly_phe might be
more accurate, due to the uncertainty of 3°Ngy for baseline or-
ganisms being reduced. In particular, differences in TPs for species
at the same level (such as Japanese horse mackerel and sea perch)
decreased in TPg)y_phe compared to TPgyk. Overall, determining the
TP of organisms based on 3Ngiu_phe seemed to be appropriate,
considering the difficulty of sampling for baseline organisms and
variations in 3'°N in coastal ecosystems.

3.3. Concentrations and compositions of PTSs in organisms
The concentrations of PTSs in organisms collected from Ulsan

Bay were analyzed (Fig. 2a, Tables S4 and S5). Mercury was detected
in all biota samples, ranging from 33 to 180 ng g~! dw for

invertebrates and 35—320 ng g~ ! dw for fish. This was similar to the
results of previous study conducted in Masan Bay, Korea
(9.57—195 ng g~ ! dw for invertebrates and 10.8—618 ng g~ dw for
fish) (Kim et al., 2012). Among benthic invertebrates, polychaetes
had the highest concentration of Hg (180 ng g~! dw for bristle
worm #1). Higher concentrations of Hg were generally found in
demersal fish, such as greenling (320 ng g~ ' dw) and stripe rain-
bowfish (300 ng g~! dw), compared to epipelagic fish (e.g.,
44 ng g~ dw for chub mackerel) (Table S1). The previous study
detected relatively greater concentrations of Hg in benthic organ-
isms, including polychaetes and greenling. In addition, the results
of the current study were consistent with a previous study, with
higher Hg concentrations being detected in carnivorous and
omnivorous organisms compared to herbivorous organisms (Liu
et al.,, 2014).

A total of 25 PCB congeners were detected in the organisms of
Ulsan Bay. The highest concentration of SPCBs was detected in
scutate stermaspid worm (7.8 pg g~ ! lipid weight (Iw)). Specifically,
higher concentrations of CB 8 were detected in the invertebrate
species, including the scutate stermaspid worm (7.4 pg g~ Iw),
compared to fish. The concentrations of SPCBs detected in fish
ranged from 21 to 1200 ng g~ ' Iw, which were higher than those
detected in Masan Bay, Korea (1.8—38.5 ng g~ ! Iw) (Won et al,,
2020). The most predominant PCB in invertebrates was di-CBs
(15—94%), followed by penta-CBs (1.5—54%) and tetra-CBs
(2.2—20%). In contrast, for fish species, high-chlorinated CBs were
the predominant PCBs, including hexa-CBs (8.5—62%) and penta-
CBs (19—71%) (Fig. S3). The distribution patterns of PCB congeners
in invertebrate and fish samples were similar to the results of
previous studies (Covaci et al., 2006; Miao et al., 2000). Benthic
invertebrates that inhabit sediments can be absorbed through the
skin by direct contact, as well as through waterborne and dietary
exposures. Consequently, relatively low-chlorinated CBs can be
introduced more than high-chlorinated CBs. The lipid content of
organisms also appeared to influence the bioaccumulation patterns
of PCB congeners, with this phenomenon being particularly sig-
nificant in invertebrate species (Fig. S4). For example, bristle worm
(#2) had the highest lipid content (11.5%) of all invertebrates and
the lowest CB 8 composition (15%). In comparison, scutate ster-
maspid worm had the lowest lipid content (1.5%) and highest
contribution of CB 8. In addition, different metabolic capacities
between marine invertebrates and fish can lead to different PCB
congener patterns in organisms (Koenig et al., 2012). Overall, PCBs
accumulated in organisms in a species-specific manner, which was
dependent on chemical and biological characteristics, including
hydrophobicity, bioavailability, exposure routes, and lipid content
(Fig. S3) (Miao et al., 2000).

SPAH concentrations were greater in invertebrates than those of
fish, ranging from 1.3 to 11 pg g~ ! Iw. Similar to PCBs, the highest
concentrations of =PAHs were detected in the scutate stermaspid
worm. High molecular weight PAHs, such as 4-ring PAHs, were
predominant in benthic invertebrates, while fish showed different
relative compositions between species. Relatively high concentra-
tions of =SOs were detected in invertebrates (3.5—65 pg g~ ! Iw).
The relative composition of SDs and STs showed no significant
differences in organisms. The scutate stermaspid worm had the
highest detected PTSs, feeding on detritus in sediments on the
seabed. Consequently, this species is considered to be an indicator
species of sedimentary pollution (Albayrak et al., 2006).

The PCA approach was performed to determine the character-
istics of the PTSs in the organisms of Ulsan Bay, and a > 0.5 of KMO
(0.688) and significant Bartlett’s test (p < 0.05) demonstrated its
validity. PCA on each grouped compound in organisms showed that
PC1 and PC2 accounted for 61.3% and 16.9% of the total variance,
respectively (Fig. 2b). The bioaccumulation patterns of PTSs in
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Fig. 3. Scatter plots for the trophic positions of organisms [(a) TP100-200 um and (b) TPgju-pne] and log-concentrations of selected PTSs (Hg, CB 153, 187, and 180) in organisms
collected from Ulsan Bay, Korea. (¢) TMF considering resident fish only (grey: migrant fish).

invertebrates were distinct to those of fish. However, there was no
significant difference in PTS accumulation between fish species.
Factor loading plots showed that the bioaccumulation patterns of
PTSs in organisms were compound-specific, and formed two
groups [Group 1: Hg and high-chlorinated CBs (penta to hepta-
CBs); Group 2: low-chlorinated CBs (di to tetra-CBs), PAHs, and
SOs]. Thus, the results indicated that bioaccumulation profiles of
PTSs were associated with the biological factors of organisms,
including differences in the metabolic capacity and habitats
(Windsor et al., 2019). In addition, the chemical properties of PTSs,
such as lipophilicity and polarity, seemed to influence the bio-
accumulation pattern (Miao et al., 2000).

3.4. Trophic transfer of PTSs through the food web

The assessment of trophic transfer for PTSs through the food
web was performed using both TP100-200 ym and TPgjy—phe. TMF
values for Hg, 14 PCBs, 7 PAHs, and 10 SOs were estimated
(Table S6). These compounds had a detection frequency greater
than 50% in organisms. The five PTSs, Hg, CB 153, 138, 187, and 180,
exhibited a trophic magnification potential in the food web of Ulsan
Bay, with TMF values based on TP100-200 um (TMF100—200 Hm) being
greater than 1. The TMF values of PTSs based on TPgy_phe
(TMFgjy—phe) showed similar trends to TMFigo-200 pm. Previous
studies showed that Hg and PCBs are significantly magnified
through food webs in various aquatic ecosystems, including marine

and freshwater (Coelho et al., 2013; Kobayashi et al., 2015; Nfon
et al., 2009; Zhou et al., 2019). The TMF values of PCBs obtained
from this study were similar to those in Omuta River, Japan (range:
0.90—3.28; Kobayashi et al., 2015) and fishing grounds in China
(range: 0.56—4.41; Zhou et al., 2019). However, these TMFs were
slightly lower than those in Lake Hartwell, USA (range: 1.46—6.63;
Walters et al., 2011), Lake Como, Italy (range: 1.6—5.9; Villae et al.,
2011), and Masan Bay, Korea (range: 0.6—9.9; Won et al., 2020) (see
Table S7 for details). Such differences to the TMFs of PCBs across
regions might be associated with the uptake routes of PCBs in or-
ganisms, range (length) of TPs, or spatial variation in PCBs (Borga
et al., 2012). Thus, it is necessary to reduce the uncertainty
caused by these environmental and biological factors to estimate
the TMFs of pollutants accurately.

TMF100-200 um values for seven PAHs and 10 SOs were less than
one (TMF: 0.19—0.57 for PAHs and 0.14—0.74 for SOs). Statistically
significant decreasing trends of the concentrations of these com-
pounds as a function of TP were obtained from Ant, Chr, BKF, and
DbahA (p < 0.05). In other words, these PAH and SO concentrations
decreased as they reached organisms at higher levels in the food
web. Similarly, the TMFg)y_pre values of PAHs and SOs were below
1, ranging from 0.17 to 0.60 and from 0.08 to 0.62, respectively.
Previous studies suggested that PAHs are biodiluted compounds in
the aquatic food web (Fan et al., 2017; Takeuchi et al., 2009), which
was supported by the results of this study. These compounds might
be metabolized more in higher TP organisms (Wan et al., 2007). To
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Fig. 4. Scatter plots for the trophic positions of organisms [(a) TP100-200 ym and (b) TP¢iu-phe] and log-concentrations of selected PTSs (Phe, BKF, SD3, and ST3) in organisms collected

from Ulsan Bay, Korea. (c) TMF considering resident fish only (grey: migrant fish).

the best of our knowledge, previous studies did not investigate the
trophic transfer of SOs through the marine food web. The current
study indicated that SOs tend to decrease through the food web,
due to biodilution and/or biotransformation processes. Indeed,
styrene compounds undergo metabolism by oxidation through the
action of some cytochromes in mammalian cells (Andersen et al.,
2017). Overall, TMFgy_phe does not show a significant difference
with the TMF190-200 ym, suggesting that various factors that can
influence the calculation of TP did not have a great influence for the
TMEF in the study sites.

3.5. Potential effects of biological factors on TMF

Estimations of TMF could be affected by the mobility of fish, due
to the spatial variation of PTSs in the environment, different
duration of being exposed to PTSs, and their different uptake
routes. Here, for further interpretation on the trophic transfer of
PTSs, we tried to explore how fish mobility and the contributions of
carbon sources affect the trophic magnification of PTSs in the food
web. First, for %B, which reflects the major carbon sources of or-
ganisms, the Japanese horse mackerel (# 2) and the Korean rockfish
had the lowest contributions (12% and 36%, respectively), and were
distinguished from the other fish samples with greater %B (>60%)
(Tables 1 and S6). In high %B organisms, where the uptake route is
considered to be strongly linked to the benthic pathway, Hg and
high chlorinated PCBs had TMF values above 1. However, the TMF
values of PTSs in fish were not significantly different between
higher %B fish and lower %B fish species (Table S6). Previous studies

suggested that the additional bioaccumulation of contaminants
through sediment uptake might occur in benthic organisms,
resulting in higher TMF values (Fan et al., 2017); however, this
phenomenon was not detected in this study. Thus, in the study area,
the trophic transfer of PTSs through the food web seemed to be less
affected by the direct contact and ingestion of sediments associated
with benthic pathways. However, because there were not enough
samples with major contributions to the pelagic carbon source,
further studies are needed.

To determine how fish residency affects TMF values, fishes were
classified into two groups (migrant and resident fish; Table 1). The
TMEF values of PTSs based on TPg)y-phe in the whole food web were
compared with those of resident fish only (excluding migrant fish).
Because migrant fish inhabit a relatively wider range, we were not
able to collect enough potential food sources (i.e., invertebrate) for
this group. TMF values of Hg, CB 101, 99, 118, 153, 138, 187, 183, and
180 in resident fish food web exceeded 1, which was about 1.5—2.0
times greater than those in the whole food web (Fig. 3, Table S6). A
previous study suggested that TMF calculated in food webs con-
taining mobile species, such as fish, reflects the exposure of species
to pollutants from outside the study area, which might distort TMF
values (Borga et al.,, 2012). In addition to spatial variation in the
exposure of pollutants, the non-steady state of 3'°N in mobile or-
ganisms might affect TMF (Fisk et al., 2001). Variability of 3'°N in
organisms due to such spatial variation could be reduced by using
31Nglu—phe (Chikaraishi et al., 2009).

Biodiluted compounds in the food web, such as PAHs and SOs,
showed no significant difference in the calculated TMF values for
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fish mobility (resident or migrant), with TMF values of less than 1
being commonly found (Figs. 4 and 5a, Table S6). Despite spatial
changes to pollutants and 3'°N, these results suggest that other
factors might drive the trend in trophic transfer of these com-
pounds. Previous study suggested that certain biological factors,
including the efficient metabolism in fish cause to decline the
concentrations of pollutants (e.g., PAHs) through the food web
(Wan et al., 2007). In addition, the TMF values of PTSs were found to
be dependent on the log Kow values of PTSs (Fig. 5b), and this
relationship between TMF and log Kow of PTSs has been described
in a previous study (Walters et al., 2011); and this trend is pro-
nounced in resident fish.

4. Conclusions

This study demonstrated that the 3!°N of amino acids could be
objectively used to determine the trophic transfer of PTSs through
the food web. In fish samples from Ulsan Bay, the relationship be-
tween 3N values (bulk and amino acids) and %B showed that 3'°N
of amino acids provide stable information on the TP of organisms.
However, the TMF values of PTSs based on TPgy_phe Were not
significantly different from those of TPgyk. The reason for this result
seems to be due to the small number of samples used in this study.
Although we could not collect a large number of samples, we
believe that this study has conducted relatively successful sampling
and TMF measurements because it covers about three trophic hi-
erarchies in the food web. Fish residency could affect the trophic
transfer of PTSs due to spatial variation in pollutants and TP vari-
ability. Overall, we suggest that future studies should implement a
sampling strategy and study design considering uptake routes of
PTSs and residency of fishes into account when assessing the tro-
phic transfer of PTSs.
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Supplementary Tables

Table S1. Biological information of biota samples collected from Ulsan Bay, Korea.

Common name Scientific name Water contents  Lipid contents Length Mobility Habitat
(%) (%) (cm)

Fish
Japanese horse mackerel (#1) Trachurus japonicus 69.8 15.0 23.0 Migrant Epipelagic
Cutlassfish Trichiurus lepturus 80.1 2.9 59.5 Migrant Demersal
Stripe rainbowfish Halichoeres tenuispinis  77.7 10.3 15.5 Migrant Demersal
Chub mackerel Scomber japonicus 71.9 9.5 21.5 Migrant Epipelagic
Red seabream Pagrus major 78.7 5.4 11.8 Migrant Demersal
Greenling Hexagrammos otakii 76.4 8.4 19.5 Resident Demersal
Pearl spot chromis Chromis notata 78.8 5.8 9.5 Resident Demersal
Korean rockfish Sebastes schlegelii 77.6 6.1 12.1 Resident Demersal
Japanese horse mackerel (#2) Trachurus japonicus 74.4 11.3 11.6 Migrant Epipelagic
Goby Gobiidae 79.3 2.5 15.0 Resident Demersal
Rock bream Oplegnathus fasciatus ~ 75.6 15.0 14.0 Resident Demersal
Pike eel Muraenesox cinereus 75.1 19.9 27.0 Migrant Demersal
Sea perch (#1) Ditrema temminckii 78.7 5.5 17 Resident Demersal
Sea perch (#2) Ditrema temminckii 77.9 6.8 11.9 Resident Demersal

Invertebrate
Bristle worm (#1) Neanthes sp. - 7.5 -
Bristle worm (#2) Neanthes sp. - 11.5 -
Bristle worm (#3) Neanthes sp. - 54 -
Razor clam Siliqua pulchella - 2.9 -
Sea cucumber Holothuroidea sp. - 5.6 -
Scutate stermaspid worm Sternaspis scutata - 1.5 -
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Table S2. GC/MSD conditions for the analyses of polychlorinated biphenyls, polycyclic aromatic
hydrocarbons, and styrene oligomers in biota samples.

Instrument Agilent 7890B GC / 5977B MSD

Column HP-5MS UI (30 m long x 0.25 mm i.d x 0.25 pum film)
Gas flow 1 mL min™' He

Injection mode splitless

Injection volume 1 uL

Oven temperature program PCBs 60 °C (hold 1 min) —

5 °C/min to 140 °C (hold 1 min) —
30 °C/min to 200 °C (hold 1 min) —
4 °C/min to 250 °C (hold 5 min)

PAHs 60 °C (hold 2 min) —
6 °C/min to 300 °C (hold 13 min)
SOs 60 °C (hold 2 min) —

6 °C/min to 300 °C (hold 3 min)
20 °C/min to 300 °C (hold 6 min)
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Table S3. Target compounds, abbreviations, and target ions in the instrumental analysis, and
method detection limits and recovery of surrogate standards.

Target compounds Abbreviation Target ions (m/z) Method
detection limit

Quantification Confirmation

ion ion (ng g™ dw)
Polychlorinated biphenyls (PCBs)
2,4'-Dichlorobiphenyl CB 8§ 222 224 0.23
2,4,4'-Trichlorobiphenyl CB 28 256 258 0.34
2,2'.5,5'-Tetrachlorobiphenyl CB 52 292 290 0.16
2,2'.4,5"-Tetrachlorobiphenyl CB 49 292 290 0.22
2,2'3,5"-Tetrachlorobiphenyl CB 44 292 290 0.25
3,4,4'-Trichlorobiphenyl CB 37 256 258 0.17
2,4,4' 5-Tetrachlorobiphenyl CB 74 292 290 0.16
2,3',4',5-Tetrachlorobiphenyl CB 70 292 290 0.12
2,3',4,4'-Tetrachlorobiphenyl CB 66 292 290 0.30
2,3,4,4'-Tetrachlorobiphenyl CB 60 292 290 0.29
2,2',4,5,5"-Pentachlorobiphenyl CB 101 326 328 0.20
2,2',4,4' 5-Pentachlorobiphenyl CB 99 326 328 0.18
2,2'3,4,5"-Pentachlorobiphenyl CB 87 326 328 0.21
3,3',4,4'-Tetrachlorobiphenyl CB 77 292 290 0.14
2,2'3,3',4-Pentachlorobiphenyl CB 82 326 324 0.30
2,3'.4.4' 5-Pentachlorobiphenyl CB 118 326 328 0.35
2,3,4,4',5-Pentachlorobiphenyl CB 114 326 328 0.19
2,2',4,4' 5 5'-Hexachlorobiphenyl CB 153 360 362 0.17
2,3,3',4,4'-Pentachlorobiphenyl CB 105 326 324 0.16
2,2'3,3',5,6,6'-Heptachlorobiphenyl CB 179 396 394 0.27
2,2'3,4,4' 5'-Hexachlorobiphenyl CB 138 360 362 0.15
2,3,3',4,4' 6-Hexachlorobiphenyl CB 158 360 362 0.32
3,3'4,4',5-Pentachlorobiphenyl CB 126 326 328 0.25
2,3,4,4',5,6-Hexachlorobiphenyl CB 166 360 362 0.17
2,2'3,4'5,5',6-Heptachlorobiphenyl CB 187 394 396 0.20
2,2'3,4,4' 5" 6-Heptachlorobiphenyl CB 183 394 396 0.17
2,2'3.3" 4 4'-Hexachlorobiphenyl CB 128 360 362 0.23
2,3,3'4.4' S-Hexachlorobiphenyl CB 156 360 362 0.22
2,2'3.4.4" 5 5"-Heptachlorobiphenyl CB 180 394 396 0.30
3,3'4,4',5,5'-Hexachlorobiphenyl CB 169 360 362 0.27
2,2'3,3',4,4' 5-Heptachlorobiphenyl CB 170 394 396 0.25
2,3,3',4,4',5,5'-Heptachlorobiphenyl CB 189 394 396 0.27
Polycyclic aromatic hydrocarbons (PAHs)
Acenaphthylene Acl 152 151 0.06
Acenaphthene Ace 153 154 0.12
Fluorene Flu 166 165 0.15
Phenanthrene Phe 178 176 0.06
Anthracene Ant 178 176 0.07
Fluoranthene Fl 202 200 0.09
Pyrene Py 202 200 0.12
Benzo[a]anthracene BaA 228 226 0.06
Chrysene Chr 228 226 0.03
Benzo[b]fluoranthene BbF 252 253 0.08
Benzo[k]fluoranthene BkF 252 253 0.20
Benzo[a]pyrene BaP 252 253 0.09
Indenol[1,2,3-cd]pyrene IcdP 276 138 0.09
Dibenz[a,h]anthracene DbahA 278 276 0.07
Benzo[g,h,i]perylene BghiP 276 138 0.12
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Styrene oligomers (SOs)

1,3-Diphenylpropane SDI1 105 196 0.19
cis-1,2-Diphenylcyclobutane SD2 78 208 0.19
2,4-Diphenyl-1-butene SD3 104 208 0.89
trans-1,2-Diphenylcyclobutane SD4 78 208 0.11
2,4,6-Triphenyl-1-hexene ST1 117 194 0.63
le-Phenyl-4e-(1-phenylethyl)-tetralin ~ ST2 129 207 0.66
la-Phenyl-4e-(1-phenylethyl)-tetralin ~ ST3 129 207 0.31
la-Phenyl-4a-(1-phenylethyl)-tetralin ~ ST4 129 207 0.70
le-Phenyl-4a-(1-phenylethyl)-tetralin ~ ST5 207 105 0.41
1,3,5-Triphenylcyclohexane ST6 117 104 0.88

Internal standard
2-Fluorobiphenyl IS 172 171

Standard materials Quantification Confirmation %Recovery

ion ion (Mean + SD)

Surrogate standards
13C-labeled CB 28 268 270 80+ 18
13C-labeled CB 52 304 302 80+ 18
13C-labeled CB 101 338 340 84+18
13C-labeled CB 153 372 374 88+ 19
13C-labeled CB 138 372 374 90+ 19
13C-labeled CB 180 406 408 94 +20
13C-labeled CB 209 440 442 92+19
Acenaphthene-d10 164 162 73+£13
Phenanthrene-d10 188 189 75+8.0
Chrysene-d12 240 236 87+12
Perylene-d12 264 270 88+ 11
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Table S4. Concentrations of Hg and PCB congeners in organisms collected from Ulsan Bay, Korea.

Samples

Concentration of individual compounds

Hg Polychlorinated biphenyls (ng g ' lw)

(ngg! CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB CB

dw) 8 28 52 49 44 74 70 66 101 99 87 77 82 118 153 105 179 138 158 187 183 128 156 180 170
Bristle worm (#1) 180 210 57  nd® 13 14 15 11 24 8.2 4.1 43 nd nd 6 23 7.2 1.6 19 2.1 7.5 3 nd nd 13 nd
Bristle worm (#2) 13 50 39 nd 10 nd 12 nd 17 9.3 5.5 22 nd nd 12 18 150  nd 20 nd 6 2.3 nd nd 12 nd
Bristle worm (#3) 65 270 10 12 13 14 35 49 25 16 13 32 nd nd 23 33 100 49 40 33 10 5.3 nd nd 13 nd
Razor clam 45 400 nd nd 7.1 31 52 7.3 33 14 5.1 nd nd 44 15 37 280 nd 27 nd 13 7.8 nd nd 7.7 nd
Sea cucumber 33 790 10 nd 10 17 30 4 14 12 6.6 1.2 nd nd 8.1 25 110 3.5 27 nd 13 4.1 nd nd 7.4 nd
Scutate stermaspid 95 7400 57 nd 59 nd 58 22 37 36 17 nd nd nd 31 37 37 nd nd nd 11 16 nd nd 16 nd
worm
Japanese horse 150 2.1 nd nd nd nd nd nd nd 3.1 1.8 0.6 nd 0.8 3 7 3.6 0.7 8.4 0.7 35 1.5 32 1.4 4.5 2.3
mackerel (#1)
Cutlassfish 76 48 nd nd 13 nd 38 nd 25 39 11 56 nd 27 48 120 6.8 nd 100 42 42 11 25 nd 28 19
Stripe rainbowfish 300 nd? nd nd 3.7 nd 5 4 7.2 19 13 46 nd nd 18 38 2.5 2.3 36 1.9 12 3.4 5.8 33 14 7.7
Chub mackerel 44 17 5.6 11 4.4 nd 14 2 9 5.7 4.5 nd nd nd 4.7 8.1 220 nd 12 nd 5.7 2.4 nd nd 6.3 nd
Red seabream 41 50 nd 36 9.2 nd 32 nd nd 72 43 nd nd 26 8.4 21 130 nd 23 nd 10 1.2 nd nd 11 nd
Greenling 320 1.5 nd nd 23 nd nd 1.1 7.6 11 8.6 1.3 3.5 nd 19 60 65 nd 39 2.6 16 6.4 7.7 2.9 25 14
Pearl spot chromis 200 nd nd nd 2.5 nd 29 25 10 36 25 8 nd nd 43 120 9.2 5.8 97 4.5 28 13 11 5.6 25 10
Korean rockfish 150 39 11 15 15 nd 49 59 28 44 29 64 nd 40 50 120 390 nd 120 7 46 16 26 14 60 30
Japanese horse 35 nd nd nd nd nd nd 2.6 nd 59 4.1 0.8 3.4 nd 4 10 4.8 1.3 13 1.1 4.8 2 1.2 2.1 5.4 2.6
mackerel (#2)
Goby 48 nd nd nd nd nd 27 1.6 21 28 23 5.3 nd 43 55 98 93 nd 73 5.8 45 11 18 12 51 25
Rock bream 55 63 39 nd 1.2 nd 21 2 42 84 4 19 nd 8.9 7.9 15 3.6 1.1 14 0.7 5.7 2 6.3 2.1 6.2 2.9
Pike eel 46 nd nd nd nd nd nd 0.3 nd 0.9 1 nd nd nd 2.3 35 2.7 nd 2.5 nd 0.8 1.1 nd nd 22 nd
Sea perch (#1) 210 49 8.9 15 14 nd 39 nd 19 34 22 53 1.1 nd 33 97 24 6.2 87 5.8 50 13 10 nd 39 26
Sea perch (#2) 190 121 6.8 23 nd nd 23 4 12 20 12 3.8 nd 26 18 41 42 33 40 4.2 12 5.1 nd nd 14 13

2 nd: not detected.
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Table S5. Concentrations of PAHs and SOs in organisms collected from Ulsan Bay, Korea.

Samples Concentration of individual compounds

Polycyclic aromatic hydrocarbons (ng g *' Iw) Styrene oligomers (ng g ' Iw)

Acl  Ace  Flu _ Phe Ant _Fl Py BaA  Chr BbF  BKkF  BaP IcdP  DbahA BghiP  SD1  SD2  SD3 SD4  STI ST2  ST3 ST4  ST5 ST6
Bristle worm nd® nd nd nd 38 6 72 140 420 1400 1200 1400 830 nd 540 nd nd 1600 nd 54 nd nd nd nd 200
(#1)
Bristle worm 32 5 53 96 8 98 48 90 340 1100 650 530 46 280 52 460 270 890 380 170 50 280 430 60 480
(#2)
Bristle worm 9 44 360 820 46 410 170 230 1000 1300 1100 1100 440 780 450 1600 920 2900 1400 560 220 1200 1500 230 430
(#3)
Razor clam 21 36 580 800 65 170 nd nd 420 nd 540 250 270 760 310 2800 1600 5500 2400 950 370 2100 2600 280 1200
Sea cucumber 9 nd 140 100 62 60 31 nd 180 nd 350 nd nd 370 nd 1500 870 11000 1200 520 200 1100 1400 300 1900
Scutate nd nd 310 800 430 160 150 320 590 nd 1400 2000 1600 1700 1200 3700 2300 41000 3100 1600 640 3000 3600 930 5000
stermaspid
worm
Japanese horse nd nd nd nd 34 nd nd nd nd nd 8 nd nd nd nd 2.7 130 120 450 180 150 210 71 98 nd
mackerel (#1)
Cutlassfish 10 61 310 670 41 69 nd nd 45 nd 20 nd nd 470 nd 1900 1300 2200 2300 970 490 1900 1900 260 1600
Stripe nd nd nd nd nd nd nd nd nd nd 55 nd nd nd nd nd nd nd nd nd nd nd nd nd nd
rainbowfish
Chub mackerel 7.2 11 170 430 7.7 105 23 670 180 nd 290 120 nd 79 nd 290 470 800 990 400 240 710 640 190 310
Red seabream 6.7 14 310 830 nd 110 nd nd 200 nd 86 nd nd 140 nd 1600 1200 1900 2300 890 630 1800 1700 430 980
Greenling nd nd 33 19 11 nd nd nd 10 nd 110 nd nd 47 nd 7.5 91 140 410 140 96 160 50 54 33
Pearl spot nd nd nd nd 42 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
chromis
Korean nd 11 220 710 22 180 76 nd 152 nd 74 nd nd 680 nd 2400 1500 2500 2200 980 420 2000 2300 350 1700
rockfish
Japanese horse nd nd nd nd 43 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
mackerel (#2)
Goby nd nd nd nd 110 nd nd 450 870 nd 1300 nd 880 200 960 nd 83 nd 320 150 77 98 140 nd nd
Rock bream nd 64 40 80 25 nd nd nd 20 nd 68 nd nd 130 nd 570 340 970 500 220 85 440 540 66 240
Pike eel nd nd nd nd 6.1 nd nd nd nd nd 13 nd nd 7.3 nd nd 26 nd 80 27 33 40 5.5 nd nd
Sea perch (#1) nd 9.1 310 1100 40 370 110 56 490 580 1000 590 90 240 150 1500 1300 2100 3200 1200 830 2100 1700 620 1200
Sea perch (#2) nd nd 270 460 50 76 nd nd 140 nd 140 340 nd 170 nd 1200 860 2000 1800 690 380 1300 1200 330 1400

2 nd: not detected.
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Table S6. Trophic magnification factor values for selected PTSs based on TP100-200 um and TPGiu-phe in the food web of Ulsan Bay,
Korea.

Compounds Whole food web Including resident fish Including high %B fish
TMF100-200 um” TMFGu-phe” TMPF100-200 pm TMFGlu-Phe TMPF100-200 pm TMFGlu-phe
Hg 2.08* 1.60 2.33* 2.32 2.37* 2.21
Polychlorinated biphenyls (PCBs)
CB 8 0.08* 0.05* 0.07* 0.03* 0.10* 0.08*
CB 28 0.46* 0.43* 0.51 0.47* 0.58* 0.56*
CB 49 0.46* 0.42* 0.44* 0.39* 0.57* 0.57*
CB 74 0.44 0.40 0.44* 0.43 0.45 0.41*
CB 66 0.45* 0.43* 0.51* 0.56 0.46* 0.47*
CB 101 0.89 0.86 1.06 1.31 0.98 0.94
CB 99 0.93 0.93 1.23 1.63 1.01 0.96
CB 118 0.96 0.92 1.19 1.67 1.02 0.98
CB 153 1.08 1.05 1.40 2.05% 1.10 1.06
CB 105 0.24* 0.39 0.26* 0.56 0.18* 0.23
CB 138 1.23 1.30 1.53 2.41% 1.08 1.06
CB 187 1.12 1.17 1.32 1.97 1.07 1.11
CB 183 0.80 0.83 1.95 1.28 0.92 0.95
CB 180 1.21 1.15 1.57 2.12% 1.30 1.23
Polycyclic aromatic hydrocarbons (PAHs)
Flu 0.57 0.60 0.37 0.28 0.62 0.61
Phe 0.46 0.38 0.26 0.25 0.44 0.33
Ant 0.23* 0.22* 0.28* 0.26* 0.29* 0.30*
F1 0.29 0.27 0.19 0.19 0.26* 0.21*
Chr 0.29* 0.34* 0.29 0.28 0.30* 0.33
BKF 0.19* 0.17* 0.42 0.31 0.21* 0.19*
DbahA 0.31* 0.34 0.30* 0.30* 0.39* 0.38*
Styrene oligomers (SOs)
SD1 0.16 0.22 0.11 0.09 0.19 0.12
SD2 0.38 0.55 0.22 0.24 0.44 0.37
SD3 0.14 0.08* 0.10* 0.05* 0.17* 0.11*
SD4 0.41 0.38 0.64 0.59 0.49 0.39
ST1 0.50 0.36 0.37 0.33 0.48 0.39
ST2 0.74 0.62 0.50 0.54 0.71 0.62
ST3 0.41 0.33 0.25 0.27 0.36 0.27
ST4 0.29 0.25 0.20 0.21 0.27 0.20
ST5 0.49 0.40 0.32 0.29 0.53 0.41
ST6 0.19 0.12* 0.20 0.12* 0.22 0.14*
*p <0.05

2 TMEF values calculated between TP199-200 y.m and log concentration of pollutants.
®TMF values calculated between TPgi,—phe and log concentration of pollutants.
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Table S7. Values of trophic magnification factors for Hg and PCBs reported in previous studies.

Study area year(s) Organisms in TP? TP estimation Target TMF (MeantSD  References
(Country) food web TPhaseline TDF (%o)” compounds or min—max)
Mercury
Baltic Sea 1991-1993 Fish, 2-3.98 2 3.5 THg 1.50 Nfon et al.,
Crustacean, 2009
Plankton
Tropical coastal 2008-2010 Fish, 1.0-3.8+0.1 1 34 THg 6.84 Di Beneditto
ocean (Brazil) Mollusca, etal., 2012
Crustacean,
Plankton
Coastal lagoon Fish 0.9-3.2 1 34 THg 1.02-1.17 Coelho et
(Portugal) Crustacean, al., 2013
Invertebrate,
Primary producer
Offshore of 2007-2010 Fish, 1.50-4.15 2 34 Hg 5.05 Thera et al.,
southwest, Florida Invertebrate 2014
(US)
Ulsan Bay 2017 Fish, 1.64-3.69 1 7.6 THg 1.60 This study
(Korea) Invertebrate
Polychlorinated biphenyls (PCBs)
Reservoir in e- 2006 Reptile, 2.0-4.60 2 34 tri-CB 2.03-2.40 Wu et al.,
waste recycling Fish, tetra-CB 2.17-4.83 2009
site Crustacean, penta-CB 2.70-4.68
(China) Gastropoda hexa-CB 1.69-5.10
hepta-CB 3.12-4.73
Lake Hartwell 2005, Fish, 1.6-4.1 2 34 di-CB 1.95 Walters et
(us) 2006 Invertebrate tri-CB 1.46-2.68 al., 2011
tetra-CB 1.97-3.57
penta-CB 3.10-5.07
hexa-CB 3.90-6.24
hepta-CB 4.38-6.63
Lake Como (Italy) 2007 Fish, 2.0-3.9 1or2 34 tri-CB 1.6 Villa et al.,
plankton tetra-CB 2.1 2011
penta-CB 2.6-59
hexa-CB 1.8-4.7
hepta-CB 2.9-4.3
Omuta River 2012 Fish, Gastropoda  2.0-3.5+0.52 2 34 di-CB 2.81-3.28 Kobayashi et
(Japan) tri-CB 1.61-2.88 al., 2015

S9



tetra-CB 1.25-2.39
penta-CB 1.09-1.59
hexa-CB 1.02-1.70
hepta-CB 0.90-1.18
Lake Nam Co 2014 Fish, 1.0-3.6 1 34 hexa-CB 2.7-2.9 Ren et al.,
(Tibet) Invertebrate, hepta-CB 35 2017
Plankton
Zhoushan fishing 2011 Mammal, 2.00+0.07 1 34 tri-CB 0.70-0.83 Zhou et al.,
ground (China) Fish, -3.81+0.27 tetra-CB 0.56-1.37 2019
Crustacean, penta-CB 0.62-1.94
Zooplankton hexa-CB 1.24-4.41
hepta-CB 1.03-1.50
Masan Bay 2016 Fish, 2.0-3.1 AAs* 7.6 di-CB 0.6 Won et al.,
(Korea) Invertebrate tri-CB 0.6-0.7 2020
tetra-CB 0.7-0.9
penta-CB 2.1-6.3
hexa-CB 4.6-7.1
hepta-CB 6.1-9.9.
octa-CB 0.6-0.7
nona-CB 0.7
Deca-CB 0.8
Ulsan Bay 2017 Fish, 1.64-3.69 AAs 7.6 di-CB 0.05 This study
(Korea) Invertebrate tri-CB 0.43
penta-CB 0.86-0.93
hepta-CB 0.83-1.17

2 TP: trophic position of the organism. [min—max (or mean + SD)]

b TDF: trophic discrimination factor.

¢ AAs: based on compound-specific analysis of amino acids.
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Supplementary Figures

Ulsan Bay

Fig. S1. Map showing the sites where biota were sampled in Ulsan Bay, Korea (October, 2017).
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Fig. S2. Comparison of stable isotope ratios between migrant and resident fish collected from
Ulsan Bay, Korea. (a) §'"*Cgui, (b) 8'*NBui, and (c) 8'*Ngiu-phe.
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Fig. S3. Relative composition of PCB congeners in invertebrate and fish samples (p value
verified by unpaired t-test).
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Fig. S4. Correlation between the lipid content and the relative composition of PCBs in organisms
collected from Ulsan Bay, Korea: (a) less-chlorinated CBs; (b) high-chlorinated CBs.
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