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INTRODUCTION

Polychaetes of the genus Marphysa (Annelida, Eunici-
dae) usually inhabit tidal flats and rocky shores across vari-
ous coasts of the world (Lavesque et al., 2022). Some 
Marphysa species inhabiting tidal flats are assumed to play 
an important role in the material cycle and movement in the 
coastal environment by forming deep burrows into the sedi-
ment (Lewis and Karageorgopoulos, 2008; Kara et al., 
2020). Additionally, feeding habits of Marphysa vary by hab-
itat and species, including surface-deposit feeders and 
omnivores (Jumars et al., 2015). Recently, we conducted 
DNA and morphological analysis of a Japanese species of 
Marphysa known as “Iwa-mushi”, and found that Iwa-mushi 
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The fecal pellets of Marphysa sp. E sensu Abe et al. (2019) (Annelida, Eunicidae) living in the Yoro 
tidal flat (Ichihara, Chiba, Japan) contain high levels of polycyclic aromatic hydrocarbons (PAHs), 
and the concentrations rapidly decrease over time. To investigate the origin of the high-
concentration PAHs in the fecal pellets and food sources of the worms, the PAH concentrations, 
carbon and nitrogen stable isotope ratios (δδ13C and δδ15N), total organic carbon, and total nitrogen 
for two types of sediment (sands and reduced muds), fecal pellets, and the body of the worms were 
determined. The PAH concentrations and chemical properties of the fecal pellets were similar to 
those of the reduced muds (20–30 cm sediment depth). The δδ13C, δδ15N, and C/N values of reduced 
muds were the same as the typical values of terrestrial C3 plants, suggesting that reduced muds 
were derived from terrestrial plants. These data indicated that the worms selectively take up 
reduced muds containing high levels of PAHs. The δδ13C and δδ15N values of the worm bodies indi-
cated that the worms did not use the organic carbon derived from terrestrial C3 plants as primary 
nutrition. Taking into consideration their selective uptake of reduced muds, excretion, and subse-
quent rapid decrease of PAHs in the fecal pellets, the worms could contribute to the remediation of 
chemical pollutants in the tidal flat sediments.
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did not consist of a single species, but is instead five geneti-
cally separate clades which were tentatively designated as 
five undetermined species (Abe et al., 2019). Among these, 
one species, Marphysa sp. E sensu Abe et al. (2019), was 
only found in muddy and sandy sediments of the inner part 
of Tokyo Bay.

Tokyo Bay, where Marphysa sp. E sensu Abe et al. 
(2019) was first discovered, is a typical enclosed inner bay 
area, surrounded by large cities. Although the environment 
of the bay has improved considerably compared to the 
1960s, when eutrophication and/or chemical pollution was a 
serious problem (Yanagi, 2015), the water and habitat qual-
ity still have not recovered sufficiently, and red tide and bot-
tom water hypoxia both occur annually (Ando et al., 2021). 
The loss of the majority of the tidal flats, which harbor a wide 
variety of organisms including polychaetes (Yanagi, 2015), 
as a result of land reclamation is one of the main causes for 
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the loss of the environmental purification functions (Yanagi, 
2015; Shan and Li, 2020).

Polycyclic aromatic hydrocarbons (PAHs) are released 
into the environment as a result of the incomplete combus-
tion of fossil fuels, oil spills, and other anthropogenic/natural 
activities (Perra et al., 2009; Qiu et al., 2009). Some PAHs, 
such as benzo[a]pyrene, have toxic, mutagenic, and/or car-
cinogenic properties for humans (Hayakawa, 2016) and 
other animals (Honda and Suzuki, 2020), and therefore it is 
important to know their concentrations and behavior in the 
environment. PAHs emitted into the atmospheric can be 
introduced to surface water environments as a result of 
gravity and rainfall (Offenberg and Baker, 2002; Xia et al., 
2022). Considering their hydrophobic and persistent nature, 
PAHs can easily be adsorbed onto suspended particulates 
in water environments, and subsequently swiftly settle to the 
bottom, and accumulate among bottom sediments (Yang et 
al., 2005). We previously reported that the concentrations of 
PAHs, cationic surfactants, and persistent organic environ-
mental pollutants were approximately 10–100 times higher 
in the fecal pellets of one Marphysa species, which had 
originally been identified as Marphysa sanguinea and later 
reidentified as Marphysa sp. E sensu Abe et al. (2019), than 
in the sands of the Yoro tidal flat, Ichihara, Chiba Prefecture, 
Japan (Onozato et al., 2010). After excretion, PAHs concen-
trations in the fecal pellets rapidly decreased by approxi-
mately half within 2 h (Onozato et al., 2010, 2012). Although 
the high PAHs concentrations in the fecal pellets could be 
attributable to the diet of the worm, no such potential diets 
have been found in the Yoro tidal flat so far (Nishigaki et al., 
2013). We recently found that the reductive, viscous reduced 
muds widely scattered throughout the Yoro tidal flat, con-
tained 4–7 times greater concentrations of PAHs than the 
sands (Osaka et al., 2023). Since Marphysa sp. E sensu 
Abe et al. (2019) is a newly recognized species, its ecology, 
including feeding habits and food sources, is largely 
unknown.

In this study, to investigate the possibility of ingestion of 
the reduced muds by Marphysa sp. E sensu Abe et al. 
(2019), we measured and compared PAHs concentrations, 
stable isotope ratios of carbon and nitrogen (δ13C and δ15N), 
total organic carbon (TOC), total nitrogen (TN), and particle 
sizes in the fecal pellets of Marphysa sp. E sensu Abe et al. 
(2019) and sediment samples (sands and reduced muds) 

collected from the Yoro tidal flat. On the basis of these 
results, we discuss the feeding behavior of the worm, the 
origin of PAHs in its fecal pellets, and its contribution to the 
environmental remediation of tidal flats.

MATERIALS AND METHODS

Sample collection
Samples were collected in the Yoro tidal flat (Ichihara, Chiba, 

Japan: 35°32′33″N, 140°4′0.84″E) at ebb tide during the day in April 
to October in 2018 to 2021 (Fig. 1). The sediment on the Yoro tidal 
flat consists mainly of sand (Fig. 2A), while a black, highly viscous 
reduced mud (Fig. 2B) was scattered over a large area of the tidal 
flat, being present in a state of flux, in which the location of the 
“reduced mud” was dependent on the sampling date and was not 
always found at a fixed location. The reduced mud was mostly 
found within the deep sediment layers (>  30 cm depth), but was 
also often observed in the surface sediment (0–10 cm), particularly 
immediately after typhoons. Fragments of leaves, stems, and 
branches of terrestrial plants that had blackened due to lack of oxy-
gen were often found in the reduced mud. Some benthic organisms 
such as bivalves (Mactra veneriformis, Meretrix sp., and Solen 
strictus) and polychaetes (Glycera sp. and Arenicola brasiliensis), 
were commonly found in the sediments of the study area. Mar-
physa sp. E sensu Abe et al. (2019) was found to have been one of 
the most dominant infaunal species in terms of biomass in this 
area, with larger individuals measuring over 50 cm long and approx-
imately 1 cm wide (Fig. 3). The highest density of the worms was 
roughly estimated to be 0.9 individuals m − 2 using a quadrat method 
that counted the number of fecal mounds in 2022 (see Supplemen-
tary Text S1, Supplementary Figure S1, and Supplementary Table 
S1).

Marphysa sp. E sensu Abe et al. (2019) typically form branched 
burrows at least 50 cm deep in sediment. At the ebb tide, the pos-
terior end of the body emerges from the burrow opening and 
excretes about 20–90 brown or black oval fecal pellets that form a 
mound on the surface of the sediment; a pellet is approximately 2 
mm in major diameter (Fig. 2C). The weights of a fecal mound per 
worm were approximately 0.41 ±  0.24 g–wet (maximum weight: 
0.92 g–wet, minimum weight: 0.10 g–wet, n =  20, measured in April 
2023). When digging with a shovel in areas where fecal mounds of 
the worm have been found, burrows formed in sediment (Fig. 2D), 
and sometimes burrows passing through layers of reduced mud, 
were observed (Fig. 2E). Fecal pellets excreted within the burrows 
were infrequently observed (Fig. 2F).

Fecal pellets from Marphysa sp. E sensu Abe et al. (2019) were 
collected immediately after excretion, frozen on dry ice, and trans-
ported to the laboratory. The bodies of the worms were obtained by 
digging up the bottom sediment under the fecal pellets with a shovel 
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Tokyo
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Fig. 1. Location of sampling sites in the Yoro tidal flat, Chiba Prefecture, Japan. Sampling sites are circled using dashed lines.
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after collecting the pellets. Sediment samples were collected from 
the surface layer (depth of 0–5 cm) and the deep layer (depth of 
30–40 cm) using a shovel, and then were sorted into two parts 
according to their color and texture: sand (brown, low viscosity) and 
reduced mud (black, high viscosity). Each sample was then stored 
in a freezer (−18°C) until analysis.

PAHs analysis
The PAHs investigated in this study were selected from 16 

chemicals identified by the U.S. Environmental Protection Agency 
(USEPA) as hazardous pollutants which are frequently detected in 
sediment. The seven selected PAHs were phenanthrene (Phe), 
anthracene (Anth), fluoranthene (Flu), pyrene (Pyr), chrysene 
(Chry), benzo[b]fluoranthene ([b]flu), and benzo[a]pyrene ([a]pyr) 
(see Supplementary Figure S2 and Supplementary Table S2). 
Although perylene (Pery) was not included in the list of USEPA, 
Pery was added to the target compounds in this study, considering 
its high frequency of detection within the sediment. Each sample 

was subjected to extraction, purification, and concentration, and 
then analyzed using gas chromatography-mass spectrometry (GC-
MS). The conditions for sample preparation and GC-MS analysis 
were the same as in our previous study (Onozato et al., 2008; and 
see Supplementary Text S1).

δδ13C, δδ15N, TOC, and TN analysis
Sediments (sand and reduced mud), fecal pellets, and the 

body tissue of Marphysa sp. E sensu Abe et al. (2019), approxi-
mately 1 g of each sample, were freeze-dried using an FDU-1200 
(TOKYO RIKAKIKAI, Tokyo, Japan) for 24 h. Then, sand and body 
tissue were prepared as follows. Sand samples were decalcified in 
5 mL of 1.0 M hydrochloric acid solution and then washed with 15 
mL of ultrapure water produced by Direct-Q UV3 (Nihon Millipore, 
Tokyo, Japan). After washing, these samples were freeze-dried 
again. The body tissues were crushed using a mortar and pestle, 
and delipidated in Folch solution (methanol:chloroform =  1:2) 
(Folch et al., 1956; Bligh and Dyer, 1959). The delipidated samples 

Fig. 2. Photographs of sediments (A, B), fecal mounds from Marphysa sp. E sensu Abe et al. (2019) (C), and burrows of worms in sediment 
(D–F) at Yoro tidal flat. (A) Surface condition of tidal flat. (B) Reduced mud, (C) Fecal mound of Marphysa sp. E on surface of sediment, (D) 
Burrow of Marphysa sp. E in sediment (white circle). Its posterior body is indicated by a white arrow. (E) Burrow of Marphysa sp. E in reduced 
mud with posterior body of the worm (white arrow). (F) Fecal pellets of Marphysa sp. E in burrow. Pellets and burrow are indicated by a white 
circle and white arrow, respectively.
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Fig. 3. Live coloration of Marphysa sp. E sensu Abe et al. (2019). (A) Entire body, with its head towards right corner (collected on 28 April 
2021). (B) Magnification of anterior end (collected on 30 May 2022).
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were subsequently freeze-dried again. Freeze-dried sediments, 
fecal pellets, and body tissue samples were stirred and powdered 
with a spatula (The Oceanographic Society of Japan, 2008; Minis-
try of the Environment, 2012). δ13C, δ15N, TOC, and TN analyses for 
these samples were performed by Shoko Science Co. Ltd. 
(Saitama, Japan) using an elemental analyzer-isotope ratio mass 
spectrometer (EA-IRMS; Flash EA1112-DELTA V ADVANTAGE, 
Thermo Fisher Scientific, MA).

Particle size analysis
Particle size analysis of the sediments and fecal pellet samples 

was conducted using the dry sieving method (The Oceanographic 
Society of Japan, 1986; Ministry of the Environment, 2012). After 
desalination and drying, samples were placed on a shaker (AS200, 
Retsch, Haan, Germany) and separated using sieves with mesh 
sizes of 0.063, 0.25, 0.5, and 1.0 mm. The particle size distributions 
were then determined as the composition of the particle weights 
remaining on each sieve.

RESULTS

PAHs concentrations of sediments and fecal pellets of 
Marphysa sp. E sensu Abe et al. (2019)

Total PAHs concentrations for sand from the surface of 
the sediment (0–5 cm) around the fecal mound of the Mar-
physa sp. E sensu Abe et al. (2019), reduced mud from the 
deep sediment layer under the fecal mound (30–40 cm), and 
the fecal pellets of the worm collected on the same day (in 
May 2018) were 29 ±  5, 610 ±  160, and 500 ±  80 μg 
kg-dry−1, respectively (Fig. 4, and see Supplementary Table 
S3). Furthermore, the total PAHs concentrations in reduced 
mud and fecal pellets were approximately 3–21 and 4–61 
times higher, respectively, than those found in sand. The 
proportions of high molecular weight PAHs (Chry, [b]flu, 
[a]pyr, and Pery) were particularly high in reduced mud and 
fecal pellets, with concentrations being 31–48 times higher 
than those found in sand.

Carbon and nitrogen stable isotope ratios of sediment 
and fecal pellets and bodies of Marphysa sp. E sensu 
Abe et al. (2019)

The mean ±  σ values of δ13C and δ15N of sand (n =  6), 
reduced mud (n =  5), and the fecal pellets (n =  5) and body 
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Fig. 4. PAH concentrations (mean ±  σ) of the sediments and the 
fecal pellets of Marphysa sp. E sensu Abe et al. (2019) collected on 
20 May 2018, as determined in triplicate (n =  3). The values of 
PAHs concentrations of each sample are shown in Supplementary 
Table S3.
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δ13C (‰)

δ1
5 N

 (‰
)

15

-18-30 -27 -24 -21
0

3

6

9

12

Fig. 5. Carbon (δ13C) and nitrogen (δ15N) stable isotope ratios for 
sand sediment (open circles), reduced mud sediment (gray circles), 
and fecal pellets (solid circles) and body (open squares) of Mar-
physa sp. E sensu Abe et al. (2019). The diagonal lines indicate the 
1:3 relationships.

Table 1. Total organic carbon (TOC) and total nitrogen (TN) value 
and TOC/TN ratio (C/N) of sediments and fecal pellets of Marphysa 
sp. E sensu Abe et al. (2019).

A. Sand

TOC (%) TN (%) C/N

Date 2018.7 0.058 0.009 6.4

2019.8 0.17 0.016 10.6

2019.9 0.061 0.008 7.6

2019.9 0.17 0.017 10.0

2021.4 0.058 0.007 8.3

2021.9 0.22 0.020 10.8

mean 0.12 0.013 9.0

σ 0.07 0.006 1.8

B. Reduced mud

TOC (%) TN (%) C/N

Date 2018.7 1.5 0.12 11.7

2018.7 1.6 0.13 12.2

2019.8 2.9 0.22 13.0

2021.6 1.7 0.11 16.2

2021.9 1.7 0.15 11.6

mean 1.9 0.15 12.9

σ 0.6 0.04 1.9

C. Fecal pellet

TOC (%) TN (%) C/N

Date 2018.7 2.7 0.22 12.5

2019.8 2.5 0.17 14.2

2019.9 2.3 0.17 14.1

2021.7 1.9 0.14 13.3

2021.9 3.0 0.22 13.7

mean 2.5 0.19 13.5

σ 0.4 0.03 0.7
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tissue of Marphysa sp. E sensu Abe et al. (2019) (n =  5) 
were −23.9 ±  1.7‰ and 5.5 ±  0.5‰, −27.3 ±  1.2‰ and 
3.6 ±  0.6‰, −26.7 ±  0.6‰ and 3.6 ±  0.5‰, and −20.1 ± 
1.2‰ and 11.9 ±  3.0‰, respectively (Fig. 5, and see Supple-
mentary Table S4). C/N ratios (TOC/TN) for sand, reduced 
mud, and fecal pellets were 9.0 ±  1.8, 12.9 ±  1.9, and 13.5 ± 
0.7, respectively (Table 1).

Particle size distribution of sand, reduced mud, and 
fecal pellets of Marphysa sp. E sensu Abe et al. (2019)

Fine sand and very fine sand (0.25–0.063 mm) were the 
most abundant contents in all samples, comprising 77% of 
the sand, 47% of the reduced mud, and 41% of the fecal pel-
lets of Marphysa sp. E sensu Abe et al. (2019) (Fig. 6). How-
ever, the content of silt and clay (<  0.063 mm) was only 0.1% 
of the sand, and 44% and 40% in reduced mud and fecal 
pellets, respectively. Furthermore, very coarse sand frac-
tions (1–2 mm) were very low, with a content of 0.03–0.5% in 
each sample (see Supplementary Table S5).

DISCUSSION

Source of the high concentrations of PAHs in the fecal 
pellets of Marphysa sp. E sensu Abe et al. (2019)

Among the samples that were collected on the same 
day (in May 2018), total PAHs concentrations in the reduced 
muds were higher than those in the sands, while all PAHs 
concentrations except for Phe were found to have been sim-
ilar in reduced mud and the fecal pellets of Marphysa sp. E 
sensu Abe et al. (2019). The PAHs concentrations and distri-
butions were also similar for reduced mud and fecal pellets 
collected on other days (Fig. 4, and see Supplementary 
Table S3). The fecal pellets and reduced muds were consid-
ered to be of the same quality in stable isotope analysis and 
particle size composition (Fig. 5, and see Supplementary 
Tables S4 and S5). The sediment of the Yoro tidal flat is 
generally composed of sands, although reduced mud is 
often observed to be scattered over large areas of the tidal 

flat. Although the distribution of reduced muds is not uni-
form, the concentrations of total PAHs in fecal pellets 
excreted by different individuals on the different sampling 
dates were similar to those of reduced muds. These results 
suggested that the worm selectively ingested reduced muds 
containing high concentrations of PAHs and subsequently 
excreted them as fecal pellets. The concentrations of Phe 
varied significantly in each sediment and fecal pellet sample 
(see Supplementary Table S3). Since Phe is one of the most 
hydrophilic PAHs among the targeted PAHs in this study 
(see Supplementary Table S2), it can easily be separated 
from the surface of the sediment particles due to release into 
the aqueous system. High molecular weight PAHs (HMW-
PAHs), Chry, [b]flu, [a]pyr, and Pery, were detected in 
reduced muds and fecal pellets, in significantly higher con-
centrations than in sands (see Supplementary Table S3). 
These HMW-PAHs were released into the coastal environ-
ment via fossil fuel combustion (Helfrich and Armstrong, 
1986; Dhar et al., 2020), although they are hydrophobic 
(Mackay et al., 1992) and difficult to degrade in reductive 
bottom sediments (Lu et al., 2012), and can be easily 
adsorbed and persistent on organic carbon (Kafilzadeh et 
al., 2011). The TOC value of reduced muds (1.9 ±  0.6%) was 
approximately 10 times higher than that of sand (0.12 ± 
0.07%) (Table 1), suggesting that reduced mud is likely to 
retain high concentrations of HMW-PAHs. Among these 
HMW-PAHs, Pery exhibited a high percentage in the 
reduced muds and fecal pellets. The percentage of Pery 
among Total PAHs in reduced muds and fecal pellets was 
notably higher than that in sand (5–10%), and ranged from 
16–28% and 12–27%, respectively (Fig. 4 and see Supple-
mentary Table S3). Pery has also been reported to be pro-
duced by reductive decomposition of terrestrial plants (Orr 
and Grady, 1967; Itoh et al., 2012). Recently, we reported 
that PAH concentrations, particle size analysis, and δ13C 
measurements of reduced muds collected from the Yoro 
tidal flat indicated that reduced muds were produced from 
the decomposition of terrestrial plants, and that the percent-
age of Pery in the mud increased by 15–36% as plant 
decomposition progressed (Osaka et al., 2023). The δ13C 
and C/N ratio of reduced muds were −27.3 ±  1.2‰ and 12.9 
±  1.9‰, respectively (Table 1, and see Supplementary Table 
S4), which were in good agreement with those of terrestrial 
C3 plants (δ13C and C/N ratio around −27‰ and above 12, 
respectively) (Kang et al., 2003; Malet et al., 2008). There-
fore, the reduced muds were attributable to terrestrial plants, 
and were presumably produced by the decomposition of ter-
restrial plants (deciduous leaves and branches) transported 
from the upper reaches to the estuary, thus resulting in the 
loading of Pery into the sediment. Additionally, since it has 
been reported that high concentrations of PAHs are attached 
to the leaves of plants alongside high-traffic roads 
(Yamamoto et al., 2004), some of the PAHs detected in the 
reduced mud may have originated from surface deposits on 
leaves transported to the estuary.

Contribution to the remediation of the tidal flat environ-
ment due to the uptake and excretion of reduced muds 
by Marphysa sp. E sensu Abe et al. (2019)

Although Marphysa sp. E sensu Abe et al. (2019) was 
considered to be consuming and subsequently excreting 
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Fig. 6. Particle size compositions of sediments and fecal pellet of 
Marphysa sp. E sensu Abe et al. (2019). Particle sizes were classi-
fied as follows (Wentworth, 1922): very coarse sand & coarse sand 
(>0.5 mm), medium sand (0.25–0.5 mm), fine sand & very fine sand 
(0.063–0.25 mm), silt & clay (< 0.063 mm).
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reduced muds, the stable isotope ratios of fecal pellets 
(δ13C: −26.7‰, δ15N: 3.6‰) and the body of the worm (δ13C: 
−20.1‰, δ15N: 12.0‰) differed markedly. It is generally con-
sidered that δ13C and δ15N increase by approximately 0–1‰ 
and 3–4‰, respectively, with an increase of one trophic 
level, and δ13C and δ15N are considered to be indicators of 
source and trophic level, respectively (Post, 2002; Kinoshita 
et al., 2021). It is also considered that the stable isotope 
ratios of fecal pellets generally correspond with those of the 
ingested targets (Gao et al., 2006; Landrum and Montoya, 
2009). The δ13C and δ15N of the bodies of the worm were 
elevated by 5–10‰ and 7–10‰, respectively, relative to 
those of reduced muds and fecal pellets (Fig. 5), thus sug-
gesting that, the organic matter of terrestrial plant origin in 
the reduced muds was not their primary source of nutrition 
although the worm ingested reduced muds. In general, 
marine organisms are reported to have difficulty decompos-
ing materials derived from terrestrial plants (cellulose, lignin, 
etc.) and are therefore unable to utilize them as food 
resources (Simenstad and Wissmar, 1985). The reason for 
the uptake of reduced muds by the worm is not yet clear, but 
this could be for the ingestion of available nutritious materi-
als (e.g., bacteria) (Fenchel, 1970) in reduced muds. The 
δ13C values of the worms indicated that marine phytoplank-
ton (δ13C: −22‰ or higher) (Middelburg and Herman, 2007) 
and benthic microalgae (δ13C: −20‰ or higher) (Sakamaki 
et al., 2010) are also possible food sources for the worm.

Our previous studies revealed that the concentrations of 
PAHs in the bodies of the worm were extremely low, as in the 
sand (Onozato et al., 2008), and the half-life of PAHs in the 
fecal pellets was approximately 2 h (Onozato et al., 2012). It 
was suggested that PAHs taken up with reduced muds were 
passed through and excreted without absorption into their 
bodies. It is generally reported that the half-life of PAHs in 
the sediment is between several weeks and months (Lu et 
al., 2012), and that HMW-PAHs with more than five rings 
were hardly degraded in reducing deep layer sediments 
(Karickhoff et al., 1979). The decrease found here in concen-
trations of PAHs in the fecal pellets was regarded as rapid 
compared to that in these reports, although the mechanism 
of the reduction of PAHs concentrations over a short period 
of time remains unclear. It has been reported that micro-
organisms (e.g., Pseudomonas, Mycobacterium, Achromo-
bacter) in sediments degrade PAHs (Mrozik et al., 2003; 
Tiwari et al., 2010), and that microorganisms contribute to 
PAH degradation in the fecal pellets of a marine annelid, 
Capitella sp. (half-lives of Phe, Flu, Pyr, Chry, [b]flu, and [a]
pyr were 1 to 2 months in Erlenmeyer flasks) (Horng and 
Taghon, 2001). In addition, marine annelids such as Nereis 
virens (currently as Alitta virens) have been reported to pos-
sess an enzyme (cytochrome P450) capable of degrading 
PAHs (Rewitz et al., 2004; Jørgensen et al., 2008). There-
fore, it is assumed that PAHs degradation was carried out by 
microbes and/or enzymes in the fecal pellets, similar to 
those in these annelid species. In the present study, it was 
found that the Marphysa sp. E sensu Abe et al. (2019) selec-
tively consumed reduced muds containing high concentra-
tions of persistent PAHs and then excreted them as fecal 
pellets. Therefore, these feeding and excretion behaviors of 
Marphysa sp. E sensu Abe et al. (2019) potentially make an 
important contribution to the purification of the intertidal flat 

environment. Degradation of PAHs in the fecal pellets has 
only been studied for Marphysa sp. E sensu Abe et al. 
(2019), and the ability to degrade PAHs in other Marphysa 
species will need to be evaluated in future studies.

ACKNOWLEDGMENTS

The authors appreciate Mr. I. Inagaki, Mr. K. Kojima, and Ms. K. 
Serizawa for their contribution to sample collections and quadrat 
surveys. The authors are grateful to Shoko Science Co. Ltd. 
(Saitama, Japan) for δ13C, δ15N, TOC, and TN analysis, and would 
like to thank Editage (www.editage.com) for English language edit-
ing. This work was financially supported by the Japan Society for 
the Promotion of Science (JSPS) Grant-in-Aid for Scientific 
Research (C) (Grant Number JP22K12348) awarded to A.N., and 
the Sasakawa Scientific Research Grant from The Japan Science 
Society (Grant Number 2023-6039) awarded to Y.O.

COMPETING INTERESTS

We declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Conceptualization: AN, Formal analysis: YO and SA. Investiga-
tion: YO, SA, HA, MT, MO, KO, and AN. Writing—review and edit-
ing: YO, SA, HA, MT, MO, KO, and AN. All authors have read and 
agreed to the published version of the manuscript.

SUPPLEMENTARY MATERIALS

Supplementary materials for this article are available online. 
(URL: https://doi.org/10.2108/zs230020)

Supplementary Text S1. Quadrat survey method. Chemicals 
and reagents. Sample preparation. Instruments and GC-MS condi-
tions.

Supplementary Figure S1. The map of the quadrat survey 
area.

Supplementary Figure S2. Structures of the target PAHs in 
this study.

Supplementary Table S1. Number of fecal mounds in 5 ×  5 m 
quadrats in the Yoro tidal flat.

Supplementary Table S2. Physicochemical properties of the 
target PAHs.

Supplementary Table S3. PAHs concentrations of sediments 
and fecal pellets of Marphysa sp. E sensu Abe et al. (2019).

Supplementary Table S4. Stable isotope ratio of sediments, 
fecal pellets, and Marphysa sp. E sensu Abe et al. (2019).

Supplementary Table S5. Particle size composition of sedi-
ments and fecal pellets of Marphysa sp. E sensu Abe et al. (2019).

REFERENCES

Abe H, Tanaka M, Taru M, Abe S, Nishigaki A (2019) Molecular 
evidence for the existence of five cryptic species within the 
Japanese species of Marphysa (Annelida: Eunicidae) known 
as “Iwa-mushi”. Plankton Benthos Res 14: 303–314

Ando H, Maki H, Kashiwagi N, Ishii Y (2021) Long-term change in 
the status of water pollution in Tokyo Bay: recent trend of 
increasing bottom-water dissolved oxygen concentrations. J 
Oceanogr 77: 843–858

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction 
and purification. Can J Biochem Physiol 37: 911–917

Dhar K, Subashchandrabose SR, Venkateswarlu K, Krishnan K, 
Megharaj M (2020) Anaerobic microbial degradation of polycy-
clic aromatic hydrocarbons: a comprehensive review. Rev 
Environ Contam Toxicol 251: 25–108

Fenchel T (1970) Studies on the decomposition of organic detritus 
derived from the turtle grass Thalassia testidium. Limnol 
Oceanogr 15: 14–20

Folch BJ, Lees M, Stanley GHS (1956) A simple method for the 

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 08 Nov 2024
Terms of Use: https://complete.bioone.org/terms-of-use



298 Y. Osaka et al.

isolation and purification of total lipids from animal tissues. J 
Biol Chem 226: 497–509

Gao QF, Shin PKS, Lin GH, Chen SP, Cheung SG (2006) Stable 
isotope and fatty acid evidence for uptake of organic waste by 
green-lipped mussels Perna viridis in a polyculture fish farm 
system. Mar Ecol Prog Ser 317: 273–283

Hayakawa K (2016) Environmental behaviors and toxicities of poly-
cyclic aromatic hydrocarbons and nitropolycyclic aromatic 
hydrocarbons. Chem Pharm Bull 64: 83–94

Helfrich J, Armstrong DE (1986) Polycyclic aromatic hydrocarbons 
in sediments of the southern basin of Lake Michigan. J Gr 
Lakes Res 12: 192–199

Honda M, Suzuki N (2020) Toxicities of polycyclic aromatic hydro-
carbons for aquatic animals. Int J Environ Res Public Health 
17: 1363

Horng CY, Taghon GL (2001) Loss rates of polycyclic aromatic 
hydrocarbons from sediment and deposit-feeder fecal pellets. 
Environ Toxicol Chem 20: 1465–1473

Itoh N, Sakagami N, Torimura M, Watanabe M (2012) Perylene in 
Lake Biwa sediments originating from Cenococcum geophi-
lum in its catchment area. Geochim Cosmochim Acta 95: 241–
251

Jørgensen A, Giessing AMB, Rasmussen LJ, Andersen O (2008) 
Biotransformation of polycyclic aromatic hydrocarbons in 
marine polychaetes. Mar Environ Res 65: 171–186

Jumars PA, Dorgan KM, Lindsay SM (2015) Diet of worms emended: 
an update of polychaete feeding guilds. Annu Rev Mar Sci 7: 
497–520

Kafilzadeh F, Shiva AH, Malekpour R (2011) Determination of poly-
cyclic aromatic hydrocarbons (PAHs) in water and sediments of 
the Kor River, Iran. Middle East J Sci Res 10: 1–7

Kang CK, Kim JB, Lee KS, Kim JB, Lee PY, Hong JS (2003) Trophic 
importance of benthic microalgae to macrozoobenthos in 
coastal bay systems in Korea: dual stable C and N isotope 
analyses. Mar Ecol Prog Ser 259: 79–92

Kara J, Molina-Acevedo IC, Zanol J, Simon C, Idris I (2020) Mor-
phological and molecular systematic review of Marphysa Qua-
trefages, 1865 (Annelida: Eunicidae) species from South 
Africa. PeerJ 8: e10076

Karickhoff SW, Brown DS, Scott TA (1979) Sorption of hydrophobic 
pollutants on natural sediments. Water Res 13: 241–248

Kinoshita K, Ito K, Sasaki T, Katayama S (2021) Stable carbon and 
nitrogen isotope analysis and environmental characteristics of 
benthic animals in Ushibashi estuary, Miyagi Prefecture. Jpn J 
Benthol 76: 81–91 (in Japanese with English abstract)

Landrum JP, Montoya JP (2009) Organic matter processing by the 
shrimp Palaemonetes sp.: isotopic and elemental effects. J 
Exp Mar Biol Ecol 380: 20–24

Lavesque N, Daffe G, Glasby C, Hourdez S, Hutchings P (2022) 
Three new deep-sea species of Marphysa (Annelida, Euni-
cida, Eunicidae) from Papua New Guinea (Bismarck and Solo-
mon seas). Zookeys 1122: 81–105

Lewis C, Karageorgopoulos P (2008) A new species of Marphysa 
(Eunicidae) from the western Cape of South Africa. J Mar Biol 
Assoc UK 88: 277–287

Lu XY, Li B, Zhang T, Fang HHP (2012) Enhanced anoxic bioreme-
diation of PAHs-contaminated sediment. Bioresour Technol 
104: 51–58

Mackay D, Shiu WY, Ma KC (1992) Illustrated Handbook of Physi-
cal-Chemical Properties and Environmental Fate for Organic 
Chemicals. Vol. 2. Lewis Publishers, Boca Raton

Malet N, Sauriau PG, Ryckaert M, Malestroit P, Guillou G (2008) 
Dynamics and sources of suspended particulate organic mat-
ter in the Marennes-Oléron oyster farming bay: insights from 
stable isotopes and microalgae ecology. Estuar Coast Shelf 
Sci 78: 576–586

Middelburg JJ, Herman PMJ (2007) Organic matter processing in 

tidal estuaries. Mar Chem 106: 127–147
Ministry of the Environment (2012) Teishitu Chosa Houhou [The 

method of sediment survey]. pp 1–417, Ministry of the Environ-
ment, Tokyo (in Japan). URL: https://www.env.go.jp/water/
teishitsu-chousa/00_full.pdf/ Accessed 20 February 2023

Mrozik A, Seget ZP, Łabużek S (2003) Bacterial degradation and 
bioremediation of polycyclic aromatic hydrocarbons. Pol J 
Environ Stud 12: 15–25

Nishigaki A, Muramatsu A, Onozato M, Ohshima S (2013) Determi-
nation of polycyclic aromatic hydrocarbons in the fecal materi-
als of Mactra veneriformis and excrement of Marphysa 
sanguinea. Polycycl Aromat Compd 33: 151–160

Offenberg JH, Baker JE (2002) Precipitation scavenging of poly-
chlorinated biphenyls and polycyclic aromatic hydrocarbons 
along an urban to over-water transect. Environ Sci Technol 36: 
3763–3771

Onozato M, Nitta S, Sakurai Y, Ohshima S, Nishigaki A (2008) 
Determination of polycyclic aromatic hydrocarbons (PAHs) in 
sediments and benthos collected on the coast of Chiba. Poly-
cycl Aromat Compd 28: 462–471

Onozato M, Nishigaki A, Ohshima S (2010) The fate and behavior 
of polycyclic aromatic hydrocarbons (PAHs) through feeding 
and excretion of annelids. Polycycl Aromat Compd 30: 334–
345

Onozato M, Sugawara T, Nishigaki A, Ohshima S (2012) Study on 
the degradation of polycyclic aromatic hydrocarbons (PAHs) in 
the excrement of Marphysa sanguinea. Polycycl Aromat 
Compd 32: 238–247

Orr WL, Grady JR (1967) Perylene in basin sediments off southern 
California. Geochim Cosmochim Acta 31: 1201–1209

Osaka Y, Onozato M, Nishigaki A (2023) Characteristics of polycy-
clic aromatic hydrocarbons in anoxic muds of the Yoro tidal flat. 
Bunseki Kagaku 72: 175–181 (in Japanese with English 
abstract)

Perra G, Renzi M, Guerranti C, Focardi SE (2009) Polycyclic aro-
matic hydrocarbons pollution in sediments: distribution and 
sources in a lagoon system (Orbetello, Central Italy). Transit 
Waters Bull 3: 45–58

Post DM (2002) Using stable isotopes to estimate trophic position: 
models, methods, and assumptions. Ecology 83: 703–718

Qiu YW, Zhang G, Liu GQ, Guo LL, Li XD, Wai O (2009) Polycyclic 
aromatic hydrocarbons (PAHs) in the water column and sedi-
ment core of Deep Bay, South China. Estuar Coast Shelf Sci 
83: 60–66

Rewitz KF, Kjellerup C, Jørgensen A, Petersen C, Andersen O 
(2004) Identification of two Nereis virens (Annelida: Poly-
chaeta) cytochromes P450 and induction by xenobiotics. 
Comp Biochem Physiol C 138: 89–96

Sakamaki T, Shum JYT, Richardson JS (2010) Watershed effects 
on chemical properties of sediment and primary consumption 
in estuarine tidal flats: importance of watershed size and food 
selectivity by macrobenthos. Ecosystems 13: 328–337

Shan J, Li J (2020) Valuing marine ecosystem service damage 
caused by land reclamation: insights from a deliberative choice 
experiment in Jiaozhou Bay. Mar Policy 122: 104249

Simenstad CA, Wissmar RC (1985) δ13C evidence of the origins 
and fates of organic carbon in estuarine and nearshore food 
webs. Mar Ecol Prog Ser 22: 141–152

The Oceanographic Society of Japan (1986) Engan Kankyo Chosa 
Manyuaru I [Coastal Environmental Survey Manuals I]. 
Kouseisha Kouseikaku Co., Ltd., Tokyo (in Japanese)

Tiwari JN, Reddy MMK, Patel DK, Jain SK, Murthy RC, Manickam 
N (2010) Isolation of pyrene degrading Achromobacter xylo-
oxidans and characterization of metabolic product. World J 
Microbiol Biotechnol 26: 1727–1733

Wentworth CK (1922) A scale of grade and class terms for clastic 
sediments. J Geol 30: 377–392

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 08 Nov 2024
Terms of Use: https://complete.bioone.org/terms-of-use

https://www.env.go.jp/water/teishitsu-chousa/00_full.pdf
https://www.env.go.jp/water/teishitsu-chousa/00_full.pdf


299PAHs in the feces of a Marphysa species

Xia W, Liang B, Chen L, Zhu Y, Gao M, Chen J, et al. (2022) Atmo-
spheric wet and dry depositions of polycyclic aromatic com-
pounds in a megacity of Southwest China. Environ Res 204: 
112151

Yamamoto T, Sekiguchi M, Ono Y (2004) Distribution of polycyclic 
aromatic hydrocarbon concentration in roadside Azalea leaves. 
Proc Inst Statist Math 52: 297–307 (in Japanese with English 
abstract)

Yanagi T (2015) Eutrophication and Oligotrophication in Japanese 
Estuaries. The Present Status and Future Tasks. Springer, 
Dordrecht

Yang GP, Zhao YH, Lu XL, Gao XC (2005) Adsorption of methomyl 
on marine sediments. Colloids Surf A 264: 179–186

(Received March 8, 2023 / Accepted May 10, 2023 /  
Published online June 23, 2023)

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 08 Nov 2024
Terms of Use: https://complete.bioone.org/terms-of-use


