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A B S T R A C T   

Natural purification of pollutants is highly recognized as regulating ecosystem services; however, the purification 
capacity of tidal flats remains largely unknown and/or unquantified. A 60-day mesocosm transplant experiment 
was conducted in situ to assess the purification capacity of natural tidal flats. We adopted the advanced sediment 
quality triad approach, monitoring 10 endpoints, including chemical reduction, toxicity changes, and community 
recoveries. The results indicated that contaminated sediments rapidly recovered over time, particularly > 50% 
within a day, then slowly recovered up to ~ 70% in a given period (60 days). A significant early reduction of 
parent pollutants was evidenced across all treatments, primarily due to active bacterial decomposition. Notably, 
the presence of benthic fauna and vegetated halophytes in the treatments significantly enhanced the purification 
of pollutants in both efficacy and efficiency. A forecast linear modeling further suggested additive effects of biota 
on the natural purification of tidal flats, reducing a full recovery time from 500 to 300 days. Overall, the triad 
approach with machine learning practices successfully demonstrated quantitative insight into the integrated 
assessment of natural purification.   

Synopsis: With the dynamical change of chemical, toxicological, 
and ecological components, bio-irrigation and phytoremediation pro
moted the recovery of contaminated sediments. 

1. Introduction 

Coastal pollution by persistent toxic substances (PTSs) and heavy 
metals (HMs) in sediments primarily originates from human activities 
associated with population growth and expansion of industrial and 
commercial developments. In particular, polycyclic aromatic 
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hydrocarbons (PAHs), alkylphenols (APs), styrene oligomers (SOs), and 
HMs have been the main pollutants of the Yellow Sea for a long time 
(Hong et al., 2012). The fate of such PTSs and HMs in marine ecosystems 
depends significantly on their physicochemical characteristics. Their 
hydrophobicity and particle reactivity results in PTSs and HMs con
centrations several orders of magnitude higher in sediments than in the 
overlying water. As such, sediment is often considered a sink for pol
lutants in aquatic environments (Bae et al., 2017) The ultimate fate of 
pollutant-containing sediments in a given environment is determined by 
diagenetic processes within the sediments and the physical stability of 
that particular environment. It is well documented that PTSs and HMs 
accumulated in sediments adversely impact benthic ecosystems such as 
the decrease of community of marine organisms in a variety of ways (Lee 
et al., 2017; Khim et al., 2018). 

The role of tidal flats in natural purification has been highlighted 
primarily from the standpoint of hydrocarbon and nutrient turnover (Hu 
et al., 2006). Imbalance between PTSs and HMs load and natural puri
fication processes in tidal flats could change the role of coastal sediments 
from their source to the purifier. Recent reconsideration of marine 
ecosystem services has garnered interest in the restoration or creation of 
tidal flats and wetlands as a countermeasure for land-driven coastal 
pollution (Kim et al., 2020b) The purification capacity of tidal flats has 
been described through various mesocosm experiments (Kim, 2013). 
However, since the purification mechanisms for PTSs and HMs in tidal 
flats are diverse and complicated, the specific contribution of the indi
vidual purification process remains poorly understood (Hasanudin et al., 
2004). 

Bio-irrigation (irrigation by macrofauna) and phytoremediation are 
important natural processes in tidal flats. For example, bio-irrigation 
leads to an increased exchange of solutes between porewater and the 
overlying water. One of the major effects of bio-irrigation is to extend 
the oxidized zone to a depth within the sediments (Fenchel, 1996) and to 
stimulate aerobic and subtoxic (i.e., metal reduction) decomposition 
processes (Banta et al., 1999; Hansen and Kristensen, 1998; Thamdrup 
et al., 1994);; Moreover, the activity of marine organisms in the sedi
ments has been found to increase the dynamics of water column. The 
sediment particle resuspension by the movement of the organisms, 
ingestion, and biological sedimentation could increase, and some sedi
ment particles may be resuspended and released to the outside due to 
tidal differences (Amato et al., 2016; Dong et al., 2017). 

Vegetations have also been shown to play an important role in 
biogeochemistry in salt marshes through the active and/or passive cir
culation of elements. Active uptake of elements by vegetation may 
promote their immobilization in vegetation tissues, as seen in either 
natural or artificial wetlands through phytoremediation (Kadlec and 
Reddy, 2001). The key to such phytoremediation processes would be the 
activity of bacteria communities, which contributes to the overall pu
rification function of tidal flats (Yagi and Terai, 2001). For example, the 
primary processes involved in the bacterial degradation of PTSs and 
HMs are biosorption, biomineralization, and co-metabolism, with bio
sorption being the primary degradation process. As interest grows in the 
use of tidal flats for purification, it is clear that further studies are needed 
to characterize better the relationship between biological responses and 
dynamics of PTSs and HMs. 

Outdoor experimental systems, mesocosms have long been devel
oped and become one representative research tool for studying envi
ronmental phenomena at small and/or large scales of both terrestrial 
and aquatic ecosystems. Mesocosm experiments commonly serve as 
physical models of ecosystems (Ahn and Mitsch, 2002) and provide re
searchers with a controlled and replicable framework that can be 
applied in various scientific disciplines (Sapozhnikova et al., 2009; 
Couto et al., 2011). However, mesocosm experiments have some 
inherent limitations to consider. Small-scale mesocosms may not be able 
to reflect the full ecological complexity of the reference ecosystem suf
ficiently (Ahn and Mitsch, 2002). In addition, mesocosms cannot always 
comprehensively simulate the complicated array of interactions 

occurring in natural ecosystems (Blake and Olin, 2022; Kim et al., 
2020b; Pennington et al., 2009) To overcome these problems, a half- 
field mesocosm experiment was conducted, but it was insufficient to 
reproduce the natural environment in the field (Kim et al., 2022; Lee 
et al., 2019a). And also, the installation of in situ mesocosms in the 
marine environment has been difficult due to physical and national 
regulations. When conducting field-mesocosm experiments, the physical 
design should be simple without affecting the ecological response and 
environment. With national approval and consideration of these issues, 
we applied a newly designed 1.6-m-diameter mesocosm system in the 
present study, which closely mimicked large-scale, whole-field experi
ments. Further, we set it up in a natural tidal flat to reflect natural cir
cumstances, which allowed us to expose systems to natural weather 
conditions, physical dynamics of tides and waves, and chemical pro
cesses associated with natural seawater. 

Our recent mesocosm studies demonstrated the most appropriate 
biological methods for evaluating the natural capacity for PTSs and HMs 
purification in the recovery of soft-bottom benthic communities (Kim 
et al., 2020b; Lee et al., 2019a). In the present study, we employed the in 
situ mesocosm system and machine learning method to present and 
predict a quantitative evaluation of the natural purification capacity for 
contaminated sediment in tidal flats. Furthermore, the present study 
adopted an advanced sediment quality triad (SQT) approach, with 
multiple measures of chemical, toxicological, and ecological indicators, 
including 1) PTS (PAHs; APs; SOs) and HMs (Zn; As; Pb; Cr; Cd; Cu; Ni) 
concentrations, 2) aryl hydrocarbon receptor (AhR)-mediated potency 
for two sediment fractions, and 3) benthic community indices, such as 
bacterial operational taxonomic unit (OTU), microphytobenthos (MPB) 
cell counting, meiofauna abundance, and sediment chlorophyll-a (Chl- 
a). To analyze the characteristics of purification status and the benthic 
community, we used a self-organizing map (SOM; also referred to as a 
Kohonen map or topology-preserving feature map), which is an artificial 
neural network-based machine learning method. The present study 
provides an integrated insight into habitat type-dependent remediation 
efficiency in the context of the natural purification capacity of tidal flats 
for PTSs and HMs. 

2. Materials and methods 

2.1. Sample preparation and in situ mesocosm setting 

Contaminated sediment cores from Lake Sihwa near an industrial 
area in Incheon, Yellow Sea, Korea, were collected for use in mesocosm 
transplantation (Fig. 1). While transplanting the sediments to the mes
ocosm, the concentrations of PTSs, such as PAHs, APs, and SOs, in the 
sediments, were estimated as 2450 ng g− 1, 2150 ng g− 1, and 550 ng g− 1, 
respectively. In the case of the concentrations of HMs, such as Zn, Cd, 
Cu, Pb, As, Cr, and Ni, were 229.3 mg kg− 1, 1.3 mg kg− 1, 114.9 mg kg− 1, 
78.1 mg kg− 1, 20.3 mg kg− 1, 176.5 mg kg− 1, and 206.7 mg kg− 1. The 
contaminated sediments were then transplanted to the Bong-Am tidal 
flat, Masan, at a height of 12–15 cm above the in-situ sediment bed. 
Plastic tubs with a diameter of 1.6 m were used as the base of each 
mesocosm structure, covered by 1.7 × 1.7 m2 mesh to prevent the 
introduction of macrofauna. With reference to previous studies, the 
shape of mesocosm was designed to better reflect the marine ecosystem 
(Petersen et al., 2009). Three valves at the lowest, middle, and highest 
seawater levels were installed on each mesocosm so that seawater could 
only flow through the valves. In situ mesocosms were designed to 
simulate four habitat types: bare tidal flat (BT), bare tidal flat + mac
rofauna (BTm), salt marsh (SM), and salt marsh + macrofauna (SMm). 
To reflect a natural marine ecosystem, the simulated habitats were 
treated with native organisms of Cyclina sinensis, Macrophthalmus japo
nicus, and Phragmites australis. Sampling was conducted 11 times: 0 h, 2 
h, 6 h, 12 h, 1 d, 2 d, 3 d, 7 d, 14 d, 30 d, and 60 d after the installation of 
the mesocosm. The natural purification capacity for PTSs and HMs in 
each habitat type was evaluated by adopting a SQT approach that 
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evaluated multiple endpoints of chemistry, toxicology, and ecology. 
Details of the experimental conditions, descriptions of each habitat type, 
and sampling details are presented in Fig. S1 and Table S1 of the Sup
plementary materials. 

2.2. Chemical assessment 

We targeted various PTSs such as PAHs, APs, SOs, and HMs for 
determining to evaluate the natural purification capacity of tidal flats. 
These substances are widespread in the Earth’s environment and are 
known to accumulate in living organisms and cause adverse effects by 
their persistent characteristics (Hong et al., 2016; Kwon and Moon, 
2019; Hwang et al., 2021). Concentrations of target PTSs in sediment 
were measured during the mesocosm experiments, as chemical end
points, following the methods of previous studies, with minor modifi
cations (Hong et al., 2022; Yoon et al., 2019). Targeted chemicals and 
instrumental conditions are presented in Tables S2, S3, and S4, respec
tively. The ranges of method detection limits (MDLs) were 0.27–0.85 ng 
g− 1 for PAHs, 0.09–0.97 ng g− 1 for APs, and 0.30–0.94 ng g− 1 for SOs 
(Table S4). Mean recoveries of the four surrogate standards (acenaph
thene-d10, phenanthrene-d10, chrysene-d12, and perylene-d12) were 
generally acceptable: 77.9%–111.3%. Detailed analysis for the HMs was 
given in the method section of the Supplementary. 

2.3. Toxicological assessment 

H4llE-luciferase bioassay was used to test AhR activity to the residual 
PTSs in the sediments, as toxicological endpoints (Lee et al., 2020). Two 

sedimentary fractions (F2: mid-polar and F3: polar) were collected and 
substituted with dimethyl sulfoxide, then concentrated to 1 mL (~ 10 
mg contaminated sediment equivalent mL− 1) for toxicity testing. After 4 
and 72 h of exposure, luciferase assays were performed. The results were 
calculated using a microplate reading luminometer to calculate mean 
luciferase luminescence (RLUs) (PerkinElmer, Waltham, MA). Detailed 
information is shown in the method section of the Supplementary. 

2.4. Ecological assessment 

Various ecological endpoints were assessed during the mesocosm 
experiments to evaluate the natural purification of contaminated sedi
ments in the tidal flat. A set of ecological endpoints, including bacterial 
OTUs (Lee et al., 2019b), MPB cells (Bae et al., 2021), meiofauna in
dividuals (Kim et al., 2020a), and Chl-a (Kwon et al., 2020), was 
simultaneously analyzed, which integrates overall community responses 
and changes of the benthic organisms in accordance with the reduction 
of sediment PTSs. Throughout the experimental duration, we conducted 
a total of 11 samplings for bacteria, meiofauna, and Chl-a assessment, 
while MPB cells were specifically collected three times (D + 0, D + 30, 
and D + 60). Additional details can be found in the method section of the 
Supplementary. 

2.5. Self-organizing map (SOM) 

A self-organizing map (SOM) was used to classify the sample char
acteristics in each habitat type during the 60 d experimental period. 
SOMs are powerful and effective tools for creating multidimensional 

Fig. 1. Schematic of physical and biological remediation techniques, experimental conditions, and sampling design of this study.  
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maps from complex data and approximating the probability density 
function of the input data in a more comprehensive fashion (Kohonen, 
1990). The SOM as an ordination method was applied to summarize the 
variability of data. Thus, the sampling days in each treatment could be 
arranged on the reduced dimensions so that these arrangements visually 
summarize the temporal variability of their biological and environ
mental features. 

In the SOM network, the output layer consisted of computation nodes 
(j) in low dimension. Assuming the input data consisted of four pa
rameters, the value for a given parameter, i, was expressed as a vector of 
xi and fed into the input layer of the SOM. In the network, each 
computation node of j is connected to each node of i for the input layer. 
The connectivity is represented as the weight, wij(t), between input and 
output nodes, which adaptively changes with each iteration of calcula
tion, t, until the convergence is reached. Initially, the weight is randomly 
assigned to a small value. Each neuron of the network computes the 
summed distance of dj(t) between the weight [wji(t)] and the vector (xi) 
at the output node of j using an equation below (Eom et al., 2014): 

dj(t) =
∑N− 1

i=0

(
xi − wji(t)

)2 (1) 

The input data matrix consists of seven behavior parameters (con
centration of PTSs, index of HMs, AhR-mediated potency, bacterial OTU, 
number of diatom species, abundance of meiofauna, and Chl-a) as var
iables and 44 movement segments (11 sampling times × 4 habitat type 
treatments) as sample units (Fig. S2). Detailed algorithms could be 
referred to Zurada (1992) and Chon et al. (1996). The SOM algorithm 
was implemented using the R package (aweSOM) introducing interac
tive plots and making analysis of the SOM easier (Boelaert et al., 2022). 
The detailed R scripts are presented in the Supplementary materials. 

2.6. K-means Clustering via principal component analysis (PCA) 

Benthic community data across meiofauna, MPB, and sediment 
bacteria was analyzed to determine the relationship between sedimen
tary chemical concentrations and community changes (dominant spe
cies) over time by combining the benefits of PCA and K-means clustering 
(Ding and He, 2004). Following PCA analysis, the result is passed to 
unsupervised clustering using K-means clustering due to K-means’ 
ability to handle outliers. The optimal number of clusters, k, was the 
value that generated the greatest reduction in the within-cluster sum of 
squares across a range of k values. Our supervised classification for the 
dataset is then constructed using logistic regression. 

2.7. Forecast model for predicting sediment quality 

To predict the future status of sedimentary quality beyond the 60 
days of the experimental period, we used the forecast models. This so
lution would be to propose a mathematical model as a theory, with some 
free parameters, to fit our data and estimate the values of free param
eters. Machine learning is a method that relies on a large dataset with a 
certain level of complexity, while the latter method is an optimization 
technique that offers more control over the limitations of a small dataset. 
Having a proposed theory allows for the interpretation of results and 
working with less data . 

Due to the small number of sediment samples (11 samples) as above 
mentioned among the limitations of the project, our evaluation does not 
include any test samples and thus is only for showing the theoretical 
estimation of trends in SQT values beyond the duration of experiments. 
Considering that the temporal steps for the SQT values vary from a few 
hours at the beginning of experiments to 30 days at the final step, we 
plotted the temporal change of SQT values in a logarithmic scale and 
proposed the theoretical models with three free parameters. To fit the 
data using these models, we used the least squares minimization 
method. For the values of chemistry, we used a simple linear model with 

two free parameters, α and β (Levenberg, 1944; Newville et al., 2016): 

TheoryChem = α+ βln(hour + 1) (2) 

The recovery of toxicological values was estimated using the 
following model: 

TheoryTox = α+ βtanh[γln(hour)] (3) 

Finally, the ecological values were fitted using the following model 
with three parameters, α, β, and γ: 

TheoryEcol = 0.25+ αln(hour)+ βln(hour)γ (4) 

We also provide the averages of these fits and the estimated change 
of SQT values for 4 experimental groups in Fig. 4. 

2.8. Statistical analysis 

Data analyses were carried out using IBM SPSS software (version 
23.0; SPSS Inc., Chicago, IL, USA). The difference in recovery and 
reduction rate among each treatment was analyzed by Analysis of 
covariance (ANCOVA). For comparisons of changes between parent and 
metabolic compounds were conducted based on Tukey’s test and paired- 
t-test. In all statistical analyses, p values less than 0.05 were considered 
to be statistically significant. Principal component analysis (PCA) to 
visualize the similarity between selected endpoints. 

3. Results and discussion 

3.1. Chemical, toxicological, and biological responses in the natural 
purification process of a tidal flat 

The average initial (0 h) concentrations of PAHs, APs, and SOs in the 
contaminated sediments were 2450 ng g− 1, 2150 ng g− 1, and 550 ng 
g− 1, respectively (Fig. 2 and Table S5). All PTS concentrations decreased 
sharply within one day of sediment transplant. After the first day, 
changes to PTS concentrations were dependent upon habitat type: those 
without macrofauna (BT and SM) decreased slowly, while those with 
macrofauna (BTm and SMm) decreased more rapidly and with more 
fluctuation. A contamination index (mCd) for HMs was calculated using 
Zn, Cd, Pb, Cr, and Cu (Fig. S3) (Kowalska et al., 2018). All habitat types 
showed a moderate level of contamination (contamination index be
tween 2 and 4) at the initial stage (0 h). The contamination index 
decreased across the 60 day study period to a very low level (<1.5) in all 
habitat types except BT. 

The rapid decrease in the concentration of PTSs and HMs in the 
sediments at the initial stage can be attributed to the environmental 
conditions at the installation site of the mesocosm. Bio-irrigation pro
cesses can cause the resuspension of PTSs and HMs adsorbed on organic 
matter, moving them to the sediment–water interface. At this time, the 
release of suspended particles to the outside becomes easier, which may 
reduce the overall concentration of PTSs and HMs (Amato et al., 2016). 
Additionally, the relatively lower concentration of PTSs and HMs in both 
the water column and suspended particulate matter at study area, as 
compared to the transplanted sediment, might have led to dilution ef
fects upon the initial seawater influx (Table S6). The characteristics of 
the Bong-am tidal flat, categorized as an inland landform, are suscep
tible to varied influences from freshwater inflow (e.g., street runoff and 
treatment plant effluents), significantly affecting the physical and 
chemical properties of both water and sediment layers (e.g., street runoff 
and effluent of a treatment plant) (Muzuka, 2008; Rezaie-Boroon et al., 
2013; Winkels et al., 1998). Moreover, degradation of PTSs by 
bioavailability has been known to be an important contributor to PTSs 
reduction (Granberg and Selck, 2007; Olguín and Sánchez-Galván, 
2012; Wang et al., 2019). However this study did not measure the 
concentration of PTSs and HMs in living organisms (benthic fauna and 
vegetation), and then their decrease due to bioaccumulation cannot be 
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explained. 
In unperturbed organic carbon–enriched sediment, heterotrophic 

bacterial metabolism rapidly depletes oxygen, limiting its availability to 
surface sediment (Montgomery et al., 2008). The presence of macro
fauna drives bio-irrigation, which leads to sediment mixing and drastic 
reoxygenation-driven changes to the composition of electron acceptors 
deep within the sediment, promoting PTSs degradation. Macrofauna can 
also enhance PTSs degradation or absorption through their various 
secreted substances, which are a significant source of organic nutrients 
and inorganic compounds. Vegetations also have a more direct effect on 
contaminant levels via phytoextraction, which concentrates PTSs and 
HMs from the environment into their tissues (Shrestha et al., 2019). In 
particular, phytoextraction and/or phytoremediation were considered 
promising tools for the bioremediation of polluted environments. For 
example, Milner and Kochian (2008) demonstrating the Zn, Cd, and Ni 
model between vegetations and HMs, suggested there were crucial 
physiological steps of HMs detoxification during the phytoextraction. 
These are (i) increased HMs ion uptake across the root cell plasma 
membrane, (ii) decreased HMs ion sequestration in root vacuoles, (iii) 
increased HMs ion loading into the xylem for transport to shoots, (iv) 
increased HMs ion influx across the leaf cell plasma membrane, and (v) 
sequestration in the leaf vacuole. Due to these processes, each HM ion 
could be accumulated selectively in the vegetation. In the previous 
study, P. australis was evaluated as a promised hyper-accumulator and 

bio-remediator for Zn, Cd, and Ni (Cicero-Fernández et al., 2017). 
Among silica gel fractions from the sediments, greater AhR-mediated 

potencies were observed in the F2 and F3 fractions at the initial stage (0 
h) (Fig. 2). AhR-mediated potency decreased across the 60 day study 
period, and its variation was consistent with the decrease in PTS con
centrations (Fig. 2 and Table S7). After the sediment transplantation, 
AhR-mediated potency decreased until 3 d and increased from 7 d in F2 
fractions. The decrease in AhR-mediated potency of F2 fractions was 
most dramatic in the habitat types that included macrofauna. The F2 
fraction showed a faster reduction in potency than the F3 fraction. Most 
AhR-mediated responses appeared to be caused by aromatic compounds 
such as PAHs associated with the residual PTSs in sediments. The target 
PTSs in each fraction correlated strongly with AhR-mediated potency 
(PAHs, SOs, and APs showed R2 = 0.59, 0.34, and 0.49, respectively), 
indicating that PAHs contributed the most to AhR-mediated potency. 
The results of the present study were consistent with previous findings 
that showed that AhR agonists in the fractions were degraded or trans
formed into less-toxic chemicals during the purification of contaminated 
sediments (Lee et al., 2018). In particular, the rapid and sharp reduction 
in potential toxicity indicated the activity of organisms accelerated more 
degradation of the contributing PTSs in F2 fractions (high molecular 
weight PAHs and styrene trimers) and F3 fractions (APs) in habitat types 
containing macrofauna and vegetations (Ohyama et al., 2001; Billiard 
et al., 2006; Acir and Guenther, 2018). 

Fig. 2. Chemical- and toxicological reduction rates, and ecological recovery rates after implementation of each treatment.  
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There were also dynamic changes in bacterial OTU during the study 
period (Fig. 2 and Table S8). An OTU value greater than 0.5 × 105 was 
generally detected in all habitat types but surged at different times 
depending on the type of habitat. In BTm and SMm, the OTU increased 
more than 2 to 3 times during the period of 6 h d-1. In BT and SM, the 
OTU increased rapidly after 3 d. The number of species of diatom and 
the abundance of meiofauna were greater at 60 d than at 0 h. A marked 
increase in the abundance of meiofauna and the highest value of Chl-a 
was also observed in the SMm habitat. In BTm and SMm, the amount of 
Chl-a more than doubled by the end of the 60 d study period, suggesting 
that the contaminated sediments were gradually remediated to create an 
environment favorable for benthic organisms to live (Table S8). 

Bio-irrigation has been linked to dramatic changes in both the 
composition and metabolic activity of the sedimentary bacterial 
assemblage. Macrofaunal burrows harbor unique populations of bacte
ria that can mineralize PTSs more rapidly than those from adjacent 
nonborrowed sediment (Swanberg, 1991). The influence of benthic 
macrofauna not only influences the biomass, spatial distribution, pro
duction rate, and feeding activity (i.e., grazing pressure) of MPB but also 
on organic matter mineralization rates and nutrient cycling through 
sediment bio-irrigation (D’Hondt et al., 2018; Thrush et al., 2006). In 
addition, two species of C. sinensis and M. japonicus may have a positive 
effect on MPB photosynthesis and growth by enhancing the remineral
ization processes and nutrient fluxes across the benthic interface 
(Sandwell et al., 2009; Lohrer et al., 2010; Donadi et al., 2013; Vol
kenborn et al., 2016; Hope et al., 2020). Overall, bioturbation processes 
(i.e., both sediment reworking and bio-irrigation) increase the incor
poration and regeneration rates of organic carbon within the benthic 
compartment. Thus, the processes stimulate nutrient flux across the 
sediment–water interface where primary microbenthic producers can 
assimilate them for photosynthesis under optimal conditions (Eriksson 
et al., 2017). 

3.2. Self-organizing map (SOM) analysis for the evaluation of 
habitat recovery using machine learning of time-series clustering 

A SOM as a comprehensive analysis was built to categorize the re
covery status of each habitat from chemical, toxicological, and ecolog
ical data. Considering the number of samples and unexplained variance, 
four super-classes (groups) were chosen (Fig. S4a). The clustering results 
of SOM prototypes into super-classes elicited 0.23 of the average 
silhouette width (Si), indicating the significant cohesion of a given cell to 

the cluster that it belongs to (Fig. S4b). In particular, cells C1, C2, and C5 
in Group I showed the highest Si value (Si = 0.32), which meant that they 
held the longest distance (weakest cohesion or less relationship) to other 
groups. A spatial gradient was observed for all of the sampling data 
(Fig. 3a); Group I (10 total) with BT0h, BT2h, SM0h, SM2h, BTm0h, BTm2h, 
BTm6h, BTm1d, SMm0h, and SMm2h; Group II (13 total) with BT6h, 
BT12h, SM6h, SM12h, SM1d, SM2d, SM3d, BTm12h, BTm7d, SMm6h, 
SMm12h, SMm1d, and SMm2d; Group III (11 total) with BT1d, BT2d, BT3d, 
BT7d, BT14d, BT30d, BT60d, SM30d, BTm2d, BTm3d, and BTm14d; Group IV 
(10 total) with SM7d, SM14d, SM60d, BTm30d, BTm60d, SMm3d, SMm7d, 
SMm14d, SMm30d, and SMm60d. This result, along with sampling time/ 
date and various other results (Fig. 2), suggests that PTSs, HMs, and their 
toxicities decreased over time, and the benthic community recovered. 

Each group had characteristics that showed varying recovery fea
tures in chemistry (reduction rate of PTSs and HMs), toxicology 
(reduction rate of AhR-mediated potency), and ecology (increase of 
benthic community health) from the initial stage (0 h) (Fig. 3b). The 
common characteristics of Group I are high concentration and potential 
toxicity of PTSs and low level of ecological restoration. In contrast, 
Group IV showed 40% reduction in PTSs and HMs, 54% reduction in 
toxicity, and 2.9 times increase in the benthic community, which indi
cated the greatest natural purification capacity as compared with the 
other groups. According to this observation, each group could be 
considered to represent a different degree of remediation from PTSs and 
HMs contamination set by cross-related chemical, toxicological, and 
ecological data (Group I for least remediation and Group IV for greatest). 
It should be noted that each habitat type moved across groups and fol
lowed a different route of remediation (Fig. 3c). All habitats except BT 
achieved the same state as Group IV by day 60. Interestingly, BTm data 
moved back and forward between groups as time elapsed, and its tran
sition period was shorter than other groups, reflecting the vigorous 
remediation process occurring in that habitat. Both SM and SMm habi
tats recovered more quickly than non-saltmarsh habitats, and SMm 
followed the most effective route and reached Group IV after only three 
days. 

There are various methods for evaluating the health of a benthic 
ecosystem (Pearce et al., 2014). SQT is an integrated analysis for eval
uating marine ecosystem health associated with recovery from 
contamination (Lee et al., 2018). In this study using novel classifications 
and groupings, machine learning offered a useful tool to characterize 
aspects of sediment quality (Pearce et al., 2014). To this end, we pre
sented an approach for identifying a reasonable number of classes that 

Fig. 3. A novel, machine learning-based approach for determining sediment quality and evaluating the purification capacity of tidal flats for contaminated sedi
ments. (a) Self-organizing map showing treatments of each sediment quality group. (b) Sediment quality triad characteristics of each group. (c) Change of char
acteristics in each group across the treatment period. 
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emphasized aspects of classification representativeness and considered 
potential statistical power using a SOM (Zurada, 1992). This strategy 
found four super-classes to be a reasonable grouping for the data. The 
results from the approach of SQT via SOM could help to understand the 
kinds of complex interclass relationships that would be useful for eval
uating the recovery of marine ecosystems requiring larger classification 
systems. 

3.3. Effect of macrofauna (C. Sinensis and m. japonicus) and salt 
marsh (P. australis) on the change of benthic community 

To investigate the effects of macrofauna and vegetations in variation 
in a benthic community, habitats with similar characteristics were 
categorized into four groups in terms of the presence and absence of 
macrofauna and vegetations (‘w/ macrofauna’: BTm + SMm, ‘w/o 
macrofauna’: BT + Sm, ‘w/ vegetation’: SM + SMm, and ‘w/o vegeta
tion’: BT + BTm). The multivariate variability of z-standardized data 
was visualized using axes of the two principal components (PC1 and 
PC2) and accounted for 75.9% (41.6% and 34.3% for axes 1 and 2, 

respectively) and 79.2% (48.7% and 30.5% for axes 1 and 2, respec
tively) of the variation (Fig. S5a and b). 

As reflected in the plot, four habitat type groups were formed ac
cording to the sampling periods on the PCA diagram (A1–A4 and B1–B4) 
(Fig. 4). Group A1 showed a significant correlation with Nematoda and 
Paralia sulcate, Chloroflexi, Acidobacteriota, Desulfobacterota, Firmicutes, 
and Verrucomicrobia in bacteria, and Polychaeta and Amphipoda in 
meiofauna, were the most closely related groups (Fig. 4a). Nematoda, 
Thalassinonema nitzschioides, Pastescribacteria, Actinobacteriota, and 
Thermotogota showed a strong correlation with group A3, and the in
termediate sampling dates showed lower contamination in w/ macro
fauna group. Finally, group A4 was correlated with Copepoda, Navicula 
perminuta, Cyclotella cf. stylorum, and Campilobacterota. Each habitat 
group moved between the clusters as time elapsed, and its route 
depended on the presence or absence of macrofauna in the habitats (w/ 
macrofauna vs. w/o macrofauna). In particular, the ‘w/ macrofauna’ 
group showed more frequent transitions in the benthic community 
structure. Fig. 4b also showed that four groups (B1–B4) were identified 
with a similar benthic community to group A (Fig. 4b). Group B1 

Fig. 4. Change in the benthic community over time under each unique PTSs and HMs composition in each habitat group. (a–b) Changes in benthic community group 
(bacteria, MPB, and meiofauna) based on the results of the principal component analysis in each habitat group. (c–d) Changes in PTS composition according to the 
dominant bacteria in each habitat group. (High molecular weight, HMW and low molecular weight, LMW) (MPB: microphytobenthos including P. sulcata: Paralia 
sulcate; T. nitzschioides: Thalassinonema nitzschioides; N. perminuta: Navicula perminuta; C. stylorum: Cyclotella cf. stylorum) (Bacteria: Pastes.: Pastescibacteria; Actino.: 
Actinobacteriota; Thermo.: Thermotogota; Chloro.: Chloroflexi; Acido.: Acidobacteriota; Desulfobacterota: Desulfo.; Firm.: Firmicutes; Campilo.: Campilobacterota; Cyano: 
Cyanobacteria; Bact.: Bacteroidota). 
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suggested P. sulcate as a dominant diatom at the initial stage (0 h). Group 
B2 was dominant in w/o vegetation, with a similar community as A2 but 
without Polychaeta. During most of the study period, Nematoda was 
strongly dominant in the ‘w/o vegetation’ habitat group (cluster B3). 
Interestingly, group B4 contained Ostracoda, Delphineis sp. Cyanobac
teria, and Bacteroidota were not dominant in ‘w/ macrofauna’ or the ‘w/ 
o macrofauna’ habitat groups. 

Macrofauna either stabilize or destabilize the sediment by facili
tating or inhibiting effects on shoreline succession (Reise, 2002). The 
present study provides experimental evidence that macrofauna has the 
potential to change the ecology of a habitat in the depositional coastal 
environment. Change in the dominant benthic organisms (meiofauna: 
Nematoda → Copepod; MPB: P. sulcata → N. Perminuta and C. stylorum; 
bacteria: Chloroflexi → Campilobacterota) reflected that bio-irrigation by 
macrofauna could enhance biodegradation of native PTSs and promote 
the emergence of several benthic communities through improved sedi
ment quality (McQuoid and Nordberg, 2003; Saros and Anderson, 2015; 
Drira et al., 2018; Chen et al., 2019; Speirs et al., 2019; Wang et al., 
2022). The influence of vegetation transplantation on the benthic 
community promoted a change in bacterial communities and made a 
slight difference in meiofauna communities between w/o vegetation and 
w/ vegetation groups. On day 30, the habitats with vegetation seemed to 
rapidly acquire diatom communities of similar composition and di
versity as those present on day 60, indicating a relatively rapid recovery 
of MPB communities at the level of major taxonomic groups. Further
more, the appearance of various meiofauna species occurred earlier in 
the contaminated sediments (Fig. S6). An except for the early appear
ance of Chloroflexi in the w/ vegetation group, the benthic community 
changed similarly to that of the w/o vegetation group. The structural 
heterogeneity in tidal flats might accelerate the change in MPB and 
bacterial communities, without any notable effect from halophyte 
seeding (Tolhurst et al., 2020). 

3.4. Correlation between the composition of PTSs and bacterial 
community in each habitat type group 

Among all the bacteria detected in the samples (Fig. S7a), we 
analyzed bacterial order, which accounted for over 1% of the commu
nity, and compared the relationship between PTS components (parent 
and metabolite compounds) and bacteria to the results of each clustered 
group (Fig. 4c). In group w/ macrofauna, the parent compounds 
(including high molecular weight PAHs, STs, and alkylphenol ethox
ylates (OPEOs (octylphenol ethoxylate) + NPEOs (nonylphenol ethox
ylate)) decreased over the experimental period, while the metabolites 
(low molecular weight, LMW; SDs, and APs) tended to increase. In group 
w/o macrofauna, except for APs the change in the composition of the 
other two PTSs was not evident. The A1 group was observed to have a 
positive correlation with LMW, SDs, and OPEOs + NPEOs, and A2 was 
associated with an increase in SD (p < 0.05). In particular, A3 showed a 
positive correlation with APs (p < 0.05) (Fig. S8). In the case of w/o 
macrofauna, there was no clear relationship between bacterial com
munity and compound composition. Considering the period of rapid 
change from A1 to A3, with the bio-irrigation effect from the macro
fauna, it was confirmed that PTSs in the contaminated sediment showed 
rapid changes in the order of PAHs, SOs, and APs due to the change of 
the bacterial community. 

For the w/o vegetation group, three bacterial groups changed ac
cording to the composition of PTSs across the study period. When 
comparing the compound compositions of w/ and w/o vegetation 
groups, there was a marked decrease in APs and an increase in OPEOs +
NPEOs (Fig. 4d). Among the bacterial groups, B1 showed significantly 
increased levels of metabolites such as LMW and SD, and APs in group 
SO (p < 0.05) (Fig. S8). The correlations between chemical compositions 
and other bacterial groups were similar to those in w/ macrofauna. 
Meanwhile, the w/o vegetation group showed a similar result to the w/o 
macrofauna group, such that B3, including Campilobacterota, 

Cyanobacteria, and Bacteroidota, was only positively correlated with the 
metabolites (LMW, SD, and APs) (p < 0.05). 

3.5. Temporal change of SQT values to evaluate natural 
purification of contaminated sediments and the effect of bio- 
irrigation and phytoremediation in tidal flats 

The SQT approach was employed to identify how bio-irrigation and 
phytoremediation mitigate the impact of PTS and HMs contaminations 
on the chemical, toxicological, and ecological features of the sediments. 
To evaluate the effectiveness of various methods of physical and bio
logical remediation, ratios of ten target endpoints to negative control 
values (reference sediment) were determined (Fig. 5). SQTs of purifi
cation rates were compared for the habitat groups in terms of bio- 
irrigation (w/ macrofauna vs. w/o macrofauna) and phytoremediation 
(w/ vegetation vs. w/o vegetation), and revealed an overall improve
ment of SQTs in all groups. Furthermore, the regression model pre
dicting the change in SQT value for each habitat was able to predict the 
change trend of each recovery value. 

The w/ macrofauna group had an average recovery of 71.2% due to 
superior restoration in all areas (chemistry: 11.0%p, toxicology: 14.1% 
p, ecology: 30.0%p) as compared to the w/o macrofauna group (average 
recovery: 52.8%). The forecast model based on the linear regression 
proposed that for chemistry values to show a gradual recovery compared 
to those of toxicology and ecology. Full recovery of the toxicology 
component in w/o macrofauna was predicted to take over 60 days, 
which was later than that of w/ macrofauna (30 days). Better purifica
tion of the w/ macrofauna group can be attributed to bio-irrigation by 
Cyclina sinensis and Macrophthalmus japonicus. In the case of ecology, w/ 
macrofauna showed a more rapid recovery rate than w/o macrofauna, 
and 100% recovery was predicted before 100 days. The w/ vegetation 
group had an average of 68. % recovery, which is higher than the w/o 
vegetation group’s 55.0%. The results suggested that phytoremediation 
would enhance the final ecological, toxicological, and chemical re
coveries by an additional 17.6%p, 14.1%p, and 10.3%p, respectively, as 
compared to the w/o vegetation group. Unlike chemistry, the pattern of 
recovery in toxicology and ecology is the result of differences in bio
logical reactions according to the effect of PTSs and HMs. Biochemical 
and ecological responses are more diverse and complex than chemical 
changes (concentrations of PTS and HMs), and the degradation of a 
highly toxic parent chemical dramatically increases the recovery rate in 
toxicology and ecology after a certain period of time, changing the re
covery pattern (Yim et al., 2017). 

Changes in physicochemical properties by the activity of organisms 
in tidal flats provide many positive attributes toward the purification of 
PTSs and HMs. First, sediment porosity, percolation rates, and hori
zontal hydrologic conductivity rates, which are created by the activity of 
macrofauna or vegetation roots, control the rate of oxygen delivery to 
subsurface layers. Second, macrofauna and vegetation in tidal flats 
provide an enriched culture zone for microbes involved in degradation 
(Olsen et al., 1998; Macek et al., 2000; Meharg and Cairney, 2000). As 
interest in constructed wetlands grows, many marine organisms, 
including shrimps, crabs, and mussels, can be considered eco-friendly 
biological remediators. Currently, vegetation is the most commonly 
used biological element in constructed wetlands and plays important 
roles in PTS and HMs purification, both directly and indirectly, by 
stimulating bacterial composition changes. Indeed, constructed wet
lands with combined vegetation and macrofauna tend to show greater 
efficiency in removing organic waste (Sachaniya et al., 2019). 

4. Conclusion 

The present study is the first to provide a comprehensive assessment 
of bio-irrigation and phytoremediation effects in a tidal flat through the 
implementation of an in situ mesocosm and artificial neural network- 
based clustering machine learning method. The findings included 
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reduced concentrations of PTSs and HMs, and AhR-mediated potencies, 
and the recovery of benthic communities. Specifically, the concentra
tions of target PTSs and HMs, and their associated toxicities decreased 
significantly as benthic community increased over the 60 d study period. 
Greater reductions in PTS and HMs concentrations were observed in the 
habitat types that contained macrofauna and vegetation as compared to 
those without. Because this study conducted chemical, toxicological, 
and biological evaluations following the recovery of contaminated 
sediments, there is the limitation of not estimating bioavailability 
through bioaccumulation and phytoextraction. This substantial reme
diation of PTS and HMs contamination was presumably due to bio- 
irrigation and phytoremediation effects. Bio-irrigation from macro
fauna drove the change in the benthic community and hydrocarbon 
degradation by bacterial succession. However, further research is 
needed to determine the detailed contribution of physical, chemical, and 
biological factors to the decreased concentration of PTSs and HMs over 
the 60 day experimental period. 

Both bio-irrigation and phytoremediation caused the bacterial 
community to utilize the parent hydrocarbon compounds first, which 
caused the rapid reduction of AhR-mediated potency in contaminated 
sediments. Through integrated SQT analysis, bio-irrigation resulted in 
more recovery gains of 11.0%p chemically, 14.1%p toxicologically, and 
30.0%p ecologically, and phytoremediation showed more recovery 
gains of 10.3%p chemically, 14.1%p toxicologically, and 17.6%p 
ecologically. Altogether, the results of the present study document the 
natural purification capacity in tidal flats through an integrated analysis 
of environmental pollutants and associated biological responses in 
severely contaminated sediments. Such the study of quantification of the 
capacity can contribute to further valuing the Yellow Sea, which has 
many tidal flats. 

CRediT authorship contribution statement 

Taewoo Kim: Writing – original draft, Visualization, Formal anal
ysis, Data curation, Conceptualization. Changkeun Lee: Writing – re
view & editing, Validation. Inha Kwon: Investigation, Formal analysis. 
Junghyun Lee: Investigation, Formal analysis. Shin Yeong Park: 
Investigation, Formal analysis. Dong-U Kim: Investigation, Formal 

analysis. Jongmin Lee: Investigation, Formal analysis. Gayoung Jin: 
Investigation, Formal analysis. Mehdi Yousefzadeh: Formal analysis, 
Data curation. Hanna Bae: Investigation, Formal analysis. Yeonjae 
Yoo: Formal analysis. Jae-Jin Kim: Writing – review & editing. Jun
sung Noh: Writing – review & editing. Seongjin Hong: Writing – re
view & editing, Formal analysis. Bong-Oh Kwon: Writing – review & 
editing. Won Keun Chang: Writing – review & editing, Project 
administration. Gap Soo Chang: Writing – original draft, Visualization, 
Conceptualization. Jong Seong Khim: Writing – review & editing, 
Visualization, Supervision, Project administration, Funding acquisition, 
Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The data that has been used is confidential. 

Acknowledgments 

This research was supported by Korea Institute of Marine Science & 
Technology Promotion (KIMST) funded by the Ministry of Oceans and 
Fisheries, Korea (202300239887, 20220526, and 20220534), and Na
tional Research Foundation of Korea (NRF-2022R1A2C1092682 and RS- 
2023-00249256) granted to JSK. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envint.2024.108534. 

References 

Acir, I.-H., Guenther, K., 2018. Endocrine-disrupting metabolites of alkylphenol 
ethoxylates–a critical review of analytical methods, environmental occurrences, 

Fig. 5. Temporal change of SQT values based on integrated approaches with chemistry, toxicology, and ecology by using forecast model. The integrated approaches 
included: 1) PTSs and HMs reduction (concentration), 2) toxicology attenuation (%BaPmax from F2 and F3), and 3) benthic ecosystem recovery (bacterial community, 
MPB cell, meiofaunal individual, and chl-a). 

T. Kim et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.envint.2024.108534
https://doi.org/10.1016/j.envint.2024.108534


Environment International 185 (2024) 108534

10

toxicity, and regulation. Sci. Total Environ. 635, 1530–1546. https://doi.org/ 
10.1016/j.scitotenv.2018.04.079. 

Ahn, C., Mitsch, W.J., 2002. Scaling considerations of mesocosm wetlands in simulating 
large created freshwater marshes. Ecol. Eng. 18, 327–342. https://doi.org/10.1016/ 
s0925-8574(01)00092-1. 

Amato, E.D., Simpson, S.L., Remaili, T.M., Spadaro, D.A., Jarolimek, C.V., Jolley, D.F., 
2016. Assessing the effects of bioturbation on metal bioavailability in contaminated 
sediments by diffusive gradients in thin films (DGT). Environ. Sci. Technol. 50, 
3055–3064. 

Bae, H., Lee, J.-H., Song, S.J., Park, J., Kwon, B.-O., Hong, S., Ryu, J., Choi, K., Khim, J. 
S., 2017. Impacts of environmental and anthropogenic stresses on macrozoobenthic 
communities in Jinhae Bay, Korea. Chemosphere 171, 681–691. https://doi.org/ 
10.1016/j.chemosphere.2016.12.112. 

Bae, H., Ahn, I.-Y., Park, J., Song, S.J., Noh, J., Kim, H., Khim, J.S., 2021. Shift in polar 
benthic community structure in a fast retreating glacial area of Marian cove, West 
Antarctica. Sci. Rep. 11, 1–10. https://doi.org/10.1038/s41598-020-80636-z. 

Banta, G.T., Holmer, M., Jensen, M.H., Kristensen, E., 1999. Effects of two polychaete 
worms, Nereis diversicolor and Arenicola marina, on aerobic and anaerobic 
decomposition in a sandy marine sediment. Aquat. Microb. Ecol. 19, 189–204. 
https://doi.org/10.3354/ame019189. 

Billiard, S.M., Timme-Laragy, A.R., Wassenberg, D.M., Cockman, C., Di Giulio, R.T., 
2006. The role of the aryl hydrocarbon receptor pathway in mediating synergistic 
developmental toxicity of polycyclic aromatic hydrocarbons to zebrafish. Toxicol. 
Sci. 92, 526–536. https://doi.org/10.1093/toxsci/kfl011. 

Blake, R.E., Olin, J.A., 2022. Responses to simultaneous anthropogenic and biological 
stressors were mixed in an experimental saltmarsh ecosystem. Mar. Environ. Res. 
179, 105644. 

Boelaert, J., Ollion, E., Sodoge, J., Megdoud, M., Naji, O., Kote, A.L., Renoud, T., Hym, S., 
Boelaert, M., 2022. J. Package ‘aweSOM’. 

Chen, L., Weng, D., Du, C., Wang, J., Cao, S., 2019. Contribution of frustules and 
mucilage trails to the mobility of diatom navicula sp. Sci. Rep. 9, 1–12. https://doi. 
org/10.1038/s41598-019-43663-z. 

Chon, T.-S., Park, Y.S., Moon, K.H., Cha, E.Y., 1996. Patternizing communities by using 
an artificial neural network. Ecol. Model. 90, 69–78. 

Cicero-Fernández, D., Peña-Fernández, M., Expósito-Camargo, J.A., Antizar-Ladislao, B., 
2017. Long-term (two annual cycles) phytoremediation of heavy metal- 
contaminated estuarine sediments by Phragmites australis. New Biotechnol. 38, 
56–64. 

Couto, M.N.P., Basto, M.C.P., Vasconcelos, M.T.S., 2011. Suitability of different salt 
marsh plants for petroleum hydrocarbons remediation. Chemosphere 84, 
1052–1057. 

D’Hondt, A.-S., Stock, W., Blommaert, L., Moens, T., Sabbe, K., 2018. Nematodes 
stimulate biomass accumulation in a multispecies diatom biofilm. Mar. Environ. Res. 
140, 78–89. 

Ding, C., He, X., 2004. K-means clustering via principal component analysis. Proceedings 
of the twenty-first international conference on Machine learning 29. https://doi.org/ 
10.1016/j.marenvres.2018.06.005. 

Donadi, S., Westra, J., Weerman, E.J., van der Heide, T., van der Zee, E.M., van de 
Koppel, J., Olff, H., Piersma, T., van der Veer, H.W., Eriksson, B.K., 2013. Non- 
trophic interactions control benthic producers on intertidal flats. Ecosystems 16, 
1325–1335. https://doi.org/10.1007/s10021-013-9686-8. 

Dong, W., Wan, J., Tokunaga, T.K., Gilbert, B., Williams, K.H., 2017. Transport and 
humification of dissolved organic matter within a semi-arid floodplain. Journal of 
Environmental Sciences 57, 24–32. 

Drira, Z., Kmiha-Megdiche, S., Sahnoun, H., Tedetti, M., Pagano, M., Ayadi, H., 2018. 
Copepod assemblages as a bioindicator of environmental quality in three coastal 
areas under contrasted anthropogenic inputs (gulf of Gabes, Tunisia). J. Mar. Biol. 
Assoc. u. k. 98, 1889–1905. https://doi.org/10.1017/s0025315417001515. 

Eom, H.-J., Kim, H., Kim, B.-M., Chon, T.-S., Choi, J., 2014. Integrative assessment of 
benzene exposure to Caenorhabditis elegans using computational behavior and 
toxicogenomic analyses. Environ. Sci. Technol. 48, 8143–8151. https://doi.org/ 
10.1021/es500608e. 

Eriksson, B.K., Westra, J., van Gerwen, I., Weerman, E., van Der Zee, E., van der 
Heide, T., van de Koppel, J., Olff, H., Piersma, T., Donadi, S., 2017. Facilitation by 
ecosystem engineers enhances nutrient effects in an intertidal system. Ecosphere 8, 
e02051. 

Fenchel, T., 1996. Worm burrows and oxic microniches in marine sediments. 1. Spatial 
and Temporal Scales. Mar. Biol. 127, 289–295. https://doi.org/10.1007/ 
bf00942114. 

Granberg, M.E., Selck, H., 2007. Effects of sediment organic matter quality on 
bioaccumulation, degradation, and distribution of pyrene in two macrofaunal 
species and their surrounding sediment. Mar. Environ. Res. 64 (3), 313–335. 

Hansen, K., Kristensen, E., 1998. The impact of the polychaete Nereis diversicolor and 
enrichment with macroalgal (Chaetomorpha linum) detritus on benthic metabolism 
and nutrient dynamics in organic-poor and organic-rich sediment. J. Exp. Mar. Biol. 
Ecol. 231, 201–223. https://doi.org/10.1016/s0022-0981(98)00070-7. 

Hasanudin, U., Fujita, M., Kunihiro, T., Fujie, K., Suzuki, T., 2004. The effect of clams 
(Tapes philippinarum) on changes in microbial community structure in tidal flat 
sediment mesocosms, based on quinone profiles. Ecol. Eng. 22, 185–196. https:// 
doi.org/10.1016/j.ecoleng.2004.05.003. 

Hong, S., Khim, J.S., Naile, J.E., Park, J., Kwon, B.-O., Wang, T., Lu, Y., Shim, W.J., 
Jones, P.D., Giesy, J.P., 2012. AhR-mediated potency of sediments and soils in 
estuarine and coastal areas of the Yellow Sea region: a comparison between Korea 
and China. Environ. Pollut. 171, 216–225. https://doi.org/10.1016/j. 
envpol.2012.08.001. 

Hong, S., Lee, J., Lee, C., Yoon, S.J., Jeon, S., Kwon, B.O., Lee, J.-H., Giesy, J.P., Khim, J. 
S., 2016. Are styrene oligomers in coastal sediments of an industrial area aryl 
hydrocarbon-receptor agonists? Environ. Pollut. 213, 913–921. 

Hong, S., Kim, Y., Lee, Y., Yoon, S.J., Lee, C., Liu, P., Kwon, B.-O., Hu, W., Khim, J.S., 
2022. Distributions and potential sources of traditional and emerging polycyclic 
aromatic hydrocarbons in sediments from the lower reach of the Yangtze River. 
China. Sci. Total Environ. 152831 https://doi.org/10.1016/j. 
scitotenv.2021.152831. 

Hope, J.A., Paterson, D.M., Thrush, S.F., 2020. The role of microphytobenthos in soft- 
sediment ecological networks and their contribution to the delivery of multiple 
ecosystem services. J. Ecol. 108, 815–830. https://doi.org/10.1111/1365- 
2745.13322. 

Hu, J., Jia, G., Mai, B., Zhang, G., 2006. Distribution and sources of organic carbon, 
nitrogen and their isotopes in sediments of the subtropical Pearl River estuary and 
adjacent shelf, southern China. Mar. Chem. 98, 274–285. https://doi.org/10.1016/j. 
marchem.2005.03.008. 

Hwang, K., Lee, J., Kwon, I., Park, S.Y., Yoon, S.J., Lee, J., Kim, B., Kim, T., Kwon, B.-O., 
Hong, S., Lee, M.J., Hu, W., Wang, T., Choi, K., Ryu, J., Khim, J.S., 2021. Large-scale 
sediment toxicity assessment over the 15,000 km of coastline in the yellow and bohai 
seas. East Asia. Sci. Total Environ. 792, 148371. 

Kadlec, R.H., Reddy, K., 2001. Temperature effects in treatment wetlands. Water Environ 
Res. 73, 543–557. https://doi.org/10.2175/106143001x139614. 

Khim, J.S., Park, J., Song, S.J., Yoon, S.J., Noh, J., Hong, S., Kwon, B.-O., Ryu, J., 
Zhang, X., Wang, T., 2018. Chemical-, site-, and taxa-dependent benthic community 
health in coastal areas of the Bohai Sea and northern Yellow Sea: a sediment quality 
triad approach. Sci. Total Environ. 645, 743–752. https://doi.org/10.1016/j. 
scitotenv.2018.07.169. 

Kim, J.-E., 2013. Land use management and cultural value of ecosystem services in 
southwestern korean islands. J. Mar. Isl. 2, 49–55. https://doi.org/10.1016/j. 
imic.2013.06.002. 

Kim, T., Noh, J., Kwon, B.-O., Lee, C., Kim, B., Kwon, I., Hong, S., Chang, G.S., Chang, W. 
K., Nam, J., 2020b. Natural purification capacity of tidal flats for organic matters 
and nutrients: a mesocosm study. Mar. Pollut. Bull. 154, 111046 https://doi.org/ 
10.1016/j.marpolbul.2020.111046. 

Kim, T., Lee, C., Lee, J., Bae, H., Noh, J., Hong, S., Kwon, B.-O., Kim, J.-J., Yim, U.H., 
Chang, G.S., Giesy, J.P., Khim, J.S., 2022. Best available technique for the recovery 
of marine benthic communities in a gravel shore after the oil spill: a mesocosm-based 
sediment triad assessment. J. Hazard. Mater. 435, 128945 https://doi.org/10.1016/ 
j.jhazmat.2022.128945. 

Kim, H.-G., Song, S.J., Bae, H., Noh, J., Lee, C., Kwon, B.-O., Lee, J.-H., Ryu, J., Khim, J. 
S., 2020a. Natural and anthropogenic impacts on long-term meiobenthic 
communities in two contrasting nearshore habitats. Environ. Int. 134, 105200 
https://doi.org/10.1016/j.envint.2019.105200. 

Kohonen, T., 1990. The self-organizing map. Proc. IEEE 78, 1464–1480. 
Kowalska, J.B., Mazurek, R., Gąsiorek, M., Zaleski, T., 2018. Pollution indices as useful 

tools for the comprehensive evaluation of the degree of soil contamination–a review. 
Environ. Geochem. Health 40, 2395–2420. https://doi.org/10.1007/s10653-018- 
0106-z. 

Kwon, B.-O., Kim, H., Noh, J., Lee, S.Y., Nam, J., Khim, J.S., 2020. Spatiotemporal 
variability in microphytobenthic primary production across bare intertidal flat, 
saltmarsh, and mangrove forest of Asia and Australia. Mar. Pollut. Bull. 151, 110707 
https://doi.org/10.1016/j.marpolbul.2019.110707. 

Kwon, B.G., Moon, K.R., 2019. Physicochemical properties of styrene oligomers in the 
environment. Sci. Total Environ. 683, 216–220. 

Lee, J., Hong, S., Yoon, S.J., Kwon, B.-O., Ryu, J., Giesy, J.P., Allam, A.A., Al- 
Khedhairy, A.A., Khim, J.S., 2017. Long-term changes in distributions of dioxin-like 
and estrogenic compounds in sediments of Lake sihwa, Korea: revisited mass 
balance. Chemosphere 181, 767–777. https://doi.org/10.1016/j. 
chemosphere.2017.04.074. 

Lee, J., Hong, S., Kwon, B.-O., Cha, S.A., Jeong, H.-D., Chang, W.K., Ryu, J., Giesy, J.P., 
Khim, J.S., 2018. Integrated assessment of persistent toxic substances in sediments 
from Masan Bay, South Korea: comparison between 1998 and 2014. Environ. Pollut. 
238, 317–325. https://doi.org/10.1016/j.envpol.2018.02.064. 

Lee, C., Hong, S., Noh, J., Lee, J., Yoon, S.J., Kim, T., Kim, H., Kwon, B.-O., Lee, H., Ha, S. 
Y., 2019a. Comparative evaluation of bioremediation techniques on oil 
contaminated sediments in long-term recovery of benthic community health. 
Environ. Pollut. 252, 137–145. https://doi.org/10.1016/j.envpol.2019.05.100. 

Lee, J., Kim, T., Yoon, S.J., Kim, S., Lee, A.H., Kwon, B.-O., Allam, A.A., Al-Khedhairy, A. 
A., Lee, H., Kim, J.-J., 2019b. Multiple evaluation of the potential toxic effects of 
sediments and biota collected from an oil-polluted area around abu Ali Island, Saudi 
Arabia. Arabian Gulf. Ecotoxicol. Environ. 183, 109547 https://doi.org/10.1016/j. 
ecoenv.2019.109547. 

Lee, J., Hong, S., Kim, T., Lee, C., An, S.-A., Kwon, B.-O., Lee, S., Moon, H.-B., Giesy, J.P., 
Khim, J.S., 2020. Multiple bioassays and targeted and nontargeted analyses to 
characterize potential toxicological effects associated with sediments of masan bay: 
focusing on AhR-mediated potency. Environ. Sci. Technol. 54, 4443–4454. https:// 
doi.org/10.1021/acs.est.9b07390.s001. 

Levenberg, K., 1944. A method for the solution of certain non-linear problems in least 
squares. Q. Appl. Math. 2 (2), 164–168. 

Lohrer, A., Halliday, N., Thrush, S., Hewitt, J., Rodil, I., 2010. Ecosystem functioning in a 
disturbance-recovery context: contribution of macrofauna to primary production 
and nutrient release on intertidal sandflats. J. Exp. Mar. Biol. Ecol. 390, 6–13. 
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