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• Concentrations of MCs in water were
strongly related to cyanobacterial den-
sity and biomass.

• MC-LR was the most abundant MC vari-
ant in environmental multimedia and
organisms.

• Water-SPM distribution coefficients of
MCs decreased from inner to outer estu-
ary areas.

• The half-life of dissolved MCs in the es-
tuary was longer than that of
particulate MCs.

• Species-specific bioaccumulation of
MCs occurred in tidal flat organisms.
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Spatio-temporal distributions and bioaccumulation characteristics of freshwater cyanobacterial toxins, such as
microcystins (MCs) in the Geum River Estuary, South Korea, were investigated during summer. Environmental
multimedia samples (water, suspended particulate matter (SPM), and sediments) and tidal flat organisms (poly-
chaetes, decapods, amphipods, and bivalves) were collected from regions inside and outside of the estuary dam
for MCs analysis. Phytoplankton communities in the Geum River (freshwater) and estuarine area (brackish
water) were also analyzed in order to understand the relationship with MCs concentrations. Seasonal variation
in the structure of phytoplankton communities was detected in the Geum River, with a relatively high density of
Cyanophyta in summer. MC concentrations were strongly correlated to water temperature, chlorophyll a, and
cyanobacterial density. MC-LR was the most abundant MC variants in environmental samples. Dissolved MCs
remained for longer periods andweremorewidely distributed in the coastal environments compared toparticulate
MCs. The distribution coefficients betweenwater and SPM (Kd-SPM) and betweenwater and sediments (Kd-sediment)
of MCs showed that the phase shift of MCs in the environmental samples occurred in the estuary. Kd-SPM declined
from the inside to outside regions of the estuary dam, and was mainly attributed to differences in the half-lives of
MCs in dissolved (4.7 d for MC-LR) and particulate phases (0.44–0.52 d for MC-LR). Species-specific bioaccumula-
tion of MCs occurred in tidal flat organisms, with relatively high bioaccumulation factors of MCs being detected in
polychaetes anddecapods compared to amphipods and bivalves. Overall, this study advances our understanding on
the distribution, transport, fate, and bioaccumulation of MCs in estuarine and coastal environments.
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1. Introduction

In recent decades, the intensity, frequency, and duration of harmful
freshwater cyanobacteria blooms (CyanoHABs) have increased world-
wide, due to the increased inflow of nutrients associatedwith urbaniza-
tion and industrialization (Heisler et al., 2008; Paerl and Paul, 2012). An
increase in water temperature and hydrodynamic patterns, due to
global climate change, is also hypothesized to be related to CyanoHABs
(Carey et al., 2012; O'Neil et al., 2012; Paerl and Huisman, 2009; Visser
et al., 2016). CyanoHABs threaten freshwater ecosystems through the
production of harmful metabolites in the form of peptides (Berry
et al., 2008), with potential negative impacts on drinking water, irriga-
tion, fishing, and recreational uses (Carmichael, 2012; Osborne et al.,
2007). Microcystins (MCs) are representative cyanotoxins belonging
to thehepatotoxin cyclic peptide group, and are produced by freshwater
cyanobacteria, including Anabaena, Aphanizomenon, Microcystis,
Planktothrix, Nostoc, and Oscillatoria (Chorus et al., 2000; Paerl and
Otten, 2013). Over 240 MC variants have been identified to date
(Spoof and Catherine, 2016). MCs are hepatotoxins that potentially pro-
mote the formation of liver tumors inmammals (Watanabe et al., 1996),
leading to adverse effects, such as carcinogenicity, reproductive toxicity,
neurotoxicity, immunity toxicity, and endocrine disruption (Chen et al.,
2016; Valério et al., 2016).

Under field conditions, MCs remain in the form of intracellular
toxins during the growth phase and steady-state phase of blooms
(Jones and Orr, 1994). These toxins are released to the water column
by cellular senescence and cell lysis, and exist as dissolved MCs
(Sivonen and Jones, 1999). MCs are chemically stable in the environ-
ment, because heptapeptide has a cyclical structure (Krishnamurthy
et al., 1989), and can be maintained even under high temperatures
(Metcalf and Codd, 2000) and/or low pH (Harada, 1996) conditions.
MCs produced in closed freshwater environments, such as lakes and
reservoirs, enter coastal environments through estuaries (Kim et al.,
2019). Dissolved MCs and/or cyanobacteria cells introduced to the ma-
rine environments partially accumulate in sediments (Kankaanpaa
et al., 2009). In addition, MCs accumulate in a variety group of organ-
isms, including fish, crustaceans, bivalve, insects, mammals, birds, and
mollusks (Garcia et al., 2010; Gerard et al., 2009; Papadimitriou et al.,
2010; Poste et al., 2011; Wilson et al., 2008). MCs may also be trans-
ferred to organisms in the upper trophic level through the food chain
(Smith andHaney, 2006; Xie et al., 2005), even though some studies re-
ported that biomagnification does not occur (Kim et al., 2019).

MCs have been detected in coastal organisms inhabiting the James
River Estuary (Wood et al., 2014), San Francisco Estuary (Lehman
et al., 2009), Geum River Estuary (Kim et al., 2019), Adriatic Sea (Rita
et al., 2014), Isahaya Bay (Metcalf and Codd, 2000; Umehara et al.,
2017), and Monterey Bay (Miller et al., 2010). In general, Microcystis
aeruginosa is inhibited when salinity is below 10 psu (Preece et al.,
2017); yet, some Microcystis spp. are able to survive in brackish
(17.5 psu) and seawater (35 psu) conditions (Miller et al., 2010; Tonk
et al., 2007). Although MCs that enter the marine environments are po-
tentially persistent,most studies have been conducted in freshwater en-
vironments (Kim et al., 2019). Consequently, our current understanding
of the environmental multimedia distribution (water, suspended par-
ticulate matter (SPM), and sediments) and fate of MCs in estuarine
and coastal environments remains limited.

The Geum River Estuary has a partially mixed estuary characteristic,
because the inflow of freshwater was completely blocked after the con-
struction of an estuary dam in 1994 (Lee et al., 1999). Following dam
construction, primary production increased significantly compared to
before (Jeong et al., 2014). When the water level inside the estuary
dam increases, the watergate is opened to discharge freshwater, with
most freshwater being discharged in summer (> 80%), due to heavy
rainfall. Approximately 6.4 × 109 tons of freshwater flows into the Yel-
low Sea through the estuary dam every year (Jeong et al., 2014; Kim
et al., 2019). Phytoplankton in the Geum River includes
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Bacillariophyceae, Cyanobacteria, Chlorophyceae, Chrysophyceae,
Dinoflagellatae, Cryptophyceae, and Euglena (Han et al., 2016).
CyanoHABs have been frequently detected during the summer in recent
years (Noh et al., 2014).

Here, we aimed to understand the environmentalmultimedia distri-
bution and bioaccumulation of MCs in the Geum River Estuary during
the period of freshwater discharge in summer. The specific objectives
were to: (i) determine the abundance and composition of phytoplank-
ton communities in inside (freshwater) versus outside (brackish
water) of estuary dam; (ii) investigate the spatial and temporal distri-
bution of MCs in water, SPM, and sediments, (iii) evaluate the distribu-
tion coefficients of MCs across environmental samples in the estuary;
and (iv) determine the bioaccumulation of MCs in various tidal flat or-
ganisms. The results of the present study will provide a better under-
standing on the multimedia distribution, fate, and bioaccumulation
characteristics of MCs in estuarine and coastal environments.

2. Materials and methods

2.1. Sampling and sample preparation

FromMay toOctober 2018, after freshwater discharge, surfacewater
was collected inside (D1) and outside (D2) the Geum River Estuary
dam, to analyze the phytoplankton community and MCs. On June
26–30, 2018, when there was a large quantity of freshwater discharge
due to heavy rainfall, environmental multimedia samples (including
water, SPM, and sediments) were collected from Sites G1 to G8, while
tidal flat organisms were collected from Sites B1 and B2 (Fig. 1 and
Fig. S1 of Supplementary Materials). Surface water (0.5–1 m depth)
was collected using a Van Dorn sampler. For SPM, a 0.5–1 L of water
sample was filtered using a pre-combusted glass fiber filter (GF/F,
Whatman, Maidstone, England). The SPM was used for the analysis of
chlorophyll-a (Chl a) and particulate MCs. The samples were immedi-
ately frozen at−80 °C until analysis. Surface sediments were collected
at 0–0.5 cm depth using a Van Veen grab sampler, placed in a glass
jar, and frozen at−20 °C until analysis.

During the sampling periods, tidal flat organisms were collected
using 1-mm mesh sieve or collected directly from the tidal flat by
hand, and included polychaetes (Neanthes japonica, Neanthes spp.,
Nephtys sp., Glycera spp., and Lumbrineis sp.), decapods (Hemigrapsus
spp.), amphipod (Mandibulophoxus spp.), and bivalves (Glauconome
sp.). To remove the gut contents, the organisms were depurated with
filtered seawater for 4 h. The organisms were pooled, with five individ-
uals of the same species. For decapods and bivalves, the liver and mid
gland were dissected. Polychaetes and amphipods could not be dis-
sected; thus, the whole body was used for MCs analysis. All biological
samples were stored at −80 °C until analysis.

2.2. Measurement of water quality

From May to October, water quality parameters (such as tempera-
ture, salinity, pH, conductivity, and dissolved oxygen) were measured
in situ using YSI Model Pro 30 (YSI Inc., Baton Rouge, LA). Surface
water samples were used to analyze dissolved inorganic nutrients, in-
cluding NH4

+, NO2
−, NO3

−, PO4
3−, and SiO2. The samples were filtered

through GF/F filters (Whatman), and were stored at−20 °C until anal-
ysis. Dissolved inorganic nutrients were analyzed using a nutrient auto-
analyzer system (Quattro; Seal Analytical Gmbh, Norderstedt,
Germany). On June 26–30, 2018, physical environmental factors (such
as temperature, salinity, and pH) were measured in situ using the
Hydrolab DS5X Multiparameter sonde (OTT Hydromet, Loveland, CO).

2.3. Phytoplankton taxa

Five hundred milliliters of seawater were collected, immediately
preserved with acidic Lugol's solution (final concentration of 1%), and
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transported to the laboratory to analyze the phytoplankton community.
The samples preserved with Lugol's solution were concentrated to de-
termine the abundance of phytoplankton based on a previously de-
scribed method (Welch, 1948). After mixing the concentrated samples
(> 50 times), each phytoplankton species in 1 mL Sedgwick-Rafter
counting chamber was identified and counted using an optical
microscope.

2.4. Extraction of MCs in the environmental samples

The method developed by Kim et al. (2019) to analyze MCs was
followed. In brief, lyophilized filter, sediments, and organisms were
placed in a conical tube containing butanol:methanol:water (1:4:15,
v:v:v) solution. Then, 100 ng enkephalin (Sigma-Aldrich, Saint Louis,
MO) was added to evaluate extraction efficiency. The samples were ex-
tracted for 24 h, sonicated for 5min, centrifuged at 3000 rpm for 15min,
and the supernatants were transferred. This process was repeated three
times. The extract (30 mL) was injected to an Oasis HLB cartridge
(500 mg, 6 cc, Waters, Milford, MA) that was activated with 10 mL
methanol and 10 mL distilled water. After sample loading, the cartridge
waswashedwith 10mL distilled water and 10mL 20%methanol. It was
then dried for 30 min using a vacuum pump. The samples were eluted
with 10 mL methanol, and were concentrated to 1 mL under N2 gas
flow with a 40 °C heating mantle. Finally, 100 μL of 100 ng L−1

monolinuron (Sigma-Aldrich) was added as an internal standard.

2.5. HPLC-MS/MS analysis

The eluents were analyzed using a 1290 infinity II series HPLC
(Agilent Technologies, Santa Clara, CA) combined with a QTRAP 6500
series electrospray ionization tandemmass spectrometer (AB Sciex, Fra-
mingham, MA). The separation of target compounds was conducted
with a UPLC column (Poroshell 120 EC-C18, 4.6 × 50 mm, 2.7 μm,
Agilent Technologies). The mobile phase was: (A) 0.1% formic acid in
3

water and (B) 100% methanol. The injection volume was 10 μL, and
the flow rate was 0.3 mL min−1. All compounds (MC-LR, −RR, -YR,
−LA, -LF, -LW, and -LY) were measured under the positive mode and
multiple reaction monitoring (MRM). Detailed information on MRM
and gradient conditions is presented in Tables S1 and S2.

2.6. Quality control

Calibration standards of 1, 10, 50, 100, 300, 500, and 1000 ng L−1 for
seven MC variants were used, including MC-LR, −RR, -YR, −LA, -LF,
-LW, and -LY (R2 > 0.997 for all MCs). To check accuracy and repeatabil-
ity, instrumental blanks and calibration standards of mid concentration
were analyzed for every 10 injections of samples, as a running standard.
Limit of detections (LODs) for seven MC variants were calculated as:
3.143 × SD (standard deviation, n = 7) for a one-sided 98% confidence
interval. Limit of quantifications (LOQs)were calculated as: 10× SD. The
LODs forMC-LR,−RR, -YR,−LA, -LF, -LW, and -LYwere 3.1, 1.1, 3.2, 5.5,
4.3, 5.3, and 6.1 ng L−1, respectively, while those of LOQs were 10, 3.2,
10, 17, 14, 17, and 19 ng L−1, respectively. The results of standard
spike test (n = 3) indicated that the recovery of all MCs was satisfac-
tory; the average recovery rates of MC-LR, −RR, -YR, −LA, -LF, -LW,
and -LY were 96%, 101%, 92%, 87%, 95%, 101%, and 105%, respectively.

2.7. Statistical analysis

To determine the environmental factors affecting the composition of
the phytoplankton community, Spearman's correlation analysis and
principal component analysis (PCA)were conducted by applying R soft-
ware (Version 3.4.2). Shapiro-Wilk's normality test was performed for
normalization. To clarify any significant difference of concentrations be-
tween the inner and outer dam, and among organisms, the Mann-
Whitney and Kruskal-Wallis tests were conducted, respectively. The
significant level was set to 0.05 for all statistical analyses.
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3. Results and discussion

3.1. Water quality parameters and phytoplankton community

Water quality parameters in the inside (D1) and outside (D2) re-
gions of the estuary dam from May to October 2018 are shown in
Tables S3 and S4. Water temperature rose to 37 °C in the inside region
of the estuary dam (Site D1) in August, and exceeded 30 °C until the
end of August. Water temperature in the Geum River Estuary (Site
D2) was below that of D1, but also exceeded 30 °C in August. The inside
of the estuary dam was completely separated from the seawater, and
had almost zero salinity. In comparison, salinity in the outside region
showed large fluctuations associated with the amount of freshwater
that was discharged through the estuary dam. In particular, salinity in
the water of D2 was almost zero in July, which was a season with
large quantities of freshwater discharge (Shin, 2013; Yih et al., 2005).
In August, when water temperature was high, pH was high at Site D1,
which was attributed to a cyanobacteria bloom (Lopez-Archilla et al.,
2004). This phenomenon was supported by high concentrations of Chl
a and MCs detected at the same time.

The density of phytoplankton at Site D1 ranged from 171 to 139,828
cellsmL−1 fromMay toOctober during the sampling period (Fig. 2a and
Table S5). The greatest density of phytoplankton was recorded on June
15. At Site D1, a relatively higher density of phytoplanktonwas recorded
in summer (June–August; mean: 52,845 cells mL−1) compared to
spring and fall (May, September, and October; mean: 5937 cells
mL−1). This seasonal trend was similar to that reported by previous
studies (Bukaveckas et al., 2018; Singh et al., 2015; Wood et al., 2014).
Bacillariophyta (diatoms) dominated in Site D1 in May and October
(74.2 ± 11.7%), followed by Chlorophyta (green algae, 10.4 ± 1.6%),
Cyanophyta (cyanobacteria, 10.4 ± 12.3%), and Cryptophyta (4.1 ±
4.1%). In comparison, in June, August, and September (not July),
Cyanophyta accounted for more than 90% of total phytoplankton
C
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density, while MC producing cyanobacteria (such as Microcystis sp.)
accounted formore than 95% cyanobacteria. In particular, a high density
of cyanobacteria was recorded at Site D1 on June 15 and August 8. The
recorded values exceeded the domestic cyanobacteria guideline
(100,000 cells mL−1) (Fig. 2a). This phenomenon frequently occurs in
the Geum River during summer (Park et al., 2017). Thus, the risk of
MCs to the aquatic ecosystem is of great concern, due to the
cyanobacterial blooms that occur during this period (Joung et al.,
2011; Park et al., 2017). In addition, on June 15 at Site D2, a high density
of freshwater cyanobacteria was detected, which was attributed to
freshwater being discharged through the estuary dam (Fig. S2). Conse-
quently, MCs are expected to have an adverse impact on coastal
organisms.

Statistical analysis was conducted to identify themajor environmen-
tal factors regulating phytoplankton communities at Site D1 (Fig. S3).
Spearman's rank correlation showed that the density of Cyanophyta
was positively correlated with water temperature (R2 = 0.84,
p< 0.05) and TP concentrations (R2 = 0.40, p< 0.05). Previous studies
reported that water temperature, nutrient concentrations, and the ra-
tios of nitrogen and phosphorus impact the growth of Microcystis
(Paerl and Paul, 2012; Rinta-Kanto et al., 2009; Xie et al., 2003). The cur-
rent study showed that the density of Cyanophyta was weakly corre-
lated with nutrients; thus, water temperature seems to be a major
factor regulating Cyanophyta blooms in the Geum River.

The regression between the relative compositions of cyanobacteria
to total phytoplankton abundance and water temperature indicated
that cyanobacteria density increased rapidlywith increasingwater tem-
perature (Fig. 2b). In particular, at 26 °C water temperature or higher,
cyanobacteria accounted for more than 95% of the total phytoplankton
community. Thismight be becauseMicrocystis has a competitive advan-
tage through being able to grow at a relatively higher temperature than
other species (Elliott et al., 2006; JÖHnk et al., 2008). A previous study
reported similar results, with the number of cyanobacteria increasing
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with greater water temperature or residence time (Cha et al., 2017). In
the Geum River, the water temperature at Site D1 ranged from 26 to
36.8 °C during the summer, which was similar to the optimum water
temperature for the growth of cyanobacteria (Bui et al., 2018).
3.2. Concentrations of MCs and Chl a in discharged freshwater

Concentrations of particulate and dissolvedMCs in discharged fresh-
water fromMay to October ranged from 0.05 to 235 μg L−1 and 0.02 to
3.8 μg L−1, respectively (Figs. 2c and S4). MC concentrations in
discharged water tended to be greater in June and August, during
which the distribution trend was very similar to the density of
cyanobacteria. Thereweremore particulate MCs compared to dissolved
MCs. Thus, cyanobacteria cells were discharged directly to the estuary
with freshwater. The composition of particulate MCs in discharged
water showed that the MC-RR (62%) contributed more than MC-LR
(31%) and MC-YR (6.1%). MC-LA, -LF, -LW, and -LY were not detected
in most samples (Fig. S4a). For the composition of dissolved MCs, MC-
LR concentrations (55%) were relatively greater compared to MC-RR
(30%) and MC-YR (9.9%) concentrations (Fig. S4b). These results were
consistent with previous studies, in which particulate MCs composition
in freshwater environmentswas ordered as (highest to lowest):MC-RR,
-LR, and -YR (Kim et al., 2019; Singh et al., 2015). The lower contribu-
tions of MC-RR in dissolved MCs compared to those of particulate MCs
seemed to be attributed to MC-RR having one more arginine group
compared to other MC variants. The unusual structure of MC-RR in-
creases its tendency to form cation-bridges, and improves its adsorption
affinity for cation-exchange sites in organic or clay materials (Wu et al.,
2011). Thus, dissolved MC-RR could be adsorbed into organic materials
and suspended particles in the water column.

Chl a concentrations in discharged water ranged from 1.3 to
308 μg L−1, and showed similar trends to the distributions of
cyanobacterial density and MC concentrations (Fig. 2c). The highest
Chl a concentrationwas recorded onAugust 8,with the highestMC con-
centrations also being detected at this time. Particulate MC concentra-
tions were significantly correlated with Chl a concentration (R2 =
0.44, p < 0.05) and cyanobacterial density (R2 = 0.72, p < 0.05)
(Fig. 2d). This phenomenon might be attributed to MC-producing
cyanobacteria, such as Microcystis, which accounted for more than 95%
of total phytoplankton density in the Geum River during summer.
Thus, Chl a concentration and the density of cyanobacteria could be use-
ful indicators of MC concentrations in water during summer
(Bukaveckas et al., 2018; Yuan et al., 2014). Based on these regressions,
theMCs per cyanobacteria cell quota andMCs per Chl awere calculated
as 1.12 pg MCs cell−1 and 0.76 μg MCs Chl a−1, respectively. These
values exceeded that of a previous study conducted in the Geum River
(Kim et al., 2019) and other regions elsewhere (Chorus et al., 2000;
Shi et al., 2015). Thus, cyanobacteria in the Geum River watershed
seemed to have a relatively high MC quota compared to previous stud-
ies, raising concerns on its potential adverse effects to the aquatic eco-
system. Based on the amount of freshwater discharged through the
estuary dam and concentrations of MCs in water, a total of 2.2 tons of
MCs were discharged to the Geum River Estuary from May to October
2018. This value was comparable to the quantity of MCs discharged to
the Geum River Estuary in 2017 (4.4 tons of MCs discharged) (Kim
et al., 2019).

The concentration of MCs in water showed the strongest positive
correlation with Cyanophyta and water temperature, and also showed
a significant positive correlation with DO, pH, and Chl a (Fig. S3). It is
considered that as the water temperature in summer increases, suitable
conditions for Cyanophyta are made, thereby increasing the phyto-
plankton biomass (Chl a), and at the same time increasing the produc-
tion of MCs. The increase in DO and pH in water could be attributed to
blooms of Cyanophyta.
5

3.3. Spatial and temporal distributions ofMCs in environmentalmultimedia
samples

During the period of freshwater discharge, the distribution and fate
of cyanobacteria andMCs in the coastal environment were investigated
by daily monitoring (5 days, June 26–30, 2018). Particulate MCs were
detected at all sites (G1–G8) (Fig. 3a and Tables S6 and S7). Particulate
MC concentrations inside and outside the estuary damranged from0.04
to 7.8 μg L−1 (mean: 2.05 μg L−1) and from 0.01 to 2.68 μg L−1 (mean:
0.41 μg L−1), respectively. The greatest concentration of particulate
MCs was recorded at Site G1 (inside the estuary dam) on the first day
of the sampling campaign (June 26). The concentration rapidly de-
creased for 4 days, which was attributed to the dilution effect of heavy
rainfall. In parallel, comparatively lower concentrations of particulate
MCs were detected in the estuarine area (i.e., Sites G2−G8), compared
to G1 (except for June 27). Particulate MC concentrations decreased
during the sampling period.

Spatially, particulate MC concentrations tended to decline from the
inner to outer regions. Particulate MC concentrations might have de-
clined because cyanobacteria cells were lysed in seawater through os-
motic pressure (Umehara et al., 2015), with cell lysis increasing at
higher salinities (Tonk et al., 2007). Consequently, MCs could be re-
leased to thewater column as the dissolved phase. Therewas a negative
correlation between the concentrations of particulate MCs and salinity
(R2 = 0.19, p < 0.05). Particulate MCs also showed a positive relation-
ship with Chl a, which was similar to that shown for freshwater
(R2 = 0.45, p < 0.05). The composition of particulate MCs differed
slightly among sites. Relative compositions were ordered, on average
as: MC-RR (49.5%) > MC-LR (42.6%) > MC-YR (6.2%) > MC-LY
(3.2%) > MC-LW (0.6%). MC-LY and MC-LW had relatively greater con-
tributions in the estuarine areas compared to freshwater areas.

For dissolved MCs, concentrations in the inside (G1) and outside
(G2 − G8) regions were 0.51–1.9 μg L−1 (mean: 1.2 μg L−1) and
0.6–3.3 μg L−1 (mean: 1.5 μg L−1), respectively (Fig. 3b and Table S8).
There was no significant difference in dissolved MC concentrations be-
tween the inside and outside regions of the estuary dam. Compared to
particulate MC concentrations, dissolved MC concentrations were rela-
tively higher, except on June 26.

Dissolved MC concentrations (mean: 1.5 μg L−1) were relatively
higher on the outside of the estuary dam during the sampling period.
This phenomenon was attributed to cyanobacteria cells entering the
marine environment being destroyed. Dissolved MCs in seawater
were relatively stable compared to particulate MCs, and remained in
the water column for a few days as in previous studies (Lahti et al.,
1997; Zastepa et al., 2014). The composition of dissolved MCs was or-
dered, on average, as: MC-LR (87%) > MC-RR (4.9%) > MC-YR
(1.9%) > MC-LW (2.3%) > MC-LA (1.8%) >MC-LY (1%). The proportion
of MC-LR in dissolved MCs was greater compared to that in particulate
MCs.MC-LA that was not detected in SPMwas detected as the dissolved
phase in the water column. MC-LA exhibits toxicity similar to MC-LR,
which has the highest toxicity of MC variants (Chorus et al., 2000).
Thus, compositional changes of MC variants that occurred in the estua-
rine area might increase the potential risk of MCs in the marine
environment.

For sedimentary MCs, concentrations in the inside and outside re-
gions of the estuary dam ranged from 0.06 to 0.5 μg g−1 (mean:
0.28 μg g−1) and from 0.02 to 0.68 μg g−1 (mean: 0.19 μg g−1), respec-
tively (Fig. 3c and Table S9). On the first and second days (June 26–27)
of sampling, MC concentrations in sediments tended to decrease with
increasing distance from G1; however, after the third day (June 28),
concentrations appeared to increase at Sites G1, G2, and G3. The distri-
bution of sedimentaryMCs fluctuatedmore compared to dissolvedMCs
(Chen et al., 2008). Previous studies reported that the heterogeneity of
MCs in sediments causes differences in concentrations across sampling
sites (Xue et al., 2020). In particular, MCs have high adsorption capacity
in clay-silt sized sediments (Maghsoudi et al., 2015; Munusamy et al.,
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Fig. 3. Concentrations of MCs in environmental multimedia samples. (a) Particulated MCs, (b) dissolved MCs, and (c) sedimentary MCs. Red lines represent the estuary dam.
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2012). The composition of sedimentMC variantswas ordered as:MC-LR
(29%) > MC-RR (26.6%) > MC-LW (19.4%) > MC-LF (13.8%) > MC-LY
(7.2%) > MC-YR (3.3%). The proportion of MC-LW and MC-LF was rela-
tively higher compared to other environmental variables, such as dis-
solved MCs and particulate MCs. This phenomenon was attributed to
the hydrophobic characteristics of MC-LW and MC-LF (Vesterkvist and
Meriluoto, 2003). Previous studies reported that MCs strongly adsorb
to sediments, due to the hydrophobic interaction between MCs and or-
ganicmaterial (Liu et al., 2008). Consequently, dissolved and particulate
MCs settle on sediment in estuarine areas, which then adsorb the MCs,
resulting in their remaining for a few days. During the sampling period,
there was no significant relationship between the concentrations of
MCs in the three media, such as water, SPM, and sediments
(p<0.05). Thismeans thatMCs introduced into the GeumRiver Estuary
show a media-specific distribution pattern in the coastal environment.

3.4. Distribution coefficients of MCs between environmental media

To understand the distribution behavior ofMCs among environmen-
talmultimedia in the estuary, the field-based distribution coefficients of
MCs between water and SPM (Kd-SPM) and between water and sedi-
ments (Kd-sediment) were calculated. Kd-SPM had the highest value at
Site G1, and declined towards the regions outside the estuary dam.
Kd-SPM also decreased during the sampling period (Fig. 4a). This phe-
nomenon might be attributed to the rapid decreasing concentrations
of particulateMCs and increasing dissolvedMCs in brackish water. Dur-
ing the sampling period, particulate MCs remained at an average of
0.75 μg L−1 at Site G3, with an average salinity of 11 psu; however, con-
centrations at Sites G4 − G8 (mean: 0.14 μg L−1) were comparatively
low, with an average salinity of 21 psu. Relatively high concentrations
6

of dissolved MCs was maintained at Sites G4− G8 compared to partic-
ulate MCs; consequently, Kd-SPM appeared to decline from the inner to
outer regions of the Geum River Estuary.

The half-life of particulate MCs at Site G1 was calculated as 0.44,
0.42, 0.41, and 0.41 d for MC-LR, MC-RR, MC-YR, and MC-LY, respec-
tively (Table 1). In addition, the half-life of particulate MCs at Site G2
was 0.52, 1.16, and 0.72 d for MC-LR, MC-RR, and MC-YR, respectively.
The half-life of dissolved MCs at Site G1 could not be calculated, due
to high variability of MC variants, except for MC-LY. The half-life of dis-
solved MC-LR and -YR at Site G2 was 4.7 and 1.9 d, respectively. Dis-
solved MCs had a relatively longer half-life in the environment
compared to particulate MCs. This finding was consistent with the re-
sults of previous studies (Table 1). Kd-sediment varied among sites and
sampling dates, and did not show any clear spatial or temporal trend
(Fig. 4b). In addition to sedimentaryMCs having greater variability com-
pared to dissolvedMCs, they were also affected by other environmental
factors, such as the production of MCs by benthic cyanobacteria (Ihle
et al., 2005) and adsorption of MCs in sedimentary organic matter
(Maghsoudi et al., 2015).

3.5. Bioaccumulation characteristics of MCs in tidal flat organisms

MCs were detected in all tidal flat organisms collected from Sites B1
and B2,with ranges of 0.68 to 1.9 μg g−1 (mean: 1.2±0.34 μg g−1), 0.38
to 1.2 μg g−1 (mean: 0.81 ± 0.42 μg g−1), 0.38 to 13 μg g−1 (mean:
4.9 ± 3.5 μg g−1), and 0.4 to 7.0 μg g−1 (mean: 3.8 ± 2.6 μg g−1) for bi-
valves, amphipods, polychaetes, and decapods, respectively (Fig. 5). Rel-
atively higher concentrations of MCs were recorded in polychaetes and
decapods compared to bivalves and amphipods (p<0.05). Out of allMC
variants, tidal flat organisms had the greatest concentrations of MC-LR.
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MC-RR was lowest in organisms, but was highest in environmental
media, such as water, SPM, and sediments. This result might be attrib-
uted to the chemical properties ofMC-RR.MC-RR has relatively high po-
larity and hydrophilicity out of all MC variants (Diez-Quijada et al.,
2019; Fastner et al., 1998). Hydrophilic MCs are more easily excreted
compared to relatively hydrophobic MC variants (Gupta et al., 2003;
Kim et al., 2019). Polychaetes had relatively higher proportions of MC-
YR compared to other organisms. Decapods had the highest proportion
ofMC-LWcompared to other organisms. This result was consistentwith
a previous study showing that theMC-YR contributedmore to freshwa-
ter oligochaetes compared to other MC variants (Xue et al., 2016). Poly-
chaetes appear to be able to selectively degradeMCs that are consumed
with relatively little energy. Previous studies reported that MC-LW has
higher cell permeability compared to other relatively hydrophilic MCs
Table 1
Half-life of microcystins under field and/or laboratory conditions reported in previous studies

Samples Country Study area Conditio
(Field/la

Dissolved MCs Australia Lake Burragorang Laborato
Canada Lake Ottawa Field

Laborato
China Lake Taihu Field

Laborato

Finland Lake Tuusula Field
Japan Lake Kasumigaura Laborato
Scotland River Carron Laborato
South Korea Geum River Estuary Field

Particulate MCs Canada Lake Ottawa Field
Laborato

Finland Lake Tuusula Field
South Korea Geum River Estuary Field

Sedimentary MCs China Lake Dianchi Laborato
Lake Taihu Field
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(Vesterkvist and Meriluoto, 2003). Furthermore, hydrophobic MCs
might not require a bile-acid transporter to penetrate the cell lipid
membrane of animals or bacteria (Sivonen and Jones, 1999). Conse-
quently, the bioaccumulation patterns of MCs in intertidal organisms
are species-specific, due to themetabolic capacity of organisms and dif-
ferences in the chemical properties of MC variants.

The field-based biota-SPMaccumulation factor (BSAFSPM) and biota-
sediment accumulation factor (BSAFsediment) were calculated to deter-
mine the bioaccumulation characteristics of MCs between organisms
(Fig. 6). For calculation of BSAF, concentrations of MCs in the liver of or-
ganisms (dry mass basis) and concentrations of MCs in sediments and
SPM (dry mass basis) were used. BSAFSPM of MCs ranged from −0.56
to 1.22 (mean: 0.35), −1.6 to 0.71 (mean: 0.097), −1.34 to 0.37
(mean: −0.26), and − 0.56 to −0.058 (mean: −0.27) in polychaetes,
and this study.

n
boratory)

MC variants Half-life
(days)

References

ry MC-LR 2.2–22 Ho et al. (2012)
MC-LA 2.8 and 16 Zastepa et al. (2014)

ry MC-LA 11–251
MC-LR 0.85–13 Chen et al. (2008)
MC-RR 0.9–11.5

ry MC-Dha7LR 0.96–16
MC-LR 0.75–6.5
MC-RR 0.61–5.9
MC-Dha7LR 0.92–12.7
MC-LR 10 Lahti et al. (1997)

ry MC-LR 5–11 Li et al. (2011)
ry MC-LR 6.5 Manage et al. (2016)

MC-LR 4.7 This study
MC-YR 1.9
MC-LA 1.5 and 6.5 Zastepa et al. (2014)

ry MC-LA 5–55
MC-LR 4.7 Lahti et al. (1997)
MC-LR 0.44–0.52 This study
MC-RR 0.52–1.2
MC-YR 0.41–0.72
MC-LY 0.41

ry MC-LR 2.5–14.7 Chen et al. (2010)
MC-LR 0.87–1.2 Chen et al. (2008)
MC-RR 0.94–1.15
MC-Dha7LR 0.83–1.2
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decapods, bivalves, and amphipods, respectively. Similar to theMC con-
centrations detected in organisms, BSAFSPM of polychaetes and deca-
pods were relatively higher compared to those in bivalves and
amphipods. In addition, BSAFsediment was similar to BSAFSPM.
BSAFsediment of MCs in polychaetes (mean: 1.5) and decapods (mean:
1.3) were relatively greater compared to that of bivalves (mean: 0.93)
and amphipods (mean: 0.84).

Various biotic and abiotic factors impact the toxicokinetics and bio-
accumulation of MCs in aquatic organisms, including exposure path-
ways, feeding habits, food sources, duration of exposure, and
concentration (Ibelings and Chorus, 2007). Polychaetes, decapods, and
amphipods mainly consume sedimentary organic matter (Kim et al.,
2019); consequently, they can ingest aggregates containing MCs
(Umehara et al., 2017). In comparison, bivalves are filter-feeding organ-
isms, which tend to ingest suspended particles directly, including
cyanobacteria cells in the water column (van Egmond and Jonker,
2004). Overall, differences to BSAFSPM and BSAFsediment of MCs in the
tidal flat organisms of the Geum River Estuary were regulated by feed-
ing habits and metabolic capacity, in addition to differences in the
chemical properties of MC variants and exposure duration.

4. Conclusions

In this study, we investigated the composition of the phytoplankton
community in the Geum River, the distributions and fate of MCs in
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environmental multimedia samples, and the bioaccumulation of MCs
in intertidal organisms. The results showed that phytoplankton density
was greater in summer compared to other seasons, and that MCs pro-
ducing cyanobacteria were dominant in the Geum River. Large quanti-
ties of MCs might enter the marine environment via freshwater
discharge from the estuary dam during summer. MCs showed specific
distribution patterns in the environmental multimedia samples.
MC-LR was a major MC variant in most environmental media, and the
elevated proportion of MC-RR was found in particulate MCs. Species-
specific bioaccumulation of MCs was detected in tidal flat organisms,
with MC-YR and MC-LW, specifically accumulating in polychaetes and
decapods, respectively. Overall, the current study advanced our under-
standing on the distributions, fate, and bioaccumulation of MCs in vari-
ous environmental variables of the estuarine environment. Further
studies are needed to understand the phase shift of MCs inmarine envi-
ronmental multimedia, species-specific metabolism, and their bioaccu-
mulation in coastal organisms.
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Supplementary Tables 

Table S1. Instrumental conditions for the analysis of microcystins using HPLC-MS/MS. 
Instrument HPLC: Agilent Infinity 1290 II, MS/MS: SCIEX Qtrap 6500 
Column Poroshell 120 EC-C18. 4.6 × 50 mm, 2.7 μm 
Column temperature 30 ℃ 
Mobile phase  A: Methanol, B: 0.1% formic acid in water 
Mobile phase gradient 70% A (0-1 min) → 70–0% A (1-7 min) → 0% A (7-11 min) → 0-70% A (11-12 min) 

30% B (0-1 min) → 30-100% B (1-7 min) → 100% B (7-11 min) → 100-30% B(11-12 min)  
Injection volume 10 μL 
Flow rate 0.3 mL min-1 
Ion source ESI+ (electrospray ionization) 
Ion spray voltage 5500 V 
Source temperature 600 ℃ 
Curtain gas N2 (35 psi) 
Ion source gas 1 N2 (50 psi) 
Ion source gas 2 N2 (50 psi) 
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Table S2. Conditions of tandem mass spectrometry parameters for the analysis of microcystins.  

a Internal standard. 
b Surrogate standard. 

Compounds Molecular weight MRM transition 
Parent ion → Daughter ion (m/z) 

DP 
(volts) 

CE 
(volts) 

CXP 
(volts) 

Dwell 
(msec) 

MC-LR 995.2 995.4 → 103.1 (ESI+) 41 129 14 50 
MR-RR 1038.2 519.9 → 103.0 (ESI+) 146 37 6 50 
MC-YR 1045.2 1045.4 → 103.0 (ESI+) 16 127 14 50 
MC-LA 910.0 910.4 → 135.0 (ESI+) 201 89 14 150 
MC-LF 986.2 986.4 → 135.1 (ESI+) 261 93 16 150 
MC-LY 1002.2 1002.5 → 134.9 (ESI+) 246 93 18 150 
MC-LW 1025.2 1025.5 → 135.2 (ESI+) 291 97 8 150 
Monolinurona 214.7 215.0 → 126.2 (ESI+) 111 25 6 150 
Enkephalinb 555.6 556.2 → 120.1 (ESI+) 141 71 8 50 
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Table S3. Water quality parameters and concentrations of microcystins in discharged water collected from the Geum River (Site D1) 
from May to October, 2018. 

Parameters 11 May 24 May 15 Jun. 18 Jun. 26 Jun. 3 Jul. 4 Jul. 8 Aug. 22 Aug. 3 Sep. 20 Sep. 8 Oct. 

Temperature (℃) 20 22 27 26 26 22 24 37 31 23 27 20 
Salinity (psu) 0.28 0.14 0.16 0.17 0.17 0.07 0.06 0.24 0.16 0.08 0.13 0.16 
pH 9.2 9.2 9.5 8.8 9.4 8.1 7.8 10.8 9.8 7.5 8.4 8.4 
DO (mg L-1)a 9.3 10.1 10.4 6.9 7.1 3.8 5.8 12 6.9 4.5 8.6 8.4 
SS (mg L-1)b 14 20.4 48 44 18 57 21 64 37 6.4 5.4 4.8 
NO2-N (mg L-1) 0.047 0.055 0.13 0.11 0.089 0.046 0.041 0.001 0.002 0.034 0.024 0.033 
NO3-N (mg L-1) 1.9 1.5 1.8 1.4 0.82 1.6 1.8 NDg ND 2.1 1.6 2.6 
NH4-N (mg L-1) 0.063 0.091 0.025 0.041 0.071 0.33 0.24 0.021 0.017 0.16 0.024 0.097 
TDN (mg L-1)c 2.7 2.9 4.2 4.3 1.8 2.5 2.9 6.9 0.99 2.9 2.4 3.2 
PO4-P (mg L-1) 0.012 0.011 0.011 0.012 0.018 0.036 0.062 0.018 0.094 0.086 0.029 0.19 
TP (mg L-1)d 0.079 0.076 0.49 0.37 0.12 0.17 0.13 0.94 0.16 0.13 0.064 0.24 
SiO2-Si (mg L-1) 0.35 0.11 0.43 0.49 0.49 0.27 0.32 0.26 0.37 0.41 0.27 0.36 
Chl.a (μg L-1) 28 24 96 13 65 6.9 6.3 308 42 1.3 12 9.6 
PMCs (μg L-1)e 0.051 0.11 116 3.6 9.1 ND ND 236 8.4 1.4 1.2 0.62 
DMCs (μg L-1)f 0.063 0.021 0.66 3.8 1.1 0.11 0.17 0.94 0.38 0.072 0.27 0.039 

a Dissolved oxygen. 
b Suspended solids. 
c Total dissolved nitrogen. 
d Total phosphorus. 
e Particulate microcystins. 
f Dissolved microcystins. 
g Not detected. 
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Table S4. Water quality parameters in seawater collected from the Geum River Estuary (Site D2) from May to October, 2018. 
Parameters 11 May 24 May 15 Jun 18 Jun 26 Jun 3 Jul 4 Jul 8 Aug 22 Aug 3 Sep 20 Sep 8 Oct 

Temperature (℃) 18.6 20.6 21.5 24.5 24.5 24 23.0 32.1 30.3 24.6 24.5 20.3 
Salinity (psu) 16.9 14.0 11.5 7.9 18.1 0.3 0.3 28.3 17.2 0.6 18.1 2.0 
pH 8.1 7.8 7.7 8.0 7.9 7.5 7.5 8.1 8.3 7.4 7.2 8.2 
DO (mg L-1)a 7.8 6.3 5.4 6.1 4.8 4.0 4.7 3.7 4.6 3.6 5.4 6.6 
SS (mg L-1)b 27.2 30.4 78.5 104 33.6 180 64 42 41 20.8 32 21.6 
NO2-N (mg L-1) 0.039 0.051 0.041 0.097 0.054 0.087 0.078 0.019 0.023 0.042 0.045 0.031 
NO3-N (mg L-1) 0.71 0.76 0.72 0.93 0.32 1.6 1.7 0.043 0.034 2.2 0.71 1.7 
NH4-N (mg L-1) 0.43 0.49 0.37 0.16 0.36 0.49 0.41 0.19 0.35 0.17 0.42 0.17 
TDN (mg L-1)c 2.02 2.1 1.6 2.9 1.5 2.9 3.4 0.68 0.71 3.4 2.4 2.9 
PO4-P (mg L-1) 0.037 0.038 0.087 0.031 0.062 0.075 0.066 0.063 0.11 0.089 0.073 0.073 
TP (mg L-1)d 0.095 0.108 0.15 0.26 0.11 0.31 0.24 0.12 0.19 0.14 0.13 0.15 
SiO2-Si (mg L-1) 0.109 0.406 0.39 0.38 0.25 0.28 0.36 0.22 0.31 0.43 0.23 0.29 
Chl.a (μg L-1) 8.8 8.9 21 15.1 5.3 9.3 7.1 15 16 4.9 14 17 

a Dissolved oxygen. 
b Suspended solids. 
c Total dissolved nitrogen. 
d Total phosphorus.
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Table S5. Abundance of phytoplankton in the water column of the Geum River (Site D1, inside of dam) and estuarine area (Site D2, 
outside of dam) during May to October, 2018. 

Site Date 
(dd-month) 

Diatom 
(cells mL-1) 

Dinoflagellate 
(cells mL-1) 

Euglenophyceae 
(cells mL-1) 

Chlorophyceae 
(cells mL-1) 

Cryptophyceae 
(cells mL-1) 

Cyanophyceae 
(cells mL-1) 

D1 11-May 7735 5.7 - 792 211 228 
 24-May 6463 -a - 800 808 69 
 15-Jun. 104 - - 153 2.3 139569 
 18-Jun. 277 8.3 - 59 20.1 74526 
 26-Jun. 85 11 - 153 2.3 18596 
 03-Jul. 157 - - - - 13 
 04-Jul. 47 1.3 - - - 330 
 08-Aug. 6 - 0.43 - - 103974 
 22-Aug. 57 3.4 - 23 - 31125 
 03-Sep. 49.5 0.75 - 0 2.3 96 
 20-Sep. 47 - - 11 48 12055 
 08-Oct. 170 2.2 0.86 36 0.43 80 
D2 11-May 351 22 16 86 1985 54 
 24-May 70 409 32 84 551 - 
 15-Jun. 77 51 - 63 48 9650 
 18-Jun. 335 2 - 872 - 15 
 26-Jun. 58 5 - - 14 393 
 03-Jul. 105 - - - 2 - 
 04-Jul. 12 - - - - 5 
 08-Aug. 41 - - - - 123 
 22-Aug. 512 - - - - 516 
 03-Sep. 38 - - - - 34 
 20-Sep. 662 - - - - 18 
 08-Oct. 91 - - 12 0 29 

a - Not detected. 
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Table S6. Cell abundance of phytoplankton in seawater collected from the Geum River Estuary (Site D2) from May to October, 2018. 
Date 26 June 27 June 28 June 29 June 30 June 
Parameter Ta Sb pH ECc T S pH EC T S pH EC T S pH EC T S pH EC 
GR1 25 0.2 8.5 0.5 29 0.2 8.5 0.4 25 0.2 7.8 0.3 27 0.2 7.7 0.1 21 0.0 7.9 0.0 
GR2 25 9.5 8.2 16 27 0.6 7.9 1.1 25 1.6 7.7 2.9 26 9.9 7.8 17 24 18 7.4 29 
GR3 24 19 8.0 32 26 2.5 8.2 4.5 25 0.8 7.6 1.5 25 15 7.8 25 24 19 7.5 30 
GR4 23 28 7.9 46 25 16 8.0 21 24 20 7.8 33 25 21 7.9 36 24 19 7.5 37 
GR5 23 30 7.9 44 26 12 8.0 26 24 18 7.9 29 27 23 7.9 33 24 23 7.3 30 
GR6 -d - - - - - - - 24 28 8.1 44 - - - - - - - - 
GR7 - - - - - - - - 23 29 8.0 45 - - - - - - - - 
GR8 - - - - - - - - 24 16 7.9 25 - - - - - - - - 

a Temperature (℃). 
b Salinity (psu). 
c Electronical conductivity (μS/cm). 
d not surveyed. 
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Table S7. Concentrations of particulate MCs in seawater from the Geum River Estuary. 
Date Site MC-LR 

(μg L-1) 
MC-RR 
(μg L-1) 

MC-YR 
(μg L-1) 

MC-LA 
(μg L-1) 

MC-LF 
(μg L-1) 

MC-LY 
(μg L-1) 

MC-LW 
(μg L-1) 

∑MCs 
(μg L-1) 

26 June GR1 3.34 2.71 0.59 <LODa 0.07 0.87 0.23 7.81 
 GR2 1.19 0.77 0.15 <LOD <LOD 0.19 0.37 2.68 
 GR3 0.05 0.12 0.01 <LOD <LOD <LOD <LOD 0.18 
 GR4 0.02 0.05 0.005 <LOD <LOD <LOD <LOD 0.08 
 GR5 0.03 0.04 0.01 <LOD <LOD <LOD <LOD 0.08 
27 June GR1 0.61 0.62 0.10 <LOD <LOD 0.14 <LOD 1.48 
 GR2 0.27 0.60 0.06 <LOD <LOD <LOD <LOD 0.92 
 GR3 1.19 1.03 0.17 <LOD <LOD 0.28 <LOD 2.7 
 GR4 0.10 0.24 0.02 <LOD <LOD <LOD <LOD 0.36 
 GR5 0.51 0.26 0.09 <LOD <LOD 0.11 <LOD 0.97 
28 June GR1 0.32 0.35 0.04 <LOD <LOD 0.07 <LOD 0.78 
 GR2 0.18 0.16 0.03 <LOD <LOD 0.07 <LOD 0.44 
 GR3 0.22 0.22 0.03 <LOD <LOD <LOD <LOD 0.46 
 GR4 0.04 0.05 0.01 <LOD <LOD <LOD <LOD 0.10 
 GR5 0.03 0.03 0.01 <LOD <LOD <LOD <LOD 0.07 
 GR6 0.00 0.01 <LOD <LOD <LOD <LOD <LOD 0.01 
 GR7 0.02 0.02 0.003 <LOD <LOD <LOD <LOD 0.04 
 GR8 0.01 0.02 0.003 <LOD <LOD <LOD <LOD 0.03 
29 June GR1 0.03 0.09 0.004 <LOD <LOD <LOD <LOD 0.12 
 GR2 0.02 0.02 0.004 <LOD <LOD <LOD <LOD 0.05 
 GR3 0.01 0.01 0.003 <LOD <LOD <LOD <LOD 0.01 
 GR4 0.01 <LOD <LOD <LOD <LOD <LOD <LOD 0.01 
 GR5 0.04 0.03 0.01 <LOD <LOD <LOD <LOD 0.08 
30 June GR1 0.01 0.04 <LOD <LOD <LOD <LOD <LOD 0.04 
 GR2 0.01 0.01 <LOD <LOD <LOD <LOD <LOD 0.02 
 GR3 0.02 0.02 0.005 <LOD <LOD <LOD <LOD 0.05 
 GR4 0.01 0.01 <LOD <LOD <LOD <LOD <LOD 0.01 
 GR5 0.02 0.01 0.003 <LOD <LOD <LOD <LOD 0.04 

a <LOD: Below limit of detection. 
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Table S8. Concentrations of dissolved MCs in seawater from the Geum River Estuary. 

Date Site MC-LR 
(μg L-1) 

MC-RR 
(μg L-1) 

MC-YR 
(μg L-1) 

MC-LA 
(μg L-1) 

MC-LF 
(μg L-1) 

MC-LY 
(μg L-1) 

MC-LW 
(μg L-1) 

∑MCs 
(μg L-1) 

26 June GR1 0.52 0.04 0.01 0.04 0.01 0.04 0.02 0.70 
 GR2 3.0 0.18 0.08 0.03 <LODa 0.02 0.05 3.3 
 GR3 2.5 0.10 0.06 0.01 <LOD 0.01 0.08 2.8 
 GR4 0.93 0.03 0.02 <LOD <LOD <LOD 0.04 1.02 
 GR5 0.72 0.03 0.02 <LOD <LOD <LOD 0.01 0.78 
27 June GR1 1.7 0.06 0.04 0.02 0.01 0.02 0.04 1.9 
 GR2 1.3 0.13 0.03 0.02 <LOD 0.02 0.02 1.6 
 GR3 0.91 0.06 0.02 0.03 <LOD 0.02 0.03 1.1 
 GR4 2.0 0.16 0.04 <LOD <LOD 0.03 0.04 2.3 
 GR5 1.2 0.10 0.03 0.03 <LOD 0.01 0.04 1.5 
28 June GR1 1.03 0.08 0.04 0.04 <LOD 0.01 0.04 1.3 
 GR2 1.2 0.07 0.04 0.06 <LOD <LOD 0.04 1.4 
 GR3 0.86 0.05 0.03 0.05 <LOD <LOD 0.02 0.99 
 GR4 1.4 0.08 0.03 0.01 <LOD 0.01 0.03 1.6 
 GR5 1.5 0.09 0.03 0.03 <LOD <LOD 0.01 1.6 
 GR6 0.51 0.03 0.01 <LOD <LOD <LOD 0.03 0.57 
 GR7 0.63 0.04 0.01 <LOD <LOD <LOD <LOD 0.67 
 GR8 0.77 0.07 0.02 0.02 <LOD 0.01 0.04 0.92 
29 June GR1 1.3 0.01 0.03 0.05 0.02 0.01 0.02 1.5 
 GR2 1.6 0.09 0.03 0.03 <LOD 0.02 0.06 1.8 
 GR3 1.2 0.08 0.02 0.02 0.01 0.01 0.04 1.4 
 GR4 1.7 0.08 0.02 0.01 <LOD 0.01 0.03 1.8 
 GR5 1.02 0.07 0.02 0.01 <LOD 0.02 0.02 1.6 
30 June GR1 0.43 0.01 0.01 0.02 <LOD 0.01 0.02 0.5 
 GR2 1.6 0.12 0.02 0.01 <LOD 0.03 0.02 1.8 
 GR3 1.7 0.10 0.02 0.01 <LOD 0.01 0.03 1.8 
 GR4 1.8 0.08 0.02 0.02 <LOD 0.02 0.07 2.0 
 GR5 1.1 0.05 0.02 0.01 <LOD 0.01 0.02 1.3 

a <LOD: Below limit of detection. 
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Table S9. Concentrations of MCs in sediments from the Geum River Estuary. 
Date Site MC-LR 

(ng g-1) 
MC-RR 
(ng g-1) 

MC-YR 
(ng g-1) 

MC-LA 
(ng g-1) 

MC-LF 
(ng g-1) 

MC-LY 
(ng g-1) 

MC-LW 
(ng g-1) 

∑MCs 
(ng g-1) 

26 June GR1 324 20 3.2 <LODa 42 62 48 451 
 GR2 135 26 18 <LOD LOD 29 41 208 
 GR3 5.8 63 1.1 <LOD 40 <LOD 43 110 
 GR4 1.6 25 LOD <LOD <LOD <LOD <LOD 26 
 GR5 0.9 49 LOD <LOD <LOD <LOD <LOD 50 
27 June GR1 98 26 13 <LOD 100 33 99 270 
 GR2 14 17 1.7 <LOD 24 <LOD 46 57 
 GR3 31 21 6.4 <LOD 38 18 41 115 
 GR4 46 48 5.5 <LOD 21 19 <LOD 139 
 GR5 LOD 52 LOD <LOD 23 <LOD <LOD 75 
28 June GR1 6.8 14 1.6 <LOD <LOD 6.3 32 29 
 GR2 18 10 2.5 <LOD <LOD 16 45 47 
 GR3 122 24 20 <LOD <LOD 41 45 206 
 GR4 3.7 53 0.72 <LOD <LOD <LOD <LOD 57 
 GR5 244 88 32 <LOD <LOD 51 62 414 
 GR6 LOD 23 LOD <LOD <LOD <LOD <LOD 22 
 GR7 LOD 244 LOD <LOD 14 <LOD <LOD 258 
 GR8 0.8 18 LOD <LOD <LOD <LOD <LOD 19 
29 June GR1 32 34 5.2 <LOD <LOD <LOD 114 71 
 GR2 173 19 14 <LOD 15 30 26 250 
 GR3 19 11 2.4 <LOD 23 14 37 69 
 GR4 159 14 18 <LOD 56 59 58 306 
 GR5 1.1 13 LOD <LOD 16 LOD 17 30 
30 June GR1 158 17 19 <LOD 53 36 <LOD 283 
 GR2 413 46 38 <LOD <LOD <LOD <LOD 497 
 GR3 382 24 338 <LOD 73 96 69 612 
 GR4 20 10 1.6 <LOD 24 <LOD 29 55 
 GR5 15 19 2.1 <LOD 45 <LOD <LOD 81 

a <LOD: Below limit of detection. 
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Table S10. Concentrations of MCs in intertidal organisms from the Geum River Estuary. 
Species Site Date MC-LR 

(μg g-1) 
MC-RR 
(μg g-1) 

MC-YR 
(μg g-1) 

MC-LA 
(μg g-1) 

MC-LF 
(μg g-1) 

MC-LY 
(μg g-1) 

MC-LW 
(μg g-1) 

∑MCs 
(μg g-1) 

Polychaete           
Neanthes japonica B1 27 June 2.9 0.3 0.27 0.023 0.038 0.22 0.044 3.9 
Neanthes japonica B2 28 June 4.9 0.027 3.2 0.027 0.022 0.11 0.21 8.5 
Neanthes sp. #1   6.1 0.044 1.2 <LOD <LOD 0.031 0.39 7.8 
Neanthes sp. #2   4.6 0.035 0.55 <LOD <LOD 0.19 0.38 5.8 
Neanthes sp. #3   2.9 0.094 0.25 <LOD 0.018 0.14 0.059 3.5 
Nephtys sp.   0.85 <LODa 0.45 <LOD <LOD 0.074 0.13 1.5 
Glycera sp. #1   2.3 <LOD 3.4 <LOD 0.068 0.37 0.83 7.02 
Glycera sp. #2   1.5 <LOD 1.2 0.059 0.149 0.22 0.23 3.4 
Lumbrineris sp.   0.03 <LOD 0.057 0.013 0.014 0.052 0.21 0.38 
Neanthes japonica B1 29 June 8.9 2.08 1.4 0.017 0.075 0.27 0.38 13 

Decapod           
Hemigrapsus sp. B1 27 June 0.31 <LOD <LOD <LOD <LOD <LOD 0.11 0.42 
Hemigrapsus sp. #1 B2 28 June 5.6 0.54 0.34 0.05 0.039 0.36 0.12 7.04 
Hemigrapsus sp. #2   3.5 0.36 0.38 0.21 0.081 0.62 1.3 6.5 
Hemigrapsus sp. #3   2.3 0.15 0.15 <LOD 0.11 0.24 0.68 3.7 
Hemigrapsus sp. B1 29 June 0.36 0.18 0.056 <LOD <LOD 0.22 0.51 1.3 

Amphipod           
Mandibulophoxus sp. #1 B2 28 June 0.18 <LOD 0.042 <LOD 0.061 0.15 0.77 1.2 
Mandibulophoxus sp. #2   0.26 <LOD 0.11 0.069 0.11 0.14 0.18 0.86 
Mandibulophoxus sp. #3   0.12 <LOD 0.044 <LOD <LOD 0.021 0.19 0.38 

Bivalve           
Glauconome sp. #1 B1 27 June 0.43 0.084 0.041 <LOD <LOD 0.043 0.085 0.68 
Glauconome sp. #2 B2 28 June 0.42 <LOD 0.22 0.042 0.087 0.13 0.54 1.4 
Glauconome sp. #3 B1 29 June 0.56 <LOD 0.52 <LOD <LOD 0.13 0.6 1.8 

a <LOD: Below limit of detection.   
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Supplementary Figures 

 

Fig. S1. Daily discharge (Mton) and precipitation (mm) in the Geum River Estuary. Surface 
water samples for identifying phytoplankton communities were collected on certain days (red 
arrow). Environmental multimedia samples were collected on certain days (red box).   
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Fig. S2. (a) Abundance of phytoplankton and (b) concentrations of Chl a in seawater at Site D2 
(outside of estuary dam) in the Geum River Estuary. 
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Fig. S3. (a) Spearman’s rank correlation between environmental variables and phytoplankton 
communities in the Geum River and (b) results of the principal component analysis.   
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Fig. S4. Relative composition of (a) particulate MCs and (b) dissolved MCs inside the estuary dam 
of the Geum River. 
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