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Abstract: The Fengshan River system is one of the major rivers in Kaohsiung City, Taiwan. This
study investigated the concentration of eight phthalate esters (PAEs) in sediments of the river
and the impact of potential ecological risks during the dry and wet seasons. The potential risk
assessment of sediment PAEs was evaluated by adopting the total risk quotient (TRQ) method.
The total PAEs concentrations (}_PAEs) in the sediments of the Fengshan River system are between
490-40,190 ng/g dw, with an average of 8418 + 11,812 ng/g dw. Diisononyl phthalate (38.1%),
bis(2-ethylhexyl) phthalate (36.9%) and di-isodecyl phthalate (24.3%) accounted for more than 99.3%
of y PAEs. The concentration of } PAEs in sediments at the river channel stations is higher during
the wet season (616-15,281 ng/g dw) than that during the dry season (490-1535 ng/g dw). However,
in the downstream and estuary stations, the wet season (3975-6768 ng/g dw) is lower than the dry
season (20,216—40,190 ng/g dw). The PAEs in sediments of the Fengshan River may have low to
moderate potential risks to aquatic organisms. The TQR of PAEs in sediments at the downstream and
estuary (TQR = 0.13) is higher than that in the upstream (TQR = 0.04). In addition, during the wet
season, rainfall transported a large amount of land-sourced PAEs to rivers, leading to increased PAEs
concentration and potential ecological risks in the upper reaches of the river.

Keywords: river sediments; phthalate esters (PAEs); ecological risk; rainfall; risk quotient (RQ)

1. Introduction

Phthalate esters (PAEs) are a group of dialkyl or alkyl aryl esters of phthalic acid.
According to the molecular weight of PAEs and the number of carbon atoms in their
alkyl side chain, they can be classified into low molecular weight (LMW) PAEs and high
molecular weight (HMW) PAEs [1-3]. The number of carbon atoms in the alkyl side chain
of low molecular weight PAEs is <6, whereas that of high molecular weight PAEs is >7.
LMW PAEs are commonly used in personal care products, cosmetics, paints and adhe-
sives [4]. HMW PAEs are mainly used in plasticizers in the polymer industry to improve
softness, flexibility, elongation and durability. The products include flooring, cables and
wire, wall coverings, self-adhesive films, synthetic leather, coated fabrics and automo-
tive applications. [4,5]. About 80% of PAEs are used in plasticizers in plastic polymers,
accounting for 65% of global plasticizer consumption [6].

Since PAEs are not chemically bonded to plastic polymers but are attached with
hydrogen bonds or van der Waals forces, they are easily released from plastic products into
the environment through evaporation, leaching and abrasion [7,8]. Some review articles
show that PAEs ubiquitously exist in the environment, including sediments, water, soil,
air, plants, animals, and food, etc., [2,4]. PAEs can enter the water environment directly
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from urban sewage, sewage treatment plant effluent and industrial wastewater discharge,
or indirectly through atmospheric deposition, surface runoff and landfill leachate. Most
PAEs strongly adsorb organic and inorganic suspended particles in aquatic environments
because of their high hydrophobic nature. PAEs may eventually settle and accumulate
in sediments [9]. Sediment not only acts as a long-term pollutant sink, but also becomes
a source of pollutants through resuspension. Therefore, it is widely used as an indicator
to evaluate the pollution status of PAEs in various aquatic environments [10-13]. Many
studies have shown that PAEs are toxic to aquatic animals, including immunotoxicity,
metabolic toxicity, endocrine toxicity, neurotoxicity, genotoxicity, developmental toxicity
and other adverse effects, which can cause various types of organ damage and behavioral
disorders [14]. As a result, PAE pollution that occurs widely in the aquatic environment
poses a severe threat to the aquatic ecosystem.

Anthropogenic pollutants in the atmosphere and land, especially hydrophobic organic
pollutants, are usually transported to riverine and estuaries systems via surface runoff,
sewage discharge, and atmospheric deposition, leading to accumulation in sediments. Some
studies have shown that the seasonal changes of sediment PAEs are mainly affected by local
rainfall and surface runoff [2,15-17]. Lee et al. [2] reported that the concentration of PAEs in
Asan Lake (Korea) sediments varies seasonally, with the highest concentration in summer
(2356 ng/g dw) and the lowest concentration in spring (1874 ng/g dw). Rainfall and surface
runoff lead to variations in the concentration of PAEs in sediments. In other words, this also
changes the exposure concentration and potential risks to aquatic organisms. About 70%
of Taiwan’s area is mountainous, so rivers have characteristics of short flow paths, large
slopes and rapid currents. In addition, southern Taiwan has a tropical monsoon climate,
with distinct wet and dry seasons, with rainfall concentrated in summer [18]. The seasonal
characteristics of rainfall and behavior of rivers may play a leading role in the transmission
and accumulation of anthropogenic pollutants in the aquatic environment, affecting the
exposure risk of aquatic organisms. Therefore, the purpose of this study is to collect the
sediments of the Fengshan River system, which simultaneously receives urban, industrial
and pasturage wastewater, in southern Taiwan during the dry and wet seasons. Based on
the analysis results of the sediments, the concentration, chemical composition, source and
spatial distribution of PAEs were investigated, and the impact of heavy rainfall during
the wet season on PAEs in the sediments and the exposure risk to aquatic organisms were
also evaluated.

2. Materials and Methods
2.1. Study Area and Sample Collection

The study area includes Fengshan River and Qianzhen River, which belong to the
Fengshan River system (Figure 1). The Fengshan River originates in the Jiuqutang Mountain
in Kaohsiung City, runs through the center of Fengshan District, and flows southwest
through Fengshan District, Niaosong District, Daliao District and other areas of the city.
After entering the Qianzhen District of Kaohsiung City, it is called the Qianzhen River that
finally flows into Kaohsiung Port. The river as a total length of about 20 km and a catchment
area of 53.85 square kilometers. The pollution in the basin of Fengshan River system mainly
comes from domestic discharge, industrial and pasturage wastewater, of which 68% of
household wastewater is the largest proportion, followed by industrial wastewater at
31% and pasturage wastewater at 1%. However, in terms of the total amount of pollution,
industrial wastewater 42.8% is the largest, followed by household wastewater at 39.6%,
and pasturage wastewater and agricultural drainage which account for 15.2% and 2.4%,
respectively. Taiwan has a subtropical/tropical monsoon climate with an average annual
rainfall of about 2500 mm, which is 2.6 times the world average. However, the distribution
of rainfall among seasons is extremely uneven. Because heavy rains or typhoons in summer
and autumn are the main source of water resources in Taiwan, approximately 80% of the
annual rainfall in Taiwan occurs during May to October. The differences in cumulative
rainfall are significant between dry and wet seasons, resulting in a large variation of river
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discharge (91%:9% of annual discharge) from May to October and November to April in
the study region [19].

Based on the above background information, six sampling points (Figure 1) are set up
in the main channel (F1-F5) and estuary (F6) of the Fengshan River system. In fact, the five
sampling points of the main channel are also the water quality monitoring stations for the
long-term monitoring of the water quality of the Fengshan River system by the Bureau of
Environmental Protection, Kaohsiung City Government. There are many small factories
near station F1, such as leather processing, metal finishing, and food manufacturing.
Stations F2 to F5 cover mainly residential areas [20]. In addition, station F3 is the discharge
point for the Fengshanxi Sewage Treatment Plant. Details of the sampling stations are listed
in Table 1. The sampler was lowered from the bridge to the center of the river to collect
sediment samples. About 1.5 kg surface sediment (0-15 cm) samples were collected during
the dry season (December 2015) and the wet season (May 2016) from the six sampling
points with an Ekman Dredge grab sampler. The collected surface sediment was placed in
a brown glass bottle (with a Teflon-lined cap), pre-washed with n-hexane, and then stored
in an ice bucket until transported to the laboratory for further pretreatment.

Figure 1. Sampling sites along the Fengshan River system in Kaohsiung City, Taiwan.

Table 1. Location of sampling sites along the Fengshan River in Kaohsiung City, Taiwan.

Site Latitude Longitude Distance from River
™) (E) Mouth (km)
F1 22°38'22.61" 120°22/37.07" 13.7
F2 22°37'14.18" 120°21'46.10” 11.2
F3 22°35'38.64" 120°21'16.01" 7.3
F4 22°35'04.86" 120°20'18.71" 5.0
F5 22°35'36.23" 120°19'02.76" 2.2
F6 22°35'00.39" 120°17'54.62" 0.0
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2.2. Sample Preparation and Analysis

After the sediment was transported back to the laboratory, a small part of the wet-
based sediment was used for moisture content and organic matter (OM) analysis. The
remaining sediment samples were freeze-dried, crushed with a pestle and mortar, and then
sieved with a 1.0 mm stainless steel mesh. The dried and homogenized sediment samples
were stored in a brown glass bottle (with Teflon gasket screw cap), rinsed with n-hexane
in advance and placed in a —20 °C freezer until further analysis. OM was analyzed using
550 °C loss-on-ignition (LOI). The particle size of the sediment was analyzed with a laser
particle analyzer (Beckman Coulter, Inc., Brea, CA, USA). The total nitrogen (TN) and total
phosphorus (TP) of the sediments were analyzed according to USEPA Method 351.2 [21]
and Method 365.1 [22], respectively.

PAEs contained in the sediment samples were analyzed using the following procedures
established by Chen et al. [5]. 5.00 g of dried and homogenized sediment samples are
finely weighed, 5 mL of acetone/n-hexane (1:1, v/v) is added, followed by vortex mixing,
ultrasonic vibration extraction, and centrifugal separation. Then, after taking the upper
extract, the extraction was repeated twice and the extracts combined. Activated copper was
added to the extract for desulphurization. The extract was dried over anhydrous sodium
sulfate, concentrated to 0.5 mL using a gentle stream of nitrogen, and then analyzed by
GCMS. Qualitative and quantitative analysis of PAEs (including dimethyl phthalate (DMP),
diethyl phthalate (DEP), dibutyl phthalate (DnBP), butyl-benzyl phthalate (BBP), bis(2-
ethylhexyl) phthalate (DEHP), di-n-octyl phthalate (DnOP), diisononyl phthalate (DiNP),
and di-isodecyl phthalate (DiDP)) was performed using a GC/MS (Agilent 7890B GC and
Agilent 5977A) mass selective detector (Agilent Technologies, Santa Clara, CA, USA). The
conditions and quality control procedures for GC/MS analysis are detailed elsewhere [5].

In order to ensure the credibility of the analysis results, a calibration curve, procedural
blank, check standard, sample duplicates, and certified reference materials were carried
out for every set of samples. The calibration standard and check standard solutions were
prepared by diluting the 2000 mg/L PAEs mixed standard solution obtained from Accu-
Standard Chem. Co. (New Haven, CT, USA). The response factors for individual PAEs
showed acceptable relative standard deviation (RSD) values (5.0 to 12.5%). The procedural
blank (0.5 mL of acetone/n-hexane) and check standards (0.5 mL of standards mixture
solution at 0.5 mg/L) were implemented, using the same procedures as for the samples
but without sediment. The procedural blank values were always less than the detection
limit, the recoveries of individual PAEs in check standards ranged from 92.1 £ 6.2% to
102.2 £ 6.5% (n = 6) and the relative percent differences of sample duplicates ranged from
7.1 £ 3.6% to 10.0 £ 2.5% (n = 6) for detection of target analyses. The average measured
value of the DEP, BBP, DEHP, and DnOP in certified reference materials (CRM-143) were
8273 £ 251, 8524 £ 115, 7461 £ 210, and 7688 £ 277 ng/g dw. The average recoveries of
the four PAEs in CRM-143 were between 97.2 & 3.5 to 103.3 £ 3.1% of the certified values.

2.3. Ecological Risk Assessment

Due to various pollution sources within the drainage basin of the Fengshan River,
the aquatic organisms in the river, either from Fengshan River, its tributary or estuary
(Kaohsiung Port), have rarely been caught and consumed by local citizens. Therefore,
this study evaluated the potential hazards of the three trophic aquatic organisms (algae,
crustaceans, and fish) based on the PAE content of sediments examined in this study. The
risk quotients (RQs) method was used to assess the exposure risk of sediment PAEs to
aquatic organisms. The calculation formula of the RQ value is RQ = MC/PNEC, where MC
is the measured concentration of individual PAEs in the sediment (ng/g dw), and PNEC is
the predicted no effect concentration of the corresponding PAEs. In this study, the PNEC
values of algae, crustaceans, and fish were quoted from the calculation of Li et al. [23]. The
risk of exposure of sediment PAEs to aquatic organisms can be evaluated according to the
RQ value. When RQ > 1 (the log Kow of PAEs is between 3-5) and RQ > 10 (log Kow > 5),
it means that the risk of the aquatic organisms exposed to the sediment is high [13,23,24].
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However, there are usually multiple PAEs in the aquatic environment at the same time, so
the RQ of individual PAEs is weighted and summed to obtain the total RQ (Total RQ, TRQ),
so as to comprehensively evaluate the potential risk of sediment PAEs to exposed aquatic
organisms. The calculation formula of TRQ value is TRQ = (3 RQs x Wi), where RQs is
the RQ value of individual PAEs, and Wi is the weighted value of individual PAEs (DEHP
and DiNP Wi = 0.1, DMP, DEP, DiBP, DnBP Wi = 1). Values of TRQ > 1 indicate a high risk,
TRQ between 0.1-1 indicates a moderate risk, and TRQ < 0.1 indicates a low risk from PAE
pollutants in the sediment [17,25].

3. Results and Discussion
3.1. Concentration and Composition of PAEs in Sediments

The characteristics and the concentrations of PAEs in sediment of the Fengshan River
are listed in Table 2. The percentages of clay, silt and sand particles in the sediments are
5.5 £ 6.6%, 37.5 £ 28.3% and 57.0 & 33.8%, respectively. The sediment is mainly composed
of silt in the upstream stations (28.6-78.1%) and the river mouth (66.1%, 70.8%), whereas
sand (44.0-100.0%) is the main composition in the middle and downstream stations. The
particle size distribution of the sediments in the dry and wet seasons should be affected
by the river flow and the velocity of river discharge. Stations F2 and F5 have significantly
higher sand content in the wet season with relatively high flow and velocity. Although the
sand content of the sediments in the dry and wet seasons of F1 station is similar (35.7%
and 35.6%), the clay (13.0%) in the dry season of F1 is significantly higher than that in
the wet season (3.8%). A large amount of eluent water discharged from the Fengshan
Sewage Treatment Plant induced an increase of river flow and velocity, resulting in high
sand content in sediment samples at stations F3 and F4 in the two seasons [20]. F6 is
located at the Kaohsiung Port, and its hydrodynamic force is relatively lower than that of
the river. Therefore, sediments are mainly fine-grained in the dry and wet seasons. The
average content of OM, TN and TP in the sediments are 2.4 &+ 2.1%, 837 &+ 723 mg/kg and
231 & 168 mg/kg, respectively. Generally, the content of TN, TP and TOC in the sediments
in the wet season is higher than that in the dry season (Table 2).

The total PAEs () 'PAEs) concentrations in the sediments of the Fengshan River
system are between 490-40,190 ng/g dw, with an average of 8418 & 11,812 ng/g dw
(Table 2). The mean concentration of individual PAEs showed that DEHP, DiNP and DiDP
(2046-3211 ng/g dw) were significantly higher than other PAEs (2.3-36.4 ng/g dw) by 3 to
4 orders of magnitude. The three PAE species were the major species, which constituted
about 99.3% of XPAEs found in the sediment. DEHP and DiNP were the most dominant,
with little difference, accounting for 36.9% and 38.1% of }_PAEs, respectively, followed by
DiDP (24.3%). As for other PAEs (including DnBP, DMP, DEP, BBP and DnOP), they only
accounted for 0.06-0.43% of } PAEs. This distribution of the average concentration of PAEs
is consistent with the production of PAEs in Taiwan [7,15]. The production and input of
PAEs with a long and branching chain in Taiwan accounted for about 97.8% (DEHP (58.1%),
DiNP (38.8%), DiDP (0.94%)), and short alkyl chain PAEs accounted for less than 4% (DEP
(0.07%), DiBP (0.03%), DMP (0.03%) and DnBP (2.1%)) [26]. Since PAEs are hydrophobic
compounds with low water solubility, PAEs are easily adsorbed on the suspended particles,
settle on the bottom, and eventually accumulate in the sediment after entering the water
environment. Long alkyl chain PAEs (log Kow = 6.00-9.46) have a higher octanol water
ratio than short ones (log Kow = 1.6-4.7), so they are much easier to distribute in sediments,
resulting in high concentrations in the sediments [4].

Table 3 shows the Spearman correlation matrix for the sediment characteristics, and
PAE concentration in the sediments of the Fengshan River system, Taiwan. The concentra-
tion of PAEs in the sediments has no significant correlation with the particle size distribution
(p > 0.05), but there is significant positive correlation with OM (r = 0.73-0.84, p < 0.01),
indicating that the distribution of PAEs in sediments is mainly affected by OM content.
The concentrations of each PAE showed a significant positive correlation (r = 0.87 —0.95,
p < 0.01), indicating that they may have the same pollution source [27]. In addition, TN
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and TP were also significantly positively correlated with PAEs (r = 0.59-0.73, p < 0.05). TP
and TN may mainly come from domestic sewage and surface runoff from non-point source
pollution. Based on the background environment of the study area, the main pollution
contributors to the PAEs in sediments of the Fengshan River system may be the effluent of
the sewage treatment plant, the backwater of the agricultural area, and surface runoff [20].

Table 2. Sediment characteristics and PAE concentrations in sediments of the Fengshan River
system, Taiwan.

Cla silt  Sand oM TN TP Phthalate Esters (ng/g dw) ?
Site rot A . Y LPAE,
%) (%) (%) (%) (mg/kg) (mg/kg) pnpp DEP  DnBP BBP DEHP DnOP DiNP  DiDP nele dw
(ng/g dw)
MDL? - - - - - - 0.76 0.64 1.56 2.84 3.78 4.3 26.4 23.0
Dry season (river flow: 0.14-0.46 m3/s; velocity: 2.21-10.1 m/s)
F1 13.0 513 357 0.87 204 38 5.1 5.8 10.2 ND? 830 ND 684 ND 1535
F2 21.9 781 0.0 237 863 86 6.6 6.1 18.2 ND 29 ND 300 183 543
E3 0.6 9.6 89.8 026 241 146 7.0 6.1 7.8 11.4 373 ND 108 ND 513
F4 0.9 129 86.2 029 281 67 7.2 7.7 10.8 ND 396 ND 68.3 ND 490
E5 55 50.5 44.0 492 1339 147 9.3 7.5 48.5 16.5 11,519 ND 17,668 10921 40,190
F6 9.5 66.1 244 2.66 1930 455 6.5 12.4 112.7 ND 9518 ND 5799 4767 20,216
Wet season (river flow: 0.33-1.49 m®/s; velocity: 6.38-13.7 m/s)
F1 3.8 60.6 35.6 1.01 410 227 ND ND 28.9 ND 1825 ND 1797 557 4208
F2 2.7 28.6 69.0 521 683 394 ND ND 99.6 ND 5655 84.8 4708 4734 15,281
F3 0.0 0.0 100.0 043 341 198 ND ND ND ND 364 ND 170 81.9 616
F4 0.9 141 85.0 530 1367 386 11.0 ND 29.7 ND 2774 ND 2184 1675 6674
F5 0.5 7.5 92.0 0.70 133 95 9.1 ND 28.9 ND 1836 13.0 1633 455 3975
Fo 71 70.8 222 452 2254 534 ND l6.1 411 ND 2118 ND 3413 1180 6768
PNECsediment b
Algae 1330 2510 2330 3250
Crustaceans 1280 840 2880 13,600 181,400
Fish 1470 510 1110 32,500
@ MDL: method detection limit, ND: not detected. OM: organic matter, TN: total nitrogen, TP: total phospho-
rus, DMP: dimethyl phthalate, DEP: diethyl phthalate, DnBP: dibutyl phthalate, BBP: butyl-benzyl phthalate,
DEHP: bis(2-ethylhexyl) phthalate, DnOP: di-n-octyl phthalate, DINP: diisononyl phthalate, DiDP: di-isodecyl
phthalate, and ) _PAEs: sum of phthalate esters. ® PNECsediment: predicted no effect concentration for the sediment-
phase [23].
Table 3. Correlation matrix for the sediment characteristics and PAEs in the sediments of the Fengshan
River system, Taiwan.
Item Clay Silt Sand oM TN TP DnBP DEHP DiNP DiDP
Silt 0942
Sand —0942 —1.00°
OM 0.41 0.48 —0.48
TN 0.45 0.62° —-0.62° 0.76 2
TP 0.01 0.25 —0.25 061" 0762
DnBP 0.37 0.47 —0.47 0.81° 0.69b 0.67b
DEHP 0.17 0.19 —0.19 0.734 0.52 0.59b 0.892
DiNP 0.38 0.43 —0.43 0.842 0.66P 0.67° 0912 0922
DiDP 0.24 0.35 —0.35 0.852 0732 0722 0922 0.872 0952
Y PAEs 0.30 0.36 —0.36 0.812 0.64b 0.70® 0.892 0922 0992 0942

2 significant at p < 0.01; ® significant at 0.01 < p < 0.05; n = 12.

3.2. Spatial Distribution of PAEs in Sediments

Figure 2 shows the spatial distribution of ) PAEs concentration of sediments at six
monitoring stations in the Fengshan River system. Concentration of } PAEs gradually
increased in the upstream station (F1, F2) and decreased sharply at the discharge point of
the sewage treatment plant (F3); then it showed an upward trend, highest at the down-
stream station (F5), followed by the river mouth (F6). Based on the source of the discharged
wastewater into the Fangshan River system, the ) PAE pollution of the upstream sta-
tion mainly comes from the discharge of industrial, domestic wastewater and surface
runoff water; the downstream is affected by domestic wastewater, the return water from
the agricultural area, the surface runoff and the effluent of the sewage treatment plant.
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Tine et al. [20] investigated the microplastics distribution in the Fengshan River and found
that runoff/discharge in industrial, urban and agricultural areas contribute mainly to the
microplastics in the water of Fengshan River. Since 80% of PAEs are used as plasticizers for
plastic products that are massively produced and consumed in daily life, a large amount
of PAEs may be released during the physical, chemical, and biological degradation pro-
cesses after these plastics litters enter the environment [7,28,29]. Therefore, compared with
the emissions and wastewater discharge from the industrial manufacturing process, the
release during the use, disposal or degradation of plastic products should be the main
source of PAEs in the water environment. Besides, many studies have pointed out that
urban runoff and effluent of sewage treatment plants are also the main sources of PAEs
in aquatic environments [11,25,28,30-32]. Accordingly, this may be the reason why the
Y _PAE concentrations at the downstream station (F5) are the highest. In addition, the ) PAE
concentration at the estuary station (F6) also showed a relatively high value, indicating that
the PAEs were transported through the river and affected by flocculation at the estuary [33],
and eventually accumulated in the sediments at the river mouth [29].

100.0 5

10.0 ; l I

IPAEs (mg/kg dw)

1.0 1

0.1 L] T L] L] T
F1 F2 F3 F4  F5 F6

Site
Figure 2. Distribution of the total PAEs (}_PAEs) in sediments from the Fengshan River system, Taiwan.

3.3. Distribution of PAEs in Sediments during Wet and Dry Seasons

In the study area, approximately 91% of the annual rainfall occurs in the wet season.
Heavy and concentrated rainfall may cause the sediments of the main channels of the river
to be washed away downstream. The pollutant content of the surface sediments could
represent the accumulation of recent pollution. Therefore, this study collected 0-15 cm
surface sediments for investigation in order to understand the impact of dry and wet
seasons on the pollutant distribution. The variation of the sediment particle size in the
dry and wet seasons showed that the sediment was strongly affected by the river flow
and the velocity of river discharge during the dry and wet seasons (Table 2). It revealed
that the pollutants of the sediment would vary seasonally. Therefore, the PAE content of
surface sediments collected in this study could be used for the assessment of the recent
pollution input during the dry and wet seasons. The distribution of }_"PAE concentration in
the sediments of the Fengshan River system during the dry and wet seasons is shown in
Figure 3A. During the dry season, the sediments PAEs at stations F1-F4, which account
for most parts of the river, did not vary much (490-1535 ng/g dw), while the sediments
PAEs at the downstream and river mouth stations F5 and F6 changed significantly with an
increase of two orders of magnitude (40,190 and 20,216 ng/g dw). This phenomenon not
only shows that the sediment PAEs are accumulated from the upper reaches to the lower
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reaches and the estuary during the dry season, but also indicates that the discharge of
downstream pollutant (domestic wastewater, return water from agricultural areas, sewage
treatment plant effluent and surface runoff water) may be the main source of pollution
input for PAEs in the Fengshan River system.

(A)
100.0 ;
1 |oDry season
. @mWet season
3
T
2 10.0 -
=) ]
E
(7]
5
W 1.0 4
0-1 T T T T T
F1 F2 F3 F4 F5 Fé
Site
(B) Dry season Wet season
100%
. | mDiDP
80% — o DINP
mDnOP
60% 1 — nDEHP
— | — mBBP
40% - — (] mDnBP
— " || oDEP
20% - mDMP
0'%) -=l!l!l=l T T T T T T T T
F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6
Site

Figure 3. Distribution of total PAEs () PAEs) (A) and PAE composition (B) in sediments of the

Fengshan River system during dry and wet seasons.

During the wet season, the PAE concentration of sediments at stations F1-F4 covering
most of the river sections increased compared to the dry season, and F1, F2 and F4 were
significantly increased, by 3 to 13 times compared to the dry season. This is because about
91% of the annual precipitation in Kaohsiung, Taiwan is concentrated in the wet season [19].
The concentrated precipitation may cause large amounts of pollutants from non-point
sources to be carried by surface runoff into the Fengshan River system [15]. Some studies
have also shown that atmospheric deposition and rainfall runoff are the main factors
affecting changes in the concentration of pollutants in river sediments [2,25,34,35]. Under
the large amounts of discharge of pollutants from the source, sediments of streams will
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present high pollutants during the wet season. In the dry season, PAEs in the sediments
may gradually be released into the water column and transported downstream along the
river and to the sea. This may be the reason for the obvious increase of sediment PAEs at
F1-F4 stations in the Fengshan River system during the wet season.

On the contrary, the ) PAEs at the downstream and river mouth stations (F5, F6)
during the wet season is lower than in the dry season. This may be due to the dilution effect
of the heavy rainfall and the tidal influence at the estuary. Moreover, unlike the dry season,
there is no such significant difference in ) PAEs between F1-F4 and F5-F6, which shows
a relatively average PAE concentration of sediments along the Fengshan River system
during the wet season. The large amount of rainfall and surface runoff from upstream to
the estuary may be the reason why the variations of the } PAEs along the river sections
during the wet season are not as large as the ) PAEs in the dry season [15,36].

The pattern of eight PAEs shows that the main composition of PAEs in the sediments
at each station are those with a long alkyl chain, DEHP, DiNP, and DiDP, which accounted
for 5.3-80.8%, 13.9-55.2% and 0-33.7% of Y PAEs, respectively, in the dry season, and
accounted for 31.3-59.1%, 27.6-50.4% and 11.4-31.0% of ) PAEs during the wet season
(Figure 3B). The long alkyl chain PAEs at each station accounted for more than 90% of
Y PAEs in the dry and wet seasons, whereas other short-chain PAEs only accounted for
0-6.3% of PAEs. Similar results have been observed in sediment samples from South Korea,
China and Taiwan [5,30,37].

3.4. Potential Ecological Risk of PAEs in Sediments

In this study, the total risk quotient (TRQ) of three sensitive aquatic organisms (algae,
crustaceans, and fish) was calculated based on the concentrations of eight PAEs in the
sediments of the Fanshan River system. Figure 4 shows the distribution of TRQ values for
three sensitive aquatic organisms in the dry and wet seasons. The TRQ value of algae is
calculated based on the concentration of four PAEs including DMP, DEP, DnBP and DEHP.
As shown in Figure 4A, during the dry season, the highest value of TRQ of algae appeared
in the downstream and estuary stations F5 and F6, respectively 0.39 and 0.35, between 0.1
and 1.0, indicating a moderate risk level, while the rest of the station’s TRQ values <0.1 are
considered a low risk level. During the wet season, a large amount of rainfall and surface
runoff brought pollutants from the land area into the river, causing the TRQ values, which
are 0.07-0.22 and close to medium risk, of the F1, F2 and F4 stations to increase significantly
by 2-11 times compared with the dry season [17]. Some studies have also shown that the
ecological risk of sediment in the rainy season is higher than that in the dry season [17,28].
However, the TRQ value of station F3 is not much different from that in the dry season.
The TRQ values of stations F5 (0.08) and F6 (0.09) are lower than those in the dry season,
which may result in the dilution or transportation of accumulated pollutant to the open sea
due to a large amount of continuous rainfall during the wet season [17].

The TRQ value of crustaceans is calculated based on the concentration of five PAEs:
DMP, DEP, DnBP, DEHP and DiNP. In general, the TRQ value of crustaceans is consistent
with that of algae in time and space distribution, but is relatively lower than that of algae
(Figure 4A,B). Only the TRQ values of F5 and F6 during the dry season are between 0.1-1,
which is a medium risk level, whereas the rest of the TRQ values are less than 0.1, which is
a low risk level (Figure 4B). The TRQ value of fish is calculated based on the concentration
of four PAEs including DMP, DEP, DnBP and DEHP. The distribution of TRQ values of fish,
whether in the dry season, wet season or among individual stations, is more similar to that
of crustaceans than of algae. The TRQ values are also relatively lower than those of algae.
However, except for the F5 and F6 stations in the dry season, the TRQ value of F2 in the
wet season is also between 0.1-1, considered to be a moderate risk. The rest of the TRQ
values are all less than 0.1, indicating a low risk level.
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Figure 4. Total risk quotient (TRQ) values of the PAEs in sediments from the Fengshan River system,
Taiwan. TRQ > 1 indicates that the aquatic organisms exposed to the corresponding sediment have a
high potential risk, 1 > TRQ > 0.1 has a moderate risk, and TRQ < 0.1 has a low risk.
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Figure 5 shows the relative contribution of individual PAEs to the TRQ values of three
sensitive aquatic organisms. In the dry season, DEHP is the main PAE causing potential
risks for algae. The RQ value of DEHP accounts for the highest TRQ value (48.2-90.0%) of all
station sediments except for F2, followed by DnBP (5.4-48.6%), DMP (1.4-30.7%) and DEP
(1.4-15.2%). The RQ value of DnBP at F2 accounted for the highest proTRQ value (48.6%),
followed by DMP (30.7%), DEP (15.2%) and DEHP (5.6%). In the wet season, the RQ
value of DEHP also accounts for the highest TRQ value (72.6-88.2%) of algae at all stations,
followed by DnBP (5.3-19.6%), DMP (0.3-9.0%) and DEP (0.1- 7.2%) (Figure 5A). For
crustaceans, the contribution of individual RQs of PAE in the dry season shows two types.
One demonstrated a relatively average contribution of individual RQ at F1-F4. The main
RQ contribution came from DEP (33.1-42.8%), DMP (18.9-30.0%), DnBP (16.9-33.0%) and
DEHP (1.1-29.3%), with DiNP (0.2-1.8%) the lowest. On the other hand, F5 and F6 stations
showed that the RQ value of DEHP accounted for the highest TRQ value (53.0-66.5%),
followed by DnBP (13.2-29.6%), DEP (7.0-11.2%), DMP (3.9-5.7%) and DiNP (2.4-7.6%)
(Figure 5B). In the wet season, the RQ value of DEHP accounts for the highest TRQ value
(30.2-57.3%) of crustaceans at all stations, followed by DnBP (11.6-43.2%), DEP (1.0-37.3%),
DMP (0.7-22.0%) and DiNP (2.0-3.8%). As for the fish, the contribution of individual
RQ in the dry season is also presented in two types. The RQ contribution of F1-F4 is
dominated by DEP (36.5-48.9%) and DnBP (31.4-49.7%), followed by DMP (13.0-19.1%),
and DEHP (0.3-9.6%) is the lowest; while at F5 and F6 stations, the biggest contribution
came from DnBP (43.6-63.6%), followed by DEHP (18.4-35.4%), DEP (14.6-15.2%) and
DMP (2.8-6.3%). In the wet season, DnBP (32.7-82.4%) is the highest, followed by DEP
(1.2-41.8%), DEHP (8.6-26.1%) and DMP (0.5-17.0%) (Figure 5C). The above indicates that
in the dry season the proportion of individual PAEs to TRQ shows two patterns. The
similar composition of individual PAEs from upstream to midstream may be caused by
the same type of pollution source, while a similar distribution of PAE contributing to TRQ
from downstream to the estuary may be due to the accumulation of all upstream pollutants.
During the wet season, the similar distribution of individual PAE contribution to the TRQ
may be due to the dilution and homogenization caused by the heavy and continuous
rainfall and surface runoff.

PAEs in sediments of the Fengshan River system may have low to moderate potential
risks of algae, crustaceans and fish. DEHP, DnBP and DEP are the main PAEs that cause
ecological risks. In addition, during the wet season, rainfall transports a large amount
of land-sourced PAEs to rivers, leading to increased PAE concentration and potential
ecological risks, especially in the upper reaches of the river; however, continuous rainfall
will lower the PAE concentration in sediment because of dilution and river transportation,
hence reducing the ecological risk of aquatic organisms. In summary, the discharge of
industrial wastewater, domestic sewage and surface runoff into the drainage basin of
Fengshan River causes pollutants to accumulate in the river sediments, which may pose
a risk of harm to aquatic organisms. These pollutants may accumulate in the estuarine
zone seasonally, with seasonal variation of rainfall and river transport. Therefore, the
management of industrial wastewater and domestic sewage in the upper reaches of the
river should be strengthened to reduce the discharge of pollutants such as PAEs. In addition,
the aquatic organisms living in the Fengshan River and its tributary and estuary may
accumulate harmful chemical substances such as PAEs, so it is not recommended to capture
and eat them.
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4. Conclusions

This study investigated the distribution of eight PAE concentrations and their ecologi-
cal risks in the sediments of the Fengshan River system in the dry and wet seasons. The
long alkyl chain PAEs, which are mainly used as plasticizers in Taiwan such as DEHP, DiNP,
and DiDP, account for about 99.3% of y_PAEs, and are considered the dominant PAEs. The
spatial distribution shows that PAEs mainly come from the use, disposal or degradation
of plastic products in daily life, and are discharged into the Fengshan River system along
with sewage and surface runoff. In addition, effluent of sewage treatment plants is also one
of the main sources of PAEs. During the dry season, the sediments in the lower reaches
and estuary of the Fengshan River system accumulate relatively high PAEs and also have
higher ecological risks. During the wet season, a large number of land-based pollutant
input leads to an increase of PAE concentration and potential ecological risk upstream,
whereas PAE concentration and potential ecological risk decrease downstream and at the
river mouth due to the dilution effect of continuous rainfall and river transportation. The
results of the study present significant temporal and spatial variation of PAE concentration
and ecological risk in river sediments during the dry and wet seasons, which is useful
information for water environmental management.
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