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a b s t r a c t

In this study, surface seawater, sediment and zooplankton samples were collected from three different
sampling stations in Marseille Bay (NW Mediterranean Sea) and were analyzed for both microplastics
and organic plastic additives including seven phthalates (PAEs) and nine organophosphate esters (OPEs).
PAE concentrations ranged from 100 to 527 ng L!1 (mean 191 ± 123 ng L!1) in seawater, 12e610 ng g!1

dw (mean 194 ± 193 ng g!1 dw) in sediment and 0.9e47 mg g!1 dw (mean 7.2 ± 10 mg g!1 dw) in
zooplankton, whereas OPE concentrations varied between 9 and 1013 ng L!1 (mean 243 ± 327 ng L!1) in
seawater, 13e49 ng g!1 dw (mean 25 ± 11 ng g!1 dw) in sediment and 0.4e4.6 mg g!1 dw (mean
1.6 ± 1.0 mg g!1 dw) in zooplankton. Microplastic counts in seawater ranged from 0 to 0.3 items m!3

(mean 0.05 ± 0.05 items m!3). We observed high fluctuations in contaminant concentrations in
zooplankton between different sampling events. However, the smallest zooplankton size class generally
exhibited the highest PAE and OPE concentrations. Field-derived bioconcentration factors (BCFs) showed
that certain compounds are prone to bioaccumulate in zooplankton, including some of the most widely
used chlorinated OPEs, but with different intensity depending on the zooplankton size-class. The con-
centration of plastic additives in surface waters and the abundance of microplastic particles were not
correlated, implying that they are not necessarily good indicators for each other in this compartment.
This is the first comprehensive study on the occurrence and temporal variability of PAEs and OPEs in the
coastal Mediterranean based on the parallel collection of water, sediment and differently sized
zooplankton samples.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The chemical pollution of watercourses and the oceans is one of
the main man-made threats to aquatic biodiversity (Young et al.,
2016). The number of pollutants present in the aquatic environ-
ment is constantly increasing, with compounds of emerging
concern adding up to legacy toxic organic chemicals such as poly-
chlorinated biphenyls (PCBs) or polycyclic aromatic hydrocarbons
(PAHs). Two chemical families of plastic additives and/or flame
retardants considered to be of emerging concern are phthalate
esters (PAEs) and organophosphate esters (OPEs). PAEs are widely

used in the manufacturing of PVC and other plastics, but also as
solvents in cosmetics and paints, among others (Net et al., 2015),
while OPEs are commonly incorporated in polyurethane foams and
electronic devices (Marklund, 2005; van der Veen and de Boer,
2012; Yang et al., 2019). These additives are not covalently bound
to the polymeric matrix and are thus prone to leach from the ma-
terials, especially if exposed to UV radiation, heat (Paluselli et al.,
2019) or prokaryotes, although direct additive inputs from
manufacturing processes or wastewater treatment plants (WWTP)
might be the predominant means of entry into the environment
(S!anchez-Avila et al., 2012). In the last decades, the presence of
PAEs and OPEs in the environment has been reported in numerous
studies (Castro-Jim!enez et al., 2014, 2016; Ma et al., 2017; Pantelaki
and Voutsa, 2019; Peijnenburg and Struijs, 2006; Reemtsma et al.,
2008; S!anchez-Avila et al., 2012; Sousa et al., 2018; Wang et al.,
2015; Wolschke et al., 2015). In surface waters of the Bay of
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Marseille in the NWMediterranean Sea, PAEs have previously been
reported at concentrations of 130e1330 ng L!1 (

P
6 PAEs) (Paluselli

et al., 2018b). Few studies report on OPEs and PAEs in zooplankton,
in spite of their pivotal role in the aquatic food web and increasing
evidence that exposure to these chemicals can severely harm
zooplanktonic organisms, especially larvae. Negative effects of
diethylhexyl phthalate (DEHP), one of the most common PAEs, on
copepods, reach hereby from lower egg production rates in females
to increased nauplii mortality (Heindler et al., 2017). Develop-
mental toxicity on zebrafish embryo exposed to several PAEs, with
effects including cardia edema and death, as well as estrogenic
activity of butyl benzyl phthalate (BBzP), i.e. endocrine disrupting
activity was reported (Chen et al., 2014). An OPE exposure study
using themodel organism Daphnia magna showed that OPE toxicity
was correlated with log KOW values, and furthermore, that the joint
toxicity of multiple OPEs was additive (Cristale et al., 2013).
Neurotoxic effects of OPEs on aquatic organisms include the
increased occurrence of malformations as well as reduced heart
rates (Sun et al., 2016).

Wang et al. (2019) measured OPEs in zooplankton from Taihu
Lake, China, and concluded that relative abundances of individual
OPEs in water and zooplankton samples were significantly
different. Various studies have reported on the occurrence of OPEs
and PAEs in sediments, such as Ma et al. (2017) who found that in
the North Pacific and the Arctic Ocean, halogenated OPEs were
more abundant than non-halogenated OPEs. A recent study in
Marseille Bay reported that PAE concentrations in sediments were
3e33 times higher than OPE concentrations with up to 328 ng g!1

dw (
P

7 PAEs) (Castro-Jim!enez and Ratola, 2020).
Another threat to the environment is microplastics (MPs) (i.e.,

plastics " 5 mm), particularly in the marine environment, which
receives substantial microplastic loads from rivers (Horton et al.,
2017; Lebreton et al., 2017; van Wijnen et al., 2019), coastal cities
(Liubartseva et al., 2018; Schmidt et al., 2018), and through mari-
time traffic and fishing activities (Liubartseva et al., 2018). MPs have
recently received considerable attention from the media and sci-
entific community due to their omnipresence and their potential
deleterious effects, such as ingestion by a wide variety of aquatic
species (Cole et al., 2013; Duncan et al., 2019; Silva-Cavalcanti et al.,
2017; Zhu et al., 2019). Hotspots and accumulation zones have been
identified, including the East Asian Seas with concentrations of up
to 491 items m!3 (Isobe et al., 2015), and the Mediterranean Sea
(Suaria et al., 2016). In Marseille Bay, highly variable microplastic
concentrations have already been reported (0.01 items m!2,
Collignon et al., 2012; 6$103 to 1$106 items km!2, Schmidt et al.,
2018).

The objectives of this study are i) to investigate PAE and OPE
occurrence as well as spatial and temporal variability in water,
sediment and zooplankton samples in the Bay of Marseille during
one year, ii) to examine their potential to bioconcentrate at the base
of the Mediterranean food web and iii) to provide data on micro-
plastic abundance and size in order to iv) examine the relationship
between organic plastic additive concentrations and microplastic
abundances in surface waters.

2. Material & methods

2.1. Study area

The Bay of Marseille is located at the eastern edge of the Gulf of
Lion (NW Mediterranean Sea) and is influenced by strong wind
regimes (mainly the northwestern Mistral wind), high solar radi-
ation (Semp!er!e et al., 2015) and episodic intrusions from the Rhône
River (Fraysse et al., 2014), which provide important inputs of

particle and dissolved organic matter (Para et al., 2010) as well as
organic contaminants (Schmidt et al., 2019). The sampling stations
chosen for this study are influenced by harbor activity (L’Estaque
station), tourism and fish-farming (Frioul station) and the outlet of
Marseille’s municipal wastewater treatment plant (WWTP; Cortiou
station) (Fig.1). Due to its geographical position, L’Estaque station is
particularly prone to be influenced by freshwater intrusions from
the Rhône River (Schmidt et al., 2019). On the other hand, episodic
intrusions of theMediterranean Northern Current can enter the Bay
of Marseille and, when coupled with a south-eastern wind regime,
these intrusions can lead to a transport of particles from theWWTP
to the inner bays (including Frioul island and L’Estaque station)
(Millet et al., 2018). Marseille is one of the largest cities in the NW
Mediterranean with a WWTP treating the effluents of 1.7 million
inhabitant equivalents (Oursel et al., 2013). Marine resources play
an important role in both the local economy and in traditional
values (Ourgaud, 2015).

2.2. Sampling and sample processing

One-liter seawater samples were gathered in duplicate using a
stainless-steel collector on six occasions between May 2017 and
March 2018 from the R/V Antedon II, were poured into pre-
combusted (450 #C, 6 h) 1 L glass bottles and were filtered (GF/F,
0.7 mm retention size) within 3 h of collection. The samples were
either stored in the dark at 4 #C and extracted within 24 h, or were
otherwise stored in the dark at !20 #C until extraction. Sediments
were collected using a Van Veen grab sampler. The upper 5 cm of
the samples were immediately removed and transferred into pre-
combusted glass bottles. Once in the MIO laboratory, the sedi-
ments were stored in the freezer (in the dark; !20 #C) and after-
wards lyophilized. Finally, they were sieved to a size class "500 mm
using a pre-cleaned stainless steel sieve.

Zooplankton and microplastic samples were collected using a
manta net (opening area 40$ 70 cm,mesh size 150 mm), which was
towed horizontally at a speed of 2e3 knots for 20 min. A floater on
each side of the net resulted in only half of the net height being
submerged in the water, leaving an opening area of 20$ 70 cm that
was used for the calculation of microplastic concentrations. The
samples were poured into glass bottles and kept in cool and dark
conditions until reaching the laboratory. They were left for 24 h to
enable the zooplankton to defecate so as to avoid a falsification of,
or interference with, the chemical analysis. Next, using metal
sieves, three zooplankton and MP size classes were separated to
obtain the following size ranges: 150e500 mm, 500e1000 mm and
>1000 mm. The advantage of analyzing different zooplankton size
classes as opposed to pooled samples is that size-specific differ-
ences in contaminant uptake (due to different surface area/volume
ratios, feeding behaviors or developmental stages) can be investi-
gated (Hargrave et al., 2000). The samples were thoroughly rinsed
using ultrapure water. Next, MPs were sorted out within each size
class using a dissecting microscope and tweezers. Fibers were
excluded due to the high risk of contamination. No polymer char-
acterizations were performed to verify the nature of the items,
meaning that despite all efforts to maximize result reliability, it
cannot be excluded that some non-plastic items were considered as
microplastics. MPs were counted and their size was measured us-
ing a ZooScan (HYDROPTIC SARL). To do so, each itemwas placed on
the screen of the ZooScan without water. Surface area measure-
ments in pixels were obtained with the ImageJ software and then
converted into mm2. Other debris items (e.g., plant debris) were
also removed from the samples. The plankton samples were then
frozen (!20 #C), lyophilized and ground using an agate mortar and
pestle. Details on sampling dates, GPS positions, temperature
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(surface and bottom), salinity (surface and bottom) and sediment
collection depth are given in Table S1 (Supplementary Material).

2.3. Contaminant extraction

2.3.1. Seawater samples
Dissolved contaminants were solid phase extracted (SPE) ac-

cording to Fauvelle et al. (2018). The filtered samples were thus
spiked with labeled surrogate standards (100 ng sample!1 of D27-
TBP, D18-TCPP, D15-TDCP and D4-DnBP), thoroughly shaken, passed
through pre-cleaned and conditioned glass cartridges containing
250 mg Oasis HLB sorbent using inert polytetrafluoroethylene
(PTFE) liners, washed with ultrapure water, vacuum-dried and the
compounds eluted using 5 mL hexane and 5 mL hexane/dichloro-
methane (50/50, v/v), before being collected in pre-combusted
glass tubes and reduced to approximately 50 mL using pure N2.

2.3.2. Sediment and zooplankton samples
Freeze-dried sediments (3 g) and zooplankton (100 mg) were

put into glass tubes, spiked with surrogate standards as indicated
above, vortexed and left to equilibrate for about 30 min. Activated
copper was added to sediment samples before extraction and to
zooplankton samples directly into the final extract. Next, 5 mL of
hexane was added and an ultrasound extraction (Elmasonic X-tra
TT 120 H, extraction power 800 W) was performed during 15 min
without heating. The extract was then cleaned in glass cartridges
containing 250 mg of Oasis MAX sorbent. The cartridges had pre-
viously been washed three times using a sequence of solvents
(~5 mL each of acetone, ethyl acetate and dichloromethane). The
processed extracts were collected in glass tubes. The extraction and
subsequent procedure were repeated once more with 5 mL of
hexane and twicemorewith 5mL hexane/dichloromethane (50/50,
v/v), for a total of four extraction steps. The extracts were concen-
trated using N2 to obtain a final volume of approximately 100 mL. All
glassware used was pre-combusted (450 #C, 6 h).

2.3.3. GC/MS analysis
Water, sediment and zooplankton samples were spiked with

internal standards (100 ng sample!1 of D4-DEP, D4-DEHP, D21-TPrP,
D12-TCEP and D15-TPhP) and injected into GC/MS in Selected Ion
Monitoring (SIM) mode. GC/MS conditions were the same for all
matrixes and can be found in the Supplementary Material (Text S1).
Seven PAEs (dimethyl phthalate -DMP-, diethyl phthalate -DEP-, di-
n-butyl phthalate -DnBP-, diisobutyl phthalate -DiBP-, benzylbutyl
phthalate -BzBP-, diethylhexyl phthalate -DEHP- and di-n-octyl
phthalate -DnOP-) and nine OPEs (tripropyl phosphate -TPP-, tri-
iso-buthyl phosphate -TiBP-, tri-n-butyl phosphate -TnBP-, tris-(2-
chloroethyl) phosphate -TCEP-, tris-(2-chloro, 1-methylethyl)
phosphate -TCPP-, tris-(2-chloro-, 1-chloromethylethyl) phosphate
-TDCP-, triphenyl phosphate -TPhP-, 2- ethylhexyl-diphenyl phos-
phate -EHDPP- and tris(2-ethylhexyl) phosphate -TEHP-) were
quantified.

2.3.4. Quality assurance/quality control
Ultrasound extraction recovery experiments were performed by

spiking 3 g of freeze-dried sediment and 100 mg zooplankton with
a PAE and OPE analytical standard mixture (50 ng sample!1).
Seawater was spiked with 150 ng L!1 of the analytical standard
mixture (Fauvelle et al., 2018). Recoveries were then calculated by
subtracting the measured concentrations in the spiked samples
from those in the non-spiked samples (see Table S2 for recovery
rates). Furthermore, surrogates were added to each sample prior to
extraction and their recovery rates were monitored for each indi-
vidual extraction. Mean surrogate recoveries in water, sediment
and zooplankton samples, respectively, were as follows: 94% (±11%
SD), 90% (±4.6% SD) and 90% (±18% SD) (D4-DnBP), 87% (±9.8% SD),
86% (±7.6% SD) and 96% (±7.8% SD) (D27-TBP), 80% (±12% SD), 40%
(±7% SD) and 53% (±9.4% SD) (D18-TCPP) and 88% (±8.5% SD), 73%
(±16% SD) and 68% (±4.2% SD) (D15-TDCP). Results presented in this
work were not recovery corrected. Extraction blanks weremade for
all sample batches to monitor possible contamination (see Table S3
for all blank values). The results presented here are blank-corrected
by subtracting the blank value corresponding to the extraction

Fig. 1. (A) Map of the Mediterranean Sea indicating the position of the sampling area, (B) zoom showing the Gulf of Lions with schematic representations of the Mediterranean
Northern Current and the Rhône River plume, both of which can influence the Bay of Marseille via episodic intrusions. (C) Map of the Bay of Marseille showing the three sampling
stations L’Estaque, Frioul Island and Cortiou.

N. Schmidt, J. Castro-Jim!enez, B. Oursel et al. Environmental Pollution 272 (2021) 115970

3



batch. Certain zooplankton samples (especially in the size class
>1000 mm) did not contain sufficient biomass to perform an
extraction, and in other samples (particularly those from Frioul
station), matrix interferences inhibited the quantification of TCPP
and TDCP. Instrumental limits of quantification (LOQ) ranged from
1 pg to 10 pg (Fauvelle et al., 2018).

3. Results & discussion

3.1. Surface waters

Total PAE and OPE concentrations varied in water samples be-
tween 100 and 527 ng L!1 and 9e1013 ng L!1, respectively
(Fig. 2AeC). TPP was never detected whereas TEHP was detected in
28% of samples, followed by DnOP (39%), TDCP (56%), BzBP (67%),
DEP (72%), TnBP and TCEP (89%) and TPhP (94%). DMP, DnBP, DiBP,

Fig. 2. PAE and OPE concentrations measured in filtered water samples during six sampling events (S1eS6) at L’Estaque (A), Frioul (B) and Cortiou (C) stations in the Bay of
Marseille. Note the different scales for PAE (left) and OPE (right) concentrations.
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DEHP, TiBP, TCPP and EHDPP were found in 100% of water samples.
Of all PAEs, DEHP was predominant with 62e454 ng L!1 (50e90%
relative abundance), while TCPP was the dominant OPE with
6e876 ng L!1 (28e91% relative abundance). At L’Estaque station,
highest OPE concentrations were observed in September 2017 (S3),
when a high TPhP peak (24 ng L!1) was detected. By contrast, we
found the highest PAE concentration in the November 2017 (S4)
sample at L’Estaque station. Another interesting observation is the
high amount of TCEP detected in March 2018 (S6) at L’Estaque
(19 ng L!1) and Frioul (26 ng L!1) stations (Fig. 2AeB). Total PAE and
OPE concentrations in water samples from all stations were not
correlated (R2 ¼ 0.14; p-value > 0.01; Figure S1), pointing to
different sources and/or environmental occurrence in the study
area. Positive linear correlations between dissolved organic carbon
(DOC) and TiBP (p-value < 0.001), TDCP (p-value < 0.001), TCPP (p-
value < 0.01) and TnBP (p-value < 0.01) concentrations were
observed (Figure S2).

A previous study related to OPE occurrence in Mediterranean
dissolved seawater samples (~60 km north-east of Barcelona,
Spain) indicated a total concentration of 10.5 ± 1.0 ng L!1 (S5 OPEs),
with TiBP being predominant (3.7 ± 1.3 ng L!1) with an averaged
concentration comparable to that measured in our study area
(8.3 ± 10 ng L!1) (Vila-Costa et al., 2019). The higher standard de-
viation in our case can be explained by the well differentiated
characteristics of the sampling stations, with Cortiou exhibiting &
4-times the TiBP concentrations detected at Frioul and L’Estaque
stations. For comparison, <DL-4.4 ng L!1 of S11 OPEs were recently
detected in Canadian Arctic surface waters (McDonough et al.,
2018) and 7.3e100 ng L!1 of S7 OPEs in the Bohai, Yellow and
East China Seas (Zhong et al., 2020). Concerning PAEs, we found
that the mean S7 PAE concentration at Cortiou station (264 ng L!1)
was close to the one reported by Paluselli et al. (2018a) in 2014 for
the same sampling station (213 ng L!1).

3.2. Sediments

In sediment samples, PAE (12e610 ng g!1 dw) concentrations
were generally higher than OPEs (13e49 ng g!1 dw) (Fig. 3AeC).
DMP, DEP, DnBP, DiBP, DEHP, TnBP and TCEP had a detection fre-
quency of 100%. TPP and TDCP were not detected in any samples,
DnOP was found in 11% of samples, followed by BzBP (28%), TiBP
(67%), TPhP (72%), EHDPP (78%), TEHP (89%) and TCPP (94%). TnBP
was usually the most abundant OPE, with concentrations ranging
from 2.2 to 32 ng g!1 dw, followed by TCPP (1.0e20 ng g!1 dw) and
TEHP (0.3e9.5 ng g!1 dw). These concentrations are slightly higher
than those reported for sediment samples from the Bohai and
Yellow Seas (China), where TCPP was detected at 0.029e1.5 ng g!1

dw and TEHP at 8-3445 pg g!1 dw (Zhong et al., 2018). Therein, the
authors noted that halogenated OPEs were more abundant than
non-halogenated OPEs, which was not the case in our study.
Another study in the Bohai Sea found TnBP to be predominant in
surface (0e20 cm) sediments, with a relative abundance of 34e60%
(Wang et al., 2017). Those authors pointed out that TnBP is
commonly used in hydraulic fluids and lubricating oils (see also van
der Veen and de Boer, 2012), which may also explain the important
abundance of TnBP in our sediment samples, given that the Bay of
Marseille is influenced by marine traffic of all kinds. Sediments
from the North Pacific and Arctic Oceans yielded lower OPE loads
(<1e460 pg g!1 dw TCPP and 19e209 pg g!1 dw TnBP; Ma et al.,
2017) and TCEP and TiBP were the dominant compounds in these
samples.

When comparing sampling stations, highest mean PAE and OPE
concentrations (404 and 33 ng g!1 dw, respectively) were found at
Cortiou station, followed by L’Estaque (140 and 24 ng g!1 dw) and
finally, Frioul station (37 and 20 ng g!1 dw). While a weak positive

correlation of total PAE and OPE concentrations in sediment sam-
ples was observed (R2 ¼ 0.32; Figure S1), this correlation was not
statistically significant (p-value > 0.01), suggesting a similar situ-
ation as in surface waters for both families of plastic additives when
considered a group.

3.3. Zooplankton samples

3.3.1. Concentrations at stations and per size class
As was seen in sediment samples, PAE concentrations (mean

7230 ± 10,100 ng g!1 dw) in zooplankton samples were generally
higher than OPE concentrations (mean 1590 ± 990 ng g!1 dw)
(Table S4& S5). DEHP was found to be the most abundant PAE in all
zooplankton samples, with a maximum concentration of
~43,000 ng g!1 dw at Cortiou station near the WWTP outlet. TDCP
was the predominant OPE, with concentrations of up to 2610 ng g!1

dw. This means that while DEHP (log Kow of 7.6) was the dominant
PAE in all matrixes, for OPEs the relative composition of individual
compounds changed depending on the environmental compart-
ment, with a dominance of TCPP (log Kow of 2.6) in seawater, TnBP
(log Kow of 4.0) in sediments and TDCP (log Kow of 3.7) in
zooplankton. Wang et al. (2019) made a similar observation (TCPP
was dominant in their seawater samples but not detected in
zooplankton samples) and concluded that OPEs with low log Kow
values, and therefore low hydrophobicity, do not easily accumulate
in zooplankton.

Cortiou station exhibited the highest PAE and OPE concentra-
tions (all size classes combined; Fig. 4 A & B). Interestingly, aver-
aged S7 PAE and S9 OPE concentrations varied with the
zooplankton size classes, the highest concentrations being
observed for the smallest size class, followed by the largest size
class, whereas the lowest concentrations were observed for the
middle-sized organisms (Fig. 4 C& D). In total, 46% of PAEs and 40%
of OPEs were detected in the smallest size class (150e500 mm)
(Fig. 4 E & F). The high concentrations observed in small-sized
plankton are probably due to the higher surface area/volume ra-
tio, which can lead to a rapid uptake of contaminants from the
surrounding medium (DeLorenzo et al., 2002; Hargrave et al.,
2000). However, this does not explain why the middle-sized class
(500e1000 mm) is generally the least contaminated. A lower lipid
content might be an explanation; however, lipid contents were not
determined in this study due to sample size limitations. In addition,
a previous report showed that zooplankton of the 500e1000 mm
size class in the study area exhibited the highest lipid contents
(Chen et al., 2019).

The high standard deviation values underline an important
variability between sampling events, possibly linked to the plank-
tonic life cycle and/or to changes in the water column conditions
across the sampling year. Indeed, a seasonality of bioaccumulation
in zooplankton has already been observed for certain organochlo-
rine chemicals such as PCBs, and those authors suggested that a
varying lipid content in zooplankton due to reproduction and
growth might be an explanation (Hargrave et al., 2000).

A previous study analyzing PAEs in zooplankton samples from
the NW Mediterranean Sea (including coastal and open sea sta-
tions) detected S7 PAEs at concentrations of 17e4580 ng g!1 dw,
with DEHP concentrations of up to 2700 ng g!1 dw (mean
679 ± 739) (Baini et al., 2017). This mean DEHP concentration is
lower than our mean DEHP concentration in zooplankton samples,
even if we exclude the highly contaminated WWTP outlet at Cor-
tiou station (i.e., 2010 ± 1400 ng g!1 dw without Cortiou station),
indicating that the Bay of Marseille could be a PAE contamination
hotspot. Apart from a previous study reporting OPEs concentrations
in freshwater zooplankton (Taihu Lake, China) (10.8 ± 0.5 ng g!1

ww of S11 OPEs; Wang et al., 2019), a recent study investigated OPE
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occurrence in a tropical marine food web. The authors hereby re-
ported a mean S11 OPEs concentration of 660 ± 246 ng g!1 dw in
zooplankton samples (Ding et al., 2020) and furthermore noted that
OPEs underwent trophic dilution rather than biomagnification. It
has elsewhere been reported that zooplankton are also impacted by
other organic contaminants, such as PCBs (14.2e88.1 ng g!1 dw S7
PCBs in Marseille Bay; Tiano et al., 2014) and perfluorooctane

sulfonate (PFOS) (4.18 ng g!1 ww in Gaobeidian Lake, China; Li
et al., 2008). Since zooplankton are at the base of the marine food
web, negative implications for organisms of higher trophic levels
cannot be excluded and the consequences for local marine re-
sources should be investigated. More data from other parts of the
Mediterranean Sea, and elsewhere, are urgently needed for
comparison.

Fig. 3. PAE and OPE concentrations measured in sediment samples during six sampling events (S1eS6) at L’Estaque (A), Frioul (B) and Cortiou (C) stations in the Bay of Marseille.
Note the different scales for PAE (left) and OPE (right) concentrations.
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3.3.2. Bioconcentration
To obtain an idea of the bioconcentration potential of the

studied compounds, the bioconcentration factors (BCF) of PAEs and
OPEs were calculated for the three zooplankton size classes using
the following equation:

BCF ¼
½zooplankton(

!
mg kg!1"

½water(
#
mg L!1

$

Since the wet weight is used for the BCF calculation,
zooplankton concentrations were converted from ng g!1 dw to ng

Fig. 4. Box plots indicating PAE (A) and OPE (B) concentrations per sampling station as well as PAE (C) and OPE (D) concentrations per zooplankton size class. The pie charts indicate
the percentage of PAEs (E) and OPEs (F) found in the different zooplankton size classes (e.g., 46% of all PAEs detected were found in size class 150e500 mm).
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g!1 ww using a conversion factor of 0.2 (Håkanson and Boulion,
2003; Pagano and Saint-Jean, 1994). For the scope of this work,
diet is not considered in the BCF calculation in any of the
zooplankton size classes. Therefore, the BCFs calculated here
represent the ratio of the concentration of the chemical in a given
zooplankton size class to the corresponding dissolved chemical
concentration in the surrounding water column. We acknowledge
the limitations of these calculations, but provide the first field-
derived BCFs for PAEs and OPEs in coastal Mediterranean waters.
Table 1 presents the estimated BCFs for each individual compound
and size class using the average and the median contaminant
concentration measured in zooplankton. Between size classes, the
calculated BCFs were at times variable, but with no clear trends.
Furthermore, no relationship between BCF values and log Kow of
contaminants was observed. The highest calculated median BCF
was ~117,000 for TEHP (size class 150e500 mm). In contrast, lowest
BCFs were calculated for DEP (359-519, depending on size class)
and DiBP (264-687). Our median DEHP BCF (2500-4600) is
consistent with the reported DEHP BCF of 2700 for Gammarus, an
amphipod genus (JRC Risk Assesment Report, 2008). For compari-
son with other organic contaminants, the average BCF of endo-
sulfan, an agricultural pesticide, was reported as 3300 in freshwater
zooplankton (DeLorenzo et al., 2002).

Indeed, zooplankton are thought to accumulate a significant
fraction of organic contaminants from the dissolved water phase
(Borgå et al., 2005), justifying the use of the BCF as a basic risk
assessment tool. In Annex D of the Stockholm Convention on
Persistent Organic Pollutants, a BCF &5000 L kg!1 is listed as a
criterion that identifies a chemical as bioaccumulative. If we apply
this criterion to the median BCFs, DMP (for size class > 1000 mm),
BzBP (all size classes), DnOP (all size classes), TiBP (all size classes),
TCEP (size classes 150e500 mm & 500e1000 mm), TDCP (size class
150e500 mm), EHDPP (all size classes) and TEHP (size classes
150e500 mm & 500e1000 mm) can be considered as bio-
accumulative. The quality threshold is hereby exceeded by up to
23-fold. If the BCF calculated using average concentrations is
considered, even more compounds, including DnBP, DEHP, TnBP
and TPhP exceed the BCF criterion as defined by the Stockholm
Convention. Bioconcentration of PAEs and OPEs at the base of the
marine food web could cause negative effects at higher trophic
levels. Field data, as provided here, are therefore essential and can
help to improve existing risk assessment models.

3.3.3. Microplastic abundance and relationships with additives
Microplastic density in surface waters varied between 0 and

0.308 items per cubic meter (mean 0.051 items m-3). Surprisingly,
the highest mean MP abundance was found at Frioul Island (0.081
items m!3), the station where generally lower contaminant con-
centrations were detected in comparison with the two other sta-
tions and, more specifically, with Cortiou station. By contrast, we
observed the lowest mean MP density (0.025 items m!3) at Cortiou
station (Fig. 5) suggesting that (1) the water near the outfall is well
mixed, leading to a more homogeneous microplastic distribution in
the whole water column and therefore lower MP concentrations at
the surface, or (2) that the contaminants may originate from
various sources, such as household greywater, leaching from PVC
pipes (e.g. from the sewage system) or industrial inputs, and not
solely from plastic litter. A regression analysis confirmed that
waterborne PAE and OPE concentrations at the three sampling
stations were not correlated with the corresponding microplastic
abundances (p-value ¼ 0.7). This indicates that in coastal systems
microplastic abundances cannot be taken as a proxy of contami-
nation by organic plastic additives and vice versa. When compared
with the literature, our observed MP density is at the lower limit of
previous studies. For example, a mean abundance of 0.15 itemsm!3

was measured in the Central-Western Mediterranean Sea (de Lucia
et al., 2014). Therein, the authors observed lower MP concentra-
tions close to the shore (0.01 ± 0.00e0.18 ± 0.03 items m!3) than in
off-shorewaters (up to 0.35 ± 0.11 itemsm!3). In the Atlantic Ocean
(Portuguese coast), mean MP concentrations ranging from
0.002 ± 0.001 to 0.036 ± 0.027 items m!3 have been reported (Frias
et al., 2014).

At L’Estaque station, small MPs (surface area <1 mm2) were
predominant with 90.1% relative abundance, followed by MPs with
surface areas between 1 and 5 mm2 (8.5%) and between 5 and
10 mm2 (1.4%). At Cortiou station, the percentage of particles sized
1e5 mm2 (35.5%) and 5e10 mm2 (3.2%) was higher, but the small-
sized items < 1 mm2 remained dominant (61.3%). Finally, at Frioul
station, items sized <1 mm2 and 1e5 mm2 had similar relative
abundances (40.5% and 44.0%, respectively), as did MPs with sur-
face areas of 5e10 mm2 and >10 mm2 (6.7% and 8.6%, respectively)
(Fig. 5). This indicates that the size distribution in samples can
differ even at a small spatial scale. In a previous study analyzing
MPs at three sampling stations in the Bay of Marseille (all close to
Frioul Island), a size distribution similar to ours (at Frioul station)
was observed, but with an even higher percentage of items sized

Table 1
Average (±SD) and median bioconcentration factors (BCF) for seven phthalates and nine organophosphate esters, calculated for the three zooplankton size classes.

Average Median

>1000 mm 500e1000 mm 150e500 mm >1000 mm 500e1000 mm 150e500 mm

DMP 32 800 (±58 100) 3400 (±4500) 7800 (±15 500) 8700 1900 3300
DEP 518 (±464) 523 (±406) 697 (±639) 410 359 519
DnBP 5400 (±5000) 3800 (±4800) 5700 (±8500) 3500 2700 1900
DiBP 979 (±777) 275 (±151) 690 (±670) 687 264 350
BzBP 30 500 (±11 300) 29 400 (±22 200) 25 700 (±22 000) 31 900 25 500 23 300
DEHP 6900 (±7500) 5900 (±6300) 13 200 (±18 900) 3600 2500 4600
DnOP 55 700 (±21 300) 47 100 (±44 600) 100 000 (±100 000) 65 500 33 700 50 000

TPP n.a. n.a. n.a. n.a. n.a. n.a.
TiBP 183 000 (±476 000) 27 300 (±37 100) 138 000 (±432 000) 28 100 8500 7200
TnBP 4300 (±6600) 2800 (±4000) 6500 (±13 500) 2100 1300 2500
TCEP 25 000 (±36 900) 79 600 (±146 000) 50 700 (±67 100) 1800 14 400 22 700
TCPP 1600 (±1400) 2800 (±4800) 3400 (±6400) 1800 868 1600
TDCP 6200 (±5100) 28 000 (±39 700) 84 800 (±141 000) 4700 3300 5800
TPhP 4600 (±5900) 9400 (±12 800) 7300 (±9200) 1700 3900 1100
EHDPP 7400 (±6100) 11 500 (±11 200) 24 300 (±27 400) 6100 6200 12 600
TEHP n.a. 41 900 (±61 700) 117 000 (±158 000) n.a. 11 200 116 900

n.a. ¼ not available.
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1e5 mm2 (55%; compared to 27% of items < 1 mm2) (Schmidt et al.,
2018).

Microplastics at Cortiou station may represent inputs from the
WWTP outlet, while those from Frioul and L’Estaque stations may
originate from the city of Marseille or have been transported to the
sampling stations via currents. A previous study involving in situ
data and numerical simulations showed that contaminants (per-
fluoroalkyl substances) from the Rhône River can reach the Bay of
Marseille, and particularly L’Estaque station through freshwater
intrusions (Schmidt et al., 2019). This might be the case for
microplastics as well.

4. Conclusion

This is the first comprehensive study on the occurrence and
temporal variability of PAEs and OPEs in coastal Mediterranean
based on the parallel collection of water, sediment and differently
sized zooplankton samples. PAEs and OPEs were detected at high
(zooplankton), moderate (water) and low (sediment) concentra-
tions in Marseille Bay. PAEs were generally more abundant than
OPEs, with DEHP being the predominant PAE in all matrixes.
Zooplankton samples, in particular those collected near the
municipal WWTP outlet, exhibited alarmingly high DEHP concen-
trations (up to 43 mg g!1 dw), raising questions about potential
toxicity and impacts on the local marine food web. Variability in
contaminant concentrations within the same zooplankton size
class and sampling stationwere found, possibly due to the life cycle
of zooplanktonic organisms or to a different species composition of
the samples. The smallest zooplankton size class generally exhibi-
ted the highest PAE and OPE concentrations. These differences in
contaminant concentrations between size classes require further
investigation, warranting further research and laboratory experi-
mentation. Furthermore, analyzing the lipid content and tax-
onomical composition of each future sample could shed light on the
remaining questions. Certain compounds exhibited median BCFs

>5000, suggesting a potential for bioaccumulation, including some
of the most widely used chlorinated OPEs, like TDCP. This was not,
however, the case for DEHP and TCPP, generally the most abundant
PAE/OPE found in environmental samples, indicating that dietary
intake might be more important thanwaterborne bioconcentration
mechanisms for these two compounds. Our results and the first
field-derived BCFs in coastal Mediterranean waters fill an impor-
tant data gap and could help to fine tune existing risk assessments
methodologies regarding PAEs and OPEs. The amounts of dissolved
organic plastic additives in surface waters and the abundance of
microplastic particles were not correlated, implying that they are
not necessarily good indicators for each other in this compartment.
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