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ABSTRACT

Hydrophobic Organic Contaminants (HOC) are a group of chemicals needed to determine the
health of marine ecosystems, and passive sampling devices are promising tools that offer a conve-
nient monitoring opportunity. Traditional biomonitoring studies involved different types of marine
organisms, and it appeared that simultaneous deployment of passive samplers with biomonitoring
organisms provided the necessary information for the calculation of the aquatic organisms’ bioac-
cumulation factors (BAF). There was not any other parameter than BAF, that could be used to de-
termine the biomagnification and fate of contaminants in the upper trophic levels, which eventual-
ly affect all marine and terrestrial ecosystem health. In the light of the essence of BAF, this study
applied a modified version of BAF estimation dependent on the contaminant concentrations both
in the passive and active samplers. Thus, BAF parameters could be calculated properly without any
need of a contaminant concentration in the surrounding water environment. For this purpose, the
HOC concentration detected from the anthropogenic settlements in the coastal regions of Turkey
were collocated, evaluated, and represented for different HOC groups. It was concluded that the
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INTRODUCTION

Polyaromatic hydrocarbons (PAH), polychlori-
nated biphenyls (PCB) and organochloride pes-
ticides all belong to the group of hydrophobic
organic contaminants (HOCs). The determina-
tion of concentrations of hydrophobic organic
contaminants (HOCs) in water samples is diffi-
cult because of chemical properties like low wa-
ter solubility, high lipophilicity, strong adsorp-
tion tendency to suspended materials and ten-
dency to accumulate in organisms (David et al.,
2010). In order to overcome this obstacle, alter-
native methods such as biomonitoring and pas-
sive sampling have been used for determina-
tion of the sources and the fate of HOCs in dif-
ferent matrices of the marine environment

(Blasco & Picd, 2009; Bourgeault & Gour-
lay-Francé, 2013). Bivalve mollusks and
Semi-Permeable Membrane Devices (SPMD)
are widely used examples of biomonitoring and
passive sampling studies for the determination
of HOC concentration in a water environment
(André Lourenco et al., 2015; Fontenelle, Tani-
guchi, da Silva, & Lourenco, 2019; Lance, Matz,
Reeves, & Verbrugge, 2012; Lourenco et al,
2016; Peven, Uhler, & Querzoli, 1996). A wide
geographic distribution and the sessile nature
of bivalves makes them the preferable organ-
isms in biomonitoring studies, in addition to
the accumulation tendency of HOCs in bivalves
(Bayne, 1976). On the other hand, passive sam-
plers have the advantage of not being affected
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by the poor water quality in contrast to the organisms that need
to survive to be used in biomonitoring studies. Thus, a type of
passive samplers, SPMDs, have become a popular instrument of
detecting HOCs in water bodies (Huckins, J.N; Petty, J.D.; Booij,
2006; Huckins, J.N.; Tubergen, M.W.; Manuweera, 1990).

Diffusion and partitioning are the main pathways of PAH accu-
mulation in SPMDs, thus freely dissolved contaminants in wa-
ter can be detected precisely over a specific time interval
(Gourlay, Tusseau-Vuillemin, Garric, & Mouchel, 2003; Green-
wood, Mills, & Roig, 2007). The deployment of SPMD during a
specific time interval has many advantages compared with a
spot analysis of water contamination. For example, the decre-
ment of detection limits due to an accumulation tendency of
HOCs into the material led eventually to a higher concentra-
tion of contaminants accumulated in SPMDs. In addition, the
average measurement of a time period instead of a measure-
ment of a moment provides more reliable results of the target
zone (Uher, Mirande-Bret, & Gourlay-Francé, 2016). SPMDs are
not designed to mimic all metabolic activities of aquatic or-
ganisms, but instead to mimic the pathways of diffusion and
partitioning in the process of contaminant bioaccumulation
through adsorption to the surfaces of the target organism like
algae, mussel, fish etc. (Gourlay et al., 2005; Mayer, Philipp;
Tolls, Johannes; Hermens, Joop L.M.; Mackay, 2003; Uher et
al., 2016). Thus, simultaneous deployment of passive and ac-
tive sampling devices (for example, SPMDs and bivalves) is
promising for more sensitive and reliable measurements as ap-
plied in many studies (Amdany et al., 2014; Bourgeault & Gour-
lay-Francé, 2013; David et al., 2010; Verweij, Booij, Satumalay,
Van Der Molen, & Van Der Oost, 2004; Vrana et al., 2014).

The main advantage of simultaneous deployment of active and
passive sampling methods is to be able to determine the bioac-
cumulation tendency of HOCs in selected marine organisms
without any need of ambient water concentration data (Booij,
Smedes, Van Weerlee, & Honkoop, 2006). The similar uptake
processes of HOCs in both bivalves and passive samplers enable
researchers to obtain the bioaccumulation data by means of a
comparison of accumulated HOC concentrations in both organ-
isms and samplers (Harman, Brooks, Sundt, Meier, & Grung,
2011). The assessment of HOCs in different matrices of the ma-
rine environment was performed using this approach in several
studies (e.g. Bourgeault & Gourlay-Francé, 2013; David et al.,
2010). This study aimed to determine the bioaccumulation fac-
tors in marine organisms using the concentrations of HOCs de-
tected in the western and north-western regions of Turkey by
means of this simultaneous monitoring type of approach. Within
the scope of this study, bioaccumulation of HOCs in selected
marine organisms were determined without the necessity of ad-
ditional HOCS data, like its presence and concentration in the
surrounding water environment. Consequently, the results of the
simultaneous deployment of the Mediterranean mussel species,
Mytilus galloprovincialis, and SPMDs were evaluated using a
published concentration ratio model (Booij et al., 2006) that was
taken as the basis of a BAF determination, and adapted for eval-
uation of HOCs in determining bioaccumulation factors of se-
lected marine organisms for PAH, PCB and OCP.

MATERIALS AND METHODS

The concentration data of HOCs (PAHs, PCBs and OCPs) in mus-
sels and SPMDs were collocated from three previously published
papers (Karacik, Okay, Henkelmann, Pfister, & Schramm, 2013; O.
S. Okay et al., 2014; Oya S. Okay et al., 2017). The data in the ref-
erenced papers was reorganized into Excel sheets and used as
inputs for the present study. The field studies in the papers were
accomplished in total at 13 different stations: four stations along
the Istanbul Strait with a deployment time of seven and 21 days;
and nine stations in anthropogenic settlements like shipyards
and marinas with a deployment time of 30 and 60 days, which are
located in the west and north-west coast of Turkey (three marinas
in the west, three shipyards and three marinas in the north-west
coast of the country). Because the detailed locations of sampling
stations were given in the referenced papers (Karacik et al., 2013;
O. S. Okay et al., 2014; O.S. Okay et al., 2017) and the choice of
sampling stations were out of the scope of the present study, the
sampling stations are only shown in general as seen in Figure 1.
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Figure 1. The locations of the sampling stations are marked
with the red frame: four stations along the Istanbul
Strait; nine stations at the west and north-west coast
of Turkey. Detailed maps were given in the papers of
(Karacik et al., 2013; O. S. Okay et al., 2014; O.S.
Okay et al., 2017).

The variety of stations enhanced the results of this study. For ex-
ample, sampling stations at the north-west coast of the country
are in the most populated city of the country (Istanbul) with about
17 million inhabitants. Marinas and shipyards in this region are on
different sides of the city. The east part of the south entrance of
the Istanbul Strait is filled with marinas while the east border of the
city is filled with several shipyard companies consisting of a higher
number of workers. On the other hand, sampling stations at the
west coast of the country are located in a less populated area
which is popular with summer tourism. As mentioned in the refer-
enced papers, the Mediterranean mussel, Mytilus galloprovincial-
is, was used as the selected mussel species, and simultaneously
deployed with a commercial type of passive sampler, SPMD. The
data from these two different types of samplers, named as active
and passive samplers, was used as inputs in the present study in
order to determine the bioaccumulation potential of HOCs.

95



Aquat Sci Eng 2020; 35(4): 94-9
Yakan. Contribution of Passive Sampling Devices on the Determination of Hydrophobic Organic Contaminant Bioaccumulation in Marine Organisms

The analyzed results of HOCs in mussels and SPMDs were used
in the slightly modified version of the mussel/SPMD concentra-
tion ratio model (Booij et al., 2006). The modification included
the parameter of initial contaminant concentration in transplant-
ed mussels, which is not a zero value naturally, at the time of de-
ployment. The fitting of field data was implemented using the
NonlinearModelFit method in Mathematica (Wolfram Research,
version 10.0). The kinetic rate constants were matched with the
results of mussel and SPMD analysis. Not all the results were
used in the NonlinearModelFit method because of the detection
limitations of some HOCs. Among all HOCs, the data of 14 PAHs
and 11 PCBs were used for the implementation of the NMF
method. Regression equations presented in the referenced pub-
lication were used for determination of the SPMD-water parti-
tioning coefficient (K, L kg”) and elimination rate constant of
the SPMD (k_, d”) (Booij et al., 2006). The bioaccumulation factors
(BAF, L kg") were obtained by replacing the determined coeffi-
cients and constants in Equation (1).

/JSCS(BAF(l—e’kZ[))+CM}Oe’k2[

Cy = (1)

Ksw(1-e~ket)

In Equation (1), C,, (ng g), CMO (hgg", C;(ng g’ triolein), P (gmbL
") represents the mussel concentration at any day, the mussel con-
centration at the initial day (day 0), the SPMD concentration and its
density, respectively. Because the initial concentrations of mussels
are not always zero, Equation (1) consists of an additional term
compared with the original equation in reference (Boojj et al.,
2006). After fitting Equation (1), the parameters of BAF were eval-
uated with respect to their octanol-water partition coefficient (K, )
dependency. Thus, BAFs (L kg”) of mussels for a series of HOCs
were obtained without any need of ambient water concentration.

RESULTS AND DISCUSSION

Log K_, values for a series of HOCs range within 3.37 and 7.41;
specifically, between 3.37 — 6.9 for PAHs, 5.66 - 7.41 for PCBs and
3.7-7.13 for OCPs. This variation brought about inherently differ-
ent patterns of accumulation. It was seen that Log K values pos-
itively correlate with the accumulation of PAH and OCP both in
the passive and active samplers. On the contrary, the accumula-
tion of PCBs followed a different trend. This difference was prob-
ably the result of having comparatively higher Log K_ values. The
different nature of HOCs reflected their accumulation patterns.

The activities that originated from human actions were the main
source of PAHs. The field monitoring results in the areas of the
marina and shipyard were evidence of this fact (O. S. Okay et al.,
2014; Oya S. Okay et al., 2017; Yilmaz et al., 2014). In addition, the
products of industrial waste were the sources of PCBs (Cardellic-
chio et al., 2007; Cetin et al., 2017; Helou, Harmouche-Karaki,
Karake, & Narbonne, 2019; Hong, Yim, Shim, Li, & Oh, 2006), and
this was seen clearly in the comparison between the shipyard
and marina zones. The machinery and equipment used in the
construction, maintenance, and repair of ships in shipyards
seemed to directly affect this pattern difference. The main source
of OCPs are the products related to agriculture (Ahmad, Salem,
& Estaitieh, 2010; Fenik, Tankiewicz, & Biziuk, 2011; Helou et al.,
2019), thus they are generally detected at low rates.

The results of HOCs were grouped into two groups, depending
on their deployment times. The reason for this grouping was to
help in the evaluation of different features at the sampling sta-
tions. The first group deployment time was 7 and 21 days, and
the second group was 30 and 60 days. Therefore, NonlinearMod-
elFit function was run separately for the two groups, and the out-
put was represented as separate figures. Figures 2 and 3 are re-
sults of the first group while Figure 5 represents the output of the
second group.

PAH - T days
PCE - T days
QEP - T days

* PAW - 21 days.

4 PCB - M days

4 DCP - M days

Figure 2. The ratio of contaminant concentrations in SPMD
(Cy) and transplanted mussel (C,) versus octanol-
water coefficients (Log K_ ) of related contaminants
is shown. Each contaminant group is represented
with a different color: PAH in green, PCB in red and
OCP in blue for the deployment durations of 7 and
21 days, formed with open and closed symbols,
respectively. Fitting models of each contaminant
group are shown in their assigned colors in addition
to the combined PAH-PCB-OCP data in grey color.

The relationship between the ratios of SPMD and mussel con-
centrations (C/C, ) and Log K, values are shown in Figure 2 for
the first group. An inverse trend was observed for the group of
PAHs. The accumulation of PAHs decreased with the increase of
Log K, values. In contrast, the group of PCBs, which have high-
er K, values, show the opposite trend. The trend of the data is
represented with Equation (1) for PAH (in green), PCB (in red) and
OCP (in blue) separately, as shown in Figure 2. The combined
evaluation of PAH, PCB and OCP data (black spline in Figure 2)
shows a plateau, which could be explained by the steric hin-
drance of higher molecular weight HOCs of Log K > 5.0, espe-
cially during the accumulation of PAHs through the pores of SP-
MDs (Luellen & Shea, 2002). This fact of uptake restriction due to
the morphology was also mentioned in several observations
(Huckins et al., 1999; Luellen & Shea, 2002).

Bioaccumulation factors (BAFs) were evaluated versus Log K,
values of contaminants. The data are matched separately and
together for the groups of PAHs, PCBs and OCPs, as shown in
Figure 3. Separate PAH and PCB data were matched well with
linear regressions. Although the data of OCPs were scattered,
they were also matched and represented with linear regression.
Moreover, the combined data of PAH, PCB and OCP were fitted
by a hyperbolic function. The characteristics of a fitted hyperbol-
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PAH
PCB
Qocp

5
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Figure 3. Log BAF versus Log K, values and model fits for
PAH, PCB and OCP separately (in green, red, and
blue) and for the combined data set (in black).

ic function was not affected by the scattered data of OCPs. How-
ever, the data of PCBs was the main factor affecting the charac-
teristics of the fitted function due to its decreasing trend with the
increasing Log K, values. This fact can also be considered as a
probable inhibition of high Log K, valued PCB accumulation
(Baskaran, Armitage, & Wania, 2019; Qiu, Qiu, Zhang, & Li, 2019).
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Figure 4. The ratio of contaminant concentrations in SPMD
(Cy) and transplanted mussels (C,) versus octanol-
water coefficients (Log K_ ) of related contaminants
is shown. Each contaminant group is represented
with a different color: PAH in green, PCB in red and
OCP in blue for the deployment durations of 30 and
60 days, formed with open and closed symbols,
respectively. The black vertical line at the y-scale
(Log 10=1) indicates the equality of SPMD and
mussel concentrations.

In Figure 4, y-scale of Log C/C,, enabled researchers to ob-
serve the different accumulation trends of the active and pas-
sive samplers, and the black line at Log 10 indicates the equal-
ity of their concentrations. The upper part of the black line sig-
nifies that the metabolization of HOCs in the selected marine
organism is higher, whereas the lower part of the black line in-
dicates that the contaminants in the particular phase were high-
er than their dissolved forms, as a reminder that the dissolved
phase of contaminants accumulated in the passive sampler
(Bourgeault & Gourlay-Francé, 2013; Gourlay-Francé, Lor-

geoux, & Tusseau-Vuillemin, 2008; Kim, Kim, Alvarez, Lee, &
Oh, 2014; Lance et al., 2012; Luellen & Shea, 2002; Taylor, Fones,
Vrana, & Mills, 2019; Zhao et al., 2018).
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Figure 5. Log BAF versus Log K, values and model fits for
PAH, PCB and OCP data separately (in green, red,
and blue) and for the combined linear and non-
linear fittings (in black). Each graph in the Figure
represents different sampling stations: a) Marinas at
West; b) Shipyards at North-West; c¢) Marinas at
North-West; d) All the sampling stations together.

The stations in group 2 were differentiated according to their
type (marinas and shipyards) and locations (west and north-west).
Bioaccumulation factors were calculated by using Equation (1)
and represented separately for the marinas at the west, ship-
yards at the north-west and marinas at the north-west region of
the country as shown in Figure 5. In addition, combination of all
data belonging to all stations with a deployment time of 30 and
60 days were also evaluated and shown in Figure 5, using differ-
ent colors and shapes for different type of contaminants (green
circles for PAH, red stars for PCB and blue diamonds for OCP).

Itis clearly seen from Figure 5 that PAHs were abundant in all sta-
tions, whether the sampling stations were in an industrialized
zone, a highly populated city or a low-populated district famous
for its summer tourism. On the contrary, the difference in the dis-
tribution of PCBs is clearly seen in Figure 5, with the abundance
of PCBs especially in the sampling stations located in the highly
industrialized areas like the zones of shipyards compared with
sampling stations located in the zones of marinas. Apart from
this fact, the observed presence of PCBs in marinas located in
the north-west region of the country can be explained because
of its proximity to the industrialized and higher populated areas.
In addition, the presence of OCPs at all stations can be explained
due to its persistent nature, previous usage, and potential run-
offs from the observed regions, although its usage has been
banned for a long time (Ozcan & Aydin, 2009).

Furthermore, another evaluation was performed using a different
deployment period of time for the samplers. It is clearly seen from
Figure 6 that deployment time affects the range of results al-
though the data trend remains the same. Different times of de-
ployment were selected for this purpose. As a reference for the
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deployment duration, the necessity and importance of the expo-
sure time is a minimum of five days for SPMDs as stated in previ-
ous studies (Luellen & Shea, 2002). The outputs represented in
Figure 6, range from seven days to an unlimited period of time.
The results of different deployment times (7, 21, 30, 60, 360 and
unlimited days), as shown in Figure 6, could be used for the evalu-
ation and estimation of an efficient deployment time for prospec-
tive field monitoring studies. The importance of deployment time
should not be undervalued for the design of field studies in an ef-
fort to reduce expenses such as disposables and chemicals used
both in the field and laboratory and the addition of travel and
transportation expenses in distance sampling.

Deployment Time
104 T T
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Figure 6. Predictions of deployment time, for different periods
of time, ranging from seven days to infinity.

CONCLUSION

The deployment of passive sampling devices in coordination with
the field studies of marine organisms is a promising tool for the de-
termination of bioaccumulation factors. The simultaneous usage of
both active and passive sampling devices is increasing worldwide for
the monitoring of hydrophobic organic contaminants in coastal
zones. This study points out an additional feature of this simultane-
ous deployment: Determination of bioaccumulation factors in ma-
rine organisms without any need of HOC concentration data from
the surrounding water environment. For this purpose, the concentra-
tion ratio model was modified successfully in the implementation of
field data for Turkish coastal zones. Additionally, this same model
equation was used for the comparison of different periods of de-
ployment time, that could be a guide for an efficient planning of field
studies with fewer expenses in consumables and transportation.
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