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 INTRODUCTION 

Chemicals have been and are being produced to improve the 
quality of our daily life. The products in which the chemicals 
are present, are used for various purposes, including household, 
e.g. surfactants, preservatives, ingredients in personal care 
products, e.g. parabens, but also various drugs to fight diseases 
or regulate body functions, additives to improve the quality of 
plastics, and flame retardants to reduce the danger from fire. 
Pesticides limit the spread of diseases like malaria or protect the 
crop from insects, diseases etc., in order to increase the yield of 
agriculture. A vast portion of these man-made chemicals are 
persistent and end up via air, rain or wastewater in the aquatic 
environment and can unintendedly adversely affect the 
ecosystem and all organisms, including humans. To protect the 
environment, systems were developed to reduce emissions also 
to the aqueous environment. Water is essential to nearly all life 
on Earth. At the same time water distributes wasted chemicals 
through the environment. Regulation is performed by local as 
well as international treaties and authorities, for example, the 
Oslo and Paris Convention (OSPAR) for the Prevention of 
Marine Pollution from Land-Based Sources in the north-east 
Atlantic area was established in 1974. OSPAR strives for 
reducing the concentrations of chemical contaminants in the 
marine environment to as low as background levels. The 
European Water Framework Directive (WFD) is regulating the 
inland and coastal aquatic environment in Europe. The WFD 
identified a number of priority chemicals for which 
environmental quality standards (EQS) were agreed. EQS are 
maximum concentrations that are considered to have negligible 
impact on the environment and human life. Concentrations of 
these priority chemicals, and for local reasons many other 
chemicals, are monitored to test compliance to WFD-EQS or 
other quality standards. 

For the poorly water-soluble hydrophobic organic 
chemicals / compounds (HOC), it is a huge challenge to carry 
out rational monitoring of concentrations that are an adequate 
measure of the risk of HOC, using classical sampling and 
subsequent analysis. To represent a measure of the risk, and to 
realistically compare measured concentrations, concentrations 
must be expressed on a constant and defined basis. That is 
preferably a pure phase, for example pure water. For highly 
water-soluble compounds concentrations in water can be tested 

as they are measured in whole water samples, but HOC have 
low aqueous solubility’s and sorb to anything suspended in the 
water. The fraction that is freely dissolved in the aqueous phase 
decreases with increasing HOC hydrophobicity (expressed by 
its octanol–water partition coefficient: KOW). Consequently, the 
HOC concentrations in surface water strongly depend on the 
sample composition. For example, HOC concentrations in 
surface water samples are related to the amounts of dissolved 
and particulate suspended matter (SPM) present, as well as their 
composition in terms of organic matter. Because sorption of 
HOC to filters, and HOC bound to dissolved organic matter 
(DOC) passing the filter, filtration is not a feasible option to 
isolate HOC in its pure dissolved phase. Furthermore, the freely 
dissolved concentrations of HOC in water are always very low 
and analytically more difficult to determine as  KOW of HOC 
increase.  

The classical water sampling and analysis for HOC is 
evaluated in Chapter 2 where it is extensively discussed on what 
basis HOC concentrations should ideally be expressed to 
provide comparable data. Given the progress of science at that 
time, monitoring HOC in suspended matter sampled by a flow-
through centrifuge and expressing the HOC concentration on 
organic carbon (OC) basis was recommended for monitoring 
and assessment. Expressing HOC concentrations on the basis of 
OC as representative for organic matter, is largely reducing 
sampling variability and allows, compared to whole water, a 
better assessment of environmental quality in space and time. 
Obviously, for measurement of HOC fluxes preferably whole 
water is monitored, or when HOC are dominantly SPM bound 
by the product of SPM load and the HOC concentration in the 
SPM. 

Concentrations based on OC have been widely applied by 
OSPAR for spatial and temporal trend monitoring, often in 
sediment fractions < 20 or < 63 µm, isolated from the sand by 
wet sieving using local water. As indicated above, expressing 
HOC concentrations on OC reduces variability but this relies on 
stable properties of organic matter in time and space. However, 
the sorption properties of the organic matter may also be 
variable. Depending on the origin, especially sediment may 
contain largely variable amounts of coal or soot carbon (SC) 
that has, compared to regular OC originating from plankton and 
plant material, a variable and always much greater affinity for 
HOC not necessarily related to KOW. This is especially relevant 
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for the assessment of contaminated sediment as shown in 
Chapter 6. 

Next to water and sediment monitoring, HOC 
concentrations in biota (fish as well as in mussels) are used to 
assess environmental quality. OSPAR monitors HOC in marine 
fish and coastal mussels for over three decades. Monitoring 
using cogenetic mussels deployed in cages are also applied to 
compare environmental quality by the concentrations they 
obtain by uptake. The WFD uses monitoring of a number 
priority compounds in fish to check compliance with EQS. It is, 
however, very difficult to select a fish species that complies 
with the set criteria, including a trophic level (TL) of 4. The 
directive 2013/39/EU allows member states to apply alternative 
methods as long as they are as good and provide the same level 
of protection.  

 

PASSIVE SAMPLING & CHEMICAL ACTIVITY 

Monitoring HOC or other compounds in the environment is 
generally done by determining the concentration of that HOC 
in a sample taken from that environment that is analyzed in the 
laboratory, for example, water, sediment, or biota. Two and a 
half decade ago passive sampling (PS) using flat low-density 
polyethylene tubes filled with triolein, were introduced as 
passive samplers (PSd) which passively absorb HOC from the 
aqueous environment they were deployed in. The amount of 
HOC these PSd absorb is a measure of the HOC concentration 
in the environment. Lipid filled PSd were/are gradually replaced 
by single-phase polymeric PSd constructed from, for example, 
low-density polyethylene (LDPE) or silicone.  

The uptake of HOC by a PSd is driven by the chemical 
activity (CA) gradient between water and the PSd. The CA is 
essentially HOC’s concentration–solubility (uptake capacity) 
ratio. CA is independent of temperature and size of the system. 
At equilibrium, CA is the same for the water phase and the PSd, 
with a PSd–water concentration ratio equaling PS–water 
partition coefficient. Consequently, PSd  uptake is caused by the 
much higher solubility of HOC in the PSd than in the 
surrounding water. Equilibrium concentrations of PSd exposed 
to different matrices, directly reflect how the CA in these 
matrices relate to each other. A passive PSd is more or less like 
a thermometer and the CA compares with  temperature equaling 
the ratio of the internal energy (J kg-1) and the heat capacity 
(J kg-1 °K-1) of an object. So, calculating temperature from the 
internal energy one needs the heat capacity. If the heat capacity 
is unknown the internal energy still is proportional to 
temperature if the object is the same or has the same heat 
capacity. This emphasizes that for comparisons HOC 
concentrations should be expressed on the same basis. This is 
equally important as an accurate measurement of the HOC 
concentration. Knowledge on sample properties is often lacking 

and, in such case, the best approach is keeping them constant, 
for example as can be the case for the freely dissolved phase. 
At this point the PSd is superior guaranteeing constant uptake 
properties. Obtained equilibrium concentrations in PSd can be 
converted to any matrix for which the PSd –matrix partition 
coefficient is known. The downside is, however, that 
equilibrium is often not attained., also when mechanical or 
other means are applied to speed up kinetics. Where 
equilibrium is not possible, a first order kinetic uptake model 
can be applied. As the PSd–water exchange is isotropic the 
exchange rate constant for uptake is the same as for release. The 
in–situ release rate can be determined from the residual 
fractions of Performance Reference Compounds (PRC) that 
were dosed to the PSd prior to the exposure. This release rate is 
used as and uptake rate, allowing to estimate equilibrium 
concentrations in the PSd even when equilibrium was not 
attained. Subsequently, HOC’s equilibrium concentration in 
PSd are converted to the required matrix, for example freely 
dissolved in water or lipid basis. Note that the chemical activity 
concept is mainly used to explain the advantages of PS and not 
further quantitatively used. Proportionality of the classic 
concentration approach with the CA is secured by expressing 
concentrations on a defined basis for example freely dissolved 
in pure water or on lipid basis. 

 

PASSIVE SAMPLING – DEPLOYED MUSSELS 

In 2001 the National Institute for Coastal and Marine 
Management/RIKZ started with monitoring PCB and PAH by 
silicone PS alongside cogenetic mussels (Mytilus edulis) at 
eight stations along the Dutch coast. These were deployed for 
six weeks each year in autumn and winter in the so-called ABM 
program since 1990. In Chapter 3 the results were reported 
obtained in first four-year monitoring. The PSd were deployed 
in duplicate showing a CV of around 8% in average indicating 
that the variation of PS in field conditions is not a relevant issue. 
Within this work a first application of the co-solvent method to 
determine PSd–water partition coefficients, was performed and 
later repeated and extensively researched (Chapter 4). Prior to 
exposure PSd were spiked with PRC and the retained fractions 
were used to convert the contaminant uptake to a freely 
dissolved concentration (CW) with the at that time available 
approaches. A good correlation was observed between obtained 
CW and mussel-tissue concentrations. Bioaccumulation factors 
(BAF) were on average slightly higher in winter compared to 
autumn, while autumn samplings showed a lower variation over 
time. Overall a good relation between log BAF and log KOW 
was observed with a slope in agreement with literature. Only 
BAF values for PCB 170 and 180 showed consistent lower 
values while this was not the case for PCB 187. Concentrations 
in mussels and by PSd mostly followed the same seasonal 
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profile, as well as spatially. For example, the pyrene–
fluoranthene ratios decreased from 2.2 in the Western Scheldt, 
to ~1 at the downstream coastal stations 4 and 3, and to 0.4 at 
further stations in exactly the same profile for mussels and PSd. 
Main advances of PS over monitoring by mussels are (1) the 
absence of an initial concentration and (2) no natural variability 
inevitably associated with alive material. The monitoring by PS 
in concert with the mussel watch program provided a very 
useful learning experience and a foundation for future work. 
Essentially PS may be an even better tool for measuring 
bioavailability than using deployed mussels. 

 

POLYMER–WATER PARTITION COEFFICIENTS  

Chapter 4 describes the determination of PSd–water partition 
coefficients (KPW, L kg-1) for hexachlorobenzene (HCB), a 
number polychlorinated biphenyls (PCB) and the EPA set of 
parent polycyclic aromatic hydrocarbons (PAH). The set also 
included PCB not occurring in technical PCB mixtures and 
several deuterated PAH, that were candidates for application as 
PRC for in–situ calibration of the PSd–water exchange rate in 
field exposures. Typically the determination of KPW is 
performed by equilibration of the polymer the PSd is made of, 
with a volume of water dosed with HOC of interest, followed 
by the analysis of HOC’s concentrations in both phases 
(polymer: CP and water: CW). However, in spite of enhanced 
dosing concentrations, after equilibration with the polymer, the 
concentrations in the aqueous phase become increasingly lower 
as hydrophobicity increases, and, consequently, are more 
difficult to measure accurately for HOC of higher 
hydrophobicity. Furthermore, sorption of HOC may occur to 
the wall of the container and to particulate or dissolved organic 
matter (DOC) present in the water or growing during the 
usually extended equilibration time. Again, with increasing 
hydrophobicity a larger portion of HOC in the water phase will 
be sorbed to DOC, and the concentration determined in the 
water phase after equilibration may be an overestimation of the 
freely dissolved concentration in pure water. To validate 
absence of overestimation by DOC-bound fractions partition 
coefficients were determined in ultra-pure water but as well in 
a range of methanol–water mixtures (KPM) ranging from 10 to 
100% methanol with increments of about 10%. With increasing 
methanol content, KPM rapidly decreases and can be more 
accurately measured while also sorption to possible present 
DOC diminishes. These KPMwere determined for a number of 
silicone materials (SR) of different suppliers, as well as for 
different batches and thicknesses of a single supplier, and low-
density polyethylene (LDPE). Different co-solvent models for 
the effect of methanol content on the Kpm were tested to validate 
the Kpw in pure water. Linear regression of log KPM against the 
mole fraction (x) methanol over the range 0 < x < 0.3 (0–50% 

v/v) yielded KPW that closely agreed with measured KPW  for the 
whole HOC hydrophobic range. This was even the case if the 
two most aqueous incubations were excluded from 
regression.(Fig. 2, page 61)  Enhancement of CW by DOC 
sorbed HOC fractions would manifest in directly measured KPW 
being increasingly (exponentially) lower than KPW by 
extrapolation, as hydrophobicity increases. There was no trace 
of such effect and the results of linear regression was listed as 
the best estimate of KPW. For KPW of LDPE acceptable 
agreement was observed with three out of four data sets found 
in literature. For silicone-based PSd relations literature data 
often show regression coefficients close to unity but differed by 
an intercept, probably due to a slightly different nature of the 
materials (different supplier). Also for the five different silicone 
polymers in this research the regression coefficients of log KPW 
of PCB with their log KOW or molecular mass (M) differed no 
more than 3% or 2%, respectively. For log KPW of PCB a simple 
regression versus a combination of M and chlorine substitution 
specification, gave a three times lower residual error than 
regression with the (generally used) log KOW from Hawker and 
Connell (2008). Also, PAH regression with M gave the lowest 
residual error. Because the regression coefficients of the log 
KPW –  log KOW regression for silicone and LDPE strongly 
differed, the polymer water partitioning is not exclusively 
driven by hydrophobic interaction and compound-specific 
interactions  in the polymer are important as well. That means 
that other groups of compounds require separate measuring and 
modeling. 

 

CALIBRATION OF THE UPTAKE RATE  

If equilibrium is attained during PSd exposure in the 
environment, conversion of PSd uptake to CW is a simple 
division of the uptake (NP) by mPKPW, where mP is the mass of 
the PSd. Chapter 5 describes how the PS process can be 
calibrated if no equilibrium is attained. The product mPKPW has 
units of volume (L) and is the capacity of the PSd expressed as 
water volume. With KPW increasing the capacity will surmount 
the volume sampled by the PSd under the given exposure time 
and turbulence conditions, and equilibrium will not be attained. 
In such case a calibration of the uptake rate is needed to estimate 
the extend equilibrium is attained. Because the field conditions 
are unpredictably variable an in–situ calibration is needed what 
is principally an estimation of the water volume that was 
“extracted” per time unit, i.e. sampling rate (RS, L d-1). The RS 
quantifies the transport of HOC to the PSd and is controlled by 
the thickness of the water boundary layer (WBL) at the PSd 
surface and HOC’s diffusion through the WBL and in the PSd. 
Because the solubility of HOC in the polymer is much higher 
than in the water phase, the transport resistance in the polymer 
is negligible compared to that in the WBL. Following chemical 
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engineering theory transport through the WBL is proportional 
to HOC’s aqueous diffusion coefficient to the power 2 3⁄ , i.e. 
DW

2/3. Consequently, the thickness of the WBL which depends 
on the local flow or turbulence conditions is the factor to 
calibrate giving RS = 𝐹𝐹DW

2/3, where F includes the effect of field 
conditions determining the WBL thickness and the geometry of 
the sampling device on the uptake, as well all unit conversions. 
This model was tested and relations of measured RS –  M or 
RS – Vm showed slopes that were not significantly differing 
from slopes calculated from DW

  predicted by various relations 
from literature. Finally, a model using RS = 𝐹𝐹 M−0.47 is 
suggested. The proportionality factor F can be determined by 
fitting released PRC fraction to modeled values by non-linear 
regression and F as adjustable variable. The estimated F can 
subsequently be used to estimate RS for target compounds. This 
method is published in parallel and also guidance for the 
practical application is described lietrature and briefly in 
Chapter 9, S10. 

 

MULTI-RATIO PASSIVE SAMPLING OF SEDIMENT  

Because of its proportionality to CA, the CW of HOC in pore-
water of sediment is considered to be a good predictor for the 
concentration that can be attained in benthic organisms. For 
sediment it was found that, next to a HOC fraction bound to 
organic matter through hydrophobic partitioning, other 
fractions exist that may be bound stronger to, for example, soot 
or other forms of hard carbon that may be present in the 
sediment. The latter fractions are practically inaccessible and 
only the regular ‘partitioning-bound’ fraction is accessible 
(water exchangeable) and represents the risk for benthic 
organisms. In Chapter 6 a sediment PS method is introduced 
that provides both CW and the accessible concentration in 
sediment. 

Investigating the uptake- or equilibrium-rate revealed that 
PSd –sediment suspension exchange was faster for denser 
suspensions, likely due to more intensive contact between PSd 
and sediment. It was further shown that equilibrium attainment 
was faster if the PSd –sediment mass ratio was higher, whereas 
the longest equilibration time is needed for a low PSd –sediment 
mass ratio.  

For determination of HOC’s CW in sediment a sample of the 
sediment is shaken in the laboratory with a PSd until 
equilibrium is attained. After equilibration CW is calculated by 
division of the amount in the PSd (NP) by its water volume 
capacity mPKPW. This is, however, the CW after the PSd sorbed 
some of the HOC from the sediment and thus a lower CW is 
obtained than originally (CW,0), before the PSd was added. With 
multi-ratio passive sampling this disadvantage is turned into an 
advantage. By equilibrating sediment and PSd in several largely 
different PSd–sediment ratios, situations are created where CW 

is only little affected and where the water exchangeable fraction 
is nearly exhausted. The CW,0 and the accessible concentration 
(CAS,0) can be estimated by fitting the concentration in the PSd 
(CP) as a function of the PSd–sediment mass ratio (mp/ms) using 
non-linear least squares regression (NLS). Subsequently, the 
sediment–water partition coefficient of the accessible fraction 
can be calculated, KAS,W = CAS,0 CW,0⁄  and expressed on OC by 
KOC = KAS,w/fOC. This approach was used to apply multi-ratio 
passive sampling to three sediments (one each from a harbor-, 
an estuarine-, and a marine area). Results showed that 
accessible concentrations of 13 PAH were a factor 2 to 10 lower 
than the total concentrations, roughly increasing from low to 
high hydrophobicity. Accessible concentrations of PCB in the 
harbor sediment were only slightly lower than the total 
concentrations without a relation with KOW. The KOC calculated 
for the accessible concentrations were related to KOw, and for 
PAH mostly slightly higher. Applying the US EPA equilibrium 
partitioning sediment benchmarks expressing the measured 
parameters as sum of toxic units (PSTU), resulted in a much 
higher using the total concentrations than when using CW,0 or 
CAS,0, while the latter two agreed well among each other. 
Consequently, multi-ratio passive sampling can contribute to a 
more realistic risk assessment. 

 

POLYMER–LIPID PARTITION COEFFCIENTS 

Passive sampling is ideally suited for multimedia monitoring. 
Through equilibration of PSd with various environmental 
media, the HOC levels in these compartments can be compared 
in the same units. To include comparison with concentrations 
in biota PSd–lipid partition coefficients (Chapter 7) are required 
to convert HOC’s equilibrium PS results to lipid-basis. 
Polymer–lipid partition coefficients (KPL) of various PCB, PAH 
and organochlorine pesticides were determined for two 
silicones and low-density polyethylene (LDPE). Hereto stacked 
polymers spiked with PRC were brought in contact with lipid 
dosed with target HOC. Equilibrations were performed with 
fish oil and triolein at 4 °C and 20 °C for different periods of 
time. Furthermore, lipid diffusion coefficients in the polymers 
were determined from lipid transport through a stack of 6 
polymer disks after the bottom disk was spiked with lipid. An 
in depth evaluation revealed (i) that KPL was independent of 
lipid type and temperature, (ii) that lipid diffusion rates in the 
polymers were higher compared to predictions based on their 
molecular volume, (iii) that silicones showed higher lipid 
diffusion and (4×) lower lipid uptake compared to LDPE, and 
(iv) that absorbed lipid behaved like a co-solute and did not 
measurably affect the partitioning of HOC for at least the 
smaller molecular size HOC. The obtained KPL can convert 
concentrations in PSd equilibrated in various media to lipid 
basis, allowing to assess the linkage of the thermodynamic level 
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in biota lipid and in those media. The LDPE–lipid partition 
coefficients may also be of use for a thermodynamically sound 
risk assessment of HOC contained in microplastics.  

EQUILIBRIUM PASSIVE SAMPLING IN BIOTA 

Passive sampling is traditionally applied to estimate freely 
dissolved concentrations (CW) of HOC in surface- and sediment 
pore-water as a relevant parameter for assessing exposure of 
aquatic organisms. HOC concentrations in PSd after 
equilibrium PS (EPS) in various environmental media were also 
converted to lipid-basis (CL) through division by KPL, Similarly, 
Chapter 8 investigated how EPS can be performed by 
equilibrating silicone PSd with tissue, e.g. fish fillet. Applying 
in–tissue EPS, thin PSd are statically exposed in tissue at 4° C 
for up to seven days. This application of EPS seemed to be 
limited to rather lipid-rich fish tissues (salmon and carp in this 
work) as equilibrium was not attained for lean tissue (e.g. lipid 
content ≤ 1%, pike perch) even after seven days exposure. This 
is caused by the low HOC uptake capacity in lean tissue and 
PSd uptake severely depletes the surface as transport from 
deeper layers is too slow. This was confirmed by the incomplete 
release of PRC dosed to the PSd before exposure. For 
consecutive one day PSd exposures at the same tissue surface 
the remaining PRC fraction in the PSd  was larger for each new 
exposure, indicating that released PRC partly remained at or 
near the tissue contact surface, while oppositely the uptake of 
target HOC was lower after each consecutive exposure. 
Exposures with relocating the PSd to unexposed tissue by 
slicing of the contact layer, improved the equilibrium rate but 
for lean tissue (<1% lipid), even ten relocations were not 
sufficient. Modeling suggested that to achieve 90% equilibrium 
in such lean tissue in two days, PSd needed to be relocated at 
least every three hours, which is impractical to execute within 
normal working schedules.  

A system of continuous relocation was then applied by 
cutting tissue in small cubes and sufficient/excess amount of 
tissue was rolled with the PSd in a 2 L jar at 4° C. To keep the 
tissue flowing in the jar, up to 20% Milli-Q water was added. 
This approach provided equilibrium within two days even for 
the lean pike perch tissue. Results for carp and salmon after 
equilibrium attainment by contact exposure, agreed well with 
those obtained by rolling, indicating that the two days rolling 
process did not markedly affect tissue sorption properties. 
Using fish tissue cut in the form of cubes leaves the tissue more 
or less intact and is a gentle alternative for homogenized fish 
tissue, still allowing pooling of individual fish required to 
average the between individual variability. Guidance is 
provided for selecting appropriate tissue–PSd mass ratios to 
avoid system depletion. Full release of PRC dosed to the PSd 
prior to exposure, is an adequate QC measure confirming 
equilibrium as well as absence of depletion.  

On average, CL by EPS agreed well with conventional 
solvent extraction for the salmon and carp with higher lipid 
contents. For pike perch conventional solvent extraction 
showed lower CL than EPS, probably because very low lipid 
content are easily overestimation due to co-extracted non lipid 
material. Alternatively, lipid may be dispersed or dissolved in 
the tissue not contributing to the uptake capacity. It is expected 
that the CL by in–tissue EPS expressed on defined lipid is more 
accurately representing CA of HOC in fish tissue than CL by 
conventional solvent extraction where the lipid content is 
operationally defined. It was concluded that CL by EPS in 
tissue, sediment and water, is a suitable parameter to evaluate 
multiple media among each other. For example, aqueous 
exposure levels versus actual levels in organisms, but also fish 
species of different trophic level among each other in terms of 
biomagnification. When the relations between CL by in–tissue 
EPS and aqueous PS are sufficiently substantiated, aqueous PS 
may be a feasible alternative to conventional biota monitoring 
where the tissue itself is extracted. Compared to biota 
monitoring aqueous PS seems cost effective and, will contribute 
to animal welfare. 

UNRAVELING THE RELATION OF HOC IN FISH OF 
DIFFERENT TROPHIC LEVELS AND WATER  

The concentrations of hydrophobic organic compounds (HOC) 
in aquatic biota are used for monitoring compliance, as well as 
time and spatial trends in the aqueous environment (European 
Union Water Framework Directive, OSPAR). However, the 
HOC levels in biota depend on various biological confounding 
factors, such as the lipid content,  sex, age, trophic level, feeding 
habits, food availability, migration behavior and seasonality. 
Furthermore, the biomagnification assessment of HOC requires 
the consideration of the organisms’ trophic level (TL), in 
combination with correction for other non-controllable factors 
such as the lipid content. The thermodynamic level of persistent 
HOC, expressed as the concentration on lipid basis (CL

 ), is 
observed to increase from primary producers, through primary 
consumers toward predators, by a trophic magnification factor 
for each TL unit. The general assumption is that trophic 
magnification progressively elevates CL

  above the CL
  

equivalent for water (CL⇌water
 ) and sediment (CL⇌sediment

 ) in its 
habitat. However, recent literature reports CL

  for PCB in fishes 
of TL up to 4 being lower than CL⇌sediment

 .  
In Chapter 9 is reported how to unravel this phenomenon 

by field investigations. At three water bodies in the Czech 
Republic (Sites A and C) and Slovakia (Site B) having different 
levels of contamination, HOC (PCB, DDx and BDE) were 
measured in filet and liver of fish of various TL by conventional 
extraction (CL

 ) and in–tissue EPS (CL⇌tissue
 , Chapter 8). 

Additionally, the TL was estimated from δ15N determined in 
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fish tissues and in collected mussels which were considered 
baseline with TL set at 2. At site A five species with TL ranging 
from 1.2 to 3.9, at site B nine species with TL ranging from 2.3 
to 3.6, and at site C three species of about the same TL were 
collected. PSs of the water phase providing CL⇌water

 , were 
performed at multiple points in time and space in all three 
waterbodies. 

Evaluation of the data led to a number of conclusions and 
highlights. The differences between all four obtained tissue 
data: liver, fillet, by two methods were rather small, whereas 
the differences between fish groups of the same species could 
amount up to an order of magnitude. 

Trophic magnification followed the expected profile by 
strongly increasing toward HOC of higher hydrophobicity. 
However, where the starting CL

  at TL = 1 was expected to be at 
the level of CL⇌water

 , this level was only approached after trophic 
magnification up to TL = 4 (see Fig. at page 204 and 244). Only 
the CL

  for pentachlorobenzene which is not exhibiting 
biomagnification, and probably in equilibrium with the water 
phase, were of the same level as CL⇌water

 . Toward more 
hydrophobic HOC, CL

  near the start of the food chain were 
progressively lower than CL⇌water

  as hydrophobicity increased. 
The hypothesis is that this is because organisms/plants at the 
bottom of the food chain are not achieving equilibrium with the 
water phase before being consumed. Confirmation was found 
by estimations of algal equilibrium rates applying PS uptake 
modeling using mass transfer coefficients derived from 
different published laboratory uptake studies. This 
demonstrated that when considering an about 10 d life span 
equilibrium can only be expected for HOC with 

bioconcentration factors (BCF) of up to 105.5. Published algal 
release curves for PCB measured by gas purge (mirroring 
uptake) showed 90% release times that were in good agreement 
with the modeled 90% equilibrium times, which further 
supports this outcome.  

The above also suggests that bioaccumulation factors 
(BAF) are mostly operationally defined and generally reflect a 
non-equilibrium situation, especially in field measurements. An 
interesting detail is that modeling showed that in laboratory 
equilibrations exposing algae to aqueous target HOC, the time 
to get within 10% of the equilibrium is longest for the water 
phase and increases with hydrophobicity, while the practice is 
to “confirm” equilibrium by achieving an about constant 
concentrations in the algae. As this does not confirm 
equilibrium for the water phase, also BAF measured in the 
laboratory can suffer from underestimation.  

The CL in fishes of TL <4 being lower than CL⇌water
  or 

CL⇌sediment
 , has been observed before, indicating these parameters 

are useful in bioaccumulation research as further evidenced in 
this work. PS was also suggested a viable alternative to 
chemical monitoring in biota. Indeed, this work shows for three 
water bodies similar CL as obtained by extrapolation the fish 
data to TL = 4. Furthermore, because of the large natural 
variability between fish the 95% confidence range for the CL

  
resulting from extrapolation to TL = 4 using 20 fish samples, 
was 2-fold higher than CL⇌water

  for which only four PSs were 
applied. In addition to a lower variability, PS also reflects the 
exposure concentrations for HOC that show no trophic 
magnification because they are metabolized by the fish, but can 
still be a risk for its well-being.  

 
 

CONCLUSIONS 

The work presented in this thesis, complemented with other 
supporting publications in literature, provides a detailed 
description of the application of PS for neutral hydrophobic 
organic compounds (HOC) in the aqueous environment. It 
provides calibration data and describes do’s and don’ts in PS. 
Initially, PS was a method to estimate freely dissolved 
concentrations as the “bioavailable” concentrations. In fact, the 
reason concentrations in organisms can be linked to freely 
dissolved concentrations is its proportionality to chemical 
activity, but uptake occurs just as well, or probably mainly, 
from other compartments in the environment with equal level 
of chemical activity. 

 
 
The current move to express results from PS on lipid is 
positively contributing to the position of PS as a suitable tool 
for assessing the risk of HOC to biota. The presented field work 
shows that lipid-based concentrations by PS provided similar or 
slightly higher levels than obtained by extensive fish 
monitoring. This means that PS meets the condition of “equal 
level of protection” and can be applied for WFD compliance 
monitoring of HOC and as well for spatial and trend monitoring 
in the OSPAR program or other situations where knowledge on 
the HOC exposure level is relevant.

 




