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Abstract 14 

Concentrations of hydrophobic organic compounds (HOC) in aquatic biota are used for 15 

compliance, as well as time and spatial trend monitoring in the aqueous environment (EU WFD, 16 

OSPAR). Due to trophic magnification in the food chain, thermodynamic levels of HOC, e.g. PCB, 17 

DDT and BDE, in higher trophic level (TL) organisms are expected to be strongly elevated above 18 

those in water. This work compares lipid-based concentrations at equilibrium with the water phase 19 

derived from aqueous passive sampling (CL⇌water
 ), with lipid-based concentrations in fillet and liver 20 

of fish (CL) at different TL for three water bodies in the Czech Republic and Slovakia. HOC’s CL in 21 

fish were near CL⇌water
 , only after trophic magnification up to TL=4. For fish at lower TL, CL 22 

progressively decreased relative to CL⇌water
  as HOC’s KOW

  increased above 106
. The CL decreasing 23 

towards the bottom of the food chain suggests non-equilibrium for primary producers (algae), which 24 

is in agreement with modeling passive HOC uptake by algae. Because tropic magnification and 25 

resulting CL in fish exhibit large natural variability, CL⇌water
  is a viable alternative for monitoring of 26 

HOC using fish, showing a twofold lower confidence range while requiring less samples. 27 

28 

29 
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Introduction 30 

Many chemical substances can leach into the environment as a result of their use in products, direct 31 

application or waste discharge. Their presence may harm ecosystems, depending on amount, 32 

distribution, degradation rate and toxicity. Hence, production and usage of several of these 33 

compounds are restricted or banned. To assess the effectiveness of measures to reduce pollution, trend 34 

and compliance monitoring is performed in water, sediment or biota.1-3 Apart from assessing potential 35 

impact on organisms, concentrations of hydrophobic organic compounds (HOC, see Supporting 36 

information S1 for acronym explanation)) in biota are often used for monitoring the aquatic 37 

environment because bioaccumulation processes result in HOC concentrations in biota being much 38 

higher than in water and thus are analytically more feasible to measure. However, HOC levels in biota 39 

depend on various biological confounding factors, such as the lipid content of organisms, their sex, 40 

age, feeding habits, food availability, migration behavior and seasonality. Furthermore, 41 

biomagnification assessment of HOC requires consideration of organisms’ trophic level (TL)4,5, in 42 

combination with correction for other non-controllable factors such as lipid content. In monitoring 43 

programs, the influence of biological confounding factors is reduced by sampling pre-selected species 44 

of a certain age, size and sex.5,6 However, despite the attempts to minimize the sampling variability, 45 

the inherent biological variability complicates the monitoring of HOC for compliance as well as for 46 

spatial and temporal trend assessment.7,8 47 

Aqueous passive sampling (PS) has a great potential as an alternative to biota sampling9,10 and the 48 

estimated freely dissolved concentration is proportional to the chemical activity, representing bio-49 

availability of the HOC.11 In contrast to aquatic organisms or whole water, partitioning passive 50 

samplers (e.g. based on silicone or low-density polyethylene polymer) provide “samples” from the 51 

environment with HOC concentrated in a matrix of well-characterized and constant properties. HOC 52 

accumulation in passive samplers (PS) is driven by the gradient in chemical activity between the 53 

aqueous phase and the PS until thermodynamic equilibrium is attained. The resulting equilibrium 54 

concentration in the PS (CP
 ) has been suggested as a kind of “Chemometer”,12 as CP

  in PS equilibrated 55 

with environmental media, e.g. water, sediment, and also biota tissue, allows direct comparison of 56 
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HOC’s thermodynamic level between these media, but also between different ecosystems on a global 57 

scale. However, to eliminate differences between the various polymers that can be used, CP
  obtained 58 

for various environmental media can conveniently be converted to a lipid-based concentration 59 

(CL⇌media
 ) through multiplication by HOC’s lipid–polymer partition coefficient (KLP

 )12 allowing a 60 

simple comparison of HOC levels across media.10,13-15 This includes fish tissue for which CL⇌tissue
  can 61 

be obtained by equilibrium passive sampling (EPS), performed by placing a PS in fish fillet. EPS 62 

provides data equivalent to CL
  in fish fillet measured after classical solvent extraction.16,17 Note that 63 

CL⇌water
  or CL⇌sediment

  should not be understood as a direct prediction of internal HOC concentration in 64 

aquatic organisms, but rather as the thermodynamic HOC level in the monitored habitat the fish is 65 

exposed to. The thermodynamic level of persistent HOC, expressed as CL
 , is often observed to 66 

increase from primary producers, through primary consumers towards predators, and a linear 67 

relationship with the trophic level (TL) can be fit to those observations:5 68 

log CL
TL(x)= log CL

TL(y) + {TL(x) − TL(y)} log TMF (1) 

where a CL
TL(x) is HOC’s lipid-based concentration in a fish species of TL(x)=x, the intercept CL

TL(y)is 69 

e.g. the CL for a primary producer (y=1) or other selected TL, and TMF is the lipid-based trophic70 

magnification factor, i.e. the factor by which CL
  increases for each unit of TL. The general assumption 71 

is that trophic magnification progressively elevates CL
  above CL⇌water

  and CL⇌sediment
  in the habitat. 72 

However, recent literature reports CL
  for PCB in fishes of TL up to 4 being lower than CL⇌sediment

 .12,13,18 73 

To unravel this phenomenon, an HOC’s CL
  or CL⇌tissue

  can be compared to CL⇌water
  in order to position 74 

the thermodynamic HOC level in fishes at various TL against that in the water phase. Hereto various 75 

fish species are sampled comprising the available range in TL in three selected water bodies in the 76 

Czech Republic and Slovakia having different levels of contamination. In the fish fillet and liver, 77 

HOC’s CL
  are determined by solvent extraction and CL⇌tissue

  by EPS. To estimate CL⇌water
 , PS is applied 78 

in water including conventional19 and dynamic passive sampling.20 Subsequently, bioaccumulation 79 

and biomagnification at various TL are evaluated in relation to HOC’s thermodynamic level in the 80 

water phase obtained by PS and the observations compared with the current understanding of 81 

biomagnification. The outcome is rationalized through modeling the equilibration rate of the passive 82 
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HOC uptake by phytoplankton (bottom of aquatic food chains). Finally, implications in relation to 83 

chemical biota monitoring practices5 are discussed and compared with passive sampling.  84 

85 

Experimental 86 

Target HOC included in this research were penta- and hexa-chlorobenzene (PeCB and HCB), 87 

polychlorinated biphenyl congeners (PCB 28, 52, 101, 118, 138, 153 and 180), DDx (2,4'-DDE, 4,4'-88 

DDE, 2,4'-DDD, 4,4'-DDD, 2,4'-DDT 4,4'-DDT) and 6 brominated diphenyl ether congeners (BDE 89 

28, 47, 99, 100, 153 and 154). 90 

Fish sampling and aqueous phase PS. Site A is a fishpond (S2-1) where five adult fish species 91 

at various trophic levels were sampled: i.e. grass carp, common carp, ide, bronze bream and wels 92 

catfish (see S3 for Latin names and acronyms, feeding pattern, numbers, length and weight ranges). 93 

Nine adult fish of similar size were collected for each species (S3). Swan and duck mussels were 94 

sampled from the fishpond as a baseline reference for primary consumers (TL=2) for estimation of 95 

TL of sampled fishes. Because of the large range in size, duck mussels were divided in two size 96 

classes (S5). During a six months period prior to fish sampling, stationary PS was applied in the water 97 

outlet of the pond and dynamic PS,20 using forced water flow to enhance HOC’s sampler uptake, 98 

from the bank of the pond21 (S4-1). At Site A, two types of silicone were applied for sampling: SSP 99 

(SSP-M823, 0.0125 cm thickness, Shielding Solutions Limited, UK) and Altesil (0.05 cm thickness, 100 

www.altecweb.com). PS preparation is briefly described in S7-1 and for all sites passive sampling 101 

was performed following available guidelines.19 Site B is located in the PCB contaminated river 102 

Laborec (S2-2), downstream of a former PCB production plant22 in eastern Slovakia. Adult fish from 103 

the following species were collected by electro-fishing: asp, perch, European chub, common bleak, 104 

roach, crucian carp, common nase, bronze bream and common barbel (S3). Only three individual 105 

mussels (swollen river mussel) could be sampled, which were combined to one sample (S5). Altesil 106 

PS were deployed stationary at three locations (S2) during two consecutive periods between March 107 

and August 2017 (S4-2). Site C is the mountain river Bečva, which flows in the northeastern part of 108 

the Czech Republic (S2-3). In two electro-fishing events, adult fish of only European chub, common 109 

Page 5 of 28

ACS Paragon Plus Environment

Environmental Science & Technology



6 

nase and common barbel, could be sampled (S3). No mussels were available from site C. At two 110 

selected positions (S2-3), Altesil PS were deployed from the right- and left-hand riverbank for six 111 

months (S4-3). All fish and passive samplers were stored at -20ºC until processing. 112 

Fish sample processing. Body lengths and weights were recorded for each individual fish and 113 

the ranges are presented in S3. If the total fish weight for a single species was more than 10 kg, 114 

individuals were divided into two groups by separating odd and even numbers after ordering them by 115 

body weight. If the group consisted of an odd number of fish the last was divided between both 116 

groups. Asp, caught at site B, was divided into three size groups due to very large individual size 117 

differences. Following the protocol in S6, fillet and liver or hepatopancreas (both referred to as liver), 118 

were pooled per fish group. For small fishes, e.g. roach and common bleak, and the fishes from Site C, 119 

only fillets were collected (S4). Fillets of each fish group were cut into cubes of ~1.5 cm size and 120 

manually mixed. A 300 g portion of fish cubes was homogenized with a kitchen blender. The water 121 

content was determined based on the weight loss after drying 5 g homogenate overnight at 105°C 122 

(S12). Another 5 g of homogenate was freeze-dried and used for the determination of δ15N as the 123 

fractional difference of the isotope ratio (15N  14N⁄ ) in the sample and nitrogen in air (‰) by the 124 

method described in S8-1. For chemical analysis of HOCs internal standards were added to 10-60 g 125 

of homogenate followed by solvent extraction with a cyclohexane/isopropanol/water mixture23 (S8-126 

2). Utilizing a portion of the extract (20-50%), the lipid content was determined as the weight 127 

remaining after solvent evaporation and drying at 105 °C until constant weight (S12). Another portion 128 

of the extract (20-50%) was concentrated to 1-2 mL hexane and subjected to a destructive cleanup by 129 

elution over sulfuric acid loaded silica (S8-5) followed by concentration to 100 µL and instrumental 130 

analysis (S8-6). Liver tissue of the corresponding fish species followed the same procedure as for 131 

fillets. The chemical analysis provided HOC concentrations in fillet and liver, which were expressed 132 

on lipid-basis (CL
 ).  133 

EPS was applied by equilibrating >1 kg of fillet cubes or >0.2 kg liver tissue pieces and SSP 134 

passive samplers (S7-1) as described in S-8.3.17. After extraction of the SSP (S8-4), cleanup (S8-5), 135 

and instrumental analysis (S8-6), the equilibrium HOC concentrations in the SSP were converted to 136 
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lipid-basis (CL⇌tissue
 ) by multiplying with the lipid (triolein/fish oil)–polymer partition coefficient 137 

(KLP) for SSP. For neutral lipids, these KLP are not lipid specific and are available for PCB, PeCB, 138 

HCB and DDx.24,25 The KLP for BDE were estimated as the ratio of CL
  and CP

  equilibrated with fillet 139 

by EPS for samples from site B and C (highest BDE levels) as described for SSP in S9-1. 140 

Aqueous passive sampling. For HOC with a log Kow > 6, equilibrium is not readily attained by 141 

PS deployed in surface waters21 and in such cases the concentration in the sampler polymer at 142 

equilibrium (CP⇌water
 ) is calculated using a first order uptake kinetics model adapted from Smedes 143 

and Booij:19 144 

where Nt is the HOC mass (ng) accumulated after time t (d) in a sampler of mass m (kg). KPW
  (L kg–145 

1) is the HOC’s polymer–water partition coefficient, M is the HOC’s molar mass (g mol–1), and B is146 

a deployment-specific proportionality constant representing the local exposure conditions and 147 

sampler geometry. This B is estimated from measured retained fractions of performance reference 148 

compounds (PRC) that were dosed to the sampler prior to exposure. PRC fractions retained after 149 

exposure were fitted to an exchange model26 using unweighted non-linear regression,27 further 150 

described in S10. The approach is similar for Altesil and SSP for which required KPW of PRC, PeCB, 151 

HCB, PCB, and DDx are available in literature.28-31 For BDE KPW
  were only available for Altesil, 152 

which were used to derive KPW
  for SSP as described in S9-4. Finally, CP⇌water

  were converted to lipid-153 

basis (CL⇌water
 ) by multiplication with KLP

 . All applied partition coefficients are collected in S11. 154 

155 

Results and discussion 156 

Trophic levels of the sampled fishes. The δ15N in fishes increase with their TL, but also differ 157 

between ecosystems, partly because of their dependence on the δ15N at the base of the food chain. 158 

Therefore, the offset of δ15N in the sampled fish species (δ15Nfish tissue) from δ15N for primary 159 

producers or primary consumers (δ15Nbaseline) is used to calculate TL:5 160 

CP⇌water
  =

Nt m⁄

1-exp �− B  t
M0.47 KPW m

� (2) 
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TL = �δ15Nfish tissue −  δ15Nbaseline�  ∆15N + TLbaseline⁄  (3) 

where the denominator ∆15N  represents the shift in δ15N typical for one trophic level (3.4‰).32 To 161 

represent the primary consumers in the food webs, mussels (TL=2 by definition32) were sampled and 162 

their δ15N is applied as baseline (δ15Nbaseline). At site A (fishpond), the δ15N of swan mussels, small 163 

and larger duck mussels ranged between 10.87-12.62‰ and the lowest value (10.87‰ for the smallest 164 

duck mussels) was set as baseline assuming this to be the best representation, on the grounds that the 165 

higher δ15N for the larger mussels may be a result of feeding on excretion of higher TL organisms. 166 

The δ15Nmussel of 9.75‰ for swollen river mussels at site B was used as baseline for site B and C. The 167 

final TL values are listed in S12, together with the TL suggested at www.fishbase.org. The obtained 168 

TL ranges were 1.2–3.9, 2.3–3.6 and 3.2–3.5, for sites A, B and C, respectively. 169 

 170 

Table 1 Mean ratio of lipid-based HOCa concentrations by solvent extraction (Ext) and EPS in fish 171 

fillet and liver. 172 

Ratios for: 
Ext-liver  EPS-liver  EPS-fillet  EPS-liver 
Ext-fillet  EPS-fillet  Ext-fillet  Ext-liver 

Ratioa) 0.98  1.13  1.02  1.18 

sd b) 0.28  0.24  0.21  0.33 

CI0.95 c) 0.05  0.04  0.04  0.06 

a) Ratios for PeCB, HCB, PCB 28, 52, 101, 118,138, 153 and 180, and 4,4’-DDE. 173 

b) standard deviation of the ratios 174 

c) CI0.95 is 95% ± confidence range of the mean ratio  175 

 176 

Comparing CL
  in fillet and liver by solvent extraction and EPS. On average, CL

  ratios between 177 

solvent extraction and EPS as well as between liver and fillet were close to unity (Table 1, S13) with 178 

the CL
  in liver obtained by EPS being slightly higher on average (factor 1.18) than others. Although 179 

some ratios presented in Table 1 statistically differ from unity, the differences themselves were small 180 

when compared to differences in CL
  occurring between the various species or even between different 181 

groups of the same species. For example, CL
  values of all analyzed PCB ranged over a factor of 13 182 
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between the three asp fish groups from site B, while within each asp fish group the four CL
  results by 183 

solvent extraction and EPS in both fillet and liver were very similar, ranging within a factor 1.3 (S15). 184 

Observing similar results for CL
  and CL⇌fillet

  for fillets is in agreement with earlier work17,33 while 185 

no application of EPS in liver was found in literature. The CL⇌liver
  being slightly higher than CL⇌fillet

  186 

may be explained in various ways: (1) the applied lipid extraction method23 was not validated for 187 

liver tissue and possibly more than only lipid was extracted, resulting in underestimation of CL
 , or (2) 188 

during the two days tumbling for EPS, degradation of liver tissue could have occurred. This could 189 

have reduced liver’s HOC uptake capacity, resulting in a higher concentration in the sampler 190 

enhancing CL⇌liver
 . On the other hand, some thermodynamic gradient is required for HOC uptake in 191 

the fish body. HOC’s initial thermodynamic level in food increases in the gastrointestinal tract 192 

because digestion reduces food’s uptake capacity. The resulting higher thermodynamic level in food 193 

processing organs drives the HOC distribution by the bloodstream to the fish body. This transport 194 

direction is in agreement with the observation that CL⇌liver/CL⇌fillet ratios larger than unity were 195 

predominantly found in predatory fishes, e.g. wels catfish and perch (S14). The considerably higher 196 

liver CL
  as well as CL⇌liver

  for one of the wels catfish groups at site A (marked as WC-2 in S13) 197 

corresponded with a much higher δ15N in liver compared to fillet, while for most other fish samples 198 

δ15N in liver were mostly equal or lower than in fillet (S12).  199 

The overall average factor 1.1 difference in CL
  between fillet and liver indicates that the fast 200 

pharmacokinetics of HOC quite efficiently limits differences in thermodynamic levels within the fish 201 

body. The little differences between solvent extraction and EPS of fillet and liver, and probably also 202 

whole fish, indicate that all methods can be interchangeably applied for monitoring of persistent HOC 203 

in biota, provided that the results are expressed on lipid-basis.8,34  204 

For further evaluation, results by solvent extraction and EPS were averaged as analytical replicates 205 

while fillet and liver were considered as two different samples having their own, sometimes different 206 

δ15N. This approach provided 18 and 22 datapoints for sites A and B respectively, which were used 207 

to compute TMF by linear regression of log CL
  versus TL using eq (1). Regression results and 208 
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statistical parameters for site A and B are listed in S17. The fishes collected at site C were of similar 209 

TL (3.2-3.5), and, consequently, no TMF estimation was possible. 210 

   

 

   

 

Fig. 1 Lipid-based concentrations (CL) of three HOC of low, medium and high hydrophobicity in fillet 

(circles) and liver (triangles) versus the trophic level (TL) estimate at site A (upper row) and site B (lower 

row). Marker colors indicate fish species. The thick black dashed line represents the regression between 

CLand TL (eq 1) and the dotted black lines indicate its upper and lower 95% confidence limits. The 

horizontal dashed blue lines represent the lipid-based concentrations for the water phase (CL⇌water
 ) as 

converted from equilibrium passive sampler (EPS) concentrations (n=4). The different lines indicate 

individual samplings.  

 

Trophic magnification factors (TMF). The HOC’s log CL
  in the fish fillet and liver samples 211 

were nearly constant at all TL for PeCB while a positive log CL
 –TL relation was observed for HOC 212 

of higher hydrophobicity (Fig. 1 and S16). The slope of this log CL
 –TL relation equals log TMF 213 

(eq 1), which increased as HOC’s hydrophobicity increased. The resulting TMF exhibited a linear 214 

relationship with log KOW for the persistent HOC, e.g. the PeCB, HCB and PCB (PCB-group), and 215 

most of the BDE (Fig. 2). The TMF–log KOW relationship showed a steeper slope at site A compared 216 

to site B for the PCB group and, less pronounced for the BDE (p>0.4). The slope of the TMF–log KOW 217 
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relationships were higher for the BDE compared to the PCB group, indicating that, in addition to 218 

hydrophobicity other unknown properties determine biomagnification. Note that the TMF for 219 

BDE 99 is known to be affected by biotransformation35 and its outlying value was therefore excluded 220 

from regressions, as well as BDE 28, a biotransformation product of BDE 99.35 BDE 47 is also a 221 

biotransformation product of BDE 99 but because the BDE 47 concentration is two orders of 222 

magnitude higher than BDE 28, an enhancement is not noticeable.  223 

The high R2 of TMF–log KOW relationships (Fig. 2) confirm the effect of HOC’s properties on 224 

TMF but do not imply accuracy of the TMF themselves. The individual TMF are barely significant 225 

when considering their 95% confidence ranges (see S18). This is because the effect of KOW on the 226 

TMF is the same for all species but TMF’s uncertainty mainly arises from natural CL
  variability 227 

between fish species or fish groups (S15, S16). This variability is demonstrated in S19 where the 228 

slopes of TMF–log KOW relationships show to vary by a factor five when using all but one fish species, 229 

i.e. for every line excluding a different fish species. Note that all regression lines in S19 closely 230 

intercept at TMF=1 (PeCB). For site B, with more fish species, the TMF–log KOW slope varies over 231 

a factor of 2. A reason for the large TMF variability likely is that available species at the investigated 232 

sites, although they belong to the same food web, may not be from a single food chain. Multiple food 233 

chains, however, will be the reality in most river catchments. 234 

 235 
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Fig. 2 Trophic magnification factors (TMF, y-axis) plotted versus log KOW (x-axis) for PeCB 

and HCB ( ), PCB ( ), DDx ( ) and BDE ( ) for site A (upper panel) and B (lower panel). Dashed 

and dotted lines represent linear regression of TMF with log KOW for PeCB, HCB plus PCB, and 

BDE (excluding bolded markers), respectively. DDx were not included in regression. 

 236 

HOC levels in fish and aqueous phase. The observed CL
  for PeCB in fishes were about equal at 237 

all TL and agreed well with CL⇌water
  (Fig. 1, left panels). However, as HOC’s hydrophobicity 238 
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increased, their CL
  in fishes at lower TL progressively decreased relative to CL⇌water

 . This is visualized 239 

in S20 where the ratios between CL
TL(y) and CL⇌water

  of persistent HOC are plotted as a function of 240 

log KOW for TL=y where y varies from 1 to 5. Using the regression data (eq 1) to set CL
TL(y) means that 241 

the data points represent a kind of average over all sampled fish species. The graphs in S20 show that 242 

at TL=1 the CL
  could deviate from thermodynamic equilibrium with the water phase by three orders 243 

of magnitude for very high KOW. With increasing TL CL
  increased, getting to about the same level as 244 

CL⇌water
  at TL=4. This is not necessarily thermodynamic equilibrium and, assuming trophic 245 

magnification continues for organisms of TL>4, HOC’s CL
TL(>4)/CL⇌water

  ratio may exceed unity for 246 

HOC of log 𝐾𝐾OW>~6.  247 

It is illustrative to evaluate lipid-based bioaccumulation factors (BAFL
TL(y)) at specific TL values. 248 

BAFL
TL(y) are calculated as: 249 

BAFL
TL(y) =

CL
TL(y)

CW
  (4) 

where CW
  were estimated from passive sampling as described in S10. Log BAFL

TL(y)are plotted versus 250 

log lipid–water partition coefficients (log 𝐾𝐾LW, S11) in Fig. 3, showing an increasing deviation from 251 

 KLW for TL<4 (vertical) and hydrophobicity increases (horizontal). The log BAF–log 𝐾𝐾LW or log 𝐾𝐾OW 252 

relationships leveling off at higher hydrophobicity (log 𝐾𝐾OW >5 or 6) is frequently reported in 253 

literature and has been associated with a corresponding larger molecular size, which would limit its 254 

membrane passage.36 However, a molecular size effect was not supported by analysis of a large 255 

amount of literature data37 and often can be explained by other factors, including measurement 256 

artefacts or non-equilibrium with the surrounding environment38 and is also shown here. 257 

 258 
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 259 

Fig. 3 Lipid-based bioaccumulation factors (BAFL
TL(y)) in fishes at site A are plotted versus  𝐾𝐾LW for 260 

different trophic levels (TL). BAFL
TL(y) were calculated as the ratio of the lipid-based concentration at 261 

TL=y (CL
TL(y)) and the aqueous concentrations obtained by passive sampling (CW

 ) as described in S10. 262 

The CL
TL(y) in fishes at TL(y) for y=1 to 4 (1orange, 2blue, 3green and 4red) were obtained from 263 

regression using eq (1) and are actually points on the regression lines in Fig. 1 at the respective TL(y). 264 

The dashed line indicates equality between log BAF and log KLW. Symbol shapes indicate ( ) Penta- 265 

and hexa-chlorobenzene, 4,4’-DDD and 4,4’-DDE, ( ) PCB and ( ) BDE.  266 

 267 

Thermodynamic level difference between fishes and the water phase. The much lower CL
  268 

compared to CL⇌water
  at TL=1 for high  KOW HOC strongly indicate that HOC levels at the bottom of 269 

the food web, phytoplankton e.g. algea, are not at thermodynamic equilibrium with the water phase. 270 

Evaluation of long-term PCB monitoring in herring gull eggs showed that occasionally lower PCB 271 

levels corresponded to seasons with favorable conditions for algal growth, demonstrating how a lack 272 

of equilibrium can affect levels higher in the food chain.39 This is not consistent with exposure of 273 

algae to PCB in laboratory conditions, for which equilibration times of one hour,40 several hours,41 274 

or a day42 were observed, while for PCB of  KOW > 106 also non-equilibrium after a week of exposure 275 

was reported43. Other studies report equilibrium attainment of phytoplankton in the laboratory and 276 

the field.44,45  277 
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At equilibrium, the ratio between the concentration in algae (CA
 ) and CW

  is given by the 278 

bioconcentration factor (BCF). Evaluating equilibrium attainment, it should be realized that primary 279 

producers such as phytoplankton, phytobenthos, macrophytes dominantly grow from photosynthetic 280 

carbon dioxide assimilation and inorganic nutrients. Because these components do not contain HOC, 281 

in first instance HOC concentrations in algal cells are minimal and HOC are taken up from the 282 

aqueous phase by diffusion through an aqueous boundary layer at the surface (WBL) and a cell wall 283 

or a membrane. Previously published models of PCB uptake by phytoplankton and bacteria were not 284 

consistent whether the mass transfer is controlled by the biological membrane46 or the WBL.47 Here 285 

it is important to stress that the mass transfer rate is determined by the product of diffusion coefficient 286 

and solubility,48 i.e. the permeability. Since the BCF also reflects the ratio between solubility of an 287 

HOC in an organism and the aqueous phase, slower diffusion in biological material is compensated 288 

by a higher solubility than in water, resulting in a high permeability. Consequently, for HOC’s of 289 

higher hydrophobicity, mass transport in the WBL controls the uptake rate. Additionally, the WBL 290 

at the surface of, or actually around the algal cells, is generally much thicker than the biological 291 

membrane. Consequently, acknowledging that the transport resistance is dominated by the WBL, the 292 

HOC uptake process of primary producers (further referred to as “algae”) can be modeled analogously 293 

to passive samplers.  294 

Algal HOC uptake modeled as passive sampling. Passive samplers exposed in the laboratory 295 

in a defined volume of aqueous HOC solution equilibrate much faster than when exposed in field 296 

conditions.49 This is due to the dependence of the first order kinetic rate constant on the ratio of the 297 

sorbent capacity and the water volume used.50 For WBL controlled partition PS, a model for HOC 298 

uptake by a PS from a defined volume of contaminated water is available from Booij et al,51 which 299 

was adapted to provide HOC concentrations in algae (CA
t , ng kg-1) as a function of exposure time 300 

(t, d):  301 

CA
 t=

CW
 0 BCF �1 − exp �− �1+  mABCF

VW
� kWAA

mABCF t��

1 +  mABCF
VW

 (5) 
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where CW
0  is the dosed HOC concentration in the aqueous solution (ng L-1) at t=0 and a volume VW 302 

(L), the BCF (L kg-1) HOC’s bioconcentration factor in algae (replacing KPW), mA the algae mass 303 

(kg), 𝑘𝑘W the mass transfer coefficient in the WBL (dm d-1), and 𝐴𝐴A the total surface area of the algae 304 

(dm2). Similarly, the time course of the aqueous concentration (CW
 t ) is given by:51 305 

Note that in these equations the exponent equals −𝑘𝑘e𝑡𝑡, wherein 𝑘𝑘e (d-1) is the first order exchange 306 

rate constant. Consequently, 𝑘𝑘e is higher if mABCF 𝑉𝑉W⁄  (L L-1) is high, explaining the fast 307 

equilibration when sorbent capacity (mABCF; in L) of the algae is much larger than the water volume 308 

VW (L). Opposite, when VW is infinitely large, as is the case in field conditions, mABCF VW⁄ → 0 and 309 

eq (5) reduces to:  310 

In such situation CW
t  remains constants and equal to CW

0 . 311 

Using these models, CA
t  and CW

t  were modeled as a function of time for three cases involving HOC 312 

uptake by a same algal mass (~25×10-6 kg) where (I) VW=0.05 L and AA=10 dm2 by Sijm et al,40 313 

(II) VW = 1 L and AA=16 dm2 by Koelmans et al42 and (III) VW = ∞ (field situation) and AA=10 dm2, 314 

assuming a hypothetical situation that algae do not grow (see S21-1 for more detail). An average kW 315 

of 0.1 µm s-1 (0.09 dm d-1) was derived by fitting 𝑘𝑘e to the rate constants reported for the cases (I)40 316 

and (II).42 This kW was used in all three cases providing sampling rates (RS=kWAA) of 0.86, 1.35 and 317 

0.86 L d-1, for (I), (II) and (III), respectively. 318 

Modeling results: laboratory versus field. Modeling showed that equilibration times for HOC 319 

observed in laboratory conditions generally do not apply to the field situation and are expected to 320 

increasingly deviate with increasing BCF. Modeling CA
 t  and CW

 t  profiles versus time for HOC of 321 

log BCF 3 to 8, showed that algae equilibrate in less than a day at laboratory conditions where a 322 

limited water volume is applied (S21-2 and S21-3), while in the field for HOC of log BCF 5 to 8 323 

equilibration times of 10 to 10000 days would apply (S21-4).  324 

CW
 t =

CW
 0 �1 +  mABCF

VW
exp �− �1 +  mABCF

VW
� kWAA

mABCF t��

1 +  mABCF
VW

 (6) 

CA
 t=CW

 0 BCF �1-exp �−
kWAA

BCF mA
t�� (7) 
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To evaluate and explain this, instead of full equilibrium requiring infinite time, we calculated the 325 

time at which CA
 t  and CW

 t  are within 10% of their final equilibrium values, i.e. tA 
 90 and tW 

 90 for algae 326 

and water phase, respectively (S21). These timepoints are marked in S21-2 and S21-3, and listed in 327 

S22. For all three cases these t 
 90 are plotted versus log BCF in Fig. 4, applying a logarithmic and a 328 

temporal scale in panel A and B, respectively. Panel A in Fig. 4 shows that for the field situation (III), 329 

tA 
 90 increases proportionally to BCF. The tA 

 90 exceeds the lifespan of algae at log BCF 4.5 to 5, which 330 

is evident when t 
 90 are plotted at a linear scale (Fig. 4, panel B). In contrast, tA 

 90 is relatively short in 331 

laboratory exposures and constant when log BCF is higher than 4 and 5 for case (I), VW=0.05 L and 332 

case (II), VW=1 L, respectively. This is because for equilibration in a defined water volume with 333 

mABCF 𝑉𝑉W ≫ 1⁄ , tA 
 90 is determined byVW, rather than BCF.40  334 

For the aqueous phase, the profiles in panel A of Fig. 4 and S21-2 and S21-3, show that towards 335 

higher BCF, tW
 90 becomes increasingly larger than tA

 90. The tW
 90 equals tA

 90 when mABCF 𝑉𝑉W⁄ =1 and for 336 

higher ratios the relative difference between tW
 90 and tA

 90 is determined by the phase capacity factor 337 

log (mABCF 𝑉𝑉W⁄ ), by which CW
  has to decrease to attain a level within 10% from equilibrium: 338 

Note that this equation fails if the algal uptake does not affect CW
 0 by more than 10%, i.e. tW 

 90=0.  339 

In the graphs in S21-2 and S21-3, the extent CW
  at tA 

 90 is higher than CW
  at tW 

 90 is shown by the 340 

length of a vertical line. At a log BCF of 7 the ratio CW
 (tA 

 90)/CW
 (tW 

 90) amounts 6000 and 250 for case 341 

(I) and (II), respectively. Although this factor is higher when VW
  is very small, the phenomenon is 342 

more relevant for larger VW
  because of the associated longer absolute time between tA 

 90 and tW 
 90. The 343 

extent tW 
 90 is longer than tA 

 90, is relevant for in laboratory BCF estimations, where equilibrium 344 

attainment is generally assessed by monitoring the concentration in the algae. Ending exposure earlier 345 

than tW 
 90 causes an increasing underestimation of BCF towards HOC of higher hydrophobicity. Such 346 

underestimation may contribute to the log BCF–log KOW relation for algae leveling off around 347 

log KOW ≈ 643. We write “contributing”, as such effect is indistinguishable from overestimation of 348 

tW 
 90-tA 

 90

tA 
 90 =log �

BCF mA

VW
�  and tW 

 90 = tA 
 90 log�

BCF 𝑚𝑚𝐴𝐴

𝑉𝑉W
�+ tA 

 90 (8) 

Page 17 of 28

ACS Paragon Plus Environment

Environmental Science & Technology



18 

aqueous concentrations by insufficiently excluding HOC fractions bound to DOC or exudate when 349 

quantifying CW
 .  350 

 351 

 352 

Fig. 4 Modeled time required for algae to attain the concentration within 10% equilibrium (t 
 90) 353 

for three cases where ~25×10-6 kg algae was exposed to (I) 0.05 L,40 (II) 1 L,42 or (III) infinite volume 354 

of water, plotted versus log BCF with the y-axis at a logarithmic scale (panel A) and at a linear scale 355 

for 0–50 days (panel B). Solid and dashed lines indicate the t 
 90 for algal uptake and water phase 356 

decrease, respectively. In the field the aqueous concentration was considered constant and tW 
 90 does 357 

not apply. The (×) markers represent experimental t 
 90 from gas purge elimination of three PCB 358 

congeners by Koelmans et al.42  359 

 360 

Evaluation of model application. When applying passive sampling theory for modeling WBL 361 

controlled algal uptake, the key parameter is the mass transfer coefficient (kW) which depends on the 362 
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water turbulence near the algal surface. The kW derived above corresponds to a sampling rate of 0.09 363 

L d-1 dm-2, which is very low compared to what is observed for passive sampling, where even in 364 

quiescent conditions sampling rates are commonly higher by more than an order of magnitude. 365 

However, the position of a passive sampler is typically fixed in the water current, whereas algae float 366 

in/with the streaming water and may reside in the same water causing a thick water boundary layer 367 

and low kW. Except for algae growing on rocks, there is no reason to believe that kW in field would be 368 

higher than estimated for stirred laboratory exposures, and the timescale of the modeled equilibration 369 

times (Fig.4) for HOC of higher hydrophobicity (log BCF > 5) can be considered realistic. Due to the 370 

long equilibration timescale for HOC of high log KOW, combined with an inevitable algal growth, it 371 

is not feasible to validate the model results in field conditions. However, elimination rate estimation 372 

in the laboratory by gas purging of HOC simulates an aqueous phase of infinite size.42 Assuming that, 373 

similar to WBL controlled passive sampling, the algal uptake process is also isotropic, the elimination 374 

process of HOC from dosed algae mirrors the uptake process. Inserting the t 
 90 release times from the 375 

gas purge elimination curves by Koelmans et al42 in Fig. 4 shows that these are in good agreement 376 

with the tA
 90 modeled for field uptake by algae. This observation supports that laboratory results can 377 

be used to predict passive uptake using the presented modeling approach. In field conditions, both 378 

slow HOC uptake and growth dilution are the main obstacles that prevent algae to achieve the same 379 

thermodynamic levels as the aqueous phase. Consumer organisms on the other hand, take up HOC 380 

via food, which is only partly converted to biomass. The accumulation from food uptake, together 381 

with respiratory uptake, increases HOC’s concentration more than growth dilution will decrease it. 382 

Accumulation above the thermodynamic level of the aqueous phase will end when the respiratory 383 

HOC flux driven by a thermodynamic gradient between the organism and the water phase, equals the 384 

uptake by the food route.  385 

Implications. The CL in fishes of TL <4 being lower than CL⇌water
  is not compatible with the 386 

general belief that trophic magnification typically amplifies levels of persistent HOC in e.g. fish 387 

above that of the surrounding environment. Although CL
  in fish and invertebrates being lower than 388 

CL⇌water
  or CL⇌sediment

 , has been frequently observed,10,12-14,52 possible reasons, including the above, 389 
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were discussed without firm conclusions, except that CL⇌water
  and CL⇌sediment

  are useful in 390 

bioaccumulation research and a viable alternative to chemical monitoring in biota. The latter could 391 

apply for the OSPAR Coordinated Environmental Monitoring Program (CEMP)2 or the chemical 392 

biota monitoring under the WFD.1 Differences in concentrations in fishes of different TL were 393 

recognized by the WFD requiring compliance to Environmental Quality Standards (EQS) of priority 394 

substances in fishes at TL=4, and if such fishes are not available, inter- or extrapolation (eq 1) has to 395 

be applied using data of available fish species.5 The necessary TMF are ecosystem, food web and 396 

HOC-specific. Guidance is provided for selecting and determination of TMF for application under 397 

the EU WFD,4 but it could not be resolved which TMF would apply to the river systems and the 398 

fishpond in this study. The most robust way to correct for trophic magnification is in-situ TMF 399 

determination, i.e. regressing HOC’s CL
TL(x) measured in various sampled fish species versus TL, 400 

preferably comprising at least two TL units.4 Nevertheless, the CL
TL(4)resulting from extrapolation at 401 

site A and B, each using twenty fish samples, on average showed a two times larger 95% confidence 402 

range compared to CL⇌water
  for which four samplings were performed (S24, S25). Apart from the 95% 403 

confidence range CL
TL(4) may still be biased if by chance the sampled fish species are not from the 404 

same food chain and/or the reference δ15N as well as the 3.4 ‰ for ∆15N do not apply for the local 405 

situation. The concept of PS, on the other hand, is straightforward. PS essentially adds an artificial 406 

medium (a polymeric sampler of constant properties without biotransformation) to the ecosystem. 407 

The accuracy of CL⇌water
  relates to uncertainties of HOC quantification in the sampler, polymer–water 408 

and lipid–sampler partition coefficients, and to that of the model used for in-situ sampler calibration. 409 

The partition coefficients are physical constants that have no natural variability and are as accurate 410 

as analytically determined. Moreover, CL⇌water
  also is a better reflection of the actual HOC exposure 411 

of organisms, as HOC‘s CL may be reduced or diminished due to bio-transformation in fish, e.g. some 412 

DDx and BDE 99, while the exposure to HOC undetected in the tissue may have harmed the 413 

organism. To bridge both approaches it was suggested to routinely apply PS and, in case the EQS is 414 

approached or exceeded, apply chemical monitoring in biota.53  415 
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For HOC of KOW >106, uptake and equilibration rates for primary producers need further attention 416 

and such research should include the use of PS and/or passive dosing. Moreover, the thermodynamic 417 

levels for HOC in primary producers and primary consumers being lower than in the aqueous phase 418 

need to be considered when setting the food chain/web bottom reference point in modeling of real 419 

field conditions with realistic growth.  420 
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