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ABSTRACT: Simultaneous presence of metals and parasites in fish might lead to potential 22 

risks to human health. Parasites might influence metal accumulation and disturb detoxification 23 

in fish, thereby affecting biomarkers of fish responses as well as metal biomagnification in 24 

humans. It is, therefore, of importance to take into account parasite infection when investigating 25 

metal accumulation in fish. However, mechanisms of metal accumulation and distribution in 26 

fish-parasite systems are not integrated into current approaches.  27 

The present study proposes a new physiologically-based pharmacokinetic (PBPK) model for 28 

mechanistic simulation of metal partitioning between intestinal parasites and their hosts. As a 29 

particular case, Ag accumulation in the system of chub Squalius cephalus and the 30 

acanthocephalan Pomphorhynchus tereticollis was investigated.  31 

As a novelty, fish cardiac output and organ-specific blood flow distribution were incorporated 32 

in our model. This approach distinguishes the current model from the ones developed 33 

previously. It also facilitates model extrapolation and application to varying conditions.  34 

In general, the model explained Ag accumulation in the system well, especially in chub gill, 35 

storage (including skin, muscle, and carcass), and liver. The highest concentration of Ag was 36 

found in the liver. The accumulation of Ag in the storage, liver, and gill compartments followed 37 

a similar pattern, i.e., increasing during the exposure and decreasing during the depuration. The 38 

model also generated this observed trend. However, the model had a weaker performance for 39 

simulating Ag accumulation in the intestine and the kidney. Silver accumulation in these organs 40 

was less evident with considerable variations.  41 

Keywords: Kinetic modelling; Metal transport; Fish-parasite system; Metal; Fish 42 
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INTRODUCTION 45 

Both metals and parasites can be found at high levels in fish from aquaculture environments, 46 

posing considerable risks to human health.1 Parasites might affect metal accumulation and 47 

disturb detoxification mechanisms in the host,2–8 thus influencing biomarkers in fish and metal 48 

biomagnification in humans via fish consumption. Due to their remarkably high capacity of 49 

metal absorption, parasites themselves have been suggested as an alternative sentinel 50 

organism.9–12 Parasites, therefore, need to be considered when simulating metal accumulation 51 

in fish. Among parasites, acanthocephalans can accumulate metals at the highest levels 52 

determined so far.4 None of the available methods9,13 provides a mechanistic understanding of 53 

underlying processes that determine metal accumulation in fish-parasite systems. 54 

Limitations of the available methods could be surmounted by physiologically-based 55 

pharmacokinetic (PBPK) models, which have been widely applied to predict the 56 

bioaccumulation of organic compounds.14–19 Although the development of PBPK models to 57 

metals is limited, they have been demonstrated to be an effective approach for predicting metal 58 

accumulation in fish.20–22 These models allow for revealing metal transport between organs, 59 

thus facilitating the simulation of metal accumulation in parasites. In all PBPK models 60 

developed so far,21–23 parameters, especially rates of internal flows between blood and other 61 

compartments, were calibrated by data fitting, without consideration of underlying 62 

mechanisms, while the flows are related to each other. 63 

Previous acute toxicity tests have shown that Ag (as AgNO3) is one of the most toxic metals 64 

to freshwater fish.24,25 Silver can disturb ion regulation, leading to loss of ions from the blood 65 

plasma, circulatory failure, and eventually fatality.26 Moreover, Ag might influence the 66 

production of acid and base inside the transporting cells by inhibiting the carbonic anhydrase 67 

enzyme.27,28 Waterborne Ag readily enters the blood and is, subsequently, accumulated in fish 68 
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organs.29 Most of the studies on Ag accumulation and toxicity have been carried out at high 69 

concentrations, which do not represent natural conditions. Until now, there has been no 70 

available PBPK model for Ag.  71 

The chub (Squalius cephalus), an abundant fish species throughout Europe,30 is one of the 72 

main hosts of acanthocephalans of the genus Pomphorhynchus.31,32 The present study aimed to 73 

develop a PBPK model simulating the accumulation of Ag from the dissolved phase by the 74 

chub S. cephalus infected with the acanthocephalan Pomphorhynchus tereticollis at a more 75 

reasonable exposure level. The model provides an important step towards a mechanistic 76 

understanding of Ag partitioning between parasites and their host. Toxicokinetic experiments 77 

are usually implemented for a short period of time and with small fish, while parasites can stay 78 

in the fish host for 7-8 months under natural conditions.33,34 Moreover, animal experiments are 79 

discouraged for ethical, practical, and financial reasons. Therefore, we assessed the potential 80 

application of the model by applying to a scenario of relatively realistic conditions without 81 

additional experiments. 82 

METHODS 83 

Exposure experiment and biochemical analyses. Chub were raised from eggs in 84 

spring water at the Research Institute for Nature and Forest (INBO), Belgium. After transport 85 

to the laboratory, chub were kept in 500-L tanks filled with tap water at room temperature (20 86 

± 3oC) and with a light cycle of 16: 8 (light: dark).13 The exposure experiment was implemented 87 

when the fish weight reached 13 (± 3) g. 88 

Cystacanths of the acanthocephalan P. tereticollis were dissected from the naturally-89 

infected amphipods collected from River Wupper in Germany35 and transferred to a 0.9% saline 90 

solution. Subsequently, chub were infected with 10 cystacanths each, using a 2-ml syringe fitted 91 
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with a 12-cm length of 1-mm-diameter plastic tubing into the digestive tract of fish.36 The 92 

exposure experiment (48-d exposure and 51-d depuration) was carried out five weeks after the 93 

infection. Infected chub were randomly distributed between a control glass tank (7 individuals) 94 

and an exposure tank (22 individuals), which were both filled with 100 L of tap water. Around 95 

75% of the water in each tank was replaced every three days, one day after feeding with fish 96 

pellets. During the exposure phase, Ag (in AgNO3) was added to the exposure tank after water 97 

exchange at a concentration of 1 µg/L. Water samples were taken daily with a 0.45 µm filtration 98 

for measurements of dissolved Ag concentrations. At each of the first two fish sampling times 99 

(9th and 15th day from the beginning of exposure), one chub was taken from the exposure tank. 100 

At the next fish sampling times, two chub were sampled each time (at 24th, 36th, 42th, 48th, 51st, 101 

57th, 72nd, and 84th day). On the last day, the remaining four chub were taken. From the control 102 

group, three chub were taken after the exposure phase and the remaining were sampled at the 103 

end of the experiment. 104 

Chub were killed by cervical dislocation and dissected using stainless steel tools, which 105 

were previously washed with 1% EDTA solution and distilled water to avoid contamination. 106 

Fish tissues (gills, kidney, liver, and intestine) were removed and weighed. Individuals from 107 

the same sampling time were considered replicates, i.e., tissues from the replicated chub were 108 

not pooled together. The acanthocephalans were dissected from the intestine under the 109 

microscope, whereas those obtained from the same chub were pooled together and weighed. 110 

The remaining parts including skin, muscle, and carcass (regarded as ‘storage’) were 111 

homogenised using a tissue homogeniser (Ultra-Turrax T25, IKA-Labortechnik, Staufen, 112 

Germany). For each individual chub, three replicates (30 – 50 mg each) of the homogenised 113 

storage (wet weight - ww) were weighed and placed in 30 mL Teflon vessels (MarsXpress; 114 

CEM GmbH, Kamp-Lintfort, Germany). Subsequently, 4 mL of 65% HNO3 (sub boiled) was 115 
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added and vessels were heated up to 170oC for 40 minutes using MARS 6 digestion system 116 

(CEM GmbH, Kamp-Lintfort, Germany). Other fish tissues (gills, kidney, liver, and intestine: 117 

2 – 3 replicates, depending on the tissue weight) and acanthocephalans (1 – 2 replicates) were 118 

digested in a similar way, but without homogenisation. After digestion, the clear sample 119 

solution was added with Mili-Q water to a volume of 5 mL.  120 

Silver concentrations in water samples and in digested samples were measured by 121 

inductively coupled plasma spectrometry (Elan 6000, Perkin Elmer, USA). Before analyses, 122 

the samples were diluted using a solution of 1% HNO3 with a concentration of 10 µg/L of 123 

yttrium (Y) and thulium (Tm) as internal standards. A solution was prepared by diluting a 124 

standard solution (ICP Multi-element standard solution, Merck, Darmstadt, Germany) with 1% 125 

HNO3 to a concentration of 10 µg/L and analysed after every 10 samples to control the accuracy 126 

and stability during measurements. Instrument calibration was conducted using a series of 11 127 

dilutions in the range of 0 to 100 µg/L from the standard solution (ICP Multi-element standard 128 

solution, Merck, Darmstadt, Germany). A spike recovery experiment was carried out with the 129 

storage from the control fish found that 90 – 115% of Ag was recovered using the procedure 130 

described above.  131 

The animal experiment was granted according to the European regulations by the 132 

Landesamt für Natur-, Umwelt- und Verbraucherschutz (LANUV, reference number: AZ: 84-133 

02.04.2015.A191). 134 

Model development 135 

Model specification. Metal accumulation by endoparasites, such as acanthocephalans, 136 

has been suggested to result from the uptake of lipophilic organo-metallic complexes formed 137 

from bile acids.37 Metals bind to the membrane of erythrocytes after entering the bloodstream 138 



 

 

 

 

7 

and are transported to different organs. In the liver, metals are bound to steroids in bile and 139 

excreted into the intestine.38,39 In the intestine of infected fish, the complexes might be taken 140 

up by acanthocephalans. Metals were assumed to be distributed into blood (1), storage (2), gills 141 

(3), kidney (4), liver (5), intestine (6), and acanthocephalan (p) as depicted in Figure 1. Both 142 

internal and external factors determine metal accumulation in the system, as characterised in 143 

detail below. 144 

Model characterisation. Metal accumulation in blood was characterised taking into 145 

account the blood volume (V1; L) and the concentration (C1; µg/L). The accumulation in other 146 

compartments was described by the weight (Wi; g) and the concentration (Ci; µg/g ww). Metal 147 

accumulation in the system is determined by both internal and external factors.  148 

As waterborne Ag enters fish via gills, external factors controlling the accumulation in fish 149 

include uptake from water and elimination via the gill, kidney, and intestine compartments. 150 

These processes are represented by the absorption rate constant (ku; L/g/d), the respiratory 151 

elimination rate constant (kre; 1/d), the excretion rate constant (kex; 1/d), and the egestion rate 152 

constant (keg; 1/d), respectively (Figure 1). 153 

Internal determinants are the exchange of blood with the gill, storage, liver, kidney, and 154 

intestine compartments via the dissolved phase (Figure 1).20 Dissolved metal concentrations in 155 

blood depend on the fraction of metals available in plasma fd (/). Dissolved metal concentrations 156 

in the other compartments are a function of the tissue-blood partition coefficient p𝑖 (
µg g⁄

µg L⁄
=157 

L g⁄ ). The exchange between blood and compartment i, therefore, depends on the blood flow to 158 

the compartment (namely diffusive exchange Ei; L/d) as well as the difference between the 159 

dissolved metal concentration in blood (fd × C1; µg/L) and that in the compartment i (
C𝑖

p𝑖
; 
µg g⁄

L g⁄
=160 

µg L⁄ ). This exchange can be expressed by rates of the metal flows from blood (k1i; L/d) and to 161 
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blood (ki1; g/d). The rate of the metal flow from blood to other compartments k1i is a function 162 

of the diffusive exchange Ei and the fraction of metals dissolved in blood fd. The rate of the 163 

metal flow to blood from compartment i (ki1) depends on the diffusive exchange Ei and the 164 

tissue-blood partition coefficient p𝑖. Additional factors determining metal accumulation in 165 

fish-parasite systems include the excretion from the liver to the intestine via the gallbladder (km; 166 

1/d) and the uptake by the acanthocephalan (kp; 1/d) as well.  167 

Metal accumulation in the system was, therefore, described as: 168 

Blood (compartment 1): 169 

𝑑(𝐶1∙𝑉1)

𝑑𝑡
= 𝐸2 ∙ (

𝐶2

𝑝2
− 𝑓𝑑 ∙ 𝐶1) + 𝐸3 ∙ (

𝐶3

𝑝3
− 𝑓𝑑 ∙ 𝐶1) + 𝐸4 ∙ (

𝐶4

𝑝4
− 𝑓𝑑 ∙ 𝐶1) + 𝐸2 ∙ (

𝐶5

𝑝5
− 𝑓𝑑 ∙ 𝐶1) +170 

𝐸2 ∙ (
𝐶6

𝑝6
− 𝑓𝑑 ∙ 𝐶1)  (1) 171 

𝑑(𝐶1∙𝑉1)

𝑑𝑡
= −(𝐸2 + 𝐸3 + 𝐸4 + 𝐸5 + 𝐸6) ∙ 𝑓𝑑 ∙ 𝐶1 +

𝐸2

𝑝2
∙ 𝐶2 +

𝐸3

𝑝3
∙ 𝐶3 +

𝐸4

𝑝4
∙ 𝐶4 +

𝐸5

𝑝5
∙ 𝐶5 +

𝐸6

𝑝6
∙172 

𝐶6 (2) 173 

𝑑(𝐶1∙𝑉1)

𝑑𝑡
= −(𝑘12 + 𝑘13 + 𝑘14 + 𝑘15 + 𝑘16) ∙ 𝐶1 + 𝑘21 ∙ 𝐶2 + 𝑘31 ∙ 𝐶3 + 𝑘41 ∙ 𝐶4 + 𝑘51 ∙ 𝐶5 +174 

𝑘61 ∙ 𝐶6 (3) 175 

Storage (Compartment 2): 176 

𝑑(𝐶2∙𝑊2)

𝑑𝑡
= 𝐸2 ∙ (𝑓𝑑 ∙ 𝐶1 −

𝐶2

𝑝2
) = 𝐸2 ∙ 𝑓𝑑 ∙ 𝐶1 −

𝐸2

𝑝2
∙ 𝐶2 (4) 177 

𝑑(𝐶2∙𝑊2)

𝑑𝑡
= 𝑘12 ∙ 𝐶1 − 𝑘21 ∙ 𝐶2 (5) 178 

Gills (Compartment 3): 179 

𝑑(𝐶3∙𝑊3)

𝑑𝑡
= 𝐸3 ∙ (𝑓𝑑 ∙ 𝐶1 −

𝐶3

𝑝3
) + 𝑘𝑢 ∙ 𝑊𝑡 ∙ 𝐶𝑤 − 𝑘𝑟𝑒 ∙ 𝑊3 ∙ 𝐶3 (6) 180 
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𝑑(𝐶3∙𝑊3)

𝑑𝑡
= 𝐸3 ∙ 𝑓𝑑 ∙ 𝐶1 −

𝐸3

𝑝3
∙ 𝐶3 + 𝑘𝑢 ∙ 𝑊𝑡 ∙ 𝐶𝑤 − 𝑘𝑟𝑒 ∙ 𝑊3 ∙ 𝐶3 (7) 181 

𝑑(𝐶3∙𝑊3)

𝑑𝑡
= 𝑘13 ∙ 𝐶1 − 𝑘31 ∙ 𝐶3 + 𝑘𝑢 ∙ 𝑊𝑡 ∙ 𝐶𝑤 − 𝑘𝑟𝑒 ∙ 𝑊3 ∙ 𝐶3 (8) 182 

Kidney (Compartment 4): 183 

𝑑(𝐶4∙𝑊4)

𝑑𝑡
= 𝐸4 ∙ (𝑓𝑑 ∙ 𝐶1 −

𝐶4

𝑝4
) − 𝑘𝑒𝑥 ∙ 𝑊4 ∙ 𝐶4 = 𝐸4 ∙ 𝑓𝑑 ∙ 𝐶1 −

𝐸4

𝑝4
∙ 𝐶4 − 𝑘𝑒𝑥 ∙ 𝑊4 ∙ 𝐶4 (9) 184 

𝑑(𝐶4∙𝑊4)

𝑑𝑡
= 𝑘14 ∙ 𝐶1 − 𝑘41 ∙ 𝐶4 − 𝑘𝑒𝑥 ∙ 𝑊4 ∙ 𝐶4 (10) 185 

Liver (Compartment 5): 186 

𝑑(𝐶5∙𝑊5)

𝑑𝑡
= 𝐸5 ∙ (𝑓𝑑 ∙ 𝐶1 −

𝐶5

𝑝5
) − 𝑘𝑚 ∙ 𝑊5 ∙ 𝐶5 = 𝐸5 ∙ 𝑓𝑑 ∙ 𝐶1 −

𝐸5

𝑝5
∙ 𝐶5 − 𝑘𝑚 ∙ 𝑊5 ∙ 𝐶5 (11) 187 

𝑑(𝐶5∙𝑊5)

𝑑𝑡
= 𝑘15 ∙ 𝐶1 − 𝑘51 ∙ 𝐶5 − 𝑘𝑚 ∙ 𝑊5 ∙ 𝐶5 (12) 188 

Intestine (Compartment 6): 189 

𝑑(𝐶6∙𝑊6)

𝑑𝑡
= 𝐸6 ∙ (𝑓𝑑 ∙ 𝐶1 −

𝐶6

𝑝6
) + 𝑘𝑚 ∙ 𝑊5 ∙ 𝐶5 − 𝑘𝑝 ∙ 𝑊6 ∙ 𝐶6 − 𝑘𝑒𝑔 ∙ 𝑊𝑡 ∙ 𝐶6 (13) 190 

𝑑(𝐶6∙𝑊6)

𝑑𝑡
= 𝐸6 ∙ 𝑓𝑑 ∙ 𝐶1 −

𝐸6

𝑝6
∙ 𝐶6 + 𝑘𝑚 ∙ 𝑊5 ∙ 𝐶5 − 𝑘𝑝 ∙ 𝑊6 ∙ 𝐶6 − 𝑘𝑒𝑔 ∙ 𝑊𝑡 ∙ 𝐶6 (14) 191 

𝑑(𝐶6∙𝑊6)

𝑑𝑡
= 𝑘16 ∙ 𝐶1 − 𝑘61 ∙ 𝐶6 + 𝑘𝑚 ∙ 𝑊5 ∙ 𝐶5 − 𝑘𝑝 ∙ 𝑊6 ∙ 𝐶6 − 𝑘𝑒𝑔 ∙ 𝑊𝑡 ∙ 𝐶6 (15) 192 

Acanthocephalan (Compartment p): 193 

𝑑(𝐶𝑝∙𝑊𝑝)

𝑑𝑡
= 𝑘𝑝 ∙ 𝑊6 ∙ 𝐶6 (16) 194 

In the experiment, fish with different initial weights were randomly introduced to the control 195 

and exposure tanks, leading to difficulties in considering fish growth in model calibration. 196 

Consequently, fish growth was excluded in model calibration. By contrast, the growth of 197 

acanthocephalans was included based on their weight measured during the 99-day experiment: 198 
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𝑑𝑊𝑝

𝑑𝑡
= 𝑔𝑝 ∙ 𝑊𝑝 (17) 199 

where Wp (g) is the acanthocephalan weight when all acanthocephalans inhabiting the same 200 

chub individual were pooled together; and gp (1/d) is the growth rate constant.  201 

 The model structural identifiability was confirmed prior to model parameterisation and 202 

calibration. This analysis ensures that model parameters have a unique value (global structural 203 

identifiability) or a finite number of values (local structural identifiability) in experimental 204 

idealistic conditions of continuous and noise-free data.21 This property depends basically on 205 

model equations, the type of variables that can be measured, and the possibility of perturbing 206 

the system. With the software used,40 we proved that all parameters were structurally 207 

identifiable and we were even able to confirm that k21, k31 and k41 were globally identifiable. 208 

Model parameterisation  209 

Parameterisation for internal factors. Silver flows from blood to other compartments were 210 

simultaneously parameterised as they are related to each other, depending on the blood flow 211 

and its distribution to each compartment. As explained above, the rate of the metal flow from 212 

blood to other compartments k1i is a function of the diffusive exchange Ei and the fraction of 213 

metals dissolved in blood fd. The first factor was presumed to be species-specific and 214 

independent of metals, while the second was considered to be metal-specific. The diffusive 215 

exchange depends on fish cardiac output as: 216 

E𝑖 = 𝑄 ∙ W𝑡 ∙ 𝑓𝑖 (18) 217 

where Ei (L/d) is the diffusive exchange of compartment i; Q (L/g/d) is the cardiac output; Wt 218 

(g) is the weight of the whole chub; and fi (/) is the blood flow distribution to compartment i. 219 

No information regarding the cardiac output or the blood flow distribution is available for chub.  220 
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The parameterisation of chub cardiac output was based on published data for carp, which 221 

belongs to the same family. Fish cardiac output has been reported to be influenced by 222 

temperature41,42 and body size43. The cardiac output reviewed by Farrell et al.44 for carp at 15oC, 223 

which is close to the laboratory temperature, was used to calculate the weight-specific value 224 

with a scaling exponent of -1/4.43 Three-fold variations in the weight-specific cardiac output 225 

were observed when extrapolating the measurements obtained by Garey45 and Farrell et al.44 at 226 

10oC to the same fish weight. Therefore, we applied a factor of three to describe potential 227 

variations in the cardiac output. 228 

Barron et al.46 measured the blood flow to tissues for trout. These data were used to calculate 229 

the blood flow distribution (fi) at 6, 12, and 18oC. The values obtained at 18oC were applied for 230 

further parameterisation of the diffusive exchange. Furthermore, the calculation generated 231 

around 1.13-, 10-, 3, 7-, and 2.11-fold variations in the blood flow distribution to the storage, 232 

gill, kidney, liver, and intestine compartments, respectively. These variation factors were 233 

deployed to describe the uncertainties in the parameterisation of this factor.  234 

The derived cardiac output and the parameterised blood flow distribution were subsequently 235 

applied to obtain an average value for the diffusive exchange to the storage, gill, kidney, liver, 236 

and intestine compartments. In addition, uncertainty factors of 3.4, 30, 9, 21, and 6.33 were 237 

used for the rates of the metal flows to the storage, gill, kidney, liver, and intestine 238 

compartments, respectively, to cover the variations in the cardiac output and the blood flow 239 

distribution to these compartments.  240 

The fraction of Ag dissolved in blood plasma was calculated from Ag concentrations in 241 

blood plasma and the whole blood analysed by Wood et al.47 This parameterisation was 242 

implemented based on the proportion of plasma in blood and the blood volume. In particular, 243 

we assumed that the plasma volume contributes to 45% of the blood volume.48 The whole body 244 
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blood volume is a relatively constant proportion of the body weight (3 – 5.27 mL/100 g).49,50 245 

An average value of 4.135 mL/100 g was thus assigned for the blood volume. 246 

The growth rate of acanthocephalans varies, depending on their developmental stages.34 247 

Young individuals have higher growth rates than the mature ones.34 This pattern was evident in 248 

the present study, as the 51st day of the experiment (about 80 days after infection) acted as a 249 

turning point in the growth of acanthocephalans. The growth rate constant for acanthocephalans 250 

was calculated by data fitting according to Eq. (17) using GraphPad Prism. The data fitting 251 

shows that the relative growth rate of acanthocephalans during the first period (until 51st day) 252 

was about 6.8 times higher than the rate during the remaining period. 253 

Parameterisation for external factors. The absorption rate constant (ku) and the elimination 254 

rate constant (ke) were calculated based on data on Ag concentrations in the whole body of 255 

chub, as in Le et al.13 with the case of constant exposure. The estimation included an average 256 

and its 95% confidence interval. Metal elimination via the kidney was negligible51 and, 257 

therefore, ignored here. The upper level of the confidence interval obtained for ke was then 258 

regarded the maximum bound for kre and keg. 259 

Average values of the parameters applied for model calibration are specified in Table 1, 260 

together with a range, a bound, or an uncertainty factor. Among the parameters, the fraction of 261 

Ag dissolved in blood plasma was determined based on the results from an exposure at high 262 

concentrations, instead of those from the control.47 This method was used because of expected 263 

high uncertainties associated with the measurements of low concentrations in a small volume 264 

of blood. Moreover, the variation factor (around 1.6) between the value calculated from the two 265 

cases was covered by the uncertainty factor deployed. 266 

Model calibration. Model calibration was carried out by fitting using the MATLAB-267 

based AMIGO2 toolbox.52 As water was regularly exchanged, the concentration of Ag in the 268 
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exposure tank was relatively constant. Therefore, an average was used to represent the exposure 269 

level. Variations in metal concentrations in water and tissues (presented by the standard 270 

deviation) were incorporated in model calibration. Similarly, confidence intervals of the 271 

absorption rate constant (ku) and the growth rate constant of acanthocephalans (gp) were 272 

integrated in. The calibration was carried out in two steps. In the first one, uncertainty factors 273 

for rate constants of metal flows to the storage (k12), gill (k13), kidney (k14), liver (k15), and 274 

intestine (k16) compartments as well as the maximum bounds for the elimination via the gill and 275 

intestine compartments were used. In the next step, estimated values for ku, k12, k13, k14, k15, k16, 276 

kre, and keg derived from the first step were fixed to calibrate the remaining parameters. 277 

Uncertainty and sensitivity analysis. Uncertainty and sensitivity were assessed by 278 

investigating the variations in the estimation for unknown parameters (k21, k31, k41, k51, k61, keg, 279 

km, and kp) with varying input values for the rates of metal flows from blood and elimination 280 

rates. The unknown parameters were estimated at different scenarios (Supporting Information 281 

(SI) Table S1): standard scenario (parameterised range of k12, k13, k14, k15, k16, kre, and keg), 282 

storage, gill, kidney, liver, and intestine scenarios (k12, k13, k14, k15, and k16 deviating from the 283 

parameterised value by their corresponding uncertainty factors), and elimination scenarios (kre 284 

and keg at the maximal level). 285 

Simulation for a simplified scenario of relatively realistic conditions. In the 286 

simplified scenario without experiments, chub (150 – 250 g) were presumed to be exposed to 287 

Ag in a pristine water body (dissolved concentration of 0.01 µg/L53). The simulation highlights 288 

the significance of modelling as this approach might eliminate practical difficulties, e.g., when 289 

the concentration is below the detection limit. We also assumed that acanthocephalans with an 290 

initial weight of 0.0024 g are transmitted to chub and stay in the host for 7 months. Two and a 291 

half months after the transmission, the relative growth rate of acanthocephalans decreased as 292 
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mentioned in model parameterisation. The influence of growth dilution for chub was also taken 293 

into account. The relative growth rate for chub was calculated from the prolonged growth 294 

experiment.13 Following the exposure at such low level, elimination was presumed to be 295 

negligible. In addition, the absorption rate constant as well as the rate constants of flows from 296 

and to blood was corrected for weight using a scaling exponent of -1/454,55 to account for the 297 

weight-dependence of the cardiac output. 298 

RESULTS 299 

Silver concentrations in water. The dissolved Ag concentration in the control tank 300 

was below the detection limit (0.019 µg/L). The corresponding concentration in the exposure 301 

tank after Ag dosing averaged 0.71 µg/L and decreased to around 0.52 µg/L one day after and 302 

to around 0.46 µg/L three day after (Figure 2). Such moderate changes strengthen our 303 

assumption of relatively constant concentrations during the exposure phase. In the depuration 304 

phase, the concentration of dissolved Ag in the exposure tank was recorded at around 0.09 µg/L 305 

after water exchange (Figure 2). This concentration reduced to around 0.04 µg/L three days 306 

after water exchange and to below the detection limit at the end of the experiment (Figure 2). 307 

Silver accumulation in the chub-acanthocephalan system. Silver 308 

concentrations in the control fish were below or close to the detection limit. Silver was 309 

accumulated in chub with the highest level in the liver, followed by the gill and the intestine, 310 

while the lowest levels were recorded in the storage and the kidney (Table 2; Figure 3). The Ag 311 

concentration in the liver steadily increased, reaching an average of around 0.8 µg/g ww at the 312 

end of the exposure phase before decreasing during the depuration (Figure 3). A similar trend 313 

was shown for Ag accumulation in the gill (Figure 3). The concentration of Ag in this organ 314 

reached around 0.2 µg/g ww at the end of the 48-d exposure period, followed by a gradual 315 

reduction in the depuration. Silver was also accumulated in the intestine, but with a different 316 
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pattern (Figure 3). The Ag concentration in this compartment was relatively stable after the first 317 

9 days of the exposure, levelling at around 0.05 µg/g ww at the end of this phase (Figure 3). An 318 

increase in the Ag concentration in the intestine was observed at the initial depuration with 319 

substantial variations (Figure 3). The concentration in the storage increased up to around 0.006 320 

µg/g ww at the end of exposure and sharply decreased within 24 days of depuration (Figure 3). 321 

Silver accumulation in the kidney was not determined with certainty as the concentration in this 322 

compartment fluctuated with substantially large variations (Figure 3).  323 

Silver was also accumulated in acanthocephalans, but its increasing concentrations were 324 

observed during the first 24 days of exposure only (Figure 3). Such an increment was followed 325 

by slight decreases in the next three weeks and a subsequent stabilisation during the remaining 326 

period at around 0.065 µg/g ww (Figure 3). 327 

Simulation of silver accumulation in the chub-acanthocephalan system. In 328 

general, the model reproduced the observed trend of Ag accumulation in chub organs and 329 

acanthocephalans (Figure 3; SI Figure S1 and Table S2). The V-shaped pattern of Ag 330 

bioaccumulation, i.e., increasing during exposure and decreasing in depuration, in the storage, 331 

gill, and liver compartments was generated by the model, as well as the low and relatively stable 332 

concentration in the kidney (Figure 3; SI Figure S1). The trend of Ag accumulation in 333 

acanthocephalans could also be elaborated (Figure 3; SI Figure S1). Moreover, significant 334 

relationships were found between the estimates and the measurements of Ag concentrations in 335 

chub organs as well as in acanthocephalans (SI Table S2). The pattern of Ag accumulation was 336 

best simulated for the gill, storage, and liver compartments (Figure 3; SI Figure S1 and Table 337 

S2). Modelled concentrations of Ag in acanthocephalans were significantly related to the 338 

measurements, while more than 50% of the variations in the measurements could be explained 339 

by the model (Figure 3; SI Figure S1 and Table S2). Less than 10% of the variations in Ag 340 
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concentrations in the kidney and the intestine over time were accounted by the model (Figure 341 

3; SI Figure S1 and Table S2). 342 

Estimations and measurements of Ag accumulation in the chub-acanthocephalan system 343 

were in the same rage (Figure 3; SI Figure S1 and Table S2). The lowest deviations between 344 

the measured and the modelled concentrations were found for the storage, followed by the gill, 345 

the kidney, and the acanthocephalan (SI Table S2). Simulated concentrations of Ag in the 346 

intestine and the liver deviated more from the measured concentrations (Figure 3; SI Figure S1 347 

and Table S2). The delay in Ag accumulation in chub intestine was not totally explained by the 348 

current model.  349 

The order of Ag flows from blood to other compartments in Table 3 indicates the highest 350 

diffusive exchange of blood with the storage and the liver, and furthermore shows the highest 351 

blood flow distribution to these compartments. Compared to those flows, the distribution to the 352 

gill, kidney, and intestine compartments was significantly lower (Table 3). The order of Ag 353 

flows to blood (k21, k31, k41, k51, and k61) represents the difference in Ag blood-tissue partitioning 354 

among fish organs. In combination with the low blood distribution to the kidney, the highest 355 

Ag flow from the kidney to blood implies the lowest blood-tissue partitioning in this 356 

compartment compared to the partitioning in the liver, intestine, and gill compartments. 357 

Uncertainty in estimations was substantially reduced by incorporating values of k12, k13, k14, 358 

k15, k16, kre, and keg derived from the first step of model calibration. This was shown by narrower 359 

bounds in the predictions of the unknown parameters (i.e., k21, k31, k41, k51, k61, keg, km, and kp) 360 

(Table 3) as well as by lower confidence intervals of the modelled concentrations (Figures 3; 361 

SI Figure S1). The highest uncertainty was associated with the simulation of Ag accumulation 362 

in the storage and the kidney (Table 3; SI Table S3). Model calibration was most sensitive to 363 

the Ag flow from blood to the liver and the intestine, as proven by substantial variations in the 364 
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estimates of the other parameters with varying k15 and k16 (SI Table S3). For example, variations 365 

of several orders of magnitude were generated in estimates of the excretion rate from the liver 366 

to the intestine (km) with changing the metal flow from blood to the intestine (k16). Model 367 

calibration was less sensitive to Ag flows from blood to the storage and the gill (SI Table S3). 368 

Internal exchange between blood and other compartments was negligibly affected by 369 

elimination rates keg and kre (SI Table S3). 370 

Simulation for the simplified scenario of relatively realistic conditions. Silver 371 

concentrations in the chub-acanthocephalan system predicted with some assumed conditions, 372 

as described in the Methods, were in the range reported by Thielen et al.12 for the system of 373 

barbel and Pomphorhynchus laevis (Figure 4). Predictions were consistent with experimental 374 

data, showing the highest Ag concentration in the liver among fish organs. The predicted 375 

concentration in acanthocephalans was higher than those in the liver (around two times) and 376 

the intestine (about 20 times). The decline of the concentration in the liver and the intestine 377 

after parasite transmission indicates lower accumulation in infected fish compared to uninfected 378 

fish. 379 

DISCUSSION 380 

Silver accumulation in the fish-parasite system. Silver concentrations in chub in 381 

the present study are close to those in feral fish or fish exposed to Ag at low levels (Table 2). 382 

As a detoxifying organ, the liver has been widely found to have the highest Ag concentration, 383 

consistent with the result in the present study.25,56–60 However, some exceptions have also been 384 

reported when Ag was accumulated at a higher level in the intestine than in the liver.57,61  385 

Metal accumulation in acanthocephalans and fish has been investigated in a number of 386 

studies with feral fish. A large number of metals, e.g., Cd, Cu, Mn, Zn, Ag, Ni, and Pb, have 387 



 

 

 

 

18 

been manifested to be accumulated to a significantly higher extent in acanthocephalans than in 388 

feral fish.62–67 Despite that, the partitioning between fish tissues and acanthocephalans varies 389 

among metals.12,68–70 For example, Marijic et al.69 found higher concentrations of non-essential 390 

(Ag, Cd, Pb) and of some essential (Cu, Mn) metals in two acanthocephalan species, P. laevis 391 

and Acanthocephalus anguillae, than in chub gastrointestinal tissues, contrasting with the 392 

results for two other essential metals (Fe and Zn). Nachev et al.68 reported a significantly higher 393 

accumulation of As, Cd, Cu, Pb, and Zn in the acanthocephalan P. laevis than in feral barbel, 394 

in contrast with the observation for V, Co, Mo, Mn, and Fe.  395 

Data from toxicokinetic experiments are more limited. After five weeks of exposure to Pb 396 

at concentrations of 10 and 15 µg/L, Pb was accumulated in the acanthocephalan P. laevis at 397 

higher levels than in chub muscle, liver, and intestine.37 In another experiment, similar results 398 

were obtained at the end of five-week-exposure to Pb, but no significant difference was 399 

observed between Pb concentrations in P. laevis and in chub tissues at some time points.71 In 400 

the present study, the concentration of Ag was significantly higher in acanthocephalans than in 401 

chub muscle, but not in comparison with other tissues. 402 

Previous studies have shown that both Ag+ and AgCl(aq) account for Ag accumulation in 403 

freshwater fish.72–74 The proportion of these two species in Ag speciation is affected by the 404 

chloride concentration. For example, chloride in water might lead to the replacement of Ag+ by 405 

AgCl(aq), depending on its concentration. At low concentrations (i.e., up to 35.5 mg/L), 406 

chloride does not influence the accumulation of Ag by fish as Ag speciation is dominated by 407 

Ag+.75 At higher concentrations, the influence of chloride is more profound as AgCl(aq) 408 

prevails.75 When both Ag+ and AgCl(aq) were present, Ag accumulation was still controlled by 409 

Ag+ uptake,75 probably due to the presence of apical membrane transport proteins76. The study 410 

of McGeer and Wood72 demonstrated no influence of chloride (up to 53 mg/L) on the 411 
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accumulation of Ag in the trout exposed to 12 µg/L AgNO3. With the tapwater used in the 412 

present study (chemical properties are available at: https://www.stadtwerke-413 

essen.de/wasser/wasserqualitaet/trinkwasseranalyse/), the speciation generated by WHAM 414 

model77 showed a light dominance of AgCl(aq) (the concentration of AgCl(aq) was about 2 415 

times higher than that of Ag+). With this information, Ag accumulation in the present study was 416 

probably dominated by the Ag+ uptake. 417 

Simulation of silver accumulation in the chub-acanthocephalan system. 418 

The highest diffusive exchange of blood with the storage as generated by the model is consistent 419 

with the simulation of Cd accumulation in trout.20,21 The highest blood flow distribution to the 420 

storage agrees with empirical reports,46,78 attributed to the biggest contribution of this 421 

compartment to the total fish weight. The second highest blood flow distribution was to the 422 

liver, contrasting with the results measured by Barron et al.46 and possibly indicating the 423 

influence of parasite infection. The uptake of essential compounds like fatty acids by intestinal 424 

parasites leads to increasing excretion from the liver to the intestine, and consequent 425 

enhancement in the blood flow distribution to the liver. As explained above, organo-metallic 426 

complexes are taken up by acanthocephalans together with essential compounds like lipids. The 427 

absorption of lipids in acanthocephalans occurs at the presoma surface.79 Lipids are largely 428 

absorbed from the intestinal wall via the anterior tunnel formed by their proboscis while, 429 

probably, carbohydrates and amino acids are mainly absorbed along the surface of the 430 

metasoma.79 However, mechanisms of these processes are poorly studied for the 431 

Acanthocephala. Previous studies have verified that amino acids and lipids are absorbed by 432 

cestodes across the tegument through active transport, mediated diffusion, and simple diffusion 433 

(as reviewed by Pappas and Read80; Smyth and McManus81). Our understanding of mechanisms 434 

by which essential compounds are absorbed by acanthocephalans lags behind that for cestodes. 435 

https://www.stadtwerke-essen.de/wasser/wasserqualitaet/trinkwasseranalyse/
https://www.stadtwerke-essen.de/wasser/wasserqualitaet/trinkwasseranalyse/
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However, similar mechanisms might be applied by acanthocephalans.80 The lowest blood-tissue 436 

partitioning in the storage simulated for Ag is in agreement with the simulation for Cd.20,21 The 437 

most important purpose of PBPK models is to facilitate extrapolation to different scenarios.14 438 

The PBPK model developed here is the first one that takes into account fish cardiac output and 439 

the organ-specific blood flow distribution. Such model parameterisation is the first step towards 440 

a further elaboration of PBPK models in relation to biological traits like body size, increasing 441 

potential applicability. The consideration of weight influence in parameterisation of the cardiac 442 

output allows for intra-species extrapolation as exemplified by the simulation for the simplified 443 

scenario of relatively realistic conditions. In the next step, the model developed should be 444 

extrapolated to humans, which are exposed to both metals and parasite infection. 445 

Bioconcentration factors obtained from previous toxicokinetic experiments were 446 

consistently lower than those values reported for naturally infected fish.37 In the current 447 

toxicokinetic test, lower Ag concentrations were recorded in acanthocephalans compared to 448 

those in chub tissues, contrasting with the observations for feral fish described above. Such 449 

differences in metal partitioning in fish-parasite systems between toxicokinetic experiments and 450 

field studies might be associated with the weight of the host and the parasites as well as the 451 

length of infection time. Model simulation to the simplified scenario of relatively realistic 452 

conditions demonstrated that the difference is related to metal concentrations in the fish host at 453 

parasite transmission. Metals, which have been already accumulated in the host before parasite 454 

transmission, become a source for rapidly increasing concentrations in acanthocephalans in the 455 

first two or three months after transmission. After this period, metal concentrations in 456 

acanthocephalans decrease because of the growth dilution, followed by a stabilisation when 457 

acanthocephalans grow at a lower rate. This pattern had been recorded in field observations34 458 

and was confirmed in the present study again. 459 
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Uncertainty in model calibration and simulation is associated with two main factors: large 460 

variations in measurements and assumptions applied for model parameterisation due to lacking 461 

data. Most of the available PBPK models largely rely on vivo data for model parameterisation.21 462 

High uncertainty in calibrating the Ag flow from the kidney to blood is induced by large 463 

variations in measurements of Ag concentrations in the kidney, which are, in turn, attributed to 464 

technical difficulties in dissecting the kidney from small fish. Model calibration depends on a 465 

number of parameters, which are not amenable to experimentation. The substantial decline in 466 

confidence intervals of modelled concentrations when k12, k13, k14, k15, k16, kre, and keg are fixed 467 

is convincing evidence for the importance of model parameterisation. Uncertainty factors that 468 

were introduced to account for potential variability when no experimental data were available, 469 

as applied in other studies82, contribute to uncertainties in model calibration. Assumptions 470 

incorporated in model parameterisation is another source of uncertainties. Previous studies have 471 

shown the influence of temperature on fish cardiac output.41,42 Farrell et al.44 reported 10-fold 472 

variations in fish cardiac output, covering inter-species, intra-species (between different 473 

weights), and temperature variations. Some limitations are inherent in our approach for 474 

consideration of temperature influence. The limited data regarding fish cardiac output at 475 

different temperatures and the difference in other experimental conditions among studies45,83 476 

prevented us from deriving a relationship between the cardiac output and temperature. For our 477 

PBPK model, uncertainty in calibration can be reduced by improving accuracy in 478 

parameterisation of Ag flows from blood to the intestine and the liver.  479 

Although the present study proved that intestinal parasites like acanthocephalans can be 480 

included in PBPK models, the current model could not totally simulate the delay of Ag 481 

accumulation in the intestine at the initial depuration. The exposure of fish, e.g., tilapia, dab, 482 

and carp, to a number of metals like Ag leads to metallothionein induction in the liver.84–86 483 
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Wood et al.25 found metallothioneins in the control rainbow trout, but no enhancement in their 484 

induction in the trout exposed to Ag. In addition to bile as mentioned above, metals in the liver 485 

might bind to metallothioneins and are subsequently excreted to the intestine via the 486 

gallbladder. Therefore, the delayed accumulation in chub intestine in the depuration might be 487 

related to the delayed induction of metallothionein and/or the transport via the gallbladder. 488 

Accordingly, two assumptions have been considered: 1) two-phase (slow- and fast-) excretion 489 

of metals from the liver to the intestine; and 2) inclusion of the gallbladder as another 490 

compartment. The simulation based on these two assumptions hardly improved model 491 

performance, but increasing uncertainties from calibrating an additional parameter. Further 492 

factors should be included to address the large variations in realistic conditions. For example, 493 

a group of different parasite species or a group of parasites at various stages of development 494 

might inhabit the same host individual.33 A potential decline of metal accumulation in 495 

acanthocephalans due to some elimination mechanisms, such as egg releases, during the patent 496 

period is also not accounted for in the current model. A consideration of biological factors of 497 

acanthocephalans and infection might increase model applicability and improve model 498 

performance in varying environmental conditions. 499 
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Table 1. Parameterised values and boundary for model calibration 760 

Symbol Meaning Unit Value Uncertainty 

factor 

95% 

Confidence 

interval 

Maximal 

bound 

Method for parameterisation 

Q Cardiac output L/d/g 0.057 3   Weight-corrected 

f2 Blood flow distribution to 

storage 

% 0.35 1.13   Calculated from blood flow to tissue 

f3 Blood flow distribution to 

gill 

% 7.13 10   

f4 Blood flow distribution to 

kidney 

% 2.63 3   

f5 Blood flow distribution to 

liver 

% 0.021 7   

f6 Blood flow distribution to 

intestine 

% 89.88 1.13   
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E2 Diffusive exchange with 

storage 

L/d 0.8949 3.4    

 

E𝑖 = 𝑄 ∙ W𝑡 ∙ 𝑓𝑖 

 

E3 Diffusive exchange with gill L/d 0.0002 30   

E4 Diffusive exchange with 

kidney 

L/d 0.7097 9   

E5 Diffusive exchange with 

liver 

L/d 0.00344 21   

E6 Diffusive exchange with 

intestine 

L/d 0.02615 6.33   

fd The fraction of Ag dissolved 

in plasma 

/     Calculated from Ag concentration in 

plasma and in the whole blood 

k12 Constant of flow rate to 

storage 

L/d 0.624 3.4   𝑘1𝑖 = E𝑖 ∙ 𝑓𝑑  

 

k13 Constant of flow rate to gill L/d 0.00014 30   
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k14 Constant of flow rate to 

kidney 

L/d 0.0495 9   

k15 Constant of flow rate to liver L/d 0.0024 21   

k16 Constant of flow rate to 

intestine 

L/d 0.0182 6.33   

ku Absorption rate constant L/d/g 0.00114  0.001-0.0013  Calculated from Ag concentration in 

the whole fish kre Constant of elimination rate 

via gill 

1/d    0.0245 

keg Constant of elimination rate 

via intestine 

1/d    0.0245 

gp Growth rate constant for 

acanthocephalan for the first 

period (0-51st day) 

1/d 0.028  0 – 0.07 

 

 𝑑𝑊𝑝

𝑑𝑡
= 𝑔𝑝 ∙ 𝑊𝑝 

761 



 

 

 

 

37 

Table 2. Silver accumulation in fish organs 

Study Fish species Type of 

investigation 

Duration 

(days) 

Nominal 

exposure 

concentration 

(µg/L) 

Silver form Gill  

(µg/g 

ww) 

Muscle/Storag

e (µg/g ww) 

Liver (µg/g 

ww) 

Kidney 

(µg/g 

ww) 

Intestine 

(µg/g 

ww) 

Wood et 

al.25 

Oncorhynchus 

mykiss 

Toxicokinetics 6 10 AgNO3 1.25  34.14 6.19  

Web and 

Wood29 

 

Oncorhynchus 

mykiss 

 

Toxicokinetics 

 

6 

 

Control   0.164  

(± 0.01) 

7.45  

(± 0.3520) 

  

9.2 AgNO3  1.305  

(± 0.202) 

26.150  

(± 7.240) 

  

Pentreath56 

 

Pleuronectes 

platessa 

Toxicokinetics 63 0.04 Radionuclide 0.038 0.010 0.048 <0.014 0.024 

Raja clavata  0.180 0.026 1.468 0.052 0.561 

           

Feral    0.05  0.09 0.05 0.02 
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Hogstrand 

et al.57 

 

Platichthys 

stellatus 

 

Toxicokinetics 6 250 AgNO3 0.017  0.04 0.09 0.8 

Yamazaki 

et al.58 

Carasius 

auratus 

langsdorfii 

Feral    0.09 0.02 1.34 0.59 0.14 

Wood et 

al.59 

 

Oncorhynchus 

mykiss 

 

Toxicokinetics 6 30 000 Ag(S2O3)n 3.18  73.15 7.34  

  Control 

thiosulphate 

 0.07  9.44 2.2  

Present 

study 

Squalius 

cephalus 

Toxicokinetics 48 1 AgNO3 0.21 0.006 0.95 0.041 0.057 
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Table 3. Values obtained from metal calibration 1 

Symbol 1st step 2nd step 

Value Bound (±) Value Bound (±) 

ku 1.21 . 10-3 8.44 . 10-3   

k12 2.27 . 10-1 5.79 . 101   

k13 4.17 . 10-3 4.44 . 10-1   

k14 6.96 . 10-3 1.44 . 101   

k15 4.59 . 10-2 4.39   

k16 2.89 . 10-3 2.83 . 10-1   

kre 1.38 . 10-2 5.36   

keg 7.89 . 10-3 3.07 . 10-1   

gp 5.42 . 10-2 2.55 . 10-2   

k21 5.98 . 102 1.79 . 105 6.07 . 102 8.56 . 102 

k31 3.56 . 10-1 2.08 3.62 . 10-1 4.56 . 10-1 

k41 5.19 1.08 . 104 5.28 7.81 

k51 8.20 . 10-1 4.83 . 101 8.34 . 10-1 1.17 

k61 4.46 . 10-1 2.20 . 101 4.55 . 10-1 8.38 . 10-1 

km 7.84 . 10-8 3.13 . 10-4 5.80 . 10-8 2.55 . 10-4 

kp 6.40 . 10-3 1.53 . 101 5.25 . 10-3 2.13 . 10-1 

 2 

 3 

 4 

 5 

 6 

 7 
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 8 

Figure 1. Simulation of metal accumulation in fish-parasite systems. Waterborne metals are 9 

mainly taken up via gills (Compartment 3). In blood (Compartment 1), metals are bound to red 10 

blood cells and transported to different organs like storage (Compartment 2), kidney 11 

(Compartment 4), liver (Compartment 5), and intestine (Compartment 6). In the liver, metals 12 

are bound to lipids, proteins and other compounds, forming organometallic complexes, which 13 

are then excreted to the intestine via the gallbladder. Acanthocephalans are unable to synthesise 14 

their own essential compounds like fatty acids and have to take them directly from the host. 15 

While do so, they also take up organometallic compounds. The accumulation of metals in the 16 

system depends on internal and external factors. Internal factors include metal flows from blood 17 

(k1i) and to blood (ki1) as well as the excretion from liver to intestine (km). External factors are 18 

the exchange with water, expressed by the absorption rate ku and the elimination rate via gill 19 

(kre), kidney (kex), and via intestine (keg). Metal accumulation in each compartment occurs as a 20 

balance of different flows. The concentration of metals in blood is determined by the exchange 21 

with other compartments (k1i and ki1). Metal concentrations in the storage are influenced by the 22 

exchange with blood only (k12 and k21). The concentrations in the gill and the kidney is 23 

additionally influenced by the external factors (ku and kre for the gill; and kex for the kidney), 24 
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besides the exchange with blood (k13 and k31 for the gill; k14 and k41 for the kidney). Together 25 

with the exchange with blood (k15 and k51), metal concentration in the liver is determined by the 26 

excretion to the intestine (km). The concentration of metals in the intestine, in turn, depends on 27 

the exchange with blood (k16 and k61), the excretion from the liver (km), egestion (keg), and the 28 

uptake by parasites (kp) while the accumulation in parasites is determined by the flow from the 29 

intestine only. 30 

 31 

 32 

 33 

Figure 2. Concentration of dissolved Ag in the exposure tank during the exposure (0-48th day) 34 

and depuration (48-99th day) phases, which are separated by the dashed line. The solid line 35 

represents the detection limit. 36 
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Figure 3. Comparison of measurements (average and standard deviation), expressed by the dots 41 

and bars, with the modelled concentration generated from the model calibration. The area 42 

represents the estimation range with the average expressed by the black solid line. The blue 43 

dashed line separates exposure and depuration phases. The red line represents the tissue-specific 44 

detection limit. 45 
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 47 

Figure 4. Simulation of Ag accumulation in the system of chub and acanthocephalan for the 48 

simplified scenario of relatively realistic conditions for pristine water body (Cw = 0.01 µg/L). 49 

The initial concentration in chub was simulated by the model when chub grew reaching the 50 

weight of around 150 g. 51 
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