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In the receiving areas of effluents from municipal wastewater treatment plants (WWTPs), aquatic organisms are 
threatened by adverse effects due to exposure to pharmaceutical residues. To elucidate the uptake of pharmaceuticals 
in fish, measurements were made in bile of brown trout (Salmo trutta) exposed in aquaria to 100% effluent water and 
in muscle, liver, kidney, and bile in northern pike (Esox lucius), European perch (Perca fluviatilis) and common rudd 
(Scardinius erythrophthalmus) from a lake receiving municipal wastewater. Pharmaceuticals were also measured 
in hepatopancreas of signal crayfish (Pacifastacus leniusculus). In addition to the measurements in fish and crayfish, 
pharmaceuticals were measured in the effluent, upstream and downstream of the WWTPs. In effluent water, phar-
maceuticals were detected in the µg/L range, with the highest concentrations being of commonly prescribed NSAIDs 
and hypertension drugs, such as diclofenac, ibuprofen, naproxen, losartan, and metoprolol. However, the differences 
in concentrations between different sampling occasions were high, indicating a need for repeated sampling to obtain 
representative average concentrations. Pharmaceuticals in fish samples showed strong tendencies to species and 
tissue-specific partitioning. Levels of diclofenac in the brown trout bile were within the range of 4–16 µg/g w.w and 
naproxen within 37–170 ng/g w.w, while for all other pharmaceuticals, they were below detection limits. Several other 
pharmaceuticals were present in a similar order of magnitude in the effluent as diclofenac, suggesting diclofenac has 
a strong partitioning to trout bile. In the wild fish, the highest number of detected pharmaceuticals and the highest 
levels were observed in kidney of pike. Diclofenac in pike kidney was at most 37 ng/g w.w, followed by propranolol 
(20 ng/g w.w) and losartan (18 ng/g w.w). In crayfish, no pharmaceuticals were detected. The results suggest that the 
kidney of pike is a suitable tissue for evaluating pharmaceuticals in fish, while hepatopancreas of signal crayfish is not.  
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Introduction
The widespread use of pharmaceuticals and their mod-
est removal efficiencies in wastewater treatment plants 
(WWTPs) lead to pharmaceuticals being found in surface 
waters of effluent-receiving streams, lakes, and coast-
al areas (Fernández-Rubio et al., 2019; Fick et al., 2017; 
Moreno-González et al., 2015; Tran et al., 2018; Vieno et 
al., 2007), but also in offshore waters (Björlenius et al., 
2018). Concentrations of pharmaceuticals in municipal 
effluent waters are often in the range of no-detection 
to a few µg/L, with representation from different thera-
peutic groups, such as non-steroidal anti-inflammatory 
drugs (NSAID), antibiotics, selective serotonin reuptake 
inhibitors (SSRI), beta-blockers, and antifungal pharma-
ceuticals. Water concentrations in the effluent-receiving 
areas vary greatly, but concentrations in areas with low 
dilution are generally higher (Malnes et al., 2022). Con-
centrations in receiving waters also correlate to the con-
sumption volumes and wastewater treatment technol-
ogies (Fatta-Kassinos et al., 2011; Yang et al., 2017), the 
environmental characteristics of the receiving areas, and 
the seasonal variations. In addition to pharmaceuticals, 
other pollutants, such as estrogenic hormones, personal 
care products, and per- and polyfluoroalkyl substances 
(PFAS), are not catabolized in WWTPs (Emmanouil et al., 
2019; Lenka et al., 2021; Schröder et al., 2016), leading to 
effluents containing several different pollutants, collec-
tively referred to as micropollutants.

In fish inhabiting WWTP effluent-impacted streams, phar-
maceuticals are often found (Brooks et al., 2005; Gelsleich-
ter and Szabo, 2013; Huerta et al., 2012; Schultz et al., 2010), 
with typical levels ranging between non-detection and low 
ng/g. Levels at detected quantities have also been found in 
fish from coastal areas (Álvarez-Muñoz et al., 2015; Liu et 
al., 2018) and offshore locations (Vieno et al., 2017).

Different types of pharmaceuticals also bioaccumulate 
differently in different fish tissues, e.g., muscle, liver, 
blood, brain, and kidney. For example, fish exposed to 
100% WWTP effluent water was shown to have quanti-
fiable levels of antidepressants more often in brain and 
liver compared with muscle and blood plasma (Grabico-
va et al., 2014). The same pattern with higher concentra-
tions of selective serotonin reuptake inhibitors (SSRI) in 
liver and brain compared with muscle was also seen in 
wild fish (Brooks et al., 2005). The opposite pattern was, 
however, noted for the antihypertension drug diltiazem 

(Ramirez et al., 2007). In general, how pharmaceuticals 
bioaccumulate in different species and tissues is poorly 
understood (Cerveny et al., 2021).

Although concentrations often are low, pharmaceuti-
cals are potent at low concentrations, and fish have, to 
a great extent, similar receptors and enzymes as hu-
mans, which leads to risks of adverse effects for these 
organisms (Brown et al., 2014; Gunnarsson et al., 2008).

Studies regarding pharmaceuticals in receiving areas of-
ten do not use repeated sampling (Hughes et al., 2013), 
and thus, research assessing temporal variation in phar-
maceutical concentrations is scarce. Furthermore, the 
research has shown contrasting results, with findings of 
seasonal patterns (Lindholm-Lehto et al., 2016) and no 
findings of seasonal patterns (Kay et al., 2017).

In this study, measurements in biota are of pike (Esox Lu-
cius), perch (Perca fluviatilis), common rudd (Scardinius 
erythrophthalmus), and signal crayfish (Pacifastacus leni-
usculus). Concerning fish and crayfish, measurements are 
biased toward certain species. In pike, measurements have 
only been made in plasma (Larabie et al., 2017). No meas-
urements of pharmaceuticals have been made in signal 
crayfish and common rudd. In brown trout (Salmo trutta), 
no exposure studies have been performed to assess phar-
maceutical uptake in bile. However, a related species, the 
rainbow trout, has been studied regarding pharmaceutical 
uptake in bile and plasma (Lahti et al., 2011). Pharmaceu-
ticals in perch (Perca fluviatilis) have been measured previ-
ously (Björlenius et al., 2018; Vieno et al., 2017).

Given these research gaps, the aim of this work was 
to (1) investigate which pharmaceutical substances 
found in water are also found in different tissues of pike, 
perch, common rudd, brown trout, and signal crayfish, 
and (2) assess the temporal variability of pharmaceuti-
cal concentrations in both water and biota.

Large investments are being made worldwide to improve 
wastewater treatment techniques so that the load of mi-
cropollutants to aquatic environments can be reduced. 
Such remediation actions are costly to implement and 
often imply additional greenhouse gas emissions and 
a higher resource intensity (Pistocchi et al., 2022). To 
increase the cost-efficiency and optimize the environ-
mental benefit, it is important to increase the knowledge 
about pharmaceuticals and other micropollutants asso-
ciated with emissions from WWTPs.
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Methods
Localities and sampling – Fors WWTP
Fors WWTP is situated in the municipality of Haninge, 
one of the southernmost suburbs of Stockholm (Fig. 1). 
It receives sewage water at approximately 15 000 pop-
ulation equivalents, and the treatment consists of con-
ventional, mechanical, biological (active-sludge and de-
nitrification), and chemical treatment. Processed water 
is released into a small stream (average flow 4.5 m3/s) 
called Vitsån Creek. The proportion of effluent water 
from Fors WWTP was about 50% of the net flow in Vitsån 
Creek in late August, 7% in December, and 20% in April. 
Vitsån holds, at least since the 1990s, a breeding popula-
tion of brown trout (Salmo trutta) despite the prevalence 
of migration barriers and high ammonia concentrations 
(Waltersson and Kjellberg, 1997).

Water samples were taken with a clean plastic bucket 
and transferred to a plastic container. They were deliv-
ered to IVL Swedish Environmental Research Institute’s 
laboratory in Stockholm, where they were stored in a 
freezer (−20°C) before analysis. Sampling points were 
upstream of the WWTP, in the treated effluent water, 
and downstream in Vitsån Creek (Fig. 1). Water samples 
were analyzed for 47 pharmaceuticals, of which 17 are 
antibiotics. All water samples were grab samples.

Experimental setup of the fish experiment at 
Fors WWTP
The experiment was carried out in the fall of 2020 
using a mobile experimental facility previously used 
in Pohl et al. (2018). Two-year-old brown trout from 
the population inhabiting the stream were purchased 
from the hatchery used to maintain the trout popu-
lation in the area. Upon arrival, the trout were trans-
ferred to two different 1000 L tanks with a flow of 
carbon-filtered municipal drinking water for two-
week acclimatization. The fish were fed with 3 mm 
salmon feed pellets.

After the acclimatization, the fish were placed in 3 glass 
aquaria of 50 L each. Each aquarium contained seven 
fish. WWTP effluent water was pumped into the exper-
imental facility and, via a 50-L barrel through gravity 
drainage, to the aquariums. The flow rate was set to 17 
L/h per aquarium. The exposure lasted for 28 days, and 
the fish were inspected and fed daily. In addition, flow 
rates and oxygen levels were controlled.

After the exposure time, the fish were transferred, 
without leaving the water, to a container with the same 
treatment water as in the aquarium. A tranquilizer, MS 
222, was added, and after approximately two minutes, 

Fig. 1.  Area map with upstream, downstream, and 100% effluent sampling points
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when the tranquilizer had numbed the fish, they were 
taken out and inspected visually for visible damages. 
Then, the fish was killed with a blow to the head, and 
bile samples were taken and frozen (−20°C).

Localities and sampling – Rimbo WWTP
Rimbo WWTP is located in the municipality of Norrtälje. 
It receives sewage water from about 5000 population 
equivalents, but also from a large-scale washing fa-
cility washing work clothes and other textiles for hos-
pitals in the region, equivalent to approximately 1000 
population equivalents. When discharged into Vallbyån 
Creek, the effluent water accounts for approximately 
4% of the creek’s net flow at average flow rates, and 
approximately 10% at minimum flow rates. Vallbyån 
Creek is regulated, with a minimum allowed flow rate of 
0.2 m3/s during summer and winter. In fall and spring, 
the maximum net flow is approximately 1 m3/s. The 
receiving lake, Lake Kundbysjön, is a small, shallow, 
and nutrient-rich lake with an average depth of 1 m, a 
surface area of 0.25 km2, and a turnover rate of 4 days. 
It is dense in macrophytes and is surrounded mainly by 
wetlands and arable lands. Lake Syningen, used as a 
reference lake, has a surface area of 1.2 km2, an aver-
age depth of 2.5 m, and a turnover rate of 57 days. 

Water samples from the upstream, downstream, Lake 
Syningen, and Lake Kundby sites were taken with 1 L 
plastic bottles. Samples in effluent water were taken 
consecutively for five days with a passive sampler be-
fore a pooled sample weighted according to the net flow 
through the WWTP for each sampling day was made. 
Sampling was made monthly, except for August and 
January, starting in December 2021 and ending in Sep-
tember 2022. Not all sampling points were analyzed at 
the same time. The whole sampling scheme is found in 
the supplementary information.  

Fish were caught in Lake Syningen and Lake Kund-
bysjön in February 2022 and May 2022. From the fish 
caught in February, muscle, kidney, bile, and liver sam-
ples were prepared the day after the catch. The fish was 
stored in a fridge (+8°C), and the resulting samples in a 
freezer (−20°C) before analysis. From the fish caught in 
May, kidney samples were prepared, and the whole fish 
and samples were stored frozen.  

Pike from both lakes and perch from Lake Kundbysjön 
were analyzed for pharmaceuticals in muscle, kidney, 
liver, and bile. Also, kidney of common rudd from Lake 

Kundbysjön was analyzed for pharmaceuticals. 

Signal crayfish were caught in September 2022 using 
crayfish cages baited with pieces of common rudd, 
placed approximately 200 meters upstream of Rim-
bo WWTPs outlet and 200 meters downstream. The 
crayfish were kept alive, in water from Vallbyån, until 
the sampling one day later, when pooled samples of 
hepatopancreas from 4–5 individuals were prepared. 
The length and weight of the fish and crayfish are found 
in the supplementary information. 

Chemical analysis
Pharmaceuticals were extracted from water samples 
(200–300 mL) with solid phase extraction (SPE) using 
a 200 mg Oasis Hydrophilic-Lipophilic-Balanced (HLB) 
column from Waters (Ireland). Prior to extraction, 50 
mg of ethylenediaminetetraacetic acid (EDTA) was add-
ed to the sample together with 100 ng of internal stand-
ards. Filter-aid (4 g) was added to the column, which 
was washed with 6 mL of methanol (MeOH) and condi-
tioned with 6 mL of milli-Q water (MQ) before the sam-
ple was applied. The column was washed again with 
2 mL of MQ water after sample application. Analytes 
were eluted with 5 mL of MeOH followed by 5 mL of 
acetone. The extract was then evaporated to dryness 
under nitrogen stream and heat (40°C) and re-dissolved 
in 1 mL of MeOH: MQ (1:1) with 0.1% EDTA followed by 
sonication for 5 min.

Pharmaceuticals were extracted from 0.2 g trout bile 
with liquid-liquid extraction. The bile was dissolved in 
1 mL of dichloromethane (DCM), and 100 ng of internal 
standards was added to the samples prior to extraction. 
A saturated sodium chloride salt solution (0.5 mL) was 
added to the samples, and the analytes were extract-
ed twice with 4 mLof  DCM. The samples were shaken 
for 15 min and centrifuged (HERMLE, Germany) for 5 
min at 3000 rpm for each extraction. The DCM phase 
was transferred to a new test tube and evaporated to 
dryness under nitrogen stream and heat (40°C). The 
sample was redissolved in 1 mL of MeOH: MQ (1:1) with 
0.1% EDTA and sonicated for 5 min. 

Pharmaceuticals were extracted from 0.1–1 g of fish 
muscle with liquid extraction. Prior to extraction, the 
sample was homogenized with a mortar, and 100 ng 
of internal standard, together with 50 mg of EDTA, 
was added. The samples were extracted with 1.5 ml 
of MeOH:MQ (7:3) with 0.1% formic acid, followed by 
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two extractions with acetonitrile (ACN). The extracts 
of each sample were pooled together and evaporated 
to dryness under nitrogen stream and heat (40°C) and 
redissolved in 1 mL of MeOH: MQ (1:1) with 0.1% EDTA 
followed by sonication for 5 min. 

Pharmaceuticals were extracted from 0.1g to 5 g of 
kidney or liver from fish and hepatopancreas from 
crayfish with liquid extraction. Prior to extraction, the 
sample was homogenized with a mortar, and 100 ng 
of internal standard, together with 50 mg of EDTA, 
was added. The sample was extracted twice with 5 
mL of ACN and shaken for 1 h on a shake table (Ed-
mund Bühler, Germany), followed by centrifugation 
at 3500 rpm for 10 min. The extracts of each sample 
were pooled together, and the fat was removed by 
extraction with hexane. The remaining ACN extract 
was evaporated to dryness under nitrogen stream 
and heat (40°C) and redissolved in 1 mL of MeOH: MQ 
(1:1) with 0.1% EDTA followed by sonication (Bande-
lin, Germany) for 5 min. Finally, all samples of water 
and fish were centrifuged for 5 min at 14 000 rpm, and 
the supernatant was transferred to vials for analysis 
on high-performance liquid chromatography tandem 
mass spectrometry (HPLC-MS/MS). 

Pharmaceuticals were analyzed on a binary liquid 
chromatography system (UFLC-HPLC) from Shimad-
zu with an autoinjector coupled to an API-4000 triple 
quadrupole mass spectrometer (MS/MS) from Sciex. 
Electrospray ionization (ESI) was utilized in both posi-
tive and negative modes. The analysis was performed 
in the multiple ion monitoring mode (MRM). Internal 
standards used for quantification included Carbamaz-
epine-13C15N, Diclofenac-13C6, Atenolol-d7, and Metopro-
lol-d7. The chromatographic separation of pharmaceu-
ticals was performed with a gradient elution program 
of 25 min on a C18 X-Bridge column (3.0 x 50 mm, 2.5 
µm) from Waters (Ireland) at 35°C with a flow rate of 0.3 
mL/min. The mobile phases A and B consisted of 0.1% 
acetic acid in Milli-Q (A) and methanol (B). The chroma-
tographic program started with a linear gradient from 
0–90% B for 10 min, followed by a 10 min plateau at 
90% B before quickly returning to initial conditions with 
100% A, which was held for 2 min. 

Different chromatographic conditions were used for 
the analysis of tramadol on the same instrument. A 
biphenyl Core-shell column (3.0 x 100 mm, 2.6 µm, 
100Å) from Phenomenex (California, USA) was used 

at 40°C with a flow rate of 0.5 mL/min. The mobile 
phases A and B consisted of Milli-Q water with 0.1% 
formic acid (A) and Methanol with 0.1% formic acid 
(B). The chromatographic program started with a lin-
ear gradient from 5–70% B under 5 min followed by 
a quick increase to 95%, B which was held for 4 min 
before returning to initial conditions of 5%, B which 
was held for 1 min. 

Analyte concentrations in samples were quantified from 
an 8-point calibration curve (500, 200, 100, 50, 20, 10, 
5, and 0 ng/mL) which was analyzed together with the 
samples. All sample values were blank subtracted and 
corrected for recovery, which was estimated by spiking 
a duplicate of a sample from each matrix.

Chemicals and reagents
Methanol, acetone, acetonitrile, dichloromethane, and 
hexane (all HPLC grade) were purchased from Rath-
burn Chemicals Ltd (Walkerburn, Scotland). Acetic acid 
(> 99.8%) was purchased from VWR (United Kingdom), 
formic acid (98%) was purchased from Merck (St Lou-
ise, USA), and ethylenediaminetetraacetic acid was 
purchased from Merck (Darmstadt, Germany). Filter aid 
was purchased from CDS (USA), and sodium chloride 
(high purity grade) from VWR (Ohio, USA). Water was 
purified with reverse osmosis, followed by additional fil-
tration on a Millipack system from Merck (France). The 
standards and internal standards used (Carbamaze-
pine-13C15N, Atenolol-d7, Metoprolol-d7, Diclofenac-13C6)   
were all analytical grade (> 98% purity) and were pur-
chased from Sigma Aldrich and Merck.

Statistics
The association between pharmaceutical concentra-
tions in water samples from the same time but differ-
ent sampling points was evaluated via the coefficient of 
determination (R2). The R2 value is the proportion of the 
variation in one of the variables that can be explained 
by the other.

The purpose of providing R2 values is to quantify to what 
degree the receiving lake or creek concentrations can 
be determined from the effluent concentrations. Note 
that the Pearson correlation coefficient is the square 
root of R2.

The variability in pharmaceutical concentrations is also 
expressed as the coefficient of variation (CV), which is 
the standard deviation divided by the mean, expressed 
as a percentage.
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Results and Discussion
Pharmaceuticals in water
Pharmaceuticals at Fors were present between < LOD and 
12 µg/L in the effluent. All substances, except risperidone 
and simvastatin, were detected in the effluent in at least 
one of the three sampling occasions. The five pharma-
ceuticals with the highest average concentrations in the 
effluent were, in descending order: losartan, metoprolol, 
furosemide, paracetamol, and hydrochlorothiazide (Table 
1). All of these were present at concentrations above 1000 

ng/L. These five pharmaceuticals are among the most 
prevalent in Swedish WWTP effluents, usually detected in 
the 100 ng/L to above 1000 ng/L range (Falås et al., 2012). 
Concentrations upstream of Fors WWTP were either < LOD 
or at low ng/L. The exception is losartan, detected at 240 
ng/L in one of the samples. In Vitsån Creek, all substan- 
ces except for risperidone, simvastatin, and ramipril were 
detected in at least one of the three sampling occasions. 

Table 1.  Concentrations, mean (min–max) ng/L, of pharmaceuticals in water samples from Fors WWTP and Rimbo WWTP. Sites at 
Rimbo: Lake Syningen, upstream and downstream of discharge point in Vallbyån Creek, effluent, and Lake Kundbysjön. Sites at Fors: Up-
stream, effluent, and downstream of discharge point in Vitsån Creek. Concentrations below LOD were set to zero. Concentrations between 
LOD and LOQ were set to the average of LOD and LOQ

Fors WWTP Rimbo WWTP

Substance Upstream Effluent Downstream Syningen Upstream Effluent Downstream Kundby

Amlodipine < LOD
110  

(56–190)
10 

(< LOD–30)
- - - - -

Atenolol < LOD
300  

(200–440)
130 

(56–250)
< LOD < LOD 59 (13–96)

3.1 
(< LOD–10)

< LOD

Bisoprolol < LOD
150  

(100–200)
64 

(21–100)
- - - - -

Caffeine
100  

(100–100)
8300  

(8300–8300)
2400 

(2400–2400)
- - - - -

Carbamazepine < LOD
850  

(440–1400)
410 

(98–830)
< LOD

0.25  
(< LOD–2)

140 
(38–210)

3.2 
(< LOD–26)

< LOD

Citalopram < LOD
620  

(380–1100)
220 

(55–470)
< LOD < LOD

130 
(29–270)

8.5 
(< LOD–21)

2.2 
(< LOD–8.7)

Diclofenac
5.8 

(< LOD–18)
1700  

(920–2800)
740 

(230–1500)
< LOD

2.4  
(< LOD–9.2)

760 
(120–1700)

66 
(12–210)

23 
(< LOD–83)

Fluconazole < LOD
150  

(130–180)
74 

(20–140)
< LOD < LOD

100 
(18–200)

4.2 
(< LOD–21)

< LOD

Fluoxetine < LOD 53 (26–91)
15 

(6.6–31)
- - - - -

Furosemide < LOD
2800  

(1600–3700)
1200 

(350–2300)
< LOD < LOD

1000 
(150–2000)

60 
(< LOD–260)

< LOD

Hydrochlorothiazide
4.4  

(< LOD–8.5)
1900  

(1000–3200)
890 

(240–1800)
- - - - -

Ibuprofen
6.3  

(< LOD–19)
430  

(58–1100)
130 

(58–240)
< LOD

0.38  
(< LOD–3)

1200 
(< LOD–4500)

160 
(< LOD–610)

34 
(< LOD–100)

Ketoconazole < LOD
35

(< LOD–70)
35 

(< LOD–70)
< LOD < LOD 75 (75–75) < LOD < LOD

Ketoprofen < LOD
130 

(93–150)
48 

(36–63)
- - - - -
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Losartan
78  

(< LOD–240)
7800  

(3500–12000)
3300 

(2700–3900)
< LOD

2.9  
(< LOD–12)

1300 
(250–2500)

96 
(22–330)

36 
(< LOD–73)

Metoprolol < LOD
3400  

(1700–5800)
1600 

(410–3200)
< LOD

2  
(< LOD–7.8)

1000 
(270–1600)

76
(< LOD–170)

28 
(< LOD–84)

Naproxen
13  

(< LOD–38)
460  

(110–1100)
140 

(61–260)
< LOD

1.6  
(< LOD–4.6)

680 
(170–1600)

44 
(11–88)

18 
(< LOD–54)

Oxazepam < LOD
1500  

(290–3600)
400 

(120–730)
< LOD < LOD

330 
(70–580)

20 
(6.9–47)

10 
(< LOD–20)

Paracetamol 32 (28–36)
2800  

(52–7700)
980 

(30–2700)
< LOD < LOD

45 
(< LOD–210)

11 
(< LOD–59)

7 (
< LOD–28)

Propranolol < LOD
250  

(140–400)
90

 (24–180)
< LOD < LOD

54 
(12–120)

2.7 
(< LOD–9.5)

1 
(< LOD–4)

Ramipril < LOD
10 

(< LOD–30)
< LOD - - - - -

Ranitidine < LOD
40 

(26–47)
7.2 

(< LOD–22)
- - - - -

Risperidone < LOD < LOD < LOD - - - - -

Sertraline < LOD
230 

(99–400)
60 

(20–140)
< LOD < LOD

28 
(6–50)

1.4 
(< LOD–4.1)

< LOD

Terbutaline < LOD 15 (7–23)
6.8 

(< LOD–14)
- - - - -

Tramadol < LOD
900  

(730–1000)
500 

(170–880)
< LOD < LOD

240 
(81–350)

9.1 
(< LOD–32)

6.5 
(< LOD–26)

Venlafaxine < LOD
590 

(500–730)
340 

(130–660)
< LOD

1.1  
(< LOD–7.2)

380
(77–980)

27 
(< LOD–110)

4.6 
(< LOD–12)

Warfarin < LOD
16 

(4–32)
6.3 

(< LOD–15)
- - - - -

Zolpidem < LOD
3.9 

(2.5–5.5)
1.4 

(< LOD–4.1)
< LOD < LOD

1.3 
(< LOD–3.3)

< LOD < LOD

Sulfamethoxazole < LOD 170 (92–250)
97 

(11–220)
< LOD

1.9  
(< LOD–15)

370 
(69–710)

31 
(< LOD–130)

< LOD

Simvastatin < LOD < LOD < LOD - - - - -

Clarithromycin - - - < LOD < LOD
53 

(< LOD–110)
5.1 

(< LOD–15)
0.49 

(< LOD–2)

Erythromycin - - - < LOD < LOD
12 

(< LOD-68)
0.25 

(< LOD–2)
< LOD

Trimethoprim - - -
0.65 

(< LOD–2)
0.24  

(< LOD–2)
57 

(23–97)
3

(< LOD–10)
< LOD

Ciprofloxacin - - - < LOD < LOD
130 

(43–220)
< LOD < LOD

Methotrexate - - - < LOD < LOD
0.4 

(< LOD–2)
< LOD < LOD

Fors WWTP Rimbo WWTP

Substance Upstream Effluent Downstream Syningen Upstream Effluent Downstream Kundby
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The correlation between concentrations in the effluent 
and in Vitsån Creek was strong, with an R2 ranging be-
tween 0.92 and 0.99 (Fig. 2). The difference in the slope 
in each panel of the Figure is due to the seasonal var-
iation in net flow in Vitsån Creek, affecting the dilution 
of the effluent. This high correspondence in concen-
trations indicates that the spatial distribution of phar-
maceuticals in Vitsån Creek is homogenous and stable 
over time, at least on a daily basis.  

Concentrations of diclofenac in the downstream sam-
ples ranged within 230–1500 ng/L (Table 1) and are 
thus considered elevated since they exceed the Euro-
pean environmental quality standard (EQS) at 100 ng/L 
(HVMFS, 2019) in all measurements. This is a range in 
which salmonoid fish in laboratory studies have shown 
histological and cytological changes (Hoeger et al., 2005; 
Mehinto et al., 2010; Schwaiger et al., 2004; Triebskorn et 
al., 2004), meaning that there is a risk of the brown trout 
population in Vitsån Creek suffering negative effects from 
the diclofenac exposure. However, the concentrations of 
diclofenac in the effluent are not abnormally high in the 
treated effluent compared with other WWTPs. Diclofenac 
concentrations in treated effluent water of around 1000 
ng/L are common (Brown et al., 2007; Fick et al., 2010; 
Meyer et al., 2016). The key factor to the elevated con-
centrations in Vitsån Creek is likely the low dilution of the 
effluent when it enters Vitsån Creek.

In the effluent from Rimbo WWTP, pharmaceuticals were 
present between < LOD and 4.5 µg/L. The five pharma-
ceuticals in the highest effluent concentration were, in 
descending order, losartan, ibuprofen, metoprolol, furo-
semide, and diclofenac. Hydrochlorothiazide, which was 
detected at elevated concentrations in the effluent from 
Fors, was not measured at Rimbo (Table 1). Notable is 
that losartan, metoprolol, and furosemide belonged to 
the pharmaceuticals with the highest concentrations in 
both cases. There is, however, a clear difference in the 
magnitude of the concentrations between Fors and Rim-
bo, with generally higher concentrations in the effluent 
from Fors. At Rimbo, the highest average concentration 
was 1300 ng/L, while at Fors, seven substances excee- 
ded this level. That the magnitude of the concentrations 
differs between different WWTPs is expected. Large var-
iations in effluent concentrations have been shown in a 
screening of Swedish WWTPs (Andersson et al., 2006).

The variability in the effluent concentrations was large at 
Rimbo WWTP (Fig. 3). For example, in the sampling in 
April, none of the substances were detected above 500 
ng/L, and the R2 values ranged between 0.3 and 0.98, 
see e.g. the sampling in September. At the sampling in 
December, two substances detected in the effluent above 
2000 ng/L (ibuprofen and furosemide) were not detec- 
ted in Vallbyån Creek. The varying net flow in Vallbyån 
Creek, within the approximate range of 0.2–1.0 m3/s, in 

Fig. 2.  Concentrations (ng/L) of pharmaceuticals in effluent water and the receiving stream, Vitsån Creek, for each of the three sam-
pling occasions. Each dot represents one pharmaceutical. Substances with concentrations larger than 2500 ng/L in the effluent are 
labelled. Lines are ordinary least square (OLS) fits
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combination with the variability in the pharmaceutical 
concentration in the effluent, leads to large variability in 
pharmaceutical concentration in Vallbyån Creek. For ex-
ample, diclofenac had an average concentration in Vall-
byån Creek at 66 ng/L, but the standard deviation was 76 
ng/L, which means that the coefficient of variation (CV) 
is larger than 100%. This level of variation is similar for 
most substances. The CV values for ibuprofen, losartan, 
and metoprolol were 169%, 105%, and 96%, respective-
ly. In an eighteen-month repeated measures study of 
diclofenac, erythromycin, ibuprofen, mefenamic acid, 
and propranolol in effluent and receiving waters at seven 
WWTPs in the UK, similar variability in the receiving water 
concentrations was reported (Kay et al., 2017). In terms of 
exposure to aquatic organisms, the results from Rimbo 
show that the exposure is far from constant, but instead 
rather variable. The difference between Fors and Rimbo, 
which suggests a stronger relationship between effluent 
concentrations and receiving creek concentrations in Fors 
compared with Rimbo, could, to some extent, be a conse-
quence of higher dilution of the effluent and lower effluent 
concentrations at Rimbo. At Rimbo, the dilution is up to 
90%, whilst at most 50% in Fors. Low concentrations that 
are substantially diluted are likely to appear more variable 

than higher concentrations that are less diluted, partly 
due to the higher chance of the concentration being below 
detection limits. Another relevant note, likely to confound 
the comparison between the two sites, is that the sam-
pling in the effluent at Fors was grab samples taken the 
same day as the receiving water samples, while the efflu-
ent samples at Rimbo were pooled weekly samples, thus 
representing a weekly average effluent concentration.

Concentrations in Lake Kundbysjön showed highly var-
ying correlations to effluent concentrations, depending 
on the sampling occasion (Fig. 4). In the December sam-
pling, the correlation was high, although with the clear 
exception of furosemide, with high concentrations in 
the effluent but surprisingly low in Lake Kundbysjön. In 
February, none of the pharmaceuticals were detected in 
Lake Kundbysjön. This was somewhat surprising, and 
the reason for this discrepancy is not easily explained. 
However, results in Randefelt (2019) support that the 
December concentrations are most representative 
of the true winter conditions since it was shown that 
pharmaceutical concentration reduction in construc- 
ted wastewater receiving wetlands was lower in winter 
conditions (−3–30% reduction) as compared with sum-
mer conditions (10–97%). In contrast to this, Kay et al. 

Fig. 3.  Concentrations (ng/L) of pharmaceuticals in effluent water and the receiving stream, Vallbyån Creek, for each of the sampling 
occasions. Each dot represents one pharmaceutical. Substances with concentrations larger than 1000 ng/L in the effluent are labelled. 
Lines are ordinary least square (OLS) fits. December samples are from 2021, other months are in 2022
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(2017) found no temporal pattern during a monthly 18 
month sampling campaign. However, winter peaks can 
occur due to an increase in pharmaceutical consump-
tion and reduced degradation in surface waters (Lind-
holm-Lehto et al., 2016; MacLeod and Wong, 2010; Sui 
et al., 2011; Valcárcel et al., 2013) but conversely, some 
pharmaceuticals have been detected in higher concen-
trations during the summer months (Lindholm-Lehto 
et al., 2016; Papageorgiou et al., 2016). In June, only 
ibuprofen, losartan, naproxen and losartan were detec- 
ted in Lake Kundbysjön.

Pharmaceuticals in fish – Fors
Levels of diclofenac were within the range of 4.6–16 
µg/g w.w in bile of trout exposed to the conventional 
effluent. Naproxen was detected within the range of 
37–170 ng/g vv (Table 2), although one of the replicates 
could not be evaluated for naproxen due to poor recov-
ery in the chemical analysis. No other pharmaceutical 
could be found in the fish bile, even though the concen-
trations of many substances in the effluent are approxi-
mately the same magnitude as diclofenac (Table 1). This 
suggests a strong partitioning of diclofenac to trout bile 
and, at the same time, a weak partitioning of the oth-
er substances, considering that the trout were exposed 
to 100% effluent. Taking the dilution of the effluent in 

Vitsån Creek (7–50%) into account, diclofenac levels in 
the natural population of brown trout in Vitsån Creek 
could be in the 1000 ng/L range. 

In comparison, diclofenac levels in bile were 5.2 ng/g in 
perch from a coastal area in Stockholm receiving effluent 
water from a large WWTP (Vieno et al., 2017). In an effluent 
receiving lake in Finland, diclofenac levels in bile of bream 
(Abramis brama) and roach (Rutilus rutilus) were between 
not detected and 148 ng/g (assuming the bile density to 
be 1 g/mL) (Brozinski et al., 2013). That the partitioning 
to the bile is strong for diclofenac is supported by Lahti 
et al. (2011), in which rainbow trout were exposed to di-
clofenac, naproxen, ibuprofen, bisoprolol, and carbamaz-
epine. These pharmaceuticals were then measured in bile 
and plasma, and the average bioconcentration factor was 
highest for diclofenac and also two to four orders of mag-
nitude higher in bile compared with plasma.  

Table 2.  Levels of detected pharmaceuticals in brown trout bile 
(ng/g) in three replicates (A–C) per treatment. Other substances 
could not be detected in any sample.”-“ could not be evaluated due 
to poor recovery in the chemical analysis

Substance Rep A Rep B Rep C

Diclofenac (ng/g vv) 16 000 8 900 4 600

Naproxen (ng/g vv) 170 37 -

Fig. 4.  Concentrations (ng/L) of pharmaceuticals in effluent water and the receiving stream, Vitsån Creek, for each of the sampling occa-
sions. Each dot represents one pharmaceutical. Substances with concentrations larger than 1000 ng/L in the effluent or larger than 10 in 
Lake Kundbysjön are labelled. December samples are from 2021; other months are in 2022. The R2 value was undefined in February since 
there was no variance in Lake Kundbysjön
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Pharmaceuticals in fish and crayfish – Rimbo
The fish tissue with the highest number of detected 
pharmaceuticals in fish was kidney of pike, in which 
11 of the 22 analyzed pharmaceuticals were detected 
(Table 3). The highest concentration in kidney was di-
clofenac (37 ng/g w.w), followed by losartan (17 ng/g 
w.w) and ibuprofen (12 ng/g w.w). None of the phar-
maceuticals were detected in kidney of perch. In kidney 
of rudd, tramadol and venlafaxine were detected at low 
concentrations. Despite the small sample size of perch 
and rudd, this indicates a difference between the spe-
cies regarding the uptake of pharmaceuticals. Rudd, 
however, was a pooled sample of kidney from five 

individuals, thus representing an average of these five. 
In muscle, naproxen (< LOD–0.5 ng/g w.w) and atenolol 
(< LOD–2 ng/g w.w) were detected in pike from Lake 
Syningen, atenolol in perch from Lake Kundbysjön, and 
atenolol and paracetamol (12–26 ng/g vv) in pike from 
Lake Kundbysjön. In liver and bile, only atenolol was 
detected. A note is that all concentrations of sertraline 
were at trace levels (between LOD and LOQ). The table 
reports the average of LOD and LOQ. 

That pharmaceutical residues accumulate differently in 
different tissues is expected. The results found here, that 
pharmaceuticals are more often found in kidney than liv-
er, is however not supported by results from European 

Table 3.  Concentrations, mean (min–max) ng/L, of pharmaceuticals in fish samples from Lake Syningen, upstream and downstream of 
discharge point in Vallbyån Creek, and Lake Kundbysjön. Concentrations below LOD set to zero. Only pharmaceuticals that were detected in 
at least one sample are shown. Concentrations between LOD and LOQ set to the average of LOD and LOQ.*all three samples of signal cray-
fish, one sample upstream and two samples downstream of the discharge point 

Site Kundby Syningen Vallbyån

Matrix Bile Liver Muscle Kidney Bile Liver Muscle Kidney Hepato.

Species Perch Pike Perch Pike Perch Pike Perch Pike Rudd Pike Pike Pike Pike Crayfish*

Atenolol < LOD
2 

(2–2)
2 

2 
(2–2)

2 
(2–2)

9.2 
(9.2–9.2)

< LOD < LOD < LOD
1 

(0–2)
2 

(2–2)
0.67 
(0–2)

< LOD < LOD

Citalopram < LOD < LOD < LOD < LOD < LOD < LOD < LOD
1.9 

(0–5.7)
< LOD < LOD < LOD < LOD

0.21 
(0–0.64)

< LOD

Diclofenac < LOD < LOD < LOD < LOD < LOD < LOD < LOD
23 

(0–37)
< LOD < LOD < LOD < LOD

11 
(0–18)

< LOD

Furosemide < LOD < LOD < LOD < LOD < LOD < LOD < LOD
1.4 

(0–4.3)
< LOD < LOD < LOD < LOD < LOD < LOD

Ibuprofen < LOD < LOD < LOD < LOD < LOD < LOD < LOD
4.8 

(0–12)
< LOD < LOD < LOD < LOD

2.3 
(0–4.5)

< LOD

Losartan < LOD < LOD < LOD < LOD < LOD < LOD < LOD
5.7 

(0–17)
< LOD < LOD < LOD < LOD < LOD < LOD

Metoprolol < LOD < LOD < LOD < LOD < LOD < LOD < LOD
5.9 

(4.5–8.7)
< LOD < LOD < LOD < LOD < LOD < LOD

Naproxen < LOD < LOD < LOD < LOD < LOD < LOD < LOD
0.53 

(0–1.1)
< LOD < LOD < LOD

0.17 
(0–0.5)

0.17 
(0–0.5)

< LOD

Paracetamol < LOD < LOD < LOD < LOD < LOD
19 

(12–26)
< LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD

Propranolol < LOD < LOD < LOD < LOD < LOD < LOD < LOD
8 

(2–20)
< LOD < LOD < LOD < LOD < LOD < LOD

Sertralin < LOD < LOD < LOD < LOD < LOD < LOD < LOD
6.2 

(0.65–9)
< LOD < LOD < LOD < LOD < LOD < LOD

Tramadol < LOD < LOD < LOD < LOD < LOD < LOD < LOD
0.33 

(0–0.99)
0.98 < LOD < LOD < LOD < LOD < LOD

Venlafaxine < LOD < LOD < LOD < LOD < LOD < LOD < LOD
0.37 

(0–1.1)
0.18 < LOD < LOD < LOD

0.06 
(0–0.18)

< LOD
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chub (Squalius cephalus) from 10 streams in the Czech 
Republic (Grabicová et al., 2020), in which no apparent dif-
ference in detection frequency between liver and kidney 
could be noted. Considering only the samples of perch 
and rudd in this study, it seems to be coherent. In perch 
kidney, no pharmaceuticals were detected, and in liver, 
only atenolol at low concentrations. The sample size is, 
however, very small, with only one sample of perch and 
rudd, respectively. The tissue that stands out here is kid-
ney of pike, with generally high detection frequencies.

The relation between water concentrations in Lake Kund-
bysjön and levels in pike kidney is weak for matching 
sampling occasions or averages (Fig. 5). However, the 
pharmaceuticals in the highest concentrations in water 
were losartan, ibuprofen, metoprolol, and diclofenac, and 
the highest average concentrations in pike kidney were 
diclofenac, sertraline, metoprolol, losartan, ibuprofen, and 
propranolol, indicating that at least some of the substan- 
ces found in highest concentrations in water can be found 
in fish. Propranolol and sertraline were not detected, or in 
low concentrations, in water but were among the substanc-
es detected in fish. Likely, the bioconcentration factors in 
pike kidney differ significantly for each substance, and such 
estimates are not available in the literature and are not cal-
culated here due to the considerable temporal variability in 
pharmaceutical concentrations in fish and lake water.   

Sertraline was found at trace levels (between 0.3 and  
14 ng/ w.w) in pike kidney, which means that the concen-
tration is uncertain. Elevated concentrations of sertraline in 
fish compared with the surrounding water can be expected 
since sertraline is a highly fat-soluble substance, reflected 
in a high log-Kow value. However, findings in Lagesson 
et al. (2016) suggest that Kow is of limited use for predic- 
ting the uptake of pharmaceuticals in natural systems. It 
is also expected that several confounding variables con-
tribute to the weak relation between water and fish con-
centrations. To begin with, water was sampled on four 
occasions in Lake Kundbysjön, while fish were sampled 
only twice. Also, pharmaceuticals fluctuate significantly in 
fish between different sampling occasions and do not cor-
respond directly with water concentrations. Diclofenac, for 
example, was detected between 33–37 ng/g w.w in pike 
kidney from the sampling in Lake Kundbysjön in February, 
and it was below the detection limit of 0.1 ng/g w.w in pike 
kidney in May. In February, diclofenac was not detected in 
the lake water (see supplementary information). Phar-
maceutical concentrations are also dependent on trophic 
transfers, possibly leading to increased concentrations in 

Fig. 5.  a) Average concentrations in Lake Kundbysjön vs. average 
concentrations in pike kidney from Lake Kundbysjön. Substances 
with water concentration > 20 ng/L or kidney concentration > 4 
ng/L are labeled. b) Concentrations in Lake Kundbysjön, Febru-
ary 2022 vs. average concentrations in pike kidney from Lake 
Kundbysjön, caught in February 2022. c) Concentrations in Lake 
Kundbysjön, May 2022 vs. concentrations in pike kidney from Lake 
Kundbysjön, caught in May 2022 
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fish even if the water concentrations are decreasing for a 
period of time (Lagesson et al., 2016). Possible confoun- 
ding factors when comparing fish from the different sam-
pling occasions could be differences in age and size of the 
fish, as well as differences in feeding habits, the reproduc-
tive cycle, and movement patterns. The effect of size differ-
ences, however, does not appear to be the case here since 
the pikes caught in May were not larger compared with the 
pikes caught in February.

In hepatopancreas of signal crayfish, all samples had 
levels of pharmaceuticals below the detection limit (Ta-
ble 3). When considering the bioconcentration factor in 
hepatopancreas for ibuprofen in a similar type of crayfish 
(Procambarus clarkii), which was estimated to be within 
the range of 1.47–1.78 L/Kg (Trombini et al., 2021), these 
results appear reasonable. A BCF of 1.78 and a water 
concentration of 177 ng/L ibuprofen, which is the aver-
age downstream concentration in Vallbyån Creek, corre-
sponds to an estimated hepatopancreas concentration of 
0.32 ng/g – a concentration that is below the detection 
limit of 1.1 ng/g.

Considering both the results in signal crayfish, pike, 
perch, and rudd, although the sample size is relatively 
small, thus not allowing for any statistical hypothesis 
testing, there is an indication that the highest concen-
trations of pharmaceuticals are found in piscivorous fish 
(pike) higher in the food chain compared with detritivo-
rous (common rudd). Pike had both the highest detection 
frequency and concentrations. In perch, which, however, 
from 2–3 years old, is piscivorous, and in crayfish, no 
substances were detected. In common rudd, only trama-
dol and venlafaxine were detected at a low concentration.

The indications found here regarding differences be-
tween species with different feeding strategies are not 
supported by Rojo et al. (2019), which found the lowest 
uptake of pharmaceuticals in piscivorous fish. Three 
species – M. obtusidens (omnivorous), P. lineatus (de-
tritivorous), and S. brasiliensis (piscivorous) – in the 
Uruguay River were studied for which both the highest 
concentrations and detection frequencies were found in 
the omnivorous species, followed by the detritivorous 
species and lastly the piscivorous species.

Conclusions
The conducted study shows that pharmaceutical con-
centrations in receiving waters and effluent waters 

can be largely variable throughout the year, thus 
shedding light on the necessity of repeated sampling 
to obtain representative average concentrations. 
However, there is an indication that the variability in 
concentrations and the correlation between effluent 
concentrations and receiving water concentrations 
are site dependent. 

This study also further strengthens the notion that 
concentrations of pharmaceuticals in fish vary sub-
stantially between and within species and between 
different tissues. Here, pharmaceuticals were detect-
ed mainly in kidney of pike, in contrast to muscle, liv-
er, and bile samples and samples of perch and com-
mon rudd. This, although limited by the low sample 
size, suggests that kidney of pike is a good indicator 
of pharmaceutical exposure to fish since 11 of the 
22 pharmaceuticals were detected in pike kidney at 
ecologically relevant water concentrations. The cor-
relation between pharmaceuticals in pike kidney and 
water concentrations was weak. Likely explanations 
for this are large spatial and temporal variations both 
in water and fish, in combination with the fact that the 
uptake in fish is substance dependent.  

In signal crayfish, the pharmaceutical concentrations in 
its hepatopancreas were below the detection limit for 
all substances, even though the exposure is higher than 
for the fish since it lives in the effluent receiving stream. 
This indicates generally low bioaccumulation of phar-
maceuticals in hepatopancreas of signal crayfish.    

The results showed clear variation in the uptake of dif-
ferent pharmaceuticals in bile of brown trout exposed 
to 100% effluent. Despite several pharmaceuticals 
with different therapeutic effects being present in the 
effluent in the µg/L range, only the NSAIDs diclofenac 
and naproxen could be detected in bile, suggesting that 
analysis of pharmaceuticals in only fish bile will not give 
a comprehensive picture of the exposure. This notion 
is strengthened by the previously mentioned analyses 
of wild fish, with generally low detection frequencies in 
bile of pike, perch, and common rudd.
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