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Abstract 

Traditional wastewater treatment is known not to be specifically designed to eliminate the 

new generation of chemical residues that ends up in the sewage system. Polluted wastewater 

effluent therefore reaches the aquatic environment possibly causing adverse effects in aquatic 

wildlife. The effects of effluent water from five Swedish sewage treatment plants sampled on 

6 occasions 2017, were studied in developing zebrafish (Danio rerio). The study included 

morphological, physiological and behavioural endpoints. Overall there were few effects 

where deviations from control animals could be seen in the exposed zebrafish. The overall 

outcome of this assessment was that the wastewater effluent had no consistent effects on the 

early development of zebrafish. The consequences of continuous low-level exposure during 

the whole life-cycle of wild fish are presently unknown and further studies are needed to 

evaluate potential risks.   
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1. Introduction  

Pollution of the aquatic environment by incompletely treated wastewater effluents has since a 

couple of decades back received more and more attention worldwide. Sewage systems often 

collect inflow from a wide array of sources; domestic, industrial, and hospital wastewater as 

well as urban runoff. This makes the influent to wastewater treatment plants (WWTPs) a 

cocktail blend of residues from most chemicals that are used in modern society. Conventional 

sewage treatment methods are not sufficient to eliminate the large input of chemicals that 

enters sewage systems (Bendz et al. 2005, Cuklev et al. 2012, Stackelberg 2004). This 

phenomenon is referred to as micropollution as specific chemicals are often detected in lakes 

and rivers downstream WWTPs at a concentration range of ng-μg/L.  

1.1 Sources of micropollutants in wastewater 

Micropollutants are widespread in physiochemical properties and origin of usage (Table 1). 

Pharmaceutically active compounds (antibiotics, hormones and other drugs), personal care 

products (PCPs) (musk, UV-filters), surfactants and industrial chemicals make up this class of 

pollutants (Table 1). Many sources of these chemicals are products that are consumed in 

average households (Lou et al. 2014) and released via wastewater into the sewage system. 

Once in wastewater treatment (WWT) the pollutants transfer either to the solid phase (sludge) 

or is maintained in the aqueous phase (effluent) (Ternes et al. 2004). Sludge from WWT is 

often used as fertilizer on fields and via leaching from fields these pollutants can also reach 

the aquatic environment. Even if some of these chemicals are rapidly degraded once in the 

environment, the continuous input via WWT effluent creates a situation where their presence 

is persistent (Bendz et al. 2005).  
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Table 1: Sources of micropollutants in wastewater treatment effluent 

Category Subclasses Main sources  

Pharmaceuticals NSAIDs, Lipid regulators, 
antibiotics, beta-blockers, 
neuroactive compounds etc.  

Domestic wastewater (excretion) 
Hospital effluents 
Run-off from animal production 

Endocrine disruptors Estrogenic & Androgenic 
compounds. Natural or synthetic 

Domestic wastewater (excretion) 

Personal care products Fragrances, disinfectants, UV-
filters and insect repellents  

Domestic wastewater (Bathing, shaving, 
spraying etc) 

Surfactants Non-ionic surfactants Domestic wastewater (bathing, 
dishwashing, laundry etc),  
Industrial wastewater (cleaning discharges) 

Industrial chemicals  
Pesticides 

Plasticizers, flame retardants 
Insecticides, herbicides, 
fungicides 

Domestic wastewater (leaching from 
material)  
Domestic wastewater (from improper 
cleaning, run-off from gardens, lawns and 
motorways etc) 
Agricultural run-off  

Metals Cd, Cr, Pb, Hg, Ni, Cu Industrial wastewater, urban runoff (Sörme 
& Lagerkvist 2002) 

Modified from Lou et al. 2014 

1.2 Pharmaceuticals in the environment 

The presence of pharmaceutically active compounds in wastewater effluent poses specific 

threats. They are specifically designed to have biological effects, and many of them to 

withstand degradation (Herberer 2002). Many pharmaceuticals are not eliminated in the body 

and are excreted as conjugated metabolites. As these metabolites enters WWT the conjugates 

can be cleaved (Herberer 2002) and mother compounds can be re-established, and then 

released into the environment via the effluent. The concentration of an individual drug in 

sewage effluent is commonly low, but since numerous drugs share the same mode of action 

additive effects could appear in wildlife (Daughton & Ternes 1999). Human and animal 

excretion is believed to be the main source of pharmaceuticals in the aquatic environment 

(Heberer 2002). Even though some pharmaceuticals display high metabolic rates in humans it 

does not mean that the elimination rate is high once in aquatic organisms (Bendz et al. 2005). 

A peripheral project aiming to analyse the chemical content of WWT effluent to the river 

Fyrisån situated in Uppsala Sweden was performed by the Department of Aquatic Science and 

Assessment, SLU, in October 2017. The results display the occurrence of various compounds 

in the influent and effluent water at Kungsängsverket WWTP (Table 2). At the time of the 

present study, this kind of effluent data was not available for all the effluents included in the 

study.  
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Table 2: Detected micropollutants in Kungsängsverket, Uppsala, influent and effluent.  

Substances 
Wastewater 

Uppsala  
   

Substances 
Wastewater 

Uppsala  
   

 
Influent

(ng L-1) 
Effluent 

(ng L-1) 
  

 
Influent 

(ng L-1) 
Effluent

(ng L-1)   

          

Albuterol (Salbutamol) 2.8 5   Norsertraline 320 84   

Trimethoprim 30 18   Sertraline 240 29   

Furosemide 690 410   Tamoxifen < 0.57 < 0.2   

Methylparaben 480 13   Acetaminophen 110000 36   

Chloramphenicol 13 < 0.56   Iopromide < 3.1 < 3.1   

Bezafibrate 170 91   Sulfamethoxazole 290 84   

Bisoprolol 510 130   Hydrochlorothiazide 990 850   

Memantine 48 23   Sotalol 28 67   

Omeprazole 340 5.3   Atenolol 440 250   

Venlafaxine 880 520   Caffeine 66000 29   

Carbamazepine 470 260   Metronidazole 13 27   

Propranolol 170 84   Ranitidine 460 170   

Cocaine 570 5.1   Nicotine 6800 12   

Diclofenac 850 600   Fluconazole 190 140   

Fexofenadine 1300 180   Tramadol 1500 1500   

Citalopram 250 200   Codeine 640 83   

Irbesartan 210 83   Metoprolol 1800 1400   

Oxazepam 510 260   Valsartan 1700 150   

Paroxetine 6.5 < 0.11   Lamotrigine 780 1500   

Propylparaben 300 < 5.5   Desvenlafaxine 930 720   

DEET 130 47   Ethylparaben 400 0.93   

Mirtazapine 480 160   Losartan 2900 290   

Atovastatin (Lipitor) 350 23   Mefenamic acid 230 180   

Clarithromycin 270 79   Erythromycin 170 73   

Clozapine 600 100   Cetirizine 250 190   

Amitriptyline 120 41   Gemfibrozil 600 43   

Clindamycin 130 120   Lidocaine 220 250   

Diazepam < 0.61 2.2   Azithromycin 130 60   

Diltiazem 39 12   Oxybenzone 320 23   

Bicalutamide 820 340   Ketoprofen 8.3 23   

Loperamide 41 3.9   Oxycodone < 0.81 25  

Roxithromycin < 0.20 < 0.20   Primidone 870 630 

Climbazole 270 45   Ibuprofen 11000 < 15 

         

 

1.3 Wastewater effluent in the aquatic environment 

Aquatic environments are perhaps especially sensitive to contaminants as the animals spend 

their entire lifecycle surrounded by whatever chemicals are present in their habitat. Many 

studies on the occurrence and fate of micropollutants, as they pass through different 
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wastewater treatment plants have been performed, both in Sweden (e.g. Bendz et al. 2005, 

Östman et al. 2013, Paxéus et al. 2016) and internationally (e.g. Ternes 1998, Stackelberg et 

al. 2004). Adverse effects associated with micropollution are however often difficult to assign 

to specific chemicals, as circumstances in the wild are complex and multifactorial.  

1.4 Occurrence and removal efficacy of pollutants in WWTPs  

Temporal variation in concentration of contaminants in WWTPs efflux has been reported 

(Paxéus et al. 2016, Rodgers-Grey et al. 2000). Seasonal variation in the influx water level 

(sewer overflow) can cause changes in the daily load of contaminants. Any temporal variation 

in rates of prescription or trends in usage of specific pharmaceuticals will also cause changes 

in the pharmaceutical content of the in- and efflux (Paxéus et al. 2016) as excretion is 

dependent on ingestion. 

The removal efficacy of micropollutants of a given wastewater treatment plant is dependent 

on several factors. The treatment process itself, the physio-chemical properties of a specified 

compound, the age of the activated sludge, the hydraulic retention time and environmental 

factors, such as temperature and light intensity (Zorita et al. 2009, Crija et al. 2007). 

Biological degradation and retention time are the most contributing factors (Zorita et al. 2009) 

to treatment efficiency. Certain micropollutants are removed via sorption to primary sludge in 

conventional WWT, due to lipophilic interactions (Ternes et al. 2003). Studies on more 

advanced treatments, such as ozonation or membrane bioreactor treatment, have shown to 

improve pollutant removal (Ternes et al. 2003, Gunnarsson et al. 2009).  

1.5 Effects of wastewater effluent in fish 

The occurrence of hermaphrodite fish near WWTPs in the UK was the starting point of an 

international eye-opener for the presence of estrogenic compounds in wastewater effluent.    

Roach (rutilus rutilus) populations in rivers downstream WWTPs in the UK were reported to 

display intersex characteristics, that is gonads with both male and female tissue, (Jobling et al. 

2002ab) effects that have been reproduced by controlled oestrogen exposure although not in 

roach (Länge et al. 2001). Vitellogenin (VTG) (estrogen-inducible yolk precursor) induction 

was established as a biomarker for estrogenic exposure and VTG induction is now a common 

method to detect presence of estrogenic compounds. VTG induction in male fish after 

wastewater effluent exposure has been observed in several species and locations; Carp 

(cyprinus carpio) in Spain (Solé et al. 2000), rainbow trout (Oncorhynchus mykiss) in Sweden 

(Cukley et al. 2012) and Gudgeon (Gobio gobio) (van Aerle et al. 2001) in the UK. Endocrine 
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disruptors are considered the most potent of pollutants in the aquatic environment as many of 

them (bisphenol a, estrone, 17b-estradiol, 17a-ethinylestradiol) display high estrogenic 

activity at very low concentrations (Purdom et al. 1994, Jobling et al. 1998).  

Cytochrome p450 1a (Cyp1a) induction is often used as an indication of xenobiotic/dioxin-

like exposure and has been reported in numerous studies following WWT effluent exposure. 

Induction of hepatic Cyp1a was reported in rainbow trout after conventional WWTP effluent 

exposure (Cuklev et al. 2012). Elevated hepatic CYP 1a (140-145 %) and EROD activity 

(408-589 %) in male mummichogs (fundulus heteroclitus) and juvenile sunshine bass 

(Morone saxatilis x Morone chrysops) (Mcardle et al. 2000) was seen after a 21-day WWT 

effluent exposure assessment.  It is not only physiological effects that have been seen in 

wildlife but also altered reproductive behaviour has been observed in male three-spined 

stickleback (Gasterosteus aculeatus), where the males built fewer nests after WWT effluent 

exposure (Sebire et al. 2011)  

Previous studies on wastewater effluents have shown that the more advanced treatment the 

fewer adverse effects are seen in effluent exposed animals. Granular activated carbon 

treatment lessened stress-response (hsp70) in rainbow trout (Cuklev et al. 2012). Somatic 

index (organ weight/bodyweight) increase in liver that was seen in rainbow trout after 

conventional treatment was significantly decreased as more advanced treatment techniques 

where applied (Cuklev et al. 2012). Reduced embryotoxicity in medaka (Oryzias latipes) 

were seen after activated carbon treatment (Zha & Wang 2005) and reduction of immune 

responses after ozonation-, UV- & peracetic acid treatment of WWTP effluent was observed 

in rainbow trout (Hebert et al. 2008). 

1.6 Effects of wastewater effluent in zebrafish (Danio rerio) 

WWT effluent exposure of adult zebrafish has shown to decrease cellular energy budget 

(Smolders et al. 2003), affect DNA repair systems, alter hepatic CYP expression and induce 

male hepatic VTG expression (Notch & Meyer 2009). There are not many studies performed 

on WWT effluent effects on early-life stage of zebrafish. Effects in zebrafish embryos caused 

by specific compounds, known to be present in wastewater effluent, have however been 

evaluated. Common PCP ingredients as well as and metals known to be present in wastewater 

effluent have been reported to cause effects on zebrafish hatching time (Dave & Xiu 1991, 

Oliviera et al. 2009). Estrogenic compounds are also known to cause adverse effects in 

zebrafish embryos as estrogen receptors (α & β) are known to be expressed from the first day 
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post fertilisation (dpf) in zebrafish (Legler et al. 2000). Exposure of zebrafish in the early 

embryo-larval stage (0 - 21 dpf) to environmentally relevant concentrations of estradiol (E2) 

resulted in a threefold induction of VTG at [E2] 100 ng/L (Brion et al. 2004). Exposure of 

zebrafish embryos to 0.005 ng/L 17-α ethinylestradiol has been shown to delay development 

(Kime & Nash 1999).  

1.7 Zebrafish -The model organism in this study   

Zebrafish is a tropical freshwater cyprinid, normally 2.5-4 cm in length, and has traditionally 

been used as a model organism in developmental biology, toxicology and genetic studies 

(Laale 1977). The specie is robust and easily maintained at a low cost and its entire genome is 

sequenced and publicly available (Howe et al. 2013). Zebrafish mating behaviour is triggered 

by the onset of light and one female can lay 70-100 eggs at a single spawning occasion (Laale 

1977). The transparency of the zebrafish eggs and embryos makes zebrafish ideal for studying 

early development as many body structures, even blood vessels, are easily observed in 

microscope (Laale 1977). Because zebrafish larvae are fed by the yolk sac up until day 5 post 

fertilisation, and do not yet actively feed themselves, studies within this time frame are 

considered In vitro testing and do not fall under the protection of animals used for scientific 

purposes in accordance with EU Directive (2010/63/EU) (Chapter 1, Article 1, 3§).   

1.7.1 Embryonic development of zebrafish 

At 24 hours post fertilisation (hpf) the zebrafish embryo can already clearly be identified as a 

bilaterally organized organism with a well-developed notochord (22 -25 hr, Figure 1). The 

eyes and lenses are visible. The tail has detached from its previous position around the yolk-

sac and a rapid lengthening of the embryo is ongoing. Spontaneous side-to-side contractions 

in the trunk and tail are exhibited and often occur in bursts at a rate of 8 episodes per minute 

(Kimmel et al. 1995). 

At 48 hpf the embryo has reached the longpec stage (Figure 1). Pigmentation is now visible 

on the body and in the eyes. The heart is fully developed, and the circulating blood can be 

seen throughout the body. From around 48 hpf and onward the embryo has reached the 

hatching period and hatching occurs sporadically, even within a single clutch, during the 

whole third day of development at 26 °C of incubation. Early hatching does not mean that the 

larvae are further developed than unhatched embryos of the same age (Kimmel et al. 1995). 

At 72 hpf the larvae have almost completed their morphogenesis and slowly starts to move 

about more actively. Gradually movement of fins, jaws and eyes appear to accommodate the 
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development of swift response- and prey seeking behaviour (Kimmel et al. 1995). The 

embryonic and larval stages of zebra fish are considered the most sensitive phase of the life-

cycle and disruption by toxicants may lead to lowered survival rate (Laale & Lerner 1981).  

1.7.2 Zebrafish locomotion  

Active swimming starts to appear in the early larval period, after hatching and demands 

secondary motor neuron function made possible by the further developed hindbrain and spinal 

chord (Saint-Amant & Drapeau 1998). Swimming behaviour can be induced by tactile 

stimulation shortly after hatching, but the larvae is normally quite inactive until 4 days post 

fertilisation. At 4 dpf the larvae can exhibit four types of motor behaviour; routine and escape 

turns and slow and burst swims (Saint-Amant 2006).  

1.7.3 Swimming in light and dark  

Zebrafish larvae have been verified to respond with changes in locomotion to alternating 

illumination conditions (Burgess & Granato 2007). Recording zebrafish behaviour in 

alternating dark (infrared light) and light conditions (visible light) at ten-minute intervals has 

showed that the larvae display a higher total swimming activity in darkness and lower 

swimming activity in light. The early larvae are startled by sudden darkness and this 

behaviour can be significantly affected if the larvae are exposed to toxicants (ethanol) 

(MacPhail et al. 2009). The normal behaviour of zebrafish larvae over longer periods of light 

and dark conditions is a significantly more active state in light conditions compared to 

darkness (MacPhail et al. 2009). 
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Figure 1: Development of zebrafish fertilized egg, 0 h, until 75 h post fertilisation. (Kimmel et al.1995)
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1.7.4 Habituation  

Habituation can be described as a decreased behavioural response that results from repeated 

stimulation that does not involve sensory adaptation/sensory fatigue or motor fatigue (Rankin 

et al. 2009). Deviations from this behavioural phenomenon can be a way of monitoring the 

neurological state or -health of animals. Studies on zebrafish have shown that habituation 

does occur with the specie (Best et al. 2008) and that the process can be attenuated when 

subjecting animals to anxiogenic drugs such as caffeine (Wong et al. 2009) or on the contrary 

shortened when subjecting animals to anxiolytic drugs such as nicotine (Levin et al. 2007).   

1.8 Objectives 

The aim of this study was to examine the possible effects of wastewater treatment effluents 

from five Swedish WWTPs on zebrafish larvae health and behaviour. The study was 

conducted through an extended fish embryo toxicity test (FET), where lethal, sublethal and 

behavioural endpoints were studied. The study was carried out at the department of 

biomedical sciences and veterinary public health (BVF) at the Swedish university of 

agricultural sciences (SLU) in Uppsala, Sweden. 

2. Material & Method 

2.1 Wastewater treatment plants included in the study 

The five WWTPs were Eskilstuna Ekeby ARV, Linköping Nykvarnsverket, Uppsala 

Kungsängsverket, Västerås Kungsängens ARV and Örebro Skebäcksverket (Later referred to 

as E, L, U, V & Ö). The connected person equivalents (PE), a measure of the incoming load, 

for each plant is presented in Table 3 where Linköping has the highest PE of 235 thousand 

connected individuals. The yearly recipient load from the five WWTPs vary from 13-18 

million m3 and the input of industrial origin ranges from 3-20 % of the total PE (Table 3).   

The arrangement of applied techniques of the five treatment plants differ somewhat, but all 

the included WWTP’s use conventional treatment techniques consisting of a mechanical, 

chemical and biological cleaning step. The mechanical cleaning step is the first step where 

incoming water is mechanically separated from larger debris as it passes through a grid. 

Chemical cleansing is a way of removing phosphorous from the incoming water via flocking 

usually through addition of iron-sulphate or aluminium chloride. The biological cleaning step 

or activated sludge means to remove a wide array of compounds as well as nitrogen from the 

incoming water via bacterial digestion.  Linköping (Nykvarnsverket), had an additional 
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ozonation treatment step installed in July1 2017 and Eskilstuna (Ekeby) also stand out as the 

only WWTP with additional wetland treatment step.  

Table 3: Effluent data from the five WWTPs included in the study 

WWTP 
 

Efflux year-1 
(m3) 

Connected  
PE*  

PE of industrial 
origin (m3)     (%)  

Reference  

Uppsala 

Kungsängsverket 16 717 400  169 000 25 000  15 

Miljörapport 
Kungsängsverket 2016 

        
 

Linköping 
Nykvarnsverket 13 900 000  235 000 48 000  20 

Miljörapport 
Nykvarnsverket 2016 

        
 

Västerås 
Kungsängens 
reningsverk 16 017 519  120 912 8000  7 

Miljörapport Kungsängens 
ARV 2016 

        
 

Örebro 
Skebäcksverket 

 
16 387 135  143 496 5700  4 

Miljörapport Skebäck ARV 
2015 

        
 

Eskilstuna 

Ekeby reningsverk 18 130 400  125 000 4310  3 
Miljörapport Ekeby ARV 
2015 

        
 

*PE (person equivalents) a measure of 

incoming load.      

 

 

2.2 Wastewater effluent samples and parameters measured  

Effluent wastewater from each of the five WWTPs were sampled at six occasions during 

2017, i.e. April, May, June, October, November and December. Grab samples were collected 

by the personnel at the plants and then shipped on ice to the Dep BVF within 24h. Samples 

were received in 400 mL opaque white plastic bottles and kept frozen (- 20° C) until ~ 48h 

prior testing when samples were thawed. Physio-chemical properties of the effluent samples 

were examined the day before or on the day of exposure to ensure fulfilment of test guideline 

recommendations. Conductivity and oxygen concentration (Inolab wtw series Oxi 730), pH 

(Orion star A211 pH meter, Thermo scientific) and presence of nitrite & nitrate (RQflex plus 

10, Merck / Reflectoquant) were determined for each effluent sample. All samples were 

aerated for a duration of roughly one hour prior exposure to ensure full O2 saturation.   

 

                                                           
1 Ozonation treatment was installed in July 2017 but it was later revealed via communication with 
Nykvarnsverket that the treatment method was not fully functional at the sample timepoints.  
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2.3 Zebrafish maintenance and egg collection 

Adult zebrafish were kept in the aquatic facility at the Department of Biomedical Sciences 

and Veterinary Public Health (BVF), Swedish University of Agricultural Sciences (SLU), 

Uppsala, Sweden. The fish were kept in 54 L tanks with recirculating carbon filtered tap water 

at 26° C and at 12:12 h light/dark ratio and were fed 1-2 times daily with commercial flakes 

(SERA Vipan).  

The day before exposure four 10 L (20x20x40 cm) spawning aquaria were prepared and 

groups of 10-15 fish were placed in stainless steel meshed-cages (18x15x25 cm, 4x4 mm 

mesh) inside the tanks overnight. The next morning, roughly 30 minutes prior to the onset of 

light, the spawning cages with the fish were moved, by lifting the cages, into a clean 

equivalent aquarium to receive clean eggs. The cages contained glass marbles and silk-ribbon, 

objects to stimulate spawning.   

After about 1 hour of spawning, eggs were collected and deemed fertilized via ocular 

examination using stereo microscope (LEICA EZ4D). The selection of fertilized eggs was in 

accordance with OECD guidelines (OECD 236, 2013), where symmetric zygotes in the four- 

to 32-cell stage where selected (Figure 2) and classed as newly fertilized. Groups of fertilized 

eggs (n = 24) were placed in Petri dishes containing the wastewater effluent to be tested. The 

eggs were examined visually yet again to ensure good quality (symmetry) before placed 

individually in transparent 96-well rounded microtiter plates (Microtest plate, Sarstedt Inc., 

Newton, NC) along with 250 µL undiluted effluent sample. Wells without eggs were filled 

with water (white wells, Figure 3). The exposure media was not changed for the duration of 

the 144 h test. Batch fertilization rate were ≥ 70 % and exposure started around the 64-cell 

stage (~2 hpf).   

An additional group of 30 fertilized eggs were placed in a 24-well plate (n = 3x10) with 3 mL 

sample for genetic analysis after 144 h exposure.    

2.4 Fish embryo toxicity test (FET)  

The method used in the present study included slight deviations from the standardized OECD 

guideline on 96 h Fish embryo toxicity test (FET) (OECD 236, 2013). The duration of the test 

was extended to 144 hpf and sublethal endpoints were included (Table 4). The guideline 

suggests 24-well plates with 2.5-5 mL of sample volume but in the present study rounded-
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bottom 96-well polystyrene plates (Corning inc., USA) were used. The placement of each 

exposure group in the 96-well plates were arranged in a diagonal design (Figure 2) and the 

setup was replicated on two plates. The placement (Figure 2) of an individual treatment group 

was not identical for all effluent assessments of the year but was alternated. The plates were 

covered in Parafilm© to avoid evaporation and kept at an ambient room temperature of 26 ± 

0.5 C. Embryos were observed for different endpoints at 24, 48 & 144 hpf (Table 3) using 

stereo microscope (Leica EZ4D, 8-35x magnification) and reversed microscope (Olympus 

CKX41) at 48 hpf. From 48 hpf onwards a time laps camera (Canon Eos 500D) recorded 

photos every hour to determine the individual hatching time of each embryo.  

 

 
 

1 2 3 4 5 6 7 8 9 10 11 12     

A 

               
Uppsala 

B 

               
Västerås 

C 

               
Eskilstuna 

L 

               
Control 

E 

               
Linköping 

F 

               
Örebro 

G 

                
H 

                
 

                

Figure 2: Diagonal placement of treatment groups & control animals on 96-well polystyrene plates for 144 h 

FET. The set-up was replicated on two plates, n = 24, for each of the six effluent samples.  
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Table 3: Describing extended FET endpoints at 24, 28 & 144 hpf  

Endpoint Description 
  

hpf 
 

 
 

Lethal binary 

     
24 48 144 

Coagulation Embryo is coagulated  
   

x x x 
 

Lack of heartbeat Embryo has no heartbeat 
   

x x 
           

Sublethal binary 
        

Tail deformation Tail has abnormal shape 
 

x x x 

Eye deformation Eye has no visible lens or abnormal shape 
 

x x x 

Head deformation Head is not normally developed 
  

x x x 

Reduced 
pigmentation 

Pigmentation is reduced on body or in eyes 
  

x 
 

Oedema Oedema is present 
     

x x 

Lack of circulation No visible circulation in tail artery 
  

x x 
 

Tremor Embryo shows tremor 
     

x 
 

Side-laying Embryo lies permanently on side 
    

x 
 

Unhatched Embryo is alive but has not hatched 
   

x 
           

Sublethal continuous 
         

Movement Number of movements per minute 
  

x 
  

Heart rate Time for 30 heartbeats (converted to beats per min) x 
 

Hatching time Interval time lap photo of hatched embryo (hpf) 
 

48 - 144 hpf 
           

Modified from Carlsson et al.2013 
        

 

2.5 Behavioural assessment  

On 6 dpf the larvae were evaluated for light-dark-stimulated behavioural assessment using 

ViewPoint Zebrabox® automatic behaviour tracking system (Zebralab version 3.2, ViewPoint 

Life Sciences, Lyon, France). Each larva in the 96 wells was tracked simultaneously for 

distance of swimming by a 25-frames-per-second infrared CCD camera. The duration of the 

protocol was 1.5 hours with eight five-minute light cycles of light and eight five-minute 

cycles of darkness (Figure 4). Additionally, there was initial 10-minute light acclimatisation 

period prior the onset of the alternating light-dark phases. Threshold values were set to 

categorize the activities of the larvae at a swimming distance of 0-3, 3-6 and 6 ≤ mm which 

were condensed into data sets per ten seconds.  If the larvae initiated a movement that was 

between 0-3 mm in length it was classed as inactive. If the larvae initiated a movement that 
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was between 3-6 mm in length it was classed as small distance movements & large distance 

movements were set as distances from 6 mm and longer. 

 

 

Figure 4: Protocol of behavioural assessment, in ViewPoint Zebrabox®, light:dark phases over time (x-axis). 

Each of the 8 light (L) and dark phases (D) lasted for five minutes. The swimming activity (y-axis) of each 

individual larva was recorded and the alterations in high activity during darkness and lowered activity in light are 

displayed by the fluctuating curve. 

After recording swimming activity of the zebrafish larvae, the following five endpoints were 

assessed: 

1. Total swimming distance during all the 16 light-dark phases with the intent of 

assessing if the different treatments had affected the overall activity of the larvae.  

2. Small & large threshold movements with the intent of assessing the patterns of 

movements in the exposed larvae.  

3. Total swimming distance during light phases (L1 trough L8), with the intent of 

assessing if any hyper-/hypoactivity was present  

4. Total swimming distance during dark phases (D1 trough D8) with the intent of 

assessing if any hyper-/hypoactivity was present  

5. Habituation; described as the difference in swimming distance between the last dark 

phase and the first dark phase (D8 - D1). The intent was to assess the startle response 

in the zebrafish larvae over time.  

The purpose of the movement assessment was to rule out whether exposure to WWT effluent 

had caused neurological and/or behavioural changes, therefore individual larva with visible 

malformations, or clear signs of deviations from normality i.e. permanent side-laying or 

oedema, was excluded from the behavioural assessment.  
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2.6 Genetic analysis 

After 144 h exposure the separate 3x10 larvae in the 24-well plate were collected onto a nylon 

filter, to rid excess water, and placed in 1.5 mL homogenisation tubes (Precellys ck14, Bertin 

Technologies, France) which were immediately flash-frozen in liquid nitrogen. The samples 

were then kept at -80° C awaiting RNA extraction. All sample RNA was extracted using 

Qiagen RNeasy lipid mini kit© according to the manufacturer instructions (RNeasy Lipid 

Tissue Handbook 02/2009). RNA concentration was measured using nanodrop and the RNA 

integrity was evaluated via Agilient RNA 6000 Nano Kit© (Agilent Technologies, United 

States). The extracted RNA was stored at -80°C pending genetic analysis. Microarray analysis 

was performed by Array and Analysis Facility, Department of Medical Sciences, Uppsala 

University on April effluent exposed animals.  An amount of 250 ng of total RNA was 

extracted from each sample using GeneChipTM Zebrafish Gene 1.0 ST.  A minimum threshold 

of Log2 fold difference in RNA expression compared to control was considered of biological 

relevance for analysis of results.   

2.7 Statistical analysis 

All data was analysed using R Version 1.1.383 – © 2009-2017 RStudio, Inc. Shapiro test was 

used to analyse the distribution of the FET data following either Kruskal-Wallis and Dunn’s 

post hoc test or one-way ANOVA and Tukey’s honest significant difference post-hoc test 

depending on the data distribution. One-way ANOVAs with pairwise comparisons were used 

to analyse the behavioural endpoints. α = 0.05 and 95 % confidence interval were used.    

 

3. Results  

3.1 Fish embryotoxicity test (FET) 

The general outcome from the toxicity assessment was that there were no significant 

differences in sublethal endpoints nor mortality. No WWT effluent generated consistent 

effects in the zebrafish throughout the yearly samples. There was no occurrence of 

malformations (head, eye or spine), pigmentation reduction, tremor or unsuccessful hatching. 

Decreased early spontaneous movement was recorded in Uppsala (U) November effluent 

exposed animals. Early hatching in Eskilstuna (E) November effluent exposed animals and 
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prolonged time to hatching for Örebro (Ö) December effluent exposed animals were also 

recorded.   

3.1.1 Movements per minute 

After 24 hpf there was an overall survival rate of 100 %. Throughout all tests performed there 

was only one coagulated embryo at this timepoint (out of a total n of 864 embryos) (Table 1, 

Appendix). Movements at 24 hpf were at an overall mean of 8 movements per minute (mpm) 

for all the treatments at all sample timepoints and the overall mean for the control was 8.7 

mpm. In the November assessment Uppsala (U) treatment displayed significantly decreased 

(Kruskal Wallis p = 0.03) movement activity at a mean 8.3 mpm (SD = 2.7) compared with 

control 8.2 mpm (SD=3.3) (Figure 5) 

 

Figure 5: Displaying November 2017 assessment of movements per minute (mpm) at 24 hpf. Uppsala (U) WW 

effluent treatment resulted in a significantly decreased (p = <0.05) mpm compared with the control.  

3.1.2 Heartbeats per minute  

At 48 hpf the general survival rate was, in coherence with 24 hpf, very high for all performed 

tests. There was no incidence of lethality at this timepoint (Table 1, Appendix). The heartrate 

of the embryos, beats per minute (bpm), was unaffected by all effluent treatments throughout 

the year. The mean bmp for the all the different sample timepoints ranged from 111 bpm to 

124 bpm (Appendix, Table A).    

 * 



21 
 

 

Figure 6: Displaying mean heartbeat, beats per minute (bpm) in zebrafish embryos at 48 hpf for all five effluent 

treatments and yearly samples. Error-bars displaying standard deviation.  

3.1.3 Hatching time  

Hatching time (ht) was mainly unaffected by the different effluent treatments (Appendix, 

Table A), though there were significant effects on two sample occasions. In the October 

assessment Eskilstuna (E) WWTP effluent exposed animals displayed significantly (Kruskal 

Wallis p= 1.1x10-7) early ht, with mean ht of 71 hpf (SD = 8.6) compared with control mean 

ht = 78 hpf (SD = 5.3) (Figure 7).  In the December assessment Örebro (Ö) had a significantly 

(Kruskal Wallis p= 0.007) delayed ht with a mean of 83 hpf compared with control animals ht 

= 80 hpf (Figure 7). There was no hatching data obtained for May effluent exposure due to 

technical camera failure.  

 Figure 7: Hatching time (ht) for October and December effluent assessment.  Eskilstuna (E) effluent exposed 

animals showed significantly (p < 0.001) early ht compared with control in the October assessment. Örebro (Ö) 

effluent exposed animals displayed significantly (p < 0.01) prolonged ht compared with control. Error bars 

displaying standard error.   
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3.1.4 Total affected animals   

At the end of the 144 h FET the majority of the exposed animals had, from what could be 

visually observed, developed normally. The survival rate post hatching was in all the 

performed tests (99.4 %) with only five dead embryos (dead post hatching) which occurred 

rarely and in separate treatment groups; four in the October assessment and one in the 

December assessment (Appendix, Table A). Throughout the yearly samples there were a few 

cases of heart-sac or yolk oedema and a more common effect was permanent side-laying of 

the larvae. The few affected animals were however spread throughout treatment groups and 

total number of affected larvae rarely exceeded one or two larvae in each treatment group. 

The highest number of total affected animals were observed in the December assessment in 

the Eskilstuna (E) and Västerås (V) treatment where 4 out of 24 animals were affected. 

 

 

Figure 8: Total affected animals as % of 24 larvae, from all five treatment groups (E-Ö) and all six sample 

timepoints of 2017. 

3.2 Behavioural assessment  

The overall results from the light-dark swimming assessment showed that most of the 

zebrafish larvae were unaffected by the different effluent treatments. There was no WWTP 

effluent that caused consistent effects throughout the yearly samples. There were however a 

few effects that could be seen at specific sample timepoints of the year. 
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3.2.1 Total distance  

There was no difference in the total swimming distance assessment (light and dark phases) for 

any of the effluent treatments (Figure 9). The mean total distance ranged from 6.5-10 metres 

in the different treatment groups and 7-10 m in the control animals (Appendix, Table B).  

 

Figure 9: Displaying mean individual total swimming distance (m) for all effluent treatments of all sample 

points of 2017. Error-bars displaying standard deviation.  

3.2.2 Patterns of movement 

When assessing movement patterns for the full duration of the light and dark phases there 

were generally no difference between treatments throughout the year. In April Eskilstuna (E) 

effluent exposed animals displayed a significantly higher activity in swimming pattern level 

compared to control.  Eskilstuna (E) effluent exposed animals displayed a higher small 

threshold movement swimming distance (ANOVA p=0.04) compared to control animals 

where (E) = 7.2 metres and Control = 5.8 metres.  

3.2.3 Light-dark assessment  

There were in general no differences in total swimming distance, neither in dark nor in light 

phases (Appendix, Table B), between treatments and control. In April, Eskilstuna (E) effluent 

exposed animals displayed a significantly (ANOVA p = 0.0013) longer total swimming 

distance in all light phases, which was double the distance compared to control (Appendix, 

Table B). This was also confirmed in the assessment of swimming distance in the separate 

light-phases, where Eskilstuna (E) had a consistently significantly increased swimming 
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activity from light-phase two to seven (L2-L7) (Appendix, Table B). In the same assessment 

Örebro (Ö) displayed an increased swimming activity, 10.1 mm vs 4.1 mm in the control, in 

light-phases 3 (L3) (Appendix, Table B).   

3.2.4 Habituation 

There was in general no WWTP effluent treatment that caused any effects on habituation. In 

one sample occasion from Västerås (V) (April) the exposed animals showed decreased 

habituation, though not significantly different from control animals (Appendix, Table B). The 

change in activity between the first peak in activity upon darkness (D1), and the last (D8) was 

in general quite small and with large variation. Control animals had an activity decrease 

between 4-6 mm throughout the yearly samples (Table 2, Appendix). 

3.3 Genetic analysis 

The microarray data analysis of April effluent exposed animals, revealed no increased or 

decreased gene expressions at a more than Log2 fold difference for any of the 44 598 genes 

analysed. 

4. Discussion 

The aim of this study was to assess whether WW effluent from five different Swedish 

WWTPs caused adverse effects in early-life stage zebrafish health and behaviour. Generally, 

it can be concluded that the wastewater effluent did not affect any of the endpoints that were 

assessed. The exact cause of the deviations from control animals that were observed, in 

movement, hatching time and swimming behaviour, cannot be answered within the scope of 

this study to any further extent than to acknowledge them as isolated observations.  

4.1 Fish embryo toxicity test  

4.1.1 Methodology 

The static set-up of the 144 h FET could be argued to limit the supply of O2 for the full 

duration of the test. Reduction in growth or delays in development are common effects 

(Kajimura et al. 2005) of oxygen deprivation and this kind of effects were not seen in any of 

the subjects neither control nor effluent exposed animals. Exposing zebrafish embryos in 

differing housing-volumes (100 uL-2 mL) has been reported not to affect the result 

(Braunbeck et al. 2005). The alteration of the standardized 96 h FET, both duration and 
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housing-volume of the embryos, have been used previously with no deviations from normal 

development in control animals (Carlsson et al. 2011 & 2013, Stiernström et al. 2011).  

Since many of the FET endpoints, such as heartbeat and hatching time (rate of development in 

general) are dependent on temperature any deviations from normality could be argued to 

originate from temperature variations along the 96-well plate (edge effects). Throughout the 

six sample timepoints the placement of each treatment was alternated on the plate (Figure 3) 

and on the two (Figure 5 & 7) occasions where significant differences were seen, the 

treatment groups were not in the same placement order on the plate. The possible edge-effects 

would have been an issue to address more thoroughly if the outcome of the FET’s had been 

more diverse and less unison.  

4.1.2 Endpoints 

The summarised results of the 144 h FET revealed that, in general, the effluent samples from 

the five WWTPs did not cause adverse effects on the development of zebrafish embryos. The 

assessment of early spontaneous movements gave no consistent indications that the embryos 

was adversely affected by the different WWTP effluents. In November samples Uppsala (U) 

exposed animals did however display reduced frequency of spontaneous movements, but no 

other effects were seen for this treatment. Mean mpm at 24 hpf was around 8 movements per 

minute in all treatments of all sample timepoints and this has been reported to be the normal 

state of the developing embryos (Kimmel et al. 1995). The heartbeat (bpm) assessment gave 

no significant results and no trends in certain effluent groups displaying tendencies of 

elevated or decreased pulse. The outcome of this endpoint was quite homogenous throughout 

the year (Figure 6).  

Hatching time is normally quite varied, even within a single clutch of eggs, where the 

hatching time can range from 48-72 hours (Kimmel et al. 1995). Even so assessing hatching 

time to conclude signs of stress in the zebrafish embryo is a widely used endpoint. Certain 

chemicals known to be present in wastewater have been reported both to induce delayed, 

unsuccessful or early hatching (Dave & Xiu 1991, Oliviera et al. 2008). In this study no 

occurrences of unsuccessful hatching were observed. Early hatching was however observed 

for Eskilstuna (E) effluent October samples and delayed hatching was observed for Örebro 

(Ö) effluent December samples (Figure 7), but no other effects were seen for these two 

treatments.  
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The total number of affected larvae at 144 hpf (oedema, mortality, side-laying) was mostly 

less than 10 %, which is the limit for an acceptable effect in the control according to the 

standardized guideline (OECD236). The observed effects in the present study can therefore be 

said to be of irrelevance and probably caused by natural variation. The two treatments where 

total affected embryos were higher than 10 %, Eskilstuna (E) and Västerås (V) treatments 

both had a total affected ratio of 17 % animals, which is here claimed to be of irrelevant 

magnitude (Figure 8).   

4.2 Behaviour assessment  

4.2.1 Methodology  

To asses swimming behaviour of zebrafish larvae in 96-well plate with 250 µl of volume 

sample could be considered restrictive of natural behaviour and expected to affect the 

outcome of such assessment. The patterns of locomotor response to light and dark stimuli are 

however argued to remain unaffected by the restricted environment. In the present study the 

recordings of the larval movement were performed in five-minute light-dark intervals and this 

time interval could be extended to reveal further details in the swimming behaviour of the 

zebrafish larvae. However, for the purpose of this study the short interchanging of light and 

dark stimulus was a more desired set-up to study the response of the exposed animals.   

4.2.2 Endpoints    

The assessment of total distance gave no indications that the larvae were affected by the 

effluent treatments. One might argue that the larvae are not yet developed to swim large 

distances at the time of assessment. The larvae where at the time of assessment still fed by the 

yolk and their food-seeking behaviour not yet fully developed. The relation of total activity 

between control and exposed animals should nevertheless give a good indication of the 

general health of the animals. 

At this stage of the zebrafish life cycle the larvae have been reported to display a decrease in 

activity upon sudden light stimuli and to display an increase in activity, like a startle impulse, 

upon sudden darkness stimuli (MacPhail et al. 2009). This sudden increase and decrease in 

activity was clearly seen in all the five treatment groups in the six samples upon the 

interchanging light:dark phases. Because of the increase and decrease of swimming activity 

the outcome of total distance in light was expected to be much lower compared to total 
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distance in darkness. This was observed in all the sample occasions in all treatment groups 

(Appendix, Table B).    

There was only one sample timepoint (April) where differences in behaviour between the 

treatment groups were recorded. Eskilstuna (E) displayed higher activity in most of the light 

phases of the assessment. The result of the total light distance for Eskilstuna (E) also 

confirmed this deviation. This hyperactivity is difficult to comment on since there was only 

this single occurrence throughout all tests performed. Though the chemical content of WWTP 

effluent has been reported to vary over time (Paxéus et al. 2016) it would have been good to 

confirm these effects from the same WWTP at more than one sample of the year or from 

supporting effects from the FET or microarray analysis.          

Evaluating the patterns of movement of the larvae by considering the proportion of large and 

small movements gave in general no significant effects except for one occasion and one 

effluent treatment. The same Eskilstuna (E) effluent (April) that caused hyperactivity in light 

phases also caused a higher activity in the small threshold movements, i.e. for the full 

duration of the assessment they swam longer distances using normal sized movements 

compared with control animals.      

The outcome of the habituation assessment gave no significant results for any of the 

treatments at any sample timepoint of the year. In general habituation took place in all tests, 

i.e. a decrease in activity in the last dark phase compared to the first dark phase was seen. In 

Västerås (V) treatment (April) habituation was not pronounced (Table 2, Appendix) though 

not significantly different from control. The variation for this endpoint was quite large within 

treatments groups, ranging from -35 to +22 mm. This variation was however similar in 

control- and exposed animals and the comparison in mean values was hence homogenous.  

4.3 Genetic analysis 

The results from the microarray analysis where no differences were seen could perhaps be 

expected based on the outcome of the FET and the behavioural test. The lack of gene 

expression differences is an indication along with the physiological and behavioural 

assessment that the wastewater effluent most probably had little effect on the zebrafish 

development. Microarray analysis was however only performed on one sample timepoint and 

collecting data of genetic activity from the whole year could have revealed different results.  

4.4 General discussion   
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Previous studies on wastewater effluents have shown that the more advanced WWT the fewer 

adverse effects in effluent exposed animals (Cuklev et al. 2012). This could have been 

supported in this study too as one of the WWTP included in the study (Linköping 

Nykvarnsverket) had an ozonation treatment step installed in July 2017. Thus, spring samples 

(April, May, June) was conventionally treated effluent and fall effluent samples (October, 

November, December) were additionally ozone treated. Via contact with Nykvarnsverket it 

was revealed that the even if the ozonation treatment was installed, it was not fully functional 

at the fall sample timepoints. The results from Nykvarnsverket (L) did not however indicate 

any stressor in the zebrafish embryos, in any of the endpoints that was included in this study, 

with or without ozonation treatment. 

The outcome of the present study was without evidence that the effluent contained 

concentrations of pollutants high enough to cause adverse effects in the developing zebrafish. 

The incidences of significant differences from control animals in movement, hatching time 

and swimming distance endpoints occurred without apparent connection; i.e. significant 

embryotoxicity endpoints were not supported by behavioural deviations and vice versa. It can 

be noted that the minor effects that were recorded in the FET assessment occurred in the later 

part of the year (October, November, December effluent samples) and a higher frequency of 

total affected animals (side-laying, oedema or dead) was also seen later in the year (Figure 8) 

compared with spring months samples. Behavioural effects (hyperactivity) were only seen 

after exposure to one spring (April) effluent sample. As previously stated, temporal variation 

in micropollutant concentrations (Paxéus et al. 2016) has been reported and could possibly 

explain this variation. The outcome of the genetic analysis, though only performed on one 

spring sample, stands in line with the overall physiological and behavioural results not 

indicating any stressor effects in the effluent exposed zebrafish embryos.  

Data of chemical content of effluent wastewater (Table 2) supports the fact that most probably 

all the tested effluents did contain pollutants, but no largescale effects could be observed in 

exposed animals. The lack of recorded responses given potential exposure to the content of 

pharmaceuticals known to be present in wastewater effluent are unexpected, especially for the 

microarray analysis. The method as it were in this study was perhaps in the included 

morphological, physiological and genetic endpoints not sensitive enough to detect low dose 

exposure. One might argue that zebrafish are not sensitive enough as model organism though 

several studies support that they are (Kim & Nash 1999, Legler et al. 2000, Brion et al. 2004). 
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The summarized results could perhaps stipulate a generalisation that the levels of pollutants in 

the tested WWT effluent are too low to cause any adverse effects in the developing zebrafish.  

 

4.5 Conclusions  

It can be concluded that, generally, the WWT effluents did not influence the endpoints that 

were assessed in the present test with developing zebrafish. Given this, effluent from the 

included WWTPs enters recipients, and is subdued to severalfold dilution and the risk of 

negative developmental effects in wild fish is probably low. However, the consequences of 

continuous low-level exposure during the whole life-cycle of wild fish are presently unknown 

and could potentially pose a risk.   
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 Table A: Data from 144 h embryotoxicity test. Letters signify statistically separate groupings, only presented 

when significant difference exist compared to control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WWTP                 
2017 

N  
24 hpf 

Movements 
min-1 (24hpf) 

N  
48 hpf 

Heartbeats min-1 
(48 hpf) 

Hatching 
(hpf)  

Affected  
(144 hpf) ƚ (144 hpf) 

   vs ctrl   vs ctrl  vs ctrl   

April                 

Uppsala 24 9.2 0.91 
24 

123.1 1.01 81.3 0.99 2 0 

Örebro 24 9.6 0.95 
24 

121.2 1.00 81 0.99 0 0 

Eskilstuna 24 9.3 0.92 
24 

120.4 0.99 79 0.96 3 0 

Västerås 24 9.1 0.90 
24 

124.5 1.02 81.6 0.99 3 0 

Linköping 24 10.4 1.03 
24 

119.6 0.98 80.9 0.98 0 0 

Control 24 10.1 1.00 
24 

121.7 1.00 82.2 1.00 1 0 

May       
 

            

Uppsala 24 8.3 1.00 
24 

124.3 1.00 -    1 0 

Örebro 23 7.8 0.94 
23 

123.4 0.99 -    0 1 

Eskilstuna 24 9.5 1.14 
24 

124.6 1.00 -    0 0 

Västerås 24 9.5 1.14 
24 

123.5 0.99 -    1 0 

Linköping 24 7.7 0.93 
24 

121.2 0.97 -    0 0 

Control 24 8.3 1.00 
24 

124.6 1.00 -    1 0 

June       
 

            

Uppsala 24 9 1.13 
24 

121.1 1.02 84.8 1.03 1 0 

Örebro 24 8 1.00 
24 

116.7 0.98 84.5 1.03 0 0 

Eskilstuna 24 9 1.13 
24 

119.6 1.01 86.5 1.05 0 0 

Västerås 24 9 1.13 
24 

118 0.99 86.1 1.05 3 0 

Linköping 24 8 1.00 
24 

119.4 1.00 88 1.07 0 0 

Control 24 8 1.00 
24 

119 1.00 82 1.00 1 0 

October       
 

            

Uppsala 24 8 0.89 
24 

115.4 1.01 80 1.03 3 1 

Örebro 24 7 0.78 
24 

113.1 0.99 80.4 1.03 1 1 

Eskilstuna 24 7 0.78 
24 

111 0.97 71a 0.91 2 1 

Västerås 24 8 0.89 
24 

113.4 1.00 82.7 1.06 0 0 

Linköping 24 8 0.89 
24 

116 1.02 82.3 1.06 2 1 

Control 24 9 1.00 
24 

113.9 1.00 77.7b 1.00 0 0 

November     
 

            

Uppsala 24 5.8a 0.62 
24 

113.3 1.00 82.2 1.03 0 0 

Örebro 24 6.4 0.69 
24 

113 1.00 79.5 0.99 2 0 

Eskilstuna 24 7.8 0.84 
24 

111.4 0.99 79.5 0.99 4 0 

Västerås 24 6.8 0.73 
24 

111.8 0.99 78.6 0.98 1 0 

Linköping 24 7.6 0.82 
24 

116.1 1.03 80.1 1,00 1 0 

Control 24 9.3b 1.00 
24 

113 1.00 80.1 1.00 1 0 

December     
 

            

Uppsala 24 6.5 0.88 
24 

123.9 0.99 79.3 0.99 2 0 

Örebro 24 7.7 1.04 
24 

122.7 0.98 83.4 1.05 0 0 

Eskilstuna 24 7 0.95 
24 

122.3 0.97 80 1.00 3 0 

Västerås 24 6.3 0.85 
24 

121.1 0.96 80,1 1.00 2 1 

Linköping 24 8.1 1.09 
24 

124.8 0.99 79.9 1.00 1 0 
Control 24 7.4 1.00 24 125.7 1.00 79.8 1.00 0 0 
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Table B: Mean total swimming distance of the total behavioural assessment, only dark, only light, each separate phase and habituation. (left to right). Letters signify 

statistically separate groupings, only presented when significant difference exist compared to control.   

     

 Mean 
swimming 
distance 
(mm/min)  

 

        

  

 Habituation (D8-D1) 

WWTP        2017  n  

Total  
(∑ L +D) (m) 

 
Dark (D) 

 
Light (L)  

 
D1 L1 D2 L2 D3 L3 D4 L4 D5 L5 D6 L6 D7 L7 D8 L8 

 
-(mm) 

April     
 

 
 

 
 

                
 

 

Uppsala  24  8.00 
 

25.8 
 

4.6 
 

30.2 6.7 26.9 4.8 25.4 5.2 24.8 4.1 24.2 4.7 24.1 4.7 23.5 5.1 23.4 5.0 
 

9.0 

Örebro  24  9.50 
 

26.1 
 

8.9 
 

30.0 9.9 27.6 7.6 26.0 10.1c 24.7 8.9 24.5 10.5 23.9 9.8 24.9 8.3 24.0 9.2 
 

2.8 

Eskilstuna  24  10.04 
 

27.7 
 

10.9b 
 

29.7 11.1 28.8 11.8b 27.6 9.7bc 27.3 11.3c 26.8 12.3c 27.0 11.5c 26.5 10.9b 26.0 10.4 
 

2.4 

Västerås  21  8.57 
 

25.6 
 

6.6 
 

28.2 9.9 26.2 7.7 25.4 6.2 24.6 6.4 24.7 5.9 24.0 6.7 23.0 6.9 24.0 7.0 
 

+0.6 

Linköping  24  8.50 
 

25.2 
 

6.7 
 

28.0 8.5 26.0 7.7 24.5 6.7 25.1 6.3 24.0 6.1 24.0 7.4 23.3 7.0 23.3 6.4 
 

2.1 

Control  23  8.26 
 

24.9 
 

5.6a 
 

28.7 7.7 26.2 4.6a 24.6 4.1a 25.2 6ab 24.4 6.5ab 23.4 5.3ab 22.3 5.4a 23.1 6.6 
 

5.3 

May     
 

 
 

 
 

                
 

 

Uppsala  24  8.61 
 

26.5 
 

5.0 
 

30.3 7.8 26.9 6.2 26.7 5.7 26.6 6.3 26.2 4.0 26.6 3.9 24.7 4.9 24.0 4.1  
6.9 

Örebro  24  8.44 
 

24.6 
 

5.6 
 

27.4a 7.1 25.8 6.5 24.0 6.3 24.6 5.7 24.2 6.2 23.0 5.4 23.5 5.1 23.2 4.2  
4.6 

Eskilstuna  24  9.05 
 

26.8 
 

6.2 
 

30.0 8.6 28.5 8.2 26.8 6.2 26.6 6.9 26.1 6.4 24.4 5.3 25.2 5.1 24.6 4.3  
2.1 

Västerås  23  8.43 
 

25.7 
 

4.9 
 

29.3 7.2 26.6 5.3 25.6 4.9 24.7 5.2 25.1 4.8 24.0 4.6 24.4 5.4 23.2 4.5  
5.9 

Linköping  23  8.23 
 

25.4 
 

5.1 
 

28.8 7.9 25.8 6.4 25.4 5.2 24.9 4.7 24.4 5.2 24.0 4.6 24.0 4.9 23.1 4.4  
6.2 

Control  24  9.20 
 

28.1 
 

5.1 
 

32.2b 7.7 28.6 5.4 27.5 5.2 27.2 5.7 27.2 4.6 26.7 5.4 26.7 5.0 25.4 4.4  
6.3 

June     
 

 
 

 
 

   
 

  
 

  
  

     
 

 

Uppsala  24  8.60 
 

25.0 
 

7.5 
 

28.1 9.1 25.9 8.9 25.0 6.9 24.5 7.0 23.7 8.1 23.6 7.5 23.1 7.3 23.1 8.2  
1.6 

Örebro  24  8.57 
 

24.3 
 

8.2 
 

27.3 11.4 25.4 
 

10.2 25.1 
8.4 23.4 

7.6 23.1 
7.5 

22.6 8.4 
22.8 

7.6 
22.3 9.4 

 
5.1 

Eskilstuna  24  9.77 
 

27.5 
 

9.2 
 

31.2 11.7 28.5 10.0 27.4 9.3 25.8 8.9 26.5 9.1 26.0 9.7 25.7 9.0 26.0 9.4  
5.5 

Västerås  24  8.30 
 

24.1 
 

8.3 
 

28.5 10.9 26.2 7.8 24.2 7.8 22.8 7.8 22.2 8.5 21.9 8.3 22.5 8.2 22.4 8.7  
5.9 

Linköping  24  7.97 
 

23.9 
 

7.0 
 

27.1 8.9 25.6 7.7 24.5 7.3 23.7 6.3 23.1 6.9 22.1 6.9 21.8 6.6 21.7 6.6  
3.8 

Control  24  9.06 
 

26.4 
 

7.5 
 

30.0 9.7 27.9 8.5 26.5 8.0 24.9 7.5 25.3 7.5 25.0 6.7 25.0 7.7 24.0 7.4  
6.3 

October     
 

 
 

 
 

     
 

          
 

 

Uppsala  22  9.52 
 

28.7 
 

7.1 
 

35.1 8.8 30.3 8.7 28.4 7.3 27.5 7.4 26.5 6 26.2 7.4 25.7 8.7 24.9 7.2  
5.2 
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Örebro  21  9.48 
 

28.9 
 

6.6 
 

34.1 8.6 30.5 6.6 28.8 7.3 27.0 6.3 27.3 6.8 26.3 6.8 25.0 8 25.9 8.3  
6.7 

Eskilstuna  22  9.95 
 

29.5 
 

9.1 
 

33.8 9.5 32.3 9.4 29.4 9.9 27.5 10.1 27.3 10.2 27.1 10 27.3 9.5 26.3 9.6  
4.3 

Västerås  22  9.44 
 

28.6 
 

6.9 
 

34.8 8.3 31.2 7.4 29.3 8 27.6 8.2 26.2 6.5 25.0 6.7 25.3 8.4 23.4 7.6  
7.7 

Linköping  22  9.19 
 

26.3 
 

8.2 
 

31.4 8.9 27.4 10.2 26.2 8.8 26.4 7.1 24.8 8.7 24.8 8.3 24.1 8.8 22.3 8.4  
5.3 

Control  24  9.86 
 

27.6 
 

8.5 
 

34.2 12.2 28.2 8.9 27.1 9.5 25.8 7.5 26.1 8.7 26.2 8 24.9 7 24.7 9.7  
5.3 

November     
 

 
 

 
 

     
 

 
 

     
 

 
  

 

Uppsala  24  9.28 
 

26.2 
 

9.1 
 

30.0 11.6 27.7 10.4 27.1 10.1 25.5 9.4 25.0 7.5 24.3 8.9 24.3 8.6 23.0 8.6  
7.8 

Örebro  22  8.87 
 

26.2 
 

6.9 
 

30.1 11.5 28.6 7.9 27.0 7.4 25.7 6.8 24.4 4.7 24.2 6.1 24.1 7.5 22.0 6.4  
4.5 

Eskilstuna  23  9.31 
 

27.2 
 

8.3 
 

31.6 10.6 30.9 10.6 28.5 8.8 26.0 8.8 25.7 6.8 23.6 9.1 24.8 7.2 23.1 7.9  
6.8 

Västerås  23  9.91 
 

27.8 
 

9.6 
 

29.6 11.1 28.1 11.4 27.4 9.2 27.8 9.2 26.6 9.2 26.9 10.1 27.1 11 25.4 9.5  
2.5 

Linköping  22  8.50 
 

25.8 
 

6.7 
 

29.6 8.9 28.4 7.6 26.3 6.2 24.7 5.6 25.2 6.7 23.1 7.4 23.7 7.4 22.5 7.1  
8.8 

Control  23  9.59 
 

27.6 
 

8.1 
 

32.3 10.7 29.0 10.4 28.6 8.7 27.0 7.4 26.4 6.8 25.5 6.8 25.3 8.2 24.4 7.9  
5.2 

December     
 

 
 

 
 

       
  

 
 

  
    

 

Uppsala  21  7.71 
 

24.3 
 

5.8 
 

26.3 5.7 24.9 6.0 24.5 5.3 23.6 6.5 23.8 6.0 23.8 5.0 22.9 5.5 21.9 6.8  
5.5 

Örebro  23  6.60 
 

22.3 
 

4.5 
 

24.8 4.7 24.3 3.8 23.0 5.7 22.5 4.6 20.6 4.0 19.6 4.5 20.8 5.7 20.3 5.0  
3.7 

Eskilstuna  20  6.92 
 

23.2 
 

4.0 
 

25.2 4.4 24.6 4.4 24.4 4.2 
22.7 3.8 22.7 5.0 22.5 4.8 20.4 4.2 20.6 3.7  

1.8 

Västerås  20  7.94 
 

24.3 
 

6.5 
 

25.9 6.6b 24.3 6.3 24.0 6.7 
24.0 6.1 24.1 7.0 22.8 7.8 24.0 6.8 22.8 6.9  

2.1 

Linköping  23  6.50 
 

21.5 
 

4.0 
 

23.0 5.2 23.5 4.3 21.5 3.4 
20.5 3.7 20.7 4 20.7 3.9 20.9 4.4 19.6 4.4  

2.9 
Control  23 

 
7.03  23.2  3.4  

26.2 2.4a 23.7 3.2 22.8 2.9 
22.4 3.0 22.2 3.7 22.2 3.8 21.4 4.7 21.9 5.8  4.2 


