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Abstract 
 
The lack of behavioural studies in ecotoxicology has been widely criticized because alterations 
of animal behaviour can potentially change the function and dynamics of whole ecosystems. 
The purpose of this study was to test a new system (TAO) for tracking fish behaviour in 
response to an aquatic contaminant (oxazepam). The main hypotheses were that: 1) TAO can 
track and detect ecologically important differences in fish behaviour when measuring 
behaviour traits over 20 hours; 2) TAO is able to detect diurnal patterns in ecologically 
important behaviour traits among tracked individuals used to a fixed night:day regime; and 
3) effects of oxazepam can be detected through behavioural change in fish. To test the 
hypotheses, TAO was used to track guppies and sticklebacks over 20 hours. Differences in 
activity and explorative behaviour were distinguished between fish treated with and without 
oxazepam in combination with and without predator cues. The first and third hypotheses 
were confirmed. A decrease in activity and a stable level of exploratory behaviour were seen 
over 20 hours for all fish swimming in water without predator cues. For guppy, males had 
higher activity levels than females. Oxazepam in combination with predator cues resulted in 
reduced activity and increased exploratory behaviour in male guppies while females and 
sticklebacks remained unaffected by the drug. No support was found for the second 
hypothesis because the TAO system, as used in this study, was not able to detect circadian 
behaviour patterns. The study highlights the importance of long-term behavioural tests in 
ecotoxicology. 
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1 Background 
 
According to Rhind (2009) human activities have led to emissions of toxic substances to 
nature ever since we learned how to control fire and smelt metals. Since then, both the 
amounts and types of anthropogenic emissions have changed constantly as human societies 
have undergone technological and social development. Today, apart from air pollution, 
contamination of natural waters is recognised to be one of the greatest environmental 
challenges of our time (Zadorozhnaya 2015). Of the many contaminants found in aquatic 
systems, pharmaceuticals are recognized to be among the most important (Heberer 2002). 
Pharmaceutical products derive from landfill leachates (Holm et al. 1995), manufacturing 
residues (Reddersen, Heberer and Dünnbier 2002) and domestic and municipal wastes 
(Nyenje et al. 2010).  In fact, most wastewater treatment plants lack the ability to remove 
medicines and their metabolites from the water (Verlicchi, Al Aukidy and Zambello 2012). 
According to Lu et al. (2011) the amounts of pharmaceuticals in nature are expected to 
escalate in the near future when the use of drugs increase as the world population continues 
to grow and medicinal products become more available. It is not the unused medication 
disposed by people via the toilet that presents the major threat, but rather the ingested drugs 
that are not completely eliminated in the body (Heberer 2002). Most of the drugs found in 
freshwater systems are in fact designed to quickly medicate and leave the human body 
undegraded (Brodin et al. 2014).  
 
One of the most important European legislative factors controlling the presence of drugs in 
the environment is the Environmental Risk Assessment (ERA) requirement. The responsible 
producers of any new drug have to obtain a Marketing Authorization (MA) before the drug 
can be released on the European market and in most cases, the MA application must include 
an ERA to ensure that the drug is not likely to cause harm to the environment (Mugdal et al. 
2013). ERAs are required for the active pharmaceutical ingredients (APIs) included in all 
endocrine disrupters and other drugs with a predicted environmental concentration (PEC) 
value equal to or exceeding 0.01 μg/L (Touraud and Roig 2008). However, the ERA results 
for common drugs on the European market are often confidential or very hard to obtain 
(Table 1). Also, ERAs are not required for medicinal products having entered the market 
before Directive 2004/27/EC on ERA requirements for medicinal products entered into force 
on 30 October 2005 (Mugdal et al. 2013). Therefore, most “old” medicinal substances 
completely lack environmental data (Table 1). 
  
In recent years, some efforts have been made to improve the public information on the 
environmental impacts from drugs. For example, in Sweden a voluntary risk classification 
system exists where drugs are classified with ”insignificant”, ”low”, ”moderate” or ”high” 
environmental risk, based on PEC/PNEC results (FASS 2007, LIF 2010). In addition, a 
Swedish database called Wikipharma has been accessible on the internet since 2009. Here, 
publicly available ecotoxicological data for APIs are compiled and the list is continually 
updated (Molander, Ågerstrand and Rudén 2009) (Table 1). Still, there is a general lack of 
information on the ecological effects of most pharmaceutical products found in nature and 
there is a great and fast growing need for more studies on the ecotoxicological effects of 
common pharmaceuticals (Brodin et al. 2013, Kidd et al. 2014, Klaminder et al. 2014, 
Mittelbach, Ballew and Kjelvik 2014, Zadorozhnaya 2015).  
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Table 1. Ecotoxicological information for 17 common pharmaceutical ingredients collected 1) online from 
Wikipharma (MistraPharma 2015) and Farmaceutiska Specialister I Sverige (FASS 2015), 2) through personal 
communication with Läkemedelsverket (2015) and European Medicines Agency (EMA 2015) and 3) from a review 
of aquatic toxicity studies published through January 2011 (Brausch et al. 2012).  

 

 
 

Active 
pharmaceutical 
ingredient (API) 

Wikipharma 
online 
ecotoxic. 
studies 

Review of   
ecotoxic. 
studies on 
aquatic 
organisms  

FASS online 
environmental 
data 
(environmental 
risk) 

EMA environmental 
information on 
pharmaceuticals 
approved on EU 
level 

ERAs for 
pharmaceuticals 
found on the 
Swedish market   

Anticholinesterasic 
drugs 

     

neostigmine No info No info Risk cannot be 
excluded 

National authorizations 
only 

ERA missing for all 
Swedish products  

pyridostigmine No info No info Risk cannot be 
excluded 

National authorizations 
only 

ERA missing for all 
Swedish products  

Antidepressants      

citalopram 3 studies  3 studies No info National authorizations 
only 

ERA for Citalopram 
Jubilant   

bupropion No info No info No info Report not yet 
published 

ERA for Zyban  

fluoxetine 26 studies 29 studies Low risk Limited environmental 
risk due to low 
concentrations 

ERA for Fluoxetin 
Accord   

sertraline 6 studies 9 studies No info National authorizations 
only 

ERA for Sertrone   

venlafaxine No info No info No info National authorizations 
only 

ERA for Efexor 
Depot   

Antiepileptic drugs      

carbamazepine 21 studies 19 studies Low risk National authorizations 
only 

ERA missing for all 
Swedish products  

Antihistamines      

diphenhydramine No info No info Risk cannot be 
excluded 

Risk considered 
acceptable with respect 
to acute exposure. Data 
missing for long-term 
exposure. 

ERA for Arlevert   

Beta blockers      

propranolol 24 studies 14 studies Moderate risk No environmental risk 
expected despite of 
reproductive effects in 
rat tests. 

ERA for 
Propranolol Accord   

Non-steroidal anti-
inflammatory 
drugs (NSAID) 

     

diclofenac No info 6 studies No info National authorizations 
only 

ERA for Voltaren, 
medicinal plaster   

Psychiatric drugs      

bromazepam No info No info No info National authorizations 
only 

No approved drugs 
in Sweden  

buspirone No info No info No info National authorizations 
only 

ERA for Anksilon   

clonazepam No info No info No info National authorizations 
only 

ERA missing for all 
Swedish products  

diazepam 11 studies 3 studies Risk cannot be 
excluded 

National authorizations 
only 

ERA for Diazepam 
Pilum   

haloperidol No info No info No info National authorizations 
only 

ERA missing for all 
Swedish products  

oxazepam No info No info Risk cannot be 
excluded 

National authorizations 
only 

ERA missing for all 
Swedish products  
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Most of the ERA tests and publically available ecotoxicological tests in Europe are 
standardized OECD (Organization for Economic Cooperation and Development) tests or ISO 
(International Organization for Standardization) tests (EMEA 2006, MinstraPharma 2015). 
The OECD tests in particular have been developed to help member countries follow a similar 
approach to risk management in order to save time and expenses, to avoid unnecessary test 
duplication and to reduce the number of test animals needed (OECD 2001). 
 
The most commonly used endpoint, both in OECD tests and ISO tests, is mortality (Brausch 
et al. 2012, MinstraPharma 2015). This endpoint is easy to define, biologically interpretable, 
statistically repeatable and does not require an understanding of the physical mechanisms 
involved (Connell et al 1999). Simply, the smaller the LC50 or LD50 value (the concentration 
to induce a mortality of 50%), the more toxic the compound is considered to be for the tested 
organisms (most commonly zooplankton and fish). To aid the interpretation of mortality 
data, many OECD tests encourage the reporting of ”abnormal behaviour” (OECD 2015). 
Abnormalities such as uncoordinated swimming, hyperventilation, atypical feeding 
behaviour and quiescence should be recorded at adequate intervals depending on the 
duration of the test (OECD 2015). However, none of the traditional tests are designed to 
detect behavioural response in the test organisms (Brausch et al. 2012, Brodin et al. 2014, 
OECD 2015). The lack of behavioural tests in risk analysis for pharmaceuticals has been 
criticized as behavioural effects often occur at lower concentrations than where physiological 
effects are detected (Berninger et al. 2011, Soeffker and Tyler 2012, Melvin and Wilson 2013, 
Klaminder et al. 2014) and because a change in animal behaviour, just like mortality, can 
potentially change the function and dynamics of whole ecosystems (Brodin et al. 2013, Kidd 
et al. 2014). Several studies have shown that behavioural changes in different species can 
affect reactions with predators (Sih, Kats and Maurer 2003, Brodin 2009), food sources 
(Werner and Anholt 1993) and habitat (Maurer and Sih 1996), as well as social and sexual 
interactions with other organisms of the same species (Réale et al. 2007). Mating success, 
parental care and feeding rate are examples of behaviours with direct ecological importance, 
as alterations of these influence individual fitness, defined as ” an individual’s future 
reproductive output” (Werner and Hall 1988, Gross 2005). Other, however less obvious, 
behaviours affecting individual fitness are cooperation, dispersal/migration, predator 
avoidance and schooling (Brodin et al. 2014). 
 
One reason for the lack of behavioural studies in ecotoxicology is that such studies are 
considered too complicated and time consuming to perform (Connell et al. 1999). Also, a 
general lack of cross-citation between ecology and ecotoxicology, resulting in an independent 
development between the two fields, could explain why standardized ecological tests rarely 
consider ecologically important changes in behaviour (Brodin et al. 2014).  
 
Oxazepam (C15H17ClN2O2), which is the active pharmaceutical ingredient used in this study, is 
an ataractic and sedative substance belonging to the benzodiazepine group. In Sweden, 
oxazepam containing medicaments are Oxascand and Sobril. Benzodiazepines are known to 
have sedative, hypnotic, anxiolytic, muscle relaxing and anticonvulsant effects on the body 
and act by binding to γ-aminobutyric acid (GABA) receptors in the brain (Walters et al. 
2000). GABA receptors are found in the central nervous system (CNS) in all vertebrates 
(Tsang et al. 2007). Since they were first discovered in the 1960s, benzodiazepines have been 
widely used to treat anxiety and insomnia, induce muscle relaxation and control epileptic 
seizures (Tan, Rudolph and Lüscher 2011). Different benzodiazepines have been found in 
treated wastewater effluents in concentrations ranging from 0.001 to several mg/L (Calisto 
and Esteves 2009, Kosjek et al. 2012, Verlicchi, Al Aukidy and Zambello 2012) and in rivers 
and streams in concentrations up to 0.4 mg/L (Hummel et al. 2006, Kosjek et al. 2012). 
Oxazepam concentrations in treated effluent water have been measured up to 1.9 μg/L 
(Loos et al. 2013). Benzodiazepines have been found to alter the behaviour of zebrafish 
(Oggier et al. 2010, Gebauer et al. 2011, Richendrfer 2012), pumpkinseed sunfish (Brandao et 
al. 2013), fathead minnow (Villeneuve et al. 2010) and perch (Brodin 2013) at μg/L 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Tan%20KR%5BAuthor%5D&cauthor=true&cauthor_uid=21353710
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tan%20KR%5BAuthor%5D&cauthor=true&cauthor_uid=21353710
http://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%BCscher%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21353710
http://iopscience.iop.org/1748-9326/9/8/084003/article#erl499315bib24
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concentrations. Oxazepam has so far only been recognized to alter the behaviour of perch 
(Brodin et al. 2013; Brodin et al. 2014, Klaminder et al. 2014, Fahlman 2015).  
 
1.1 Aim and hypotheses 
Acknowledging the importance of and need for behavioural studies in ecotoxicology, the 
purpose of this study was to test a new system, still under development at the time of writing, 
for tracking of animal behaviour in response to aquatic contaminants. The tracking system 
used is the Tracker of Aquatic Systems (TAO) and the species included in the study are guppy 
fish (Poecilia reticulata) and three spined stickleback fish (Pungitius pungitius). To my 
knowledge this will be the first study looking at behavioural response in aquatic organisms to 
a pharmaceutical over a time period of more than just a few seconds or minutes. 
 
The main hypothesis in the present study are that 1) the TAO system can track and enable 
comparisons of ecologically important differences in fish behaviour over 20 hours, 2) the 
TAO system is able to detect time trends (diurnal patterns) in behavioural traits of ecological 
importance among tracked individuals used to a fixed night:day regime and 3) effects of 
oxazepam, affecting the nervous system of fishes, can be detected through behavioural 
change in fish.  
 
 

2 Material and methods 
 
All experiments were run in an experiment room on 
campus at Umeå University in Sweden. The study was 
ethically approved by the committee for animal 
experiments, Umeå University (Tomas Brodin. Reg # 
A18-15). To track and compare individual differences in 
behaviour, a Tracker of Aquatic Organisms (TAO) 
system was used. The TAO system, which at the time of 
writing is still under development, consists of a 
mesocosm (testing box) with four glass aquariums, each 
measuring 28.3×24.4×4.5 cm, and a camera filming 
from the top of the mesocosm (Figure 1). There are two 
cameras belonging to the system; one high-speed 
camera to detect rapid behavioural changes and one 
web camera to detect behavioural changes over time. In 
this study, only the web camera was used. Two different 
software connected to the camera enabled video 
recording at a framerate of 30 and 23 fps, respectively, 
and resolution of 600 ×800 pixels. A MATLAB software system enabled a number of 
different behavioural analyses of the tracked organisms. The algorithm used for tracking was 
developed parallel to the design of the behavioural tests in close collaboration with Olof Lenti 
(Lenti in prep.) and the behaviours included in the study are described in Table 2.The 
tracking sessions started at 4 pm in the first guppy experiment (Guppy behaviour 
experiment 1) and at 2 pm in the two following experiments. Each session lasted for 20 
hours. All fish included in the experiments were used to a fixed night:day regime with dark 
hours (night) from 10 pm to 6 am and light hours (day) from 6 am to 10 pm. For diurnal 
comparisons of behaviour in the mesocosm, where the light intensity was constant over 20 
hours, distinction was made between hours that were normally dark (9-12 hours after 
tracking started) and hours that were normally light (16-19 hours after tracking started) in 
the room where the tested individuals were kept prior to tracking. In this study the hours that 
were normally dark and light for the tested individuals will be referred to as “night” and 
“day”, respectively. In addition to the calculated behaviours, images of swimming patterns 
(areas covered and velocity measured at different times over 20 hours) were drawn in 
MATLAB for each tracked individual. 

Figure 1. The mesocosm used in the study, 
with 4 glass aquariums inside 
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Table 2. Description of measured behaviour variables included in the study. Behaviour traits (activity and 
exploration) freely interpreted from Réale et al. (2007) and Cote et al. (2013) are shown in brackets beneath the 
measured variables. “Movement” is defined as forward movement at a minimum speed of 0.4 cm/sec.  

Behaviour Definition Unity 
Velocity  
(activity) 

Mean speed of each individual. Moments of no 
movement were not included.  

cm/sec 

Swimming distance 
(activity)  

Mean distance covered by each individual. meters  

Portion of movement 
(activity)  

How much of the time each individual spent in 
movement. 

% 

Portion of time spent in 
different zones 
(exploration) 

By drawing a rectangular square in the middle of 
each mesocosm aquarium in MATLAB, it was 
possible to define an “edge zone” around the 
edges of each aquarium and one “central zone” 
in the middle. Both zones had the same total 
area.  

 
% 

 
 
2.1 Guppy behaviour experiment 1 
The target species was Guppy, also called 
Rainbow fish (Poecilia reticulata). Guppies 
belong to the most widely distributed and 
most popular aquarium fish species in the 
world and are commonly used as model 
species in ecological studies (Templeton and 
Shriner 2004, Brown and Irving 2014). The 
individuals used here were descendants from 
the Turure River in Trinidad but were all 
bred in aquariums at the university campus 
and measured between 1 and 3 cm in size. 
  
20 plastic containers (21×13×14 cm) were 
placed on a table right next to each other in the experiment room (Figure 2). Grey paper 
plates were placed between the aquariums to avoid contact between the fish. All aquariums 
were filled with 1 liter of water. 10 of the aquariums contained 100 μg/L oxazepam and 10 
aquariums contained pure tap water. The water was constantly aerated and the water 
temperature ranged between 20 and 23.5oC. The room temperature was kept constant at 
25oC.  
 
Each day, starting 4 days after the plastic containers had been filled with water and aeration 
had started, 4 guppies were fed and placed (2 females together and 2 males together) until 
each of the 20 containers contained 2 guppies of the same sex. 50% of the females and 50% of 
the males were placed in oxazepam-contaminated water. Each guppy pare was fed with 
commercial flake food every 3 days, starting on the day they were moved to the containers. 
  
In order to allow the guppies swimming in oxazepam contaminated water to reach steady 
state level (Heynen et al. in press), the tracking started after 6 days of exposure. All four 
guppies taken on the same day were moved to the glass aquariums in the mesocosm (Figure 
1). 1 fish was placed in each mesocosm aquarium, which all contained 1 liter of water with the 
same oxazepam concentration that the fish had been exposed to for the past 6 days. A plastic 
plate was placed over the fish to prevent them from jumping out of the aquariums during 
tracking. The mesocosm was closed and the fish were filmed/tracked over 20 hours. The 
experiment was repeated for 4 new fish every day until all individuals had been tracked. 
 

Figure 2. Plastic containers used for preparation of fish 
before tracking experiment started 
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2.2 Guppy behaviour experiment 2 with signal substances 
This guppy experiment was run with 52 individuals in the same way as the experiment 
described above, with the only difference being the addition of chemical cue and schreckstoff 
(signal substances) to each mesocosm aquarium during tracking.  A schreckstoff is a 
concentrated mixture of the natural signal substances localized in the skin of a target fish 
species (Smith 1992). If the skin is mechanically injured, for example due to predation, these 
signal substances are released into the water, indicating the potential presence of a predator 
to nearby conspecifics (Smith 1992). A chemical cue is a natural signal substance originating 
from the predator itself (Brown and Smith 1998). The aim of the added signal substances was 
to lower the initial activity of the test organisms by indicating the presence of a predator and 
thereby increase the possibility to detect an activity difference between guppies exposed to 
oxazepam and control fish. 
  
The schreckstoff was prepared from 29.7 cm3 skin from male and female guppies. The head of 
each fish used was cut off behind the opercula and the tails and visceral tissues were 
removed. The remaining carcasses were placed in 300 mL of distilled water, homogenized 
and filtered. The schreckstoff was then diluted with tap water to a final concentration of 300 
mL before put in the freezer. Minutes before each tracking session, 5 mL of shreckstoff was 
added to each of the mesocosm aquariums together with 30 mL of chemical cue; water taken 
from a Cichlid (Rocio octofasciata) aquarium on campus. 
  
2.3 Stickleback behaviour experiment 
The target species was stickleback fish (Pungitus Pungitus), which is naturally found in the 
Northern hemisphere in saltwater, as well as in brackish or freshwater. The individuals used 
in this experiment were collected from the littoral zone in brackish water in Norrbyskär, 
Umeå. Before the experiment started, the fish were kept in a plastic tank for acclimatization 
for two weeks. The tank water was constantly aerated and the salt concentration was 1.5 ‰. 
The water temperature was 15oC. All individuals measured between 3 and 6.5 cm and 
weighed between 0.5 and 3 g. 
  
After two weeks, 26 plastic containers (21×13×14 cm) were placed on a table right next to 
each other (Figure 2) in the experiment room. All containers were filled with 1 liter of water 
with a salt concentration of 1.5 ‰. 13 of the containers contained 100 μg/L oxazepam and 13 
contained only salt water. The water was constantly aerated and the water temperature 
ranged between 17 and 18.5oC). The room temperature was kept constant at 22oC. 
  
Each day, starting 4 days after the containers had been filled with water and aeration had 
started, 4 sticklebacks were fed and placed in the containers, 2 individuals together, until 
each of the 26 containers contained 2 sticklebacks. Each stickleback pair were fed with 
bloodworms every 3 days, starting on the day they were moved to the containers. 
  
In order to allow the sticklebacks swimming in oxazepam-contaminated water to reach 
steady state level (Heynen et al. in press), the tracking started after 10 days of exposure. All 
four sticklebacks taken on the same day were moved to the mesocosm. One individual was 
placed in each mesocosm aquarium, which all contained water with the same salt and 
oxazepam concentration that the fish had been exposed to for the past 10 days. The 
mesocosm was closed and the fish were filmed/tracked over 20 hours. The experiment was 
repeated for 4 new fish every day until all individuals included in the experiment had been 
tracked. 
  
2.4 Statistics 
A Sharpio-Wilk test was run to check whether or not the data included in the statistical 
calculations were normal distributed.  For the data that were not normal distributed, a 
Kuskall- Walis test was performed. Finally, ANOVAs (two-ways, three-ways and repeated 
measures) were used to compare the different behavioural outcomes (swimming speed, 
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distance covered, portion of movement and time spent in the central zone) against treatment 
and time for the sticklebacks and against treatment, time and sex for the guppies. 
 
 

3 Results 
 
3.1 Technical performance of the TAO system 
Due to technical problems, there was some inconsistency in the time when the tracking 
sessions started and technical failures made it necessary to replace the camera system and 
the video recording software used in the first guppy experiment (Guppy behaviour 
experiment 1). In addition, several electric power failures and a short circuit resulted in 
inconsistent background light in the mesocosm during the remaining tracking sessions. 
Problems with the light lowered the accuracy of the data in the second guppy experiment 
(Guppy behaviour experiment 2 with signal substance) and the stickleback experiment and 
direct comparisons between the three experiments were therefore not made. The light 
inconsistency, in addition to condensation forming on the plastic plate covering the guppies 
in the mesocosm made statistical calculations possible only for the first 7 tracking hours in 
the second guppy experiment.  
 
3.2 Long-term tracking with the TAO system 
Swimming patterns seen in the MATLAB images (Figure 3) varied between individuals and 
no obvious differences were detected between oxazepam-exposed and control fish or between 
different sexes. However, when comparing the images of different fish species it was evident 
that, on average, the stickleback fish covered a greater area of the aquarium surface than the 
guppies did (Figure 3).  

 

 

Figure 3. Representative examples of MATLAB images showing areas covered and velocity measured at different 
times for test individuals tracked over 20 hours. Each colour represents one individual from a) the guppy 
behaviour experiment without signal substance and b) the stickleback behaviour experiment. In these images, red 
and black colour (fish 2 and fish 4) represent oxazepam-exposed fish and dark and light blue colour (fish 1 and 
fish 3) represent control fish. X-axes represent time (hours) and Y-axes represent velocity (pixel/sec). 
  

 

a) 

b) 
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3.3 Guppy behaviour experiment 1 
Before the tracking took place, many (n=8) of the guppies managed to jump out of the 
aquariums and individuals left behind showed strong tendencies to follow their escaped 
partners. The problem was solved by placing a white net over the plastic containers where the 
guppy fish were kept. The mortality rate in the experiment was zero. However, only 36 of the 
total 40 individuals included were successfully tracked, as one individual managed to jump 
through a small slit in the overlying plastic plate and switch aquarium during tracking. 
Because of this, all 4 guppies (all female) from this session had to be excluded from the study.  
  
3.3.1 Variation in behaviour over 20 hours 
The general activity level of the guppies, measured as distance covered per hour (F=9.902, 
P=0.000) and portion of movement (F=5.803, P=0.001), showed a time dependent decrease 
over 20 hours of tracking (Figure 4b, 4c). This decrease was the most evident for the first 9-
10 hours. The velocity (Figure 4a) and time spent in the different zones of the aquariums 
showed no significant relation with time (P>0.05). 
  
Comparisons between males and females showed that the males covered a significantly 
longer distance per hour (F=27.423, P=0.000), had a higher velocity (F=19.616, P=0.000) 
and a higher portion of movement (F=5.092, P=0.026) than the females over time (Figure 4). 
There was no significant relation between sex and time spent in the different zones (P>0.05). 
The male and female fish spent on average 91% and 92% respectively of the total time in the 
edge zone. 
 
No statistically significant differences in behaviour were detected between oxazepam-exposed 
and control individuals over time (P>0.05).  There was also no behavioural differences 
between oxazepam-exposed and control fish measured separately for males and females over 
time (P>0.05). On average, the oxazepam-exposed and control individuals spent 93% and 
90%, respectively, of the total time in the edge zone.  

 

 

Figure 4. Differences between male and female guppy in a) velocity, b) distance covered per hour and c) portion of 
movement over 20 hours of tracking.  
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3.3.2 Diurnal variations in behaviour 
The general activity level and exploratory behaviour of the guppies, measured as distance 
covered per hour, portion of movement, velocity and time spent in the different zones of the 
aquariums, did not differ significantly between night and day (P>0.05). 
  
Comparisons between the sexes showed that male guppies had a significantly higher velocity 
both during night (F=10.080, P=0.003) and day (F=15.63, P=0.000) and covered a longer 
distance during night (F=4.240, P=0.048) than the females (Figure 5). The males also 
showed a tendency of swimming longer distances than the females during day (Figure 5b) but 
this tendency was not significant (P>0.05). There were no significant differences between 
males and females in portion of movement or in portion of time spent in the different zones 
during night and day (P>0.05). 
  
No statistically significant differences in behaviour were detected between oxazepam-exposed 
and control individuals during night nor during day (P>0.05).  There were also no 
behavioural differences between oxazepam-exposed and control fish measured separately for 
males and females during night and day (P>0.05).  

 

Figure 5. Differences between female and male guppy in a) velocity and b) distance covered 9-12 hours after 
tracking started (night) and 16-19 hours after tracking started (day). Some of the individuals have been treated 
with oxazepam (oxa) and some were kept as control (control). Standard error is included.  

 
3.4 Guppy behaviour experiment 2 with signal substance 
Of the initial 36 individuals included in the experiment, 52 guppies were successfully tracked.  
  
3.4.1Variation in behaviour over 7 hours 
The portion of movement showed a time 
dependent decrease over 7 hours of 
tracking (F=3.443, P=0.019) (Figure 6), 
while the distance covered, velocity and 
time spent in the different zones of the 
aquariums did not change with time 
(P>0.05). On average the fish spent 75% of 
the time in movement (compared to 70 % 
in the first guppy experiment), covered a 
distance of 101 meters per hour (compared 
to 73 meters in the first guppy 
experiment), held a velocity of 2.9 cm/sec. 
(compared to 2.3 cm/sec. in the first 
guppy experiment) and spent 92% of the 
time in the edge zone (compared to 92 % 
in the first guppy experiment) measured over 7 hours. 
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Comparisons between males and females (irrespective of oxazepam treatment) showed no 
differences in velocity, distance covered, portion of movement or time spent in the different 
zones of the aquariums (P>0.05). These results contrasted findings from the first guppy 
experiment run without signal substances showing clear differences between the sexes. 

Oxazepam showed no effect on guppy behaviour when the sexes were analysed together 
(P>0.05).  However, there was a strong effect of oxazepam on male behaviour (distance 
covered (F=9.008, P=0.003), velocity (F=9.595, P=0.002) and time spent in the different 
zones (F=6.926, P=0.010)). The behaviour in females was unaffected by oxazepam while the 
oxazepam-exposed males had lower velocity, swam shorter distances and spent more time in 
the central zone than unexposed males (Figure 7). Portion of movement was not affected by 
oxazepam for any of the sexes (P>0.05).  

 

Figure 7. Differences in behaviour a) velocity, b) distance covered and c) portion of time spent in the central zone 
of the aquariums between oxazepam-exposed male guppy (oxa) and male guppy used as control (control) tracked 
over 7 hours. All variables are measured after a chemical cue was added.  

 
3.5 Stickleback behaviour experiment 
Of the initial 54 individuals included in this experiment, 42 sticklebacks were successfully 
tracked. 
 
3.5.1 Variation in behaviour over 20 hours 
The general activity level of the sticklebacks, measured as velocity (F=4.905, P=0.000) and 
distance covered per hour (F=5.803, P=0.001), showed a time dependent decrease over 20 
hours of tracking (Figure 8a, 8b). This decrease was the most evident for the first 9-10 hours. 
The results also showed a decreasing tendency for portion of movement (Figure 8c) but this 
tendency was not time dependent (P>0.05). Exploratory behaviour showed no significant 
relation with time (P>0.05). 
  
No statistically significant differences in behaviour were detected between oxazepam-exposed 
and control individuals over time (P>0.05). On average, the oxazepam-exposed and control 
individuals spent 72% and 74%, respectively, of the total time in the edge zone.  
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Figure 8. Differences in a) velocity, b) distance covered per hour and c) portion of movement measured for 
stickleback fish over 20 hours of tracking. 

 

3.5.2 Diurnal variations in behaviour 
The general activity level and exploratory behaviour of the sticklebacks, measured as distance 
covered per hour, portion of movement, velocity and time spent in the different zones of the 
aquariums, did not differ significantly between night and day (P>0.05). However, the results 
showed tendencies of increased activity measured as velocity, distance covered and portion of 
movement during night compared to daytime (Figure 9). These tendencies were, however, 
not statistically significant (P>0.05).  
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Figure 9. Differences in a) velocity, b) distance covered and c) portion of movement between oxazepam-exposed 
(oxa) and control (control) stickleback fish measured between 9 and 12 hours after tracking started (night) and 
between 16 and 19 hours after tracking started (day). Standard error is included.  

 
 

4 Discussion 
 

4.1 TAO tracking of fish behaviour over time 
This being the first long-term behaviour study performed in ecotoxicology makes it difficult 
to compare the performance of the TAO system with other systems and to compare measured 
behaviour traits with behaviours measured in other studies. Nevertheless, a discussion about 
the general performance of TAO and findings in an ecological context is found below. 
  
4.1.1 Guppy and stickleback behaviour tracked over 20 hours  
Despite some technical flaws, it is evident from the results that the TAO system is able to 
track and record specific behaviours of aquatic organisms over a time span of at least 20 
hours, in line with my first hypothesis. In the present study the system managed to track 4 
individuals at one time and detect differences in swimming speed per hour, distance covered 
per hour, portion of movement per hour and portion of time spent in different zones of each 
aquarium per hour. 
  
A clear decrease in activity was evident among both guppy and stickleback fish over time 
(Figures 4 and 8). This was not surprising, because the aquariums in the mesocosm 
represented a new, unfamiliar environment to all studied individuals. The initial very high 
activity measured over the first 9-10 hours was probably due to an urge to explore the new 
arena (Cote et al. 2013) and possibly also due to stress caused by factors related to the novel 
situation (Wanzenböck and Mikheev 2006). The light in the mesocosm was strong and it has 
been suggested in previous studies that fish can consider strong light as a sign of a potential 
danger (Wanzenböck and Mikheev 2006).  As the fish got used to the new environment and 
the acute stress level decreased, they also reduced their level of activity.  It was noted, 
however, that the measured activity patterns differed between the two species studied. Both 
species showed a reduction in distance covered per hour over time, but while the guppies 
reduced their swimming distance by reducing portion of movement (Figure 4c), the 
sticklebacks achieved the same thing mostly by a reduction of velocity (Figure 8a). This 
difference illustrates the importance of choice of behaviour traits measured in ecotoxicology, 
because type of behaviour may depend on species, as well as on individual variation within 
species (Réale 2007). If, for example, portion of movement and velocity had been the only 
behaviours tracked for sticklebacks and guppies, respectively, in this experiment, no time 
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dependent change in activity would have been detected for either of the two species. Such 
information may be crucial when evaluating the response to a contaminant in ecotoxicology 
(Hellou 2011). 
 
Both guppies and sticklebacks showed tendencies of low exploratory behaviour as indicated 
by their preference for the edges over the centre of the aquariums (Cote et al. 2013). Previous 
studies have suggested that the edges provide a stronger feeling of safety than the open 
central zone (Cote et al. 2013) and this may well have been the case here, where no shelter or 
food was available during tracking. In addition, both guppies and sticklebacks normally swim 
in shoals for social and protectoral reasons and individuals swimming alone tend to display 
more cautious behaviour than individuals swimming together (Magurran and Seghers 1994a, 
Frommen et al. 2006, Östlund-Nilsson et al. 2007). However, because all studied fish also 
spent some time in the central zone (Figure 3), it was evident that their will to explore the 
new arena was not always overshadowed by fear. If comparing the aquarium arena to a real 
lake, the edge zone and central zone of the aquarium could potentially be interpreted to 
represent the littoral and pelagic zone in the lake (Brodin pers.comm.). In nature, prey fish 
tend to spend most of their time in the littoral zone, because this is where the chances for 
surviving are greatest (Östlund-Nilsson et al. 2007). In a predator-free environment, on the 
other hand, prey fish spend comparatively more time in the pelagic zone (Östlund-Nilsson et 
al. 2007). The result that the sticklebacks spent more time in the central zone and also 
covered a greater part of the aquarium arena than the guppies indicates that the sticklebacks 
had the more exploratory personalities of the two species (Réale et al. 2007, Cote et al. 2013). 
The history of predation pressure for the sticklebacks used here is not known, but all 
individuals were caught in a benthic zone and were thus probably accustomed to predation 
(Östlund-Nilsson et al. 2007). Following this pattern of reasoning it was surprising that the 
guppies, not used to predators as they had all been bred in captivity, spent so little time in the 
central zone. One possible explanation could be that the guppies, being the smaller of the two 
species, did not need to cover the whole aquarium arena to keep up the same relative activity 
as the much bigger sticklebacks.  
  
Another clear result seen over 20 hours of tracking was the difference in activity between 
male and female guppy. The males had a higher velocity, covered longer distances and over 
all seemed to move more than the females (Figure 4). A number of studies have 
demonstrated differences in personality between sexes in a wide variety of taxa (Drent, van 
Oers and van Noordwijk 2003, Brown, Burgess and Braithwaite 2007, Moretz, Martins and 
Robinson 2007, Archard and Braithwait 2011) and previous studies performed on guppy fish 
have indicated that male guppies may have bolder personalities than females (Harris et al. 
2010). Female guppies, on the other hand, have been found to be more active in shoaling (i.e. 
staying together with other conspecifics for social reasons) than males (Griffiths and 
Magurran 1998). A higher activity level and more risk-taking behaviour in males than in 
females can possibly be explained in terms of reproductive success (Reznick et al. 1990). As 
opposed to male guppies, the females continue to grow throughout their life and as fecundity 
is correlated with body size, it is important for the females to survive and stay alive because 
long as possible (Reznick et al. 1990). Also, the females are able to store sperm and produce 
new offspring without continuously receiving new matings, while the males tend to take 
greater risks and continue to search for mating opportunities through their whole life in 
order to maximize their fitness (Reznick et al. 1990, Magurran and Seghers, 1994b). In future 
behavioural studies it may be important to keep the differences between the sexes in mind in 
order to avoid mistakes in the interpretations of behavioural changes in mixed populations.  
 
4.1.2 Guppy behaviour tracked over 7 hours and the effects of signal substances 
When comparing the first 7 hours of tracking, the first and second guppy experiments 
(guppies without signal substance in the first experiment and guppies with signal substance 
in the second) displayed some differences in behaviour patterns. It is not surprising that prey 
fish react to the presence of predators, imagined or real, and a number of previous studies 
have reported changes in guppy behaviour connected to the presence of fictitious predators 
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(Griffiths and Magurran 1998, Brown et al 2010, Elvidge and Brown 2012). In this study, 
except for a similar time dependent decrease in portion of movement (Figure 4c, Figure 6) 
seen for both treatment groups (guppies with and without signal substance), the guppies 
exposed to signal substances tended to have higher activity than the unexposed guppies. This 
was unexpected as previous studies have reported decreased activity in guppy in response to 
predator threats (Griffiths and Magurran 1998, Templeton and Shriner 2004, Brown et al. 
2010, Elvidge and Brown 2012).  Between-population behaviour in fish have been reported in 
other studies (Réale et al. 2007) and it seems likely that the individuals in this population 
reacted by attempting to swim away from the imagined predator. This escape response was 
measured as increased activity. In contrast to the first guppy experiment, no sex-
dependent differences in behaviour were evident among the individuals exposed to 
signal substances. A possible explanation could be that between-individual 
differences in behaviour can be difficult to detect in a fish population where most 
individuals have a high initial activity level, which was the case in the second guppy 
experiment. 
 
4.2 TAO tracking of diurnal patterns in fish behaviour  
Circadian patterns are important in behavioural ecotoxicology because the response to a 
contaminant in fish, as well as in a number of other animals, may vary with time of the day 
(Filipski et al. 1999, Gallerani et al. 2001, Almon et al. 2008, Oggier et al. 2010). Detailed 
movement patterns in relation to circadian rhythms in fish have been poorly understood due 
to the difficulty of long-term tracking (Zamora and Moreno-Amich 2002). The results found 
in the present study showed a clear difference in activity level between male and female 
guppies both during hours that were normally dark and during hours that were normally 
light (Figure 5). As previously discussed in section 4.1, this difference between sexes was not 
unexpected. However, the same trend was seen for all 20 hours of tracking (Figure 4) and 
could not be connected to specific times of the day. The only result that could possibly be 
connected to a circadian rhythm was the small and not statistically significant tendency for 
the sticklebacks to have a higher activity during hours of the day that were normally dark 
compared to hours that were normally light (Figure 9). This higher activity during dark hours 
could indicate a diurnal behaviour pattern in the sticklebacks studied. Based solely on this 
result my second hypothesis, that the TAO system is able to detect circadian behavioural 
differences among tracked individuals used to a fixed night:day regime could not be 
confirmed. One likely explanation to this is that 20 hours of tracking is too short in relation 
to habituation period in a new environment to detect circadian patterns. As previously 
discussed in section 4.1, behaviours tracked over the first 9-10 hours, and possibly longer, 
were probably foremost related to curiosity towards the new arena and stress rather than 
hour of the day. Also, the inconsistency in the start time of the tracking sessions may have 
influenced the results, as “night” and “day” were defined, not as specific hours of the day, but 
rather as number of hours after tracking started. 
 
If performed over a longer period of time and under more strict time settings, TAO tracking 
may potentially detect circadian patterns in behaviour because most fishes possess an 
internal timing mechanism, a “circadian clock”, allowing them to display clear rhythmic 
patterns of behaviour in response to light and dark conditions (Sánches-Vásques et al. 1996, 
Gerkema et al. 2000, Vitaterna et al. 2001, Zamora and Moreno-Amich 2002, Kulczykowska 
and Popek 2010). The circadian clock is a combination of processes in the body of an 
individual. Photoreceptors and photosensitive cells positioned in the pineal gland react to 
light and darkness and regulate the secretion of melatonin, a bioamine that can transfer 
circadian messages to the whole body of an organism (Whitmore, Foulkes and Sassone-Corsi 
2000). Melatonin levels affect a variety of processes in the body, such as reproduction, sleep, 
feeding pattern and locomotor activity (Sloman, Wilson and Balshine 2006). In most fishes, 
the effect of the circadian clock is strong enough to keep the diurnal activity pattern for a few 
days and sometimes even up to a few weeks after experiencing a shift from a fixed light:dark 
regime to constant light or dark conditions, so called “free running” (Gerkema 1992, 
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Vitaterna et al. 2001, Kulczykowska and Popek 2010). Alternative explanations for the lack of 
circadian behaviour patterns could be the very high light intensity in the mesocosm, which 
may have confused the individuals and prolonged the lag time of their normal rhythms 
(Kabasawa and Ooka-Souda 1991). Also, the hours chosen for tracking of night and day may 
not have been good, because the time at which rhythmic processes occur and the time it takes 
for different fish to change behaviour after a shift from light to dark conditions or vice versa 
vary between species and fish populations (Kabasawa and Ooka-Souda 1991, Zamora and 
Moreno-Amich 2002, Kulczykowska and Popek 2010). Even individual variations in daily 
activity patterns (Zamora and Moreno-Amich 2002) may have affected the results. In 
addition, previous studies have shown that  variations in water temperature, feeding rate 
(Vitaterna et al. 2001) and noise are factors that can make the circadian cycle in fish start 
earlier or later than normal (Kulczykowska and Popek 2010). It can be argued that, because 
circadian behaviours may depend on a great variety of factors, such tests should be 
performed over several days in an environment familiar to the individuals tested, preferably 
in the field. 
  
4.3 Effects of oxazepam on fish behaviour  
My third hypothesis, that aquatic pollutants affecting the nervous system can be detected 
through behavioural change in fish, was indeed confirmed, because the combination of signal 
substances and oxazepam had significant effects on the behaviour of male guppies (Figure 7). 
It should be noted that possible explanations to this result must be regarded as highly 
speculative due to the novelty of the setup and measures included in the present study. 
 
Oxazepam-exposed male guppy tested with signal substances showed lower activity 
(measured as velocity and distance covered per hour) and more exploratory behaviour 
(measured as portion of time spent in the central zone) than non-exposed male guppies 
tested with signal substances (Figure 7a, 7b). A reduction in activity seems to be the opposite 
of the normal increased reaction to predators in this population (previously discussed in 
section 4.1.2). Also, if the central zone could be interpreted to represent the pelagic, risky 
zone in a lake (as previously discussed in section 4.1), a fish exposed to predation would 
naturally avoid this zone (Cote et al. 2013) and not, like the oxazepam-exposed males, 
increase the time spent in this area. If the reaction to oxazepam found in the population 
studied here would be the same in a natural environment, a decrease in activity could lead to 
fewer encounters with food for male guppies swimming in oxazepam-contaminated water 
compared to non-exposed males (Brodin et al. 2014). More time spent in different areas of a 
lake, on the other hand, could possibly compensate for a low activity and increase the 
encounters with food (Cote et al. 2013). However, the advantages of more frequent 
encounters with food in the central zone/pelagic zone (namely higher energy gain, higher 
growth rate, larger body size and/ or shorter development) (Werner and Anholt 1993) would 
have to be weighed against an increased risk of encountering predators (Brodin 2009). 
Notably, the concentration used in this study (100 μg/L) was far above concentrations found 
in the environment (<2 μg/L) (Loos et al. 2013) and thus indicate that the TAO system works 
for detecting effects on the central nervous system rather than representing any analogue 
found in contaminated waters. It should also be noted that the physical and cognitive 
capacity of domesticated guppies may differ from wild guppies. For example, the brains of 
guppies bred in captivity tend to be smaller than the brains of their wild conspecifics (Burns, 
Saravanen and Rodd 2009). It is not known how smaller brain sizes affect the cognitive 
ability in fish (Burns, Saravanen and Rodd 2009), but a study by Rosenzweig and Bennett 
(1996) has demonstrated that reduced brain size is can result in impaired problem solving 
ability in rodents . It is therefore not unlikely that the behavioural patterns seen in this study, 
as well as the effects detected for oxazepam could differ between wild individuals and the 
guppies used in this experiment.  
 
Except for the male guppies swimming in signal substance and oxazepam, no other fish 
included in the present study seemed to be affected by the drug. This was unexpected as all 

http://iopscience.iop.org/1748-9326/9/8/084003/article#erl499315bib24
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previously published studies on the behavioural reaction to oxazepam in fish (Brodin et al. 
2013, Brodin et al. 2014, Klaminder et al. 2014) have resulted in behaviour alterations at 
oxazepam concentrations much lower than the concentrations used in the present study. Also 
all previous studies, as opposed to this study, have reported an increase in activity for 
oxazepam-exposed fish. It should be noted that all previous studies have been performed on 
perch over very short time intervals (seconds to minutes) and are thus difficult to compare 
with the long-term behaviours of guppies and sticklebacks tracked in the present study. 
  
However, previous studies have shown species related differences in response to a number of 
aquatic contaminants (Solé et al. 2010, Ellesat et al. 2011). Species specific effects, socalled 
“asymmetric effects”, have also been suggested for oxazepam (Brodin et al. 2014). A variation 
in behavioural response to oxazepam could possibly be explained in terms of differences in 
physiology. One such physiological property is the bioconcentration factor (BCF), defined as 
“the ratio of a contaminant concentration in biota to its concentration in the surrounding 
medium (water)” (Mackay 1982). BCF differ between species (Fick et al. 2010) and is 
determined by the rate and uptake of a drug, as well as by metabolism and excretion via urine 
and feces (Arnot and Gobas 2006). In previous studies the BCF of oxazepam in sticklebacks 
(BCF around 4) (Sundelin in prep.) and in guppies (BCF below 1) (Fick pers.comm.) have 
been found to be much lower than BCF for the same drug in perch (BCF around 10) (Brodin 
et al. 2013). A lower response to oxazepam in guppies and sticklebacks compared to perch 
could thus be connected to a lower BCF. A sex-dependent difference in BCF (Geyer et al. 
2000) could possibly explain the difference in response between female and male guppies 
given the same treatment. Differences between males and females could also explain the lack 
of response to oxazepam in stickleback fish. A study by Sundelin (in prep.), made the 
observation that social behaviour decreased among oxazepam-exposed females while 
exposure to the same drug seemed to increase the sociality among males. As no distinction 
was made between stickleback sexes in the present experiment, it is possible that the reaction 
of the two sexes may have differed and cancelled out each other. 
  
It should be noted that the combined effect of different toxic substances, the so called 
“cocktail effect” (Celander 2011) has not been included in the present study. The cocktail 
effect can be very hard to predict just by analysing the effects of separate substances (Dietrich 
et al. 2010) and it has been shown in a previous study that the bioaccumulation of oxazepam 
in sticklebacks increased in the presence of other drugs in comparison to exposure to 
oxazepam alone (Sundelin in prep.).  
 
4.4 TAO long-term tracking of fish behaviour in an ecological context 
The time and expenses connected to manual recording is probably one major reason for the 
current absence of long-term behavioural studies in ecotoxicology despite the need for a 
greater understanding of how pharmaceuticals and other anthropogenic substances react in 
nature (Brodin et al. 2013, Kidd et al. 2014, Klaminder et al. 2014, Mittelbach et al. 2014, 
Zadorozhnaya et al. 2015). It has already been shown, as mentioned in the introduction, that 
behavioural alterations of organisms occurring at lower contaminant concentrations than 
concentrations causing mortality in the same species may have important effects on the 
function and structure of whole ecosystems. For example, Kidd et al. (2014) showed that 
long-term reproductive failure in small-bodied fish, caused by low concentrations of a 
synthetic oestrogen in a lake, resulted in an increase in zooplankton biomass and emerging 
insects in and around the lake. In a study by Brodin et al. (2013) it was evident that, in the 
absence of a top predator, zooplankton populations were supressed by perch exposed to low 
oxazepam concentrations due to increased feeding rates in the exposed perch. On a species 
level, as also mentioned in the introduction, a change in for example activity, reaction time, 
and social behaviour can affect the ability of an individual to reproduce, migrate, encounter 
food and escape predators (Werner and Anholt 1993, Sih, Kats and Maurer 2003, Réale et al. 
2007, Brodin 2009; Brodin et al. 2014). 
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The behaviours measured in the present study could all be of importance for the 
understanding of individual, between- individual and between-species interactions in aquatic 
ecosystems. In a natural environment, as previously discussed in section 4.3, active and 
exploring individuals would suffer in the presence of predators, while individuals showing 
the same behaviour pattern would do well in a predator-free environment (Brodin 2009). 
Taking it one step further, a change of behaviour in one species can lead to the decline or 
increase in the number of individuals of the same species, which in turn, as concluded by 
Kidd et al. (2014), may result in an increase or decline in populations on other trophic levels. 
More active and/or exploring individuals also tend to be more prone to disperse or migrate 
than less active and/or exploring conspecifics (Fraser et al. 2001, Cote et al. 2010, Cote et al. 
2013). The latency of an individual to disperse or migrate can be of direct importance for 
population persistence, particularly during rapid environmental change (Sih et al. 2011).  
 
Because mortality is the most commonly used endpoint in ecotoxicological standard tests 
(OECD 2015, MinstraPharma 2015), common tests would probably not have detected most of 
the behaviour patterns found in this study. The present study also differs from previous 
studies focusing on specific behaviours, as these have been performed over short periods of 
time (seconds to minutes). One big difference between tracking of behaviour over long and 
short time periods is that short-term tracking in ecotoxicology often focuses on separate 
single-event behaviours, for example the immediate reaction towards a predator or a prey or 
the social interaction with conspecifics over seconds or minutes (Brodin et al. 2013, Brodin et 
al. 2014, Klaminder et al, 2014, Brodin in prep.). Long-term tracking, on the other hand, can 
potentially detect a series of single-event behaviours, as shown in the present study, and 
quickly rule out single reactions differing from the norm over time. As demonstrated here, 
long-term tracking can be used to differ between behaviours connected to habituation period 
in a new environment and “normal” behaviour over time. Also, activity measures in response 
to drugs may differ between long- and short-term tracking. Hypothetically, differences in 
activity trends (lower activity in the present long-term study (Figure 7a, 7b) compared to 
higher activity measured in all previous studies running over a few seconds (Brodin et al. 
2013, Klaminder et al. 2014, Fahlman 2015,  Brodin in prep.)) for oxazepam-exposed fish 
could be influenced by tracking time. As these examples illustrate, an appreciation of long-
term behaviour patterns can be of great importance for the understanding and interpretation 
of a single short-term reaction of a tracked individual. 
  
Finally it should be noted that some shortcomings of the TAO system have become evident in 
the present study. First of all, TAO is still under development and lacks some of the 
advantages of standardized tests that have evolved over time to avoid correlations between 
behaviours caused solely by the experimental arrangements (Réale et al. 2007). In this study, 
for example, little is known about how the experimental setup and conditions may have 
influenced the behaviour of the tracked individuals. Aquarium size, light conditions and 
temperature in the mesocosm, as well as the actual handling of the animals may have affected 
the behavioural patterns measured (Connell et al. 1999, Vitaterna et al. 2001, Wanzenböck 
and Mikheev 2006). Also, the current equipment used for tracking is vulnerable to technical 
failures, short circuits and electric power failures. Additionally, the use of mesocosms has 
been criticized because these are always very simplified compared to real-world ecosystems 
(Connell et al. 1999). It is difficult to simulate complex ecological relationships and 
community structures in a small mesocosm and many natural parameters such as nutrient 
input, gas exchange and vertical mixing are often not possible to include (Connell et al. 1999).  
 
4.5 Conclusions 
It is evident from the results found in this study that the TAO system can track and enable 
comparisons of ecologically important behaviours over time. The main findings are that 1) 
both guppy and stickleback show time dependent changes in behaviour over 20 hours, 2) 
male guppy tend to have higher activity than females in the absence of signal substances, 3) 
guppies show no sex-dependent difference in behaviour in the presence of signal substances, 
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4) the TAO system, as used in this study, is not able to detect circadian behaviour patterns 
and 5) oxazepam in combination with signal substances result in reduced activity in male 
guppies while females remain unaffected. The study highlights the importance of and need 
for long-term behavioural tests in ecotoxicology. It is not unlikely that some of the current 
OECD and ISO tests focusing on lethality could possibly be complemented or exchanged by 
behavioural tests in the future as my study shows that biological effects can be detected long 
before lethal effects start to appear.  
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