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Abstract 

Ecotoxicology aims to understand toxic effects of chemicals in the environment. Effects can be 

observed at different levels of the biological organization, from molecular to ecosystem level. 

Biomarkers on molecular and biochemical levels are used in ecotoxicology as early warning signals of 

chemical exposure, possible toxic effects and underlying mechanisms. As methods and technologies 

improve, more biomarkers are being implemented in ecotoxicological studies, due to the general 

interest in early detection and thus efficient prevention of environmental risks. However, to be of 

value in ecotoxicological assessment, a connection between biomarker response and effects at 

higher levels of biological organization should be established. Also, baseline variability for the 

biomarker in question as well as response to natural fluctuations of environmental factors should be 

evaluated.  

The aim of this thesis was to increase value and understanding of biomarkers in ecotoxicological 

assessment by (1) linking responses across different levels of biological organization, and (2) gaining 

better understanding of the relative importance of ecological and physiological factors affecting 

oxidative biomarkers.  

Paper I is focused on evolutionary conserved drug targets and the toxicity of pharmaceuticals for 

non-target organisms. The main conclusion from this study is that pharmaceuticals with conserved 

drug targets in non-target organisms have a higher toxicity than pharmaceuticals for which drug-

targets have not been identified in the species. The effects were evaluated using end points at 

molecular, biochemical and individual levels. Consistent with the expected higher sensitivity of 

molecular and biochemical end points, the effects on the low-level biomarkers were observed at 

lower concentrations than at the individual level.    

Paper II is focused on delineating effects of feeding and toxic exposure on oxidative biomarkers 

commonly used in ecotoxicology. The results are in agreement with the theory of caloric restriction 

that links enhanced caloric intake to increased pro-oxidative processes in animals. In our experiments 

with the cladoceran Daphnia magna, we observed positive effects for both antioxidant capacity and 

oxidized lipids in response to enhanced feeding rates. This have implications for the use of oxidative 

stress biomarkers in ecotoxicology as many substances have inhibitory effects on feeding rate and 

thus, changes in oxidative biomarkers can result from the altered feeding rate rather than other toxic 

mechanisms. Therefore, possible changes in feeding rate should be assessed when conducting 

exposure experiments or interpreting field data in studies employing oxidative stress biomarkers. 

However, it was concluded that the ratio between antioxidative capacity and protein content was 

independent of feeding rate. Thus, this biomarker is suitable for xenobiotic exposure in D. magna.  

This thesis have contributed to better understanding of molecular and biochemical biomarkers in 

ecotoxicological studies in regard to the connections between effects at different biological levels 

and confounding factors in biomarker response. 
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ASTM American Society for Testing and Materials 

ATP Adenosine triphosphate 

CAT Catalase  

CYP Cytochrome  

DNA Deoxyribonucleic acid 

EC Effect concentration 

EPA (US) Environmental Protection Agency 

GPX Glutathione peroxidase 

hsp Heat shock proteins 

LOEC Lowest observed effect concentration 

MDA  Malondialdehyde 
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NOEC  No observed effects concentration 
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ORAC Oxygen radical absorbance capacity 
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1. Introduction  

Increasing amounts of chemicals are found in the environment due to anthropogenic activities. The 

main aim within the field of ecotoxicology is to understand the possible adverse effects of these 

chemicals on biota and the underlying processes, both biochemical and physiological (Chapman 

2002). Toxicity of chemical substances (xenobiotics) is commonly assessed by conducting tests with 

individual organisms, where acute and chronic effects are observed. Effect concentrations are often 

expressed either as ECx values, which is the concentration where X% effect is observed, or as NOEC 

(no observed effect concentration) and LOEC (lowest observed effect concentration) values. Acute 

effects are often assayed by exposure to high concentrations of xenobiotics during a specific part of 

an organism´s life cycle, whereas chronic effects are assayed by exposure during a longer time 

period, covering multiple stages of the life cycle. Acute tests, in which mortality is often used as an 

end point, are cheap and fast to perform, whereas chronic tests are more time consuming and thus 

more expensive, but on the other hand use sublethal end points with higher ecological relevance. 

Effects from both acute and chronic exposures are often assayed on the individual level, by 

performing single species studies under controlled conditions. Ecotoxicological studies using multiple 

species, such as microcosm and mesocosm studies are more ecologically relevant since they 

incorporate interactions between co-occurring species and their abiotic environment. However, the 

results from such studies can be difficult to interpret since more factors affecting the observed 

responses are involved, making interpretation more complex. Therefore, if the aim of an eco-

toxicological assay is to gain a better understanding of the underlying physiological and biological 

mechanisms of toxic effects, it is necessary to study model species in a controlled environment. 

Model species often have a well-studied physiology and nowadays even mapped genome. Examples 

of common model animal species in ecotoxicological assays are fish (OECD 229), earthworm (OECD 

222) and water flea (OECD 202, OECD 211). Using standardized organisms and test conditions (light, 

temperature and feeding regimes, test medium, etc.) facilitate inter-laboratory comparisons and 

data interpretation.     

The toxicity of chemical substances may be assessed across all biological organization levels, from 

molecules to ecosystems (fig 1). These different organization levels are not isolated from each other, 

but are connected through multiple processes and interactions. Effects observed at one level may 

propagate to both higher and lower levels of the biological hierarchy. Therefore, to provide a holistic 

view of the possible consequences of xenobiotic exposure, toxic effects need to be studied at 

different organization levels.  

There are many definitions of biomarkers and what should be included in this term. Peakall (1994) 

defined a biomarker as a biological response to chemical exposure that gives a measurement of 

exposure and sometimes toxic effect. According to this definition, a biomarker can be a response at 

any level of biological organization. However, some want to restrict the definition to include only end 

points at sub-organismal levels (van Gestel and van Brummelen 1996). The focus in this thesis will be 

on biomarkers on molecular and biochemical levels. Many biochemical and molecular biomarkers 

used in ecotoxicology were first developed within the field of medicine and human toxicology. In 

humans, many of the biomarkers have known connections with alterations in physiology and health. 

However, this is not always true for biomarkers in ecotoxicology. In particular, only for a few 

biomarkers commonly used in animal models, e.g. vitellogenin in fish (Jobling et al. 1998, Larsson et 

al. 1999, Lange et al. 2001), functional relationships are established, which complicates the use and 
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interpretation of these measurements for the health status of the organisms in question. Therefore, 

to understand responses of molecular and biochemical biomarkers and to predict consequences for 

the wellbeing of organisms and populations, it is vital to gain more knowledge about the linkages 

between the responses at different biological organization levels. 

 

 

1.1. Aim and objectives of the thesis 

The overall aim of this thesis was to increase the value and understanding of biomarkers in 

ecotoxicological research. All studies included in the thesis were conducted using the water flea 

Daphnia magna as a model species. The first objective was to link toxic effects at different biological 

organization levels by assaying end points at multiple levels (paper I). The second objective was to 

integrate ecological (food abundance) and physiological factors (feeding rate) when evaluating 

oxidative biomarker response in ecotoxicological studies (paper II).   

    

 

 

 

 

 

 Ecosystem 
 

Community 
 

Population 
 

Individual 
 

Organ 
 

Tissue 
 

Cellular 
 

Biochemical 
 

Molecular 

Lo
w

er co
m

p
lexity

 
H

igh
er co

m
p

le
xity 

Later effects 
Earlier effects

 

Figure 1. The different levels within the biological organization. 
Earliest toxic effects can often be observed at the lower levels as 
xenobiotics triggers molecular and cellular responses that may have 
consequences higher up in the organization. The complexity is 
increasing in the higher levels making it more difficult to understand 
toxic mechanisms and responses (modified from van der Oost et al. 
(2003)). 
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2. Background 

 

2.1. Oxidative stress 

 

2.1.1. Generation of ROS and antioxidative defense 

All aerobic organisms use oxygen to generate energy in form of ATP. This process takes place in the 

mitochondria, where the electron transport chain transports electrons through complexes in the 

inner mitochondrial membrane by a series of redox reactions and thus generating a potential 

gradient to produce ATP. However, this system is not perfect as some components in the chain leaks 

electrons. These electrons can react with oxygen present in their surroundings and generate 

superoxide (O2
•-) that further reacts forming hydrogen peroxide (H2O2) and hydroxyl radicals (OH•). 

These extremely reactive molecules, that are collectively called reactive oxygen species (ROS), can 

cause oxidative damages on biomolecules, such as DNA, proteins and lipids (Halliwell and Gutteridge 

2007). Even though ROS can be produced by several processes, the mitochondria are the main 

cellular production sites (Liu et al. 2002). Approximately 2-3 % of the oxygen consumed in an 

organism is converted to ROS and these molecules have an important function in the cells redox 

regulation and as signaling substances (Halliwell and Gutteridge 2007). However, overproduction of 

ROS may lead to oxidative stress and this condition can be harmful for the cell. Fortunately, all cells 

have a defense system against ROS, the antioxidative defense. The antioxidant defense constitutes of 

an exogenous and an endogenous part with antioxidative enzymes and molecules that help 

detoxification of ROS by catalyzing a number of reactions that ultimately convert ROS into water. The 

exogenous defense constitutes of low-molecular-mass agents; some, like bilirubin and uric acid, are 

produced in vivo while others, like vitamin C and E, are obtained through dietary intake (Halliwell and 

Gutteridge 2007). The endogenous defense is inducible and increases in response to enhanced ROS 

production and is summarized in table 1. The most common antioxidative enzymes are superoxide 

dismutase (SOD) that converts O2
•- to H2O2 while catalase (CAT) and glutathione peroxidase (GPX) 

catalyze the metabolism of H2O2 to water. Iron (Fe) catalyzes the conversion of O2
•- and H2O2 to OH• 

and OH-. Under normal physiological conditions, the production of ROS and the activity of the 

antioxidative defense are in balance with each other, but this balance can shift in response to a 

number of factors (see section 2.1.2). When the balance is shifted towards an increased ROS 

production, the cell is experiencing oxidative stress (fig 2). Oxidative stress may result in increased 

levels of damaged biomolecules and is linked to a deteriorated health (Valko et al. 2007) and 

accelerating aging processes (Balaban et al. 2005). However, transient experiences of oxidative stress 

can be beneficial in terms of physiological adaptation (Naviaux 2012).    
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Table 1. The cellular generation and metabolism of 
reactive oxygen species (ROS). Each step in the 
metabolism chain is catalyzed by a specific enzyme.  

Reaction Enzyme 

O2 + e- → O2
•-  

2H+ + 2O2
•- → H2O2 + O2 SOD 

H2O2 + O2
•-→ OH• + OH- + O2 Fe 

2GSH + H2O2→ 2GSSG + 2H2O GPX 

2H2O2 → 2H2O + O2 CAT 

OH• + e- + H+ → H2O  

SOD – Superoxide dismutase, GPX -  
Glutathione peroxidase, CAT - Catalase 

 

 

2.1.2.  Oxidative stress in ecology and ecotoxicology  

In the last two decades, the role of antioxidants and oxidative stress have got increasing attention in 

ecology (Costantini 2008) and ecotoxicology (Livingstone 2001). In ecology, oxidative status have 

been related to aging (Barata et al. 2005), reproductive success (Pagano et al. 2001, Alonso-Alvarez 

et al. 2004) and fitness (D'Autreaux and Toledano 2007). There are a number of environmental 

stressors, such as temperature, salinity, UV radiation and xenobiotics, which can enhance the cellular 

production of ROS in aquatic organisms (Valavanidis et al. 2006). Oxidative damages on biomolecules 

may have adverse effects on crucial life-history traits and increased investments in defense and 

repair mechanisms can have trade-off effects, resulting in decreased fitness as energy is allocated 

from other functions (Monaghan et al. 2009). Xenobiotics can cause increased ROS production 

through many mechanisms, e.g. activation of enzymes, such as CYP and NAD(P)H oxidases, 

inactivation or depletion of antioxidative enzymes, interference with the mitochondrial electron 

transport or redox cycling (Livingstone 2001, Halliwell and Gutteridge 2007). The increasing number 

of chemical substances and mixtures in the environment makes it important to study the impact of 

these chemicals on oxidative biomarkers and the consequences this may have on different 

physiological and ecological functions.  
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2.2. Model organism - Daphnia magna 

The test species D. magna is a fresh water cladoceran that has a large geographic distribution. When 

living in optimal conditions, D. magna reproduces asexually via parthenogenesis, whereas males and 

resting eggs are produced when the environmental conditions are less favorable (Kleiven et al. 1992); 

this form of reproduction is known as cyclic parthenogenesis. Because of the short generation time 

and small size, D. magna is easy to culture under controlled conditions in laboratory environment. 

Ecotoxicological assays with D. magna have been conducted for more than a century, with the first 

study performed as early as in 1900 (Warren 1900, Shaw et al. 2008). Due to its well-studied 

physiology and morphology, D. magna is a suitable model species in ecological, evolutionary and 

ecotoxicological studies. Several standard tests with the species have been developed by different 

organizations (OECD, EPA, ASTM) and they are now mandatory in environmental risk assessment of 

chemical substances. In addition to its use in tests assaying individual end points, such as mortality, 

reproduction, growth and feeding, several methods for assaying molecular and biochemical end 

points have been developed. The genome of a close congener, Daphnia pulex, has been mapped 

(Colbourne et al. 2005) making it possible to study genetic effects also in D. magna.   
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Figure 2. A simplified graph of the oxidative system. The production on reactive oxygen species (ROS) (black 
line) is fluctuating during normal physiological conditions. The amount of oxidized macromolecules (red line) 
is kept to a minimum by the induction of the antioxidative defense (AOX) (green line). The production of 
ROS can be induced by a stressor and in turn enhance the antioxidative activity up to a certain level. After 
that the anti-oxidant defense cannot quench the high concentration of ROS and the levels of oxidized 
macromolecules are increasing. When activity of the defense is ceasing, there are nothing to protect the cell 
against oxidative attacks.    
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2.3. Biomarkers  

Biomarkers can be divided in to three groups depending on how they are being used: exposure 

biomarkers, effects biomarkers and susceptibility biomarkers (van der Oost et al. 2003). The focus in 

this thesis will be on the two first classes.  

In stressed organisms, the earliest responses occur at sub-organismal levels. Xenobiotics trigger early 

response by inducing enzymes responsible for metabolizing and detoxifying harmful substances. The 

exposure can also induce other protection mechanisms, e.g. production of heat shock proteins (hsp) 

that has a function as chaperones and protect cellular and protein structures (Feder and Hofmann 

1999). If these mechanisms are not adequate, it may result in adverse effects on cellular structures 

and functions. By measuring and quantifying these responses, biomarkers can be used as indicators 

of exposure and experience of stress. However, for a biomarker to be indicative of effects there must 

be a connection to adverse effects at higher levels. van der Oost et al. (2003) have proposed six 

criteria for evaluation of new biomarkers. According to these, biomarkers should have/be (i) reliable, 

cheap and easy to perform, (ii) sensitive to pollutants, (iii) defined baseline levels and known 

response to natural variations and toxic exposure, (iv) established response to confounding factors, 

(v) known toxic mechanisms, and (vi) established relationship between biomarker alterations and 

effects at higher biological levels. A completely validated biomarker should fulfill all these criteria. 

 

2.3.1. RNA content 

The RNA content of an organism can be used as both a proxy of fitness (Dahlhoff 2004) and a 

toxicological end point (Ibiam and Grant 2005). The majority of the cellular RNA is ribosomal RNA 

(rRNA) that is correlated with the protein synthesis activity (Millward et al. 1973); hence, the 

organismal RNA content is an indirect measurement of protein production. That is why RNA 

concentration has been used to estimate growth, metabolism and feeding of zooplankton (Bamstedt 

and Skjoldal 1980, Holmborn et al. 2009). In addition to direct damaging effects and loss of protein 

functions, xenobiotics may induce a number of protective proteins for both repair and detoxifying 

mechanisms (Monsinjon and Knigge 2007), which could result in increased RNA content. Thus, 

altered RNA content in response to xenobiotics indicate an effect on protein production and maybe 

also on growth rate.  

 

2.3.2. Gene expression of specific proteins 

Snape et al (2004) introduced the term ecotoxicogenomics to describe the use of genomic 

techniques in ecotoxicology. In response to stress, organisms may regulate expression and 

transcription of specific genes to counteract adverse effects. To understand toxic mechanisms, these 

responses are of primarily importance. Thanks to the ever increasing number of mapped genomes, 

particularly for model species, there are now unprecedented opportunities for detecting these 

genotoxic effects. Microarrays are widely used for screening of gene expression alterations in 

response to stressors as multiple genes can be assayed simultaneously (Poynton and Vulpe 2009). 

While microarray provides information about up- and down- regulation of genes and limited 

quantitative information, real-time qPCR technique gives full quantitative information of the gene 
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expression changes for a specific gene (VanGuilder et al. 2008). This is a more powerful tool if the 

objective is to test a hypothesis regarding involvement of a few specific genes in the response in 

question. If gene expressions of specific genes are to be used as effect biomarkers, the hypothesis of 

their predictive power of later effects has to be addressed.  

 

2.3.3.  Antioxidative defense 

As it is difficult to measure the cellular concentration of short-lived ROS, induction of the 

antioxidative defense is used as a proxy of enhanced ROS production. This is commonly measured as 

the activity of individual antioxidative enzymes (Wilhelm et al. 2001, Morales et al. 2004). However, 

it may be complicated to quantify and interpret the integrated response of the antioxidative defense 

system with this approach as individual enzymes can respond differently catalyzing specific reactions 

in the detoxification chain of ROS. There are a number of assays that measure the total antioxidative 

capacity (Huang et al. 2005) and gives a value of the combined activity of endogenous enzymes and 

co-factors as well as the exogenous defense. The assay used in this thesis is oxygen radical 

absorbance capacity (ORAC) that has been applied to a variety of biological materials, such as plants 

and food (Wu et al. 2004, Prior et al. 2005), human tissue (Cao and Prior 1998, Gheldof et al. 2003), 

and invertebrates, including crustaceans (Gorokhova et al. 2013). However, I have found no previous 

studies where ORAC has been measured or used as a biomarker in Daphnia spp.  

 

2.3.4. Lipid peroxidation 

When the balance of ROS production and antioxidative defense is disrupted, ROS react with a variety 

of biomolecules, including polyunsaturated fatty acids (PUFA), which have two or more carbon-

carbon double bonds. Damages on these lipids are often measured by assaying their end-products, of 

which the most commonly assayed marker in D. magna is malonic dialdehyde (MDA). Lipid 

peroxidation may cause DNA adducts (Marnett 1999) and damages on membrane associated 

proteins that alter the fluidity of membranes (Ohyashiki et al. 1986). Lipid peroxidation is a very 

common end point in oxidative stress assessment in mammals (Banerjee et al. 1999) as well as in D. 

magna (Barata et al. 2005) and is in this thesis assayed to assess the levels of oxidative damage.  

 

3. Summary of papers 

 

3.1. Paper I Do pharmaceuticals with evolutionary conserved molecular drug targets pose a 

greater environmental risk? 

The objective of this paper was to test the hypothesis that the presence of human drug target in non-

target organisms will influence the toxicity of pharmaceuticals. The effects of pharmaceutical 

exposure were assayed using D. magna as a model species and end points at three organization 

levels: individual (immobility and reproduction tests), molecular (gene expression analysis) and 

biochemical (RNA measurement). Using data from Gunnarsson et al. (2008), three pharmaceuticals 

were selected for this study. Two of these, miconazole and promethazine, have a drug target 



12 
 

ortholog in D. magna, whereas no drug target for the third pharmaceutical, levonorgestrel, has been 

identified in this species. 

The results from this study show that the presence of drug target orthologs does influence the 

toxicity of pharmaceuticals. The effects of miconazole and promethazine could be observed at all 

three organization levels, whereas no effects of levonorgestrel exposure were observed at the tested 

concentration range. By assaying end points at different organization levels, a more comprehensive 

view of the toxic effects was provided. Moreover, our results underline the importance of 

considering drug target conservation in pharmaceutical risk assessments.     

 

3.2. Paper II The effects of feeding and xenobiotics on oxidative stress in Daphnia magna: 

implications for ecotoxicological testing 

This study aimed to delineate the effects of feeding activity and toxic exposure on biomarkers of 

oxidative stress in D. magna. The positive effects of calorie restricted diets on oxidative status have 

been known for a long time and are believed to also affect aging and health. Feeding rate in D. 

magna is a sensitive end point of general toxic response to xenobiotics. As biomarkers of oxidative 

stress are becoming widely used to assess toxic exposure, it is important to separate the effects of 

altered feeding rates and those of toxic exposure on antioxidant levels and oxidative damage. This 

was done in this study by manipulating feeding rate in D. magna using different food concentrations 

and by exposure to two model contaminants, the pesticide lindane and the pharmaceutical 

haloperidol. To assess antioxidative capacity and oxidative damage, individual protein content, ORAC 

and lipid peroxidation were measured in the test animals. 

The results confirm the positive effect of feeding rate on all three biochemical variables measured. 

Moreover, the xenobiotics altered the relationships between feeding and oxidative biomarkers. We 

also found that ORAC/protein ratio is a suitable biomarker for toxic exposure as it was independent 

of feeding rate within the tested range of food concentration. The results from this study provide 

knowledge about the effects of feeding activity on oxidative biomarkers and stress the importance of 

understanding the baseline variability of antioxidant and lipid peroxidation biomarkers. 

 

4. Discussion 

In contrast to human health risk assessment, where the health of individuals is at focus, 

environmental risk assessment addresses effects on population level and above. As the ultimate aim 

is to protect the ecosystem function and integrity, ecotoxicological end points and biomarkers have 

to be predictive of consequences at higher biological levels to have any value in risk assessments. The 

connection between effects at different biological levels must be understood to ensure that 

information obtained through ecotoxicological assays is relevant and interpretable (Forbes et al. 

2006). An integrative approach has been taken in the studies included in this thesis to evaluate 

whether biomarkers commonly used in ecotoxicological studies are predictive of effects at higher 

biological levels (paper I) and how they are related to ecological (food abundance) and physiological 

(feeding activity) factors (paper II). This approach is crucial for validating biomarkers as effect 

biomarkers and to understand their alterations to natural occurring changes (e.g., food abundance). 
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The connection between different biological organization levels was clearly demonstrated in paper I, 

were effects on RNA content and gene expression for cuticle protein and vitellogenin was observed 

for the same pharmaceuticals that also had effects on individual level. It is important to demonstrate 

this connection to be able to make assumptions, based on biomarker response, about delayed 

effects at higher biological levels. This connection is vital for mechanistic biomarkers as well as for 

those connected to energy allocation since both may have consequences on individual and 

population levels. Paper II showed xenobiotic impact on ORAC – protein relationship which indicates 

effects on metabolism and energy allocation as a result of toxic exposure. A connection between this 

biomarker response and life-history traits would strengthen antioxidative capacity as an effect 

biomarker in ecotoxicological studies.     

Sensitivity to stress is one of the 6 criteria for validation of biomarkers as it is desirable to detect 

warning signals before the environmental stress is too severe for recovering to take place. Recovery 

from stress may be more difficult and energy demanding higher up in the biological organization as 

molecular and biochemical alterations often are more easily reversed than ecosystem changes. The 

sensitivity of biomarkers was shown in paper I, where molecular and biochemical markers were the 

most sensitive end points when assessing the toxicity of pharmaceuticals with conserved drug 

targets. Individual end points are often of more general toxicity and even though our results show 

that these can detect potent xenobiotics, molecular and biochemical biomarkers detected effects at 

concentrations several fold lower.    

To be of value in risk and hazard assessments, biomarkers should fulfill the criteria mentioned above 

and should thus be evaluated for their relevance, sensitivity, mechanistic function and alterations to 

confounding factors, both physiological and ecological. Even though a lot is known about the impact 

of such factors, e.g. food quality, age and fitness, on oxidative stress there have only been a few 

studies concerning the influence of these factors in combination with toxic exposure. Feeding activity 

has a major impact on oxidative processes in D. magna (paper II), highlighting the importance to 

understand biomarker response to natural alterations in food availability in ecotoxicological assays. 

Our results also stress the importance of knowing what is measured, functional or toxic response or a 

combination of these, and hence, how the results should be interpreted. Single species laboratory 

studies are of great importance in this work, due to the possibility of controlling and measuring 

confounding factors. The knowledge from such studies can then be implemented in studies where 

more complex interactions are included, e.g. in mesocosm and field studies.  

 

5. Conclusions and future perspectives  

Integrating individual end points and biomarkers in ecotoxicological studies is a powerful approach 

for linking effects at multiple levels of biological organization. This provides an understanding of the 

mechanisms involved and a tool for predicting higher-level effects based on the biomarker 

responses.  

To the best of our knowledge, ORAC has never previously been assayed in D. magna and we showed 

that ORAC normalized to protein content can be used as a biomarker of xenobiotic exposure since it 

is independent of feeding rate and sensitive to toxic exposure. Hence, ORAC is a promising assay to 
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study further in ecological and ecotoxicological studies as a quantitative measurement of 

antioxidative capacity. 

The findings from this thesis have contributed to an increasing understanding of biomarkers in eco-

toxicological studies in regard to the connections between effects at different biological levels and 

confounding factors in biomarker response. Nevertheless, there are still questions that have to be 

addressed for biomarkers of oxidative stress to obtain full potential as effect biomarkers. One of 

these questions concerns delayed effects on organismal fitness and life-history traits as results of 

biochemical alterations. More research is also needed on possible synergistic effects of multiple 

stressors, both anthropogenic and natural, on oxidative stress. However, with the growing interest 

and research about mechanisms and consequences of oxidative stress, it is likely that the value of 

oxidative biomarkers in ecotoxicological studies will continue to increase.  
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