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INTRODUCTION 

The chemical industry is vital to modern society and has rapidly grown in the 
recent decades. To avoid negative impacts on human health and the 
environment, chemicals have to be tested for their potential hazard. In European 
Union (EU), REACH Directive (Registration, Evaluation, Authorisation and 
Restriction of Chemicals) was adopted requiring that all chemical substances 
manufactured or imported into the EU in a quantity of more than 1 tonne per 
year should be provided with the information on physical, health and 
environmental hazards they may pose (EC, 2006). Although simple and rapid 
standardized ecotoxicity tests are preferred and recommended, the additional test 
formats should also be applied to get ecologically relevant data needed for 
adequate environmental risk assessment and deriving environmental quality 
standards. The non-standardized tests may contribute important additional 
information for chemical risk assessment. Simple modifications in test design, 
such as conducting tests under natural climate conditions or using natural water 
instead of artificial test water yield environmentally more relevant results with 
no significant increases in costs. 

Although there are methods used for ecotoxicity testing of different groups of 
chemical products (e.g. industrial chemicals, pesticides, cosmetics) regulated by 
respective legislatory instruments in details, there are still many gaps to be filled 
in. For example synthetic nanoparticles (NPs), a relatively new group of 
chemicals, have different physicochemical properties and different 
(eco)toxicological profile compared to their microsized analogues (Kahru and 
Dubourguier, 2010). Therefore, case-by-case risk assessment should be adopted 
when talking about the environmental risk assessment of synthetic NPs (EC, 
2009a). 

Some methodological problems also exist in testing petroleum products 
belonging to UVCB substances (Chemical Substances of Unknown or Variable 
Composition, Complex Reaction Products and Biological Materials). Oil 
products are very complex mixtures and difficult to evaluate toxicologically as 
the results tend to depend on the test procedure applied (Singer et al., 2000). 

The toxicity of the Plant Protection Products (PPPs), such as glyphosate-
based herbicides, has been extensively studied. The most widely used approach 
for ecotoxicological evaluation of PPPs is based on the investigation of the 
active compound’s toxicity (e.g. glyphosate) to different test species. However, 
some recent publications have shown that the additives/surfactants used for the 
preparation of various PPP formulations may increase the toxicity of the final 
products to non-target organisms (Edginton et al., 2004; Tsui and Chu, 2003). 
Moreover, although manufacturers advertise glyphosate-based herbicides as 
“low toxic and environmental friendly” (Monsanto, 2012), this statement is not 
in the agreement with the data from the respective material safety data sheets 
(MSDSs). 



 

10 

In this Thesis, ecotoxicologically insufficiently characterized chemicals were 
studied using standardized and modified test formats to obtain and contribute to 
environmentally relevant information on their potential hazard. Various 
terrestrial and aquatic test organisms from different trophic levels were used to 
evaluate the toxicity of the following chemicals: Estonian shale fuel oils, metal-
based nanoparticles (nanosilver and nanosized magnetite) and different 
glyphosate formulations. 
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ABBREVIATIONS 

AE   acid equivalents 
AFW   artificial freshwater 
AMPA   aminomethylphosphonic acid 
ASTM American Society for Testing and Materials 
CLP   Classification, Labelling and Packaging 
DOC   dissolved organic carbon 
EC   European Commission 
ECHA European Chemicals Agency 
E(L)C50 the median effective concentration of the toxicant that 

induces a designated effect (or death) in 50 % of the test 
organisms after a specified exposure time  

EQS   environmental quality standard 
EU   European Union 
IPA   isopropylammonium 
ISO   International Organization for Standardization 
MSDS   material safety data sheet 
NOEC   no observed effect concentration 
NP   nanoparticle 
OECD Organisation for Economic Cooperation and 

Development 
OWR   oil-water-ratio  
PAHs   polyaromatic hydrocarbons 
PNEC   predicted no-effect concentration 
POEA   polyethoxylated tallow amine 
PPPs   Plant Protection Products 
PVP   polyvinylpyrrolidone 
REACH Registration, Evaluation, Authorisation and restriction of 

CHemicals 
SFO   shale fuel oil 
TPHs   total petroleum hydrocarbons 
US EPA  United States Environmental Protection Agency 
UVCB Substance  Chemical Substances of Unknown or Variable 

Composition, Complex Reaction Products and 
Biological Materials 

WAF   water accommodated fraction 
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1. REVIEW OF THE LITERATURE 

1.1. Ecotoxicological hazard evaluation of chemicals 

In addition to the great number of chemical compounds already manufactured 
and used, the chemical industry constantly produces more and more new ones. 
Many chemicals pose minor or no adverse effects, however, others may be 
harmful to human health and/or environment. Ecotoxicological evaluation is the 
cornerstone in the environmental risk assessment of industrial chemicals. 
Ecotoxicology is still a young discipline of the environmental sciences which 
studies the toxic effects of substances on species in ecosystems and requires the 
application of knowledge of three main disciplines: toxicology, ecology and 
chemistry (Blaise, 2013; van Leeuwen and Vermeire, 2007). 

Ecotoxicological effects are changes in the state of the aquatic and/or 
terrestrial species resulting from exposure to a chemical. These changes may 
become apparent at different levels of biological organization from sub-cellular 
to the ecosystem (van Leeuwen and Vermeire, 2007). The aim of 
ecotoxicological evaluation is to define the concentrations of chemicals in the 
environmental compartments which are safe to biota. However, the chemical 
safety assessment is a very complex task due to many abiotic and biotic factors 
affecting the behaviour of the chemicals in the environmental matrices and their 
bioavailability.  

Ecotoxicological hazard assessment of chemicals is based on the data of the 
chemicals’ properties and behaviour in the natural environment and their effects 
on living organisms, and is regulated with different international and national 
legislations. Many countries, e.g. North America, Europe, Australia, New 
Zealand, have well-developed regulatory frameworks for the management of 
chemicals in the environment. In the EU, a regulation REACH related to the safe 
use of chemicals has been implemented (EC, 2006). This directive describes the 
procedure of determining the hazard (physical, health and environmental 
hazards) of substances and mixtures produced, imported or used. According to 
REACH, all substances manufactured or imported in quantities of more than one 
tonne per year must have basic ecotoxicological information by the year 2018. 
Information of substances and mixtures in the EU is gathered in a chemical’s 
MSDS that is an integral part of the REACH Regulation (EC, 2006).  

REACH requires large amounts of different ecotoxicological information 
(e.g. aquatic toxicity) on about 100 000 different industrial chemicals. Standard 
data sets for aquatic toxicity on substances transported 1-10 tons/year includes 
growth inhibition on aquatic plants (algae preferred, OECD 201, 2011) and 
short-term toxicity testing on invertebrates such as crustaceans (preferred species 
Daphnia, OECD 202, 2004). On the next tonnage level (10-100 tons/year) short-
term toxicity testing on fish as vertebrates (OECD 203, 1992) is required in 
addition. For tonnages of more than 100 tons/year, long-term toxicity testing on 
invertebrates (preferred species Daphnia) and fish are additionally needed 
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(Tarazona et al., 2014). However, it should be mentioned that REACH as well as 
other legislatory acts (e.g. Plant Protection Products Directive: EC, 2009b) 
regulating the safety assessment of chemicals require data of only a limited 
number of standardized ecotoxicological tests which are scientifically valid and 
internationally harmonized (e.g. test guidelines of the Organisation for 
Economic Cooperation and Development - OECD). The data set required 
depends on the aims of the risk assessment and regulation involved. Besides, 
relevant available information from different sources, e.g. published literature, 
should also be used as supplementary information. The reliability and relevance 
of data from non-standardized test methods must be evaluated on a case-by-case 
basis (EC, 2003). However, data from standardized tests has priority in the 
assessment of the potential environmental hazard of chemicals.  

 
1.1.1. Advantages and limitations of the standardized toxicity tests 

Standardized tests are performed following the guidelines provided by official 
national or international organisations like OECD, US EPA (United States 
Environmental Protection Agency), ASTM (American Society for Testing and 
Materials) and ISO (International Organization for Standardization) (Ågerstrand 
et al., 2011). Standardized tests have specific experimental setup and methods 
for analysing and reporting the data (Ågerstrand et al., 2011). The major 
advantages of standardized ecotoxicity tests are following: they are rapid, easy 
to conduct, not too expensive, the results are comparable across substances and 
the data is accepted by different regulations (Eriksson et al., 2010; van Leeuwen 
and Vermeire, 2007). There is a large amount of information from standardized 
tests available in scientific databases and publications making the comparison of 
the test results between different laboratories easier. Moreover, it is quite easy to 
repeat the testing due to detailed description of the experimental, analytical and 
documentation procedures. 

The biggest disadvantage of standardized ecotoxicity test methods is that the 
ecological relevance of these tests and thus results obtained may be questionable 
(Eriksson et al., 2010; Merrington et al., 2014). As standardized tests are 
conducted under controlled laboratory conditions, a lot of factors that may affect 
the toxicity test results are excluded (e.g. natural climate conditions, interactions 
with naturally occurring compounds or other biological species). Laboratory 
toxicity tests use single species, but, in fact, different species interact with each 
other and pollutants may affect these interactions in biological communities (van 
Leeuwen and Vermeire, 2007). Also, laboratory toxicity tests usually focus only 
on a particular life stage of a test species (e.g. Daphnia magna acute testing), 
rather than the full life cycle (Leung et al., 2014). In addition, standardized 
toxicity tests often study only a single chemical at a time, whereas most aquatic 
contaminants occur in mixtures that may result in additive or synergistic toxic 
effects (Leung et al., 2014). Moreover, indirect effects of toxicants, for example, 
via food availability, etc., are often ignored in standardized laboratory tests 
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(Campell et al., 2003). Due to all the aforementioned limitations it is hard to 
extrapolate the test results from standardized methods to real ecosystems.  

Environmentally more relevant information on chemicals is needed for 
developing the environmental quality standards (EQSs). In practice, many 
existing environmental standards are based on the limited data set (van Leeuwen 
and Vermeire, 2007). The predicted no-effect concentrations (PNEC) may be 
calculated by applying an appropriate safety factors (generally ranging from 10 
to 10 000) to the effect values (e.g. LC50 or NOEC) for the most sensitive 
species from available toxicity data. However, EQSs, derived exclusively from 
laboratory ecotoxicity data, might under- or overestimate the real risks for 
ecosystems’ concern and such standards should be assessed under field 
conditions. To get more environmentally relevant information, the number of 
tested species should be increased and extrapolating the acute data to set chronic 
limit values should be avoided when deriving EQSs (Merrington and van 
Sprang, 2013). In addition, available scientific information on chemical’s 
toxicity and bioavailability must also be critically evaluated. 

 
1.1.2. Increasing the environmental relevance of ecotoxicity testing 

Whereas standardized tests are mostly performed by commercial laboratories, 
non-standardized methods are typically applied by scientists investigating the 
fate and toxicity of chemicals to different test species under different test 
conditions. Several approaches could be applied to increase the environmental 
relevance of ecotoxicity data: i) modification of the existing standardized 
laboratory tests; ii) using microcosms; iii) using mesocosms or field studies.  

The first approach is the most cost-effective. Only small changes in the test 
design allow receiving environmentally more relevant data. For example, most 
of the ecotoxicity tests with aquatic organisms like crustaceans have been 
conducted using artificial freshwater (AFW) containing a limited number of 
chemical compounds compared to the natural water (e.g. surface water). The 
bioavailability and toxic effects of chemicals depend on the water composition 
(Witters, 1998). For example, for synthetic nanoparticles (NPs) it is known that 
the amount of natural organic matter in the test water affects their fate and 
toxicity (Blinova et al., 2010; Giasuddin et al., 2007; Hyung et al., 2007; Klaine 
et al., 2008; Lead and Wilkinson, 2006; Wigginton et al., 2007). Thus, the 
practical value for realistic chemical risk assessment of ecotoxicity tests 
conducted with AFW is questionable (Handy et al., 2008; Velzeboer et al., 
2008). Using unpolluted natural surface water instead of AFW in the tests with 
crustaceans gives valuable information for ecological risk assessment (Blaise 
and Ferard, 2005). Also, the prolongation of acute test, namely, registration of 
mortality and reproduction rate of crustaceans placed into clean water after 
short-term exposure in acute tests, may give us information on the recovery 
potential of tested species. Such recovery tests can also be applied in the hazard 
assessment of contaminated water, soil or sediment. In terrestrial plant toxicity 
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testing, artificial soil is usually used because it is well-defined, has uniform 
texture and can easily be used in the laboratory where the physicochemical 
properties remain the same among tested series (Stephenson et al., 2000). 
Artificial soil does not contain plant seeds and soil invertebrates but, at the same 
time, has low content of natural soil bacteria which are very important for 
biodegradation. Properties of artificial soil are different from natural soil, 
therefore the extrapolation possibilities are under discussion and natural soil is 
preferred for more environmentally relevant test results (Hofman et al., 2009). 

The multi-species microcosm and mesocosm studies could help to validate 
the PNECs obtained from standardized laboratory tests (Merrington et al., 2014). 
The environmental relevance of data from experimental microcosm and 
mesocosm studies is much higher compared to the results from standardized 
laboratory tests. The indoor/outdoor microcosm experiments and mesocosm 
studies may significantly reduce the uncertainty of ecotoxicity data. Such multi-
species tests help to predict the fate and bioavailability of contaminants in the 
ecosystems as well as effect the interactions between species (van Leeuwen and 
Vermeire, 2007). The mesocosm studies under natural climate conditions are 
irreplaceable in case of investigating any site-specific contamination. Using 
mesocosm systems to study the effects of chemicals on aquatic organisms can be 
important as the first-step screening tool before investigating the effects in the 
field (Rand, 1995), but they are more expensive and time-consuming than 
standardized ecotoxicity tests. The full scale field tests are the most costly and 
complex and their repeatability is very low, therefore their application for EQSs 
elaboration is very limited 

All in all, ecotoxicological testing should be conducted in environmental 
conditions representing the situation in the natural environment (Laskowski et 
al., 2010). To enable the use of non-standardized tests in risk assessments they 
should be included in the legislations in a systematic way and reported in a 
comprehensive way like when using the standardized test methods (Ågerstrand 
et al., 2011). 

 

1.2. Selected (model) chemicals for environmental hazard 
evaluation 

1.2.1. Shale fuel oils 

Estonia is a country with the largest industrially-used oil shale basin in the world 
(Kahru and Põllumaa, 2006). Oil shale, a sedimentary rock containing high 
amount of organic matter, is burnt in local power plants for electricity generation 
but also used for the production of fuel oil (semi-coking). Currently more than 
500 000 tons of different shale fuel oils are produced in Estonia (Estonian 
Statistics, 2016). These oils are traditionally compared to heavy fuel oils and can 
be used for the same purposes as those gained from crude oil. The main 
consumers of shale oil are heat producers, power plants, producers and sellers of 
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bunker fuels and international traders. Domestic production of oil from oil shale 
is expanding rapidly and will reach up to one million tons per year in the near 
future which makes shale oil one of the most produced chemicals in Estonia 
(Estonian Statistics, 2016). However, experimental data on the potential hazard 
of shale oil to soil/aquatic ecosystems is limited making the prediction of 
consequences in case of accidental contamination very difficult. 

As a rule, data on hydrocarbons’ concentrations is used as an indicator of 
contamination level or efficiency of remediation actions in oil polluted 
soil/water ecosystems (Alexander, 2000; Mao et al., 2009; Sammarco et al., 
2013; Sung et al., 2013). There are sets of limit values for different oil 
compounds in various national/international regulations. For example, in 
Estonia, total petroleum hydrocarbons (TPH; C10–C40), sum of polyaromatic 
hydrocarbons (PAHs) and some individual hydrocarbons in the soil and 
groundwater are regulated (RT, 2010a; RT, 2010b). The toxicity of petroleum 
products is caused by many compounds presented in various amounts in the 
mixure, but the reporting of all the individual chemicals is not practical (Perkins 
et al., 2003). Most often, the total concentration of hydrocarbons (C10–C40) and 
concentration of individual most toxic hydrocarbons (e.g. PAHs) are monitored 
and compared to existing EQSs. Such approach may lead to over- or 
underestimation of the real environmental risks as it is difficult to predict the 
overall toxic effect of the mixure on the basis of a limited number of measured 
hydrocarbons. Besides, only a part of the hydrocarbons’ content measured by 
chemical analysis is bioavailable to organisms. For example, hydrocarbons 
strongly sorbed to soil particles are not bioavailable to soil biota and therefore do 
not pose real risks to these organisms (Bogan and Sullivan, 2003; Haritash and 
Kaushik, 2009). On the other hand, a reduction in total hydrocarbons’ 
concentration does not always indicate a decrease in toxicity due to the 
formation of new metabolites during degradation which may be more toxic than 
initial compounds (Al-Mutairi et al., 2008; Larsson et al., 2013). It should be 
mentioned that soil/water contamination by different fuel oils with similar 
content of TPHs may pose different environmental hazard due to the variety in 
abundance of individual hydrocarbons (e.g. some fuel oils have more toxic or 
more lighter than heavier fractions of hydrocarbons) in fuel oils’ composition. 
For example, it was shown that the toxicity of water accommodated fractions 
(WAFs) of crude oil cannot be explained on the basis of the PAHs or TPHs 
(C10-C40) concentrations (Bellas et al., 2013; Long and Holdway, 2002). 

Mineral oils such as shale fuel oils (SFOs) are very complex mixtures and 
their chemical composition varies depending on the oil shale origin and refining 
process used. According to REACH and CLP (Classification, Labelling and 
Packaging), they belong to the category of UVCB-substances (Chemical 
Substances of Unknown or Variable Composition, Complex Reaction Products 
and Biological Materials). The petroleum-based fuels are hard to evaluate 
toxicologially due to their complex and variable composition (Singer et al., 
2000). Environmental hazard evaluation of fuel oils (e.g. SFOs) on the basis of 
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the toxicity of individual components is impossible as i) the complete chemical 
composition of the specific brand of fuel oil is usually unknown and ii) the 
bioavailability of the individual compounds may vary depending on the test 
conditions/environmental factors (Faksness et al., 2008; Gomez-Eyles et al., 
2010; Kenaga, 1987; Larsson et al., 2013). Thus, realistic information on the 
ecotoxicity and behaviour of SFO in soil/water ecosystems may only be received 
from the experiments with specific type of fuel oil and the data obtained cannot 
be extrapolated to other oil brands (Rodrigues et al., 2010).  

In spite of the different chemical composition of two types of shale fuel oils 
(“VKG D” and “VKG sweet”), selected for the current investigation, the 
information on the toxicity to aquatic species in respective MSDSs issued has 
been gained with tests with an average shale oil sample. However, the use of this 
data may lead to over- or underestimation when it comes to the risk assessment 
of specific type of shale oil. In addition, the ecological information of SFOs on 
European Chemicals Agency (ECHA) datasheet is also limited (ECHA, 2016). 
Under the section of environmental fate and pathways there is no information on 
the biodegradation of shale oil in water, sediment or soil, and bioaccumulation in 
sediment. In addition, there is no ecotoxicological data on the sediment and 
terrestrial toxicity or long-term toxicity to fish. Only basic ecotoxicologial 
information required by REACH (e.g. short-term toxicity to fish, short and long-
term toxicity to aquatic invertebrates - Daphnia, toxicity to aquatic plants - 
algae) and in addition toxicity to microorganisms (activated sludge) is presented. 
Lack of information makes the risk assessment of SFOs very difficult. An 
accidental spill of fuel oils may lead to long-term environmental problems and 
data on inherent biodegradability (i.e. potential to be biodegraded) of SFOs is 
one of the most important parameter needed for real risk assessment (Battersby, 
2000; Willing, 2001).  

The evaluation of the potential negative effects of poorly water-soluble oil 
products to aquatic ecosystem is based on the toxicological evaluation of oils’ 
water accommodated fractions (WAFs). There are several methods in use for 
WAF preparation, e.g. WAF of undispersed oil or chemically enhanced WAF of 
the dispersed oil in the water column (Perkins et al., 2003). A standard protocol 
proposed by Chemical Response to Oil Spills–Ecological Effects Research 
Forum (CROSERF) (Aurand et al., 2005) is the most often applied. However, 
there are still some methodological questions concerning the toxicological 
evaluation of WAFs to be clarified. Currently, two main approaches for 
preparing WAF series for toxicity testing are commonly used: variable loading 
and variable dilution. Variable loading uses different oil-water-ratios (OWRs) to 
prepare WAF series, whereas in variable dilution the test series are prepared by 
dilutions of the initial WAF (Barron and Ka’aihue, 2003). In the latter approach 
the most common OWRs for preparing initial WAF are 1:10 and 1:40, but other 
OWRs, for example 1:10 000, are also used in the toxicological testing 
(Anderson, 1985; Barron et al., 1999; Barron and Ka’aihue, 2003). There are 
still unsolved issues concerning the preparation methods of oil WAF sets for 
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ecotoxicity testing as both procedures have their advantages and disadvantages 
(Barron and Ka’aihue, 2003). The reporting of the exposure doses (as loading 
rate or concentrations of total petroleum hydrocarbon (C10–C36) or total 
hydrocarbon content (C6–C36)) in water is also crucial for interpretation of the 
toxicity tests (Perkins et al., 2003). There are different ways to report the toxicity 
of WAFs: i) as loading rate (mg oil/L), ii) as percentage of initial WAF dilution 
(v/v %), iii) as concentration of chemical compounds, e.g. TPH (μg/L) or total 
concentration of 16 PAHs (μg/L), etc. Due to the variability in test designs it is 
very hard to compare the test results gained from different laboratories (Singer et 
al., 2000).  

 
1.2.2. Metal-based nanoparticles 

According to the definition of European Commission (EC, 2011) nanoparticle 
(NP) is a particle with one or more external dimensions in the size range of       
1-100 nm. NPs can be classified, based on their origin, to natural (volcanic ash, 
ocean spray, forest fire) or anthropogenic, and the latter can be further divided to 
unintentional (combustion particulates, diesel exhaust) and intentional (synthetic 
NPs). Intentionally produced synthetic or engineered NPs are engineered pure 
materials with controlled properties and can be classified into organic (carbon-
based) and inorganic (metal-based) NPs (Srivastava and Kowshik, 2015). Metal-
based NPs, in particular, have received increasing interest due to their 
widespread medical, consumer, industrial and military applications and it is 
expected that their production and use continues to increase. As of March 20, 
2015 listed in Consumer Products Inventory (The Project on Emerging 
Nanotechnologies, 2015) there were more than 1800 consumer products 
containing NPs whereas silver, titanium and carbon were the most abundant 
synthetic nanomaterials used (438, 107, 90 products; respectively) (Juganson et 
al., 2015). Simultaneously with the rapid growth of nanomaterials’ application in 
different economic sectors (Gottschalk et al., 2013) the hazard of the 
environmental contamination will also increase. 

Although there is no clear reference to nanosize materials under EU 
chemicals legislation REACH or CLP, in these legislative acts NPs are covered 
by the definition of “substance” and therefore risk assessment should be 
performed as part of the chemical safety assessment process using relevant 
information. To find out the hazards related to NPs, existing test guidelines may 
need modifications (EC, 2008). 

It is already an established fact that metal-based NPs may pose unknown 
threats to living organisms due to their novel physicochemical properties. With 
decreasing size, NPs’ surface area increases and thus, increases also the 
reactivity. Some materials (e.g. Ag, Au, and Cu) may induce toxicity in nanosize 
even if they are relatively inert in their microsized form (Schrand et al., 2010). In 
addition to particle size, the reactivity and bioactivity of NPs is determined by 
surface coating and surface functional groups (Lynch et al., 2013). For example, 
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NPs based on the same element but exhibiting different surface coating may 
have different ecotoxicological profiles or safety (Rana and Kalaichelvan, 2013). 
Surface coating may give NPs new bioactive properties and, for example, only 
NPs with appropriate coatings can be used for biomedical applications (Steitz, 
2006).  

For different organisms the toxicity mechanisms of NPs vary to a great 
extent. Bacteria (e.g. V. fischeri) as particle non-ingesting organisms are 
subjected to NPs via contact exposure but crustacean (e.g. D. magna) as a 
particle-ingesting organism is exposed via both, ”external” and the ”internal 
exposure” of the chemical. So, daphnids as filter feeders are more vulnerable to 
the potential toxic effects of the synthetic NPs and have been shown the most 
sensitive aquatic organisms when exposed to ZnO and CuO NPs (Kahru and 
Dubourguier, 2010). 

Exposure environment is an important element affecting the toxicity test 
results of NPs. Most of the standardized in vitro toxicity assays are performed in 
artificial test media which composition may affect the bioavailability of metal-
based NPs. The stability (solubility) of NPs as well as their dispersion efficacy 
depends on the interactions of NPs with organic and inorganic components of 
the test environment. For instance, organic matter may affect the fate of the NPs 
in test media in two ways: i) NPs may adsorb organic compounds and as a result 
settle in the test media (Ma et al., 2015); ii) the components of organic-rich test 
media are able to disperse NPs and prevent their sedimentation (Bondarenko et 
al., 2013). The interferences between media components and NPs have to be 
taken into consideration in the test planning and interpretation of test results 
(Handy et al., 2012). 

 
This Thesis focuses on the evaluation of the environmental hazard of silver and 
magnetite (iron oxide) NPs. 
 
Silver has been known for its medical properties for over 2000 years and used in 
various antimicrobial applications since the nineteenth century. Nowadays silver 
NPs are widely used in more than 400 consumer products such as broad-
spectrum antimicrobials in cosmetics, clothing, detergents, electronics, water 
purification systems, dietary supplements and medical equipment (Juganson et 
al., 2015). Despite the various benefits of silver NPs, their release into the 
environment may lead to negative effects to non-target organisms which must be 
evaluated. According to Piccinno et al. (2012) up to 550 tons of nanosilver are 
produced annually and potentially may reach the environment via industrial and 
household wastes (Tashi et al., 2016). 

There are several publications that suggest the potential hazard of silver NPs 
to non-target organisms. However, as discussed above, due to different 
physicochemical properties (e.g. different surface coatings), silver NPs may 
exhibit differences in toxicity as well as in their environmental fate. A great deal 
of papers have argued about the exact mechanism of action of silver NPs. 
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Whereas some papers suggest that the toxic effects of those particles are caused 
by nanoparticulates of silver (Chae et al., 2009), in a series of other papers it has 
been demonstrated that the toxicity of silver in the environment is driven by free 
silver ions that are released from nanoparticles to the aqueous phase (Bilberg et 
al., 2012; Ivask et al., 2014; Wijnhoven et al., 2009). Before certain conclusions 
can be drawn, specific types of synthetic silver NPs must be evaluated 
individually to understand whether their potential environmental hazards are 
comparable to water-soluble silver formulations or not (Prabhu and Poulose, 
2012). In this study, we chose polyvinylpyrrolidone (PVP) - coated NPs which 
were selected due to their frequent use in various medical applications (Le 
Garrec et al., 2004). In addition, protein-coated silver NPs (collargol) that were 
used in this study have well-known antibacterial properties and have therefore 
been broadly used in the daily medicine for decades. 
 
Magnetite (iron oxide, Fe3O4) is a widespread natural compound that is 
nowadays increasingly used for technical and biomedical applications 
(Gustafsson et al., 2010; Karlsson et al., 2015; Marius et al., 2014). Iron oxides 
(e.g. magnetite) have been proposed to remove organic (Rusevova et al., 2012) 
and inorganic (Giraldo and Moreno-Piraján, 2013) pollutants from water and 
soil. Magnetite has proved effective and low-cost adsorbent in drinking and 
wastewater treatment systems (Horst et al., 2015; Mohan and Pittman, 2007; 
Shannon et al., 2008; Zelmanov and Semiat, 2008). It has been shown that 
nanosized magnetite is more efficient in removing environmental contaminants 
than microsize magnetite (Ngomsik et al., 2005; Vikesland et al., 2007; Yean et 
al., 2005) 

According to Piccinno et al. (2012) up to 5500 tons of nanosized iron oxides 
are produced annually. Magnetite is considered relatively safe, however, the 
consequences of large-scale application of both, nano- or microsized magnetite 
(e.g. for environmental remediation) should be evaluated. Currently, information 
concerning the potential hazards of synthetic magnetite NPs to aquatic 
organisms is still limited (Juganson et al., 2015; Li et al., 2016).  
 
1.2.3. Glyphosate formulations 

Glyphosate is a chemical herbicide, widely applied in farming, forestry, parks, 
public spaces and gardens and its use is rising rapidly (Benbrook, 2016). In 
2011, about 650 000 tons of glyphosate was used worldwide (CCM 
International, 2012). The increase of crops (maize, cotton, soybean, sugar beet), 
genetically modified against glyphosate, may expand the use of this herbicide 
(UK GM Science Review panel, 2003). In Estonia, more than 40 different 
glyphosate-based formulations are registered (Register of Plant Protection 
Products, 2016) making glyphosate the most used active ingredient in pesticide 
since 2002 and this trend is showing a clear increase (Estonian Agricultural 
Board, 2014). 
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Glyphosate’s (chemical name N-phosphonomethylglycine) main effect is to 
block an enzyme that plants need to make amino acids and proteins (Hoagland 
and Duke, 1982). When the enzyme is blocked, plants die within a few days. 
The toxicity of glyphosate to organisms listed in the respective legislation act is 
well investigated. Glyphosate is said to be plant specific and therefore 
considered not toxic to animals (Giesy et al., 2000) and other non-target        
(e.g. aquatic organisms) organisms (WHO, 1996). However, recent 
investigations have shown that it is not as safe as the producers claim (Gomes et 
al., 2016; Guerrero Schimpf et al., 2016; Monte et al., 2016; Moreno et al., 
2014). In available herbicide formulations, glyphosate is usually combined with 
additives (e.g. surfactants) which help to increase glyphosate’s ability to 
penetrate the plant cells but at the same time may be toxic to non-target 
organisms (Edginton et al., 2004; Tsui and Chu, 2003). Moreover, the precise 
chemical composition of a glyphosate-based herbicide is not clearly stated by the 
manufactures, making the comparison of the toxicity of different glyphosate 
formulations, containing different surfactants/additives, to target and non-target 
organisms complicated. 

In Europe, the legislation regulating the marketing and use of pesticides on 
the EU market is Plant Protection Products Regulation 1107/2009 (EC, 2009b). 
According to the data in the MSDS of glyphosate, required by REACH on 
aquatic organisms (96 h LC50 fish, 48 h EC50 crustacean, 72 h EC50 alga), it is 
classified as hazardous to the aquatic environment (toxic to aquatic life with 
long lasting effects). Still, glyphosate and its main degradation product 
aminomethylphosphonic acid (AMPA) are not currently included in the list of 
priority substances under the Water Framework Directive (EC, 2013) and in the 
EU there are no EQS values set for these substances. Moreover, the information 
on the persistence and degradability, bioaccumulative potential and mobility of 
glyphosate in soil varies depending, for example, on the temperature or type of 
soil used. Therefore, the toxicity of a specific glyphosate formulation to 
(non)target organisms in different climate conditions should be studied for 
relevant site-specific risk assessment.  
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1.3. Aims of the study 
 
All industrial chemicals need to be tested for their potential hazards to human 
health and the environment. Still, there is a lack of information concerning the 
ecotoxicity of chemicals already circulating on the market or entering the 
market. Available data on the ecotoxicity of chemicals is usually received by 
using standardized tests which however do not reflect real environmental 
conditions. Application of non-standardized test procedure enables to obtain 
complementary ecologically relevant information that is crucial for realistic 
environmental risk assessment. 

The aim of the present research was to obtain new scientific knowledge on 
the potential environmental hazards of selected organic chemicals such as shale 
fuel oils and different glyphosate formulations and a new emerging class of 
inorganic chemicals - metal-based nanoparticles. To obtain ecologically relevant 
toxicological information on these chemicals to different aquatic and terrestrial 
organisms, the tests were performed in non-standardized formats and the results 
were compared with those from standard tests.  
 
Each study has addressed its individual aims:  
 modification of the standardized test formats of ecotoxicity assays in order 

to obtain ecologically more relevant information (papers I-V); 
 comparative evaluation of the potential environmental hazards of two shale 

fuel oils to aquatic and terrestrial ecosystems (papers I, II); 
 toxicity assessment of metal-based nanoparticles to aquatic species (papers 

III, IV); 
 assessment of the ecotoxicological effect of different glyphosate 

formulations to non-target organisms in laboratory and outdoor experiments 
(paper V).  
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2. MATERIALS AND METHODS 
 
2.1. Tested chemicals 

The following chemicals were studied in this Thesis.  
 
Shale fuel oils (papers I, II) 
Two shale fuel oils (“VKG D” and “VKG sweet”) were obtained from company 
VKG Oil AS. “VKG D” is a mixture of 70 % heavy shale oil fraction and 30 % 
middle shale oil fraction and has a density of 1008.5 kg/m3 at 15 °С (ASTM D 
4052) and sulphur content 0.59 % wt. (ASTM D 4294). “VKG sweet” is a 
mixture of 70 % middle shale oil fraction and 30 % heavy shale oil fraction and 
has a density of 992.1 kg/m3 at 15 °С and sulphur content 0.63 % wt. According 
to the MSDSs of “VKG D” and “VKG sweet”, the average shale oil sample has 
water solubility of 0.22 g/L. 
 
Magnetite (iron oxide, Fe3O4) (paper III) 
Uncoated nano- and microsized magnetites (iron oxide, Fe3O4) were purchased 
from Sigma-Aldrich (purity ≥ 98 %) and had the following advertised primary 
particle sizes: nano Fe3O4 (< 50 nm) and micro Fe3O4 (< 5 μm). 
 
Silver nanoparticles (paper IV) 
Polyvinylpyrrolidone (PVP)-stabilized silver NPs were synthesized by H. Tenhu 
in the Laboratory of Polymer Chemistry, University of Helsinki. Protein-coated 
silver NPs (collargol) were purchased from an Estonian drugstore and silver 
nitrate (AgNO3) from Fluka. 
 
Glyphosate formulations (paper V) 
Isopropylammonium (IPA) salt of glyphosate 40 % (w/v) in aqueous solution 
(29.6 % acid equivalents, AE, by weight) was purchased from Sigma-Aldrich. 
Herbicide formulations, Roundup QuickTM as a spray (0.72 % AE, by weight) 
consisting of IPA salt of glyphosate 1 %, water 94 %, other not specified 
additives 5 %, and granulated Roundup MaxTM (68 % AE, by weight) which 
consists of 75 % of ammonium salt of glyphosate, 21 % of surfactant 
polyethoxylated tallow amine - POEA, 0.5 % of sodium sulphite, 3.5 % other 
not specified additives, were produced by Monsanto Europe S.A.  
 
Detailed information on the purchased chemicals can be seen in respective 
articles. 
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2.2. Characterization of the used ecotoxicity tests 

2.2.1. Ecotoxicity tests with crustacean Daphnia magna – the model 
organism for testing chemicals 

Water flea Daphnia magna (Figure 1) is a small crustacean that lives in 
freshwater bodies such as ponds, lakes and streams. They are important food 
source for fish and other aquatic organisms. Water fleas are widely used in the 
toxicity assessment because they are sensitive to most types of pollutants. 
Compared to other daphnids, D. magna is the largest and the easiest to handle in 
the laboratory tests (Canton and Adema, 1978). For testing, the daphnia neonates 
can be obtained by the hatching of ephippia (MicroBioTests Inc, Belgium) or 
from the healthy laboratory culture. Daphnids are easily cultured in the 
laboratory, inexpensive to maintain and they mature in just a few days, therefore 
D. magna can be used both, in acute (OECD 202, 2004) and chronic (OECD 
211, 1998) toxicity assays. 

 

 
Figure 1. Crustacean Daphnia magna 

 
Test media (papers I-V) 
In the acute tests, artificial OECD 202 freshwater (AFW) is usually used for 
D. magna testing. In papers II, III, IV different 0.45 µm filtered natural waters 
were used in both, acute and chronic tests in addition to AFW.  
 
48 h immobilization test (papers I-V) 
D. magna acute immobilization test is standardized (OECD 202, 2004). In our 
studies, less than 24-h-old D. magna neonates were obtained by the hatching of 
ephippia (MicroBioTests Inc, Belgium) and fed for 2 h with unicellular alga 
Spirulina sp. After feeding, 20 animals divided into four groups of five animals 
each (a volume of 10 ml of sample per test well), were used at each test 
concentration and for the controls and incubated at 20 °C for 48 h in the dark. 
The toxicity endpoint was the immobilization meaning the daphnids were not 
able to swim within 15 seconds even if they were able to move their antennae.  
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21-day reproduction test (paper IV) 
D. magna reproduction test was performed according to OECD 211 (1998). 
Briefly, neonates less than 24-h-old were exposed for 21 days at 21±1 °C with 
16 h light/8 h dark photoperiod to different concentrations of tested chemicals. 
D. magna was fed daily with alga Pseudokirchneriella subcapitata. Parent 
animals were transferred to renewed medium every 3 days. Endpoints were 
mortality of the parent animals during the test and the number of juveniles 
produced per alive parent animal at the end of the test.  
 
Recovery test (papers II, III) 
The aim of the recovery test was to evaluate the long-term effects of short-term 
exposure to sublethal concentrations of chemicals on crustacean D. magna 
population. Briefly, 24-h-old D. magna neonates were exposed to sublethal 
concentrations of tested chemicals for 48 h, after which actively swimming 
daphnids were collected from each concentration and further incubated during 
two-three weeks in clean filtered (0.45 μm pore-size filter) lake water. The 
medium was renewed once a week and daphnids were fed daily with alga         
P. subcapitata. Dead organisms were removed from the test vessel and the 
mortality of parent animals and the number of offspring produced was recorded 
daily. At the end of the test (after 18 days), alive organisms and the total number 
of living offspring produced per alive parent animal were calculated. 
 
Early life-stage test (paper III) 
The aim of the early life-stage test was to investigate the effect of chemicals on 
the hatching of D. magna ephippia. For that, 90 D. magna ephippia 
(MicroBioTests Inc, Belgium) were hatched in different uncontaminated lake 
waters and in different concentrations of tested chemicals. The ephippia were 
exposed for 80 h at 20 °C under continuous illumination after which the hatched 
alive neonates were counted and used in further tests (acute and recovery). 
 

2.2.2. Mortality test with crustacean Thamnocephalus platyurus 
(papers I, II, IV) 

Thamnocephalus platyurus (Figure 2) mortality test was performed according to 
Standard Operational Procedures of Thamnotoxkit FTM (1995). The cysts of      
T. platyurus were purchased from MicroBioTests Inc, Belgium. After hatching 
of the cysts at 25 °C for 20-22 hours under continuous illumination, less than  
24-h-old larvae were used in the test. 30 larvae per every concentration of the 
tested chemical (3x10 organisms in 1 ml of sample) were incubated for 24 h at 
25 °C in the dark. The mortality was used as the toxicity endpoint. 
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Figure 2. Crustacean Thamnocephalus platyurus 
 

2.2.3. Growth inhibition test with duckweed Lemna minor (papers II, 
III) 

Higher water plant duckweed Lemna minor growth inhibition test was 
performed according to OECD 221 (2006). L. minor was exposed for 7 days at 
25 °C in the continuous illumination (7000 lux) and the number of fronds and 
dry biomass were used as the toxicity endpoints. The test was performed in 
standard L. minor growth medium (OECD 221, 2006) and in different filtered 
natural waters. 
 
2.2.4. Tests with terrestrial plants (papers I, V) 

Toxicity of spiked soils to terrestrial plants was evaluated using two different 
test formats. In PhytotoxkitTM plate test (2004), soil and seeds were separated 
with a filter paper, covered with a lid and incubated at 25 °C in darkness in a 
vertical position. In traditional OECD 208 bioassay (2006), seeds were placed 
directly into the soil, not covered and incubated inside or outside under natural 
light–dark cycle. Toxicity to terrestrial plants mustard Sinapis alba, barley 
Hordeum vulgare and red radish Raphanus sativus was evaluated using the 
inhibition of seed germination and root/shoot growth as toxicity endpoints. For 
more details, see papers I and V. 
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3. RESULTS AND DISCUSSION 

3.1. Environmental hazard evaluation of shale fuel oils (papers I-II) 

Behaviour in the soil and toxicity to aquatic species of two widely produced 
Estonian shale fuel oils “VKG D” and “VKG sweet” with different chemical 
composition was studied using a combined chemical and biological approach. 
Different test formats were applied to increase the environmental relevance of 
the experimental results. According to our knowledge, this is the first study 
about the behaviour of shale fuel oils in different soil and water matrices giving 
valuable information on the mobility and degradation of SFOs in the soil needed 
for the hazard evaluation. 
 

3.1.1. The behaviour of shale fuel oils in two different soil matrices 
(paper I) 

Along with data on the potential hazard of pollutant to the biota, information on 
the behaviour in the environment, e.g. rates of decontamination as a result of 
natural procecces and rate of migration within the soil compartment, is needed 
for forecasting the potential negative environmental impact (Battersby, 2000; 
Smink and Klaine, 2013; Willing, 2001).  
 
3.1.1.1. Design of the study 

To increase the environmental relevance of experimental results, mobility and 
degradation of SFOs “VKG D” and “VKG sweet” in the soil was studied in 
microcosms under Estonian environmental conditions, as weather strongly 
affects the fate of contaminants in the soils (National Research Council, 2003). 
Two types of soil matrices: organic-rich (Corg – 3.5 %) natural soil and sand 
were used in the study. Soil-filled test containers, open from the bottom, were 
placed on the sandy ground for one year (Figure 3). 

In the migration experiment, SFOs with a pollution load of 1 ml/cm2 
(imitating moderate accidental pollution) were poured directly on the 20 cm 
thick substrate layer. The hydrocarbons’ concentrations and the number of 
heterotrophic bacteria were assessed in the mixed 3 cm bottom layer, located  
10-13 cm under the oil polluted surface (further designated as “bottom layer”). 

In the degradation experiment, soils were homogeneously mixed with SFOs 
to obtain concentrations of 10 and 50 g oil/kg soil. Before taking sub-samples 
for analyses, the oil-spiked layers were mixed to minimise the oils’ downward 
migration impact on the test results. The dynamics of SFOs’ hydrocarbons and 
number of soil heterotrophic bacteria were measured and the toxicity to 
terrestrial plants Hordeum vulgare and Sinapis alba was tested. 
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Figure 3. Scheme of the outdoor experiments with shale fuel oils (Figure S2 in paper I). 

To evaluate the potential risk of contaminated soils to aquatic ecosystems, the 
toxicity of aqueous leachates (1:10, i.e. 100 g of dry soil per 1 L of AFW) 
(Barron and Ka’aihue, 2003) of soil samples to aquatic species Daphnia magna, 
Thamnocephalus platyurus and Vibrio fischeri was studied. The content of 
hydrocarbons (TPHs C10-C40: > C10–C21 and > C21–C40; sum and individual 
concentrations of 16 PAHs: naphthalene, acenaphthylene, acenaphthene, 
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, 
chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, 
indeno(1,2,3-cd)pyrene, dibenzo(a,h)anthracene and benzo(g,h,i)perylene) were 
measured in oil-spiked soil samples and in the respective aqueous eluates. 

For more details on the design of the study and the used shale fuel oils, see 
papers I and II. 
 

3.1.1.2. The migration of shale fuel oils in the soils 

In case of an accidental oil spill, it is important to know the migration rate of the 
fuels to the deeper layers of the soil column. The experiment revealed that the 
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downward migration of shale fuel oils depended on both, soil matrix and type of 
SFO.  

In natural soil, the mobility of both SFOs was very low. The content of 
hydrocarbons C10–C40 in the bottom layers of test container increased only     
2-fold compared to the control container with non-spiked soil after 3 months of 
exposure and did not differ from control at 6th and 12th months. On the basis of 
chemical analysis it could be concluded that one year after spiking the bottom 
layers (3 cm bottom layer located 10-13 cm under oil-polluted surface) were not 
contaminated by the SFOs hydrocarbons. However, it should be mentioned that 
the number of heterotrophic bacteria was higher than in the control soil 
indicating that small amount of hydrocarbons still continued to migrate from the 
upper soil layer (Table 1). Moreover, although the concentrations of 
hydrocarbons in all soil leachates were < 0.03 mg/L, the toxicity of leachates of 
the bottom soil layer in containers spiked with “VKG sweet” to D. magna 
increased in time from non-toxic at month 3 to toxic at month 12. A decrease in 
TPH (C10-C40) content in the leachates does not always mean a decrease in 
toxicity (Loehr and Webster, 1997). The increasing toxicity could be explained 
by the downward migration of lighter hydrocarbons (< C10) and other mobile 
toxic compounds formed as a result of hydrocarbons’ degradation. Thus, unlike 
from chemical analysis the biological methods indicate the existence of 
hydrocarbons’ contamination. These results once more confirm that chemical 
analysis alone is not enough for the realistic assessment of soil contamination 
level. 

In sand, the downward migration of both SFOs was up to 100-fold higher 
than in natural soils (Table 1) and “VKG sweet” with lower viscosity was much 
more mobile than “VKG D” with higher viscosity. This is mostly due to the fact 
that natural soils with higher organic matter content and smaller size of mineral 
particles sorb hydrophobic organic compounds (bound-phase) more effectively 
than sand (Means et al., 1980; Nam et al., 1998; Van Gestel et al., 2003).  

The toxicity tests with leachates (1:10) from the bottom layers of sands using 
aquatic species also showed the higher mobility of SFO “VKG sweet”. 
Leachates of the oil-spiked sands were very toxic to crustacean D. magna and 
bacteria V. fischeri already after 3 months of spiking. 

The mobility test revealed that soils with low organic matter content are not a 
barrier against diffuse pollution of SFO hydrocarbons and, therefore, in case of 
an accident on the sand surface, pollution must be removed as soon as possible. 
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3.1.1.3. The degradation of shale fuel oils in the soils 

The rate of natural decontamination (the basic parameter for predicting long-
term consequences of petroleum contamination) is mainly a result of the 
following processes which act simultaneously: volatilization, adsorption, 
migration in the soil matrix, chemical degradation and biodegradation 
(MacNaughton et al., 1999). Biological degradation is the main process in the 
soils where degrading bacteria are abundant (Taketani et al., 2010). The rate of 
hydrocarbon biodegradation depends on many factors like its chemical 
composition, environmental temperature, bioavailability of the compound, 
concentration of nutrients and oxygen in the soil (van Leeuwen and Vermeire, 
2007). 

The long-term exposure under environmental conditions of soils spiked with 
SFOs showed that degradation efficiency of both SFOs in soils was very low. 

TPH C10–C40 concentration decreased only by 20-25 % on the average, 
both, in natural soil and sand during the first six months after spiking (May-
October) and the TPH C10-C40 decrease was neglible during the next 6 months 
(November–May). However, different processes affect the decontamination in 
natural soil and sand. As shown in the mobility experiment, the decrease of 
hydrocarbons’ content in the sand samples may be mainly explained by the 
downward migration. The fact that the total number of heterotrophic bacteria in 
the spiked sands only slightly differed from the control sand (Table 1) also 
supports this assumption. On the contrary, in natural soils, biological 
degradation is a primary process of decontamination. Indeed, the abundance of 
heterotrophic bacteria in the contaminated natural soils considerably exceeded 
the number of bacteria in the control soil (Table 1).  

The drop in the decontamination efficiency in both soil matrices during the 
second half of the exposure may be explained by two main reasons: effect of 
temperature and aging of the contaminants. It is known that the biodegradation 
rate generally decreases when the temperature falls (Das and Chandran, 2011). 
In time, petroleum contamination sorbes to soil particles more strongly and is 
less bioavailable to the bacteria (Kelsey et al., 1997; Tang et al., 1998); as a 
result the biodegradation slows down. Differences among the soil types also 
affect the aging-induced changes in biological accessibility (Alexander, 2000) 
and studies with few soils have suggested that aging is more significant in soils 
with higher organic matter content (Hatzinger et al., 1995). As at low 
temperature the water-solubility of hydrocarbons decreases (Delille et al., 2004) 
and the viscosity of the oil increases (Atlas, 1975), we could assume that low 
temperature during the second half of the experiment also affected the decrease 
of hydrocarbons’ mobility in the soil matrix. 

Our results showed that under natural climate conditions the removal of shale 
oil contamination from the soil matrix due to evaporation/degradation is much 
slower than expected from laboratory experiments performed in stable 
environmental conditions (Goi et al., 2006). Thus, extrapolation of the test 
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results from the laboratory tests to natural conditions may lead to significant 
over- or underestimation of real risks associated with shale fuel oil pollution. 

PAHs are among the most toxic compounds in the SFOs, posing a risk of 
causing adverse effects to human health and the environment. The behaviour 
pattern of the sum of 16 PAHs listed as the “priority pollutants” by the US EPA 
(Larsson et al., 2013) in the soils was similar to TPH C10–C40, i.e. the most 
intensive decrease of hydrocarbons’ concentration was during the first six 
months. In the natural soil with low contamination (10 g/kg), the sum of           
16 PAHs decreased nearly tenfold during one year of exposure and the residual 
concentration did not exceed 5 mg/kg (the Estonian EQS target value for soils) 
for either SFOs. However, the analysis of the dynamics of individual PAHs’ 
concentrations revealed that the reduction of the sum of 16 PAHs both, in 
natural soil and sand was only due to two low-molecular-weight compounds: 
naphthalene and acenaphthylene, which are the most abundant in the SFOs       
(> 60 % of sum mass of 16 PAHs in “VKG D” and nearly 40 % in “VKG 
sweet”). At the same time the concentrations of the high-molecular-weight 
PAHs, like benzo(a)pyrene, that are considered the most carcinogenic and toxic 
among petroleum compounds (Haritash and Kaushik, 2009), decreased only 
slightly (Figure 4). 

 

Figure 4. Decrease of the content of individual PAHs in the SFO-spiked natural soil and 
sand during one year after treatment (Figure 1 in paper I). 
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The low-molecular-weight PAHs are much easier to biodegrade than highly 
hydrophobic high-molecular-weight PAHs (Liu et al., 2011; Yi and Crowley, 
2007). Our experiments showed that although the decrease of PAHs’ content 
was more intensive in the natural soil than in the sand due to biodegradation, the 
slowly degradable high-molecular-weight PAHs may pose long-term risks to soil 
biota in all soil matrices. 

The results of toxicological testing of aqueous soil leachates (1:10) to 
crustacean and marine bacterium confirm the conclusion that “VKG sweet” is 
more hazardous to the environment than “VKG D”. The aqueous leachates of 
spiked sands were toxic to aquatic organisms D. magna and V. fischeri during 
the whole experiment, indicating that sands polluted with SFOs may be a long-
term contamination source for groundwater or surface water. 

Phytotoxicity testing, a reliable method for the evaluation of soil health (Van 
Gestel et al., 2003), was performed after 12 months of exposure. The results with 
terrestrial plants H. vulgare and S. alba from both test formats (PhytotoxkitTM 
plate test and OECD 208 bioassay) showed a negative effect on the plant 
growth. No correlation between the plant growth inhibition and the 
hydrocarbons’ concentrations in the soil matrix was revealed. Evidently, the 
modification of the soil structure as a result of contamination is the main factor 
effecting the reduction of the plant development in the contaminated soils. Our 
experiments once more demonstrated that although the aging of petroleum 
hydrocarbons reduces the bioavailability to biota (Alexander, 2000) it can also 
degrade the soil quality by the alteration of water retention, aeration or nutrient 
supplies. 

 
3.1.2. Water accommodated fractions of shale fuel oils (paper II) 

In the evaluation of the potential hazard of oil products to aquatic biota the 
method used for water accommodated fraction (WAF) preparation is of great 
importance. The investigation of the toxicity of two SFOs “VKG sweet” and 
“VKG D” to aquatic organisms belonging to different trophic levels was 
performed using different WAF preparation approaches: variable loading and 
variable dilution. For more details of the design of the study see paper II. 
 
3.1.2.1. Design of the study 

Three different oil-water-ratios (OWRs): 1:40 (25 g SFO + 1 L of medium), 
1:1000 (1 g SFO + 1 L of medium) and 1:10 000 (100 mg SFO + 1 L of 
medium) were used for WAF preparation (Figure 5). From these parental WAFs 
the dilution series for toxicity testing were made as described by Barron and 
Ka’aihue (2003). AFW containing only mineral salts without organic 
compounds (OECD 202, 2004) and filtered (0.45 µm pore size standard filter) 
natural water with organic matter was used. Four aquatic test species were used 
in this study: Daphnia magna, Thamnocephalus platyurus, Vibrio fischeri, 
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Lemna minor. The following chemical analyses from WAFs were performed: 
TPHs C10-C40 (C10-C21 and > C21-C40), sum and individual concentrations 
of 16 PAHs: naphthalene, acenaphthylene, acenaphthene, fluorene, 
phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-
cd)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene. The concentrations of 
hydrocarbons (TPHs and PAHs) were measured in undiluted parental WAF 
solutions (1:40, 1:1000 and 1:10 000); the concentrations of hydrocarbons in the 
dilution series were calculated. 

 
 
Figure 5. Sample preparation and scheme of experiments with shale fuel oil water 
accommodated fractions (Figure S1 in paper II). 

3.1.2.2. Chemical composition of water accommodated fractions 

Information on the chemical composition of WAF solution is a crucial point in 
the interpretation of the toxicity test results. Although OWR significantly 
affected the hydrocarbons’ concentration in the WAF solutions, no correlations 
between the applied OWR and the measured chemical parameters (TPHs C10-
C40 and sum of 16 PAHs) were found (Table 2). The extraction efficiency of the 
water soluble hydrocarbons from SFOs was the highest in the WAF solution 
with OWR 1:10 000. 
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3.1.2.3. Toxicity of water accommodated fractions of shale fuel oils to 
aquatic species  

Aquatic crustaceans are very sensitive to oil pollution and Daphnia magna is 
among the recommended species for toxicity assessment (Bejarano et al., 2006). 
The testing of SFOs with aquatic organisms from different trophic levels 
revealed that D. magna was the most sensitive among the four tested species. A 
very good correlation between EC50 values was obtained for D. magna and other 
species, namely with T. platyurus (r2 = 0.93), V. fischeri (r2 = 0.87), L. minor 
(r2 = 0.96). Therefore, the detailed toxicity investigation of SFOs was further 
continued on D. magna.  

Acute toxicity test showed that both SFOs were toxic to D. magna, whereas 
“VKG sweet” was more toxic than “VKG D” (Table 3). This may be explained 
by the different chemical composition of different SFO WAFs. Analysis of the 
concentration of the individual PAHs revealed that the abundance of more toxic 
high-molecular-weight PAHs was significantly higher in WAF solutions 
prepared with “VKG sweet” than with “VKG D” (Figure 6). However, no 
correlation between the toxic effect and chemical parameters as TPHs and sum 
of PAHs (Tables 2 and 3) was found. For example, in case of WAF 1:40 
prepared in the lake water, the TPHs (μg/L; Table 2) were nearly the same for 
both SFOs but “VKG sweet” showed higher toxicity to D. magna than “VKG 
D” (TPH, μg/L; Table 3). 

 

 
Figure 6. Content of the individual polyaromatic hydrocarbons (% of sum of 16 PAHs) 
in the water accommodated fractions of shale fuel oils prepared in the lake water 
(Figure 1 in paper II). 
PAHs – polyaromatic hydrocarbons.
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As a rule, after oil spill the concentration of hydrocarbons in water decreases in 
time due to natural decontamination processes (Short, 2003), therefore the long-
term risks for the crustacean population associated with short-term exposure of 
SFOs hydrocarbons should be evaluated. The recovery test with D. magna 
showed that short-term exposure to high but sublethal concentrations of soluble 
SFO fractions may increase the reproductive success of the survived organisms. 
This very interesting finding means that the increased reproduction potential of 
the survived daphnids after oil spill might promote the recovery of the 
population after the decrease of hydrocarbons concentration in the water column. 

Although different methods for preparing WAF series for toxicity testing are 
currently used, variable loading (i.e. each test concentration is prepared with 
individual OWR) is considered more appropriate than variable dilution (Aurand 
et al., 2001; Barron et al., 1999). However, this method is very time-consuming 
and application of variable dilution seems to be more practical and cost-effective 
in case of toxicity evaluation of a multitude of samples (e.g. different SFOs). 
The 48 h EC50 value obtained in the current study from the toxicity test with 
1:10 000 WAF “VKG sweet” for D. magna (Table 3) expressed as loading rate 
(13.2 mg/L) was comparable with the 48 h EC50 value (9.71 mg/L) of SFO 
obtained by the application of variable loading approach (ECHA, 2016). 
Besides, hydrocarbons concentrations in 1:10 000 WAFs are close to the 
concentrations observed in the water columns after spills (Boehm et al., 2007). 

So, on the basis of the results obtained in the current study, the preparation of 
the test series with variable WAF dilutions with OWR 1:10 000 in natural water 
may be recommended as environmentally the most relevant and cost-effective 
approach for toxicity testing of shale fuel oils.  

 

3.2. Evaluation of the potential hazard of metal-based 
nanoparticles to aquatic organisms (papers III-IV) 
 

As physicochemical properties of nanoparticles (NPs) differ from their 
microsized analogues (Nanoparticle Technology Handbook, 2007), the data on 
the environmental hazard presented in the material safety data sheets (MSDSs) 
for the microsized substances cannot be used for the risk assessment of NPs. 
Therefore, professional judgement is needed when performing hazard 
evaluations with NPs.  

The behaviour of the metal-based NPs in the environment and their potential 
ecological hazards depend on NP physicochemical characteristics (size, coating, 
shape, etc.) (Gatoo et al., 2014). Therefore, for exact ecotoxicological hazard 
assessment, each NP should be tested separately which however is impractical 
due to the large demand of experimental resources. Currently, both, scientists 
and regulators are putting significant resources to read-across, i.e., prediction of 
the toxicological profile of one nanomaterial from the profile of a similar 
nanomaterial, and modelling, that would allow the prediction of the hazard of 
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one nanomaterial using already existing information from other similar 
nanomaterials. Thus, the finding of common features in biological effects within 
a group of similar compounds (e.g. silver-based NPs) is of great interest and 
would significantly help to reduce the number of tests needed for 
ecotoxicological evaluation of specific type of NP.  

In this study we tried to fill some data gaps related to the toxicity of NPs to 
aquatic organisms. 

3.2.1. Toxicity of magnetite (iron oxide, Fe3O4) nanoparticles (paper 
III)  

Magnetite (iron oxide, Fe3O4) NPs have been proposed for effective removal of 
environmental contaminants. It has been shown that the efficiency of pollutants’ 
deactivation by magnetite increase with decreasing particle size (and 
accompanying increase in specific surface area) (Habuda-Stanic´ and Nujic´, 
2015; Vikesland et al., 2007). The increased application of iron-based 
nanomaterials in environmental remediation (Karn et al., 2009) is also expected 
to rise the risk of environmental contamination by iron oxide NPs, e.g. during 
their large-scale use or transportation. Our study will provide information 
needed for assessing the risks related to the application of magnetite 
nanoparticles for in situ remediation and/or in case of accidental pollution.  

Toxicity of nano- and microsized magnetite to aquatic organisms belonging 
to different trophic levels (crustacean Daphnia magna, duckweed Lemna minor) 
was investigated. To increase the environmental relevance of the experiments, 
all tests were performed using AFW and two natural waters with different 
content of dissolved organic carbon (DOC). In addition to standard acute 
toxicity tests (OECD 202, 2004), the effect of used chemicals on daphnids’ 
different life stages and their recovery potential was investigated. 

Nano- and microsized magnetite used in this study induced very low toxicity 
(EC50 > 100 mg/L) to D. magna and L. minor in the standard acute assays in all 
tested media (AFW and natural waters from lakes Ülemiste and Raku). 
However, in the early life-stage test the water with higher DOC concentration 
(Lake Ülemiste) had a bigger negative effect on the hatching efficiency, 
indicating that the bioavailability of magnetite may depend on the content of 
DOC in the water (no difference between nano- or microsized magnetite was 
observed). D. magna recovery test was the most sensitive test format, revealing 
that the reproductive potential of crustaceans may significantly be affected even 
by short-term exposure to magnetite. Interestingly, although during the recovery 
test the mortality of parent animals was higher in the groups pre-exposed to 
nano- or microsized magnetites (for two days, 10-100 mg/L), the total number of 
offspring in the pre-exposed groups was higher or comparable to the control. 
This information has practical value for risk assessment as the greater mortality 
of pre-exposed daphnids may be compensated by the higher number of offspring 
produced by the survived females. Our investigation revealed that contamination 
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of aquatic ecosystems by magnetite NPs may disrupt stability of the crustacean 
populations and before magnetite NPs can be widely allowed for in situ 
remediation of polluted aquatic ecosystems more studies are needed to prove 
their environmental safety. No significant differences between the biological 
effects of nano- and microsized magnetite to the tested species were revealed.  

  
3.2.2. Toxicity of silver nanoparticles (paper IV)  

The mechanism by which silver NPs exhibit their toxic effects is not yet clear. 
According to the published data, particle dissolution and release of silver ions, 
organism dependent cellular uptake and induction of oxidative stress are the key 
properties driving the toxicity of these NPs (Ivask et al., 2014). However, 
although the dissolution of silver NPs is considered the most important factor for 
their toxicity, it was also demonstrated that exposure of D. magna to silver NPs 
resulted in remarkably distinct gene expression profiles compared to silver ions 
(Poynton et al., 2012), and that suggested nanoparticle-specific toxicity. Also, 
other papers have presented that dissolution of silver NPs and release of silver 
ions do not explain all the toxic effects (Ivask et al., 2014). It was shown that 
daphnids accumulated silver more intensively when they were exposed to silver 
NPs than when they were exposed to AgNO3 and bioaccumulation efficiency 
depended on the NP characteristics (e.g. surface coating, size) (Zhao and Wang, 
2011). In this study we proposed that comparison of toxic effects of different 
types of silver NPs to the same test species under similar exposure conditions 
may help to understand the reasons behind differences in ecotoxicological 
profiles of silver particles with different physicochemical properties. The 
adverse effects of PVP- stabilized silver NPs and collargol to two aquatic 
crustaceans Daphnia magna (acute and reproduction tests) and Thamnocephalus 
platyurus (acute test) were investigated in the waters with different chemical 
composition. Soluble silver salt AgNO3 was used to evaluate the role of silver 
ions, which may be released from silver NPs, in the toxic effects of NPs. 

The test results showed that both tested silver NPs as well as silver ions were 
very toxic to crustaceans in all used test media and the sensitivity of D. magna 
and T. platyurus to the same silver compound was comparable. The toxicity of 
AgNO3 to the test organisms was noticeably higher than that of silver NPs which 
has also been shown by other authors (Allen et al., 2010; Griffitt et al., 2008; 
Zhao and Wang, 2011). Toxicity of silver salts and silver NPs in natural water 
decreased compared to the standard AFW, which is also in the agreement with 
the previous data from the literature (Erickson et al., 1998; Gao et al., 2009). 
However, the variation of silver NPs and AgNO3 toxicity in both natural waters 
was different (Table 4). It could be suggested that the differences between used 
silver NPs were caused by the differences in their surface coatings (Bone et al., 
2012). Our experiment revealed a good correlation (R2=0.88) between the 
toxicity and concentration of DOC in water only for AgNO3. 
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Table 4. Acute toxicity, E(L)C50, of the silver compounds to crustaceans in six different 
test media, µg compound/L (µg Ag/L). 

Test 
compound 

Test 
medium 

Daphnia magna  
48 h EC50 

Thamnocephalus platyurus 
24 h LC50 

  Mean STD Mean STD 

Collargol AFW  49.4 (36.6)  19.7 (14.6) 256 (189) 51.8 (38.3) 

 River 1 59.4 (44.0) 9.4 (6.9) 178 (132) 41.0 (30.4) 

 River 2 40.2 (29.8) 16.1 (11.9) 147 (109) 5.9 (8.0) 

 Lake 1 74.9 (55.5) 18.6 (13.8) n.d.  n.d. 

 Lake 2 50.8 (37.6) 1.8 (1.3) 250 (185) 13.8 (10.2) 

 Lake 3 65.7 (48.7) 7.0 (5.2) n.d. n.d. 

PVP-Ag4 AFW 54.0 (15.7) * 1.4 (0.4) 68.8 (20.0) * 1.4 (0.4) 

 River 1 191 (55.5) 80.5 (23.4) 191 (55.5) 13.4 (3.9) 

 River 2 98.7 (28.7) 31.3 (9.1) n.d. n.d. 

 Lake 1 176 (51.1) 15.1 (4.4) 252 (73.3) 62.3 (18.1) 

 Lake 2 236.3 (68.7) * 97.7 (28.4) 605 (176.0)* 113 (33.1) 

 Lake 3 162 (47.2) 59.8 (17.4) n.d. n.d. 

AgNO3 AFW 2.2 (1.4) * 0.5 (0.3) 5.7 (3.6) * 0.6 (0.4) 

 River 1 12.4 (7.9) 4.6 (2.9) 10.7 (6.8) 1.7 (1.1) 

 River 2 15.9 (10.1) 2.4 (1.5) n.d. n.d. 

 Lake 1 8.3 (5.3) 0.5 (0.3) 11.6 (7.4) 0.5 (0.3) 

 Lake 2 12.9 (8.2) 4.1 (2.6) 24.3 (15.5) 7.2 (4.6) 

 Lake 3 6.8 (4.3) 0.2 (0.1) n.d. n.d. 

* statistically significant differences (p < 0.05) from other test media 
n.d. - not determined 
 

Comparison of the data from acute (48 hours) and reproduction (21 days) 
tests with D. magna showed that the toxicity of both silver NPs (collargol and 
PVP-coated NPs) to D. magna was lower in reproduction test. For example, in 
acute test, EC50 value for PVP-Ag4 was 28.7 µg Ag/L (river 2; Table 4), but in 
the reproduction assay all the adult daphnids were alive at 58 µg Ag/L even after 
21 days of exposure. The main reason could be the addition of algae as food 
during the reproduction assay; the latter was also shown by Allen et al. (2010). 
In addition, our results indicated that adult mortality during 21 days of silver NP 
exposure was more sensitive toxicity test endpoint than the reproduction (the 
number of offspring per adult). This finding once more points out that the 
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extrapolation of the results from acute tests to real ecosystem may lead to over- 
or underestimation of risks related to the water pollution by silver NPs.  

In summary, the bioavailability of PVP-coated NPs and collargol was test 
media dependent and their toxicity to crustaceans was always lower than the 
toxicity of AgNO3 (Table 4). Thus, it could be concluded that there is no reason 
to consider silver NPs more dangerous to the aquatic ecosystems than silver ions 
and the evaluation of risks associated with the contamination of different types 
of silver NPs could be based on total silver content in the environment. 

 

3.3. Ecotoxicological effects of different glyphosate 
formulations (paper V) 
 

Toxicity of glyphosate to target organisms is widely studied but not many 
experiments have been conducted with glyphosate formulations in northern 
temperate climate zone. Repeated applications of glyphosate may result in its 
accumulation in soil due to the low degradation rate in cold climate (Laitinen et 
al., 2009). Glyphosate-based herbicides include various additives/surfactants in 
different concentrations and some glyphosate formulations may be more toxic to 
the biota than glyphosate itself (Thompson, 2014). Therefore, the toxicity of 
every glyphosate formulation to target and non-target organisms should be 
investigated separately. In this Thesis, the potential ecotoxicity of two 
glyphosate-based herbicides Roundup MaxTM and Roundup QuickTM as well as 
IPA salt of glyphosate was evaluated in short-term laboratory and long-term 
outdoor experiments. This study gives valuable information on the effects of the 
tested chemicals on soil health in Estonian temperate climate conditions. 
 
3.3.1. Design of the study  

Short-term toxicity of glyphosate as an active substance (IPA salt of glyphosate) 
and two commercial glyphosate formulations Roundup MaxTM (containing 
surfactant polyethoxylated tallow amine, POEA) and Roundup QuickTM (without 
surfactant POEA) to aquatic crustacean Daphnia magna, marine bacterium 
Vibrio fischeri, soil bacterium Pseudomonas putida, intestinal bacterium 
Escherichia coli and three soil bacteria, isolated in our laboratory from the local 
soil, was studied. 

In addition, outdoor experiments were performed. The bottom of the test 
containers was first filled with sand and then about 11 cm of natural soil was 
added. Soils were spiked with Roundup QuickTM and Roundup MaxTM in 
different doses: recommended for herbicidal use (245 mg/m2) and 100-fold;  
300-fold and 1000-fold higher than recommended. Containers were exposed 
under natural climate conditions for four months (April-September 2012) during 
which the number of heterotrophic bacteria was assessed. Residual 
contamination in the spiked soils was evaluated with two crop species, 
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commonly used in Estonia: horticultural crop, red radish (Raphanus sativus) and 
agricultural crop, field-grown barley (Hordeum vulgare) 24, 47, 68, 82 and 110 
days after the spiking. According to the producer’s information, seeding of crops 
should take place not less than 30 days after applying glyphosate formulations 
(Monsanto, 2012). 

To evaluate the potential risk of contaminated soils to aquatic ecosystem, the 
toxicity of aqueous leachates (1:10) of the soils, collected 10 days after the 
spiking, to crustacean D. magna and bacterium V. fischeri was investigated 
(Figure 7). 

 

 

Figure 7. Scheme of experiments with glyphosate formulations 

3.3.2. Toxicity of glyphosate formulations to different organisms 

Laboratory studies 
Tested chemicals showed different toxicity to (non)target organisms. The tested 
soil microbial strains were less sensitive to glyphosate formulations than aquatic 
species. IPA salt of glyphosate was about 10-fold more toxic to D. magna than 
Roundup formulations whereas there was no significant difference (p > 0.05) 
between Roundup MaxTM and Roundup QuickTM. Roundup QuickTM was slighly 
more toxic to V. fischeri than Roundup MaxTM and IPA salt of glyphosate. 
Different toxicity of the tested chemicals to biota may be explained by the 
different composition of Roundup MaxTM and Roundup QuickTM. 
 
Field studies 
According to Monsanto, there are no glyphosate residues left in the soil after    
30 days of application of the glyphosate-based formulations, following 
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application instructions provided (Monsanto, 2012). Indeed, our experiments 
revealed that the recommended doses of Roundup MaxTM and Roundup QuickTM 
did not show any toxicity to the target organisms, plants (R. sativus and H. 
vulgare), already after 24 days of contamination. Application of glyphosate 
formulations at higher doses, on the other hand, resulted in toxicity to the two 
tested plant species, with red radish being less sensitive than barley. In addition, 
the test results with terrestrial plants and soil microbes showed that it may take 
longer than the duration of the vegetative period in Estonia for all the glyphosate 
formulation in the soil to be degraded in case of the highest applied dose of 
glyphosate (1000-fold of recommended application rate). Surprisingly, the 
leachates (1:10) of the soils with the highest dose of herbicide were not toxic to 
non-target aquatic species, D. magna and V. fischeri after 10 days of spiking. 

The experiment revealed that in case of an accidental pollution by glyphosate 
formulations (e.g. more than 100-fold of recommended field rate), the time 
needed for self-remediation in typical Estonian climate conditions may exceed 
the duration of the vegetative period, and applying glyphosate formulations on 
fields should be planned according to the regulations. No direct relationship 
between the chemical composition of the tested formulations and toxicity to 
different (non)target organisms was observed. Roundup QuickTM (without 
POEA) showed higher toxicity to non-target aquatic bacteria V. fischeri but was 
less toxic to different soil bacteria and terrestrial plants than Roundup MaxTM. 
As tested plant species showed different sensitivity, it could be recommended 
that species from different families should be used to assess the toxicity of soils 
contaminated with glyphosate formulations. 
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4. CONCLUSIONS 

This Thesis shows the complexity of ecotoxicological testing and interpretation 
of the test results for different types of pollutants (shale fuel oils, metal-based 
nanoparticles, glyphosate formulations). It also highlights the importance of the 
use of non-standardized test methods to perform adequate environmental risk 
assessment which is essential for deriving environmental quality standards. The 
main outcomes of the Thesis are following:  
 

 The long-term experiment assessing ecotoxicity of two shale fuel oils 
(SFOs) under Estonian climate conditions revealed different behaviour 
of SFOs (“VKG D” and “VKG sweet”) in soil matrices. The degradation 
of both investigated SFOs in the soils was very slow; whereas the 
mobility of “VKG sweet” with lower viscosity was higher than that of 
“VKG D”. This suggests potential for higher ecotoxicity and 
environmental hazard of “VKG sweet” than “VKG D”.  

 No good correlation between ecotoxicological test results and chemical 
composition of tested SFO samples was revealed. It was shown that 
such chemical endpoints as total petroleum hydrocarbons C10-C40 or 
concentrations of polycyclic aromatic hydrocarbons in contaminated 
soil/water samples do not give an indication on potential toxicity to 
biota. Based on our results we would suggest using the water 
accommodated fraction with oil to water ratio 1:10 000 in natural water 
in the ecotoxicity testing as environmentally the most relevant and cost-
effective approach for evaluating the potential hazard of SFOs to aquatic 
species.  

 Analysis of aquatic toxicity of silver nanoparticles (NPs) to crustaceans 
showed that physicochemical properties of the NPs dictate their toxicity. 
Moreover, the chemical composition of the exposure medium may 
substantially mitigate silver NPs toxicity to aquatic crustaceans likely 
due to their influence on silver bioavailability. Our findings suggested 
that silver NPs will probably not pose higher hazard to crustaceans than 
silver ions.  

 The test results confirmed low acute toxicity of both, nano- and 
microsized magnetite (iron oxide, Fe3O4) particles to aquatic cructacean 
D. magna and duckweed L. minor. However, two days exposure of D. 
magna ephippia or neonates to magnetite, both, nano- and microsized, at 
concentration of 10 mg/L was significantly affecting the long-term 
survival and reproductive potential of daphnids. 

 Toxicological characterization of glyphosate-based herbicides (Roundup 
MaxTM and Roundup QuickTM) showed no direct relationship between 
ecotoxicity to plants, bacteria and aquatic crustaceans, and chemical 
composition of respective formulations. We also found that in Estonian 
climate conditions, the vegetative period may not be long enough for the 
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biodegradation of glyphosate formulations in soil after an accidental 
pollution. Therefore, applying glyphosate-based herbicides should be 
carefully planned to avoid overdosing. 

 
All in all, (i) in addition to the standardized tests other test formats should be 
used to increase the environmental relevance of the toxicity testing; (ii) even 
small modifications in the test design (e.g. D. magna recovery test; using 
natural water/soil instead of the artificial one; conducting tests in natural 
climate conditions) give valuable additional information for environmentally 
relevant risk assessment.   
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ABSTRACT  

Ecotoxicological Evaluation of Shale Fuel Oils, Metal-Based 
Nanoparticles and Glyphosate Formulations 

Increasingly more new chemicals are used in all sectors of our fast growing and 
developing society. As most of the chemicals may be released into the 
environment through various human activities, their potential hazard to biota and 
behaviour in the environment needs to be evaluated. The standardized 
ecotoxicity testing, regulated by legislation, provides basic information on the 
toxicity of chemicals to aquatic and terrestrial species. However, in addition to 
standardized ecotoxicological assays, non-standardized formats of 
ecotoxicological tests that allow various modifications in test parameters should 
be applied to obtain ecologically more relevant data. The latter is crucial for 
comprehensive environmental risk assessment and for developing new 
environmental quality standards. 

The aim of this Thesis was to obtain new scientific knowledge on the 
potential environmental hazards of selected organic chemicals such as shale fuel 
oils and different glyphosate formulations, and a new emerging class of 
inorganic chemicals - metal-based nanoparticles. Along with the standardized 
tests, modified laboratory test formats, e.g. D. magna recovery test and the use 
of natural water/soil as a test medium, were applied. In addition to laboratory 
tests, outdoor experiments were performed to better understand the behaviour of 
the chemicals in environment under Estonian climate conditions. 

The potential hazard of two types of shale fuel oils (SFOs), produced in 
Estonia, to aquatic and terrestrial ecosystem was evaluated using toxicological 
and chemical methods. According to our knowledge, this is the first study of the 
fate of SFOs in natural soil, performed in Estonian climate conditions. Our 
experiments showed that the fate of the two SFOs in the environment as well as 
the toxicity to the tested organisms was different: the lighter SFO was more 
mobile in soil matrices and more toxic to aquatic and terrestrial species. The 
comparison of the main chemical parameters (such as the content of C10-C40 
hydrocarbons or the sum of 16 polyaromatic hydrocarbons) and ecotoxicity test 
results of SFO-polluted water and soil samples did not show good correlation, 
indicating that chemical analysis alone is not sufficiently informative for hazard 
evaluation of environmental pollution by petroleum hydrocarbons. In addition, 
we showed that in Estonian climate conditions, the degradation of SFOs in the 
soils was very slow, and mobility as well as bioavailability to soil organisms 
depended on the soil type. 

The production and use of metal-based nanoparticles (NPs) has increased and 
the possibility of their release into the environment is expected to rise 
accordingly. In this Thesis new data on the toxicity of widely used nanosized 
magnetite (iron oxide, Fe3O4) and nanosilver to aquatic organisms is presented. 
Our data indicated that the toxicity of silver NPs depended on the surface 
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coating of the particles. We also observed that the chemical composition of the 
test media (artificial freshwater, natural surface water) significantly affected the 
bioavailability of NPs to aquatic organisms. Although silver NPs were highly 
toxic to tested aquatic organisms, their toxicity remained still below the toxicity 
of soluble silver, which suggests that there is probably no need to consider silver 
NPs more dangerous to aquatic organisms than soluble silver salts.  

Both, nano- and microsized magnetite (iron oxide, Fe3O4) induced very low 
toxicity to aquatic organisms in acute assays. However, it was demonstrated that 
even short-term exposure to magnetite may affect the daphnids’ reproductive 
potential and, as a result, may lead to changes in the population structure. Thus, 
more investigations are needed before using magnetite NPs for in situ 
remediation of polluted waterbodies.  

Though the toxicity of glyphosate-based herbicides has been widely studied, 
recent studies have shown that different formulations of this herbicide may not 
be as safe as assumed, mostly due to the additives (e.g. surfactants). In this 
study, the toxicity of two different glyphosate formulations to (non)target 
organisms was evaluated in laboratory and under Estonian climate conditions. 
We showed that the toxicity of glyphosate to the aquatic (crustaceans and 
bacteria) as well as terrestrial (bacteria and plants) test organisms depended on 
the specific composition of the glyphosate formulation. Our experiment revealed 
that in case of pollution by glyphosate-based herbicides the process of soil self-
remediation in Estonian climate conditions is slow. Thus, the application of 
these herbicides should be carefully planned to prevent overdosing and 
accumulation in the soil. 

In summary, this Thesis showed that to produce relevant data for realistic 
environmental risk assessment of chemicals, modified test formats in addition to 
the standardized ones should be applied. In particular, the relatively cost-
efficient recovery test with crustacean D. magna was found informative for 
evaluating the recovery potential of crustaceans’ population after accidental 
pollution. The use of different environmental matrices (natural waters and soils) 
instead of standard test media proved useful to estimate the changes in 
bioavailability and toxicity of tested chemicals. The use of outdoor experiments 
in Estonian climate conditions provided essential information about the 
degradation potential of shale fuel oils and glyphosate-based herbicides. All 
these data can be used as valuable inputs for evaluating the risks related to the 
release of these chemicals (shale fuel oils, metal-based nanoparticles and 
glyphosate formulations) into environment. 
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KOKKUVÕTE 

Põlevkivikütteõlide, metalliliste nanoosakeste ja glüfosaadipõhiste 
herbitsiidide ökotoksikoloogilised uuringud 

Meie arenevas ja kasvavas ühiskonnas võetakse kasutusele aina rohkem uusi 
kemikaale. Kuna enamik kemikaale võivad erinevate inimtegevuste käigus 
sattuda ka keskkonda, tuleks nende potentsiaalset ohtlikkust elusloodusele 
hoolikalt hinnata. Erinevate õigusaktidega reguleeritud standardiseeritud 
ökotoksilisuse testid annavad kemikaalide (öko)toksilisuse kohta 
üldinformatsiooni, kuid põhjalikumaks keskkonnaohtlikkuse hindamiseks ja 
uute keskkonnakvaliteedi standardite väljatöötamiseks tuleks teatud juhtudel 
täiendavalt kasutada ka modifitseeritud testmeetodeid.  

Käesoleva doktoritöö eesmärgiks oli uurida valitud orgaaniliste kemikaalide – 
põlevkivikütteõlide ja glüfosaadipõhiste herbitsiidide, ja anorgaaniliste 
kemikaalide – metalliliste nanoosakeste potentsiaalset keskkonnaohtlikkust 
kasutades võrdlevalt standardiseeritud ja modifitseeritud (nt. D. magna 
kemikaalistressist taastumise test, loodusvee ja erineva koostisega muldade 
kasutamine) testmeetodeid. Mõistmaks paremini kemikaalide käitumist 
reaalsetes keskkonnaoludes viidi katseid läbi nii labori- kui ka välitingimustes 
Eesti kliimas. 

Töös uuriti kahe erineva Eestis toodetud põlevkivikütteõli potentsiaalset 
keskkonnaohtlikkust vee- ning mullaorganismidele kasutades nii bioloogilisi kui 
ka keemilisi meetodeid. Meile teadaolevalt ei ole nende põlevkivikütteõlide 
käitumist pinnases Eesti ilmastikutingimustes varem uuritud. Tulemused 
näitasid, et kahe uuritud põlevkivikütteõli käitumine pinnases ja toksilisus 
testorganismidele oli erinev: kergem põlevkivikütteõli oli pinnases liikuvam 
ning kõikidele uuritud vee- ning mullaorganismidele mürgisem. 
Põlevkivikütteõlidega saastatud vee- ja mullaproovide keemilise koostise  
(nt. süsivesinike C10-C40 ja 16 polüaromaatse süsivesiniku sisaldus) ja 
ökotoksikoloogiliste katsete tulemuste vahel tugevat seost ei olnud, mistõttu ei 
saa põlevkivikütteõlide keskkonnaohtlikkust hinnata ainult nende keemilise 
analüüsi põhjal. Põlevkivikütteõlide lagunemine pinnases oli Eesti 
ilmastikutingimustes aeglane ning nii õlide liikuvus kui ka biosaadavus 
mullaorganismidele sõltus mulla tüübist. 

Metalliliste nanoosakeste tootmise ja kasutamise kasv suurendavad nende 
keskkonda sattumise võimalust. Nanoosakeste toksilisus ja käitumine 
keskkonnas sõltuvad suurel määral osakeste füüsikalis-keemilistest omadustest 
(nt. suurus, pinnakate). Käesolevas töös uuriti magnetiidi (raudoksiid, Fe3O4) ja 
hõbeda nanoosakeste toksilisust veeorganismidele. Tulemused näitasid, et 
testvee keemiline koostis mõjutas oluliselt nanoosakeste biosaadavust 
testorganismidele. Hõbeda nanoosakeste ökotoksilisus sõltus ka nende osakeste 
pinnakattest. Kuigi hõbeda nanoosakesed olid uuritud veeorganismidele väga 
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toksilised, ei saa neid tõenäoliselt saadud tulemuste põhjal pidada ohtlikumaks 
lahustuvatest hõbeda sooladest.  

Nii nano- kui ka mikrosuuruses magnetiit (raudoksiid, Fe3O4) oli lühiajalistes 
katsetes veeorganismidele vähetoksiline. Samas näitasid tulemused, et isegi 
lühiajaline ekspositsioon magnetiidile võib mõjutada vesikirp D. magna 
paljunemisvõimet ning viia tema arvukuse vähenemiseni. Seetõttu oleks enne 
nanosuuruses magnetiidi laialdast kasutuselevõttu saastunud veekogude 
puhastamisel in situ tehnoloogiaga vaja läbi viia täiendavaid uuringuid. 

Kuigi glüfosaadipõhiste herbitsiidide toksilisust on laialdaselt uuritud, 
näitavad mitmed hiljutised uuringud, et antud taimekaitsevahendid võivad 
erinevate lisandite/pindaktiivsete ainete tõttu olla mitmetele organismidele siiski 
ohtlikud. Käesolevas töös uuriti kahe erineva koostisega glüfosaadipõhise 
herbitsiidi toksilisust (mitte)sihtmärk organismidele nii labori– kui ka 
välitingimustes Eesti kliimas. Tulemused näitasid, et uuritud herbitsiidide 
toksilisus vee (vähilised ja bakterid) – ja mullaorganismidele (bakterid ja 
taimed) sõltus nende koostisest. Juhureostuse puhul oleks pinnase 
isepuhastumine meie parasvöötme ilmastikutingimustes aeglane ning nii 
üledoseerimise kui ka jääkreostuse vältimiseks tuleks glüfosaadipõhiste 
herbitsiidide kasutamist hoolikalt planeerida. 

Töö tulemused näitavad, et kemikaalide keskkonnaohtlikkuse hindamisel 
tuleks lisaks standardiseeritud testformaatidele kasutada ka täiendavaid 
testmeetodeid. Näiteks on vesikirp D. magna kemikaalistressist taastumise test 
väga informatiivne ja kuluefektiivne võimalus hinnata populatsiooni taastumise 
potentsiaali. Erinevate keskkonnamaatriksite (nt. loodusveed ning erineva 
koostisega mullad) kasutamine standardiseeritud testmaatriksite asemel 
võimaldab hinnata kemikaalide biosaadavust ja toksilisust reaalsetes 
keskkonnatingimustes. Välikatsete läbiviimine võimaldab hinnata kemikaalide 
toksilisust ning degradatsiooni Eestile unikaalsetes kliimatingimustes. Kogu 
eelpool loetletud teave kemikaalide (põlevkivikütteõlid, metallilised 
nanoosakesed, glüfosaadipõhised herbitsiidid) toksilisuse ja käitumise kohta on 
oluline nende keskkonnaohtlikkuse hindamisel. 
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PAPER I 

Kanarbik, L., Blinova, I., Sihtmäe, M., Künnis-Beres, K., Kahru, A. (2014). 
Environmental effects of soil contamination by shale fuel oils. Environmental 
Science and Pollution Research. 21, 11320–11330. 
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PAPER II 

Blinova, I., Kanarbik, L., Sihtmäe, M., Kahru, A. (2016). Toxicity of water 
accommodated fractions of Estonian shale fuel oils to aquatic organisms. 
Archives of Environmental Contamination and Toxicology. 70, 383−391. 
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PAPER III 

Blinova, I., Kanarbik, L., Irha, N., Kahru, A. (2015). Ecotoxicity of nanosized 
magnetite to crustacean Daphnia magna and duckweed Lemna minor. 
Hydrobiologia. 1−9. 
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A. (2013). Ecotoxicological effects of different glyphosate formulations. 
Applied Soil Ecology. 72, 215−224. 
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