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Abstract
Aquatic ecosystems cover approximately 70% of the Earth’s surface and support a wide range of ecosystem services.
Despite their importance, aquatic ecosystems are increasingly exposed to anthropogenic stressors, such as contaminants
and climate change impacts. Ecosystems comprise a complex web of interactions both between organisms and between
organisms and the abiotic environment. While there is extensive evidence for the importance of ecological processes in
determining net ecosystem effects of contaminants, most often their effects are studied in isolation and in a single species
setting.

The aim of this thesis is to investigate the ecological effects of contaminants in aquatic ecosystems, ranging from cellular
to ecosystem endpoints, by using model ecosystems of increasing complexity. This thesis studies the effects of ionising
radiation on the biochemical composition of microalgae and how these may affect consumers (Paper I), as well its effects on
an artificial freshwater ecosystem (microcosms) in terms of ecological processes (Paper II) and carbon flows (Paper III).
Finally, the thesis investigates the combined effects of a flame retardant and increased temperature on a model ecosystem
comprised of a semi-natural Baltic Sea community (Paper IV).

Ionising radiation caused biochemical changes in primary producers that affected the next trophic level, where the
consumer responded with an increased feeding rate, suggesting a change in the food quality of the primary producer (Paper
I). The microcosms exposed to ionising radiation showed significant dose related effects on photosynthetic parameters
for all macrophyte species. Dose dependent trends were seen in snail grazing rates and reproduction indicating a potential
for long-term effects (Paper II). Similarly, the carbon flow networks (Paper III) also indicated that the main effect of
radiation was a decline in primary production of the macrophytes, while pelagic bacterial production increased. However,
the relative distribution of flows from dissolved carbon changed only slightly with increasing dose rates, which mainly
triggered an increase in the amount of carbon dissipated through respiration. Finally, in Paper IV, higher temperatures
induced the release of PO4 from the sediment, which stimulated the growth of the cyanobacteria, in turn leading to an
increase in copepod abundance.

These results demonstrate that the effects of contaminants on ecosystems depend on ecological processes, which may
influence species-specific responses and lead to indirect effects. This thesis builds on a body of literature calling for a
more holistic approach of ecotoxicology and radioecology, where ecosystem level responses to contaminants are taken
into consideration.
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Every great and deep difficulty 
bears in itself its own solution. 
It forces us to change our 
thinking in order to find it.

Niels Bohr
(1885 – 1962) 





 

Abstract 

Aquatic ecosystems cover approximately 70% of the Earth’s surface and sup-

port a wide range of ecosystem services. Despite their importance, aquatic 
ecosystems are increasingly exposed to anthropogenic stressors, such as con-

taminants and climate change impacts. Ecosystems comprise a complex web of 

interactions both between organisms and between organisms and the abiotic 

environment. While there is extensive evidence for the importance of ecological 

processes in determining net ecosystem effects of contaminants, most often 
their effects are studied in isolation and in a single species setting. 

The aim of this thesis is to investigate the ecological effects of contaminants 

in aquatic ecosystems, ranging from cellular to ecosystem endpoints, by using 

model ecosystems of increasing complexity. This thesis studies the effects of 
ionising radiation on the biochemical composition of microalgae and how these 

may affect consumers (Paper I), as well its effects on an artificial freshwater 

ecosystem (microcosms) in terms of ecological processes (Paper II) and carbon 

flows (Paper III). Finally, the thesis investigates the combined effects of a flame 

retardant and increased temperature on a model ecosystem comprised of a 
semi-natural Baltic Sea community (Paper IV). 

Ionising radiation caused biochemical changes in primary producers that af-

fected the next trophic level, where the consumer responded with an increased 

feeding rate, suggesting a change in the food quality of the primary producer 
(Paper I). The microcosms exposed to ionising radiation showed significant 

dose related effects on photosynthetic parameters for all macrophyte species. 

Dose dependent trends were seen in snail grazing rates and reproduction indi-

cating a potential for long-term effects (Paper II). Similarly, the carbon flow 

networks (Paper III) also indicated that the main effect of radiation was a de-
cline in primary production of the macrophytes, while pelagic bacterial produc-

tion increased. However, the relative distribution of flows from dissolved car-

bon changed only slightly with increasing dose rates, which mainly triggered an 

increase in the amount of carbon dissipated through respiration. Finally, in Pa-

per IV, higher temperatures induced the release of PO4 from the sediment, 
which stimulated the growth of the cyanobacteria, in turn leading to an increase 

in copepod abundance.  

These results demonstrate that the effects of contaminants on ecosystems 

depend on ecological processes, which may influence species-specific re-
sponses and lead to indirect effects. This thesis builds on a body of literature 

calling for a more holistic approach of ecotoxicology and radioecology, where 

ecosystem level responses to contaminants are taken into consideration. 
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Introduction 

Transport and fate of contaminants  

 

Aquatic ecosystems cover approximately 70% of the Earth’s surface and sup-

port a wide range of organisms, including microorganisms, invertebrates, 

plants, and fish. They provide numerous ecosystem services such as nutrient 

recycling, flood attenuation, water purification, maintenance and supply of 

healthy fish populations, and means of transport and recreation (National Re-

search Council 1992; Costanza et al. 1997). Rapid human population growth and 

increased urbanisation of the coastal zones, accompanied by intensified indus-

trial, commercial, and residential development, have led to an increasing pollu-

tion of the surface waters by fertilisers, insecticides, pesticides, motor oil, and 

releases of nutrient-enriched municipal sewage effluence (National Research 

Council 1992; Lai et al. 2015). Contaminants can be released to the environment 

through unintended releases (e.g. accidents, mining operations, or fires), waste 

disposal (sewage and industrial discharge), or through deliberate application of 

biocides (e.g. pest control) (Walker et al. 2012). Once contaminants have been 

released, they can enter aquatic ecosystems through direct discharges, via for 

example the sewage system or waste dumping at sea, or they can be trans-

ported into the atmosphere, where they get dispersed away from the site of 

origin (Macdonald et al. 2000; Blais et al. 2007) and can either fall out as dry 

deposition or be integrated into clouds and rain out as wet deposition (Fig. 1). 

Even if these dry or wet depositions are deposited on land, they are often 

washed off and deposited into streams, river systems, and the ocean as terres-

trial run-off (Macdonald et al. 2000; Walker et al. 2012). 
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Figure 1: Transport and fate of contaminants into aquatic ecosystems (Symbols courtesy of the 
Integration and Application Network, University of Maryland) 

  

Nature of ecosystem disturbances 

Once contaminants have entered an aquatic ecosystem, they can interact with 

the associated biota and may cause disturbances by initiating changes in the 

abiotic or biotic environment (Donohue et al. 2016). The effect a disturbance 

will have on an ecosystem can be predicted by four key characteristics, namely 

its magnitude, duration, frequency, and its changes in space and time (Garcia 

Molinos and Donohue 2010; Donohue et al. 2016). The magnitude of a disturb-

ance can be defined as the measure of the strength of the disturbing force 

(Sousa 1984; Donohue et al. 2016), for example a normal storm versus a cate-

gory five hurricane. The duration of a disturbance can either be a short sharp 

pulse, such as a discrete chemical spill, or a constant long-term stress, such as 

climate change (Donohue et al. 2016). Disturbances can also be characterised 

as acute or chronic (Odum 1985). An acute disturbance is a disturbance of short 

duration and high magnitude, often with immediate and pronounced effects, and 

thus can be directly linked to the disturbance or stressor. A chronic disturbance 

is typically of long duration and low magnitude, thus it may be absorbed, and 

thereby masked, by the ecosystem for extended periods of time without show-

ing any effects (Rapport et al. 1998; Bondavalli et al. 2006). However, once the 
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effects of a chronic disturbance become apparent, the ecosystem is often al-

ready in an advanced stage of stress (Rapport et al. 1985; Schindler 1987). 

Therefore, to better understand and detect the effects of contaminants on eco-

systems, it is important to understand not only the nature of the disturbance, 

but also the ecosystem-level responses to disturbances. 

Effects of contaminants at different levels of 

biological organisation 

Due to regulatory needs for predictive criteria to estimate risk and establish 

permissible levels of contaminants in the environment (Long et al. 1995), eco-

toxicology has traditionally focused on single species tests to analyse dose-

effect relationships and estimation of effect concentrations, such as the expo-

sure concentration at which 50% effect is observed within a certain period 

(EC50) (Straalen 2003). To date, environmental standards for contaminants are 

still based on the total concentration of a contaminant, rather than the bioavail-

able one, life-cycle tests are only rarely used, and food-web analyses have 

never made their way into regulation procedures (Straalen 2003). While the 

effects of contaminants on cellular and individual endpoints are fairly well 

known, extrapolation to community- or ecosystem-level responses is often 

problematic because single species laboratory tests use model species and only 

measure the direct effects of the contaminant (Long et al. 1995). Direct toxic 

effects on the biota are possible when contaminants are released into the en-

vironment, and their effects may vary with intensity and exposure duration 

(Long et al. 1995). However, tolerance to any given contaminant may vary 

widely between species and life-stages, e.g. a contaminant may exert lethal 

effects on some species, while in other species it may not cause any observable 

effects (Fleeger et al. 2003). Additionally, contaminants never occur in isola-

tion. A mixture of polychlorinated biphenyls (PCBs), pesticides, endocrine dis-

ruptors, flame retardants, heavy metals, and radionuclides is now globally pre-

sent in the environment (Vanhoudt et al. 2012b; Guillén et al. 2012). Yet, legis-

lation is mostly based on studies which examined effects caused by single con-

taminants and not mixtures (Løkke 2010; Løkke et al. 2013). 

Single-species test are the most commonly used tests to assess the effects 

of contaminants, even though extensive evidence exists indicating that ecolog-

ical processes are important in determining net ecosystem effects of contami-

nants, which may not be predicted by standard effect tests (Fleeger et al. 2003; 

Rohr et al. 2006; Beketov and Liess 2012). For example, the application of 

pesticides can indirectly lead to algae blooms. The direct toxic effect on aquatic 

invertebrates can lead to a decrease in grazing pressure, which in turn may 

cause a grazing release and hence an algae bloom (Hansen and Garton 1982; 

Friberg-Jensen et al. 2003; Wendt-Rasch et al. 2003). Indirect effects between 
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the biotic and abiotic environment are less well studied, but examples of alter-

ation to the mobility, degradation, or toxicity of chemicals by biological and 

ecological processes have been shown (Relyea and Hoverman 2006). For ex-

ample, microbial activity has been shown to transform mercury to methylmer-

cury, which is a far more toxic and bioavailable form of the element (Fitzgerald 

et al. 2007). On the other hand, changes in water chemistry (e.g. NO3) caused 

by macrophytes and/or microalgae may mediate an increase in the degradation 

rates of fungicides (Wallace et al. 2010). Therefore, to understand the ecosys-

tem-level responses to a contaminant, a better understanding of the underlying 

ecological processes is required. 

The development of an ecosystem approach in both ecotoxicology and ra-

dioecology has been rather slow, which may be due to the lack of feasible test-

ing sites or testing units (Schindler 1990). To be able to study the effect of 

contaminants, including indirect effects, within a community or ecosystem set-

ting, ecotoxicology studies have adopted a multispecies approach using micro- 

and mesocosms (hereafter cosms). Cosms are essentially a way to simulate 

ecosystem complexity by including multiple species and species interactions, 

thus allowing for the inclusion and/or exploration of indirect effects. They are 

useful tools to study the effects of abiotic or anthropogenic stressors on species 

interactions where a range of endpoints can be investigated (Odum 1985) and 

provide a bridge between laboratory and field studies, retaining some of the 

natural variation of field studies but with a greater control of conditions and 

variables, as well as replication (Beyers and Odum 1993).  
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Scope of the thesis 

The aim of this thesis is to investigate the effects of contaminants in aquatic 

ecosystems by using model ecosystems of increasing complexity, with end-

points ranging from cellular to ecosystem level (Fig 2). 

 

Figure 2: Conceptual figure representing the study systems (zooplankton and warming symbols 
courtesy of the Integration and Application Network, University of Maryland) 

This thesis studies the effects of ionising radiation on the biochemical com-

position of microalgae and how this may affect a consumer (Paper I), as well as 

its effects on an artificial freshwater ecosystem in terms of ecological pro-

cesses (Paper II) and carbon cycling (Paper III). Finally, the thesis investigates 

the combined effects of a flame retardant and increased temperature on a model 

ecosystem comprised of a natural Baltic Sea community (Paper IV). 
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Studied stressors 

Ionising radiation  

Radioactive isotopes are isotopes of an element with inherent nuclear instabil-

ity. To become more stable, the nucleus decays by releasing energy as ionising 

radiation which can be in the form of particles, such as alpha and beta radiation 

or neutrons, and as electromagnetic radiation, such as gamma radiation or X-

rays (Attix 1986). Ionising radiation has a high enough energy to remove tightly 

bound electrons from the orbit of an atom, causing the atom to become ionised. 

Many radioactive isotopes are naturally occurring in the Earth’s crust and were 

primarily generated during the formation of the solar system (Kathren 1997). 

While naturally occurring radionuclides present in many natural resources such 

as igneous rocks and ores can pose potential radiological risks locally (IAEA 

2003), the risks of environmental contamination from radionuclides have spread 

globally through releases during natural resource exploitation and nuclear 

weapon production and testing, as well as utilization of nuclear power for elec-

tricity generation (Hu et al. 2010). Gamma radiation is the highest energy form 

of electromagnetic radiation and can be described as rays of photons, which 

are massless particles travelling in a wave-like pattern at the speed of light 

(Attix 1986). Due to the high energy and short wavelength of gamma rays, they 

have high penetrating powers, for example through biological tissue. 

Radiation protection has traditionally operated under the paradigm that the 

non-human environment is sufficiently protected if humans are adequately pro-

tected (ICRP 1977; Valentin 2003). While this paradigm is changing, environ-

mental radiation protection still mainly focuses on organisms that can either be 

used as human model organisms, such as small mammals, or organisms that are 

commonly consumed by humans, such as plants and fish (Copplestone et al. 

2008). However, the response of an ecosystem to ionising radiation depends on 

the sensitivity of each species and the multitude of direct and indirect pathways 

by which individual organisms can be affected, including the potential for com-

plex interactions across multiple trophic levels (Bradshaw et al. 2014; Bréchi-

gnac et al. 2016). Papers I-III examine the effects of external gamma radiation 

on freshwater species, moving from a single species approach with high acute 

dose rates (Paper I) towards an ecosystem approach using a model ecosystem 

and lower, more environmentally realistic, dose rates and chronic exposures 

(Papers II and III). 
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Hexabromocyclododecane (HBCDD) 

Hexabromocyclododecane is a brominated flame retardant (BFR) that is used 

to increase the fire resistance of a wide array of products, ranging from building 

materials to textiles and electronics. Structurally, flame retardants resemble 

hydrophobic organic contaminants, such as DDT or PCB, and since the latter 

are known to have genotoxic, mutagenic, and carcinogenic potential, there is 

serious concern that BFRs might exhibit similar effects (European Chemicals 

Agency 2008; Smolarz and Berger 2009). Since HBCDD is used additively (i.e. 

it is not integrated into the chemical structure of the appliance and is therefore 

slowly released or can leach out of the product), it may enter the aquatic envi-

ronment through atmospheric fall-out or runoff from land (Bradshaw et al. 

2015). HBCDD has 16 possible stereoisomers, each with a different water sol-

ubility and environmental persistence, but a, b, and g are the most common 

diastereomers (Heeb et al. 2005; European Chemicals Agency 2008). In 2011, 

HBCDD was added to the Annex XIV list of the European Union Regulation 

REACH and in 2013 to the Annex A of the Stockholm Convention, due to its 

persistent, bioaccumulative, and toxic properties (PBT). When HBCDD was 

classified as PBT, single species tests reported a reduction in size and repro-

ductive output on Daphnia magna and reduced growth rates were observed in 

three microalgae species (European Chemicals Agency 2008). However, only a 

few experiments have been carried out using Baltic Sea species. Cytotoxic and 

genotoxic effects have been reported in larvae of the bivalve Limecola balthica 

(Smolarz and Berger 2009) and a mesocosm study suggested that HBCDD af-

fected benthic population structure and ecosystem functions, as well as ben-

thic-pelagic coupling (Bradshaw et al. 2015). However, the predicted increase 

in global temperatures could influence both the contaminant’s physicochemical 

properties and the ecosystem responses. Paper IV therefore investigates the 

effects of HBCDD in combination with increased temperature on a Baltic Sea 

model ecosystem. 

Climate change 

Variability at a range of temporal and spatial scales is part of natural global 

climate fluctuations. However, over the past several centuries, human activities 

have affected the climate system through emission of greenhouse gases, mainly 

CO2 (IPCC 2013). These greenhouse gases trap some of the heat that reradiates 

from Earth back to space and, thus, the most direct consequence of increased 

atmospheric CO2 concentrations is an increase in temperature, both in the at-

mosphere and in the oceans. Mean ocean surface temperature has already in-

creased approximately 0.4 °C since the 1970s and this increase is expected to 

continue with the best estimates of increase ranging between 0.6 and 2 °C by 

2100, depending on the scenario (IPCC 2013). Similar to the global predictions, 
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climate models also predict an increase in water temperatures for the Baltic 

Sea in a range between 2-5 °C by the end of the century (HELCOM 2013; BACC 

II 2015). Increasing temperatures may alter the physicochemical properties of 

contaminants and thereby their environmental behaviour, bioavailability, and 

toxicity. Moreover, the efficiency and rates of metabolic processes in organ-

isms may also be altered by increasing temperatures (Schiedek et al. 2007; 

Noyes et al. 2009; UNEP-AMAP 2011). Organisms may therefore become more 

susceptible to contaminants with increasing temperatures and species living at 

the edge of their physiological tolerance, like many Baltic Sea species, even 

more so (Schiedek et al. 2007; Noyes et al. 2009). Therefore, Paper IV inves-

tigates the effects of a contaminant (HBCDD) in combination with increased 

temperature on a Baltic Sea model ecosystem. 
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Experimental approach 

Metabolic profiling and feeding experiment 

Most studies on the effects of ionising radiation on primary producers have 

focused on growth, genetic differences, photosynthetic parameters, and reac-

tive oxygen species (ROS) production and its effects (Vanhoudt et al. 2012a; 

2014; Van Hoeck et al. 2015; Gomes et al. 2017). However, how these changes 

could indirectly affect the next trophic level or ecosystem functions is often not 

considered. 

Paper I builds on the work of Nascimento and Bradshaw (2016), who found 

an increased grazing rate, measured as 14C incorporation, of the cladoceran 

Daphnia magna fed with the green algae Raphidocelis subcapitata that had been 

exposed to external gamma radiation. This increase could not be explained by 

the variables measured but the results hinted at a change in the biochemical 

composition of the primary producers, which in turn could have affected their 

quality as food for D. magna. Based on the effect range of this previous study, 

we exposed two phytoplankton species, R. subcapitata and Eustigmatos mag-

nus, to the lower end of the previous nominal doses, 25 Gy, and an additional 

lower dose of 5 Gy, as well as an unirradiated control. The second phytoplank-

ton species was chosen due to its relatively high fatty acid content, which is 

commonly used as a proxy for good food quality (Lang et al. 2011; Taipale et 

al. 2013). At multiple time points after the exposure, the phytoplankton was 

sampled to analyse their biochemical composition (Fig. 3). An untargeted met-

abolic screening approach (Gullberg et al. 2004) was used to identify possible 

metabolic pathways that could be affected by ionizing radiation as well as af-

fected metabolites that could influence the food quality of the phytoplankton for 

primary consumers, such as fatty acids (FAs), lipids, or carbohydrates. Addi-

tionally, the total protein content and population density of both microalgae 

species were measured. To investigate if the observed changes in the biochem-

ical composition of phytoplankton species due to ionising radiation could affect 

the next trophic level, 14C-labelled, gamma-exposed microalgae were fed to 

neonates of the primary consumer D. magna and 14C incorporation in the daph-

niids was measured. 
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Figure 3: Experimental design of microalgae radiation exposure and feeding experiment of D. 
magna (Paper I) 

Freshwater microcosms 

 

In Papers II and III, we used artificially assembled cosms to test the effects of 

external gamma radiation on a model ecosystem. The aim of this study was to 

include biotic interactions, such as competition between primary producers for 

dissolved nutrients and grazing pressure, to assess potential indirect effects of 

gamma radiation within the cosm ecosystem (Fig. 4). The community was as-

sembled containing species that have previously been used in single species 

effect studies, such as D. magna, R. subcapitata, E. magnus, and the duckweed 

Lemna minor. Other species that are relevant for Nordic freshwater ecosystems 

were included (two rooted plants, Lysimachia nummularia and Egeria densa, 

and the herbivorous snail Lymnaea peregra). To be able to root the plants and 

to stabilise the cosm ecosystem, a layer of sediment was included. 
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Figure 4: Conceptual model of the microcosms used in Papers II and III and expected relation-
ships between individual components 

To allow the cosm communities to stabilise, they were fully assembled three 

days prior to the start of the exposure. The experiment hall consisted of a 

climate-controlled room containing a 60Co source at one end. To achieve a good 

dose response relationship, the dose rates chosen ranged from a relatively high 

20 mGy h-1 down to 0.8 mGy h-1. Gamma radiation is emitted from the source 

as a beam with a conical shape, thus the number of replicates that could be 

placed in front of the beam without shading the consecutive cosms was limited 

to two replicates at the two highest dose rates (Fig.3 in Paper II). The average 

dose rates in air on the central field axis at the distances where the cosms were 

located were 22.1 mGy h-1, 8.46 mGy h-1, 2.03 mGy h-1 and 0.80 mGy h-1 (Han-

sen et al. 2018). 

Baltic Sea microcosms 

In Paper IV, we used cosms constructed from water, sediment, and naturally 

occurring species at field-relevant densities from a coastal bay in the Baltic 

Proper. The experiment was constructed outdoors, reflecting natural summer 

temperatures in a shallow coastal bay, under	a transparent plastic shelter with 

open sides, which allowed sunlight through, but prevented rain and/or debris 

falling into the cosms. Each compartment of the cosm, sediment, water, and 

organisms (benthic bivalves Limecola balthica, Cerastoderma glaucum, and Hy-

brodiidae snails), were collected from ~1 m depth. The experiment was de-

signed as a crossed two-factorial design with the factors temperature (ambient 

and warm, +5 °C) and contaminant (with or without HBCDD). The exposure to 
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both temperature and HBCDD was designed to be environmentally realistic, 

where HBCDD concentrations were similar to concentrations found in the en-

vironment and the exposure pathway was spiked dead phytoplankton, such as 

might occur after a spring bloom settles out to the seabed, and the temperature 

increase (+5 °C) has been predicted to occur with global warming in the Baltic 

region (HELCOM 2013; BACC II 2015). Furthermore, this 5 °C change corre-

sponds to the difference between a cold and very warm Swedish summer. An 

array of relevant structural and functional endpoints was measured in both the 

pelagic and benthic parts of the ecosystem. 

 

Figure 5: Conceptual model of the microcosms used in Paper IV and expected relationships be-
tween individual components (zooplankton and warming symbols courtesy of the Integration and 
Application Network, University of Maryland) 
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Statistical approaches 

Within ecology, including ecotoxicology and radioecology, there has been a 

growing realisation of the need to better understand the complex interactions 

that occur within ecosystems (Wootton 2002; Rohr et al. 2006; Bréchignac et 

al. 2016). Ecosystems comprise a complex web of interactions both between 

organisms and between organisms and the abiotic environment (Fath et al. 

2007), which may lead to indirect effects of disturbances on organisms and 

ecosystem processes. Therefore, to identify these indirect effects it is pivotal 

to understand and predict ecosystem behaviour and response to anthropogenic 

stressors (Schindler 1987; Bréchignac and Doi 2009; Beketov and Liess 2012). 

While traditional statistical approaches that focus on the response of one vari-

able to one or more variables (e.g. ANOVA and linear models; Paper I) provide 

important information, they are not able to detect indirect effects (Fath et al. 

2007). Similar to these more traditional statistical approaches, multivariate 

analyses provide useful tools to depict and untangle multidimensional datasets, 

such as changes in community matrices (Paper IV), but indirect effects have to 

be inferred and cannot be directly detected. However, there are statistical 

methods often used in other fields that can be used to assess both direct and 

indirect effects, such as structural equation modelling (SEM) and ecological 

network analysis (ENA). 

Piecewise Path Analysis 

Structural equation modelling (SEM) is a method commonly used in other fields, 

such as economics and social sciences, that presents certain advantages for 

analysing complex systems and that is becoming more commonly used in ecol-

ogy (Grace 2006; Duffy et al. 2015). SEM aspires to draw explicit connections 

between empirical data and theoretical ideas by linking specific system attrib-

utes to theoretical concepts (Grace et al. 2010). SEM unites multiple predictor 

and response variables into one probabilistic causal network, where some var-

iables may act as both response and predictor variable, thereby allowing the 

evaluation of both direct and indirect effects (Grace 2006; Lefcheck 2015). Path 

diagrams are commonly used to depict SEMs, where arrows indicate directional 

relationships between variables (Lefcheck 2015). 

One variant of SEM is path analysis, which is only based on observed data 

and traditionally uses a maximum-likelihood approach based on an observed 
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variance-covariance matrix. However, certain restrictions, such as the as-

sumptions of independence and normal distribution of all variables, limit the 

applicability of this method (Grace 2006). These restrictions led to the devel-

opment of piecewise SEM, which is based on graph theory, where the path 

diagram is translated into a set of equations that are solved individually 

(Lefcheck 2015). Therefore, a wide range of distributions, including quadratic 

distributions, and sampling designs can be analysed (Shipley 2009; Lefcheck 

2015). Piecewise SEM is a useful tool for studying complex ecological interac-

tions, but it cannot resolve the directionality of the pathways (Shipley 2009; 

Lefcheck 2015). A previous knowledge of the system is therefore essential to 

be able to correctly hypothesise and interpret the causal relationships. In Paper 

II, Piecewise SEM was used to analyse the effects of ionizing radiation on a 

model ecosystem. 

Ecological Network Analysis 

Ecological network analysis (ENA) is a method that holistically analyses envi-

ronmental interactions. In the past, it has been mainly used to study trophic, 

host-parasite, and mutualistic interactions (Fath et al. 2007; Ings et al. 2009). 

Network analysis focuses on patterns of relations within the system in question 

and how these patterns relate to the characteristics of the system (Cumming et 

al. 2010). Networks are commonly represented in graphs where nodes repre-

sent species and, in trophic networks, the links are directional representations 

of who eats whom and at what rate (Ulanowicz 2004; Cumming et al. 2010). 

 ENA can therefore be used to identify changes in ecosystem structure and 

function associated with processes of succession (Mageau et al. 1998). It has 

the advantage of implementing a system approach that allows the quantification 

of the growth and development of ecosystems (Ulanowicz 2004). Matrix ma-

nipulation techniques can be used to characterise the structure and function of 

an ecosystem (Ulanowicz 1986; 2004). Steady-state networks are required as 

input, where the amount of energy/matter (e.g. carbon) circulating per unit of 

time and space is provided. Four types of flows can be considered: imports (e.g. 

gross primary production (GPP) from primary producers and biomass mobilised 

from the compartments’ standing stock), exports (i.e. carbon sequestered for 

standing stock increase), respiration flows (i.e. losses/dissipations), and inter-

compartmental exchanges among compartments (i.e. flows that circulate carbon 

within the ecosystem). In Paper III, ENA is used to analyse the effects of ion-

izing radiation on the carbon flows within a model ecosystem. First, we applied 

system indices to determine the impact that the radiation gradient had on eco-

system performance (i.e. on the growth and development of the system). Sec-

ond, we used input analysis to identify which processes and compartments were 

responsible for the observed changes at the whole system scale. 
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Main results and discussion 

Effects of contaminants on individuals and 

populations 

The production of ROS is the most likely effect of ɣ-radiation in organisms, 

since cells and organisms as a whole consist primarily of water (~90%) (Spitz 

et al. 2004). Overall, our results indicate that the effect of gamma radiation on 

an individual primary producer level can be attributed to the production of ROS 

and their adverse effects, although the effects are species specific. On a cellular 

level, the metabolic profile of the two phytoplankton species changed towards 

higher relative sugar alcohol concentrations, which could be due to an increase 

in ROS and the cellular response to scavenge the ROS with sugar alcohols (Pa-

per I). Especially for the hydroxyl radical, no enzymatic antioxidant exists in 

plants and carbohydrates have been shown to scavenge those ROS (Gechev et 

al. 2006; Keunen et al. 2013). In E. magnus these changes were dose dependent 

while in R. subcapitata there was only a trend towards a dose dependent re-

sponse (Fig 6).  

 In R. subcapitata, two sugar alcohols (sorbitol and mannitol), taurine, malic 

acid, aspartic acid, and glycerol-3-phospate showed a time dependent change 

with a trend to higher relative concentrations at 25 Gy and 24 hours after ex-

posure (Fig. 6). Similar to sugar alcohols, taurine has been shown to act as a 

ROS scavenger in various organisms (Shimada et al. 2015; Tevatia et al. 2015). 

Malic acid is part of the tricarboxylic acid (TCA) cycle, which is part of the 

energy metabolism being responsible in driving the oxidation of respiratory 

substrate for ATP synthesis (Sweetlove et al. 2010). This response was similar 

in other metabolites of the TCA cycle (Fig. S1 in Paper I). Previous studies have 

shown that the synthesis of ATP through the TCA cycle varies with physiolog-

ical demand of the plants. However, when ATP, and therefore energy demand, 

increases, most of the ATP is synthesised through the TCA cycle (Sweetlove 

et al. 2010). Aspartic acid and/or members of the Aspartate family, such as 

isoleucine, have been shown to feed into the TCA cycle. Under non-stressed 

conditions, photosynthesis is the main energy source for plants during the day, 

while during the night, the TCA cycle is used to generate energy, among other 

pathways (Galili 2014). The relatively high concentrations of metabolites asso-

ciated to the TCA cycle at the 25 Gy treatment could indicate that the photo-

synthetic capacity of R. subcapitata was impaired by ionizing radiation. 
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Figure 6: Changes over time and by radiation treatment of the metabolites that contributed most 
to the dissimilarity between radiation treatments in R. subcapitata (green, shaded by treatment) 
and E. magnus (orange, shaded by treatment) mapped on to a metabolic pathway map (KEGG) 

The photosynthetic capacity in stressed plants is often reduced, which over 

time can lead to energy deprivation and reduced growth. In both Papers I and 

II, ionising radiation led to reduced growth rates. Ionising radiation directly 

negatively affected the growth rates of R. subcapitata (Paper I) and of L. minor 

(Paper II), while the growth rate of E. densa was also negatively affected both 

directly and indirectly through photosynthetic capacity (Paper II, Fig. 7). Indeed, 

the main effect of ionising radiation in Paper II was on the photosynthetic ca-

pacity of the macrophytes. This was evident from a dose dependent decline in 

all chlorophyll a florescence measurements and an increase of heat being re-

leased through non-photochemical quenching (Fig. 5 in Paper II). The produc-

tion of ROS can trigger the degradation of the D1 protein and reduced reparation 

in Photosystem II (PS II), which will cause PS II inhibition and block energy 

pathways (electron transport chain) in the thylakoid membranes (Nishiyama et 

al. 2001). Under these circumstances, energy cannot be used for ATP synthesis 

in the chloroplasts, resulting in an increased non-photochemical quenching to 
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convert the excess energy to heat (Carbonara et al. 2012), which is a common 

photo-protective mechanism (Juneau et al. 2005). 

No direct effects of ionising radiation were found in the primary consumers 

D. magna and L. peregra in Paper II. 

 

Figure 7: Direct and indirect effects of gamma radiation on growth rates of L. minor and E. densa 
and photosynthetic capacity parameters of L. minor, L. nummularia, and E. densa. Red arrows 
indicate significant negative effects 

Effects on species interactions 

When D. magna were fed with algae exposed to 25 Gy of gamma radiation, the 

daphniids incorporated more carbon (Paper I), which could be interpreted as an 

increased feeding rate (Nascimento and Bradshaw 2016). The increased feed-

ing rate of daphniids reared on E. magnus could be a response to an increase 

in feeding stimuli. Amino acids, amines, and nucleosides are thought to be feed-

ing stimuli for carnivorous crustaceans, while herbivorous and omnivorous 

crustaceans are also sensitive to carbohydrates (Corotto and O'Brien 2002). 

The observed increase of carbohydrates (i.e. sugar alcohols) in exposed E. 

magnus (Paper I) could have therefore led to an increase of chemical stimuli in 
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the water from which an increased feeding rate by D. magna could have re-

sulted. The increased feeding rate of D. magna on R. subcapitata could be ex-

plained by a decrease in grazing defences from the green algae. The low growth 

rate and increased energy metabolism indicates that R. subcapitata was 

stressed by the g-radiation exposure (Paper I), which could have led to a shift 

away from anti-grazing defences towards repair and cell maintenance (Nasci-

mento and Bradshaw 2016). 

 In Paper II, D. magna abundance had a negative effect on chlorophyll a con-

centration, a proxy for phytoplankton abundance, presumably through grazing. 

Moreover, L. minor abundance (measured as number of fronds) negatively af-

fected the growth rate of the rooted macrophyte L. nummularia, indicating a 

possible shading effect or a competition for nutrients. However, there was no 

effect of ionizing radiation on either of these species’ interactions. 

 In Paper IV, effects on several biotic interactions could be observed, how-

ever the main driver was not the contaminant but rather the increase in tem-

perature. There was an increase in cyanobacteria (Dolichospermum sp.) abun-

dance in the warm treatments, which led to an increase in copepod (Acartia sp.) 

abundance as a result of increased food availability. Additionally, rotifers were 

more abundant in the ambient temperature cosms compared to the warm treat-

ments. This result may be explained by two mechanisms. First, in the ambient 

temperature treatment higher abundances of the diatom Melosira sp., a potential 

prey species, were present, which could have led to increased rotifer abun-

dance. Second, the increased abundance of rotifers in the ambient treatment 

could also be explained by a mesopredator-release effect. Copepods have been 

shown to not only graze on phytoplankton, but also prey on other zooplankton 

species, such as rotifers (Brandl 2005). Therefore, the increase in copepods in 

the warm treatment may have caused a decreased abundance of rotifers, while 

the copepod abundance stayed relatively low in the ambient temperature treat-

ments that in turn could result in lower predation pressure on rotifers, which 

increased in abundance (Figs. 6 & 7 in Paper IV). 

Effects on ecosystem processes 

 

In Paper IV, even though few effects from the contaminant were observed, there 

were system level effects from increased temperature. Similar to the observed 

effects of warming in freshwater ecosystems (Mortimer 1971; Boström et al. 

1988; Jensen and Andersen 1992), the temperature increase resulted in a re-

lease of PO4 from the sediment six days after the start of the experiment. At 

the same time, the dissolved N concentrations started to decline in the warm 

treatments (Fig. 3 in Paper IV). The PO4 release from the sediment was likely 

caused by an increase in microbial activity, which increased the decomposition 

rate of organic matter at the sediment surface and oxygen consumption at the 
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water-sediment interface, resulting in a redox-mediated P release (Mortimer 

1971; Boström et al. 1988). The decline of N at the same time as P was released 

from the sediment likely favoured the increase in cyanobacteria (Dolichosper-

mum sp.). P is the main limiting nutrient for N-fixation (Fig. 8), but with PO4 

available from the sediment release, cyanobacteria could utilise the P and fix 

atmospheric N (Walve and Larsson 2010), which is evident both from the in-

crease in Dolichospermum sp. filaments and from the high abundance of nitro-

gen fixing heterocysts (Fig. 5 in Paper IV). Some effects of the contaminant 

HBCDD could be seen on the zooplankton community, but they were much less 

pronounced than the effects of warming. 

 

Figure 8: Effects of HBCDD and increased temperature on a Baltic Sea ecosystem. Green arrows 
indicate positive effects, dashed arrows interactive effects of HBCDD and temperature, and black 
arrows species-specific responses (zooplankton and warming symbols courtesy of the Integra-
tion and Application Network, University of Maryland) 

In Paper III, the main effect of ionising radiation was a decline in the amount 

of carbon flowing through the system, which also contributed to decrease the 

level of organization in carbon circulation (i.e. by negatively impacting the ef-

ficiency of the primary production distribution among the compartments; Fig. 1 

in Paper III). This is confirmed by the decline of GPP of the two main primary 

producers (E. densa and L. nummularia) with increasing dose rates. Addition-

ally, the system became less efficient, as the overall primary production de-

creased. Only the bacterial production increased, but most of the bacterial pro-

duction was respired and not passed on to any other compartment (Fig 9). 
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Figure 9: Effect of ionising radiation on the carbon flow network of freshwater microcosms. Thick, 
coloured arrows indicate main results of the network analysis, where red indicates a decline and 
green an increase in the strength of the carbon flows 
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Synthesis and future studies  

By definition, an ecosystem is a biological community of interacting organisms 

and their physical environment (Lawrence 2005). To adequately protect the 

environment from contaminants at an ecosystem scale, it is therefore necessary 

to understand how the communities within it interact with each other and how 

contaminants may affect not only individuals or populations but also these bio-

logical interactions (Rohr et al. 2006; van Straalen and van Gestel 2008; Beke-

tov and Liess 2012). This thesis investigated the effects of contaminants on 

model ecosystems with increasingly complex levels of biological organisation. 

Since adequate field sites or test sites for studying contaminant effects are 

limited (Schindler 1990), micro- and/or mesocosm experiments may be a good 

compromise between field and laboratory studies. Cosms allow for the inclusion 

of a predefined, selected community or natural communities of a habitat of in-

terest. These model ecosystems are by design a compromise between a true 

representation of an ecosystem and a controlled experimental system with re-

duced complexity (Beyers and Odum 1993). Cosm studies can be seen as a 

useful intermediate between bioassays and ecosystem experiments (Schindler 

1987).  

By using freshwater microcosms, we found differences to what was ex-

pected from single species tests on the same species. For instance, L. minor 

was more sensitive to radiation than in previous single species studies using 

the same or similar dose rates and D. magna seemed to be less sensitive to 

radiation than expected. In addition, we observed a significant stress response 

on plants at the molecular level that was not as evident at the individual or 

population levels (Paper II). The network analysis indicated that the size of the 

system and the level of organization of the flows significantly decreased with 

increasing radiation (Paper III). Overall, the results from the freshwater micro-

cosm studies could be interpreted as the early signs of ecosystem stress, as 

both the carbon flowing through the system and the molecular analyses indicate. 

The other more commonly used measurements of stress, such as growth rates, 

did not yet show signs of stress. 

 Our results also indicate that primary producers may be more sensitive to 

ionising radiation than consumers (Papers I-III). In a community ecology con-

text, this could indicate that ionising radiation acts on the ecosystem in a similar 

way as overgrazing by herbivores would, namely by reducing the productivity 

or biomass of primary producers (Rohr et al. 2006). The early stress response 
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of primary producers, such as decreased anti-grazing mechanisms, might ini-

tially be beneficial for the consumers, as it can lead to higher energy flow to 

the consumer and therefore more energy for reproduction and growth, as seen 

for L. peregra (Paper III). However, this response may ultimately lead to a sig-

nificant reduction in plant biomass, since both the ionising radiation and grazing 

pressure reduce plant productivity. 

 While the overall variability in multispecies experiments or cosms may be 

higher than in classic single species test, it is still relatively low compared to 

most ecological field studies. Ecology, and particularly community ecology, has 

adopted analytical/statistical techniques that can be used to analyse complex 

datasets, such as SEM and ENA. These two techniques may be especially ben-

eficial for adopting an ecosystem approach in ecotoxicology and radioecology, 

as indirect effects can be quantified and, in the case of SEM, latent variables, 

theoretical entities that do not require a priori quantification, can be included 

(Grace 2006). ENA also has many potential uses in ecosystem studies. For in-

stance, carbon flow networks can be particularly useful, since they can detect 

ecosystem stress earlier than more traditional measurements (Bondavalli et al. 

2006) (Paper III). Additionally, analyses focusing on network topology can be 

used to identify keystone species and species and processes that are most sus-

ceptible to stress (Burthe et al. 2015; Gsell et al. 2016). 

 In addition to contaminants, aquatic ecosystems are increasingly exposed to 

stressors related to climate change, such as increasing temperatures. The re-

lease of PO4 from the sediment and the resulting changes in species interactions 

observed in Paper IV demonstrate the need for an improved understanding of 

how climate variables and contaminants interact. Neither species nor contami-

nants occur in isolation in an ecosystem and the resulting effects of multiple 

stressors on an ecosystem are often hard to predict (Darling and Côté 2008). 

 To adequately protect the environment from adverse effects of contaminants 

in general, and ionising radiation in particular, more studies are needed that 

take species interactions into account. These could include more cosm studies, 

using natural communities, to make the results and potential indirect effects 

more realistic. More compartments could be included to increase the likelihood 

that indirect effects are detected, e.g. by including more primary consumer 

species that are competing for the same resource or by including more trophic 

levels. Field experiments could also be used, for instance through comparison 

of natural communities in exposed versus unexposed sites, along an exposure 

gradient or through transplantation experiments, where organisms or commu-

nities from a less contaminated site are transplanted to a more contaminated 

site. Moreover, studies should focus on detecting early signs of ecosystem 

stress that could be used in monitoring. For instance, changes in organisms’ 

traits, morphological or physiological, could be identified and used as indicators 

for contamination. 

 In conclusion, this thesis contributes to a better understanding of how eco-

logical processes mediate ecosystem responses to anthropogenic stressors. 
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Moreover, some of the methods used could help to move ecotoxicological and 

radioecological studies towards an ecosystem approach and be applied in eco-

logical risk assessment. For instance, as a measure of stress on primary pro-

ducers, primary production measurements, either using PAM or oxygen evolu-

tion methods, provide data on basic ecosystem functions that are susceptible to 

stress, such as respiration and production. and estimations of grazing rates 

provide an indication of stress on primary consumers. Each of these methods 

can be easily applied in situ. Moreover, some of the statistical methods used in 

this thesis allow for the detection of ecosystem-level responses to stress and 

could be used not only to test whether ecosystems have been exposed to stress 

but also to predict how ecosystems may change due to stress. 
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Sammanfattning (Svenska) 

Akvatiska ekosystem täcker uppskattningsvis 70% av jordens yta och utgör grunden för 

ett brett spektrum av olika ekosystemtjänster. Trots deras betydelse utsätts de i ökande 

grad för påfrestningar från antropogena störningar, så som föroreningar och klimatför-

ändringar. Ekosystem utgörs av komplicerade nätverk av interaktioner, både mellan org-

anismer och mellan abiotiska miljöfaktorer. Även om det finns utförliga studier som visar 

på vikten av ekologiska processer för att avgöra föroreningars effekter på ekosystem så 

har dessa studier ofta utförts på förenklade system och med tex en enda art.  

 Målet med avhandlingen är därför att undersöka ekologiska effekter av föroreningar i 

akvatiska ekosystem från cell-till ekosystemnivå, genom att använda sig av modelleko-

system med ökande komplexitet. Avhandlingen undersöker inledningsvis effekterna av 

joniserande strålning på den biokemiska sammansättningen i mikroalger (primärprodu-

center) och hur detta i förlängning kan påverka mikroalgskonsumenter (Artikel I). Vidare 

undersöker avhandlingen joniserande strålnings effekter i ett artificiellt sötvattenekosy-

stem med avseende på ekologiska processer (Artikel II) och kolflöden (Artikel III). Av-

slutningsvis undersöker avhandlingen ekologiska effekter av flamskyddsmedel i kombi-

nation med ökade temperaturer i ett modellerat Östersjösystem (Artikel IV). 

 Strålningsorsakade biokemiska förändringar i primärproducenter observerades i Arti-

kel I, vilka också spreds till konsumenter på nästa trofiska nivå. Konsumenterna reagerade 

med ett ökat födointag, vilket kan tyda på en förändring i mikroalgernas lämplighet som 

födokälla. Mikrokosmstudien i Artikel II visade ett signifikant samband mellan strålnings-

dos och (negativ) effekt för fotosyntetiska parametrar för alla makrofytarter, dock ob-

serverades inga signifikanta effekter bland makrofyternas konsumenter. Även Artikel III 

indikerade att de största effekterna av en ökad strålningsdos var en nedgång i primärpro-

duktion hos makrofyter, medan tillväxten av pelagiska bakterier ökade. Dock orsakade 

ökade strålningsdoser endast en svag förändring i den relativa fördelningen av löst oor-

ganiskt kol, vilket huvudsakligen triggade en ökning i mängden kol som avgavs via respi-

ration. I Artikel IV visades att högre temperaturer inducerade läckage av PO4 från bot-

tensedimenten, vilket stimulerade tillväxten av cyanobakterier, vilket i sin tur ledde till 

en ökad abundans av copepoder (hoppkräftor) och även andra, indirekta effekter i plank-

tonsamhället. Dessa effekter härleddes till förändringar i predation, betestryck och kon-

kurrens. 

 Sammantaget visar avhandlingen att övergripande effekter på akvatiska ekosystem 

avgörs av både föroreningar likaväl som av ekologiska processer. Avhandlingen är därmed 

ytterligare ett stöd för den litteratur som visar på behovet av ett holistiskt angreppssätt 

till ekotoxikologi och radioekologi där effekter på ekosystemnivå tas i beaktande. 
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Zusammenfassung (Deutsch) 

Aquatische Ökosysteme bedecken etwa 70% der Erdoberfläche und sichern verschieden-

artige Ökosystemleistungen. Trotz ihrer Bedeutung sind aquatische Ökosysteme zuneh-

mend anthropogenen Stressfaktoren wie z.B. Schadstoffen und dem fortschreitenden Kli-

mawandel ausgesetzt. Ökosysteme umfassen ein komplexes Netzwerk sowohl aus Inter-

aktionen zwischen Organismen als auch zwischen Organismen und ihrer abiotischen Um-

gebung. Obwohl es umfangreiche Belege für die Bedeutsamkeit von ökologischen 

Interaktionen bei der Bestimmung der Schadstoffauswirkungen auf Ökosysteme gibt, ba-

sieren diese Belege zumeist auf Studien, in denen die Auswirkungen isoliert und anhand 

von einzelnen Arten untersucht werden.  

 Das Ziel dieser Arbeit ist es, die ökologischen Auswirkungen von Schadstoffen in 

aquatischen Ökosystemen mithilfe von Modellökosystemen mit zunehmender Komplexität, 

d.h. von der Zellebene bis hin zum gesamten Ökosystemen, zu untersuchen. Im Detail 

wurden die Auswirkungen ionisierender Strahlung auf die biochemische Zusammenset-

zung von Mikroalgen und deren Auswirkungen auf einen Konsumenten untersucht (Stu-

die I), sowie deren Auswirkungen auf allgemeine ökologische Prozesse (Studie II) und 

Kohlenstoffflüsse im speziellen (Studie III) in einem artifiziellen Süßwasserhabitat. Ab-

schließend wurden die kumulativen Auswirkungen eines Flammschutzmittels und erhöhter 

Temperatur auf ein Modelökosystem, bestehend aus einer natürlichen benthischen Le-

bensgemeinschaft aus der Ostsee erforscht (Studie IV). 

 Die in Studie I beobachteten biochemischen Veränderungen, die durch die Auswirkung 

von ionisierender Strahlung auf Primärproduzenten verursacht wurden, übertrugen sich 

auf die nächsthöhere trophische Ebene. Die Konsumenten wiesen eine erhöhte Nahrungs-

aufnahme auf, was auf eine Veränderung der Nahrungsqualität der Primärproduzenten 

hindeutete. Die Mikrokosmos-Studie (Studie II) offenbarte signifikante, dosisabhängige 

Auswirkungen auf photosynthetische Parameter von diversen Makrophytenarten, jedoch 

wurden für die Konsumenten keine signifikanten Strahlenwirkungen beobachtet. Gleich-

ermaßen zeigten die untersuchten Kohlenstoffflüsse in Studie III, dass eine Erhöhung der 

Dosisraten hauptsächlich zur Abnahme der Primärproduktion von Makrophyten führte, 

während die bakterielle Produktion zunahm. Die relative Verteilung der Flüsse aus ge-

löstem anorganischem Kohlenstoff änderte sich jedoch nur geringfügig mit den anstei-

genden Dosisraten, was hauptsächlich eine Zunahme der durch die Atmung abgeführten 

Kohlenstoffmenge auslöste. Die in Studie IV erhöhte Temperatur induzierte die Freiset-

zung von Phosphat aus dem Sediment, wodurch das Wachstum von Cyanobakterien anregt 

wurde. Dies wiederum führte zu einer Zunahme der Abundanzen von Copepoden, sowie 

weiterer indirekter Auswirkungen im Plankton, mutmaßlich als Folge von Veränderungen 

der Räuber-Beute Beziehungen und Konkurrenz. 

 In Anbetracht dieser Ergebnisse zeigte sich, dass die kumulativen Effekte sowohl von 

den Schadstoffen als auch von den ökologischen Prozessen hervorgerufen wurden. Somit 

ist ein größerer ganzheitlicher Ansatz in der Ökotoxikologie und Radioökologie erforder-

lich, bei dem die Auswirkungen von Schadstoffen auf Ökosystemebene berücksichtigt 

werden. 
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