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Abstract 

Stable isotope analysis (SIA) is a valuable tool in ecotoxicology because δ13C 
and δ15N may provide insights into the trophic transfer of contaminants in a 
food web. The relationship between a species’ trophic position (TP, deter-
mined from δ15N) and internal concentration of biomagnifying contaminants 
can be established and used for regulatory purposes. However, the exposure 
of organisms to xenobiotics incurs physiological costs, and the stable isotope 
signature of a consumer reflects not only diet but also a physiological state. 
The latter raises questions regarding the interpretation of stable isotope signa-
tures in contaminated areas. Therefore, the aim of this Thesis was to evaluate 
the behaviour of consumers’ stable isotope signatures in stressed systems, 
with a primary focus on the effects of environmental contaminants.  

 
In paper I, the physiological costs of chemical exposure were found to alter 
incorporation rates of dietary nitrogen and carbon in a consumer by influenc-
ing both growth and metabolic turnover, with resulting changes in isotope sig-
natures relative to a control system. In paper II, the diet-consumer discrimi-
nation factors for 15N and 13C were confirmed to increase under chemical ex-
posure mediated via increased metabolic costs. However, the physiological 
response was low and translated into only minor shifts in the δ13C and δ15N. 
The predictability of exposure effects on the stable isotope signature was 
demonstrated in paper III, in which animals exposed to a chemical with a 
known mode of action presented expected effects on elemental composition, 
body size, biomarkers of oxidative stress and the stable isotope signatures. 
Moreover, consumers’ oxidative balance was found to be related to their δ15N 
values, thus providing evidence of the kinetic isotope effect on the oxidative 
status. However, despite the alterations in stable isotope signatures observed 
in laboratory settings (papers I-III), the effect of xenobiotics on the TP esti-
mates was nil or minor in the field-collected animals. Moreover, the TP values 
were not significantly different between the animals in the contaminated and 
the reference habitats because of the high overall uncertainties in the TP esti-
mates (paper IV). Also, the TP estimates based on δ15N in bulk material were 
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more similar between the contaminated and the reference systems than TP 
estimates based on δ15N values in amino acids. Therefore, the latter method 
appears more sensitive towards xenobiotics (and, possibly, other environmen-
tal stressors) and thus less suitable for TP assessment in contaminated areas.  

 
This Thesis improved the overall understanding of the applicability of SIA in 
stressed systems by establishing relationships between various exposure re-
gimes, physiological responses and the stable isotope signatures in consumers. 
In model species at low trophic levels, the exposure to xenobiotics was found 
to significantly affect δ13C and δ15N values, which can be expected whenever 
physiological responses are detected. However, because of the overall high 
uncertainty in TP estimates, no significant differences between contaminated 
and control systems were detected, although the estimated TP were consist-
ently higher in the contaminated systems. Future research should focus on 
higher trophic levels, in which effects of a greater magnitude can be expected. 
Moreover, the effects in entire food webs should be addressed rather than sin-
gle prey–consumer relationships as well as other environmental variables that 
may contribute to the stable isotope variability in and among systems under 
various environmental pressures.  
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Sammanfattning 

Inom ekotoxikologin är analys av stabila isotoper (δ15N och δ13C) en viktig 
teknik för att öka kunskapen om miljöföroreningars transport i näringsked-
jan. Förhållandet mellan en organisms trofiska position (TP beräknat från 
δ15N) i näringsväven och dess halter av biomagnifierande miljöföroreningar 
är väl underbyggt, vilket har lett lagstiftare till att implementera TP inom 
miljöövervakning. Dock är exponering för kemikalier tyvärr ofta kopplat till 
fysiologiska effekter hos en organism vilket innebär att isotopsammansätt-
ningen som inte bara reflekterar dess diet utan också dess fysiologiska status 
kan påverkas och medföra problem vid tolkning av isotopdata i förorenade 
områden. Syftet med denna avhandling var därför att utvärdera konsumen-
ters isotopsignaturer i påverkade system med särskilt fokus på effekter av 
miljöföroreningar. 

 
I papper I, påvisades att kemikalieexponering kan påverka isotopsignaturer 
genom fysiologiska förändringar kopplade till tillväxt och metabolism, något 
som resulterade i ändrade inkorporeringshastigheter för både kväve och kol. I 
papper II verifierades att den absoluta skillnaden i δ15N och δ13C mellan diet 
och konsument kan påverkas av kemikalieexponering till följd av ökade ener-
gikostnader, däremot var de fysiologiska effekterna små vilket resulterade i 
obetydliga skillnader mellan grupperna. I papper III bekräftades möjligheten 
att förutsäga effekter på isotopsignaturen för kemikalier med kända toxiska 
mekanismer då förväntade effekter observerades för en konsuments kol- och 
kväveinnehåll, kroppsstorlek, biomarkörer för oxidativ stress samt isotopsam-
mansättning. Vidare observerades även att en konsuments oxidativa balans 
var kopplad till δ15N, vilket stödjer en positiv effekt av tyngre isotoper på den 
oxidativa balansen.  Fastän en påverkad isotopsammansättning hos stressade 
djur observerades i laboratorium (papper I-III) var effekterna av kemikalie-
exponering på TP omätbara eller små hos djur insamlade i fält. Effekterna var 
heller inte signifikant skilda mellan exponerade system jämfört med kontroll-
system på grund av den totala osäkerheten i TP-beräkningar (papper IV). Be-
räkningar baserade på bulk δ15N-data visade sig generera mer jämförbara TP-
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värden mellan systemen än δ15N analyserat för individuella aminosyror. Då 
den senare metoden visade sig mer känslig för kemikalieexponering (möjligt-
vis även andra stressorer i miljön), kan den antas vara mindre lämplig att an-
vända i förorenade områden.  

 
Denna avhandling har förbättrat den generella förståelsen för isotopsignaturen 
hos konsumenter i stressade system genom att fastställa förhållanden mellan 
olika typer av kemikalieexponering, fysiologiska effekter och förändringar i 
den stabila isotopsammansättningen. I testorganismer på en låg trofinivå fann 
vi en signifikant påverkan av kemikalieexponering på isotopsammansätt-
ningen, vilket kan förväntas i samband med att fysiologiska effekter påvisas. 
Vidare fann vi även att TP var högre i förorenade system, skillnaden var dock 
inte signifikant då den totala osäkerheten i beräkningarna var hög. Framtida 
forskning bör därför fokusera på högre trofinivåer då större effekter kan för-
väntas där. Vidare bör, istället för att studera enkla trofiska interaktioner, hela 
födovävar studeras, samt andra miljöfaktorer som kan leda till ökad variation 
i isotopsammansättningen hos organismer i system belastade med olika typer 
av miljöproblem. 
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Abbreviations 

%C Carbon content, percentage C of dry weight 
%N Nitrogen content, percentage N of dry weight 
δ13C Stable isotope ratio of carbon expressed relative to 

the international standard Vienna Pee Dee Belemnite 
δ15N Stable isotope ratio of nitrogen expressed relative to 

the international standard atmospheric air 
∆ Diet-consumer discrimination factor i.e. the trophic 

shift 
∆15NBulk Trophic shift for δ15N between a diet and consumer 

in a bulk samples 
∆15NGlu-Phe Trophic shift for δ15N between glutamic acid and 

phenylalanine 
βGlu/Phe Difference between δ15N in glutamic acid and phe-

nylalanine in primary producers 
13C:12C Carbon stable isotope ratio 
15N:14N Nitrogen stable isotope ratio 
AA Amino Acid 
AA-δ15N δ15N measured in amino acids 
AChE AcetylCholinEsterase 
BAF BioAccumulation Factor 
BCF BioConcentration Factor 
CSIA Compound-specific Stable Isotope Analysis 
DNA DeoxyriboNucleic Acid 
EA Elemental Analyser 
EA-IRMS Elemental Analyser-Isotope Ratio Mass Spectrome-

ter 
GC-C-IRMS Gas Chromatograph-Combustion-Isotope Ratio 

Mass Spectrometer 
Glu Glutamic acid 
Log KOW Octanol-Water partition coefficient 
MOA Mode Of Action 
ORAC Oxygen Radical Absorbance Capacity 
PAH Polycyclic Aromatic Hydrocarbons 
PCB PolyChlorinated Biphenyl 
Phe Phenylalanine 
ROS Reactive Oxygen Species 
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1  Introduction 

The use of stable isotope analysis (SIA) is routine in ecosystem research. Sta-
ble isotope ratios of nitrogen (15N:14N) and carbon (13C:12C) can provide in-
formation on both diet and trophic position (TP), with the assumption that 
consumers ‘are what they eat’ (Figure 1). In theory, this means that the isotope 
signature of a consumer reflects that of its diet, with a predictable difference, 
called a trophic shift or a diet-consumer discrimination factor. To allow for 
practical applications of SIA, numerous studies have searched for universally 
applicable trophic shift values. In diet reconstructions and TP analysis, such 
values are broadly used, although experiments show that, in addition to the 
diet, various biotic and abiotic factors can affect the isotope signature of a 
consumer. It is generally agreed that the stable isotope signature of a consumer 
does not only reflect its diet but also its physiological state.  
 

 
In ecotoxicology, SIA is viewed as a promising tool to examine not only ex-
posure routes but perhaps, more importantly, the bioaccumulation potential of 
chemicals with the use of trophic magnification factor (TMF) analysis. In en-
vironmental risk assessment, TMF analysis is considered the most reliable 

Figure 1. Conceptual biplot showing distribution of different species along δ15N and 
δ13C (A) and ordered according to their trophic position (B). 
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method to assess bioaccumulation (compared with BAF, BCF, log KOW, etc.). 
However, although toxic exposure is known to incur physiological costs in 
organisms, we understand very little about the effects of toxic exposure on the 
isotope signatures in biota. For this reason, the rationale of this Thesis was to 
explore the potential effect of various exposure regimes on the stable isotope 
ratios of nitrogen and carbon, and thus increase the understanding and applica-
bility of SIA in contaminated areas.  
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2  Aim and objectives of the Thesis  

The overall aim of this Thesis was to increase our understanding of the stable 
isotope composition of biota in stressed ecosystems, with a special focus on 
contaminated environments. The studies comprised in this Thesis targeted dif-
ferent aspects crucial to the accurate interpretations of SIA data on the basis 
of common assumptions. In particular, the effect of various exposure regimes 
on (1) the incorporation rates of N and C, (2) the stable isotope composition 
(δ15N and δ13C) of consumers and (3) the applicability of current methods for 
trophic positioning, were addressed with the following objectives:  

 
- To study the effect of exposure on the incorporation rates of N and C 

(paper 1). This was done to evaluate whether the time required for a 
consumer to reach isotopic equilibrium with its diet can change in 
response to xenobiotics. We found that chemical exposure causes 
growth inhibition and increased metabolic turnover in the consumers 
with a concomitant increase in N and C incorporation rates, while 
prolonging the time to reach isotopic equilibrium with the experi-
mental diet.   

- To study the effect of various exposure regimes on δ15N and δ13C 
values, as well as the mechanisms driving these shifts (papers II–
III). We found that exposure to chemicals can induce physiological 
costs associated with an increase in δ15N and a decrease in δ13C in 
the animals, and that chemicals acting via specific modes of action 
(MOAs) can affect both δ15N and δ13C in response to altered meta-
bolic pathways. Moreover, chemical exposure was found to induce 
shifts in the oxidative balance, with a concomitant increase in 15N 
fractionation.   

- To examine the effect of xenobiotic exposure on TP assignment 
based on bulk δ15N values (papers II and IV) and amino acid δ15N 
(AA-δ15N) (paper IV). This was done to evaluate and compare cur-
rent methods for trophic positioning with the use of bulk and AA-
specific δ15N values (TPBulk and TPAA) in animals exposed to xenobi-
otics. Chemical exposure was found to result in minor or no change 
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in TPBulk, whereas TPAA appears to increase in contaminated sys-
tems. The high measurement uncertainty, however, hampers the as-
sessment of chemical exposure effects (paper IV).  

Together, these studies provide evidence that chemical exposure can be a con-
founding factor for SIA in contaminated areas. However, additional experi-
mental and, in particular, field research are needed to establish the relation-
ships between exposure regimes and the effects on δ15N and δ13C values, the 
mechanisms behind these effects, and other environmental variables that may 
contribute to the outcome and the net effects on the TMF assessment in sys-
tems with various environmental pressures.  
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3  Background 

3.1 Principles of stable isotope analysis  
Most elements exist as isotopes with a difference in nuclear mass. This differ-
ence affects the kinetic reaction rates in various biological processes, causing 
a preferential reaction with one of the possible isotopes, i.e. a fractionation. 
The magnitude of the fractionation depends not only on the molecular mass 
but also the composition of available isotopes at the rate limiting step (Hoefs 
2015). In general, heavier isotopes tend to be discriminated in reactions in 
favour of lighter isotopes because bonds in the latter break more easily, thus 
requiring less energy. Hence, the transfer of stable isotopes between reactants 
and products follows the laws of thermodynamics.  

 
In ecology, SIA of nitrogen and carbon (δ15N and δ13C) is commonly used to 
elucidate trophic interactions in food webs because they provide information 
on the assimilated diet, which is integrated over time (Fry 2007). This is com-
pared with the more traditional stomach content analysis, which provides only 
a snapshot in time of what has been currently ingested by the consumer. For 
nitrogen, a stepwise increase in δ15N between the diet and the consumer exists, 
resulting in elevated δ15N values at higher trophic levels (Minagawa 1984, 
Post 2002). In contrast to that in nitrogen, little or no trophic shift in δ13C 
occurs in a food chain (Post 2002), and, hence, δ15N and δ13C are complemen-
tary in food web analysis. The values of δ15N can be used for diet reconstruc-
tion and assigning TPs in a food web, whereas δ13C is used to strengthen the 
separation of the different food sources in diet reconstruction as it can be used 
to trace ultimate carbon sources (primary production). The interpretation of 
stable isotope data rests on the following assumptions: (1) consumers are in 
equilibrium with their diets, i.e. the isotope signature of the consumer reflects 
that of its diet, (2) an average stepwise increase occurs in δ15N, which is nor-
mally assumed to be between 2 ‰ and 5 ‰ (Minagawa 1984, Post 2002, 
Vanderklift and Ponsard 2003), and (3) no or little change in δ13C occurs be-
tween the diet and the consumer (Post 2002). However, it is unclear how stress 
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in general and exposure to xenobiotics in particular may affect these proper-
ties.  

3.2 Linking xenobiotic-induced changes in physiology 
to alterations in stable isotope ratios  
The assumption of the consumer-diet equilibrium, i.e. that the diet isotope sig-
nal has been incorporated into the tissues of the consumer, is crucial for SIA-
based diet analysis. The tissue turnover rate is controlled by two main mech-
anisms: (1) addition of new biomass and (2) metabolic turnover, i.e. biomass 
renewal (Hesslein et al. 1993). Changes in any of these processes may there-
fore alter the time for a consumer to reach equilibrium. Because exposure to 
chemicals is known to cause increased metabolic turnover as a result of de-
toxification and increased catabolic processes (Calow 1991), with concurrent 
negative effects on biomass accumulation, exposure to xenobiotics is expected 
to affect the incorporation rates of N and C values (paper I). 

 
The physiological costs associated with exposure to contaminants are well 
acknowledged in terms of fitness penalty (Calow 1991). Different mecha-
nisms are involved in the defence against toxic stress, e.g. avoidance reactions, 
various removal and biotransformation processes (Calow 1991). However, the 
specific mechanisms vary among and even ontogenetically within species. 
Sessile organisms may not be able to escape a polluted area but develop other 
defence mechanisms, such as mucus excretion. Furthermore, the protective 
biochemical responses induced by elevated internal concentrations can vary 
in different groups of organisms. The monooxygenases, a group of enzymes 
facilitating the biotransformation of lipophilic compounds to water-soluble 
metabolites and conjugates, have been shown to differ in activity for various 
organisms (Ade et al. 1984). Hence, the costs associated with exposure are 
likely to be species- and stage-specific, yet generally expected to affect nutri-
ent allocation and potentially change the overall C and N accumulation in an 
organism through carbohydrate, protein and lipid reserves (De Coen and 
Janssen 2003). In addition to general toxicity mechanisms, xenobiotics may 
also have specific MOA that can significantly influence metabolism by affect-
ing specific biosynthetic pathways (Escher and Hermens 2002). Pharmaceuti-
cals represent one group of environmental contaminants with often very spe-
cific MOAs. As a result, the effects on non-target organisms for which evolu-
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tionary conserved drug targets exist (Gunnarsson et al. 2008) are often resem-
bling the therapeutic effects rather than general toxic response (Fabbri 2015). 
Because a xenobiotic can act either directly on a specific metabolic pathway 
or indirectly, via increased energetic costs, due to detoxification, or both, var-
ious exposure regimes could potentially alter the stable isotope signatures of 
a consumer. Poupin et al. (2014) proposed that changes in physiology result-
ing in altered metabolic pathways, or the reallocation of N can cause altered 
15N fractionation in an organism. Furthermore, the compensatory remobilisa-
tion of energetic resources in response to detoxification is associated with in-
creased respiration (Barber et al. 1990), which can affect δ13C because isotop-
ically light 12CO2 is a major elimination pathway for 12C (Deniro and Epstein 
1978). Any effects on biomass accumulation will also influence the mass-spe-
cific respiration rate of an organism, thus affecting δ13C (Riisgard 1998).  

 
In human physiology, it is acknowledged that diseases and physiological re-
sponses can alter isotopic signatures and that these changes may occur in re-
sponse to altered behavioural reactions and metabolic processes (McCue 
2011, Reitsema 2013). This has also been shown in non-human ecology for 
various stressors, e.g. elevated temperatures, nutrient limitation or starvation 
(Hobson et al. 1993, Power et al. 2003, Robbins et al. 2005). However, in 
ecotoxicology, the potential effects of xenobiotic-induced changes in organ-
ism physiology on the stable isotope composition have been largely ignored. 
Therefore, in papers I–III, I studied the effects of various exposure regimes 
with both general and specific MOAs on the animal δ15N and δ13C values.  

3.3 Oxidative status and stable isotope ratios  
Oxidative stress occurs when the balance between reactive oxygen species 
(ROS) and antioxidants in an organism is disrupted. When this occurs, the 
reactions between ROS and biomolecules, such as lipids, proteins and DNA, 
result in oxidative damage, which is associated with various diseases and ag-
ing (Finkel and Holbrook 2000). As continuous ROS production in the elec-
tron transport chain of the mitochondria is essential for all aerobic life, the 
production of antioxidants by organisms as a natural defence system is not 
particularly surprising. Current studies suggest that elevated concentrations of 
heavy isotopes in organism tissues are associated with lower levels of oxida-
tive damage. The isotope effect has been proposed to increase the stability of 
biomolecules with heavy isotopes and thus lower their susceptibility to react 
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with ROS (Shchepinov 2007). In a study on yeast, Li and Snyder (2016) ob-
served that supplementation of heavy water (2H2O) significantly prolonged the 
life span of the senescent culture. This was in part mediated via a reduction in 
oxidative damage, corroborating resistance to oxidative stress observed in 
heavy isotope-reinforced fatty acids (Hill et al. (2011). Altogether, this implies 
that compared with ‘lighter’ organisms, ‘heavier’ organisms can have an ad-
ditional protection against ROS.     

 
Exposure to contaminants, such as polycyclic aromatic hydrocarbons (PAHs), 
polychlorinated biphenyls (PCBs) and metals, has been found to stimulate the 
production of ROS (Livingstone 2001), often resulting in oxidative damage 
(Di Giulio et al. 1989). If a relationship exists between the oxidative balance 
and the occurrence of heavier isotopes in an organism, the assumption that the 
ability to accumulate these isotopes could potentially protect against increased 
ROS production is intriguing. Alternatively, increased ROS production could 
affect the stable isotope signature of a consumer by selective reactions with 
isotopically light biomolecules, thus resulting in an isotopically enriched tis-
sue of the organisms with a high level of pro-oxidative activity (paper III).  

3.4 Trophic positioning 
In ecotoxicology, calculating TP of consumers is an essential part of TMF 
analysis to assess biomagnification and trophic transport of environmental 
contaminants. Regression analysis for contaminant concentration versus TP is 
then used to derive the increase in contaminant concentration per trophic level. 
This approach facilitates between-contaminant and between-ecosystems com-
parisons (Borgå et al. 2012). Furthermore, the European Commission has re-
cently suggested that TP estimates should be implemented in the chemical 
monitoring of biota under the Water Framework Directive to normalise con-
taminant levels before they are compared with Environmental Quality Stand-
ards (EQSBiota) (EC 2014). The purpose is to minimise the natural variation in 
contaminant levels and allow a wide range of different monitoring species. 
Evaluating the adequacy of TP estimates in organisms that experience varying 
contaminant loads is essential to support the use of TP assessment in contam-
inated areas. Doing so is particularly important for TMF analysis because in-
accurate TP estimates may lead to errors in the estimated bioaccumulation 
potential for the compound in question (Figure 2). In papers II and IV, I 
therefore studied the effects of exposure on TP estimates using bulk δ15N.  
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3.4.1 Estimating TP on the basis of bulk SIA (TPBulk) 
Knowing of the increase in δ15N between each trophic level, as well as the 
isotope signature at the bottom of the food web (referred to as the baseline 
value, ∆15Nbase), is crucial for correct TP calculation (Equation 1):  
 
𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = (𝛿𝛿15𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐 − 𝛿𝛿15𝑁𝑁𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐) ∆15𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 +  𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐⁄   Equation 1 

 
Erroneous information on either the baseline value (δ15Nbase) or the trophic 
shift (∆15NBulk) can result in deviations from the actual TP. The step-wise en-
richment of δ15N from the bottom of the food web (primary producers) up to 
the top predators used for TP estimates is relatively constant, with a commonly 
used average value of 3.4 ‰ (Post 2002). Moreover, an accurate baseline δ15N 
for higher consumers in a food web can be impossible to obtain because of the 
large seasonal fluctuations in the δ15N of primary producers. Using primary 
consumers as a proxy for TP 2 has therefore been suggested (Vander Zanden 
and Rasmussen 1999) and generally accepted in the food web analysis. 

Figure 2. A theoretical framework illustrating the implications for (A) trophic position (TP) as-
signment in exposed animals with elevated δ15N values, and (B) concomitant effects on the trophic 
magnification factor (TMF) estimate. The figure is modified and reproduced with permission from 
Environmental Science and Technology 2015, 49 (11): 6934-6942. Copyright (2015) American 
Chemical Society. 
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3.4.2 Estimating TP on the basis of compound-specific isotope 
analysis (TPAA) 
A recent development in SIA is compound-specific stable isotope analysis 
(CSIA), in which isotope ratios can be measured in specific compounds, such 
as amino acids (AAs). This method can provide more accurate TP estimates 
using characteristically different fractionation patterns for specific AAs 
(McClelland and Montoya 2002, Popp et al. 2007, Hannides et al. 2009, 
Steffan et al. 2013, Bowes and Thorp 2015). Because AAs have different δ15N 
values, depending on their individual biosynthetic pathways (Schmidt et al. 
2004), they can be viewed as those that undergo a relatively large change in 
their δ15N between the diet and the consumer (trophic AAs) and those who 
remain stable in a food web and hence are reflective of baseline δ15N (source 
AAs). Therefore, with AA-CSIA, a single sample can provide information on 
both TP (trophic AA-δ15N) and an integrated baseline value (source AA-
δ15N), thus reducing uncertainties related to δ15N variability in TPBulk analysis. 
In the work of Chikaraishi et al. (2009), the most accurate TP estimates were 
derived with the use of glutamic acid (Glu, trophic) and phenylalanine (Phe, 
source); however, variations in the shift between δ15NGlu and δ15NPhe (∆15NGlu-

Phe) in the consumer, as well as the difference between these at the base of the 
food chain (βGlu/Phe), are potential error sources for the TPAA estimate (Equa-
tion 2): 

 
𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 = (𝛿𝛿15𝑁𝑁𝐺𝐺𝐵𝐵𝐵𝐵 − 𝛿𝛿15𝑁𝑁𝑃𝑃ℎ𝑐𝑐 − 𝛽𝛽𝐺𝐺𝐵𝐵𝐵𝐵/𝑃𝑃ℎ𝑐𝑐) ∆15𝑁𝑁𝐺𝐺𝐵𝐵𝐵𝐵−𝑃𝑃ℎ𝑐𝑐 + 1⁄  Equation 2 

 
Consistent 15N fractionation patterns in AAs are therefore crucial. Alterations 
in this fractionation as a result of, for instance, exposure to xenobiotics may 
therefore change the ∆15NGlu-Phe value, which in turn will affect the TPAA esti-
mate. Hence, evaluating whether TP estimates based on AA-δ15N can be more 
affected than TPBulk in chronically polluted systems, where a metabolic stress 
can be expected, is necessary (paper IV). 
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4  Material and Methods 

In this Thesis, I performed both laboratory and field studies to increase the 
ecological relevance of my results. Moreover, by using different model organ-
isms, I expanded the applicability of these results to both freshwater and 
brackish ecosystems. Finally, through the use of different SIA techniques, a 
better understanding of the potential effects of xenobiotics on stable isotope 
signatures was obtained. A summary of the model organisms, test substances, 
isotope-based methods and endpoints measured in the different studies are 
presented in Table 1.  

 
Table 1. Summary of the test organisms, test substances, isotope-based methods and 
endpoints used in papers I–IV. Bulk isotope analysis was conducted with EA-IRMS, 
CSIA using GC-C-IRMS and elemental composition using EA. 

Paper Model  
organism  

Test substance SIA Endpoints  

I Daphnia 
magna 

Lindane (pesticide) Bulk (enriched 
samples): 
δ15N 
δ13C 

Growth rate 
%C 
%N 

 

II D. magna PCBs (organochlorines) Bulk:  
δ15N 
δ13C 

Body size 
%C 
%N 

 

III Gammarus 
spp. 

Propranolol (pharmaceutical) Bulk: 
δ15N 
δ13C 

Body size 
%C 
%N 
ORAC 
TBARS 
AChE 

 

IV Limecola 
balthica 

Ambient sediment from a heavily 
contaminated site 

Bulk: 
δ15N 
δ13C 
AA-CSIA: 
δ15NGlu 
δ15NPhe 

 

TPBulk 

TPAA 
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4.1 Model organisms 
In my studies, I focused on lower trophic levels; all study organisms belong 
to the group of primary consumers, but they can also feed on decomposed 
material such as suspended organic material or, alternatively, detritus in the 
sediment, depending on their habitat. Because the organisms are situated at 
the bottom of the food web, the observed effects are likely to be transferred 
higher up in the food chain.  

4.1.1 Daphnia magna 
In papers I–II, the freshwater cladoceran Daphnia magna (Crustacea, Bran-
chiopoda) was used as test organism. The Daphnia genus is well represented 
in freshwater zooplankton communities, where they, being non-selective fil-
trators, can feed upon a variety of food components (Hebert 1978). This is also 
a standard model species in ecological and ecotoxicological studies (OECD 
2004, OECD 2012).  

4.1.2 Gammarus spp. 
The brackishwater gammarid Gammarus spp. (Crustacea, Amphipoda) was 
used as a model species in paper III. In coastal areas of the Baltic Sea, gam-
marids are commonly occurring shredders (Kautsky and Tedengren 1992), alt-
hough they utilise a wide range of other food sources (MacNeil et al. 1997). 
Moreover, these species provide an important link between the littoral zone 
and fish, thus being a suitable ecological model species in the Baltic Sea.  

4.1.3 Limecola balthica  
The Baltic clam Limecola balthica (Mollusca, Bivalvia) is a facultative de-
posit- and suspension-feeder, with the main food sources being organic mate-
rial in the sediment or phytoplankton, depending on the feeding strategy 
(Olafsson 1986). Moreover, L. balthica is one of the most abundant macro-
benthic animals in the Baltic proper playing an important role in the food webs 
at the benthic-pelagic interface (Aarnio and Bonsdorff 1997).    
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4.2 Stable isotope analysis  

4.2.1 Bulk SIA 
The natural abundance of stable isotopes in bulk samples (whole organism or 
a specific tissue) was analysed in papers II–IV. In addition, I used enrichment 
techniques to detect changes in C and N incorporation over time (paper I). 
Enriched diets are commonly used to trace specific processes by measuring 
the isotope incorporation over a relatively short time, thus presenting an effi-
cient way to study the incorporation and turnover of material in living systems 
(paper I). However, fractionation is a function of the diet isotopic composi-
tion (Hoefs 2015), so estimates of the diet-consumer discrimination factors 
based on enriched diets are not applicable in ecological studies.  

4.2.2 AA-CSIA 
In paper IV, the δ15N values of the two AAs, glutamic acid and phenylalanine, 
were analysed. As AA-CSIA requires AA purification and derivatisation prior 
to the analysis, the following procedures were used. Samples were prepared 
by acid hydrolysis, followed by two sequential derivatisation reactions - an 
esterification to remove the carboxyl group with the use of an acetyl 
chlorid:isopropanol mixture (1:4) and then an acylation with the use of a tri-
fluoroacetic acid:DCM mixture (1:3) to remove the amino group. The final 
samples were dissolved in ethyl acetate and then analysed. 

4.3 Elemental composition 
The elemental composition measured as the percentage fractions of carbon 
and nitrogen in dry weight (%C and %N), was analysed and used as indicators 
of physiological condition (papers I–III). The rationale for this is that 
changes in nutrient allocations due to different exposure regimes have been 
associated with effects on both lipid and protein reserves (De Coen and 
Janssen 2003) and that %C is positively related to lipid content (Post et al. 
2007), whereas %N is related to protein content (Winberg 1971, Sterner and 
Elser 2002).  
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4.4 Biomarker assays 
In paper III, the biomarkers of oxidative status were measured in Gammarus 
spp. The antioxidant defence was assayed using oxygen radical absorbance 
capacity (ORAC) according to Ou et al. (2001), which measures the enzymatic 
and non-enzymatic water soluble part of the total antioxidants. Oxidative dam-
age was measured as lipid peroxidation originating from reactions between 
lipids and reactive species. Lipid peroxidation was assayed with TBARS (i.e. 
formation of malondialdehyde, a derivate of lipid peroxidation) according to 
Hodges et al. (1999). In addition, the activity of acetylcholinesterase (AChE), 
the enzyme responsible for catalysing the breakdown of the neurotransmitter 
acetylcholine, was measured as a neurological biomarker according to Ellman 
et al. (1961). 
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5  Results and Discussion 

Various exposure regimes were found to affect the isotope composition of the 
consumers, and these effects were coupled to the incorporation of N and C 
and to the changes in isotope fractionation (papers I–III). The shifts in the 
isotope signatures were mediated by the energetic costs of detoxification and 
related to a compromised health in the test animals. Moreover, when isotopic 
effects were induced by pharmaceuticals with phylogenetically conserved 
MOAs, the effects were predictable. However, despite the significant changes 
in δ values observed in laboratory and field studies, exposure to xenobiotics 
generated only minor, if any, effects on the TP estimates using bulk δ15N and 
AA-δ15N due to high uncertainties related to TP calculations (papers II and 
IV).   

5.1 Xenobiotic-induced changes in stable isotope 
composition  
The effect of xenobiotic exposure on the N and C incorporation rates was 
demonstrated (paper I). A significantly reduced growth yet increased meta-
bolic turnover was found to result in higher incorporation of both N and C per 
unit biomass. This result implies that the energetic costs and altered nutrient 
allocation associated with various exposure regimes may affect the tissue turn-
over time; however, depending on the degree of growth inhibition and the al-
terations in metabolic turnover, the magnitude of this effect will vary.  

The use of stable isotope ratios in food web analysis is crucially dependent on 
the predictability of 15N and 13C transfer between diet and consumer. In pa-
pers I–III, the relationships between various exposure regimes and alterations 
in δ15N and δ13C values occurred in concert with physiological changes. These 
findings imply that whenever xenobiotics affect the physiological state, they 
can also cause alterations in the animal δ15N and δ13C. In papers I–II, expo-
sure to hydrophobic organic pollutants (Lindane, PCBs) resulted in predicta-
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ble energetic costs coupled to indirect effects on δ15N and δ13C values. Con-
trary to these findings, some other studies have failed to link chemical expo-
sure to shifts in the stable isotope composition (Banas et al. 2009, Staaden et 
al. 2010). This can be explained by low physiological effects due the various 
exposure regimes, thus corroborating the minor effects observed on the iso-
tope signature in paper II. Therefore, with an increased physiological stress, 
the effects on δ15N and δ13C are expected to increase.  

 
To test whether the change in stable isotope ratios can be inferred from the 
MOA of a xenobiotic, I used the pharmaceutical propranolol (paper III). The 
well-defined MOAs of this compound do not involve any direct detoxification 
costs (Dickerson et al. 1990). The observed changes in the elemental compo-
sition, oxidative status and stable isotope ratios in the invertebrate model were 
consistent with those predicted by propranolol MOA for mammals. Therefore, 
the known effects of xenobiotics on physiology and oxidative balance can be 
used to infer changes in stable isotope ratios.  

5.2 Understanding the relationship between isotope 
signatures and oxidative status 
In paper III, the biomarkers of oxidative stress were assayed to explore 
whether the oxidative status of an organism is linked to its stable isotope sig-
nature. The oxidative balance, assayed as the ORAC:TBARS ratio, was found 
to be a significant positive predictor of δ15N, suggesting that animals with a 
higher δ15N have proportionally higher antioxidant levels in relation to the 
oxidized lipids. Several potential mechanisms can underlie this linkage in or-
ganisms under xenobiotic exposure. In particular, 15N-enriched tissues could 
emerge as a consequence of selective reactions between ROS and isotopically 
light biomolecules or, alternatively, as an adaptation to higher ROS produc-
tion. In paper III, the exposure regime induced a decreased ROS production, 
thus ruling out both explanations and suggesting that exposure to propranolol 
altered the stable isotope composition, with a resulting positive effect on the 
oxidative balance. Therefore, compared with ‘lighter’ organisms, ‘heavier’ or-
ganisms could indeed have an additional protection to ROS. However, the 
specific mechanisms behind this relationship was not entirely clear. 
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5.3 Improved understanding of TP estimates in stressed 
systems 

5.3.1 Accuracy of TP estimates 
In the TMF analysis, the accuracy of TP estimates is important. The compar-
ison between TPBulk and TPAA suggests that both methods can deviate from 
actual TPs. In paper II, the TPs based on bulk δ15N were found to underesti-
mate the actual TP of D. magna by ~0.5 TP. This was most probably related 
to the use of 3.4 ‰ for the trophic shift, which overestimated it; a more accu-
rate value would have been approximately 2 ‰ (Vander Zanden and 
Rasmussen 2001, McCutchan et al. 2003, Bunn et al. 2013). By contrast, the 
TPs of the benthic deposit- and suspension-feeder L. balthica using bulk δ15N 
and a trophic shift of 3.4 ‰ generated ecologically plausible results (paper 
IV). In addition to the TPBulk estimates, AA-CSIA was also used to evaluate 
whether TPAA estimates were more accurate (paper IV). Contrary to our ex-
pectations, we found that TPAA significantly underestimated the actual TP of 
this consumer (by ~0.3 TP). Hence, the assumed constants in TPAA should be 
revised for an improved accuracy of TPAA estimates (Nielsen et al. 2015), and 
our results lend strong support to this.   

5.3.2 Precision of TP estimates 
Uncertainties related to TP estimates can be calculated using analytical preci-
sion in δ15N measurements and uncertainties related to the constants in the 
respective equations using error propagation rules. In paper IV, the analytical 
precision for bulk δ15N was lower (~0.1 ‰) than that for δ15N measurements 
in glutamic acid and phenylalanine (1.1 ‰ and 1.5 ‰, respectively) using 
CSIA. Nevertheless, the overall uncertainties for TPBulk and TPAA were similar 
(0.34–0.36 TP compared with 0.35–0.36 TP for TPBulk and TPAA, respec-
tively). This implies that the variances around the mean values for βGlu/Phe and 
∆15NGlu-Phe used in TPAA calculation are lower compared with the variance for 
∆15NBulk used in the calculation of TPBulk. Hence, the uncertainty of TPAA esti-
mates would greatly decrease if analytical precision in AA-CSIA is improved.  
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5.3.3 Effects of exposure on TP estimates in laboratory and field 
settings 
Although a statistically significant increase in bulk δ15N values was observed 
due to xenobiotic exposure, this translated to minor differences in TP esti-
mates between the contaminated and the control systems in the laboratory (pa-
per II), whereas no effects were observed in the field (paper IV). In paper 
II, a slight difference of +0.1 TPBulk was observed for a planktonic filtrator 
exposed to PCB, but the assumed ∆15NBulk value was of greater importance for 
the deviation from the nominal TP 2 than the effect associated with the expo-
sure regime. In paper IV, no difference was found for TPBulk, whereas a small 
between-system difference (+0.2 TP) was observed for TPAA, albeit not statis-
tically significant because of the overall uncertainty coupled to TPAA esti-
mates. However, for a specific TPBulk, the TPAA was significantly higher in the 
contaminated area compared to the reference area, which suggests that an in-
creased 15N fractionation in Glu has likely occurred as a consequence of the 
exposure.  

 
Taken together, these results imply that both methods of trophic positioning 
can lead to an overestimated TP due to contaminant exposure. However, in 
the studied systems, these overestimates were small compared to the uncer-
tainties associated with the assumptions related to trophic shifts. Given that 
these uncertainties are lower for TPAA than for TPBulk, this implies that with 
improved analytical precision in AA-CSIA, TPAA is a more reliable method. 
Unfortunately, this method also appears to be more sensitive to xenobiotics 
(and, perhaps, other physiological stressors), thus increasing the risk of over-
estimated TP values. It is clear that both methods require habitat- and taxa-
specific constants to maintain acceptable accuracy of TP analysis. 
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6  Conclusions  

In this Thesis, the effects of xenobiotic exposure on incorporation rates, 
trophic shifts and the applicability of trophic positioning using different meth-
ods were evaluated using laboratory experiments and field observations. The 
findings suggest that: 

 
• Exposure to xenobiotics can affect the stable isotope composition 

via alterations in both incorporation rates and fractionation. Moreo-
ver, the effects are likely to reflect the physiological response in-
duced by the chemical. Thus, chemical exposure can be a confound-
ing factor in SIA whenever a physiological response is induced. 

• Xenobiotic-induced changes in the stable isotope composition can 
result from both direct and indirect effects. These effects are associ-
ated with specific physiological alterations brought about by MOAs 
at the sub-organismal level as well as with general energetic costs 
associated with increased metabolic turnover and detoxification. 
Therefore, if known, the MOA of the contaminant in question and 
the expected physiological response can be used to predict possible 
effects on the stable isotope signatures in biota.  

• TP estimates using bulk δ15N result in no detectable changes in the 
TP of contaminant-exposed organisms because of the high overall 
uncertainty associated with TP assessment. The TP estimate based 
on the analysis of AA-δ15N can be more sensitive to xenobiotic ex-
posure and hence may overestimate TP in heavily contaminated ar-
eas where the effects on individual AA-δ15N can be expected. 

These findings improve our understanding of the stable isotope composition 
in consumers inhabiting ecosystems under anthropogenic pressures. They also 
indicate that the effects of xenobiotics are dependent on the chemical in ques-
tion, study system and the associated environmental factors contributing to or 
alleviating the stress. 
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7  Future perspectives  

SIA has been increasingly used in ecotoxicology. The application of TMF 
analysis with the use of δ15N values and TP estimates is a valuable tool to 
assess the biomagnification potential of environmental contaminants. Hence, 
understanding the advantages and limitations of SIA in contaminated systems 
is important.  

 
In this Thesis, I demonstrated that the effects of chemical exposure are not 
only of theoretical but also of practical importance for SIA applications. Alt-
hough the effects were relatively small, they were statistically significant, 
which implies that in situ effects are possible. The magnitude of the outcome 
would depend on the system in question, the severity of exposure and, possi-
bly, confounding ecological factors. Establishing such effects would require 
additional information on the physiological status of the organisms, e.g. using 
body condition indices, biomarkers and system productivity.  

 
Furthermore, although the effects were minor, they still introduced a differ-
ence in +0.1 TP between the PCB-exposed and the control group of daphnids 
(paper II). This finding imply that a considerable difference in the TMF esti-
mate can be produced if all components of a food web with four to five trophic 
levels respond in the same way. Moreover, species and different life stages 
could possibly respond differently to chemical exposure, and, hence, the mag-
nitude of effects would be dependent on the system in question and the species 
comprising the food web. Speculating whether the effects can be more pro-
nounced in the animals at higher trophic levels, which are known to have a 
more developed biotransformation potential (e.g. cytochrome-P450), is tempt-
ing (Ade et al. 1984, Boon et al. 1989). For this reason, controlled studies on 
organisms from higher trophic levels are needed to assess the effect of toxic 
exposure on trophic fractionation. Moreover, as the changes in stable isotope 
ratios could be transferred to the next trophic level and/or propagated in the 
food chain, studies evaluating food web responses would provide understand-
ing of these effects in ecologically relevant settings. 
  



 32 

8  Acknowledgement – Tack! 

Först och främst vill jag tacka min handledare Elena Gorokhova för ditt tå-
lamod med mina oändliga, ibland väldigt förvirrade, tankebanor där du oftast 
fått hoppa in mot slutet. =) Med en förmåga att se tvärvetenskapligt, ge snabb 
feedback och förenkla en väldigt komplicerad värld har du varit ovärderlig för 
denna avhandling och jag är tacksam för att du gav mig möjligheten att få 
komma tillbaka till ITM/ACES. Det har varit en otrolig resa.  
 
Mina medförfattare förtjänar ett stort tack! Jag kan inte nämna alla vid namn 
då det skulle bli en lång lista men jag vill säga att utan Er hade denna avhand-
ling inte blivit vad den är. Det finns några som förtjänar ett extra tack. Agnes 
Karlson – Dina oändliga hejarop är nog vad som gjort att jag kämpat på extra 
då det mot slutet av denna resa stundtals känts väldigt tufft, och dina ”worst 
case-scenarios” har peppat mig när allt känts tufft. Andrius Garbaras – Your 
continuous support analysing both bulk SIA and CSIA, in a hurry when nec-
essary and long hours at other times, has been invaluable and made my PhD 
project into what it is – thank you. Zandra Gerdes – Du förtjänar tack både 
för ett bra samarbete där du verkligen var grym när jag var som mest stressad 
plus att du även kommenterat på diverse texter som ställt till med bekymmer.  
 
Men denna resa har dock inte bara handlat om att utvecklas vetenskapligt 
utan även personligt, och där finns det än fler som bidragit.  
 
Sara ”Furan” – Love at first sight? Nja, men kanske om vi inte bara setts 
sporadiskt under kvällskursen i miljövetenskap eller om vi delat rum längre 
under examensarbetet. Hursomhelst, det blev ju bra till slut. Jag hade inte kun-
nat önska mig en bättre kontorskompis än du, vi har delat både glädje och 
mindre glada stunder, pratat om nästan allt t.ex. referenshantering, statistiska 
tester, daphniabebisar och ja, det räcker väl där…?  Karin S – en trygg hamn, 
ett glatt leende och en tröstande famn. Du är en fixare ut i fingerspetsarna, 
synd bara att du inte besökte mitt skrivbord lite oftare, det blev så lätt stökigt 
där men som du sa ”ett rörigt skrivbord = en rörig hjärna, ett tomt skrivbord = 
….” – Tack! Lisa – Jag kan väl bara konstatera att vi hade väldigt roligt under 
den korta tid vi delade kontor, vi hann med en hel del tokigheter och många 
roliga associationer och du är saknad, jag hade ju köpt tuggummi så att det 
skulle räcka till både dig och mig. Tack Sabina för våra sista-minuten panik-
samtal och för alla pratstunder till och från meze-stället. Synd att det aldrig 



 33 

blev ett besök på obduktionen, vi hade passat bra där. Ellen, för att jag äntligen 
fick ta ett aura-fotografi, det var mer uppskattat än du kan ana. Mafalda, for 
being you, and also, remember that your password is YOUR password =P. 
Maria B for all invites to fun activities even though I only participated in a 
few, and finally Asa for always asking how I feel. Tack också till Sara S för 
dina hejarop i backen även om jag alltid var sist upp och till Elin, Martin R, 
Martin O, Per, Jon, Sofia och Maria L. 
 
Tack till Karin E, Birgitta L, Margaretha L och Karin N, för att ni alla på 
ett eller annat sätt alltid ställt upp och fixat och trixat för att saker och ting ska 
gå så smidigt som möjligt både i labbet och administrativt. Och nej, jag försö-
ker inte skaffa pluspoäng… =) 
Tack också till gamla och nuvarande kollegor som har gjort min tid på 
ITM/ACES till ett minne för livet. 
 
Tack Sara M och Jenny F, för att ni finns där även om jag inte alltid är så bra 
på att höra av mig, och att ni styr upp när det är dags att träffas. Tack Laura 
M, du är en sann fashionista, plantagen-kollega och min allra första miljö-
vetarvän!  
 
Tack speciellt till Mamma och Pappa men också till Rolf och Lena samt 
Marianne för all hjälp med barnvakt och för intressanta diskussioner som inte 
kretsat kring denna avhandling, det har varit ovärderligt. Kim, för att du alltid 
finns blott ett telefonsamtal bort, det är nyttigt att prata av sig har jag hört.   
 
Micke, Märta och Skrutt för att ni finns där, alltid.  
  



 34 

9  References 

1. Aarnio, K.; Bonsdorff, E. Passing the gut of juvenile flounder, 
Platichthys flesus: differential survival of zoobenthic prey species. 
Mar. Biol.  1997,  129 (1), 11-14. 

2. Ade, P.; Soldaini, M. B.; Castelli, M.; Chiesara, E.; Clementi, F.; 
Fanelli, R.; Funari, E.; Ignesti, G.; Marabini, A.; Orunesu, M. 
Biochemical and morphological comparison of microsomal 
preparations from rat, quail, trout, mussel, and water flea. Ecotoxicol. 
Environ. Saf.  1984,  8 (5), 423-446. 

3. Banas, D.; Vollaire, Y.; Danger, M.; Thomas, M.; Oliveira-Ribeiro, 
C. A.; Roche, H.; Ledore, Y. Can we use stable isotopes for 
ecotoxicological studies? Effect of DDT on isotopic fractionation in 
Perca fluviatilis. Chemosphere  2009,  76 (6), 734-739. 

4. Barber, I.; Baird, D.; Calow, P. Clonal variation in general responses 
of Daphnia magna Straus to toxic stress. II. Physiological effects. 
Funct. Ecol.  1990,  4 (3), 409-414. 

5. Boon, J. P.; Eijgenraam, F.; Everaarts, J. M.; Duinker, J. C. A 
structure-activity relationship (SAR) approach towards metabolism of 
PCBs in marine animals from different trophic levels. Mar. Environ. 
Res.  1989,  27 (3), 159-176. 

6. Borgå, K.; Kidd, K. A.; Muir, D. C. G.; Berglund, O.; Conder, J. M.; 
Gobas, F. A. P. C.; Kucklick, J.; Malm, O.; Powell, D. E. Trophic 
magnification factors: Considerations of ecology, ecosystems, and 
study design. Integr. Environ. Assess. Manage.  2012,  8 (1), 64-84. 

7. Bowes, R.; Thorp, J. Consequences of employing amino acid vs. bulk‐
tissue, stable isotope analysis: a laboratory trophic position 
experiment. Ecosphere  2015,  6 (1), 1-12. 

8. Bunn, S. E.; Leigh, C.; Jardine, T. D. Diet‐tissue fractionation of δ15N 
by consumers from streams and rivers. Limnol. Oceanogr.  2013,  58 
(3), 765-773. 

9. Calow, P. Physiological costs of combating chemical toxicants: 
ecological implications. Comparative Biochemistry and Physiology 
Part C: Comparative Pharmacology  1991,  100 (1), 3-6. 

10. Chikaraishi, Y.; Ogawa, N. O.; Kashiyama, Y.; Takano, Y.; Suga, H.; 
Tomitani, A.; Miyashita, H.; Kitazato, H.; Ohkouchi, N. 
Determination of aquatic food-web structure based on compound-
specific nitrogen isotopic composition of amino acids. Limnol. 
Oceanogr. Methods  2009,  7 (11), 740-750. 

11. De Coen, W. M.; Janssen, C. R. The missing biomarker link: 
Relationships between effects on the cellular energy allocation 



 35 

biomarker of toxicant‐stressed Daphnia magna and corresponding 
population characteristics. Environ. Toxicol. Chem.  2003,  22 (7), 
1632-1641. 

12. Deniro, M. J.; Epstein, S. Influence of diet on distribution of carbon 
isotopes in animals. Geochim. Cosmochim. Acta  1978,  42 (5), 495-
506. 

13. Di Giulio, R. T.; Washburn, P. C.; Wenning, R. J.; Winston, G. W.; 
Jewell, C. S. Biochemical responses in aquatic animals: a review of 
determinants of oxidative stress. Environ. Toxicol. Chem.  1989,  8 
(12), 1103-1123. 

14. Dickerson, R. N.; Fried, R. C.; Bailey, P. M.; Stein, T. P.; Mullen, J. 
L.; Buzby, G. P. Effect of propranolol on nitrogen and energy 
metabolism in sepsis. J. Surg. Res.  1990,  48 (1), 38-41. 

15. The European Commission Common Implementation Strategy for the 
Water Framework Directive (2000/60/EC) - Guidance Document No. 
32 on Biota Monitoring (the Implementation of EQSbiota) under the 
Water Framework Directive (Technical Report - 2014 - 083, 2014). 

16. Ellman, G. L.; Courtney, K. D.; Andres, V.; Featherstone, R. M. A 
new and rapid colorimetric determination of acetylcholinesterase 
activity. Biochem. Pharmacol.  1961,  7 (2), 88-95. 

17. Escher, B. I.; Hermens, J. L. Modes of action in ecotoxicology: their 
role in body burdens, species sensitivity, QSARs, and mixture effects. 
Environ. Sci. Technol.  2002,  36 (20), 4201-4217. 

18. Fabbri, E. Pharmaceuticals in the environment: expected and 
unexpected effects on aquatic fauna. Ann. N. Y. Acad. Sci.  2015,  1340 
(1), 20-28. 

19. Finkel, T.; Holbrook, N. J. Oxidants, oxidative stress and the biology 
of ageing. Nature  2000,  408 (6809), 239-247. 

20. Fry, B. Stable isotope ecology.  (Springer, 2007). 
21. Gunnarsson, L.; Jauhiainen, A.; Kristiansson, E.; Nerman, O.; 

Larsson, D. J. Evolutionary conservation of human drug targets in 
organisms used for environmental risk assessments. Environ. Sci. 
Technol.  2008,  42 (15), 5807-5813. 

22. Hannides, C. C.; Popp, B. N.; Landry, M. R.; Graham, B. S. 
Quantification of zooplankton trophic position in the North Pacific 
Subtropical Gyre using stable nitrogen isotopes. Limnol. Oceanogr.  
2009,  54 (1), 50. 

23. Hebert, P. D. The population bilogy of Daphnia (Crustacea, 
Daphnidae). Biological Reviews  1978,  53 (3), 387-426. 

24. Hesslein, R. H.; Hallard, K. A.; Ramlal, P. Replacement of sulfur, 
carbon, and nitrogen in tissue of growing broad whitefish (Coregonus 
nasus) in response to a change in diet traced by δ34S, δ13C and δ15N. 
Can. J. Fish. Aquat. Sci.  1993,  50 (10), 2071-2076. 

25. Hill, S.; Hirano, K.; Shmanai, V. V.; Marbois, B. N.; Vidovic, D.; 
Bekish, A. V.; Kay, B.; Tse, V.; Fine, J.; Clarke, C. F.; Shchepinov, 
M. S. Isotope-Reinforced Polyunsaturated Fatty Acids Protect Yeast 



 36 

Cells from Oxidative Stress. Free radical biology & medicine  2011,  
50 (1), 130-138. 

26. Hobson, K. A.; Alisauskas, R. T.; Clark, R. G. Stable-nitrogen isotope 
enrichment in avian-tissues due to fasting and nutritional stress - 
Implications for isotopic analyses of diet. Condor  1993,  95 (2), 388-
394. 

27. Hodges, D. M.; DeLong, J. M.; Forney, C. F.; Prange, R. K. 
Improving the thiobarbituric acid-reactive-substances assay for 
estimating lipid peroxidation in plant tissues containing anthocyanin 
and other interfering compounds. Planta  1999,  207 (4), 604-611. 

28. Hoefs, J.; Isotope fractionation processes of selected elements. In  
Stable Isotope Geochemistry;  Springer: 2015,  chap. 2, 47-190. 

29. Kautsky, N.; Tedengren, M. in Proceedings of the 12th Baltic Marine 
Biologists Symposium. Olsen and Olsen, Fredensborg, Denmark. 
(1992), pp. 91-96. 

30. Li, X.; Snyder, M. P. Yeast longevity promoted by reversing aging-
associated decline in heavy isotope content. NPJ Aging and 
Mechanisms of Disease  2016,  2, 16004. 

31. Livingstone, D. Contaminant-stimulated reactive oxygen species 
production and oxidative damage in aquatic organisms. Mar. Pollut. 
Bull.  2001,  42 (8), 656-666. 

32. MacNeil, C.; Dick, J. T.; Elwood, R. W. The trophic ecology of 
freshwater Gammarus spp.(Crustacea: Amphipoda): problems and 
perspectives concerning the functional feeding group concept. Biol. 
Rev. Camb. Philos. Soc.  1997,  72 (03), 349-364. 

33. McClelland, J. W.; Montoya, J. P. Trophic relationships and the 
nitrogen isotopic composition of amino acids in plankton. Ecology  
2002,  83 (8), 2173-2180. 

34. McCue, M. D. Tracking the oxidative and nonoxidative fates of 
isotopically labeled nutrients in animals. Bioscience  2011,  61 (3), 
217-230. 

35. McCutchan, J. H.; Lewis, W. M.; Kendall, C.; McGrath, C. C. 
Variation in trophic shift for stable isotope ratios of carbon, nitrogen, 
and sulfur. Oikos  2003,  102 (2), 378-390. 

36. Minagawa, M. W., Eitaro. Stepwise enrichment of 15N along food 
chains: Further evidence and the relation between δ15N and animal 
age. Geochimica et Cosmochimica  1984,  48, 1135-1140. 

37. Nielsen, J. M.; Popp, B. N.; Winder, M. Meta-analysis of amino acid 
stable nitrogen isotope ratios for estimating trophic position in marine 
organisms. Oecologia  2015,  178 (3), 631-642. 

38. OECD. OECD 202 Guideline for testing of chemicals. Daphnia sp., 
acute immobilisation test.  2004  

39. OECD. OECD 211 Guideline for testing of chemicals. Daphnia 
magna reproduction test.  2012  

40. Olafsson, E. Density dependence in suspension-feeding and deposit-
feeding populations of the bivalve Macoma balthica: a field 
experiment. The Journal of Animal Ecology  1986, 517-526. 



 37 

41. Ou, B.; Hampsch-Woodill, M.; Prior, R. L. Development and 
validation of an improved oxygen radical absorbance capacity assay 
using fluorescein as the fluorescent probe. J. Agric. Food Chem.  
2001,  49 (10), 4619-4626. 

42. Popp, B. N.; Graham, B. S.; Olson, R. J.; Hannides, C. C.; Lott, M. J.; 
López‐Ibarra, G. A.; Galván‐Magaña, F.; Fry, B. Insight into the 
trophic ecology of yellowfin tuna, Thunnus albacares, from 
compound‐specific nitrogen isotope analysis of proteinaceous amino 
acids. Terrestrial Ecology  2007,  1, 173-190. 

43. Post, D. M. Using stable isotopes to estimate trophic position: Models, 
methods, and assumptions. Ecology  2002,  83 (3), 703-718. 

44. Post, D. M.; Layman, C. A.; Arrington, D. A.; Takimoto, G.; 
Quattrochi, J.; Montana, C. G. Getting to the fat of the matter: models, 
methods and assumptions for dealing with lipids in stable isotope 
analyses. Oecologia  2007,  152 (1), 179-189. 

45. Poupin, N.; Mariotti, F.; Huneau, J.-F.; Hermier, D.; Fouillet, H. 
Natural isotopic signatures of variations in body nitrogen fluxes: a 
compartmental model analysis. PLOS Comput Biol  2014,  10 (10), 
e1003865. 

46. Power, M.; Guiguer, K.; Barton, D. R. Effects of temperature on 
isotopic enrichment in Daphnia magna: implications for aquatic food-
web studies. Rapid Communications in Mass Spectrometry  2003,  17 
(14), 1619-1625. 

47. Reitsema, L. J. Beyond diet reconstruction: stable isotope applications 
to human physiology, health, and nutrition. Am. J. Hum. Biol.  2013,  
25 (4), 445-456. 

48. Riisgard, H. U. No foundation of a "3/4 power scaling law" for 
respiration in biology. Ecol. Lett.  1998,  1 (2), 71-73. 

49. Robbins, C. T.; Felicetti, L. A.; Sponheimer, M. The effect of dietary 
protein quality on nitrogen isotope discrimination in mammals and 
birds. Oecologia  2005,  144 (4), 534-540. 

50. Schmidt, K.; McClelland, J. W.; Mente, E.; Montoya, J. P.; Atkinson, 
A.; Voss, M. Trophic-level interpretation based on δ¹⁵N values: 
implications of tissue-specific fractionation and amino acid 
composition.  2004,  

51. Shchepinov, M. S. Reactive oxygen species, isotope effect, essential 
nutrients, and enhanced longevity. Rejuvenation research  2007,  10 
(1), 47-60. 

52. Staaden, S.; Milcu, A.; Rohlfs, M.; Scheu, S. Fungal toxins affect the 
fitness and stable isotope fractionation of Collembola. Soil Biology & 
Biochemistry  2010,  42 (10), 1766-1773. 

53. Steffan, S. A.; Chikaraishi, Y.; Horton, D. R.; Ohkouchi, N.; 
Singleton, M. E.; Miliczky, E.; Hogg, D. B.; Jones, V. P. Trophic 
hierarchies illuminated via amino acid isotopic analysis. PLoS One  
2013,  8 (9), e76152. 



 38 

54. Sterner, R. W.; Elser, J. J. Ecological stoichiometry: the biology of 
elements from molecules to the biosphere.  (Princeton University 
Press, 2002). 

55. Vander Zanden, M. J.; Rasmussen, J. B. Primary consumer delta C-
13 and delta N-15 and the trophic position of aquatic consumers. 
Ecology  1999,  80 (4), 1395-1404. 

56. Vander Zanden, M. J.; Rasmussen, J. B. Variation in δ15N and δ13C 
trophic fractionation: Implications for aquatic food web studies. 
Limnol. Oceanogr.  2001,  46 (8), 2061-2066. 

57. Vanderklift, M. A.; Ponsard, S. Sources of variation in consumer-diet 
δ15N enrichment: a meta-analysis. Oecologia  2003,  136 (2), 169-182. 

58. Winberg, G. G. Ed., Methods for the estimation of production of 
aquatic animals, (Academic Press Inc, London, UK, 1971). 

 


	Abstract
	Sammanfattning
	List of papers
	Abbreviations
	Contents
	1  Introduction
	2  Aim and objectives of the Thesis
	3  Background
	3.1 Principles of stable isotope analysis
	3.2 Linking xenobiotic-induced changes in physiology to alterations in stable isotope ratios
	3.3 Oxidative status and stable isotope ratios
	3.4 Trophic positioning
	3.4.1 Estimating TP on the basis of bulk SIA (TPBulk)
	3.4.2 Estimating TP on the basis of compound-specific isotope analysis (TPAA)


	4  Material and Methods
	4.1 Model organisms
	4.1.1 Daphnia magna
	4.1.2 Gammarus spp.
	4.1.3 Limecola balthica

	4.2 Stable isotope analysis
	4.2.1 Bulk SIA
	4.2.2 AA-CSIA

	4.3 Elemental composition
	4.4 Biomarker assays

	5  Results and Discussion
	5.1 Xenobiotic-induced changes in stable isotope composition
	5.2 Understanding the relationship between isotope signatures and oxidative status
	5.3 Improved understanding of TP estimates in stressed systems
	5.3.1 Accuracy of TP estimates
	5.3.2 Precision of TP estimates
	5.3.3 Effects of exposure on TP estimates in laboratory and field settings


	6  Conclusions
	7  Future perspectives
	8  Acknowledgement – Tack!
	9  References

